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Abstract. In a kinematically complete setting, the K+ → π+π0π0 decays of stopped K+ were measured. In
the frame work of the Weinberg polynomial expansion, the coefficients up to quadratic terms were deduced.
The results are in good agreement with previous measurements and consistent with CP conservation
expectations. The empirical ∆I = 1/2 rule is violated.

1 Introduction

The non-leptonic decays of K-mesons have attracted con-
siderable attention in the literature [1]. In particular, the
K → 3π(Kπ3) decays provide information on various top-
ics such as CP violation, ∆I = 1/2 rule, and chiral sym-
metry breaking, etc. There are six distinct modes of Kπ3
decays: K± → π±π±π∓, K± → π±π0π0 and K0

L,S →
π+π−π0, herein labeled as K(±)

±±∓, K(±)
00± and K0(L,S)

+−0 , re-
spectively.

Weinberg [2] proposed a polynomial expansion of the
decay matrix elements, written in the form

|M |2 ∝ 1 + gY + hY 2 + jX + kX2 (1)

where the kinematic variables are defined as

X =
s1 − s2

m2
π

and Y =
s3 − s0

m2
π

. (2)

with si = (pK −pi)2, i= 1, 2, 3 corresponding to the three
pions with s3 referring to the odd pion. Also, s0 = (s1 +
s2 + s3)/3. A few physics principles become transparent
from this expansion.

For K(±)
00± decays, Bose symmetry requires that j=0,

since s1 and s2 refer to identical pions. While the CP
conservation requires that g++− = g−−+ and g00+ = g00−,
the empirical selection rule ∆I = 1/2 stipulates that
g±,±,∓ = 1

2g00±.
In this paper, for the first time, the results of a kine-

matically complete measurement for the K+
00+ are pre-

sented. The aim was to determine the coefficients of the
polynomial expansion.



628 The KEK-PS E246 Collaboration: A kinematically complete measurement of K+ → π+π0π0 decays

2 Experimental

The measurement was performed using the apparatus con-
structed to search for T-violation in K+ → π0µ+ν de-
cay [3,4] at the 12 GeV proton synchrotron facility of the
High Energy Accelerator Research Organization (KEK),
Tsukuba, Japan. The experimental arrangement is shown
in Fig. 1, and is described in detail elsewhere (see for ex-
ample, [4,5]). Briefly, 660 MeV/c K+ are slowed in a BeO
degrader and stopped in an active target of 256 scintil-
lating fibers each of 5 × 5 mm2 cross section. Charged
particles are momentum analyzed in the 12 sector super-
conducting toroidal spectrometer of solid angle of ∼ 1 sr.
The energies and angles of the photons from π0 decays
are measured by the CsI calorimeter, the details of which
are shown in the inset of Fig. 1. It is an assembly of 768
CsI(Tl) crystals, each about 13 radiation lengths in thick-
ness [5]. It covers a solid angle of 3π steradians, with open-
ings for the beam entry and exit and gaps for the charged
particles entry to the spectrometer.

The Kπ3 decay study required a trigger condition dif-
ferent from that of the main experiment. We employed as
trigger:

CK ⊗
12∑

i=1

(Fidi ⊗ TOF2i) ⊗ nγ . (3)

The Cerenkov condition CK ensures that the beam par-
ticle is a K+ meson, rather than a π+ meson. The latter
outnumber the former by a factor of 7. The coincidence
between CK, delayed by 3 ns, and the fiducial counters
(Fidi) for the charged particles eliminates the triggers due
to decays in flight. The time of flight signal from the cor-
responding gap (TOF2i) completes the charged particle
trigger condition. In addition, the trigger requires n ≥ 2
photons with nγ = 2 for Kπ2 measured for calibration
purposes and nγ > 2 enhances the Kπ3 events in the data
sample and suppresses triggers from other decays such as
Kµ3.

The Kπ3 data were collected for three spectrometer
field settings B = 0.45, 0.65 and 0.9 Tesla. It was intended
to serve as a consistency check with regard to spectrometer
acceptance and the dependences on the beam stopping
position and energy loss in target, etc.

3 Data analysis

The Kπ2 (K+ → π+π0) channel, a two body final state
with mono-energetic decay products, was used for the cal-
ibration purposes and also to verify the reliability of the
Monte Carlo program. For photon energy reconstructions,
the crystals with energy deposits of more than 10 MeV
were included. The photon energy was determined by ad-
ding the energy deposits in a cluster of crystals (3 × 3
in size) from the center crystal. The Monte Carlo code
is a part of the elaborate simulation program developed
for the main T-violation experiment. It incorporated the
geometry of the experimental arrangement and the phys-
ical interactions in the beam, the target and the detector
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Fig. 1. Cross sectional view of the E246 setup. The layout of
the CsI(Tl) assembly is shown in the inset

system. The measured invariant mass and energy distri-
butions of the π0s are found to be in good agreement with
the Monte Carlo simulation results.

The Kπ3 data analysis proceeds in two stages. The
first stage is a selection of good events. For this purpose,
we require a π+ meson in coincidence with four photons
(from the decays of two π0s) with the followings condi-
tions, which are specific to the decay at rest: a) the total
emitted energy is equal to the K mass, mK,

ETOT = Eπ+ +
4∑

i=1

Eγi
= mK, (4)

and b) for the decay at rest the total momentum PTOT is
zero, i.e.

PTOT = pπ+ +
4∑

i=1

pγi
= 0, (5)

which can equivalently be written as

∆P = |pπ+ | − |∑4
i=1 pγi | = 0

θπ+,4γ = 180◦, (6)

where θπ+,4γ is the opening angle between pπ+ and the
net momentum vector of four photons, i.e.

∑4
i=1 pγi .

After the π+ mesons were selected by the particle iden-
tification scheme using particle tracking and time of flight
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Fig. 3a–c. Kinematics of the Kπ3 decays at rest. a Total en-
ergy ETOT of π+ and 4γs, b Momentum difference ∆P =
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in the spectrometer gap, the Kπ3 events were selected from
the above two criteria.

Figure 2 shows the mass squared plots for the charged
particles, which were calculated from time of flight and
momentum in the spectrometer, for both the measured
(a) and the simulated (b) data, respectively. Fig. 2a clearly
shows the separation of π+ and µ+. The Monte Carlo for
Kπ3 events were generated for 3-body phase space.

Figure 3 shows ETOT [Fig. 3a] and ∆P [Fig. 3b] plots
for the selected events. It is observed that ETOT peaks
slightly lower than the kaon mass. Also, the momentum
balance condition with the peak centered at zero momen-
tum is satisfied, although the distribution is slightly asym-
metric. The widths of the distributions are understood as
being due to the finite resolution of the detector elements.
The shift in ETOT and the asymmetry in ∆P are due
to the electromagnetic shower leakage in our CsI crystal
arrangement. For our detector, this leakage typically un-
derestimates photon energy by 5% with some low energy

Table 1. The g and k parameters for different field settings

B (T) g k

0.9 0.521 ± 0.088 0.064 ± 0.056
0.65 0.477 ± 0.055 0.034 ± 0.023
0.45 0.584 ± 0.070 0.073 ± 0.054
weighted mean 0.518 ± 0.039 0.043 ± 0.020

tail. Our Monte Carlo routines include this leakage effect
and simulations are in good agreement with the experi-
mental data. Fig. 3c shows the opening angle distribution
of the π+ with the resultant of the four photon direc-
tion. A sharp peak at cos θπ+,4γ = −1 is observed as re-
quired for Kπ3 decays. The final event selection satisfied
−50 < ∆P < 70(MeV/c) and cos θπ+,4γ < −0.8. These
cuts leave 143, 503 and 169 events for 0.45T, 0.6T and
0.9T, respecitvely.

If one is satisfied with the determination of the g and
h parameters of the polynomial expansion, (1), which de-
pend on the momenta of π+ mesons only, this analysis
would have been sufficient. However, in order to deter-
mine the k parameter, it is necessary to determine which
pairs of photons, out of the three possible combinations
in each event, constitute the π0s. To this end, we define a
parameter Q as

Q = (mγiγj − mπ0)2 + (mγkγl
− mπ0)2, (7)

where mγiγj
and mγkγl

are the invariant masses of γi,
γj , and γk, γl pairs (i 6= j 6= k 6= l = 1, 4), respec-
tively and mπ0 = 135 MeV/c2 is the rest mass of pion.
The combination with the minimum value for Q is con-
sidered as the correct pairs. Figures 4a and b show the
invariant masses of the two π0s thus identified. The π0

with higher energy is labeled #1 and the other #2. They
show smooth distributions with peaks at mπ0 . Also shown
are the Monte Carlo results as dotted lines, subject to
the same criterion as the experimental data. Good agree-
ment between the experiment and Monte Carlo is evident.
The same aspect is further examined from 2-D plots of
mass spectra of the two π0s. Figure 4c shows a plot of
mπ0(1) versus mπ0(2). There is a clear clustering of events
at mπ0(1) ∼ mπ0(2) ∼ 135 MeV/c2. For comparison, the
plot of invariant masses of the rejected combinations are
shown in Fig. 4d. The Figs. 4e and 4f show the corre-
sponding plots from the Monte Carlo simulation. Again,
one sees that Monte Carlo and experiment are in very
good agreement. This gives confidence in the pairing cri-
terion for selecting the two π0s on an event by event basis.
From the distribution of unselected pair candidates, it is
estimated that the residual bias due to wrong pairing is
less than 2%.

4 Results

To deduce the physics parameters of interest, the exper-
imental data (EXP) is compared with the Monte Carlo
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Fig. 4a–f. Invariant mass plots for the selected π0 pair in Kπ3

events. a is invariant mass plot of the γ pair which has larger
energy than that of the ones in b. c shows the scatter plot of the
invariant masses of best π0 pair. d shows the same plot for the
unselected π0 pair candidates. e and f are the plots of Monte
Carlo simulations with the criteria of c and d, respectively

(MC) events for the Kπ3 decays. Figure 5 shows the plots
of yield ratio dR(s3−s0) = dNEXP/d(s3−s0)/dNMC(s3−
s0) along with a straight line fit. In each plot, the data at
extreme ends have larger errors, because they are at the
edge of available phase space. Table 1 shows the deduced
’g’ parameter for each field setting and the results agree
within one standard deviation. It is quite heartening to
note that there is no systematic change with spectrome-
ter field, which indicates that the errors due to the beam
stopping distribution, energy losses of π+ particles in the
target etc., are quite small. The narrow region of (s3 −s0)
available in this experiment did not permit investigation
of the weak quadratic term (h). The weighted mean of
the three field setting measurements for the coefficient
g = 0.518 ± 0.039.

As mentioned before, it is known that the coefficient
’j’ of the linear term in (s2 − s1) should be zero due to
Bose symmetry condition. We, therefore, fit the dR(s2 −
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s1) = dNEXP/d(s2 − s1)/dNMC/d(s2 − s1) result for a
quadratic term(k). Figure 6 shows the plots of the yield
ratio dR(s2 − s1). It is worth noting that the range of
(s1 − s2) covered by the current experiment is very close
to the threshold. At each field setting, the data is well
reproduced by a quadratic dependence on (s1 − s2). The
fit results are also tabulated in Table 1. A non-zero value
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Table 2. Summary of the measurements of g,h, k parameters of Wein-
berg’s expansion in the K+

π3 Decays

Ref. g h k

Present 0.518 ± 0.039 – 0.043 ± 0.020
Batusov et al. [6] 0.704 ± 0.012 0.104 ± 0.014 0.0197 ± 0.0045
Braun et al. [7] 0.670 ± 0.054 0.152 ± 0.082 -0.02 ± 0.04
Bertrand et al. [8] 0.806 ± 0.220 0.164 ± 0.121 —
Sheaff [9] 0.630 ± 0.038 0.041 ± 0.030 —
Smith et al. [10] 0.510 ± 0.060 0.009 ± 0.040 —
Aubert et al. [11] 0.67 ± 0.06 -0.01 ± 0.08 —
Davison et al. [12] 0.544 ± 0.048 0.026 ± 0.050 —
World average a 0.673 ± 0.010
World averageb 0.587 ± 0.019
a This estimate is the weighted mean of all values quoted above.
b The results of [6] are not included in this world average estimate.
See text for details.

k = 0.043 ± 0.020, is obtained from the weighted mean of
the three measurements.

Table 2 presents the results of K+ → π+π0π0 measure-
ments available to date, including the present results. It
is to be remarked that ’g’ values of all experiments, with
the exception of Batusov et al.,[6] are in agreement. As
Batusov et al. measured the in flight decays of 10 GeV/c
kaons, it is tempting to attribute the discrepancy to a pos-
sible energy dependence of ’g’ parameter. This may not,
however, be entirely correct because the result of Smith
et al. [10], which employed in flight decay of 5 GeV/c
kaons, is in excellent agreement with the present result.
The world average from all the data, except that of Ba-
tusov et al. [6], gives g = 0.587 ± 0.019. This result is
in very good agreement with the g = 0.582 ± 0.021 for
the CP symmetry partner K− → π−π0π0 [13]. If we in-
clude Batusov et al’s result in the world average estimate,
we get g = 0.673± 0.010, about three standard deviations
away from the CP symmetry expectation. The ’g ’ param-
eters for the decays are g++− = −0.2154 ± 0.0035, and
g−−+ = −0.217 ± 0.007, which predict, from ∆I = 1/2
rule, g+00 = 0.43 for the decay mode of our interest.
Clearly, this rule is not obeyed.

Prior to our work, there were only two other measure-
ments which attempted to determine the parameter ’k’ in
this channel. The result of Braun et al. [7] was obtained
from a simultaneous fit of three parameters, without π0

reconstruction. The only other work is due to Batusov et
al [6]. Within the errors, all these results are compatible.
Both our result and that of Batusov et al show a non-zero
’k’ parameter, while that of Braun et al is consistent with
k=0.

5 Summary and conclusions

We have measured, in a kinematically over determined
setting, the K+ → π+π0π0 decay parameters. The linear

term in Weinberg expansion is determined and the world
data now fixes it to g = 0.587 ± 0.019, comparable in
precision and in good agreement with the CP symmetry
partner decay of K− → π−π0π0 with g = 0.582 ± 0.021.
It is found that the quadratic term in (s2 − s1) is k =
0.043 ± 0.020, a small but non-zero term.
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Abstract

The form factors of the decayK+ → π0e+ν (K+
e3) have been measured with stopped kaons. A Dalitz plot containing 4.1×

104 events was analyzed. A comparison of the observed Dalitz plot with a Monte Carlo simulation determined the ratio of the
strengths of possible scalar and tensor couplings to that of the vector coupling,fS/f+(0)=−0.002±0.026(stat)±0.014(syst)
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andfT /f+(0)=−0.01± 0.14(stat)± 0.09(syst). These values are consistent with the standard model prediction of zero, and
disagree with a previous experiment. The analysis also yielded the coefficient of theq2 term in the vector form factor to be
λ+ = 0.0278± 0.0026(stat)± 0.0030(syst).  2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Weak interaction theory based on pure V–A cou-
pling has been remarkably successful in explaining
experimental observations. The semi-leptonic decay
K±→ π0e±ν (K±e3), which proceeds viaW exchange
in the standard model, is also believed to have only a
V–A contribution. However, a previous experiment us-
ingK+ decay in-flight reported anomalous scalar and
tensor couplings [1]. The PDG’s combined results for
the scalar and tensor form factors differ from zero by
3.6 and 3.4 standard deviations, respectively [2]. The
K0
e3 form factors recently measured at KTeV also in-

dicate non-zero values for these couplings [3]. The ex-
istence of these exotic interactions is in distinct dis-
agreement with the standard model and thus requires
an accurate experimental check.

In this Letter, we present a new measurement of
K+e3 form factors. The experiment used a stoppedK+
beam in conjunction with a 12-sector iron-core su-
perconducting toroidal spectrometer [4]. Because of
the rotational symmetry of 12 identical gaps in the
spectrometer and the large directional acceptance of
theπ0 detector [5], distortions due to detector accep-
tance are cancelled and systematic errors are greatly
suppressed. In addition, the kinematical resolution in
the C.M. frame is better for stopped kaons.

2. Experiment

The experiment was performed at the KEK 12 GeV
proton synchrotron. The experimental apparatus was
constructed for a T-violation search inK+ → π0µ+ν
(Kµ3) decay [6]. A schematic cross sectional side
view of the detector is shown in Fig. 1. A separated
660 MeV/c K+ beam (π+/K+ ∼ 4) was discrimi-
nated from pion background by a Fitch typeČerenkov
counter with a multiplicity trigger. An efficiency of
more than 99.0% was achieved forK+ identification.
The typicalK+ beam intensity was 1× 105 in a 0.6 s
spill duration and 3 s repetition rate. The kaons were

slowed down by a degrader and stopped in an active
target, which consisted of 256 5× 5 mm2 scintillating
fibers, located at the center of the detector.
Ke3 events with a branching ratio of 4.8% were

identified by analyzing thee+ momentum with the
spectrometer and detecting the two photons in the
CsI(Tl) calorimeter. Charged particles from the target
were tracked and momentum-analyzed using multi-
wire proportional chambers (MWPCs) at the entrance
(C2) and exit (C3 and C4) of the magnet gap, as
well as by the active target and an array of ring
counters [7] surrounding the target. The active target
and ring counter signals were used for a consistency

Fig. 1. Cross sectional view of the experimental setup. Assembly
detail of the active target, TOF1, and ring counter is shown in the
inset.
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Fig. 2. Mass squared spectraM2
TOF obtained in TOF analysis for all momenta at (a) 0.65 and (b) 0.90 T. The solid line is the experimental data

and the dotted line is the Monte Carlo simulation. The exact values of theKe3,Kµ3 branching ratios, andπ+ decay in-flight fromKπ2 decays
were taken into account in the simulation. Thee+ selection region is indicated by the dashed lines.

check on the reconstructed trajectory. The momentum
resolution obtained after energy loss correction in the
active target wasσp = 2.6 MeV/c at 205 MeV/c.

Thee+s were discriminated from theµ+ inKµ3 de-
cay by time-of-flight (TOF) between TOF1 and TOF2
scintillation counters. TOF1 surrounds the active tar-
get and TOF2 is located at the exit of the spectro-
meter. The mass squared (M2

TOF) of the charged parti-
cle, obtained from the TOF and momentum, is shown
in Fig. 2 integrated over the entire momentum region.
The timing resolution ofσt = 270 ps provides good
separation of theKe3 andKµ3 events. TheKe3 events
collected for two values of central magnetic field,
B = 0.65 and 0.90 T, yielded a consistency check with
regard to the spectrometer acceptance and energy loss
in the target.

Theπ0 detector, an assembly of 768 CsI(Tl) crys-
tals, covers 75% of the total solid angle. There are 12
holes for outgoing charged particles to enter the spec-
trometer gaps and 2 holes for beam entrance and exit,
as shown in Fig. 1. Each crystal has a length of 25 cm
and covers 7.5◦ in both the polar and azimuthal direc-
tions. Since photons produce electromagnetic show-
ers, their energy was shared among several crystals.
The photon energy and hit position were obtained
by summing the energy deposits and energy-weighted
centroid, respectively. A photon energy resolution of
σEγ /Eγ = 2.8% at 200 MeV and position resolution

Fig. 3. Invariant massMγγ spectrum for Ke3 decay from
B = 0.65 T data. The solid line histogram is experimental data and
the dotted line is simulation data. The spectrum fromB = 0.90 T
data is very similar. TheMγγ selection region is indicated by the
dashed lines.

of σpos= 7.6 mm were achieved. Timing informa-
tion from each module was used to identify a photon
cluster and to suppress accidental backgrounds due to
beam particles. The two-photon invariant mass (Mγγ ),
π0 energy and direction, were obtained from the pho-
ton momentum vectors. Fig. 3 shows theMγγ spec-
trum forKe3 events. The resolutions of theπ0 energy
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and direction at 246 MeV wereσE
π0/Eπ0 = 5.5% and

σθ = 3.4◦, respectively.

3. Ke3 event selection

Ke3 decays at rest were obtained from the follow-
ing procedure. TheK+ decay time, defined as thee+
signal at the TOF1 counter, was required to be more
than 5 ns later than theK+ arrival time measured by
theČerenkov counter. This reduced the fraction ofK+
decays in-flight to the 5× 10−4 level. Events with
π+ decays in-flight and scattering of charged parti-
cles from the magnet pole faces were eliminated by
a track consistency cut in the ring counters. The cut-
off gate for the ring counters, 20 mm, was determined
from a Monte Carlo simulation (see below). The se-
lection of positrons, identified by−6000< M2

TOF<

4000 MeV2/c4, was also determined from the simu-
lation, as shown in Fig. 2. Events with two clusters in
the CsI(Tl) calorimeter were selected asπ0 decays and
events with other cluster numbers were rejected. The
acceptance cut on the invariant mass was 80<Mγγ <

140 MeV/c2 (Fig. 3). The opening angleθl+π0 < 166◦
between a charged particle and theπ0 (θl+π0) removed
theKπ2 back-to-back events. The photon conversion
events (γ → e+ e−) in the active target system were
rejected by selecting events in which the charged par-
ticle hit one of the TOF1 and ring counters.

The solid line in Fig. 4 (a), (c) shows thee+
energy spectrum while (b), (d) shows the opening
angle (θe+π0) distribution of acceptedKe3 events
for B = 0.65 and 0.90 T, respectively. The energy
spectra have not been corrected for energy loss in the
target. The Dalitz density plots are shown in Fig. 4
(e), (f). TheKe3 acceptances, 3.1× 10−3 (0.65 T) and
3.6× 10−3 (0.90 T), were obtained from the Monte
Carlo simulations. The remaining backgrounds, after
applying the above criteria, were estimated to be
0.14± 0.03% of the acceptedKe3 events forKµ3
and 0.27± 0.03% forKπ2 decays, respectively. The
present result is based on 2.4 × 104 (0.65 T) and
1.7× 104 (0.90 T)Ke3 events.

4. Analysis

The most general Lorentz invariant form of the
matrix element for the semi-leptonicK+ → π0l+ν

(K+l3) decay is given by [2,8]

M∝ f+
(
q2)[(PK + Pπ0)ūlγλ(1+ γ5)uν

]
+ f−

(
q2)[mlūl(1+ γ5)uν

]
+ 2mKfSūl(1+ γ5)uν

(1)
+ (2fT /mK)(PK)λ(Pπ0)µūlσλµ(1+ γ5)uν,

wherePK andPπ0 are the four-momenta of theK+
and π0, respectively.f±(q2) are the usual vector
form factors, which are functions of the momentum
transfer squaredq2= (PK − Pπ0)2 to the leptons.fS
and fT are the strengths of the potential scalar and
tensor couplings, assumed to be independent ofq2.
In the case ofKe3 decay, thef−(q2) term appearing
in M is proportional to the smalle+ mass and is
negligible. The vector form factor, assumed to depend
linearly on q2 asf+(q2) = f+(0)[1+ λ+(q/mπ)2],
and exotic form factorsfS andfT could be extracted
from the Dalitz plot distributions; parameters (λ+,
fS/f+(0), fT /f+(0)) were determined by minimizing
the difference between the observed Dalitz plot and the
Monte Carlo simulation. Using a GEANT [9] — based
Monte Carlo code, the simulation data were generated
according to Braun [10],

(2)ρorg(Ee+,Eπ0)∝ F 2+
(
q2)(A+BΞ +CΞ2),

where

A=mK
(
2Ee+Eν −mKE′π0

)
+m2

e+
(
E′
π0/4−Eν

)
,

B =m2
e+
(
Eν −E′π0/2

)
,

C =m2
e+E

′
π0/4,

E′
π0 =Emax

π0 −Eπ0

= (m2
K +m2

π0 −m2
e+
) /

2mK −Eπ0,

F+
(
q2)= f+(q2)+ (me+/mK)RT ,

Ξ
(
q2)= {f−(q2)/f+(q2)+ (2mK/me+)RS

+ [me+/mK + 2(Eν −Ee+)/me+
]
RT
}/ [

1+ (me+/mK)RT
]
,

RS = fS/f+
(
q2), RT = fT /f+

(
q2).

HereEπ0, Ee+ , andEν are, respectively, the pion,
positron, and neutrino energies in theK+ C.M. frame.
The trigger requirement, detector resolution, and back-
ground caused by photon conversion, bremsstrahlung,
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Fig. 4. Experimental spectra (solid line) ofEe+ (a), (c) andθ
e+π0 (b), (d) forKe3 decay, and Monte Carlo simulation (dotted line) with the

best fitλ+ , fS/f+(0), andfT /f+(0) values for the settings of 0.65 and 0.90 T. The Dalitz density plots (e), (f) are also shown.
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Fig. 5. (a)π+ momentum spectrum ofKπ2 decay without energy loss correction in the target (b) opening angle betweenπ+ andπ0 for Kπ2
decay. The solid line is experimental data and the dotted line is simulation data.

and otherK+ decay modes, were included in the cal-
culation. The radiative correction following the Gins-
berg procedure [11] was also taken into account. The
simulation data were analyzed in the same manner
as the experimental sample, yielding Dalitz plot dis-
tributions ρobs(Ee+ , θe+π0) in the C.M. frame. Al-
though it is possible to analyze the distribution of
ρobs(Ee+,Eπ0), instead ofρobs(Ee+, θe+π0), the for-
mer is not used because it is not insensitive to CsI(Tl)
energy calibration and gain shifts. The measurement
of theπ0 direction is independent of the absolute en-
ergy calibration of the CsI(Tl) calorimeter, and is more
reliable, whileEπ0 is strongly affected by the accuracy
of the calibration.

In order to check the validity of the simulation, the
Kπ2 spectra were compared to the experimental ones.
Fig. 5 (a), (b) show the distributions of theπ+ momen-
tum without the energy loss correction in the target
and opening angle (θπ+π0), respectively, for the exper-
imental (solid line) and simulation (dotted line) data.
Theχ2 values are 114 (107 bins) and 183 (191 bins)
for theπ+ momentum andθπ+π0 spectra, respectively,
showing that the simulation correctly reproduced the
experimental spectra. Also, the validity of the simula-
tion was confirmed by comparing the obvious photon
conversion events, which were identified by 3 clusters,
in both the experiment and simulation data.

The fitting of theKe3 Dalitz plot was performed
via the maximum likelihood method with a Poisson-
distributed function, in whichχ2 is defined as,

χ2=
n∑
i

[
2(αNsim,i −Nexp,i )

+ 2Nexp,i × ln(Nexp,i/αNsim,i)
]
,

wheren is the number of bins in the Dalitz plot andα
is introduced for normalization. The bin size is set to
4 MeV for Ee+ and 3.6◦ for θe+π0. A program based
on MINUIT [12] minimizedχ2 and estimated the er-
ror of the parameters. The dotted line in Fig. 4 (a)–(d)
shows the simulation spectrum using the best fit para-
meters. The originalρorg(Ee+,Eπ0) distributions ac-
cepted by the present experimental apparatus are thus
obtained, as shown in Fig. 6 (a), (b), together with the
Ke3 kinematical boundary. The accepted events cover
a wide region of phase space and extend to the bound-
aries wherefS andfT have high sensitivity.

5. Results

When a V–A form is assumed,λ+ is the only free
parameter in the matrix element of Eq. (2). The values
of λ+ obtained forB = 0.65 and 0.90 T are shown in
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Fig. 6. The originalρorg(Ee+ ,Eπ0) distributions accepted by the present experimental apparatus. The solid line corresponds to theKe3
kinematical boundary.

Table 1
Fitting results of theKe3 form factor parameters

Data Analysis Reducedχ2 λ+ fS/f+(0) fT /f+(0)
0.65 T V–A 1.25 0.0288± 0.0033

0.90 T V–A 1.10 0.0266± 0.0038

Combined V–A 0.0278± 0.0025

0.65 T V–A, S, T 1.25 0.0288± 0.0033 −0.002± 0.033 −0.02± 0.15

0.90 T V–A, S, T 1.10 0.0266± 0.0039 −0.001± 0.040 0.01± 0.24

Combined V–A, S, T 0.0278± 0.0026 −0.002± 0.026 −0.01± 0.14

Akimenko et al. [1] 0.0284± 0.0029 0.070± 0.016 0.53± 0.14

World average [2] 0.0276± 0.0021 0.084± 0.023 0.38± 0.11

Table 1 together with those of the previous experiment
[1] and the world average quoted in PDG [2]. The
reducedχ2 is also given. The combined value for
the two magnet settings,λ+ = 0.0278± 0.0025,
calculated as the error-weighted average, is consistent
with the world average. The relative amplitude of the
form factors (fS/f+(0), fT /f+(0)) were then derived
using Eq. (2) with scalar and tensor couplings as well
asλ+ treated as free parameters. Fig. 7 shows theχ2

contour plots for the best fit values ofλ+ = 0.0288
(0.65 T) and 0.0266 (0.90 T). They are consistent with
pure V–A coupling. The combined values from the two
magnet settings arefS/f+(0)= −0.002± 0.026 and

fT /f+(0)=−0.01± 0.14. It should be noted theχ2

fitting for λ+ with and without the exotic interactions
has the same values for bothB = 0.65 and 0.90 T.

The major systematic errors in the form factor de-
termination come from imperfect reproducibility of
the experimental conditions in the simulation. They
were estimated by a simulation study and are sum-
marized in Table 2 in three categories:e+ detection,
π0 detection, and Monte Carlo simulation. In con-
trast to the in-flight experiment, the decay particles
can be affected by interaction with the target. In the
present analysis, the ambiguity of the bremsstrahlung
and photon conversion processes in the simulation
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Fig. 7. Theχ2 contour plots for the best fit values ofλ+ = 0.0288 and 0.0266 for 0.65 and 0.90 T, respectively. Solid, dashed, and dotted lines
correspond to 1-, 2-, and 3-σ constraint levels, respectively.

Table 2
Summary of systematic errors

Error source 1λ+ 1fS 1fT

[π0 detection]

Misalignment of the CsI(Tl) barrel 0.0014 < 0.001 < 0.01

Cut point dependence 0.0002 < 0.001 < 0.01

Beam background 0.0010 < 0.001 < 0.01

[e+ detection]

Misalignment of the MWPCs 0.0007 < 0.001 < 0.01

Chamber spatial resolution 0.0005 < 0.001 < 0.01

Field strength of the toroidal spectrometer 0.0009 < 0.001 < 0.01

e+ identification 0.0002 < 0.001 < 0.01

Cut point dependence for the tracking 0.0006 < 0.001 < 0.01

Cut point dependence fore+ identification 0.0007 < 0.001 < 0.01

[MC simulation]

Photon conversion in the target 0.0004 0.004 0.03

e+ bremsstrahlung in the target 0.0018 0.013 0.08

Total 0.0030 0.014 0.09

dominated the systematic error. Since the angle of the
bremsstrahlung photon in the target is nearly parallel
to the e+ direction, the spurious photon clusters due
to bremsstrahlung were rejected by eliminating events
in crystals surrounding the hole through which thee+

passed. Therefore, the bremsstrahlung contribution to
the systematic error was taken into account only for
thee+ energy loss in the target by artificially varying
the bremsstrahlung probability and response. Changes
in the form factors obtained under this assumption
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were evaluated as a systematic error. The effect of pho-
ton conversion was also estimated in a similar manner
by varying the conversion probability.

On the other hand, the systematic errors associated
with instrumental misalignment, non-uniform detector
performance, and asymmetric beam stopping profile,
were reduced by integrating over alle+ andπ0 di-
rections. The effects due to positions of the CsI(Tl)
barrel,K+ target, and MWPCs were estimated by
assuming the maximum conceivable misalignments.
The contribution from a non-uniform efficiency and
a non-linearity for detector elements were also es-
timated. Background contaminations from otherK+
decay modes andK+ decay-in-flight did not con-
tribute to the systematic error. Changing theM2

TOF and
ring counter consistency cut values did not bias the
results. The total systematic error was evaluated by
adding all these contributions in quadrature, as shown
in Table 2. It is similar in size to the statistical error
for 1λ+ = 0.0030 and smaller for1fS = 0.014 and
1fT = 0.09.

6. Conclusion

TheK+e3 form factors have been measured using a
stoppedK+ beam in conjunction with a superconduct-
ing toroidal spectrometer. Due to the higher kinemat-
ical resolution and rotational symmetry of the exper-
imental apparatus, many systematic errors are drasti-
cally reduced. By minimizing the difference between
the observed Dalitz plot and the Monte Carlo simula-
tion, the following parameters are obtained:

λ+ = 0.0278± 0.0026(stat)± 0.0030(syst),

fS/f+(0)=−0.002± 0.026(stat)± 0.014(syst),

fT /f+(0)=−0.01± 0.14(stat)± 0.09(syst).

The present value of theλ+ parameter is consistent
with the current world average [2] within experimental
errors.fS/f+(0) andfT /f+(0) are consistent with the
V–A coupling, which is not the case for the previous
experiment [1] or the world average [2].
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Abstract

The ratio of theK+ → π0µ+ν (K+
µ3) and K+ → π0e+ν (K+

e3) decay widths,Γ (Kµ3)/Γ (Ke3), has been measured

with stopped positive kaons.K+
µ3 andK+

e3 samples containing 2.4 × 104 and 4.0 × 104 events, respectively, were analyzed.
The Γ (Kµ3)/Γ (Ke3) ratio was obtained to be 0.671± 0.007(stat.) ± 0.008(syst.) calculating the detector acceptance by

a Monte Carlo simulation. The coefficient of theq2 dependent term of thef0 form factor was also determined to be
λ0 = 0.019± 0.005(stat.) ± 0.004(syst.) with the assumption ofµ–e universality inK+

l3 decay. The agreement of our result

* Corresponding author.
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with theλ0 value obtained fromK+
µ3 Dalitz plot analyses supports the validity of theµ–e universality. 2001 Elsevier Science

B.V. All rights reserved.

1. Introduction

The spectroscopic studies to determine form fac-
tors of theK+ semi-leptonic decays,K+ → π0l+ν

(K+
l3), are of importance both in studying low energy

properties of the strong interaction in terms of effec-
tive theories [1,2], and also in studying fundamental
interactions. In our previous work [3], we reported a
result testing the exotic couplings inK+ → π0e+ν

(K+
e3) decay, showing the non existence of scalar and

tensor interactions, contradicting the current world
average adopted by Particle Data Group [4]. In the
present work, theK+ → π0µ+ν (K+

µ3) events, which
were collected simultaneously, were analyzed to de-
termine the ratio of theK+

µ3 and K+
e3 decay widths

Γ (Kµ3)/Γ (Ke3). This quantity is one of the most im-
portant observables to evaluate theK+

l3 form factors.
Assuming that only the V−A interaction con-

tributes to theKl3 decay, the decay amplitude can be
described by two dimensionless form factors,f+(q2)

and f0(q
2), which are functions of the momentum

transferred to the leptonsq2 = (PK − Pπ0)2, where
PK andPπ0 are the four momenta of theK+ andπ0,
respectively. They are given as

f+(q2) = f+(0)
[
1+ λ+(q/mπ)

2],
f0(q

2) = f0(0)
[
1+ λ0(q/mπ)

2].
Assumingµ–e universality, the form factors between
Kµ3 and Ke3 decays are identical andΓ (Kµ3)/

Γ (Ke3) can be written as [5]

Γ (Kµ3)/Γ (Ke3) = 0.6457− 0.1531λ+ + 1.5646λ0

(1)+ O
(
λ2+ + λ+λ0 + λ2

0

)
.

This equation cannot determine theλ+ andλ0 parame-
ters uniquely but simply fixes a relationship between
them. However, if theλ+ value derived fromKe3 data
analyses is assumed, theλ0 parameter can be obtained
from Eq. (1). In this analysis, ourKe3 result for theλ+
parameter,λ+ = 0.0278± 0.0040, was employed [3].

It should be noted that theλ0 parameter can be also
determined by studying the Dalitz plot distribution of
Kµ3 decay or the muon polarization inKµ3 decay [4].

The determination of theλ0 parameter from the
Γ (Kµ3)/Γ (Ke3) ratio is based on the assumption
of µ–e universality. This is not the case for the
other two methods. Thus,µ–e universality in Kl3
decay can be tested by comparing theλ0 parameter
obtained from a branching ratio measurementλbr

0
with that obtained from a Dalitz plot measurement
λdal

0 and/orµ+ polarization measurementλpol
0 . In this

case, however, a precise acceptance function has to be
carefully determined over the whole Dalitz space for
theKµ3 Dalitz plot analysis.

In this Letter, we present a new precise measure-
ment of the Γ (Kµ3)/Γ (Ke3) branching ratio and
the λ0 parameter. The experiment used a stopped
K+ beam in conjunction with a 12-sector iron-core
superconducting toroidal spectrometer [6].Γ (Kµ3)/

Γ (Ke3) was obtained by measuring the ratio of the
number of acceptedKµ3 andKe3 events corrected for
detector acceptance.

2. Experiment

The experiment was performed at the KEK 12
GeV proton synchrotron. The experimental apparatus
was constructed for aT -violation search inKµ3
decay [7]. A schematic cross sectional side view
of the detector is shown in Fig. 1. We detected
both of theπ0 decay gammas which enabled us to
reconstruct the complete kinematics of aKl3 event in
contrast to the previous experiment [8]; this increased
the reliability of the event selection. Because of
the rotational symmetry of the 12 identical gaps in
the spectrometer and the large directional acceptance
of the π0 detector [9], distortions due to detector
acceptance were drastically reduced. Moreover, the
similarity of theKµ3 andKe3 kinematics reduced the
systematic error due to the imperfect reproducibility
of the experimental conditions in the simulation of
the ratio of the calculated acceptance for theKµ3
and Ke3 decays. The measurement was carried out
for two values of the central magnetic field strength,
B = 0.65 and 0.90 T, yielding a consistency check
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Fig. 1. Cross-sectional side view of the E246 setup. Assembly detail
of the active target, TOF1, and ring counter is shown in the inset.

with regard to the spectrometer acceptance and energy
loss estimation in the target.

Kµ3 (Ke3) events were identified by analyzing the
µ+ (e+) momentum with the spectrometer and de-
tecting the two photons in the CsI(Tl) calorimeter.
Charged particles from the target were tracked and
momentum-analyzed using multi-wire proportional
chambers (MWPCs) at the entrance (C2) and exit (C3
and C4) of the magnet gap, as well as by the active tar-
get and an array of ring counters [10] surrounding the
target. Particle identification between theµ+s ande+s
was carried out by time-of-flight (TOF) between TOF1
and TOF2 scintillation counters. TOF1 surrounds the
active target and TOF2 is located at the exit of the
spectrometer. Theπ0 detector, an assembly of 768
CsI(Tl) crystals, covers 75% of the total solid angle.
Since photons produce electromagnetic showers, their
energy was shared among several crystals. The photon
energy and hit position were obtained by summing the
energy deposits and energy-weighted centroid, respec-

tively. Timing information from each module was used
to identify a photon cluster and to suppress accidental
backgrounds due to beam particles. The two-photon
invariant mass (Mγγ ) and theπ0 energy and direction
were obtained from the photon momentum vectors.

Kµ3 andKe3 decays at rest were selected by the
following procedure, which is similar to ourKe3
study. TheK+ decay time, defined as the charged
lepton signal at the TOF1 counter, was required to
be more than 5 ns later than theK+ arrival time
measured by thěCerenkov counter to remove in-
flight K+ decays. Events withπ+ decays in-flight
and scattering of charged particles from the magnet
pole faces were eliminated by a track consistency cut
in the ring counters. Events with two clusters in the
CsI(Tl) calorimeter were selected asπ0 decays and
events with other cluster numbers were rejected. The
acceptance cut on the invariant mass was 50< Mγγ <

140 MeV/c2. Requirements for the charged particle
momentum corrected for the energy loss in the target
(Pcor < 175 MeV/c) plus opening angle between a
charged particle and theπ0 (θl+π0 < 154◦) removed
theKπ2 events.

The mass squared (M2
TOF) of the charged particles,

obtained from the TOF and momentum, are shown
in Fig. 2 integrated over the entire momentum re-
gion. Theµ+ and e+ selection regions are also in-
dicated in the figure. The timing resolution ofσT =
270 ps provides a good separation between theKµ3
and Ke3 events. It should be emphasized that only
these requirements were imposed for theKµ3 and
Ke3 event extraction. The numbers of good events af-
ter those cuts mentioned above are 12882(10704) and
23122(16850) at 0.65(0.90) T forKµ3 and Ke3 de-
cays, respectively, where small fractions due to the
background events are still included. Figs. 3 and 4
show theKµ3 andKe3 spectra for the setting ofB =
0.65 and 0.90 T, respectively.

3. Monte Carlo simulation

In order to obtain the detector acceptance and esti-
mate the background fraction, the Monte Carlo sim-
ulation was carried out for both the charged particle
measurement by the spectrometer and theπ0 measure-
ment by the CsI(Tl) detector. The initial Dalitz distrib-
utions were generated with the values ofλ+ = 0.0278
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Fig. 2. Mass-squared spectraM2
TOF obtained in TOF analysis for

all momenta at (a) 0.65 and (b) 0.90 T. The solid line is the
experimental data and the dotted line is the Monte Carlo simulation.
The Monte Carlo data are scaled by the obtainedΓ (Kµ3)/Γ (Ke3)

value. Theµ+ ande+ selection regions are indicated by the dashed
lines.

and the current world averageλ0 = 0.006, while the
Dalitz distribution ofKe3 decay is insensitive to theλ0
parameter. The radiative corrections were taken into
account by following the Ginsberg procedure [11].
The simulation data were analyzed in the same man-
ner as the experimental sample. The dotted lines in
Fig. 3 and Fig. 4 show the simulation spectra for the
setting ofB = 0.65 and 0.90 T, respectively, using the
assumedλ+ andλ0 parameters. These spectra are nor-
malized so that the total number of events is the same
as the experimental one. Here, it is to be noted that

much higher statistical accuracy for the Monte Carlo
simulation is necessary to determine the form factors
from theKµ3 Dalitz plot analysis.

By using the simulation data, the detector accep-
tance (Ω) is calculated as

Ω = Nacc

Ngen
ε(λ+, λ0) ≡ Ω0ε(λ+, λ0),

whereNacc and Ngen are the number of events ac-
cepted by our event selection requirements and the
number of generatedK+ events, respectively.Ω0 de-
notes the detector acceptance at the assumed form fac-
tor for the production of the simulation samples. They
wereΩ0(Kµ3) = (1.790±0.014)×10−3, Ω0(Ke3) =
(2.161± 0.014)× 10−3 for the setting ofB = 0.65 T
andΩ0(Kµ3) = (1.669± 0.014)× 10−3, Ω0(Ke3) =
(1.756± 0.013)× 10−3 for the setting ofB = 0.90 T.
The detector acceptance depends only slightly on the
form factor (i.e., the shape of the Dalitz distribution),
therefore a correction factorε(λ+, λ0) is introduced.
ε was calculated by taking into account the event se-
lection requirements such asPcor, θl+π0, andM2

TOF
cuts. As shown in Fig. 5(a), (b), theε distribution
for Kµ3 decay was obtained as a contour plot in the
(λ+, λ0) space, whileε for Ke3 decay was obtained as
a function of theλ+ parameter.

M2
TOF spectra were calculated by assuming a TOF

resolution ofσT = 270 ps. They are shown as dotted
lines in Fig. 2. Since the charged particles were identi-
fied byM2

TOF measurement, the choice of the TOF re-
sponse function was important for the determination of
the background contamination. We took into account
Kπ2, Ke3, Kµ3γ decays for theKµ3 background and
Kπ2, Kµ3, Ke3γ decays for theKe3 background. The
background fraction depends on the magnetic setting
of the spectrometer, as summarized in Table 1. The
most dominant background is due toKπ2 decay in-
flight. The accidental background fraction due to beam
particles was estimated to be 0.3% for bothKµ3 and
Ke3 samples.

4. Results

TheΓ (Kµ3)/Γ (Ke3) ratio can be written as

Γ (Kµ3)

Γ (Ke3)
= N(Kµ3)

N(Ke3)

Ω(Ke3)

Ω(Kµ3)
,
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Fig. 3. Spectra of the selected events (solid line): (a)θ
µ+π0, (b) Pµ+ for Kµ3 decay and (c)θ

e+π0, (d) Pe+ for Ke3 decay, and Monte Carlo
simulation (dotted line). They were obtained for the setting ofB = 0.65 T.

Table 1
Background fractions included in theKµ3 andKe3 samples

Background item Background fraction

B = 0.65 T B = 0.90 T

Kµ3 Kπ2 0.6% 0.9%

Ke3 0.1% 0.1%

Kµ3γ < 0.1% < 0.1%

Accidental 0.3% 0.3%

Ke3 Kπ2 0.4% 0.3%

Kµ3 < 0.1% < 0.1%

Ke3γ < 0.1% < 0.1%

Accidental 0.3% 0.3%

whereN is the number of accepted events after sub-
tracting backgrounds. Theλ0 parameter can be deter-
mined by substituting the obtainedΓ (Kµ3)/Γ (Ke3)

value andλ+ = 0.0278 into Eq. (1). However, the sit-

uation was a little more complicated because theKµ3
acceptance also depends on theλ0 parameter. There-
fore, it was derived by iteration to minimize the differ-
ence between theλ0 parameter for the acceptance de-
termination (λacc

0 ) and theλ0 parameter obtained from
Eq. (1) (λobt

0 ). Fig. 6 shows the|λacc
0 − λobt

0 | plot as
a function ofλacc

0 for both the 0.65 and 0.90 T data.
The value ofλacc

0 , which satisfied the condition of
|λacc

0 − λobt
0 | = 0, was adopted as our final result. The

λ0 parameter and associatedΓ (Kµ3)/Γ (Ke3) value
are shown in Table 2 together with those of the world
average quoted in PDG. The results ofB = 0.65 and
0.90 T data were then combined by calculating the
error weighted average as,λ0 = 0.019± 0.005 and
Γ (Kµ3)/Γ (Ke3) = 0.671± 0.007.

The systematic errors, which have been categorized
into background contamination and inaccurate detec-
tor acceptance, are summarized in Table 3. The ambi-
guity of theKπ2 fraction introduces a significant sys-
tematic error, while the other channels are negligible.
If the Kπ2 background in theKµ3 sample is not cor-
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Fig. 4. Spectra of the selected events (solid line): (a)θ
µ+π0, (b) Pµ+ for Kµ3 decay and (c)θ

e+π0, (d) Pe+ for Ke3 decay, and Monte Carlo
simulation (dotted line). They were obtained for the setting ofB = 0.90 T.

Table 2
Results ofΓ (Kµ3)/Γ (Ke3) andλ0 parameter

Γ (Kµ3)/Γ (Ke3) λ0

0.65 T 0.673± 0.010 0.020± 0.006

0.90 T 0.668± 0.011 0.017± 0.007

Combined 0.671± 0.007 0.019± 0.005

No µ–e universality assumption 0.669± 0.007 −

World average [4] 0.680± 0.013 0.006± 0.007

rectly evaluated, the results could strongly depend on
the cut points ofθlπ0 and Pcor. The dependence on
both cut points was treated as a systematic error. Also,
an imperfect TOF response function in the simulation
could introduce a systematic error, which would be
concentrated around the tail part of theM2

TOF peaks.
This contribution was also studied by the cut point de-
pendence of the TOF window positions. The acciden-
tal backgrounds could be neglected because their frac-

tions were small and common to both theKµ3 and the
Ke3 events.

The systematic errors associated with the measure-
ment, namely, instrumental systematic errors, are neg-
ligible. The effects due to misalignment of the CsI(Tl)
barrel,K+ target, and MWPCs and the contribution
of misunderstanding of the energy loss of the charged
particles in the target were estimated and found to be
negligible. Differences in the detection efficiency for
e+ andµ+ in the MWPCs would introduce a system-
atic error, which was studied by the sector number de-
pendence of the spectrometer. The results obtained in
the various sectors were distributed within statistical
error, and this contribution was also estimated to be
negligible. Since the detector acceptance depends on
theλ+ parameter, as well as theλ0 parameter, the am-
biguity of theλ+ parameter introduced a systematic
error. This effect was estimated using theε distribu-
tions shown in Fig. 5. Usingλ+ = 0.0278± 0.0040,
the change of theε(Kµ3)/ε(Ke3) value in this region
was considered to be the systematic error. If the cur-



KEK-E246 Collaboration / Physics Letters B 513 (2001) 311–318 317

Fig. 5. The correction factor for the detector acceptance for the
setting ofB = 0.65 T; (a) ε contour in terms of theλ+ and λ0
parameters forKµ3 and (b) dependence on theλ+ parameter for
Ke3. The correction factor for the setting ofB = 0.90 T is similar.

Fig. 6.|λacc
0 − λobt

0 | plot as a function ofλacc
0 . The solid and dashed

lines correspond to 0.65 and 0.90 T data, respectively. The value of
λacc

0 , which satisfied the condition of|λacc
0 −λobt

0 | = 0, was adopted
as the final result.

rent world averageλ+ = 0.031± 0.008 for Kµ3 de-
cay [4] is used instead of taking theµ–e universality
value of 0.0278,Γ (Kµ3)/Γ (Ke3) is shifted to 0.669±
0.007 through the modification of theKµ3 acceptance.
Although this shift (−0.002) is much smaller than the
statistical error (0.007), the acceptance deformation
due to the ambiguity of theKµ3 λ+ was included as
an additional systematic error. These errors, regarding
them as one standard deviation errors, are summarized
in Table 3. The total size of the systematic errors was
obtained by adding each item in quadrature. The to-
tal systematic errors for�[Γ (Kµ3)/Γ (Ke3)] and�λ0
are 0.008 and 0.004, respectively, which are basically
equal to the statistical error.

5. Conclusion

The ratio of theK+ → π0µ+ν (K+
µ3) andK+ →

π0e+ν (K+
e3) decay widths,Γ (Kµ3)/Γ (Ke3), has

been measured for stopped positive kaons. Assuming
µ–e universality inK+

l3 decay, the coefficient of the
q2 dependent term of thef0 form factor was deter-
mined from the measuredΓ (Kµ3)/Γ (Ke3) ratio. In
contrast to the previous experiments, a large detector
acceptance and its symmetrical structure enabled us to
reduce the statistical errors while suppressing the sys-
tematic errors. Our results are

Γ (Kµ3)

Γ (Ke3)
= 0.671± 0.007(stat.) ± 0.008(syst.),

λ0 = 0.019± 0.005(stat.) ± 0.004(syst.).

Theλ0 parameter obtained from the present work is
consistent with that from recentK+

µ3 Dalitz plot analy-
ses [13,14], which supports the validity ofµ–e uni-
versality inK+

l3 decay. If the assumption ofµ–e uni-
versality is removed,Γ (Kµ3)/Γ (Ke3) can be written
as [5]

Γ (Kµ3)

Γ (Ke3)
=

[
gµf

µ
+ (0)

gef
e+(0)

]2

(2)

× (
0.6457+ 2.2342λµ

+
− 2.3873λe+ + 1.5646λ0

)
,

whereg is weak coupling constant for the lepton cur-
rent. SubstitutingΓ (Kµ3)/Γ (Ke3) = 0.669± 0.011
(present result with noµ–e universality assumption),
λ
µ
+ = 0.031 ± 0.008 (the current world average),
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Table 3
Systematic errors

�[Γ (Kµ3)/Γ (Ke3)] �λ0

Background contamination

Decay-in-flight fromKπ2 decay 0.004 0.003

TOF response 0.004 0.003

Detector acceptance

Instrumental misalignment < 0.001 < 0.001

Energy loss estimation in the target < 0.001 < 0.001

Experimental error of theKe3 λ+ parameter 0.001 0.001

Choice of theKµ3 λ+ parameter 0.005 −

Total 0.008 0.004

λe+ = 0.0278± 0.0040 (ourKe3 result), andλ0 =
0.039± 0.011 (error weighted average of Refs. [13]
and [14]) into Eq. (2),gµf

µ
+ (0)/gef

e+(0) is derived to
be 0.971±0.019 which is consistent with unity within
the experimental error. From the viewpoint of the the-
oretical framework, theK+

l3 form factors are of impor-
tance in studying low energy properties of the strong
interaction in terms of effective theories. The predicted
values of theλ0 parameter areλ0 = 0.017± 0.004 [1]
andλ0 = −0.03 [2]. The present result is consistent
with the former and inconsistent with the latter. Also,
the �I = 1/2 rule leads to identicalλ0 parameters
betweenK+

l3 and K0
l3 decays [12]. Theλ0 parame-

ter from theK0
l3 analyses has been determined to be

λ0 = 0.025± 0.006 [4], which is consistent with the
present result.

Acknowledgements

This work has been supported in Japan by a Grant-
in-Aid from the Ministry of Education, Science, Sports
and Culture, and by JSPS; in Russia by the Ministry
of Science and Technology, and by the Russian Foun-
dation for Basic Research; in Canada by NSERC and
IPP, and by the TRIUMF infrastructure support pro-
vided under its NRC contribution; in Korea by BSRI-

MOE and KOSEF; in the USA by NSF and DOE; and
in Taiwan by NSC. The authors gratefully acknowl-
edge the excellent support received from the KEK
staff.

References

[1] J. Gasser, H. Leutwyler, Nucl. Phys. B 250 (1985) 517.
[2] D.I. Kazakov, V.N. Pervushin, M.K. Volkov, Phys. Lett. B 64

(1976) 201.
[3] S. Shimizu et al., Phys. Lett. B 495 (2000) 33.
[4] Particle Data Group, Eur. Phys. J. C 15 (2000);

Particle Data Group, Rev. Part. Phys. (2000).
[5] H.W. Fearing, E. Fischbach, J. Smith, Phys. Rev. D 2 (1970)

542;
H.W. Fearing, E. Fischbach, J. Smith, Phys. Rev. Lett. 24
(1970) 189.

[6] J. Imazato et al., in: Proceedings of the 11th International
Conference on Magnet Technology, Elsevier Applied Science,
London, 1990, p. 366.

[7] M. Abe et al., Phys. Rev. Lett. 83 (1999) 4253.
[8] J. Heintze et al., Phys. Lett. B 70 (1977) 482.
[9] D.V. Dementyev et al., Nucl. Instrum. Methods A 440 (2000)

151.
[10] A.P. Ivashkin et al., Nucl. Instrum. Methods A 394 (1997) 321.
[11] E.S. Ginsberg, Phys. Rev. 42 (1966) 1035.
[12] L.B. Auerbach et al., Phys. Rev. 155 (1967) 1505.
[13] R. Whitman et al., Phys. Rev. D 21 (1980) 652.
[14] V.M. Artemov et al., Phys. At. Nucl. 60 (1997) 2023.



Physics Letters B 554 (2003) 7–14

www.elsevier.com/locate/npe

Measurement of direct photon emission inK+ → π+π0γ decay
using stopped positive kaons

KEK-E470 Collaboration

M.A. Aliev a, Y. Asanob, T. Bakerc, P. Depommierd, M. Hasinoffe, K. Horief,1,
Y. Igarashic, J. Imazatoc, A.P. Ivashkina, M.M. Khabibullina, A.N. Khotjantseva,
Y.G. Kudenkoa, A.S. Levchenkoa, G.Y. Lim c, J.A. Macdonaldg, O.V. Mineeva,

C. Rangacharyuluh, S. Sawadac, S. Shimizuf

a Institute for Nuclear Research, Russian Academy of Sciences, Moscow 117312, Russia
b Institute of Applied Physics, University of Tsukuba, Ibaraki 305-0006, Japan

c Institute of Particle and Nuclear Studies (IPNS), High Energy Accelerator, Research Organization (KEK), Ibaraki 305-0801, Japan
d Laboratoire de Physique Nucléaire, Université de Montréal, Montréal, PQ, Canada H3C 3J7

e Department of Physics and Astronomy, University of British Columbia, Vancouver, BC, Canada V6T 1Z1
f Department of Physics, Osaka University, Osaka 560-0043, Japan

g TRIUMF, Vancouver, BC, Canada V6T 2A3
h Department of Physics, University of Saskatchewan, Saskatoon, Canada S7N 5E2

Received 13 December 2002; accepted 17 December 2002

Editor: L. Montanet

Abstract

The radiative decayK+ → π+π0γ (Kπ2γ ) has been measured with stopped positive kaons. AKπ2γ sample containing
4k events was analyzed, and theKπ2γ branching ratio of the direct photon emission process was determined to be

[6.1± 2.5(stat.)± 1.9(syst.)] × 10−6. No interference pattern with internal bremsstrahlung was observed.
 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

The chiral anomaly [1], which is a basic feature
of quantum field theory, has been the subject of ex-

E-mail address: suguru@phys.wani.osaka-u.ac.jp
(S. Shimizu).

1 Present address: Institute of Particle and Nuclear Studies
(IPNS), High Energy Accelerator Research Organization (KEK),
Ibaraki 305-0801, Japan.

tensive theoretical investigations. There are a num-
ber of calculations for decays of the pseudoscalar
mesons—π , η, andK [2]; however, few experimen-
tal studies of this anomaly have been performed so far.
With the increased interest in chiral perturbation the-
ory (ChPT) [3], the chiral anomaly has attracted re-
newed attention. In particular, non-leptonic kaon de-
cays are well-suited for the study of ChPT. It is known,
however, that the genuine manifestation of the chi-
ral anomaly in non-leptonic decays is restricted to

0370-2693/03/$ – see front matter 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0370-2693(02)03236-7
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the radiative decay ofK+ → π+π0γ (Kπ2γ ) for the
charged kaon [4].

TheK+ → π+π0 (Kπ2) decay is hindered because
it violates the	I = 1/2 rule. As a consequence,
the internal bremsstrahlung (IB) contribution toKπ2γ
decay is suppressed, although it is still dominant.
This feature, in turn, could enhance the direct photon
emission (DE) which is sensitive to meson structure.
Here, the chiral anomaly appears as the magnetic
component of DE. In terms of ChPT, it enters the
magnetic amplitude atO(p4), while IB arises from
O(p2) [4]. Also, the electric amplitude of DE may
arise fromO(p4), which one can identify through the
interference pattern (INT) with IB. Thus theKπ2γ
decay channel is one of the most interesting and
important channels in determining the low energy
structure of QCD.

Three in-flight-K+ experiments [5–7] and one
stopped-K+ experiment [8] have reported on the DE
branching ratio in theπ+ kinetic energy region of
55< Tπ+ < 90 MeV. These experiments restricted
the Tπ+ region to avoid backgrounds fromK+ →
π+π0π0 (Kπ3) decay, although the DE component
is significantly enhanced with decreasingπ+ energy.
The weighted average of the in-flightK+ experiments
is Br(Kπ2γ ,DE)= (18±4)×10−6 [9] which is much
larger than the result from the stoppedK+ experiment
Br(Kπ2γ ,DE)= (4.7± 0.8± 0.3)× 10−6 [8]. There-
fore, further experimental studies are necessary to set-
tle this discrepancy of the DE branching ratio. It is also
desirable to check the existence of the INT component
which has not yet been observed.

In this Letter, we present a new measurement of di-
rect photon emission inKπ2γ decay. The experiment
used a stoppedK+ beam in conjunction with a su-
perconducting toroidal spectrometer with a 12-sector
iron-core [10]. We measured theKπ2γ events by ex-
tending theTπ+ region (Tπ+ > 35 MeV) below the
Kπ3 upper threshold (Tmax

π+ = 55 MeV).

2. Experiment

The experiment was performed at the KEK 12 GeV
proton synchrotron. The experimental apparatus was
based on the E246 experiment searching forT -viola-
ting transverse muon polarization inK+ → π0µ+ν
(Kµ3) decay [11]. Besides theT -violation search,

spectroscopic studies forK+ → π0e+ν (Ke3), Kµ3,
andKπ3 decays have been carried out using the same
detector system [12–14]. A schematic cross sectional
view of the detector is shown in Fig. 1. Because of
the rotational symmetry of the 12 identical gaps in
the spectrometer and the large directional acceptance
of the photon detector [15], distortions of theKπ2γ
spectra due to instrumental misalignment, if any, were
drastically reduced.

A separated 660 MeV/c K+ beam (π+/K+ ∼ 7)
was used. EachK+ was discriminated from pion
background by ǎCerenkov counter with an efficiency
of more than 99%. The typicalK+ beam intensity
was 1.5 × 105 over a 2 s spill duration with a 4 s
repetition rate. The kaons were slowed down by a
degrader and stopped in an active target located at
the center of the detector system. TheKπ2γ events
were identified by analyzing theπ+ momentum with
the spectrometer and detecting three photons in the

Fig. 1. Cross sectional side view of the E470 setup. Assembly detail
of the active target, TOF1, and ring counters is shown in the inset.
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CsI(Tl) calorimeter. Charged particles from the target
were tracked and momentum-analyzed using multi-
wire proportional chambers at the entrance (C2) and
exit (C3 and C4) of the magnet gap, as well as an
array of ring counters [16] surrounding the active
target system. Theπ+s were discriminated frome+
andµ+ by calculating the mass squared (M2

TOF) of
the charged particles from the time-of-flight between
TOF1 and TOF2 counters. Counter TOF1 surrounded
the active target and counter TOF2 was located at
the exit of the spectrometer. The measurement was
carried out for the central magnetic field strengthB =
0.65 T which was chosen to match the spectrometer
acceptance to theπ+ momentum distribution due to
the DE process.

The photon detector, an assembly of 768 CsI(Tl)
crystals, covered 75% of the total solid angle. There
were 12 holes for outgoing charged particles to en-
ter the spectrometer and 2 holes for beam entrance
and exit, as shown in Fig. 1. The photon energy and
hit position were obtained, respectively, by summing
the energy deposits and taking the energy-weighted
centroid of the crystals sharing a shower. Timing in-
formation from each module was used to identify
a photon cluster and to suppress accidental back-
grounds due to beam particles. A Pb-plastic sand-
wich detector with 2.6 radiation length was set at the
outer radius of the magnet pole to monitor photons
passing through the photon detector holes, as shown
in Fig. 1.

3. Kπ2γ event selection

Kπ2γ decays at rest were obtained by the follow-
ing procedure which was carefully studied in a Monte
Carlo simulation (see below). TheK+ decay time, de-
fined as theπ+ signal at the TOF1 counter, was re-
quired to be more than 1.4 ns later than theK+ ar-
rival time measured by thěCerenkov counter. This
reduced the fraction ofK+ decays in-flight conta-
mination to the level of 10−3. Events withπ+ de-
cays in-flight and scattering of charged particles from
the magnet pole faces were eliminated by requir-
ing the hit position in ring counters to be consistent
with the charged particle track. The selection ofπ+,
by 15000< M2

TOF < 30000 MeV2/c4, rejectede+s
and µ+s. To removeKπ2 events, the reconstructed
π+ momentumpπ+ (Fig. 2(a)), corrected for the en-
ergy loss in the target, was required to bepπ+ <
175 MeV/c. Events with three clusters in the CsI(Tl)
calorimeter were selected by assigning two photons
from π0 → γ1 + γ2 and a radiated photon (γ3), while
events with other cluster number were rejected. The
opening angle between the two photons was required
to be larger than 37◦ to eliminate photon conversion
backgrounds in the active target system. Also, the pho-
ton conversion events could be removed by select-
ing only events in which there was one charged par-
ticle hit in TOF1 as well as in ring counters. The total
K+ energyMK+ = Eπ+ + ∑3

i=1Eγi and momentum
vector pK+ = pπ+ + ∑3

i=1 pγi were used to reject

Fig. 2. (a)pπ+ distribution and (b) correlation plot ofpπ+ andQ2
min without pπ+ andQ2

min cuts. To demonstrate background rejection
performance by theQmin cut, thepπ+ cut is not applied here.
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background contaminations. The windows of 420<
MK+ < 500 MeV/c2 and |(pK+)x,y,z| < 50 MeV/c
were imposed.

The final step in reconstructingKπ2γ was to
determine which photons were a pair from aπ0,
because there are three possible combinations to form
theπ0. The IB events with incorrect pairing mimic the
DE decay and might introduce a systematic error. In
order to find the correct pairing, a quantityQ2 defined
as,

Q2 = (
Mγ1γ2 − M̃π0

)2/
σ 2
M
π0

+ (
Eπ0 +Eγ3 +Eπ+ − M̃K+

)2/
σ 2
MK+

+ (
cosθCALC

π+γ3
− cosθMEAS

π+γ3
− δ1

)2/
σ 2
π+γ3

(1)+ (
cosθCALC

π+π0 − cosθMEAS
π+π0 − δ2

)2/
σ 2
π+π0,

was calculated for the three combinations, and the pair
with the minimumQ2, Q2

min, was adopted as theπ0

pair. Here,Mγ1γ2 is the invariant mass of the selected
pair andEπ0 is theπ0 energy obtained as,

(2)Eπ0 =
√
E2
γ1

+ 2Eγ1Eγ2cosθγ1γ2 +E2
γ2

+m2
π0,

whereθγ1γ2 is the opening angle of the selected pair
andmπ0 is the rest mass ofπ0. The anglesθπ+γ3

and θπ+π0 are that betweenπ+ and γ3 and that
betweenπ+ and π0, respectively. The superscripts
MEAS and CALC stand for the measured angles and
the calculated angles using theKπ2γ kinematics as,

(3)

cosθCALC
π+γ3

= [
m2
K+ +m2

π+ −m2
π0 − 2mK+Eπ+

− 2mK+Eγ3 + 2Eγ3Eπ+
]

× (
2|pπ+||pγ3

|)−1
,

(4)

cosθCALC
π+π0 = [

m2
K+ +m2

π+ +m2
π0 − 2mK+Eπ+

− 2mK+Eπ0 + 2Eπ0Eπ+
]

× (
2|pπ+||pπ0|)−1

,

wherem, E, andp denote the rest mass, energy, and
momentum vector, respectively, of the particle shown
in the subscript. Theσ and offset values for each term
were σM

π0 = 11.4 MeV/c2, σMK+ = 10.5 MeV/c2,

σπ+γ3 = 0.48, σπ+π0 = 0.06, M̃π0 = 116.0 MeV/c2,
M̃K = 471.6 MeV/c2, δ1 = 0.35, andδ2 = 0.06. The
choice of Eq. (1) and these parameters was determined
to get the highest probability for the correct pairing

by using a simulation with the IB component. The
correct pairing probability was estimated to be 85%
for IB, 79% for DE, and 83% for INT. SinceKπ3 and
Kπ2 decays do not satisfy theKπ2γ kinematics, the
Q2

min values of theKπ3 andKπ2 events are essentially
larger, as shown in Fig. 2(b). Therefore, the cut of
Q2

min< 4.3 drastically reduced these contaminations.
The number of goodKπ2γ events is 4434 after the

above standard selection conditions. The background
fraction of theKπ3 decay was estimated to be 1.2%
from the simulation. The solid lines in Fig. 3 show
the experimentalKπ2γ spectra after subtracting the
backgrounds: (a)π+ momentum, (b) opening angle
betweenπ+ and γ3, (c) opening angle betweenπ0

andγ3, and (d)γ3 energy. These are compared with
the calculated ones (see below).

4. Monte Carlo simulation

In order to obtain the detector response func-
tion, a Monte Carlo simulation was carried out for
both theπ+ measurement by the spectrometer and
the photon measurement by the CsI(Tl) calorime-
ter using a GEANT-based Monte Carlo code. In this
simulation, Kπ2γ events due to the IB, DE, and
INT processes were generated with the correspond-
ing matrix elements [17] and analyzed in the same
manner as the experimental data. The accuracy of
the simulation was carefully checked by comparing
the Kπ2 spectrum with the experimental one. The
Kπ3 decay was also used to check the reproducibil-
ity of the experimental conditions in the simula-
tion.

The detector acceptance ratios were obtained to
beΩ(DE)/Ω(IB)= 2.63 andΩ(INT)/Ω(IB)= 2.56
which were used to determine relative decay strength
of the DE and INT components normalized to the
IB component. Here it should be noted that events
with incorrect pairing were included in theKπ2γ sam-
ple, and this effect was also treated in the simula-
tion. The pairing probability could be controlled by
requiring extra cuts in addition to the standard cuts
at the cost of goodKπ2γ events. Two cut condi-
tions, (I) Q2

s − Q2
min > 1 and (II) cosθγ1γ2 > 0 or

cosθπ0γ3
< 0, were individually or simultaneously im-

posed, whereQ2
s is the second smallestQ2 value

among the three combinations. The pairing probabil-
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Fig. 3.Kπ2γ spectra: (a)π+ momentum, (b) opening angle betweenπ+ andγ3, (c) opening angle betweenπ0 andγ3, (d) γ3 energy. The
solid lines are the experimental data. The dotted and dashed lines show the fitted spectra and the sole DE components, respectively, under the
assumption of no INT component. The bump structure in (b) is due to the CsI(Tl) assembly structure with 12 holes.

Table 1
Summary of the detector acceptanceΩ and correct pairing proba-
bility P for IB and DE

Condition Ω(IB) Ω(DE) P (IB) P (DE)(
10−3) (

10−3)
(%) (%)

Standard 0.24 0.63 85 79
Standard⊗ (I) 0.20 0.53 91 84
Standard⊗ (II) 0.22 0.53 92 80
Standard⊗ (I)⊗ (II) 0.18 0.46 95 85

ity and good event acceptance under these conditions
are summarized in Table 1. It is possible to increase
the probability up to 95% (IB) and 85% (DE), al-
though 23% of theKπ2γ events are rejected. These
cuts were used for the estimation of systematic er-
rors.

The Kπ3 background was also estimated by the
simulation and subtracted from the experimental data.
Since the present spectrometer acceptance overlapped
theKπ3 region, the estimation of theKπ3 fraction was
important. The obviousKπ3 events were identified
as 3 photon clusters with one escaping photon using
cuts ofTπ+ < 55 MeV (pπ+ < 135 MeV/c), 350<
MK+ < 440 MeV/c2, 15000<M2

TOF< 35000 MeV2/

c4, andQ2
min> 10. These events were compared with

the simulation to confirm the accuracy of the simula-
tion and to check the correctness of the background
estimation. Fig. 4(a), (b) show theQ2

min distributions
of theKπ2γ andKπ3 events, respectively, for the ex-
perimental data (solid line) and the simulation (dot-
ted line). They are in excellent agreement, supporting
the correct estimation of theKπ3 fraction in theKπ2γ
sample. The dashed line in Fig. 4(a) shows the simu-
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Fig. 4.Q2
min distributions of (a)Kπ2γ and (b)Kπ3 events for the experimental data (solid line) and the simulation (dotted line). Dashed line

in (a) shows the simulatedKπ3 background survived after theKπ2γ selection.

latedKπ3 background which survived after theKπ2γ
selection.

5. Results

The DE branching ratio was determined using
the three observables, cosθπ+γ3, cosθπ0γ3

, andEγ3

which have characteristic spectra corresponding to
the decay processes. The experimental distribution
ρ(cosθπ+γ3,cosθπ0γ3

,Eγ3) of Kπ2γ data from the
standard cut conditions was fitted to a simulation
spectrum of IB[1+ α(DE/IB) + β(INT/IB)] with
α and β being free parameters. The DE and INT
components were obtained to beα = (0.92+0.44

−0.38)%

andβ = (−0.58+0.91
−0.83)%, respectively. The reducedχ2

is 1.27. Fig. 5 shows theχ2 contour plot in the(α, β)
space.β is consistent with zero and we conclude that
there is no significant INT component observed within
the experimental accuracy. By assumingβ = 0 in the
fitting, the DE component was determined to beα =
(0.76± 0.31)% with a reducedχ2 = 1.28. The DE
branching ratio was derived to be Br(Kπ2γ ,DE) =
(6.1± 2.5) ×10−6 by normalizing it to the theoretical
value of the IB branching ratio [17]. The dotted
and dashed lines in Fig. 3 show the fitted spectra
and the sole DE components, respectively, under the
assumption ofβ = 0. It can be seen that 26% of DE
comes from the regionTπ+ < 55 MeV. Fig. 6(a), (b)
show the cosθπ+γ3

and cosθπ0γ3
spectra, respectively,

Fig. 5.χ2 contour plot in the (α, β) space. Contour levels of 1-, 2-,
and 3σ constraints are drawn.

of the DE component obtained by subtracting the fitted
IB component from the experimental data (dots) and
the fitted DE component (histogram).

The major systematic errors in the DE measure-
ment come mainly from imperfect reproducibility of
the experimental conditions in the simulation as fol-
lows. Theγ mispairing effect was studied by vary-
ing the pairing probability. In addition to the standard
Kπ2γ selection conditions, extra cuts given in Table 1
were imposed. The DE branching ratio was found to
be consistent within	α < 0.17% which was regarded
as the upper bound of this systematic error. The un-
certainty due to the calibration error of the CsI(Tl)
calorimeter was evaluated by introducing the maxi-



KEK-E470 Collaboration / Physics Letters B 554 (2003) 7–14 13

Fig. 6. (a) cosθπ+γ3 and (b) cosθ
π0γ3

spectra of the DE component obtained by subtracting the fit IB component from the experimental data

(dots) and the fitted DE component (histogram).

Table 2
Summary of estimated systematic uncertainty. All items are added
in quadrature to get the total

Error source Uncertainty ofα (%)

γ mispairing < 0.17
γ calibration 0.13
Kπ3 background 0.03
Accidental background 0.08
Spectrometer field ambiguity 0.02

Total systematic error < 0.23

mum conceivable errors in the simulation, and found
to be	α = 0.13%. TheKπ3 fraction in theKπ2γ
data depends slightly on theKπ3 decay form fac-
tors, however this effect is negligibly small. The sys-
tematic error due to the ambiguity of theKπ3 frac-
tion was obtained as	α = 0.03% by rejecting events
with Tπ < 55 MeV. The contribution from the acci-
dental background was estimated to be	α = 0.08%
by changing its fraction varying the TDC gate widths.
The uncertainty due to the spectrometer field ambigu-
ity was obtained to be	α = 0.02%. As shown in Ta-
ble 2, the total systematic error was estimated to be
	αtotal< 0.23% by adding all the item in quadrature.
However, this upper bound was regarded here as one
standard deviation of the systematic error.

6. Conclusion

We have performed a new measurement of the
K+ → π+π0γ decay by extending theTπ+ lower

bound down to 35 MeV. The detector response and
acceptance functions were evaluated by a Monte Carlo
simulation based on GEANT. The reproducibility of
the experimental conditions in the simulation was
carefully checked usingKπ2 andKπ3 decays. The
Kπ3 background contamination in theKπ2γ data
sample was also estimated by the simulation.

Comparing the experimental data with the simula-
tion, the DE component was obtained to be

α = [
0.76± 0.31(stat.)± 0.23(syst.)

]
%,

under the assumption of no INT component. The DE
branching ratio was then determined to be

Br(DE, total)

= [
6.1± 2.5(stat.)± 1.9(syst.)

] × 10−6,

by normalizing it to the theoretical value of the IB
branching ratio [17]. In order to compare this result
with the previous ones, the partial branching ratio in
the region of 55< Tπ+ < 90 MeV was also calculated
as

Br(DE,partial)

= [
3.2± 1.3(stat.)± 1.0(syst.)

] × 10−6,

which is consistent with the previous stopped exper-
iment [8]. We did not observe any significant effect
due to the INT component, indicating the pure mag-
netic nature of the direct photon emission process in
Kπ2γ decay.
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1. Introduction

The decayK+ → µ+νγ (Kµ2γ ) is one of the
kaon decays which could probe new physics bey
the Standard Model (SM). However, the decay
relatively poorly measured and there have been on
few experiments that determined theKµ2γ branching
ratio [1,2] and the structure-dependent component
Other interesting observables for this decay are
components of the muon polarization:PT which is
the T-odd polarization component normal to the de
plane defined asPT = �sµ · ( �pγ × �pµ)/| �pγ × �pµ|, and
PN-normal muon polarization (T-even) in the dec
plane which is sensitive to the values and signs
the kaon vectorFV and axial-vectorFA form factors,
as shown in [4]. The contribution toPT from the
Standard Model is known to be very small� 10−7 [5].
The T-even transverse polarization due to final s
interactions (FSI) can mimic the T-odd effect at t
� 10−3 level [6–8]. However, it can be reliabl
calculated. Therefore, any non-zero value ofPT above
the level of FSI or different from the FSI value
if the experimental sensitivity to the polarization
better than 10−3, would indicate new physics. Sever
non-SM models predict non-zero values forPT in
Kµ2γ decay [9–11] and from two of them (SUS
with R-parity and multi-Higgs models without natur
flavor conservation) large values ofPT � 10−2 are
expected.

In this Letter we present the first results onPT ob-
tained in the analysis of theKµ2γ data accumulate
in the KEK E246 experiment for the 1996–1998 d
taking period.

2. Experiment

The measurement was performed using the de
tor constructed to search for T-violating muon pol
ization in theK+ → π0µ+ν (Kµ3) decay. The ap
paratus is shown in Fig. 1, and described in de
elsewhere [12–15]. A separatedK+ beam (π/K � 6)
of 660 MeV/c was used with a typical intensity o
3.0 × 105 kaons per 0.6-s spill duration with a re
etition of 3 s. AČerenkov counter with a multiplic
ity trigger distinguishedK+s from π+s with an ef-
ficiency of more than 99%. Kaons then were slow
in a Al + BeO degrader, and stopped in an act
target made of 256 scintillating fibers located at
center of a 12-sector superconducting toroidal sp
trometer. A charged particle (µ+, e+ or π+) from
the kaon decay hit one of the twelve fiducial cou
ters surrounding the target and was bent through
of the spectrometer sector gaps and detected by
TOF andµ+ counters at the entrance of the polarim
ter. Tracking of charged particles was provided
the target fibers, a scintillation ring hodoscope s
rounding the target and multiwire proportional cha
bers at the entrance (C2) and exit (C3 and C4)
each magnet sector gap. The momentum resolutio
the whole tracking system wasσp = 2.6 MeV/c at
205 MeV/c.

The energies and angles of the photons w
measured by the CsI photon calorimeter consis
of 768 CsI(Tl) modules [15]. The CsI(Tl) barrel h
twelve holes for the charged particle entry to t
toroidal spectrometer and covers a solid angle of ab
0.75 × 4π sr. Energy resolution ofσE/E = 2.7%
at 200 MeV and angular resolutions ofσθ = 2.3◦
were obtained. Good time resolution of 3.5 ns (rm
at 100 MeV allowed us to use the fast CsI sig
at the trigger level and thereby effectively suppr
accidentals in the calorimeter.

Muons entering the polarimeter (Fig. 1(c)) we
degraded by an Al+Cu block and stopped in a stack
pure Al plates. The stopper material (Al) was chos
because there is no depolarization of muons stop
in aluminum. Positrons fromµ+ → e+νν̄ decays of
stopped muons were detected by 12 positron coun
consisting of three layers of plastic scintillators whi
were located azimuthally between the muon stopp
The time spectra of the positrons were recorded
multi-stop TDCs.

A three-level trigger for selection of events w
used. At the first level, a signal from the ka
ring in the Čerenkov detector followed by a h
in at least one fiducial counter in coincidence w
signals from the TOF andµ+ counters of a cor
responding magnet sector were required. The
ond level trigger required at least one hit in t
CsI(Tl) calorimeter, and the third level trigger r
quired the triple coincidence signal from the positr
counter arrays adjacent to the corresponding m
net sector within 20 µs after the first level tri
ger.
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Fig. 1. The layout of the KEK E246 detector: (a) side view, (b) end view and (c) one sector of the polarimeter.
a

of
w)
o
gle

he
was

in
nd.
om
the

rd-
tio

on
ble
the
use
and

y

of
to

ut

d
s
he
e
ors:
oints
de-

ne-

e-
The T-violating asymmetry was extracted using
double ratio as:

(1)AT = 1

4

[
(Ncw/Nccw)fwd

(Ncw/Nccw)bwd
− 1

]
.

Here,Ncw andNccw are the sums over all 12 sectors
counts of clockwise (cw) and counter-clockwise (cc
emitted positrons. Indices ‘fwd’ and ‘bwd’ denote tw
classes of events: forward events (fwd) when the an
between the photon and the beam direction (z-axis)
was less than 70◦ and backward events (bwd) when t
angle between the photon and the beam direction
more than 110◦. The signal valuesNcw andNccw were
extracted by integrating the positron time spectrum
the polarimeter after subtraction of the backgrou
The signal integration region was chosen to be fr
20 ns to 6 µs and the background fitting region for
background extraction was from 6.0 to 19.5 µs.

The sign of AT for events with forward-going
photons is opposite to that for events with backwa
going photons. This allows us to employ a double ra
method which is a powerful technique for reducti
of most systematic errors. Moreover, considera
reduction of systematic effects was achieved from
azimuthal symmetry of the 12-gap detector and the
of the same positron detector as a ‘cw’ for one gap
a ‘ccw’ detector for the adjacent gap.

The value ofPT is related toAT by

(2)PT = AT

αf (1− β),
whereα is the analyzing power of the polarimeter,f
is an angular attenuation factor andβ is the overall
fraction of all backgrounds.

3. Analysis

The main problem of theKµ2γ analysis is the
rejection of the predominantKµ3 background with
only one photon (1γ ) from theπ0 decay detected b
the CsI calorimeter. The extraction ofKµ2γ events was
performed in two stages.

The first stage was mostly identical to that
the main (Kµ3) E246 analysis and was used
suppressKµ2, Kπ2, Ke3, and K+ → π+π+π−,
K+ → π+π0π0 (Kπ3) background decays.

TheKπ2 andKµ2 decays were rejected using a c
on the muon momentumpµ � 190 MeV/c selecting
the Kµ2γ muons in the region of 100–190 MeV/c,
as illustrated in Fig. 2. Most of the muons fromKπ2
events, in whichπ+ decays in-flight, were rejecte
by applying the tracking cutχ2 < 10. These event
had kinks, i.e., the tracks did not point back to t
kaon vertex. TheKπ3 backgrounds were negligibl
due to the combination of several suppressing fact
acceptance of the magnet spectrometer (the endp
of charged particle momentum spectra for both
cays are quite low: 125 and 133 MeV/c, respectively),
the low probability of detecting these decays as o
photon events and, finally, most ofπ+s were stopped
in the Cu degrader and did not reach the polarim
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Fig. 2. Momentum spectrum of charged particles for events with
photon detected by the CsI calorimeter. The double-hatched re
shows the events with momentum less than 190 MeV/c.

ter. TheKe3 events were removed using a time-o
flight method by imposing a geometric cut on the tw
dimensional spectrum of a charged particle mass
culated from time-of-flight vs. the energy deposited
the TOF counter (Fig. 3). The background from ac
dental photons in the CsI(Tl) detector was suppres
using a photon energy threshold of 50 MeV and by
quiring a coincidence between a photon signal in
CsI and a signal in the fiducial and TOF counters fr
a charged particle within a window of±15 ns. Back-
ground associated with the beam was suppressed
veto counter system surrounding the beam region.

The second stage of the analysis was aimed
the extraction ofKµ2γ events and the rejection o
Kµ3 decays. Due to the precise measuremen
the muon momentum and the photon energy
direction, the kinematics ofKµ3 and Kµ2γ decays
can be reconstructed completely [16]. The kinem
parameters such as missing mass squaredM2

miss, the
angle between the muon and the photon,Θµγ , and
the neutrino momentum,pν , can be efficiently used
to suppress theKµ3 background. The missing ma
squared for 1γ events is

M2
miss=E2

miss− �p2
miss

(3)= (mK −Eµ −Eγ )2 − ( �pK − �pµ − �q)2,
Fig. 3. Rejection ofKe3 using the time-of-flight technique. Th
“cloud” in the bottom-left corner corresponds to positrons,
events inside the rectangle are muons.

where �q is the photon momentum. ForKµ2γ events,
the neutrino is the only missing particle, therefo
�pν = �pmiss, Eν = Emiss and M2

miss=E2
ν − �p2

ν = 0,
while the M2

miss of Kµ3 events is distributed ove
a wide range with the maximum at about 2× 104

MeV2/c4. The reconstructed neutrino momentum
1γ events from experimental and Monte Carlo (M
data after imposing the cuts−0.7 × 104 MeV2/c4 <

M2
miss< 1.5× 104 MeV2/c4 andΘµγ � 90◦, and ac-

cepting events withEγ > 50 MeV is shown in Fig. 4
The peak atpν ∼ 220 MeV/c in MC data correspond
to Kµ2γ events. In the region withpν > 200 MeV/c,
the contamination of theKµ3 events is estimated t
be � 17%. Fig. 5 shows the experimental and M
spectra of neutrino missing mass after applying the
pν > 200 MeV/c.

After applying the cutspν > 200 MeV/c, −0.7 ×
104 MeV2/c4 < M2

miss< 1.5 × 104 MeV2/c4 and
Θµγ � 90◦, the acceptedKµ2γ events are concen
trated in the Dalitz plot region, as shown in Fig.
where the inner bremsstrahlung (IB) component
interference of the IB and structure-dependent w
positive-helicity photon (SD+) term dominate.

A good test of the quality of detectedKµ2γ events
is the value of the normal asymmetry,AN. Its value
is proportional to the T-even muon polarization,PN,
which is the in-plane component of the muon pol
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Fig. 4. Momentum spectra of missing neutrino. The black d
with error bars show the experimental data. MC simulation: do
line—Kµ2γ , dashed line—Kµ3, solid line—Kµ2γ + Kµ3. Cuts:

−0.7×104 MeV2/c4 <M2
miss< 1.5×104 MeV2/c4,Θµγ < 90◦.

Fig. 5. Missing mass spectra for the following cu
pν > 200 MeV/c,Θµγ < 90◦. The black dots with error bars sho
the experimental data. MC simulation: dotted line—Kµ2γ , dashed
line—Kµ3, solid line—Kµ2γ +Kµ3.

ization normal to the muon momentum

(4)PN = �sµ · ( �pµ × ( �pγ × �pµ))
| �pµ × ( �pγ × �pµ)| .
Fig. 6. Contour lines of the normal polarizationPN over the
Kµ2γ Dalitz plot. The dots represent the experimental data a

tight cuts:−0.7 × 104 MeV2/c4 <M2
miss< 1.0 × 104 MeV2/c4,

pν > 220 MeV/c, Θµγ � 75◦, Eγ > 50 MeV; x = 2Eγ /mK and
y = 2Eµ/mK.

AN can be measured if the accepted events
separated into two classes: events where the ph
moves into the left hemisphere with respect to
median plane of the given magnet sector and ev
where the photon moves into the right hemisphe
The values ofAN for these two classes should
the same but opposite in sign. ForKµ2γ the normal
polarization has a positive sign in the region wh
the selected events are located [10], as seen
Fig. 6, and its average value is about 0.2, while
Kµ3, the normal muon polarization calculated usi
the formulae of Ref. [17] has a negative sign over
whole Dalitz plot region, as shown in Fig. 7.

From this measurement, the value ofAN for the
one-photonKµ3 events isAN(Kµ3)= (−3.87± 0.06)
× 10−2 and for selectedKµ2γ events with tighter cuts
−0.7× 104 MeV2/c4<M2

miss< 1.0× 104 MeV2/c4,
pν > 220 MeV/c andΘµγ � 75◦ the normal asym
metry isAN(Kµ2γ ) = (3.59 ± 0.56) × 10−2. These
values are both non-zero and have opposite signs
sistent with the expectation. That indicates a str
signature of the correctKµ2γ selection and the sup
pression of one-photonKµ3 events.



KEK-PS E246 Collaboration / Physics Letters B 562 (2003) 166–172 171

ue

e-

e

po-
he
-

n

the

of
cted

s in
%.

11–
en-
ri-
k-

d
-

o-
he

-
n-

d

o
we

nts

by
by

m-
e-

n,
he

ns.

46
sis-

ic
ta-

s-
) is
ans-
as

the
Fig. 7. Contour lines ofPN for theKµ3 Dalitz plot.

In Monte Carlo simulations the polarization val
and corresponding asymmetry forKµ2γ was obtained
using the form factors from Chiral Perturbation Th
ory (ChPT) FV = −0.095, FA = −0.043 [18] and
fK = 159 MeV. After applying the same cuts to th
MC data we obtainedAN(Kµ2γ ) = (4.06± 1.14) ×
10−2. These simulations were used to check the
larimeter sensitivity to muon polarization, i.e., t
value of the analyzing powerα, and the geometric at
tenuation factorf . Theα value obtained fromKµ2γ
is in a good agreement withα = 0.289± 0.015 [19]
extracted fromKµ3 MC simulation. The attenuatio
factorf = 0.80± 0.03 was obtained.

From the experimental data collected during
1996–1998 beam cycles, a total number of 1.14× 105

fwd + bwdKµ2γ events were extracted. The value
the transverse asymmetry measured for the colle
events isAT = (−0.099± 0.320(stat)) × 10−2. The
contamination of the beam accidental background
Kµ2γ events was estimated to be not higher than 8
The constant background in the polarimeter was
12%. Both these backgrounds only dilute the s
sitivity to PT, but they do not produce any spu
ous T-violating asymmetry. Using MC data the bac

ground decay fractions were estimated to beβ
Kµ3
bgr �

17% andβKπ2
bgr < 0.5%. Thus, the total backgroun

contamination isβ � 25% which is used in the de
nominator of Eq. (2).
Using the values ofAT, α, f andβ given above we
obtained the transverse polarizationPT = (−0.57±
1.85(stat))× 10−2. The mean value of transverse p
larization due to the final state interactions for t
Dalitz plot region in which the selectedKµ2γ events
reside isPT(FSI) = 0.7 × 10−3 which is much less
than the statistical error ofPT. The theoretical uncer
tainty of thePT(FSI) value is about 15% and is co
nected with the uncertainties ofFV andFA values. For
the final result we subtractPT(FSI) from the measure
PT value which givesPT = (−0.64 ± 1.85(stat)) ×
10−2 and as thePT(FSI) uncertainty is more than tw
orders of magnitude less than the statistical error
do not include that uncertainty in thePT error.

The main systematic error contributions toPT
come from the presence of the two large compone
of the muon in-plane polarization,PL which is paral-
lel to the muon momentum andPN (PT � PN,L � 1).
However, most of their contribution is canceled
the azimuthal symmetry of the detector as well as
the fwd/bwd ratio. The largest instrumental syste
atic errors are due to the misalignment of the polarim
ter, the asymmetry of the magnetic field distributio
and the asymmetric kaon stopping distribution. T
fwd/bwd ratio efficiently reduces these contributio
Additionally, a non-zero value ofPT for theKµ3 back-
ground would contribute to the systematic error ofPT
for Kµ2γ , but that was measured in the main E2
analysis with much higher accuracy and is con
tent with zero [19]PT(Kµ3)= (−1.12± 2.17(stat)±
0.90(syst))× 10−3. All possible sources of systemat
errors were considered in [20] for much higher s
tistics of 1γ Kµ3 events as well as forKµ2 andKπ2
events. The total systematic error ofPT forKµ3 events
was found to be 0.9 × 10−3 [20], while forKµ2γ we
estimated the systematic error ofPT to be less than
δP

syst
T = 1.0 × 10−3. The absence of significant sy

tematic errors (comparable to the statistical error
confirmed by measuring the dependence of the tr
verse asymmetryAT on the magnet sector number
seen in Fig. 8.

4. Results

We have performed the first measurement of
T-violating muon polarization inKµ2γ decay based
on about 1.14× 105 good fwd+ bwd Kµ2γ events
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Fig. 8. The dependence of the transverse asymmetry (AT) on
the sector number. The rightmost point represents the sum o
asymmetries over all 12 sectors. The error bars show the statis
errors.

collected in 1996–1998. These events are loca
in the Dalitz plot region where the IB and INT+
components dominate. The value obtained forPT is
(−0.64±1.85(stat)±0.10(syst))×10−2 including the
theoretical background from final state interactions
the present level of experimental sensitivity this va
is consistent with no T-violation in this decay.
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Abstract

The p0 detector constructed for the T-violation search experiment E246 at KEK is described. It consists of 768 CsI(Tl)
crystals with PIN photodiode readout. The crystals are assembled in a tight barrel with holes for muons entering the
magnetic spectrometer. The design and performance of the calorimeter are presented. The average light yield of
11 000 p.e./MeV and average equivalent noise level of 63 keV (bench test) were obtained for the CsI(Tl) modules used in
the calorimeter. The coherent noise was found to be about 11 keV per a module. A readout electronics has been
speci"cally developed for the high counting rate environment of the experiment. A p0 invariant mass resolution of
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Fig. 1. The layout of the E246 setup.

9.9 MeV (p) was obtained for the whole detector, including regions around the muon holes. A time resolution of 3.8 ns
(rms) was achieved in the photon energy range of 10}200 MeV. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Vj; 29.40.Mc

Keywords: CsI(Tl) detector; PIN photodiode readout

1. Introduction

1.1. Principles of the experiment E246

The main goal of the experiment E246 at KEK
12 GeV proton synchrotron is a search for T-viol-
ating transverse muon polarization (P

T
) in the

decay K`Pp0l`m(K
l3

) [1]. Since no CP-viola-
tion appears in this decay in the standard model
which predicts P

T
of about 10~6, this experiment is

able to search for additional or alternative sources
of CP-violation postulated in various extensions to
the standard model. In particular it is sensitive to
the CP-violation in the three-Higgs doublet model
and the leptoquark model [2,3], where predicted

P
T

to be as high as few]10~3. The experiment was
designed to reach a sensitivity to P

T
at the level of

about 10~3.
In contrast to all previous experiments which

were performed with in-#ight kaon decay, the E246
uses stopped kaons. This stopped beam method
allows us to perform a measurement covering al-
most all phase space of decay particles. Also iso-
tropic decay of stopped kaons reduces a potential
source for a systematic error associated with the
kaon beam asymmetries in determining the decay
plane of the K

l3
event.

In this experiment, the K
l3

decay is identi"ed by
detecting the p0 as well as the l` from the decay.
The layout of the E246 setup is shown in Fig. 1.
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A 660 MeV/c kaon beam is slowed down in a BeO
degrader and stopped in an active target, made of
2565]5 mm2 scintillating "bers. The energy and
direction of the p0 from the K

l3
decay are meas-

ured by a segmented CsI(Tl) photon detector instal-
led in the central region of the toroidal magnet.
A muon from the K

l3
decay at rest is momentum-

analyzed by one of the 12 magnet gaps of the
superconducting toroidal spectrometer using
tracking performed by the stopping target, a scintil-
lating ring hodoscope surrounding the target, a cy-
lindrical drift chamber and three MWPCs. The
muon exiting the spectrometer is stopped in
a polarimeter in which the decay positron asym-
metry A

T
is measured in order to obtain P

T
. The

polarimeter consists of 12 azimuthally arranged Al
stoppers, aligned with the magnet gaps, with scintil-
lator counter system located between the stoppers.
A positron from the decay of l`Pe`mm tends to be
emitted in the same direction as the muon spin, and
is detected by plastic scintillator counters. In this
detector A

T
appears as a di!erence in the counting

rate between clockwise (cw) and counter-clockwise
(ccw) emitted positrons. Summing of the cw (N

#8
)

and ccw (N
##8

) positron counts over all 12 sectors
P
T

is derived from

P
T
"

1
a f

N
#8

!N
##8

N
#8

#N
##8

.

where a is the analyzing power of the polarimeter
and f is an attenuation factor which re#ects the fact
that the decay plane of the K

l3
event determined

from the l` and p0 momenta is not parallel to the
median plane of the gap in which the muon mo-
mentum is measured.

The K
l3

events are separated into two classes:
events with the pion moving along the kaon beam
(forward direction) and those where the pion moves
in the backward direction. The sign of P

T
for the

forward-going p0 events is opposite to that for
backward-going p0 events. A double ratio between
the forward- and backward-going p0 events cancels
out most spurious instrumental sources of false
polarization, which are likely independent of the
p0 direction. This method is an important feature of
E246 experiment, crucial for suppression of most
systematic errors. This paper describes the design

and performance of the CsI(Tl) detector speci"cally
constructed for this experiment.

1.2. Requirements for the photon detector

Complete kinematic reconstruction of
K

l3
events using high resolution p0 measurement is

also needed for clear separation of the K
l3

decay
from other K` decay modes and for a measure-
ment of the in-plane normal muon polarization.
For these reasons, the acceptance for p0's needed to
ful"ll following several conditions:

(1) The photon detector must provide near 4p
photon coverage while allowing a maximum
acceptance for K

l3
events by optimizing the

size of the 12 holes for muons to enter a sector
of the toroidal magnet.

(2) The detector parameters must be optimized to
detect photons over an energy range from
about 10 MeV to 250 MeV of the K

l3
decay

with high energy resolution and good position
resolution in order to reconstruct the p0 kin-
ematics.

(3) Good timing is needed for e$cient background
rejection and neutral pion identi"cation. It also
allow us to reject the copious K

l2
events at the

trigger level.
(4) Limited space in the central region of the mag-

net imposes geometrical restrictions on the de-
tector size. A fringing magnetic "eld makes
detection of the scintillation light with photo-
multipliers impractical.

(5) A forward/backward symmetric shape and
high precision in assembly.

In addition to the physics requirements of the
experiment, the environment of a stopping kaon
beam was taken into consideration for the design of
the photon detector. The intensity of about
2]105/s of 660 MeV/c kaon beam with stopping
e$ciency of about 40% must be compatible with
the photon detector. Moreover, a higher intensity
of pions (the p/K-ratio is about 6) and an asymmet-
rical pion halo which contains about 30% of pions
are essential factors which must also be taken into
account.

Basing on these requirements we have
chosen thallium-doped CsI crystals with a direct
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Fig. 2. The CsI(Tl) p0 detector. Fig. 3. Monte-Carlo optimization of the muon holes.

photodiode readout. In order to handle the back-
ground rate, and achieve good time and energy
resolutions the electronics for the calorimeter was
specially designed.

The design of the photon detector is given in
Section 2. In Section 3 a detailed description of the
CsI(Tl) modules with PIN-diode readout is pre-
sented. Detector electronics and stabilization
system are described in Sections 4 and 5, respective-
ly. In Section 6 we present the performance of the
detector in the experiment.

2. Overall design of the detector

The photon detector consists of 768 CsI(Tl) crys-
tals each with a PIN photodiode readout. They
form a barrel structure that covers about 75% of 4p
with 12 symmetrically spaced holes for l`'s going
into the magnetic spectrometer (Fig. 2). The de-
tector is capable detecting photons emerging from
the target in the polar angle range from 153 to 1653
and in 2p of the azimuthal angle except for the
muon holes. The muon hole sizes and azimuthal
size of the crystals between the holes were opti-
mized by a Monte-Carlo simulation to reach the
highest detection e$ciency of the K

l3
decay. In the

simulation, a realistic "nite size distribution of

K` stopping in the target was assumed. The azi-
muthal aperture of the holes was just determined to
optimize the fraction of l̀ accepted by the spec-
trometer gap from this K` stopping distribution.
The maximum acceptance of the set-up to the
K

l3
decay of stopped kaons is about 7%, if the

muon hole size is about $22.53 relative to central
axis of the toroidal magnet, as shown in Fig. 3. The
p0 detection e$ciency for such a geometry is about
70% while the probability for muon to pass
through the toroidal magnet and being detected by
MWPCs is 10%.

The barrel inner radius of 20 cm was chosen to
have a space around the active target enough for
the installation of a cylindrical drift chamber used
for muon tracking. The outer radius of the barrel of
52 cm was limited by the available space in the
central region of the toroidal magnet. The crystal
length of 250 mm (13.5 r.l.) was chosen in order to
leave about 4 cm of space available radially to
mount a PIN-diode and preampli"er. A Monte-
Carlo simulation for such a crystal length shows
that #uctuations of the longitudinal energy
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Fig. 4. Energy resolution as a function of photon energy for
crystal length of 20, 25 and 30 cm.

Table 1
Dimensions of CsI(Tl) crystals in mm

Type number! A B H a b h

1 61.14 61.98 57.76 5.63 6.00 24.99
2 59.76 62.31 58.46 5.64 6.77 25.68
3 57.42 61.71 59.69 5.66 7.60 26.92
4 53.30 56.87 61.58 24.86 26.53 28.81
5 50.92 55.61 64.35 24.87 27.17 31.58
6 48.10 54.01 68.37 24.88 27.95 35.60
7 42.26 49.16 70.05 22.27 25.94 37.28
8 35.77 43.69 72.64 19.35 23.70 39.87
9 28.52 37.51 76.42 15.96 21.09 43.65
10 42.15 62.21 82.42 25.08 37.12 49.46

!See Fig. 2 for numbering.

leakages are comparable with #uctuations of the
transverse leakages or energies absorbed in the
passive materials in the c energy range of below
250 MeV (see Fig. 4).

The optically isolated CsI modules point to-
wards the center of the active target. An individual
crystal covers 7.53 in both polar and azimuthal
angles, except for 48 crystals near to the beam axis,
where the azimuthal angle was doubled to 153, and
the muon hole region. The crystals are of 10 di!er-
ent dimensions and are shaped like pyramidal sec-
tors with trapezoidal basis as shown in Table 1. The
average transverse dimensions of the segments are
close to 3]3 cm2 for front end and 6]6 cm2 for
rear end. The crystals installed in between the
muon holes have a narrower front end than stan-
dard crystals. The choice of crystal dimensions was
a trade o! between the spatial resolution and the
number of channels (cost of the detector). The spe-
ci"cation of the crystal barrel calorimeter and main
parameters are presented in Table 2.
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Table 2
Speci"cation of the CsI calorimeter

Crystal CsI(Tl)
Segmentation *h"*/"7.53
Number of crystals 768
Length of a crystal 25 cm (13.5X

0
)

Readout one PIN diode per crystal
Total crystal weight 1700 kg
Inner diameter 40 cm
Outer diameter 100 cm
Detector length 141 cm
Solid angle coverage 75% of 4p

Fig. 5. A quadrant of the detector support structure.

The calorimeter support structure is designed to
bear the considerable weight of the CsI modules
(1700 kg) while minimizing the amount of material
in front of the active volume to avoid substantial
conversions of photons. The modules are stacked in
a barrel with no support material between them.
Some details of the holder mechanics are shown in
Fig. 5. The longitudinal and azimuthal aluminum
ribs form a rigid outer cylindrical lattice, covered
by 3 mm aluminum skin panels and capped by disk

plates at each end. The self-supporting barrel geo-
metry provides a minimum load on the inner alu-
minum cylindrical holder, which could be reduced
to 3 mm in thickness. To keep the crystals in
a place, especially during assembling, slotted screws
press the modules from the back side through
threaded holes made in the structure elements. The
detector was assembled on a specially designed jig,
which provided for the rotation of the detector
during crystal installing and the lift to insert the
detector into the magnet. Gaps between the
crystals, which degrade energy resolution and re-
duce the e$ciency, are kept to a minimum by
precise installation of the modules. Accurate posi-
tions were provided by small reference "xtures,
welded on the outer surface of the inner holder.
A small aligning tip is glued on the forward face of
the module to facilitate the assembling procedure
by aiming this tip toward this corresponding refer-
ence "xture. The mechanical design allows for re-
moval of units for repair. The detector is mounted
on rails installed inside the toroidal magnet and
can be rolled into and out of the magnet for servi-
cing purposes. The rails are electrically isolated
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from the detector frame to avoid induced noise and
ground loops.

The overall gain stability of the calorimeter is
monitored by a Xe-lamp light pulser system with
optical "bers which distribute the light from the
lamp to the crystals. Since the CsI(Tl) crystals are
slightly hygroscopic, #owing cold dry air is used to
keep humidity inside the barrel at the level of below
10%. This air #ow serves also to dissipate heat of
about 200 W inside the barrel during operation
keeping the maximum temperature to (25$1)3C.
Air is dried and pumped into the detector by
recycling it from the setup room.

3. CsI(Tl) modules

3.1. Properties of cesium iodide

A magnetic "eld and limited space in the central
region of the toroidal magnet stipulate using silicon
photodiodes to detect the scintillation light. Then
the choice of thallium-doped cesium iodide CsI(Tl)
is a natural consequence from the point of view of
spectral matching and light yield. The spectral
emission of NaI(Tl) and fast crystals (pure CsI,
BaF

2
) makes them inadequate to couple with the

photodiodes. Another scintillating material BGO,
which is widely used in particle physics experi-
ments, has the relatively low light output of around
10% of CsI(Tl), although BGO has a number of
desired characteristics, such as a very short radi-
ation length of 1.13 cm, a decay time of 300 ns, and
a rather good matching to silicon diode. If we were
to use these materials we could face a problem of
detecting low-energy photons due to the increased
in#uence of electronic noise. CsI doped with Na is
close to CsI(Tl) in terms of the number of photons
produced per MeV of energy loss in the crystal.
However the spectral emission of CsI(Na) is also
shifted in the short wave region.

Compared with NaI(Tl), CsI(Tl) scintillator is
only slightly hygroscopic and has better mechan-
ical properties that greatly simplify the construc-
tion of a mechanical support. CsI(Tl) can be
handled in a normal atmospheric humidity for
hours although for long term it must be kept in
a dry environment. A humidity below 20% is con-

sidered to be safe for the crystals. The radiation
length of 1.86 cm is shorter than for NaI(Tl)
(2.59 cm) and thus a detector made of CsI(Tl) crys-
tals requires one-third of the volume of a NaI
detector of the comparable e$ciency and is thus
well suited to our case of con"ned geometry. The
higher light output of the NaI(Tl) measured with
photomultipliers is o!set by better spectral match-
ing of silicon photodiodes to CsI(Tl) emission
spectrum. The long decay time of 900 ns appears
to be the most serious disadvantage of the
scintillator, however using a charge-sensitive
preampli"er and a shaping ampli"er with long
shaping times to minimize photodiode noise
`hidesa this problem.

The long decay time causes dead time of a crystal
and reduces the timing resolution that could be
critical for an experiment with high counting rates.
However, for the expected rate in E246, the "ne
segmentation of the detector allows us to use the
thallium doped CsI.

3.2. PIN photodiode readout

In general, PIN photodiodes (PD) have the fol-
lowing advantages: (1) immunity from magnetic
"elds; (2) matched spectral response to CsI(Tl) with
a quantum e$ciency of 75% at the peak wave
length of 550 nm; (3) compact size; (4) low operating
voltage; (5) inherent stability and long lifetime.
However, PD readout also leads to complications
of the electronics connected with: (1) electronic
noise of the PD/preampli"er system, which domin-
ates the energy resolution at low energies; (2)
a problem in accepting high counting rate; (3) poor
timing resolution. Since a photodiode has no gain
a low-noise charge-sensitive preampli"er is re-
quired. The photodiode performance, such as the
junction capacitance and leakage current, domin-
ate the overall noise in the case of the large-area
photodiodes.

A study was carried out to "nd the best
CsI(Tl)}PD con"guration for the photon detector
[4]. Light yield measurements clearly demon-
strated that the direct coupling of a PD to the
crystal provides a much higher yield of photo-
electrons in a comparison with using wavelength
shifter (WLS) plates to concentrate the scintillating
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Table 3
Performance of di!erent CsI(Tl) crystal/photodiode assemblies

PD type size
(mm2) ) thickness

S
PD

(mm2)
p.e. yield
(N

e
/MeV)

ENC
(N

e
)

ENL
(keV)

10]10 (300 lm) 100 3300 380 116
18]18 (300 lm) 324 8800 540 61
18]18 (500 lm) 324 9100 670 75
28]28 (300 lm) 784 15 900 1150 72
28]28 (500 lm) 784 15 900 840 53

3.4]30 with 102 2800 370 140
R-3 WLS plate

5From Kuraray Co. Ltd., Tokyo, 104 Japan.
6From Millipore corporation, VGVHP00010.
7From Eastman Kodak Co. Kodak white re#ectance coating

(Chemical d6080).
8Hamamatsu S3584-05 (28]28 mm2 sensitive area,

C
PD

"200 pF, I
D
(100 nA) and S3204-03 (18]18 mm2,

C
PD

"140 pF, I
D
(20 nA).

light on a PD. The photoelectron yield for
a 28]28 mm2 sensitive area PD coupled with
a large size CsI(Tl) crystal (see Table 3) was 5.6
times greater than the largest value of a light yield
obtained with Y-8 and R-35 WLS plates of di!erent
thicknesses and #uor concentrations. The results
presented in Table 3 were obtained under the
following conditions: (a) CsI(Tl) crystal was
30]30 mm2 in the front, 60]60 mm2 in the back-
side, and 250 mm in length; (b) all of the crystal
surfaces were polished, the re#ector used was
300 lm Millipore "lter6 sprayed with Kodak
paint7 (c) the 4 mm R-3 WLS plate totally covered
the rear surface of the crystal; (d) an optical grease
was used as an interface between the crystal and
PD and the WLS plate; (e) shaping time constant
was 2 ls. All tested photodiodes were produced by
Hamamatsu.

The diodes are operated with a reverse bias volt-
age which lowers the junction capacitance and
raises leakage current so some optimum value must
be chosen to minimize the noise. The measurements
of the noise charge in the bias range of 20}130 V
revealed that the noise is practically constant from
40 to 100 V for S3204 and S3584 diodes.8 Long-

term reliability argues for a low bias so we set the
bias at 45 V taking into account some voltage drop
due to the leakage current at a "lter resistor in
a preampli"er. S3584-05 (28]28 mm2, 500 lm wa-
fer) provided the best signal-to-noise ratio and also
reduced the pick-up noise interference due to large
output signal. In the actual p0 detector, however,
they are used only for the 48 largest crystals due to
cost considerations.

Although WLS readout gives less light output
and a higher equivalent noise level (ENL), the so-
called nuclear counter e!ect seems to be a strong
argument for using the WLS instead of a directly
coupled PIN diode with a large sensitive area. This
e!ect occurs when a minimum ionizing particle
from a shower leakage creates up to 4.2]104 e}h
pairs in a Si diode of 300 lm thickness, that corres-
ponds an energy deposit of 4 MeV in the CsI
crystal. The e!ect was investigated using an electro-
magnetic shower simulation program to estimate
the rear leakage of e~(e`) in the 25 cm length
crystal for the incident c energy range of
50}200 MeV. Taking into account that a PIN
diode covers only part of the crystal rear surface, we
concluded that the probability of the nuclear
counter e!ect (e~(e`) leakage event) at 100 MeV
is below 3]10~3 and 1.2]10~3 for the
28]28 mm2 PD and 18]18 mm2 PD, respective-
ly. Low energy shower photons ((5 MeV) escape
a crystal with a higher probability and thus in-
crease the e!ect. In Ref. [5] the nuclear counter
e!ect was measured under a beam using 30 cm
length CsI(Tl) crystals with 20]20 mm2 PD
readout. The observed hit rate of the PD was found
to have a negligible e!ect on the performance of
a crystal calorimeter in the energy range below
1 GeV. Even when the electromagnetic shower es-
capes through the photodiode, the e!ect is relative-
ly small because of the very high light yield of the
CsI(Tl) crystal.

3.3. Optimization of the CsI(Tl) module parameters

3.3.1. Crystal light output uniformity
The CsI(Tl) crystals were manufactured by

Monocrystalreactive factory (Kharkov, Ukraine).
The Tl concentration in the crystal was chosen to
be 0.06}0.10% (molar fraction), since the
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Table 4
Light yield output of a CsI(Tl) crystal with di!erent re#ectors
measured with a 22Na source

Re#ector type Light yield (p.e./MeV)

3 layers of Te#on tape,
150 lm thickness

5700

Millipore "lter VGVHP00010,
2 layers

9000

Millipore "lter VGVHP00010,
2 layers#Kodak paint!

9500

Millipore "lter GSWP00010,
1 layer,

9700

Millipore "lter GSWP00010,
2 layers

11500

Millipore "lter GSWP00010,
2 layers # Kodak paint

11000

!From Eastman Kodak Co. Kodak white re#ectance coating
(Chemical d6080).

Fig. 6. Distribution of the light yield gradient G
z
, relative light

yield di!erence between front and rear ends of the crystal, for all
799 prepared modules, obtained from 22Na c-source scanning
along the crystal axis. Positive gradient means larger yield near
the rear end.

luminescence intensity of the CsI(Tl) is nearly con-
stant at the concentrations of Tl more than 0.06%
[6]. A study of the light collection with surfaces of
di!erent quality for a truncated pyramid shape
crystal shows that the best light yield is achieved
when all sides, including both bases, are "nely
polished. However, the longitudinal light output
gradient of a totally polished crystal is strongly
negative: light yield at the point nearest to a PD
was higher by 7}11% than at the far end. To obtain
#at dependence and to optimize the spectrometric
characteristics of the crystals a special treatment
was necessary. Several methods were tested to re-
duce the spatial nonuniformity of the totally
polished crystals. One way was to cover a part of
the crystal surface with black tape. In this case, the
nonuniformity can be reduced to a level of 2}3%,
but the light yield drops by 25% as well. The more
appropriate way is to sand a part of the crystal side
surface near the photodiode. The matted part of
4 cm length improves the light collection
nonuniformity to 1}2% at the expense of 5}10%
reduction in the light yield, on average. The
nonuniformity was inspected with a 22Na c-source
by measuring pulse height for 6 positions along the
crystal axis for all the crystals used in the p0 de-
tector. The data were approximated with a straight
line and the longitudinal gradient G

z
was com-

puted from the slope of this line, as the relative
change in light yield from the front to the rear end
of the crystal. A module is considered to satisfy the
selection criteria if the measurement results for all
6 points are within $2.5% deviation from the
average value, i.e. G

z
must not exceed 5%. In Fig. 6

the distribution of G
z

for all modules (including
spare ones) is shown. Only 3% of the prepared
modules do not satisfy the nonuniformity criteria
and were rejected or sanded again.

3.3.2. Choice of reyector
The number of photons collected on a PD de-

pends strongly on the optical characteristics of the
re#ector. Several widely used di!use re#ectors were
studied. A photodiode with a sensitive area of
18]18 mm2 and a crystal with the front size of
30]30 mm2 and rear size of 60]60 mm2 and
a length of 250 mm were utilized in this test. The
results are shown in Table 4. The highest light yield

was obtained using two layers, each 100}120 lm
thick, of the Millipore GSWP00010 di!use white
"lter paper. According to data from Ref. [7],
the re#ection coe$cient (in the CsI(Tl) emission
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9Toray Dow Corning Silicone, Japan.

Fig. 7. The dependence of a light output of the crystal}PD
detector on the number of heating cycles for di!erent optical
glues tested. One cycle includes a heating to 603C and cooling
down to the room temperature. Epotec which light yield drop-
ped by 35% after a single cycle is not shown in this "gure.

spectral range) for two layers of the Millipore "lter
is equal to 98%, while the value for the Te#on was
85}90%. Re#ector quality is especially important
for a large crystal where the scintillation light suf-
fers multiple re#ections before being detected. Pol-
ishing the crystal surface increases the light yield
almost twice compared to the module with sanded
surface, where a signi"cant number of photons
escaped instead of being re#ected.

3.3.3. Optical couplant
A moderate power dissipation of 0.25 W per

a single preampli"er (200 W for the whole detector)
causes a temperature gradient of 83C over the am-
bient air temperature in a con"ned space around
a photodiode. Relatively small heat cycles may lead
to a degradation of the mechanical and optical
contact between a PD and the crystal surface for
hard optical glues. To "nd an appropriate couplant
the following tests were applied: a crystal with
a glued PD was heated to 603C and then cooled
down to room temperature. After a heating cycle
the light output was measured. A crystal underwent
up to 7 heating cycles to see the resultant light yield
drop. As seen in Fig. 7, the hard epoxy glues NE
581 (NE Technology, Scotland) and Eccobond 24
(Grace Co., Japan) did not provide the stable
contact with the well polished CsI surface in the
unstable temperature environment. The third
tested epoxy resin Epotec 301-2 (Epoxy Techno-
logy, USA) reduced the light yield by 35% after
a single heating cycle. Elastic silicone glues KE-103
(Shin-Etsu Chemical, Japan) and SE7779 showed
no degradation and appeared to be the most appro-
priate couplants to provide the crystal}PD inter-
face. SE777 has been chosen because of its faster
curing time. It is a colorless single component glue,
easy to employ. After three years of detector opera-
tion no problem with the crystal}PD coupling have
been encountered.

3.4. The CsI(Tl) module assembly

The crystal surfaces were polished using a mix of
distilled water and "ne Al

2
O

3
powder to the speci-

"ed dimension with a precision of about 150 lm
and then partially sanded to control the light col-
lection uniformity. Each prepared crystal was
wrapped with two layers of di!use Millipore "lter
GSWP00010 (120 lm thick) and enclosed in an
aluminum can of 0.1 mm thickness. The can pro-
vides mechanical protection, optical isolation
and strong suppression of electromagnetic noise
interference to the PD. The outside of the can
was painted with a black paint to electrically
isolate the modules in the stack in order to min-
imize correlated noise. One PIN photo-
diode S3204-03 (18]18 mm2, 300 lm wafer)
or S3584-05 (28]28 mm2, 500 lm wafer) for
the 48 largest crystals was glued directly to the rear
face of the crystal using the SE777 silicone glue.
Right behind the PD a preampli"er was mounted
into an aluminum frame as shown in Fig. 8. An
optical "ber from the Xe-lamp monitoring system
was inserted through a hole in the frame and "xed
by a plastic screw. The re#ector paper covers the
entire crystal surface except the area under the PD
and the "ber.
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Fig. 8. View of the CsI(Tl) module.

Fig. 9. (a) Distribution of light yield. The shadowed region of 16 000}20 000 p.e./MeV corresponds to the modules which have a PD
with 28]28 mm2 sensitive area. (b) Distribution of equivalent noise level. Both histograms are plotted for prepared 799 modules.

3.5. Light yield and timing

The total number of CsI(Tl) crystals manufac-
tured is about 850. Of these, 799 modules were
selected for use in the detector after preliminary
tests, including spares. The distribution of average
light yield, obtained from the 22Na c-source tests, is
shown in Fig. 9(a). Measurements were done with
a shaping time of 1 ls. Almost all the prepared
segments have light yield more than 8000 p.e./MeV
with the average value of about 11 000 p.e./MeV for
S3204-03. The small peak in the region of
16 000}20000 p.e./MeV corresponds to the 48
modules with S3584-05.

According to Ref. [8] the absolute light yield of
CsI(Tl) is around 52 000 photons/MeV. Taking
80% as the average quantum e$ciency of a photo-
diode for CsI(Tl) emission spectrum we can roughly
estimate the light collection e$ciency in the mod-

ules to be approximately 26% for the 18]18 mm2

PD and 43% for the 28]28 mm2 photodiodes.
The energy resolution of the modules at

E
c
"1.27 MeV was 13}14% (FWHM). The aver-

age equivalent noise level (ENL) of 63 keV was
obtained for all crystals as shown in Fig. 9(b). It is
a factor of 4}8 lower than the ENL reported from
large CsI calorimeters with a PIN diode readout
[9,10].

Cosmic rays were employed to measure the time
resolution for a single typical crystal in the appro-
priate energy range. A plastic scintillator
(100]200 mm) provided the start pulse, while the
stop was generated by the CsI(Tl) module. The CsI
pulse, integrated in a preampli"er, was shaped by
a timing "lter ampli"er and sent to a constant-
fraction discriminator. The di!erential time
resolutions were measured within several energy
windows, and the results are listed in Table 5.

3.6. Radiation damage

Radiation damage in a CsI(Tl) crystal leads to
the formation of color centers that reduce the light
transmission, and also destroys the luminescent
centers in the material. The former is dependent
on the purity of material used for crystal growth.
Radiation hardness is inconsistent and very much
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Fig. 10. Electronics block diagram for the CsI detector.

Table 5
Time resolution of one module obtained in the cosmic ray test
within di!erent energy windows.

Energy window (MeV) FWHM (ns)

5}9 59
9}13 40
15}19 25.3
24}28 16.7
32}36 13.8
40}44 11.0
49}53 9.6
Integral (5}100) 12.6

depends on crystal quality and the growth method.
To check the radiation hardness a typical CsI(Tl)
module with a glued PD was exposed to a 550 MeV
pion beam for 10 days. In front of the crystal a fast
plastic counter was used to count the beam particles.
Taking into account the counter and crystal dimen-
sions and average energy deposit in the crystal, the
absorbed dose was roughly 100 rad. The "rst
measurement of the light yield change was done
2 days after the beam exposure, and resulted in:

(1) Photoyield drops by 23%.
(2) Light output nonuniformity deteriorated from

less than 1% to 4%.

A second radiation test was performed two weeks
later. The dose received by the same crystal during
this test was 27 rad. No change in the light yield

was observed after the second test. The result is
close to one reported in Ref. [11], where the photo-
yield of the CsI(Tl) crystal with PD readout drop-
ped by 13% after a 50 rad dose. Radiation resistant
crystals of similar size with PD readout, described
in Ref. [12] had reduced light output by 5% after
100 rad, however their light yield before irradia-
tion was 2 times less (5000 p.e./MeV) than for our
modules.

The radiation #ux in the E246 experiment is not
su$cient to cause any signi"cant radiation damage
for the CsI calorimeter, although the crystals
located close to the beam axis are exposed to
a beam halo. For these crystals the absorbed dose is
estimated to be around 100 rad (upper level) after
3 years of operation.

4. The electronics for the calorimeter

A detailed description of the electronics for the
CsI detector is given in Ref. [13]. The system
for each channel (Fig. 10) consists of a low-noise
preampli"er mounted directly behind the crystal,
the main ampli"er with low-gain, high-gain and
timing outputs, a constant-fraction discriminator
(CFD), a common stop TDC (0.7 ns resolution),
a time digitizer (TD) and a peak-sensitive ADC.
The 32-channel FASTBUS TD module is based on
a switched capacitor array integrated circuit, which
allows waveform recording to be performed with
12-bit accuracy at a sampling rate of 10 MHz [14].

162 D.V. Dementyev et al. / Nuclear Instruments and Methods in Physics Research A 440 (2000) 151}171



Fig. 11. Preampli"er schematic.

10Clear Pulse Co., Ohta-ku, Tokyo 143, Japan.

In general, the electronics for the photon detector
must provide high energy resolution over a wide
range of 5}300 MeV and maintain the resolution
under a counting rate up to 30 kHz per crystal.
Electrical noise is the main factor which deterio-
rates the resolution in the low-energy region
((10 MeV). Taking into account that an elec-
tron}photon shower spreads over several crystals,
the noise charge is summed by an algorithm which
depends on the origin of the noise. Thermal and
current shot noise are added quadratically, while
pick-up noise contributes linearly in the total noise.
For the optimum signal-to-noise ratio the signal
should be processed by a pulse-shaping circuit
which, however, has to constrain the pulse to
a "nite duration in order to avoid any pileup. In
order to achieve good energy resolution in the
photon detector, a low-noise preampli"er and
shaping ampli"er have been designed and tested.

A charge-sensitive preampli"er (Fig. 11) has
been developed for our purpose by Clear Pulse
Co.,10 basing on a commercial product CS507. It is
assembled with two hybrid ICs (a charge-sensitive
preamp and a bu!er ampli"er) into a compact
Al-box of 33]40]20 mm3, thereby minimizing
the possibility of noise pickup. To keep a small size
and save space, no connector was used in the pre-

ampli"er. A 8-wire shielded cable was soldered dir-
ectly inside the preamp case and drawn out of the
detector to a distributor board mounted on the
front and rear end plates of the barrel crystal
holder. The cable lengths vary from 250 to 800 mm,
depending on the crystal position in the barrel. The
preampli"er features an integration time constant
of 660 ls (330 M)]2 pF). The feedback gain was
optimized taking into account the average energy
deposit and anticipated maximum counting rate so
as not to reach the saturation. A pole-zero cancela-
tion network (PZC) shortens the long fall time of
the integrated pulse to 49 ls just before the output
ampli"er stage (gain of 8), which drives a 25 m long
twisted-pair cable. The overall gain of the pre-
ampli"er is 2 V/pC at 100 ) load, resulting in a
conversion coe$cient of about 2.4 mV/MeV for
a single CsI(Tl) module. Using an Ortec 572 ampli-
"er with a shaping time of 2 ls, the equivalent noise
charge (ENC) at room temperature has been found
to be 640$10 and 840$10 electrons for S3204-03
and S3584-05 photodiodes, respectively. For
S3204-03 the noise rises to 690 electrons at a re-
duced shaping time of 1 ls. A typical CsI(Tl) crystal
(photoyield of 104 p.e./MeV), attached to S3204-03
and the preampli"er displays an excellent noise
level of ENL"70 keV, in spite of such a shorter
than optimum shaping time.

A 16-channel main ampli"er module incorpor-
ates the shaping ampli"er (SA) with two unipolar
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Fig. 12. Ampli"er output waveforms of CsI(Tl) signals at di!erent shaping times of 0.5, 1.0 and 2.0 ls.

outputs and a timing "lter ampli"er (TFA). The
low- and high-gain outputs ("xed gain di!erence of
10) of the SA allow it to work over a large dynamic
range. The high-gain output facilitates a calibration
procedure with low-energy c-sources without any
gain adjustment. The main parts of the SA are
a di!erential receiver, a variable PZC circuit, a sec-
ond-order active "lter for the low-gain output and
a fourth-order "lter for the high-gain output,
a baseline restorer and output bu!ers. The baseline
restorer (BLR) is employed to compensate the e!ect
of a baseline shift caused by uncanceled AC-interst-
ages in the preampli"er and undercompensation
of the PZC network. A random pulse generator
reproduced the real waveform input signals for the
SA to evaluate the BLR performance. If the mea-
sured pulse amplitude was shifted by more
than 5% of its spectrum peak value, we counted
such an event as lost. While the losses exceed 40%
even at 10 kHz rate in the tested ampli"er without
a BLR, the baseline restoration reduces the losses
to 8% at 10 kHz rate. The "lter parameters corres-
pond to 1 ls shaping time and were chosen in an
empirical way to optimize the energy resolution

while keeping the pulse width as short as possible in
order to handle a high counting rate. The output
waveforms of the CsI signal for several shaping
times are shown in Fig. 12.

The TFA forms a timing pulse in an optimum
way to attain the best available rise time while
relaxing the e!ect of the pulse front jitter caused by
noise #uctuations. While the risetime of the signal
after the preampli"er is about 2 ls, the TFA
shortens it to 450 ns. The TFA has variable gain in
order to allow individual adjustment of each chan-
nel, so that a single common threshold can be used
for all discriminator channels.

The CsI(Tl) detector identi"es p0 using the time
coincidence between two decay photons. Good
time resolution provides suppression of accidental
events, which can seriously deteriorate pion identi-
"cation under an intense background. A 16-chan-
nel CFD discriminator was designed to accept long
risetime signals in a wide range of amplitudes corre-
sponding to energies from 5 to 300 MeV. We had
no motivation to discriminate energies below
5 MeV, where few signal photons and mainly
shower leakages and accidentals are concentrated.
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Fig. 13. Schematic of the Xe-lamp monitoring system.

Exploiting the timing performance obtained, the
CsI signals from all CFD outputs were used in the
second level trigger logic as the OR strobe in coin-
cidence with "rst level fast trigger. A 150 ns dis-
criminator pulse width is su$cient to accept 100%
of valid events, while reducing the recorded trigger
rate by a factor of 2 under the current experimental
condition.

5. Monitoring of gain stability

A schematic of the light #asher system used to
monitor electronic channels is shown in Fig. 13.
The light source is a xenon lamp Hamamatsu
L4647 operating at a repetition rate of 10 Hz. Its
emission spectrum is close to the CsI(Tl) emission,
and long-term stability and high intensity are suit-
able for a few years of operation. The #asher light is
distributed through optical glass "bers and mixer
fan-out boxes to each CsI(Tl) crystal. The typical
response of a crystal corresponds to an energy
deposit of around 50}100 MeV with pulse height
#uctuations of 2% (fwhm) in a short period. After
a trigger pulse is applied to the Xe-lamp, the main
discharge takes place after a certain delay. The
delay time varies from 2 to 6 ls depending on the
operational parameters. Unstable preliminary dis-
charge characteristic of the sparker causes delay
time jitter of a few hundred nanoseconds, making
the trigger pulse from a driving power module
di$cult to use for readout synchronization. For
this purpose the Xe-lamp light is fed to a photomul-
tiplier, which produces the synchronization signal.
The optical distributor of 1-to-34 has been
developed by Mitsubishi Gas Chemical Co. It con-

sists of an input optical connector, and a glass
mixer/lightguide fused with a spliced bundle of
100 lm output "bers. The distributor introduces
a light intensity splitting loss of 18 dB. The output
"bers give uniform light within $12% from aver-
age. However the coupling to the crystals greatly
increased the nonuniformity between channels.

The #asher system is useful in monitoring elec-
tronic channels and detecting failed photodiodes
and gives a fast diagnosis of the state of the crystal
readout electronics. While the Xe-lamp light output
is rather stable, we found it unrealistic to monitor
the overall long term gain stability of the calori-
meter with the #asher system. As seen in Fig. 8, the
optical "ber is "xed to the crystal by a small screw.
Nevertheless, the inner lightguide core of 100 lm
diameter can slide inside the protective isolation of
2 mm outer diameter, so that touching the "ber
causes a shift of the core, and correspondently
a change in the Xe-light entering the crystal (see
Fig. 14). The transparency of the unprotected CsI
surface where the #asher light enters the crystal
also a!ects the response of the slightly hygroscopic
crystals over time.

The failure rate of the photodiodes and pre-
ampli"ers is an important "gure of merit for overall
calorimeter performance, because these parts can-
not be replaced without disassembling of a substan-
tial part of the whole detector apparatus. The CsI
detector went into operation in October 1995,
when E246 "rst took data. During the subsequent
3 years period of operation, none of the 768 photo-
diodes failed. One preampli"er failed soon after
detector operation, and another one failed in 1998,
making the preampli"ers the most unreliable ele-
ment of the readout electronics.
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Fig. 14. The Xe-lamp light output change in each crystal for
1.5 years. While the average shift is negligible, an individual
crystal response has #uctuated in a random mode. The gross
structure with $7% is due to a mechanical instability of the
optic "bers before the second distribution branch. One channel
at 443 is dead.

6. Performance of the p0 detector

6.1. Electronic noise

The electronic noise was determined from the
widths of the pulse height distribution in pedestal
runs, where there were no energy signals presented,
and can be separated into coherent (correlated) and
incoherent contributions. The incoherent contribu-
tions from a cluster of crystals sum in quadrature,
whereas the coherent ones combine linearly. The
coherent and incoherent contributions were extrac-
ted by "tting the dependence of the pedestal width
on the number of crystals summed up. The most
probable source of the coherent contribution is
pickup noise of a PD, which serves as a receiver of
electromagnetic interference. To suppress this
source, the PDs were shielded individually by the
Al crystal cans, and a proper grounding scheme
was applied. The detector mechanics is electrically
isolated from the magnet and connected to the
ground bus of the CsI electronics in the counting
house. The signals are transmitted from the pre-
ampli"ers to the main ampli"ers by twisted-pair
unshielded cables, which have high immunity to the
induced noise. The noise contribution to the energy
resolution obtained for a sum of nine CsI crystals is
250 keV (p). The incoherent contribution to the

noise from each crystal does not exceed 75 keV (p).
This value is quite consistent but slightly higher
than was obtained for the individual PD}preampli-
"er assemblies in bench tests (63 keV) using the
high gain output of the shaping ampli"er. The
di!erence may be explained by the di!erent
measurement method, by higher temperature inside
the barrel and a stronger e!ect of ADC resolution
for the low-gain small signals. The coherent noise
was found to be about 11 keV (p) per a module, and
increases the noise of a 9 crystal cluster by 10%.

For energies of photons detected in the experi-
ment (5}250 MeV), the noise contribution to the
energy resolution was negligible, and the main fac-
tors which determined the energy spread are the
#uctuations of shower leakages through the crystal
rear sides and the lateral sides of crystals placed
around the muon holes of the calorimeter.

6.2. Energy resolution and calibration of the photon
detector

6.2.1. Test in a tagged photon beam
To estimate the characteristics of the calorimeter,

we tested a prototype of the detector on the elec-
tron and tagged photon beams of the INS electron
synchrotron in Tokyo. The prototype consisted of
30 CsI(Tl) crystals assembled in a matrix of 5]6.
Each individual crystal had a length of 25 cm and
the shape of a truncated pyramid with bases of 3]3
and 6]6 cm2, that represented typical dimensions
of crystals to be used for the calorimeter. PD of
sensitive area 28]28 mm2 (S3584-05) were glued
on the rear faces. The results of the beam test are
presented in Ref. [15], where the energy resolution
was obtained to be p

E
/E"2.8% for a 200 MeV

electron beam. A spatial accuracy of the coordinate
measurement by `center-of-gravitya method at the
same electron energy was p

X
"7.6 mm. For photo-

ns, the energy resolution was 4.3 and 2.8% (p
E
/E) at

energies of about 100 and 200 MeV, respectively.

6.2.2. Calibration in kaon beam
During the actual experiment in order to obtain

the gain coe$cients for the CsI detector, special
calibration runs are carried out in beam by
using muons from the dominant decay mode
K`Pl`m(K

l2
). These muons have a kinetic
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Fig. 15. (a) Energy spectrum of single crystal events corrected by the energy losses in the target. All the crystals were histogrammed after
adjusting the gain coe$cients. The high energy tail up to 200 MeV corresponds to the Michel spectrum of undetected positrons from the
muon decays in the crystal. Small bump around 112 MeV is due to the p` from K

p2
. (b) Energy sum of two photon clusters from K

p2
in

3]3 analysis. The peak value 229 MeV, about 93% of the E
p
0"245.6 MeV, is consistent with the expected shower leakage.

energy of 152.4 MeV and are stopped in the CsI
crystals. The events in which no energy was detec-
ted in the neighboring crystals were selected to
obtain the individual gains of CsI modules. The
kaon decay vertex was reconstructed from
l` tracking and muon energy losses in the target
were corrected using the target "ber ADC informa-
tion. Fig. 15(a) shows the energy spectrum of single
crystal events after adjusting the coe$cients. The
resolution p

E
/E"1.7% of the peak at 152 MeV is

due to the intrinsic resolution of one crystal and
energy loss correction uncertainty. Using the gain
coe$cients obtained from K

l2
decay, the positive

pion energy from K`Pp`p0(K
p2

) was measured
to be 112.0 MeV; this value is very close to a sum of
the kinetic energies of p` (108.5 MeV) and
l` (4.2 MeV) from the pion decay. Fig. 15(b) shows
the spectrum of the energy sum of two photon
clusters from the p0. The peak value 229 MeV cor-
responds to about 93% of the E

p
0"245.6 MeV,

that is consistent with the result of Monte Carlo
calculation for the cluster size of 3]3 crystals. The
low energy tail is due to the shower leakage into the
muon holes and beam holes and the rear sides of
the crystals. The resolution p

E
/E obtained for the

energy sum of two photons from K
p2

decay is 5.5%.
Since the p` and p0 in the K

p2
decay are emitted in

back-to-back directions, i.e. the angle between
them is 1803, this can be used to determine the
accuracy of the p0 direction measurement. The dis-
tributions of the opening angle between charged
and neutral particles in K

p2
and K

l3
decays are

shown in Fig. 16. In the case of the K
p2

distribu-
tion, the photon angular resolution determined to
be about pH"2.33, is consistent with the photon
spatial resolution of 7.6 mm.

The calibration runs were performed at intervals
of a few months. A long-term drift in electronics
gains and light yields of CsI crystals over a one year
interval resulted in an overall gain decrease of
about 3%, which was compensated in calibration
coe$cients.

6.3. Time resolution

Good time resolution is an important factor for
reliable identi"cation of neutral particles and sup-
pression of the background. The high light yield of
the CsI(Tl) crystals is the main factor which deter-
mines the timing performance of the calorimeter.
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Fig. 16. The distribution of opening angle between charged particle and p0 for K
p2

and K
l3

decays.

The calorimeter timing was determined by
measuring the time di!erence between a muon sig-
nal from K

l3
decay produced by one of the 12

"ducial plastic counters surrounding the target,
and a CFD signal from a CsI module. Fig. 17(a)
shows the time spectrum of the CsI crystals which
are the centers of the gamma clusters. The resolu-
tion of 3.8 ns (rms) was obtained for the energy
range of 10}200 MeV. Some asymmetry of the tim-
ing peak shape was observed at online monitoring
for small pulse amplitudes (low energies). This kind
of the residual walk is removed in o%ine analysis
by the time-amplitude correction. As seen in
Fig. 17(b), the time resolution of 3.5 ns (rms) at
100 MeV deteriorates to 16.8 ns in the low energy
range of 10}20 MeV. These results were derived
from the summed time distributions of all 768 crys-

tals, where a component from the incorrect time
peak alignment between the di!erent modules is
included, that widens the total spectrum. The cos-
mic ray test of an individual CsI module showed
the resolution of 4.1 ns at 50 MeV while the calori-
meter resolution at the same energy is 5.8 ns
(see Fig. 17).

6.4. Pileup ewect study

The slow scintillation decay time of CsI(Tl) and
the long "lter time constant can lead to possible
losses of detected events under a high intensity
beam due to pileup of the CsI pulses. In the actual
experimental conditions of E246 the counting rate
in individual crystals depends on their position
relative to the beam axis and is dramatically
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Fig. 17. (a) Time spectrum of all CsI crystals (centers of clusters) with aligned peak positions for K
l3

events. (b) Time resolution (rms) of
the calorimeter per an energy window, *E"10 MeV, as a function of the photon energy.

Fig. 18. Relative pileup losses of the Xe-lamp signals vs. the
counting rate in a crystal for two shaping times of 1 and 0.5 ls.
The Xe-lamp rate was "xed at 10 Hz. The losses are counted if
the Xe-pulse height shift from the peak value was more than
8 MeV. The inset shows the Xe-lamp pulse waveform for a 1 ls
shaping time.

increased for the crystals closest to the beam which
su!er also from the high-energy pion halo. The
maximum rate per crystal can reach 20 kHz for
signals above a threshold level of &10 MeV. If
there is a #uctuation in the beam intensity the
instantaneous rate might exceed this level.

The #asher system was used to test the baseline
stability and pileup e!ect at high counting rates.
The Xe-lamp pulse height peak position was
monitored at di!erent beam intensities and the
losses were calculated by counting the Xe-lamp
events, whose energy shift from the peak was more
than 8 MeV. Comparing this number with the total
number of triggers generated by the #asher, we
obtained the fraction of real events lost due to
pileup. The Xe-lamp energy spectrum was distorted
from the true Gaussian shape by piling up of the
Xe-pulses with randomly occurring scintillating
pulses from the beam. The peak position and res-
olution were preserved at a maximum measured
counting rate of 32 kHz per crystal, where counts
were registered if the energy deposit in a crystal
exceeded 10 MeV. The fraction of lost events due to
pile-up as a function of the counting rate is shown
in Fig. 18. The so-called lost fraction can be re-
duced if pileup is accepted by increasing the
high-energy shift cut. The limit of 8 MeV has been
chosen rather arbitrarily for estimation purposes
only. In o%ine analysis an event is rejected at more

than 20 MeV pileup in the p0 invariant mass. Since
the average counting rate per a crystal in the ex-
periment is under 8 kHz, the pileup events do not
create any signi"cant problem for the experiment.

6.5. Clustering and p0 reconstruction

The p0 reconstruction begins with a search for
a crystal with the highest energy deposit above
10 MeV and a time within certain time windows.
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Fig. 19. The measured distribution of an opening angle between two photons from p0 in K
p2

decays: (a) all K
p2

events are shown; (b)
events with (E

1
!E

2
)/(E

1
#E

2
)40.1 are presented. The minimum opening angle of 68.03 is obtained.

Fig. 20. The invariant mass of c}c events from K
p2

decays using 5]5 clustering; (a) all events reconstructed in the p0 detector;
(b) events detected away from the muon holes area.

Such a crystal is considered to be the center of
a cluster. Then we sum the in-time energy deposits of
8 crystals surrounding the center crystal within the
appropriate time windows at energies exceeded the
CFD threshold of 5 MeV. The energy sum of the
9 crystals (3]3 clustering) is required to be at least
20 MeV. Other algorithms of collecting the cluster
energy were also studied both with and without an
energy threshold. The position of each cluster is
determined using the `center-of-gravitya method:

h"+
i

E
i
h
i
/+
i

E
i

u"+
i

E
i
u

i
/+
i

E
i
,

where E
i
is the energy deposited in ith crystal of the

cluster and h
i
and u

i
are the polar and azimuthal

angles of the ith crystal, respectively. The sum is
performed over nine (or 25) crystals in each cluster.

Fig. 19a shows the opening angle distribution in
p0Pcc decay from K

p2
decays in the case of 5]5

clustering. For nearly symmetrical p0Pcc decay,
i.e. (E

1
!E

2
)/(E

1
#E

2
)40.1, where E

1
and

E
2

are the photon energies, the opening angle dis-
tribution is shown in Fig. 19(b). The reconstructed
minimum opening angle of 68.03 is obtained, that is
close to the value of 66.73 of kinematical minimum
opening angle. The photon angular resolution
obtained from Fig. 19(b) is 2.23.
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Table 6
Parameters of the CsI p0 detector

Average light yield 11 000 p.e./MeV
Equivalent noise level 75 keV per a module
Correlated noise level 11 keV per a module
Energy resolution p

E
/E 4.3% at 100 MeV

2.8% at 200 MeV
Spatial resolution (rms) 7.6 mm at 200 MeV
Angular resolution (rms) 2.2}2.43
Time resolution (rms) 3.5 ns at 100 MeV
p0 mass width (rms) 49.9 MeV

The invariant mass of two photons can be then
determined using the coordinate of the stopped
kaon in the active target and the coordinates in the
calorimeter of both photons from p0Pcc. If more
than two clusters are found, we select a pair with
invariant mass within 90}140 MeV. Inside this re-
gion the best pair combination is chosen by timing,
i.e. those clusters are considered to be produced by
a p0 decay whose time signals are closest to the
peaks in time distributions. Fig. 20 shows the in-
variant mass spectrum of c}c events from
K

p2
decays in the case of 5]5 clustering. Shower

leakages near the muon holes deteriorate the in-
variant mass resolution of the whole detector to
8% (rms) at 135 MeV. The resolution is 7% for
events which occurred away from the muon holes
area, however these events make up only about
25% of the total. Using the cluster size of 3]3
slightly deteriorates the invariant mass resolution
to about 7.5% for these events. The main detector
parameters are presented in Table 6.

7. Summary

The CsI(Tl) p0 detector has been built for the
E246 experiment at KEK to search for T-violation
in the decay K`Pp0l`m and is being used success-
fully in this experiment since October 1995.

About 800 CsI(Tl) modules with PIN photo-
diode readout were carefully assembled to optimize
their parameters, such as light yield, nonuniformity
of the light yield along the crystal axis, noise level
and time resolution. The average light yield of
11 000 p.e./MeV and average equivalent noise level

of 75 keV were obtained for the modules used in the
calorimeter. The coherent noise in the calorimeter
was found to be about 11 keV per module. The
readout electronics system was developed speci"-
cally for the needs of the experiment to optimize
energy, timing and pileup performance.

The p0 invariant mass resolution of p"9.9 MeV
was obtained in the experiment for K

l3
decay.

A time resolution of 3.8 ns (p) for the wide gamma
energy range (10}220 MeV) was achieved. The de-
tector has demonstrated good stability, which is
monitored by a Xe-lamp system and beam cali-
bration runs, and good reliability during the
3 years period of operation.
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decay plane by tracking the mþ through a toroidal spectrometer and detecting the p0 in a segmented CsI(Tl) photon

calorimeter. The muon polarization was obtained from the decay positron asymmetry of muons stopped in a

polarimeter. The detector included features which minimized systematic errors while maintaining high acceptance.

r 2003 Elsevier Science B.V. All rights reserved.
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Keywords: Separated stopped K beams; Km3 Decays; T-violation; Transverse muon polarization; Toroidal spectrometer; Muon

polarimeter; Scintillation fiber target; CsI(Tl) photon detector

1. Introduction

Violation of time-reversal invariance (T) could
be inferred from a weak interaction induced
transverse polarization ðPTÞ of muons normal to
the decay plane in the decays Kþ-p0mþn ðKm3Þ
and Kþ-mþng ðKm2gÞ: Standard Model (SM)
contributions to PT are at about the 10�7 level
[1] and final state interactions in Km3 contribute at
the o10�5 level [2]. A measurement in excess of
this has the potential to reveal new CP violation
physics, given CPT invariance. The value of PT

can be as large a 10�3 � 10�2 in models with multi-
Higgs doublets, leptoquarks, left–right symmetry
or SUSY [3]. Motivation to search for additional
sources of CP violation arises from the observed
baryon asymmetry in the universe, which cannot
be explained by the CP violation in the SM alone
such as the SM T-violation observed in the neutral
kaon system [4]. At the High Energy Accelerator
Research Organization (KEK) in Japan, the E246
collaboration is completing a search for PT in Km3

at the B10�3 level.
In 1999, the first result, PT ¼ �0:004270:0049

(stat) 70:0009 (syst), was published [5], based on
B3:9� 106 good Kþ

m3 events from the data taken
during 1996 and 1997, indicating there is no
evidence for T violation. The T-violating para-
meter Imx was then extracted as Imx ¼
�0:01370:016 (stat) 70:003 (syst). The 90%
confidence limits are given as jPTjo0:011 and
jImxjo0:033: Further data were collected during
1998–2000, and the final E246 sensitivity to PT in
Km3 is expected to be B2� 10�3 corresponding to
dImðxÞ of about 7� 10�3: Since statistics will
dominate the sensitivity, the detector will have a

capability to improve the sensitivity by a factor of
3–4 using a more intense kaon beam in the future.
In this paper we give a description of the
apparatus.

2. Experimental method and detector overview

2.1. Principle of measurement

The measurement of the T-violating transverse
muon polarization PT requires first that the
detectable constituents of the Km3 decay with a
branching ration of 3.2% be distinguished and
that the decay plane be established from the
kinematic parameters. Secondly, a polarimeter
must be sensitive to the polarization component
normal to the decay plane. For example, if events
are selected whose decay plane includes the beam
axis, then PT would appear as an azimuthal
component of the polarization around the beam
axis. The muon polarization is measured from the
asymmetry of the decay positron angular distribu-
tion relative to the polarization axis.

2.2. Stopped beam method

In our experiment, we used a stopped kaon
beam in contrast to the previous search [6] which
used the in-flight decay of a 4-GeV kaon beam.
Although a low-momentum stopped-kaon beam
risks a potential disadvantage of reduced kaon flux
compared to the high momentum beam used for
in-flight measurements, the stopped method
offers several potential advantages in minimizing
backgrounds and systematic uncertainties which
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compensate the reduced beam intensity, and can
result in a measurement with improved overall
sensitivity.
In a stopped-kaon decay, the kinematics can be

determined with high resolution which allows a
precise definition of the decay plane as well as
powerful tools to reject backgrounds and reduce
systematic instrumental sources of asymmetry. In
our apparatus, muons are accepted in a range of
polar angles around 90� with respect to the beam
axis and are momentum analyzed in one of the 12
gaps of a superconducting toroidal spectrometer
magnet. The decay vertex is determined by
tracking in scintillators and/or wirechambers of
the charged incoming kaon and outgoing muon.
The muon momentum is obtained with adequate
resolution to reject the dominant decay modes
Kþ-pþp0 ðKp2Þ and Kþ-mþn ðKm2Þ: The p0

momentum is obtained from a high-solid-angle
segmented CsI(Tl) calorimeter, and the kaon
momentum is, of course, zero.
Good determination of the p0 decay kinematics

in the segmented calorimeter allows one to identify
and include events in the muon polarimeter
corresponding to both forward (downstream)
and backward (upstream) going p0’s, fwd and
bwd events, respectively. The two classes of events
give opposite asymmetries in the polarimeter due
to PT as illustrated in Fig. 1. That is, a properly
normalized sum of fwd- and bwd-type events must
give a zero asymmetry. In the previous in-flight
experiment only a forward-decaying ðfwdÞ p0 was
inferred from the forward boost from the K rest

frame and an energy threshold on one of the decay
photons.
From the kinematics it is also possible to

optimize the instrumental sensitivity to the physics
parameter of T violation in this decay, Imx: The
value of /PT=ImxS varies by an order of
magnitude over the mþ;p0 phase space. A figure
of merit combining the statistical sensitivity of the
decay rate and /PT=ImxS peaks for mþ energies
above 50 MeV and p0 energies below B80 MeV;
well away from the kinematic peak. The muon
acceptance in particular can therefore be opti-
mized to enhance the sensitivity to Imx from PT:

2.3. Longitudinal field and double ratio method

Instead of using the transverse field method
which was adopted in the previous experiment [6],
we adopted the longitudinal field configuration. In
this case the transverse component PT of the muon
polarization is held, and the non-T-violating in-
plane components precess, while in the transverse
field method the in-plane component PL parallel to
the muon momentum is held and the T-violating
component was sought as a possible phase shift of
the precessing component. The comparison is
shown in Fig. 2.
In our apparatus the polarimeter is similar in

general concept to that used in Ref. [6], except that
the fringe magnetic field from the toroid is
shimmed to produce an azimuthal field at the
muon stoppers. Muons are stopped in an annular
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array of aluminum stoppers surrounding the beam
axis. Positrons from muon decay are detected in
scintillator arrays located azimuthally between the
muon stoppers so that an asymmetry between
clockwise, cw-decaying muons and counter-clock-
wise, ccw-decaying muons can be measured. In our
case, the 12-segment polarimeter accepts muons
exiting the gaps of the toroid and is located well
removed from both the stopping target and beam
axis where background rates can be reduced to a
low level. This minimizes the problems of acci-
dental rates in detecting the decay positrons and
allows a long acceptance time for the muon decay
ðB20 msÞ in order obtain higher statistical sensi-
tivity and detailed determination of the back-
ground.
One advantage of using the longitudinal field

method in the present experiment is higher
statistical significance from a given number of
positron events compared to a reduction of 1=

ffiffiffi
2

p

in the case of the precession measurement.
Although usually it is problematic how to remove
instrumental misalignment which gives rise to a
spurious asymmetry effect in the longitudinal field
method, in the present experiment such effects can
be canceled out by taking the ratio of fwd and bwd
pions.

PT would be indicated by an asymmetry
between cw and ccw decay positrons as

NðcwÞ
NðccwÞ

C172a/cos yTSPT ð1Þ

where a is the effective analyzing power and
/cos yTS is the kinematical attenuation relating
the polarization axis to the decay plane.
Furthermore, it is possible to obtain the

polarization from the double ratio

½NðcwÞ=NðccwÞ
fwd
½NðcwÞ=NðccwÞ
bwd

C1þ 4a/cos yTSPT ð2Þ

with a doubling of the sensitivity to PT: Several
sources of potential systematic errors due to
instrumental misalignments cancel out to first
order in this double ratio. A direct measurement
of the analyzing power can be obtained from the
PN component, which is the in-plane component
parallel to the pion momentum, by selecting events
with a transverse p0 decay. The field requires good

mapping and stability, but it does not need to be
reversed as did the axial field in the previous
experiment [6]. This avoids potential systematic
effects due to the reversing field itself as well as its
effect on photomultiplier tube (PMT) gains.

2.4. Overall assembly

General assembly views of the apparatus are
shown in Fig. 3 as end and side views. Our
detector’s three main analytical elements are the
toroidal spectrometer, the CsI(Tl) photon calori-
meter [7], and the polarimeter.
The space available for the CsI(Tl) array is

limited by the 1-m inner diameter of the toroidal
magnet and cryostat. The crystal length of 250 mm
(13.5 radiation lengths) is adequate to keep shower
leakage for photons up to 250 MeV acceptable
while still allowing sufficient space for the PIN
diode and preamplifier readout system. The crystal
array has 12 holes aligned with the magnet gaps
which provide the acceptance for charged particles
in the spectrometer.
Two additional holes in the crystal array were

required on the beam axis: The upstream hole
allowed for the incoming kaon beam and instru-
mentation which included a Cherenkov detector, a
scintillator hodoscope and a degrader. This hole
had to accommodate not only the kaon beam
phase space but also the six-times-higher pion
contamination including an asymmetric halo
around the kaon beam, which could result in
unacceptable rates in the crystal elements near the
beam axis. This problem was partially alleviated
by a Pb and W collimator upstream of the
apparatus. Downstream, the beam-axial hole
provided access for the support and readout of
the segmented stopping target assembly and inner
tracking elements. The latter include the 12 close-
packed fiducial counters used in the event trigger
and for muon time-of-flight (TOF) measurements,
and a stack of ring scintillators and a cylindrical
drift chamber, both used for muon tracking.
The target size was matched to the measured

kaon beam profile at the stopping location at the
center of the toroid. It is necessary to minimize the
target size to avoid excess mass in the path of
exiting muons and photons from p0’s, as well as to
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economize on the number of segmented elements
in the target to be instrumented.
The polarimeter was mounted immediately

downstream of the spectrometer to maximize
acceptance for Km3 mþ’s in the 12 pure aluminum
stopping arrays, and to take advantage of the
shimmed fringe field of the toroid which serves as a
holding field for PT: A wedge-shaped copper
degrader preceded each aluminum muon stopping
array, and compensated for the momentum
dispersion from the analyzing magnet so that all
muons would come to a near uniform stopping
depth. In addition to the stoppers and positron
detectors, the polarimeter included several veto
counters used to help identify good stopping
muons and valid decays while rejecting back-
grounds.

2.5. Acceptance optimization

The first design goal was to simultaneously
optimize the acceptance for mþ’s from Km3 in the
12 magnet gaps, and to maximize the acceptance
for p0’s in the CsI(Tl) calorimeter. This required

careful matching of the 12 holes in the CsI(Tl)
array to allow muons from the distribution of
stopped kaons in the central stopping target to
enter the magnet gaps and be accepted in the
polarimeter at the magnet exit. A Monte Carlo
study [7] lead to a design with 10% acceptance for
mþ’s from Km3; while maintaining 70% coverage
for g detection. Optimum overall acceptance of
8% was obtained for the angle a of 22:5� as
illustrated in Fig. 4.

2.6. Systematic error reduction by symmetry

Our apparatus is constructed with 12-fold
azimuthal symmetry set by the 12-gap toroidal
spectrometer magnet. The summation of events
from the 12 spectrometer gaps contributes to the
acceptance, and also allows additional capabilities
to reduce systematic asymmetry effects due to the
instrumentation and the kaon beam phase space.
For example, each positron detector in the
polarimeter serves as a cw counter for one gap
and a ccw counter for the neighboring gap, and an
apparent asymmetry due to variations in counter
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efficiencies cancel. Similarly, asymmetries induced
by an asymmetric kaon stopping distribution also
cancel in the azimuthal sum over 12 gaps. In this
case also, since the decay vertex is determined
event-by-event, residual higher order asymmetry
can be tested for and corrected.

3. Beamline and beam instrumentation

3.1. Low momentum Kþ beam line K5

The experiment was set up at the low-momen-
tum separated kaon beam line K5 [8] in the North
Hall of the KEK proton synchrotron. The layout
of the beam line is shown in Fig. 5 and the main
parameters are listed in Table 1. This channel was
originally designed for 550 MeV=c maximum
momentum, but it was upgraded to 660 MeV=c

for this experiment. It is equipped with a single-
stage electrostatic separator (DCS) with an electric

field of 50 kV cm�1 and can deliver a Kþ beam
with p:K ratio of 5–10 making a nearly achromatic
spot on the experimental target.
Secondary particles were produced at a 6ðHÞ �

10ðW Þ � 60ðLÞ mm3 Pt target in the 12-GeV pro-
ton beam with a typical intensity of 3� 1012

protons per pulse of 0.7-s duty with 3.0-s repeti-
tion. The secondary beam was collected at 0� with
a large solid angle ofB10 msr: Two bends D1 and
D2 and a horizontal acceptance slit at the
intermediate point selected the 73% beam mo-
mentum bite. The slit serves also to reduce the
intensity if necessary. The mass separation is done
after the DCS at the vertical mass slit after the
intermediate quadrupole doublet of Q2 and Q3.
The last doublet of Q4 and Q5 focuses the beam
on the target with a round spot. The momentum
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Table 1

Main parameters of the K5 beam channel

Maximum momentum 660 MeV

Production target 6ðHÞ � 10ðW Þ � 60ðLÞ mm3

Take-off angle 073 degrees

Solid angle 10 msr ð7180 mrðHÞ � mrðVÞÞ
Channel length 12:5 m
Momentum bite 73%
Beam size on target sx ¼ sy ¼ 2:5 cm
Dispersion on target 0:28 cm=% Dp=p

Kþ beam intensity 1:0� 105=1012 protons
pþ=Kþ ratio 6–7
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dispersion at the target is 0:28 cm=ð%Dp=pÞ: The
total length of the channel is 12:5 m:
In a Monte Carlo simulation it was shown that

the optimum momentum to obtain the maximum
kaon stopping rate in the fiducial region of our
target was 700–800 MeV=c taking into account the
momentum dependence of the kaon production
cross-section and scattering of the beam from the
degrader. Accordingly, the maximum channel
momentum of 660 MeV=c was chosen for the
experiment.
Beam tuning was done to maximize both the

number of stopped kaons and the K : p ratio as
well as to realize a symmetric kaon stopping
distribution in the target. Since the channel has
only one stage of DCS, it was difficult to reduce
pion contamination which arises from Ks decay
near the proton target. In addition, a pion beam
halo made background hits in the CsI(Tl) calori-
meter. In order to remove this halo a ray-tracing
study was performed for kaons and pions identi-
fied separately by a Cherenkov counter and back-
tracking the beam by means of an MWPC at the
target position and a horizontal counter hodo-
scope placed after the mass slit. Rejection of the
pion halo was realized by installing a beam slit
inside the second bend D2. The typical beam
intensity at 660 MeV=c of Kþ is 105 per 1012

proton with a pþ=Kþ ratio of 6–7.

3.2. Beam collimation and degrader

Between the last quadrupole of the K5 channel
and the beam Cherenkov counter a collimator
system was inserted. It consists of a 45-cm thick
lead wall with a rectangular hole with an
additional insert made of Hevimet for shaping
the beam profile. The thickness was determined so
as to stop the 660-MeV=c halo pions. The shape of
the insert was designed to transmit the kaon profile
while also blocking the pion halo in the CsI(Tl)
region. This collimator system cut the pion halo
background by 70% while sacrificing only 15% of
the kaon yield, and reduced the singles counting
rate of the affected CsI(Tl) crystals drastically.
After passing through the Cherenkov counter

the beam was slowed by a degrader system
consisting of 65 mm of Al followed by 242 mm

of BeO located close to the stopping target. The
100-mm diameter was enough to cover the beam
profile. The use of light-element materials is
essential to achieve high stopping power with
minimum multiple scattering; in addition, using
BeO near the target helped to reduce the interac-
tion of photons from the target in the degrader
while the use of Al further upstream served to
reduce the cost. The combination of lengths was
optimized for a stopping distribution centered in
the 20-cm long fiducial region of the target. The
broadening of the beam through the degrader was
not negligible but acceptable.

3.3. Beam detectors

3.3.1. Cherenkov

In order to trigger on kaons in the beam, a
Fitch-type differential Cherenkov counter was
employed [9]. Fig. 6 shows the cross-section side
view and end view of the counter. Incident pions
and kaons emit Cherenkov light in a 4-cm thick
acrylic radiator with a velocity-dependent emission
angle. The index of refraction of the radiator is
such that at our chosen momentum the kaon light
emerges from the rear surface, while the pion light
is internally reflected and transmitted to emerge
from the circumference of the radiator. Two
circular arrays of PMTs are arranged so that the
inner circle detects the pion light from the radiator
circumference, and the outer circle detects the
kaon light which is reflected by a curved mirror
behind the radiator. Each array comprises 14
PMTs with a Winston cone in front.
The configuration of the radiator, mirrors, and

PMTs was optimized to maximize the total
number of PMT-sensitive photons for incident
beam momenta in the range 620–700 MeV=c:
Additionally, the design was constrained to mini-
mize the thickness of the radiator to avoid
excessive multiple scattering of the beam, to
optimize its effective aperture to cover the whole
beam, and to minimize overall dimensions in order
to fit inside the entrance aperture of the CsI(Tl)
array.
The number of PMTs was determined by the

available room. The parabolic kaon mirror and
kaon Winston cones were made of acrylic with a
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reflective coating of evaporated Al. The pion
mirror was made of aluminized Mylar and the
pion ring Winston cones were coated with white
BaSO4: Preceding the experiment, the basic
characteristics of the counter were tested at the
KEK 12-GeV synchrotron using a pion beam of
the same velocity as the pions and kaons in the
experiment. The effective radius with more than
90% detection efficiency was measured to be 6 cm:
The main parameters of the counter are summar-
ized in Table 2.
For the online trigger, the multiplicity of each

PMT ring was used. The trigger condition was
investigated in a test experiment by identifying
particles using TOF. Fig. 7 shows the typical
multiplicity spectra of both rings for both kaons
and pions incident. In normal operation, the kaon
trigger threshold was set to multiplicity ofX6 with
a trigger efficiency of more than 99%. The
probability of mis-identification of a pion as a
kaon was less than 1% under the typical beam
intensity conditions.

3.3.2. Hodoscope

The B0 hodoscope shown in Fig. 8 was placed
downstream of the Pb collimator, and is an
assembly of 22 plastic scintillating counters. Kþ

and pþ beam profiles were obtained in coincidence
with the Cherenkov counter. The beam profile was
monitored to check the stability of both the
primary proton beam and the secondary particle
beam. The trajectories of beam particles were also
obtained by using the Kþ entrance position
determined by the active target.
Timing data of charged particle hits in the B0

hodoscope were recorded by multi-hit TDCs
during the eþ gate for the mþ decay. Hits in the
polarimeter positron counters in time with B0
formed part of the constant background in the mþ

decay spectra related to beam particles and were
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Fig. 6. Cross-section side view and end view of the beam Cherenkov counter.

Table 2

Main parameters of the beam Cherenkov counter

Kaon momentum range 620–700 MeV=c

Radiator material Acrylic ðnD ¼ 1:49Þ
Radiator thickness 4:0 cm
Effective aperture 12-cm diameter

Beam angular tolerance 73� for ro4 cm

Kaon ring

PMTs Hamamatsu R580UV� 14

Winston cone 5:3 cm + with Al coating

Pion ring

PMTs Hamamatsu R1398� 14

Winston cone 3:8 cm + with BaSO4 coating
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rejected by vetoing on coincident events in the B0
hodoscope.

4. Charged particle measurement

4.1. Component overview

Several detector elements were used to measure
charged particles from the decay of stopped kaons.
The main functional goals of this system are
particle identification and kinematic reconstruc-
tion using TOF and tracking through the magnetic
spectrometer before entering the polarimeter.
In the central region, the segmented active target

gave the lateral coordinates ðx; yÞ for the stopping
position and decay vertex of the kaon as well as
the initial track of exiting charged particles. The
fiducial counters surrounding the target provided
the initial trigger information and the start for the
TOF measurement. Immediately outside the fidu-
cial counters, the ring hodoscope gave the first
axial ðzÞ track coordinate before passing through
the gaps in the CsI(Tl) calorimeter to enter the
toroidal spectrometer. A cylindrical drift chamber
(C1) just outside the ring hodoscope gave addi-
tional tracking information. At the entrance and
exit of each spectrometer gap were sets of planar
wire chambers (C2, C3, C4) which gave the
necessary coordinates for momentum analysis.
Finally, the charged particles entered the polari-
meter by passing first through the second time-
of-flight counter (TOF2) and then a defining
polarimeter trigger counter (PL).

4.2. Target and ring counters

4.2.1. Active target

A segmented active target identified the stop-
ping kaon and its decay vertex, and provided the
initial tracking information for the decay muon as
well as an energy-loss correction to the momentum
measurement in the spectrometer. The segmenta-
tion level is a trade-off between position resolution
and rate handling from fine segmentation on the
one hand, and energy and timing resolution from
minimum ionizing decay muons and lower cost
from coarse segmentation on the other hand.

Based on studies of scintillating fibers of various
sizes as well as from the experience with the target
used in the E787 experiment at Brookhaven [10],
we chose an array of 5� 5 mm2 Bicron BCF-12
fibers.
The radial extent of the target was optimized to

match the kaon beam profile, while minimizing the
material to be traversed by exiting decay muons
and photons from p0’s. The optimum was a B9-
cm diameter array of 256 fibers shown in Fig. 9.
The 45�-diagonal orientation was chosen to
maximize the vertical moment of inertia of the
individual fibers to resist sagging under gravity,
since the array is cantilevered from its support
downstream of the active center region of the
detector.
In order to determine the target stopping

efficiency with respect to incident kaons, several
measurements with a special trigger consisting
only of the kaon Cherenkov counter were carried
out. The efficiency was 38% for kaons identified in
the target as events with a large energy deposit in
one fiber ðEfiber > 5 MeVÞ normalized by the
number of triggers. The same efficiency was
obtained when the three-cluster events in the
CsI(Tl) detector were taken into account. The
stopping efficiency of 38% was consistent with
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Fig. 9. Cross-sectional view of the active target taken from the

on-line event display, showing the elements hit by the stopping

kaon and the exiting charged particle (muon). The fiducial

counter hit contributing to the event trigger is shown at the top.

The shading roughly indicates the energy loss in each element.
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preliminary estimations ðB40%Þ based on the
beam profile and target dimensions.
After selection for cross-section dimensions and

lack of ‘‘pin cushion’’ distortion, one end of each
2-m long BCF-12 fiber received from Bicron was
machined with a diamond cutter to be coupled to a
PMT in a test setup where scintillation light output
and attenuation lengths were measured. The
measured attenuation lengths of most fibers fell
in a range 200–400 cm; however, the parameter of
practical concern is the light output in photo-
electrons per MeV (p.e./MeV) measured at a fixed
distance of 1:6 m from the PMT, which approxi-
mated the conditions in the actual target. The
distribution is shown in Fig. 10 for the 282 fibers
measured. Fibers with a minimum light yield of
14 p:e:=MeV were accepted for the target with an
average for the 256 target fibers of 17:3 p:e:=MeV:
It was found that changing the PMT coupling
from an air gap to a silicone gel coupling increased
the light output by 12%. Nevertheless, since the
light output was adequate with an air gap, this
simpler arrangement was adopted in the target
assembly.
The selected fibers were then diamond machined

to the finished length of 185 cm; and spiral
wrapped with 6.4-mm aluminized Mylar. The main
purpose of the Mylar wrapping was to protect the

fibers in the target array and to avoid the
possibility of light cross-talk between fibers.
Wrapping with white teflon tape was also investi-
gated but neither material produced a significant
improvement in the light output. This can be
largely attributed to the air gap coupling to the
PMT which preselects light rays with near normal
exit angles and thus shallow angles of reflection
propogating in the fiber, where the dominant effect
is internal reflection at the fiber cladding and not
the outer surface.
Fig. 9 also shows the close-packed fiducial

counters surrounding the fiber array. These
counters will be discussed further in Section 4.5.
The array of target fibers and fiducial scintillators/
lightguides was assembled in a jig and the active
end was wrapped to form a rigid light tight ‘‘log’’.
The position of each fiber in the array was
documented so that balancing of higher-gain
PMTs with lower-light-yield fibers was possible.
The ‘‘log’’ was then clamped in a support collar
from which the active end of the target array was
cantilevered in the final assembly. The opposite
ends of the fibers were free to fan out to individual
PMTs (Hamamatsu H3164PX MOD).
Two support assemblies are attached to the

support collar. One extends below to a base which
slides on a track allowing the target to be
positioned and aligned in the detector and easily
moved for access to other systems. The other
support consists of six struts which hold the PMTs
mounted on a facetted plate approximating a
section of a spherical surface, where the fibers are
fanned out to the PMTs. The facetted plate is also
mounted on the sliding base.
The 256 PMT signals from the target fibers were

fed to custom-made postamplifier-discriminator
modules housed in a TKO crate. The postampli-
fiers had a 10-fold gain output delayed by a built-
in hybrid circuit for 100 ns: The analog output fed
the ADC and the output of an incorporated
leading-edge discriminator was used for the TDC.
Fig. 9 illustrates the on-line display of a typical

Km3 event showing the cluster of fibers hit by the
stopping kaon, and the track from the exiting
decay muon. The Kþ decay vertex in the plane
perpendicular to the beam axis is obtained from
the target scintillating fibers with an accuracy of
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Fig. 10. The distribution of light yields in photo-electrons per

MeV of fibers tested for the target, showing the criterion for the

256 fibers selected.
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s ¼ 1:4 mm: The main parameters of the target are
summarized in Table 3.

4.2.2. Ring counters

The coordinate along the beam axis (z-coordi-
nate) was recovered with the hodoscope surround-
ing the target and fiducial counter assembly. The
design is a cylindrical array of plastic scintillator
rings employing wavelength-shifting fiber readout
[11]. The hodoscope parameters were optimized to
obtain high efficiency for detection of minimum
ionizing particles (MIPs) in the high rate environ-
ment, and to achieve better than 2-mm spatial
resolution. The main parameters are summarized
in Table 3.
A schematic view of the ring system is shown in

Fig. 11. The rings of 118-mm inner and 128-mm
outer diameters were cut from 6-mm thick BC408
scintillator sheet using a diamond cutter. The 5-
mm radial ring thickness was a compromise
between high light output and minimal additional
material causing particle scattering and photon
conversions.
Scintillation light is trapped inside the ring by

using a highly reflective wrapping until it is
captured by the WLS fiber. Since the light is
susceptible to inevitable losses before entering the

fiber, the optimization requires high reflectivity at
the scintillator–wrapping boundary, high trans-
mittance at the scintillator–fiber boundary, and
large geometrical acceptance of the fiber. The first
factor is dependent on the wrapping and scintilla-
tor surface treatment, while the second is deter-
mined by the optical couplant, the surface quality
in the contact area, and the ratio of refractive
indices between the scintillator and fiber.
The spectral matching of multi-clad Kuraray

Y11 WLS fiber in combination with Bicron BC408
scintillator provides high light yield [12]. The
Y11(K27) emission peak of 495 nm is shifted to
510 nm after the light travels 1:5 m through the
fiber to the PMT. A fiber with a diameter of
1:0 mm was chosen as a reasonable compromise
between light output and fiber flexibility. To
increase the geometrical acceptance, the fibers are
placed in spiral grooves machined into the outer
circumference of the scintillator rings and glued
using a colorless silicone adhesive SE777.6

The two B1:3-m long ends of the fiber were
inserted into a light-tight flexible tube and the tips
were glued into an acrylic holder. After gluing the
fiber into the holder its ends were cut off and
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Table 3

Main parameters of the target array and ring counters

Target parameters

Number of elements (fibers) 256

Scintillator type Bicron BCF12

Fiber dimensions 5� 5� 1850 mm3

Array ‘‘diameter’’ 9373 mm

Light yield (av.) 17:374 p:e:=MeV (MIP)

PMTs Hamamatsu H3164 PX

MOD

PMT–fiber coupling Air gap

Ring parameters

Number of elements (rings) 32

Scintillator type Bicron BC408

WLS type Kurraray Y11 (1-mm diam.)

Ring dimensions ID 118 mm; OD 128 mm; z-

thickness 6 mm

Light yield (typ.) 46 p:e:=MeV (MIP)

PMTs Hamamatsu R580-17

PMT–WLS coupling Optical grease

µ+

K

ring scintillators

fiducial counters

target fibers

Fig. 11. Isometric view showing the 32 ring scintillators

surrounding the active target and fiducial counters. The WLS

fibers, not shown, were bent and exited to the right to the PMTs

located downstream.

6Toray Dow Corning Silicone, Japan.
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polished. The holder provides a mechanical fiber–
phototube interface and accurately controls the
perpendicular alignment between the fiber axis and
the PMT window. The supporting acrylic also
prevents any erosion or chipping of the fiber edge.
The 32 ring-fiber assemblies were positioned on

a support cylinder made of 0.5-mm thick G10
sheet. The rings are interleaved with aluminized
Mylar to prevent light cross-talk. The wrapp-
ing material causes a 0.30-mm gap between
neighboring rings which resulted in a dead fraction
of 4% for the hodoscope. The hodoscope outer
diameter is limited by the available space requiring
that the fibers be bent and held with adhesive tape
to the detector surface using a minimum 2-cm
bending radius to route the fibers downstream of
the target to the PMTs. The assembled detector
was shielded by a protective outer cylinder
wrapped with black light-tight tape. After instal-
ling the hodoscope and fiber readout ‘‘tails’’ onto
the target, the acrylic holders were attached to the
Hamamatsu R580-17 phototubes using high-visc-
osity optical grease.

4.3. Superconducting spectrometer magnet

The heart of the muon spectrometer is a
superconducting toroidal magnet with 12 iron
sectors separated by 12 gaps [13]. Each iron sector

is magnetized by a superconducting coil, and a
field up to 1:8 T can be excited across the 20-cm
uniform gaps. At a field strength of 0:9 T used for
this experiment, the field is nearly completely
dipole with a slight toroidal component super-
position. Charged particles from the target located
in the center of the magnet are bent by B90� and
tracked by MWPCs at the entrance and exit of
the gap. One sector of the magnet is illustrated in
Fig. 12.
In manufacturing the magnet special care was

taken to assure the dimensional accuracy neces-
sary for high precision experiments. Each iron core
was machined with a precision of 50 mm: The
positioning of the superconducting coil relative to
the core to form a sector was achieved within an
accuracy of 2 mm: Assembly of the entire structure
was performed using a special positioning device
ensuring a rotational symmetry of 30�: The 12
median planes of the gaps converge to a virtual
central axis with an accuracy of 0:3 mm: The
difference of the diameters in the horizontal and
vertical directions is less than 2 mm over a
diameter of about 4:0 m:
As a superconducting magnet this device is

unique in its structure. The coil windings are NbTi
monolith stabilized by Cu operated at about half
of the critical current density at 4:5 K at the
maximum excitation. The windings are cooled
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indirectly by two-phase He flow through one turn
of cooling channel around the windings.
The 12 coils are connected in series and equal

field distributions are generated in the 12 gaps. A
power supply with stability of 5� 10�5 is used.
Because high-quality magnet steel was used for the
cores, there is no significant hysteresis in magneti-
zation. Nevertheless, a definite excitation cycle from
0 T up to 0:9 T and from 0:9 T down to 0 T-has
been followed for the E246 experiment in order to
assure the reproducibility of the field strength.
The field map necessary for tracking was

calculated by using a three-dimensional code
TOSCA [14]. The validity of the map could be
checked from the measured monochromatic mo-
mentum spectra of muons from Km2 and pions
from Kp2:

4.4. Tracking chambers

Charged-particle tracking through the spectro-
meter is crucial in rejecting other kaon decay
modes such as Kp2 and Kþ-pþpþ=0p�=0 (Kp3) by
momentum measurement, and in fixing the kine-
matics of Km3 for the determination of the decay
plane.
To meet these objectives the tracking chambers

needed to have position resolution better than 500
mm in sigma in the direction parallel to the magnet
pole. They must also be able to measure the
position of particles with steep incident angles
(maximum 40�), and have the capability to operate
in the non-uniform magnetic fringe field of the
toroid up to 4 kG:

4.4.1. C1

Before the ring hodoscope was installed, the first
tracking element outside the active target/fiducial
counters was an annular cylindrical drift chamber,
C1. It consisted of four layers of drift cells with a
central anode wire in each, between cylindrical
cathode planes at the inner and outer radii of the
annular cylinder. The anode signals from the drift
cells provided additional ðx; yÞ coordinates outside
the target, and were also able to detect photon
conversion in the outermost layers of the target.
The cathode planes were etched to form 45�

spiral strips, with the inner and outer planes of

opposite pitch, so that a measure of the axial track
coordinate z was obtained from the induced
charge distribution from the inner- and outermost
drift cell layers. Under the conditions of high-
intensity beam operation, the high rate experi-
enced so near the stopping target proved the ring
counter hodoscope (Section 4.2.2) to be more
reliable in extracting the z coordinate rather than
the C1 cathodes.

4.4.2. C2, C3 and C4

Sets of three planar multiwire proportional
chambers (MWPC) were installed at each magnet
gap. One MWPC was installed at the entrance of
the magnet gap (C2) and two were installed at the
exit (C3 and C4).
These MWPCs utilize cathode readout in order

to save readout space around the chamber and to
offer high position resolution in the non-uniform
magnetic field. Each chamber has two sets of
cathode planes: one for the azimuthal (or y)
coordinate and the other for the polar (or radial)
coordinate. The 20 mm-diameter Au-coated W
anode wires run with 2-mm spacing parallel to the
magnet gap median plane in order to provide
higher position resolution for the cathode plane
measuring the most sensitive coordinate for the
momentum reconstruction. The cathode strips
running perpendicular to the anode wires, are 9-
mm wide, spaced 1-mm apart, and consist of an
18-mm thick Cu coating on Kapton foil. The half-
gap between the anode and the cathode planes is
6 mm:
A schematic view of the MWPC is shown in Fig.

13. Given the spatial constraints near the gap, one
important feature (in particular for C2) is the thin
Al frame which maximizes the sensitive area in the
space available.
The chambers were operated in proportional

mode with a 50:50 Ar:ethane gas mixture. The
three chambers in each gap are connected in series
with a gas flow of 30 cm3 min�1 from the gas
circulating system. The main parameters are
summarized in Table 4.
Signals from each cathode strip were amplified

in two stages. The first was the preamplifier
mounted on the MWPC which drove the cable
going into the counting house where the signal was
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further amplified by the main amplifier. After the
main amplifier, charge information of each cath-
ode was digitized in an ADC, after being multi-
plexed with signals from six chambers into one
output in order to reduce the number of ADC
channels.
The MWPC hit position was obtained using the

‘‘charge-ratio method’’ [15]. In this method,
the analog signals of three strips—the strip with
the maximum charge and the two adjacent strips—
are used. Using data, the value

R ¼
qmax � qmaxþ1

qmax � qmax�1
ð3Þ

is calculated, where qmax; qmaxþ1; qmax�1 are the
maximum induced charges in the three strips, and
tabulated. The hit position is then estimated by
table lookup of values of R determined for 2-mm

steps across the 10-mm wide strip pitch using the
induced charge distribution as in Eq. (3).
Using the charge-ratio method there are two

major problems which cause systematic shifts of
the reconstructed position. One is caused by
oblique incident particles. In our case the incident
angle could be as large as 40�: In such a steep
incident angle, the gas multiplication is no longer
point-like. Rather, it is distributed on the anode
wire along a limited path. As a result, the induced
charge distribution differs from that in normal
incident tracks. To manage the oblique incident
case, charge-ratio tables for various incident
angles were prepared and used in the analysis.
This treatment reduced the systematic position
shift from 7600 to 750 mm: The position resolu-
tion ðsÞ was measured as a function of incident
angle and is shown in Fig. 14.
The other problem is caused by non-uniformity

of the amplifier gains. From test results the
maximum fluctuation of the gains was as large as
20% and would result in a B500 mm systematic
shift in the reconstructed position. To minimize
this effect, gain calibration using ADC pedestal
information was applied for each amplifier channel
[16]. Using the calibration, the hill-valley structure
seen in the reconstructed position caused by non-
uniform amplifier gain was removed and the
overall position resolution was improved about a
factor of two.

4.4.3. Gas recycler

The recycler was designed to provide gas flows
up to 3:5 l min�1 with recycle ratios from 0 to
100%. Reusable active filters in the system reduce
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Table 4

Main parameters of the planar MWPCs

Anode wires 20-mm-diameter Au-coated W

Anode pitch 2 mm

Half gap 6 mm

Cathode strips 9-mm width with 1-mm spacing

Effective area

C2 16� 56 cm2

C3 20� 64 cm2

C4 20� 72 cm2

Gas mixture Ar:ethane 50:50

Readout x; y cathode strips
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water vapor and oxygen concentrations to below
5 ppm: A schematic diagram of the system is
shown in Fig. 15.
Mass flow controllers (MFCs) are set to deliver

argon and ethane to prepare the required mixture
at a high flow rate (5 l min�1 Ar/ethane 50:50).
The flow of the mixture is monitored by a mass
flow meter (MFM) and the mixed gas flows into a
mixing buffer. The pressure of the mixing buffer
measured by a pressure transducer (PD) controls
the MFCs, i.e., the MFCs are turned on whenever
the pressure in the buffer falls below the lower set
point and are turned off when the pressure rises
above the upper set point.
The gas supplied from the mixing buffer

combines with the recirculated gas from the pump
and flows into one of two filtration cartridges.
Each cartridge contains one-third 4- (A molecular
sieve to remove water, and two-thirds BASF R3-
11-activated copper for removal of oxygen. A
particulate filter removes all particulates larger
than 2 mm: After filtration, the gas flows through
the temperature-controlled (typically �15�C) etha-
nol bubbler which adds ethanol if there is too little
in the gas stream and removes ethanol if there is
too much.
The gas then flows through a manual valve and

a solenoid valve to the distribution rack. To
protect the chambers from excessive over or under
pressure, the solenoid valve will automatically
close if the pressure measured by the pressure
transducer moves beyond the preset upper and
lower set points.

The returned gas from the chamber distribution
system flows to a return buffer tank. The pressure
with respect to atmosphere at this point is
controlled by a pressure transducer, PID control-
ler, and mass flow controller and remains constant
at the preset value of the PID controller.
The distribution rack allowed the gas supplied

from the recycler to be partitioned into 17 separate
gas circuits, then recombined into a single return
flow back to the recycler. Manual flowmeters
(rotameters) and mass flow controllers were used
to control and measure supply flows in each
circuit, and mass flow meters measured return
flows from the chambers.
Gas contamination was checked periodically

with a gas chromatograph.7 When a filter was
saturated and no longer able to absorb oxygen, a
regenerated one was put into service by redirecting
the gas, and the saturated one was removed for
regeneration in a controlled heating cycle in an
H2=N2 gas flow.

4.5. TOF counters

Charged particles were identified by measuring
TOF between the fiducial counter next to the
target (see Fig. 9) and the TOF2 counters placed at
the exit of the magnet gaps, just behind the C4
chambers, as shown in Fig. 3. Ideally for TOF
measurement, scintillation light should be col-
lected from both ends of the scintillator to cancel
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7Shimazu Model GC-4C, Kyoto, Japan.
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the time jitter due to the light propagation time.
However, the fiducial counters are restricted to
one-side readout because of limited space around
the target. Therefore, we had to correct for the
time walk related to the particle hit position. The
20-cm axial length of the fiducial counters was
chosen to match acceptance of the spectrometer
and the stopping distribution of the 660-MeV/c
kaon beam with momentum spread of B73%:
The main TOF system parameters are summarized
in Table 5.
The size of the TOF2 counter was 20 cm in

width, 2 cm in thickness, and 80 cm in length. The
scintillation light was read from both ends. Since
there was a relatively strong fringing field at the
exit of the toroidal magnet, the phototubes had to
be located remotely (B50 cm from the scintilla-
tors). The scintillation light was reflected once and
transported to the phototube (Hamamatsu H1161)
through acrylic light guides. Output signals of the
fiducial counters and TOF2 counters were split by
an analog divider to feed the leading edge
discriminator and the charge ADC. For timing
adjustment, the discriminator output signal was
delayed and fed to a 25-ps bin TDC.
The hit time for the TOF2 counter ðtTOF2Þ was

defined as the mean time measured by both
phototubes, while the time for the fiducial counter
ðtf Þ was corrected to give

tTOF1 ¼ tf þ x=cn ð4Þ

where x is the particle hit position and cn is the
speed of light in the plastic counter used to apply
the photon propagation time correction. The value

of cn ¼ 18 cm ns�1 was obtained in a test experi-
ment. A time-walk correction of the leading-edge
discriminator was also applied. The actual TOF
between the fiducial and TOF2 counter was
obtained using an offset term to account for fixed
relative time differences between the counters.

TOF ¼ tTOF2 � tTOF1 þ Dt: ð5Þ

The offset term, Dt; was calibrated using the
mono-energetic charged particles of pþ and mþ

from Kp2 and Km2 decay. In these decays, the
particle identification could be done by analyzing
their momenta, and therefore an actual TOF was
calculated by using the information on flight path
length and momentum. Then, the velocity ratio of
b ¼ v=c and mass squared of the charged particle
ðM2Þ were deduced as

b ¼
L

TOF� c
; M2 ¼ p2ð1=b2 � 1Þ ð6Þ

where L is the flight length and p is the momentum
of the charged particle. Fig. 16 shows a typical M2

spectrum integrated for all momentum regions.
The timing resolution is approximately 270 ps
which is adequate to separate Km3 and
Kþ-p0eþn ðKe3Þ decays.
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Table 5

Main parameters of the TOF measurement system

Flight path 2 m (typical)

TOF resolution 270 ps ðsÞ

Fiducial-TOF1 (start) TOF2 (stop)

Scintillator

type

Bicron BC408 Bicron BC408

PMT Hamamatsu H3171-03 2�Hamamatsu

H1161

Dimensions 27n � 10n � 200 mm3 200� 20� 800 mm3

n Irregular (see Fig. 9)
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5. Photon detector

The photon calorimeter was segmented into 768
CsI(Tl) crystals covering a large solid angle
surrounding the kaon stopping target of approxi-
mately 70% of 4p sr in order to measure the
p0-gg from Km3 decay with high acceptance. The
detector was optimized for the photon energy
range of 10–250 MeV and the high degree of
segmentation provided good kinematic resolution
for the p0’s. In order to reject background from
other beam-associated accidentals, good timing
resolution is necessary. The very limited space in
the central part of the spectrometer magnet
required a compact design with a read-out
technique immune to the significant fringe mag-
netic field. Details of the system have been
described in Refs. [7,17]. In this section the basic
features are summarized.

5.1. Barrel structure

Fig. 17 shows the crystal arrangement in the
detector. It has a barrel structure with two holes
on the beam axis, and 12 azimuthal holes for
muons to enter the spectrometer magnet gaps. The
optimization of the crystal array to maximize
overall acceptance was described in Section 2.5,
and the diameter of the beam-axis holes was
determined so as to accommodate beam instru-
mentation upstream, and the target and central
tracking assembly downstream.
The whole structure is upstream–downstream

symmetric. Around the target in the center of the
barrel, the inner diameter is 40 cm and the outer
diameter is 100 cm: There are 10 different crystal
shapes (see Fig. 17) used as a function of the polar
angle position. The angular segmentation is 7:5� in
both the polar and azimuthal directions except for
the crystals nearest the beam axis (Type 10). The
axis of each crystal points to the center of the
target and has a length of 25 cm corresponding to
13.5 radiation lengths. The main parameters of the
barrel are summarized in Table 6.
The crystal assembly is mounted in a cylindrical

housing with high mechanical precision. An
aluminum support structure bears the total weight
of 1700 kg while minimizing material between the
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Table 6

Specifications of the CsI(Tl) photon detector

Barrel

Segmentation Dy ¼ Df ¼ 7:5�

Total crystal weight 1700 kg

Inner diameter 40 cm

Outer diameter 100 cm

Detector length 141 cm

Solid angle coverage 75% of 4p

Modules

Crystal length 25 cm ð13:5X0Þ
Surface treatment Mirror polished (partially

sanded)

Reflector Two layers of 120-mm
thick GSWP00010

Mean light yield (Type 1–9) 10920 p:e:=MeV

Mean light yield (Type 10) 17400 p:e:=MeV

Container 100 mm thick Al can

PIN diode 18� 18 mm2; 300 mm
(Type 1–9)

25� 25 mm; 500 mm
(Type 10)

Power consumption 0:25 W per preamplifier
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stopping target and the CsI(Tl) volume. Each
crystal module is suspended from an outer rib
structure avoiding a load on the inner 3-mm thick
Al cylinder. Care was taken in the precise
mounting to minimize gaps between crystal
modules which would degrade energy resolution.
The total assembly rolls on four small wheels on
two rails into position in the inner bore of the
toroidal spectrometer magnet.

5.2. CsI(Tl) modules

The crystals were grown at the Institute of
Single Crystals in Kharkov, Ukraine, and shaped
with a precision of 150 mm for each type. The
structure of a crystal module is shown schemati-
cally in Fig. 18. The typical size of the modules is
3� 3 cm2 at the front end and 6� 6 cm2 at the
back end. Each crystal was wrapped with two
layers of 120-mm thick white diffuse filter paper8

and contained in a 100-mm thick Al shell. To
achieve good light-yield uniformity along the
crystal axis, before wrapping the mirror-polished
surface of the crystals was ‘‘tuned’’ in the region
nearest the readout by roughening by sanding. The
light-yield uniformity is as good as 72% which is
sufficient to provide linearity in energy measure-
ment.
PIN photo-diodes of the type S3204-03 ð18�

18 mm2; 300-mm thick wafer) and S3584-05 ð28�
28 mm2; 500-mm thick wafer) were chosen for
Type 1–9 crystals and the larger Type 10 crystals,
respectively. 9 They were glued directly to the rear
face of the crystal using a single-component type
SE777 silicone glue (see footnote 6) with short
curing time and excellent adhesion between the
crystal and diode. A charge-sensitive preamplifier
was mounted just behind the diode attached to an
Al frame. Power consumption is 0:25 W for each
preamplifier for a total detector heat load of 200
W, which is cooled by temperature-controlled dry
air flow into the barrel cylinder. The outside of
each Al shell was painted black to obtain electrical
isolation and absorb any stray reflected light. An

optical fiber feeds calibration light to the back end
from a Xe-lamp monitoring system.
Average light yields for the modules are

summarized in Table 6 and almost all the modules
have light yield more than 8000 p:e:=MeV: The
energy resolution of the modules was measured
using a 1.27-MeV22Nag source to be 13–14%
(FWHM), and the average equivalent noise level
(ENL) was determined to be 63 keV:

5.3. Readout electronics

Each low-noise pre-amplifier feeds a main
amplifier (MA) with low-gain and high-gain out-
puts and incorporated timing-filter-amplifier
(TFA). The low-gain signal is fed to a peak-
sensing ADC as well as to a transient digitizer
(TD) for energy measurement. The TFA provides
a 450-ns wide pulse to a constant-fraction dis-
criminator (CFD) whose output signal is fed to a
0.7-ns bin TDC for time measurement. The gain
and time constant of the preamplifiers were
optimized for the average energy deposit and
counting rate. The adjustable shaping time con-
stant of the MA was typically 1:0 ms, and a pole-
zero cancellation circuit and baseline restorer in
the main amplifier allowed good high rate
performance; at 10 kHz average rate, energy
resolution did not degrade appreciably, keeping
92% counting efficiency.
The TD is based on a switched-capacitor-array

(SCA) integrated circuit which allows waveform
recording with 12-bit accuracy at the maximum
sampling rate of 10 MHz [18]. It provided addi-
tional double-pulse resolving ability at higher rate,
supplementing the ADC and TDC systems. The
main characteristics are summarized in Table 7.
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8Millipore Corporation, GSWP00010.
9Hamamatsu S3584–05 (CPD ¼ 200 pF; IDo100 nA) and

S3204–03 (CPD ¼ 140 pF; IDo20 nA).
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5.4. Xenon lamp monitoring system

The Xe-lamp monitor system provided test light
pulses to each module to detect failed photo-
diodes and to do other diagnosis of the readout
electronics. The light is distributed to each crystal
module through an optical glass fiber and a mixer
fanout box. The light signal is split in two stages,
24� 32 to feed the 768 crystals. The distributors
provide uniform light to each crystal to within
712% with overall loss of 18 dB: The Xe lamp10

operates at a repetition rate of 10 Hz; and has an
emission spectrum similar to CsI(Tl). The typical
response of a crystal corresponds to an energy
deposit of 50–100 MeV: The short-term stability of
pulse height was 2% (FWHM) which was mon-
itored by a PMT which also provided the trigger
signal in the calibration measurement.

5.5. p0 detection performance

The CsI(Tl) calorimeter performance is sum-
marized in Table 8. The energy resolution was
measured using tagged photon beams with vari-
able energy in a prototype assembly of 30 similar
crystals assembled in a 5� 6 matrix. Energy
resolutions of sE=E ¼ 2.8 and 4.3% were obtained
for 200 and 100 MeV photons, respectively. In the
actual detector with the 12 muon holes, however,
the resolution is dominated by lateral leakage of a
shower resulting in a low-energy tail. Typical
resolution for the sum energy of two photons from
Kp2 decay is sE=E ¼ 4:1%: The single crystal
resolution of sE=E ¼ 1:7% was measured using
the 152-MeV mþ from Km2 decay by selecting

events with no energy deposit in the neighboring
crystals. The Km2 muons were used for the crystal
gain calibration. The electronic noise contribution
to the energy resolution was found to be negligibly
small; from an ADC pedestal measurement the
incoherent contribution was sE ¼ 250 keV when
summed over nine crystals while the coherent
contribution was sE ¼ 11 keV per module.
For p0 kinematics determination, the photon

spatial resolution is essential. The directional
resolution of p0’s was sy ¼ 2:3� using a back-to-
back correlation between the p0 and pþ of
Kþ-pþp0ðKp2Þ decay, corresponding to a spatial
resolution of 7:6 mm: A typical time spectrum is
shown in Fig. 19(a). For the energy range of 10–
200 MeV the resolution was sT ¼ 3:8 ns in the
experiment. Fig. 19(b) shows the energy depen-
dence of the resolution.
Fig. 20 shows the invariant mass spectrum of

two photons from Kp2 decay using 5� 5 crystal
clustering: (a) is the spectrum of the whole detector
with sMgg ¼ 6:7% at 129:6 MeV=c2 which includes
the deterioration due to shower leakage. The
resolution improves to 5.6% for events away from
the muon holes (b) [19].

6. Muon polarimeter

By using the longitudinal field method intro-
duced in Section 2.2, the transverse polarization
component PT is preserved under the holding field
and the in-plane components PL and PN are
precessed as illustrated in Fig. 2. The transverse
component is then detected as a left–right, or

ARTICLE IN PRESS

Table 7

Main parameters of the transient digitizer

Type Switching capacitor array + ADC

Bin size 640 ns

Number of bins 128

Dynamic range 12 bit

Conversion time 820 ms for four multiplexed SCAs

Linearity o0:1%

Table 8

Performance of the CsI(Tl) photon detector

Energy resolution s=E 4.3% at 100 MeV

2.8% at 200 MeV

Electric noise (incoherent) 250 keV ðsÞ for nine modules
Electric noise (coherent) 11 keV per module

Linearity 2% for 5–250 MeV

Spatial resolution (rms) 7:6 mm at 200 MeV

Angular resolution (rms) 2.2–2:4�

Time resolution (rms) 3:5 ns at 100 MeV

p0 mass resolution p7:5 MeV=c2

10Hamamatsu L2189.
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clockwise–counter-clockwise asymmetry of decay
positrons with respect to the muon stopper.
The structure of the polarimeter is shown in Fig.

21. The field on the stopper was formed by iron
shim plates which shaped the superconducting
magnet fringing field. Its distribution on the muon
stopper was symmetric but not uniform as can be
seen in Fig. 22.
To detect a tiny effect of PT; the analyzing

power AT=PT should be as large as possible, and
there must be no depolarization of the stopped
muon spin. Any depolarization that could be
material and field strength dependent not only

reduces the effect but also has the potential to
introduce spurious effects.

6.1. Rotation of the polarization vector in flight

As the muon goes through the magnetic field
in the magnet gap its spin rotates around the B

field axis along with the trajectory. The effect
of the spectrometer magnetic field on the rota-
tion of the muon polarization vector was studied
in a GEANT3 simulation [20] which included
the relativistic Bargmann–Michel–Telegdi equa-
tion [21] to treat polarization dynamics. Muon
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depolarization due to multiple scattering was
evaluated [22] separately and found to be unim-
portant. After being bent by about 90� through the
gap, the projection of polarization on the median
plane of the gap is conserved as well as the median-
plane perpendicular component. By integrating
forward or backward pion regions the net perpen-
dicular component, which should be PT; remains
the azimuthal polarization at the exit of the gap.

On entering the Cu degrader and Al stopper,
depolarization takes place due to the relativistic
effect in multiple scattering. The degree of
depolarization can be evaluated both for long-
itudinal component ðPLÞ and transverse compo-
nents (PN and PT) [22] and was found to be
negligibly small. The spin dependence of Mott
scattering was also considered, since it may
generate left–right asymmetry in the muon stop-
ping distribution giving an opposite effect for
forward and backward pions potentially resulting
in a spurious T-violating asymmetry. However,
this asymmetry is very small for small scattering
angles in multiple scattering where the cross-
section is large.

6.2. Spin rotation field

The configuration of the muon degrader,
stopper, positron counters, and magnetic field
shim plates was designed to optimize the polariza-
tion sensitivity and minimize spurious instrumen-
tal effects. This required a careful balance between
ensuring the necessary solid angle for positron
detection and avoiding asymmetries in the field
distribution. The field distribution the in r � f
plane is shown in Fig. 22. If seen locally PN and PL

are admixed to the azimuthal component PT in the
course of precession around the tilted field line. It
was therefore essential to realize a perfect sym-
metry of the field distribution across the magnet-
gap median plane so that any effect from the in-
plane components vanishes in total.
The position and structure of the shim plates

was designed using a three-dimensional field
calculation code TOSCA [14]. The field on the
muon stopping distribution should be as high as
possible by guiding the fringing field from the
superconducting magnet so that it decouples the
stray fields in the experimental area. In addition, a
possible effect from coil misalignment in the
cryostat should be negligible. There should be no
saturation in the iron in order to suppress
unwanted effects which might be material depen-
dent and have hysteresis characteristics. Finally, a
simple structure was preferred for ease of precise
installation.
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Fig. 21. Schematic structure of the muon polarimeter.
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In the designed configuration an average field
strength in the region of stopping muons of 130 G
was realized for the 0.9-T magnet excitation. The
magnetization in the shim plates made of high-
quality magnet steel is 300 G maximum and well
below saturation.
Each plate was manufactured with a precision of

50 mm and the installation was done with an
accuracy of 200 mm relative to the magnet gap
median planes by using a specially prepared jig.
Field mapping was performed at 0.9-T excitation
using a three-dimensional Hall element mounted
on a specially made scanning device. The four-
Euler-angle method was employed. Details of the
measurement in which the strength accuracy of
0:1 G and an angular accuracy of 1:0 mr are
achieved was described in Ref. [23]. Three tilt
angles of the distribution were deduced from
the measured field maps, and are summarized in
Table 9. These characteristics of the muon spin
rotation field are adequate for the present experi-
ment.

6.3. Al stopper and material test

The muon stopper was required to be thick
enough to stop muons, but it must also allow the
positrons to escape. An array of eight 6-mm thick
pure aluminum slabs, 160-mm wide by 550-mm
long, with 8-mm spacing was used. The stopping
efficiency for Km3 muons was 78%. The material
we used was type 1N99 which corresponds to a
purity of more than 99.99%. It is well known that
muons imbedded in pure Al show neither initial
loss of polarization nor spin relaxation [24]. Actual
material was studied in a mSR experiment with

polarized muons at the Meson Science Laboratory
of the University of Tokyo (UT-MSL). Muons
from the beam were stopped and allowed to decay
in the aluminum located in the center of two
Helmholtz coil magnets, allowing the application
of both transverse and longitudinal magnetic fields
of variable strength. Located symmetrically up-
stream and downstream from the stopper were two
arrays of positron detectors.
The forward/backward asymmetry of muon

decay positrons was determined as the ratio

A ¼
Nb � Nf

Nb þ Nf
ð7Þ

where Nb and Nf are the time-dependent positron
counts in the forward and backward counters,
respectively. After subtracting constant back-
ground components in Nb and Nf and normal-
ization, the asymmetry A was fit to a function

F ðtÞ ¼ A0e
�lt cos ðot þ f0Þ ð8Þ

where A0 is the initial asymmetry, l is the damping
rate determined by spin relaxation and field
inhomogeneity, o is the precession angular velo-
city, and f0 is the small initial phase shift. Fig. 23
shows a typical asymmetry spectrum for a 30-G
field. The measured damping rates for three
different field strengths are listed in Table 10.
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Table 9

Magnetic field characteristics on the muon stopper

Average field strength 130 G

Accuracy of field mapping

Field strength 0:07 G
Field vector angle 1:0 mr

Asymmetry of the distribution

Offset in y direction 0:9 mm
Rotation around z-axis 0:15 mr
Rotation around x-axis 1:58 mr
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Fig. 23. The mSR spectrum in a 30-G transverse field from a

sample of type 1N99 pure aluminum used for the polarimeter

muon stoppers. The vertical axis is the asymmetry after

subtraction of the muon decay lifetime.
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They are all small enough to indicate that spin
relaxation in this Al material is negligible.

6.4. Positron counter system

6.4.1. Structure

Two adjacent muon stopper arrays share one
positron counter assembly between them, being
the clockwise counter with respect to one gap and
the counter-clockwise counter of the neighboring
gap. Each of the 12 positron counter assemblies
comprises a three-fold segmented positron counter
sandwiched between two coincidence counters,
depicted as (B) and (A,C), respectively, in Fig.
21. Each segment of the positron counter is 10-mm
thick, 100-mm wide, and 840-mm long, so that the
total width is 300 mm: Each segment is read by
two mesh-type PMTs (Hamamatsu H6154), which
retain high gain in a magnetic field. The
3� 380� 920-mm3 coincidence counters were
designed so that their solid angles from any point
in the muon stopper are larger than that of the
positron counter. The triple coincidence among all
three layers confirmed a positron free from the
background, mainly photons and neutrons. The
geometrical acceptance of the positron counter
assembly is about 13% of 4p solid angle.
Each element in the polarimeter was accurately

positioned to better than 1 mm in order to
minimize false asymmetry in the positron counting
due to instrumental mis-alignment. The maximum
alignment deviations of the positron counters and
muon stoppers are listed in Table 11, and are
smaller than the calculated limitations.

6.4.2. Coincidence

A block diagram of the positron detection logic
is shown in Fig. 24. In order to obtain the time
spectrum of the positron from Km3 muons, the

coincidence information between the three-fold
segmented positron counter and the coincidence
counters was used as the TDC stop signal. The
TDC start was generated by the coincidence of
TOF2, the polarimeter trigger counter and the
fiducial counters. To reject other decay modes,
additional signals from other detectors were
available. The discriminator thresholds of the
counters were set to be sufficiently low (o200
mV) in order to achieve close to 100% efficiency
for positrons. The triple coincidence reduced the
count rate to about 40% of that without the
coincidence counters by suppressing the back-
ground of mainly neutral particles. The PMT gain
drifts were monitored using the MIP peak position
in the ADC spectra.
Fig. 25 shows a typical ADC spectrum of the

energy deposition of minimum ionizing cosmic
rays in one positron counter, corresponding to a
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Table 11

Maximum alignment deviation of polarimeter elements

Dx (mm) Dy (mm) Dz (mm)

Muon stopper 71 70:2 70:2
Positron counter 70:5 70:2 70:2

Table 10

Measurement of mSR amplitude damping rate for Type 1N99

Al (> 99:99% pure) in various transverse field strengths

Field (Gs) Initial asymmetry Damping rate ðms�1Þ

30 0:20870:001 0:006270:0012
50 0:20570:001 0:008170:0010
70 0:19970:001 0:005170:0010

Fig. 24. Block diagram of the positron detection logic.
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light yield at the peak of 290 photoelectrons. An
additional calibration system using a xenon lamp
was also employed. Optical fibers distributed the
light to all 36 scintillators of the three-segmented
positron counters. The system supplied a stable
photon yield to each PMT larger than that for
MIP, with a fluctuation of less than 10%.

6.5. Asymmetry measurement and polarization

The measurement of muon polarization Pm is
based on the asymmetry of positrons emitted in
muon decays with a lifetime of tm ¼ 2:2 s: In the
longitudinal field method, the angular distribution
of the energy integrated positron counting rate,
Neþðy; tÞ is expressed as

Neþðy; tÞ ¼ N0 expð�t=tmÞ½1þ aPm cos y
: ð9Þ

Here, a is the analyzing power, Pm is the long-
itudinal muon polarization, and y is the emission
angle relative to the axis. (For an ideal case of no
interaction with matter of the emitted positron and
no trajectory distortion, a is 1/3.) In the present
configuration, the longitudinal component is the
average transverse polarization in the azimuthal
direction, which can be determined from cw/ccw
asymmetry of time integrated positron counting
rates as

PT ¼ ða/cos yTSÞ�1
Ncw � Nccw

Ncw þ Nccw
: ð10Þ

The analyzing power, a; included three experi-
mental effects from (1) the finite solid angle of the
counters, (2) scattering and absorption in the Al
stopper, and (3) spin precession around the

magnetic field which is not everywhere parallel to
the azimuthal direction (see Fig. 22). The analyz-
ing power a could be optimized to provide the
maximum figure of merit, a

ffiffiffiffiffiffiffiffiffi
Neþ

p
: Experimentally,

it was checked using the Km3 data. By selecting p0’s
normal to the beam on the left side and right side,
one orients the in-plane mþ polarization PN

azimuthally in the stopper rather than PT in the
case of fwd or bwd p0’s. The positron asymmetry
AT was measured as the cw and ccw difference of
the counting rate as in Eq. (10). The average PN

was calculated from a Monte Carlo simulation. a
is then deduced as a ¼ AT=/PTS to be typically
0.28–0.30.

6.6. Veto counter system

One of the advantages of the present experiment
is a relatively low background level at the
polarimeter compared with the previous in-flight
experiments. However, the influence of the back-
grounds due to beam particles cannot be elimi-
nated completely. In order to reduce these
backgrounds and study their characteristics, an
array of veto counters was installed, as shown in
Fig. 26.
The main components are the B-veto counters,

which cover the inner-radius region of the
polarimeter to isolate the polarimeter from the
beam. The P-veto and U-veto counters located
behind the muon stopper and positron counter,
respectively, were aimed at rejecting events such as
muons passing through or scattering off the muon
stopper. The S-veto counters, covering the outer-
radius region of the polarimeter, rejected muons
exiting the muon stopper to the outside of the
polarimeter. About 30% of the accidental back-
ground in the positron time spectrum could be
rejected by these veto counters. Also, by using
calibration data which were collected with a
special trigger, we found that 10% of Km3 decay
muons escaped the polarimeter and were rejected.

7. Trigger

The overall trigger scheme is shown in Fig. 27.
The first-level trigger requires an incoming kaon
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Fig. 25. Positron counter ADC spectrum from cosmic rays.
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followed by its decay daughter particle hitting a
fiducial counter and passing through a toroidal
magnet gap to the TOF2 counter. The coincidence
logic is defined as

CK#
X12

i¼1

ðFIDi#TOF2i#PLiÞ ð11Þ

where CK is the kaon Cherenkov counter with
multiplicity larger than six PMTs hit, FIDi is a hit
of the ith fiducial counter or its immediate
neighbors, and TOF2i and PLi are hits in the
TOF2 and polarimeter trigger counters, respec-
tively, in the ith gap.
The first-level trigger rate was about 200/beam-

spill per gap, i.e. 2:4� 103=pulse in total, for 3�
105 incident kaons/beam-spill with a p=K ratio of
B6: The second-level trigger required hits in the
CsI(Tl) photon detector. Analog signals from the
CsI(Tl) crystals were discriminated by constant
fraction discriminators (CFD) with an energy
threshold of 5 MeV; and then the existence of at
least one discriminated signal within a coincidence
time window of 150 ns was required. Hits in the

crystals surrounding the muon hole corresponding
to the first-level trigger vetoed the event in order to
suppress muons scattering off the crystals around
the muon hole. A rejection factor at the second
level trigger was about 1.7.
The third-level trigger required hits in the triple

coincidence of the positron counter arrays adja-
cent to gap i within 20 ms after the first-level
trigger. The rejection factor of the third-level
trigger is about 13. Events which did not satisfy
either the second or third-level triggers by 20 ms
after the first-level trigger were cleared. As a
consequence, about 110 events/pulse survived, and
100 events were recorded to tape for analysis
offline. The breakdown of the trigger rates is
summarized in Table 12.

8. Data acquisition

8.1. Hardware

The E246 DAQ system was designed as a
parallel processing system based on a VME bus,
a TKO bus, and standard Fastbus and CAMAC
systems linked with workstations. The VME bus
was used as the main back-end system which
collected all the data using a single-board compu-
ter on the VME bus.
The TKO system was developed and has been

used as a standard at KEK [25]. It was used to
read data from ADC and TDC modules connected
to the scintillation counter systems and the
MWPCs.
Fastbus was used to read data from multi-hit

TDC modules fed from the polarimeter positron
counters and from the high rate beam counters.
The SCA transient digitizers for the CsI(Tl)
photon counters were also mounted and read out
in Fastbus crates. CAMAC was used only for slow
monitoring and for trigger control. Workstations
were used for on-line monitors. The configuration
of the DAQ system is shown in Fig. 28.
TKO and Fastbus have intelligent controllers

and buffer memories and work independently
crate by crate. The KEK-PS beam has a spill
structure that is 0.7-s beam on and 2.3-s beam off
and the DAQ system took advantage of this
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beam veto
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e+ counter

X
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Fig. 26. The array of veto counters in the polarimeter.
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structure. During the spill beam-on period, the
system only read data from the front-end modules
and stored the data into local memories in each

crate. During the between spill beam-off period,
the stored data were transferred to the back-end
system, and gathered by the managing process.
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The gathered data were stored in a large main
buffer which has typically about 32 Mbytes
capacity and then recorded onto DLT tape. A
part of the data were distributed to analysis
processes via ethernet for on-line monitoring.

8.1.1. TKO system

The TKO intelligent sequencer, the SCH (VME
version of the control header, CH [26]) has many
functions for reading modules and works as a
bridge between TKO and the VME bus. On the
VME bus side, a partner module called the
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Table 12

Break down of the total 12 gap trigger rate

3� 1012 Protons/spill

1st level trigger

CK 300 k/spill

CK#FID 125 k/spill

CK#FID#TOF 7.7 k/spill

CK#FID#TOF#PL 2.4 k/spill

1st level # photon 1.4 k/spill

1st level # photon # positron 110 /spill

Live time fraction = 90% 100 /spill
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Fig. 28. A schematic view of the data acquisition (DAQ) configuration.
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SMP (S Memory Partner [26]) functions as a local
buffer memory for the TKO data and for
controlling the SCH. A total of eight TKO crates
are used to read out the ADCs and TDCs for the
plastic scintillator PMTs and the CsI(Tl) PIN
diodes, as well as the ADCs for the MWPCs.

8.1.2. Fastbus system

Fastbus was used to read multi-hit LeCroy
1877/1879 TDC modules with a time range long
enough to cover several 2-ms lifetimes of the muon
decay. The LeCroy 1877/1879 has local buffer
memory in each module which was used in pipeline
mode. The conversion time of the multi-hit TDC
could be ignored in this experiment, which was
done at a trigger rate of a few hundred Hertz.
To communicate between Fastbus and the VME

bus, we used a master processor unit in each of the
four Fastbus crates, which controlled the 1877 and
1879 modules. This unit has a dual-port memory
(DPM) which is connected to both the inner bus
and the VME bus to handle communication
between the two.
A command interpreter for controlling the

Fastbus system running on each unit received a
command from the VME system via the DPM to
acquire data independently. During beam-off this
command interpreter initiated the data transfer
from each of the local memories to the VME bus
system also via the DPM.

8.1.3. CAMAC system

The CAMAC system was used as a trigger
control and condition monitor. In the CAMAC
system, output registers, scalers, input registers,
scanning ADCs, and a crate controller were used.
The Kinetic Systems 3922 crate controller received
commands from a partner Kinetics 2940 which
resided in the VME crate. After each beam-on
spill, the CAMAC system scanned the spill
information, trigger conditions, and counter vol-
tages for monitoring.

8.1.4. VME bus system

The VME bus system functioned as master of
these systems, controlling the other systems and
reading the data collected by each system during
the spill. An HP-753 VME master module (PA-

RISC, 64 Mbytes memory) was used as the main
DAQ controller, running HP-RT, a real-time
operating system based on LynxOS. This module
was connected to a DLT tape drive for data
logging.
The slave modules for the other bus systems

that communicated with the VME bus masters
were eight SMP modules for the TKO system and
four AMSK DPM modules for the Fastbus
system. A second HP-753 module on the VME
bus running the UNIX-based HP-UX operating
system provided the development environment for
the HP-RT system. When the DAQ system was
running, this module was available to run on-line
analysis.

8.1.5. Data recording and on-line analysis

Two major features of the DLT tape format are
high recording speed ð1:5 Mbytes s�1Þ and large
capacity (20 Gbytes). Our data rate was typically
2:4 Mbytes in each 0.7-s long spill every 3:0 s for
an average 0:8 Mbytes s�1; well within the cap-
ability of the DLT.
The on-line analysis mainly for monitoring data

quality used a distributed system over ethernet. A
fraction of the data were transferred via TCP/IP to
typically three workstations—Sun ipx, Sun ipc,
and intel-PC/Linux.

8.2. Software

The DAQ software was based on UNIDAQ
[27], a UNIX-like OS which was developed at
KEK and the Tokyo Institute for Technology
(TIT). It includes a buffer manager using eight 4-
Mbyte standard memory data buffers, and a
process control system. The data acquired during
one spill were stored into one buffer. This DAQ
program is an ensemble of single-function modular
processes which work together:

* novad is a buffer manager which accepts
requests from the other processes and issues
buffer pointers.

* xpc manages a process database, and checks
process status, e.g., whether the processes are
stopped illegally or not.
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* collector is a data collector, which controls
many devices and reads data, assembles and
packs data, and writes data into a buffer.

* operator is a system control interface for users
through which runs are started and stopped.

* recorder is a data recorder, which writes data
from a buffer onto tape.

* analyzer is an online analysis process, which
gets a part of the data and makes low-level and
high-level histograms.

A schematic view of the DAQ software is shown in
Fig. 29.

8.2.1. Collector

The data collection system consists of two
programs, the collector working on the VME
HP-753, and the CIP working on the Fastbus
68020FPI in each crate. The collector commu-
nicates with the buffer manager, controls and
collects data from TKO, and communicates with

the CIP and gets data from Fastbus. The CIP
communicates with the collector, and handles
control and data collection in each Fastbus
crate.

8.2.2. On-line analysis

The on-line monitor system is also divided
between two programs. The analyzer gets data
from the buffer manager via ethernet and forms
the histograms, and the other is a histogram
viewer. The analyzer was compiled to run on both
Sun UNIX and Linux based computers on the
network, requiring Sun compatible IPC (Internal
Process Control) and socket libraries. The analyzer
and histogram viewer worked independently with
shared memory.
Viewers based on PAW/Hbook, an analysis tool

developed by CERN11 and on Histo-Scope which
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Fig. 29. Schematic view of the DAQ software.

11CERN Program Library, IT division/CERN, http://cern-

lib.web.cern.ch/cernlib/.
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was developed by FNAL12, were used. PAW
includes many powerful functions useful for on-
line analysis, while Histo-Scope is convenient to
use interactively.

8.3. DAQ system performance

The detector has about 2000 output channels in
total. One event consisted of about 1600 32-bit
words, and at a typical trigger rate of about 100–
200 events per spill, the data size of one spill was
about 0.7–1:4 Mbytes:
The data taking speed differed in each crate of

the TKO system depending on module configura-
tion. The trigger timing and the wait for A/D
conversion were tuned individually. The slowest
crate needed 150 ms for conversion and 350 ms for
reading for a dead time of 500 ms: The Fastbus
system used a pipeline mode so that A/D conver-
sion time was negligible, but the readout time was
about 500 ms; so that the dead time of this system
was also about 500 ms: The efficiency of the DAQ
system depends on the trigger rate and the
correlation between the trigger rate and the live
time efficiency is shown in Fig. 30. The DAQ

system typically operated with a live time efficiency
from 85% to 95%.

9. Summary

The detector built for the search for a T-
violating transverse muon polarization in Km3

decay at rest included systems for identifying and
stopping the low-momentum kaon beam, and
precise measurement of the kinematics of charged
decay daughters in a toroidal spectrometer and of
photons in a segmented Cs(Tl) calorimeter. The
muon polarimeter used pure aluminum stopping
material to avoid depolarization, and used the
shimmed fringe magnetic field of the supercon-
ducting toroid to provide a longitudinal holding
field for the azimuthal polarization component.
Emphasis on precision component alignment and
a high degree of detector symmetry allowed many
sources of potential systematic errors to be
eliminated or minimized.
For the primary motivating Km3 T-violation

search, systematic errors in the physics analysis
have been reduced below the 10�3 level [5].
Because of the versatility of the detector, it has
also been used to study other Kþ decay modes
[28]. The detector as described here was dismantled
in early 2002.
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ABSTRACT

We have extended our investigations on nuclear multifragmentations induced by
GeV-energy light projectiles. By using light heavy-ion beams (16O, 20Ne and
28Si) provided from the Heavy-Ion Medical Accelerator in Chiba (HIMAC) at
the National Institute for Radiological Science (NIRS) we studied similarities
and differences among various fragment formation reactions in the same total
energy domain. We found there are noticeable differences in spectrum shapes
of Intermediate-Mass Fragment (IMF) and their magnitudes depending upon
the projectile mass, but all of their angular distributions clearly exhibit the
existence of sideward-peaked components, indicating fragment formations are
mainly governed by a total energy of the projectile, not by a incident energy per
nucleon.

1. Introduction

Our collaboration, the MULTI, has been exploring thermo-dynamical nature of

highly excited nuclear system produced in GeV-energy nuclear reactions for last few
years.1,2,3 We selected the GeV-energy domain as a region of interest, because pos-

sible precursor phenomena of liquid-gas phase transition in the nuclear matter have
been reported for light-projectile induced reactions in this energy domain. For exam-

ple, (i) the production cross section for an Intermediate Mass Fragment (IMF) as a
function of the beam energy clearly shows plateau above 10 GeV.4 (ii) The energy
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spectra of IMFs qualitatively change their shapes at around 5 GeV.4,5,6 (iii) The IMF
angular distributions show the transition from forward to sideward-peaking in the en-

ergy domain of 3 to 11.5 GeV.7,8,9,10,11,12(iv) The power-law index τ for the inclusive
element-distribution, σ(Z)∝Z−τ , as a function of the incident energy exhibits mini-

mum at about 4 GeV.4 There is, however, no direct evidence that these phenomena
strongly link to the phase-transition.

In order to understand those phenomena several groups in the world have ini-

tiated research projects on the multifragmentation in the GeV-energy domain. Re-
cently the ALADIN collaboration at GSI successfully extracted a so-called “nuclear

caloric curve,” namely temperature as a function of the average excitation energy
of the decaying system, obtained from measurements of the isotope yield ratios for

the highly excited nuclear system produced through a Au + Au reaction at 600
MeV/nucleon. Their caloric curve behaves just like the one of water at normal pres-

sure of 1 atmosphere13. More recently the IUCF group demonstrated that nuclear
liquid-gas phase transition does occur in the GeV-energy light-projectile induced mul-

tifragmentation reactions14,15 by using 5.0-14.6 GeV/c proton and π− beams, and 8.0
GeV/c anti-proton and π− beams at AGS together with their powerful Indiana Sil-

icon Sphere (ISiS) 4π array16. Our group also extracted a caloric curve from 8 and
12 GeV proton induced target multifragmentation (TMF) data, which suggested that

the existence of nuclear liquid-gas phase transition17. All these findings seem to
suggest that the multifragmentation is a statistical decay process from a thermally

equilibrated system.

There are, however, still several unresolved questions. For example we still do not
know why the character of the IMF angular distributions evolves from forward-peaked

to sideways-peaked in the energy regime of 3 to 12 GeV. Appearance of sideward
peaking angular distribution could be very disturbing because it might imply that

the emission source of IMFs is not thermally equilibrated or not spherical as usually
assumed in many theoretical models for the multifragmentation. Although a great

deal of efforts has been made on explaining this phenomenon in the past (shock
wave formation18, nuclear-doughnuts formation19, significant transverse momentum

of remnant from intra nuclear cascade12), there is little agreement on the origin of the
sideward peaking. Considering the fact that 5.5 GeV proton induced TMF did not

show sideward peaked nature20 while our 20 GeV α data did exhibit clear sideward
peaked character similar to the one observed in the 12 GeV proton data1, we suspect

that the interpretation proposed by Hsi et al.12 is not well-founded.
Last year a nuclear theory group at the Hokkaido University reported results of

their calculations based on both transport model and non-equilibrium percolation

model21 to account for our 12 GeV proton data. They suggested sideward peaking
angular distribution might arise from a “doughnut shape” of the IMF emission source.

Inclusion of Coulomb expansion seems to be essential to account for a sideward-peaked
angular distribution of IMFs. They also urged us to accumulate more systematic data
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on the incident energy dependence of the IMF angular distribution. In order to ob-
tain data in the wider incident energy range and to investigate a possible scaling

rules22,23,24,25 and/or density effect in the TMF reaction, we moved our entire experi-
mental setup to the HIMAC after the completion of the experiments at the KEK-PS.

2. Experimental Procedure

New experiments were performed with 16O and 20Ne beams of 8 GeV, 28Si beams
of 8.12 GeV, 20Ne beams of 12 GeV, and 28Si beams of 22.4 GeV accelerated by the

HIMAC at the NIRS. Typical beam intensity was about a few times 108 particles/sec.
with a beam-spot size of roughly 10 mm in diameter. A metallic Au target of about 0.6

mg/cm2 was mainly used for the measurements. Intermediate Mass Fragments (IMFs;
3≤Z≤20) were detected and particle-identified with the 37 Bragg Curve Counter

(BCC) array, which was almost the same as the one used for the previous experiments
with 8- and 12-GeV proton beams at the KEK-PS. As counter gas we used the P10 (Ar

90% and CH410%) gas of 300 Torr instead of 200 Torr. In order to measure angular
distributions of the IMFs 12 BCCs were placed in the horizontal plane including the

target and the other 25 were set in upper hemisphere in order to measure the IMF

multiplicity. They covered an angular range of θlab= 30◦-150◦ in 20◦ steps and a solid
angle of nearly 20% of 4π. The technical details of our BCCs have been published in

Ref. 25. The data were taken under the minimum bias condition; i.e. a sum of 37
self-triggers from individual BCC.

Energy Spectra of IMFs at 90˚
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Figure 1: Inclusive energy spectra of IMFs for 12 GeV proton, 20 GeV α, 12 GeV
20Ne and 22.4 GeV 28Si induced TMFs at 90◦.
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3. Experimental Results

Inclusive IMF energy spectra for the GeV-energy light heavy-ion induced TMFs
are shown together with those for the proton and α induced ones at the similar beam

energies in Fig. 1 and 2. In order to avoid a shape-distortion arising from a movement
of emission-source we select the data at 90◦ in the laboratory system. As can be seen

in the figures all spectra show usual Maxwell-Boltzmann distribution-like shapes, but
absolute cross sections for the 16O, 20Ne and 28Si induced TMFs are about 4-5 times

larger than those for the proton induced ones. Coulomb peaks become wider and
high energy tails become longer as the projectile mass increases.

Energy Spectra of IMFs at 90˚
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Figure 2: Inclusive energy spectra of IMFs for 8 GeV proton, 8 GeV 16O, 8 GeV 20Ne
and 8.12 GeV 28Si induced TMFs at 90◦.

In Fig.3 inclusive angular distributions of Na for 8 GeV proton, 8 GeV 16O, and 8

GeV 20Ne induced TMFs are shown. The location of the Coulomb peaks shifts more
rapidly as a function of the emission angle for the 16O and 20Ne induced TMFs than

for the proton induced one, indicating the emission sources of IMFs move faster for

the 16O and 20Ne projectile cases than for the proton beam case. In fact results of
the moving source analysis suggest that the velocity of the moving source increases

as the mass of projectile increases. It was also found that the moving source model
always underestimates yields at sideward angles even for the 16O and 20Ne induced

TMFs, especially for heavy IMFs (Z≥10).
To see this underestimation more clearly, we integrated the IMF yields within a
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Inclusive Angular Distribution of Na
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Figure 3: Inclusive angular distribution of Na for 8 GeV proton, 8 GeV 16O and 8
GeV 20Ne induced TMFs.

certain dynamic range in the laboratory system, took a ratio to the integrated fittings

and then obtained angular distributions of relative yield to the moving source model
for various IMFs of Z≤16. As can be seen in the Fig. 4, 5, and 6 the resultant ratios

show clear peaks at around 110◦ in the laboratory system for the 8 GeV 20Ne and
8 GeV 16O induced TMFs, which is slightly backward compared to the 70◦ for the

proton induced TMFs at the same energy. The maximum value in the ratio evidently
increases as a function of a mass of IMF and seems to decrease as a function of

a projectile mass for very light IMFs (lighter than F nucleus). This trend is also
visible and slightly stronger in the 12 GeV data. These facts probably indicate that

though there might be some effect arising from the nuclear density prior to the target
multifragmentation, a total beam energy plays a decisive role to govern a reaction

dynamics for the IMF emission.

4. Summary and Future Plan

We have studied similarities and differences among the IMF formation processes

in various light-projectile induced reactions in the GeV-energy domain. we found
there is significant difference in the IMF spectrum shapes and magnitudes but all of

their angular distributions show the existence of sideward-peaked components. This
fact probably suggests that the IMF formations are mainly dictated by a total energy

of the projectile (i.e. the total energy scaling exists).
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Figure 4: Angular distributions of relative yield to moving source fit for 8 GeV 20Ne
induced TMF on gold target.
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Figure 5: Angular distributions of relative yield to moving source fit for 8 GeV 16O
induced TMF on gold target.

As for a near future plan, we would like to finalize our analysis on 28Si induced

multifragmentation at 8.12 GeV and 22.4 GeV, and to compare their results with
those from light-ion induced multifragmentation in details. We also want to extract

“isotope temperatures” for all light heavy-ion induced TMFs in order to investigate
a possible density effect in an early stage of the nuclear collision.
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Total Energy Dependence of Angular Distributions of IMFs Produced in

Proton and Heavy-Ion Induced Target Multifragmentation Reactions at
around 10 GeV

T. Murakamia and K.H. Tanakab for the MULTI Collaboration∗

aDepartment of Physics, Kyoto University, Kyoto 606-8502, Japan

bHigh Energy Accelerator Research Organization(KEK), Tsukuba 305-0801, Japan

We have extended our investigations on nuclear multifragmentations induced by GeV-
energy light projectiles using light heavy-ion beams (16O, 20Ne and 28Si) provided from
the Heavy-Ion Medical Accelerator in Chiba (HIMAC) at the National Institute for Radi-
ological Science (NIRS). At a total beam energy of 8 GeV we found there are noticeable
differences in spectrum shapes of Intermediate-Mass Fragment (IMF) and their magni-
tudes depending upon the projectile mass, but all of their angular distributions clearly
exhibit the existence of sideward-peaked components, indicating fragment formations are
mainly governed by a total energy of the projectile, not by a incident energy per nucleon.

1. Introduction

Our collaboration, the MULTI, has been exploring thermo-dynamical nature of highly
excited nuclear system produced in GeV-energy nuclear reactions for last few years[1–3].
We selected the GeV-energy domain as a region of interest, because possible precursor
phenomena of liquid-gas phase transition in the nuclear matter have been reported for
light-projectile induced reactions in this energy domain[4]-[12]. There is, however, no
direct evidence that these phenomena strongly link to the phase-transition.

Recently the ALADIN collaboration at GSI successfully extracted a so-called “nuclear
caloric curve,” namely temperature as a function of the average excitation energy of the
decaying system, obtained from measurements of the isotope yield ratios for the highly
excited nuclear system produced through a Au + Au reaction at 600 MeV/nucleon. Their
caloric curve behaves just like the one of water at normal pressure of 1 atmosphere[13].
More recently the IUCF group demonstrated that nuclear liquid-gas phase transition
does occur in the GeV-energy light-projectile induced target multifragmentation (TMF)
reactions[14,15] by using either 5.0-14.6 GeV/c proton and π− beams, or 8.0 GeV/c anti-
proton and π− beams at the AGS together with their powerful ISiS 4π array[16].

Though these findings seem to suggest that the multifragmentation is indeed a statisti-
cal decay process from a thermally equilibrated system, there are still several unresolved

∗Kyoto Univ., KEK, Kyushu Univ., NIAS, NIRS, Osaka Univ., Science Univ. of Tokyo and Tsukuba
Univ. Collaboration
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questions. For example we still do not know why the character of the IMF angular distri-
butions evolves from forward-peaked to sideways-peaked in the incident energy regime of
3 to 12 GeV. Appearance of sideward peaking angular distribution could be very disturb-
ing because it might imply that the emission source of IMFs is not thermally equilibrated
or not spherical as usually assumed in many theoretical models for the multifragmenta-
tion. Although a great deal of efforts has been made on explaining this phenomenon in
the past (shock wave formation[18], nuclear-doughnuts formation[19], significant trans-
verse momentum of remnant from intra nuclear cascade[12]), there is little agreement on
the origin of the sideward peaking. Considering the fact that 5.5 GeV proton induced
TMF did not show sideward peaked nature[20] while our 20 GeV α data did exhibit clear
sideward peaked character similar to the one observed in the 12 GeV proton data[1], we
suspect that the interpretation proposed by Hsi et al.[12] is not well-founded.

Last year a nuclear theory group at the Hokkaido University reported results of their
calculations based on both transport model and non-equilibrium percolation model[21]
to account for our 12 GeV proton data. They suggested sideward peaking angular dis-
tribution might arise from a “doughnut shape” of the IMF emission source. Inclusion of
Coulomb expansion seems to be essential to account for a sideward-peaked angular distri-
bution of IMFs. They also urged us to accumulate more systematic data on the incident
energy dependence of the IMF angular distribution. In order to obtain data in the wider
incident energy range and to investigate a possible scaling rules[22–25] and/or density
effect in the TMF reaction, we moved our entire experimental setup to the HIMAC after
the completion of the experiments at the KEK-PS.

2. Experimental Procedure

New experiments were performed with 16O and 20Ne beams of 8 GeV, 28Si beams of 8.12
GeV, 20Ne beams of 12 GeV, and 28Si beams of 22.4 GeV accelerated by the HIMAC at
the NIRS. Typical beam intensity was about a few times 108 particles/sec. with a beam-
spot size of roughly 10 mm in diameter. A metallic Au target of about 0.6 mg/cm2 was
mainly used for the measurements. Intermediate Mass Fragments (IMFs; 3≤Z≤20) were
detected and particle-identified with the 37 Bragg Curve Counter (BCC) array, which
was almost the same as the one used for the previous experiments at the KEK-PS. As
counter gas we used the P10 (Ar 90% and CH410%) gas of 300 Torr. In order to measure
angular distributions of the IMFs 12 BCCs were placed in the horizontal plane including
the target and the other 25 were set in upper hemisphere in order to measure the IMF
multiplicity. They covered an angular range of θlab= 30◦-150◦ in 20◦ steps and a solid
angle of nearly 20% of 4π. The technical details of our BCCs have been published in Ref.
26. The data were taken with a sum of 37 self-triggers from individual BCC.

3. Experimental Results

Inclusive energy spectra of Na for 8 GeV proton, 8 GeV 16O, and 8 GeV 20Ne showed
usual Maxwell-Boltzmann distribution-like shapes[17]. The location of the Coulomb peaks
shifts more rapidly as a function of the emission angle for the 16O and 20Ne induced TMFs
than for the proton induced one, indicating the emission sources of IMFs move faster for
the heavier projectile. It was found that the moving source model always underestimates
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Figure 1. Angular distributions of relative
yield to moving source fit for 8 GeV 20Ne
induced TMF on gold target.
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Figure 2. Angular distributions of relative
yield to moving source fit for 8 GeV 16O
induced TMF on gold target.

yields at sideward angles not only for the proton induced TMFs but also for the 16O and
20Ne induced ones, especially for heavy IMFs (Z≥10).

To see this underestimation clearly, we integrated the IMF yields within a certain
dynamic range in the laboratory system, took a ratio to the integrated fittings and then
obtained angular distributions of relative yield to the moving source model for various
IMFs of Z≤16. As can be seen in the Figs. 1 and 2 the resultant ratios show clear peaks
at around 110◦ in the laboratory system for the 8 GeV 20Ne and 8 GeV 16O induced
TMFs, which is slightly backward compared to the 70◦ for the proton induced TMFs at
the same energy. The maximum value in the ratio evidently increases as a function of a
mass of IMF and seems to decrease as a function of a projectile mass for very light IMFs
(lighter than F nucleus). This trend is also visible and slightly stronger in the 12 GeV
data. These facts probably indicate that though there might be some effect arising from
the nuclear density prior to the target multifragmentation, a total beam energy plays a
decisive role to govern a reaction dynamics for the IMF emission.

4. Summary and Future Plan

We have studied similarities and differences among the IMF formation processes in
various light-projectile induced reactions in the GeV-energy domain. We found there is
significant difference in the IMF spectrum shapes and magnitudes but all of their angular
distributions show the existence of sideward-peaked components. This fact probably sug-
gests that the IMF formations are mainly dictated by a total energy of the projectile (i.e.
the total energy scaling exists) and that the explanation of sideward peaking penomena
proposed by Hsi et al.[12] breaks down.

As for a near future plan, we would like to finalize our analysis on 28Si induced multi-
fragmentation at 8.12 GeV and 22.4 GeV, and to compare their results with those from
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light-ion induced multifragmentation in details. We also want to extract “isotope tem-
peratures” for all light heavy-ion induced TMFs in order to investigate a possible density
effect in an early stage of the nuclear collision.
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Abstract

We have performed a hyperon-proton scattering experiment with a scintillating fiber active target.
The6−p,3p and6+p scattering have been studied with the same experimental setup. In this paper,
we present the differential cross sections of the6−p elastic scattering in the momentum region from
400 to 700 MeV/c. This is the first measurement of the6−p elastic scattering in the momentum
region where the P- and higher waves contributions are important. The present data are in good
agreement with the one boson exchange model (Bonn–Jülich model A) and the quark cluster model
(FSS of Kyoto–Niigata model). 2000 Elsevier Science B.V. All rights reserved.

PACS:13.75.Ev; 21.30.Cb; 25.60.Bx; 25.80.Pw

Keywords:6−p elastic scattering; Hyperon–nucleon interaction; Differential cross sections; Scintillating fiber
active target

1. Introduction

The strong interaction in the perturbative region is well described by quantum
chromodynamics (QCD). However, it is still a quite difficult problem to derive the nuclear
interaction from QCD. Although the nucleon–nucleon (NN) interaction has been well
described by the meson exchange picture, there are various methods to treat the short-
range repulsive forces. It is believed that effects from the quark–gluon structure of nucleons
should appear in the short-range forces. In order to understand the strong interaction in
the nonperturbative region, studies of interactions between various baryons play a very
important role. The one boson exchange (OBE) models have been developed with the
abundant experimental data of the NN scattering, and have been extended to describe the
hyperon–nucleon (YN) interaction by the Nijmegen [1–3] group and Bonn–Jülich [4,5]
group. In these models, the short-range forces have been treated with phenomenological
methods. On the other hand, the quark-cluster model (QCM) approaches, which describe
the short-range forces based on quark and gluon dynamics, have been developed
independently by the groups from Tokyo [6,7], Tübingen [8] and Kyoto–Niigata [9].

The parameters of these models were determined by fitting the existing experimental
data of the NN and YN scattering. However, as for the YN scattering, there are only
very limited data. Due to the short lifetime of the hyperons, a device which can observe
complicated reaction topologies in the region of approximately a cm about the reaction
vertex is needed to perform a YN scattering experiment in the low-momentum region
(below 1 GeV/c). In this region, almost all experiments were performed with bubble
chambers in the 1960’s [10–17]. Since the bubble chambers required the low beam
rates, the stopping K− method was the most efficient way to produce hyperons. As for
6p scattering, because most experiments [10–12,16] used this method, the momenta
of the 6’s were limited to be less than 200 MeV/c. In this region, S-waves are
expected to be dominant. For example, in Ref. [16], the allowed region for the6+p
scattering lengths was determined by applying the effective range approximation assuming
S-wave predominance. All models used only these low-momentum6p scattering data to
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determine their parameters. They have not been tested with experimental data at higher
momenta, where the contributions from the P- and higher partial waves are important.
It should be noted that important information of the NN interaction, such as the spin-
dependent forces and hard core, was provided from NN scattering experiments up to
800 MeV/c. Experimental studies of YN scattering in momentum regions higher than
previous experiments (up to 1 GeV/c) are urgently needed.

As a first step of these efforts, a6+p scattering experiment was performed at KEK-
PS (E251) [18]. The experiment E251 was aimed at measuring the differential cross
section of the6+p scattering with a new technique using a scintillating fiber (SCIFI)
active target. The SCIFI detector system had a better time resolution (∼ 2 µs) than that
of bubble chambers. It enabled us to use the 5×104/s π+ beam and to record only the
relevant pictures event by event. With the SCIFI detector, the in-flight reactions could
be used to measure the6+p scattering at higher momentum, which was not possible
with bubble chambers.6+ ’s of 300 to 700 MeV/c were produced through the in-flight
p(π+,K+)6+ reaction with a 1.6 GeV/c pion beam. Only the(π+,K+) events were
recorded by using an external trigger system. A plastic scintillating fiber block, which was
developed for the H-dibaryon search [19], was used as a production target for hyperons,
a 6+p scattering target, and a 4π detector for the related charged particles around the
reaction vertices. The reaction topologies were recorded as digitized image data. As a next
step, we performed experiment E289 to measure the6−p and3p scattering cross sections,
and to obtain more statistics on the6+p scattering data. It is important to measure all
channels in order to check the assumption of flavorSU(3) symmetry in the YN interaction
models. We measured the three reaction channels with the same setup. The SCIFI target
system was improved regarding several points. The effective volume was larger than that
of the previous one to observe3’s whose lifetime is longer than that of6’s. Also, thinner
scintillating fibers were adopted to improve the spatial resolution.

In this paper, we present the result of the measurement of the differential cross sections
for 6−p elastic scattering. The momentum region is from 400 to 700 MeV/c where no
differential cross section data exist. In this region, contributions from P-waves and higher
partial-waves appear in the elastic cross sections. The momentum dependence is also
presented.

2. Experiment

The experiment was carried out at the K2 beam line of the 12 GeV Proton Synchrotron
(PS) at KEK. Fig. 1 shows a top view of the experimental setup. A 1.32 GeV/c π−
beam was used to produce6−’s through the (π−,K+) reaction. Outgoing K+’s were
identified with a K+ spectrometer system. A scintillating fiber (SCIFI) target was used
as the production and scattering target. It also worked as a 4π tracking detector for the
charged particles and as a range counter for the charged particles stopped in the SCIFI
block. We could identify the hyperons, which may be scattered and decay inside the SCIFI
target.
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Fig. 1. Schematic view of the experimental setup.

2.1. Theπ− beam

The typical intensity of the separatedπ− beam was 1.5×105 /spill (∼ 2 s). The
momentum was 1.32 GeV/c with a spread of1p/p = 0.7% (r.m.s.). The contamination of
electrons andµ−’s was 13% and that of̄p’s and K− ’s was less than 1%. The e−’s andµ−’s
were vetoed with a gašCerenkov counter (GC), and thep̄’s and K−’s were eliminated with
an aerogeľCerenkov counter (BAC). The contamination was reduced to be less than 0.1%.
The tracking of the beam particles was performed with multiwire proportional chambers
(BPC3-5). To check the online trigger and to confirm the particle identification, the time-
of-flight was measured with scintillation counters (T1,T2), where T1 was located 7 m
upstream of the SCIFI target. The TOF resolution (T2–T1) was1t = 55 ps (r.m.s.).

2.2. TheK+ spectrometer

On-line and off-line particle identification (P.I.D.) of outgoing particles from the SCIFI
target were performed with the K+ spectrometer system. In order to avoid any overlapping
of the K+ and6− tracks in the SCIFI pictures, the acceptance of the spectrometer did
not cover 0 degree in the horizontal direction; it covered from 4 to 24 degrees. The
pion background was rejected with the forward aerogelČerenkov counter (FAC). The
momentum of an outgoing particle was approximately calculated with the combination
of a hodoscope (CH) located just before a dipole magnet (SP) and a TOF array (FTOF) at
the most downstream end of the spectrometer. This momentum information and the PID
information obtained from thěCerenkov counters were used for the first-level trigger. In
addition, by using the momentum information and the TOF information obtained from the
FTOF and T2, the mass of an outgoing particle was selected with a set of fast-encoding
electronics (Lecroy FERA–FERET system) to reduce the proton background at the second-
level trigger (Mass Trigger). The decision times of the first- and second-level triggers
were 360 ns and within 15µs, respectively. The typical trigger rate was 5∼ 8 /spill. The
momentum of an outgoing particle was calculated with use of the SP, MWPC’s (PC1-2)
and drift chambers (DC1-3) in the off-line analysis. The integrated magnetic field along the
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tracks of outgoing particles in the SP was 0.94 T m in average. The momentum resolution
was(1p/p) = 1.0% (r.m.s.) atp = 0.7 GeV/c. To reconstruct the mass of an outgoing
particle, the velocity of the particle was also obtained by measuring the TOF between
T2 and FTOF. The TOF resolution (FTOF–T2) was1t = 140 ps (r.m.s.) in the off-line
analysis.

2.3. The SCIFI active target system

The SCIFI block consisted of 300µm × 300 µm square plastic scintillating fibers
(KURARAY SCSF-78 [20]). The core material of the fiber was polystyrene ((CH)n) and
the size was 288µm× 288µm. The refractive index of the core was 1.59 and the density
was 1.05 g/cm3. The cladding was made of polymethylmethacrelate (PMMA, C5H8O2)
with refractive index of 1.49 and density of 1.19 g/cm3. The attenuation length was
measured to be 114 cm with a90Sr β-ray source. The wavelength of the transmitted light
was peaked at 450 nm. The SCIFI block was assembled by stacking fiber sheets alternately,
as shown in Fig. 2. Each fiber sheet consisted of about 330 fibers, which corresponded to
100 mm in width. The fiber sheets were bonded with white paint, which eliminated any
cross talk over the fiber sheets by diffused reflection of the untrapped photons. About 600
sheets were used to create an effective volume of 100 mm× 100 mm× 200 mm. The
fiber sheets of each direction were bundled at the readout arms to make readout surfaces
of 100 mm× 100 mm. At the other ends of the fibers, aluminum evaporated lucite-plates
were attached as mirrors, which improved the effective attenuation length by a factor of
three.

The output light from the SCIFI was amplified with two sets of image-intensifier (II)
chains. Fig. 3 shows a schematic structure of the II chain. The II chain consisted of four
II’s. The first (HAMAMATSU V4440PX [21]) and second (DEP PP0030X [22]) stages
were electrostatic-type II’s. The diameters of the input and output windows of the first II
were 100 mm∅ and 25 mm∅, respectively. The quantum efficiency of the photo-cathode
was about 20%. In order to hold the images until the trigger would be fired, phosphors
were used at the output window of each II, except for the fourth stage. The phosphor of
the first II was PS-5, with a decay-time of which was 1.3µs. This decay-time limited the

Fig. 2. Schematic view of the structure of the SCIFI block.
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Fig. 3. Schematic structure of the image intensifier (II) chain.

acceptable beam rate for the SCIFI target to less than a few×105/spill. The diameters of
both the input and output windows of the second II were 25 mm∅. The P46 phosphor with
a decay-time of 300 ns was used for the second II. The first and second II’s were operated
in DC mode. The operating voltages for the first and second II were 20 kV and 15 kV, and
the photon gains were both∼ 10.

The third stage (PROXITRONIC BV2563McG [23]) was a micro-channel–plate (MCP)
type. The diameters of the input and output windows were 25 mm∅, and the decay-time
of the phosphor (P20) for the third II was 20µs. The gain of the third II was∼ 103.

At the fourth stage, an electron bombarded CCD system (GEOSPHAERA EBCCD [24])
was used. The third II and EBCCD were gated by the first-level and second-level triggers,
respectively. The output window of the third II and the input window of the EBCCD were
connected through a tapered fiber-optic. On the input window of the EBCCD, the size
of the image was reduced to 8 mm in diameter, which fitted the effective size of the CCD
chip. The intensified photon images were read out by the EBCCD and recorded as digitized
image data. The photo-electrons were accelerated and bombarded the back side of the CCD
chip, and the EBCCD itself had a gain of 103. The CCD chip consisted of 532× 580 pixels,
where the size of one pixel was 17µm× 23µm. The effective area on the CCD chip was
9.04 mm× 13.34 mm. The frame transfer to read out the charge on the CCD was started
by the external trigger. The driving clock rate of the CCD was 10 MHz and the readout
time was 45 ms. The images were digitized with a 6-bit ADC. Fig. 4 shows an example of
image data.

The performance of the SCIFI system was investigated with the 1.32 GeV/c minimum-
ionizing π−’s and slow6−’s whose typical momenta were about 500 MeV/c. For the
1.32 GeV/c π− tracks, photons from the fibers are recognized as the cluster of active
pixels. The average number of hit fibers (hit density) along the track was 0.25/sheet,
and the residual of the cluster around the fitted line was 165µm. This value is consistent
with the calculated one determined with the size of the fiber and CCD pixel, the distortion
of the II and the error of position calibration. For the track of the6−, the clusters were
stuck together and it was difficult to recognize each cluster, since the energy deposit of
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Fig. 4. An example of a6−p scattering event observed with the SCIFI detector. The open squares
represent the input positions from the pointing process and the solid lines on the incomingπ− and
outgoing K+ are the results of the tracking with the external wire chambers. The lines from the
(π−,K+) vertices correspond to the predicted momentum vectors of the initial6− (see text).

the 500 MeV/c 6− is about four-times larger than that of the 1.32 GeV/c π−. The track
width is, therefore, defined as the distribution of each active pixel around the track, and the
track width of the6− track was 440µm (r.m.s.).

3. Analysis

3.1. Identification of the(π−,K+) reaction

The number of collected events was 4.3×106. The (π−,K+) events were selected by
reconstructing the mass of the outgoing particles with the K+ spectrometer. Fig. 5 shows
the mass spectrum of the outgoing particles. The particles whose reconstructed mass were
within 0.4 to 0.6 GeV/c2 were regarded as K+ ’s. The K+ mass resolution was1M =
15 MeV/c2 (r.m.s.) at a momentum of 0.7 GeV/c, and the background contamination
was estimated to be less than 1.3%. The vertex of the (π−,K+) reaction was obtained
by tracking the incoming and outgoing particles with wire chambers, and the vertex was
required to be in the region of−100< z < 100 mm, where the direction of thez-axis was
along theπ− beam-line and the origin was the center of the SCIFI target. The tracking
efficiency was 91%.

3.2. Event categorization and pointing

The pictures of the selected (π−,K+) events were eye-scanned manually and catego-
rized according to their image patterns on the video pictures. The number of scanned events
was 2.8×105. About 65% of these events were6− production events:
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Fig. 5. Mass spectrum of the outgoing particles. The hatched area was recognized as K+’s.

Fig. 6. Patterns for the event categorization. The event topology was recognized as a combination of
these patterns.

π− + p→ K+ +6−. (1)

The scanned events included other reactions, for example,

π− + p→ K+ +6∗−, 6∗− →3+ π−, (2)

which are not discussed in this paper. Some of the6−’s reacted with protons:

6− + p→6− + p, (3)

6− + p→60+ n, (4)

6− + p→3+ n. (5)

In this paper, only the elastic scattering (3) is discussed.
The event topology was recognized as a combination of patterns. For example, the

weak decay of the3→ pπ− was recognized as a ‘V-pattern’, and the decay of the6

was recognized as a ‘/-pattern’. The event patterns which were necessary to derive the
cross section of the6−p elastic scattering are shown in Fig. 6. The (π−,K+) vertex was
obviously recognized with the help of the guide lines on the event display obtained from
the wire chambers. If a track of an emitted particle from the (π−,K+) vertex kinked only
once, this track was recognized as the ‘/-pattern’. Even if the track was straight, a change
in the brightness of the track was regarded as a kink. In case there were more than two
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kinks, the track was recognized as the ‘L-pattern’. The events including the ‘/-pattern’
or ‘L-pattern’ are6− beam candidates. The first kink of the ‘/-pattern’ and ‘L-pattern’
corresponds to the decay of the6−, and the following kinks correspond to the decay or
scattering of theπ− which is a decay product of the6−; the branching ratio of6− → π−n
is 100%. As for the ‘L-pattern’, the first kink may be a6− scattering without a visible
recoil proton, but such a event is easily recognized by the brightness of the tracks, and was
not used for the analysis. The number of such events was negligible compared to the events
regarded as the6− beam. The ‘C-pattern’ consists of one straight track (prong) and one
kinked track. The events including the ‘C-pattern’ are candidates for the6−p scattering.
For the identification of the6−p elastic scattering event, one visible recoil proton track was
required, and the prong in the ‘C-pattern’ corresponds to this proton. The kink corresponds
to the decay of the scattered6−. The number of the6− beam candidates was 1.8×105

and the number of the6−p scattering candidates was 776.
After event categorization was completed, the reaction points were marked on a graphic

display with a pointing device. The reaction points were determined 3-dimensionally by
these marks. We call this process ‘pointing’. The pointing was done for 2947 samples of
the6− beam candidates and all events of the6−p scattering candidates.

The efficiencies of the eye-scanning and all other analyzing processes described below
were estimated by a set of Monte Carlo simulations. Simulated image data were generated
by the same method as described in Ref. [18], and the parameters to reproduce the picture
were tuned for the conditions of the present experimental apparatus. The generated image
data were analyzed through the same process as the real data, and the efficiencies were
evaluated from the surviving rates of the simulation events. The angular resolution and the
accuracy of the track-length measurements were also estimated using the simulation data
by comparing the generated positions to the positions obtained by the pointing process.
For short tracks, the accuracies of the angle and length measurements and the scanning
efficiencies decrease, as shown in Fig. 7. Therefore, for the events including short tracks,
the event identification is ambiguous, and especially, the angular resolution becomes not
sufficient to distinguish the background, which is mainly from quasi-free scattering, as
described later. In order to avoid these ambiguities, a set of geometric criteria was required
for further analysis. For both the6− beam and6−p scattering candidates, track-length
of the6− was required to be more than 5 mm, and for6−p scattering candidates, the
track-lengths of the scattered6− and the recoil proton were required to be more than
3 mm. The production vertex of the (π−,K+) reaction was reconstructed more precisely
by using the image data in addition to the wire chambers. The vertex resolution along
the z-axis was estimated to be 0.6 mm from the simulation data. To avoid ambiguities in
the categorization for events which occurred at the upstream and downstream ends of the
SCIFI, thez-position of the vertex was required to be within−90∼ 60 mm. The recoil
protons for6−p scattering candidates were required to stop inside at least one of the
fiducial areas ofu−z andv−z views, where the definition ofu−z andv−z views is shown
in Fig. 4. The fiducial area was defined to be inside of the ellipse whose long axis was
180 mm in the beam direction and short axis was 90 mm, which correspond to the input
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Fig. 7. Track-length dependence for the scattered6− track of the (a) angular resolution (r.m.s.),
(b) deviation of the track length and (c) efficiency of the pointing process; (d), (e) and (f) are for
the recoil proton track. They were obtained from the analysis of the simulated image data. The lines
represent the threshold of the track-length cut.

window of the first II. The stopping point of the recoil proton was also required to be inside
the effective volume of the SCIFI target.

3.3. Total flight length of theΣ−’s

The6−’s are produced through both the reaction on free protons and the quasi-free
process on carbon nuclei, since the SCIFI target consists of (CH)n. Only the6−’s produced
on free protons were used as the6− beam, because the momenta of the6− ’s from carbon
nuclei are ambiguous due to the Fermi motion. The selection was done by applying angle-
difference and missing-mass cuts. The angle-difference for the6− production kinematics
(1θprod) was defined as

1θprod= cos−1
( Ep6−prod · Ev6−prod

| Ep6−prod||Ev6−prod|
)
, (6)

whereEv6−prod is the measured direction of the6− obtained from the pointing process, and
Ep6−prod denotes the predicted momentum vector of the6− calculated from the momentum
vectors of theπ− and the K+. The momenta of theπ− and K+ were obtained from the
analysis of the spectrometer data, and the directions were measured with the SCIFI detector
and external wire chambers.
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Fig. 8. (a) Scatter plot of1θprodversus the flight length of the6− (fl6− ). (b) Missing-mass spectrum
of thep(π−,K+)X reaction after the angle-difference cut was applied. The lines on the spectrum
are obtained with a two-Gaussian fitting. The events inside the region indicated by the arrows were
regarded as the6− produced on the free proton.

Fig. 8(a) shows the distribution of1θprod versus the flight length of the6− (fl6− ).
The 1θprod distributes around zero within the resolution of the SCIFI system for the
6− ’s produced on the free protons. These events make a narrow peak, and which can
be distinguished from the broader distribution of the quasi-free events. The region inside
the lines in Fig. 8(a) was the accepted region for the6− ’s produced on the free protons.
The threshold was set to be

1θprod<
1.35

fl6−
+ 0.03, fl6− > 5 mm, (7)

by taking projections of Fig. 8(a) onto1θprod in some slices offl6− . Fig. 8(b) shows
the missing-mass spectrum of thep(π−,K+)X reaction after the angle-difference cut
was applied. The missing-mass resolution was 7.4 MeV/c2 (r.m.s.). The events whose
missing-mass were calculated to be from 1.174 to 1.218 GeV/c2 were regarded as the6−’s
produced on free protons. The contamination from the quasi-free process was estimated to
be 10%.

The amount of the6− beam was defined as the total flight length of the6− ’s (FL6− ),
whereFL6− =

∑
(fl6− − flth). Here,fl6− is the flight length for each event and theflth

is the threshold length, which was set to be 5 mm, as shown in Section 3.2. Using with
the 2947 pointed data sample, the total flight length of the6− ’s produced on free protons
was measured to be 963±33 cm. The efficiency for this length measurement was estimated
with the simulation event being 0.827±0.026. Taking into account this efficiency, for all of
the6− beam candidates, the number of which was 1.8×105, FL6− of the6− ’s produced
on free protons was estimated to be(7.13± 0.33)× 104 cm.
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3.4. 6−p scattering events

The number of6−p scattering candidates which satisfied the criteria described in
Section 3.2 was 311. Because the6−’s were required to be produced on free protons,
the same cuts as described in Section 3.3 were applied, reducing the number of events
to 88. Additionally, cuts on the angle-difference and missing-mass were also applied to
the scattering kinematics to eliminate the background, which was mainly from quasifree
scattering on the carbon nuclei. The angle-difference for the scattering kinematics (1θscat)
was defined as

1θscat= cos−1
( Ep6−scat· Ev6−scat

| Ep6−scat||Ev6−scat|
)
. (8)

Here,Ev6−scat is the measured direction of the scattered6− by the pointing, andEp6−scat

denotes the predicted momentum vector of the scattered6− calculated from the momenta
of the initial6− and recoil proton. The momentum of the initial6− was determined from
the kinematics of the (π−,K+) reaction, taking the energy loss in the SCIFI target into
account. The momentum of the initial6− just before scattering ranged from 400 MeV/c
to 700 MeV/c and the momentum resolution was 13 MeV/c (r.m.s.). The momentum of
the recoil proton was calculated from the range in the SCIFI.

Fig. 9(a) shows the distribution of1θscatversus the flight length of the scattered6−, and
the region surrounded by the lines is the accepted region for elastic events. The accepted
region was parameterized as

1θscat<
1.0

fl6−scat
+ 0.06, fl6−scat> 3 mm. (9)

Fig. 9. (a) Distribution of the angle-difference1θscatversus the flight length of the scattered6−’s.
The definition of1θ is described in the text. The region inside the lines is the accepted region.
(b) Missing-mass spectrum of the6−p scattering before the angle-difference cut was applied.
(c) After the angle-difference cut was applied. The missing-mass resolution was 7.8 MeV/c2. The
region between the arrows was accepted as6−p elastic scattering.
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This threshold was determined with the same distribution as in Fig. 9(a) obtained from the
simulation data of the6−p elastic scattering, because the statistics for real data was not
sufficient. Fig. 9(b) shows the missing-mass spectrum of thep(6−,p)X reaction before
the angle-difference cut was applied and Fig. 9(c) is the one after the cut was applied. The
events whose missing-mass were 1.175∼ 1.221 GeV/c2 were recognized as elastic events.
An example of a picture of an elastic scattering event is shown in Fig. 4. Finally, 30 events
survived after all of the cuts were applied. The scattering angle in the center of mass (CM)
system (θCM) was calculated with the momenta and directions of the initial6− and recoil
proton. The accuracy of the scattering angle was1(cosθCM)= 0.09 (r.m.s.).

The amount of background contamination was estimated using the simulation data.
The simulation events of the quasi-free scattering were generated and were normalized
to reproduce the tail of the1θscat distribution of the real data, as shown in Fig. 10. The
same cuts as for real elastic events were applied and the survived events were regarded as
the contamination from quasifree events. The error of the normalization was±25%. This
caused a systematic error of±40% for the cross section in the region−0.5< cosθCM <

−0.2; for other angular regions, however, these errors were estimated to be less than±3%.
In addition, there was the contamination from the quasifree6− production. For the6−p
scattering events, this contamination was 7%, and the systematic error for the cross section
was 3%, because the6− beam events also included this contamination of 10%. The total
analyzing efficiency was obtained from the analysis of the simulated data of the6−p
elastic scattering. The yields, estimated backgrounds and efficiencies for each angular
region are summarized in Table 1. The errors of the track-length measurement cause an
uncertainty on the efficiency. The systematic deviation of the track-length was estimated
to be less than 0.3 mm with the simulated image data. The effect of this uncertainty on the
cross section was estimated to be±7% by generating a systematic deviation of±0.3 mm

Fig. 10. Distribution of1θscatobtained from the real data and the simulation data of the elastic and
quasi-elastic6−p scattering. The hatched band represents the simulation data.
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Table 1
The yields of the6−p elastic events, estimated backgrounds, total efficiencies, and differential cross
sections. Except the cross sections, only the statistical errors were displayed. The errors for no. of
events correspond to a probability of 68.3% for a Poisson distribution

cosθCM Number Background Background Efficiency dσ
dΩ
± stat.± sys.

of events subtracted (mb/sr)

−0.5−−0.2 1+2.3
−0.8 0.62± 0.22 0.4+2.3

−0.9 0.20± 0.04 0.3+1.8
−0.7 ± 0.1

−0.2−0.1 9+4.1
−2.9 0.69± 0.23 8.3+4.1

−3.0 0.43± 0.06 3.0+1.5
−1.1 ± 0.3

0.1−0.4 11+4.4
−3.3 0.62± 0.22 10.4+4.4

−3.3 0.47± 0.06 3.4+1.5
−1.1 ± 0.3

0.4−0.7 9+4.1
−2.9 0.85± 0.26 8.2+4.1

−3.0 0.34± 0.05 3.7+1.9
−1.4 ± 0.3

in the analysis of the simulation data. In the derivation of the cross section, the target
was assumed to be made of (CH)n, and the materials of the cladding and white paint
were neglected. If these materials are taken into account, the effect on the cross section
is about 2%. The systematic errors of the cross sections given in Table 1 include all of
those listed above.

4. Result and discussions

The differential cross sections were derived from
dσ

dΩ
= Nscat

FL6− · ρt · dΩ . (10)

Here,Nscat is the number of scattering events corrected by the efficiency factor. TheFL6−
is the total flight length of the6− beam obtained in Section 3.3, andρt represents the
number density of the protons in the SCIFI target, which is 4.87×1022/cm3.

The experimental results are summarized in Table 1. The statistical errors include the
errors on the real data and the errors from the statistics of the simulated image data.
The systematic error for−0.5 < cosθCM < −0.2 is dominated by the error from the
background subtraction, and the errors for other angular regions are from the errors on
length measurements, as described in Section 3.4. In this channel, since the difference
between the models is not so large, we compare our results to typical two calculations.
Fig. 11 shows a plot of the differential cross sections together with theoretical calculations
from the OBE model [25] and QCM [26]. The momenta of the6− ’s for the calculations
are 0.5 GeV/c. The error bars represent only statistical ones. In Fig. 11, Jülich means
the OBE model of the Bonn–Jülich group (model A in [4,5]). The Bonn–Jülich model
is based on the spin–flavorSU(6) symmetry and contains 2π -exchange, replacing the
scalar meson exchange. Form factors, which were parameterized by the cutoff mass3α ,
are used at each vertex. The FSS is one of the QCM calculations of the Kyoto–Niigata
group [9]. They are using the resonating group method (RGM) with antisymmetrized six-
quark wave functions. In both models, the forward-peaking structures appear, which are
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Fig. 11. Differential cross section for6−p elastic scattering. The dashed line represents the
theoretical calculation by the Bonn–Jülich group with their OBE model (model A), and the solid
line is by the Kyoto–Niigata group with their quark-cluster model (FSS).

Fig. 12. Integrated cross section for6−p elastic scattering. The solid line represents the theoretical
calculation with FSS and the dashed line is the Bonn–Jülich model A. (This model can be used in
the region less than about 0.58 GeV/c, i.e. below the threshold for pion production.)

the contributions of P-waves. Both models are in reasonably good agreement with our
experimental data.

The momentum dependence of the experimental data is shown in Fig. 12. The plotted
values are the integrated cross sections in the angular region of−0.5< cosθ < 0.7, they
are 19+10

−5 mb (0.4<p6− < 0.5 GeV/c), 29+14
−10 mb (0.5<p6− < 0.6 GeV/c), and 15+23

−8
mb (0.6<p6− < 0.7 GeV/c). The errors are statistical ones. The momentum dependence
of the data is consistent with the FSS and the Bonn–Jülich model A within the statistical
errors.
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5. Summary

We have presented the results of a measurement of the differential cross sections for6−p
elastic scattering in the momentum region from 400 to 700 MeV/c where no differential
cross section data existed. We have also measured the differential cross section for6+p
and3p scattering, and these results will be presented in separate papers.

The experiment was carried out at the K2 beam line of KEK 12 GeV PS. A 1.32 GeV/c

π− beam was used to produce the6− ’s via the (π−,K+) reaction, and the scattering
and decay of6− were observed with a scintillating fiber (SCIFI) active target system.
The SCIFI target consisted of about 200000 scintillating fibers, and image data were read
out with image intensifiers (II’s) as digitized image data. The 2.8×105 pictures were eye-
scanned, and 7766−p scattering candidates and 2947 samples of6− beam candidates
were analyzed. To select the6−p elastic scattering events, geometrical and kinematic cuts
were applied; 30 events survived as6−p scattering events.

The 6−p elastic scattering differential cross sections have been compared with the
Bonn–Jülich model A and the quark-cluster model calculation of the Kyoto–Niigata group
(FSS). The present result is in good agreement with both theoretical calculations. The
momentum dependence is also consistent with the theoretical calculations.

Acknowledgements

We wish to thank staffs of the KEK PS for their support during the experiment and
analysis. We thank Professors H. Sugawara, S. Yamada, K. Nakamura, Y. Yoshimura, and
J. Chiba for their continuous encouragement throughout this work. We would like to thank
Prof. J. Haidenbauer, who provided the theoretical calculation of Bonn–Jülich model.
We express our appreciation to Prof. Y. Fujiwara and Dr. T. Fujita for their theoretical
calculation of Kyoto–Niigata model. This work was supported partially by Grants-in Aid
for Scientific Research No. 06640425 of Japan Ministry of the Education, Science and
Culture. Some of authors (H.K and Y.K) were supported by JSPS Research Fellowships
for Young Scientists.

References

[1] M.M. Nagels, T.A. Rijken, J.J. de Swart, Phys. Rev. D 15 (1977) 2547; Phys. Rev. D 20 (1979)
1633.

[2] P.M.M. Maessen, T.A. Rijken, J.J. de Swart, Phys. Rev. C 40 (1989) 2226.
[3] T.A. Rijken, V.G. Stokes, Y. Yamamoto, Phys. Rev. C 59 (1999) 21.
[4] B. Holzenkamp, K. Holinde, J. Speth, Nucl. Phys. A 500 (1989) 485.
[5] A. Reuber, K. Holinde, J. Speth, Nucl. Phys. A 570 (1994) 543.
[6] M. Oka, K. Yazaki, in: W. Weise (Ed.), Quarks and Nuclei, World Scientific, 1984, p. 489.
[7] K. Yazaki, in: T. Yamazaki, K. Nakai, K. Nagamine (Eds.), Perspectives of Meson Science,

Elsevier, 1992, p. 795.
[8] U. Straub, Z.Y. Zhang, K. Bräuer, A. Faessler, S.B. Khadkikar, G. Lübeck, Nucl. Phys. A 483

(1988) 686; Nucl. Phys. A 508 (1990) 385c.



Y. Kondo et al. / Nuclear Physics A 676 (2000) 371–387 387

[9] Y. Fujiwara, C. Nakamoto, Y. Suzuki, Prog. Theor. Phys. 94 (1995) 215; Prog. Theor. Phys. 94
(1995) 353; Phys. Rev. Lett. 76 (1996) 2242; Phys. Rev. C 54 (1996) 2180.

[10] H.G. Dosch et al., Phys. Lett. 21 (1966) 236.
[11] R. Engelmann et al., Phys. Lett. 21 (1966) 587.
[12] H.A. Rubin et al., Phys. Rev. 159 (1967) 1149.
[13] B. Sechi-Zorn et al., Phys. Rev. 175 (1968) 1735.
[14] G. Alexander et al., Phys. Rev. 173 (1968) 1452.
[15] G.R. Charlton et al., Phys. Lett. B 32 (1970) 720.
[16] F. Eisele et al., Phys. Lett. B 37 (1971) 204.
[17] J.A. Kadyk et al., Nucl. Phys. B 27 (1971) 13.
[18] J.K. Ahn et al., Nucl. Phys. A 648 (1999) 263.
[19] J.K. Ahn et al., Phys. Lett. B 378 (1996) 53.
[20] KURARAY Co. Ltd., Maruzen Building, 3-10, 2-Chome, Nihonbashi, Chuo-ku, Tokyo 103-

0027, Japan.
[21] HAMAMATSU Photonics, 314-5, Shimokanzo, Toyooka-village, Iwata-gun, Shizuoka, 438-

0193, Japan.
[22] Delft Electronishe Producten (DEP), NL-9300 AB Roden, The Netherlands.
[23] PROXITRONIC, Robert-Bosch-Strasse 34, D 64625 Bensheim, Germany.
[24] GEOSPHAERA, Case Postale No. 6, Moscow, 117133, Russia.
[25] J. Haidenbauer, private communications.
[26] Y. Fujiwara and T. Fujita, private communications.



*Corresponding author.
E-mail address: masaharu.ieiri@kek.jp (M. Ieiri).
1Present address: Research Center for Nuclear Physics,

Osaka University, Ibakaki, Osaka 567-0047, Japan.
2Present address: Institut de Physique NucleH aire, UniversiteH

Paris-Sud, F-91406 Orsay-Cedex, France.
3Present address: Los Alamos National Laboratory, P-25,

MS H846, Los Alamos, NM 87545, USA.
4Present address: RIKEN, Institute of Physical and Chemical

Research, Wako, Saitama 351-0198, Japan.
5Present address: Central Japan Railway Company, Meieki

1-1-4, Nakamura, Nagoya, Aichi 450-6101, Japan.

6Present address: Physics Department, Graduate School of
Science, Tohoku University, Sendai 980-8578, Japan.

7Present address: Physics Department, Sejong University,
Seoul, 143-747, South Korea.

8Present address: Korea Research Institute of Standards and
Science, 1 Toryong-dong, Yusong-gu, Taejoen 305-600, South
Korea.

9Present address: Fukui University of Technology, Fukui
910}8505, Japan.

10Present address: International Center for Ele-
mentary Particle Physics, University of Tokyo, Tokyo 113-033,
Japan.

Nuclear Instruments and Methods in Physics Research A 457 (2001) 137}150

Active target-detector with scintillating "bers for
hyperon}proton scattering

J.K. Ahn!,1, H. Akikawa!, J. Arvieux",2, B. Bassalleck#, M.S. Chung!,3,
H. En'yo!, T. Fukuda$, H. Funahashi!, S.V. Golovkin%, A.M. Gorin%, Y. Goto!,4,
M. Hanabata&, T. Hayakawa',5, A. Ichikawa!, M. Ieiri$,*, K. Imai!, M. Ishino!,

H. Kanda!,6, Y.D. Kim),7, Y. Kondo!, E.N. Kozarenko*, I.E. Kreslo*, J.M. Lee+,8,
A. Masaike!,9, S. Mihara!,10, K. Nakai', K. Nakazawa&, K. Ozawa!, A. Sato',

H.D. Sato!, K.S. Sim,, T. Tabaru!, F. Takeutchi-, P. TlustyH ., H. Torii!,
K. Yamamoto!, S. Yokkaichi!, M. Yoshida!,4

!Department of Physics, Kyoto University, Kyoto 606-8502, Japan
"Laboratoire National Saturne, F-91191 Gif-sur-Yvette, Cedex, France

#Department of Physics, University of New Mexico, Albuquerque, NM 87131, USA
$IPNS, KEK, High Energy Accelerator Research Organization, Oho 1-1 Tsukuba 305-0801, Japan

%Institute for High Energy Physics, RU-142284 Protvino, Russia
&Physics Department, Gifu University, Gifu 501-1193, Japan

'Department of Physics, Science University of Tokyo, Chiba 278-8510, Japan
)Physics Department, Seoul National University, Seoul 151-742, South Korea

*Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
+Department of Physics, Yonsei University, Seoul 120-749, South Korea
,Department of Physics, Korea University, Seoul 136-701, South Korea

-Department of Physics, Kyoto Sangyo University, Kyoto 603-8555, Japan
.Nuclear Physics Institute, 250 68 R[ ez\ , Czech Republic

Received 20 June 2000; accepted 25 June 2000

0168-9002/01/$ - see front matter ( 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 8 - 9 0 0 2 ( 0 0 ) 0 0 7 6 8 - 3



Abstract

An active target with scintillating "bers has been developed and constructed. This target-detector is designed for
measurements of hyperon}proton scattering for hyperon momenta of several hundredMeV/c. The detector serves as
a production target of hyperons as well as a hyperon scattering target on hydrogen. It works as a 4p-detector for the
production, scattering, and decay of charged particles in the target region. A spectrometer system for an incident beam
and outgoing particles is linked with this target-detector in order to produce triggers for the imaging device. Reactions
inside the "ducial volume of the detector are reconstructed kinematically by using image data together with spectrometer
information. ( 2001 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Gx; 29.40.Mc; 13.75.Ev

Keywords: Scintillating "ber; Image intensi"er tube; Hyperon}nucleon scattering

1. Introduction

Scintillating "bers (SCIFI) have been developed
and used as a tracking device, a calorimeter or an
active target [1]. Furthermore, recent progress in
optoelectronics technology has made it possible to
design new types of visual detector assemblies. In
order to measure hyperon proton (Yp) scattering,
we have developed an active target. This target is
made of a SCIFI block viewed by two chains of
image intensi"ers (IIs) to reconstruct three-dimen-
sionally reaction kinematics of the event. In recent
nuclear physics experiments with strangeness,
a precise tracking of hyperons decays plays an
essential role in order to classify the event or to get
information about the reaction sequence.

Experimental studies of hyperon}nucleon (YN)
scattering will shed light on our understanding of
the strong interaction by an additional degree of
strangeness. However, there is not much experi-
mental data on YN scattering, especially in the
momentum region below 1GeV/c [2}8]. The major
di$culty of YN scattering experiments arises from
the short lifetime of hyperons. The existing Yp data
were from bubble-chamber experiments in the
1960s. However, the statistics was limited due to
their data-acquisition rate. Because the nominal
#ight length of hyperons in this momentum range is
a few centimeters, an active target is required both
as a production target and a scattering target,
which provides a three-dimensional visual capabil-
ity to recognize a complicated reaction sequence
event by event.

Scintillating "bers or tracking detectors with
SCIFI have the following characteristics:

f Chemical composition is rather simple; hydro-
gen and carbon are the target material.

f It is easy to handle; bend and assemble in a small
space.

f A "ducial volume with dimensions of several
centimeters can be made by stacking "bers.

f Tracking resolution can be around a hundred
microns.

f An imaging system with SCIFI can be operated
at a fairly high counting rate. (Optoelectronic
imaging devices with phosphors for SCIFI have
a repetition rate of about 105Hz.)

Our target consists of an active gateable detector
with SCIFI. Hyperons, e.g. &B and ", produced in
SCIFI below 1GeV/c have a #ight path of several
centimeters and may scatter o! another hydrogen
nucleus in SCIFI before they decay. Thus, a SCIFI
block with a "ducial volume of the order of 10 cm3

and a readout system with a spatial resolution of
a few hundred microns can be the most suitable
detector for studying Yp scattering around several
hundredMeV/c.

A prototype of the SCIFI target-detector was
originally designed and employed for an H-
dibaryon [9] and a Yp scattering experiment [10]
to observe images of strange-particles decays. The
SCIFI target}detector described here has been im-
proved in resolution, timing performance, and
"ducial size compared with the original design. The
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11KURARAY Co. Ltd., Kurashiki 2-28, Nakajo, Kitakan-
bara, Niigata 959-2653, Japan.

Fig. 1. Example of an ADC spectrum collected at a given
position of the source along the "ber. The crosses show the
experimental data and the solid line represents simulated data
based on Poisson distribution. The dotted lines are the 1 p.e.
peak, the 2 p.e. peak and the 3 p.e. peak contributions, and the
thick solid line shows the dark current distribution which is
arbitrarily generated with a factor of 1}3%.

selection of SCIFI is described in Section 2. The
assembly of the SCIFI block target and the imaging
device are explained in Sections 3 and 4, respective-
ly. The measurement of Yp scattering and its trig-
gers are described in Section 5. The detector
performance is mentioned in Section 6. A summary
is presented in Section 7.

2. Scintillating 5ber

Several new "ber samples from KURARAY 11

were tested in order to select a "ber which gives the
maximum photon yield. The scintillation process
was stimulated by a collimated beam of electrons
coming from the b-decay of a 3.3MBq 90Sr source.
Each "ber sample with 70 cm in length and
a 300lm]300lm square cross-section was
stretched horizontally. The size of the SCIFI cross-
section was chosen based on a consideration of the
system resolution, which is described in Section 6.1.
The source and a trigger counter were "xed to
a small carriage which could be moved along the
"ber on a rail. The whole set-up was mounted
inside a totally darkened box during the measure-
ments.

Fig. 1 shows an example of an ADC spectrum
collected at a given position of the source along the
"ber. The ADC spectrum was "tted by the follow-
ing expression:

f(x)"
M
+
i/1

N

J2p p
i

e~kki

i!
expC!

(x!x6
i
)2

2p2
i
D (2.1)

where M is the maximum number of Gaussian
photoelectron peaks contributing to the measured
spectrum and, x6

i
and p

i
are the parameters of the

i-th photoelectron contribution. We assumed

x6
i`1

!x6
i
"constant and p

i
"Ji p

1
. These free

parameters (x6
i`1

!x6
i
and p

1
) were determined in

a particular ADC spectrum with a low light yield.
The mean value of the ADC spectrum was cal-
culated including zero probability for a Poisson
distribution. All measurements on the "ber samples

were repeated at least three times to reproduce the
light yield. The absolute number of photoelectrons
was determined to 5% uncertainty, which mainly
came from the 1 p.e. peak position determination,
but the relative number of photoelectrons of each
peaks was not changed much.

It can be seen in Fig. 2 that two "ber samples,
SCSF-50H and -78, show a higher light output
than others at a distance between 20 and 30 cm.
The SCSF-50H generates slightly more lighter than
the others at short distances, but it is below SCSF-
78 at longer distances. SCSF-78 has a longer at-
tenuation length (114 cm) due to the longer
wavelength of generated light. A geometrical con-
sideration of our "nal block dimension suggests
choosing the SCSF-78 "ber because of its better
photon yield than SCSF-50H for a hit distance of
around 30 cm.
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Fig. 2. Photoelectron yield as a function of distance for "ber
samples of KURARAY with a 300lm square cross-section.
SCSF-78 has a long attenuation length (114 cm).

Fig. 3. Schematic views of (a) a cross section and a "ber sheet,
and (b) stacking sheets. (c) A photo of the assembled SCIFI
block. The SCIFI block is formed by stacking alternate "ber
sheets. The SCIFI block is "nally covered by black acrylic
plates, as in (c).

3. Scintillating 5ber block target

The SCIFI block consists of plastic scintillating
"bers, KURARAY SCSF-78. Each "ber is 30 cm
long and has a 300lm]300lm square cross-sec-
tion. The core of the "ber is 288lm]288lm
square, which is coated with a 6 lm thick cladding.
The core material is polystyrene ((CH)

n
) with a re-

fractive index (n) of 1.59 and a density of 1.05 g/cm3,
while the cladding is made of polymethyl meth-
acralate (PMMA, C

5
H

8
O

2
) with n"1.49 and

a density of 1.19 g/cm3. The wavelength of the in-
duced photons of SCSF-78 peaks at 435 nm at
short distances close to the interaction point, and at
450nm at a distance of 30 cm.

The SCIFI block is assembled by stacking alter-
nate "ber sheets to read out from two arms, as
shown in Fig. 3. Each "ber sheet consists of about
330 "bers, corresponding to 100 mm in width. The
"ber sheets are bonded with white water paint
which eliminates any cross-talk across the "ber
sheets by di!used re#ection of the untrapped
photons. The average thickness of the paint is
about 30 lm. The overlapping area between alter-
nate "ber sheets is 100]100mm2. About 600
sheets are stacked to form an e!ective target thick-

ness of 200 mm along the beam direction. The "ber
sheets in each direction are bundled and polished at
the readout arms to make readout surfaces of
100]100mm2. At the other end of the "bers, alu-
minum evaporated acrylic plates are attached as
mirrors, which improves the light output by
50}60%. The e!ective volume serving as an active
target is the overlapping area of 100]100mm2

with 200mm thickness in the beam direction, which
is su$cient to observe hyperon production, scatter-
ing, and decay.
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Russia.

15HOYA}SCHOTT Co. Ltd., Shinjuku 3-23-7 , Tokyo 160-
0022, Japan.

Photons created by the interaction of a charged
particle in a "ber reach the end of each "ber, and
those end surfaces will make a line of bright points
as the projected track of a charged particle. By
using two sets of these projected tracks in the U}Z
and V}Z plane of the SCIFI block, we reconstruct
three-dimensional track(s) of charged particle(s) in
the target volume, and the kinematics of the reac-
tion inside the SCIFI target is calculated together
with the information of incident pion and outgoing
kaon obtained by the spectrometer.

4. Imaging device: image intensi5er tubes

Photons from the projected track of charged
particles in the SCIFI block are ampli"ed by IIs.
Two sets of the II chain are attached at the readout
arms for the U}Z and V}Z planes of the SCIFI
block. The chain of IIs is shown in Fig. 4 and their
characteristics are listed in Table 1. The "rst
(V4440PX: HAMAMATSU12) and the second
(PP0030X: DEP13) stages are of the electrostatic
type. The third stage (BV2563McG: PROXIT-
RONIC13) is of the micro channel plate (MCP)
type. At the fourth stage, an electron bombarded
CCD (EBCCD: GEOSPHAERA14) is employed.
A tapered "ber optic (HOYA-SCHOTT 15) is used
between the third stage and the fourth stage to
match the image size to the sensitive area of the
CCD.

The "rst and second stages are operated in the
DC mode. The cathode voltages of the "rst II is
operated at 20 kV. Since the "ber-optic window of
the output of the "rst stage is thin so as to transmit
as many photons as possible, the second II has to
be in #oating operation, that is, its cathode voltage
of 15 kV relative to the anode corresponds to 35 kV
relative to the ground. The third II and the EBCCD

are operated in the gate mode by independent ex-
ternal triggers, which are created by fast detectors
of the spectrometer. The third II is set at about
850V on MCP, 7 kV on the anode and the gate
voltage on the photocathode is !200V. The ap-
plied voltage to the EBCCD is tuned at around
7 kV to get sharp images. The voltage on the
EBCCD's gate is about 700 V. The external triggers
consist of two di!erent levels, which is described in
Section 5.2.

The photoelectrons produced by the intensi"ed
photons are accelerated and directly bombard the
back side of a thinned-CCD chip in the EBCCD.
Since no phosphor screens or optic devices before
a CCD chip are required, there is no further loss of
brightness information and a better spatial resolu-
tion of images can be achieved. The CCD chip
consists of 532]580 pixels of 17lm]23lm size.
The e!ective area of the CCD chip is
9.04mm]13.34mm. The 10 cm diameter area of
the input window of the "rst II is demagni"ed by
0.25 in the "rst II itself and by 0.32 in the "ber-optic
taper, then "nally it is reduced to 8mm diameter,
which "ts into the e!ective size of the CCD. The
EBCCD is set so that the direction of a row of
580pixels (13.34mm) coincides with the beam axis
in the SCIFI block. The frame transfer to read the
charge from the CCD is started by the external
trigger. The driving clock of the CCD is 10 MHz
and the readout time is 45ms.

The raw CCD image su!ers a distortion caused
by both the lens system of the IIs and the stray "eld
of the spectrometer magnet in use. In order to
compensate for this distortion, a 5 mm thick black
acrylic plate with holes was placed on the opposite
side of the SCIFI block and illuminated with
electro-luminescent panels from the outside. Each
hole on the plate is 300lm in diameter and they
were positioned at 5 and 10mm intervals along the
U-(V-) and Z-direction, respectively. The compensa-
tion was performed with a two-dimensional spline
"tting, as shown in Fig. 5. After a compensation,
scales were converted to the real dimension at the
"rst II input surface. In the Z-direction, 10mm
intervals of holes on the plate shrink to 5 mm since
"ber sheets are bundled from 200 to 100mm at the
II surface. The hole centers are aligned within an
accuracy of 50lm.
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Fig. 4. Schematic drawing of the chain structure of the four IIs.

Table 1
Characteristics of the chain of four Image Intensi"ers

II stage First Second Third Tapered "ber Fourth

Input diameter (mm) 100 25 25 25 25
Output diameter (mm) 25 25 25 8 *

Magni"cation 0.25 1 1 0.32 1
Gain +10 6}10 103}104 (0.32)2! 102}103

Phosphor PS-5 P-46 P-20 * *

Decay time (1/e) (ns) 575 (130) (8690) * *

!The magni"cation of 0.32 of a tapered "ber optic reduces photon gain by a factor of (0.32)2.

Fig. 5. Position compensation is performed with a two-dimensional spline "tting. (a) Before compensation, the raw CCD image su!ers
a distortion caused by both the lens system of the IIs and the stray "eld of the spectrometer magnet. (b) After compensation, scales are
converted to the real dimension at the "rst II input surface.
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Fig. 6. SCIFI block and the II chain assembled. The p beam
comes from the left in this photo and the K's from the produc-
tion reaction go to the right (the spectrometer side). Fig. 7. Top view of the experimental setup.

5. Hyperon-proton scattering and triggers for the
SCIFI detector

The Yp scattering experiment was performed at
the K2 beam line of the 12-GeV Proton Synchro-
tron at KEK. The SCIFI block and the II chain
was assembled as shown in Fig. 6. A separated
p` (1.64GeV/c) or p~ (1.32GeV/c) beam was used
to produce &`'s, "'s, or &~'s through the (pB, K`)
reaction in a SCIFI target as follows:

p`pPK`&`, p`nPK`", p~pPK`&~.

Subsequent scattering of hyperons was observed in
the SCIFI target. In the &`p scattering case, for
example, &`'s are "rst produced by the above reac-
tion in the active scintillating "ber block target.
The production includes the &`'s both from the
free protons and bound protons in carbon (quasi-
free production) in the target. The produced &`'s
are identi"ed by tagging the outgoing K`'s in the
forward direction and observing the decay vertices
from &`Ppp0 or np` inside the "ber block. Some
of the &`'s interact with another proton or carbon
in the same production target, and elastic scattering
with protons can be identi"ed by kinematics ob-
tained from tracking information of the event im-
ages. In this case, the mean #ight paths of related
charged particles are about 8, 5, 18, 19, and 44mm
for incident &`, scattered &`, recoil proton, decay
proton, and decay p`, respectively. These #ight

lengths are moderately long and suitable for the
resolution and size of the SCIFI block.

5.1. Experimental layout

Fig. 7 shows a top view of the experimental
setup, which consisted of the beam line, a spectrom-
eter and the SCIFI target system. The spectrometer
was set at a "nite angle in order to reduce overlap-
ping of tracks of an outgoing K` and a hyperon
produced in the image data. A pB beam with an
intensity of 1&2]105/spill (one spill was about 2 s
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length with 0.25Hz repetition) was focused on the
SCIFI target. The beam particle identi"cation was
performed by measuring the time-of-#ight between
the T1 and T2 scintillation counters, supplemented
by a silica aerogel Cherenkov counter (BAC) and
a gas Cherenkov counter (GC). The particle traject-
ory was measured by sets of drift chambers
(BDC1&3) and multi-wire proportional chambers
(BPC1&5). The outgoing charged particles were
momentum analyzed and detected with a spec-
trometer consisting of a dipole magnet (SP), multi-
wire proportional chambers (PC1 and PC2), drift
chambers (DC1, DC2, and DC3), an aerogel
Cherenkov counter (FAC), a lucite Cherenkov
counter (FLC) and a TOF hodoscope (FTOF).

5.2. Triggers on the II chain

The "rst-level trigger was formed by incident
pB's, vetoed by scattered pions, to apply the gate of
the third stage II. A coincidence matrix between the
hodoscope (CH) at the entrance of the SP magnet
and the FTOF counters was also incorporated into
the "rst-level trigger to provide charge and approx-
imate momentum information on the outgoing par-
ticle. Since the decision time of the "rst-level trigger
was 190ns and the power supply took 170ns for
making the gate voltage, it took 360ns in total
to open the gate after the passage of the beam.
The "rst-level trigger opened the gate of the third II
for 2ls. The rate of the "rst-level trigger was
150}170 events/spill for (p`, K`) and
200}250 events/spill for (p~, K`) at 1.5]105pB/
spill. The fourth stage EBCCD was gated by a sec-
ond-level trigger, which we called a `mass triggera.
The trigger was formed by the signal from the
region around the mass of K`'s in the `mass trig-
gera logic. The mass-trigger selection was deter-
mined by momentum information given by the
combination of hit positions on CH and FTOF and
the time-of-#ight information between T2 and
FTOF counters obtained from the fast-encoding
TDC modules. The decision time of this trigger
took 14ls after the occurrence of an event. The
gate of the EBCCD was opened for 1ms. The
trigger rate at this level was 10}14 events/spill for
(p`, K`) and 5}8 events/spill for (p~, K`).

5.3. Photons in the II chain

Photoelectrons from the photocathode are accel-
erated and hit the phosphor at the output window
to make another image. Phosphors at each II's
output work as an image holder during its decay
time until the triggers "re. The decay time of the
phosphor of the "rst II will determine the accept-
able beam rate of the system, so as to reduce the
overlap of images at the phosphor caused by
short-beam intervals. Since it took 360ns to open
the gate of the third II, we decided to use the
phosphor PS-5 for the "rst II, which has been
reported to have 700 ns decay time [11], whereas
we employed P-24 (s(10%)&2.4ls16) in the proto-
type [10]. The gain and decay time were measured
for a test II with PS-5 with single-photon level light
by using a blue LED. The number of photons
emitted per electron generated in the photocathode
of the test II with PS-5, c/e, increases linearly with
the applied voltage as shown in Fig. 8. It was also
veri"ed that there is no di!erence in gain between
intense and single-photon level light sources. Al-
though the c/e value was lower than P-24 by about
30% at 20 kV (see footnote 16), the decay time of
PS-5 was measured to be about 575 ns, as shown in
Fig. 9, which is a better timing for the "rst-level
trigger than that of P-24.

The phosphor P-46 (s (10%)"300ns 16) is
used for the second II, then the light output of the
second stage as a function of time is described as
follows :

f
2
(t)"

G
2
G

1
q
2
!q

1

(e~t@q2!e~t@q1) (5.1)

where s
1

denotes the decay time of PS-5 (575 ns)
and q

2
is for P-46 (130 ns). G

n
is the gain of the nth

II. The peak of the light output is at about 250ns,
as shown in Fig. 10, in which gains of the "rst,
second and third II are assumed to be 10, 10 and
103, respectively. Since it takes about 360ns to
open the gate of the third II after the passage of
a particle, 65% of the total light output of the
second II is passed to the third II within the 2 ls
gate width. Then the light output from the
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Fig. 8. Gain measurement as a function of the voltage applied to
PS-5; c/e is the number of output photons per electron generated
in the photocathode of the II.

Fig. 9. Decay time of PS-5 is measured to be about 575 ns,
which suits the timing of the "rst-level trigger.

Fig. 10. Expected light output at the second stage and at the
third stage of II as a function of time after the passage of the
beam. The gains of the "rst, second and third II are assumed to
be 10, 10 and 103, respectively. The peak of light output at the
second stage is at about 250ns, and 65% of the total light output
of the second II is passed to the third II within the 2 ls gate
width of the trigger. Then the EBCCD receive 22% of the third
II's light output when the trigger for the EBCCD is invoked at
14ls with its width of 1ms. Horizontal lines in the "gure show
the timing and widths of each trigger.

phosphor P-20 (s (10%)"20 ls (see footnote 16))
of the third II is given by the following equa-
tions:
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where q
3

is the decay time for P-20. The light
output curve is shown in Fig. 10. The trigger for the
EBCCD is invoked within 14ls and its width is
1ms. The EBCCD receives 22% of the third II's
light output in case of a decision time of 14ls.
Therefore, in this gate condition under the EBCCD
gain of 100, the total gain of the II chain is
1.4]106("10]10]0.65]103]0.22]102).

6. Detector performance

A typical example of the image for &~p scatter-
ing is shown in Fig. 11. The average data size is
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Fig. 11. ;}Z and <}Z view of a &~p scattering event observed with the SCIFI detector.

Fig. 12. Average brightness per unit length (mm) of (a) incident
p~'s and (b) &~'s.

about 7 kbyte/image. The energy deposit of &~ and
recoil protons is di!erent from mesons in this reac-
tion. The incident p~ in this reaction deposits an
energy close to a minimum ionizing particle (MIP).
The momentum of &~ produced by the (p~, K`)
reaction in the SCIFI target is typically about
500MeV/c. The energy deposit of such a slow
particle is about three-times larger than that of
a MIP. Fig. 12 shows the average brightness per
unit length (mm) of (a) the incident p~ and (b) &~.
So the clusters of tracks are dense and the track of
a &~ is recognized as a continuous line as shown in
Fig. 11.

6.1. Thin track (p~)

A contiguous set of bright pixels is de"ned as
a cluster. The centroid of the brightness is de"ned
as the center of the cluster and is considered to be
the input position of the photo-electron. The r.m.s.
of the brightness distribution around the center is
regarded as the size of the cluster. Figs. 13(a) and (b)
show the distributions of cluster sizes along and
perpendicular to the beam axis, respectively, for the
1.32GeV/c p~ track. The average cluster sizes are
both 0.77 in pixel unit, which correspond to 18 lm
(13lm) on the CCD chip and 221lm (163lm) on
the "rst II surface along (perpendicular to) the
beam axis. The cluster density along the particle
track for p~'s is found to be 0.42 clusters/mm in the

SCIFI block detector, which corresponds to
0.25 clusters/sheet.

A trajectory in the projected image is "tted with
a straight line. The distribution of the center of each
cluster around the straight line is shown in
Fig. 14(a) for tracks longer than 20mm. The "t to
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Fig. 13. Distributions of cluster sizes for p~ tracks, (a) along and
(b) perpendicular to the beam axis. The cluster sizes are 0.77 in
pixel units both, which corresponds to 18 lm (13lm) on the
CCD chip and 221lm (163lm) on the "rst II surface along
(perpendicular to) the beam axis. The brightness distribution of
clusters is shown in (c).

a Gaussian distribution gives a spatial resolution of
p"165lm for this SCIFI block detector. This
value can be explained by the sources of uncertain-
ties in Table 2.

p"Jp2
&*"%3

#p2
CCD

#p2
II
#p2

!-*'/
+155 lm. (6.1)

Along the beam direction, the CCD pixel size
(23lm) with the demagni"cation 0.08 gives similar
contribution in a spatial resolution to the size of

a "ber. Thus, at the design stage of a detector
system, one can adjust its spatial resolution by
selecting a size of a "ber or a demagni"cation factor
of an II system depending on the experimental
requirement. The track width, which is de"ned as
the brightness residual around the straight line, is
shown in Fig 14(b), and it is found to be 299lm.
This corresponds to each cluster having a bright-
ness size of 200}250lm.

6.2. Thick track (&~)

Since the clusters are thick and dense enough to
stick pixels together, the track of slow particles like
&~ is recognized as a continuous line, as shown in
Fig. 11. Fig. 15 shows the width of the &~ track,
and the "t to a Gaussian distribution with
a p"436 lm. This value is considerably larger
than in the p~ case. Since the II's gain was tuned to
detect pion tracks e$ciently, the blooming around
the cluster might result for the observed &~ track in
the CCD.

The angular deviation of the &~ track is shown
in Fig. 16 as a function of the &~ #ight length. The
angular deviation is de"ned as the di!erence be-
tween the predicted direction with the spectrometer
system and the observed direction obtained by the
image data, for &~'s produced from hydrogen. The
track direction in the image data is determined by
identifying the end-points on the video pictures.
The deviation is "tted with two Gaussians; a nar-
row peak corresponds to &~ production from hy-
drogen and a broader component corresponds to
those from protons in carbon. The "tting for each
length is displayed on the right upper side of
Fig. 16. This angular deviation was "tted with the
following function of l:

*h(r.m.s.)"S(0.014)2#A
a

l B
2
#(0.02]Jl)2 (rad).

(6.2)

The "rst term represents the missing momentum
vector resolution which was estimated to be
14mrad by a Monte Carlo simulation. The mo-
mentum resolution of p~ and K` in the simulation
was assumed to be 0.7 and 1.0%, respectively,
which reproduced the missing mass resolution of
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Fig. 14. (a) Distribution of the center of each cluster (p"165lm) and (b) the residual brightness or track width (p"299lm) around the
"tted straight line.

Table 2
Sources of position uncertainties

Possible
sources

Approximate size in
lm at the input surface
of the "rst II

p
&*"%3

Size of a "ber with paint 330/J12
p
CCD

Size of a CCD pixel 17/J12/0.08
p
II

Accuracy of the II system 50
p
!-*'/

Misalignment of the stacking p
&*"%3

Fig. 15. Width of the &~ track, p"436lm.

Fig. 16. Angular deviation *h(r.m.s.) of &~ tracks as a function
of the &~ #ight length (full squares). The solid line shows the
result of "tting by Eq. (6.2). The dotted line represents the
resolution of the missing momentum vector (14mrad). The
dashed line represents the calculated e!ect of multiple Coulomb

scattering (0.02]Jl ). The "tting of the angular deviation for
each length with two Gaussians is also displayed on the right
upper side of the "gure.

7.4MeV/c2 of the real data. The second term rep-
resents the position resolution of pointing between
the end-points on the video pictures perpendicular
to the track, whose value is `aa 0.46mm, where `la

denotes the #ight length in mm. This includes the
position resolution of both the production and
decay vertices of the &~. The third term corres-
ponds to the e!ect of multiple Coulomb scattering,
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Fig. 17. Comparison of the elastic p}p di!erential cross-section
by the present method (crroses) with the published data (squares
[12]). Event candidates were selected by eye-scanning of image
data on the video picture, and kinematical constraints were
applied, such as the coplanarity condition and the momentum
balance.

and was calculated to be 0.02]Jl for 500MeV/c
&~ in scintillator. The main component of this
angular deviation at short distance is caused by the
position resolution in the identifying procedure of
the end-points of the line segments on the video
picture.

6.3. A control through p}p elastic scattering
measurement

To test this detector system, proton}proton elas-
tic scattering has been measured. A proton beam of
750MeV/c was incident on the SCIFI target de-
tector. The result of the elastic p}p di!erential
cross-section is shown in Fig. 17. Event candidates
were selected by eye-scanning of image data on the
video picture and kinematical constraints were ap-
plied, such as the coplanarity condition and the
momentum balance. The p}p di!erential cross-sec-
tion is known to be almost #at at about 3.5mb/sr in
this momentum region [12]. The eye-scanning e$-
ciency drops at angles smaller than 503, since the
#ight length of recoil protons become shorter than
3.5mm and it is getting hard to identify. However
scattering at angles larger than 503 are well recog-
nized and the obtained values of the di!erential
cross-sections are consistent with the existing data.

In hyperon proton scattering case, the detectable
angular region of this SCIFI block detector is from

50 to 1103 in the center of mass frame. The
recognition e$ciency of the scattering pattern in
the image data is decreased due to short #ight
lengths of recoil protons at forward angles, as de-
scribed above, and those of hyperons at backward
angles.

7. Summary

We have constructed a new active target with
a SCIFI block detector for hyperon}proton scat-
tering measurements at hyperon momenta of sev-
eral hundredMeV/c. The SCIFI block consists of
2]105 plastic scintillating "bers, KURARAY
SCSF78, where each "ber is 30 cm long and
has a 300lm]300lm square cross-section.
600 sheets, 10 cm wide and 30 cm long with
330"bers each, are stacked alternately so as to form
an e!ective target volume of 10]10]20 cm3. This
"ber block is viewed from two orthogonal direc-
tions by two sets of II chains in order to reconstruct
the particle trajectories inside the target three-di-
mensionally.

For Yp scattering, hyperons are produced by (p,
K) reactions from nucleons in the SCIFI block.
This SCIFI detector is linked with the spectrometer
system, and the signals of incident p's and outgoing
K's from the spectrometer detectors are used to
open gates of the II chains to take data event by
event e$ciently. Hyperon production, scattering
and decay are observed in the "ducial volume of the
SCIFI detector and the kinematics of the reactions,
which occur in the SCIFI block, is deduced from
the image data together with the spectrometer in-
formation.

For p~'s of 1.32GeV/c, a hit density of 0.42 clus-
ters/mm and a spatial resolution of p"165lm are
obtained for this SCIFI detector. For thick tracks,
like &B and protons, tracks are recognized as con-
tiguous lines, and the width of the tracks becomes
wider than for the p~ case. Although further im-
provements will be required for higher beam inten-
sity and higher event rates of the system, the active
target with this SCIFI block detector will give
a breakthrough for hyperon experiments, such as
Yp scattering and searches for such particles as the
H-dibaryon.
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Abstract-- An active target with plastic scintillating fibers

has been constructed. This active target served as a production
target of hyperons as well as a scattering target, and worked
as a 4π -detector for charged particles. This system is
designed for measurement of hyperon-proton scattering for the
hyperon momenta of several hundred MeV/c. A spectrometer
system for incident beam and outgoing particles of hyperon
production reaction is linked with this target-detector in order
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to provide triggers for the imaging device of this detector

system.  As a control of this detector, the decay constant of Σ-

hyperon has been evaluated.

I. INTRODUCTION

We have developed an active target with a block of
scintillating fibers (SCIFI) in order to measure hyperon-
proton (Yp) scattering [1,2], which is viewed by two chains
of image intensifiers (IIs) to reconstruct three-dimensionally
reaction kinematics of the event inside the SCIFI block. The
existing data of Yp scattering are from bubble chamber
experiments performed  in the 1960’s [3]. In recent nuclear
physics experiments with strangeness, a precise tracking of
hyperons decays plays an essential role in order to get
information about the event itself or about the reaction
sequence [4].

The SCIFI block target and the imaging device are
explained in sect. 2 and 3, respectively. The process of
treating image data is described in sect. 4. In sect. 5, the
analysis of Σ- production events is mentioned, and the decay
constant of Σ- is deduced as a control of the detector system.
A summary is presented in sect. 6.

II. SCINTILLATING FIBER BLOCK TARGET

The SCIFI block consists of plastic scintillating fibers,
KURARAY SCSF-78 [5]. Each fiber is 30 cm long and has
a 300 µm × 300 µm square cross section. The core of the
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fiber is 288 µm × 288 µm square, which is coated with a 6
µm thick cladding.

The SCIFI block is assembled by stacking alternate fiber-
sheets, as shown in Fig. 1-(a) and (b). Each fiber sheet
consists of about 330 fibers, corresponding to 100 mm in
width. The fiber-sheets are bonded with white water paint
which eliminates any cross talk across the fiber-sheets by
diffused reflection of the untrapped photons. The overlapping
area between alternate fiber sheets is 100×100 mm2. About
600 sheets are stacked to form an effective target thickness of
200 mm along the beam direction.  The fiber-sheets in each
direction are bundled and polished at the readout arms to
make readout surfaces of 100×100 mm2. The effective
volume serving as an active target is the overlapping area of
100×100 mm2 with 200 mm thickness in the beam direction.

Fig. 1.  Schematic drawing of (a) a cross section of a fiber and a fiber
sheet, (b) the structure of the SCIFI block. The SCIFI block is assembled by
stacking alternate fiber sheets.

Photons created by the interaction of a charged particle in a
fiber reach the end of each fiber, and those end-surfaces will

make a line of bright points as the projected track of a
charged particle. By using two sets of these projected tracks
in the U-Z and V-Z plane of the SCIFI block, we reconstruct
three-dimensional track(s) of charged particle(s) in the target
volume, and the kinematics of the reaction inside the SCIFI
target is calculated together with the information of incident
pion and outgoing kaon of the hyperon production reaction
obtained by the spectrometer (SP).

III. IMAGE INTENSIFIER TUBES

Photons from the projected track of charged particles in the
SCIFI block are amplified by IIs. Two sets of the II chain are
attached at the readout arms for U-Z and V-Z planes of the
SCIFI block. The chain of IIs are shown in Fig. 2.

Fig. 2. The SCIFI target is viewed by two chains of IIs. The first
(V4440PX : HAMAMATSU [6]) and the second (PP0030X : DEP [7])
stages are of the electrostatic type. The third stage (BV2563McG :
PROXITRONIC [7]) is of the micro channel plate (MCP) type. At the
fourth stage, an electron bombarded CCD (EBCCD : GEOSPHAERA [8])
is employed. A tapered fiber optic (HOYA-SCHOTT [9]) is used between
the third stage and the fourth stage to match the image size to the sensitive
area of the CCD.

The third II and the electron bombarded CCD (EBCCD)
are operated in the gate mode by independent external triggers,
which are created by fast detectors of the SP. The external
triggers consist of two different levels. The 1st level trigger
made by fast signals from photomultipliers of SP opens the
third MCP gate. The 2nd level trigger, called “mass trigger”
is made from combinations of hodoscope hits and time-of-
flight information to open the EBCCD gate. The image data
from CCD are digitized in real time with a 6-bit flash-ADC
and the digitized data were compressed with a compactor
module in a CAMAC crate. A typical example of the image
for Σ-p scattering is shown in Fig. 3. The average data size is
about 7 kbyte/image. Details of the IIs chain and triggers
made by detectors of the SP are described in ref. [1,10].
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Fig. 3.   U-Z and V-Z view of a Σ-p scattering event.

IV. IMAGE DATA ANALYSIS

A. Analysis procedure

Raw image data are distorted by the pin-hole distortion of
the electrical lens system and a stray field from SP. First of
all the processes, this distortion should be corrected.

To derive observed values and their errors, the efficiencies
and accurateness of the analysis should be estimated. For this
purpose, Monte Carlo simulations were performed.
Simulated image data were generated and analyzed with the
same processes as those for the real.

 Then, pictures were eye-scanned and categorized according
to the event patterns. The events including visible Σ-'s were
selected and used for further analysis. After the categorization
was completed, the reaction points were marked on a graphic
display with a pointing device.

B. Position calibration

Raw images on the CCD suffered a pin-hole distortion
caused by the electrical lens system of the IIs. A Stray field
from SP also distorted the images. The actual position of
each pixel in the SCIFI target was compensated by placing a
black lucite-plate with holes on the opposite side end of the
SCIFI block, and uniformly illuminating them with an
electro-luminescence panel from outside. Fig. 4 shows
pictures of calibration patterns before and after the correction.

The diameter of the hole was 300µmφ , and the pitches
were 10mm and 5mm longitudinal and transverse to the
beam direction, respectively. The pixel position was
transformed to the real position with a formula obtained by
using a two-dimensional spline fitting. The centers of the
holes were aligned within the accuracy of 50 µm after
compensation.

Fig.4.  Position compensation by using a calibration pattern illuminated
with an electro-luminescence panel. (a) A picture of the raw pattern. (b)
After compensation, the scales are converted to the real dimension in the
SCIFI  block.

C. Image Data Simulation

In order to estimate analyzing efficiencies and accurateness
of pointing and to evaluate systematic errors, the Monte
Carlo simulation was performed by using GEANT 3 [11]. To
evaluate the scanning efficiency, the simulated image data
were mixed into the real data. The Σ-'s were generated by "- +
(p) → K+ + Σ- reaction, and scatter or react with protons in
the simulation. The Fermi motion in carbon nuclei was
reproduced with the distribution as

N( p) =
N0

1 + exp p(GeV /c) − 0.1
0.05

 
 

 
 

(1)

The energy loss of the charged particles, effect of multiple
Coulomb scattering were calculated by GEANT. The
response of the SCIFI detector system was simulated to
reproduce the characteristics of the real tracks, and simulated
image data were created. Finally, the brightness distributions
of "- and Σ- tracks and the track width of them were well
reproduced.

The generated image data were analyzed through the same
process as the real data, and the efficiencies were evaluated
from the surviving rate of the simulation events. The angular
resolution and the accuracy of the track-length measurements
were also estimated using the simulation data by comparing
the generated positions to the positions obtained by the
pointing process.

V. ANALYSIS OF Σ-
 PRODUCTION AND ITS DECAY CONSTANT

A. Σ-p elastic scattering experiment

We have performed Σ-p elastic scattering. Σ-'s of 400 to
700 MeV/c were produced through the in-flight p("-, K+) Σ-

reaction in the SCIFI with a 1.32 GeV/c "- beam. Subsequent
elastic scattering of  Σ- hyperons was observed in the SCIFI
active target. Details of the analysis of  Σ-p elastic scattering
are described in ref. [1]. Here, we should like to explain
about the analysis of Σ- hyperon production reaction, which
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is important in obtaining the absolute value of cross sections
of Σ-p elastic scattering, since produced Σ-'s act as “beam” for
Σ-p scattering.

B. Requirement for the Σ- Production

The pointing was done for 2947 event samples of the Σ-

beam candidates to evaluate the amount of the “Σ- beam”.
This correspond to 1.6% of all the data in the Σ-p scattering
experiment. A typical Σ- production event is shown in Fig. 5.

Fig. 5. An example of a Σ- production event observed with the SCIFI
detector. Open squares represent the input positions given in the pointing
process. The solid lines just on the "- and K+ tracks are the fitted lines, and
the dotted lines slightly deviated from the tracks represent the predicted
tracks with the external wire chambers.

The weak decay of Σ- → "-n was easily recognized in the
pointing process, because the brightness of the Σ- and "-

tracks was quite different. The start point of the Σ- track was
the vertex point of the ("-, K+) reaction and the end point was
the kinked point or the point where the brightness of the
track suddenly changed.

 The production vertex of the ("-, K+) reaction was
reconstructed by using the image data. The vertex position
was defined as the closest point of the Σ- and K+ tracks. The
vertex resolution along the z-axis was estimated to be 0.6
mm from the simulation data.

The measurement error of the track length of the Σ- causes
systematic errors in the cross section. Additionally, if the
length of the Σ- is too short, the event selection becomes
ambiguous. Figure 6-(a) shows the difference of the flight
length between the generated one by the simulation and the
measured one by the pointing process. Figure 6-(b) shows the
efficiencies for the event categorization, pointing and
kinematical cut to select the H-target Σ- beam as a function of
the flight length of the Σ-. The definition of H-target Σ- beam
and the details of the kinematical cut are described below.
The Σ- whose flight length was longer than 5mm was used
for the Σ- beam. To avoid ambiguities in the categorization
for events which occurred at the upstream and downstream
ends of the SCIFI, the z-position of the vertex was required
to be within -90 mm ~ 60 mm, where the origin of the
coordinate was the center of the SCIFI block.

Fig. 6.  The Σ- flight length dependence of (a) the error of length
obtained by the pointing process, and (b) the analyzing efficiency. In figure
(b), open squares represent the efficiency of the event categorization and
pointing, and closed squares represent the total efficiency including the
kinematical cut efficiency to select the H-target Σ- beam (The definition of
H-target is described in the next subsection.)   They were obtained with the
analysis of the simulated image data. The threshold value for the Σ- track
length was set to 5mm, as indicated by the lines in the figure.

C. Σ- Produced on Free Protons and Carbon Nuclei

Since the SCIFI target consisted of (CH)n, Σ-'s were
produced both on free protons (hydrogen target) and carbon
nuclei (carbon target). We call them the H-target and C-target
Σ- beams, respectively. For the C-target beam, the
momentum of the Σ- beam is not well determined by the ("-,
K+) kinematics due to the Fermi motion.

 In order to separate the H-target Σ- beam, we adopted the
H-target cut, which include the angle-difference and missing-
mass cuts. The angle-difference for the Σ- production
kinematics (Δθprod) was defined as

Δθprod = cos−1
pΣ− prod ⋅dΣ− prod
pΣ− prod dΣ− prod

 

 

  

 

 
 (2)

where, dΣ¯prod is the measured direction of the Σ- obtained
from the pointing process, and pΣ¯prod denotes the predicted
momentum vector of the Σ- calculated from the momentum
vectors of the "- and the K+. The momenta of the "- and K+

were obtained from the analysis of the spectrometer data, and
the directions were measured with the SCIFI detector and the
external wire chambers. The energy loss in the SCIFI target
was taken into account to calculate the production kinematics.

Figure 7-(a) shows the distribution of Δθprod versus the
flight length of the Σ- (flΣ¯).  The Δθprod distribute around zero
within the resolution of the SCIFI system for the H-target Σ-

beam. These events make a narrow peak, and which can be
distinguished from the broader distribution of the C-target Σ-

beam. The region inside the lines in Figure 7-(a) was the
accepted region for the Σ-'s produced on free protons. The
threshold was set to be

Δθprod <
1.35
flΣ−

+ 0.03, flΣ− > 5mm (3)
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by taking projections of Figure 7-(a) onto Δθprod in some
slices of (flΣ¯).

Figure 7-(b) shows the missing-mass spectrum of the p("-,
K+)X reaction (MMprod) after the angle-difference cut was
applied. The missing-mass resolution was 7.4 MeV/c2

(r.m.s.). The criterion for the missing-mass cut was
1.174 < MMpro < 1.218 (GeV/c2). (4)
The events which satisfy (3) and (4) were regarded as the

H-target Σ- beam, and the other events were recognized as the
C-target Σ- beam. The contamination from the C-target in the
H-target Σ- beam was estimated to be 10% from Figure 7-(b).

Fig. 7.  (a) Scatter plot of Δθprod versus the flight length of the Σ- (flΣ¯).
(b) Missing-mass spectrum of the p("-, K+)X reaction after the angle-
difference cut was applied. The lines on the spectrum are obtained with a
two-Gaussian fitting. The events inside the region indicated by the arrows
were regarded as the Σ-'s produced on free protons (H-target Σ- beam).

D. Lifetime of Σ-

To confirm the Σ- event selection and test the detector
system, the lifetime of the Σ- was derived as following.

The mean flight length, x, of the particle with the life-time
τ is given as

x = cτ ⋅ β γ = cτ ⋅
p
m

(5)

where m and p are the mass and momentum of the particle,
respectively. For charged particles in material, the energy loss
of the particle along its path should be taken into account,
then x•m/p is replaced by L, which is defined as

L = ∫0
x m
p(ξ)

⋅ dξ (6)

The decay rates as a function of L before and after the
efficiency correction were evaluated in the region of L
between 10 mm and 100 mm, as shown in Figure 8. The
efficiency for each bin of L was obtained by using the
simulation data. The decay constant was calculated with the
logarithmic likelihood method.

The result is:
cτ = 43.3 ± 3.2 mm, (7)

which is consistent with known value [12]: cτ = 44.34 ±
0.33 mm.

Fig.  8.  Distribution of the Σ- flight length for the H-target Σ- beam

VI. SUMMARY

A new active target with plastic scintillating fibers has
been constructed for hyperon-proton scattering. The SCIFI
block consists of 2 × 105 plastic scintillating fibers,
KURARAY SCSF78, where each fiber is 30 cm long and
has a 300 µm × 300 µm square cross section. 600 sheets, 10
cm wide and 30 cm long with 330 fibers each, are stacked
alternately so as to form an effective target volume of 10
× 10 × 20 cm3. This fiber block is viewed from two
orthogonal directions by two sets of II chains and data are
stored as two CCD images, in order to reconstruct the
particle trajectories inside the target three-dimensionally.

To evaluate the scanning efficiency of image data, the
simulated image data were mixed into the real data. The
decay time of Σ- hyperon is well obtained as a control of this
detector system.
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We have measured the lifetimes of the weak decay ofL
12C, L

28Si, andL
56Fe hypernuclei which were produced

via a (p1,K1) reaction at KEK 12-GeV PS. The lifetimes were obtained by direct measurement of the
production and decay time of the hypernucleus using a fast timing counter system whose time resolution was
about 83 ps. Our results for the lifetimes ofL

12C, L
28Si, and LFe are 231615, 206611, and 215614 ps,

respectively. The lifetimes ofL
11B and L

27Al with the application of the gate to thepL state of the formation
spectra ofL

12C and L
28Si were also determined to be 211613 and 203610 ps. From the present work, it was

found that the total decay width saturates according to the hypernuclear mass number even atA;12. This
suggests the importance of the proper treatment of the short range nature of the nonmesonic decay ofL
hypernuclei.

PACS number~s!: 21.80.1a, 13.30.Eg, 13.75.Ev, 21.10.Tg
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I. INTRODUCTION

The weak decay ofL hypernuclei has been studied ov
many years since its discovery in 1952 in an emulsion
periment. Hypernuclei are typically produced in excit
states~or ground states! through the strangeness producti
reaction and can reach their ground state through nuc
emission and/or electromagnetic decay. Eventually, they
decay through weak interaction processes which involve
emission of pions or nucleons.

A freeL hyperon decays mostly into a nucleon and a p
via the weak nonleptonic decay

L→H p1p2137.8 MeV ~63.9%!,

n1p0141.1 MeV ~35.8%!,
~1!

with a lifetime of 263 ps. The branching ratios of the tw
channels are 35.8% and 63.9%@1# and are consistent with
simple calculation from the empiricalDI 51/2 rule. The en-
ergy released in the freeL decay is about 40 MeV and th

*Present address: High Energy Accelerator Research Orga
tion ~KEK!, Tsukuba, Ibaraki 305-0801, Japan.

†Present address: University of Houston, Houston, TX 77004
‡Present address: Department of Physics, Sejong Univer

Seoul 144-747, Korea.
§Present address: School of Allied Health Sciences, Kitasato U

versity, Sagamihara 228-8555, Japan.
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corresponding momentum of a nucleon and a pion in th
center-of-mass frame is about 100 MeV/c.

When aL hyperon is bound in the nucleus, the meson
decay channel is highly suppressed except for the very l
nuclei because of Pauli blocking of the final-state nucle
Nucleon-induced decay, the so-called nonmesonic decay
comes dominant. This channel does not occur in the freL
@2#,

L1p→n1p1176 MeV, ~2!

L1n→n1n1176 MeV. ~3!

The energy release of this decay mode is about 176 MeV
the momentum of each final-state nucleon is about 4
MeV/c, which is much higher than the Fermi momentum.
a result, this decay mode becomes dominant in medium
heavy hypernuclei.

Thus, the total decay width (G) and the lifetime (t) of L
hypernuclear weak decay can be written

G5
1

t
5Gp1Gnm , ~4!

Gp5Gp21Gp0, ~5!

Gnm5Gp1Gn1~G2p2h!, ~6!

whereGp2(p0) is the partial decay width ofp2(p0) mesonic
decay,Gp(n) is that of proton-~neutron-! induced nonmesonic

a-

ty,

i-
©2000 The American Physical Society04-1



e-

ng

b
tio
a
n

w
ac
n

ar

o
a
er
fm

de
a

lo

fr
a

ou
m

e
e

tiv
o

re

tly

ra
es

a
r-

ng
si
io
n

d
o

fo
e
ec

ure-

nic
ns
fe-
en-
he

be
and
of

are
the-

x-
en
er-

ak

H. PARK et al. PHYSICAL REVIEW C 61 054004
decay, andG2p2h is that of the two-nucleon-induced nonm
sonic decay which has been suggested@3# but not yet con-
firmed.

The LN→NN interaction is the strangeness changi
DS51 analogy of the weakNN→NN interaction respon-
sible for nuclear parity violation@4#. In the case of theNN
→NN weak interaction, the parity-conserving part is not o
servable because it is overwhelmed by the strong interac

At present, a direct study of the hyperon-nucleon we
interaction is difficult due to the lack of either a hypero
beam or target and the low cross section, even if the tim
reversed processpn→Lp were to be made possible by ne
facilities @5#. So nonmesonic decay provides the most pr
tical means to investigate the four-fermion weak vertex a
LN→NN weak interaction which occurs only in the nucle
medium.

In addition, one of the most important characteristics
the nonmesonic decay process is the large momentum tr
fer of about 400 MeV/c. Such a large momentum transf
implies that it probes short distances of the order of 0.5
and might, therefore, expose the role of explicit quark
grees of freedom in the nucleus. Furthermore, in investig
ing the nonmesonic decay of hypernuclei, one can exp
the question of whether theDI 51/2 rule that governsp
mesonic decay applies to nonmesonic decays.

The total decay width~or lifetime! is the observable
which can be measured most accurately and interpreted
from the nuclear final-state interaction. The lifetime me
surement can be the starting point for obtaining the vari
observables, e.g., partial decay widths of mesonic or non
sonic decay, the ratio of proton- to neutron-induced nonm
sonic decay rates, etc. In addition, the variation of lifetim
with hypernuclear mass number can provide a qualita
understanding of the nuclear medium effects on the bary
baryon weak interaction.

Table I shows the status of the previous lifetime measu
ments. For light hypernuclei ofA<5, there are old emulsion
data for the lifetimes with large uncertainties. Recen
some counter experiments were performed at BNL@17,16#
and KEK @12,13# for L

4 H, L
4 He, andL

5 He hypernuclei. In the
medium mass region, there are only two sets of data. G
et al. @17# obtained the lifetimes by applying various gat
on excitation energies of theL

12C hypernucleus. The lifetime
of the hypernucleus ofA;16 was measured at LBL@18#
using a16O beam, but the production of a hypernucleus w
not identified explicitly in the experiment. For heavy hype
nuclei with A.200, there exists some lifetime data usi
antiproton or proton beams to measure the delayed fis
fragments. Recently, the lifetime of the hypernuclear fiss
fragments from thep1238U interaction was measured withi
reasonable uncertainties using a proton beam at COSY@22#.
In these measurements for heavy hypernuclei withA.200,
the hypernuclear production was not explicitly identifie
Before the present experiment, there had existed only
measurement in the mass region fromA512 to 200, which
has large errors and could not identify the hypernuclear
mation clearly. The present experiment will provide the lif
times in this region with clear hypernuclear formation sp
tra.
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The goals of this experiment were the precise meas
ment of ~1! the lifetimes of hypernuclei,~2! the branching
ratios ofp2 mesonic decay and proton-induced nonmeso
decay, and~3! to obtain the energy spectra of the proto
from nonmesonic decay. In this paper, the results for li
times will be presented, which may show the mass dep
dence of the hypernuclear lifetime. The lifetimes of t
ground state ofL

12C, L
28Si, and the bound region ofL

56Fe have
been reported@24#.

In Sec. II, the details of the experimental apparatus will
presented. Section III will show the analysis procedures
the lifetime results. In Sec. III, the systematic uncertainties
the present results also will be considered. We will comp
the present measurements with previous results and the
oretical calculations in Sec. IV.

II. EXPERIMENT

L hypernuclei were produced via the (p1,K1) reaction.
The lifetimes of theL hypernuclear weak decay were e
tracted from the distribution of the time differences betwe
beam injection and the emission of protons from the hyp
nuclear weak decay.

The (p1,K1) reaction is suitable for measuring the we

TABLE I. The status of the lifetime mesurements.

A t ~ps! Ref. Expt.

L
3 H 90240

1220 @6# Emulsion
2852105

1127 @7# Emulsion
128226

135 @8# Emulsion
264252

184 @9# Bubble chamber
246241

162 @10# Bubble chamber

L
4 H 180270

1250 @6# Emulsion
3602130

1490 @11# Emulsion
2682107

1166 @7# Emulsion
194226

124 @12,13# (Kstop
2 ,p2)

L
4 He 2282129

1233 @7# Emulsion
245624 @14# (K2,p2)
256627 @13# (Kstop

2 ,p2)

L
5 He 140250

1190 @6# Emulsion
180260

1150 @11# Emulsion
251273

1190 @7# Emulsion
274250

160 @15# Emulsion
256621 @16# (K2,p2)

L
9 Be 201630 @16# (K2,p2)

L
11B 192622 @17,16# (K2,p2)

L
12C 211631 @17,16# (K2,p2)

L
16Z 86226

133 @18# 16O beam,K1 tagging

p̄1209Bi 2502100
1250 @19# Delayed fission

180640660 @20# Delayed fission
e1209Bi 27006500 @21# Delayed fission

p̄1238U 100240
180 @19# Delayed fission

130630630 @20# Delayed fission
p1238U 240660 @22# Delayed fission
p1209Bi 14567623 @23# Delayed fission
4-2
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decay of medium and heavyL hypernuclei because it ca
produce the deeply bound state of hypernuclei due to
high momentum transfer which is as much as 0.4 GeVc,
while the (K2,p2) reaction populates preferentially the su
stitutional states due to the reaction selectivity. In additi
the (p1,K1) reaction gives a very clean inclusive spectru
because it is free from the decay of beam particles. T
permits us to estimate the yield of hypernuclear formation
the inclusive spectrum rather precisely.

A. General description

TheL hypernuclei were produced via the (p1,K1) reac-
tion using the 1.05 GeV/c p1 beam at the K6 beam line@25#
of the KEK 12-GeV PS. The scattered kaons were tag
using a superconducting kaon spectrometer~SKS! @26# to
identify the production of hypernuclei and reconstruct t
hypernuclear mass spectrum.

Figure 1 shows a schematic view of the beam line sp
trometer and the scattered particle spectrometer~SKS!. The
acceptance of the SKS is about 100 mSr and a good mom
tum resolution of 0.1% full width at half maximum~FWHM!
was achieved at the previous experiment~KEK-PS E140a!
for the hypernuclear spectroscopy@26,27#.

We used natural carbon, silicon, and iron as a target.
placed targets at finite angles to the beam as shown in Fi
The reason for this asymmetric configuration is as follow
~a! in order to increase the effective target thickness for
beam to generate a larger hypernuclear production rate
~b! in order to decrease the path length of the decay prod
in the target material. This will reduce the detection thre

FIG. 1. Schematic view of the K6 beam line of KEK-12 GeV P
and the superconducting kaon spectrometer~SKS!.
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old and the deterioration of the energy distribution. The
angle for the target was about 10o, giving a target about 5
times thicker for the beam than for the decay products.
Table II, the specifications for each target are summarize

Each run typically lasted 2 h and the beam spill was abo
1.7 s out of every 4 s. The typical beam intensity was ab
3.73106 pions/spill. The (p1,K1) event rate at the trigge
level was about 400/spill and most of these events were
lated to the background (p1,p1) or (p1,p) events.

B. Coincidence part: For the detection of the weak decay

The charged decay products of the hypernucleus were
tected by the coincidence detector system which consist
fast timing counters, range counters, and drift chambers.
acceptance was estimated to be about 30% byGEANT-@29#
based Monte Carlo simulation and the detection thresh
was about 30 MeV for protons and 12 MeV for negati
pions. Figure 2 shows a schematic view of the coincide
detector system which is located symmetrically above a
below the target. Table III shows the specifications of ea
detector.

The first element~T2! is the fast timing counter which
determines the timing of charged decay products. T2 is
vided into six segments of plastic scintillator wit
4@W# 3 18@L# 3 0.6@T# cm3 with double-sided readout
The intrinsic time resolution of each segment is about 37
for a 100 MeV proton and about 70 ps for minimum ionizin
particles obtained from a separate test experiment@30# after
time walk correction. ThedE/dx information given by the
T2 counter was used for particle identification.

FIG. 2. Schematic view of the coincidence detector system u
in the lifetime measurement of hypernuclei. The superconduc
kaon spectrometer~SKS! is not shown and is located farther to th
right.

TABLE II. The specifications of experimental targets.

Target Thickness Abundance Nbeam

(g/cm2) ~%! (3109)

12C 6.45 98.89~natural! 272
28Si 10.35 92.23~natural! 1470
56Fe 7.00 91.80~natural! 959
4-3
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The next element@multiwire drift chamber~PDC!# is the
multiwire drift chamber which has six plane
(XX8YY8XX8), whereX is along the beam direction andY is
perpendicular to the beam direction. Each plane has a 4 mm
drift distance and the anode wires of the primed planes
shifted by half a cell size~4 mm! to resolve left/right ambi-
guity. The PDC gives the tracks of the decay particles. T
reaction point of hypernuclear production was determined
the beam line spectrometer and SKS. Since the recoil ve
ity of a hypernucleus is very small, we can assume that
decay of the produced hypernucleus occurs at its produc
vertex. However, the spatial resolution of the production v
tex along the beam direction was as low as a few cm and
decay vertex was estimated by the intersection of the tra
of a decay particle and beam.

The third element is the range counter. The range cou
is divided into four sets. The first two sets (RG1,2) consist
of six layers each 4 mm thick and the other two sets (RG3,4)
consist of four layers each of 6-mm-thick plastic scintillato
The total thickness of the range counter block is 9.6 cm. T
range of the decay particle (RANGE) was determined by the
path length in the range counter after the incident angle
rection. The energy of the incident particle was calcula
from the range after the particle was identified.

The last element~VETO! is to veto the charged particle
which pass through the whole set of the range counter.

The particle identification has been done usi
dE/dx-RANGEanddE/dx-E relations.dE/dx was defined
as the energy deposit in the T2 counter in unit leng
RANGE is the path length in the coincidence detectors a
E was defined as the total energy deposit digitized by ana
to-digital converters~ADC’s! measured in T2 and the rang
counter:

PID15 ln
dE

dx
1 f 1~ ln RANGE!, ~7!

PID25
dE

dx
1 f 2~E!, ~8!

TABLE III. The specifications of the coincidence detectors

Active area Thickness
(cm2) ~cm!

T1 839.6 1.2 Two layers of four segment
T2 24318 0.6 Six segments~4 cm wide!
RG1 34334 2.4 Six layers~0.4 cm thick!
RG2 40340 2.4 Six layers~0.4 cm thick!
RG3 46346 2.4 Four layers~0.6 cm thick!
RG4 52352 2.4 Four layers~0.6 cm thick!
VETO 54354 0.4 —
PDC 26326 4 mma Six planes (XX8YY8XX8)

dt ~FWHM! 200 ps
Ethreshold 30 MeV for proton, 12 MeV forp2

Acceptance 30%

aDrift distance.
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where f 1 and f 2 are the first order polynomials. Figure
shows the scatter plot ofPID1 and PID2 for the hyper-
nuclear bound state events. The events inside the box w
accepted as protons for the lifetime analysis. Figure 4 sh
the projection ofPID1. The shaded section represents t
events remaining after applying thePID2 cut and the events
between the two arrows were accepted as protons. From
figure, the pion fraction in the proton gate is estimated to
less than 2%.

C. Fast timing measurement system

The hypernuclear lifetime is the mean value of the diffe
ences between the production time (tp) and the decay time
(td) of the hypernuclei (Dt5td2tp). The production time
(tp) was extracted from the beam timing (t1) and the flight
time (t f b

) of the beam from the beam timing counter~T1! to

the production vertex (tp5t11t f b
). The decay time (td) was

determined by subtracting the timing (t2) of decay products
at the T2 counter and the flight time (t f d

) from the decay

vertex to the T2 counter (td5t22t f d
). The time resolution is

FIG. 3. The scatter plot of two PID functions. Thex axis is the
PID1 using dE/dx and RANGE and they axis thePID2 using
dE/dx andE. The events inside the box were accepted as proto

FIG. 4. Particle identification plot (PID1) using dE/dx and
RANGE shows proton and pion peaks. The shaded region re
sents the events afterPID2(dE/dx vs E) cut. The events of the
shaded region between the two arrows are accepted as proton
4-4



b

er
be

re
e
c

o

o

a
ou
65
ot
ge
lin
om
t
n
te

s

ow
o

n

ys

t
n
tr
o
e
t
d
,

g
r
e

co
o
e

the
00

pec-

y.
vel
are

ob-
0

LIFETIME MEASUREMENTS OF MEDIUM-HEAVY L . . . PHYSICAL REVIEW C 61 054004
due to four terms:s5As t2
2 1s t f d

2 1s t1
2 1s t f p

2 . The two terms

related to the flight time are predominantly determined
the geometry of the timing counter system~flight length! and
the others are the intrinsic resolutions of the timing count
(s t1,2

). The contribution from each term is estimated to

about 70–94 ps in FWHM.
Since we used the leading-edge discriminator, a cor

tion due to the time walk effect was essential to achiev
high time resolution. We corrected for the time walk effe
using the relationdt;(1/Aq21/Aq0), where dt is the
amount of correction, andq andq0 the integrated charge in
the ADC and its mean value@31#.

The beam timing was determined by T1 which consists
two layers~T11 and T12! of plastic scintillators~see Fig. 2!.
Each layer of T1 is segmented into 4 with a size
8@L# 3 1.3(3.5)@W#31.2@T# cm3 for the center~side! two
segments. The center segments have a smaller width bec
of the beam profile thus making the beam intensity ab
0.43106p1’s/s for the side segments and about 0.
3106p1’s/s for the center ones. Each segment has ph
multiplier tubes ~PMTs! on both ends and a three-sta
booster in a high voltage chain is used to avoid the non
earity of PMTs at high beam rates. We constructed T1 fr
two layers of 1.2 cm thickness because the improvemen
the time resolution due to the number of scintillating photo
(Np.e.) for the minimum ionizing particle seems to satura
like s}A1/Np.e. at a scintillator of 1.2 cm thickness.

The intrinsic time resolution~FWHM! of T1 counter is
about 108 ps for the center segments and about 127 p
the side segments at a beam intensity of 23106p1’s/s after
time walk correction and it is about 50% worse than the l
rate incidence@30#. For beam timing, we used the average
the timings of two layers and the beam time resolution (s t1

)
is about 82 ps in FWHM.

The timing of decay products was determined by T2 a
was described in Sec. II B.

D. Time response function of the system

In order to obtain the time response function of the s
tem, we used prompt events from the (p1,pp) reaction
which results from the strong interaction.

TheDt distribution of the (p1,pp) events — the promp
time spectrum — was used for the time response functio
the system. Since most events identified as kaons in the
ger level were protons or pions, we could collect plenty
(p1,pp) events simultaneously with hypernuclear weak d
cay events. The recoiled proton was tagged by SKS and
other proton was detected and analyzed by coincidence
tectors. Since the (p1,pp) reaction is a strong interaction
the (p1,pp) events could give a prompt response.

Since the timing counters are segmented into 8~T1! or 12
~T2!, it is essential to match the relative timing of each se
ment. In addition, as the experiment was performed ove
period of 1 yr, the time drift due to the temperature or oth
environmental changes during the experiment should be
sidered. The long-term time drift was typically a few tens
picoseconds and at most about 200 ps. All these effects w
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corrected using the prompt time spectrum of the (p1,pp)
events. The relative timings of T1~8 segments! and T2~12
segments! was matched mostly every 4 h. Figure 5 shows
typical prompt time spectrum, the resolution of which is 2
ps FWHM.

III. ANALYSIS AND RESULTS

A. Singles spectra

Figure 6 shows the reconstructed hypernuclear mass s
tra of L

12C: ~a! inclusive, ~b! in coincidence with energetic
protons, and~c! with the pions from the hypernuclear deca
The inclusive spectrum shows a constant background le
of about 43 events per 1 MeV but the coincidence spectra

FIG. 5. The time response function of the system which is
tained using the prompt (p1,pp) events. The total resolution is 20
ps FWHM ~85 ps ins).

FIG. 6. The hypernuclear mass spectra forL
12C, ~a! inclusive,~b!

in coincidence with protons, and~c! in coincidence with pions.
MHY2MA means the mass difference between aL hypernucleus
and a target nucleus.BL is the binding energy of aL hyperon.
4-5
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almost background free. Thex axis indicates the mass differ
ence between a hypernucleus (MHY) and a target nucleu
(MA). TheL binding energy (BL) is also shown. The abso
lute scale of the spectra was adjusted so that theL binding
energy of the ground state ofL

12C was 10.8 MeV@27#. The
proton coincidence spectrum shows two clear peaks
MHY2MA5184 MeV (BL511 MeV) and 194 MeV~0
MeV! which are well-known states with a neutron-ho
L-particle configuration of@0p3/2

21sL# and@0p3/2
21pL# of L

12C,
respectively. The core-excited states of11C with the L hy-
peron in thesL orbit @28# could not be resolved due to th
limited resolution. ThepL state was a particle unbound sta
and it is known to decay through proton emission to
lighter L

11B hypernucleus@32#.
For the L

28Si hypernucleus, the measurements were d
in two separated beam cycles; one was run in February 1
and the other in July 1995. Both cycles showed consis
hypernuclear mass spectra. Figure 7 shows the mass sp
collected in February 1995. The inclusive spectrum~a!
shows a constant background level of about 160 events p
MeV and the peak structure is not clean. The mass spec
in coincidence with the energetic protons~b! shows three
peaks at MHY2MA.178 MeV (BL.17 MeV),
.188 MeV (.5 MeV), and.195 MeV (.212 MeV)
with a much smaller background level. Again, as a resul
the limited resolution of the spectrum, the whole structure

L
28Si could not be resolved@27,33#. Figure 7 in Ref.@27#
shows four clear peaks in theL bound region and the whol
mass spectrum ofL

28Si was fitted with five Gaussians. In th
analysis, as shown in Fig. 7~b!, the fitting was done with
three Gaussian functions, considering the first two peak
Fig. 7 in Ref. @27# as one peak and the next two peaks
another peak. However, the configuration of each peak co

FIG. 7. The hypernuclear mass spectra forL
28Si, ~a! inclusive,

~b! in coincidence with protons, and~c! in coincidence with pions.
MHY2MA means the mass difference between aL hypernucleus
and a target nucleus.BL is the binding energy of aL hyperon.
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be assigned assL , pL , anddL states, following Ref.@27#.
The sL state is the ground state ofL

28Si and thepL state
decays through proton emission to the lighter hypernucl
of L

27Al because the proton emission threshold is atBL

.9 MeV. Neutron emission is forbidden because of t
negative reactionQ value. ThedL state is above theL emis-
sion threshold (BL 5 0 MeV!.

Figure 8 shows the mass spectra ofL
56Fe:~a! inclusive,~b!

in coincidence with the energetic protons, and~c! with the
pions from the hypernuclear decay. The inclusive spectr
shows a constant background level of about 50 events p
MeV but the background level of the coincidence spectra
negligible. The spectra in coincidence with protons and pio
show that the region ofMHY2MA,187 MeV corresponds
to the L bound state. In this case, the hypernuclear m
spectrum in coincidence with energetic protons correspo
to L

56Fe states but the coincident protons come not only fr

L
56Fe states but also from the lighter hypernuclei which
produced through particle emission. From a simple estim
using the reactionQ value and Coulomb barrier, the residu
hypernuclei after particle emission can beL

55Fe or L
55Mn.

From now on, for convenience,LFe will be used to represen

all those hypernuclei includingL
56Fe.

B. Lifetime measurements

The hypernuclear decay rate should follow the probabi
distribution

P~ t !5
1

t
e2t/t, ~9!

wheret is the mean life of a hypernucleus andP(t) is the
decay rate at timet. Since the measurement has a finite re

FIG. 8. The hypernuclear mass spectra forL
56Fe, ~a! inclusive,

~b! in coincidence with protons, and~c! in coincidence with pions.
MHY2MA means the mass difference between aL hypernucleus
and a target nucleus.BL is the binding energy of aL hyperon.
4-6
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lution, the actual time distributionS(t) is the convolution of
P(t) with the response functionR(t) of the detector system

S~ t !5E
0

`

P~ t8!R~ t2t8!dt8. ~10!

To zeroth order, the lifetime of the hypernucleus can
determined by the mean difference between the prompt t
spectrum and the time spectrum of hypernuclear weak de
which would be delayed due to the hypernuclear lifetime~the
delayed time spectrum!. Figure 9 shows the comparison o
prompt and delayed time spectra for~a! the ground state o

L
12C, ~b! the ground state ofL

28Si, and~c! the wholeL bound
region of L

56Fe, where the spectrum forL
28Si contains data

taken at the February run~only half of the whole data!. The
differences of the mean values of prompt and delayed t
spectra are 237, 205, and 219 ps, respectively. The
spectrum for each target contains 324, 281, and 428 ev
for the delayed spectrum and 1.73104, 7.83104, and 1.9
3104 events for the prompt spectrum.

The lifetime was extracted by fitting the delayed tim
spectra of hypernuclear decay events with the functionS(t),
considering the lifetime as a free fitting parameter. The
ting was performed with the maximum likelihood fittin
method adopting Poisson statistics for each measurem
which has been shown to produce fewer fitting errors th
the normal least squares method@34#. As a response func
tion, we used the prompt time spectra themselves fr
at
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(p1,pp) events which were obtained simultaneously w
those of the hypernuclear production~see Sec. II C!. The
solid curves in Fig. 9 show the fitting results and the reduc
chi squares (x2/n) of the fits are 0.67 forL

12C, 0.90 for L
28Si,

and 0.79 forLFe.
The results of maximum likelihood fitting (t

FIT
) are

FIG. 9. The prompt and the delayed time spectra are comp
for ~a! the ground-state region ofL

12C, ~b! the ground-state region o

L
28Si, and~c! the whole bound region ofL

56Fe.
t
FIT

5230214
115 ps ~with 324 events for the ground state region ofL

12 C!,

5211212
112 ps ~with 263 events for thepL state region ofL

12 C!,

5206210
111 ps ~with 528 events for the ground state region ofL

28Si!,

5204210
110 ps ~with 837 events for thepL state region ofL

28Si!,

5215213
114 ps ~with 428 events for theL bound region ofL

56Fe!,
ting
eri-
as

e-
where the quoted errors correspond to one standard devi
~68% confidence level! and are only statistical. For the life
time analysis of L

28Si, the lifetime was obtained indepen
dently for two separate data sets and the final lifetime ofL

28Si
was obtained by averaging over the two fitting values. T
values for L

28Si were the averaged~or summed! values over
all the silicon data. In the case ofL

56Fe, the value is the
average of those ofL

55Mn, L
55Fe, andL

56Fe. The event sample
for each hypernuclear state was selected with the gate
dition shown in Table IV. The asymmetric gate condition
applied in order to reduce the fraction of other states ofL as
much as possible. The simplified fitting mentioned in Sec.
tells us that the fraction of other states is at most 13%. Ho
ever, the estimation of the fraction depends on the fitt
ion

e

n-

I
-

g

method for the hypernuclear mass spectra. When the fit
was done using all the peaks known from the other exp
ment @27#, the fraction of other states reaches as high
20%.

TABLE IV. The gate condition for each hypernuclear singl
particle state and the fraction of the various states.

Gate window Number 1s 1p Higher
MHY2MA(MeV) of events state state states

L
12C 175–186 (1s gate! 323 97% 3% 0%

188–197 (1p gate! 338 1% 93% 6%

L
28Si 171–181 (1s gate! 527 87% 13% 0%

183–188 (1p gate! 661 1% 94% 5%

LFe 160–185~bound states! 309 — — —
4-7
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C. Systematic uncertainties of lifetime measurements

1. Contribution from the response function

Since the prompt time spectrum of the (p1,pp) events
was used as the time response function of the system
lifetime analysis of hypernuclear weak decay mainly d
pends on the analysis of (p1,pp) events.

The prompt time spectrum is expected to follow a Gau
ian distribution, whose mean is att50 and whose standar
deviation corresponds to the time resolution of the dete
system. However, as shown in Fig. 5, the prompt time sp
trum has a non-Gaussian component, predominantly in
delayed time region.

In order to investigate the source of the non-Gauss
component, we checked the time of flight of the beam. T
time of flight of the beam particles (TOFbeam) is determined
by TOFbeam5t12t0, where t1 is the timing at the T1
counter located at the target area andt0 is the timing at the
BH1 counter in the most upstream section of the beam
~see Fig. 1!. The TOFbeam distribution also shows a non
Gaussian shape and the non-Gaussian component o
prompt time spectrum was strongly correlated with that
TOFbeam. Most of the non-Gaussian component in t
prompt spectrum came from the events ofTOFbeam,0 and
the prompt time spectrum becomes a Gaussian shape fo
events ofTOFbeam.0. TheTOFbeamspectrum of (p1,pp)
events and that of the hypernuclear decay events sho
almost the same distribution. We compared the fitting res
for the events ofTOFbeam.0 and those ofTOFbeam,0.
The results of the fitting to the two separate data sets a
well with each other to within statistical fluctuations.

The timing offset should also be the same for both eve
because the difference in timing offsets directly affects
final lifetimes. In order to confirm this point, we set th
difference in timing offsets as a fitting parameter and p
formed the maximum likelihood fitting. The fitting functio
was

S8~ t !5E
0

`1

t
e2t8/tR~ t2t81t0!dt8, ~11!

where t0 as well ast was a fitting parameter. In order t
avoid the histogram binning effect, the step size in the va
tion of t0 was fixed to 25 ps. The fitting shows thatx2 was
minimized for all sets of data att050. We conclude that the
timing offset of the prompt spectrum and the delayed sp
trum should be same.

From the above investigations, we conclude that no s
tematic differences in the time response of the detector
tem for (p1,pp) and hypernuclear decay events were o
servable and that the systematic uncertainties of the lifet
due to the (p1,pp) events are negligible compared to th
statistical uncertainties.

2. Other considerations

We investigated the other systematics, e.g., the indep
dent lifetime analysis for up- and down-coincidence detec
systems, the dependence of decay proton energy, and
beam momentum dependence of lifetimes. The fluctuati
05400
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shown in these analyses are within statistical ranges. In
dition, since we used the time difference of two distributio
~the prompt and the delayed time spectra! which were mea-
sured at the same time, most of the instrumental errors s
as errors in the relative positions of timing counters would
canceled out.

Since the resolution of the hypernuclear mass spectr
limited due to the use of a thick target, each state ofL could
not be well separated and the fraction of other states in
gate for the variousL single-particle states should be co
sidered. From the chi-square fitting of hypernuclear m
spectra forL

12C and L
28Si, the fraction of the variousL states

was estimated as shown in Table IV. The effect of oth
states should be small, not only because the fraction of o
states was small, being at most; 10%, but also because th
fitting results of each gate are not so different from ea
other ~less than 10%!.

The correction was made by solving following simult
neous equations, with the assumption that the fitting value
higher states~h.s.! ~see Table IV! is affected only by the
lower states:

t15 t̃1sw111 t̃1pw121 t̃h.s.w13,

t25 t̃1sw211 t̃1pw221 t̃h.s.w23,

t35 t̃1sw311 t̃1pw321 t̃h.s.w33,

wheret i is the fitting result for eachi th gate,t̃ j , wherej is
1s, 1p, or h.s., is the real lifetime of each state, andwi j is
the weighting of thej th state (1s, 1p, h.s.! to the i th gated
region listed in Table IV. Table V shows the results of t
corrections. As expected, the correction is much smaller t
the statistical uncertainty.

In conclusion, we cannot find any systematics compara
to the statistical uncertainties. The experimental error le
was predominantly determined by the statistical errors.

IV. DISCUSSION

A. Comparison with the previous experimental results

In Table VI, the present lifetime results are compar
with the earlier measurements. The lifetimes ofL

12C and L
11B

are consistent with the previous measurements of Gr
et al. @17# with much lower uncertainties. The previousL

12C
lifetime measurement was done with theK2 beam at BNL-

TABLE V. The summary of lifetime measurements. The val
for LFe represents the average lifetime ofL

55Mn, L
55Fe, andL

56Fe.

Number Lifetime G

of events ~ps! (GL)

L
12C 323 231615 1.1460.08

L
11B 338 211613 1.2560.08

L
28Si 527 206612 1.2860.08

L
27Al 661 203610 1.3060.07

LFe 309 215614 1.2260.08
4-8



uc
d.
io

a-
c

ay
le
ea
h

on
t
th
te
rg
en
e

io
t

ex
pe
on
ei
th

h
o

d
io

ca

m

e
c

-

e
ve

rall
sent
ous
n-

hy-

t at
s

n

the

e
er.
the

cal-
s
ea-

ts

The
peri-

line
s

LIFETIME MEASUREMENTS OF MEDIUM-HEAVY L . . . PHYSICAL REVIEW C 61 054004
AGS. It produced a hypernucleus using the (K2,p2) reac-
tion and tagged pions to identify the hypernuclear prod
tion. The hypernuclear mass spectrum was reconstructe

The only earlier measurement in the medium mass reg
for nuclei heavier thanL

12C is the lifetime ofA;16 hyper-
nuclei (L

;16Z) measured by Nieldet al. @18#. They used a 2.1
GeV/nucleon16O beam at the Lowrence Berkeley Labor
tory ~LBL ! Bevalac and a polyethylene target. The produ
tion of low momentumK1 mesons and their delayed dec
after stopping were used as the trigger for the hypernuc
production. They could not reconstruct the hypernucl
mass spectrum and identify the hypernuclear species. T
extracted the lifetime from the recoil distance distributi
which was measured by spark chambers. They had a lo
background events which came from the interaction with
Al window of the spark chamber and also the trigger coun
at downstream of the target. After the subtraction of the la
background, the remaining events constituted only 22 ev
and the lifetime from the maximum likelihood fitting of th
recoil distance distribution wast586226

133 ps, which is much
smaller than the lifetime ofL

12C and L
28Si.

B. Comparison with the calculations

Up to now, three groups have presented the calculat
for lifetimes of variousL hypernuclei. First, in 1985, Ose
and Salcedo@35# made lifetime calculations usingL self-
energies for nuclear matter. They included only one-pion
change for the nonmesonic decay which governs the hy
nuclear weak decay for the medium and heavy mass regi
In order to apply their calculation to the finite hypernucl
they used the local-density approximation and obtained
lifetimes of L

5 He to L
208Pb. Their calculations give muc

shorter lifetimes than the measurements with values ab
60–70 % of the measurements.

Ramoset al. @36# calculated the lifetimes in 1994 base
on Oset and Salcedo’s calculation. They used a one-p
exchange model including the two-nucleon-induced de
mode (LNN→NNN). In LNN→NNN, the strongly corre-
lated two nucleons~mainly proton-neutron pair! and L ex-
change a virtual pion. They gave the lifetimes for mediu
and heavy hypernuclei~from L

12C to L
208Pb). Their calculation

also gave similar values to Oset and Salcedo’s, which w
about 60–70% of the measurement values. However, the

TABLE VI. The comparison with the previous measuremen
The value for LFe represents for the average lifetime ofL

55Mn,

L
55Fe, andL

56Fe.

Present Previous
results~ps! measurement~ps!

L
11B 211613 192622 @17,16#

L
12C 231615 211631 @17,16#

L
;16Z — 86226

133 @18#

L
27Al 203610 —

L
28Si 206612 —

LFe 215614 —
05400
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culations of Ramoset al. yield slightly shorter values than
Oset and Salcedo’s.

Recently, Itonagaet al. calculated the hypernuclear life
time by adopting a one-pion and 2p/r, 2p/s exchange po-
tential for nonmesonic decay, includingp-shell nucleons as
well as s-shell nucleons@37#. They gave the lifetimes of

L
5 He, L

12C, L
28Si, and L

56Fe. Their calculation reproduced th
L hypernuclear lifetimes quite well even though they ga
slightly shorter values forL

28Si and L
56Fe.

C. Lifetimes for the overall hypernuclear mass region

Figure 10 shows the hypernuclear lifetimes for the ove
hypernuclear mass region. The solid circles are the pre
results and the open circles are the results from previ
counter experiments with explicit identifications of the ge
eratedL hypernuclei. The horizontal error bars for theLFe
data represents the mass range of the hypernuclei. The
pernuclear lifetimes are shorter than the freeL lifetime ex-
cept for the very light hypernuclei and are almost constan
about 80% of the freeL value in the hypernuclear mas
region of A;

.12. The lifetimes ofL
28Si and LFe are slightly

shorter than that ofL
12C. However, the differences are withi

experimental uncertainties.
The theoretical calculations are overlaid indicated by

dash-dotted line~the calculation of Itonagaet al.! @37# and
the dashed line~Ramoset al.! @36# in Fig. 10. The calcula-
tions of Ramoset al. show that the lifetime does not chang
very much according to the hypernuclear mass numb
However, their mass number dependence reflects only
overlap area of the wave functions of theL and nucleon
because they used the local-density approximation. The
culations of Itonagaet al. also show a saturation of lifetime
but the effect seems to be a little weaker than for the m
surements. This may indicate that their 2p exchange poten-
tial has a longer range than the actual one.

V. CONCLUSION

We have measured the lifetimes ofL
11B, L

12C, L
27Al, L

28Si,
and LFe hypernuclei. For the hypernuclei withA.12 which

.

FIG. 10. The mass dependence of hypernuclear lifetimes.
open circles represent the data from the previous counter ex
ments and the solid circles the present results. The dot-dashed
shows the calculations by Itonagaet al. and the dashed line show
the calculations by Ramoset al.
4-9
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are in the mass range beyond thep-shell hypernuclei this is
the first measurement which can explicitly identify theL
hypernuclear bound states.

The present results together with the previous meas
ments show that the lifetimes are almost constant at ab
80% of the freeL value in the hypernuclear mass regio
aboveA512. This weak mass dependence should be rela
to the mechanism of nonmesonic decay, which is domin
in the present mass region, and to the baryon-baryon s
range correlation inside the hypernucleus.

Assuming the short range nature of the nonmesonic w
decay process, one can employ a zero range approxima
for a qualitative understanding. The nonmesonic weak de
widths will then be proportional to the overlap integral of t
wave functions of a nucleon and aL, and the hypernuclea
lifetimes will be almost constant in the mass region beyo
carbon where the overlap integrals almost saturate. A sim
discussion of the weak mass dependence was also mad
cently by assuming a sufficiently short range interaction a
i,

ci

.

l.

v-

cl

ev

.
uc

.
uc
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an

ei
P
E
n-
L.
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d

by counting the number ofLN bonds responsible for the
nonmesonic weak decay@38#.

The present lifetime data apparently require us to ta
into account the short range nature of the nonmesonic w
decay, which does not seem to be properly incorporated
the current meson exchange model.
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Numbers of protons per G hypernuclear weak decay were measured as a function of proton energy
above 40 MeV, explicitly identifying production of G hypernuclei by the �p1, K1� reaction. The ratios
between the neutron-stimulated to proton-stimulated nonmesonic decay widths, G�Ln ! nn��G�Lp !

np� �� Gn�Gp � were extracted by fitting the proton energy spectra. The present result claims that the
proton yields are suppressed and the Gn�Gp ratios are close to 1 both for 12

L C and 28
L Si in contradiction

to theoretical expectations based on meson exchange models.

DOI: 10.1103/PhysRevLett.88.042503 PACS numbers: 21.80.+a, 13.30.Eg, 13.75.Ev, 23.40.–s
Nonmesonic weak decay of L hypernuclei plays a
unique role for the investigation of the baryon-baryon
weak interaction, which is not easily studied experimen-
tally. Although a L hyperon decays by the mesonic weak
decay process, L ! pN , in free space, the nonmesonic
weak decay becomes dominant over the mesonic weak
decay for L hypernuclei heavier than A � 10, in which
the nucleon emission is blocked by the Pauli exclusion
principle. The total decay width of a L hypernucleus is
expressed as a sum of the mesonic �Gp � and nonmesonic
�Gnm� decay widths as Gtot�� 1�t� � Gp 1 Gnm. The
nonmesonic decay process is mostly the one-nucleon
�1N� process, LN ! NN , which is further divided into a
proton-stimulated �Gp:Lp ! pn� and neutron-stimulated
�Gn:Ln ! nn� processes [1]. Recently, the two-nucleon
�2N � process, LNN ! NNN has been also discussed
[2,3], although its experimental evidence has yet to be
shown. Thus, the nonmesonic weak decay width can
be decomposed as Gnm � Gn 1 Gp�1 G2N �. The ratio,
Gn�Gp , between the neutron- and proton-stimulated 1N
decay widths is known to be sensitive to the structure of
the LN weak interaction and has been intensively inves-
tigated both experimentally and theoretically. However,
it has been a puzzle that experimental Gn�Gp ratios are
close to 1 or greater than 1 for 5

LHe and 12
L C [4,5], while

theoretical calculations based on meson exchange models
imposing the DI � 1�2 rule predict small Gn�Gp �ø 1�
and cannot account for the experimental ratios. There
have been efforts to solve the puzzle, such as employing
exchange processes of mesons heavier than pions (r’s,
kaons, etc.) and/or 2p exchange process [6–9] and direct
quark exchange process [10,11] in order to take into ac-
count of the short range nature of the LN weak interaction
and/or examine the role of the DI � 1�2 rule. Since the
pion exchange process which has a large tensor component
2503-1 0031-9007�02�88(4)�042503(4)$20.00
plays an important role, isospin of final two nucleons is
preferred to be 0, resulting in small Gn�Gp ratios in the
meson exchange models in most of L hypernuclei. There
is also an attempt to construct a hybrid model that takes
into account a direct quark exchange process for the short
range part and a meson exchange process for the longer
range [12]. Although the direct quark exchange process
offers larger Gn�Gp, its contribution to the total decay
width seems to be much smaller than that of the meson
exchange process. It was also pointed out that the proton
energy spectra would be shifted toward lower energy
due to the 2N process, suggesting that apparently greater
Gn�Gp would be obtained from the experimental spectra
if the 2N process were not considered [3]. However, none
of the theoretical models can consistently describe the
total decay width and Gn�Gp so far.

At the same time, the reliability of the experimental data
has been often questioned since large errors are quoted
for Gn�Gp , partly due to poor statistics of the coincidence
spectra and also experimental difficulty of detecting neu-
tron spectra. In addition, for light L hypernuclei, it is
necessary to determine pionic decay widths since their
contribution is large. In medium-heavy L hypernuclei,
however, the nonmesonic decay width becomes dominant
and contribution of the mesonic decay width is less than
a few percent of the total decay width. Therefore, mea-
surement of proton energy spectra readily provides a great
deal of information on the nonmesonic weak decay pro-
cess even without measuring that of neutrons, once the
total decay widths are known. In the present paper, we re-
port on high-quality energy spectra of protons emitted in
the nonmesonic weak decay of 12

L C and 28
L Si, particularly

paying attention to the derivation of absolute number of
protons per weak decay, and discuss their nonmesonic de-
cay widths.
© 2002 The American Physical Society 042503-1
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The �p1, K1� reaction was used to populate L hyper-
nuclei since it gives us considerably cleaner excitation
spectra in the hypernuclear bound region compared with
those by the �K2, p2� reaction. A positive pion beam of
1.06 GeV�c was delivered at the K6 beam line of KEK
12 GeV PS, irradiating natural carbon �12C:99%� and sili-
con �28Si:92%�. The targets were tilted so as to maximize
the thicknesses in the beam direction to be 6.4 (C) and
10.3 �Si� g�cm2, while keeping the thicknesses seen by the
coincidence detector thin enough to minimize the energy
threshold. Kaons emitted from the target were detected
and momentum-analyzed by the SKS spectrometer, fully
utilizing the advantage of its large solid angle of 100 msr
[13]. The low energy charged particles emitted in the weak
decay of L hypernuclei were detected by two sets of co-
incidence counter systems installed above and below the
targets. Each system consists of timing counters, track-
ing chambers, and 11 layers of range counters. Energies
of the charged particles were derived from the range in-
formation. The measured energy region was 30–140 MeV
for protons and 12–70 MeV for pions, respectively. The
energy thresholds were governed by the thicknesses of the
targets and the timing scintillators. Protons and pions were
clearly identified by the DE 2 E information, and the pion
contamination in the proton spectra was kept less than 1%.
The experimental setup is the same as that for the precision
measurement of hypernuclear lifetimes [14]. Details of the
SKS spectrometer and the coincidence counter system are
described in Ref. [13,15].

An inclusive hypernuclear mass spectrum and a proton
coincidence spectrum for Si are shown as an example in
Fig. 1(a), where bumps corresponding to major-shell or-
bitals are indicated by sL, pL, and dL.

A proton energy spectrum per weak decay for 28
L Si was

obtained as follows. First, the inclusive energy spectrum
[Fig. 1(a)] was fitted by five Gaussians and a polynomial
function representing a quasifree component as shown by
the solid lines. Overall normalization and spectral energy
resolution were allowed to vary, while peak positions and
relative intensities among the peaks were fixed taking the
values from the previous high-resolution spectrum [16].
The proton-coincidence hypernuclear-mass spectrum
[Fig. 1(b)] was fitted by the same function, with the
intensities of the major peaks allowed to vary but their
peak positions and resolution fixed as predetermined in
the fitting of the inclusive spectrum (6.3 MeV FWHM).
The first two peaks of the spectrum represented nucleon
bound states which eventually weak decayed from the
ground state [16]. A similar procedure was taken for
12
L C, in which case the energy resolution was 4.8 MeV
(FWHM). Numbers of measured protons in the bound
region “per weak decay” are plotted as shown in Fig. 2 as
a function of “experimentally measured” proton energies,
E

exp
p . The proton spectrum is obtained as R

exp
p �Eexp

p � �
Ycoin�Eexp

p ��Yinclusive, in which Yinclusive is the number
of counts for the nucleon-bound peaks in the inclusive
042503-2
FIG. 1. Hypernuclear mass spectrum of the naturalSi�p1, K1�
reaction. (a) inclusive, (b) proton coincidence spectra.

hypernuclear-mass spectrum and Ycoin�Eexp
p � that of the

corresponding proton-coincidence spectrum. Only proton
spectra above 40 MeV are discussed to avoid experimental
ambiguity near the detector threshold of 30 MeV.

The measured R
exp
p �Eexp

p � is related to the number of
protons “per nonmesonic weak decay” coming out of the
weak decay nucleus, Np�Ep�, as

Rexp
p �Eexp

p � � �´coinVcoinNp�Ep�� �1 2 bm� .

The Np�Ep � spectrum can be calculated theoretically. The
´coin and Vcoin are efficiency and solid angle of the coinci-
dence counters, and bm the sum of branching ratios of the
charged and neutral mesonic weak decay. The solid angle,
Vcoin�4p, was evaluated to be 27 6 1% by a Monte Carlo
simulation and the average detection efficiency, ´coin, was
found to be �84 6 2�% for 12

L C and �86 6 2�% for 28
L Si.

Thus, about 23% of the weak decay protons were detected
by the coincidence counters.

The branching ratios for negative pions were mea-
sured in the present experiment to be 9.8 6 1.0�stat� 6

0.4�sys�% for 12
L C and 3.6 6 0.8�stat� 6 0.2�sys�% for

28
L Si, while that of the neutral pionic decay for 12

L C
was taken from the value reported in Ref. [17] �17.4 6
5.7�stat� 6 0.8�sys�%�. However, since the branching
ratio of the neutral pionic decay is not known for 28

L Si,
it was calculated from the theoretical ratio, 2.3, of
neutral to charged mesonic weak decay widths [18].
Thus, the branching ratios of mesonic weak decay were
given to be 27.2 6 1.0�stat� 6 5.8�sys�% for 12

L C and
11.9 6 0.8�stat� 6 8.3�sys�% for 28

L Si.
042503-2
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FIG. 2. Proton energy spectra measured by the coincidence
counter system identifying hypernuclear bound states produced
by the �p1, K1� reaction. The vertical axes are normalized
to the number of protons per hypernuclear weak decay. Calcu-
lated spectra that took into account final state interaction, energy
losses in the target and detectors, and the acceptance of the pro-
ton detectors are shown for comparison. The solid histogram
represents the best fit ones.

The spectra shown in Fig. 2 fall slowly above the thresh-
old and do not show a bump structure centered around
80 MeV, which is expected for the two-body 1N process.
Energy loss and multiple scattering of protons in the target
and the coincidence detectors are partly responsible, but
they can be interpreted as needing consideration of other
processes such as LNN ! NNN and/or the stronger final-
state interaction.

The calculated proton energy spectra were compared
with the measured ones in the following way and the
Gn�Gp ratios were derived. Protons and neutrons, which
are originated from the weak interaction between a L

hyperon and a nucleon with Fermi motion, subsequently
undergo final state interactions, where initial numbers of
weak decay protons and neutrons at the weak vertex are
dependent on Gn�Gp. Some of the protons can be also
converted to neutrons (and vice versa) during the cascade.
Thus, proton energy spectra emerging from 12

L C and 28
L Si

were modified and they were calculated with an intranu-
clear cascade code [19,20]. The calculations based on
the essentially same code well accounted for proton spec-
tra after pion absorption, in which protons are emitted in
the similar energy region as that in the nonmesonic de-
cay [21]. The protons to be observed by the coincidence
counters are then followed by a GEANT Monte Carlo code
taking into account of energy loss and multiple scatter-
ing both in the target and detectors. Those proton spectra
042503-3
both from the proton- and neutron-stimulated weak decay
were summed incoherently according to a given Gn�Gp ra-
tio. The calculated proton spectra “per nonmesonic weak
decay” were also renormalized to “per weak decay” tak-
ing into account the branching ratios of mesonic weak de-
cay and are shown overlaid in Fig. 2 for Gn�Gp � 0.1,
1.0, and 2.0. It indicates that the proton yields in the
energy region above 40 MeV are considerably less than
those calculated for small Gn�Gp � 0.1. By fitting the
energy spectra with Gn�Gp as a free parameter assuming
that the nonmesonic weak decay occurs through the 1N
process only, Gn�Gp was obtained for 12

L C and 28
L Si to be

1.1710.09
20.08�stat�10.20

20.18�sys� and 1.3810.13
20.11�stat�10.27

20.21�sys� with
statistical and systematic errors, respectively, as shown by
a solid histogram in Fig. 2. The statistical errors came
from the errors of spectral fitting while systematic errors
were due to the errors of the mesonic decay widths and de-
tection efficiencies �´V� of the coincidence detectors. In
addition, the spectra were also fitted considering contribu-
tions from the 2N process, which was calculated following
the prescription of Ref. [19]. In Table I, the Gn�Gp ratios
derived assuming “1N only” and “1N and 2N” processes
are listed. Even when the contribution of the 2N process
is taken to be 32% and 29% of the nonmesonic weak de-
cay width for 12

L C and 28
L Si, respectively, the lower bound

of Gn�Gp still stays as large as 0.66 and 0.77 for 12
L C and

28
L Si. It is because the number of protons per weak decay
is more strongly dependent on Gn�Gp in the region 0 ,

Gn�Gp , 1 and the lower bound of the Gn�Gp is not very
sensitive to the contribution of the 2N process in the re-
gion around Gn�Gp � 1 [19]. It is noted that stronger
final-state interaction possibly lowers the Gn�Gp ratios

TABLE I. Gn�Gp ratios measured for 12
L C and 28

L Si are com-
pared with previous data and recent calculations. The extracted
Gn�Gp ratios in the column “1N only” assumed no 2N pro-
cess in fitting the proton energy spectra. Those in the column
“1N and 2N” were obtained taking the ratio between the decay
width of the 2N process �G2� and that of nonmesonic weak de-
cay �Gnm� as given in parentheses. See text for details.

Gn�Gp

“1N only” “1N and 2N” Refs.

Experiment
12
L C 1.1710.0910.20

20.0820.18 0.9610.1010.22
20.0920.21 Present

�G2�Gnm � 0.32�
28
L Si 1.3810.1310.27

20.1120.25 1.1810.1410.30
20.1320.28 Present

�G2�Gnm � 0.29�
12
L C 1.3311.12

20.81 [4]

1.87 6 0.5910.32
21.00 [5]

Theory
12
L C 0.31 [23]

0.53 [9]
0.288–0.341 [22]

28
L Si 0.34 [23]
042503-3
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since an energy spectrum can be shifted toward the lower
energy side and beyond the proton energy threshold of the
present measurement. The energy spectra in the lower en-
ergy region are subject to further theoretical and experi-
mental investigations.

The obtained Gn�Gp ratio for 12
L C is consistent with

those reported previously [4,5], but the quality of the data
has been greatly improved. For 28

L Si, the Gn�Gp ratio has
been for the first time measured and was found to be near
unity as in the case of 12

L C. In Table I, the Gn�Gp ratios
predicted by various models are also given. Although the
total decay widths are reasonably well reproduced by those
models, the experimental Gn�Gp ratios are not accounted
for by any theoretical calculations presently available.

In summary, energy spectra of protons emitted in the
nonmesonic weak decay of 12

L C and 28
L Si were measured

by the �p1, K1� reaction with special attention to the nor-
malization per weak decay. The measured proton spectra
above 40 MeV per weak decay were compared with those
calculated based on a meson-exchange model, applying
an intranuclear cascade code and a GEANT simulation for
the coincidence detector response. The Gn�Gp ratios were
derived assuming the 1N process alone, and also includ-
ing the 2N process in addition. The present high-quality
proton-energy spectra show Gn � Gp not only for 12

L C
but also 28

L Si even when a sizable contribution of the 2N
process is considered. The puzzle of large Gn�Gp ratios
remains, being contradictory to most of the available theo-
retical models which predict small ratios. Spectral distor-
tion due to the final-state interaction and contribution of
the 2N process will be further issues to be studied experi-
mentally and theoretically. In this regard, measurements of
neutron energy spectra as well as correlation of pair nucle-
ons in the nonmesonic weak decay have been conducted
recently and the analyses are underway [24,25]. Those
data together with the present proton energy spectra are
expected to further reveal the nonmesonic weak decay pro-
cess, providing clearer information on the contribution of
the 2N process and the degree of the final state interaction.
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We measured the invariant mass spectra of electron-positron pairs in the target rapidity region of
12-GeV p 1 A reactions. We have observed a significant difference in the mass spectra below the v

meson between p 1 C and p 1 Cu interactions. This difference indicates that the spectral shape of
mesons is modified at normal nuclear-matter density.

DOI: 10.1103/PhysRevLett.86.5019 PACS numbers: 25.40.Ve, 14.40.Aq, 21.65.+f, 24.85.+p
Recently, the chiral property of QCD in hot (T fi 0) or
dense (r fi 0) nuclear matter has attracted wide interest
in the field of hadron physics. The dynamical breaking of
chiral symmetry in the QCD vacuum induces an effective
mass of quarks, known as constituent quark mass, which
then determines the known mass of all the hadrons. In hot
and/or dense matter, this broken symmetry is subject to
be restored either partially or completely and, hence, the
properties of hadrons can be modified. To observe such
an effect, measurements of the in-medium decay of vector
mesons are highly desirable for the direct determination of
the meson properties in matter.

Although many heavy-ion experiments have been car-
ried out in CERN-SPS and BNL-AGS to study hot and
dense matter, only one experiment could address the mass
modification of vector mesons. The CERES/NA45 Col-
laboration measured low-mass electron-pair productions in
Pb-Au collisions at 158 A GeV [1], and observed an en-
hancement of the e1e2 pair yield in the mass range of
0.3 , mee , 0.7 GeV�c2 over the expected yield from
the known hadronic sources in pp collisions. This striking
effect could be understood as a consequence of the mass
modification of a r and a v meson in hot matter.

On the other hand as an interpretation of K1-12C scat-
tering data [2], Brown et al. proposed a possible modi-
fication of the r meson mass at normal nuclear density.
After this suggestive but an indirect information, the
TAGX Collaboration reported the direct observation of a
modified r meson in p1p2 invariant mass spectra in the
3He�g, p1p2�X channel [3]. Further experimental data,
especially regarding the lepton channel which is free from
the effect of final state interactions, are awaited, since
the TAGX data were based on subthreshold r meson
production and not free from the influence of the limited
phase space.

There are several theoretical approaches to the investi-
gation of meson modification and its density dependence
0031-9007�01�86(22)�5019(4)$15.00
[4,5]. For example, one model based on the QCD sum rule
has been proposed by Hatsuda and Lee [4]. According
to this model, the mass decrease at normal nuclear den-
sity is �120 180 MeV�c2 for the r and v mesons and
�20 40 MeV�c2 for the f meson. Brown and Rho pro-
posed another scaling law which predicts that the masses
of r and v mesons decrease 20% at normal nuclear den-
sity [5]. Thus, the measurements of such mesons, which
are produced and decayed in a nucleus, are of great inter-
est. The present experiment is one of several experimental
efforts [6] to investigate the in-medium properties of the
vector mesons at normal nuclear-matter density.

The experiment, KEK-PS E325, was designed to
measure the decays of the vector mesons, f ! e1e2,
r�v ! e1e2, and f ! K1K2, in the kinematical
region where the decay probability inside a target
nucleus was enhanced (0.6 , rapidityee , 2.2, 0.0 ,

PTee , 1.5 GeV�c). Considering the observed kine-
matical distributions, it is expected that about 60% of r

mesons and about 10% of v mesons decay statistically
inside a copper nucleus if no mass broadening takes place
in the nuclear medium. This rate increases according to
the width broadening in the nucleus. We thus expect to
see a “free-space” peak consisting of mesons decayed
outside the nucleus. And the effect of meson modification
could be seen as an excess over the known spectra.

The spectrometer was built at the primary beam line
EP1B in the 12GeV-PS at KEK. We have been taking
data since 1998. This report describes the e1e2 triggered
data of 5.6 3 107 events collected in 1998 using 2.2 3

1014 protons on the targets. The layout of the detectors
is shown in Fig. 1. The spectrometer had two electron
arms and two kaon arms, which shared the dipole magnet
and the tracking devices. The electron arms covered 612±

to 690± horizontally and 622± vertically. The kaon arms
covered 612± to 654± horizontally and 66± vertically.
Primary protons with a typical intensity of 7 3 108 Hz
© 2001 The American Physical Society 5019
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FIG. 1. Schematic view of the experimental setup of the E325
spectrometer: (a) the top view and (b) the side view. The side
view shows the cross section along the center of the kaon arm
(see text).

were delivered to the targets at the center of the dipole
magnet. We used three kinds of targets (carbon, polyethy-
lene, and copper) aligned in-line with interaction lengths
of 0.028%, 0.061%, and 0.020%, respectively. The carbon
and copper targets were glued onto target supports made
of paper (C6H12O6), whose interaction length was 0.033%.
The combination of an intense beam with a thin target was
essential to keep the g conversion rate below the Dalitz
decay rate. The typical interaction rate was as high as
1.2 MHz. The three targets were separated by 40 mm, and
the target images were reconstructed by the charged tracks
with 4.2 mm resolution in the beam direction.

Tracking was performed using a cylindrical drift cham-
ber (CDC) and barrel-shaped drift chambers (BDC). The
dipole magnet had circular pole pieces of 880 mm in ra-
dius. The magnet provided the field of 0.78 T at the cen-
ter, and the field integral of 0.81 Tm from the center to
1600 mm in radius where the BDC’s were located. The
acceptance of the CDC was 612± to 6132± horizontally
and 622± vertically, while the BDC had the same vertical
coverage as the CDC with a smaller horizontal coverage
of 67.5± to 694.5±. The CDC consisted of ten layers of
the drift cells in the radial region of 445.0 to 830.0 mm
including four stereo layers. The BDC’s had four layers,
5020
located in the radial region of 1600 to 1650 mm, includ-
ing two stereo layers. All of the drift cells of the CDC
had the same horizontal angular coverage of 1.5± with re-
spect to the target, and the drift cells of the BDC had an
angular coverage of 0.75±. Both the CDC and BDC used
argon-ethane mixed gas of 50% and 50% at 1 atm. The
total thickness of the materials from the target to the front
of the BDC was 3.1% of the radiation length. A position
resolution of 350 mm was obtained in the present analysis.

For electron identification, the whole region of the
electron arm was covered by two stages of electron-
identification counters. The first stage of electron iden-
tification was performed by the front gas-Čerenkov
counters (FGC), which covered from 612± to 690±

horizontally and 622± vertically. They were horizontally
segmented into 13 units in each arm so that one segment
covered 6±. The second stage consisted of three types of
electron-identification counters. The rear gas-Čerenkov
counters (RGC) covered 612± to 654± horizontally and
66± vertically with seven horizontal segments in each arm.
These regions corresponded to the kaon-arm acceptance.
The rear lead-glass electromagnetic (EM) calorimeters
(RLG) covered the same horizontal angle as the RGCs
with 12 segments in each arm, but were vertically covered
outside the kaon-arm acceptance, from 66± to 622±.
In the backward region, where the horizontal angle was
larger than 57±, the second-stage electron identification
was performed by side lead-glass EM calorimeters (SLG)
which covered 657± to 690± horizontally and 622±

vertically with nine horizontal segments in each arm.
Both of the gas-Čerenkov counters used isobutane with

a refractive index of 1.0019. The threshold momentum for
pions was 2.3 GeV�c. Both the RLG and the SLG con-
sisted of SF6W lead glass. The typical energy resolution
of the RLG and the SLG was 15%�

p
E. To suppress any

fake triggers caused by pions and protons, we set the dis-
criminater threshold for the gas-Čerenkov counters higher
than the optimum setting for electrons; thus, the electron
efficiency was sacrificed. For electrons with a momentum
greater than 400 MeV�c, the overall efficiencies, includ-
ing the trigger threshold and the off-line cut, were 55% for
FGC, 86% for RGC, and 85% for the calorimeters, RLG
and SLG. We achieved a pion rejection of 6.7 3 1024

using a cascade operation of FGC and the EM calorime-
ters, and 3.9 3 1024 with FGC and RGC for 400 MeV�c
pions.

An electron trigger having three levels was adopted
to perform the data accumulation. In the first level, we
selected electron-pair candidates using the coincidence
signals of the front-stage (FGC) and the rear-stage
detectors (SLG, RLG, RGC), by requiring horizontal
position matching. To suppress electron pairs having
small opening angles, such as from Dalitz decays and g

conversions, we required the two FGC hits to be more
than two segmentations apart. In the second level, we
required the pair to be oppositely charged by using the
drift-chamber hits associated with the FGC hits. The sign
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of a track can be roughly determined by hits in the outer-
most layers in the CDC and in the BDC together with the
target position. We eliminated the electron-pair candidates
which had an apparent “11” or “22” configuration.
We also required the remaining pairs to be more than 12±

apart at the r � 825 mm position in order to suppress
electron pairs having small opening angles. In the third
level, the approximate opening angles of the pairs were
calculated. Because the radius of the BDC layers was al-
most twice that of the radius of the outermost CDC layers,
the opening angle of the pair at the target, Qopen, could
be approximated by Qopen � 2 3 Qcdc 2 Qbdc, where
Qcdc is the opening angle of the pair at the outermost
CDC layer and Qbdc at the BDC layer with respect to the
target position. We required Qopen to be in the range from
50± to 150± in the trigger. The typical trigger rates were
450, 330, and 280 Hz in the first, second, and third level
triggers, respectively. We maintained the live time of the
data acquisition at around 60%.

To evaluate the performance of the spectrometer, the
mass resolution was examined for the observed peaks
of the L ! p 1 p2 and Ks ! p1 1 p2 decays, as
shown in Figs. 2a and 2b. For the L peak we obtained the
centroid at 1115.5 MeV�c2 (known to be 1115.7 MeV�c2)
with a Gaussian resolution of 1.8 6 0.1 MeV�c2, and
for Ks 493.9 MeV�c2 (known to be 497.7 MeV�c2) and
3.6 6 0.6 MeV�c2, respectively. The observed peak posi-
tions and widths provide the systematic uncertainty of the
mass scale and the mass resolution of the present analysis.
The results were compared to Monte Carlo simulations in
which we took the chamber resolution and the multiple
scattering into account. The observed widths were well
reproduced by the simulation (1.9 6 0.6 MeV�c2 for L

and 3.5 6 0.6 MeV�c2 for Ks), and the energy scale
uncertainties for the v and f mesons were estimated to
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FIG. 2. Invariant mass spectrum of pp2 (a) and p1p2

(b). The lines are the best-fit results by applying a Gaussian
with a linear background.
be 4 and 7 MeV�c2, and the mass resolution to be 9.6 and
12.0 MeV�c2, respectively.

Figure 3 shows the e1e2 invariant mass spectra: (a) for
the carbon and polyethylene targets (light nuclear tar-
gets) and (b) for the copper target (heavy nuclear target).
These histograms depict the events when the electron and
the positron are detected in different arms, so that the
low-mass part of the spectra is largely suppressed. Al-
though the clear peaks of the v meson decaying into e1e2

are visible in the spectra, a significant shape difference is
observed between the light nuclear targets and the copper
target, and an excess at the low-mass side of the v peak
can be seen.

We tried to reproduce the mass shape of the obtained
histograms using the combinatorial background and the
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FIG. 3. Invariant mass spectrum of the e1e2 pair: (a) for the
carbon and polyethylene targets and (b) for the copper target.
The solid lines show the best-fit results of the known hadronic
sources with the combinatorial background. The dotted lines
indicate the contributions from r, v, and f decays. The dashed
lines indicate v ! p0 e1e2 decays and the dot-dashed lines
indicate the combinatorial background.
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known hadronic sources. The origins of the combinatorial
background were pairs which were picked up from two
independent Dalitz decays or g conversions, and pairs like
e2p1 or e1p2 due to misidentification. The remaining
e2p1 and e1p2 background was estimated to be about
13% in the spectra and contaminations such as p1p2 to
be negligibly small. The distribution of the combinatorial
background was obtained using the event-mixing method.
As known hadronic sources, r ! e1e2, v ! e1e2,
f ! e1e2, h ! e1e2g, and v ! e1e2p0 were
considered. Contributions from particles with higher
masses are known to be insignificant [7]. The Dalitz
decay, p0 ! e1e2g, is negligible in the mass acceptance
of the present data. The shapes of the e1e2 invariant
mass spectra from the Dalitz decays, h ! e1e2g and
v ! e1e2p0, were taken from Ref. [8]. The mass
shape of the r, v, and f mesons was given as the
Breit-Wigner function with the natural widths 150, 8.41,
and 4.43 MeV�c2, respectively. The Breit-Wigner func-
tions were smeared with the estimated mass resolutions
of 9.6 MeV�c2 for the v and 12.0 MeV�c2 for the f

meson. Because the present experiment used targets with
a radiation length of less than 0.3%, the radiative tail and
the multiple scattering due to the target thickness were
negligible. To obtain the mass shape of the known sources
in the observed spectra, we evaluated the experimental
mass acceptance using the particle distributions obtained
by the nuclear cascade code, JAM [9], which reproduced
the rapidity and Pt spectra of the observed e1e2 pairs.

The relative abundances of the known sources and the
combinatorial background were obtained through fitting
with four parameters, the amplitudes of r�v ! e1e2,
f ! e1e2, h ! ge1e2, and the combinatorial back-
ground. We assumed that the production cross section
of r is equal to that of v following the data obtained at
the same energy [10]. The amplitude of the other source,
v ! p0e1e2, was given by the branching ratio. The
best fits are overplotted in Fig. 3. As a result of the fits,
the contribution of h ! ge1e2 turned out to be negligi-
ble, and we found 75.5 6 9.0 v mesons and 7.4 6 5.8 f

mesons from the light target and 20.0 6 4.8 v mesons and
5.2 6 2.7 f mesons from the copper target. The invariant
mass shapes were well reproduced, except for the mass re-
gion below the omega peak.

To evaluate the excess, we would like to avoid introduc-
ing “modified” spectra which are not reliably predictable.
We thus repeated the same fit procedure excluding the mass
region from 550 to 750 MeV�c2, where the excess is visi-
ble. The excess was estimated by subtracting the amplitude
of the fit function from the data. The amount of the excess
of the light target was 19.6 6 11.7 and that of the copper
target was 29.5 6 8.7. The excess is statistically signifi-
cant for the copper target data. The ratios to the ampli-
tude of the v peak are 0.26 6 0.16 for the light target and
1.48 6 0.56 for the copper target. The difference between
the two cases should have originated from the difference
5022
in the nuclear size. The relative yields of the r�v meson
for both targets including the excess follow A0.6760.12, be-
ing consistent with A2�3 [11], where A is the nuclear mass
number.

A natural explanation for the shape change is that the
spectral modification of r�v mesons takes place inside a
nucleus. Although the spectra of the modified meson is
difficult to predict, it should be noted that the excess in
the copper target data is visible in the mass range of about
200 MeV below the v peak.

In summary, we have observed a significant difference
in the e1e2 invariant mass spectra around the r�v region
between carbon and copper targets, which indicates that the
spectral shapes of mesons are modified at normal nuclear-
matter density.
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Abstract

We have produced 500 l of hydrophobic silica aerogel for the threshold-type Cherenkov detectors to trigger kaons in
the momentum region of 0.5}2.0 GeV/c. The refractive index of the products is 1.034 with piece by piece variation of
$0.004. The transmission length is found to be 25$4 mm at 400 nm. The details of the production scheme and the
characteristics of the produced silica aerogel are reported. We also describe our studies of the light collection schemes of
the aerogel Cherenkov counters. ( 2001 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Ka; 42.15.Eq; 24.85.#p; 11.30.R

Keywords: Hydrophobic silica aerogel; Kaon trigger; Particle identi"cation (p/K); Threshold-type Cherenkov counter

1. Introduction

The experiment KEK-PS E325 measures decay
of the / mesons produced in 12-GeV p # A reac-

tions both in the /PK`K~ and /Pe`e~ chan-
nels to investigate the experimental signatures of
mass shift of / mesons in nuclear matter at normal
density. To trigger the /PK`K~ decays, the ex-
periment requires threshold-type Cherenkov
counters which can separate kaons from pions in
the momentum region of 0.5}2.0 GeV/c together
with the fast encoding time-of-#ight measurements
[1]. The details of the experiment can be found
elsewhere [2,3].

Silica aerogel has been widely used for the kaon
trigger [4,5]. The aerogel used in the former experi-
ments was hydrophilic, so it had to be kept dry in

0168-9002/01/$ - see front matter ( 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 8 - 9 0 0 2 ( 0 0 ) 0 0 7 8 6 - 5



4The silica aerogel is produced under the mutual agreement
between Kyoto University, Mohri Oil Mill Co., Ltd. and Mat-
sushita Electric Works, Ltd. Note that the present production
scheme of silica aerogel is a patent of Matsushita Electric
Works, Ltd. [7], presently to whom one can order silica aerogel.

Table 1
The list of sample mixtures and refractive indices obtained. All
samples include 1.0 mol of methyl-silicate 51 and 20.0 mol of
H

2
O

Sample Ethanol NH
3

Density Refractive
name (mol) (mol) (g/cm3) index

S1 33.0 0.14 0.1140 1.0324
S2 33.0 0.17 0.1195 1.0323
S3 33.0 0.20 0.1115 1.0323
S4 38.0 0.14 0.1052 1.0299
S5 38.0 0.17 0.1107 1.0301
S6 38.0 0.20 0.1080 1.0292
S7 43.0 0.14 0.0989 1.0280
S8 43.0 0.17 0.0993 1.0274
S9 43.0 0.20 0.0985 1.0275

order to avoid any deterioration in the transpar-
ency. The recent innovative work by the KEK-
BELLE PID group and Matsushita Electric Works
established a new method to produce hydrophobic
silica aerogel [6]. The products were found to have
typically 2.5 times longer transmission length than
the traditional ones. Based on this new technology
the mass production of hydrophobic silica aerogel
whose refractive index is 1.034 was carried out by
the authors using the autoclave facility at Mohri
Oil Mill Co., Ltd.4

We have built two sets of aerogel Cherenkov
counters using this product. Each of them has an
e!ective area of 706 mm in height and 2640 mm in
width segmented into 16 cells. In the design of the
Cherenkov counter, the longer transmission length
of the silica aerogel enables us to optimize the light
collection scheme by the ray-tracing calculation.
We have achieved the uniform detection e$ciency
over one segment which is 706 mm in height
and 160 mm in width viewed by a pair of 5 in.
photomultipliers.

The detailed procedure of mass production of
aerogel is described and the characteristics of the
products are reported in Section 2. The light collec-
tion scheme adopted into the aerogel Cherenkov
counters described here and the performance
compared with other light collection schemes are
in Section 3. Finally, the conclusion is given in
Section 4.

2. Mass production of hydrophobic silica aerogel

We have produced 400 silica-aerogel pieces of
283]200]21 mm3 with refractive index of 1.034.
All of them were produced in two and a half
months from early spring to summer in 1996.
The production was divided into 4 batches taking
into account the size of the 500 l autoclave for
the supercritical drying. Each batch was organized
as follows. For the small-scale production in

the laboratory, descriptions can be found in
Refs. [6,7].

Gelation takes place by mixing two solutions,
oligomer MS51 (methyl silicate 51) and distilled
water with ammonia, both of which are dissolved in
methanol. The solutions are poured into a plastic
container whose bottom is covered with a stain-
less-steel plate coated with Te#on. The coating
ensures smooth removal of the gel from the con-
tainer later. The mixture is gelated for 5 min and
stored in a hermetic box to prevent the solvent from
evaporation. The following polymerization con-
tinues and alcogel MSiO

2
N
n
is formed in 3 days with

ammonia as catalyst:

nSi(OCH
3
)
4
#4nH

2
OPnSi(OH)

4
#4nCH

3
OH,

nSi(OH)
4
PMSiO

2
N
n
#2nH

2
O.

Prior to the mass production, the mixture was
optimized through the test runs to obtain the index
of 1.030 using ethanol as solvent. The results are
summarized in Table 1. The mixture sample no. S5
in Table 1 was selected for the mass production. It
was pointed out after the test runs, the silica aerogel
using methanol as a solvent has 1.2 times longer
transmission length at 500 nm than using ethanol
at this refractive index. We changed the mixture of
solvent from ethanol to methanol keeping the vol-
ume to be constant since density of methanol is
0.2% larger than ethanol. The mean value of the
refractive index in the mass production has been
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Fig. 1. Transmission length of the produced silica aerogel.
Circles are for the present silica aerogel (n"1.034) and triangles
are for the one produced by the traditional method (made by
Airglass Inc. n"1.041).

increased by 0.004 which is still quite acceptable for
our application.

Aging period is needed to remove water from the
alcogel and to proceed further polymerizations.
The alcogel is moved from the plastic container to
a stainless-steel mesh-cage and kept at 303 for 14
days in ethanol which is replaced once in 7 days. It
has been experienced that a longer aging period at
higher temperature gave better transmission length
of the "nal product. It should be noted that the
temperature must be lower than 403 to avoid de-
forming of the products and shortening of the
transmission length.

Hydrophobic reaction is to replace hydrophilic
-OH group in alcogel with hydrophobic -O-
Si(CH

3
)
3

group.
The alcogel is moved into ethanol solvent con-

taining 12.5 vol% of (CH
3
)
3
-Si-NH-Si-(CH

3
)
3
.

The hydrophobic reaction is completed in two
days. This process is the key point to make the "nal
products hydrophobic. After that, an aging period
of 14 days is needed to remove the ammonia from
the alcogel produced in the hydrophobic reaction.
Ethanol is replaced once in 7 days.

Drying at supercritical point takes place to trans-
form alcogel into silica aerogel by removing
the ethanol from the alcogel without creating
cracks and shrinking the volume. The alcogel
is moved to the autoclave "lled with ethanol.
The autoclave is set at the supercritical point of
CO

2
(160 atm, 803C). By circulating CO

2
for

one and a half days, ethanol in alcogel is completely
removed. Through the period of this mass produc-
tion, aerogel which had signi"cant cracks were
about 30%. Typical transmission length of
the product as a function of wavelength is shown
in Fig. 1. The present hydrophobic silica
aerogel has about 2.5 times longer transmission
length than the conventional ones made by Airglass
Inc.

To check the batch by batch and piece by piece
quality of the products, we measured the transmis-
sion lengths and the refractive indices of randomly
sampled pieces. The results are shown in Fig. 2. It
was found that transmission lengths were within
25$4 mm at 400 nm and the indices were within
1.034$0.004. The variations were well within our
requirement. The index 1.034 corresponds to the

Cherenkov light threshold for pion of 0.532 GeV/c
and kaon of 1.881 GeV/c.

We have examined the uniformity of the trans-
mission length at 400 nm and the refractive index
within one piece. The results are $2.0 mm and
$0.0005, respectively, which are comparable with
the resolution of the measurement system and neg-
ligibly smaller than the variations over the produc-
tion period.

The major source of the variations is attributed
to the temperature during the gelation and aging
period. We observed signi"cant changes in gelat-
ing time, which is slower in the lower room
temperature. In addition, density of the solvent
changes with temperature. For the case of meth-
anol which is a solvent in our case, the expan-
sion coe$cient of volume is 1.190]10~3/K
(273}303 K) [8]. The production period covered
from early spring to summer and the temperature
changed by more than 203, which changes the den-
sity by 2.4%. A temperature control during the
mixing and the gelating phase is recommended to
keep the refractive index stabler than in the present
work.
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Fig. 2. Distributions of the refractive index and the transmission length of the produced silica aerogel.

3. Design of the light collection system of the
Cherenkov counter

We compared various light collection schemes
by a half-cell model. These are schematically shown
in Fig. 3. Type A is a conventional di!usion box
covered with white paper Millipore whose re#ec-
tion e$ciency is better than 93%. Type B has #at
mirrors made of MgF

2
-coated aluminized mylar

whose re#ection e$ciency is better than 88% for
the wavelength longer than 200 nm. Types A and
B are simple solutions whereas they need two 5 in.
photomultipliers (PMTs). To reduce the number of
PMTs, we tried Types C and D having a cylindrical
concave mirror.

Type D is the "nal version applied for the present
detector. The layout is shown together with the
simulated Cherenkov photon trajectory. The
counter covers a 2640]706 mm2 active area which
is segmented into 16 cells with an area of

160]706 mm2. Cherenkov photons are readout
with a pair of 5 in. PMTs, a cylindrical concave
mirror and a Winston funnels [9] attached on the
both PMTs.

The mirrors are made of acryl and the funnels are
made of ABS resin, onto which aluminum and
MgF

2
are successively evaporated. The cells are

separated with double coated aluminized mylar
sheets (Al#MgF

2
). We have adopted 125 mm

thick silica aerogel as a Cherenkov radiator which
consists of six layers of the silica aerogel plates.

These schemes were tested at the T1 beam line at
KEK 12GeV-PS using 0.7 GeV/c positive pions
(b"0.981). The thickness of the silica aerogel was
90 mm. The number of photo electrons observed
are plotted in Fig. 4 as a function of the incident
beam positions. For 2-PMTs scheme (Types A and
B), the number of photoelectrons from both PMTs
were added. The PMTs were located at
X"500 mm and >"0 mm. During the scanning
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Fig. 3. The light collection schemes studied with a test beam.
Type A is a di!usion box covered with white paper Millipore,
Type B consists of #at mirrors, and Type C is similar to Type
D but without a Winston funnel. Type D is the "nal version
applied for the present detector.

Fig. 4. The number of observed photoelectrons for 0.7 GeV/c
positive pions as functions of particle position. PMT is located
at X"500 mm and >"0 mm. Triangles are for the light
collection Type A, rectangles for Type B, and circles for Type C.

along the X direction (X: 0}500 mm), the > posi-
tion was kept at #5 mm, and while scanning
along the > direction (>: !80 to 80 mm), the
X position was kept at 250 mm. It can be seen that
the di!usion box solution (Type A) is not adequate
for the present detector geometry whose segmented
structure requires the long drift distance for
Cherenkov light from X"0 mm to PMTs. Type
B is applicable but an expensive solution (read with
2-PMTs). Type C has a strong X dependence char-
acterized by the dip at X"300 mm. An optics
calculation shows that at this point the center of
a Cherenkov ring of 140 mm diameter falls outside
the PMT surface of 125 mm in diameter. The
"nal version (Type D) is the re"ned design of Type
C, where the geometry of optics is optimized by

ray-tracing calculations and Winston funnels are
used. The number of observed photoelectrons for
1.0 GeV/c positive pions is compared in Fig. 5 as
a function of the beam incident position for two
di!erent thicknesses of aerogel, 90 mm and
150 mm. Compared to the di!usion box solution
the gain of the photon yield is obvious even though
the required number of PMTs is just a half. An
almost linear increase of photoelectron yield was
observed according to the change of the thickness
of aerogel, which is another important bene"t of
the high transmission length.

The present results di!ers from the previous
works [4,5], where less transparent silica aerogel
was used and the di!usion box solution was
chosen. The present silica aerogel with 2.5
times longer transmission length than the previous
one allows us to design the e$cient light collect-
ion optics based on the ray-tracing calculation.
It should be noted that recent successful measure-
ments of a Cherenkov light ring [10,11] were
performed by using silica aerogel whose refractive
index is about 1.03 and which was produced by
the same procedure described in the previous
section.
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Fig. 5. Position dependence of the number of photoelectrons
for 1.0 GeV/c positive pions observed with Type D. The solid
line is the expected photoelectron yield with a di!usion box
solution (scaled from Type A in Fig. 4). Dashed lines are to guide
the eyes.

Fig. 6. Pulse height distribution of the E325 aerogel Cherenkov
counter for the secondary beam of 1.4 GeV/c positive pions and
proton. When we set the threshold at ADC count 40 (equivalent
to 1.1 photoelectrons) the e$ciency for pion is 99.0% and
proton over-killing rate is 0.3% in the veto operation.

In Fig. 6 we show the pulse height distribution of
the aerogel Cherenkov counter constructed for the
experiment KEK-PS E325. A secondary beam of
1.4 GeV/c positive pions and protons were de-
livered at the center of the segment. We obtained
5.4 photoelectrons for pions. The photoelectrons
observed for protons are attributed to d rays or
scintillation lights. Setting the threshold level at 1.1
photoelectron we have achieved the pion rejection
e$ciency of 99.0% and an over-killing rate for
proton of 0.3%.

4. Conclusion

We have carried out the mass production of
500 l of hydrophobic silica aerogel. These products
are used as a Cherenkov radiator of the threshold-
type counter to veto pions in the momentum region
of 0.5}2.0 GeV/c. Through the present work we
have successfully industrialized the mass produc-
tion scheme of hydrophobic silica aerogel. We have
obtained the optical properties of the products
whose refractive index is 1.034$0.004 and the
transmission length is 25$4 mm at 400 nm.
The transmittance is typically 2.5 times larger than
the previous one, which is the essential di!erence
in choosing the light collection scheme. The undif-
fused Cherenkov photons can be collected e!ec-
tively with the optics optimized by the ray-tracing
method. The aerogel Cherenkov counter construc-
ted for the KEK-PS E325 spectrometer has
achieved 99.0% pion rejection e$ciency and 0.3%
proton over-killing rate at 1.4 GeV/c.
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Abstract

A spectrometer was constructed to measure the invariant mass spectra of r; o and f mesons through their eþe� or

KþK� decays. The KEK experiment E325 was successfully carried out using the new spectrometer, and observed the

signature of an in-medium mass modification of the r and/or omesons for the first time. The details of the spectrometer

are described.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A new spectrometer for studying light vector
mesons produced in nuclei through high-energy
proton–nucleus reactions was designed and con-
structed at the 12 GeV proton synchrotron of the
onding author.

ddress: enyo@riken.go.jp (H. En’yo).

address: Department of Physics, Osaka University,

shi, Osaka 560-0043, Japan.
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High Energy Accelerator Research Organization
(KEK-PS). An experiment, E325 [1], was carried
out using this spectrometer to investigate the chiral
property in dense matter. It is believed that chiral
symmetry, which is spontaneously broken in our
world, should be restored in a system with a finite
temperature and/or a finite density. Theoretically,
it has been suggested that a signature of the chiral
symmetry restoration could be seen as a possible
mass shift of vector mesons in nuclear matter [2].
Experiment E325 was proposed to measure the
d.
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Fig. 2. Schematic view of the E325 spectrometer; a cross-

section along the center of the kaon arm is shown.
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mass of r; o and f mesons produced, and decays
in nuclei, through a determination of the invariant
mass from the eþ-e� pairs, or the Kþ-K� pairs
following their decays. The experiment was
successful to observe o and f mesons in the
eþ-e� invariant mass spectra, and reported the
signature of an in-medium mass modification of
the mesons [3]. This was the first observation in the
leptonic in-medium decay of vector mesons at a
normal nuclear matter density.

The spectrometer was built at primary beam line
EP1-B [4]. This beam line was designed to
transport 12-GeV protons with a maximum
intensity of 4� 109 per 2-s spill with a 4-s
repetition cycle, and with a small beam halo.
There are two key points concerning this spectro-
meter. The first is to detect slowly moving vector
mesons which have a larger probability to decay
inside a nucleus. The typical acceptance is
0:5oyeeo1:5 and 1obgeeo3: The second is to
use a high-quality primary beam on thin targets.
The combination of an intense beam with thin
targets is essential to minimize the background by
keeping the g conversion rate below the Dalitz
decay rate. In the typical data-taking condition the
interaction rate is as high as 1 MHz using 1� 109

beam protons per 2-s spill on the three targets with
a total interaction length of 0.2%.

The layout of the detectors is shown in Figs. 1
and 2. The spectrometer has two electron arms and
two kaon arms, which share a dipole magnet and
tracking devices. The electron arms cover from
712� to 790� horizontally and 723� vertically.
Fig. 1. Schematic view of the E325 spectrometer (top view).
The kaon arms cover from 712� to 754�

horizontally and 76� vertically.
Tracking has been performed with a cylindrical

drift chamber (CDC) and barrel-shaped drift
chambers (BDC), but lately a vertex drift chamber
(VTC) was added.

For electron identification, the whole region of
the electron arm is covered by two stages of
electron-identification counters. The first stage of
the electron identification is performed by front
gas-Cherenkov counters (FGC), which cover from
712� to 790� horizontally and 723� vertically.
The second stage is either gas Cherenkov counters
or EM calorimeters. The rear gas-Cherenkov
counters (RGC) cover 712� to 754� horizontally
and 76� vertically. These regions correspond to
the kaon-arm acceptance. The rear lead-glass EM
calorimeters (RLG) cover the same horizontal
angle as RGCs, but vertically cover outside the
kaon-arm acceptance, from 76� to 723�: An-
other set of lead glass calorimeters (forward lead-
glass EM calorimeters: FLG) were recently added
to improve the electron identification in the kaon
arm acceptance. In the backward region, where the
horizontal angle is larger than 57�; second-stage
electron identification is performed by side lead-
glass EM calorimeters (SLG), which cover 757�

to 790� horizontally and 723� vertically.
For kaon identification, segmented aerogel

Cherenkov counters and time-of-flight counters
are used. The aerogel Cherenkov counter (AC) is a
threshold-type Cherenkov detector using aerogel,
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whose refractive index is 1.034, to separate kaons
from pions in the momentum region of 0.53 to
1:88 GeV=c [5,6]. Since we cannot count beam
protons particle by particle, due to the high
intensity, the event time-zero is given by start
timing counters (STC) placed at 380 mm from the
targets. The forward time-of-flight counters
(FTOF) are used to measure the time of flight of
particles in the kaon arm acceptance. They are also
used in combination with hodoscope counters
(HC) to determine the charge and the crude
momentum of the particles, and to make kaon
selection possible by b ðv=cÞ measurements in the
trigger.

In the following section, details concerning the
experimental components and their performance
are described.
Beam

830
2320

2731 2664

907

1522
1720

911 844

3980

1950 1950

5395
5655

Fig. 3. Schematic view of the spectrometer magnet.
2. Spectrometer magnet and tracking devices

2.1. Magnet

The spectrometer magnet is a dipole type with
an overall weight of 300 tons, which was recycled
from an old cyclotron magnet. The dimensions are
5655 mm in width, 3980 mm in height and
2120 mm in depth. The gap between the poles is
907 mm: Other dimensions can be seen in Fig. 3.
The magnet provides a field integral of 0:81 Tm
from the center to 1600 mm in radius, where BDCs
are located. At the center of the magnet, the field
strength is 0:71 T:

2.2. Target holder

We use three or five targets aligned in-line. The
typical configuration is a set of carbon, polyethy-
lene and copper, with each thickness being about
0.05%–0.1% of an interaction length and 0.2%–
0.5% of a radiation length. These targets are
placed at the center of the magnet, and typically
44 mm apart from each other. The target holder is
rotated by 180� about the vertical axis every 12 h
to minimize the position dependence of the
acceptance for each target position.

To decrease the interaction of the beam protons
with air, the entire beam line is kept as vacuum
from the extraction point to the entrance of the
vertex drift chamber, where the region of vacuum
is terminated with a 200-mm-thick Mylar sheet.
Downstream of the vertex chamber, a helium-filled
beam pipe (5:5 m long) follows.

2.3. Cylindrical drift chamber

A schematic view of the CDC is shown in Fig. 4.
The outer diameter of the CDC is 1760 mm; the
inner diameter is 800 mm and the height is
840 mm: The CDC is located on the pole piece
of the spectrometer magnet. The acceptance of
CDC is from 712� to 7132� horizontally and
723� degrees vertically.

The CDC consists of 10 radial layers of drift
cells, which are grouped into three super-layers.
The first super-layer is in the radial region from



ARTICLE IN PRESS

High Voltage

target

beam

Ceramic
Parts

to Amp Discri.

gas

wire
region

TOP View

SIDE View

1760 mm

840 mm

Fig. 4. Schematic view of the CDC. Ceramic plates (60 in total)

are supported by an aluminum structure (see Section 2.6).
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445.0 to 475:0 mm; having three layers of drift cells
ðX ;X 0;UÞ; the next is from 602.5 to 642:5 mm;
having four layers ðV ;V 0;X ;X 0Þ; and the last is
from 800.0 to 830:0 mm having three layers
ðU ;X ;X 0Þ: In the X and X 0 layers, the direction
of the wires is vertical, and in the U and V layers
the wires are tilted by about 70:1 radian: An
argon(50%)–ethane(50%) mixed gas is used at
1 atm:

The structure of the drift cells is shown in Fig. 5.
All of the drift cells of the CDC have the same
horizontal angular coverage of 1:5� with respect to
the targets. For the inner-most super-layer, a high
voltage of �2:1 kV is applied to the potential wires
and �1:37 kV to the guard wires. For the next
super-layer and the outer-most super-layer, high
voltages of �2:2 and �1:43 kV are applied to the
potential and guard wires, respectively. The sense
wires are kept at the ground level. A typical
resolution of 350 mm is obtained.
The structure of the CDC was designed to
restrict its active region to only the spectrometer
acceptance. The top and bottom end plates have a
step-like structure with three stages, as shown in
Fig. 4. This structure is effective to gain mechan-
ical strength, and thus to minimize the support
structure within the spectrometer acceptance.

2.4. Barrel-shaped drift chambers

The structure of the BDC consists of 90� arc-
shaped endplates at the top and bottom, which are
supported by three aluminum bars, as shown in
Fig. 6. The inner radius is 1570 mm; the outer
radius is 1680 mm and the height is 1420 mm: The
acceptance of the BDCs are the same as the CDC
for the vertical coverage, but with a smaller
horizontal coverage from 77:5� to 794:5�: The
BDC have four layers of drift cells with an XX 0UV

configuration, located at r ¼ 1600 to 1650 mm: In
the X and X 0 layers the direction of the wires is
vertical, and in the U and V layers the wires are
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tilted by about 70:1 radian: The same gas mixture
as that for the CDC is used.

The structure of the drift cells is shown in Fig. 7.
All of the drift cells of the BDC have the same
horizontal angular coverage of 0:75� with respect
to the target position. The size of the drift cells of
the BDC is the same as that of the outer super-
layer of the CDC. A high voltage of �0:7 kV was
applied to the potential wires, þ0:1 kV to the
guard wires and þ1:5 kV to the sense wires, in
order to reduce the HV leakage current from the
potential wires due to the tight assembly. A typical
position resolution of 350 mm has been obtained.

2.5. Vertex drift chamber

A schematic view of the VTC is shown in Fig. 8.
The VTC was installed to give tracking informa-
tion in the vicinity of the beam and the targets.
A significant beam halo of about 100 kHz with a
120 mm long and 1 mm wide scintillator has been
observed at 20 mm away from the beam. To make
the chamber operational under such a circum-
stance, special cell arrangements as shown in
Fig. 8, have been chosen. The forward three layers
cover the horizontal region from 76 to 724� at
r ¼ 200 mm and the backward three layers cover
from 718 to 7141� at r ¼ 100 mm: All of the
layers have a hexagonal cell structure, as shown in
Fig. 9, in order to minimize the cell size. In the
backward layers, the drift length is 2:62 mm; and
in the forward layer it is 1:75 mm: In the typical
data-taking condition, the maximum hit rates per
wire are 100 kHz in the backward cells and 300
kHz in the forward cells. As the chamber gas, an
argon(50%)–ethane(50%) mixture is used through
an ethanol bubbler at room temperature. It was
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found that without ethanol the chamber could not
work at such high rates. The typical position
resolution is 280 mm: The frame of the VTC is
made of aluminum with dimension of 445 mm
long, 320 mm wide and 200 mm high. To minimize
the material in the spectrometer acceptance, the
top and bottom end-plates are supported only at
the upstream side.

2.6. Wire support structure

All of the chambers use gold-plated tungsten of
30 mmf for the sense wires and Be–Cu of 100 mmf
for the potential wires. These wires are supported
by feedthroughs with a bush inserted at the end.
We use bushes with an 80 mmf hole for the sense
wires, so that the precision of the wire positioning
is about 25 mm: For potential wires bushes with a
200 mmf hole are used.

Different types of feedthroughs have been
introduced for each chamber. The end plates and
the support structure of the CDC are made of
aluminum. Thirty ceramic plates are mounted on
each aluminum end plates, as shown in Fig. 4. The
ceramic plates have a print-circuit pattern, which
provides electrical connections to the feedthrough
pins, as shown in Fig. 10(a). The feedthroughs are
made of gold-plated brass of a 1:6 mm diameter
pipe. To secure electrical connection between the
pipes and the circuit pattern, cut-ring springs were
inserted between the feedthroughs and the through
holes. The ceramic board on the top provides
signal connections to the sense wires, and those on
the bottom provide high-voltage connections. The
ceramic boards are 100 mm in width, 200 mm in
length and 25 mm in thickness, and are located
precisely on the end plates by knock pins with a
machining precision of about 10 mm: In between
the ceramic boards there are the ribs of the
aluminum end plate. Feedthroughs made of Delrin
(acetal resin), as shown in Fig. 10(b), are used for
wires on the ribs. They are also used as the
feedthroughs in the BDC.

In the VTC, to minimize the drift-cell size,
thinner feedthroughs are used. In the backward
cells, 2:9 mmf NORYL (degeneration PPE resin)
feedthroughs are used with a pitch of 3:02 mm
(Fig. 10(c)). In the forward cells, all of the cathode
wires are grounded through metallic feedthroughs
which are directly mounted on the end-plate
(Fig. 10(d)). For the anodes, NORYL feed-
throughs as backward cells are used. A positive
high voltage is applied, and the signals are read out
through AC coupling.

2.7. Readout electronics

The read-out electronics of the CDC consists of
a pre-amplifier, a post-amplifier, a discriminator
and a time-to-digital converter (TDC). The pre-
amplifiers are mounted on the CDC. Radeka type
pre-amplifiers, which are charge-sensitive bipolar
amplifiers with a gain of 200 mV=pC; are used [7].
The output signals of the pre-amplifier are sent to
a post-amplifier via 10 m-long twisted-pair cables.
The gain of the post-amplifier is 10, and the output
is discriminated to the ECL logic signal and
transfered to the counting house via 50 m-long
twisted-pair cables.

Those pre-amplifiers were lately replaced by
amplifier–shaper–discriminator ASICs developed
for the ATLAS experiment [8], in order to
gain a threshold margin for the noise and
oscillation.
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Fig. 10. Feedthrough structure: (a) for ceramic endplates (CDC), (b) for aluminum endplates (BDC), (c) and (d) for the backward and

the forward VTC cells, respectively.
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3. Electron identification counters

3.1. Start timing counter

The time zero of an event is defined by the start
timing counters (STC). We located STC 380 mm
from the center of the spectrometer, covering from
712 to 760� in the horizontal angle and 728� in
the vertical angle. In each arm STC was segmented
into eight units horizontally.

The scintillator of STC is made of Bicron
BC404. The dimensions of the scintillator segment
are 400 mm in height, 40 mm in width and 5 mm
in thickness. The scintillation light is transfered
through light guides to a pair of photomultipliers
attached to the top and bottom ends. The
photomultipliers are H6154 of Hamamatsu Photo-
nics; the diameter of the photocathode is 2 inches
and the structure of the dynodes is a fine-mesh
type. They can be operated under a magnetic field
of 0:71 T with a typical gain of 1� 106: They are
mounted with an angle of 30 degrees with respect
to the field direction to obtain the maximum gain.
Since the coincidence rate of the top and bottom
photomultipliers has reached 1 M counts per spill
in the forward segments, the high-voltage breeder
was modified to supply a sufficient current to the
last three dynodes. The typical breeder current is
0:4 mA; which has been increased to 4 mA at the
last three dynodes. Discriminated signals from
the top and bottom photomultipliers are fed into
the mean timer and provide the timing of the
segment. The timings of all the STC segments are
adjusted to within 1 ns: These signals are OR-ed
and used as the event time-zero signal. In an offline
analysis, a time resolution of about 300 ps has
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been achieved. The obtained time resolution is
limited due to the high rate of operation and the
lower gain of the PMT in the magnetic field.

3.2. Front and rear gas-Cherenkov counter

The front gas-Cherenkov counters (FGC) cover
from 712� to 790� horizontally and 723�

vertically. They are horizontally segmented into
13 units in each arm so that one segment covers 6�:
The rear gas-Cherenkov counters (RGC) cover
712� to 754� horizontally and 76� vertically
with seven horizontal segments in each arm. The
cross-sections of FGC and RGC are schematically
shown in Fig. 11, together with the light-collection
scheme.

Iso-butane gas with a refractive index of 1.0019
(at STP) is used as a Cherenkov photon radiator.
The threshold momentum for pions is 2:3 GeV=c:
Since the path length of particles in the counters is
rather short, we use a gas having a high refractive
index. Another merit of iso-butane was its
transparency for ultra-violet light down to a
wavelength of 220 nm: It is important for the
detection of Cherenkov light because the intensity
of Cherenkov light is higher at a short wavelength
with a 1=l2 dependence. In FGC, radiated
700 mm

1st reflection
 mirror

 reflection
mirror

2nd reflection
mirror

3" FineMesh PMT

Winston 
funnel

Winston funnel

RLG

FGC

RGC

Fig. 11. Schematic view of FGC, RGC and RLG. Typical

particles trajectories and Cherenkov light paths are shown.
Cherenkov photons are reflected twice on flat
and arc-shaped mirrors, while in RGC, photons
are reflected once on the arc-shaped mirror.

To suppress multiple scattering, it is required to
use thin mirrors. For the flat mirror we use
0:05 mm aluminized Mylar supported by a hon-
eycomb backplane made of paper. Arc-shaped
mirrors were made with a 3 mm-thick acrylic
plastic, on which aluminum and SiO were succes-
sively evaporated. Light is also reflected at the
walls for segmentation. The walls are MgF2-
coated double-sided aluminized Mylar. The reflec-
tion efficiency is more than 88% for wavelengths
down to 200 nm:

The Cherenkov photons are focused with a
Winston funnel [9] attached to the photomulti-
pliers. Since the photomultipliers of the FGCs are
operated under a magnetic field of about 0:2 T; we
use R5542 of Hamamatsu Photonics, which has 19
stages of fine-mesh dynodes. For the detection of
Cherenkov photons, its window is made of UV-
transparent glass with a diameter of 3 inches. For
RGC we use R1652 of Hamamatsu Photonics with
a diameter of 3 in; together with a m-metal shield.

The typical number of observed Cherenkov
photo-electrons is 3.5 in the FGC and 3.9 in the
RGC, under the typical data taking condition. The
efficiency uniformity of the Cherenkov counters
are plotted in Fig. 12. We had to increase the
threshold of FGC to reduce the trigger rate caused
by pions, so that the electron efficiency of FGC
was sacrificed especially at larger horizontal
angles. Average electron efficiencies are 83% and
93% for FGC and RGC, respectively, while the
pion rejections are 1%(FGC) and 2%(RGC).
Electron efficiencies are obtained by using purified
eþ or e� samples which do not participate in the
trigger decision but belong to the zero mass peak
of eþe� pairs from Dalitz decays or gamma
conversions.

3.3. Lead–glass EM calorimeters

The rear lead–glass EM calorimeters (RLG)
cover the same horizontal angle as the RGCs with
12 segments in each arm, but vertically cover
outside the kaon-arm acceptance, from 75� to
723�; as shown in Fig. 11. Inside the kaon arm
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Fig. 12. Uniformity of electron efficiencies of Front and Rear Gas Cherenkov counters, the left figure for the vertical angles and the

right for the horizontal angles of particles incident to the detectors.
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acceptance, the forward lead–glass EM calori-
meters (FLG) are located behind the kaon
identification counters. The side lead–glass EM
calorimeters (SLG) cover 757� to 790� horizon-
tally and 723� vertically with nine horizontal
segments in each arm. The cross-sections of the
calorimeters are schematically shown in Fig. 13.

The calorimeters are made of SF6W lead–glass
blocks, which have a size of 330 mm height,
120 mm width and 110 mm thickness. These
blocks were recycled from the EM calorimeter of
TOPAZ of TRISTAN at KEK [10]. To cover a
large region with a small number of segments,
unusual arrangements are adapted, as shown in
Figs. 11 and 13. Cherenkov photons from an EM
shower are transported vertically by the total
reflection to the photomultipliers attached at the
end of the block. The PMTs with a diameter of
3 in are used, Hamamatsu R1652 for RLG and
FLG and Hamamatsu H1911 for SLG.

For SLG and FLG, we reshaped and re-
polished the blocks in Tochigi Nikon Corporation
into a rectangular shape from the original tapered
shape. Five(three) units of the lead–glass blocks
for SLG(FLG) were stacked vertically and glued
with epoxy resin to form one segment of
SLG(FLG). The one segment of SLG(FLG) had
a size of 1650ð950Þ mm in height, 120 mm in width
and 110 mm in thickness.

The light attenuation length through the total
reflections is about 100 cm; as can be seen in
Fig. 14. The sum of both ends, however, was
almost position-independent. The loss of light at
the glued boundaries was small enough compared
to the typical energy resolution.

Although the effective thickness for the EM
shower-development is only 6.5 radiation lengths,
a typical energy resolution of 15%=

ffiffiffiffi
E

p
has been

obtained for electrons. Fig. 15 shows the resolu-
tion of RLG as a function of electron momentum.
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The inserted scatter plot shows the correlation of
the track momentum and the calorimeter energy,
which is obtained by the purified electron samples
as explained in the previous section.
4. Kaon identification counters

Kaon identification is performed by the combi-
nation of time-of-flight measurements and thresh-
old-type silica-aerogel Cherenkov counters.
4.1. Time-of-flight counters

The start timing is given by STC, as is
commonly used for electron detection. Hodoscope
counters (HC) are used to determine the sign of a
charged particle and its rough momentum in
combination with the forward time-of-flight coun-
ters (FTOF). Signals from HC are used in the on-
line first-level and second-level kaon-triggers, as
described in Section 5.

The dimensions of the HC scintillator are
660 mm in height, 70 mm in width, and 5 mm in
thickness. Two segments located most backward
have a different width of 200 mm: They are
arrayed with an overlap of 5 mm: They cover
from 712� to 754� in the horizontal angle,
and 76� in the vertical angle, and are placed
2632 mm from the center of the spectrometer.
Each segment is read by a pair of photomultipliers
from the top and bottom ends through light
guides. The photomultipliers are H1161 of Hama-
matsu Photonics with a photocathode diameter
of 2 in:

The FTOF is used to measure the flight time of
charged particles together with STC. Particle
identification is performed with this information
together with the flight length and the momentum
given by the track fitting. The FTOFs are located
at the most-downstream part of the kaon arm.
They cover from 712� to 754� in the horizontal
angle, and 76� in the vertical angle. The distance
from the center of the spectrometer to the center of
the FTOF array is 3951 mm: The FTOF consists
of 16 segments in each arm. Two types of
scintillator slabs are used: one is 800 mm in height,
200 mm in width and 30 mm in thickness; the
other is 800 mm in height, 170 mm in width and
20 mm in thickness. They are arrayed alternatively
with an overlap of 2 mm: The scintillation light is
read out with a pair of photomultipliers through
light guides mounted on both ends of the slabs.
The photomultipliers are H1949 of Hamamatsu
Photonics with a photocathode diameter of 2 in:
This photomultiplier is specialized for time-of-
flight measurements with a high gain of 2:0� 107

and a typical signal rise-time of 1:3 ns: The
resolution of the time-of-flight measurements is
360 ps together with STC.
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The squared-mass distributions are shown in
Fig. 16 for particles whose momenta are less than
2:0 GeV=c: The over-plotted hatched histograms
represent the contaminations of protons and
pions. The shape of the kaon peaks is given by
convoluting the time resolution over the momen-
tum distributions. The cut region of the kaon
identification was from 0.04 to 0:49 GeV2; as
shown in Fig. 16 by the arrows. With this
selection, the kaon identification efficiency was
96%, which contained 6% of the miss-identified
particles. The purity of KþK� pairs was estimated
to be 90%.

4.2. Aerogel counters

To trigger kaons, we use threshold-type aerogel
Cherenkov counters (AC). Silica aerogel has been
widely used for kaon triggers. The ones used in
former experiments were hydrophilic, so they had
to be kept dry in order to avoid any deterioration
of the transparency. Recent innovative work by
the KEK-BELLE PID group and Matsushita
Electric Works has established a new method to
produce hydrophobic silica aerogel [5]. The
products have been found to typically have a
2.5-times longer transmission length than the
traditional ones.

The ACs are located just in front of the FTOF
counters; both of them have geometrically
matched 16 segments in each arm. When a hit in
an FTOF segment is associated with a hit in either
of three AC segments in the front, it is considered
to be a pion having a momentum above
0:53 GeV=c:

The ACs cover 712 to 754� in the horizontal
angle and 76� in the vertical angle. Each of ACs
has an effective area of 2640 mm in width and
706 mm in height. The dimensions of one segment
are 160 mm in width and 706 mm in height.
Radiated Cherenkov photons are read out as
shown in Fig. 17 by a pair of photomultipliers
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through an optical system made with cylindrical
concave mirrors and Winston funnels [9] attached
to each photomultiplier.

The equipped photomultipliers are single-photo-
electron sensitive H6527 of Hamamatsu Photonics
with a photocathode diameter of 5 in: They have
14 dynodes of the linear-focusing type. They are
operated with a typical gain of 1:4� 107:

We examined the performance of ACs using
data triggered by requiring any two charged
particles. Since the Cherenkov angle for b ¼ 1
particles is 0:257 radian; those tracks whose
vertical position was within 7120 mm from the
center made hits in both the top and bottom
photomultipliers, and other tracks made hits only
at either side. The threshold level was set at 0.5
photoelectrons for the sum of the two photo-
multipliers.

The AC efficiency as a function of the pion
momentum was obtained as shown in Fig. 18. For
those pions with a momentum greater than
1:0 GeV=c; the vertical position dependence of
the AC efficiency is plotted in Fig. 19 which
demonstrates a uniform efficiency over the kaon-
arm acceptance.

The details of the mass production of the
Cherenkov radiators, the construction and the
performance of the ACs are described in our
earlier publication [6].
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Fig. 18. Pion momentum dependence of the AC efficiencies.
5. Trigger and data acquisition

We apply the three-level trigger logic for eþe�

events and two-level logic for KþK� events. When
the higher trigger conditions are satisfied, the
typical dead time of the data taking is 600 ms to
record an event. Otherwise, the dead time is
reduced to 50 ms by a fast-clear signal.

5.1. Electron trigger

For the first level of the electron trigger, we
select electron-pair candidates using the coinci-
dence signal of the front-stage (FGC) and the rear-
stage detectors (SLG, RLG, RGC), by requiring
horizontal position matching. The hit signals of
each segment are defined as an ORed signal of the
top and bottom PMTs. The size of the matching
windows corresponds to a momentum range
greater than 0:4 GeV=c: To suppress electron pairs
with a small opening angle, such as from Dalitz
decays and g conversions, we require the two FGC
hits to be more than two segmentations apart. The
typical trigger rate of the electron first level is
640=spill:

In the second level, we require the pair to be
oppositely charged by using drift-chamber hits
associated with the FGC hits. The hit positions in
the chambers are obtained from the OR-ed signal
of the X and X 0 layers of the BDC and of the outer
super-layer of the CDC. The sign of a track can be
roughly determined by these segmentations to-
gether with the target position. We eliminate any
electron pair candidates having an apparent ‘‘þþ’’



ARTICLE IN PRESS

FGC e-ID

RLG e-ID

Energy (GeV)

co
un

ts

250

200

150

100

50

0
0 0.5 1 1.5 2 2.5

π data sample

Fig. 20. The lead–glass energy spectrum for the tracks

identified as electron in FGC. The cross-hatched region

corresponds to the tracks which pass energy–momentum

matching in the calorimeter. The shaded area is the energy

spectrum for pions and protons which is over plotted after

rescaling.

M. Sekimoto et al. / Nuclear Instruments and Methods in Physics Research A 516 (2004) 390–405402
or ‘‘��’’ configuration. We also require the
remained pairs to be more than 12 degrees apart
at the outer super-layer of the CDC ðr ¼ 825 mmÞ
to suppress electron pairs with a small opening
angle. This logic is implemented with hand-made
modules using Field Programmable Gate Arrays
(FPGA, Lattice ispLSI 3256). The typical trigger
rates of the electron second level is 550/spill.

In the third level, the approximate opening
angles of the pairs are calculated. The radius of the
BDC layers is almost twice larger than the radius
of the outer super-layer of the CDC, so that the
opening angle of the pair at the target, Yopen; can
be approximated by Yopen ¼ 2�Ycdc �Ybdc;
where Ycdc ðYbdcÞ is the difference in the horizon-
tal angle coordinate of the pair at the outer
super-layer of the CDC (at the BDC layer). We
require the Yopen to be in the range of 50� to 150�

in the trigger. This logic is implemented with the
same modules as the second-level trigger. The
typical trigger rate of the electron third level is
430/spill.

5.2. Kaon trigger

The kaon first-level trigger requires at least two
FTOF hits which are not associated with geome-
trically matched AC hits. To select tracks whose
momentum is larger than 0:4 GeV=c; certain
combinations of these AC-vetoed FTOF signals
and the HC signal are selected using a matrix
coincidence logic. To invoke an event trigger, at
least one STC hit both in the left and right arms is
also required.

The kaon second-level trigger uses flight-time
information from the FTOF counters and the hit
information of the HC counters. A timing window
for kaons is determined for each FTOF–HC pair.
We require at least two FTOF–HC hit pairs whose
flight time is inside the kaon window and the
charges are at least one positive and one negative.

The kaon second-level logic is implemented by
using FPGA (XILINX XC3190A) modules com-
municating with the TDC modules. The logic
reduces the trigger rate to about 32% and the
decision time to less than 100 ms; including the
conversion time of the fast TDCs (LeCroy FERA-
FERET).
Typical kaon first-level trigger rate is 40 K=spill
and it is down-scaled by about 20 to keep the
trigger live time at a level of 70–80%. After
the second level trigger, the kaon trigger rate is
400–500/spill. The trigger rejection at the first
level is limited by low energy pions below
the silica aerogel threshold. This determined
our statistical limitation in the kaon pair channel.
6. Performance of the spectrometer

Overall performance of the electron identifica-
tion of the present spectrometer is demonstrated in
Fig. 20, as the energy spectrum of the lead glass
calorimeter (RLG) after requiring the electron
candidate in the front gas Cherenkov counter
(FGC). By requiring the energy–momentum
matching in the calorimeter the cross-hatched
region are selected as electron candidates. The
remained part of the energy spectrum is well
reproduced by the calorimeter response to pions
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and protons as the over plotted shaded area in the
figure.

The electron efficiencies and pion rejection
efficiencies are obtained and summarized in
Table 1. By applying the two-stage cascade
Table 1

The typical electron identification efficiencies and pion rejection

capabilities of the each detector components. The listed values

are after applying typical analysis cuts. Average values for the

two-stage coincidence are also shown

Counter e7 p7

Gas Cherenkov FGC 0:82570:010 0:014270:00006
RGC 0:9370:011 0:021270:0008

Calorimeter SLG 0:8770:03 0:00970:001
RLG 0:9770:01 0:03170:001

Two stage coincidence 0:7870:01 0:0002770:00001

Fig. 21. Momentum resolution for kaons and electrons,

obtained with a Monte Carlo calculation.

Fig. 22. The mass (left), rapidity (center) and pT (right) accep
operation of the electron identification counters,
the overall electron efficiency is 78% with a pion
rejection power of 3� 10�4: The pion contamina-
tion in the final electron-pair sample for a physics
analysis is another key issue. The remaining e�pþ

and eþp� background is estimated to be about
19% in the final electron-pair sample with a
negligible contamination of pþp� of about 1%.

The momentum resolution of the spectrometer
was estimated by a Monte Carlo simulation by
taking into account the tracking chamber resolu-
tions together with energy losses and scatterings in
the detector materials. The results are shown in
Fig. 21. In the track fitting, we impose the
constraint that two tracks from a pair should be
originated from the same vertex. The effect of such
a constranit is also included in the figure.

The acceptance of the spectrometer for electron
pairs are shown in Fig. 22 as the functions of
invariant mass, rapidity and pT: Those values are
obtained with use of a nuclear cascade code,
JAM[12], by also taking all the trigger effects into
account. We found that JAM describes observed
rapidity and pT distributions fairly well.

As another direct check of the performance of
the spectrometer, the mass resolution was exam-
ined for the observed peaks of L-pþ p� decay,
as shown in Fig. 23. For the L peak we obtained a
centroid at 1115:570:03 MeV=c2 (known to be
1115:7 MeV=c2) with a Gaussian resolution of
1:870:1 MeV=c2: The results were compared to
Monte Carlo simulations in which we took the
tance of the present spectrometer after the analysis cuts.
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chamber resolution and the multiple scattering
into account. The observed widths were well
reproduced by the simulation (1:9 MeV=c2 for L).

According to the simulation, the mass resolution
in f-KþK� was estimated to be 2:4 MeV=c2;
o-eþe� to be 9:6 MeV=c2 and f-eþe� to be
12:0 MeV=c2: Fig. 24 shows the eþe� and KþK�

spectrum for a carbon target, where clear peaks of
o and f are observed. The estimated mass
resolutions were included in the fitting of the
peaks. Discrepancies between the fit result and the
observed data, as shown in Fig. 24, are closely
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Fig. 24. Invariant mass spectra of the eþe� and KþK� channels, obt

backgrounds and the known pair sources [11].
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the target.
related to our physics goal, and they should be
discussed elsewhere [11].
7. Summary

A spectrometer was newly constructed at the
high-intensity primary beam-line at KEK-PS to
detect the f-eþe�; r=o-eþe� and f-KþK�

channels simultaneously. The construction of
experiment E325 started in 1995. Data taking
was performed for 3200 h from 1997 to 2002. The
spectrometer has been successfully operated, re-
sulting in a clear observation of f-eþe� in
nuclear reactions with the lowest beam energy in
history. A data analysis for the earlier data (1998)
has been completed, and the deformation of the
mass spectra was observed, as reported in Ref. [3].
Further physics outcomes will be reported in near
future.
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Quasielastic scattering cross sections have been measured with a 950 MeV/c p2 beam on targets of2H,
6Li, C, Ca, Zr, and208Pb, over a range of three-momentum transfers from 350 through 650 MeV/c. Results for
carbon are compared to a finite-nucleus continuum random-phase approximation calculation including distor-
tions. The pion spectra at our lowest range of momentum transfers show less scalar/isoscalar correlation than
predicted.
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I. INTRODUCTION

Quasielastic scattering is a process in which an incid
particle elastically and incoherently interacts with only o
nucleon inside a nucleus, with all the other nucleons be
spectators. At intermediate energies this process domin
the nuclear response, showing two characteristic featu
one is that the position of the peak corresponds to tha
elastic scattering by a free nucleon, and the other is that
width of the peak reflects internal motion of individu
nucleons in the target nucleus. Nuclear correlations can
studied with this process, by measuring the distribution
the quasielastic strength@1#. Quasielastic scattering of elec
trons has been extensively studied using their short wa
lengths, deep penetration, and well-known couplings
nucleons. However, the coupling of electrons to nucleon
almost entirely electromagnetic, and hadronic probes
needed to explore the full set of spin and isospin couplin
A recent example is the study of isovector spin-transve
and spin-longitudinal quasielastic scattering with the po
ized (p,n) reaction@2,3#.

Mesonic probes can be used to study other couplings
reached by lepton and baryon beams. Quasielastic nonch
exchange~NCX! scattering by pion andK1 beams occurs
largely through scalar-isoscalar couplings, while pion sing
charge exchange~SCX! acts through an isovector, large
scalar, coupling. Both (p,p8) ~NCX! @4# and (p6,p0)
~SCX! @5# reactions were measured using pions
624 MeV/c at LAMPF. The quasielastic peak positions f
the (p6,p0) reaction showed shifts toward higher ener
loss than for free p2p scattering below aboutq
5400 MeV/c, while no shifts were observed for the (p,p8)
reaction. This difference was tentatively explained as aris
from the difference in effective particle-hole interactions f
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different channels. These studies demonstrated that
quasielastic scattering can be used to study nuclear respo
in the scalar-isoscalar and scalar-isovector channels. At l
momentum transfers, however, the outgoing pions fr
those studies have such low energies as to be likely to in
act again to form the prominentD resonance. A higher pion
beam energy is needed to avoid this complication and
maintain a long mean free path within the nuclear mediu
The (K1,K18) quasielastic reaction at 705 MeV/c @6# was
measured at the Alternating Gradient Synchrotron~AGS! at
Brookhaven National Laboratory, taking advantage of
small K1N cross sections to give a long mean free pa
within nuclei to reach high densities of nucleons. Theoreti
calculations compared to these data were performed
finite-nucleus continuum random-phase approximat
~RPA! framework@7#. The calculation described the exper
mental results well and provided a constraint on the stren
of the effective particle-hole interaction in the scala
isoscalar channel. The model used in that calculation is a
applied below to the present data.

The present experiment is a study of quasielas
p2-nucleus scattering at 950 MeV/c, principally to investi-
gate the nuclear response using a scalar-isoscalar dom
probe. An advantage of the present experiment
950 MeV/c compared to the previous one at 624 MeV/c is
the greater predominance of the scalar-isoscalar channel.
momentum transfer dependence of the spin/isospin con
of pion-nucleon scattering cross section at the beam mom
tum of 950 MeV/c is shown in Fig. 1. Thep2N cross sec-
tions in the four allowed spin/isospin channels are tak
from the SM95 solution toSAID @8#, assuming charge sym
metry. The fraction of the scalar-isoscalar channel is m
than 55% and up to 75% over a momentum transfer ra
from 350 to 550 MeV/c, which our spectra will emphasize

II. EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the 12 GeV proton s
chrotron of the High Energy Accelerator Research Organ
©2001 The American Physical Society08-1
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tion ~KEK! @9#. A negative-pion beam was delivered to th
target by the K6 beam line, which was equipped with a D
separator. The beam momentum was analyzed by a beam
spectrometer, which comprises a QQDQQ magnet sys
three arrays of scintillator hodoscopes, and four sets of d
chambers capable of tracking high-rate beam particles.
momentum spread of the beam was61.2%. The typical
beam intensity at the experimental target was 1.13106

particles/spill, where the beam duration was 1.8 s and
spill repetition cycle was 4 s. The beam size~rms! was typi-
cally 6.3 mm horizontal and 13.0 mm vertical.

Scattered pions were analyzed with the Superconduc
Kaon Spectrometer~SKS! @9#. It consists of a 11 MJ super
conducting dipole magnet, four sets of drift chambers, arr
of time-of-flight ~TOF! scintillators, Aerogel Cˇ erenkov
counters, and Lucite Cˇ erenkov counters. The SKS was pos
tioned at a fixed laboratory scattering angle of 30°. Since
SKS has a large solid angle of 100 msr, it could cover
angular range of615°. The momentum acceptance of t
spectrometer was620%. Four magnetic field settings~860,
780, 720, and 630 MeV/c central momentum! were used to
cover the entire quasielastic region, allowing good over
regions. The present setup covers momentum transfers
350 to 650 MeV/c and energy loss up to 350 MeV, as show
in Fig. 2.

A veto plastic scintillator~24 cm wide! was placed along
the beam direction 40 cm downstream from the scatte
targets, subtending617°. This was used to reject the larg
background from the pion beam not interacting with the sc
tering target but directly hitting a detector frame dow
stream. The veto counter cut into the most forward eve
accepted by the SKS, so only pion scattering angles bey
20° were analyzed. Comparing continuum spectra with
without the veto at the same low beam rate, the differe
was less than 3% across the quasielastic region. We
clude that use of this veto system did not affect the shap
magnitude of our quasielastic spectra beyond 20°.

FIG. 1. Theq dependence of the spin/isospin content of t
pion-nucleon scattering cross section at a beam momentum
950 MeV/c. The present experiment covers the range from 3
through 650 MeV/c. As elsewhere in this work,q is measured in
the laboratory frame.
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Natural isotopic targets of CH2 (3.5 g/cm2), C
(4.6 g/cm2), Ca (3.1 g/cm2), and Zr (3.4 g/cm2) and highly
isotopically enriched targets of C2H2 (1.4 g/cm2),
6Li 2H (2.0 g/cm2), and 208Pb (4.6 g/cm2) were irradiated in
the present experiment. The size of the targets was 4.6
wide and 4.1 cm high for the lead target and 10 cm wide a
10 cm high for the other targets, more than 3 times as la
as the beam size. The targets were chosen to study thA
dependence of the quasielastic scattering over a wide ra
of nuclear sizes. The deuteron target was used to ensure
we correctly account for scattering on both neutrons and p
tons.

Freep2p scattering cross sections were measured w
the CH2 and C targets at several beam momenta. The dif
ential cross sections were derived using an SKS accept
function determined by a Monte Carlo simulation, in whic
measured field maps, geometry and efficiencies of detec
and the beam profile measured during the experiment w
used. Figure 3 shows an example of the mapped accept
and the loci of elastic proton events at several beam m
menta. These cross sections were compared to those
SAID @8# as shown in Fig. 4 and normalized to theSAID cross
sections. The normalization factor was 1.05. The overall
curacy of this normalization was 5% for the quasielastic
gion, as determined by the comparison between the shap
the measured and theSAID cross sections. In addition, th
elastic scattering cross sections for carbon at 900 MeV/c are
in agreement with those of Takahashiet al. at 895 MeV/c
@10# within 15%. The systematic error of the cross sectio
was estimated to be 11%, determined by the above ag
ment withSAID, the accuracy with which overlapping spect
agreed~never worse than7%), and the effects of the veto
counter. We include no uncertainty for thep2p cross sec-
tions of SAID, since any theoretical comparisons to our da
are likely to use these same cross sections.

of
0

FIG. 2. Kinematics of the present experiment. The thin solid l
shows the region where measurements were made. Theq-fixed loci
are shown in the dashed lines. The thick solid line shows kinema
of a quasielastic peak and the dotted lines show full width o
quasielastic peak calculated with a Fermi-gas modelkF

5221 MeV/c).
8-2
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The energy resolution was 3.0 MeV@full width at half
maximum ~FWHM!#, as determined by the carbon elas
peak. This is good enough for quasielastic scattering stud
Events were collected into momentum transfer bins of
width 25 MeV/c or about 1.8°, which was wider than th

FIG. 3. Effective solid angle of the SKS for the highest SK
field setting (860 MeV/c central momentum!, covering most of the
quasielastic spectra as determined by ray tracing through the
sured field profile. The loci of elastic proton events at several be
momenta used for checks of the normalization are shown as do
lines.

FIG. 4. Differential cross sections forp2p elastic scattering
measured with the highest SKS field setting. The open circles s
the cross sections before normalization to theSAID cross sections.
The solid lines show the results ofSAID.
03460
s.
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angular resolution of 0.8°, to get enough statistical accur
events at a range of angles and outgoing energies.

Doubly differential cross sections for2H, 6Li, C, Ca, Zr,
and 208Pb are presented as a function of energy lossv for a
given momentum transfer bin, wherev was defined as the
difference between the initial and final laboratory kinetic e
ergies of the scattered pions. Deuteron spectra were extra
by subtracting the C spectra from C2H2 spectra after normal-
ization. The6Li spectra were similarly obtained from6Li2H
and deuteron spectra.

III. RESULTS

A. Doubly differential cross sections

Figure 5 shows the doubly differential cross sections
2H, C, and 208Pb at fixedq of 350, 500, and 650 MeV/c.
The measured spectra clearly show the characteristic s
of a quasielastic peak, centered near the energy loss c
sponding to that of freep2N elastic scattering~125 MeV at
q5500 MeV/c) and broadened due to the internal motion
individual nucleons inside the nucleus. These features
familiar from electron scattering continuum spectra, whic
however, require an awkward radiative unfolding proced
not required in the pion scattering.

The observed spectra were fitted by a sum of three c
ponents: a quasielastic peak, a background, and additi
Gaussian peak~s! for elastic and inelastic scattering. For th
nuclei other than the deuteron, an asymmetric Gaussian
exponential cutoff factorC(v) was used to describe eac
quasielastic peak as follows:

f qe~v!5H c1C~v!expF2
1

2 S v2c2

c3
D 2G if v<c2 ,

c1C~v!expF2
1

2 S v2c2

c4
D 2G if v.c2 ,

~1!

C~v!5H 0 if v<vel ,

12expS 2
v2vel

c5
D if v.vel ,

~2!

vel5Aq21M tgt
2 2M tgt , ~3!

wherevel is the energy loss due to target recoil andM tgt is a
target mass. This formalism was introduced by Erellet al.
@11#. The cutoff factor,C(v), describes the suppression du
to Pauli blocking. In addition, in the case of fitting calciu
spectra, an additional Gaussian was included to describ
contribution from a small hydrogen contamination. T
width and central energy of the additional Gaussian w
fixed to those of thep2p scattering data.

For the deuteron spectra, a shifted Lorentzian distribut
was used to describe each quasielastic peak:

a-
m
ed

w
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FIG. 5. Doubly differential cross sections fo
2H, C, and 208Pb at fixedq of 350, 500, and
650 MeV/c. The error bars show statistical un
certainties only. The lines show the fitted quas
elastic peak ~solid!, contribution from non-
quasielastic process~dashed!, and peak~s! for
elastic and inelastic scattering~dotted!.
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f qe~v!55
0

if v<vel ,

c1F 1

~v2vel2c2!21c3

2
1

~v2vel1c2!21c3
G

if v.vel .
~4!

The original form~without vel) was introduced by Esbense
and Bertsch@12# to parametrize a free response of a sem
infinite slab model.

There will also be contributions to the strength under
quasielastic peak from nonquasielastic processes: mul
scattering @7#, two-particle–two-hole (2p-2h) excitations
@13#, and pion production@14#, for example. In the presen
analysis, these contributions were subtracted as ‘‘ba
ground,’’ assuming the shape as a linear function ofv,

f bg~v!5H 0 if v<vel ,

c0~v2vel! if v.vel .
~5!

Each of the spectra in Fig. 5 shows examples of the
ting. The spectra were well fitted by the present fitting fun
tions. Then, cross sections and the centroids and width
the quasielastic peaks were deduced. The quasielastic
sections for calcium were deduced from the extracted c
03460
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ss

sections, which include a small correction from an oxyg
contaminant, assuming from the observed H peak some
taminant of Ca(OH)2.

The model uncertainty of the fits due to the ‘‘backgroun
assumption was estimated by also ascribing the ‘‘ba
ground’’ only to D production. A Breit-Wigner peak at the
energy loss corresponding toD production was assumed an
folded with the quasielastic peak shape in the fitting. For
carbon data atq5500 MeV/c, this procedure gives change
of 115% to the quasielastic cross section,16% to the
width, and12 MeV to the centroid. These changes can
taken to represent a systematic uncertainty in the effect
the continuous background under the quasielastic peak
the largestq of 650 MeV/c, these changes increase
140%, 110%, and15 MeV, respectively. Error bars from
Figs. 6 to 9 include all the systematic errors.

B. Quasielastic cross sections

Figure 6 shows the extracted quasielastic cross sect
for p2-nucleus scattering as a function of momentum tra
fer. The solid lines show fitted results to a noninteracti
Fermi-gas model,

ds

dV
5AeffB~q,kF!S ds

dV D
pN

, ~6!

with a parameterAeff . B(q,kF) is the Pauli blocking factor
8-4
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@15#, andkF is the Fermi momentum of the target nucleu
The dotted lines show the fits without the Pauli blocki
factor. The factorAeff can be interpreted as the effectiv
number of nucleons participating in the quasielastic scat
ing. Since effects of Pauli blocking are small for the me
sured kinematical region,kF is fixed to the experimental val
ues of the (e,e8) data of Ref.@16# for this figure. Better
results will follow below. (ds/dV)pN is the elementary
p2N elastic scattering cross section at 950 MeV/c, averaged
over all nucleons in the nucleus. We use the freep2N cross
sections, even for scattering within nuclei. A recent calcu
tion of meson properties in nuclei suggests little change
the p mass and little change of as meson mass that carrie
the scalar-isoscalar interaction favored by our experim
@17#. It therefore seems appropriate to use freep2N scatter-
ing amplitudes that were obtained with the phase shift c
SAID @8# in the present analysis. The present analysis rep
duces theq dependence ofds/dV with the single paramete
Aeff as shown in Fig. 6, showing the validity of the facto
ization of the quasielastic cross sections as given in Eq.~6!.

C. Effective number of nucleons

The fitted values ofAeff from Fig. 6 are listed in Table I
Aeff is expected to follow a power law of atomic massA,

Aeff
exp5N0Aa, ~7!

as shown in Fig. 7 and as is also known for other quasiela
meson scattering@4,6,18#. The best fit value for the exponen

FIG. 6. Integrated quasielastic cross sections for2H, 6Li, C, Ca,
Zr, and 208Pb as a function of momentum transfer. The solid lin
show fits to the cross sections, using average free scattering
sections and a scale factorAeff , and the dotted lines show the sam
fits without the Pauli blocking factor.
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a is 0.4260.01, smaller than the exponent of 0.5660.03
found for p2 NCX scattering at 624 MeV/c @4#. The expo-
nenta,1 indicates a shadowing of nucleons in the nucle
by neighboring nucleons. For electron scattering,a is near
unity because of the weakness of electron-nucleon inte
tion. The present value of 0.42 indicates that pions
largely absorbed at the nuclear surface and thus scatt
only from the surface region of a nucleus.

The value ofAeff can be estimated by using an eikon
approximation based on Glauber theory@18#:

Aeff
calc5E d2b T~b!e2sTT(b), ~8!

T~b!5E
2`

1`

dzr~Ab21z2!, ~9!

wherer(r ) is the proton density taken from the ground sta
charge distributions of Ref.@19#. The neutron density distri-
bution is assumed to be the same as that of protons.sT is the
total p2N cross section, averaged over all nucleons in
nucleus using values forp2p ~53.77 mb! and p2n ~23.75
mb! scattering at 950 MeV/c @8#. The open circles in Fig. 7
show the results of the calculation. The slope of theA de-
pendence is well reproduced, though the calculatedAeff are
smaller than the experimental observations. The larger

ss

TABLE I. Extracted values for the effective nucleon numbe
Aeff , Fermi momentakF , and peak shifts relative to free scatterin
Dv0 ~at q5500 MeV/c). Aeff and kF were obtained from fits to
cross sections and widths at allq’s.

Target A Aeff kF Dv0(q5500 MeV/c)
(MeV/c) ~MeV!

2H 2.0 1.7620.03
10.08 53.421.1

11.1 2.562.5
6Li 6.0 2.7720.10

10.10 146.625.4
16.2 3.363.0

C 12.0 3.5720.08
10.19 183.423.8

19.9 11.762.7
Ca 40.1 6.7520.20

10.40 198.725.3
18.0 7.562.7

Zr 91.2 9.2120.31
10.57 214.3210.8

112.5 4.663.2
208Pb 208.0 11.7020.29

10.72 192.528.4
114.3 1.663.0

FIG. 7. Fit of the effective number of nucleons to a power la
The open circles are the results of an eikonal calculation.
8-5
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perimentalAeff may be due to a change of thep2N total
cross section in the nuclear medium. It is noted that t
difference is present regardless of the assumed ‘‘ba
ground’’ shape, since the systematic uncertainties from
alternative treatment of this subtraction are all positive.

D. Peak width

In the simple relativistic Fermi-gas model the wid
~FWHM! of the quasielastic peak is determined by the Fe
momentumkF of the struck nucleons:

GFG5
1

A2
@AM* 21~q1kF!22AM* 21~q2kF!2#,

~10!

whereM* is the effective mass of the struck nucleon, he
taken to be the free mass of a nucleon. The Fermi momen
for each target nucleus was thus derived using Eq.~10! from
the experimental widths obtained by fitting the quasiela
peak. For the present spectra the reducedx2 values ranged
from 0.4 to 1.7. These Fermi momenta are summarized
Table I and shown as the solid circles in Fig. 8. They
compared to results obtained fromK1 scattering@6# ~the
open squares!. The K1 penetrates more deeply into nucl
where the nuclear density and thus local Fermi momentum
higher, resulting in a wider quasielastic peak. The Fermi m
mentum previously extracted from thep2-C quasielastic
scattering atPp5624 MeV/c ~the open circle! is very simi-
lar with the present observation@4#. Equation~10! was ap-
plied to the deuteron data so that the data can be include
the figure as a reference, although the Fermi-gas model is
appropriate.

E. Peak position

The peak positions of the quasielastic scattering proc
in a nuclear target would be shifted from that of the fr

FIG. 8. Fermi momenta extracted from measured widths of
quasielastic peaks are compared. The solid circles are the pr
results and the open squares are the values from the (K1,K18)
reaction@6#. The open circle for carbon is at a beam momentum
624 MeV/c @4#.
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space scattering due to the interaction of the struck nucl
with its mean field or with its neighbor nucleons. In Fig. 9~a!
we show the energy loss shift of the peak positions of
quasielastic scattering on the nuclear target relative to tha
hydrogen. The shift is positive for a quasielastic peak w
greater energy loss relative to the free kinematics. In F
9~b! we also show shifts for the quasielastic SCX
negative-pion~the solid squares! and positive-pion~the open
squares! beams at 624 MeV/c @5# for comparison with the
present mostly scalar-isoscalar quasielastic scattering. T
are to be averaged to cancel the Coulomb effect. The strik
difference of the q dependence between mostly scala
isoscalar and scalar-isovector probes can be explained
the interactions presented in Ref.@20#.

In the previous (p,p8) NCX experiment at 624 MeV/c
@4# no significant peak shift was observed for momentu
transfers up to about 600 MeV/c. However, those results ar
not inconsistent with the present data due to large uncert
ties of the previous data.

e
ent

f

FIG. 9. Quasielastic peak shifts relative to scattering from
drogen for~a! the present result, and~b! p2 ~solid squares! andp1

~open squares! SCX at 624 MeV/c @5#.
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F. Comparison with a theoretical calculation

Doubly differential cross sections for carbon are co
pared with a theoretical calculation based on a finite-nucl
continuum RPA framework using a density-depend
particle-hole interaction@21#. This model does not use th
factorized form of Eq.~6!, but takes into account distortion
of pions by means of a Glauber-type calculation. The sa
framework was successfully applied to other reactions w
strongly interacting beams, (p,n) @22# and (K,K8) @7#.

Figure 10 shows a comparison between a free~dashed-dot
lines! response and RPA~dashed lines! response in the
scalar-isoscalar channel forp2-12C quasielastic scattering
As seen in the figure, there is little difference between th
calculations at q5650 MeV/c, but the nuclear scalar
isoscalar interactions have an important effect
350 MeV/c. Figure 11 showsp2-12C quasielastic cross sec
tions compared with the RPA calculations. The open circ
show the quasielastic portion of the experimental data;
linear background determined by the fitting described in S
III A has been subtracted from the experimental data. T
solid lines show the cross section with full interaction, wh
the dashed~dotted! lines represent the cross sections throu
the scalar-isoscalar~non-scalar-isoscalar! channel. The RPA
responses shift toward higher energy loss with higherq,
which is consistent with the present data. The origin of
positive shift of the RPA responses depends onq. For q
5350 and 450 MeV/c, the shift is due to aq dependence o
the scalar-isoscalar response. However, atq5550 and
650 MeV/c it is due to an increasing contribution from no
scalar-isoscalar responses. Theq dependence of the observe
peak shift on the carbon target is qualitatively reproduced
the RPA calculation, except for the lowestq of 350 MeV/c.
At the largerq, the agreement between the RPA spectra
the experimental spectra would imply that interactions
scalar-isoscalar and the other channels are appropria
taken into account in the calculation. At low-energy loss
for q5350 MeV/c, the interacting RPA overestimates th
present data even though the interaction strength has
already set to half of its expected value, as needed for sim

FIG. 10. Computed cross sections forp2-12C quasielastic scat
tering without interactions~dashed-dot lines! and in the RPA in the
scalar-isoscalar channel only~dashed lines!.
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RPA calculations in Ref.@7# to reproduce theK1 quasielastic
data. The present data would agree best with an RPA pre
tion with very small or no scalar-isoscalar nuclear intera
tion.

IV. CONCLUSIONS

We have measured quasielastic and continuum scatte
of 950 MeV/c p2 on nuclei ranging from2H through208Pb.
The measurement was done with single fixed spectrom
angle taking advantage of the large solid angle of the S
spectrometer, with which good angular and energy resolu
were also realized. The overall normalization of the me
sured spectra was confirmed by comparing the cross sec
of p2p elastic scattering with those of theSAID calculation.

The present experiment offered high-quality quasiela
spectra for laboratory three-momentum transfers from 3
through 650 MeV/c. Since radiative corrections are no
needed for pion beams in contrast to electron beams, th
spectra are simple and clean even for208Pb; those data are
very similar in quality and shape to those for carbon.

We have summarized our observations by fitting the sp
tra above a background and obtained singly differential cr
sections, and centroids and widths of the quasielastic pe

FIG. 11. p2-12C quasielastic cross sections compared with
RPA calculation. The open circles show the quasielastic portion
the experimental data. The solid lines show the RPA cross sec
with all channels. The dashed lines show the RPA cross section
with the scalar-isoscalar channel, and the dotted lines show
contributions from non-scalar-isoscalar channels.
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The integrated cross sections follow a power law inA, as
observed for other meson quasielastic reactions, and
nearly as predicted by a simple Glauber model. Peak wid
were used to extract Fermi momenta, which approach s
ration as nuclear densities saturate for heavy targets.
Fermi momenta are lower than those found forK1 scatter-
ing, as expected since pions interact at lower nuclear de
ties. The energy shifts of the quasielastic maxima follow
general trend expected from the momentum dependenc
NN interactions, in a direction opposite to that found f
SCX quasielastic spectra sensing only isovectorNN interac-
tions.

At the lowestq of 350 MeV/c, the present data are se
sitive to scalar-isoscalar residual interactions, as include
the recent RPA calculations@7# to which we compare the
data. Calculations of quasielasticK1 scattering based on thi
.

el
v.

.
nd

n,

.
nd
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model found a need to make those interactions weaker
expected. The present higher-qualityp2 spectra show a fur-
ther need to reduce collectivity than is provided by the R
calculation. At largerq, the other spin/isospin channels b
come as important as the scalar-isoscalar channel. The g
agreement with the present spectra would indicate that
relative change in those interactions is needed within
carbon nucleus.
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Mesonic y scaling
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The concept ofy scaling has been demonstrated in the scattering of high-energy electrons to the nuclear
continuum, demonstrating the incoherent elastic scattering of the projectile from individual bound nucleons.
Scattering of intermediate energyp2 andK1 from complex nuclei also shows scaling for cases of low density
or small cross sections, but not for all nuclei. These results are used to evaluate the use of such mesonicy
scaling as a means to measure meson-nucleon elastic differential cross sections within the nuclear medium.
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I. INTRODUCTION

Inclusive inelastic electron scattering at high beam m
menta has been shown to follow ay-scaling response. Unde
assumptions of incoherent, single nucleon elastic scatte
kinematic relations have been shown to transform spectra
a range of beam momenta and scattering angles into
samey-scaled responses@1,2#. The transformations of doubly
differential cross sections and energy lossv ~all in the labo-
ratory frame! at each momentum transferq are defined to be
@3#

y5y`F12
y`

2~A21!mN

AmN
2 1~qeff1y`!2

y`1qeff
G ~1!

with

F~y!5
d2s/dVdv

ds/dV~ free!

1

Aeff

qeff

AmN
2 1~qeff1y!2

, ~2!

with

y`5Aṽ~ṽ12mN!2qeff , ~3!

ṽ5v2SE,

qeff5qF16
4Za\c

3Er0A1/3G , r 051.12 fm. ~4!

Separation energies~SE! are listed in Table I, as used in Re
@3# or interpolated from values reported there. Free nucl
massesmN are used throughout. At sufficiently largeq, the
observabley may be thought of as the component of t
nucleon’s internal momentum along the direction ofq at the
moment it was struck.

Thus we know that the nucleus offers us thisy-scaling
responseF(y). We here address the question of whether t
scaling can be seen in the scattering of high-energy mes
differing from the electrons in their strong interactions w
nucleons and nuclei, and whether such meson data ca
used to extractds/dV, the in-medium elastic meson
nucleon differential cross section, from continuum spectra
0556-2813/2002/65~5!/054601~8!/$20.00 65 0546
-
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he
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s
ns,
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If

so, thesey-scaling spectra would offer a direct measure
this important ‘‘medium effect,’’ searching for differences
the interactions of mesons within complex nuclei from tho
measured in free space.

Moreover, electron scattering has been demonstrate
show a ‘‘superscaling’’ response, whereby the continu
spectra of all nuclei have been shown to be the same und
certain transformation@3#. If similar methods can be show
to be valid for meson scattering, we could even measure
nuclear target, or density, dependence of these medium
fects.

II. METHODS

Most pion data for this analysis come from Refs.@4,5#,
wherep2 at beam momenta from 780 to 1050 MeV/c were
scattered from targets of D,6Li, C, Ca, Zr, and208Pb. Mo-
mentum transfers ranged from 350 to 650 MeV/c, binned
into steps 25 MeV/c wide. Somep1 data from Ref.@6# are
also used, at a beam momentum of 624 MeV/c. K1 con-
tinuum scattering data at 715 MeV/c from Ref.@7# are used,
at the maximum momentum transfer of 480 MeV/c from
that work. In each case, the absolute normalization of
cross sections was very secure, being calibrated on scatte

TABLE I. Numerical values used to evaluate the scaling tra
formations in the text. Separation energies~SE! are from Ref.@3#,
or interpolated from values there. Fermi momenta for electron s
tering are from Ref.@3#; those forp2 are from Refs.@4,5#, and
those forK1 from Ref. @7#. All are obtained by fits to the shape o
the quasielastic peak to the form of the relativistic Fermi gas, w
kf in MeV/c. Interpolated values are in parantheses. Effective nu
bers of nucleons are from an eikonal calculation.

Target SE~MeV! kf(ee8) Aeff(p
2) kf(p

2) Aeff(K
1) kf(K

1)

D 2.0 1.27 53 2.0 73
6Li 10.0 2.66 147
C 15.0 220 2.66 183 6.1 190
Ca 17.0 ~232! 4.95 199 14.9 220
Zr 22.0 ~236! 6.68 214
Pb 25.0 240 8.68 193 33.3 230
©2002 The American Physical Society01-1
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R. J. PETERSONet al. PHYSICAL REVIEW C 65 054601
from free protons and using the known elastic cross sect
@8#.

Figure 1 shows representativep2 spectra for C and208Pb
at three momentum transfers. The prominent quasifree p
is noted at all values ofq. At 350 MeV/c we still see traces
of coherent elastic and inelastic scattering at low ene
losses. The energy resolution of these spectra was 2.5 M
@full width at half maximum~FWHM!#.

Since we desire to use the incoherent scattering from
dividual nucleons for this study, we need care with the kin
matic conditions. These are spelled out in Chap. 11 of R
@9#. The momentum transferq must satisfy both

q@A8mT/3>255 MeV/c

and

q2/2m@uUu540 MeV,

FIG. 1. Doubly differential cross sections measured for scat
ing of 950 MeV/c p2 from C and208Pb are shown at three value
of the laboratory frame momentum transferq @4,5#. Coherent scat-
tering is noted at low energy lossesv, and a broad incoheren
quasielastic peak dominates the continuum.
05460
ns

ak

y
eV

-
-
f.

with T the nucleon Fermi level in the nucleus andU the
average nucleon-nucleus potential. At the nominal mom
tum transfer ofq5500 MeV/c, the first is probably, but no
decisively, satisfied.

The beam momentumk, both incoming and outgoing
must satisfy 1/k!L, the mean spacing between nucleon
with about 1.9 fm between the centers of objects each ab
0.6 fm in radius. This scale requiresL50.7 fm, or k
@280 MeV/c. If nucleons were larger in the nucleus than
free space, with smaller spacings between their surfaces,
standard becomes stricter. We study the low density
amples of D and6Li to vary these densities or spacings.

The effective number of nucleonsAeff sensed by the me
sonic beams is less than the total number in the nuclear
gets because of absorptions and distortions. This quanti
here computed by a Glauber or eikonal method@10#, com-
pared to the present pion data in Ref.@4# and toK1 data in
Ref. @7#. A different set of geometrical parameters for th
target nuclei is used here, compared to Ref.@4#, so values for
Aeff differ slightly. Meson-nucleon total cross sections us
for these calculations are from Ref.@8#, evaluated for each
nucleus including the nuclear Coulomb effect on the be
energy and averaged over neutrons and protons. Value
Aeff are listed in Table I.

Resonances in the fundamentalp-nucleon cross section
are a prominent feature in the beam energy range we co
Within a complex nucleus, however, these resonances o
than the delta are not visible in measurements of total cr
sections@14#, compared to an eikonal calculation. Figure
shows the world data set for carbon@11,12# compared to a
curve computed for energies above 300 MeV by the eiko
method. Bumps expected from free space interactions are
found for the carbon target, but the overall agreement w
the magnitude of the data confirms the reliability of the
konal method we use at our beam energies near 800 Me
similar conclusion was reached in an isobar model of pi
nucleus total cross sections between 400 and 1000 MeV@13#,

r-

FIG. 2. The world’s supply ofp-carbon total cross sections i
shown, with circles forp2 and crosses forp1 @11,12#. Above the
delta resonance the solid line shows results from the eikonal me
used here to computeAeff in Eq. ~2!. Squares showK1-carbon total
cross sections@15#, with a corresponding eikonal theory curve.
1-2
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MESONIC y SCALING PHYSICAL REVIEW C 65 054601
with theoretical cross sections somewhat lower than th
shown here. Also shown in Fig. 2 areK1-nucleus total cross
sections@14#, and the eikonal calculation.

Meson-nucleon differential cross sections appearing
Eq. ~2! were computed from a standard phase shift analy
kept up-to-date with the latest data@8#. Coulomb effects from
the nuclear targets were included to select the beam ene
for these evaluations. Except aty50, the meson is colliding
with a moving nucleon, and the scattering is off the ma
shell. The method of evaluating such off-shell cross secti
in the optimum frame@15# minimizes the difference betwee
on and off-shell scattering. For the extreme cases in the
of Fig. 1, we find differential cross sections for theq
5650 MeV/c case to vary by no more than 4% across
full range of the spectrum for the range of beam energ
appropriate to the optimum reference frame for each ene
loss v. For q5500 MeV/c differential cross sections ar
12% higher at the low energy loss side forv530 MeV, and
larger by 29% for the large energy loss limit ofv
5260 MeV. Since the resonances that provide these va
tions are damped within the nuclear targets, and since
effects are not large, we use only free space differential e
tic p-nucleon cross sections in Eq.~2!, averaged over neu
trons and protons in the complex nucleus.

Electron scatteringy-scaling responses can sense eit
the proton charges incoherently or the~largely! isovector
magnetic moments. Our meson scattering is sensitive pri
rily to an isoscalar, nonspin, coupling to the nucleons in
nuclear medium, with about 60% of the cross section aq
5500 MeV/c @8#. The smaller pieces do not include an
term from pion exchange; the mesons scatter from nucle
only with a short range interaction. If a single meson we
responsible for the largest part of thep-N interaction, it
would be the putative sigma.

III. RESULTS

The transformations of Eqs.~1!–~4! have been applied to
p2 spectra such as shown in Fig. 1 to form they-scaling
plots of Figs. 3 and 4. Only spectra at selected values oq
have been used here. The incoherent quasifree peak is fo
centered very neary50. In contrast to some electron sca
tering spectra, these pion data also decrease and sca
positive y. This is because the small scattering angle
precluded spin transfers, and thus quenched pion produc
which destroys they scaling for transverse electron scatteri
for y.0.

The very light nuclei D and6Li show very good scaling
responses. The sharp peaks neary52130, 2180, and
2210 MeV/c in the D spectra are from elastic deuter
scattering. The6Li sample shows good scaling down toy
52200 MeV/c.

For the carbon sample, however, scaling is not obser
for q less than about 500 MeV/c. The heavier targets show
decreasing agreement with the scaling hypothesis, eve
largeq.

Another way to sensey scaling is by plotting spectra a
fixed q, but varying beam energy and scattering angle. Fig
5 showsp2 data from the same experiment as Refs.@4,5#, as
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well as p1 data from Ref.@6#. Scaling is only approached
for the higher beam momenta, as we might expect from
kinematic conditions. Note that the freep-nucleon cross sec
tions are changing strongly in this resonance range of be
momenta. Although optimum frame considerations@15# will

FIG. 3. Scaling functions for 950 MeV/c p2 scattered from
light nuclei are shown at selected values of the momentum tran
q. The sharp peaks neary52130, 2180, and2210 MeV/c in the
deuteron spectra are from elastic deuterium scattering. The D
6Li spectra show goody-scaling responses, but the carbon ca
scales only for larger values ofq. Data are from Ref.@4#.
1-3
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R. J. PETERSONet al. PHYSICAL REVIEW C 65 054601
be more important at the lower beam energies, they hav
effect aty50.

Scaling responses should be approached from below
the momentum transfers increase@1#. Figure 6 shows these
approaches for the light targets aty50 and at y

FIG. 4. Scaling functions for the heavier nuclei of our study a
shown. The spike atop the Ca spectrum atq5350 MeV/c is the
result of some hydrogen contamination in the sample. These c
do not showy scaling except near the largest values ofq obtained in
our measurements. Data are from Ref.@4#.
05460
no

as

52100 MeV/c. In a similar plot of electron scattering
y-scaling responses, the charge response is found to be
F(y50)50.0027 MeV21 for carbon@1#.

Longitudinal electron scattering responses for carb
were treated with the same scaling transformations used
for pions. Specifics used here are described in the Appen
Data from Ref.@16# at q5400 and 550 MeV/c result in the
scaling responses shown in Fig. 7, with magnitudes much
shown in other analyses of these data with not exactly
scaling transformation used here@17,18#. The p2 scaling
responses for carbon scale much as these electron data
with a magnitude larger by a factor of 3.5. This will b

es

FIG. 5. Scaling spectra are shown forq5500 MeV/c at five
combinations of beam momentum and scattering angle. The
highestp2 curves are from Refs.@4,5#, while the 624 MeV/c case
is for p1 @6#. Scaling is only apparent for the higher bea
momenta.

FIG. 6. Values of the scaling data aty50 and y5
2100 MeV/c are shown for the light nuclei for each of the bins
momentum transfer measured in our experiment@4#. Results for D
and 6Li approach an equilibrium value, whiley50 values continue
to increase withq for C. No Ca data are shown fory50 because of
some hydrogen contamination in the target.
1-4
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MESONIC y SCALING PHYSICAL REVIEW C 65 054601
discussed in Sec. V. A difference in the location of the sc
ing maximum is also noted in comparing Figs. 7 and 3~c!.

IV. SUPERSCALING

A means to compare a larger body of meson and elec
scattering results is by way of the concept of ‘‘superscalin
@3#. They-scaling resonses are further transformed by

Y5y/kf , ~5!

f ~Y!5kfF~y!. ~6!

In Ref. @3# the required Fermi momentakf were obtained
from fits of the shape for a relativistic Fermi gas to t
widths of the electron scattering quasielastic peaks; va
are listed in Table I. Thep2 data were also so fitted@4#, as
were theK1 data @7#. This form was also used for D, a
though the Fermi gas model is not appropriate. Results
compared in Table I. Thep2 interact at larger radii and
lower density and lower Fermi momenta than theK1 and the
electrons.

Figure 8 shows theK1 superscaling responses atq
5480 MeV/c, the largest momentum transfer reached
that experiment@7#. Although statistical error bars are larg
these data scale well neary50, for y.0, and ~except for
Pb!, for y,0. Although several data points for D seem to
below the trend for the other targets, these are fluctuat
because of poor statistical accuracy. Many of the D po
are in the same band as the many other points, and ha
distinguish. In the simplest nonrelativistic Fermi gas mod
with all scaling conditions met, the universal superscal
response would be a parabola reaching betweenY521 and
11, with a magnitude of 0.75.

In Fig. 9 we showp2 superscaling responses atq5500,
600, and 650 MeV/c. These data seem to approach a u
form response for heavier targets. Uncertainties in the Fe
momenta used for this analysis will not change the mag

FIG. 7. Separated longitudinal electron scattering response
for carbon are transformed by the methods of this work to
y-scaling format. Crosses are for 400 MeV/c and diamonds for
550 MeV/c from Ref. @16#.
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tude of these plots by more than 10%. Cross sections fo
and 6Li track remarkably closely.

In Fig. 10 the values off (Y) are plotted for each targe
mass forK1 andp2 at Y50 and forp2 at Y520.5. Lon-
gitudinal electron scattering responses for C@16#, Ca @19#,
and Fe@17# were transformed by the present usages to
superscaling responses shown in Fig. 11. Pion,K1, and lon-
gitudinal electron superscaling responses are very sim
but the pion data are larger by a factor of 3 than the elect
data, and theK1 data are larger by a factor of 1.8.

For bothy-scaling and superscaling responses, we find
meson responses to exceed those measured with elect
Might this be evidence for a ‘‘medium dependence’’?

V. DISCUSSION

It was observed in the electron scaling and supersca
responses that longitudinal~charge! scattering data scale
well, but transverse (S51, T.1) data increase withq @1,3#.
Pion scattering also shows a sensitivity toS51 scattering,
roughly proportional to sin2(u) whereu is thep2-N center-
of-mass scattering angle for quasifree scattering@8#. The ap-
proaches to scaling at a fixed beam momentum
950 MeV/c shown in Fig. 6 could also be thought to ind
cate this, since the increase inq is provided by larger scat
tering angles, but the increase is far below proportionality
sin2u. The scaling data at fixedq with varying beam energy
shown in Fig. 5, however, indicate otherwise;F(y) at its
maximum decreases with scattering angle for the low
beam momentum. The present data set at lower energie
limited in its kinematic suitability to the scaling hypothesi
but we conclude that we can provide no evidence forS51
enhancements with pions.

It is striking that our piony scaling and superscaling re
sponses lie above similar results from electron scattering
about a factor of 3. A major difference in the analyses is o
need to use both computed values ofds/dV andAeff in Eq.
~2!. If in-mediump-N total cross sections increase,Aeff de-

ta
e

FIG. 8. ContinuumK1 spectra atq5480 MeV/c are shown
transformed as in the text to the superscaling format. Although
tistical uncertainties are large, these data do superscale. Dat
from Ref. @7#.
1-5
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R. J. PETERSONet al. PHYSICAL REVIEW C 65 054601
crease. The eikonal model used to computeAeff assumes only
small angle collisions with negligible energy losses. T
model is used here for angles as large as 45°, and may n
reliable for heavy nuclei. This could explain the observ
failure to scale for larger momentum transfers. In particu
the outgoing pion energy for the case of 624 MeV/c is such

FIG. 9. Superscaling data forp2 for all of our samples are
shown at three values of the effective momentum transfer. All sh
the same trend, shifting somewhat to lower values ofY and increas-
ing to saturation for heavier nuclei.
05460
s
be

d
r,

as to incur a larger probability of a second scattering tha
provided by the eikonal method; this would lead to a sma
value ofAeff and would raise the diamond points in Fig. 5

If differential cross sections increase in proportion to to
cross sections, the product in the denominator of Eq.~2!
changes little. This is demonstrated in Fig. 12, showing f
ds/dV for q5500 and 650 MeV/c and Aeff computed for
p2 in the eikonal method using free-space total cross s
tions for a range of beam energies. Resonances are se
both terms of the denominator of Eq.~2!, but with a product
that varies too slowly to be the cause of our excess inF(y)
and f (Y) near 820 MeV. No resonances are found for t
K1-N system near our beam momentum. Both differen
elastic and totalK1-nucleus cross sections are above exp
tations based on freeK1-N scattering, and again the mutu

w

FIG. 10. At our largest effective momentum transferqeff

5650 MeV/c, the superscaling responses are plotted for e
nuclear target forY50 for K1 ~diamonds! and p2 ~circles!, and
for Y520.5 for p2 ~squares!. A rise to a saturating value is see
Longitudinal electron scattering superscaling responses are nea
at Y50.

FIG. 11. Separated longitudinal electron scattering response
are superscaled by the methods of this work. Circles are for car
at q5550 MeV/c @16#, squares for Ca at 400 MeV/c @19#, and
diamonds for Fe at 570 MeV/c @17#.
1-6
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MESONIC y SCALING PHYSICAL REVIEW C 65 054601
changes will have little effect on the magnitude of theK1

scaling.
The present analysis finds that continuump meson scat-

tering does exhibity scaling for light nuclei, but fails for
larger systems.K1 data do seem to superscale. The mag
tudes of f (Y50) for pions are larger than observed wi
electrons by a factor of 3, while forK1 the maximum is
larger than found for electrons by a factor of 1.8. The lon
mean free path ofK1 within nuclei gives them a penetratio
intermediate between pions and electrons. Pion respons
largeq do show a larger continuum fory.0 than do electron
charge responses.

If the radial extent of nucleons in the interior were
increase, an effect hypothesized to account for a large b
of K1 data@20#, but their ingredients remain the same, w
might suppose thatp-N total cross sections in the nucle
medium do not increase, nor do values ofAeff . Diffraction of
the pions around a larger radiusR would concentrate the
in-medium differential cross sections to smaller angles
increase their magnitude at fixed values ofqR. By this

FIG. 12. The solid curve showsAeff computed in our eikona
model, reflecting the large freep-N total cross sections near tw
prominent resonances. Pi-N isospin averaged differential cross se
tions atq5500 MeV/c and 650 MeV/c are also shown, as dashe
and dot-dashed curves, the latter multiplied by 2. Their product
appears in the denominator of Eq.~2!, changes little. If medium
effects altered bothp-N total and differential cross section
equally, our scaling responses would show little sensitivity
changes from free-space values.
u.

05460
i-

r

at
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d

means the resultingF(y) and f (Y) would increase in our
range of energies and angles, as noted in the data.

We have definitely seen some ‘‘medium effect’’ in m
sonic y scaling in differential cross sections. This result
apparently more sensitive to medium effects than shown
the 31–42 % increase inp-N interaction strength in all chan
nels estimated from total cross sections@13#. The failure to
scale for heavy nuclei may indicate an inadequacy in
methods used to generate scaling functions, but enha
ments are also seen for light nuclei exhibiting good scali
Data at higher beam energies may remove this kinem
impediment in the future and provide a surer react
mechanism.
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APPENDIX

Separated longitudinal electron scattering responses
often shown in the literature, and several methods have d
onstrated how these scale and superscale@1#. In the present
work, the transformations given in the body of the pap
transform cross sections. Here we specify how we scale p
lished electron responses to generate the data shown in
7 and 11, for a clear comparison of the data using sev
projectiles.

ResponsesRL are defined from separated electron scatt
ing longitudinal cross sections using the Mott electro
nucleon cross section. Scaling responses use the a
electron-nucleon elastic diferential cross sections, includ
the proton form factor for longitudinal or charge scatterin
Here we use the dipole charge form factor for the prot
with ap5840 MeV/c. With Q25q22v2 we create longitu-
dinal scaling functions by

F~y!5RL~q,v!
K

Z S Q

q D 4S 11
Q2

4mN
2 D S 11

Q2

ap
2 D 4

~A1!

with RL(q,v) from the literature,Z as the nuclear charge
andK as in Eq.~2!. Superscaling functions are created in t
same fashion as used for mesons, withkf from published fits
to the widths of electron scattering quasifree cross sectio
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1.  Background of the Present Studies

Recent progress of an accelerator has allowed us to apply
various exotic atoms to material science, analytical chemistry,
medical science, etc, other than particle physics.  Especially,
the use of muons has been increasing, such as µSR, muonium
chemistry, µCF, and so on, in addition to the use of positrons.
Muonic or pionic atoms, which consist of a negative muon or
pion and an ordinary atom (nucleus), have been studied since
the discovery of the atoms, and the outline of the formation
and decay process of the atoms has been established.1-5

However, more detailed and fundamental studies for formation
mechanism and behavior of such atoms are required to develop
a new chemistry of the 2nd generation substance (muonic or
pionic atoms and molecules) and new application of the phe-
nomenon.

It is accepted that the formation and decay of a pionic atom
take place according to the following step.  A negative pion in
the first stage of the slowing down in matter loses the energy
by ionization, and it is slowed down by collision with electron
of comparable velocities until finally it is captured by the
Coulomb field of an atom.  The pion captured in an outer Bohr
orbit cascades down accompanied by the emission of Auger
electrons and by the pionic X rays.  In the capture process,
“chemical effects” are observed because electrons are consid-
ered to affect the Coulomb field in the capturing stage.  In the
lower levels, the strong interaction affects the cascade scheme
and finally causes the nuclear absorption of the pion.
Complete understanding has not yet been attained for the
mechanism of molecular and atomic capture of pions.

A large mesomolecular (LMM) model is more useful to
describe the capture process including the chemical effects
among various capture models proposed.  This model was pro-
posed by Ponomarev et al.1 to explain the obvious chemical
effect observed in hydrides, and extended to the capture phe-
nomenon in general molecules by Scheuwly et al.3 In the first
step (probability P) of the model, it follows that the pion is
captured on the LMM orbital when the valence electron emis-
sion occurs, and on the atomic orbital when the core electron
of the corresponding atom is emitted as Auger electron.  The
pion on the LMM orbital moves to an atomic state of any atom
in the molecule and then the pionic atom forms in the second

step (probability Q).  If the pion is captured by hydrogen, the
capture probability of hydrogen (WH) is expressed by 

WH = P Q R, (1)

where R means the probability that the pion in the pionic
hydrogen is finally captured by the proton without transfer to
other atoms.

Ponomarev well explained the hydrogen effect by assuming
the second step to be radiative process.  Schneuwly could take
the chemical effects into account in the LMM model by treat-
ing the probability P as a localization factor defined by the ion-
icity parameter σ introduced by Paurling.  In our previous
works,6-9 we proposed a modified LMM model, in which the
second step proceeds via Auger transition, based on the large
chemical effects observed for the pion capture ratio in a series
of beryllium borides (BexBy) and in MBH4, MOH, and MF
(M=Li, Na, K).

As for the pion transfer phenomenon, many gas phase
experiments performed mainly by Russian group showed that
the pion transfer from pionic hydrogen atoms to other heavier
atoms occurs in gas phase in spite of its short life time.  The
semi-empirical formulae for the transfer rate were also derived
from the systematic measurements.2,4,10,11 The influence of
chemical environment on the transfer process, however, was
scarcely observed and was not involved in such phenomeno-
logical treatment.

2.  Theme and Goal of the πAX Project

The goal of the πAX project lies in comprehensively under-
standing the formation process and behavior of pionic atoms
and molecules in order to apply the phenomenon to material
science, analytical chemistry, bio and medical science and to
develop a new chemistry of 2nd generation substance (muonic
or pionic atoms).  Especially, the quantitative treatment for
pionic hydrogen atoms will provide a unique probe for hydro-
gen in material.  Figure 1 shows the capture and decay
processes of negative pions in hydrogen-containing molecule
(Z-H ).  In the present studies (Visiting Researcher’s Program
of KEK-PS: E202, E262, E360), we focused the formation and
behavior of pionic hydrogen atoms, as shown with the bold
lines in the figure.

The observable quantities are the pionic X rays and two γ
rays from π0 decay (indication of the final capture by hydro-
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gen).  The former includes the information on the internal
transfer, and the change of the latter against the concentration
of Z'-atom reflects the external transfer rate.  The selection of
the bond nature and structure of the Z-H molecule is also addi-
tional degree of freedom in the research technique from the
viewpoint of chemistry.

Many experiments were carried out with a newly developed
apparatus, which allows us to measure simultaneously two γ
rays and low-energy pionic X rays, to achieve the goal men-
tioned above.  These experiments are classified into the fol-
lowing theme.  

(1) Selective measurement for the capture probability on the
hydrogen at a particular site in the molecule.14,15

Systems: R(alkanes), ROH/ROD, RCOOH/RCOOD.
(2) Measurement of the external transfer rates by two-com-

ponent systems in liquid and gas phases.16,17

Systems: C6H12/C6H6+CCl4/CS2, H2/CH4+Z(rare gas).
(3) Measurement of pressure dependence of transfer rate in

gas phase (in progress).
Systems: H2/CH4+Ar(chaining pressure).

(4) Transfer and structure effects appearing in the intensity
patterns of pionic X rays.18,19

Systems: Fullerenes, H2/D2/CH4+SF6, & All samples studied.
(5) Measurement of the fundamental data (Pionic X-ray

yield, correction data,...).20

Systems: Various elements, H2O+D2O,...
(6) Application of the LMM model.21

Systems: Mx(acac)y, MHx.
(7) Proposal for the combined LMM model (LMM + transfer).14

Based on (1) and (2).
(8) Proposal for a new model including the dynamical

behavior of pionic hydrogen (in progress).

3.  Experimental Method

The experimental setup was installed at the πµ-channel22 of
the 12-GeV proton synchrotron of the High Energy
Accelerator Research Organization (KEK).  The channel com-
prises a D4Q2D2Q lens system and has a length of 11.0 m
from the production target to the sample position.  The appara-
tus comprised an energy degrader, a collimator, a radiation
shield, a defining counter system, and a measuring chamber, as

shown in Figure 2.  Negative pions were slowed down by the
graphite degrader so as to stop in the target.  Incident and stop-
ping pions in the sample were counted using a conventional
counter telescope comprising four plastic scintillation counters
(PS1, PS2, PS3, and PS4 (veto)).

The pionic X rays were measured with two or three Ge
detectors in coincidence with the stop events (1*2*3*4−).  Two
coincident γ rays from a charge-exchange reaction, p + π− -> n
+ π0, π0 -> 2γ (70 MeV each, 60% branching ratio), were
detected using a pair of Cherenkov-detector arrays.  The beam
size at the sample position was defined as 4(H) × 3(V) cm2 by
the collimator and the defining counters (PS2 and PS3 in
Figure 2). 

The solid or liquid sample was set in the chamber filled with
helium gas in order to avoid any disturbance from air.14 A rec-
tangular container [5.5(H) × 7.0(V) cm2 in area and 2.5, 5.0, or
7.5 mm in thickness] made of thin beryllium or aluminum foil
was used for liquid and powder samples.  The self-supporting
sample was also prepared for some compounds as a pressed
method.  A high-pressure gas chamber was specially designed
for measurement of low-energy pionic X rays and π0 decays
from a gas sample.18 The chamber had cylindrical form to bear
high pressure (50kgf/cm2) and had the sample volume of
125cm3.  The 2.5mm thick chamber wall was made of berylli-
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Figure 1. Pion capture process in hydrogen-containing molecules (Z-H).

Figure 2. Schematic view of the experimental setup.



um to measure low-energy pionic X rays (ex. 18keV for car-
bon).  PS-3 and PS-4 counters were mounted inside the cham-
ber and used as the phoswich type counter system.

4.  Main Results of the Present Project

Among the above theme, the results of (1) , (3), and (7)
were the noticeable ones in our work.  Especially, the selective
measurement for hydrogen was successfully done by using the
deuterated compounds.15 The dependence of the transfer rate
on gas pressure was also observed at the first time in the
CH4+Ar system.  The former will provide a useful technique to
investigate individually the behavior of the pionic hydrogen
atom originating from a hydrogen atom at different chemical
states in a molecule or material.  These results require a new
model for the capture and transfer processes, which include the
life time of the pionic hydrogen atom and the chemical effects
in the transfer process.  Main results of the project are briefly
described below.

4.1. Measurements for External Transfer in Alkanes and
a Combined LMM Model.14 We attempted to reveal the con-
tribution of the external transfer process in the pion capture for
hydrogen-containing compounds in the condensed phase.  We
then measured precisely the capture process in a series of
hydrocarbon (liquid alkanes), which had been analyzed with
no contribution of the external transfer so far.23 To explain the
result obtained, we proposed a new model involving a modi-
fied LMM model and an external transfer process as men-
tioned below.  

In the modified LMM model,7,9 we introduced a parameter
aγ to express the capture probability on hydrogen, where aγ is
defined as a ratio of the sum of the radiative and the nuclear
absorption rates to the Auger transition rate.  The probability
of pion capture by hydrogen WH is obtained from eq 2:

WH =                          , (2)

where N is the sum of the core electrons relevant to the capture
process (N=kn2+ln1, n1=0), ν presents the total valence elec-
trons (ν=kν2+l).9 The factor aγ/Zeff is thought to correspond to
the the product of the parameter Q and R from a comparison
with eq 1.  In this model, therefore, we approximate the para-
meter aγ as the product of two factors, aγ' and R', where R' is
the non-transfer probability associated only with the external
transfer.  The capture probability WH is then rewritten as

WH =                           R'. (3)

The probability R' can be expressed approximately by 

R' = 1/(1 + ΛZCZ), (4)

based on a phenomenological model,2 where ΛZ is the reduced
pion-transfer rate relative to the charge-exchange rate in the
collision with Z-atoms, and CZ is the ratio of the number of the
Z-atom to the hydrogen atom.  The aγ' value should be recog-
nized as being the probability of isolation of a π−p from the Z-
H bond or of absorption by the proton without experiencing an
internal transfer (the latter probability is assumed to be negligi-
bly small in eq 2) and hence is determined as a particular para-
meter for the kind of Z-H bond.

In conclusion, we found the contribution of the external
transfer in liquid alkanes and obtained the transfer rate parame-
ter for carbon as ΛC=1.7+0.2 and the parameter for isolation
process from the molecule as aγ'=0.140+0.008 based on the
proposed model.  The obtained transfer parameters are summa-
rized in Table 1 together with the semi-empirical estimates.4

4.2. Selective Measurement for the Capture on Hydrogen.15

In the analysis of the pion capture process, the main problem is
the fact that the capture probability for a particular Z atom is

given as an average over the chemically different states of the
element in the molecule.  Observation for the pion capture
probability on a particular atom in the molecule, if possible,
will give significant information for understanding the pion
capture mechanism.  We then tried to extract the capture rate
for a particular hydrogen atom using deuterated compounds.
The capture events of pionic hydrogen undergoing no transfer
can be measured by two-γ-rays of π0 produced by the charge
exchange reaction.  On the contrary, the reaction of a pionic
deuterium (π−d) is strongly suppressed (about 10−4).24 The
measurement for deuterated molecules therefore provides the
capture probability for hydrogen except for hydrogen at the
deuterated site.  Thus we can obtain the capture rate for a par-
ticular hydrogen atom with a comparison between the ordinary
compound and the deuterated one.

We selected a series of alcohols, carboxylic acids, and the
corresponding compounds with a deuterated hydroxyl (-OD) or
carboxyl (-COOD) group to study the behavior of the pionic
atoms originating from hydrogen in different chemical states.
As a result, we found that pionic hydrogen atoms from hydrox-
yl and carboxyl groups show different behavior as demonstrated
in Figures 3a and 3b.  The pionic hydrogen from hydroxyl
group strongly favors the transfer to oxygen and that from car-
boxyl group shows almost no transfer phenomenon.  The trans-
fer rate parameters ΛO of individual pionic hydrogen for oxygen
were determined based on the combined LMM model using
ΛC=1.7 mentioned above.  The result indicates that the chemi-
cal state of the hydrogen in the molecule affects the life or
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Figure 3a. Capture ratios per atom of the hydrogen bound to carbon
relative to the carbon, RC

H/RC, as a function of the number (n) of car-
bon atoms for alcohols ( ) and carboxylic acids ( ).  The dashed
line represents the capture ratio for polyethylene.  Solid curves are the
model calculations.

Figure 3b. Capture ratios per atom of the hydrogen bound to oxygen
relative to the oxygen, RO

H/RO, as a function of the number (n) of car-
bon atoms for alcohols ( ) and carboxylic acids ( ).  Solid curve is
the model calculations with ΛC=1.7 and ΛO=4.1, and the dotted curve
represents those with aγ'=0.14 for alcohols.  No external transfer was
found for carboxylic acids.



velocity of the isolated pionic hydrogen atom and causes the
chemical effect in the transfer process.

4.3. Measurement of the External Transfer by Two-
Component Systems in Liquid and Gas Phases.16,18 The
external transfer process is explicitly observed in two-compo-
nent system consisting of the hydrogen-containing molecule
and the hydrogen-non-containing one.  For the liquid phase,
we selected C6H12 or C6H6 + CCl4 or CS2 systems which don’t
react with each other and mix with each other in any concen-
tration.  The external transfer rate was derived from the depen-
dence of two-γ-events on the capture fraction of C6H12 or C6H6

molecule, which was obtained from the pionic X-ray measure-
ment.  In this study, we revealed the structure effect for the
transfer process by comparing between the transfer rate for
carbon of alkaline (sp3 structure) and that for carbon of ben-
zene (sp2 structure) as shown in Table 1.  The transfer rates at
51kgf/cm2 were also measured for the H2 + Z and CH4 + Z
(Z=He, Ne, Ar, Kr, Xe) systems to compare with the systemat-
ics for the atomic number Z.  The obtained external transfer
rate parameters are listed in Table 1 and plotted as a function
of Z1/3 in Figure 4 together with the predictions by the semi-
empirical formulae.4,10,11

4.4. Pressure-Dependence of the Transfer Rate in the Gas
Phase (in Progress).  The dependence of the transfer rate on
the gas pressure has not been observed so far in the muon or
pion capture process for gas mixtures.  The pressure-depen-
dence may be observed for the pionic atoms from the bound
hydrogen, which may have a short life as mentioned above, if
the running path of the pionic hydrogen is short and compara-
ble to the mean free path in the material.  We then measured
the change of the transfer rates at the pressure 50kgf/cm2,
13.5kgf/cm2, and 6.0kgf/cm2 for the H2 + Ar and CH4 + Ar sys-
tems.  

Figure 5 shows the pion capture ratios of hydrogen to car-
bon against the fraction of Ar for different pressures for the
CH4 + Ar system.  One can see small change but apparent
change of the transfer rate with pressure in the figure.  On the
other hand, we can observe no change of the transfer rate for
the H2 + Ar system.

We can roughly estimate for the mean free path in Ar to be
about 10−8m in gas phase at the pressure of 50kgf/cm2, assum-
ing that the effective interaction radius is an atomic dimension,
and for the traveling length (tv) of the pionic hydrogen atom to
be 6×10−10 to 2×10−8 m, providing that the velocity (v) of it is
estimated from the kinetic energy of 1−2 eV.25 Then overlap-
ping between the ranges of the mean free path and the traveling
length suggests the possibility that the transfer rate changes
depending on the gas pressure and between the gas and con-
densed phases.  If the observed result is attributed to the mech-
anism mentioned above, the fact that the pressure-dependence
was observed only for the CH4 system is consistent with the
difference in the life time (t) between the excited states of the
pionic hydrogen atom from CH4 and that from H2.

4.5. Transfer and Structure Effects Appearing in the
Intensity Patterns of Pionic X Rays.13,18 Change of the inten-
sity pattern and yields of pionic X rays will be caused by the
contribution of the pion transferred from a pionic hydrogen as
well as the different angular momentum distribution on the ini-
tial stage of the capture process.  The relation of the change of
intensity ratio was investigated from the viewpoint of the mol-
ecular structure and the number of hydrogen for the pionic X
rays of carbon and oxygen for most samples studied.  It was
found that the pion brought by the internal transfer mainly con-
tribute the atomic cascade for the pionic X rays of the atom
bound to hydrogen.  The pure structure effect was observed in
the measurements for carbon allotropes including fullerenes
and for various single substances.  We discussed about the
atomic levels concerned with the transfer based on the cascade
calculations including the contribution of the transferred pion.

5.  Summary

Figure 4 shows the dependence of the transfer rate parame-
ters obtained on the atomic number and a comparison between
the transfer rates in the liquid phase and those in gas phase.
One can see that the present results slightly deviate from the
Z1/3-dependence which is assumed in the empirical formulae,
and that the transfer rates in liquid phase are rather faster than
those in gas phase for alkane systems.  The pressure-depen-
dence of the transfer rate was also found for alkane systems.  It
is generally accepted that the difference between the H2 system
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Figure 4. Z-dependence of the transfer rate parameters (ΛZ).  Solid
line is the semi-empirical estimates for H2+Z system,4,10 and dashed
line for CnHm+Z system.4,11 : H2+Z,    : CH4+Z,    : CmHn+Z(liq.),

: C6H6+Z(liq.), Z=alkanes.

Figure 5. Pion capture rations of hydrogen to carbon atoms against
the fraction of Ar at different gas pressure. : 51kgf/cm2, : 13.5
kgf/cm2,     : 6.0kgf/cm2.

TABLE 1: Transfer Rate Parameters Obtained in the Present
Study

ΛZ

System (liq.)   Z= C O Cl(CCl4)

R(alkanes) 1.7±0.2 − −
ROH 1.7* 4.1±0.5 −
RCOOH 1.7* 4.5±0.5 −
C6H12+CCl4 1.7* − 5.9±0.4

C6H6+CCl4 3.4±0.6 − 5.9*
Systematics** 2.5 3.0 4.7

System (gas)   Z= He Ne Ar Kr Xe

H2+Z 1.39±0.10 4.83±0.22 7.21±0.43 8.35±0.49 9.89±0.95

CH4+Z 1.2 ±0.1 2.64±0.22 3.59±0.17 4.23±0.42 −
* The parameter was fixed in the analysis procedure.
** Estimated from the semi-empirical formula for CmHn+Z (Ref. 4).
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and CH4 system in gas phase is attributed to the fact that the
pionic hydrogen atom from the bound hydrogen (CH4) lies in a
lower excited state compared with that from H2 molecule.4 If
this means that the life of the pionic hydrogen from alkanes is
shorter than that from H2, the results of the pressure depen-
dence is qualitatively consistent with the difference between
the liquid and gas phases.  The present result also indicates that
a dynamical model, in which the life, velocity, molecular
structure, and so on are taken into consideration, is required for
the pionic hydrogen (with short life) originating from bound
hydrogen.

In conclusion, the combined LMM model and the cascade
calculation including transfer process successfully explained
the results of the capture rates, transfer rates, and pionic X-ray
intensity patterns for most sample systems studied.  Here we
can conclude that these model calculations are very useful to
understand the formation and decay process of most pionic
atoms in various materials.  After this, quantitative discussion
about the discrepancy between the results of liquid and gas
phases and further accumulating the data of aγ' and ΛZ for vari-
ous chemical systems are needed to achieve the goal of our
study.

Acknowledgements.  The πAX project is a collaboration by
Drs. T. Saito, T. Miura, A. Yokoyama, T. Muroyama, K.
Takamiya, Y. Hamajima, H. Muramatsu, S. Kojima, Y.
Yoshimura, N. Imanishi, I. Fujiwara, M. Furukawa, H. Baba,
and A. Shinohara, and many graduate students of Nagoya,
Osaka, Kyoto, and Niigata Universities.  The experiments were
performed under the Visiting Researcher’s Program of KEK.
We are grateful to Professors K. Nakai, K. Nakamura, K.
Takamatsu, T. Oshima, J. Chiba for their interest and supports.
We also wish to thank the staff of the KEK-PS and the beam
channel for steady provision of the pion beam.

References

(1) L. I. Ponomarev, Ann. Rev. Nucl. Sci. 23, 495 (1993). 
(2) V. I. Petrukhin, Yu. D. Prokoshkin, and V. M. Suvorov,

Zh. E'ksp. Teor. Fiz. 55, 2173 (1968).
(Sov. Phys. JETP, 28, 1151 (1969)) .

(3) H. Schneuwly, V. I. Pokrovsky, and L. I. Ponomarev,
Nucl. Phys. A312, 419 (1978).

(4) D. Horva'th , Radiochim. Acta 28, 241 (1981).
(5) D. F. Jackson, Phys. Lett. 95A, 487 (1983).
(6) N. Imanishi, T. Furuya, I. Fujiwara, A. Shinohara, H. Kaji,

and S. Iwata, Phys. Rev. A 32, 2584 (1985). 
(7) N. Imanishi, T. Fukumura, A. Shinohara, and H. Kaji,

Phys. Rev. A 35, 2044 (1987).
(8) N. Imanishi, S. Miyamoto, S. Ohashi, and A. Shinohara,

Phys. Rev. A 35, 5244 (1987).

(9) N. Imanishi, S. Miyamoto, Y. Takeuchi, A. Shinohara, H.
Kaji, and Y. Yoshimura, Phys. Rev. A 37, 43 (1988).

(10) V. I. Petrukhin and V. M. Suvorov, Zh. E'ksp. Teor. Fiz.
70, 1145 (1976) (Sov. Phys. JETP 43, 595 (1976)).

(11) V. I. Petrukhin, V. E. Risin, I. F. Samenkova, and V. M.
Suvorov, Zh. E'ksp. Teor. Fiz. 69, 1883 (1975) (Sov.
Phys. JETP 42, 955 (1976)).

(12) N. Imanishi, Y. Takeuchi, K. Toyada, A. Shinohara, and
Y. Yoshimura, Nucl. Instr. and Meth. A 261, 465 (1987).

(13) A. Shinohara, M. Furukawa, T. Saito, H. Baba, T. Miura,
and N. Imanishi, Nucl. Instr. and Meth. B 84, 14 (1994).

(14) A. Shinohara, J. Shintai, T. Muroyama, J. Kurachi, M.
Furukawa, T. Miura, Y. Yoshimura, T. Saito, T. Ohdaira,
and N. Imanishi, Phys. Rev. A 53, 130 (1996).

(15) A. Shinohara, T. Muroyama, C. Murata, T. Miua, T. Saito,
A. Yokoyama, S. Kojima, and M. Furukawa, Phys. Rev.
Lett. 76, 2460 (1996). 

(16) A. Shinohara, T. Muroyama, T. Miura, T. Saito, A.
Yokoyama, and M. Furukawa, Hyp. Int. 106, 301 (1997). 

(17) T. Muroyama, A. Shinohara, T. Saito, A. Yokoyama, K.
Takamiya, S. Morimoto, K. Nakanishi, H. Baba, T. Miura,
Y. Hamajima, T. Kaneko, H. Muramatsu, S. Kojima, and
M. Furukawa, J. Radioanal. Nucl. Chem. 239, 159 (1999).   

(18) T. Muroyama, A. Shinohara, M. Furukawa, T. Miura, T.
Saito, and A. Yokoyama, Radiochim. Acta 80, 31 (1998).

(19) A. Shinohara, T. Muroyama, T. Miura, A. Yokoyama, T.
Takamiya, T. Kaneko, T. Saito, J. Sanada, H. Araki, S.
Kojima, Y. Hamajima, H. Muramatsu, H. Baba, and M.
Furukawa, J. Radioanal. Nucl. Chem. 239, 169 (1999).

(20) A. Shinohara, T. Muroyama, F. Shigekane, M. Furukawa,
T. Saito, A. Yokoyama, S. Watanabe, and T. Miura, Phys.
Rev. A 49, 4221 (1994).

(21) T. Saito, T. Miura, A. Shinohara, J. Shintai, E. Taniguchi,
M. Furukawa, K. Takesako, N. Imanishi, H. Muramatsu,
Y. Yoshimura, H. Baba, and H. Doe, Hyp. Int. 84, 139
(1994).  

(22) K. H. Tanaka, Y. Kawashima, J. Imazato, M. Takasaki, H.
Tamura, M. Iwasaki, E. Takada, R. S. Hayano, M. Aoki,
H. Outa, and T. Yamazaki, Nucl. Instr. and Meth. A 316,
134 (1992).

(23) M. R, Harston, D. S. Armstrong, D. F. Measday, S.
Stanislaus, P. Weber, and D. Horva'th, Phys. Rev. A 44,
103 (1991).

(24) R. MacDonald, D. S. Beder, D. Berghofer, M. D.
Hasinoff, D. F. Measday, M. Salomon, J. Spuller, T.
Suzuki, J. M. Poutissou, R. Poutissou, P. Depommier, and
J. K. P. Lee, Phys. Rev. Lett. 38, 746 (1977).

(25) E. C. Aschenauer, K. Gabathuler, P. Hauser, J. Missimer,
A. Badertscher, P. F. A. Goudsmit, H. J. Leisi, H.-Ch.
Schroder, D. Sigg, Z. G. Zhao, D. Chattelard, J.-P. Egger,
and V. E. Markushin, Phys. Rev. A 51, 1965 (1995).

Formation Process of Pionic Atoms and Their Behavior



Radiochim. Acta89, 849–852 (2001)
 by Oldenbourg Wissenschaftsverlag, München

Pion transfer processes of pionic atoms in the gas mixtures
containing hydrogen at various pressures

By Atsushi Shinohara1,∗, Taichi Miura2, Akihiko Yokoyama1,†, Koichi Takamiya3, Tetsuya Kaneko4,
Toshiharu Muroyama5, Tadashi Saito6, Yasunori Hamajima7, Hisakazu Muramatsu8, Sadao Kojima9, Hiroshi Baba6 and
Michiaki Furukawa10

1 Department of Chemistry, Graduate School of Science, Osaka University, 1-1 Machikaneyama-cho, Toyonaka, Osaka 560-0043, Japan
2 Radiation Science Center, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
3 Research Reactor Institute, Kyoto University, Osaka 590-0491, Japan
4 Faculty of Science, Niigata University, Niigata 950-2181, Japan
5 Low Level Radioactivity Laboratory, Kanazawa University, Nobi-gun, Ishikawa 923-1224, Japan
6 Radioisotope Center, Osaka University, Toyonaka 560-0043, Japan
7 Faculty of Science, Kanazawa University, Kanazawa 920-1192, Japan
8 Faculty of Education, Shinshu University, Nagano 390-8621, Japan
9 Radioisotope Research Center, Aichi Medical University, Nagakute-cho, Aichi 480-1195, Japan
10Faculty of Environmental and Information Science, Yokkaichi University, Yokkaichi 512-8045, Japan

(Received March 5, 2001; accepted in revised form August 31, 2001)

Negative pion capture / Pionic X rays /
Pion transfer process / Pionic atoms / Pionic hydrogen /
Gas phase

Summary. The pion capture process in gas mixtures con-
taining hydrogen was studied by measuring pionic X rays
and π0 decays. A little difference in pion transfer process
was found between the H2 +D2 and H2O+D2O systems.
Pressure-dependence of the transfer rates was also revealed
in the CH4 +Ar system by the measurements at several gas
pressures. The mechanism of the pion transfer process was
discussed based on a comparison between transfer parameters
in the gas and liquid phases.

1. Introduction

Muonic or pionic atoms, which consist of a negative muon
or pion and an ordinary atom (nucleus), have been studied
since the discovery, and the outline of the formation and
decay process has been established [1–6]. However, more
detailed and fundamental studies of the formation mechan-
ism and behavior of the exotic atoms are required to develop
new applications of the phenomenon.

A negative pion is slowed down in matter through ion-
ization or collisions with electrons at the first stage and cap-
tured by the Coulomb field of an atom. The pion captured
in an outer atomic orbit cascades down accompanied by the
emission of Auger electrons and by the pionic X rays. In the
capture process of molecules, “chemical effects” have been
observed so that the electron distribution and chemical struc-
ture are considered to play an important role in the captur-
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ing stage. To explain the obvious chemical effect observed
in some hydrides, a large mesomolecular (LMM) model was
proposed by Ponomarevet al. [1]. The capture model was ex-
tended to the capture phenomenon in general molecules by
Scheuwlyet al. [4], and revised to better reproduce the re-
sults for light-element compounds in our previous work [6].

As for the pion transfer phenomenon, many gas phase ex-
periments performed mainly by a Russian group showed that
the pion transfer from pionic hydrogen atoms to other heav-
ier atoms occurs in gas phase in spite of its short life-time.
Semi-empirical formulae for the transfer rate were also de-
rived from the systematic measurements [2, 3, 5]. Recently,
we successfully performed the selective measurement for
hydrogen by using deuterated compounds [7] and proposed
a new model involving a modified LMM model and an ex-
ternal transfer process [8]. This method will provide useful
information on the individual behavior of pionic hydrogen
atoms from different sites in a molecule or material. The
influence of chemical environment on the transfer process,
however, has been scarcely observed and is not involved in
a phenomenological treatment [5].

We have investigated the pion capture process for various
molecules in liquid and gas phases, focusing on the behav-
ior of pionic hydrogen atoms [7–10]. Here, the recent results
of the gas phase experiments at various gas pressures are
reported.

2. Experimental

The experimental setup was installed at theπµ-channel [11]
of the 12-GeV proton synchrotron of the High Energy Ac-
celerator Research Organization (KEK). Fig. 1 shows the
schematic view of the experimental setup. Negative pions
were slowed down with a graphite degrader so as to stop
in the target. Incident and stopping pions in the sample
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Fig. 1. Schematic view of the experimental setup. The apparatus com-
prised an energy degrader, a collimator, a radiation shield, a defining
counter system, and a measuring chamber. The measuring cham-
ber was replaced by a high-pressure gas chamber in the gas-sample
measurement.

were counted using a conventional counter telescope (PS-
1,2,3,4). A typical intensity of the incident pion beam was
1×105π−/4 sec. The pionic X rays were measured with two
or three Ge detectors in coincidence with the stop events, and
two coincidentγ rays (2γ ) from a charge-exchange reaction,
p+π− → n +π0 (60% branching ratio),π0 → 2γ(70 MeV),
were detected using a pair of Cherenkov-detector arrays. The
capture rates for all elements other than hydrogen and helium
can be obtained from the pionic X-ray measurements and the
capture on hydrogen is derived from the 2γ events.
A high-pressure gas chamber was specially designed for the
measurement of low-energy pionic X rays andπ0 decays in
a gas sample [10]. The chamber had a cylindrical form with
the sample volume of 125 cm3 and its 2.5 mm thick wall
was made of beryllium to bear high pressure (50 kg/cm2)
and to measure low-energy photons (e.g., 18 keV for a 3–2
transition in pionic carbon). PS-3 and PS-4 counters were
mounted inside the chamber and used as phoswich type
counter system.

The external transfer process is explicitly observed in
the two-component system consisting of the hydrogen-
containing molecule and the hydrogen-non-containing one.
We selected the H2 +D2 system and the H2 or CH4 +Ar
system with the mixing fraction ranging from 5% to 80%.
The concentration was analyzed with a gas chromatograph.
The measurements of the H2 or CH4 + Ar system were
made at the gas pressure of 50 kgf/cm2, 13.5 kgf/cm2, and
6.0 kgf/cm2 to investigate the behavior of a pionic hydrogen
in various atomic densities.

Present work Weberet al. [12] “World fit” [12] cf. H 2O+D2O [9]

Λ 0.50±0.05 0.65±0.07 0.45±0.04 0.52±0.04
κ 0.92±0.15 1.40±0.22 0.93±0.14 0.73±0.11
Λ(1+κ) 0.35±0.04 0.32±0.03 0.33±0.03 0.42±0.04

Table 1. Transfer parameters obtained for
the H2 +D2 system.

3. Results and discussion

The external transfer rate can be derived from the inten-
sity change of 2γ events on the capture fraction of each
component, which was obtained from the pionic X-ray
measurement. The true 2γ events, from which the charge-
exchange probability (WH) was derived, were obtained from
the trajectory analysis of individual events recorded in the
Cherenkov-detector arrays and the measurements without
target.

TheWH value in the H-D mixture system is expressed by
the following formula as a function ofCD (the ratio of the
numbers of deuterium atoms to hydrogen atoms),

WH = 1

1+CD

1+κCD

1+κCD +ΛCD

, (1)

where κ is the ratio of nuclear capture probability in the
π− p + d to π− p + p collision, andΛ is the ratio of the
transfer probability in theπ− p + d collision to the nu-
clear capture probability in theπ− p + p collision. The re-
sults for the H2O+D2O system have been already reported
elsewhere [9]. Fig. 2 shows the obtained transfer probabil-
ity, 1− (1+C)WH, for the H2 +D2 system as a function
of C together with the fitted values (doted curve). There
was no difference between the results at 45 kgf/cm2 and at
15 kgf/cm2 within the attached errors. The present results
are compared with the previous ones in Table 1. The ob-
tained parameters are close to the values of “World fit” [12].
In a comparison between the H2 +D2 and H2O+D2O sys-
tems, we can conclude that the transfer rate from H to D
does not change in these two systems from the transfer pa-

Fig. 2. Transfer probabilities[1− (1+C)WH] as a function ofC. The
filled circles are the results for 45 kgf/cm2, and the open triangles for
15 kgf/cm2. The doted curve presents the fit for the present results.
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Fig. 3. Pion capture ratios of hydrogen to carbon atoms against the
fraction of Ar in the CH4 +Ar system at different gas pressures.

rameterΛ observed, while we can see a small difference
in the transfer parameterκ. This finding may lead to fur-
ther understanding of the mechanism of the pion transfer
process.

Fig. 3 shows the pion capture ratios of hydrogen to car-
bon versus the fraction of Ar for different pressures for
the CH4 +Ar system. One can see a small change of the
transfer rate with pressure in the figure, although the data
obtained are rather scattered. On the other hand, we can
observe no change of the transfer rate for the H2 + Ar
system.

Here, we will discuss briefly the observed pressure-
dependence of the transfer rate in the gas phase. Such a de-
pendence has not been observed so far in the muon or pion
capture process for gas mixtures. The pressure-dependence
may be, however, observed for the pionic atoms from the
bound hydrogen, if the traveling length of the pionic hy-
drogen is shorter than or comparable to the mean free path
of the pionic hydrogen in the material. The new finding
about the kinetic energy of pionic hydrogen by Daum’s
group [13] may provide an important information on the
traveling length. However, the obtained data is too poor to
discuss the relation between the Coulomb de-excitation pro-
cesses of pionic hydrogen and the transfer parametersκ.
We roughly estimated the mean free path in Ar to be about
10−8 m in gas phase at the pressure of 50 kg/cm2, assum-
ing that the effective interaction radius is an atomic di-
mension, and the traveling length (tv) of the pionic hydro-
gen atom is estimated to be 6×10−10 to 2×10−8 m. Here
we deduced the velocity (v) from the average kinetic en-
ergy of 1–2 eV [14], neglecting the high-energy compon-
ent of the kinetic energy [13]. The overlap between the
ranges of the mean free path and the traveling length sug-
gests the possibility that the transfer rate changes depend-
ing on the gas pressure and between the gas and liquid
phases.

In the H2 +Z system, the transfer rate was determined
from the 2γ events (IH) and X-ray intensity (IZ) per incident
pion by the following formulae based on the phenomenolog-

ical model [2, 4].

IH

IH(pure)
= C

1

1+ΛZCZ

, (2)

IZ

IZ(pure)
= (1−C)+ C

k

ΛZCZ

1+ΛZCZ

, (3)

whereΛZ is the transfer rate parameter for a Z-atom,CZ

is the ratio of the number of Z-atoms to that of hydrogen
atoms,k is the ratio of the capture rate for a Z-atom to
that for a hydrogen atom, andC is the concentration of
hydrogen. The second term in Eq. (3) corresponds to the
increase of the transfer from hydrogen to the Z-atom. This
term is generally small becausek 
 1 except for helium.
The analysis of the pionic X-ray spectrum showed that the
dependence ofIZ on the concentrationC was approximately
linear. This fact means that the above formulae hold for this
case. We can also use the similar formulae for the CH4(or
alkanes)+Z system if there is no pressure-dependence. The
transfer parameters obtained are summarized in Table 2 to-
gether with the result for the liquid sample reported else-
where [10].

Fig. 4 shows the values of log(ΛZ) versus the mean free
path of a neutral atom in the corresponding gas pressure. We
can deduce from the figure that the life-time of the pionic hy-
drogen atom in the CH4 +Ar system is shorter than the time,
which the pionic hydrogen atom takes to collide with the
neighboring atom, while in the H2 +Ar system the life-time
is much longer than that time. The fact that the pressure-
dependence was observed only for the CH4 +Ar system is

Fig. 4. Dependence of log(ΛZ) versus the mean free path of a neutral
atom in the gas phase at the pressure studied. Open circles: CH4 +Ar
system, open triangles: H2 +Ar system, filled circle: Liquid alkane+
CCl4 system.

Table 2. Transfer parameterΛZ (Z = Ar) for various pressures.

Pressure (kgf/cm2) H2 system CH4 system

(Liquid) − 5.9±0.4a

51.0 7.21±0.43 3.59±0.17
13.5 7.13±0.45 2.52±0.20
6.0 6.55±0.71 1.61±0.38

a: Taken from [10], Z= Cl.



852 A. Shinoharaet al.

also consistent with the difference in the excited state be-
tween the pionic hydrogen atom from CH4 and that from H2.
The contribution from the Coulomb de-excitation processes
of pionic hydrogen will also provide qualitatively the simi-
lar relationship for the traveling length and the excited state
of the pionic hydrogen atom. If the pressure dependence of
the transfer rate were confirmed, the result would provide an
important insight in the dynamics of the pionic hydrogen.

4. Conclusions

In conclusion, we found a small difference in the transfer
parameters between the H2 +D2 and H2O+D2O systems,
and the dependence of transfer rate on the density for the
pionic hydrogen originating from the bound hydrogen. The
mechanism of the pion transfer from pionic hydrogen to
other atoms was briefly discussed based on a comparison be-
tween transfer parameters in the liquid and gas phases. The
pressure-dependence observed only for the CH4 system is
consistent with the previous result that the life-time of the
pionic hydrogen atom from the bound hydrogen would be
shorter than that from H2. Further improved measurements
are needed to confirm the pressure dependence of the pion
transfer process and to quantitatively discuss the dynamical
behavior of the pionic hydrogen.
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Abstract

The KEK to Kamioka long-baseline neutrino experiment (K2K) has begun its investigation of neutrino oscillations suggested
by atmospheric neutrino observations. Twenty-eight neutrino events have been detected in coincidence with the expected arrival
time of the beam in the 22.5 kt fiducial volume of Super-Kamiokande, the far detector at 250 km distance. The expectation is
37.8+3.5

−3.8, derived using measurements of neutrino interactions in a near detector and extrapolation using a beam simulation

validated by a measurement of pion kinematics after production and focusing. The background is of order 10−3 events. 2001
Published by Elsevier Science B.V.

PACS: 14.60.Pq; 13.15.+g; 23.40.Bw; 95.55.Vj

The Standard Model of electroweak interactions has
been tested with exceptional precision. The model,
however, does not address the question of the origin
of generations and their mixing. The existence of
neutrino oscillations implies that neutrinos are massive
and that lepton flavors are not conserved quantum
numbers. It enables us to study relations between mass
and flavor eigenstates in the lepton sector. Experiments
on atmospheric neutrinos have found a significant
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deficit in the flux of νµ which have travelled an
earth scale distance[1–3]. The interpretation of these
results provides not only strong evidence ofνµ → ντ

(or νµ → νsterile) oscillations [4,5] but also evidence
for different mixing properties in the lepton and
quark sectors. For a neutrino energyEν (GeV) and
a distance from the sourceL (km), the oscillation
probability can be written in terms of the mixing
angle θ and the difference of the squared masses
	m2 (eV2) in two flavor approximation asP(νµ →
νx) = sin2 2θ sin2(1.27	m2L/Eν).

The KEK to Kamioka long-baseline neutrino exper-
iment (K2K) is the first accelerator-based experiment
with hundreds of km neutrino path length. The intense,
nearly pure neutrino beam (98.2%νµ, 1.3%νe , and
0.5% ν̄µ) has an averageL/Eν ≈ 200 (L = 250 km,
〈Eν〉 ≈ 1.3 GeV). The neutrino beam properties are
measured just after production, and the kinematics
of parent pions are measuredin situ to extrapolate
the measurements at the near detector to the expec-
tation at the far detector. K2K focuses on the study of
the existence of neutrino oscillations inνµ disappear-
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ance that is observed in atmospheric neutrinos, and
on the search forνµ → νe oscillation with well un-
derstood flux and neutrino composition in the	m2 �
2 × 10−3 eV2 region. In this Letter, the first results
on the event rates with 100 days of data taken from
June 1999 to June 2000 corresponding to 2.29× 1019

protons on target, and the performance of the critical
components of the long-baseline neutrino experiment
are described.

The K2K neutrino beam [6,7] is a horn-focused
wide bandνµ beam. The primary beam for K2K
is 12 GeV kinetic energy protons from the KEK
proton–synchrotron (KEK–PS) [8]. Every 2.2 s, ap-
proximately 6× 1012 protons in nine bunches are fast-
extracted in a single turn, making a 1.1 µs beam spill.
These protons are focused onto a 30 mm diameter,
66 cm long aluminum target which is a current car-
rying element in the first of a pair of horn magnets
operating at 250 kA [9]. This design maximizes the
efficiency of the toroidal magnetic field to focus posi-
tive pions produced in proton–aluminum interactions,
while sweeping out negative secondary particles.

Downstream of the horn system, before the 200 m
long decay volume where the pions decay toνµ and
muons, a gas-Cherenkov detector (PIMON) [10] is oc-
casionally put in the beam to measure the kinemat-
ics of the pions after their production and subsequent
focusing. After the decay volume, an iron and con-
crete beam dump stops essentially all charged particles
except muons with an energy greater than 5.5 GeV.
Downstream of the dump there is a “muon moni-
tor” (MUMON) [10] consisting of a segmented ion-
ization chamber and an array of silicon pad detec-
tors. This monitors the residual muons spill-by-spill
to check beam centering and muon yield. The ioniza-
tion chamber consists of 5 cm wide strips covering
roughly 2× 2 m2 area with separate planes for hori-
zontal and vertical read-out. The 26 silicon pads, each
of ∼ 10 cm2 transverse area, are distributed through a
3× 3 m2 area.

Neutrino interactions near the production site are
measured by a set of detectors with complemen-
tary abilities. The detectors are located approximately
300 m from the pion production target with approxi-
mately 70 m of earth eliminating virtually all prompt
beam products other than neutrinos. A one kiloton
water Cherenkov detector (1 kt) uses the same tech-
nology and analysis algorithms as the far detector,

Super-Kamiokande (SK). It has 680 20′′ photomulti-
plier tubes (PMTs) on a 70 cm grid lining a 8.6 m
diameter, 8.6 m high cylinder. The PMTs themselves
and their arrangement are the same as in SK, giv-
ing the same fractional coverage by photo-cathode
(40%). A scintillating fiber detector (SciFi) [11] with
a 6 ton water target has tracking capability, and al-
lows discrimination between different types of inter-
actions such as quasi-elastic or inelastic. Downstream
of the SciFi there is a lead glass array for tagging elec-
tromagnetic showers. A muon range detector (MRD)
[12], measures the energy, angle, and production point
of muons from charged current (CC)νµ interactions.
It covers 7.6× 7.6 m2 transverse area with four 10 cm
iron plates, followed by eight 20 cm iron plates, all in-
terleaved with drift tubes. The total mass is 915 tons.
The 6632 drift tubes each has 5× 7 cm2 cross sec-
tion, and are arranged in horizontal and vertical read-
out planes.

The far detector for K2K is the SK detector lo-
cated in the Kamioka Observatory, Institute for Cos-
mic Ray Research (ICRR), University of Tokyo, which
has been taking data since 1996. Its performance and
results have been documented in the literature [4].
Event selection for this detector uses timing synchro-
nization with the KEK–PS via the Global Positioning
System (GPS) [13].

The beam-line was aligned by GPS position sur-
vey [6]. The precision of this survey for the line from
the target to the far detector is better than 0.01 mr and
the construction precision for the near site alignment
is better than 0.1 mr. The predicted neutrino spectrum
at 250 km is approximately the same over nearly 1 km,
giving a required accuracy of 3 mr for the pointing of
the beam.

The steering and the monitoring of theνµ beam
are carried out based on the MUMON measurement.
Theνµ and muons in the decay volume originate from
the same pion decays, so the measured center position
of the muon profile is correlated with theνµ beam
direction. The r.m.s. muon profile width is∼ 90 cm
for both the horizontal and vertical directions. These
measurements are used in tuning the beam direction at
the start of every beam period, usually once per month.
Since there is a magnetic field in and around the target,
the direction of the secondary pions, which determines
the direction of decayνµ and muons, is sensitive
to the position of the primary proton beam at the
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target. A 1 mm displacement of protons at the target
face causes roughly 0.5 mr deflection to the opposite
direction for muons observed by the MUMON [14].
During beam tuning, the primary proton position at the
target is adjusted so that the muon profile is centered
on the SK direction within 0.1 mr. The center of the
muon profile is measured to be stable spill-by-spill
within ±1 mr in each dimension throughout the whole
experimental period. The stability of the muon yield
is directly related to the stability of the horn-focused
νµ beam. The yield normalized to proton intensity
measured by a current transformer is stable spill-by-
spill within a measurement uncertainty of 2%.

The characteristics and stability of theνµ beam
itself are directly monitored at the near site by the
MRD using νµ interactions with iron. The large
transverse area of MRD makes it possible to measure
the beam direction and width (profile), and the large
mass makes it possible to measure the time stability of
the νµ event rate, profile and spectrum. The location
of the center of the profile gives the beam direction.
For the profile measurement, the starting point of a
reconstructed muon track is regarded as the vertex
of the νµ-iron interaction. The data reduction for the
profile measurement requires: (a) Only tracks around
the time of the beam spill are accepted. (b) Tracks
with a common vertex are taken as a single event with
the longest track assumed to be a muon. (c) Muons
entering or exiting the detector are rejected. (d) Any
muons with reconstructed energy lower than 0.5 GeV
or higher than 2.5 GeV are rejected in order to avoid
regions of small acceptance. The vertex distribution
is corrected for geometrical acceptance to obtain the
beam profile. As shown in Fig. 1(a), the horizontal
profile is well centered on the SK direction. The profile
width is well reproduced by the beam simulation
which is described below. The profile center is plotted
as a function of time in Fig. 1(b). Theνµ direction has
been stable within±1 mr throughout all data-taking
periods. The vertical profile is also well centered on
the SK direction and stable. For the event rate and
kinematic distribution analyses no energy cut is made,
but only events with vertices inside the fiducial volume
defined by a cylinder of 3 m radius in the upstream
9 iron plates are accepted. The measured rate of
νµ-iron events is typically 0.05 events/spill and can
be monitored on a daily basis with good statistics.
The event rate normalized to proton intensity is stable

Fig. 1. (a) Horizontal profile of theνµ beam measured by MRD in
a one month period (points with error bars), and simulated (boxes;
size corresponds to error). Errors include statistics and uncertainty
of the acceptance correction. The normalization is by the area under
the histograms. (b) Stability of theνµ beam direction. The fitted
center of the horizontal profile is plotted for five day periods, with
error bars from the fits. The dashed lines show±1 mr directions
to SK.

within the statistical error of the MRD measurement.
The muon energy and angular distributions are also
continuously monitored. They show no change as a
function of time, implying theνµ energy spectrum is
stable throughout this period.

Comparison between expected and observed num-
bers ofνµ events at the far site is done with this knowl-
edge of measured beam stability. To predict theνµ

beam characteristics at the far site, a normalization
measurement at the near site and the extrapolation of
the information from near to far are necessary. For the
rate normalization, the 1 kt is used so that any de-
tector or analysis bias is suppressed. For the extrap-
olation, the beam simulation is used, which is vali-
dated by the PIMON measurement as described be-
low. This simulation is based on GEANT [15] with
detailed description of materials and magnetic fields
in the target region and decay volume. It uses as in-
put a measurement of the primary beam profile at the
target. Primary proton interactions on aluminum are
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modeled with a parameterization of hadron production
data [16]. Other hadronic interactions are treated by
GEANT–CALOR [17].

Once the kinematic distribution of pions after pro-
duction and focusing is known, it is possible to pre-
dict theνµ spectrum at any distance from the source.
The pion momentum and angular distribution is mea-
sured by the PIMON. Cherenkov photons generated
by pions in the detector are focused by a pie-shaped
spherical mirror to an array of PMTs of 8 mm ef-
fective diameter in its focal plane. Photons emitted
by particles with the same velocity and incident an-
gle with respect to the mirror arrive at the same posi-
tion in the focal plane. This is independent of photon
incident position with respect to the mirror. The pho-
ton distribution on the PMT array is a superposition
of slices of the Cherenkov rings from particles of var-
ious velocities and angles. Measurements are made at
seven indices of refraction, controlled by gas pressure,
to give additional information on the velocity distri-
bution of the particles. The indices of refraction are
chosen so that the corresponding pion momentum in-
terval is 400 MeV/c. The pion two-dimensional dis-
tribution of momentum versus angle is derived by un-
folding the photon distribution data with various in-
dices of refraction. The binning of extracted pion mo-
mentum and angular distributions are 1 GeV/c and
10 mr, respectively. To avoid background from 12 GeV
primary protons, the index of refraction is adjusted
below the Cherenkov threshold of 12 GeV protons
(1 − β ≈ 2.6 × 10−3). As a consequence, analysis is
done for Pπ � 2 GeV/c, giving theνµ energy spectral
shape above 1 GeV. Fig. 2 shows the inferredνµ en-
ergy spectral shape at the near site and the far to near
νµ flux ratio along with the beam simulation result.
The beam simulation is well validated by the PIMON
measurement without any tuning.

Theνµ interaction rate at the near site is measured
in the 1 kt by detecting Cherenkov light emitted from
produced charged particles. The vertices and direc-
tions of Cherenkov rings are reconstructed with the
same methods as in SK [2]. In the 1 kt, however, an
analog sum of signals from all PMTs is recorded by an
FADC to select beam spills with only one event. The
definition of events per spill is the number of peaks
of the FADC signal with> 1000 collected photo-
electrons (p.e.) (≈ 100 MeV deposited energy). The
average number of events observed in the full detec-

Fig. 2. The top figure shows theνµ energy spectral shape at the
near site and the bottom figure shows the far to nearνµ flux ratio.
The histograms are from the beam simulation results. The data
points are derived from the PIMON measurement. For the top figure,
normalization is done by area above 1 GeV. The vertical error bars
for the data points reflect the total uncertainty.

tor is about 0.2/spill including entering background
events due to cosmic rays orνµ induced muons from
upstream (about 1.5% of events in the fiducial volume
defined below). Thus� 2 events occur in about 10%
of those spills with� 1 event. Neutrino interactions
are selected by requiring: (a) There is no detector ac-
tivity in the 1.2 µs preceding the beam spill. (b) Only
a single event is observed in the FADC peak search
for that spill. (c) The reconstructed vertex is inside the
25 t fiducial volume defined by a 2 m radius, 2 m long
cylinder along the beam axis, in the upstream side of
the detector. The detection efficiency of the 1 kt detec-
tor for detecting CC interactions is 87% and for neutral
current inelastic (NCinel) interactions it is 55%. The
expected ratio of CC to NCinel gives an overall effi-
ciency of 72%. The main source of inefficiency is the
1000 p.e. threshold of the peak search in the FADC
signal. The neutrino interaction simulator used for ef-
ficiency calculations is the same as that used in all SK
analyses. Finally the number ofνµ events in 1 kt is cor-
rected for spills with multiple events. The averageνµ

event rate per proton hitting the target is 3.2× 10−15.
Correcting for efficiencies, relative target masses, and
detector live times, the expectedνµ signal at the far
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site is estimated by applying the extrapolation from
the experimentally validated beam simulation.

Accelerator-produced neutrino interactions at the
far site, SK, are selected by comparing two Univer-
sal Time Coordinated (UTC) time stamps from the
GPS system,TKEK for the KEK–PS beam spill start
time andTSK for the SK trigger time. The time differ-
ence between two UTC time stamps,	(T ) ≡ TSK −
TKEK −TOF, whereTOF is the time of flight of a neu-
trino, should be distributed around the interval from 0
to 1.1 µs to match the width of the beam spill of the
KEK–PS. Since the measured uncertainty of the syn-
chronization accuracy for the two sites is< 200 ns,
beam-induced events are selected in a 1.5 µs window.
Data reduction similar to that used in atmospheric neu-
trino analyses at SK [2,3] is applied to select fully
contained (FC) neutrino interactions. The criteria are:
(a) There is no detector activity within 30 µs before
the event. (b) The total collected p.e. in a 300 ns
time window is> 200 (≈ 20 MeV deposited energy).
(c) The number of PMTs in the largest hit cluster in
the outer-detector is< 10. (d) The deposited energy is
> 30 MeV. Finally, a fiducial cut is applied accepting
only events with fitted vertices inside the same 22.5 kt
volume used for SK atmospheric neutrino analysis.
The detection efficiency of SK is 93% for CC inter-
actions and 68% for NCinel interactions, for a total
of 79%. Similarly to the 1 kt, the inefficiency is mainly
due to the energy cut. Fig. 3 shows the	(T ) distribu-

Fig. 3. Far site timing analysis: (top)	(T ) distribution over a
±500 µs window for events remaining after cuts (a) (unfilled
histogram) and (b) (hatched), and after all cuts except timing
(shaded). The cuts are described in the text (bottom)	(T ) for a
± 5 µs window for FC events with vertices in the fiducial volume.

tion at various stages of the reduction. A clear peak in
time with the neutrino beam from the KEK–PS is ob-
served in the analysis time window. Twenty-eight FC
events are observed in the fiducial volume. The arrival
rate of neutrinos observed by the far detector is con-
sistent with constant within statistical fluctuation. The
1.5 µs selection window gives an expected background
from atmospheric neutrino interactions of order 10−3

events.
The systematic uncertainty of the 1 kt measurement

is 5%, for which the leading terms are due to ver-
tex fitting and its effect on the fiducial cut (4%), and
the treatment of multiple events in a spill (3%). Other
sources such as energy scale uncertainty are relatively
small. The statistical uncertainty of the 1 kt measure-
ment is< 1%. The systematic uncertainty of the ex-
trapolation from the near site measurement is esti-
mated to be+6

−7% based on the PIMON measurement
uncertainty and beam simulation uncertainty for low
energy neutrinos. The systematic uncertainty in the SK
measurement is 3%, mainly due to the fiducial cut. The
systematic uncertainty term coming from uncertainty
in the neutrino energy spectrum and cross section is
small due to cancellations. The quadrature sum of all
known uncertainties for the far site event rate predic-
tion is +9

−10%. The resulting expectation is 37.8+3.5
−3.8

events in the absence of neutrino oscillations. The ob-
served and expected numbers for various categories
are summarized in Table 1. The number of Cherenkov
rings and particle identification are reconstructed by
the same algorithms as those used at SK [2], and the
event category definitions are also the same. The ex-
pected number of events for analyses of CC interac-
tions in the other near detectors are 41.0+6.0

−6.6 for MRD

(iron target) and 37.2+4.6
−5.0 for SciFi (water target) [18],

Table 1
Summary of the observed and expected numbers of FC events in the
fiducial volume at the far site

Event category Observed Expected

Single ringµ-like 14 20.9

Single ringe-like 1 2.0

Multi ring 13 14.9

Total 28 37.8+3.5
−3.8
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each of which is consistent with the value based on
1 kt analysis.

The crucial principles of K2K have been proven
to work: the beam direction has been continuously
monitored and controlled within±1 mr for several
months duration by controlling the proton position
on target with millimeter accuracy and operating the
horn magnet stably. Pion kinematics have successfully
been measuredin situ allowing prediction of the
neutrino beam at the distance of 250 km with six to
seven percent accuracy. Events at the far site have
been identified by means of GPS timing, reducing
backgrounds to a negligible level. Twenty-eight FC
neutrino events have been observed where 37.8+3.5

−3.8
are expected. The experiment expects to accumulate
1020 protons on target, providing sufficient statistics
to study neutrino oscillations by spectral analysis for
νµ disappearance.
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The K2K experiment observes indications of neutrino oscillation: a reduction of �� flux together
with a distortion of the energy spectrum. Fifty-six beam neutrino events are observed in Super-
Kamiokande (SK), 250 km from the neutrino production point, with an expectation of 80:1�6:2

�5:4.
Twenty-nine one ring �-like events are used to reconstruct the neutrino energy spectrum, which is
better matched to the expected spectrum with neutrino oscillation than without. The probability that
the observed flux at SK is explained by statistical fluctuation without neutrino oscillation is less
than 1%.

DOI: 10.1103/PhysRevLett.90.041801 PACS numbers: 14.60.Pq, 13.15.+g, 23.40.Bw, 95.55.Vj
The KEK (High Energy Accelerator Research Organi-
zation) to Kamioka long-baseline neutrino oscillation

duced from the decays of these particles are 98% pure
muon neutrinos with a mean energy of 1.3 GeV.
Recent atmospheric and solar neutrino data indicate
the existence of neutrino oscillation and therefore the
existence of neutrino mass [1–3]. The zenith angle dis-
tribution of atmospheric neutrinos observed by Super-
Kamiokande (SK) shows a clear deficit of upward-going
muon neutrinos, which is well explained by two-flavor
��-�� oscillations with �m2 around 3�10�3 eV2, and
sin 22� close to or equal to unity.
0031-9007=03=90(4)=041801(5)$20.00 
experiment (K2K) [4] uses an accelerator-produced neu-
trino beam with a neutrino flight distance of 250 km to
probe the same �m2 region as that explored with atmos-
pheric neutrinos. The neutrino beam is produced by a
12 GeV proton beam from the KEK proton synchrotron.
After the protons hit an aluminum target, the produced
positively charged particles, mainly pions, are focused by
a pair of pulsed magnetic horns [5]. The neutrinos pro-
2003 The American Physical Society 041801-1
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This analysis is based on data taken from June 1999 to
July 2001, corresponding to 4:8�1019 protons on target
(POT). The pion momentum and angular distributions
downstream of the second horn are occasionally mea-
sured with a gas-Cherenkov detector (PIMON) [6] in
order to verify the beam Monte Carlo (MC) simulation
and to estimate the errors on the flux prediction at SK. The
direction of the beam is monitored on a spill-by-spill
basis by observing the profile of the muons from the
pion decays with a set of ionization chambers and silicon
pad detectors located just after the beam dump. The
neutrino beam itself is measured in a set of near neutrino
detectors (ND) located 300 m from the proton target. The
measurements made at the ND are used to verify the
stability and the direction of the beam and to determine
the flux normalization and the energy spectrum before the
neutrinos travel the 250 km to SK. The flux at SK is
estimated from the flux of the ND by multiplying the
far=near (F=N) ratio, the ratio of fluxes between the far
detector (SK) and ND to that of the ND.

Since both a suppression in the number of events and a
distortion of the spectrum are expected for neutrinos
which travel a fixed path length in the presence of oscil-
lations, both the number of observed events and the
spectral shape information at SK are compared with
expectation. All of the beam-induced neutrino events
observed within the fiducial volume of SK are used to
measure the overall suppression of flux. In order to study
the spectral distortion, one ring �-like events (1R�) are
selected to enhance the fraction of charged-current (CC)
quasielastic (QE) interactions (�� � n ! �� p). Only
the muon is visible in these reactions since the proton
momentum is typically below Cherenkov threshold. The
energy of the parent neutrino can be calculated by using
the observed momentum of the muon, assuming QE
interactions, and neglecting Fermi momentum:

Erec
� �

mNE� �m2
�=2

mN � E� � P� cos�
; (1)

where mN , E�, m�, P�, and � are the nucleon mass,
muon energy, the muon mass, the muon momentum, and
the scattering angle relative to the neutrino beam direc-
tion, respectively.

The ND is comprised of two detector systems: a 1 kt
water Cherenkov detector (1KT) and a fine-grained de-
tector (FGD) system. The flux normalization is measured
by the 1KT to estimate the expected number of events at
SK. Since the 1KT has the same detector technology as
SK, most of systematic uncertainties on the measurement
are canceled. The energy spectrum is measured by ana-
lyzing the muon momentum and angular distributions in
both detector systems. The 1KT has a high efficiency for
reconstructing the momentum of muons below 1 GeV=c,
and full 4� coverage in solid angle. However, the 1KT has
little efficiency for reconstructing muons with momen-
041801-2
tum above 1:5 GeV=c since they exit the detector. The
FGD, on the other hand, has high efficiency for measuring
muons above 1 GeV=c, and the two complementary de-
tectors are thus able to completely cover the relevant
energy range.

In the 1KT analysis, a cylindrical fiducial volume of
25 ton oriented along the beam direction is used. Event
selection criteria for the flux normalization are the same
as those in Ref. [4]. Events which deposit more than
�100 MeV of energy are used for the measurement of
the integrated flux. The measurement has a 5% systematic
uncertainty, of which the largest contribution comes from
the vertex reconstruction [4]. For the spectrum measure-
ment, further cuts are imposed in order to select 1R�
events which stop in the detector. Among the events
selected for the flux normalization measurement, 53%
of the events have one ring. The events with a muon
exiting from the detector are effectively eliminated by
requiring the maximum charge of any photomultiplier
tube to be less than 200 photoelectrons; 68% of the one
ring events remain after this requirement. The largest
systematic uncertainty for the spectrum measurement is
an uncertainty on the energy scale. The energy scale is
understood to within �2

�3%, which is confirmed with both
cosmic-ray muons and beam-induced �0s.

The FGD is comprised of a scintillating fiber and water
detector (SciFi) [7], a lead-glass calorimeter (LG), and a
muon range detector (MRD) [8]. In the FGD analysis,
events containing one or two tracks with vertex within
the 5.9 ton fiducial volume of the SciFi are used. The track
finding efficiency is 70% for a track passing through three
layers of scintillating fiber and close to 100% for more
than five layers [9]. Three layers is the minimum track
length required in this analysis. Events which have at
least one track passing into the MRD are chosen in order
to select ��-induced CC interactions. The momentum of
the track is measured by its range through the SciFi, LG,
and MRD, with accuracy of 3%.

If the proton produced in the QE interaction has a
momentum greater than 600 MeV=c, its track may also
be reconstructed. In the case where a second track is
visible, the kinematic information is used to enhance
the fraction of QE events in the sample. Assuming QE
interaction, the direction of the proton can be predicted
from the muon momentum. The QE enhanced sample is
selected by requiring that the direction of the second
track agrees with the prediction to within 25�. Events
where the direction of the second track differs from the
prediction by more than 30� are put into a non-QE
enhanced sample. In the QE enhanced sample, 62% of
the events are estimated to be QE events from the MC
simulation. In the non-QE enhanced sample, 82% of
events are estimated to come from interactions other
than QE. The SciFi events are divided into three event
categories: one-track, two-track QE enhanced, and two-
track non-QE enhanced samples.
041801-2
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The two-dimensional distributions of the muon mo-
mentum versus angle with respect to the beam direction
of four event categories (the 1KT event sample and the
three SciFi event samples) are used to measure the neu-
trino spectrum. A �2-fitting method is used to compare
these data against the MC expectation. The neutrino
spectrum is divided into eight energy bins as defined in
Table I. During the fit, the flux in each energy bin is
reweighted relative to the values in the beam MC. These
weights are normalized relative to 1.00 for the E� �
1:0–1:5 GeV bin. An overall normalization is included
as a free parameter in the fit. The parameter Rnqe is used
to reweight the ratio between the QE and non-QE cross
section relative to the MC simulation. The systematic
uncertainties of the ND are incorporated into the fitting
parameters. They are the energy scales, the track finding
efficiencies, and the detector thresholds. In addition, the
spectrum measurement by PIMON is used as a constraint
on the reweighting factors.

The value of �2 is 227:2=197 d:o:f: at the best-fit point.
All the parameters including the detector systematics are
found to lie within their expected errors. The best-fit
values of the flux reweighting factors are shown in
Table I. The muon momentum and angular distributions
of 1R� events in the 1KT, and the muon momentum
distributions of the two-track QE enhanced and non-QE
enhanced events in SciFi are overlaid with the reweighted
MC in Fig. 1. The fit result agrees well with the data. The
errors of the measurement are provided in the form of an
error matrix. Correlations between the parameters of the
fit are taken into account in the oscillation analysis using
this matrix. The diagonal elements in the error matrix are
shown in Table I.

The uncertainty due to neutrino interaction models is
separately studied. In QE scattering, the axial vector
mass in the dipole formula is set to a central value of
1:1 GeV=c2 and is varied by �10%. The axial mass for
single pion production is set to a central value of
1:2 GeV=c2 and is varied by �20% [10]. This affects
TABLE I. The central values of the flux re-weighting pa-
rameters for the spectrum fit at ND (�ND) and the percentage
size of the energy dependent systematic errors on �ND, F=N
ratio, and �SK. The re-weighting parameters are given relative
to the 1.0 � 1.5 GeV energy bin.

E� (GeV) �ND �	�ND
 �	F=N
 �	�SK


0–0.5 1.31 49 2.6 8.7
0.5–0.75 1.02 12 4.3 4.3

0.75–1.0 1.01 9.1 4.3 4.3
1.0–1.5 � 1:00 � � � 6.5 8.9
1.5–2.0 0.95 7.1 10 10
2.0–2.5 0.96 8.4 11 9.8
2.5–3.0 1.18 19 12 9.9
3.0– 1.07 20 12 9.9

041801-3
both the q2 dependence of the cross section and the total
cross section. For coherent pion production, two different
models are compared: one is the Rein and Sehgal model
[11], and the other is a model by Marteau [12]. For deep
inelastic scattering, GRV94 [13] and the corrected struc-
ture function by Bodek and Yang [14] are studied. For the
oscillation analysis the Marteau model and Bodek and
Yang structure functions are employed. Varying the
choice of models causes the fitted value of Rnqe (� 0:93)
to change by �20%. In order to account for this, an
additional systematic error of �20% on Rnqe is added to
the error matrix. The choice of models and axial mass
does not affect the spectrum measurement itself beyond
the size of the fitted errors.

The F=N ratio from the beam simulation is used to
extrapolate the measurements at the ND to those at SK.
The errors including correlations above 1 GeV, where the
PIMON is sensitive, are estimated based on the PIMON
measurements. The errors on the ratio for E� below 1 GeV
are estimated based on the uncertainties in the hadron
production models used in the K2K beam MC [4]. The
diagonal elements in the error matrix for the F=N ratio
are summarized in Table I.

The events in SK are selected using the timing infor-
mation provided by the global positioning system. Events
detected in SK must occur within an expected beam
arrival time window of 1:5 �sec. In addition, the de-
tected events must have no activity in the outer detector,
and they must have an energy deposit greater than 30 MeV
with a vertex reconstructed within the 22.5 kt fiducial
volume [4]. This sample of events is referred to as the
fully contained (FC) sample. The efficiency of this selec-
tion is 93% for CC interactions. Fifty-six events satisfy
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FIG. 1. (a) The muon momentum distribution of the 1KT
1R� sample, (b) the angular distribution of the 1KT 1R�
sample, (c) the muon momentum distribution of the SciFi
QE enhanced sample, and (d) that of the SciFi non-QE en-
hanced sample. The crosses are data and the boxes are MC
simulation with the best-fit parameters. The hatched histogram
shows the QE events estimated by MC simulation.
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FIG. 2 (color online). The reconstructed E� distribution for
the 1R� sample (from method 1). Points with error bars are
data. The box histogram is the expected spectrum without
oscillations, where the height of the box is the systematic error.
The solid line is the best-fit spectrum. These histograms are
normalized by the number of events observed (29). In addition,
the dashed line shows the expectation with no oscillations
normalized to the expected number of events (44).
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the criteria. With the timing cut, the expected number
of atmospheric neutrino background is approximately
10�3 events.

The expected number of FC events at SK without
oscillation is estimated to be 80:1�6:2

�5:4. The correlations
between energy bins from the spectrum measurement at
the ND and the F=N ratio are taken into account in the
estimation of the systematic errors. The major contribu-
tions to the errors come from the uncertainties in the F=N
ratio ( �4:9%

�5:0% ) and the normalization (5.0%), dominated by
uncertainties of the fiducial volumes due to vertex recon-
struction both at the 1KT and SK.

A two-flavor neutrino oscillation analysis, with ��
disappearance, is performed by the maximum-likelihood
method. In the analysis, both the number of FC events and
the energy spectrum shape for 1R� events are used. The
likelihood is defined as L � Lnorm �Lshape. The nor-
malization term Lnorm	Nobs; Nexp
 is the Poisson probabil-
ity to observe Nobs events when the expected number of
events is Nexp	�m

2; sin22; f
. The symbol f represents a
set of parameters constrained by the systematic errors.
These parameters are described in detail later. The shape
term, Lshape �

QN1 R�

i�1 P	Ei; �m
2; sin22; f
, is the prod-

uct of the probability for each 1R� event to be observed at
Erec
� � Ei, where P is the normalized Erec

� distribution
estimated by MC simulation and N1R� is the number of
1R� events.

In the oscillation analysis, the whole data sample is
used for Lnorm, i.e., Nobs � 56. The spectrum shape in
June 1999 was different from that for the rest of the
running period because the target radius and horn current
were different. The estimation of energy correlations in
the spectrum at the ND and in the far=near ratio has not
been completed for this period. Thus, data taken in
June 1999 are discarded for Lshape. The discarded data
correspond to 6.5% of total POT. The number of 1R�
events observed excluding the data of June 1999 is 29, and
the corresponding number of 1R� events expected from
MC simulation in the case of no oscillation is 44.

The parameters f consist of the reweighted neutrino
spectrum measured at the ND (�ND), the F=N ratio, the
reconstruction efficiency (�SK) of SK for 1R� events, the
reweighting factor for the QE=non-QE ratio Rnqe, the SK
energy scale, and the overall normalization. The errors on
the first three items depend on the energy and have
correlations between each energy bin. The diagonal parts
of their error matrices are summarized in Table I as
described earlier. The error on the SK energy scale is
3% [15]. Two different approaches are taken for the treat-
ment of systematic errors in the likelihood. The first is to
treat the parameters f as fitting parameters with an addi-
tional constraint term in the likelihood (method 1) [1].
The other approach is to average the L	f
 sampled over
many random trials weighted according to the probabil-
ity density distribution of the systematic parameters f
(method 2) [16].
041801-4
The likelihood is calculated at each point in the �m2

and sin22 space to search for the point where the like-
lihood is maximized. The best-fit point in the physical
region of oscillation parameter space is found to be at
	sin22;�m2
 � 	1:0; 2:8� 10�3 eV2
 in method 1 and at
	1:0; 2:7� 10�3 eV2
 in method 2. If the whole space
including the unphysical region is considered the values
are 	1:03; 2:8� 10�3 eV2
 in method 1 and 	1:05; 2:7�
10�3 eV2
 in method 2. The results from two methods are
consistent with each other. At the best-fit point in the
physical region the total number of predicted events is
54.2, which agrees with the observation of 56 within
statistical error. The observed Erec

� distribution of the
1R� sample is shown in Fig. 2 together with the expected
distributions for the best-fit oscillation parameters, and
the expectation without oscillations. Consistency between
the observed and the best-fit Erec

� spectrum is checked by
using the Kolgomorov-Smirnov (KS) test. A KS proba-
bility of 79% is obtained. The best-fit spectrum shape
agrees with the observations.

The probability that the observations are due to a
statistical fluctuation instead of neutrino oscillation is
estimated by computing the likelihood ratio of the no-
oscillation case to the best-fit point. The no-oscillation
probabilities are calculated to be 0.7% and 0.4% for
method 1 and method 2, respectively.When only normali-
zation (shape) information is used, the probabilities are
041801-4
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1.3% (16%) and 0.7% (14.3%) for the two methods.
Allowed regions of oscillation parameters are evaluated
by calculating the likelihood ratio of each point to the
best-fit point and are drawn in Fig. 3. Both methods give
essentially the same results. In order to be conservative,
the result from method 1 is shown in the figure as it gives
a slightly larger allowed region at the 99% C.L. The
90% C.L. contour crosses the sin22 � 1 axis at 1.5 and
3:9� 10�3 eV2 for �m2. The oscillation parameters pre-
ferred by the total flux suppression and the energy dis-
tortions alone also agree well. Finally, the uncertainties of
neutrino interactions are studied using the same proce-
dure as the spectrum measurement at the ND. It is found
that the effects of the interaction model difference on all
the results are negligible due to the cancellation caused by
using the same models in both the ND and SK.

In conclusion, both the number of observed neutrino
events and the observed energy spectrum at SK are con-
sistent with neutrino oscillation. The probability that the
measurements at SK are explained by statistical fluctua-
tion is less than 1%. The measured oscillation parameters
are consistent with the ones suggested by atmospheric
neutrinos. At the time of this Letter the K2K experiment
041801-5
has collected approximately one-half of its planned 1020

protons on target.
We thank the KEK and ICRR Directorates for their

strong support and encouragement. K2K is made possible
by the inventiveness and the diligent efforts of the KEK-
PS machine and beam channel groups. We gratefully
acknowledge the cooperation of the Kamioka Mining
and Smelting Company. This work has been supported
by the Ministry of Education, Culture, Sports, Science
and Technology, Government of Japan and its grants for
Scientific Research, by the Japan Society for Promotion
of Science, by the U.S. Department of Energy, by the
Korea Research Foundation, and by the Korea Science
and Engineering Foundation.
*For current affiliations, see http://neutino.kek.jp/present-
addresses0211.ps

[1] Super-Kamiokande Collaboration, Y. Fukuda et al., Phys.
Rev. Lett. 81, 1562 (1998).

[2] Super-Kamiokande Collaboration, S. Fukuda et al., Phys.
Lett. B 539, 179 (2002).

[3] SNO Collaboration, Q. Ahmad et al., Phys. Rev. Lett. 89,
011301 (2002).

[4] K2K Collaboration, S. H. Ahn et al., Phys. Lett. B 511,
178 (2001).

[5] M. Ieiri et al., in Proceedings of the 11th Symposium on
Accelerator Science and Technology, SPring-8, Harima
Science Garden City, Hyogo, Japan, 1997 (SPring-8,
Hyogo, Japan, 1997), pp. 377–379.

[6] T. Maruyama, Ph.D. thesis, Tohoku Unversity, 2000.
[7] K2K Collaboration, A. Suzuki et al., Nucl. Instrum.

Methods Phys. Res., Sect. A 453, 165 (2000).
[8] K2K MRD Group Collaboration, T. Ishii et al., Nucl.

Instrum. Methods Phys. Res., Sect. A 482, 244 (2002).
[9] B. J. Kim et al., hep-ex/0206041.

[10] V. Bernard, L. Elouadrhiri, and U. G. Meissner, J. Phys. G
G28, R1 (2002).

[11] D. Rein and L. M. Sehgal, Nucl. Phys. B223, 29 (1983).
[12] J. Marteau et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 451, 76 (2000).
[13] M. Gluck, E. Reya, and A. Vogt, Z. Phys. C 67, 433

(1995).
[14] A. Bodek and U.-K. Yang, hep-ex/0203009.
[15] Super-Kamiokande Collaboration, Y. Fukuda et al., Phys.

Lett. B 433, 9 (1998).
[16] J. Swain and L. Taylor, Nucl. Instrum. Methods Phys.

Res., Sect. A A411, 153 (1998).
041801-5



ar
X

iv
:h

ep
-e

x/
04

02
01

7 
v1

   
10

 F
eb

 2
00

4
Search for Electron Neutrino Appearance in a 250 km Long-baseline Experiment
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We present a search for electron neutrino appearance from accelerator produced muon neutrinos in
the K2K long baseline neutrino experiment. One candidate event is found in the data corresponding
to an exposure of 4.8×1019 protons on target. The expected background in the absence of neutrino
oscillations is estimated to be 2.4± 0.6 events and is dominated by mis-identification of events from
neutral current π0 production. We exclude the νµ to νe oscillations at 90% C.L. for sin2 2θµe > 0.15
at ∆m2

µe = 2.8 × 10−3eV2, the best fit value of the νµ disappearance analysis in K2K. The most
stringent limit of sin2 2θµe < 0.09 is obtained at ∆m2

µe = 6 × 10−3eV2.

PACS numbers: PACS numbers: 14.60.Pq, 13.15.+g, 23.40.Bw, 95.55.Vj

In 1998, the Super-Kamiokande (SK) collaboration re-
ported evidence of neutrino oscillation based on atmo-
spheric neutrino observations favoring large mixing be-
tween νµ and ντ and a ∆m2 near 2.2×10−3eV2 [1]. Sub-
sequently, solar neutrino data from various experiments
have indicated νe disappearance as a result of neutrino os-
cillations to other active neutrino flavors (νµ or ντ ) with
large mixing and a ∆m2 near 5 × 10−5eV2 [2, 3]. The
KamLAND experiment also observes a deficit of reactor

νe consistent with the same parameter values [4] as those
in the solar neutrinos. Recently, the KEK to Kamioka
long-baseline neutrino oscillation experiment (K2K) [5]
reported indications of νµ → νx oscillation using an ac-
celerator produced νµ beam. The measurement of νµ

disappearance in K2K results in neutrino oscillation pa-
rameters which are consistent with the values derived
from the atmospheric neutrino oscillations.

Measurements of atmospheric and solar neutrinos sug-
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gest mixing between all neutrino flavors. The νe appear-
ance is predicted at the same ∆m2 as the one measured
using the atmospheric neutrinos (∆m2

atm) in the frame-
work of 3-flavor neutrino oscillations with certain param-
eter values. In this letter, we report results from the first
search for νe appearance using νµ beam in the K2K ex-
periment sensitive to the ∆m2

atm region.

In K2K, an almost pure (98%) νµ beam with a mean
energy of 1.3 GeV is produced with the KEK proton syn-
chrotron (KEK-PS) [6]. The fraction of νe is approxi-
mately 1% and the remainder are νµ. Twelve GeV pro-
tons from the KEK-PS hit an aluminum target embedded
inside a pulsed magnetic horn system which focuses pos-
itively charged secondary particles, mainly pions, toward
a far detector located 250 km far from KEK. The sec-
ondary particles decay to produce a neutrino beam. The
stability of the pulse-by-pulse beam direction is checked
by monitoring muons from pion decay with a set of ion-
ization chambers and silicon pad detectors following the
beam dump. The measurements from these monitors
show that the beam is directed to within 1 mrad of the
far detector, SK [7], which is a 50 kt Water Cherenkov
detector located in Kamioka, Gifu Prefecture in Japan.

To reject cosmic-ray and atmospheric neutrino back-
ground, the global positioning system is employed at
both the KEK and SK sites to synchronize between beam
spills and events observed in SK [8]. The neutrino flux at
KEK is measured by a near detector complex consisting
of a 1 kt water Cherenkov detector (1KT) and a fine-
grained detector (FGD) system. The FGD consists of
a scintillating fiber detector with segmented water tar-
gets (SciFi) [9], a plastic scintillator hodoscope (PSH),
a lead-glass calorimeter (LG), and a muon range detec-
tor (MRD) [10]. The νµ flux at SK is estimated by ex-
trapolating the measured flux at KEK using predicted
flux ratio between SK and KEK (far/near ratio). The
far/near ratio is evaluated by a beam Monte Carlo (MC)
simulation as a function of neutrino energy and is vali-
dated using secondary pion kinematic distributions mea-
sured with a gas Cherenkov detector [11] downstream of
the horn system.

Electron neutrino events in SK are selected assuming
νe charged current quasi-elastic (CC-QE) interactions in
an oxygen nucleus, i.e. νe + n → e + p. Since the proton
momentum in the reaction is typically below Cherenkov
threshold in water, only the electron is visible. Thus, a
single electron-like Cherenkov ring is the signature of νe

appearance. The νe contamination in the beam is esti-
mated by the beam MC simulation which predicts the
ratio of the number of νe interactions to that of νµ to
be 0.9% in SK. This estimate is checked by a measure-
ment of the νe fraction at KEK using the FGD system.
A more serious background comes from neutral current
(NC) interactions where a single π0 is produced and one
gamma-ray from its decay is not reconstructed. The NC
π0 production rate was measured using the 1KT, con-
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FIG. 1: Distributions of PID parameters for 32 single-
ring events based on (a) Cherenkov ring pattern, and (b)
Cherenkov opening angle. The distributions for the data
(closed circles), oscillated νµ MC with (sin22θ, ∆m2) =
(1.0, 2.8 × 10−3eV2) (solid histograms) and expected νe sig-
nal with full mixing (dashed histograms) are shown. Shaded
histograms are the NC component of νµ MC.

straining the cross section.

This analysis is based on the data taken between June
1999 and July 2001, corresponding to 4.8 × 1019 protons
on target (POT). A total of 56 fully-contained events are
obtained in the 22.5 kt fiducial volume of SK. Single-
ring events are selected to enhance CC-QE interactions
against the π0 production background. The details of
the selection criteria for fully-contained single-ring events
are found in Ref. [5]. Particle identification (PID) is ap-
plied to reduce νµ-induced backgrounds. A Cherenkov
ring produced by an electron is diffused by its electro-
magnetic shower and multiple scattering, while that pro-
duced by a muon has a clear edge, and a low energy
muon has a smaller opening angle than an electron. Both
the Cherenkov ring pattern and opening angle are re-
quired to be consistent with an electron event. PID pa-
rameters are calculated from a log-likelihood difference
for the electron and the muon hypothesis. Distributions
of these PID parameters are shown in Fig.1. Negative
values of the parameters indicate an electron-like event.
Distributions of data are consistent with the oscillated
νµ MC with (sin22θ, ∆m2) = (1.0, 2.8 × 10−3eV2) , the
best-fit parameters of the νµ disappearance analysis in
K2K [5]. The visible energy is required to be larger than
100 MeV to reject low momentum charged pions and
electrons from muon decays in which muons are below
Cherenkov threshold. Finally, events which are followed
by a decay electron signal within a 30 µsec time win-
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TABLE I: Summary of the event reduction for νe ap-
pearance search at SK. The first column lists each reduc-
tion step, and the second gives the number of observed
events after each selection. The numbers of expected back-
ground from νµ and beam νe without neutrino oscillations
are shown in the third and fourth column, respectively.
The last column corresponds to the expected number of
CC interaction events induced by νe oscillated from νµ with
(sin22θ, ∆m2) = (1.0, 2.8 × 10−3eV2).

DATA νµ w/o osc beam νe νe from νµ osc

FCFV 56 80 0.8 28

Single Ring 32 50 0.5 20

PID (e-like) 1 2.9 0.4 18

Evis >100MeV 1 2.6 0.4 18

w/o decay-e 1 2.0 0.4 16

dow are rejected. A small fraction of νe interactions are
also rejected by this cut when they are accompanied with
decay electrons originating from pions in inelastic inter-
actions. The overall efficiency to select CC interactions
from the oscillated νe is 57 % for ∆m2 = 2.8× 10−3eV2.

One event is selected as an electron candidate as sum-
marized in Table I. While ring-counting algorithms eval-
uate this event as a single-ring event, under a careful
manual examination it reveals that the remaining PMT
hits out of the reconstructed ring form an additional ring,
and the invariant mass of these two rings is found to be
consistent with the π0 mass. Thus, we conclude that the
observed event is consistent with a π0 background event
from NC interaction.

In our simulation to predict the number of background
events, NC and CC pion production are modeled follow-
ing Rein and Sehgal [12] for the resonance region, and
GRV94 [13] with the correction of Bodek and Yang [14]
for the deep inelastic scattering region. The axial vec-
tor mass for QE and resonance pion production in the
simulation are 1.1 GeV/c2 and 1.2 GeV/c2, respectively.
The interaction models used in this analysis are the same
as in the νµ disappearance analysis in Ref. [5] except for
the normalization of NC with respect to CC-QE cross-
section. The reduction of the background events is sum-
marized in Table I.

The expected background from νµ interactions in the
case of no oscillation is estimated to be 2.0 events where
the normalization is determined by extrapolating the ob-
served number of events in the 1KT [5]. It is estimated
to be 1.9 events in the case of νµ → ντ oscillation with
(sin22θ, ∆m2) = (1.0, 2.8 × 10−3eV2). Since the back-
ground is dominated by NC π0 production (87%) and
the oscillated ντ has the same NC interactions, it is in-
sensitive to the νµ disappearance oscillation parameters.

The NC π0 production cross-section in the MC sim-
ulation is checked by a 1KT measurement of π0 events.
In the 1KT, π0 events are selected by requiring two e-

TABLE II: Systematic errors in the expected number of νµ

background in SK.

Jun.1999 Nov.1999∼Jul.2001

NC cross-section +22%

−27%

+20%

−25%

Ring Counting +15%

−13%

+15%

−13%

Particle ID ±11% ±11%

νµ Energy Spectrum ±14% ±1%

Far/Near ratio +15%

−11%
±6%

ǫ1KT ±4% ±4%

ǫSK ±3% ±3%

POT normalization ±0.9% ±0.6%

CC-nQE cross-section ±1% ±0.4%

Total ±36% +33%

−31%

like rings whose invariant mass is between 85 MeV and
215 MeV. Muon events are also collected by requiring a
single µ-like ring in the 1KT as a reference to νµ flux.
The NC/CC-QE cross section ratio is calculated from
the ratio of the number of π0 events to that of muon
events. The π0 sample in the 1KT is dominated by NC
interactions (87%), while the muon sample is dominated
by CC interactions (97%). The measured NC/CC-QE
ratio is consistent with the MC simulation; the ratios of
data to MC is 1.07+0.20

−0.15. To cover the allowed range,
from 0.92 to 1.27, without changing the NC cross-section
model in our MC, an uncertainty of 30% is assigned on
the NC/CC-QE ratio. This error is used to estimate the
systematic uncertainty in the νµ background. The uncer-
tainty in the cross-section ratio of CC interactions other
than QE (CC-nQE) to CC-QE is estimated to be ±20%
as in Ref. [5]

The uncertainty in the νµ-induced background is esti-
mated to be ±0.6 events for the 2.0 events. Contributions
from various sources to the systematic error are summa-
rized in Table II. Since the horn current and target di-
ameter were different in June 1999 from the other period,
systematic errors are estimated separately for these two
periods and properly weighted to obtain the total sys-
tematic error. The uncertainty in the NC cross-section
gives the largest contribution of +20

−25%. Systematic er-
rors from ring counting and PID are estimated by com-
paring the shape of the MC and data likelihood distri-
butions for cosmic-ray muons and atmospheric neutrino
events. They are assigned to be +15

−13% and ±11%, re-
spectively. Systematic errors from the neutrino energy
spectrum (±1.0%) and far/near ratio (±6.0%) are esti-
mated in the same manner as in Ref. [5]. Systematic
errors from the fiducial volume definition and detection
threshold in the 1KT (ǫ1KT ) and SK (ǫSK) are estimated
to be ±4% and ±3%, respectively.

The expected background from beam νe interactions in
SK is estimated to be 0.4 events, which is derived from
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the νe/νµ flux ratio predicted by the beam MC simula-
tion and the νµ flux extrapolated from the 1KT mea-
surement. The systematic uncertainty in the number of
beam νe events is estimated to be 0.11 events, which is
dominated by the uncertainty in the νe energy spectrum.
The νe/νµ ratio has been verified by a measurement of
νe events in the FGD [15]. The νe events in the FGD are
selected by requiring 1) a vertex inside the SciFi fiducial
volume, 2) an energy deposit in the PSH of greater than
20 MeV, 2.5 times larger than expected from a muon, 3)
an energy deposited in the LG of greater than 1 GeV,
and 4) no corresponding hits in the MRD. During an
exposure of 2.9 × 1019 POT, 51 electron candidates are
selected with an estimated background of 24 νµ induced
events. The νe/νµ interaction ratio is measured to be
1.6 ± 0.4(stat.)+0.8

−0.6(sys.)% which is in agreement with
the beam MC prediction of 1.3%.

The observation of one electron event in SK is consis-
tent with the expected background of 2.4 events in the
case of no oscillation. A constraint on neutrino oscilla-
tions from νµ to νe is obtained by comparing the observed
number of electron events with the expectation assuming
oscillations. The expected number of electron events is
calculated by

Nexp = NOSC
νe

+ NBG
νµ

+ NBG
νe

, (1)

where NOSC
νe

is the number of electron events induced
by oscillated νe, NBG

νe
is that induced by beam νe, and

NBG
νµ

is that induced by both CC and NC interactions
of νµ and NC interactions of νe and ντ from oscillations.
The νµ → νe oscillation signal, NOSC

νe
, depends on the

probability of νe appearance, which is expressed by

P (νµ → νe) = sin2(2θµe) sin2(1.27∆m2
µeL/E), (2)

where θµe and ∆m2
µe are the effective mixing angle and

mass squared difference between the mass eigenstates
involved, respectively, for νe appearance; L is neutrino
path length in kilometers; and E is the neutrino energy
in GeV. Descriptions of the relation between the effec-
tive parameters and the oscillation parameters in 3-flavor
framework can be found in Ref. [16]. The number of
beam νe induced background, NBG

νe
= 0.4, is treated as

a constant, since a contribution of νe → νx oscillation is
negligible. The CC component of NBG

νµ
decreases with

νµ disappearance observed in K2K and atmospheric neu-
trino experiments , depending on the survival probability,

P (νµ → νµ) = 1 − sin2(2θµµ) sin2(1.27∆m2
µµL/E), (3)

where θµµ and ∆m2
µµ are the effective mixing angle and

mass squared difference for νµ disappearance, respec-
tively. In the present analysis, we assume θµµ = π

4 based
on the nearly full mixing observed by atmospheric neu-
trino experiments, and ∆m2

µµ = ∆m2
µe, which is implied

in the framework of 3-flavor neutrino mixing by the small

10
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FIG. 2: The confidence interval for νµ → νe oscillations as
a function of the effective ∆m2

µe at 90% C.L. (solid line) and
99 % C.L. (dashed line). The area to the right of each curve is
excluded. Dotted line shows the limit at 90% C.L. by CHOOZ
assuming sin2 2θµe = 1

2
sin2 2θ13.

mass difference found in solar neutrino experiments [16].
Thus, Nexp reduces to a function of two parameters, θµe

and ∆m2
µe.

A probability density function (PDF) for Nexp is con-
structed from the Poisson distribution convoluted with
the systematic uncertainty. Given the observation of
one electron event, the systematic uncertainty has a very
small effect on the derived confidence interval. The confi-
dence interval of sin2 2θµe is calculated using the method
suggested in Ref. [17]. In the calculation, the best-fit pa-
rameters are searched for in the 2-dimensional parameter
space with sin2 2θµe bounded in [0,1].

Figure 2 shows the limit on sin2 2θµe as a function of
∆m2

µe. The experimental limits on the neutrino mixing
for the νµ → νe oscillation hypothesis are given at 90%
C.L. for a parameter region with ∆m2

µe > 6× 10−4 eV2.
Neutrino oscillations from νµ to νe are excluded at 90%
C.L. for sin2 2θµe > 0.15 at ∆m2

µe = 2.8× 10−3eV2. The

most stringent limit of sin2 2θµe < 0.09 is set for ∆m2
µe =

6 × 10−3 eV2.

Assuming 3-flavor neutrino oscillations and CPT in-
variance, our results can be compared to reactor ex-
periments. CHOOZ has excluded sin2 2θ13 > 0.1 at
∆m2

13 ∼ 3 × 10−3eV2 [18]. This corresponds to a limit
of sin2 2θµe < 0.05 at ∆m2

µe ∼ 3 × 10−3eV2 assuming
θ23 = π/4, and consistent with the present analysis as
shown in Fig.2. The limit on sin2 2θ13 by CHOOZ is
converted by assuming sin2 2θµe = 1

2 sin2 2θ13.

The K2K experiment searched for νµ → νe oscilla-
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tions with accelerator-produced muon neutrinos travel-
ing 250 km. This is the first experimental search for νe

appearance with sensitivity down to the ∆m2 suggested
by atmospheric neutrino oscillations. A single electron
candidate is found in SK. The observed event is consis-
tent with the expected background event. The limit on
the νe appearance is obtained. At the best-fit parameter
values of the K2K νµ disappearance analysis, we set the
90% confidence limit of sin2 2θµe < 0.15.
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Abstract

We describe the construction and performance of a scintillating "ber detector used in the near detector for the K2K
(KEK to Kamioka, KEK E362) long baseline neutrino oscillation experiment. The detector uses 3.7 m long and 0.692
mm diameter scintillating "ber coupled to image-intensi"er tubes (IIT), and a CCD camera readout system. Fiber sheet
production and detector construction began in 1997, and the detector was commissioned in March 1999. Results from
the "rst K2K runs con"rm good initial performance: position resolution is estimated to be about 0.8 mm, and track
"nding e$ciency is 98$2% for long tracks (i.e., those which intersect more than 5 "ber planes). The hit e$ciency was
estimated to be 92$2% using cosmic-ray muons, after noise reduction at the o%ine stage. The possibility of using the
detector for particle identi"cation is also discussed. ( 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

1.1. K2K experiment

The Super-Kamiokande Collaboration has
shown strong evidence for neutrino oscillations in
an analysis of atmospheric neutrino data [1].

K2K [2] is a long baseline neutrino experiment
designed to allow more precise studies of neutrino
oscillations. A high-purity muon neutrino beam, gen-
erated using the KEK 12 GeV proton synchrotron, is
directed through a near detector system at KEK to
the Super-Kamiokande site 250 km away. By com-
paring the m

l
beam #ux and energy spectrum between

the near and far detectors, we can investigate neutrino
oscillations between m

l
and other neutrino #avors.

The near detector includes a 1 kt water Cheren-
kov detector and a "ne-grained detector (FGD),
which in turn consists of the scintillating "ber
(SciFi) detector, scintillating counters, a lead glass
counter, and a muon range detector. Data taking
for K2K began in March 1999.

1.2. Scintillating xber (SciFi) detector

The near neutrino detector is designed to
measure the #ux and the energy spectrum of the

neutrino beam as it leaves KEK. The detector must
provide good tracking capability, allowing discrim-
ination between di!erent types of interactions such
as quasi-elastic or inelastic events. Its mass com-
position should be dominated by water, to allow
cancellation of common systematic uncertainties
with the Super-Kamiokande detector to the max-
imum extent possible. In order to study neutrino
interactions in greater detail, we decided to use
a SciFi detector constructed with "ber tracking
layers interleaving water target tanks. SciFi de-
tectors have been used in UA2 and CHORUS
experiments [3,4]. The K2K SciFi detector is the
largest ever so far, and employs a simple design of
optoelectronics readout and a calibration system
using electro-luminescent (EL) plates.

2. Construction and operation of the K2K SciFi
detector

2.1. Design and structure

A schematic overview of the SciFi detector is
shown in Fig. 1. It consists of 20 layers of
2.6 m]2.6 m tracking modules, spaced 9 cm apart,
each of which contains double layers of scintillating
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Fig. 1. Schematic overview of the SciFi tracking detector.

Fig. 2. IIT-CCD chain.

Table 1
Measured light yield >

0
and attenuation length j. The detection e$ciency e after 4 m light propagation for a double-layered "ber sheet

was calculated using >
0

and j

SciFi type Diameter (mm) >
0

(p.e.) j (m) E$ciency (e) (%)

SCSF-78M 0.5 4.4 $ 0.2 3.46 $ 0.18 97.2 $ 0.7
0.7 6.5 $ 0.2 3.57 $ 0.17 99.6 $ 0.1

SCSF-78 0.7 5.2 $ 0.1 3.48 $ 0.13 98.6 $ 0.3
0.9 7.2 $ 0.2 3.86 $ 0.13 99.9 $ 0.03

SCSF-77 0.7 4.2 $ 0.1 4.39 $ 0.27 98.9 $ 0.3
BCF-12 0.7 3.6 $ 0.1 3.36 $ 0.18 94.2 $ 1.2

"ber sheets in both the horizontal and vertical
directions (i.e., XX>> layers). The "ber sheets
are coupled to image-intensi"er tubes (IITs) which in
turn are read out by CCD cameras (Fig. 2). Between
the "ber modules, there are 19 layers of water target
contained in extruded aluminum tanks. Each target
layer consists of 15 tank modules, and thus there
are 285 in total. The width, height, and length of the
tanks are 6, 16, and 240 cm, respectively. The thick-
ness of the aluminum tank is 1.8 mm. The "ber is
3.7 m long and 0.692 mm in diameter.

2.2. Optimization of the scintillating xbers

2.2.1. Measurement of the light yield of various xbers
We measured the light yield and attenuation

length of various types of scintillating "bers using
a photo-multiplier tube (PMT), irradiating the "ber

with a 90Sr b-ray source. The light yield, after
propagation of the light over a distance x in the
"ber, is expressed by

>(x)">
0

exp[!x/j] (1)

where >
0

is an initial light yield at x"0 (IIT
surface) and j is an attenuation length. We esti-
mated >

0
by extrapolation from measurements at

x"1.5, 2.0, 2.5, and 3.0 m. The results are sum-
marized in Table 1. Kuraray SCSF-78M is a multi-
cladding "ber, and the others have single cladding.
From these measurements, we also estimated the
detection e$ciency for minimum ionizing particles
after light propagation over a distance x"4 m for
a double-layered "ber sheet. Here, we took into
account the quantum e$ciencies of the IIT (22%)
and PMT (25%), and the re#ectivity at the far end
of the "ber (70%). When we required more than
99% detection e$ciency, there were only two can-
didates left. In order to minimize the readout area,
we selected the smaller-diameter "ber, SCSF-78M
(0.7 mm diameter).

A. Suzuki et al. / Nuclear Instruments and Methods in Physics Research A 453 (2000) 165}176 167

5. TRACKING DEVICES



Fig. 3. Fiber lifetime as a function of temperature. The mea-
sured "ber was Kuraray SCSF-78M version 1.1 (anti-O

2
type).

Fig. 4. Schematic view of a SciFi sheet. The upper "gure shows
a top view and the lower "gure shows a cross-sectional view.

2.2.2. Aging
Scintillating "bers are known to have a "nite

lifetime, with "ber transparency diminishing
with age. Aging is mainly caused by a chemical
reaction of the core material (polystyrene)
with oxygen in air. Fiber lifetime depends on tem-
perature. We measured the decrease in light yield
of SCSF-78M at several elevated temperatures and
estimated the "ber lifetime at lower temperatures
using an `Arrheniusa plot, lifetime as a function
of temperature (Fig. 3). Here we de"ne a "ber
lifetime as the number of days at which the light
yield of the "ber drops to 90% of its initial value.
From the Arrhenius plot, the lifetimes of SCSF-
78M at 15 and 203C are estimated to be 21 000 and
9400 days, respectively. If we keep the temperature
of the experimental hall less than 203C, the decrease
in the light yield is expected to be less than 10%
during the "ve years of the experiment. In fact, we
attempt to maintain the SciFi detector temperature
at 163C.

2.3. Fiber sheet production

We had to fabricate double-layered "ber sheets
before building the "ber tracking modules. Each
"ber sheet is 370 cm long and 40 cm wide, consist-

ing of a 260 cm long sensitive area, 80 cm long light
guide, and 30 cm long IIT bundle segment (Fig. 4).

A "ber tracking module consists of six double-
layered "ber sheets laid side by side to make a total
width of 240 cm, in both horizontal and vertical
directions. For 20 such modules, we needed to
fabricate 240 sheets in total, plus 8 spares. This
method of "ber sheet production is quite similar to
that used by the CHORUS Collaboration [5,6]. To
produce 3.7 m long "ber sheets, we prepared a
1.2 m diameter drum with a spiral groove whose
pitch was 0.7 mm. We wound "ber stock along the
groove until the sheet became 40 cm wide. Then, we
coated the sheet with white paint. After it became
dry, we wound the second layer "ber onto the "rst
layer and painted it again. Finally, we cut the sheet,
removed it from the drum, and painted its inner
side.

A control system for "ber sheet production
is shown in Fig. 5. Fiber stock was wound onto
the bobbin and threaded onto the winding ma-
chine. The drawing system, which consists of two
rubber-coated rollers, a rotary encoder, and a step-
ping motor, drew "ber from the bobbin. Because
the two layers have slightly di!erent circumferences
on the drum, we applied a constant tension to each
layer (150 gw to the "rst and 300 gw to the second
layers, respectively) during winding. After being
removed from the drum, the prestressed sheet then
became #at due to the restoring force supplied by
the outer "bers. At the downstream end of the
tension controller, a laser sensor monitored the
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Fig. 5. Schematic view of the "ber sheet production system.

Fig. 6. Fiber bundle assembly. Five "ber sheets are gathered
into each bundle.

"ber diameter. When it detected a "ber section
out of tolerance (692$18 lm), the whole
system stopped, and we cut away the segment.
Guide pullies attached to an accurate linear guide,
driven by a stepping motor, lead the "ber onto the
groove of the drum. They were synchronized with
rotation of the drum and moved 0.7 mm for a turn
of rotation. The drum was driven by an AC servo
motor. The rotation speed was adjustable and the
maximum speed was about 1 m/s (0.265 rps). The
whole "ber sheet production system was controlled
by a conventional PC with two custom interface
boards.

2.4. Fiber sheet modules

After all the "ber sheets were made, both ends
of the sheets were polished by a milling machine
and far ends of the sheets were sputtered with
aluminum. We checked the quality of all the indi-
vidual "bers by irradiating the sheets with 90Sr
b-source at the farthest point. The light yield of the
"ber sheets was measured to be 8$1 photo-elec-
trons.

Since the "ber sheets are very fragile, we needed
a strong and light material to support the "ber sheet.
We chose a honeycomb panel with a dimension of
2.6 m]2.6 m]1.6 cm, consisting of a 1.4 cm thick
paper-honeycomb core and two 1 mm thick GFRP
skins. The area density of the honeycomb board is
0.52 g/cm2, and their net mass is 30 kg per board.

We glued six "ber sheets side by side on one
surface of the honeycomb panel in a horizontal
direction, and six more sheets on the other side in
a vertical direction (referring to the "nal orienta-
tion), using epoxy adhesive CY221/HY2967.
Since we found that gas released by the glue actual-
ly accelerates "ber aging, we placed the glue
in a vacuum chamber for 5 min before gluing.
The positions and the straightness of the sheets
were controlled within 0.5 mm by a ruler bar
and alignment pins when the sheets are glued.
The straightness of each sheet was measured
by a micrometer every 10 cm with accuracy of
0.1 mm.

Since the "ber sheet modules were rather large
(3.7 m]3.7 m), we made a special aluminum jig
(4 m]4 m) to perform assembly, transportation,
and installation of the modules safely and easily.
Throughout the installation, only about 20 "bers
were broken out of 274 080.
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2PM Manufacturing, Inc., Yorkville, IL, USA.

2.5. Fiber bundles

In order to make e!ective use of the photo-
sensitive area (10 cm diameter) of the IIT surface,
"bers are bundled at the readout. All the "bers
(1142]6]20]2"274 080) are grouped at the
readout end and glued into bundles, which are then
attached to the 24 IITs. Ten consecutive "ber sheets
along the beam direction are assigned to one "ber
bundle. Thus, there are six "ber bundles in the
upstream half of the detector, and another six "ber
bundles in the downstream half, in both x (horizon-
tal) and y (vertical) directions.

One "ber bundle contains 1142]10 (or
274 080/24)"11 420 "bers. Fig. 6 shows the ar-
rangement used to accumulate "bers and make
a (half) bundle from (5) "ber sheets. The remaining
half bundle is symmetrical with respect to the direc-
tion along the SciFi layer and the two halves are
glued together. In order to optically separate "ber
sheets from di!erent layers, acrylic "lms (200 lm
thick) are inserted between individual "ber sheets in
a bundle. Epoxy glue (CY221/HY2967) was used to
fabricate the bundle. For good optical contact with
the IIT surface, we trimmed and polished the sur-
face of each bundle using a custom-made polishing
machine. The detector geometry and construction
logistics required us to perform bundle polishing
operations in the experimental hall, after installa-
tion of all the SciFi modules, with very limited
working space. A compact portable milling ma-
chine, with dual carbide and diamond bits and
pre-programmed automatic feed control, was
specially designed and built for this purpose.2 Fol-
lowing polishing, bundles were inspected for #aws
using a microscope system.

2.6. Readout system

Our opto-electronics readout comprises two
stages of image-intensi"ers, an optical lens and
a CCD camera (see Fig. 2). The system was de-
signed to ensure simplicity and thus low cost. The
"rst stage is an electrostatic image-intensi"er
(Hamamatsu V5502UX) with 100 mm diameter

photocathode. The image is reduced in diameter by
a factor of 23% and the light yield is ampli"ed by
about 5. The bialkali photocathode has quantum
e$ciency 22% at 430 nm, which is the peak
wavelength in the emission spectrum of the scintil-
lating "ber. The second stage is a micro-channel-
plate (MCP) image-intensi"er (Hamamatsu MCP-
IIT:V1366GX). The gain in light yield is about 1000
at a typical HV value of 2600 V. We operate the
MCP-IIT with pulsed HV to reduce unwanted
events. The gate width is set to 100 ls, which cor-
responds to the decay time of the #uorescent phos-
phor screen in the "rst stage IIT. The optical lens at
the third stage reduces the image to 30% and
projects it onto the CCD camera (C3077). The
CCD camera used here has 768 pixels and 493
pixels in horizontal (x) and vertical (y) directions,
respectively, with pixel size 11 lm]13 lm. One
"ber is seen by about 4]4 pixels.

The video signal from the CCD is fed to a #ash-
ADC module housed in a NIM crate, where (x, y)
positions of the CCD and the pulse height are
digitized. The digital outputs are then sent to 12
VME FIFO modules. The readout time is about
30 ms.

2.7. EL calibration

To identify hit "bers from the CCD image, we
have to know the correspondence between "ber
and CCD coordinates. For this purpose, we illu-
minate selected "bers at regular intervals using an
electro-luminescent plate (EL). We will refer to
these position calibrations as `ELa calibrations
hereafter.

We placed ELs at the edge of the "ber sheets (see
Fig. 6 in the previous section), where we coated the
sheet with black paint and then scraped the coating
o! selected "ducial "bers (Fig. 7). Thus, light from
the EL goes only into the "ducial "bers. We illu-
minate only one out of every 10}20 "bers and "bers
at the edges of the sheets, to save labor and data
size. Positions of the other "bers are interpolated
from these "ducial measurements. We get the "ber
positions within 100 lm by this method. We mea-
sured the x, y, and z positions of the edge "bers of
each layer with accuracy of 1 mm during installa-
tion, along with other "ducial marks on the "ber
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Fig. 7. Method for illuminating "ducial "bers with electro-
luminescent (EL) plates. Black paint coating the "ber sheet is
scraped o! selected "ducial "bers. Light from the EL plate
enters only these "bers (solid arrows), while the others remain
shielded (dashed arrow).

Fig. 8. (Top): Typical IIT image taken by CCD. The units on the
axes are CCD pixel number. The background of small circles
denotes the parameterized "ber positions determined from EL
calibration. An enlarged view of a hit is shown at bottom. The
hit is de"ned as a cluster of "bers which overlap the pixel
clusters.

modules, to relate "ber coordinates to the experi-
ment coordinate system. Cosmic-ray muons were
used to obtain the "nal alignment information.

3. Performance of the detector and analysis of the
data

3.1. Hit dexnition and the pulse height

The energy loss of a minimum ionizing particle is
estimated to be 0.19 MeV in the "ber sheet and
generates about 8 photoelectrons (p.e.) on the IIT
surface if the particle hits the "ber at the mid-point
of SciFi detector (2.4 m from the readout end), and
6.5 p.e. if it hits at the end of the "ber (3.7 m from
the readout).

Fig. 8 shows a typical IIT image corresponding
to a particle track, read out by CCD: the dark spots
represent hit CCD pixels. The "ber positions deter-
mined from EL calibration are also shown as small
circles. To reconstruct a hit, the hit "nding algorith
m starts clustering CCD-pixels, "nds all "bers which
overlap the pixel cluster, and clusters the "bers. The
hit is de"ned as a cluster of "bers which overlap the
pixel clusters: the hit position is calculated for the
center of gravity of the hit "bers (weighted by the
number of overlapping pixels) in the "ber cluster.

The attenuation and re#ection of photons inside
the "ber was measured during the quality test as
described in Section 2.4. The light yield is given by

>(d)">
0
(e~d@j#R e~(2L~d)@j) (2)

where >
0

is the normalization constant, d is the
distance from the IIT surface, j is the attenuation

length (323 cm), R is the re#ectivity of aluminum-
coated side (0.74), and ¸ is the length of the "ber
(370 cm).

Fig. 9 shows the mean values of the number of
pixels in a cluster (N

1*9%-
) as a function of hit posi-

tion. The IIT surface is located at x"d!240 cm
(the center of detector is located at x"0). The data
shown in open circles are the measured values for
the cosmic-ray muons and they agree well with the
prediction by Eq. (2) (solid line). After the attenu-
ation correction, the position dependence almost
vanished, as shown in the "gure (the solid circles).
The N

1*9%-
value for all track hits are normalized to

that at x"0. Fig. 10 shows the typical N
1*9%-

distri-
bution of data and a pixel simulation of cosmic-ray
muons. N

1*9%-
is corrected for the attenuation

length and the incident angle.
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Fig. 9. The mean values of N
1*9%-

as a function of hit position.
The data (open circles) are the measured values for cosmic-ray
muons. They agree well with the prediction from Eq. (2) (solid
line). After the attenuation correction, the position dependence
is negligible (solid circles).

Fig. 10. Typical distribution for the number of pixels (N
1*9%-

) for
cosmic-ray muons. Dots with error bars represent data and the
histogram shows pixel simulation results. We required
N

1*9%-
52.

The response for a minimum ionizing particle
(MIP) is calibrated using cosmic-ray muons. The
N

1*9%-
distribution for cosmic-ray muons shows

a peak at about 50 when it is normalized to the
pulse height at x"0. This means 8 p.e. corres-
ponds to N

1*9%-
"50 at the peak position, which

agrees well with LED test data.

3.2. SciFi Monte Carlo simulation } pixel simulation

The Monte Carlo simulation for the SciFi de-
tector proceeds in two steps. In the "rst, charged
particles are tracked through the detector using
GEANT [7]. The energy loss of a particle (in GeV)
is computed whenever the particle traverses a "ber
and is then converted to the number of photo-
electrons observed by the IIT/CCD imaging sys-
tem, taking into account attenuation along the
"ber, re#ection at the aluminium-coated end and
the quantum e$ciency of the IIT photocathodes.

The photoelectrons are then converted to an
image on the CCD surface. Each photoelectron is
o!set from the center of the "ber according to
a Gaussian distribution measured using single
photoelectrons during LED testing of the IITs. The
size of the pixel cluster corresponding to a single
photoelectron is then chosen from distributions
parameterized from the LED data and the pixel
cluster is built assuming circular symmetry. Finally,
the tuning of the energy scale (i.e. how many photo-
electrons correspond to the energy deposition from
a minimum ionizing particle) is carried out using
cosmic-ray muons.

3.3. Track and vertex reconstruction

The track and vertex "nding algorithm proceeds
in four steps. First, the track "nder searches for
two-dimensional (2D) track candidates (in the XZ
or >Z planes) which hit at least 3 layers of SciFi
modules. A 3D track is reconstructed by "nding the
best combination of two X-view and >-view 2D
tracks, comparing the starting and ending points
and checking the overlap of the 2D tracks. A vertex
is de"ned as an intersection of 3D tracks, and the
vertex position is determined with full 3D s2 min-
imization "t. If there is only one track in the event,
the mid-point of the nearest upstream water tube
is taken as the event vertex. Finally, using
the reconstructed vertex position, the track
"nder starts searching for extra tracks near the
vertex, which are mainly short tracks. The last
step is very important because most proton tracks
from charge current (CC) interactions are short and
may not be found in the "rst iteration of track
"nding.
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Fig. 11. (a) Hit e$ciency and (b) noise rate for various cut values
on N

1*9%-
, estimated with cosmic-ray data. The arrows show the

chosen analysis cut.

3After upgrading the HV system of IIT in Summer 1999, we
found the hit e$ciency to be 96$2% with the same noise level.

Fig. 12. Hit e$ciency for each layer estimated with cosmic-ray
muons (solid circles for data and histogram for Monte Carlo
simulation).

Fig. 13. Track "nding e$ciency as a function of track length,
expressed in terms of the number of SciFi layers traversed, for
cosmic-ray muons (solid circles) and for muon tracks from
m

l
charged-current interactions generated by the Monte Carlo

simulation (histogram).

The e$ciency of track "nding strongly depends
on hit e$ciency and the density of noise hits in the
events. Hit e$ciency (e

)*5
) was evaluated using cos-

mic-ray muons which penetrate whole SciFi mod-
ules as

e
)*5

"

Number of hits on the track

Number of expected hits on the track
. (3)

In order to keep the hit e$ciency reasonably high
and to keep the noise rate as low as 0.5%, we
required a minimum value of N

1*9%-
for a hit. Fig. 11

shows the hit e$ciency and the noise rate at vari-
ous cut values on N

1*9%-
. Based on this "gure, we

decided to require N
1*9%-

52. As a result, the hit
e$ciency was found to be 92$2% on average,
with almost no noise contamination ((0.5%).3
Fig. 12 shows the hit e$ciency for each layer. Fig.
13 shows the track "nding e$ciency, which was
estimated using cosmic-ray muons and muon
tracks from m

l
CC interactions generated in the

Monte Carlo simulation. They agree with each
other: 98$2% for long tracks (traversing more
than 7 SciFi layers) and 85$6% for short tracks.

Here, the horizontal axis is the number of layers
which the muon passes through.

Vertex resolution estimated using Monte-
Carlo events (m

l
CC events) was 1.5 mm in
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Fig. 15. Typical m
l

event candidate in the Fine-Grain detector
including SciFi detector.

Fig. 16. Number of tracks found in m
l

event candidates. The
total number of events in a Monte Carlo prediction is nor-
malized to that in the data. The errors shown are statistical only.
The systematic error at each data point is about 5%.

Fig. 14. Typical residual distribution for cosmic-ray muon track
"ts for a representative layer (layer 9). To obtain this "gure, we
excluded the measured point in layer 9, and tested it against the
"t results.

4Using a simple straight-line "t instead of Kalman "lter
method, the rms of the corresponding residual distribution was
1.5 mm.

the beam direction and 1.5 mm perpendicular to
the beam.

The position resolution of SciFi detector was
estimated from the residual distribution for hits.
Since multiple Coulomb scattering e!ects are not
negligible, we implemented a Kalman "ltering/
smoothing algorithm [8] in order to take multiple
scattering into account during the track "t. Fig. 14
shows a residual distribution of hits for cosmic-ray
muons. The "gure shows that hit position resolu-
tion is 0.8 mm.4 At present, performance is limited
by multiple scattering e!ects in the water tank and
imperfect alignment of the sheets. If we can correct
for the detailed alignment parameters, such as the
curvature and rotation of the sheets, we expect the
hit position resolution to improve to about 0.5 mm,
which is dominated by multiple scattering e!ects.

3.4. Neutrino event reconstruction

Fig. 15 shows a typical m
l

CC quasi-elastic (qe)
interaction (m

l
#nPl~#p) candidate. The lon-

ger track is a muon, which hits the scintillating
counters and lead glass counters and reaches
the muon range detector, and the shorter track is
a proton.

Fig. 16 shows the distribution of the number of
the reconstructed tracks from the m

l
interaction

vertex in m
l

event candidates. The total number of
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Fig. 17. Linearity of IIT: (a) The mean value of N
1*9%-

as a func-
tion of N

1.%.
(the number of photoelectrons) from the LED test.

(b) The mean value of N
1*9%-

as a function of p/M from the beam
test with a proto-type detector using the proton and pion beams.
The simpli"ed Bethe}Bloch formula (solid curve) reproduces the
data points well.

Fig. 18. The N
1*9%-

distribution for (a) l candidates and (b)
proton candidates from m

l
events containing two tracks. The

data (solid circles) agree with the Monte Carlo prediction (histo-
gram). The hatched histogram shows the proton contribution.

events in a Monte Carlo prediction is normalized
to that in the data. It shows that charged particles
in m

l
CC events are successfully reconstructed and

the data (solid circles) are well reproduced by
Monte Carlo prediction (histogram). We estimated
the fraction of tracks with misreconstructed trajec-
tories to be less than 4%.

3.5. Particle identixcation

Although tracking is the main purpose of the
SciFi detector, we may use it for particle identi"ca-
tion. Electrons can be identi"ed from SciFi hit pat-
terns, and are useful for identifying the m

%
events. The

energy of an electron can be estimated from the
number of hits in the shower, i.e. E

%
"&10 MeV/hit

for SciFi detector, which is estimated from a Monte
Carlo study and a beam test with a prototype
detector. The energy resolution of electrons was
measured to be about 28% for 0.3 GeV in the beam
test and it is estimated to be 15% for 1.0 GeV
electrons.

From LED runs and the beam test, the number
of pixels (N

1*9%-
) shows good linearity with the num-

ber of photoelectrons (N
1.%.

). Fig. 17(a) shows the
correlation of SN

1*9%-
T and N

1.%.
from the LED test.

Fig. 17(b) shows the results of the beam test of the
proton and pion beams. The horizontal axis is the
p/M of the particle and the vertical axis is the mean
value of N

1*9%-
. The simpli"ed Bethe}Bloch formula

reproduces the data points well. N
1*9%-

of the tracks
may be used to separate protons from muons or

A. Suzuki et al. / Nuclear Instruments and Methods in Physics Research A 453 (2000) 165}176 175

5. TRACKING DEVICES



pions. A feasibility study was performed using
m

l
CCqe event candidates, which contain one muon

track and one proton track. Fig. 18 shows
N

1*9%-
distribution for (a) muon and (b) proton

candidates. The "gure shows that the proton candi-
dates have larger N

1*9%-
values because protons will

lose more energy in the "ber sheet.

4. Summary

A very large scintillating "ber (SciFi) tracking
detector for the K2K long baseline neutrino oscilla-
tion experiment has been in operation since March,
1999. Track "nding e$ciency is 98$2% for long
muon tracks (those which intersect more than
5 "ber planes), and 85$6% for short tracks, which
were estimated using cosmic-ray muons and
a Monte Carlo simulation. The position resolution
per layer is about 0.8 mm. The SciFi detector has
demonstrated its capability for reconstruction of
m

l
interactions. The pulse heights for cosmic-ray

muons have been stable within 10% after one year
of operation. In addition, the SciFi detector o!ers
the possibility of performing electron and proton
identi"cation.
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Abstract
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1. Introduction

The KEK-to-Kamioka long-baseline neutrino
experiment (K2K) [1] was planned to definitely
measure the neutrino oscillation, which was
originally suggested by the Kamiokande experi-
ment [2]. An almost pure nm beam is generated
by the decay of secondary pions from the KEK
12-GeV proton synchrotron. The K2K experiment
uses a near detector newly built at the KEK site
300 m from the pion production target in order to
know the beam properties just after its production,
in addition to the Super-Kamiokande detector [3],
the far detector 250 km away. A muon range
detector (MRD) has been constructed as a near
detector to measure the energy and angle of muons
which are produced by charged-current nmN
interaction. This determines the spectrum of the
incident neutrino beam. The detector also mea-
sures the flux and profile of the neutrino beam.

2. Design of the muon range detector

The requirements for the near detector are:

(1) that it be massive enough to measure the beam
flux,

(2) that it have large enough transverse dimension
to measure the beam profile,

(3) and that it be capable of measuring the energy
of muons in the range of the expected neutrino
spectrum, i.e. up to about 3 GeV; with reason-
able resolutions.

To fulfill these requirements, we adopted the range
method. The MRD consists of 12 layers of iron
absorber sandwiched between vertical and hor-
izontal drift-tube layers. The size of a layer is
approximately 7:6 m � 7:6 m: In order to have a
good energy resolution for the whole energy
region, the upstream four iron plates are 10 cm
thick and the downstream eight are 20 cm thick.
The total iron thickness of 2:00 m covers up to
2.8-GeV muons.

The same drift tubes were previously used by the
VENUS experiment [4] at TRISTAN. Each drift-
tube module consists of 8 drift tubes, which are
arranged as shown in Fig. 1. The modules vary in
length from 2:45 to 7:6 m: Ideally, we make a drift-
tube layer by arranging 25 modules of 7:6 m length
with a 2-cm gap between consecutive modules.
However, for some horizontal drift-tube layers
shorter modules are combined end-to-end to make
the full 7:6 m � 7:6 m dimension, since there are
not enough 7:6 m modules. We used 829 modules
in total: 377 modules of 7:6 m length, and 452
shorter ones. The available pool from VENUS was
390 and 510 modules, respectively. The setup of
the MRD is shown in Fig. 2.

Fig. 1. Structure of a drift-tube module.
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The seventh–twelfth iron plates are also from
the VENUS experiment; the upstream six are
new. The total weight of iron is 864 tons: Including
the aluminum drift tubes, the total mass is
915 tons:

3. Tests of the drift tubes

3.1. Gas tightness

The gas tightness of the drift tubes was tested by
pressurizing them to approximately 1:25 kg=cm2

and measuring the decrease in the pressure as a
function of time. Nitrogen gas was used for this
test. About 3% of the modules showed an
excessive leak rate corresponding to more than
1 cc=min under the nominal running conditions.
Most of the leaks were found at the connection
part of the Delrin plug to the aluminum end-plate
(Fig. 3). Two materials had been used for gas seals
by the VENUS group: RTV and epoxy glue. The
epoxy glue tends to form cracks after a long
period. Leaking modules were repaired using
RTV. After repair, they showed an average leak
rate of less than 0:1 cc=min:

3.2. Wire tension

The wire tension was measured by searching for
the resonant frequency while supplying a pulsed
current in a magnetic field (Fig. 4). The resonant
frequency (f (Hz)) is related to the wire tension
(Mg (N)) by the following formula:

f ¼
n

2L

ffiffiffiffiffiffiffiffi
Mg

m

r
ð1Þ

where n is an odd integer, L is the wire length in m,
m is the wire line density ðkg=mÞ; and g ¼
9:8 m=s2: For this case, the line density of a
70 mm diameter tungsten wire is 7:35 � 10�5 kg=m:
The pulsed current was made from a sine
wave generated by a variable-frequency oscillator,
which was trimmed by a diode to see a small

Fig. 3. Repair of a gas leak.

Fig. 2. Setup of the MRD. The top figure shows a top view and

the bottom one shows a side view. The overall width and height

are each 7:6 m: The iron plates (empty rectangles) are 10 and

20 cm thick. Hits from a typical neutrino–iron event are also

plotted.
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signal. As shown in Fig. 5, at the resonant
frequency, the wire started to oscillate in the
magnetic field inducing a current, which was
observed as an order of 10 mV signal at the point
B of Fig. 4.

The measurement was made by a computer-
controlled CAMAC system for each of
the modules. At the same time, the wire resis-
tance was measured as well, which is another
important check of the continuity of the wires. We
found 10 broken wires in total out of 7200 wires.
Most of the broken wires had been cut inside the
epoxy glue which had been used for only some of
the modules to fix the wire to the pin. The
measured tension distribution for the 760-cm-long
modules is shown in Fig. 6. The modules with
other lengths have similar distributions. They are
distributed around 390 g with an RMS of about
10 g; which is consistent with the VENUS
measurement [5]. The broken wires were repaired
by stretching a new wire, fixed to the pin only by
soldering.

4. Readout electronics

4.1. Modification of the electronics

The VENUS electronics for the muon drift tubes
[6] consists of single-hit TDCs operated in the
common start mode. The start signal was made
from the accelerator timing of every 5 ms in the
TRISTAN experiment. The use of a 40 MHz 6-bit
TDC in the front-end electronics boards gives
a range for the TDC of 1:6 ms: However, in
the K2K experiment, the experimental condition is
very much different from that in the TRISTAN
experiment. A beam spill every 2:2 s lasts for about
1:1 ms: If we use the accelerator timing as the start
signal, the TDC range would not cover the sum of
the beam spill time and the maximum drift time,
which is about 2:1 ms (Fig. 7). Further, the signal
from trigger counters is too late to make the start
signal.

There were two choices. One was to modify the
electronics to operate in a common stop mode, so
that the trigger counter signal could be used for the
stop signal. The other was to change the TDC

Fig. 4. Principle of the tension measurement.

Fig. 5. Oscilloscope views of the tension test signals. In each
picture, channels A and B show the signal at the points A and B
of Fig. 4, respectively. The top figure shows signals at a non-
resonant frequency. The middle one shows the same, but the
scale of the channel B is magnified. The bottom one shows
signals at the wire’s resonant frequency, where the signal due to
the resonant oscillation of the channel B is seen by the
curvature of the signal.
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range to be longer than the beam spill time plus the
maximum drift time, so that we could calculate the
drift time by subtracting the trigger timing delay
later. We chose to make the TDC range longer by
replacing the 40 MHz clock chips with 20 MHz
ones. This resulted in a TDC range of 3:2 ms: This
was a simpler modification of the electronics which
adversely affects only the timing resolution
slightly, which is not critical for the range
measurement.

4.2. Test of the front-end electronics

We tested the front-end electronics boards both
before and after modification. Test pulses were
injected into the input of the preamplifier on the
board. The test items were linearity of the stop
timing and linearity of the start timing, as well as
the efficiency versus the test-pulse amplitude. We
found about 3% of the boards to be bad at each
stage; most of them were repaired.

5. Cosmic-ray test of the system

A cosmic-ray run was performed to test
the complete drift-tube system. P10 gas
(Ar:CH4 ¼ 90:1070:5%) was made to flow as in
the real experiment. The results of the cosmic-ray
test show that we have an efficiency plateau above
2:5 kV of high voltage (Fig. 8), and a spatial
resolution of about 2 mm: We chose the nominal
operating high voltage to be 2:7 kV:

The time-to-distance relation was also investi-
gated. This study confirmed the VENUS para-
meterization of the relation

x ¼ 2:11 � t2 þ 2:72 � t ð2Þ

tension/g (grams)

760cm module

1000

750

500

250

0
300 400 500

Fig. 6. Measured tension distribution for the 760-cm-long modules. The data were corrected for t ¼ 201C:

Fig. 7. Timing chart of the K2K experiment.
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where x is the drift length in cm and t is the drift
time in ms:

6. Gas system

In the K2K running, P10 gas is supplied
to the drift tubes using the gas recirculation
system of the VENUS experiment. As is shown
in Fig. 9, it is composed of a gas-supply unit, a
compressor, a purifier and a gas holder. The
compressor and the purifier each has a duplicate
for backup. P10 gas is pressurized by the

compressor and then sent to the purifier. The
purifier includes a reaction column and an
adsorption column. In the reaction column,
oxygen contamination is trapped by flowing the
gas through porous nickel metal.

In the adsorption column, water conta-
mination is removed using molecular sieves. The
purified gas is flowed to the drift tubes at a rate of
50 l=min: At this flow rate, the total volume of the
drift tubes of 130 m3 is replaced every 2 days.
Returned gas from the drift tubes is stored in a gas
holder, which keeps the gas pressure 0:01 kg=cm2

higher than atmospheric pressure. The gas in
the gas holder is sent to the compressor and
recirculated.

Two sampling ports are located at the input
and the output of the purifier. Sampled gas is
measured by gas chromatography on a weekly
basis to check the purity. Normally, the oxygen
contamination of the return gas is less than
100 ppm; and that of the purified gas is less than
5 ppm: When the contamination level becomes
higher, we regenerate the purifier. To this extent,
P10 gas mixed with hydrogen is made to flow
through the reaction column heated to 150–2001C
in order to deoxidize the nickel catalyst. The
molecular sieves are also heated to 250–3001C for
regeneration.

Fig. 8. Efficiency of the drift tubes as a function of HV.

Fig. 9. Block diagram of the gas recirculation system.
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7. Iron absorber

Iron plates are used not only as an absorber for
range measurements, but also as a target for the
neutrino beam. Accurate knowledge of the thick-
ness of the plates is necessary for these measure-
ments. It is guaranteed by the Japanese Industrial
Standard (JIS) that the thickness of the upstream 4
plates is 10071:7 mm and that of downstream 8
plates is 20072 mm: The relationship between the
muon energy and the muon range in iron was
calculated using a GEANT based Monte Carlo
code [7]. The result is shown in Fig. 10.

8. Acceptance and expected resolutions

The acceptance and resolutions of the MRD
were studied by a Monte-Carlo method. In the
simulation, muons with various energies were
injected in the forward direction from randomly
chosen vertices in a radius of 1 m of the 1st iron
plate. They were simulated in the detector
considering both ionization and multiple scatter-
ing. The hit positions were converted into drift
times. The muon track was reconstructed using the
tracking algorithm explained in the next section.

The reconstruction efficiency is plotted as a
function of the muon energy in Fig. 11. In some
analyses, we require a track to be contained in the
detector to make an energy measurement possible.

Tracks which exit the detector are not contained.
The efficiency was derived both with and without
the containment cut.

The differences in the reconstructed and gener-
ated muon energies are plotted in Fig. 12a, which
is taken as an energy resolution. The same is
plotted for the muon angle, as well as the
horizontal and vertical start positions in Figs. 12b,
c and d, respectively.

9. Tracking algorithm

As stated above, one drift-tube module consists
of two half-cell staggered planes. The tracker
treats each layer as two independent drift-tube
planes. The tracking proceeds in the following 4
steps. In steps 1, 2 and 3 the x–z view and the y–z
view are treated independently, where the z-axis is
defined by the beam direction and the y-axis is
defined by the upward direction.

(1) Cell fitting: In this step, the drift time is
ignored and the wire positions are used as hit
positions. A straight line is drawn between
every combination of two hits on different

Fig. 10. Muon range in iron vs. muon energy calculated using

the GEANT code.
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planes which are apart by more than three
planes. The number of hits near the line
(typically closer than 7 cm) is counted. If the
number of hits is large enough (typically larger
than 60% of the number of planes traversed by
the track), it is regarded as a cell-track.

(2) Fragment fitting: Based on a cell-track, up to
six successive planes are examined. If there
exist 3 hits, it is regarded as a fragment, and a
linear fit is done taking into account the drift
times and left=right ambiguity. In this fitting
T0; the interaction time, is also varied as one of
the parameters. Every other plane in a cell-
track is taken as the start point of a fragment.

(3) 2D fitting: The most upstream fragment is
taken as the start of a 2D-track. A fragment
which can be smoothly connected to the
previous fragment is searched for. Typical
connection criteria are that the distance
between the two lines is shorter than 10 cm
and difference of the two slopes is less than
0.15. This process is iterated until no
connecting fragment can be found. This group
of connected fragments is called a 2D-track.
Used fragments are removed from the list, and

the process is repeated for the remaining
fragments.

(4) 3D fitting: The overlap in the z-direction is
examined between the xz 2D-tracks and the yz
2D-tracks. The pair of ðxz; yzÞ 2D-tracks which
has the longest overlap is taken as a 3D-track.
The used 2D-tracks are removed from the list
and the process is repeated for all the remain-
ing 2D-tracks.

As a result, the shortest track reconstructed
consists of one fragment which has three succes-
sive hits in both the xz and yz views. This track
traverses at least one iron plate corresponding to
an energy threshold of 150 MeV ð300 MeVÞ for a
10-cm (20-cm) thick iron plate.

10. Performance of the muon range detector

The MRD measures muons produced by the
charged-current neutrino interaction in the iron
plates. A typical neutrino–iron interaction event is
shown in Fig. 2.

10.1. Tracking efficiency and the hit efficiency

The tracking efficiency as a function of the track
length (number of traversed layers) is derived as
follows using beam data:

(1) Tracks longer than the test region by at least
one iron layer both upstream and downstream
are selected as sample tracks in order to assure
the existence of a track in the test region.

(2) All hits except for those in the test region are
masked.

(3) The masked data are fitted by the tracker to
see whether the tracker finds the track or not.

The tracking efficiency is dependent on the hit
efficiency of the drift tubes. We determined the
effective hit efficiency so that the Monte-Carlo
result on the tracking efficiency would reproduce
the beam data well. The obtained effective hit
efficiency is 97.5%. The inefficiency of 2.5%
includes the geometrical effect coming from a
possible mis-alignment of the drift tube modules,
as well as the real hit inefficiency. The result of the

Fig. 12. Expected resolutions of the MRD. (a) Energy resolu-

tion; (b) angular resolution; (c) horizontal vertex resolution and

(d) vertical vertex resolution. The vertical vertex resolution is

better than the horizontal one because the horizontal tubes are

closer to the 1st iron layer.
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tracking efficiency is shown in Fig. 13 with the
Monte-Carlo result overlaid.

10.2. Noise rate

The noise rate was estimated from off-spill data,
which are taken in the time between successive
beam spills. These are one class of randomly
triggered data. The average noise hits in the off-
spill data amounts to approximately 27 out of
6632 total tubes, implying a 0.4% average noise
rate. This rate is composed of all the non-beam-
related background hits, including cosmic-rays.
The main part of this comes from electronic noise,
most of which is easily cut using timing informa-
tion. As a result, noise hits do not change the
analyzed results.

10.3. Detector stability

As of June 2000, the MRD has been alive 91.7%
of the time since the start of the K2K data taking
in June 1999. The off-spill data were analyzed to
study the detector stability. Only cosmic-ray
muons contribute to the off-spill data as tracks.
The average number of reconstructed 3D-tracks is
plotted as a function of time in Fig. 14. The
average number of tracks is about 11=1000 triggers

and has been stable within the statistical error. The
number of traversed layers by a track is correlated
with the energy loss of the particle in the MRD.
This distribution is analyzed on a monthly basis.
The distribution in November 1999 is compared
with the averaged distribution over all experimen-
tal periods in Fig. 15. Distributions in other
months are the same within statistical errors.
Angular distributions, also made on a monthly
basis, in the x–z and y–z views are shown for the
November 1999 and total data sets in Figs. 16 and
17, respectively. Distributions in other months
are the same within statistical errors for both
angular distributions. The reproducibility of these

Fig. 13. Tracking efficiency as a function of the traversed iron

layers. The boxes show the Monte-Carlo result, with a size

representing the errors.

Fig. 14. Average number of reconstructed 3D-tracks from the

off-spill data as a function of time.
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Fig. 15. Distribution of number of traversed layers by a

cosmic-ray track in November 1999 (data points) compared

with the averaged distribution over all experimental periods

(dashed histogram).
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distributions shows that the detector has been
working stably in all experimental periods.

11. Summary and conclusion

The MRD was constructed as a near detector of
the K2K long-baseline neutrino experiment. It
measures the position, momentum, and direction
of muons produced in charged-current neutrino
interactions. The coverage of the detector is
712 mrad with respect to the production target,
and the fiducial mass is 329 tons. The energy
acceptance is from 0.3 to 2:8 GeV with a resolu-
tion of 0:12 GeV for forward-going muons. The
track angular resolution is about 0:09 rad and the
vertex resolution perpendicular to the beam
direction about 2 cm:

The MRD has been working stably since the
start of the K2K experiment.
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Abstract

The K2K long-baseline neutrino oscillation experiment uses a Scintillating Fiber Detector (SciFi) to reconstruct

charged particles produced in neutrino interactions in the near detector. We describe the track reconstruction algorithm

and the performance of the SciFi after 3 years of operation.
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1. K2K experiment

The K2K experiment is the first long-baseline
neutrino oscillation experiment in operation.
Muon neutrinos ðnmÞ are produced via the decay
of secondary pions from interactions of the KEK
12-GeV proton beam in an aluminum target. The
neutrino beam is directed through a near detector
system at KEK to the Super-Kamiokande under-
ground detector [1] 250 km away. By comparing
the neutrino fluxes and energy spectra measured at
the near detector and at Super-Kamiokande, we
are able to investigate neutrino oscillations. De-
tails of the K2K experiment have been presented
elsewhere [2].

The near detector, located 300 m downstream of
the pion production point, consists of a 1 kton
water Cherenkov detector, a scintillating fiber
tracking detector (SciFi), a hodoscope of plastic
scintillation counters (VETO) around the SciFi, a
lead glass detector (LG), and a muon range
detector (MRD) [3]. It is illustrated in Fig. 1.
The main purpose of the near detector is to
measure the profile, flux, and energy spectrum of
the neutrino beam. Among the near detector
components, the SciFi can provide tracking
capability good enough to discriminate neutrino

interaction types and to measure energy and cross-
section of the muon neutrino.

The K2K experiment started taking data in
April, 1999. This paper will describe the perfor-
mance of the Scintillating Fiber Detector after 3
years of operation. A description of the K2K
scintillating fiber detector is given in Section 2. Hit
reconstruction algorithm and performance are
described in Section 3. Track and vertex recon-
struction is described in Section 4. Performance of
the neutrino event reconstruction algorithms are
presented in Section 5. We conclude in Section 6.

2. Scintillating fiber detector

The SciFi is a charged particle tracking detector
using scintillating fiber technology. Scintillating
fiber detectors have been used for charged particle
trackers by other experiments [4]. A scintillating
fiber detector was chosen for this application since
it was necessary to have high tracking efficiency
for reconstructing charged particles and their
vertex positions when more than two visible
particles are produced in neutrino interactions.
Using the detector, we can separate quasi-elastic
events from inelastic events, and define the fiducial

Muon Range Detector

Lead Glass

Veto/Trigger
counter

SciFi

Detector
Water Cherenkov

1kt

Neutrino Beam

24 m

16 m

Fig. 1. The layout of the K2K near detector. It consists of a 1-kt water Cherenkov detector, a scintillating fiber detector, a hodoscope

of plastic scintillation counters, a lead glass detector, and a muon range detector.
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volume of the neutrino interactions with 1%
accuracy.

The water is contained in a thin aluminum
structure, and the water layers are interleaved with
scintillating fiber layers. Water is chosen as a
target material in order to minimize systematic
uncertainties in neutrino cross-section the event
rates are compared between the SciFi and Super-
Kamiokande detectors. A scintillating fiber layer
provides the hit-position measurement in both
horizontal and vertical directions.2 An individual
scintillation sheet has a thickness of 1:3 mm;
consisting of two staggered layers of scintillating
fibers. Each fiber has a diameter of 0:7 mm: The
vertical and horizontal fiber sheets are separated
by a 1.6-cm thick honeycomb panel. There are 20
scintillating fiber layers in total, and the adjacent
layers are spaced 9 cm apart along the neutrino
beam direction.

One layer of 240 cm� 240 cm� 6 cm water
target, consisting of 15 aluminum tanks, is
interleaved with two fiber layers. The wall thick-
ness of the aluminum tank is 1:8 mm: The weights
of water, aluminum, and the honeycomb panel are
6.0, 1.4, and 0:8 ton; respectively. A schematic
view of the SciFi is shown in Fig. 2.

For processing light signals, 11,420 fibers are
glued together to make a single circular shape in
cross-section which has typically the size of 12 cm
in diameter and are called a fiber bundle. Each
bundle is polished using a custom-made polishing
machine. The polished fiber bundle is mechanically
connected to the surface of an image intensifier
tube (IIT) which is then connected to the optical
lenses and a CCD camera.

A total of 24 IITs are used to read out all 274,080
fibers in the SciFi. In order to find the correspon-
dence between the hit fiber and the CCD images, a
certain number of selected fibers are illuminated
periodically at the opposite side of IITs by an
electro-luminescent (EL) plate. This is referred to as
the EL calibration. A more detailed description of
the SciFi detector is found elsewhere [5].

Fig. 2. A schematic view of the K2K scintillating fiber detector. The detector has the dimension of 260 cm� 260 cm� 173 cm in

ðx; y; zÞ: The central fiducial mass region is defined to be 220 cm� 220 cm� 159 cm in ðx; y; zÞ:

2 In the K2K coordinate system, the z-axis is along the

nominal neutrino beam direction. y-axis is the vertical direction

pointing upwards, and x-axis is the horizontal direction.
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3. Hit reconstruction

3.1. Hit finding algorithm

The CCD pixel images need to be handled to
reconstruct hits in the SciFi. Fig. 3(a) shows a typical
CCD image of an IIT from a cosmic-ray event. A
fiber bundle, consisting of 10 fiber sheets, is arranged
to cover a sensitive region of an IIT effectively.
Fig. 3(b) is an expanded view of (a), illustrating a
typical ‘‘SciFi hit’’, when a cosmic-ray muon passes
through the fiber sheet. The hit reconstruction is
performed in the following four steps:

1. Loading hit pixels: The raw data of the SciFi
consist of hit pixels in the CCD coordinates
ðx; yÞ and 8 bits of ADC brightness. These are
all encoded in one byte per pixel. Typically,
there are 3500 hit pixels in a neutrino event.

2. Finding pixel clusters: A pixel cluster is deter-
mined by a group of neighboring hit pixels. At
this stage, isolated single pixel hits, coming
from random electrical noise of CCD, are
rejected. Number of single pixel hits is about
twice as many as that of two pixel hits. This was
shown in Fig. 11 of Ref. [5].

3. Identifying hit fibers: A hit fiber is identified by
requiring a cluster of pixles which occupies the
fiber. The hit fiber position in the CCD

coordinate is determined from a mapping table
that is obtained from the EL calibration.

4. Making hit fiber clusters: A fiber cluster is
determined by a group of neighboring hit fibers.

We apply two kinds of filtering algorithms to the
fiber clusters to improve the signal-to-noise ratio:

* We require that a fiber cluster should consist of
hit fibers in both upper and lower layers of a fiber
sheet. This eliminates fiber clusters of small pixel
images which come from dark current in an IIT.

* When a big pixel cluster lies on the adjacent
fiber sheets in a bundle and makes multiple fiber
clusters, we choose only fiber clusters contain-
ing peak of ADC brightness. This removes fake
fiber-clusters introduced by the dense arrange-
ment of fiber sheets in a bundle.

We consider a fiber cluster passing through these
two filters as a SciFi ‘‘hit’’. Every hit position in
the CCD coordinate is then converted into the
position in the detector coordinates (x; z or y; z).
The hit position is defined as the centroid of a fiber
cluster, weighted by the ADC value of the hit pixel.

3.2. Number of pixels per hitðNpixÞ and its

corrections

A found hit gives the number of pixels for the
parent pixel cluster, Npix: LED calibration data

(a) (b)

Fig. 3. (a) A typical CCD image of an IIT from a cosmic-ray event. Small distortions of the CCD image are introduced due to the

position dependence of pixel size at the IIT-CCD contact and (b) an expanded view of (a) for a typical SciFi hit. The size of hit pixel is

proportional to brightness in the ADC. Hit fibers are represented by the thick circles. A ‘‘SciFi hit’’ is defined as a cluster of

neighboring hit fibers.
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show that Npix has good linearity with respect to
the number of photons injected to IIT. Since the
intensity of observed light is proportional to the
energy loss in the fiber, Npix is expected to be a
good estimator of the energy of the parent particle.

Fig. 4 shows an Npix distribution for cosmic-ray
muons. Based on a reconstructed track, Npix can
be corrected to account for both the attenuation of
light in the fiber, and the dependence of light yields
on the incident angle ðyinÞ of a particle on a fiber
sheet:

Npixcorr ¼
F ðl0Þ
F ðlÞ

� cos yin � Npix: ð1Þ

The first term is the correction for attenuation of
the scintillation light in the fiber and reflection at
the far end of fiber coated with aluminum [5]. The
correction is normalized by the value in case of the
light from the detector center ðl0 ¼ 130 cmÞ: Thus,
F ðlÞ is given by

F ðlÞ ¼ exp �
l þ lg

l

� �

þ R exp �
2L � l þ lg

l

� �
; ð2Þ

where l is the distance from the hit position to the
near end of a fiber, lgð¼ 100 cmÞ is light guide
length from the near end to the IIT, and lð¼
323 cmÞ is the attenuation length. Rð¼ 0:74Þ is the
reflection coefficient at the far end of a fiber, and
Lð¼ 254 cmÞ is the length of a fiber.

The second term in Eq. (1) is the correction for
the dependence of light yields on the incident angle
with respect to the fiber sheet. Here, yin ¼ 0 is
perpendicular to the fiber sheet. Npixcorr is thus
equivalent to Npix when a particle passes fiber sheet
at the center of the detector x=y planes with yin ¼ 0:

Figs. 5(a) and (b) show average values of
Npix ð/NpixSÞ3 as a function of hit position

along the fiber and as a function of 1=cosðyinÞ;
respectively.

3.3. Simulation of CCD hit pixels

To reproduce SciFi hits accurately in the K2K
Monte Carlo simulation, we include simulation of
hit pixels on CCD due to charged particles and
noise in the following three steps:

1. Charged particles are tracked through the
detector using GEANT [6]. The energy loss of
a particle traversing a fiber is computed and
then converted to the number of photoelectrons
observed by the IIT/CCD imaging system,
taking into account attenuation along the fiber,
reflection by the aluminum coating at the end of
a fiber, and the quantum efficiency of the IIT
photocathodes.

2. The photoelectrons are converted to an image
on the CCD camera surface. Individual photo-
electrons are distributed around the fiber center
according to a gaussian distribution with
parameters determined using data of a single
photoelectrons from LED calibration run. The
size of the pixel cluster corresponding to the
single photoelectron is then chosen from
distributions of the LED data, and the pixel
cluster is simulated accordingly. The energy
scale is tuned for each IIT using cosmic-ray
muon data.

3. Random noise in a pixel cluster is generated for
each IIT based on neutrino-beam data.

Two kinds of noise pixels are generated. One is the
isolated single hit pixel around the main pixel
cluster of a charged track in Step 2. The other is
the random noise pixels in a pixel cluster generated
in Step 3. Using neutrino beam data and cosmic-
ray data, the average number of noise hits is
expected to be 100 per event. We find that, among
the 100 noise hits in an event, 50% is due to
random noise hits, 35% is associated with the
neutrino beam, and 15% is coming from the track
associated hits. Since there are a total of 274,080
fibers in the SciFi, this noise rate is considered to
be very low.

3We employ the following Poisson function to fit the Npix

distribution:

F ðNpix;A; a;/NpixSÞ ¼ A
e�m � mx

Gðx þ 1Þ
;

m � /NpixS=a and x � Npix=a;

where A is an overall normalization factor and a is a conversion
factor. /NpixS is the average value of the Npix distribution.
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3.4. Efficiency and stability of hit reconstruction

We can obtain the hit finding efficiency ehit
which is defined as

ehit ¼
Number of observed hits

Number of expected hits
; ð3Þ

where the expected number of hits (denominator)
is obtained from the information of reconstructed

tracks. Fig. 6 shows ehit for each IIT. Data and
Monte Carlo shows a good agreement.

Cosmic-ray data are taken during the normal
data-taking period, roughly once every 2 weeks.
The efficiency is monitored using the data as a
check of detector stability.

We have performed a similar check on the
stability of hit finding efficiency using the neutrino
data. Clean single track events are selected by

(a) (b)

Fig. 5. An average value of Npix/NpixS; as a function of (a) hit position along the fiber and (b) 1=cos yin; where yin is the incident angle
with respect to the fiber sheet, respectively. Solid (open) circles are before (after) the correction. The negative x; y coordinates in (a)

correspond to positions close to readout end of the fiber, and a larger value of /NpixS is expected before the correction.

Fig. 4. An Npix distribution with the corrections applied for both attenuation and dependence on the incident angle as given in Eq. (1).
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requiring a track with the number of hit layers
larger than nine, and its matching to activity in the
downstream VETO counter.

Fig. 7 shows hit finding efficiency, which is
obtained by taking average over all IITs, as a
function of data-taking period. The dotted line at
96.8% represents an MC prediction. For the
cosmic-ray data, we find an average value of ehit
to be 96:570:5% for all IITs and all time periods.
The number of Npix for each IIT was monitored at
on-line and the average number of Npix;/NpixS;

was found to be constant stable within 5%. The
average efficiency of each IIT was stable within
1.2%.4

4. Reconstruction of track and vertex

4.1. Track reconstruction algorithm

The track finding algorithm in the SciFi is
optimized for the charged current interactions
which contain a muon in the final state. The track
finding algorithm consists of three steps.

First, the track finder searches for two-dimen-
sional (2D) track candidates in the ðx; zÞ or ðy; zÞ
planes which traverse at least three layers of SciFi.
A three-dimensional (3D) track is reconstructed by
selecting the best combination of two 2D tracks. In
order to reduce the combinatorial fake tracks, the
starting and ending hit layers are required not to
be different by more than one layer, and the
overlapping of the two 2D tracks is required to be
at least two layers.
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Fig. 7. Hit finding efficiency as a function of data taking period

for the neutrino data ð3Þ and cosmic ray data ð�Þ: The dotted

line represents an MC predicted hit finding efficiency.

Fig. 6. Hit finding efficiency ehit obtained from cosmic-ray data as a function of IIT number.

4This is in good agreement with a simple estimation. When a

minimum ionizing particle crossing the fiber sheet creates

B8 p:e: (4 p:e: each for upper and lower layers), hit coincidence

probability between upper and lower layers is (1:� e�4Þ2 ¼
0:96: The requirement of the coincidence between two fiber

layers is chosen to keep the noise hits at the level of 70 hits per

event.
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Secondly, the combinatorial background or
noise tracks are removed using other components
of the near detector (VETO and MRD). A track
candidate in the SciFi is required to match with
both a hit in the VETO and a track in the MRD.

Once a good primary track is found, the most
upstream hit-position of the primary track is
considered as a neutrino interaction point. The
track finder starts searching for extra tracks
near the neutrino interaction point. These tracks
are mostly short tracks with two or more SciFi
hits. This method of extra track finding turns
out to be an effective way to find short tracks
of protons and/or pions from the neutrino
interactions. All the reconstructed tracks are
subjected to a ‘‘global fit’’, a straight line fit to
the found hits.

4.2. Alignment and position resolution

The geometry of the SciFi and its support
structure was surveyed by mechanical means after
their installation was completed. Based on the
mechanical survey, the alignment of fibers is
estimated to be good to within 5 mm:

A better alignment was obtained by minimizing
the sum of the squared hit-residuals using the
global fit for cosmic-ray tracks. From the mean
shift of the hit residuals, we find the accuracy of
the alignment to be B400 mm:

Multiple scatterings occurring in the SciFi is not
negligible compared with the size of a fiber. A
Kalman filtering technique [7–9] can be employed
to take the multiple scattering into account and, in
principle, removes the multiple scattering effect
during track fitting. The technique calculates the
error of a track fit relatively quickly, and avoids
the tedious matrix inversion by the global fit. A
track fit using the Kalman filtering technique is
used to estimate the detector resolution more
accurately and to obtain a better alignment. The
implementation adopts the prescriptions described
in Refs. [9,10].

Some curvature was introduced in the fiber
sheets due to bending when they were glued to a
fiber module. Production of the fiber modules is
described in Ref. [5]. The curvature of a fiber sheet
causes displacement from the aligned fiber-posi-

tion and results in a rotational misalignment. The
bending of every fiber sheet was measured after
each fiber module was assembled. The curvature of
a fiber sheet was then obtained by fitting the
measured fiber bendings to a forth-order poly-
nomial, and used to correct the rotational mis-
alignment.

After the Kalman filtering and the curvature
correction, the accuracy of alignment becomes
better than 50 mm; estimated from the mean
residual shift. Fig. 8 shows distributions of the
mean and standard deviation of the hit residuals
for the mechanical survey alone, the alignment
using the global fit, and the alignment using the
Kalman filtering fit.

The mean of hit residual after the mechanical
survey alone shows a variation as large as 1 cm:
After the alignment using the global fit, the
variation becomes smaller than 400 mm: After the
alignment using the Kalman filtering fit, the
variation becomes at most 50 mm: The standard
deviations of the hit residual also exhibit such
improvements of fiber alignment as the mean
values. There are a few layers with large standard
deviations of hit residual, compared with other
layers. These are the outer most layers and indeed
bent more than the rest of inner layers.

The alignment is checked using periodically
taken cosmic-ray data. Fig. 9 shows the variation
in the mean values of hit residuals since May
1999, and the variation is found to be less than
100 mm:

The neutrino data with the Kalman filtering fit
are used to obtain the best estimation for the
position resolution. Fig. 10 shows the hit residual
distribution using neutrino data. The position
resolution is 0:73 mm ð0:61 mmÞ for muon energy
Emo1 GeV ðEm > 1 GeVÞ: The overall position
resolution is 0:6470:07 mm: Fig. 11 shows the
energy dependence of the resolution. The effect of
multiple scattering on the position resolution
decreases as the muon energy increases. The MC
prediction explains the overall energy dependence.
The difference between data and MC, B100 mm; is
regarded as the systematic error of our detector.
The position resolution of 0:6 mm is regarded as
that of the SciFi without the multiple scattering
effect.
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4.3. Track finding efficiency

The efficiency for finding a single muon track is
estimated from cosmic-ray and MC events. The
cosmic-ray events are selected by requiring asso-
ciated activities in both upstream and downstream
VETO counters. Furthermore, tracks are required
to have at least 15 SciFi hit layers from the
upstream to the downstream. In order to study
dependence of the track finding efficiency on track
length, we artificially eliminate hits in the upstream

side of the track. For example, if it is desired to
estimate the efficiency of the track with 10 SciFi hit
layers using 19-layer long track, the first to the
19th hit layers are eliminated before applying a
track finding algorithm. For MC events, a muon
track is required to have at least three hit-layers
within the SciFi fiducial volume, and tested by a
track finding algorithm.

Fig. 12 shows a comparison of single track
finding efficiency as a function of the track
length in unit of number of SciFi layers for the
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Fig. 8. (a) Means of hit residual and (b) standard deviations as a function of layers in y � z plane. Points are for the mechanical survey

alone ð%Þ; the alignment using the global fit ð3Þ; and the alignment using the Kalman filtering ð�Þ:
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cosmic-ray data. Track finding inefficiencies come
from failures in the hit finding and imperfection of
the track reconstruction. The track finding effi-
ciency is B70% ðB87%Þ for the track length of
three (four) hit SciFi layers and becomes close to
100% for longer tracks.

An average track finding efficiency for the
cosmic-ray events is estimated by weighting
the track length distribution obtained from
the MC. We find the average track finding
efficiency to be 93:670:8% for cosmic-ray
tracks with three hits or more. The average track

Fig. 10. The hit residual distributions using the neutrino beam data with the Kalman filtering fit. The curve is a single Gaussian fit to

the data with s ¼ 0:73 mm ð0:61 mmÞ for muon energy Emo1 GeVðEm > 1 GeVÞ:
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Fig. 9. The variation in the mean of hit residual, obtained from cosmic-ray data, as a function of layers in x � z plane (1–20) and y � z

plane (21–40). The variation is taken relative to May 1999. The dotted line represents the variations of 7100 mm:
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finding efficiency is estimated to be 92:770:5% for
the MC events.

4.4. Vertex reconstruction

An accurate fiducial volume is crucial for
measuring the cross-section of neutrino in the
SciFi. Therefore, the event vertex has to be
determined precisely.

The vertex position is determined by the
reconstructed tracks. The event vertex for a single
track event is found by simply taking the mid-
point of the upstream water container nearest to
the first hit in the z-direction of the reconstructed
track. The event vertex for a multiple track event is
determined by taking average of the z positions at
intersection of a primary track and the rest
of shorter tracks. Fig. 13 shows a comparison of
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Fig. 11. The energy dependence of position resolution.
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Fig. 12. The primary track finding efficiency as a function of track length using cosmic-ray data. Solid rectangle, open circle, and solid

circle are for 1999, 2000, and 2001 cosmic-ray data, respectively. The track length is given in units of number of SciFi layers.
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x- and z-vertex distributions between data and MC
for both single and multiple track events. Events
with tracks ranged out at the MRD are used for
the comparison and the comparison shows a good
agreement between data and MC.

For two track events, z-vertex difference be-
tween ðx; zÞ and ðy; zÞ planes can provide a measure
of goodness for the vertex reconstruction. Fig. 14
shows a distribution of z-vertex difference between
vertices found in the ðx; zÞ and ðy; zÞ planes for
events with multiple tracks. The event z-vertex is
found by taking the average of the z positions
determined for all such combinations of tracks.
The event vertex in the x and y coordinates is
calculated based on the event z-vertex and the
primary track.

The vertex resolution is estimated by two track
MC events of neutrino charged-current interac-
tions. The vertex resolution is degraded mainly
due to track mis-reconstruction. Fig. 15 shows the
difference between the measured vertex position
and the true vertex position in x; y; and z for the

two track events. The estimated vertex resolution
for the two track events is found to be 0:6 cm in z

and 0:4 cm in x or y:

4.5. Track counting

An accurate reconstruction of the track
multiplicity of an event is crucial for the measure-
ment of neutrino energy spectrum. Charged
current quasi-elastic events have especially
simple kinematics which can be used to determine
the incoming neutrino energy. The incoming
neutrino beam is in the z-direction in the
K2K coordinate system. The distribution of the
angle of the muon candidate track with respect
to the neutrino direction is typically peaked
around 181 and 301 for single and two track
events, respectively. For events with the neutrino
interaction inside the SciFi, the muon momentum
is sensitive above 0:5 GeV=c and the muon
momentum distribution is peaked around
1:2 GeV=c and ranges up to 3 GeV=c: In addition,

Fig. 13. A comparison of x- and z-vertex distributions between data and MC for both single and multiple track events.
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these events always have one or two tracks
depending on whether the outgoing proton is
detected.

The efficiency of finding multiple tracks is
studied using the MC CCqe events, and defined
to be the fraction of reconstructed events relative
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Fig. 14. The z-vertex difference between vertices found in the ðx; zÞ and ðy; zÞ planes for two track events. At least three hits are

required for both primary track and second track. Points are for data and the histogram is for MC.
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Fig. 15. The vertex resolution of two track charged-current events.
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to the generated events for a given track multi-
plicity. Both the reconstructed track and the
generated track are required to have three or more
hits. The efficiency is estimated to be 9372% and
8674% for single track CCqe events and two track
CCqe events, respectively. For single track events,
the uncertainty in the track counting efficiency is
dominated by the systematic error due to the gain
variation of the IITs, and estimated to be 1%.

For two track events, the sources of the
uncertainty in the track counting efficiency are
difference in noise between MC and data, tracks
due to noise hits around the vertex, and noise hits
near the primary track. Due to the difference in
noise between data and MC, the track reconstruc-
tion may perform differently.

In order to estimate the systematic uncertainty
due to difference in noise contamination between
the data and MC, noise contamination is varied in
the MC by750% from the default value. After the
variation, track finding is performed again. We
find the track counting efficiency varies by at most
1.8% with respect to the default noise contamina-
tion in the MC for both single track and two track
events.

Single track events can sometimes be recon-
structed as two track events because of noise hits
around the vertex. The size of this effect is studied
usingMC generated single track events with three or
more hits. The probability is calculated by counting
number of reconstructed two track events, and
found to be 2:770:1% for the MC CCqe events.
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Fig. 16. The efficiency of finding the second track as a function of number of hits in the SciFi layers. The upper plot is for the all events

and the lower plot is for the CCqe events.
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On the other hand, if there are nearby noise
hits along the primary track, single track events
might be reconstructed as two track events. This
type of nearby noise hits contributes to the
uncertainty in track counting for two track events.
For single track events, the vertex position is
relocated to the middle of the track and the track
finding is repeated around the new vertex. The
uncertainty in track finding due to accidental noise
hits around the primary track is found to be less
than 1%.

The track counting inefficiency can be explained
by loss of tracks or additional fake tracks through
reconstruction. The efficiency of finding the second
track is calculated as a function of number of hits

in the SciFi layers using MC. Events with two
generated tracks are reconstructed, and only those
with a primary track and a vertex are selected. The
second generated track should have at least two
hits. The efficiency of finding the second track is
defined to be the ratio of number of events with
two reconstructed tracks to the number of events
with two generated tracks.

Fig. 16 shows the efficiency of finding the
second track as a function of number of hits in
the SciFi layers. The upper plot is for all types of
MC events, and the lower plot is for the CCqe
events.

For the second tracks with three or more hits,
the inefficiency comes from hit finding inefficiency

Fig. 17. A candidate nm CCqe event. The long track is the muon and the short track is most likely a proton.
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and limited performance of the track reconstruc-
tion as for the primary track. For the second
tracks with two hits, the inefficiency is mainly due
to noise hits around the vertex or near-by noise
hits along the primary track. An average efficiency
of finding the second track with three or more hits
is found to be 82:170:4% for all types of MC
events and 90:170:5% for MC CCqe events.

5. Event reconstruction

In the previous section, we described the
reconstruction of tracks and vertices. In this
section, we demonstrate their performances using
distributions of typical physics variables.

Fig. 17 shows a typical nm CCqe candidate
event. The long track is the muon which leaves
hits in the VETO and LG, and ranges out at the
MRD. The short track is most likely a proton.

Most of the protons from neutrino interactions
have relatively low momenta and thus make short
second-tracks in the SciFi. Fig. 18 shows the track
length distribution for the second tracks in the
two-track sample. Both Monte Carlo prediction
and data agree well, demonstrating the validity of
the neutrino event generation and the tracking
method.

6. Conclusions

The K2K long-baseline neutrino experiment has
taken data for 3 years. The SciFi is used to identify
charged particle tracks in the K2K near detector.

The SciFi hits are calibrated using cosmic-ray
data and electro-luminescent calibration data. MC
simulation reproduces the distribution of the
number of hit pixels in the cosmic-ray data very
well. The stability of the SciFi is checked
periodically by obtaining the distribution of hit
efficiency and calculating the mean of the hit pixel
distribution. The stability is better than 5% and
1.2% in the mean of pixel distribution and the hit
efficiency, respectively.

A track reconstruction algorithm, optimized for
charged current neutrino interactions, is employed
to find tracks and event vertices. The track finding
efficiency is monitored and found to be stable
throughout the data-taking period. Using the
estimated vertex resolution, the vertex reconstruction
algorithm is found to be good enough for defining
the event fiducial volume with an accuracy better
than 1%. A track fit using a Kalman filtering
technique is used for the best estimation of hit
resolution, and found to improve the fiber alignment.

Accurate track counting is crucial for the
measurement of neutrino energy spectrum and in
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Fig. 18. A comparison of track length for the proton between neutrino data and MC events in two-track sample.
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achieving the physics goals of the K2K experi-
ment. The track counting uncertainty is found to
be at 2% and 4% level for the single- and two-
track events, respectively. Overall tracking perfor-
mance of the SciFi is summarized in Table 1.

The performance of the SciFi tracker is well
demonstrated by physics variables of neutrino
interaction. The distributions of variables for
muon track and proton track show a good
agreement between data and MC events.
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Spectroscopy of medium-heavyL hypernuclei via the „p¿,K¿
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Excitation energy spectra ofL
89Y, L

51V, and L
12C have been measured via the (p1,K1) reaction by using the

SKS spectrometer at the K6 beam line in the KEK 12-GeV Proton Synchrotron. In theL
89Y spectrum, obtained

with an energy resolution of 1.65 MeV~FWHM! and in the highest statistics so far, we have succeeded in
clearly observing a characteristic fine structure in heavyL hypernuclear systems and precisely obtaining a
series ofL single-particle energies in the very wide excitation energy range of more than 20 MeV, for the first
time. Also in theL

51V spectrum, a similar structure to that ofL
89Y was observed. In theL

12C spectrum, new
core-excited states were clearly resolved thanks to the best energy resolution of 1.45 MeV so far achieved by
using the SKS spectrometer.
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I. INTRODUCTION

Nuclear systems including strangeness provide us wi
unique playground for studying new forms of hadron
many-body systems and various hadronic interactions
tended in the flavor SU~3!. A hyperon implanted in a nucleu
can move around free from the Pauli blocking by nucleo
probing deep inside of the nucleus. Thus hypernuclei
provide invaluable information concerning the behavior o
baryon deep inside a nucleus not accessible in ordinary
clei. A hypernucleus is also an excellent tool to extract inf
mation on the hyperon-nucleon interaction. At this mome
it is not easy to carry out a direct measurement on hype
proton scattering at low energy, because it is hard to obta
high-intensity hyperon beam in this energy due to its sh
lifetime. Therefore it is a unique opportunity to obtain info
mation on the hyperon-nucleon interaction by observing
fine structures of hypernuclei caused by the specific s
dependent hyperon-nucleon interactions. For a unified un
standing of baryon-baryon interactions in terms of t
meson-exchange mechanism and/or the quark-gluon pic
basic experimental data on the hyperon-nucleon interac
as well as the nucleon-nucleon interaction have been l
awaited.

*Present address: Brookhaven National Laboratory, Up
NY 11973.

†Present address: Department of Physics, Sejong Univer
Seoul 114-747, Korea.

‡Present address: Institute for Particle and Nuclear Physics, K
Tsukuba, Ibaraki 305-0801, Japan.

§Present address: TransTech Pharma, Inc., High Point, NC 27
0556-2813/2001/64~4!/044302~15!/$20.00 64 0443
a

x-

,
n

u-
-
t,
n-
a

rt

e
-
r-

re,
n
g

Among various hypernuclei,L hypernuclei are the mos
familiar hypernuclear system so far, and allow us to carry
precise spectroscopic investigations thanks to the narrow
trinsic widths@1–3#.

In light L hypernuclei, in particular, the spin-depende
parts of theL-N interaction, such as spin-spin, spin-orb
and tensor interactions, play an important role on the fi
level structure. A high energy resolution of much less th
100 keV would be necessary to resolve the fine splittin
because the spin-dependentL-N interactions are known to
be much weaker than those of theN-N case@4–6#. In this
regard, recent attempts at hypernuclearg-ray spectroscopy
appear promising.

On the other hand, heavyL hypernuclei can provide us
with better information on the behavior of a hyperon in t
nuclear medium, because deeperL bound states are forme
for heavier systems. The basic quantities such as theL ef-
fective mass and theL potential depth in the nuclear medium
can be obtained from a series ofL single-particle energies in
the very wide excitation energy range of more than 20 M
in heavy systems. In astrophysics, it has been discussed
hyperons in the high-density nuclear matter at the core
neutron stars play a significant role in their formation a
thermal and structural evolution@7#. They are basic and im
portant parameters for a realistic discussion on various p
erties of neutron stars. In addition, heavyL hypernuclei have
significant merit in the measurement of theL spin-orbit split-
ting, becauseL orbits with higher angular momenta, i
which the spin-orbit splitting would be enhanced, are bou
in going to heavier systems. It is very interesting to comp
the splitting enhanced in the higherL orbit of heavyL hy-
pernuclei with the small splitting inp-shell L hypernuclei.
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The two-bodyL-N spin-dependent interactions may main
contribute to the splitting inp-shell L hypernuclei, while in
heavyL hypernuclei the splitting due to higher-order man
body effects might contribute additionally.

For a unified understanding ofL hypernuclear systems
high-quality and systematic spectroscopy is indispensa
However, the existing data are mostly limited to lightL hy-
pernuclei, and our understanding of heavyL hypernuclear
systems has been limited by available energy resolution
poor statistics. So far, experimental studies of hypernu
have been carried out with three major reactio
(Kstopped

2 ,p2), in-flight (K2,p2), and (p1,K1). The pro-
duction of hypernuclei by the (K2,p2) reaction in both
stopped and in-flight kaon processes is known to be suit
for light hypernuclear systems in thes andp shells, but not
for heavy systems. The (p1,K1) reaction was proposed t
be an effective tool for investigations of heavyL hypernuclei
by Thiessen@8# and Doveret al. @9# in 1980. This reaction is
characterized by a large momentum transfer of 350 MeVc,
which is comparable to the nuclear Fermi momentum. The
fore this reaction efficiently populates configurations with
outer neutron hole and aL hyperon in a series of orbit
covering all the boundL-major shells. In particular, angular
momentum stretched states with maximum spin are se
tively excited. The richness of spectroscopic information
L hypernuclear bound states obtained in the (p1,K1) reac-
tion was demonstrated in experiments at BNL@10–12# and at
KEK @13#. In particular, theL

51V and L
89Y data measured with

an energy resolution of 3 MeV@full width at half maximum
~FWHM!# at BNL disclosed the independent single-partic
nature of aL hyperon deep inside a nucleus. Recently
high-resolution (p1,K1) experiment was performed for
wide mass number range ofA510– 208 by using the SKS
spectrometer~KEK-PS E140a@14,15#!. One of the surprises
in the experiment was the smoothness of theL

89Y, L
139La, and

L
208Pb spectra. Each bump structure which reflects theL shell
structure had a wider width than the energy resolution of
MeV, and the global shapes were smoother than expe
from theoretical calculations. These structures in heavy s
tems were, in fact, smeared out in the BNL data becaus
the limited energy resolution. A part of the smoothness co
be ascribed to the fragmentation of neutron-hole states du
the complexity of nuclear interactions. For example, one w
to explain the smoothness is to enhance the contribut
from deep neutron-hole states more than twice to fill up
valleys between the major bumps. However, such a la
enhancement does not seem to be reasonable considerin
selectivity of the (p1,K1) reaction. As another possible wa
to reproduce the smooth spectral shape, a contribution o
larger spin-orbit splittings than typical values in theL orbits
was discussed@16#. However, the energy resolution and th
statistical significance were not adequate to produce a
vincing argument. Thus high quality experimental data
heavyL hypernuclei in statistics and energy resolution ha
been long awaited.

In the present paper, we report on our spectroscopic
vestigation of medium-heavyL hypernuclei,L

89Y, L
51V, and

L
12C, via the (p1,K1) reaction with the best energy resol
04430
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tion so far achieved by using the SKS spectrometer. In p
ticular, the L

89Y spectrum has been measured with an i
proved energy resolution of 1.65 MeV and about eight tim
better statistics than that of E140a. In the spectrum, we h
succeeded in clearly observing a characteristic fine struc
in heavy systems and precisely obtaining a series ofL
single-particle energies in the very wide excitation ene
range of more than 20 MeV, for the first time.

II. EXPERIMENTAL APPARATUS

The experiment~KEK-PS E369! was carried out via the
(p1,K1) reaction at the K6 beam line in the North Expe
mental Hall of the KEK 12-GeV Proton Synchrotron usin
the Superconducting Kaon Spectrometer~SKS!. The central
momentum of the incident pion beam was set at 1.05 GeVc.
Then, the outgoing kaon was produced with a moment
around 0.72 GeV/c. Figure 1 shows a schematic view of th
experimental setup. The incident momentum of the pion w
measured with a beam line spectrometer which was c
prised of a dipole magnet and four quadruple magn
~QQDQQ!, while the momentum of the kaon was measur
with the SKS spectrometer which was comprised of a la
superconducting dipole magnet. Details of the present de
tor system are given elsewhere@17#. The two spectrometers
were designed to achieve a momentum resolution of 0.
~FWHM! at 1 GeV/c. Prior to this experiment, the best en
ergy resolution achieved in this spectrometer system was
MeV for the (p1,K1)L

12C reaction with a 0.9-g/cm2 carbon
target@14#. In the present experiment, the drift-chamber co
figuration in the SKS spectrometer was modified and a

FIG. 1. Schematic view of the experimental setup.
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special care was taken in the drift-chamber position calib
tions in the whole spectrometer system in order to red
systematic errors. Consequently, the energy resolu
achieved in the present experiment was 1.45 MeV for
same target, which is significantly better than before.

A. K6 beam line

The K6 beam line is a general-purpose high-intens
beam line that can supply mass-separated secondary b
in the momentum range between 0.5 and 2.0 GeV/c @18#.
The secondary pions were produced by the primary 12-G
proton beam in a platinum production target located at
entrance of the K6 beam line. After momentum and m
selections, the pion beam was achromatically focused on
experimental target. The measured beam size at the ex
mental target was typically 5.5 mm~horizontal!38.2 mm
~vertical! in rms. The central beam momentum was set
1.05 GeV/c and its intensity was adjusted to be about 1
3106 per spill at the experimental target.

B. Beam spectrometer

The end part of the K6 beam line was used as a spectr
eter in order to analyze the beam momentum. It consiste
a QQDQQ magnet system with four sets of high-rate d
chambers~BDC1–4!, a freon-gas Cˇ erenkov counter~eGC!,
and two sets of segmented plastic scintillation counters~BH1
and BH2!.

eGC(n51.002 45) vetoed the positron contamination
20% in the beam with a rejection efficiency of better th
99.9%. BH1, with seven vertical segments, was installed
downstream of eGC, while BH2, with three vertical se
ments, was located 30 cm upstream of the experimental
get to define the beam hitting the experimental target.
requiring timing coincidence between BH1 and BH2, t
proton contamination of 10% in the beam was rejected
gether with other background particles which could not p
through the QQDQQ system. The beam trigger was defi
as BEAM[BH13BH23eGC.

In the experiment, we always had the (p1,K1)L
12C events

coming from BH2~72 mm wide, 40 mm high, and 6 mm
thick! during the data taking, in addition to the (p1,K1)
events coming from the target. TheL

12C spectrum from BH2
was useful for the calibration of the energy scale and
estimation of the energy resolution, as described below.

BDC1–4~drift space:62.5 mm! were installed upstream
and downstream of the QQDQQ system. The beam track
measured with a position resolution of 300mm in rms via
BDC’s. The beam momentum was obtained particle by p
ticle using a third-order transport matrix calculated w
ORBIT @19#. In order to minimize multiple-scattering effec
on the momentum resolution, the QQDQQ system was
signed so as to make the^xuu& term of the transport matrix
sufficiently small. In addition, the beam pipe in the QQDQ
system was evacuated with a Kapton window of 100mm
thickness, and the drift chambers were made as thin as
sible. The magnetic field of the dipole magnet~D2! was
monitored during the data acquisition for every spill with
high-precision Hall probe in order to correct its fluctuation
04430
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the off-line analysis. The fluctuation was within60.05%.

C. SKS spectrometer

The SKS spectrometer, comprised of a superconduc
dipole magnet with four sets of drift chambers~SDC1–4!
and three kinds of trigger counters~TOF, AC1•2, and LC!,
was use to analyze scattered particles. This unique appa
with good momentum resolution~0.1% FWHM! and large
acceptance~100 msr! has a short flight path~5 m! to mini-
mize kaon decay and is provided with powerful kaon iden
fication capability.

TOF comprised 15 vertical scintillation counters and w
used as a time-of-flight wall for scattered particle identific
tion. A typical timing resolution between BH2 and TOF wa
200 ps in rms, which was good enough to separate scatt
pions, kaons, and protons. AC1 and AC2 are threshold-t
silica aerogel Cˇ erenkov counters (n51.06) for pion veto. LC
comprised 14 vertical threshold-type lucite Cˇ erenkov
counters (n51.49), and discriminated protons from pion
and kaons. The (p1,K1) trigger was defined as
PIK[BEAM3TOF3AC13AC23LC. The trigger rate was
typically 180 counts for a beam rate of 1.53106 per spill.

SDC1 and SDC2, which were installed at the entrance
the magnet, had the same drift-cell structure as that
BDC’s, because they were exposed to the beam. SDC3
SDC4, which were placed at the exit of the magnet, ha
large drift space of621 mm. The particle track was mea
sured with a position resolution of 300mm in rms via SDC’s.
In the (p1,K1) runs, the magnet was excited at 2.2 T~272
A!, where the central trajectory corresponded to 0.72 GeVc.
The scattered-particle momentum was obtained particle
particle with the Runge-Kutta method@20# using a precisely
measured magnetic field map. In order to reduce multi
scattering effects on the momentum resolution, the d
chambers were made as thin as possible, and the sp
along the particle trajectory were filled with helium ba
instead of air. The magnetic field was monitored with
NMR probe during the data acquisition to correct its fluctu
tion in the off-line analysis. In fact, it was quite stable durin
the experiment; the fluctuation was within60.02%.

D. Experimental targets and data summary

Table I shows specifications of the experimental targe
89Y, 51V, and 12C ~thin and thick!, used in the present ex
periment. The thickness was chosen so as to make
energy-loss straggling sufficiently small in order to keep
energy resolution better than 2 MeV~FWHM!. The 12C tar-

TABLE I. Specifications of the experimental targets. The quo
errors of the thickness come from target size measurements.

Targets
Thickness
~g/cm2!

Purity
~%!

89Y 2.22360.016 99.9
51V 2.81660.042 99.7
12C 0.85960.006 99.5
12C 1.73960.012 99.5
2-3
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gets were used to adjust an absolute energy offset in
binding energy scale and to check the energy resolution;

L
12C spectrum is well known to have two well-separated n
row peaks and the width of the ground-state peak dire
shows the experimental energy resolution. Also the yield
the L

12C ground-state peak was used for checking a stab
of the overall detection efficiency.

The data were taken in five separated experimental cy
from November 1997 to February 1998, as listed in Table
The total number of pions incident on all the targets w
about 1012.

III. DATA ANALYSIS

The hypernuclear mass (MHY) is obtained as a missin
mass in the (p1,K1) reaction as follows:

MHY5A~Ep1MA2EK!22~pp
2 1pK

2 22pppK cosu!,
~3.1!

whereEp and pp are the total energy and momentum of
pion, EK and pK are those of a kaon,MA is the mass of a
target nucleus, andu is the scattering angle of the reactio
Then the binding energy (BL) of a L hyperon in the hyper-
nucleus is obtained as

BL5MA211ML2MHY , ~3.2!

whereMA21 is the mass of a core nucleus at its ground st
and ML is the mass of aL hyperon. Thus there were thre
kinematic variables to be measured via the momentum
construction;pp , pK , andu. The procedure of the analys
was comprised of~i! event selection by using the counter
information, ~ii ! momentum reconstruction for beam pa
ticles, ~iii ! momentum reconstruction for scattered particl
~iv! identification of kaons,~v! reconstruction of the scatter
ing angle and vertex point, and~vi! calculation of the hyper-
nuclear mass.

TABLE II. Data summary, whereNbeam is the number of pions
incident on each target.

Cycles Date Targets Nbeam(3109)

97-1 Nov. 11–16, 1997 89Y 31
12C 52

97-2 Nov. 19–Dec. 07, 1997 89Y 454
12C ~thin! 41
12C 83

97-3 Dec. 10–18, 1997 89Y 269
12C 38

98-1 Jan. 22–31, 1998 89Y 5
12C 32

98-2 Feb. 06–22, 1998 89Y 134
51V 144
12C ~thin! 43
12C 158
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A. Momentum reconstruction

At the first stage of the analysis, a large background ev
in the PIK trigger was rejected only using the counters’
formation. An incident pion was selected by using the tim
of-flight information between BH1 and BH2, while a sca
tered kaon was roughly selected by using the ADC’s a
TDC’s information of TOF and LC. At this stage, the numb
of events to be analyzed was reduced by about a factor o
Then the pion momentum and the kaon momentum w
determined by reconstructing particle trajectories from
hit positions in BDC’s and SDC’s, respectively. In the trac
ing process, straight-line tracks were first defined loca
both at the entrance and the exit of each spectrometer us
least-squares method. Then we assigned the best com
tion of the straight-line tracks which gave a chi-square mi
mum in the momentum reconstruction. In the beam sp
trometer, a third-order transport matrix was used for
momentum reconstruction, while, in the SKS spectrome
the momentum was calculated by the Runge-Kutta met
with a measured magnetic field map.

B. „p¿,K¿
… event selection

The main background in the PIK trigger was fast proto
which fired LC, while pions were well suppressed in t
trigger level because of the excellent performance of A
and AC2. After the momentum reconstruction, the mass o
scattered particle (M scat) was calculated as

M scat5
p

b
A12b2, ~3.3!

whereb is the velocity of a scattered particle obtained fro
the time-of-flight measurement between BH2 and TOF, anp
is the momentum determined by SKS. Figure 2 shows a ty
cal scattered-particle mass spectrum obtained for
12C(p1,K1) data. Kaons, for which the selected region
indicated with arrows, were clearly separated from pions a
protons.

The scattering angle and vertex point were obtained fr
two tracks; a local straight-line track obtained from BDC
•4 and a track obtained in the momentum reconstruction
SKS. Figure 3 shows a scatter plot between the horizo
scattering angle and the horizontal position difference of

FIG. 2. Scattered-particle mass spectrum obtained for
12C(p1,K1) data. The selected region is shown as arrows.
2-4
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incident pion and an outgoing kaon at the target point,
tained for the12C(p1,K1) data. In the figure, events sca
tered on the target, BH2 and SDC1 can be distinguishe
different images, and events in the gated region were
lected as good events which had a reaction on the target.
backgrounds from BH2 and SDC1 around forward ang
were sufficiently rejected by additionally applying the sc
tering angle cut (u>2°).

C. Energy calibration and precision

In calibrating the binding energy scale, we corrected
kaon momentum so as to adjust the binding energy of theL

12C
ground state at 10.76 MeV. This value was taken from
other experimental data obtained in emulsion experime
@21#. As for the L

89Y and L
51V data, the energy scale wa

adjusted by using theL
12C spectrum from BH2 obtained at th

same time during the data taking. As an example, theL
12C

spectrum from BH2, which was obtained during t
89Y(p1,K1) data taking, is shown in Fig. 4. The validity o
the energy calibration with theL

12C spectrum from BH2, lo-
cated 30 cm upstream of the target, was examined with
12C(p1,K1) data; we checked the consistency between
ground-state peak positions of theL

12C spectra from the car
bon target and from BH2. They were consistent within t
statistical errors. The binding energy scale was calibra
cycle by cycle within a error of60.17 MeV, which came
from a fitting error of theL

12C ground-state peak position.
The linearity of the SKS momentum at 2.2 T was exa

ined by sending pion beams through the two spectromete
several central momenta from 0.65 to 0.79 GeV/c. The lin-
earity was found to be better than60.04 MeV/c

FIG. 3. Scatter plot between the horizontal scattering angle
the horizontal position difference of an incident pion and an out
ing kaon at the target, obtained for the12C(p1,K1) data. The
events scattered on the target, BH2, and SDC1 are clearly di
guished as different images.
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(60.04bK MeV) in the momentum range. Here we assum
that the central momentum of the beam spectrometer
exactly proportional to the magnetic fields of the beam l
magnets.

Taking account of the two errors mentioned above,
total systematic error of the binding energy scale beca
6A(0.04bK)210.1721DE560.171DE MeV for the
12C(p1,K1) data, whereDE is the error based on the defi
nition of the L

12C ground-state binding energy of 10.76 Me
As for the other data, the error arising from the energ

loss corrections for pions and kaons based on the calcula
should be taken into account additionally. From comparis
between the measured energy losses with pion beams~0.72
and 0.90 GeV/c! and the corresponding calculated value
the error was estimated to be better than60.15 MeV. Thus
the total systematic error for theL

89Y and L
51V data was ob-

tained to be6A0.17210.1521DE560.231DE MeV.

D. Energy resolution

The experimental energy resolution consists of the m
mentum resolutions of the two spectrometers and the ene
loss fluctuations in the target and in the BH2 counter. As
the 12C(p1,K1) data, the energy resolution was directly o
tained by fitting the ground-state peak with a Gaussian fo
1.4560.06 MeV ~FWHM! for the thin target. As shown in
Table III, the energy resolution was stable during the exp
ment.

The energy resolution of theL
89Y spectrum was estimate

by using theL
12C spectrum from BH2 obtained at the sam

time during the data taking. It was calculated to be 1
60.10 MeV from the value (1.6960.10 MeV) directly ob-
tained from theL

12C ground-state peak, by considering th
difference of the energy-loss fluctuations in the (p1,K1)

d
-

in-

FIG. 4. Mass spectrum in the (p1,K1)L
12C reaction on the BH2

counter, obtained at the same time during the89Y(p1,K1) data
taking, which was obtained by selecting the hatched region in
inset that shows aZ projection~beam direction! of the vertex point.
2-5
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reaction on the target and on BH2. Because the kaons f
BH2 also passed through the89Y target, we could reliably
determine the energy resolution for the89Y(p1,K1) reac-
tion. The energy resolution of theL

51V spectrum was similarly
estimated to be 1.9560.10 MeV. The validity of the estima
tion was examined with the12C(p1,K1) data; we checked
the consistency between the energy resolution directly
tained from the12C(p1,K1) spectrum and the correspon
ing resolution estimated from theL

12C spectrum from BH2.
They were consistent within the statistical errors.

E. Cross section

The cross section was calculated from the experime
yields as

S ds

dV D5
A

~rx!•NA
•

1

~Nbeam• f beam!
•

NK

«exp•dV
, ~3.4!

whereA is the target mass number,rx the target thickness in
g/cm2, NA the Avogadro’s number,Nbeamthe scaler counts o
the BEAM trigger,NK the number of the (p1,K1) events,
dV the effective solid angle of SKS,f beamthe beam normal-
ization factor, andeexp represents several experimental ef
ciency factors; detector and analysis efficiency, da
acquisition efficiency,K1 decay factor, andK1 absorption
factor.

1. Beam normalization factor

The beam normalization factor represents the fraction
pions in the beam. The positron contamination was rejec
with eGC. Also the proton contamination was rejected
requiring timing coincidence between BH1 and BH2. B
muons in the beam, which were the decay products of pio
could not be separated from pions. Them1 contamination
rate was estimated to be 6.2% by usingDECAY-TURTLE @22#.
The validity of the estimation had been examined in the p
vious experiment by measuring the contamination rate wi
high-pressure freon-gas Cˇ erenkov counter@23#; the calcula-
tion agreed with the measurement within62.0%.

TABLE III. Widths and cross sections of theL
12C ground-state

peak obtained in the different experimental cycles, where the c
sections were obtained in the scattering angles from 2 to 14 °
integrating the binding energy region from 6.5 to 13 MeV. T
quoted errors are statistical.

Cycles

Thick target Thin target

FWHM
~MeV!

Cross sections
~mb/sr!

FWHM
~MeV!

Cross sections
~mb/sr!

97-2-1 1.7560.08 9.660.4 1.4560.09 9.860.6
97-2-2 1.7760.08 10.060.4
97-3 1.7460.07 10.060.4
98-1 1.7260.08 9.560.5
98-2-1 1.8060.06 9.660.3 1.4860.08 9.560.6
98-2-2 1.8560.06 9.160.3
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The accidental coincidence rate between BH1 and B
was estimated to be 19.060.7% by using the TDC spectrum
with the BEAM trigger.

In total, the beam normalization factor was typical
76.062.1%.

2. Detector and analysis efficiency

The efficiency in the beam momentum reconstruction w
estimated using the BEAM trigger, which was typical
94.561.5% in total.

The TOF efficiency was measured to be 99.960.1% us-
ing a pion beam of 072 GeV/c. The LC efficiency was simi-
larly estimated to be 99.460.2%. In the analysis of the
counters in SKS, events with more than two hits on TOF
LC were rejected in order to reduce a background level. T
corresponding cut efficiency was estimated to be 9
61.0%.

The efficiency of SDC1•2 including the analysis effi-
ciency was estimated using the BEAM trigger. Since t
beam counting rate per wire was quite high at SDC1•2 due
to the beam focused at the target, a small degradation o
efficiency was observed near the beam spot. Therefore
efficiency as a function of the horizontal incident positio
was used for the correction event by event. The avera
value of the SDC1•2 efficiency was typically 91.061.5%.

The efficiency of SDC3•4 including the analysis effi-
ciency was estimated using the (p1,p) events in the PIK
trigger because of the negligible decay in flight. Since it h
a dependence on the incident position due to some n
channels, the efficiency as a function of the horizontal in
dent position was used for the correction event by event.
averaged value of the SDC3•4 efficiency was typically
81.061.5%.

The kaon-tracking-x2 cut efficiency was estimated to b
97.061.4%. The cut efficiency in the kaon identificatio
~the scattered-particle mass cut and the TOF-ADC, LC-AD
and LC-TDC cuts! was estimated to be 9061.5% in total.
The event-vertex cut efficiency was estimated to be 9
61.0%.

3. Other factors

The data-acquisition efficiency, caused by the dead t
of the data-acquisition system, was determined to be 8
60.1%.

Due to a high counting rate of AC1•2, some of the PIK
triggers were deadened accidentally. The corresponding
rection factor was calculated to be 91.561.5% from the
counting rate~typically 1.53106 s21! and the coincidence
width between AC1•2 and BEAM3TOF3LC(5665 ns).

The kaon decay rate was studied in detail with a Mo
Carlo simulation by T. Hasegawa@23#. The corresponding
correction factor was calculated to be 4062% in typical and
it was corrected event by event taking account of the m
mentum and the flight path length.

The K1N inelastic cross section is less than 0.5 m
around 0.7 GeV/c @24#. The kaon absorption rate was calc
lated to be less than 0.4%.
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4. Acceptance of the SKS spectrometer

The effective solid angle of SKS (dV) was calculated
with a Monte Carlo simulation codeGEANT @25#. The effects
of energy loss and multiple scattering through a traject
were included in this calculation. The effective solid ang
was averaged on the distribution of the beam profile obtai
from the experimental data. It was calculated as a functio
scattering angle~u! and momentum~p! as follows:

dV~u,p!5E
u2~1/2!Du

u1~1/2!Du
d cosuE

0

2p

df

3
number of events accepted

number of events generated
, ~3.5!

where events were generated uniformly fromu2 1
2 Du to u

1 1
2 Du in the polar angle, from 0 to 2p in the azimuthal

angle, and fromp2 1
2 Dp to p1 1

2 Dp in the momentum.

5. Total systematic errors

The error on the beam normalization and the experime
efficiency factors was obtained to be67% by adding in
quadrature assuming no correlations among the factors
for the effective solid angle of SKS, the possible chan
caused by the long-term fluctuation of the beam profile w
taken into account as a systematic error, which was estim
to be 61%. The error on the target thickness is shown
Table I. The total systematic error on the cross section
each target was obtained combining these errors;69% for

L
89Y and L

12C, and610% for L
51V.

The consistency among the cross sections obtained in
different experimental cycles was examined by using
12C(p1,K1) data. As shown in Table III, the cross sectio
of the L

12C ground-state peak, calculated separately for e
experimental cycle, agreed quite well within the statisti
errors.

F. Background level

The background levels for all the spectra were exami
by looking at the events in the region where the bind
energy is larger than that for the ground state of a produ
L hypernucleus. The backgrounds were almost uniform
found to be less than 0.03mb/sr MeV for all the spectra.

The target-empty (p1,K1) data were analyzed using th
same analysis program as that for the normal (p1,K1) data.
The background was almost uniform and estimated to be
than 0.04mb/sr MeV.

On the basis of the analyses, we assumed the backgro
around the bound regions of the obtained spectra were
ligible and uniform.

IV. EXPERIMENTAL RESULTS

The hypernuclear mass spectra ofL
89Y, L

51V, and L
12C ~thin

target! are shown in Figs. 5, 6, and 7. The vertical scale
shown in the average cross section obtained in the scatte
angles from 2 to 14 ° in the laboratory frame, which is d
fined as follows:
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s̄2° – 14°[E
u52°

u514°S ds

dV DdV Y E
u52°

u514°

dV. ~4.1!

The horizontal scale is shown in the binding energy cal
lated by Eq.~3.2!. For convenience, they are shown in th
tabular form in Tables IV, V, and VI.

Qualities of the spectra discussed in the last section
summarized in Table VII.

A. L
89Y

The L
89Y spectrum showed characteristic bump structu

which reflect the major shell structure of theL orbits
coupled to the 0g9/2

21 neutron-hole state. The widths for thep,
d, and f orbits were significantly wider than expected fro
the energy resolution of 1.65 MeV~FWHM! and became
wider for the L orbits with higher angular momenta; th
widths were obtained to be 2.460.2, 3.060.2, and 4.6
60.5 MeV for thep, d, and f orbits by fitting each major
bump with a single Gaussian. In particular, the widest bu
of the f orbit appears to split into two peaks. In the prese
experiment, the energy resolution can be accurately e

FIG. 5. Hypernuclear mass spectra ofL
89Y without ~up! and with

~down! fitting curves described in the text. The quoted errors
statistical.
2-7
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mated by using theL
12C spectrum from the BH2 counter ob

tained at the same time during the data taking, as descr
in the last section. The large width of the bumps cannot
attributed to the spreading widths, because a series oL
single-particle states coupled to an outer neutron hole,
cluding even highly excited states, is expected to main
narrow widths of less than 100 keV@1–3#. Thus we conclude
that each of the broad bumps contains at least two peak

In between the major bumps, there exist contributio
from deeper neutron-hole states such as 0f 5/2

21 and 0f 7/2
21,

while contributions from neutron-hole states lying at low
excitation energies, such as 1p1/2

21 and 1p3/2
21, would be neg-

ligible due to angular momentum mismatch and sma
spectroscopic factors. In fact, in the neutron pick
90Zr(p,d)89Zr reaction@26#, it is known that the 0f 5/2

21 and
0 f 7/2

21 neutron-hole states are populated at mean excita
energies of 3.27(5/22) and 10.3(7/22) MeV with intensities
of 65–70 % relative to the ground state. However, the c
tributions from the deep neutron-hole states would
smeared out due to the expected large spreading widths~3–6
MeV!. Since they are just located between the major bum
their contributions should be not so large and almost fla

FIG. 6. Hypernuclear mass spectra ofL
51V without ~up! and with

~down! fitting curves described in the text. The quoted errors
statistical.
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the energy regions near the tops of the major bumps. Th
fore the energy regions to be fitted were carefully selec
and each of the bumps was fitted with a single Gaussian
thes orbit or two Gaussians for the other orbits (F1), where
the Gaussian widths were fixed to be the energy resolu
(sexp). The whole bound region were fitted well by additio
ally introducing three Gaussians (F2) representing extra
yields in between the bumps. The fitting function (F5F1
1F2) is written as follows:

F15G~a0 ,b0 ,sexp!1(
l 51

3

$G~al
L ,bl

L ,sexp!

1G~al
R ,bl

R ,sexp!%,

F25G~A0 ,b01dB,s!1(
l 51

2

G~Al ,bl
L1dB,s!, ~4.2!

where G(a,b,s)[DEbin@(a/A2ps2)exp$2(x2b)2/2s2%#
andDEbin is a spectrum bin width. In the fitting, the fittin
parameters ofF1 were fixed to be the values obtained fro
the simple fitting applied to the regions near the tops of
major bumps. The energy shift (dB) from F1 to F2 was
obtained to be 4.1860.07 MeV, which was almost consisten
with the mean excitation energy of the 5/22 excited state of
89Zr obtained in the neutron pickup90Zr(p,d)89Zr reaction
@26#. The results of the fitting are summarized in Table VI

B. L
51V

The L
51V spectrum showed a similar structure to that of t

L
89Y spectrum. Again, the bumps for thep and d orbits are
significantly wider than expected from the energy resolut
of 1.95 MeV ~FWHM! and the widths are getting wider a
the angular momentum of theL orbit increases. The spec
trum can be well reproduced in the same way as theL

89Y

e

FIG. 7. Hypernuclear mass spectrum ofL
12C obtained with the

thin carbon target. The quoted errors are statistical.
2-8
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TABLE IV. List of the data points of theL
89Y spectrum shown in Fig. 5. The quoted values of2BL show the centers of the bins.

2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)

229.875 0.000 219.875 0.033 29.875 0.736 0.125 0.725
229.625 0.000 219.625 0.011 29.625 0.753 0.375 0.841
229.375 0.012 219.375 0.023 29.375 0.521 0.625 0.739
229.125 0.003 219.125 0.033 29.125 0.633 0.875 0.743
228.875 0.000 218.875 0.016 28.875 0.612 1.125 0.733
228.625 0.007 218.625 0.070 28.625 0.456 1.375 0.674
228.375 0.000 218.375 0.057 28.375 0.538 1.625 0.915
228.125 0.009 218.125 0.141 28.125 0.518 1.875 0.894
227.875 0.018 217.875 0.169 27.875 0.449 2.125 0.751
227.625 0.003 217.625 0.155 27.625 0.611 2.375 0.912
227.375 0.010 217.375 0.373 27.375 0.465 2.625 1.118
227.125 0.016 217.125 0.293 27.125 0.457 2.875 0.982
226.875 0.014 216.875 0.335 26.875 0.463 3.125 0.862
226.625 0.000 216.625 0.332 26.625 0.412 3.375 1.108
226.375 0.005 216.375 0.345 26.375 0.405 3.625 1.473
226.125 0.003 216.125 0.207 26.125 0.485 3.875 1.283
225.875 0.000 215.875 0.304 25.875 0.399 4.125 1.316
225.625 0.006 215.625 0.260 25.625 0.350 4.375 1.295
225.375 0.000 215.375 0.174 25.375 0.303 4.625 1.245
225.125 0.040 215.125 0.176 25.125 0.355 4.875 1.242
224.875 0.017 214.875 0.190 24.875 0.479 5.125 1.385
224.625 0.023 214.625 0.142 24.625 0.485 5.375 1.169
224.375 0.016 214.375 0.203 24.375 0.480 5.625 1.595
224.125 0.038 214.125 0.155 24.125 0.614 5.875 1.323
223.875 0.049 213.875 0.069 23.875 0.687 6.125 1.052
223.625 0.090 213.625 0.144 23.625 0.859 6.375 1.214
223.375 0.079 213.375 0.172 23.375 0.762 6.625 1.383
223.125 0.028 213.125 0.148 23.125 0.967 6.875 1.077
222.875 0.096 212.875 0.101 22.875 0.975 7.125 1.218
222.625 0.057 212.625 0.252 22.625 1.043 7.375 1.129
222.375 0.090 212.375 0.139 22.375 1.164 7.625 1.162
222.125 0.047 212.125 0.152 22.125 0.926 7.875 1.040
221.875 0.073 211.875 0.213 21.875 0.901 8.125 1.096
221.625 0.086 211.625 0.257 21.625 1.048 8.375 1.238
221.375 0.026 211.375 0.247 21.375 0.937 8.625 1.208
221.125 0.013 211.125 0.380 21.125 0.829 8.875 1.250
220.875 0.060 210.875 0.624 20.875 0.867 9.125 1.401
220.625 0.007 210.625 0.594 20.625 0.815 9.375 1.277
220.375 0.039 210.375 0.692 20.375 0.791 9.625 1.376
220.125 0.014 210.125 0.799 20.125 0.689 9.875 1.173
a

ac

e
l
rr
t

s-

n-
eV
g

spectrum; we assumed each of the broad bumps was m
up of two peaks. In the fitting, the major 0f 7/2

21 neutron-hole
state (F1) and the 0d3/2

21 and 1s1/2
21 neutron-hole states (F2)

were assumed to mainly contribute to the spectrum. In f
in the neutron pickup51V( p,d)50V reaction @27#, the 3/21

and 1/21 excited states of50V are populated at the sam
excitations of;3 MeV with a strength of about 30% in tota
relative to the ground state. The widths of Gaussians co
sponding to these neutron-hole states were fixed to be
energy resolution (sexp). In addition, we assumed two Gau
04430
de

t,

e-
he

sians (F3) representing extra yields from deeper neutro
hole states, where the widths were set to be 3.46 M
~FWHM! by considering the spreading width. The fittin
function (F5F11F21F3) is expressed as follows:

F15G~a0 ,b0 ,sexp!1(
l 51

2 H GS al

2
,bl

L ,sexpD
1GS al

2
,bl

R ,sexpD J ,
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TABLE V. List of the data points of theL
51V spectrum shown in Fig. 6. The quoted values of2BL show

the centers of the bins.

2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.5 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.5 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.5 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.5 MeV)

229.75 0.000 219.75 0.262 29.75 0.883 0.25 0.975
229.25 0.035 29.25 0.163 29.25 0.367 0.75 1.218
228.75 0.00 218.75 0.153 28.75 0.509 1.25 1.060
228.25 0.000 218.25 0.167 28.25 0.412 1.75 1.020
227.75 0.000 217.75 0.115 27.75 0.526 2.25 1.223
227.25 0.010 217.25 0.135 27.25 0.497 2.75 1.595
226.75 0.000 216.75 0.169 26.75 0.428 3.25 1.485
226.25 0.014 216.25 0.200 26.25 0.665 3.75 1.513
225.75 0.000 215.75 0.129 25.75 0.650 4.25 1.658
225.25 0.019 215.25 0.054 25.25 0.633 4.75 1.859
224.75 0.021 214.75 0.207 24.75 1.147 5.25 2.344
224.25 0.00 214.25 0.137 24.25 1.303 5.75 2.069
223.75 0.007 213.75 0.349 23.75 1.436 6.25 1.810
223.25 0.000 213.25 0.466 23.25 1.032 6.75 1.598
222.75 0.028 212.75 0.382 22.75 1.281 7.25 1.822
222.25 0.007 212.25 0.769 22.25 1.350 7.75 1.812
221.75 0.135 211.75 0.809 21.75 1.168 8.25 2.676
221.25 0.145 211.25 0.740 21.25 1.518 8.75 1.548
220.75 0.184 210.75 0.833 20.75 1.363 9.25 2.003
220.25 0.195 210.25 0.665 20.25 1.216 9.75 2.133
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F25G~A0 ,b01dB,sexp!1(
l 51

2

G~Al ,bl
L1dB,sexp!,

F35G~A08 ,b01dB8,s!1G~A18 ,b1
L1dB8,s!, ~4.3!

where, inF1 , the strength ratios between the two peaks
each broad bump were set to be 1:1, and forF2 andF3 , the
strengths were constrained to be (Al5const3al) and (Al8
5const83al) to that forF1 . The energy shift (dB) from F1
to F2 was obtained to be 3.360.2 MeV, which was consis
tent with the excitation energies of the 3/21 and 1/21 excited
states of50V obtained in the neutron pickup51V( p,d)50V
reaction@27#. The results of the fitting are given in Table IX

C. L
12C

The L
12C spectrum have two prominent peaks atBL'11

and 0 MeV. They were already observed in previous exp
ments and interpreted as being configurations of (np3/2

21,Ls)
and (np3/2

21,Lp) @10–13#. In addition, we have succeeded
clearly resolving four satellite peaks in the spectrum o
tained with the thin target, thanks to the best energy res
tion of 1.45 MeV~FWHM!. The microstructure between th
two prominent peaks was discovered in the KEK-PS E1
experiment@14#; two small peaks were observed at 2.6 a
6.9 MeV in the excitation energy, in which the higher o
had a broader width than expected from the energy res
tion of 2 MeV. In the present experiment, the broad peak w
resolved into two peaks.
04430
n

i-

-
u-

a

u-
s

The spectrum was fitted with six Gaussian peaks~#1–#6!
and a quasifree component. In the fitting, the Gauss
widths were constrained to be the same. The quasifree
representing a continuum spectrum in the unbound reg
was fitted with a first order polynomial which is an adequa
approximation in the narrow region nearBL50; it was con-
strained to be 0 atBL50 and folded with the energy reso
lution. The results of the fitting are listed in Table X.

The angular distributions of the cross sections for the
served peaks were derived from the high-statisticsL

12C spec-
trum obtained with the thick carbon target. Though it w
unfortunate the small peaks, which were resolved in the t
target data, were somewhat smeared out in the thick ta
data due to a little worse energy resolution of 1.8 MeV
shown in Fig. 8~a!, we fitted it with six Gaussian peaks in th
same way as the thin target data. The two results from
thin and thick target data on both excitation energy and cr
section were consistent with each other within the statist
errors. The obtained angular distributions are shown in F
8~b! and in Table XI.

V. DISCUSSION

A. L
89Y and L

51V

1. Structure of heavyΛ hypernuclei

In L
89Y, the energy separations (dEl[bl

R2bl
L) between

the two peaks in each broad bump were determined to
1.3760.20, 1.6360.14, and 1.7060.10 MeV for thep, d,
and f orbits. The systematic errors on the energy separat
were estimated to be less than60.1 MeV considering two
2-10
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TABLE VII. Characteristics of the hypernuclear mass spectra, whereDE is the error of the definition of
the L

12C ground-state binding energy of 10.76 MeV.

Spectra

Target
thickness
~g/cm2!

Scattering
angle

Systematics

Energy precision
~MeV!

Energy resolution
FWHM ~MeV!

Cross section Background level
(mb/sr•MeV)

L
89Y 2.22 2214° 60.231DE 1.6560.10 69% ,0.02

L
51V 2.82 2–14° 60.231DE 1.9560.10 610% ,0.02

L
12C 0.86 2–14° 60.171DE 1.4560.06 69% ,0.03

TABLE VI. List of the data points of theL
12C spectrum shown in Fig. 7. The quoted values of2BL show the centers of the bins.

2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)
2BL

~MeV!
s̄2 – 14 °

(mb/sr•0.25 MeV)

224.875 0.000 214.875 0.008 24.875 0.294 5.125 0.714
224.625 0.000 214.625 0.009 24.625 0.253 5.375 0.528
224.375 0.000 214.375 0.000 24.375 0.168 5.625 0.748
224.125 0.000 214.125 0.000 24.125 0.239 5.875 0.553
223.875 0.000 213.875 0.009 23.875 0.174 6.125 0.439
223.625 0.000 213.625 0.037 23.625 0.116 6.375 0.972
223.375 0.000 213.375 0.000 23.375 0.186 6.625 0.771
223.125 0.000 213.125 0.000 23.125 0.205 6.875 0.826
222.875 0.010 212.875 0.031 22.875 0.236 7.125 0.765
222.625 0.000 212.625 0.022 22.625 0.108 7.375 0.692
222.375 0.000 212.375 0.047 22.375 0.207 7.625 0.583
222.125 0.000 212.125 0.068 22.125 0.130 7.875 0.580
221.875 0.000 211.875 0.214 21.875 0.086 8.125 0.749
221.625 0.025 211.625 0.467 21.625 0.200 8.375 0.633
221.375 0.000 211.375 1.098 21.375 0.537 8.625 1.071
221.125 0.037 211.125 1.179 21.125 0.369 8.875 0.746
220.875 0.020 210.875 1.229 20.875 0.477 9.125 0.753
220.625 0.008 210.625 1.259 20.625 0.652 9.375 0.677
220.375 0.008 210.375 1.147 20.375 1.533 9.625 0.626
220.125 0.000 210.125 0.625 20.125 1.409 9.875 0.900
219.875 0.000 29.875 0.597 20.125 1.303 10.125 0.628
219.625 0.000 29.625 0.294 20.375 1.065 10.375 0.902
219.375 0.000 29.375 0.393 20.625 0.727 10.625 0.708
219.125 0.008 29.125 0.222 20.875 0.807 10.875 0.631
218.875 0.000 28.875 0.178 21.125 0.556 11.125 0.639
218.625 0.000 28.625 0.139 21.375 0.649 11.375 0.800
218.375 0.018 28.375 0.148 21.625 0.882 11.625 1.042
218.125 0.000 28.125 0.122 21.875 0.601 11.875 1.361
217.875 0.000 27.875 0.210 22.125 0.826 12.125 0.949
217.625 0.000 27.625 0.221 22.375 0.508 12.375 0.819
217.375 0.000 27.375 0.054 22.625 0.281 12.625 1.031
217.125 0.016 27.125 0.059 22.875 0.248 12.875 0.526
216.875 0.000 26.875 0.159 23.125 0.228 13.125 0.589
216.625 0.011 26.625 0.062 23.375 0.387 13.375 1.028
216.375 0.017 26.375 0.026 23.625 0.521 13.625 0.724
216.125 0.000 26.125 0.052 23.875 0.671 13.875 1.287
215.875 0.034 25.875 0.128 24.125 0.348 14.125 1.077
215.625 0.000 25.625 0.022 24.375 0.449 14.375 1.054
215.375 0.009 25.375 0.163 24.625 0.448 14.625 0.908
215.125 0.000 25.125 0.152 24.875 0.475 14.875 1.128
044302-11
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effects: the possible systematic error in estimating the ene
resolution, and the linearity of the energy scale. The fact
the energy separations are getting wider as the angular
mentum of theL orbit increases suggests that they are due
the spin-orbit splitting. In this regard, theL

89Y spectrum was
compared with a theoretical one@1,28# based on a distorted
wave impulse approximation~DWIA ! calculation with a
simpleL single-particle potential of the Woods-Saxon form
as

UL~r !5V0
L f ~r !1VLS

L ~\/mpc!2
1

r

d f~r !

dr
lW•sW,

f ~r !5$11exp@~r 2R!/a#%21, ~5.1!

TABLE VIII. Results of the fitting for theL
89Y spectrum. The

quoted errors are statistical.

Peaks
(F1)

BL

~MeV!
FWHM
~MeV!

Cross sections
~mb/sr!

l 50 23.1160.10

61.65~fixed!

0.6060.06

l 512L 17.1060.08 2.0060.22
l 512R 15.7360.18 1.3860.19
l 522L 10.3260.06 5.1060.31
l 522R 8.6960.13 3.5260.25
l 532L 3.1360.07 6.8760.33
l 532R 1.4360.07 6.7960.31

Peaks
(F2)

Energy shift (dB)
~MeV!

FWHM
~MeV!

Cross sections
~mb/sr!

l 50 J4.1860.07 J 3.2460.15

0.1860.06
l 51 1.8360.14
l 52 6.1760.28

TABLE IX. Results of the fitting for theL
51V spectrum, where

the quoted ratios show the strength ratios ofF2 andF3 to F1 . The
quoted errors are statistical.

Peaks
(F1)

BL

~MeV!
FWHM
~MeV!

Cross sections
~mb/sr!

l 50 19.9760.13

61.95~fixed!

1.1560.10

l 512L 11.9060.17 4.2060.38~sum!

l 512R 10.5760.15 (L:R51:1)
l 522L 3.5560.14 8.4860.83~sum!

l 522R 1.5560.11 (L:R51:1)

Peaks
(F2)

Energy shift (dB)
~MeV!

FWHM
~MeV!

Ratio (Al /al)

3.3160.18 1.95~fixed! 0.4560.06

Peaks
(F3)

Energy shift (dB8)
~MeV!

FWHM
~MeV!

Ratio (Al8/al)

6.5760.21 3.46~fixed! 1.1360.23
04430
gy
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,

with the parameters,V0
L5230 MeV, R51.1(A21)1/3 fm,

a50.60 fm, andVLS
L 54 MeV, where the strength of theL

spin-orbit potential (VLS
L ) of 4 MeV gives rise to the splitting

of about 1.5 MeV in thef orbit of L
89Y. The global structure

FIG. 8. ~a! L
12C spectrum obtained with the thick carbon targ

~b! Angular distributions of kaons leading to the observed peaks
the 12C(p1,K1) reaction, derived from the above high-statisti
spectrum. The quoted errors are statistical only. The DWIA cal
lations by Itonaga are also shown as solid lines.

TABLE X. Results of the fitting for theL
12C spectrum obtained

with the thin target, whereEx shows the excitation energy. Th
quoted errors are statistical.

Peaks
Ex

~MeV!
BL

~MeV!
Errors
~MeV!

FWHM
~MeV!

Cross sections
~mb/sr!

#1 10.76 ~fixed!

61.4460.05

8.0760.38
#2 2.51 8.25 60.17 1.0460.14
#3 6.30 4.46 60.11 1.2960.21
#4 8.06 2.70 60.19 0.9960.17
#5 10.66 0.10 60.04 7.7160.45
#6 12.37 21.61 60.09 3.0160.40
2-12
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TABLE XI. List of the differential cross sections for the12C(p1,K1) reaction shown in Fig. 8~b!. The
quoted errors are statistical only.

u lab ~deg!

ds/dV ~mb/sr!

#1 #2 #3 #4 #5 #6

3 14.9260.56 2.3960.25 2.1260.22 1.7960.24 16.1860.68 2.5960.55
5 14.1860.46 2.3460.22 2.2660.19 1.9060.21 13.7660.54 3.1760.46
7 11.6660.46 2.0560.22 1.2460.17 1.2460.18 11.4460.54 3.2360.46
9 8.1960.44 0.9660.18 0.9060.17 0.6160.16 7.2860.47 2.0260.40

11 5.3660.37 0.4560.15 0.5960.16 0.4360.16 5.8360.47 1.1860.35
13 2.1160.26 0.5260.17 0.3460.16 0.0560.05 3.7760.44 1.8560.38
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of the experimental spectrum is qualitatively reproduced w
by the calculation. However, in careful comparison, the
tensity ratios (Rl[al

R/al
L) between the two peaks in eac

broad bump determined to be 0.6960.12, 0.6960.06, and
0.9960.07 for thep, d, and f orbits from the fitting, were
different from those~1, 1.6, and 1.9, respectively! expected
in the calculation which were mainly determined from t
kinematics of the (p1,K1) reaction. The difference could b
explained with a small mixing between the two stat
(ng9/2

21,L l l 11/2) and (ng9/2
21,L l l 21/2), due to some residua

interaction@29#. However, we need more detailed theoretic
analyses.

A possible alternative would be to interpret the peak
the right side in eachL orbit as a contribution of a neutron
hole state different from the major 0g9/2

21 neutron-hole state
In this case, it is a naive expectation that the energy sep
tions (dEl) would be a fixed amount corresponding to t
neutron-hole energy difference. However, the fitting resu
show the increase of the energy separations for higher a
lar momenta of theL orbits. In addition, the peak intensit
ratios (Rl) seem to be too large in this case, because
spectroscopic factors obtained from the neutron pick
90Zr(p,d)89Zr reaction@26# show us that the strength of th
5/22 excited state at 1.46 MeV in the excitation energy
only ;30% relative to the ground state. Therefore it see
that the observed double-peak structures cannot be expla
only by the assumption that they are formed from tw
neutron-hole series.

The L
51V spectrum also had a similar structure to that

the L
89Y spectrum. The widths of the bumps could be e

plained in the same way as theL
89Y spectrum. Therefore the

splitting of L orbits with large angular momentum might b
a general trend in heavyL hypernuclear systems. Howeve
it should be noted that recent hypernuclearg-ray measure-
ments inL

13C and L
9Be strongly suggest the two-bodyL-N

spin-orbit interaction, which causes theL single-particle
spin-orbit splitting, is too weak to explain the observed str
tures in L

89Y and L
51V simply by the spin-orbit splitting

@30,31#. The splittings obtained in the present analysis sh
a somewhat weakerl dependence than expected from the
retical calculations, in assuming that the observed dou
peak structures are fully originated from the two-bodyL-N
spin-orbit interaction.

In Table XII, the binding energies and cross sections
04430
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the ground states ofL
89Y and L

51V are compared with those
obtained from previous (p1,K1) experiments at BNL@12#
and at KEK@15#. It is noted that the binding energy of th

L
89Y ground state obtained in the present analysis is abo
MeV larger than those in the previous data. This appar
difference is understandable by considering that the sm
yields lying between thes andp bumps, coming from 1p1/2

21,
1p3/2

21, and 0f 5/2
21, are separated from the ground-state peak

the present measurement.

2. Λ effective mass in the nuclear medium

In the present measurement ofL
89Y, a series ofL single-

particle energies in the very wide excitation energy range
about 24 MeV was obtained with high precision for the fi
time. The impact of the data was theoretically investiga
by Yamamoto@32#. He calculated theL single-particle ener-
gies of L

89Y based on a Bru¨ckner-Hartree-Fock-type calcula
tion with density-dependentG matrices obtained for two
kinds of one-boson exchange potentials~NHC-F and
NSC97f @33,34#!, assuming theL spin-orbit splitting to re-
produce the observed double-peak structures. In the calc
tion, theL effective mass (ML* ) at the normal nuclear matte
density and theL potential depth (UL) are the main param
eters to be fitted to reproduce the experimental energy lev
From the fitting, the parameters were obtained to
ML* /ML50.72 and UL530.5 MeV for the case of the

TABLE XII. Comparisons of the obtained binding energies a
cross sections ofL

89Y and L
51V ground states with those in previou

(p1,K1) experiments. The quoted errors of the present results
statistical.

L
89Y

BL

~MeV!
Cross sections

~mb/sr!

Present~2–14 °! 23.1160.10 0.6060.06
BNL ~10°! @12# 22.161.6 0.5460.38
KEK ~2–14 °! @15# 22.060.5 0.2160.05

L
51V

BL

~MeV!
Cross sections

~mb/sr!

Present~2–14 °! 19.9760.13 1.1560.10
BNL ~10°! @12# 19.961.0 1.0060.56
2-13
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NHC-F. Similar results were obtained for the case of
NSC97f with slightly different values ofML* /ML50.76 and
UL530.8 MeV. The difference between theL effective
masses is caused by that between the space-exchange
of the two potentials. Although there still remains a mod
dependence of the determination of these parameters, th
ror coming from the experimental data is remarkably sm
~;60.01!.

B. L
12C

The obtained binding energies and cross sections w
compared with a DWIA calculation based on
configuration-mixing shell model@35,36#. In addition to the
two prominent peaks, the calculation predicts that two2

states and a 21 state are populated with non-negligible i
tensities, which are related to the11C excited states at 2.0
(1/22) and 4.8 (3/22) MeV @37#; (11CJ51/22* 3Ls)12

2 ,
(11CJ53/22* 3Ls)13

2 , and (11CJ51/22* 3Lp)23
1 . The ob-

tained angular distributions of the cross sections are c
pared with the calculation@38# in Fig. 8~b!. The distribution
newly obtained for the #6 peak is in good agreement with
calculation. The other distributions are also well reproduc
by the calculation except for the #4 peak, as already
cussed in the KEK-E336 data@39#. While the theoretical
curve (13

2) for the #3 peak fits the measured distribution f
the #4 peak equally well, the #4 peak is peculiar in terms
the excitation energy. As for the #2, #3, and #6 peaks,
energy shifts from the corresponding core-excitation en
gies, which reflect the influence of aL hyperon on the core
nucleus, can be possibly explained with an appropriateL-N
interaction. However, the energy level of the #4 peak is
high to be explained as a simple core-excited state shi
with conventionalL-N interactions. A state that can corre
spond to the #4 peak does not appear within the calcula
in the conventional shell-model space.

Recently, an idea of a parity-mixing intershell couplin
has been proposed by several theorists@40–43#. In this
model, core-nucleus excited states with different parit
coupled to differentL orbits are mixed in 1\v excited con-
figurations. Although this extended shell-model calculat
for L

12C is still in progress, it has been reported by Moto
that a new core-excited state can be obtained at the pos
consistent with the #4 peak@43#.
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VI. SUMMARY

High quality excitation energy spectra of medium-hea
L hypernuclei,L

89Y, L
51V, and L

12C, have been measured v
the (p1,K1) reaction with the best energy resolution so f
achieved by using the SKS spectrometer.

In the L
89Y spectrum, characteristic bump structures

flecting theL major-shell orbits were clearly observed. Th
widths for thep, d, andf orbits were significantly wider than
expected from the energy resolution of 1.65 MeV~FWHM!
and became broader for theL orbits with higher angular
momenta. In particular, it seems that the widest bump in
f orbit split into two peaks. The energy separation in thf
orbit was determined to be 1.7060.1060.10 MeV. The
spectrum was reproduced reasonably well assuming
each of the broad bumps was composed of two peaks. F
a fitting, a series ofL single-particle energies from th
ground state to the higher ones in the very wide excitat
energy range of about 24 MeV was obtained with high p
cision. The obtained binding energy of the ground state w
;1 MeV larger than those in the previous measurements

Also in theL
51V spectrum, a structure similar to that ofL

89Y
was observed; the bumps for thep andd orbits were signifi-
cantly wider than expected from the energy resolution
1.95 MeV and the widths became broader for theL orbits
with higher angular momenta. The spectrum was reprodu
well in the same way as theL

89Y spectrum.
In order to get a clear interpretation on the observed fi

structures in heavyL hypernuclear systems, further theore
ical investigations are necessary.

In the L
12C spectrum, new fine structure peaks related

core-excited states were clearly resolved owing to the b
energy resolution of 1.45 MeV.
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We have measured the neutron spectra emitted in the weak decay ofL
12C andL

89Y over the energy region
above 10 MeV in thesp+, K+d reaction with better statistics and an improved signal-to-background ratio. The
neutron yields in the nonmesonic weak decays were obtained from the spectra. By using the proton yield of

L
12C, theGn/Gp ratio was estimated to be 0.51±0.15sstatd from the neutron-to-proton yield ratio for the first
time, which suggests theGn/Gp ratio is significantly less than unity.

DOI: 10.1103/PhysRevC.68.065201 PACS number(s): 21.80.1a, 13.30.Eg, 13.75.Ev

I. INTRODUCTION

The study of the weak decay properties ofL hypernuclei
is an important subject in strangeness nuclear physics. For
very light hypernuclei, the mesonic decay modesGm:L
→pN, q,100 MeV/cd is the dominant process. As the mass
number increases, the nonmesonic weak decay(NMWD)
which consists mainly of the two one-nucleons1Nd induced
channels(Gp:Lp→np and Gn:Ln→nn, q,400 MeV/c) be-
comes dominant because of the Pauli blocking. In such a
flavor-changing weak process, both parity-conserving and

parity-violating partial widths can be measured since there is
no possible contribution from the strong interaction. In the
nucleon-nucleon weak interaction, in contrast, the parity-
conserving partial width is masked by the overwhelming
strong interaction. Thus, the NMWD plays an important role
and gives us a unique opportunity for the study of baryon-
baryon weak interactions.

One of the major issues in the study of the NMWD has
been the large discrepancy between the experimental values
and the theoretically calculated ones based on the one-boson-
exchange model of theGn/Gp ratio. The experimental results
give values which are close to unity or larger[1–3], while
theoretical calculations predict rather small ratioss0.1–0.5d.
The difficulties in understanding theGn/Gp ratio have stimu-
lated many theoretical approaches to solve this puzzle: the
one-boson-exchange model including heavier mesons, the
two-pion exchange model, and the quark model[4–7].

As for the experimental data, there have been large uncer-
tainties mainly becauseGn was not estimated directly from
the neutron measurement, but indirectly from the proton
measurement. Furthermore, the energy threshold is rather
high s30,40 MeVd because of the thick target used to en-
hance the coincidence rate.Gn was extracted fromGnm, as
Gn=Gnm−Gp, which in turn was estimated from the lifetime
measurementGtot=t−1 subtracting the mesonic decay rateGm,
as Gnm=Gtot−Gm. Therefore, if the omitted mechanisms be-
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low the detection threshold are not properly taken into ac-
count, any proton missed from this detection threshold tends
to be taken as neutron emission, which increases theGn/Gp

ratio. In this regard, there exist two important processes to be
considered. One is the effect of final state interaction(FSI)
on the emitted nucleons in the NMWD. FSI reduces the
high-energy component and enhances the low-energy com-
ponent, and becomes more important in heavier hypernuclei.
The other process is the two-nucleons2Nd induced process
sLNN→NNNd predicted in the theoretical calculation, whose
contribution was estimated as 20–30% of the freeL width
[8]. However, so far we have no experimental evidence of
this 2N process.

Therefore, an accurate measurement of neutron over the
full dynamic range is imperative. Further, we could reduce
the detection energy threshold to as low as,10 MeV since
neutrons suffer no energy loss in the target. It is quite impor-
tant to obtain the whole energy spectral shape of the emitted
neutrons in order to estimate the contribution of FSI and the
2N process, quantitatively. One consideration we should pay
attention to is the signal-to-backgroundsS/Bd ratio in the
neutron measurement when we reduce the energy threshold.
Szymanskiet al. [1] measured the neutron spectra from the
NMWD of L

5He andL
12C in thesK−, p−d reaction. However, it

suffered from poor statistics and a large background since a
large number ofp−’s associated with theK− beam and pro-
duced fromK− decay in flight can easily produce the back-
ground neutron throughp− absorption in the materials
around the target. In this regard, thesp+, K+d reaction is su-
perior to thesK−, p−d reaction to study the neutron yield of
the NMWD. We designed the present experiment KEK-PS
E369, the measurement of the neutrons in the NMWD ofL
hypernuclei using thesp+, K+d reaction, aiming for an order
of magnitude improvement in statistics, and a similar im-
provement inS/B ratio keeping the detection energy thresh-
old as low as possible.

II. EXPERIMENT

This is the second of our series of experimental investi-
gations with the superconducting karon spectrometer(SKS)
spectrometer: so far we have reported the results on lifetimes
[9] and proton energy spectra[3]. The measurement was car-
ried out at the K6 beam line of the KEK 12-GeV PS with the
sp+, K+d reaction at 1.05 GeV/c on 12C and89Y targets, the
thicknesses of which are 1.739 g/cm2 and 2.22 g/cm2, re-
spectively. The hypernuclear mass spectra ofL

12C and L
89Y

were produced by reconstructing momenta and trajectories
with the beam line spectrometer and the SKS spectrometer
[10].

The neutral decay particles(neutron andg) emitted from
L hypernuclei were measured with a neutral detection sys-
tem as shown in Fig. 1. It consisted of a time-zero counter
T0, charged particle veto counters T1 and T2, and neutron
counter arrays T3. For the neutron measurement, four sets of
arrays composed of six layers of scintillators with a total
thickness of 30 cm were installed 68 cm from the center of
the target. Table I shows the specifications of each detector.

III. DATA ANALYSIS

We set the gates for decay measurement in the hyper-
nuclear mass spectra forL

12C andL
89Y [10] as shown in Fig. 2.

These gates represent theL-bound regions. The particle
identification of neutron andg was performed by using the
time-of-flight (TOF) technique. The neutron TOF from the
decay vertex to T3 is

TOFn = sT3 − T0 − tHYd − TOFb, s1d

wheretHY is the lifetime ofL hypernuclei,T3 is the timing
of T3, T0 is the time zero, and TOFb is the TOF of the
beam pion. The lifetime ofL

12C is 231±15 ps and we take
the lifetime of L

89Y as 215 ps, which is the saturated life-
time of heavyL hypernucleif9g. The neutron velocityb
and the neutron kinetic energyEn=f1/Îs1−b2d−1gmn were
obtained using TOFn.

The 1/b spectra of(a) L
12C and(b) L

89Y are shown in Fig. 3
with 2 MeVee (MeV electron equivalent) threshold. The
neutron gate corresponds to 5,En,150 MeV. The neutron
energy resolution is about 10 MeV(full width at half maxi-
mum) at 75 MeV. The background was estimated in the re-
gion below theg peak and above the neutron gate in the

FIG. 1. Schematic view of the neutral detection system(top
view) used in the neutron measurement.

TABLE I. Specifications of the decay counters.

Active area Thickness Distancea

scm2d (cm) (cm)

T0 12312 0.6 30.0 Three segments
T1 48325 0.6 15.0 Eight segments
T2 1403100 2.0 60.0 14 Segments
T3 803100 30.0 68.0 Four arrays with six layers
aDistance from the target.
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TOFn spectrum where the random background should be uni-
form. The estimated backgrounds within the neutron gate
were about 2% and 3% forL

12C and L
89Y, respectively. The

S/B ratio was greatly improved compared to the previous
BNL experiment[1] [Fig. 3(c)].

The number of neutrons per NMWD,Nn, can be written
as

Nn = Yn/sYHYbnm«nVnd, s2d

whereYHY is the number of hypernuclei produced in the
gated region andYn is the number of neutrons measured
by T3. The acceptance of T3,Vn, was estimated as
s11.4±0.3d% by GEANT-based Monte Carlo simulation.

The nonmesonic branching ratiobnm for L
12C was evalu-

ated as 0.727±0.059 from the mesonic branching ratios
[11,12] and that forL

89Y 0.996 from the theoretical ratio(See
Table III in Ref.[13]). There is a non-negligible contribution

of the background neutrons produced through the absorption
of p− in the materials around the target emitted from mesonic
decays ofL

12C. It was estimated using the yield of neutrons
produced in the same way through the absorption ofp− emit-
ted from the quasifreeL decaysL→p−pd. Here, we assumed
that the neutron energy spectra are same. The neutron effi-
ciency«n was calculated by Monte Carlo simulationDEMONS

[14], which is applicable to a multielement neutron detector
based onCECIL [15]. We have compared the calculations
with various existing experimental results[16–19] and found
that the integrated yields in the energy region above 10, 20,
30, and 40 MeV were well reproduced within 6% error level.

The neutron energy spectra per NMWD of(a) L
12C and(b)

L
89Y are shown in Fig. 4. We should note that the two spectral
shapes are very similar above 30 MeV and decline smoothly
toward the high-energy end, while an enhancement in the
low-energy region below 30 MeV is observed in theL

89Y
spectrum. In Table II, we summarize the number of neutrons
per NMWD of L

12C andL
89Y in the energy region above 10,

20, 30, and 40 MeV. As the threshold energy increases, the
number of neutrons per NMWD ofL

89Y becomes smaller
compared to that ofL

12C. This may be interpreted as the effect
of FSI.

IV. DISCUSSION

Hashimotoet al. [3] recently reported the energy spectra
of emitted proton in the weak decay ofL

12C andL
28Si which

FIG. 2. Hypernuclear mass spectra as a function ofL binding
energy −BL for (a) L

12C and(b) L
89Y with the neutral particle coinci-

dence.

FIG. 3. 1/b spectra of(a) L
12C and(b) L

89Y with 2 MeVee thresh-
old. (c) shows the previous BNL results[1] for L

12C ground-state
region with 10 MeVee threshold.

FIG. 4. Neutron energy spectra per NMWD of(a) L
12C and(b)

L
89Y. Errors are statistical.

TABLE II. Number of neutrons per NMWD ofL
12C and L

89Y.
Errors are statistical and systematic. Systematic errors are due to the
error in neutron efficiency and that ofbnm.

Number of neutrons per NMWD

L
12C L

89Y

En.10 MeV 1.36±0.11±0.16 1.36±0.08±0.09
En.20 MeV 1.12±0.10±0.13 0.89±0.06±0.06
En.30 MeV 0.92±0.09±0.10 0.67±0.06±0.04
En.40 MeV 0.80±0.08±0.09 0.58±0.05±0.04
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were compared to the FSI model calculations[intranuclear
cascade(INC) calculations] of Ramoset al. [20]. The Gn/Gp

ratio was obtained forL
12C and L

28Si to be 1.17−0.08−0.18
+0.09+0.20and

1.38−0.11−0.25
+0.13+0.27, respectively, assuming that the NMWD occurs

through the 1N process only. Unfortunately, the erratum of
the Ref.[21] on INC calculation was reported later and the
results were modified to be 0.87±0.09±0.21 and
0.79−0.11−0.24

+0.13+0.25 [22] for L
12C and L

28Si, respectively. Since we
now have both the neutron and proton spectra ofL

12C, it
would be desirable to estimateGn/Gp ratio directly from the
experimental data avoiding such theoretical model depen-
dence.

Thus, we would like to estimate theGn/Gp ratio from the
neutron-to-proton yield ratio in the case ofL

12C. Here, we
assume the dominance of the 1N processsLN→NNd in the
nonmesonic weak decay. Then, the emitted neutron(proton)
numbers per NMWD,Nnspd, can be written as

Nn = s2rn + rpdfn + rpgn, s3ad

Np = s2rn + rpdgp + rpfp, s3bd

whererns=Gn/Gnmd and rps=Gp/Gnmd are the fraction ratios of
the neutron and proton induced channels out of the NMWD
andrn+rp=1. fnspd is the loss factor of neutron(proton) from
the region counted due to FSI andgnspd the crossover influx
of neutron(proton) from proton(neutron) due to FSI. If there
were no FSI,fnspd would be one andgnspd zero. Here, we have
assumedfn= fp= f andgn=gp=g, considering the similar spec-
tral shapes in the energy region, say above 40 MeV, of the
neutron and proton spectra, which reflect the isospin inde-
pendence of the strong interaction and isospin symmetric
propagating mediumL

12C. By using Eq.(3b), the Gn/Gp ratio
has been estimated from proton measurements compared
with some help of theoretical estimations for the factorsf
andg. However, the estimation would be largely affected by
the uncertainty of theoretical calculations and also experi-
mentally by the error onGnm arising from the errors onGtotal
and the mesonic decay branching ratio.

Using the ratio betweenNn andNp, theGn/Gp ratio can be
written as

Gn

Gp
=

sNn/Np − 1ds1 + ad
2s1 − aNn/Npd

. s4d

It is noted that we have only one parameter,a=g/f, to
obtain theGn/Gp ratio. Further, this method has an advan-
tage that the ambiguity onGnm is canceled out.

Now, we can estimate theGn/Gp ratio from the yield ratio
of neutron to proton,Nn/Np. Unfortunately, the proton energy
in Ref. [3] is only shown in the detected energy scale, which
means that the energy of the emitted protons is degraded due
to energy losses in the target material and other detector
materials. Thus, part of low-energy protons below the detec-
tion threshold were lost from the data. In contrast, the
present neutron energy is practically the emission energy of
the neutron coming out of the nucleus, and the energy range
is much wider than that of the proton spectrum in Ref.[3]. In
order to compare the two spectra, we need to transform ei-
ther the proton spectrum into the bare energy scale of neu-

tron or neutron spectrum to the degraded energy scale of
proton. It would be conceptually simpler to unfold the mate-
rial effect from the proton spectrum in order to compare
directly to that of neutron. However, due to the thick target
used and the limited statistics of the proton spectrum in Ref.
[3], it was impossible to do such an inverse transformation
uniquely without knowing the whole shape of the proton
energy spectrum before the energy losses. We need to rely on
the spectral shapes from some model calculation, such as
INC, of FSI effect on the emitted nucleons.

In this discussion, we would like to take the maximum
advantage of the availability of both spectra of proton and
neutron in order to avoid the model dependence on the con-
clusion. What we need is just one number,Nn/Np, the ratio of
the integrated neutron-to-proton numbers per NMWD in the
same dynamic range. Therefore we degrade the energy of
neutrons as if they were protons, we can adjust the energy
scale same as the proton energy scale in Ref.[3], and take
account of the same detection condition. Then, the neutron
number per NMWD over 40 MeV in the degraded energy
scale became 0.69±0.08sstatd which is to be compared with
the corresponding proton number 0.40±0.02sstatd [3]. Thus,
we have obtained theNn/Np ratio in a common energy thresh-
old to be 1.73±0.22sstatd, although we could not tell the
threshold energy explicitly.

In order to determine theGn/Gp ratio, we need to knowa.
It is about 0.11 which we adopted from the FSI calculation
on the proton energy spectrum by Ramos[23]. Then, the
Gn/Gp ratio is obtained to be 0.51±0.15sstatd from Eq. (4).
In order to see the effect ofa magnitude on theGn/Gp ratio,
we obtained the ratio of 0.45±0.14sstatd with a differenta,
0.076, estimated from the INC calculation[24]. We note that
a 30% decrease ofa changes the ratio by 0.06 which is much
smaller than the current statistical uncertainty of 0.15. Table
III summarizes the present result of theGn/Gp ratio along
with the recent theoretical calculations.

This is the first experimental result suggesting the domi-
nance of the proton channel over the neutron channel in the
NMWD of L hypernucleus. Recent theoretical calculations

TABLE III. Experimental results and recent calculations of the
Gn/Gp ratio for L

12C. The “1N only” and “1N and 2N” stand for the
processes considered to estimate the ratios.

Gn/Gp Refs.
1N only 1N and 2N

Experiment
0.51±0.15 sstatd Presentsa=0.11d
0.45±0.14 sstatd Presentsa=0.076d
1.33−0.81

+1.12 Szymanskiet al. [1]
1.87±0.59−1.00

+0.32 Noumi et al. [2]
1.17−0.08−0.18

+0.09+0.20 0.96−0.09−0.21
+0.10+0.22 Hashimotoet al. [3]

0.87±0.09±0.21 0.60−0.09−0.21
+0.11+0.23 Satoet al. [22]

Theory
0.288,0.341 Parreño and Ramos[4]
0.53 Jidoet al. [5]
0.368 Itonagaet al. [6]
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[4–6] on the NMWD reported greatly increased values of the
Gn/Gp ratio reaching 0.5 and now agree reasonably well with
our measured result of proton dominance. We note that the
Gn/Gp ratio rederived from the proton spectrum comparing
with the recently corrected INC calculation[21] also showed
a value smaller than unity, namely, 0.87±0.09±0.21[22].

However, we note that the low-energy portion of the spec-
tra has not been well reproduced in the existing theoretical
calculations. Further conclusive determination of the ratio

Gn/Gp requires further studies on the FSI effect and the con-
tribution from the 2N process. In the experimental side, co-
incidence measurements of the two emitted nucleonssn
+p/n+nd would provide very useful information. In fact,
such experiments are now in progress at KEK[25,26].

V. SUMMARY

We have measured the neutron spectra emitted in the
weak decay ofL

12C andL
89Y with better statistics and an im-

proved signal-to-background ratio. Such improvement of the
neutron spectrum and the recent accurate measurement of the
proton spectrum[3] made it possible to estimate theGn/Gp
ratio to be 0.51±0.15sstatd, from the neutron-to-proton yield
ratio of 1.73±0.22sstatd. It suggests that theGn/Gp ratio of
NMWD is significantly less than unity.
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APPENDIX
Table IV is the list of the data points of the neutron energy

spectra per NMWD ofL
12C andL

89Y as shown in Fig. 4. The
quoted values ofEn show the centers of the bins and the
errors are statistical.
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TABLE IV. List of the data points of the neutron energy per
NMWD of L

12C andL
89Y as shown in Fig. 4. The quoted values ofEn

show the centers of the bins and the errors are statistical.

En Number of neutrons per NMWD
(MeV) L

12C L
89Y

15 0.24±0.04 0.46±0.05
25 0.20±0.04 0.22±0.03
35 0.13±0.03 0.09±0.02
45 0.15±0.03 0.12±0.02
55 0.14±0.03 0.09±0.02
65 0.13±0.03 0.09±0.02
75 0.11±0.03 0.08±0.02
85 0.10±0.03 0.07±0.02
95 0.07±0.03 0.06±0.02
105 0.05±0.02 0.02±0.01
115 0.03±0.02 0.01±0.01
125 0.02±0.01 0.02±0.01
135 0.01±0.01
145 – 0.01±0.01
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Abstract. The recent progress in hypernuclear physics is discussed in this paper. The topics include recent
results on hypernuclear gamma-ray spectroscopy, non-mesonic weak decay, and double-Λ hypernuclei.
Future prospects at the 50 GeV PS are also discussed.

PACS. 21.80.+a Hypernuclei – 25.80.-e Meson- and hyperon-induced reactions

1 Introduction

Since the 1980s, the Alternating-Gradient Synchrotron
(AGS) in Brookhaven National Laboratory (BNL) and the
12 GeV proton synchrotron (PS) in KEK have played a
very important role in Hypernuclear Physics by providing
high-intensityK− and π± beams. The (π+,K+) and (K−,
π−) reactions were used for the production of Λ hypernu-
clei, and the (K−, K+) reaction for the investigation on
the strangeness S = −2 systems, such as double-Λ hyper-
nuclei, Ξ− hypernuclei, and the hypothetical H dibaryon.
These experiments at BNL-AGS and KEK-PS have ex-
tended the scope of hypernuclear physics to the physics
of hadron many-body systems with strangeness degrees of
freedom, i.e. Strangeness Nuclear Physics.

Recently, Jefferson Laboratory (JLab) started hyper-
nuclear spectroscopy with a different reaction of (e, e′K+).
In 2007, the new 50 GeV proton synchrotron, now in con-
struction in Japan, will be in operation. Then, it will be
the opening of a new era in Strangeness Nuclear Physics.

2 Recent topics

2.1 Spectroscopy of Λ hypernuclei

The spectroscopy of Λ hypernuclei has been successfully
carried out in KEK by using the SKS spectrometer [1].
An overview of the measurements with the (π+, K+) reac-
tions was given in ref. [2]. The SKS spectrometer improved
the energy resolution in Λ hypernuclear spectroscopy from
3–4 MeVFWHM to ∼ 2 MeV, and further improved it to
1.45 MeV in the recent measurement [3]. The energy res-
olution resolved the major shell structure of Λ-orbits up
to 208

Λ Pb [4] owing to the selectivity of the (π+, K+) reac-
tion due to the high-momentum transfer (∼ 350 MeV/c)

a e-mail: tomofumi.nagae@kek.jp

of the reaction. It also revealed, for the first time, several
core-excited states of 12

Λ C [4,3]. Some of them were not
simply explained in naive weak-coupling structure, and it
was suggested that the parity-mixing intershell couplings
mediated by a Λ-particle should be taken into account [5].

The great progress in Λ hypernuclear spectroscopy has
taken place with a success of a hypernuclear γ-ray mea-
surement by using a germanium (Ge) detector system,
called Hyperball, in KEK [6]. The detector consisted of
fourteen N -type coaxial Ge detectors of 60% relative effi-
ciency. It covered 15% of the 4π sr. The energy resolution
of 3–4 keVFWHM was achieved at 1.33 MeV. It is a great
improvement. So far, a few hypernuclear γ-rays were well-
identified with NaI counters in worse energy resolutions.

The measurement observed the spin-flipM1(3
2

+→ 1
2

+)
γ-ray at 691.7±0.6(stat)±1.0(syst) keV in 7

ΛLi, for the first
time. The energy splitting provided a stringent constraint
to the strength of the ΛN spin-spin interaction.

It also observed the E2(5
2

+ → 1
2

+) γ-ray transition at
2050.1± 0.4(stat)±0.7(syst) keV. Because of the good en-
ergy resolution of the Hyperball, we could measure the life-
time of the 5

2

+ state from the peak shape analysis, the so-
called Doppler-shift attenuation method [7]. The large mo-
mentum transfer of the (π+, K+) reaction (∼ 350 MeV/c)
makes the stopping time of the recoiling 7

ΛLi (∼ 13 ps)
comparable to the expected lifetime (3–10 ps) of the 5

2

+

state. The observed γ-ray peak at 2050 keV had two com-
ponents; a sharp peak and a Doppler-broadened tail part.
The sharp peak corresponds to the γ-rays emitted after
the stopping of the recoiling 7

ΛLi. From the two-component
fitting by changing the lifetime of the 5

2

+ state, the life-
time was obtained to be 5.8+0.9

−0.7 ± 0.7 ps, from which the
reduced transition probability, B(E2), was estimated to
be 3.6 ± 0.5+0.5

−0.4e
2 fm4. This value is about one-third of

the B(E2) of the corresponding E2(3+ → 1+) transition
in 6Li. The B(E2) is very sensitive to size contraction; in
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20x100x5 cm3(6 layer)
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Fig. 1. Detector setup for the coincidence measurement of
neutrons and protons emitted from non-mesonic weak decays
in KEK-PS E369.

this case, the shrinkage of the 6Li core in the 7
ΛLi hyper-

nucleus.
The further γ-ray measurements in p-shell Λ hyper-

nuclei are in progress at BNL-AGS with the (K−, π−)
reactions by using the Hyperball.

2.2 Weak decay of Λ hypernuclei

The weak decay properties of a Λ-hyperon in hypernuclei
is another interesting subject. It is well known that the
mesonic free Λ decay(Λ → πN) is strongly suppressed be-
cause of the Pauli blocking and the dominant decay mode
is the non-mesonic decay(ΛN → NN,ΛNN → NNN).
However, the present experimental data have too large
ambiguities on the total decay rate and the neutron emis-
sion probability to pin down the reaction mechanism.

In the study of non-mesonic weak decays of Λ hyper-
nuclei, a large ratio of Γn(Λn → nn)/Γp(Λp → np) ∼1 has
been a puzzle not to be simply explained. The importance
of two-nucleon–induced weak decay (ΛNN → NNN) was
suggested in ref. [8] related to this puzzle. However, avail-
able data were not enough to distinguish the one-nucleon–
induced decay and two-nucleon–induced one. For exam-
ple, the energy spectra of emitted nucleons should have
different shapes in two decay processes [9]. An enhance-
ment of the low-energy component is expected in the two-
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Ethr = 2 MeVee
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Fig. 2. The neutron energy spectra with a 2 MeVee threshold
for 12

Λ C and
89
Λ Y. The vertical scale is normalized to the number

of hypernuclei in the bound region.

nucleon–induced process. The proton measurements so
far done, however, usually had high energy thresholds of
40–50 MeV, which lost sensitivity to detect the low-energy
component from the two-nucleon–induced process, if it ex-
isted. Therefore, we carried out the neutron measurement,
in which the detection energy threshold could be reduced
to ≤10 MeV. The quality of the neutron measurements
so far has been very bad in statistics and signal-to-noise
ratio.

The experimental setup for coincidence measurements
of neutrons and protons emitted from non-mesonic weak
decays of 89

Λ Y is shown in fig. 1. Since the mesonic weak-
decay rate is expected to be negligibly small, all kinds of
weak-decay products were measured in this setup.

The emitted timing of protons was measured with the
T1 counter located 15 cm apart from the target. The flight
time difference of protons was corrected with the velocity
measured from the time of flight between the T1 and T2
counters. The overall timing resolution for protons was
found to be ∼ 150 ps (rms).

Neutral particles, such as γ’s and neutrons, were mea-
sured in the T3 counter with T1 and T2 as veto counters.
The T3 counter consisted of six layers of a plastic scin-
tillator (BC420) of 20[W]×100[L]×5[T] cm3. The velocity
of a neutral particle was obtained with a time-of-flight
measurement between T0 and T3 counters. The relative
timing of all 24 neutron counters was adjusted with the
prompt γ’s from the (π+, pX) reaction. The typical reso-
lution for the prompt γ’s was ∼ 200 ps (rms).

The time-of-flight spectra of neutral particles in coinci-
dence with bound states of 12

Λ C and 89
Λ Y showed that the

n/γ separation was very clean and we had a very good
signal-to-noise ratio for neutrons. Gated to the neutron
component, the energy spectra of neutrons from 12

Λ C and
89
Λ Y are obtained as shown in fig. 2.

Here, we notice that there exists no prominent bump
structure around ∼ 75 MeV expected from the one-
nucleon–induced decay process (ΛN → NN) even for 12

Λ C,
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while the total shape seems to be very similar to that for
the two-nucleon–induced process [9]. The recent measure-
ment of the neutron spectrum from 5

ΛHe [10] also shows a
very similar shape with that for 12

Λ C. This suggests that
rescattering effects after the one-nucleon–induced decay
were unexpectedly large and/or the two-nucleon–induced
decay plays a dominant role in the non-mesonic weak de-
cay.

2.3 Double-Λ hypernuclei

There has been three emulsion events which showed the
existence of double-Λ hypernuclei [11–13]. However, these
events had some ambiguities on interpretation etc., and
the ground-state binding energy was not determined def-
initely.

In 2001, two new observations were reported from
BNL-AGS and KEK-PS.

The KEK-PS E373 experiment [14] reported a double-
hyperfragment event in a hybrid-emulsion measurement.
The event is uniquely identified as the sequential decay of
6
ΛΛHe emitted from a Ξ− hyperon nuclear capture at rest,

12C+Ξ− → 6
ΛΛHe +

4 He + t ,
6
ΛΛHe → 5

ΛHe + p+ π−.

The binding energy of 6
ΛΛHe has been measured to be

7.25±0.19+0.18
−0.11 MeV, for the first time. It corresponds to

the ∆BΛΛ = 1.01±0.20+0.18
−0.11 MeV, where ∆BΛΛ is defined

by ∆BΛΛ(AΛΛZ) = BΛΛ(AΛΛZ)− 2BΛ(A−1
Λ Z). It means the

Λ-Λ interaction is weakly attractive. Two of the past mea-
surements gave a value of ∆BΛΛ to be about 4.5 MeV.
Thus, the new value is smaller than these.

The other experiment at BNL-AGS [15] demonstrated
the production of double-Λ hypernuclei in the (K−, K+)
reaction on 9Be. It used a quite new technique to identify
double-Λ hypernuclei by using a Cylindrical Drift cham-
ber System (CDS). In the CDS, two π−’s emitted through
sequential weak decays of hypernuclei were detected in a
good momentum resolution. The result indicated the pro-
duction of a significant number of the double-Λ hypernu-
cleus 4

ΛΛH and the twin hypernuclei 4
ΛH and 3

ΛH.

3 Future prospects at the 50 GeV PS

The 50 GeV proton synchrotron (PS) is now under con-
struction in the Joint Project between KEK and Japan
Atomic Energy Research Institute (JAERI). The aver-
age beam current is 15.7 µA, which will produce the
world’s highest-intensity K− beams. The construction will
be completed early in 2007.

In the experimental area for the slow-extracted beam,
two secondary beam lines, K1.8 and K1.1, are proposed
for the studies of strangeness nuclear physics; the former
for the S = −2 systems, and the latter for the S = −1
systems.

A letter of intent for experiments on strangeness nu-
clear physics [16] well summarizes the initial experimen-
tal programs in this field. Among the various topics dis-
cussed in the letter of intent, I introduce two interesting
programs: the investigation of new hadronic many-body
systems with strangeness S = −2 and high-resolution γ-
ray spectroscopy.

3.1 Spectroscopic study of S = −2 systems

The high-intensity K− beam at ∼ 1.8 GeV/c available
at the 50 GeV PS is quite unique to open a new fron-
tier of Strangeness Nuclear Physics in the spectroscopic
studies of strangeness S = −2 systems. This is not only
a step forward from the S = −1 systems as a natural
extension, but also a significant step to explore the multi-
strangeness hadronic systems; in the course of the limit,
strange hadronic matter (S = −∞) in the core of a neu-
tron star is our concern. Also, it is important to extract
some information on ΞN and Λ-Λ interactions from the
spectroscopic data.

The (K−, K+) reaction is one of the best tools to
implant the S = −2 through an elementary process
K−+p → K++Ξ−, the cross-section of which in the for-
ward direction has a broad maximum around this energy.

At present, the experimental information on the S =
−2 systems mainly comes from several emulsion data in
limited statistics. As for the Ξ hypernuclei, there exist
some hints of emulsion events for their existence. How-
ever, it is still not conclusive. Some upper limits on the
Ξ-nucleus potential have been obtained from the produc-
tion rate in the bound region of a Ξ hypernucleus via the
(K−, K+) reaction.

The energy difference between the (Ξ−p) system and
the (ΛΛ) system is only 28.3 MeV in free space. Therefore,
a relatively large configuration mixing between Ξ−+A
and ΛΛ+(A − 1) states is suggested. It is very interest-
ing to investigate whether the single-particle picture of
Ξ− is valid or not in such a system.

It is expected that the spectroscopy of the Ξ hyper-
nuclei is promising. Here we use the (K−, K+) reaction
in which we can use the same method for the (π+, K+)
reaction in the Λ-hypernuclear spectroscopy. In fact, two
reactions have very similar characteristics of large recoil
momentum of a produced hyperon: pΞ− ∼ 500 MeV/c and
pΛ ∼ 350 MeV/c. Therefore, even for heavy targets well-
separated peak structures are expected in spite of many
possible excitations, because the spin-stretched configura-
tions with �p + �Ξ + J = even are strongly populated as
in the case of the (π+, K+) reaction, or more strongly.

For the spectroscopy of the (K−, K+) reaction, we
need two spectrometers as in the (π+, K+) reaction: a
beam line spectrometer for the incident K− and a K+

spectrometer.
A 2 GeV/c kaon beam line for the JHF was designed

by J. Doornbos [17]. A beam line spectrometer is installed
in the last part of the beam line. It consists of a QDQDQ
system. It is estimated that the momentum resolution of
2×10−4 could be achievable.
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Fig. 3. Schematic layout of the SKS spectrometer for the (K−,
K+) reaction at 1.65 GeV/c.

For the K+ spectrometer, we will use the existing SKS
spectrometer with some modifications. In fig. 3, the setup
of the SKS spectrometer for the (K−, K+) reaction is
shown schematically.

Since the radius for the central momentum is larger
than that for the (π+, K+) reaction, the target point is
moved away from the magnet. So that, the acceptance of
the spectrometer is reduced to be ∼ 50 msr. The overall
energy resolution is estimated to be 2 MeV(FWHM) for
a 2 g/cm2 target thickness.

The production cross-section of the Ξ hypernu-
clei in the (K−, K+) reaction is calculated to be
∼ 0.1 µb/sr/MeV around the middle of the bound region
for various types of potentials. Thus, the yield for the
208Pb target with 2 g/cm2 thickness is estimated to be
� 6 events/MeV/day. So, even for the heaviest case, we
could get enough statistics within ∼ 20 days to obtain
spectroscopic information. For lighter targets such as 28Si
and 58Ni, the yields are several times higher with the nor-
malized target thickness of 2 g/cm2.

3.2 High-resolution hypernuclear γ-ray spectroscopy

High-resolution hypernuclear γ-ray spectroscopy will be
extended further and exciting new physics fields will be
opened up at the 50 GeV PS.

The (K−, π−) reaction at 1.1 GeV/c is used in order to
produce Λ hypernuclei. This reaction has a large spin-flip
amplitude and allows population of various hypernuclear
states including spin-flip states with unnatural parities.

We require a secondary beam line whose intensity is
optimized to 1.1 GeV/c. It should have a double-stage
mass separator to obtain pure K− beams in order to
minimize the counting rates of Ge detectors and track-
ing devices in the spectrometer. The beam intensity of
1.1 GeV/c K− is expected to be 1.9 × 107 K− per spill
(2× 1014 protons) in 3.4 s cycle.

The momentum of the K− beam is measured event-
by-event with a beamline spectrometer having < 0.2%
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Fig. 4. Top: Expected level energies and γ transitions of 12
Λ C.

Bottom: Expected yields of γ transitions of 12
Λ C for 5 days’ run.

Yields of γ-γ coincidence events are also shown.

FWHM resolution. The outgoing π− is measured with a
spectrometer similar to SKS, which is required to have an
acceptance of more than 50 msr and momentum resolution
of < 0.2% FWHM. An overall mass resolution better than
3 MeV is necessary.

Around the target, we install a new Ge detector sys-
tem, which is similar to the present Hyperball but has a
much larger efficiency. In the present design, we expect
to use 14 sets of “Segmented Super Clover Ge detectors”,
which has recently become commercially available. One
detector set consists of four Ge crystals of 7 cm�×14 cm,
and the electrode of each crystal is segmented into 4 read-
out channels. Such a fine segmentation is necessary for
Doppler-shift correction. The Ge crystals cover about 40%
of the total solid angle. The Ge detector system has a
photo-peak efficiency of 12% at 1 MeV in total. Each of
the Ge detectors is surrounded by a set of BGO or GSO
counters, which are used to veto Compton scattering and
high-energy γ-rays from π0.

An example of the γ-ray measurement in the case of
12
Λ C for 5-day data taking is shown in fig. 4. The produc-
tion cross-sections of the 12

Λ C states (except for the first 2+

state) were calculated by Itonaga et al. for the 1.1 GeV/c
(K−, π−) reaction [18]. The energy levels are taken from
the experimental values from KEK-E369 [3], but the dou-
blet spacing energies are taken from the new parameter
set of the spin-dependent interactions by Millener [19].

We will have quite enough yields for almost all the
γ transitions. We can expect good statistics even for γ-γ
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coincidence spectra, which enable us to completely recon-
struct the level scheme.

4 Summary

There has been a lot of progress in Hypernuclear Physics
in the last decade. The recent success of hypernuclear γ-
ray spectroscopy with the Hyperball detector opened a
new stage of hypernuclear spectroscopy in precision. As
for non-mesonic weak decays, new neutron spectra from
several Λ-hypernuclei gave a new information to investi-
gate the reaction mechanism. There was also important
progress in double-Λ hypernuclei.

We hope these efforts will be in full bloom at the
50 GeV PS with high-intensity K− beams.
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Abstract

A hybrid emulsion experiment was carried out to study double-strangeness nuclei produced via�− hyperon capture at
rest with the expectation of ten times larger statistics than previous experiments. We have analyzed 5% of the total emulsion
and found one “twin-hypernuclei” event involving the emission of two single-� hypernuclei and a nuclear fragment from a�−
hyperon stopping point. The event is interpreted as the decay of a�− +14N atomic system to5�He+ 5

�He+4He+neutron. The
species of the�−-atom and the fragmentation products are uniquely identified for the first time for twin-hypernuclei events.
Combined with the results from a past hybrid-emulsion experiment, one double-� hypernucleus and three twin-hypernuclei
events have been found from�− captures on light emulsion nuclei. The ratio of the detected rate of double-� hypernuclei to
that of twin-hypernuclei is compared with theoretical estimates. 2001 Elsevier Science B.V. All rights reserved.

PACS: 21.80.+a; 25.80.Pw; 13.75.Cs
Keywords: Double-� hypernucleus; Twin� hypernuclei;�− capture at rest; Nuclear emulsion

1. Introduction

Nuclear capture of a�− hyperon at rest is the
most efficient way to produce nuclei with strangeness
S = −2. This was demonstrated by the KEK experi-
ment E176 [1–4] which reported about 80 events of
�− hyperon capture at rest. Until now three differ-
ent emulsion experiments, including E176, have re-
ported events in which double-� hypernuclei were
emitted from�− hyperon stopping points [2,5–7].
However, in the event reported by Danysz et al. [5,6]
and Prowse [7], the positive identification of the in-
coming track as that of a�− hyperon could not be
made. Dalitz et al. [6] estimated that the number of
�− hyperons brought to rest was one or two in the
experiment of Danysz et al. and less than one for the
experiment by Prowse. For the latter event, only the
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drawing is left, the emulsion having been lost, and
there was no study or analysis of that event indepen-
dent of the sole author. In the event of E176, the�−
hyperon was well identified. However there remained
two interpretations for that event, namely,10

��Be or
13

��B [2]. From the mass of a double-� hypernucleus,
the�� interaction energy defined by�B��( A

��Z) =
B��( A

��Z)−2B�(A−1
�Z) can be extracted. The value

of �B�� was reported to be 4∼ 5 MeV by Danysz
et al. [5,6] and Prowse [7], suggesting an attrac-
tive �� interaction. Experiment E176 reported that
�B�� is −4.8+0.7

−0.8 MeV if the interpretation is10
��Be

and+4.9± 0.8 MeV in the case of13
��B. Dover et al.

argued that the latter one is more favorable based on
the consideration about the production mechanism [8].
For all the past experiments, the mass of the double-�

hypernucleus was calculated by kinematically recon-
structing it’s decay assuming that the daughter single-
� hypernucleus was produced in the ground state. For
the events of Danysz et al. and E176 (13

��B case), there
is the possibility that the single-� hypernucleus pro-
duced from the decay of the double-� hypernucleus
might be in an excited state, in which case the value
of �B�� must be decreased from the reported values
by 3.0 MeV and 4.9 MeV, respectively. The value of
�B�� is, therefore, still unknown and our knowledge
is limited to it’s upper limit, i.e., 4∼ 5 MeV.

On the other hand, E176 reported two so-called
“twin-hypernuclei” events, in which two single-� hy-
pernuclei were emitted from a�− stopping point [3,4].
The binding energy of the�−-atom, which can pro-
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vide the information on the�−N interaction, may be
determined by measuring the mass of the system from
which twin-hypernuclei are emitted. The information
of the atomic level in which�− absorption can occur
is also important. The two events reported by E176
were identified as the�− hyperon captures on light
emulsion nuclei. However, the species of the�−-atom
and the fragmentation products are not uniquely iden-
tified.

A hybrid emulsion experiment (E373) was carried
out at the KEK proton synchrotron using a 1.66 GeV/c

separatedK− beam. The purpose of this experiment is
to study double-strangeness nuclei produced via�−
hyperon capture at rest. By adopting a diamond block
as the�− production target instead of emulsion, it was
enabled to obtain ten times as many events as E176
did with the emulsion twice as much as that of E176.
Until now 5% of the total emulsion has been analyzed
and one event showing the topology of twin single-�

hypernuclei has been found. This event is described in
detail in this Letter.

2. Experiment

The experimental setup is shown in Fig. 1. The
incident K− meson beam was focused on a 3 cm

long diamond target. Typical intensity of the beam
was 1.1 × 104 per 2 seconds spill and theK−/π−
ratio was 1/3. Downstream of the target a stack
of emulsion sheets [9] was placed perpendicular to
the beam direction. Each stack was composed of 12
emulsion sheets of 250× 245 mm2 area. Each sheet
consisted of a 500µm coating of emulsion gel (Fuji-
ET7C) on both sides of an acrylic film of thickness
50 µm except for the most upstream plate which had
70 µm thick emulsion gel on both sides of a 200µm
thick acrylic base.

The �− hyperons were produced in the diamond
target via thep(K−,K+)�− quasi-free reaction.
Some of them were slowed down and brought to rest
in the nuclear emulsion stack. In order to measure the
position and angle of the�− hyperon track, a high
resolution tracking detector using coherent bundles
of scintillating micro fibers (fiber-bundle) had been
developed [10]. The diameter of one fiber was 45µm,
and the thickness of the detector was 3 mm. It was
installed between the target and the emulsion stack.

The identification of the incident particles was per-
formed with two scintillation counters (T1, T2), and
two aerogelČerenkov counters (BAC1, BAC2). The
outgoingK+ mesons were detected by a spectrome-
ter which consisted of a dipole magnet (1.01 T m), two
aerogeľCerenkov counters (BVAC, FAC), four plastic-

Fig. 1. Schematic view of the E373 experimental setup.
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scintillator hodoscopes (VH, CH, YH and FTOF),
three drift chambers (DC1, DC2 and DC3), and a
limited-streamer chamber (LST). The on-line first-
level trigger distinguishedK+ mesons from pions and
K− mesons using the aerogelČerenkov counters and
the scintillator hodoscopes. The second-level trigger
used additional TDC information to distinguishK+
mesons from protons. In the off-line analysis the mass
of the outgoing particle was reconstructed from the
momentum and TOF information. The obtained mass
spectrum is shown in Fig. 2. A particle having a recon-
structed mass between 0.4 GeV/c2 and 0.6 GeV/c2

and a momentum between 0.4 GeV/c and 1.4 GeV/c
was considered to be aK+ meson.

Fast protons andπ−s from the decay of hypernu-
clei can be detected with the range counter of scintil-
lating mono-fiber blocks (SciFi-blocks) located both
upstream and downstream of the emulsion stack [11].
The SciFi-blocks were also used to determine the ver-
tex position of the(K−,K+) reaction and to reject
�− hyperon decay events. The signals from the fiber-
bundle detector and the SciFi-blocks were intensified
and read out by image intensifier tubes and charge cou-
pled devices.

About 9.0 × 104 (K−,K+) events were obtained
with 100 emulsion stacks made of 69 litres of emulsion

Fig. 2. Mass distribution of scattered particles. The arrow indicates
the value for the twin-hypernuclei event.

gel. From a Monte Carlo simulation based on the E176
result, about 1% of the�− hyperons were expected to
come to rest in the emulsion stack. For the events iden-
tified as a(K−,K+) reaction, the images obtained
with the scintillating fiber detectors were scanned by
eye. Events which showed the topology of no thick
track in the fiber-bundle image, wrong vertex posi-
tion, or the decay of a�− hyperon were rejected. For
the events which survive this rejection, the tracks are
searched and traced in the emulsion plates with the
help of an automatic track scanning system [12]. Sev-
eral track candidates were found in the searched region
for each prediction by fiber-bundle. Main backgrounds
are protons andπ− mesons. The latter can be distin-
guished from their ionization in the emulsion. There-
fore, there is almost no accidental background for the
event having at least one evaporation track from the
stopping point of the traced particle.

3. Description of the event

Until now, 5% of the total emulsion has been
analyzed, and one event showing the topology of
twin single-� hypernuclei was found. In this event,
a �− hyperon was produced in the diamond target
in conjunction with a K+ meson of momentum
1.10 GeV/c. The reconstructed mass of theK+ meson
is 0.483 GeV/c, and is indicated by an arrow in Fig. 2.
The level of background due to misidentification
by the spectrometer data analysis is 3% for this
reconstructed mass and momentum region. The�−
hyperon left the diamond target and went through
the fiber-bundle detector into the emulsion stack.
Using the position and angle information from the
fiber-bundle detector, tracks were searched for in
a 600 µm × 450 µm area in the emulsion. Eight
tracks were found in the region and traced. Among
them, one track shows the topology of twin single-
� hypernuclei emission at the capture point after
traversing about 5 mm in the emulsion. A large angle
deflection near the capture point was observed for this
track. Observation of clearly separated three vertices,
i.e., a capture and two delayed decays proves that an
S = −2 particle was captured at that point. No track
was observed in the SciFi-blocks image, meaning that
no charged particle left the emulsion and went into
them in this event.
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Fig. 3 shows a picture and a schematic drawing
of the event. It was obtained by summing up images
taken at various focusing depths of the microscope.
To obtain a better position resolution a small area
(15 mm× 15 mm) of the emulsion plate, centered
on the event, was cut and swollen by water and sugar

mixture to the original thickness before development.
It was sliced to a tiny piece of 0.5 mm width to view
from an orthogonal direction. The�− was captured
by a nucleus at point A. Three charged particles (track
#1, #2, #3) were emitted from point A. Track #1 shows
the topology of a decay into three charged particles

Fig. 3. Picture and schematic drawing of the event viewed from the vertical (a) and the horizontal (b) direction.
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Table 1
Ranges and emission angles of the tracks. Angles are expressed by a zenith angle (θ ) and an azimuthal angle (φ) in respect to the angle
perpendicular to the plate. For track #4 and #7, the ranges in an acrylic base were converted to those in the emulsion

Track range (µm) θ (degree) φ (degree)

point A #1 19.1± 0.4 113± 7 262± 7 hypernucleus

#2 5.2± 0.5 66± 7 97± 8 hypernucleus

#3 23.0± 0.4 66± 3 78± 2

point B #4 12517 87.14± 1.2 48.19± 1.2 π− (26.5 MeV)

#5 286± 4 150.0± 1.0 153.1± 1.2

#6 7.7± 0.6 40± 4 265± 4

point C #7 � 14884 88± 1.5 257.1± 0.7 p (� 64 MeV)

#8 8.8± 0.4 77± 5 81± 3

at point B. Track #2 also shows a topology of a
decay into two charged particles at point C. Table 1
summarizes the ranges and the emission angles of
these tracks. The ranges were measured prior to
swelling the emulsion. The effect on the measurement
of the angles by any distortion introduced by swelling
was checked and found to be negligible within the
quoted errors. A particle (track #4) emitted from point
B traveled 12514µm before stopping. It is identified
as aπ− meson from a measurement of its ionization
and the observation of a track of a charged particle
emitted from its stopping point. A particle (track #7)
emitted from point C traversed more than 14 mm and
was lost at the acrylic base of the emulsion plate. The
grain density of this track near point C is 1.51± 0.06
times larger than that of track #4 near point B. From
the ionization and the lower limit of the range, the
particle of track #7 was identified as a proton.

4. Analysis

Once the particle species has been assigned to a
track, the kinetic energy can be calculated by means
of a range-energy relation. A package “SRIM2000”
[13–15] was used to calculate a kinetic energy from
a range. The calibration for the range-energy relation
was made by measuring the ranges ofα-particles emit-
ted from212Po (8.784 MeV) and228Th (5.423 MeV) to
an accuracy of 0.6%. The mean ranges were 48.4µm

and 23.6µm, respectively. From these values, the den-
sity of the emulsion of this plate was determined as
3.55± 0.07 g/cm3 using SRIM2000, which is con-
sistent with the density 3.60± 0.07 g/cm3 deduced
from the measurement of the weight and volume of
the emulsion plates. The two ranges at two different
energies agree well with the range-energy relation cal-
culated with SRIM2000. Table 2 summarizes the pos-
sible kinetic energies for the particles of tracks #1, 2,
4, 5, 6 obtained from the range-energy relation assum-
ing their species.

The event is interpreted as containing two single-�

hypernuclei originating from the reaction�− + p →
�+� after the�− absorption. Track #1 is a single-�

hypernucleus which decayed mesonically at point B.
Since theQ-value of the reaction is 28.2 MeV, only
light hypernuclei are capable of traversing the length
of track #1 (19.1µm) from this energy release. Hence
mesonic decay modes with three charged particles
were examined for all known hypernuclei whose
masses are lighter than18

�O. For each decay modes,
the total kinetic energy was calculated by assigning
the particle species to each track. Listed in Table 3 are
mesonic decay modes whoseQ-value is large enough
to account for the sum of the kinetic energies of
charged decay products (Evisi). For the decay modes
with no neutron, the momentum sum of three charged
particles (psum) must be zero within the error. For
the modes with a neutron, the kinetic energy of the
neutron was calculated using momentum balance for
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Table 2
Kinetic energies (MeV) for the tracks #1, 2, 3, 5, 6 particles calculated from the range-energy relation assuming their species

Track p d ( 3
�H) t ( 4

�H) 3He (4
�He) 4He (5

�He) (6
�He)

#1 (1.75) (1.88) (4.73) (4.98) (5.18)

#2 (0.58) (0.56) (1.6) (1.6) (1.6)

#3 1.39 1.74 1.96 4.80 5.33

#5 6.62 8.70 10.2 23.5 26.4

#6 0.67 0.79 0.84 2.20 2.30

Table 3
Decay modes for track #1 whoseQ-value is large enough compared to the visible energy (Evisi). HereEvisi andpsumare the sum of the kinetic
energy and momenta of three charged particles, respectively.Etotal is the total kinetic energy of decay particles

Decay mode Q (MeV) Evisi (MeV) psum (MeV/c) Etotal

3
�H → π− + p + p + n 35.49 33.8± 0.5 95.6± 2.2 38.6± 0.7 rejected

3
�H → π− + p + d 37.71 33.9± 0.5 76.7± 2.7 33.9± 0.5 rejected

3
�H → π− + d + p 37.71 35.8± 0.5 152.8± 2.5 35.8± 0.5 rejected

4
�H → π− + p + t 35.80 34.0± 0.5 67.8± 3.2 34.0± 0.5 rejected

4
�

He→ π− + p + 3He 35.45 35.3± 0.5 23.0± 5.0 35.3± 0.5 rejected

5
�He→ π− + p + 4He 34.72 35.4± 0.5 13.0± 8.7 35.4± 0.5 acceptable

6
�He→ π− + p + 4He+ n 34.56 35.4± 0.5 13.0± 8.7 35.5± 0.6 acceptable

6
�He→ π− + d + 4He 36.78 37.5± 0.5 63.1± 6.0 37.5± 0.5 rejected

8
�He→ π− + t + 4He+ n 38.64 39.0± 0.5 120.9± 6.0 46.7± 1.3 rejected

the charged particles. The total kinetic energy of
charged particles and a neutron (Etotal) was compared
with the Q-value. Only 5

�He and 6
�He were found

to be acceptable for track #1 candidates. The particle
of track #2 decayed in a non-mesonic mode and its
species cannot be assigned from its decay topology.

We assert that the�− hyperon was absorbed by
a light nucleus (12C (, 13C), 14N or 16O) in the
emulsion for the following reasons. The kinetic energy
of the track #1 particle is 5.0 MeV or 5.2 MeV in
the case of5

�He or 6
�He, respectively. With these

values they are very unlikely to escape through the
Coulomb barrier of a Ag or Br nucleus. This is true
even if the hypernucleus of track #1 is lighter than
5
�He. Furthermore the absence of Auger electrons also
supports this.

All the decay modes from�− + 12C/13C/14N/16O
to two hypernuclei and a non-strange nucleus were
examined. The total kinetic energy of three nuclei was

calculated and was compared with theQ-value. Only
two decay modes,

�− + 14N → 5
�He+ 5

�He+ 4He+ n,

�− + 14N → 5
�He+ 6

�He+ 4He,

haveQ-values either larger than or equal within errors
to the calculated total kinetic energy. Again, only
5
�He or 6

�He is acceptable as the hypernucleus for
track #1. It should be noted that neither5

�He nor 6
�He

has any excited states which can decay via gamma
emission. Therefore, there is no uncertainty arising
from excited states. For each of these three modes,
the total momentum of the three nuclei was calculated.
The results are summarized in Table 4. For the modes
�− + 14N → 5

�He(#1) + 6
�He(#2) + 4He(#3) and

�− +14N → 6
�He(#1)+ 5

�He(#2)+4He(#3), the sum
of the momenta of the three nuclei deviates from zero
by 10 and 6 standard deviations, respectively.
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Table 4
Decay modes to two hypernuclei (track #1 and #2) and one nucleus (track #3) whoseQ-value is larger than or equal to the visible energy
(Evisi). HereEvisi andpsum are the sum of the kinetic energy and momenta of three nuclei, respectively.Etotal is the total kinetic energy of
decay particles

Target nucleus Track Number of neutrons Q (MeV) Evisi psum Etotal

#1 #2 #3

14N 5
�He 5

�He 4He 1 14.70 11.89± 0.21 101± 9.8 17.3± 1.2

14N 5
�He 6

�He 4He 0 14.86 11.85± 0.21 111± 11 11.85± 0.21

14N 6
�He 5

�He 4He 0 14.86 12.08± 0.21 76± 12 12.08± 0.21

We conclude, therefore, that this event can be
assigned as

�− + 14N → 5
�He(#1) + 5

�He(#2) + 4He(#3) + n.

The binding energy of the�− is then calculated
to be −2.6 ± 1.2 MeV. Here the quoted error is
one standard deviation. The negative binding energy
would correspond to an unbound state, however within
the error bar it is certainly consistent with a capture
from an atomic, i.e., bound level. The species of the
�−-atom and the fragmentation products are uniquely
identified for the first time for twin-hypernuclei events

5. Discussion about production rate

There are several theoretical calculations estimat-
ing the production probability of double-� hypernu-
clei [16–19] and of twin-hypernuclei events [17–19].
These calculations use an attractive�� interaction,

except Ref. [17], in which both attractive and repul-
sive interactions were considered. The results of these
calculations are summarized in Table 5. The ratio of
the production rate of double-� hypernuclei to twin-
hypernuclei is larger than 5 with an attractive�� in-
teraction. This characteristics is naively explained by
considering the phase space available for each chan-
nel. In the case of�B�� = 4.9 MeV (attractive), the
Q-values to produce double-� hypernuclei are much
larger than those for twin-hypernuclei. However, if
�B�� = −4.9 MeV (repulsive), theQ-values for the
two types become comparable and the ratio is de-
creased.

Combined with the results of the E176 experi-
ment, one double-� hypernucleus and three twin-
hypernuclei events have been found from�− hy-
peron captures on light emulsion nuclei. The ratio of
the detected rate for double-� hypernuclei to twin-
hypernuclei events is therefore 0.33 with the 90% con-
fidence interval lying from 0.07 to 2.5. This value
deviates markedly from the theoretical estimates us-

Table 5
Theoretical estimations for the production probability of double-� hypernuclei and twin-hypernuclei, and their ratio. In Ref. [17], those from
the compound states,13

��B∗ , 15
��C∗ and 17

��N∗, formed after a�− hyperon capture had been calculated. Quoted here are the values averaged

with the weights of the molar ratio of12C, 14N and16O in the emulsion. The values from Refs. [18,19] are those from�− + 12C atomic states.
Only two body decay channels are considered in [18]. The parenthesized values are those excluding the fragmentation channels in which a
double-� hypernucleus and only neutrons are emitted, like�− + 12C→ 12

��B + n

Model Double-hyp. Twin-hyp. Ratio
(exc. one charge frag.)

Statistical decay (attractive) [17] 70%(57%) 12% 5.8 (4.8)

Statistical decay (repulsive) [17] 30%(21%) 28% 1.1 (0.75)

Doorway decay [18] 4.8% (3.3%) 0.11% 43 (30)

AMD-QL [19] 11.4% (9.8%) 1.2% 9.5 (8.2)
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ing an attractive�� interaction (�B�� = 4.9 MeV)
given in Table 5. However, to compare with the
theoretical estimates, the difference of the detection
efficiency between double-� hypernuclei and twin-
hypernuclei events must be considered. Following four
cases are considered to be the main origin of the detec-
tion inefficiency.

(a) If a hypernucleus decays in a neutral mode (� →
π0n or �n → nn) and only one or no track
of the residual nucleus is visible, the identifica-
tion is difficult. Both a double-� hypernucleus
and a twin-hypernuclei emission have two de-
cay vertices. The inefficiencies due to the neu-
tral decay are, therefore, considered to be the
same.

(b) If the distance between two decay vertices is very
short, the separation is difficult. With the attrac-
tive �B�� (4.9 MeV), Q-values for double-�
hyperfragment channels are large and the range
of a double-� hypernucleus is expected to be
longer than that of a hypernucleus of the same
mass number from a twin-hypernuclei event. As
for the range of a daughter hypernucleus from
a double-� hypernucleus, the range can become
short when the parent nucleus decays in a mesonic
mode. The branching ratio for the mesonic de-
cay modes for such hypernuclei is expected to be
about 20% from the data on single-� hypernu-
clei [20]. The present discrepancy cannot be ex-
plained this way.

(c) If a double-� hypernucleus and only neutrons
are emitted from a�− stopping point like�− +
12C → 12

��B + n, the detection is also diffi-
cult. In Table 5, the estimated production rates
without these modes are also listed. Even with-
out these modes, there is still a large discrep-
ancy between the present result and the theoret-
ical estimations using an attractive�� interac-
tion.

(d) When a double-� hypernucleus decays in a non-
mesonic mode, the remaining� can escape from
the nucleus due to the largeQ-values of non-
mesonic modes. In such a case, the identifica-
tion as a double-� hypernucleus is almost im-
possible. From the data on single-� hypernu-
clei, the non-mesonic decay rate was estimated
to be about 80% on the average. If the escap-

ing probability for the remaining� is larger than
70%, the ratio of the detected rates doesn’t con-
tradict the theoretical estimates by the statisti-
cal decay model with an attractive�� interac-
tion.

Consequently, if the�� interaction is attractive and
�B�� = 4.9 MeV, then the escaping probability of
the remaining� at the first decay of a double-� hy-
pernucleus in a non-mesonic mode might be as high
as 70%.

In summary, a hybrid-emulsion experiment KEK-
PS E373 has observed a new example of twin single-
� hypernuclei emission from a�− stopping point.
It has been interpreted as the fragmentation from a
�− + 14N atomic state to5

�He+ 5
� He+ 4He+ n. The

species of the�−-atom and the fragmentation prod-
ucts are uniquely identified for the first time for twin-
hypernuclei events. Combined with the results of a
previous experiment, E176, the ratio of the detected
rate of double-� hypernuclei to twin-hypernuclei is
compared to theoretical calculations. It’s value is con-
sistent with a theoretical estimation using a repulsive
�� interaction, and is much smaller than those using
an attractive�� interaction. The deviation might be
explained by the detection inefficiency for double-�

hypernuclei due to the escape of the remaining� at
the first decay in a non-mesonic mode.
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Observation of a 6
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A double-hyperfragment event has been found in a hybrid-emulsion experiment. It is identified
uniquely as the sequential decay of 6

LLHe emitted from a J2 hyperon nuclear capture at rest. The
mass of 6

LLHe and the L-L interaction energy DBLL have been measured for the first time devoid of
the ambiguities due to the possibilities of excited states. The value of DBLL is 1.01 6 0.2010.18

20.11 MeV.
This demonstrates that the L-L interaction is weakly attractive.

DOI: 10.1103/PhysRevLett.87.212502 PACS numbers: 21.80.+a, 21.10.Dr, 25.80.Pw, 27.20. +n
The observation of double-L hypernuclei gives impor-
tant information about the L-L interaction. The binding
energy of two L hyperons, BLL, and the L-L interaction
energy, DBLL, can be obtained from the measurement of
the masses of double-L nuclei, where DBLL is defined by

DBLL� A
LLZ� � BLL� A

LLZ� 2 2BL�A21
LZ� . (1)

There are three reports on the observations of double-L hy-
pernuclei in nuclear emulsion. About three decades ago, an
example of the double-hypernucleus 6

LLHe was presented
[1]. However, only a schematic drawing of the event was
given in the Letter, and measured angles were not pre-
sented. The authenticity of it was considered doubtful
212502-1 0031-9007�01�87(21)�212502(5)$15.00
[2]. The other two double-hypernucleus events [2–5] have
either more than one interpretation for the species or the
possibility of production of excited states. The production
of 4

LLH hypernuclei was recently reported in a counter-
experiment [6], but the statistics were limited and a value
of DBLL was not presented.

Theoretical calculations of the binding energies of
double hypernuclei have been made since the 1960s,
aiming to obtain information on the L-L interaction
[7–9]. Among possible double-L hypernuclei, 6

LLHe has
been considered to be important because it gives infor-
mation not only on the L-L interaction but also on the
cluster structure of hypernuclei. The 6

LLHe hypernucleus
constitutes the lightest closed shell structure containing p,
© 2001 The American Physical Society 212502-1
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n, and L baryons [10]. Double-L hypernuclei are closely
related to the existence of the H dibaryon [11]. If the
mass of the H dibaryon, MH , was less than twice the L
hyperon mass in a nucleus, two L hyperons in the nucleus
would be expected to form the H. With this assumption,
the lower limit of the mass of the H dibaryon can be
calculated from the following relation:

MH . 2ML 2 BLL , (2)

where ML is the mass of a L hyperon in free space.
In order to study such systems, an emulsion/

scintillating-fiber hybrid experiment (E373) has been
carried out at the KEK proton synchrotron using the
1.66 GeV�c separated K2 meson beam [12,13]. The
schematic view around the target is given in Fig. 1. J2

hyperons were produced via the quasifree �K2, K1� reac-
tions in a diamond target [14] and brought to rest in Fuji
ET-7C emulsion. The �K2, K1� reactions were tagged
by a spectrometer system. The positions and angles of
entry of the J2 hyperons at the emulsion were measured
with a scintillating microfiber-bundle detector [15] placed
between the diamond target and the emulsion stack. The
tracks of the J2 hyperons were scanned and traced in the
emulsion by a newly developed automatic track scanning
system [16]. An emulsion stack consisted of a thin emul-
sion plate located upstream followed by eleven thick
emulsion plates [17]. The thin plate had 70-mm-thick
emulsion gel on both sides of a 200-mm-thick acrylic base
film, and each thick plate had 500-mm-thick emulsion gel
on both sides of a 50-mm-thick acrylic film.

Although we have analyzed only 11% of the total emul-
sion, we have found an event of seminal importance, a
mesonically decaying double hypernucleus emitted from
a J2 capture at rest [18]. A photograph and schematic
drawing of the event are shown in Fig. 2. We named this
event “NAGARA.” A J2 hyperon came to rest at point

FIG. 1. Schematic view of the experimental setup.
212502-2
A, from which three charged particles (tracks No. 1, No. 3,
and No. 4) were emitted. One of them decayed into a p2

meson (track No. 6) and two other charged particles (tracks
No. 2 and No. 5) at point B. The particle of track No. 2
decayed again to two charged particles (tracks No. 7 and
No. 8) at point C.

The measured lengths and emission angles of these
tracks are summarized in Table I. The particle of track
No. 7 left the emulsion stack and entered the downstream
scintillating-fiber block detector (D-Block) [19]. Track
No. 5 ended in a 50-mm-thick acrylic base film. The tracks
of the three charged particles emitted from point A are
coplanar within the error as are the three tracks from point
B. The kinetic energy of each charged particle was calcu-
lated from its range, where the range-energy relation was
calibrated using a decays of thorium series in the emul-
sion and m1 decays from p1 meson decays at rest.

The single hypernucleus (track No. 2) was identified
from event reconstruction of its decay at point C. Mesonic
decay modes of single hypernuclei were rejected because
their Q values are too small. The decay mode of the
single hypernucleus is nonmesonic with neutron emission.
If either track No. 7 or No. 8 has more than unit charge,
the total kinetic energy of the two charged particles is
much larger than the Q value of any possible decay mode
because of the long ranges of tracks No. 7 and No. 8.
Therefore, both tracks No. 7 and No. 8 are singly charged,
and only LHe isotopes are acceptable.

The kinematics of all possible decay modes of the dou-
ble hypernucleus (track No. 1) which decays into LHe
(track No. 2) and p2 (track No. 6) were checked, and
BLL and DBLL were calculated. Since track No. 5 ended
in the base film, only the lower limit of the kinetic energy

FIG. 2. Photograph and schematic drawing of NAGARA
event. See text for detailed explanation.
212502-2
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TABLE I. Lengths and emission angles of the tracks. Angles are expressed by a zenith angle �u� with respect to the direction
perpendicular to the plate and an azimuthal angle �f�. The indicated errors are the measurement errors only. For tracks No. 4,
No. 6, No. 7, and No. 8, the ranges in an acrylic base were converted to those in emulsion. The lengths of tracks No. 5 and No. 7
are the visible ones in the emulsion only. The length of track No. 7 inside the D-Block is 13.1 mm.

Point Track No. Length �mm� u [degree] f [degree]

A 1 8.1 6 0.3 44.9 6 2.0 337.5 6 1.8 Double hypernucleus
3 3.2 6 0.4 57.7 6 5.2 174.9 6 2.9
4 88.3 6 0.5 156.2 6 0.5 143.0 6 1.0

B 2 9.1 6 0.3 77.7 6 1.6 115.9 6 0.8 Single hypernucleus
5 82.1 6 0.6 122.8 6 1.0 284.2 6 0.7 Stopped in base
6 13 697 81.1 6 0.8 305.5 6 0.1 p2

C 7 742.6 6 0.6 138.5 6 0.2 322.1 6 0.3 Stopped in D-Block
8 5868 6 20 52.2 6 1.2 123.7 6 0.7 Scattered before stopping
can be determined. For the decay modes without neu-
tron emission, the range of the particle of track No. 5 was
increased to minimize the missing momentum. If the sum
of the momenta of the three charged particles (tracks No. 2,
No. 5, and No. 6) deviated from zero by more than three
standard deviations even after the range of track No. 5 was
increased from the missing momentum, that decay mode
was rejected. For the decay modes with neutron emission,
the upper limits of BLL and DBLL were obtained. Only
the results for DBLL . 220 MeV are listed in Table II.
The cases of double hypernuclei with more than two units
of charge are not given because their values of DBLL were
less than 220 MeV.

Kinematical analysis of the production reaction was
made by assuming that the J2 hyperon was captured by a
light nucleus in the emulsion (12C, N14, or 16O). This as-
sumption is reasonable, taking into account the existence
212502-3
of the short track No. 3 and the Coulomb barrier of the tar-
get nucleus. For each of the modes without neutron emis-
sion, if the sum of momenta deviated from zero by more
than three standard deviations, the mode was rejected. For
the modes with one neutron emission, the momentum of
the neutron was assigned to the missing momentum of the
three charged particles (tracks No. 1, No. 3, and No. 4).
For the modes with more than one neutron emission, the
lower limits of the total kinetic energy of the neutrons were
calculated from the missing momentum. The results for
DBLL , 20 MeV are presented in Table III. The values
of BLL and DBLL were calculated with the J2 hyperon
binding energy BJ2 set to zero. Hence these values are
lower limits of BLL and DBLL, and their true values are
larger, depending on the actual value of BJ2 .

A comparison of the values of BLL and DBLL obtained
from both points A and B was made. After rejecting the
TABLE II. Possible decay modes of the double hypernucleus which include LHe as a decay daughter. The errors on BLL and
DBLL do not include those of the binding energies of single hypernuclei. Only the cases of DBLL . 220 MeV are listed.

Double hypernucleus No. 2 No. 5 No. 6 BLL [MeV] DBLL [MeV]
5

LLHe 4
LHe p p2 7.1 6 0.5 2.4 6 0.5

6
LLHe 5

LHe p p2 6.9 6 0.6 0.6 6 0.6
7

LLHe 5
LHe p p2 1n ,8.6 ,0.3

7
LLHe 6

LHe p p2 6.3 6 0.7 22.0 6 0.7
8

LLHe 5
LHe p p2 2n ,6.8 , 2 7.2

8
LLHe 5

LHe d p2 1n ,7.4 , 26.6
8

LLHe 6
LHe p p2 1n ,6.6 , 27.4

8
LLHe 7

LHea p p2 7.7 6 0.8 26.3 6 0.8
9

LLHe 5
LHe p p2 3n ,7.2 , 27.1

9
LLHe 5

LHe d p2 2n ,8.2 , 26.1
9

LLHe 5
LHe t p2 1n ,11.2 , 23.1

9
LLHe 6

LHe p p2 2n ,7.2 , 27.1
9

LLHe 6
LHe d p2 1n ,8.4 , 25.9

9
LLHe 7

LHea p p2 1n ,11.2 , 23.1
9

LLHe 7
LHea d p2 13.4 6 0.5 20.9 6 0.5

9
LLHe 8

LHe p p2 6.4 6 0.8 27.9 6 0.8

aWe took the value of 7.0 MeV for the upper limit of the L hyperon binding energy in 7
LHe, because it has not yet been averaged

[21].
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TABLE III. Possible production modes of the double hyper-
nucleus. The errors on the mass of J2 hyperon and the binding
energies of single hypernuclei are not included in the errors on
BLL and DBLL. Only the cases of DBLL , 20 MeV are listed.

Target No. 1 No. 3 No. 4 BLL [MeV] DBLL [MeV]
12C 6

LLHe 4He p 2n .16.9 .10.6
12C 6

LLHe 4He d 1n 14.5 6 0.7 8.2 6 0.7
12C 6

LLHe 4He t 7.3 6 0.2 1.1 6 0.2
12C 7

LLHe 4He p 1n 21.6 6 1.3 13.3 6 1.3
14N 6

LLHe 7Li p 1n 24.4 6 2.1 18.2 6 2.1
14N 6

LLHe 6Li d 1n 25.8 6 1.3 19.6 6 1.3
14N 6

LLHe 4He 4He 1n 17.9 6 1.5 11.7 6 1.5
14N 7

LLLi 4He t 1n 26.2 6 0.9 17.2 6 0.9
14N 9

LLLi p 4He 1n 31.5 6 1.8 17.9 6 1.8
16O 8

LLLi 4He 4He 1n 31.1 6 0.9 19.9 6 0.9

modes which have inconsistent values, only one interpre-
tation remained,

12C 1 J2 !
6

LLHe 1 4He 1 t
6

LLHe !
5
LHe 1 p 1 p2.

The fact that the tracks of the reaction products were copla-
nar at both points A and B also suggests that no neutrons
were emitted from either vertex. The decay mode of 5

LHe
is nonmesonic but undetermined.

The possibilities that the double hypernucleus or the
single hypernucleus was produced in an excited state
can be rejected for the following reasons. If the double-
hypernucleus or the other fragments emitted from the
J2 stopping point had been produced in an excited state,
the value of DBLL calculated at the production point A
would be increased by the excitation energy. On the other
hand, if the single hypernucleus or the residual particles
emitted from the decay of the double hypernucleus had
been created in an excited state, the value of DBLL

calculated at the decay point B would be decreased by the
excitation energy. In both cases, the difference between
DBLL calculated at point A and at point B would be
enlarged and the consistency of the values of DBLL

would not be satisfied. Hence, our event, NAGARA, has
been interpreted uniquely as the sequential weak decay of

6
LLHe. Moreover, in the production and decay of 6

LLHe,
no particle-stable excited states are known or expected
for any of the reaction products. Therefore, there are no
ambiguities arising from excited states.

The value of DBLL was obtained as 0.62 6 0.61 MeV
from the decay vertex B of the double hypernucleus, while
its lower limit was determined as 1.08 6 0.22 MeV from
the production point A. These errors also include the
uncertainties in the values of the mass of the J2 hy-
peron (0.13 MeV) [20] and the binding energy of 5

LHe
(0.02 MeV) [21]. A kinematic fit was applied at each ver-
tex independently using the kinematic constraints of con-
212502-4
servation of momentum and energy. In the fit at vertex B
the momentum of the proton (track No. 5) was constrained
to have a value consistent with the particle entering the
acrylic base film but not emerging from it, whereas the
mass of the double hypernucleus was a free parameter in
both the fit at vertex A and the fit at vertex B. By mini-
mizing the x2, we obtained DBLL � 0.69 6 0.54 MeV
from the decay vertex B, and DBLL 2 BJ2 � 0.92 6
0.21 MeV from the production point A. The value of
BJ2 was obtained experimentally from these values as
20.24 6 0.58 MeV. The fitted momentum of the proton
(track No. 5) was 87.9 6 3.0 MeV�c and the correspond-
ing range was 127 6 15 mm, which agrees with the fact
that the proton entered but did not emerge from the base
film.

The values of BLL and DBLL were determined uniquely
from vertex B with large errors, whereas the values ob-
tained from vertex A were more precise but depend on
BJ2 . In order to obtain their most probable values, we
combined the two independent determinations for several
fixed values of the J2 hyperon binding energy BJ2 . The
results, expressed as a function of BJ2 (MeV), were

BLL � 7.13 1 0.87 BJ2 �60.19� MeV , (3)

DBLL � 0.89 1 0.87 BJ2 �60.20� MeV . (4)

According to theoretical calculations for the nuclear
absorption rate of J2 hyperons [22–24], J2 hyperon
capture from an atomic 3D state in 12C is dominant, but
capture from a 4F or 2P state is not negligible. The
value of BJ2 of the 2P state varies with the J2 hyperon-
nucleus potential well depth, whereas the energy level
of the 3D state is better known because it depends
overwhelmingly on the Coulomb interaction rather
than the J2 hyperon-nucleus strong interaction. The
value of BJ2 of the 3D state is 0.13 MeV, which
is consistent with the present experimental result of
20.24 6 0.58 MeV. Adopting the value BJ2 �
0.13 MeV as the most probable value, the weighted mean
values are BLL � 7.25 6 0.1910.18

20.11 MeV and DBLL �
1.01 6 0.2010.18

20.11 MeV, where the systematic errors are
determined from the fact that the value of BJ2 is uncertain
in the range from 0 to 0.34 MeV in our measurement.

Two of the past experiments [2–5] gave a value of
DBLL to be about 4.5 MeV. As mentioned above, there
remains the possibility in both events that the single hy-
pernuclei was produced in excited states. In such cases,
DBLL would be about 1 MeV and not in contradiction with
our result.

From the relation (2), the E176 experiment presented a
lower limit on the mass of the H dibaryon as 2203.7 6
0.7 MeV�c2 [4]. Several counterexperiments have put the
upper limits on the production rate of the H dibaryon
[25–27], which were below the theoretical calculation [28]
in the mass region below 2200 MeV�c2, and indicate the
nonexistence of a deeply bound H dibaryon. Using the
212502-4
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present result of BLL from the decay vertex, the lower
limit of the H mass was found to be 2223.7 MeV�c2 at a
90% confidence level, which is much closer to the two-L
threshold.

In summary, a double-hypernucleus event, NAGARA,
has been observed in an emulsion stack exposed to the
1.66 GeV�c K2 meson beam. It is interpreted uniquely
as the sequential decay of 6

LLHe emitted from a J2 hy-
peron nuclear capture at rest. The mass has been measured,
and the binding energy of the two L hyperons, BLL, and
the L-L interaction energy, DBLL, have been determined
for the first time without the ambiguities arising from the
possibilities of excited states. The value of DBLL obtained
from the decay kinematics is 0.69 6 0.54 MeV. By using
both the production and decay kinematics, we obtained
DBLL � 1.01 6 0.2010.18

20.11 MeV, where the J2 binding
energy of an atomic 3D state in 12C, 0.13 MeV, is used as
the most probable value, and the systematic error is deter-
mined from the error of the BJ2 obtained from this event.
It established that the L-L interaction energy is attractive
but considerably smaller than that previously estimated ex-
perimentally. The violent disagreement between our result
for DBLL and that reported in Ref. [1] confirms the doubts
on the authenticity of the previous event. In addition, the
lower limit of the mass of the H dibaryon has been ob-
tained as 2223.7 MeV�c2 at a 90% confidence level.
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Abstract

Scintillating-fiber-block detectors have been constructed using 0:5 mm square fibers for the KEK-PS E373

experiment, which searches for double-strangeness nuclei. The main aim of the detector is to measure the energies of

protons and pions produced from decay of double- or single-hypernuclei using their ranges. It is also used to detect L
hyperons or the H-dibaryon, and to make event selection. The performance of the detectors was studied with low-

energy proton and pion beams as well as minimum-ionizing particles. The energy resolution determined by the range

measurements was 0:86 MeV for 37 MeV p�’s and 1:4 MeV for 47 MeV protons. The excellent capability of p=p
separation has been also demonstrated. r 2002 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Gx; 29.40.Mc; 21.80.+a

Keywords: Scintillating fiber; Image-intensifier tube; Double-L hypernucleus

1. Introduction

The history of tracking detectors using scintil-
lating optical fibers began in the late 1950s [1]. In
the early 1980s, the technologies of fiber optics,
image-intensifier tubes (IITs) and charge-coupled
devices (CCDs) were established [2,3] and fiber
detectors have drawn much attention as tracking
detectors with good spatial resolution in high-
energy physics experiments [4–6]. This technique
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has also been used to detect low-energy hyperons
in strangeness nuclear physics experiments, such as
the H-dibaryon search experiments [7,8] and
hyperon–nucleon scattering experiments [9,10].

We have constructed scintillating-fiber-block
detectors (SciFi-Blocks) for the E373 experiment,
which was carried out in the K2 beam line of the
12 GeV proton synchrotron at KEK. The purpose
of this experiment is to search for double-strange-
ness nuclei, such as LL-nuclei, X-nuclei or the
H-dibaryon, with a counter-emulsion hybrid
method [11]. This method was used in the former
E176 experiment with great success, such as to
confirm the existence of LL-nuclei which are stable
against strong decay [12]. However, only one p-
mesonic decay event was found, and there
remained two kinds of interpretations for the
species. The L–L interaction has not been
determined uniquely yet. In E373, we search for
double-strangeness nuclei with 10 times higher
statistics than that in E176.

A schematic view of the target region of the
E373 experiment is shown in Fig. 1. In order to
obtain such high statistics with limited amount of
nuclear emulsion, the thickness of the emulsion
stack has been reduced to about one-fifth of that
for E176 [13]. For this reason, pions and protons
emitted from the process of weak decay of
hypernuclei may not be stopped in the emulsion.
It is very important, however, to measure the
energy of such particles in identification of the
nuclide and in determination of the mass of the
double-hypernucleus and the L–L interaction.
Therefore, we used the SciFi-Blocks as a range
counter for pions and protons.

The X� particles, produced via the quasi-free
‘‘p’’ (K�; KþÞX� reactions in a diamond target,
are slowed down in the target, and some of them
are stopped in a nuclear emulsion. These
(K�; Kþ) reactions are tagged using a magnetic
spectrometer system. Hyperfragments emitted
from the X� absorption points are observed in
the emulsion. The positions and directions of the
X� particles are measured with a scintillating-
microfiber-bundle detector (SciFi-Bundle), which
is located between the diamond target and the
nuclear emulsion. Details of the SciFi-Bundle
detector are described in Ref. [14].

We have used two SciFi-Blocks, an upstream
block (U-Block) located upstream of the SciFi-
Bundle and a downstream block (D-Block) placed
downstream of the emulsion chamber. The main
aim of the SciFi-Blocks is to determine the energy
of particles, such as pions and protons, produced
from decay of hypernuclei by measuring their
ranges in the blocks. The second purpose is to
detect L or the H-dibaryon emitted from the
stopping points of X�’s or (K�; Kþ) reaction
vertices by observing their decay. In addition, they
are used for event selection to reduce the number
of events to be analyzed in the emulsion, which
needs huge amount of time. For example, the
event in which X� decays before stopping in the
emulsion is rejected by the human eye scanning.

In this paper, we present an evaluation of the
SciFi-Blocks using low-momentum pion and pro-
ton beams and minimum-ionizing particle’s tracks.
In the next section we describe in detail the SciFi-
Block detectors; their performances are presented
in Section 3.

2. SciFi-Block detectors

We have used 0:5 mm� 0:5 mm square fibers
(KURARAY SCSF-784). The core is made of
polystyrene with a refractive index of 1.59 and a
density of 1:06 g=cm3: It is surrounded by a 10 mm
thick cladding made of polymethylmethacrylate
(PMMA) with an index of 1.49 and a density of

Fig. 1. Schematic view of the target region.

4KURARAY Co. Ltd., Kurashiki 2-28, Nakajo, Kitakan-

bara, Niigata 959-2653, Japan.
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1:18 g=cm3: The attenuation length was measured
with a radioactive source of b-rays [15].

Since the position resolution of a SciFi-Block
depends on the precision of the packing of fiber
sheets, we required a precision of 0:2 mm in the
packing. The number of fibers per sheet is 144 for
the U-Block and 120 for the D-Block. The U-
Block consists of 98 fiber sheets and the D-Block
90 fiber sheets.

The structure of the U-Block is shown in Fig. 2.
There is a square hole (20 mm� 20 mm) in the
center of the U-Block in order to insert the
diamond target and to pass the beam through.
For this reason, it has a very complicated
structure. To make the hole without making
unreadable dead spaces, one sheet was divided
into two partial sheets. One is extended to the left-
side IIT and the other to the right-side IIT. The
partial sheets from the u- and v-direction were
piled up alternately at the input window of each
IIT chain (Fig. 3(a)). Therefore, two images of uz-
and vz-plane are read out as one overlapped
image. It is thus necessary to divide one obtained
image to each sheet and reconstruct the original
two images. At the readout-end of the fiber sheets,
0:3 mm thick black vinyl chloride sheets were
inserted between fiber sheets to identify each sheet easily. At the detection area, 0:3 mm thick Al

degraders were inserted between fiber sheets in
order to increase the acceptance of the block as a
range counter. In order to increase the number of
detected photoelectrons, one side of each fiber
sheet for the U-Block which is opposite to the
readout-end was polished and evaporated with
aluminum to reflect the photons. The effect of this
mirror was studied by measuring the yield of
scintillation light induced by the passage of b-rays.
It was found that the light yield was increased by
1.6 times with the mirror.

The structure of the D-Block is shown in Fig. 4.
In order to utilize the full aperture of the IIT, each
sheet was divided into two partial sheets, and they
were piled up alternately at the input of each IIT
(Fig. 3(b)). Hence, images of upper part and lower
part are overlapped to each other. Black vinyl
chloride sheets of 0:2 mm in thickness and Al
degraders of 0:3 mm were inserted at the readout-
end of the fiber sheets and at the detection area,
respectively, like the U-Block. Black acrylic platesFig. 2. Schematic view of the U-Block.

Fig. 3. Basic structure of the U-Block (a) and the D-Block (b).

In the U-Block, u sheets and v sheets are piled up alternately. In

the D-Block, each sheet is divided into upper and lower parts

and they are stacked by turns.
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evaporated with aluminum were attached as
mirrors to the end of the block opposite to the
readout-end.

Each IIT chain of the U-Block consists of four
image-intensifier tubes and a CCD (Fig. 5(a)). The
input window of the first stage IIT is 100 mmf in
diameter. The first (HAMAMATSU V4440PX5)
and second (DEP PP0030X6) stages of the IIT
chain are the electrostatically focusing type. The
third and fourth (PROXITRONIC BV2583EG,
see footnote 6) are the Micro Channel Plate(MCP)
type. The first-stage IIT has a magnification factor
of 25=100 and the other stages have a magnifica-
tion of 1. A tapered-optical-fiber plate with a
magnification of 7=25 was inserted between the
fourth-stage IIT and the CCD chip, giving the
total magnification of 7=100: The phosphor of
each stage is PS-5, P46, P20 and P20 in that order.

The IIT chain of the D-Block consists of three
image-intensifier tubes (DEP PP0040C, see foot-
note 6) and a CCD (Fig. 5(b)). The input window
of the first-stage IIT is 80 mmf: The first stage of
the IIT chain is the electrostatically focusing type
with a magnification of 16=80: The second and
third IITs are the MCP type. A tapered-optical-
fiber plate with a magnification of 11=18 was
inserted between the third-stage IIT and the CCD.
The total magnification is 11=90: The phosphors of

the first, second and third stages are P24, P20 and
P20, respectively.

The CCD chips have 768� 493 pixels, where the
size of each pixel is 11 mm� 13 mm: The acquisi-
tion of images from the CCD cameras was
performed with three types of modules; a clock-
and-coordinate generator (CCG) module, flash
ADC (FADC) modules and first-in–first-out (FI/
FO) memory modules. The CCG module provides
a common clock (14 MHz) to synchronize the
whole system, and generates two-dimensional
coordinates of each CCD pixel. It initiates a
sequence of digitization when the second-level
trigger is fired. The FADC modules digitize the
pulse height of the video signals into 8-bit bright-
ness data for each pixel. For those pixels having
brightness above some threshold, the write-strobe
signals to the corresponding FI/FO module are
generated. Then, the data on the brightness (8-bit),
the coordinates (H:10-bit, V:10-bit) and the event
number (4-bit) are stored in the memory of the FI/
FO module. Each of the FI/FO modules has four
FIFO chips, IDT-7207 for the SciFi-Bundle and
the U-Block and IDT-7208 for the D-Block. The
total memory size of a module is 128 kB (IDT-
7207� 4) or 256 kB (IDT-7208� 4).

Images are distorted mainly due to the pin-hole
distortion caused by the electrostatic lens of IITs.

Fig. 5. Schematic drawing of the structure of IIT chains for the

U-Block (a) and the D-Block (b).

Fig. 4. Schematic view of the D-Block.

5Hamamatsu Co. Ltd., Toyooka Factory, Shimokanzo 314-

5, Toyooka, Iwata, Shizuoka 438-0193, Japan.
6DHT Co. Ltd., 1-636 Maruko-doori, Nakahara, Kawasaki,

Kanagawa 211-0006, Japan.

H. Takahashi et al. / Nuclear Instruments and Methods in Physics Research A 483 (2002) 689–697692



Since these SciFi-Block systems were installed very
close to the spectrometer, their images were also
distorted by the magnetic field (about 0.01 or
0:02 T). We minimized the distortion of images by
covering each IIT chain with a double magnetic
shield made of iron and m-metal. The effect due to
the remaining magnetic field was corrected during
an offline analysis. The correction parameters were
determined using the images of a plate with a grid-
pattern holes, which was attached to the input
window of the IITs and illuminated by a LED.

The error of the correction was estimated from the
differences between the corrected positions of each
point of the grid and the real positions. The
standard deviation of the differences was 130 mm
for the U-Block and 145 mm for the D-Block.
After this correction, image reconstruction was
performed. Fig. 6 shows an example of a recon-
structed image, where the decay of a X� hyperon
can be clearly seen.

3. Performance of the SciFi-Block detectors

The SciFi-Block detectors were installed in the
K2 beam line of KEK-PS. We employed low-
energy proton and pion beams as well as
minimum-ionizing beams for calibrating the Sci-
Fi-Blocks. A K� beam of about 1:66 GeV=c was
used to evaluate the position resolution. For
calibrating the range–energy relation, data with a
proton beam of about 600 MeV=c and a p� of
about 400 MeV=c were analyzed. The capability of
the separation of stopped-p�/stopped-proton was
also evaluated with the data of the low-momentum
beams.

3.1. Position resolution

The position precision and resolution of the
SciFi-Blocks were evaluated with the values of
‘‘cluster residual’’ and ‘‘track width’’, respectively.
The cluster residual is defined as the distribution of
the length from a fitted straight-line to the center
of each photon cluster. The track width is the
distribution of the distance from one track to each
pixel weighted by the brightness of the pixel. The
results are summarized in Table 1.

The worse resolution of the U-Block comes
from the difficulty of packing the fiber sheets
because of its complicated structure. Taking into
account the precision of the packing, these results
are consistent with the expected values, which were
calculated based on the size of the fibers, the
distortion of the images, the resolution of the
CCDs and the cluster size of one photon.

Fig. 6. Example of image reconstruction. (a) Images before

reconstruction (after calibration) and (b) those after reconstruc-

tion. A X� hyperon decayed in the D-Block can be clearly seen.

The incident K� was not observed because it had passed

through the center hole of the U-Block.

H. Takahashi et al. / Nuclear Instruments and Methods in Physics Research A 483 (2002) 689–697 693



3.2. Stopped-p�/stopped-proton separation

We must determine the stopping position of the
p�’s in order to measure the range. When a p�

meson comes to rest in a material, it is absorbed by
a nucleus, and then some evaporated particles are
emitted. In the case of an event which shows a kink
track in the SciFi-Blocks, it is necessary to
distinguish whether the track is a scattered p� or
an evaporated particle from the stopping point of
a p�: If an evaporated particle is an a or heavier
particle, its range is less than the thickness of one
fiber. An evaporated particle whose range was
longer than the thickness of a fiber can be regarded
as a proton, deuteron or triton. Therefore, it is
necessary to separate p�’s from protons to
distinguish p� scattering from particle evapora-
tion. Furthermore, it is important to distinguish
whether a decay daughter of a hypernucleus is a
pion or not in order to determine the decay mode
of the hypernucleus, i.e., mesonic decay or non-
mesonic decay.

The separation capability was studied using the
low-momentum p�’s and protons. Identification of
the beam particles was made based on the time of
flight (TOF) through the beam line. The peaks of
the TOF for p�; m� and e� were clearly separated.

Fig. 7 shows an example of an image of a
stopped p�: Since the brightness of light emitted
from a fiber is proportional to the energy loss of a
particle in the fiber, the brightness distribution
varies depending on the particle species, like the
‘‘Bragg curve’’. It is possible to distinguish p�’s
from protons by comparing the mean brightness
per track length near the stopping point. Because
the brightness of the stopping point of p� can be
very high due to the short-range evaporation of
particles, the brightnesses of tracks of stopping

p�’s and protons were compared without includ-
ing the stopping points. Since the gains of the IITs
are different from each other, the brightness was
obtained by calibrating the ADC value using the
track of minimum-ionizing particles.

Fig. 8 shows the result in which the mean
brightness was obtained using 8 fiber sheets. The
threshold brightness to separate p�’s from pro-
tons, T ; was determined as a point of interior
division between the peaks of p�’s and protons:

T ¼
spmp þ spmp
sp þ sp

where sp and mp are the standard deviation and the
mean of the brightness distribution of the p�’s,
respectively; sp and mp denote those for protons.
For the U-Block, the distance from the threshold
T to the p�’s peak is 2:0sp� and that to the peak of
protons is 2:0sp: This means that 97.7% of the
p�’s or protons are distributed below/above the
threshold. In the case of the D-Block the distance
between the brightness peak and a threshold is also
2:0sp for the p�’s and 2:0sp for the protons.

The distances of the peaks and the ratio of the
distribution are summarized in Table 2. Even
using only four fiber sheets, more than 94% of the

Table 1

Position precision and resolution (r.m.s.) for straight tracks of

minimum-ionizing particles

Cluster residual Track width

ðmmÞ ðmmÞ

U-Block 290 350

D-Block 250 290

Fig. 7. Image near the stopping point of a p�: Since the

brightness of the stopping point of a p� can be very high, the

brightnesses of the stopping tracks of p�’s and protons are

compared without including the stopping points.
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p�’s and protons are distributed below and above
the threshold, respectively.

3.3. Range resolution

As mentioned in Section 1, the main purpose
of the SciFi-Blocks is to measure the energy
of a particle from its range in the blocks. The
range resolution of the SciFi-Blocks is very im-
portant for precise measurements of the mass of
hypernuclei.

An analysis for the range resolution was made
for the U-Block. The incident energy at the SciFi-
Block as well as particle identification was
determined from the TOF. The relation between
the TOF and the incident energy, and the error of
the incident energy were estimated with a simula-
tion. Only those events which included a simple

straight track in the image were selected. Each
proton track was fitted to a straight line and its
range was determined by automatic tracking
software. For p�’s, however, all the events were
scanned by human eyes because the event topology
might be more complicated.

The results are shown in Fig. 9. The curves on
the plots are the results of the fitting to the well-
known relation between range R and energy T ;

R ¼ a� Tb

where a and b are the fitting parameters.
The range resolution was estimated from the

distance from the fitted curve to each data point
and from the error of the incident energy. It is
1:1 mm for 37 MeV p�’s and 0:57 mm for 47 MeV
protons. These values are almost same as the
results of a simulation which included the effect of
range straggling. The values from the simulation
are 1:1 and 0:55 mm; respectively. These range
resolutions are equivalent to the energy resolutions
of 0:86 MeV for 37 MeV p�’s and 1:4 MeV for
47 MeV protons. These values satisfy the require-
ment from the E373 experiment.

Finally, we have reconstructed the mass of L
hyperons which decayed to p�’s and protons in the
SciFi-Blocks using the obtained range–energy
relation. Fig. 10 shows the mass distribution
for L’s reconstructed from the ranges of the p�’s

Fig. 8. Mean brightness (per mm) near the stopping points of p�’s and protons calculated from eight fiber sheets.

Table 2

Distances from the peaks of the mean brightness of p�’s and

protons to the threshold values, and the ratio of the distribution

Total number

of fiber sheets

U-Block D-Block

Distance Ratio Distance Ratio

4 1:8s 96.2% 1:6s 94.0%

6 1:9s 97.3% 1:8s 96.4%

8 2:0s 97.7% 2:0s 97.7%
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and protons, both of which stopped in the SciFi-
Block. The mean value of the mass is
1115:771:4 MeV=c2; which demonstrates the va-
lidity of our range–energy relations.

4. Summary

We have studied scintillating-fiber-block detec-
tors (SciFi-Blocks) for the double-strangeness
nuclei experiment, KEK-PS E373. We used two

SciFi-Blocks, an upstream block (U-Block) and a
downstream one (D-Block), to determine the
energy of pions and protons emitted from decay
of hypernuclei by measuring their ranges. The
performance of the SciFi-Blocks was evaluated
using low-momentum pion and proton beams as
well as minimum-ionizing particle beams. The
position precisions are 290 and 250 mm for the U-
Block and the D-Block, respectively. The relations
between the range and the energy for the p�’s and
protons were obtained using low-momentum p�

and proton beams. The energy resolution was
0:86 MeV for 37 MeV p�’s and 1:4 MeV for
47 MeV protons. It was found that the SciFi-
Blocks had a capability for p/p separation. For
more than 94% of the p�’s/protons the mean
brightness near the stopping points was distributed
below/above some threshold.
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Abstract

An R&D study has been performed to develop a long CeF
3

crystal for electromagnetic calorimetry in high-energy
physics. The successful growth of samples with good quality implies that application could be near. ( 2000 Elsevier
Science B.V. All rights reserved.

1. Introduction

A new crystal, CeF
3
, is one of the heavy and fast

scintillators suitable for various high-energy phys-
ics experiments. Since most experiments, regardless
of the collider or the "xed target, are carried out in
a high-rate environment in order to obtain high
sensitivity, there is a special demand for a heavy
and fast scintillator. When Anderson [1,2] and
Moses}Derenzo [3] discovered the good properties
of CeF

3
on small samples in 1989, it was thought

that most crystal calorimeters in high-energy phys-
ics would soon be replaced by CeF

3
from other

crystals so far available. Many attempts have been
carried out to grow long CeF

3
crystals for high-

energy calorimeters since then. However, long

CeF
3

crystals having the same properties as those
of short samples have not yet been stably grown.
The growth on long, transparent crystals has been
found to be not easily achieved.

Here, we report the status of our study, which
was started soon after the discovery, and which is
still being continued by a small, local collaboration.
In Section 2 we summarize the properties of CeF

3
,

and the fabrication of long crystals is discussed in
Sections 3 and 4.

2. Properties of CeF
3

crystal

Table 1 shows the properties of CeF
3

to-
gether with those of another crystal of undoped-CsI
(CsI), which is one of the best available
scintillators with a fast response. Most of the
values are those reported in Refs. [1,2] and
some are obtained from measurements on small
samples.

0168-9002/00/$ - see front matter ( 2000 Elsevier Science B.V. All rights reserved.
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Table 1
Properties of CeF

3
and undoped-CsI crystals

CeF
3

CsI

Density (gr/cm3) 6.16 4.53
Radiation length (cm) 1.7 1.9
Moliere radius (cm) 2.6 3.8
Light yield (in ratio with NaI, %) 4}5 3}4
Temperature dependence of light yield (%/3C) 0.05 !1.5
Decay time (ns) 5, 30 10, 30, '1000
Refraction index at 400 nm 1.62 1.75
Hygroscopicity none slight
Tensil strength (dyn/cm2) 3.1]109 *

Young modulus (dyn/cm2) 1.1]1012 (2]1010

Thermal expansion coe$cient (/3C) 1.3]10~5 4.8]10~5

Thermal-neutron cross section (barn) 0.65 35

1The decay time distribution was measured by Norio Tamura
and Hiroyuki Maeohmichi at Okayama University in 1993.

(a) CeF
3

is as strong as CsI in terms of the stopping
power for high-energy gammas, because CeF

3
is a high-density material. The z-number of
CeF

3
is smaller than that of CsI. It is compen-

sated by a higher density, and CeF
3

possesses
a slightly shorter radiation length than CsI. The
low-z and high-density cause the shape of a cas-
cade shower to be thin. The Moliere radius of
CeF

3
is considerably smaller than that of CsI,

where the Moliere radius is de"ned as the
radius of a cylinder in which 90% of the energy
can be captured for a gamma injected in the
center. A small Moliere radius, which means
a small tranverse spread of the cascade shower,
is very important to avoid signal overlap that is
always harmful in a high-rate experiment.

(b) The light output of CeF
3

is greater than that of
CsI by about 50%. Fig. 1 shows the responses of
CeF

3
and CsI to gamma rays from 137Cs and

60Co. The CeF
3

crystal has an emission peak at
a wavelength of 300 nm, which is similar to CsI
crystal. Fig. 2 shows the emission spectrum
from a CeF

3
crystal irradiated by gamma rays

from 137Cs. The light output of CeF
3

depends
only slightly on the temperature, while the large
temperature dependence of CsI is always
troublesome in applications.

(c) There is no very slow component in the scintil-
lation decay time of CeF

3
, unlike that in other

crystals, such as 1 ls in CsI and 10 ls in BaF
2
.

This is important not only for good timing, but

also for preventing the signal base-line from
shifting due to an overlap of slow components
in a high-rate experiment, which is very impor-
tant especially for an experiment to manage
small signals. Fig. 3 shows the decay time distri-
bution.1

(d) The refractive index of CeF
3

is small and near
to the glass value. This means that special selec-
tions of a re#ector and an adhesive, which al-
ways cause trouble in an assembly of crystals
with a high refractive index, are not necessary to
obtain good light collection and transmission
for CeF

3
. Moreover, it implies that a long CeF

3
crystal could be built by gluing together smaller
pieces. A small refractive index reduces the tim-
ing spread due to a depth #uctuation of shower
development.

(e) The CeF
3

crystal does not show hygroscopicity,
which is painful in any application of NaI, CsI
and BaF

2
. The mechanical properties of CeF

3
are similar to those of metal. A large di!erence
in the thermal expansion between CsI and
metals causes some problems for the calori-
meter assembly, for example, a metal attach-
ment to support readout devices. There is no
such problem in CeF

3
. Fig. 4 shows the elastic

linearities of both CeF
3

and CsI. Although
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Fig. 1. Light yields of CeF
3

((a) and (b)) and CsI ((c) and (d)) for gamma rays from 137Cs and 60Co, respectively. They are measured using
the same photomultiplier with a quartz window for samples having the same size of 20 mm( and 40 mml. The CeF

3
sample is a piece

being cut from the central part of a 35 cm long ingot. ADC gain was adjusted for each measurement to get the photo-absorption peak in
the middle of ADC range.

Fig. 2. Emission spectrum from CeF
3

with irradiation by 137Cs
gamma rays.

Fig. 3. Decay-time distribution of CeF
3

scintillation light. The
solid line is a "t to the data between 5.4 and 70 ns by a function
having two exponentials: a

1
e~t@q1#a

2
e~t@q2 , where the best-"t

values of q
1
, q

2
and a

1
/a

2
are 2.53, 30.85 ns and 14.4%.

CeF
3

shows elastic deformation, CsI does not.
The arrow in Fig. 4(b) indicates the pressure
loaded under a pile of 2 m high CsI. Since CsI is
already inelastically deformed at the pressure, it
raises a concern about the long-term stability of
the scintillation property of CsI in a large as-
sembly.

(f) The cross section to capture thermal neutrons is
small for CeF

3
, since Ce has the smallest ther-

mal-neutron cross section in all lanthanide

atoms. This would be helpful for any experi-
ment with a thermal-neutron background.

(g) The following are other things which require
more quantitative investigations and are not
listed in Table 1. The internal radioactivity of
CeF

3
is small and less than that of BaF

2
by at

least a factor of three. We are now preparing
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Fig. 4. Strain vs. stress curves for (a) CeF
3

and (b) CsI crystals.
The scale for stress is quite di!erent from each other. The arrow
in (b) indicates the stress (pressure) under the CsI pile of 2 m.

a low-background set-up in order to measure
the internal radioactivity conclusively. CeF

3
was reported to be highly radiation-resistive
[4]. A high radiation resistance is very crucial
for many high-rate experiments. However, we
have not yet measured a tolerable dose rate for
CeF

3
, because the radiation resistance (or radi-

ation damage) may be very sensitive to the
impurities contained and the crystal imperfec-
tions. In any case, the radiation tolerance as
well as the internal radioactivity should be
checked soon after a successful crystallization
of practical size.

As described above, CeF
3

is better than CsI con-
cerning the many properties demanded for applica-
tions to high-energy physics. In addition to them,
CeF

3
is expected to be cheaper than CsI when

a cheap method for crystal growth is established.
The raw-material Ce is abundant on the earth. It is
more common than cobalt and zinc. Ce belongs to
the rare-earth, lanthanide, and is maximally con-

tained in the popular rare-earth ores, such as Mon-
azite, BastnaK site and Xenotime. It is very interest-
ing that almost all lanthanide atoms are distributed
in each ore [5]. The richest atom is Ce. Some rare
atoms (Y, Sm, Nd, Eu, etc.) are high-tech materials
and are of high demand in commercial applica-
tions. The large production of Ce is due to this high
market demand for Y, Sm, Nd, Eu, etc. Thus, the
use of Ce means a kind of resource preservation on
earth.

3. For long crystals

3.1. Problems

Many groups have tried to develop a long crystal
that is useful for high-energy physics, since the
discovery of the good properties of CeF

3
, using

small (1-cm cubic) samples in 1989 [1}3], The lar-
gest group is the Crystal Clear collaboration at
CERN [6]. They wanted to use CeF

3
for electro-

magnetic calorimeters in the LHC experiments,
and started their R&D in 1991, but gave up in 1996.
The main reason for this was said to be due to
a lack of reproducibility [7].

We started R&D in 1992 [8,9]. During the "rst
few years we concentrated on a study of the crystal
properties using small samples (about one cubic
inch), and then moved to trials for long-size crys-
tals. We have stuck to the Bridgeman}Stockbarger
method grown in a vacuum furnace. This is one of
the simplest methods for making long crystals, and
many factories have vacuum furnaces for the
Bridgeman}Stockbarger method. We believe that
mass production in low cost could be obtained only
by this method.

In the mean time some important characters
concerning the growth of long crystals have been
found.

The "rst thing is that the thermal-expansion co-
e$cient of CeF

3
depends on the direction with

respect to the crystal axis. Fig. 5 shows the ther-
mal-expansion (linear) rate measured for samples
being cut out in three orthogonal directions. The
thermal-expansion coe$cient values, which were
obtained by averaging over the temperature range
from 253C to 3003C, are di!erent by 30% between
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Fig. 5. Temperature dependence of the linear thermal-expan-
sion rate. Three samples of 2 mm squared and 10 mm long were
cut out from an ingot in three orthogonal directions as shown in
a small "gure. Each rate was measured in the direction of the
length.

1 and 3 samples. A polycrystal which has various
crystal axes in piece may break up during cool-
down from the melting point (&14003C) in the
"nal stage. CeF

3
is required to be grown as a single

crystal. For the growth of a single crystal, we
have found several requirements for the heater,
crucible and furnace, such as a steep temperature
derivative at the crystallization surface, a small
temperature di!erence between the top and bottom
of the crucible and a seed which determines the
initial direction of crystallization. However, optim-
ization has not been achieved, because some up-
grades of the present system including the furnace
were required. Long crystals are presently grown in
a crucible with three holes, where each hole is 34 cm
long and 6 cm in diameter without a tip for a seed.
The size of the crucible matches the dimensions of
the furnace (heater), which we can use for our study.
The yield rate is only about 30% for crystals more
than 10 cm long. We have a plan to change the
crucible to one with a seed-tip and to upgrade the
heater arrangement. The upgrade plan will soon
start, because a method for crystallization has al-
most been established, as described below.

The second character is a kind of speculative
conclusion, that contamination by other lanthan-
ide atoms may not be the main problem against the

good quality of the crystal. We at "rst thought that
quality of crystal would largely depend on the im-
purities in CeF

3
powder (raw material for crystalli-

zation), especially a contamination by other
lanthanides, because chemical properties are sim-
ilar among all lanthanide atoms. Certainly, a very
de"nitive result was obtained by the Crystal Clear
Collaboration [10]. Contamination by 200 ppm
Nd3` drastically changed the optical transmission.
Sharp drops in the transmission were observed at
several wavelengths in the region between 300 and
600 nm. We also observed that mixtures of BaF

2
and NdF

3
cause a redshift of the optical absorption

edge by 15 nm. (Even such a small shift in the
absorption edge reduces the light yield remarkably,
because the absorption edge is very near to the
emission wavelength peak of scintillation light.)
However, the impurities being discussed are at
a level of 1000 ppm, and the impurity in commer-
cial powder is no more than 10 ppm for all lanthan-
ide atoms. This has been examined by inductively
coupled plasma mass spectrometry (ICP-MS), an
analyzing method of moderate cost. The impurity
level is stable batch to batch, and no large di!er-
ence is observed between vendors. Other lanthan-
ides are already well removed from commerical
CeF

3
powder. However, even if a small amount of

impurity seriously deteriorated the crystal prop-
erty, companies could not easily check and elimin-
ate it using the present technology. Since to remove
it might require a drastic and costly improvement
of a large chemical plant which the tiny production
demanded by us could not justify.

A third thing is that CeF
3

powder shows an
unexpected behavior at high temperature. It has
been said that when CeF

3
powder is heated in air,

almost all of the powder vanishes with nothing
remaining [11]. We also observed a mass decrease
of 60% after 8 h at 13503C in an atmosphere of
helium gas with 20% oxygen.

Fig. 6 shows a test result of the thermog-
ravimetry and simultaneous mass spectrometry of
the out-gas by constantly heating up a raw CeF

3
powder. The mass spectrometry is a measurement
of m/e using an electromagnetic mass separator,
where m and e are the mass and charge of the gas
ion, respectively. The test was carried out in an
atmosphere of 1-atm pure-helium #owing from
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Fig. 6. (a) Mass de"ciency with increasing temperature by
103C/min (solid) and its derivative (dashed). The mass de"ciency
was measured using a balance method. (b) Out-gas intensities for
m/e"18 (solid) and 85 (dashed). The m/e was measured with
mass spectrometry.

a furnace (chamber for thermogravimetry) to the
mass separator. Two prominent peaks have been
observed in a derivative mass de"ciency, which
coincide with emission peaks of water (m/e"18:
H

2
O`). Both peaks are higher than the normal

boiling point of water (1003C). The water vapor
comes from combined water which is bound to
small crystals in the powder. Another rapid phe-
nomenon in both mass decrease and gas emission is
observed at high temperature. The gas corresponds
to the SiF`

3
ion (m/e"57), which can be considered

to be a fragment of SiF
4
. SiF`

4
is also observed with

a less intensity. It can be assigned that #uorine
emitted from the powder attacks a glass window on
the way to the mass separator, and forms SiF

4
gas

using Si in the glass.
The existence of #uorine is evident by observing

the breakdown of thermometers installed in the

chamber by an attack of the gas, which is a free
radical at high temperature. Fluorine emission
from CeF

3
powder was con"rmed by another test

using a graphite furnace, argon as a carrier gas and
ion chromatography in a temperature range
between 12003C and 15003C. The emission of
a considerable amount of #uorine (0.29% of the
#uorine in a CeF

3
sample for 2 min heating at

12003C) and its increase with temperature were
observed. The #uorine liberation from CeF

3
pow-

der suggests the action of the other free radical,
oxygen, at high temperature. An oxygen e!ect in
the crystallization of rare-earth #uorides is dis-
cussed in Ref. [12].

3.2. Behavior at high temperature

The oxygen in the thermogravimetry test using
pure helium must be supplied from the sample. This
is also the same in the case of actual crystallization,
because the furnace is evacuated to a high vacuum
during crystal growth. One of the oxygen sources is
combined water.

Our "rst powder contained water by a few wt-%,
as shown in Fig. 6. The powder was produced by
a #uorine exchange reaction from cerium carbon-
ate (Ce

2
(CO

3
)
3
) by an aqueous solution of #uoric

acid (HF). The problem lies in the di!erence of the
material phase, Ce

2
(CO

3
)
3

of solid and aqueous
solution of HF. They cannot be equivalently mixed
with each other for a perfect reaction, and some
excess of liquid HF remains after the reaction. The
HF excess should be neutralized by ammonium.
Then, the remaining acid}ammonium-#uoride
(NH

4
F )HF) must be washed out by water and the

powder must "nally be dried. It does not look easy
to control the water contamination at low levels.

After heating the powder in a vacuum for crystal-
lization, it turned black. We then tried to "nd
a chemical compound to be mixed with CeF

3
pow-

der, a so-called scavenger. It should decompose and
supply #uorine so as to compensate the #ush of
water. Eventually a scavenger, which covers the
temperature of the water #ush, was found and crys-
tals were changed to colorless by its use. A similar
but lesser progress was seen for a powder in which
acid}ammonium-#uoride remained by skipping the
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Fig. 7. Mass de"ciency with time of the temperature-rise in two di!erent atmospheres of pure helium (solid) and a mixture of helium
(80%) and oxygen (20%) (dotted). The dashed curve shows the temperature, which was held constant at 13503C after having risen by
103C/min.

water-washing process. The remaining acid}am-
monium-#uoride may play a kind of scavenger,
however, such a large amount of acid}ammonium-
#uoride with poor control was found to be risky to
the furnace.

In the mean time we obtained the second powder
produced by another company using cerium diox-
ide (CeO

2
) as a starting material. The powder is

made through a dry method using HF gas. It does
not require water washing. No prominent peaks
due to water emission at relatively low temper-
atures were observed in a thermogravimetry and
simultaneous out-gas analysis. However, at high
temperature, a rapid mass de"ciency equal to that
for the "rst powder appeared.

There was no remarkable di!erence in the crystal
quality between the second powder and the "rst
one using the scavenger. For both powders, the
short crystals using a small crucible are transpar-
ent, but long ones using a large crucible are cloudy.
There are many needle-like thin, white scatterers
that are a few mm long. The scatterers can be seen
in the background of the strong light being trans-
mitted. Although scatterers exist even in short crys-
tals, the density of scatterers in short crystals is
much less than that in long ones. This seems to be

related to the rapid mass decrease and liberation of
#uorine near to the melting point of CeF

3
. Some

chemical reaction is presumed to arise at that tem-
perature. The di!erence in the density between
short and long crystals can be considered to occur
due to a di!erence in the crystallization time. The
long ones spend more time at high temperature
than the short ones.

A material test using X-ray di!raction was per-
formed for two samples of the second powder,
a raw powder of CeF

3
and that after a melt. We

found several di!raction peaks corresponding to
CeO

2
for the powder before a melt, while none of

them remained and other peaks corresponding to
CeOF or CeF

2
appeared for the sample after

a melt. CeO
2

seems to be replaced by CeOF or
CeF

2
upon heating.

Fig. 7 shows the result of a pair of thermog-
ravimetry tests for the second powder in a di!erent
atmosphere, pure helium gas and a mixture of he-
lium (80%) and oxygen (20%). The temperature
was constantly raised up to near the melting point,
and then held at 13503C. Mass decrease starts from
the time slightly before the temperature hold in
both cases; however, the decrease is much steeper in
the case of the oxygen-containing helium gas than
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pure helium. This clearly shows the role of oxygen
at high temperature.

An interesting behavior indicated in Fig. 7 is that
the mass de"ciency arises constantly after the tem-
perature hold, and that it reaches 10 wt% even in
the case of pure helium. Oxygen contamination to
the second powder was known to be 0.1 wt% by an
X-ray #uorescence analysis in advance using two
other samples of the same powder. A gap between
10 and 0.1 wt% seems to be too large if #uorine in
CeF

3
is simply replaced by the initial oxygen con-

tained in the sample. The very large mass decrease
which was observed in the case of the oxygen-
mixed gas also cannot be explained by the simple
replacement. With the free oxygen existing in the
powder, the mass de"ciency is expected to be only
0.18 wt% due to the #uorite emission through the
reaction CeF

3
#O

2
PCeO

2
#3F using 0.1 wt%

oxygen. The reaction CeF
3
#CeO

2
P2CeOF#

F, where the oxygen existed as a molecule of CeO
2
,

would decrease the mass by only 0.06%.
It seems that oxygen should be used many times,

like a catalyser, and also that Ce ion should be
liberated in order to cause such a large and con-
stant mass de"ciency. Based on this information,
we speculatively conclude that a series of reactions
occur as shown below.

At "rst, CeOF would be produced as

CeF
3
#CeO

2
P2CeOF#FC.

Then, CeOF, which is distributed in the powder,
would interact with the surrounding CeF

3
through

a repeated chain reaction as

CeOF#CeF
3
P2CeF

2
C(?)#O

and

O#CeF
3
PCeOF#2FC,

where the upward-pointing arrow means liberation
(not clear for CeF

2
). The CeOF produced by the

third reaction would be re-used in the second reac-
tion.

CeF
3

and CeO
2

are composed of cerium ions,
Ce3` and Ce4`, and the hydroxides of two ions are
quite di!erent in pH from each other, 6.83 for
Ce(OH)

3
and 2.7 for Ce(OH)

4
[13]. The mixture of

Ce3` and Ce4` is likely to cause the "rst reaction
at high temperature, because both CeF

3
and CeO

2

are very stable at room temperature. The liberation
of Ce (here, CeF

2
) is consistent with the large mass

de"ciency at high temperature as shown in Fig. 7.
Liberation of only #uorine cannot account for such
a large mass de"ciency. After normal crystal
growth we always found material cohering in vari-
ous places inside the furnace, where the temper-
ature is relatively low. The cohering material was
found to be CeF

3
through an X-ray di!raction test.

It can be naturally explained as the evaporated
CeF

2
recombining with the #uorine to the more

stable compound, CeF
3
, at a place of relatively low

temperature.

4. Present status of our R&D for long crystals

We have not found any reports on the behavior
of CeF

3
at high temperature or the chemical prop-

erties of CeOF and CeF
2
. Although the chain reac-

tion above described is speculative, it provides
a guide to reduce the oxygen e!ect at high temper-
ature, that is to break the chain.

Another guide is the promising fact that short
crystals are already clear. The di!erence in the
quality between short and long crystals would
come from the di!erence in the crystallization time.
Since the ratio of the crystallization time is only one
of the many factors and a mass decrease occurs at
a constant rate after the temperature hold without
any exponential enhancement, the required level
for oxygen reduction may not be more than one
order of magnitude. The goal to reduce oxygen in
the powder or to suppress the chain reaction seems
possible.

We asked the second company for a careful
prodution decreasing the particle size of the start-
ing material of CeO

2
. A small particle size of CeO

2
should enhance the e$ciency of the #uorine-ex-
change reaction and reduce any CeO

2
remaining in

CeF
3

powder. No remarkable improvement was
observed in crystal quality by the change. Then, in
order to purify the powder, we inserted a process of
pre-heating in vacuum prior to crystallization. Al-
though the pre-heating did not bring about any
remarkable improvement in the crystal quality, the
pre-heating is necessary to reduce the volume
loaded to the "nal crystallization crucible.
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Fig. 8. Wavelength dependence of light transmission. The
sample is the same as the one used for the light yield measure-
ment shown in Fig. 1.

Among various trials addressing suppression of
the high-temperature reaction, mixtures of BaF

2
and NdF

3
were e!ective to eliminate the scatterers,

although it brings about a redshift of the optical-
absorption edge by more than 15 nm and reduces
the scintillating light yield, as previouly described.
Crystal growth in argon gas with SF

6
also caused

a redshift. In this case, evacuation of the furnace
was minimized to keep the SF

6
which supplies

#uorine at a high temperature. On the other hand,
the gas pressure was upper limited by heater power,
because the heat leak due to convection increases
with pressure.

Accidentally, we applied such a technique (the
minimized evacuation to the normal crystallization
by mixing nothing but two scavengers. One scaven-
ger (Polytetra#uoroethylene: 0.1%) covered a rela-
tively low temperature, which was used to
compensate the water #ush from the "rst powder;
the other (Lead-#uoride: 3%) covered a high tem-
perature of around 10003C. The thus-grown crystal
has little scatterers without any redshift, and the
furnace after crystal growth was cleaner than in the
previous cases with little material cohering to the
wall and support. A short sample taken out from
a long ingot shows a nice response for isotope
gammas as shown in Figs. 1(a) and (b). The trans-
mission also exhibits a good shape as shown in
Fig. 8. All three ingots in the crucible were equally
transparent and the second attempt using the same
method reproduced the same good quality. From

these reproductions we may say that the method
used for long transparent crystals has been estab-
lished.

However, there remains another subject to raise
the yield rate for long crystals. As described in
Section 3.1, CeF

3
is required to be grown as

a single crystal and the present yield rate is only
about 30% for crystals longer than 10 cm. We
are going to start an upgrade plan of the system
of heater, crucible and furnace in order to meet
the requirements for productively growing single
crystals.

Acknowledgements

The authors would like to express sincere
acknowledgments to the directors of KEK (H.
Sugawara and S. Iwata) for their continuous sup-
port and encouragement to this long-term work.
We have had much continuous support and help
from the members of OKEN, especially from R.
Nakajima, S. Takano and M. Ohbuchi, and would
like to express our sincere thanks to them. We are
also grateful to the members of TORAY Research
Center, Inc. for their cooperative measurements of
material characters, especially those at high tem-
perature. This work was supported in part by
a Grant-in-Aid for Scienti"c Research from
Japanese Ministry of Education, Science and
Culture.

References

[1] D.F. Anderson, IEEE Trans. Nucl. Sci. NS-36 (1989)
137.

[2] D.F. Anderson, Nucl. Instr. and Meth. A 287 (1990)
606.

[3] W.W. Moses, S.E. Derenzo, IEEE Trans. Nucl. Sci. NS-36
(1989) 173.

[4] M. Kobayashi et al., Nucl. Instr. and Meth. A 302 (1991)
443.

[5] T. Kanow, H. Yanagita, Rare Earth, Properties and Ap-
plications, Gihoudou Shuppan, 1980, p. 367 (in Japanese).

[6] Crystal Clear Collaboration, CERN/DRDC p27/91-15,
CERN-PPE/91}124, 1991.

[7] E. Au!ray et al., Nucl. Instr. and Meth. A 383 (1996) 367.
[8] Y. Matsumoto, Proceedings of the Worshop on Scintillat-

ing Crystals at KEK in April 1997, KEK Proc. 97}9 (1997)
100.

134 T. Inagaki et al. / Nuclear Instruments and Methods in Physics Research A 443 (2000) 126}135



[9] T. Inagaki, Proceedings of the Worshop on Scintillating
Crystals at KEK in April 1997, KEK Proc. 97}9 (1997)
192.

[10] S. Anderson et al., Nucl. Instr. and Meth. A 332 (1993)
373.

[11] M. Ishii, private communication, 1996.
[12] W. Korczak, P. Mikolajzak, J. Crystal Growth 61 (1983)

601.
[13] T. Moeller, The Chemistry of the Lanthanides, Reinhold

Pub. Corp., New York, 1963.

T. Inagaki et al. / Nuclear Instruments and Methods in Physics Research A 443 (2000) 126}135 135



Nuclear Instruments and Methods in Physics Research A 484 (2002) 118–128

Scintillator–Lucite sandwich detector for n=g separation in the
GeV energy region

H. Watanabea,*, K. Abea, E. Haradaa, S. Inouea, T. Inagakib, S. Kobayashia,
A.S. Kurilind, G.Y. Limb, I. Ogawaa, H. Okunob, K. Omatab, T. Satob,

T. Shinkawac, Z. Tsamalaidzed, T. Tsukamotoa, Y. Yoshimurab

aDepartment of Physics, Saga University, Honjou 1, Saga 840-8502, Japan
bHigh Energy Accelerator Research Organization, KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
cNational Defense Academy in Japan, 1-10-20 Hashirimizu, Yokosuka, Kanagawa 239-8686, Japan

dJoint Institute for Nuclear Research, Joliot-Curie 6, 141980 Dubna, Moscow region, Russian Federation

Received 6 August 2001; accepted 15 August 2001

Abstract

A Scintillator–Lucite Sandwich Detector (SLSD) has been developed for n=g separation in the GeV energy region.
An efficient n=g separation is achieved by measuring a correlation between the scintillation and Cherenkov light yields.
The basic performance of the detector has been tested with e, p and p beams with momenta between 0.5 and 2:0 GeV=c;
the results were compared with a Monte-Carlo simulation. The n=g separation capability of this detector has been
studied by simulations in the energy range from 5 MeV to 12 GeV: The SLSD detector was successfully used for a beam
survey of the new K0

L beam line built for a K0
L-p0n%n experiment at the KEK 12-GeV proton synchrotron. r 2002

Elsevier Science B.V. All rights reserved.

Keywords: n=g separation; K0
L beam line

1. Introduction

A new K0
L beam line has been constructed at the

12-GeV proton synchrotron of KEK for the E391a
experiment, which aims at a search for K0

L-p0n%n
decay [1,2]. Since the branching ratio of this decay
mode is predicted to be 3� 10�11 by the Standard
Model, it is essential to reduce all kinds of

background in the experiment. The background
originating from beam particles is the most
serious.
In order to suppress the beam halo, the neutral-

particle beam is tightly collimated with multi-step
active and passive collimators to a beam size of
5 cm in diameter at the exit of the beam line, 10 m
away from the primary target. The beam halo flux
is reduced to less than 10�4 of the beam core flux
due to this tight collimation. However, in this
neutral-particle beam line, a much larger amounts
of the n’s and g’s are contained compared with

*Corresponding author. Fax: +81-952-28-8545.
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the K0
L’s. Therefore, it is very important to

know the energy distributions, profiles and fluxes
of the n=g components. Especially, since the
features of backgrounds caused by n and g are
quite different, separate measurements of their
fluxes are required for a reliable estimation of
the backgrounds. Considering the simulation
result that the g flux is estimated to be 8-times
larger than the neutron flux in the beam core
region and 10-times less than in the halo region,
the mis-identification probability should be less
than 10�2 for each particle. In addition, a compact
detector is required for measuring the beam
profile.
A method for n=g separation is to use a Pulse-

Shape Discrimination (PSD) with a pure-CsI
scintillator or a liquid scintillator [3,4]. However,
since a pulse-shape difference results from the
large difference between dE=dx for the low-
energy proton produced by n and that for the
eþ=e� produced by g; the PSD method is dif
ficult to be applied in the energy region above
100 MeV:
Another method for n=g separation is to use a

heterogeneous combination of scintillation and
Cherenkov detectors, which was first introduced
by Degtyarenko et al. [5]. We constructed this
type, a Scintillator–Lucite Sandwich Detector
(SLSD), for measuring the n and g components
in the GeV energy K0

L beam line.
The basic structure of the SLSD is a sandwich of

plastic scintillator plates and Lucite Cherenkov
radiator plates. With the SLSD, n and g are
separated as follows. When g is converted into eþ

and e� in the SLSD, both scintillation light and
Cherenkov light are emitted. On the other hand,
for neutrons, only scintillation light is emitted by
low-energy protons produced at n–p or n–C
collisions.
In this report, we first describe the structure of

the SLSD detector, a calibration experiment
using e; p and p beams and a comparison with
the simulation. We then describe a Monte-Carlo
study for n=g separation in Section 5. An
application of the SLSD to the survey of the K0

L

beam line is described in Section 6. A possible
improvement and other applications are also
discussed.

2. SLSD detector

A side view of the SLSD is shown in Fig. 1. It
consists of 10 layers of 3:7 mm-thick plastic
scintillators and 10 layers of 5:5 mm-thick Lucite
Cherenkov radiators sandwiched with each other.
The total radiation length and the total nuclear
collision length are 0:23X0 and 0:17lT; respec-
tively. The cross-section of the active area is
10:0� 10:0 cm2: Lucite light guides, 10:0� 12:3�
10:0 cm3; are glued to the top and bottom sides of
the scintillator–Lucite sandwich with optical
cement (BC600). A 3-in. PMT with a UV glass

Fig. 1. Side view of the SLSD. The SLSD consists of 10 repeats

of a 3:7 mm scintillator plate and a 5:5 mm Lucite plate. The

scintillator plates and the Lucite plates are optically separated.
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window (Hamamatsu R5056) is used for the
readout of Cherenkov light through a silicon
rubber. Scintillation light is read by a 3-in. PMT
(Hamamatsu R1652). All of the surfaces of the
scintillator plates, Lucite plates and light guides
were optically polished. The scintillator plates and
the light guides were wrapped with white Millipore
film and aluminized Mylar, respectively. The
Lucite plates were wrapped with a black sheet in
order to absorb Cherenkov light emitted at small
angles. Scintillator plates and Lucite plates are
optically separated from each other.

3. Calibration experiment

In order to calibrate the scintillation and
Cherenkov light yields, the SLSD was irradiated
by p and p beams with momenta of 0:5;
0:8; 1:0; 1:2; 1:5 and 2:0 GeV=c and electrons
with momentum of 0:8 GeV=c at the KEK-PS T1
beam line. Fig. 2 shows a schematic view of the
experimental setup. Plastic scintillation counters
(S1, S2 and S3) were used for triggering. Counter
S3 defined the beam cross-section to be 3� 3 cm2

and the FWHM momentum spread was Dp=p ¼
1%: Particle identification was made by a time-of-
flight measurement between S1 and S3 and by a
gas Cherenkov counter filled with air at atmo-
spheric pressure.
The experimental results are shown in Figs. 3–5,

where the distributions of scintillation and Cher-
enkov light yields are plotted as a function of the

Fig. 2. Schematic view of the experimental setup in the T1

beam line. S1, S2 and S3 are plastic scintillation counters for

triggering. S1 and S3 are used as a start and a stop counter for

the time-of-flight measurement. The gas Cherenkov counter GC

filled with air at atmospheric pressure is used for electron

identification.

Fig. 3. Scintillation light yields for e, p and p with momenta of
0:5; 0:8; 1:0; 1:2; 1:5 and 2:0 GeV=c: The histograms show
the results of the Monte-Carlo simulation.

Fig. 4. Cherenkov light yields for e, p and p with momenta of
0:5; 0:8; 1:0; 1:2; 1:5 and 2:0 GeV=c: The histograms show
the results of the Monte-Carlo simulation.

H. Watanabe et al. / Nuclear Instruments and Methods in Physics Research A 484 (2002) 118–128120



beam momentum. Since the total thickness of the
SLSD is relatively small compared to the unit
radiation length and the unit collision length,
almost all the light yields are due to the primary
beam. As a result, both spectra of the scintillation
light yields and the Cherenkov light yields show a
typical peak structure. The position and the width
of the peak are characterized by the beam species
and by the type of radiation.
The mean value of the scintillation light yield is

constant for e and p at all momenta, while for p it
increases as the momentum decreases. The spec-
trum shows a typical Landau distribution. The
width of the peak for p is 10.4% in s: In the case of
the Cherenkov light yield, the mean value for p
with momentum below 1:2 GeV=c is almost zero,
as expected. The number of photoelectrons due to
the Cherenkov light yield for p is estimated from s
obtained by a Gaussian fitting of the spectrum.

The number of photoelectrons for p averaged over
the momentum region between 0.8 and 1:5 GeV=c
is 11:070:4: Hereafter, this value is used as a
calibration constant of the Cherenkov light yield
for the minimum-ionization particle.

4. Comparison with simulations

In order to understand the beam-test results, we
have developed a light-yield simulation code based
on the GEANT 4 program. In the simulation, first,
the energy deposit in the scintillator and the
charged-particle track length in the Lucite radiator
were calculated by the GEANT 4 code. These were
then converted to the light outputs in the following
way.

4.1. Scintillation light yield

Generally, the scintillation light yield ðdL=dxÞ is
expressed by the Birk’s equation [6] as

dL

dx
¼

S

1þ kB � ðdE=dxÞ
�
dE

dx
ð1Þ

where dL=dx is the scintillation light yield per cm,
dE=dx is the energy loss per cm, S is an absolute
scintillation efficiency and kB is a Birk’s factor,
which should be determined for each scintillator
by measurement. In Fig. 6, we plot the scintillation
light yield ðdL=dxÞ for p and p as a function of
dE=dx; where dE=dx is an averaged value of the
energy loss in the SLSD obtained by the simula-
tion. In this figure, dL=dx is given by the unit of
ADC counts per cm. When the absolute scintilla-
tion yield is calibrated for the minimum-ionization
particle, dE=dx ¼ 1:8 MeV=cm; dL=dx is given by
the unit of MeV-equivalent/cm, as shown on the
right-hand side of the figure. By fitting the
experimental data with Eq. (1), Birk’s factor was
obtained as 0:024 cm=MeV; which is consistent
with 0:0207 cm=MeV in Ref. [7]. In the following
simulation, the energy loss obtained by the
GEANT 4 calculation is converted to the light
yield by using Eq. (1). The results are shown by the
histogram in Fig. 3. The agreement between the
experimental data and the simulation results is
good for e, p and p at all momenta.

Fig. 5. Correlations between the scintillation light yield and the

Cherenkov light yield for e, p and p with momenta of 0:8; 1:0
and 2:0 GeV=c:
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4.2. Cherenkov light yield

Using the charged-particle track information
obtained by GEANT 4, the Cherenkov light yield
was calculated by the following steps: ð1Þ to
generate Cherenkov photons for each particle in
the Lucite radiator, ð2Þ to propagate each photon
in the Lucite radiator and light guide, where the
cut-off of the transmission wavelength in Lucite
was set to 340 nm; and ð3Þ to convert the number
of arriving photons to the number of photoelec-
trons by multiplying the PMT quantum efficiency,
in which the wavelength dependence was taken
into account.
For photon propagation, only the total reflec-

tion on the inner surface of the Lucite plate was
taken into account. Further, we tuned other
parameters, such as the light attenuation length
in Lucite, to obtain 11.0 for the average number of
photoelectrons for p at 1 GeV=c: Since the number
of Cherenkov photons generated in the SLSD for
p at 1 GeV=c is calculated to be 1900, the light-
collection efficiency is estimated to be about 3%.
For a comparison with the experimental data, the

pedestal distribution approximated by the Gaus-
sian function is also folded on the simulated
distribution of the light yield. In Fig. 4, the
simulation results are shown by the histograms.
The experimental data are well reproduced by the
simulation.

4.3. Probability of proton mis-identification

For a performance check, we investigated the
probability of mis-identification of p to p=e:When
the momentum of p becomes larger than the
Cherenkov threshold of 0:85 GeV=c; the Lucite
radiator starts to emit Cherenkov photons. How-
ever, when the emission angle is smaller than the
total reflection angle of Lucite ð42:21Þ; photons
cannot be propagated. In this case, the threshold is
calculated to be 2:0 GeV=c: The mis-identification
probability of p to p=e is estimated from the
measured spectrum of the Cherenkov light yield.
Since the detection efficiency of Cherenkov light
depends on the threshold of the number of
photoelectrons, the mis-identification probability
of p to p=e is plotted as a function of the
momentum in Fig. 7, where the threshold is set
at 3 photoelectrons. At this threshold, the p=e
detection efficiency is calculated to be 98.5%. It is
seen that the mis-identification probability starts

Fig. 6. Scintillation light yield ðdL=dxÞ as a function of dE=dx
in the SLSD scintillator. The energy deposit in the SLSD is

calculated with the GEANT simulator. The scintillation light

yield is obtained from the test results for p and p. The solid line
is the result of fitting with Birk’s equation.

Fig. 7. Mis-identification probability of p to p=e as a function
of the momentum. The solid line indicates the results of the

Monte-Carlo simulation.
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to increase at 1:2 GeV=c: This energy-dependent
feature is also reproduced by the simulation as
shown by the solid line in the figure.

5. Monte-Carlo study on n=c separation with the

SLSD

Since the experimental data of the SLSD for
charged particles could be well understood by the
simulation, we extended the Monte-Carlo study
estimating the SLSD responses to n and g beams.
The procedure for the simulation is the same as
described in the preceding section. Compared to
the case for charged particles, calculations for
neutral particles are different only in the fact that
charged-particle tracks are produced from their
interactions with the SLSD material.

The simulation results are shown in Fig. 8,
where the parameter in this case is the kinetic
energy of n and g: E ¼ 0:1; 0:5; 2:0 and
10:0 GeV: In these plots, the scintillation light
yield is expressed by the MeV-equivalent unit
and the Cherenkov light yield is expressed by the
number of photoelectrons. Due to the different
interaction positions in the SLSD, both the
scintillation and the Cherenkov light yields are
widely scattered compared to those for the
charged-particle beams. For g’s, there is a linear
relation between two yields, and no clear energy
dependence exists in both spectra. However, for
the n’s, the distribution shows a strong energy
dependence, especially at high energies, due
to the multi-pion production at the n–p
collision, where the Cherenkov light yield starts
to increase.

Fig. 8. Correlations between the scintillation light yield and the Cherenkov light yield for n and g obtained by the Monte-Carlo
simulation. The solid lines indicate the boundaries for n=g selection. The numbers in the figures are the slope parameters defined in the
text.
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In order to separate n and g; we set a boundary
in the two-dimensional scatter plot as

YCherenkov ¼ slope � ðYscinti � YoffsetÞ ð2Þ

Fig. 9. Neutron detection efficiency as a function of the kinetic

energy of neutrons for three slope parameters.

Fig. 10. Mis-identification probability of g to n as a function of
the energy for three slope parameters.

Fig. 11. g detection efficiency as a function of the energy for
three Cherenkov photoelectron thresholds. The slope parameter

is fixed at 1.0.

Fig. 12. Mis-identification probability of n to g as a function of
the energy for three Cherenkov photoelectron thresholds. The

slope parameter is fixed at 1.0.
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where YCherenkov is the Cherenkov light yield, Yscinti
is the scintillation light yield and Yoffset is a
threshold for the scintillation light yield.
The offset is determined to be 3 MeV-equivalent

in order to reject any event with a small energy
deposit in the detector. In Fig. 8, the distributions
of slope ¼ YCherenkov=ðYscinti � YoffsetÞ for simu-
lated n and g events are shown by the histograms.
The parameter ‘‘slope’’ is varied as 0:5; 1:0 and 1.5
photoelectron-number/MeV-equivalent for the
neutron selection, as indicated in the figure. For
g detection, the parameter ‘‘slope’’ is fixed to be
1.0, but the threshold for the Cherenkov light yield
is varied from 4 to 7 photoelectrons.
The results for the detection efficiencies and mis-

identification probabilities of the SLSD for n and g

are shown in Figs. 9–12. The neutron detection
efficiency starts to increase at 10 MeV and reaches
7% level at 30 MeV: Beyond 100 MeV; the
efficiency increases again to the 10% level at
5 GeV due to the opening of inelastic channels in
the n–p collision. The neutron detection efficiency
above 10 GeV is suppressed because the Cheren-
kov light yield increases due to the secondary p’s,
and n is mis-identified as g: The mis-identification
probability of g to n is found to be 10�2–10�4;
depending on the slope parameter, as shown in
Fig. 10. In Fig. 11, the g detection efficiency
increases with the g energy and reaches the 12%
level at 500 MeV: As shown in Fig. 12, the mis-
identification probability of n to g increases from
10�3 to 4� 10�2 as the neutron energy increases.

Fig. 13. Top figure shows a schematic view of the K0
L beam line and the bottom figure shows the setup of the SLSD and the lead-glass

Cherenkov counter for the beam survey.
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6. Use of the SLSD in the K0
L beam line

We used the SLSD to the beam survey in the K0
L

beam line at the KEK 12-GeV PS. Schematic
figures of the beam line and the detector setup
are shown in Fig. 13. The primary proton
beam hits the production target of Pt with a
thickness of 60 mm: The first beam-defining
collimator is set at 41 with a half-cone angle
of 2 mrad: The charged particles are removed
by the magnetic field, and further collimation
of beam-halos is made by a series of collimators.
In the K0

L beam line, removable absorbers,
5 cm-thick Pb ð8:9X0; 0:49lTÞ and 30 cm-thick Be
ð0:85X0; 0:99lTÞ; can be set on request.
The n and g fluxes were measured 10 m

downstream from the production target. The
beam core size was 5 cm in diameter. For this
beam survey, the proton flux on the production
target was maintained at 1011 protons/pulse, where
the repetition rate was 0:25 Hz and the beam spill
length was 2 s:
For a measurement of the n=g components in

the beam line, the SLSD was used in combination
with the charged-particle veto counter and the
total absorption-type Cherenkov counter made of
lead-glass SF-5 with a dimension of 15� 15�
30 cm3: The radiation length of the lead-glass was
12:7X0 and the total nuclear collision length was
1:3lT:
In a beam survey, the neutral-particle events

were triggered by requesting the lead-glass signals
vetoed by the veto counter. Fig. 14 shows two-
dimensional plots of the scintillation light yield
and the Cherenkov light yield from the SLSD for
three beam-line conditions: (a) with no absorber,
(b) with the Pb absorber and (c) with the Be
absorber. The number of events are normalized by
the primary proton number on the target. In the
low-energy region, many events are concentrated.
Since the events in this region are quite hard to be
identified, we set the 3 MeV threshold for the
scintillation light yield and the 5 photoelectron
threshold for the Cherenkov light yield. When we
plot slope parameters, we can identify n and g; as
shown in Fig. 14. From the figures, we can observe
that, by inserting the Pb absorber in the beam line,
the g component is greatly reduced, but the n

component is not so much reduced. On the other
hand, by inserting the Be absorber, both n=g
components are decreased at a similar ratio.
In combination with the SLSD, we measured

the energy spectra with the lead-glass Cherenkov
counter. The results are shown in Fig. 15, where
the horizontal scale is shown by the unit of GeV
for g: Fig. 15(a) shows the events triggered only by
the lead-glass Cherenkov counter. Fig. 15(b) and
(c) displays g events and n events selected with the
SLSD. Without using the SLSD, the difference
between the effects of the Pb and Be absorbers is
not clear. On the other hand, with the SLSD,
the effects of the Pb absorber and the Be ab-
sorber are clearly measured. By using a 5 cm-thick
Pb absorber, the g component decreased by a
factor of about 20, while the n components
decreased only by about 70% in the energy region

Fig. 14. SLSD data for the beam survey in the K0
L beam line.

The figures on the left show the correlations between the

scintillation light yield and the Cherenkov light yield, the figures

on the right show the projection to the slope parameter. Three

figures correspond to the beam-line conditions: (a) with no

absorber, (b) with Pb absorber and (c) with Be absorber. Events

in the two regions in the left figures are assigned as g and n.
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above 1 GeV: While, using a 30 cm-thick Be
absorber, both the g and n components decreased
by a factor of 4–6. These effects of two types of
absorbers are in good agreement with a flux
calculation of the K0

L beam line.

7. Summary and discussion

We have developed a compact and simple
n=g separation detector SLSD, which utilizes
simultaneous measurements of scintillation
light and Cherenkov light. The SLSD is found
to be an effective detector from the viewpoint
of n=g separation in the energy region from
20 MeV to 12 GeV: The neutron detection

efficiency is obtained as 7–10% with a g
mis-identification probability of o10�2:
The SLSD was successfully used for the
beam survey of the K0

L beam line in the GeV
energy region.
One problem of the present design concerns the

small light collection efficiency for Cherenkov
photons. Since the mis-identification probability
is dominated by a fluctuation of the Cherenkov
light yield, the light-collection efficiency is crucial
for a better n=g separation. This could be achieved
by an improved design of the light guide for
Cherenkov photons.
We note that the SLSD can also be applied for a

g detector under a large neutron background. The
lead plates will be added as a converter in order to

Fig. 15. Distributions of the signal amplitude from the lead-glass Cherenkov counter in the K0
L beam line. (a) for self-trigger events, (b)

for g events and (c) for neutron events, where the selection criteria are shown in Fig. 14. The beam line conditions are indicated in the

figures.
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obtain a high detection efficiency for g: One
example of such an application of the SLSD is to
use it as a beam catcher for the KEK-E391a
experiment, where a high g detection efficiency is
required together with a good n=g separation.
Many other applications of the SLSD will be
considered for n=g detection in the GeV energy
region.
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Abstract

We have developed a new photomultiplier tube (PMT) with high sensitivity for a wavelength-shifter fiber readout of

plastic scintillators. Improvements of the photoelectron yield were made on a 2-in. PMT (Hamamatsu R329) by

adopting (1) a prism-shaped photocathode, (2) an extended-green photocathode material, and (3) an optical mirror

surface of the electrodes. As a result, the number of photoelectrons obtained by the new PMT has increased to be 1.8-

times that by R329. Other PMT characteristics, such as uniformity of sensitivity, time response and darkcurrent are not

so much different from those of R329 for practical applications.

r 2003 Elsevier B.V. All rights reserved.

PACS: 29.90.þr; 29.40.Mc; 29.40.Vj

Keywords: Photomultiplier tube (PMT); Prism photocathode; Wavelength-shifter (WLS) fiber readout; Quantum efficiency (QE);

Time response; Darkcurrent
1. Introduction

KEK-PS E391a is an experiment to study direct
CP violation through a measurement of the
KL-p0n%n decay branching ratio [1,2]. The signa-
ture of the decay mode is 2g; of which the invariant
mass is consistent with p0 and nothing other than
onding author. Tel.: +81-23-628-4570; fax: +81-

.

ddress: yoshida@sci.kj.yamagata-u.ac.jp

ida).

address: NEC TOKIN Corp., 7-1, Kohriyama

aihaku-ku, Sendai-shi, Miyagi 982-8510, Japan
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one p0: This requires a photon veto counter system
with a high efficiency that covers the whole KL
decay region.
Lead-scintillator sandwich-type counters were

designed for this purpose [2]. One of them is a
central-barrel veto counter with a length of 5:5 m;
another is a front-barrel veto counter with a length
of 2:75 m: They are made of 60 layers of 5 mm-
thick extruded plastic scintillators and thin lead
sheets. Wavelength-shifter (WLS) fibers of 1 mm
in diameter embedded in grooves on the plastic
scintillator surface are employed for a scintillation
light readout. A similar system was adopted and
d.
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developed in the BNL experiment E926(KOPIO)
which has the same physics goal [3,4]. There are
several advantages in this choice. The convenient
readout with the WLS fibers leads to reducing the
number of photomultiplier tubes (PMTs), hence
resulting in low cost. Such a readout allows a
uniform detector response over the whole detector
area, because the attenuation length of the WLS
fibers is sufficiently longer than that of the plastic
scintillators. However, there is a drawback of a
poor light yield at the PMT. To secure the strength
of the counter structure, we adopted a MS
(methyl-methacrylate styrene) resin based scintil-
lator produced by the extrusion technique. It
provides a less light yield than that of other plastic
scintillators commonly used, e.g. Bicron BC408
[5]. In addition to this, such a WLS fiber readout
system has a lower light collection efficiency than
that of an ordinary acrylic light guide system. In
order to overcome this, we made a new attempt to
increase the photoelectron yield by making im-
provements on the PMT. We report on these
improvements and the application of the new
PMT for the WLS fiber readout.
Dy1

Dy2

Dy3

Dy1

Dy2

Dy3

(a) R329EGPX (b) R329
2. Improvements on the R329 PMT

We employed a 2-in. PMT, Hamamatsu R329
[6], considering cost, easy handling and the size of
the WLS fiber bundles. The specifications of the
R329 PMT are summarized in Table 1.
Table 1

Specifications of the Hamamatsu R329 PMT [6]

Spectral response 3002650 nm

Wavelength of maximum 420 nm

response

Photocathode material Bialkali

Photocathode minimum 46 mm f
effective area

Window material Borosilicate glass

Window shape Plano-concave

Dynode structure Linear focused

Dynode number of stages 12

Gain 1:1� 106 at 1500 V
Maximum supply voltage 2700 VDC

Electron transit time 48 ns

Transit time spread 1:1 ns
The improvements made on this PMT were as
follows:
(1) Prism-shaped photocathode: The inner sur-

face of the photocathode window was molded into
a prism-shape, as shown in Fig. 1. This processing
gives a longer passage of the light through the
photocathode material, resulting in an increase of
the chance for photoelectric emission. The thick-
ness of the photocathode material was kept the
1.5 mm

0.75 mm

1.5 mm

1.5 mm

(c) Structure of prism photo-cathode

Fig. 1. Schematic structure of (a) the new PMT (R329EGPX);

(b) the standard PMT (R329). The photocathode of the new

PMT has 827 prisms on its surface. The thickness of

photocathode material is the same for both PMTs; (c) structure

of each prism.
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Fig. 2. (a) The QEs measured at different wavelengths. The

open triangles represent the data for the standard PMTs

(R329), the open squares for the extended-green ones

(R329EG) and the open circles for the new ones (R329EGPX).

Note that the data represent the averaged values obtained with

19 pieces of R329, 3 pieces of R329EG and 9 pieces of

R329EGPX; (b) the emission spectrum of the WLS fiber,

Kuraray Y-11, to be used in the E391a experiment. The

spectrum was obtained for excitation at a wavelength of 400 nm

using a fluorescence spectrometer, Hitachi F-4500. It was

confirmed that another WLS fiber to be used in the experiment,

Bicron BCF-91A, gives a similar emission spectrum.
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same as that of the standard PMT. Since the angle
of the surface of the prisms is inclined by 45�; it is
expected that the chance of photoelectric emission
is increased by a factor of

ffiffiffi
2

p
for light with a

normal incidence on the window surface of the
PMT.
(2) Extended-green photocathode: The photo-

cathode material was changed into the so-called
extended-green one. By changing the mixture of
the contents of the photocathode material, its
work function was lowered. This extends its
sensitive region to 4502600 nm; which matches
the emission spectrum of the WLS fiber.
(3) Well-polished electrodes inside the PMT:

The surface of the focusing electrode, the first and
the second dynodes, was polished to have better
light reflection. The light, having passed through
the photocathode, and hence not having contrib-
uted to the photoelectric effect, is reflected on the
surface back to the photocathode. Although the
probability of the photoelectric effect is expected
to be somewhat increased by this improvement, a
quantitative evaluation was not performed.
The quantum efficiencies (QE) of the PMTs at

different wavelengths were measured by Hama-
matsu Photonics K.K., as shown in Fig. 2(a) [7].
The emission spectrum of the WLS fiber (Kuraray
Y-11) is also shown in Fig 2(b) as a reference. The
standard bialkali-photocathode PMTs, R329, give
the maximum QE at around 400 nm: The PMTs
with the extended-green photocathode (hereafter
denoted as ‘‘extended-green PMTs’’), R329EG,
give higher values at longer wavelengths, as
expected. They give an improvement by a factor
of 1.0–1.4 at 4502600 nm; which corresponds to
the wavelength of the emission from the WLS
fiber. The value of QE of the new PMTs,
R329EGPX, is increased compared to those of
the extended-green ones over the whole region
above 400 nm: In particular, above 600 nm; an
unexpected enhancement is seen. This is one of
preferable features for applications with WLS
fibers. Below 400 nm; however, the new PMTs
are not as good as expected; the value at 350 nm is
about one order of a magnitude less than those of
the other PMTs. This is due to the effect of the
different window material. The window of the new
PMT is made of a kind of borosilicate glass, but is
slightly changed from that of ordinary R329 to be
suitable for making the prism structure in a
molding press. Also, this material has a worse
transmission below 400 nm compared with that
used in the standard PMTs. However, it will not
cause any problems in our application with the
WLS fibers (Bicron BCF-91A and Kuraray Y-11),
having a peak in the region 4502600 nm in their
emission spectrum, as shown in Fig. 2(b).
Regarding the above-mentioned improvements,

we expect an increase of the photoelectron yield by
at least a factor of 1.7 in the region of the emission
spectrum of the WLS fiber. To confirm this
increase of the photoelectron yield, we made tests
with the actual counter in the WLS fiber readout.
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We report on the methods of the tests and their
results in subsequent sections.
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Fig. 4. Typical ADC spectrum obtained with the new PMT.

The solid curve is the result of the fit described in the text. The

dotted curves are decomposed Gaussians for N ¼ 1; 2; 3; 4; 5:
3. Photoelectron yield in a WLS fiber readout

The photoelectron yield of the new PMTs was
investigated for an actual read out with the WLS
fiber in the setup shown in Fig. 3, and compared
with that of the standard PMTs. A WLS fiber
(Kuraray Y-11) of 1 mm diameter, 5:2 m in length
is embedded in the groove on the surface of the
Bicron BC408 plastic scintillator ð100 mm�
50 mm� 5 mmÞ: It guides the secondary light to
the center of the PMT’s window. The plastic
scintillator is exposed to b-rays from 106Ru; and
the signal pulse height is registered by ADC, as
shown in Fig. 4. The ADC is gated by the signal
from a trigger counter mounted above the plastic
scintillator.
The ADC spectrum was fitted by the resolution

convoluted Poisson distribution [8],

F ðxÞ ¼A
XN¼Nmax

N¼1

e�
%N %NN

N!

1ffiffiffiffiffiffiffiffiffiffi
2pN

p
s

� exp �
ðx � pN � qÞ2

2Ns2

� �

where x is the ADC channel, A is the normal-
ization factor, %N is the average number of
photoelectrons (p.e.), s is the single-photoelectron
peak resolution, p is the peak interval and q is the
pedestal channel. In these fittings, A; %N; s and p
Trigger counter

Plastic scintillator

β

WLS fiber

PMT on test

Ru106

Fig. 3. Experimental setup for measuring the number of

photoelectrons.
are the free parameters to be determined from the
obtained spectrum. From the single-photoelectron
peak measurement for each PMT, we have also
confirmed the s and p values. The obtained value
of %N has an uncertainty ofB3%; besides the fitting
error of 1–2%. The uncertainty is due to selection
of the fitting range; in particular, the position of
the lower edge affects the fitting, because the
spectrum in the lower channel range may be
slightly contaminated with the background due to
electrical noises, and so on.
The averaged numbers of photoelectrons ob-

tained with the PMTs operated at 2:2 kV are
shown in Fig. 5. It turned out that the new PMTs
give about a 1.8-times larger photoelectron yield
than the standard ones. The results for the
extended-green PMTs show that the photoelectron
yield is about 1.5-times larger than that of the
standard PMT. Hence, the adoption of a prism-
shaped photocathode and the polished electrodes
improve the photoelectron yield by a factor of 1.2.
This improvement is crucial as well as the
extended-green photocathode in order to over-
come the disadvantage of using the MS resin
based scintillator which provides a light yield of
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70–80% of the Bicron BC408. Comparing with the
standard PMTs in combination with the Bicron
BC408, the new PMTs are expected to give a
more photoelectron yield, at least by a factor of
1:26 ð¼ 0:7� 1:8Þ; in combination even with the
MS resin-based scintillator.
In addition to the uncertainty in the fitting

procedure mentioned above, another uncertainty
of B4% is caused by the reproducibility of the
experimental condition, e.g. positioning of the
PMTs and the WLS fiber in the setup. Taking this
into account, the total uncertainty in the photo-
electron yield is estimated to be at most 8%. Even
taking into account the uncertainty, the observed
differences of the photoelectron yield among the
different types of PMT are significant.
-30 -20 -10 0 10 20 30

Position (mm)

 along y-axis

(b)

Fig. 6. Position dependence of the sensitivity for the new PMT

(R329EGPX). The definition of the axes is the same as

described in Fig. 7. The solid lines represent the data taken

by Hamamatsu Photonics K.K. at 420 nm: The closed squares
represent our data for the fiber readout with the WLS fiber of

1 mm in diameter.
4. Uniformity of sensitivity

The structure of the prism-shaped photocathode
may influence the uniformity of the sensitivity. As
reported by Hamamatsu Photonics K.K. [9], a fine
variation in its sensitivity is seen corresponding to
the repetition of the prism structure, as shown in
Fig. 6. Note that the broad dip seen at around
10 mm on the y-axis in Fig. 6(b) is supposed to be
due to the asymmetric arrangement of the
dynodes. The fine variation may sometimes cause
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problems, particularly when the fiber readout is
applied. We studied the uniformity of the sensi-
tivity for the fiber readout with the WLS fiber of
1 mm in diameter with the same setup employed
for the photoelectron yield measurement. The fiber
positions of the photon incidence are shown in
Fig. 7. The measurements were carried out at the
positions located along two lines, which are
parallel and perpendicular to the dynode arrange-
ment. Taking account of the interval of the
repetition of the prism-structure, namely 1:5 mm;
the pitch of the positions was chosen to be 2:5 mm:
The behavior of our data, shown in Fig. 6, follows
the data obtained by Hamamatsu Photonics K.K..
It also turned out that the fine variation was
smeared out in the case of the fiber readout.
Therefore, it will not cause any problem in our
application for the lead-scintillator sandwich
counters in E391a.
Wave length = 408 nmPulse
Laser

Synchronized
trigger output

Delay

TDC
Start Stop

Discriminator

PMT

Fig. 8. Setup for the TTD measurement.
5. Time response

The time response is one of the important
characteristics of PMTs. The prism-shaped photo-
cathode, which gives a non-uniform electric field,
may affect the time response. It can be observed in
the electron transit time, the time for the electrons
leaving from the photocathode to reach the anode.
Usually, it strongly depends on the incident
photon position on the photocathode. Photoelec-
trons emitted at different positions on the photo-
cathode give different trajectories to the first
dynode. Due to their low velocity, the different
trajectories lead to a difference in the electron
transit time, depending on the photon incident
position. They also affect the spread in the electron
transit time when the photocathode is uniformly
illuminated.

5.1. Electron transit time difference (TTD)

We measured the TTD, the relative electron
transit time, at different positions of photon
incidence. The measurement was carried out using
a pulse laser, Hamamatsu PLP-02, as shown in
Fig. 8. It provides photons at a wavelength of
408 nm within a short duration of 58 ps: One of
the positions on the photocathode was irradiated
through a hole of 1:0 mm in diameter. The time
difference between the synchronous trigger output
of the pulse laser and the output signal of the PMT
was measured by a TDC.
The data of TTD are shown in Fig. 9. The

definition of the axes is the same as described in
Fig. 7. The data sets along the x-axis show a more
flat behavior compared with those along the y-
axis. This is because the dynodes are symmetrically
arranged along the x-axis. When we compared the
results for the standard and new PMTs, the data
set of the latter showed a zigzag behavior, which is
supposed to be originated from the prism struc-
ture, although the data points of the standard
PMT are smoothly connected. The data points of
the latter ones spread over a slightly wider range
than those of the former ones. However, the
spreading is not significant and the overall
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behaviors of the data for both PMTs are similar to
each other.

5.2. Electron transit time spread (TTS)

The time response of PMTs can also be
characterized by the TTS, the spread of the
electron transit time. It is an important parameter,
which dominates the time resolutions in time-of-
flight counters as well as the number of scintillat-
ing photons. We evaluated the TTS by a measure-
ment of the electron transit time for ‘‘single
photoelectron events’’ under the condition that
the whole surface area of the photocathode was
uniformly irradiated by laser photons. Such a
method is usually employed to obtain the catalog
values of TTS by major suppliers of PMTs,
including Hamamatsu Photonics K.K. [10].
The measurement setup is shown in Fig. 10. The

laser beam, of which the intensity was significantly
reduced by two filters,2 was diffused by two optical
diffusers3 in such a way that only a few photons were
incident on the photocathode with a uniform
intensity distribution. We used the same pulse laser
that was used in the TTD measurement. The time
difference between the synchronous trigger output of
the laser and the output of the PMT was registered
by a TDC. We employed a constant-fraction
discriminator for the PMT signal to eliminate the
time spread due to the difference in pulse heights.
Registering the PMT signal by an ADC, we selected
only the ‘‘single photoelectron events’’ with a pulse
height in the range of 170:5 p.e..
The TDC distributions obtained with the stan-

dard and the new PMTs are shown in Fig. 11.
We evaluated the spreads of the distributions in
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Fig. 11. TDC distributions obtained with (a) the standard

PMT and (b) the new PMT. The scale of the horizontal axis is

25 ps=channel:

Table 2

Time spreads observed in the TDC distributions

Type of PMT Serial number Spread (FWHM)

RD0292 1:6970:03 ns
Standard PMTs RD0644 1:3970:03 ns
(R329) RD0717 1:4470:02 ns

Average 1:5070:03 ns

ZK0679 1:9070:02 ns
New PMTs ZK0680 1:9470:03 ns
(R329EGPX) ZK0682 1:8270:04 ns

Average 1:8970:03 ns
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full-width at half-maximum (FWHM), as shown in
Table 2. The standard PMTs gave 1:50 ns as the
averaged value, while the new ones gave 1:89 ns:
The observed spreads are reasonably supposed to
be dominated by the TTS of the PMTs. And it is
difficult to eliminate other small contributions to
the spreads, e.g. difference in the photon path from
the laser to the PMT, time spreads due to multiple
scattering of the photons in the filters and the
diffusers and so on. Thus, the observed spreads
are regarded as upper limits of the TTS. Since the
experimental conditions are the same, it can be
stated that the new PMTs give a larger TTS than
the standard PMTs. In other words, the time
response of the new PMTs, investigated in the single
photoelectron range, is significantly worse than that
of the standard ones. However, in actual applica-
tions in TOF counters, their time resolutions are
determined not only by the time response mentioned
above, but also by the statistics of the photoelec-
trons. Thanks to the ability to give a better
photoelectron yield of the new PMTs, their worse
time response can be compensated so that the time
resolutions of the TOF counters might be main-
tained.
6. Darkcurrent

It was of concern that the new PMTs have a
problem due to the darkcurrent, for the following
reasons:
(1)
 The photocathode surface area was extended
by a factor of

ffiffiffi
2

p
:

(2)
 The work function was lowered for an
extended-green treatment.
(3)
 The electric field above the photocathode
surface is locally strong, particularly, around
the apex of the prisms.
An increase in the darkcurrent leads to a high
threshold level, and spoils the efficiency of the
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counters. We evaluated the darkcurrent at several
temperatures (0�C; 23�C; 50�C) by measuring the
counting rates at a threshold level of 0.5 p.e. with
the PMTs not being irradiated. The results are
shown in Fig. 12. We found that the new and the
standard PMTs give similar darkcurrents at room
temperature ð23�CÞ: In standard applications of
the new PMTs, the darkcurrent is not a problem.
At a higher temperature ð50�CÞ; the new PMTs
give a few-times more darkcurrent than the
standard ones. Therefore, when one wants to
carefully avoid darkcurrent, their use at relatively
low temperatures is recommended for the new
PMTs, even in the room-temperature range. At a
still lower temperature ð0�CÞ; the darkcurrent of
the new PMTs is significantly reduced, by at most
one order of magnitude compared with that at
room temperature.
7. Conclusion

We have made improvements on the 2-in. PMT
(Hamamatsu R329) to increase the photoelectron
yield with a prism-shaped, an extended-green
photocathode and polished electrodes. Conse-
quently, about 1.8-times larger photoelectron yield
was obtained with the new PMTs. A similar
behavior in the TTD was found for the standard
and new PMTs. However, the TTS of the new
PMTs is significantly larger than that of the
standard PMTs. The darkcurrent of the new
PMTs is comparable to that of the standard PMTs
at room temperature.
More extensive studies are required for the new

PMTs, especially concerning the photoelectron
yield at different photon incident angles. It is also
desirable to improve the photoelectron yield in the
short-wavelength region. Technical developments
in making the prism structure will make it possible
to employ a window material with better transmis-
sion. These changes will lead to new applications
of the PMTs for calorimetry with scintillating
crystals operated at shorter wavelengths. Another
issue is an enlargement of the photocathode
surface area, which is necessary for applications
in Cherenkov counters.
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The KL ---f ~~OVV decay is one of the most attractive phenomena for the study of the CP 
violation. The branching ratio can be calculated with a small theoretical ambiguity, which 
will provide a clean determination of a basic parameter of the present particle physics. 
It will also play an important role for the search of the new physics as well as for the 
fundamental understanding of the CP-violation. We will start a kind of pilot experiment 
using a present 12-GeV proton synchrotron (PS) at KEK from early 2004, which is the 
first dedicated experiment searching for the KL + r”vii decay. 

1. Introduction 

The KL --f ~~OVV decay is a rare decay process of flavor-changing-neutral-current (FCNC) 
with direct CP-violation dominated. In the Standard Model, the decay amplitude of this 
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mode is proportional to a CKM matrix element, Im(V,dV,‘,), which corresponds to the 
height of the unitarity-triangle. Since the uncertainty in the theoretical calculation is 
estimated to be only a few %  [l], the pure and clean information from the KL -+ XOVV 
decay will be the most critical check for extra-effects beyond the Standard model as well 
as the B meson system. 

The present experimental upper-limit of its branching ratio is 5.9 x lo-’ [2], which is 
far above the Standard Model prediction of 3 x lo- ll. Instead of leaping over this large 
gap at once, we planned to carry out a kind of pilot experiment at KEK 12-GeV PS, 
E391a, which will reach the sensitivity of 3 x lo-lo. The E391a experiment is scheduled 
to start the physics run in early 2004. It will enable us to search for the decay beyond 
the indirect experimental limit deduced from the K+ -+ x+vb decay. It will also gives us 
many important informations about the situation in the tiny branching ratio region, which 
will guide us to the next stage of the experiment using high-intensity proton synchrotron 
(50-GeV PS) [3] that will start operation at 2007. 

2. Measurement method 

2.1. Detection principle 
Experimentally, the KL + YT’UD decay will be observed by an in-flight decay of KL 

by a signal of two photons and no additional activation in the whole detector elements 
completely surrounding the decay region. Among the KL decay mode, KL + n”vD is 
the unique mode of the two-photon final state except for the KL --+ yy which is easily 
rejected by the kinematics of two-body decay. Since the decay is quite rare, we have to 
suppress the huge amount of the backgrounds. KL -+ 7r01ro decay is considered as the 
main source of the background from the KL decay, since the branching ratio is relatively 
high (9.27 x lo-*) and it is easily mis-identified as a signal by missing the two photons. 
In order to suppress such background, very high efficiency of photon detection is required 
for our detector. The charged particles from the KL decay will be suppressed without any 
difficulty since the charged particles are always produced as a pair. Decay region should 
be highly evacuated in order to suppress the 7r” production by the neutron interaction to 
the residual gas. Contribution from the hyperons is not serious for our low-energy beam. 
Double decay-chamber structure will suppress the KL to multi-gamma decay by detecting 
the photons escaped to the upstream. Narrow beam size is required to apply the high-Pr 
selection of # as well as to reduce the direct hit of beam to the detector. 

2.2. Experimental apparatus 
We have constructed a new neutral beam line at the KEK-PS in March 2000, as shown 

in Figure 1. The neutral beam is produced at the platinum target of 8mm in diameter 
and 60mm in length by 12 GeV protons, and collimated by five stages of heavy-metal 
collimators. Charged particles are sweeped out by two stages of bending magnets. The 
beam aperture is defined at 2 mrad by the 10 m  long collimators. 

So far the series of the beam survey has been carried out and its characteristics have 
been understood well. Figure 2 shows the beam profile measured by the gamma and 
neutron. The beam-core size of 10 cm in diameter is narrow enough, and the halo part is 
smaller than the core by the order of four as expected from the Monte Carlo simulation. 
This will be the cleanest neutral beam-line so far. 
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Figure 1. Neutral beam line for the E391a experiment. Figure 2. Beam profile. 

Figure 3 shows the schematic view of the E391a detector composed of the electro- 
magnetic calorimeter and perfect veto system. The energy and the position of two pho- 
tons from 7r” are measured by the electromagnetic calorimeter consisting of 576 pure CsI 
crystals. The decay vertex and the PT of the r” are reconstructed by the two photons 
assuming the r” mass. The signal will be identified by requiring that the vertex is in 
the decay fiducial-volume and the PT is larger than 120 MeV/c. The decay fiducial vol- 
ume is evacuated to 10e5 Pa, which is realized by the differential pumping method. The 
detector region is separated from the highly evacuated decay volume, and evacuated to 
10-l Pa. Events accompanying with charged particles are rejected by the scintillation 
counters in front of the CsI. The veto system for additional particles, which consists of 
the central-barrel calorimeter, front-barrel calorimeter, beam-ant#i counter and five-stage 
of the beam-collar counters, are designed to cover whole decay region without any dead- 
region. The veto calorimeters consist of the alternating scintl?stor and lead or tungsten 
plate with wave-length-shifter fiber read-out. 

3. ‘Present status 

The E391a experiment is now in the phase of detector construction. The downstream 
section containing the electromagnetic calorimeter was already fabricated as shown in 
Figure 4. It consists of 576 of CsI crystals and one of the beam-collar counter at the 
center of the calorimeter. The other detector components are being fabricated and will 
be assembled into our detector system by the autumn 2003. 

The engineering run with the downstream section is scheduled in the beam time this 
autumn. Since the 7r” will be reconstructed by the electromagnetic calorimeter, obtained 
data during this engineering run will be very important to develop the analysis method, 
which bring us to the stage of the off-line analysis. We will do the precise calibration 
of each detector as well as the overall check of our experimental apparatus including the 
electronics and data acquisition system. 
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Figure 3. Schematic view of the E39la detector. 

4. Summary 

Figure 4. Downstream 
section. 

KL -+ 7r”vg decay is often called as a ‘Gold plated mode’ to access the CP violation. 
However, there is still a large gap between the experimental achievement and the Standard 
Model prediction. KEK PS-E391a is the first dedicated experiment to the KL -P TT~VZ~ 
decay with a high-sensitivity close to the Standard Model prediction. It also serves as 
a pilot experiment for the future experiment at the 50-GeV PS. The E391a will give 
us meaningful data to understand the situation at the tiny branching-ratio region. The 
engineering run using a part of our detectors is scheduled this autumn. The E391a will 
start the physics run in early 2004. 
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Using a large-acceptance germanium detector array (Hyperball), we have observed a spin-flip M1 g

transition between the ground-state spin doublet of 7
LLi ( 3

2
1 ! 1

2
1). The observed energy of 691.7 6

0.6�stat� 6 1.0�syst� keV provides crucial information on the strength of the spin-spin interaction be-
tween a L and a nucleon. This is the first observation of well-identified hypernuclear g transitions using
germanium detectors.

PACS numbers: 21.80.+a, 21.30.Fe, 23.20.Lv, 25.80.Hp
High-resolution g-ray spectroscopy using germanium
(Ge) detectors has played a remarkably important role
in the development of nuclear physics. Detailed level
structures of hundreds of nuclei have been precisely mea-
sured with an energy resolution of an order of a few keV.
However, high-resolution g-ray spectroscopy has not been
successfully used for L hypernuclei because of technical
difficulties in the operation of Ge detectors under high
counting-rate conditions. Hypernuclear structure has been
investigated mostly with the (K2, p2) and (p1, K1) re-
actions by means of magnetic spectrometers having a few
MeV (FWHM) resolution.

Observations of well-identified hypernuclear g transi-
tions have been reported for only a few cases, in which
NaI counters having much worse energy resolution than
Ge detectors were used [1–3]. The only previous attempt
with Ge detectors could not identify hypernuclear g tran-
sitions [4]. Recently, we constructed a large-acceptance
Ge detector array dedicated to hypernuclear g-ray spec-
troscopy (Hyperball) and started a series of experiments.
Physics motivations and experimental plans are described
in Ref. [5]. In this paper, we report on the first experiment
with Hyperball, in which g transitions in 7

LLi were suc-
cessfully observed.

One of the motivations for hypernuclear g spectroscopy
is to obtain information on the interactions between a L

and a nucleon from hypernuclear level structures, which is
the first step toward unified understanding of the baryon-
baryon interactions. In light L hypernuclei, level struc-
tures can be understood from the weak coupling of the L

to the nuclear core. For low-excitation levels where the L
0031-9007�00�84(26)�5963(4)$15.00
occupies the 0s orbit, each level of the nuclear core hav-
ing spin J (fi 0) is split into two levels with spins J 1

1
2

and J 2
1
2 , the spacing of which is determined by the LN

spin-dependent (spin-spin, spin-orbit, and tensor) interac-
tions. The level structures and g transitions of p-shell
hypernuclei have been theoretically studied in relation to
the spin-dependent interactions [6–9]. Since these inter-
actions are weak, such a doublet spacing is generally ex-
pected to be smaller than spacings of low-lying levels of
the core nucleus for p-shell hypernuclei. By measuring
such doublet spacings, we can obtain information on the
LN spin-dependent interactions, which are extremely dif-
ficult to study by LN scattering experiments. In the case
of the ground-state doublet of a hypernucleus, the upper
member of the doublet is deexcited via g emission to the
lower member by flipping the L spin, unless the doublet
spacing is smaller than 0.1 MeV when the weak decay of
the upper member dominates the g transition.

Such spin-flip M1 transitions between hypernuclear
doublet states have been observed only for the A � 4
hypernuclei, 4

LH and 4
LHe, where the �1.1 MeV 11 ! 01

transitions were detected with NaI counters [1]. Although
this energy naively gives the strength of the LN spin-
spin interaction, an effective three-body LNN interaction
arising from S-L coupling [10] also contributes, and thus
doublet spacing data for p-shell hypernuclei are required
to quantify the LN spin-spin interaction strength. The
two-body pNsL effective interaction is expressible in
terms of five radial integrals, which can be determined
from phenomenological analysis of hypernuclear data
[6,9]. The four spin-dependent parameters are denoted
© 2000 The American Physical Society 5963
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by D, SL, SN , and T , corresponding to the operator
sNsL, lNLsL, lNLsN, and S12. The spin-spin term,D,
was deduced as0.40 , D , 0.64 MeV from the A � 4
spacing andD � 0.50 6 0.11 MeV from the binding
energy difference between7LLi and 7

LBe [9]. On the other
hand, a subsequent experiment for10

L B did not observe
the spin-flip M1 transition of the ground-state double
(22 ! 12); this was attributed to a small doublet spacin
of less than 0.1 MeV and was interpreted in terms
a small spin-spin strength,D , 0.22 MeV [4]. In this
puzzling situation, measurements of spin-doublet spaci
of otherp-shell hypernuclei have been awaited.7

LLi is the
best hypernucleus for this purpose, because the grou
state doublet (32

1, 1
2

1) spacing is determined almos
entirely by the spin-spin interaction due to the almost pu
3S1 configuration of the core nucleus6Li �11�.

The experiment (E419) was performed at the 12 G
Proton Synchrotron (PS) in the High Energy Accelera
Research Organization (KEK). Bound states of7

LLi were
produced by the7Li �p1, K1� reaction with a 1.05 GeV�c
pion beam, employing the K6 beam line and the Sup
conducting Kaon Spectrometer (SKS), andg rays were
detected with Hyperball in coincidence. The intensity
thep1 beam was typically1.8 3 106 per spill (0.7 s du-
ration) occurring every 3 s. The trajectory of each bea
particle was measured with the K6 beam spectrometer.
beam pions hit a 25 cm thick 98% enriched7Li target and
outgoingK1 mesons were identified and momentum an
lyzed by the SKS. Detailed descriptions on the K6 bea
line and the SKS are to be found in Refs. [11,12].

Hyperball was installed surrounding the target.
consisted of fourteenN-type coaxial Ge detectors of 60%
relative efficiency (crystal size of about 70 mmf 3

70 mm). The distance between the detector end cap
the beam axis was about 15 cm. It had a photo-pe
efficiency of about 2.5% at 1 MeV. The signal from eac
Ge detector was processed with a transistor-reset
amplifier and a gated-integrator amplifier. Each G
detector is surrounded by six bismuth germanate (BG
counters which provide veto signals to suppress ba
grounds from Compton scattering, high-energyg rays
from p0 decays, and high-energy charged particles. D
from all the detectors in Hyperball and the K6�SKS
system were recorded with a (p1, K1) trigger provided
by the K6�SKS system alone.

Energy calibration of the Ge detectors was made
the energy range of 0.1–1.8 MeV using a standard mixed
source containing241Am, 109Cd, 57Co, 139Ce,51Cr, 113Sn,
85Sr, 137Cs, 60Co, and88Y. The in-beam performance o
each Ge detector was monitored simultaneously with
data taking through the whole beam time by using tr
geredg rays from a weak (1 kBq)60Co source embed-
ded in a plastic scintillator and installed behind each
detector. With the beam on, single counting rates of
14 Ge detectors were 20–60 kHz, and their energy reso
lutions were 3–4 keV FWHM at 1.33 MeV. The elec-
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tronics dead time due to pileup and preamplifier res
was �46.6 6 0.5�% on average. The energy scale of th
in-beamg-ray spectrum was checked with beam-induce
g-ray peaks from surrounding materials in a high-statisti
g-ray spectrum before the (p1, K1) event selection. It
was found to be correct within 0.6 keV for an energy re
gion less than 2 MeV. The absolute efficiency of all th
Ge detectors was measured with the standard mixed sou
and corrected for the reaction point distribution and abso
tion effects in the target. The inefficiency due to accident
suppression by the BGO counters was�6 6 2�%. The tar-
get was irradiated with1.0 3 1012 pions in total.

Figure 1 shows the excitation spectrum of7
LLi plotted

versus theL binding energy,BL. The analysis procedure
to obtain the excitation spectrum is almost identical to th
used in previous (p1, K1) experiments with the SKS [12].
In a recent experiment for7Li �p1, K1� (KEK E336), per-
formed under the same condition but with a thin7Li target
(2.2 MeV FWHM resolution), the bound state region of th
observed7

LLi spectrum was decomposed into four peak
[13], the energies and relative intensities of which agre
fairly well with theoretically calculated level energies an
cross sections [14,15] of the four most strongly populat
states, namely,12

1�T � 0�, 5
2

1�T � 0�, 1
2

1�T � 1�, and
5
2

1�T � 1� (see Fig. 3). [The notation“(T � 0)” is omit-
ted hereafter.] In the present spectrum, the energy reso
tion is worse due to energy loss effects in the thick targ
By folding these four peaks with 4.2 MeV FWHM resolu
tion, the present spectrum was reproduced well, as sho
in the Fig. 1 inset. The absolute energy scale was adjus
using the knownBL of the 7

LLi ground state. We set the
gate for the“bound region” at 210 , 2BL , 2 MeV, as
shown in the figure.

Figure 2 shows theg-ray energy spectra. Figure 2(a) i
the spectrum when the unbound region (2BL . 2 MeV)
of 7

LLi is gated. We notice peaks from Bi x rays,e1

annihilation, and severalg rays from normal nuclei such
as 6Li, 7Li, 27Al, 74Ge, etc. Figure 2(b) shows theg-ray
spectrum for the bound region, where more peaks app
at 429, 692, and at 2050 keV, and the peak at 478 k
is more prominent than in 2(a). The 429 and 478 ke

FIG. 1. Hypernuclear mass spectrum of7
LLi (plotted versus

the L binding energy,BL) taken in the (p1, K1) reaction with
a 25 cm thick7Li target. The“bound region” is defined as
shown. The inset shows decomposition of states (see text).
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plied.
FIG. 2. g-ray spectra measured in the7Li �p1, K1� reaction for (a) the unbound region (2BL . 2 MeV) and for (b) the bound
region (210 , 2BL , 2 MeV) of 7

LLi. The two peaks at 692 and 2050 keV in (b) are assigned asM1� 3
2

1 ! 1
2

1� andE2� 5
2

1 !
1
2

1� transitions of7LLi, respectively. The curve in the left inset in (b) shows a Doppler-broadened peak shape simulated forg-ray
emission before the7LLi slows down. (c) is the same spectrum as (b) but the event-by-event Doppler-shift correction was ap
In the right insets of (b) and (c), the bound region condition is changed to25.7 , 2BL , 2.3 MeV. Two peaks observed in the
right inset of (c) are assigned asM1��� 1

2
1�T � 1� ! 3

2
1, 1

2
1��� transitions.
c

d
n
k
e
h

e

e
id

n

e
w

.

e

t

ical
s

peaks are interpreted as transitions in the daughter nu
resulting from7

LLi weak decay,7LLi ! p2 1 7Be��429�
and7

LLi ! p0 1 7Li ��478�.
The peak at 2050 keV is attributed to theE2� 5

2
1 !

1
2

1� transition in 7
LLi. As shown in the level scheme in

Fig. 3, it is essentially theE2�31 ! 11� transition of the
core nucleus6Li. This transition was previously observe
at 2.034 6 0.023 MeV using NaI counters at Brookhave
National Laboratory (BNL) [2]. In our spectrum the pea
was revealed to have a sharp part and broad tails du
partial Doppler broadening. This fact indicates that t
lifetime of theg-emitting excited state is of the same orde
of the stopping time of a recoil hypernucleus in the targ
(�10 ps), which is consistent with a transition rate forE2
[16]. From the sharp peak theg-ray energy was derived as
2050.1 6 0.4�stat� 6 0.7�syst� keV, which corresponds to
a 5

2
1 excitation energy of2050.4 6 0.4 6 0.7 keV.

As shown in the left inset in Fig. 2(b), the shape of th
692 keV peak is well reproduced by a simulation (sol
curve) in which the Doppler shift is calculated assumin
thatg rays are emitted from7

LLi promptly before slowing
down. Therefore, this transition is faster than 2 ps a
assigned as anM1 transition in7

LLi. After the event-by-
event Doppler-shift correction, the broad peak at 692 k
becomes sharp as shown in Fig. 2(c). It evidently sho
that the 692 keVg ray is emitted from7

LLi, and excludes
the possibility that the peak is due to a 692 keV72Ge
lei

to
e
r
t

g

d

V
s

line induced by the�n, n0� reaction in the Ge detectors
From the Doppler-corrected spectrum, theg-ray energy
was obtained as691.7 6 0.6�stat� 6 1.0�syst� keV. Here
the systematic error stems mainly from ambiguity in th
Doppler-shift correction.

We also observed two peaks at3877 6 5 6 7 keV and
at 3186 6 4 6 5 keV with a statistical significance abou

FIG. 3. Level scheme andg transitions of7LLi. Thick arrows
show transitions observed, and“present” shows level energies
measured in the present experiment. Transitions from1

2
1�T �

1� to the ground-state doublet were observed with less statist
significance.s�u � 0± 15±� shows calculated production cros
sections by (p1, K1) reaction at 1.05 GeV�c and integrated for
0±–15± (�SKS acceptance) [15].
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3s as shown in the right inset in Fig. 2(c). Here the boun
region gate was changed to25.7 , 2BL , 2.3 MeV to
tag the 1

2
1�T � 1� state selectively. They areM1 transi-

tions because they appeared in the Doppler-shift-correc
spectrum 2(c). From their energies, they are assigned
M1��� 1

2
1�T � 1� ! 3

2
1 and 1

2
1��� (see Fig. 3). Their rela-

tive yields (�1:1) also support this assignment. Their en
ergy difference (691 6 6 keV) coincides with the 692 keV
peak energy. Therefore, the 692 keV transition is assign
as M1� 3

2
1 ! 1

2
1�, but not asM1� 7

2
1 ! 5

2
1�. This as-

signment is further supported byg-ray yields. Using the
ratios of the theoretical cross sections for the7

2
1 and 3

2
1

states to that of the12
1 state in Fig. 3, theg-ray yields

were estimated from the numbers of events for the1
2

1,
5
2

1, and 1
2

1�T � 1� states derived from the peak decom
position in the Fig. 1 inset and the absolute efficienc
of Hyperball [�1.20 6 0.04� 3 1022 at 692 keV, includ-
ing the electronics dead time]. TheM1� 7

2
1 ! 5

2
1� yield

is estimated to be 24 counts, while theM1� 3
2

1 ! 1
2

1�
yield is estimated to be102 6 17 counts includingg-ray
cascades after the12

1�T � 1� ! 3
2

1 and the 5
2

1 ! 3
2

1

transitions. The observed yield of the 692 keV pea
128 6 17 counts, agrees with the latter estimation. Th
fact also indicates that the7LLi ground state is1

2
1 but not

3
2

1 [17]. It is to be noted that the estimatedE2� 5
2

1 !
1
2

1� yield (186 counts) agrees well with the observed on
(188 6 17 counts), which provides confidence that the e
timated Hyperball efficiency is correct. The transitio
5
2

1 ! 3
2

1 which should have 1358 keV energy was no
observed. It is consistent with a calculated branching ra
of 3.4% for the coreE2 transition withoutM1 mixing.

Our result of 692 keV for the ground-state doublet spa
ing provides a stringent constraint to the strength of t
LN spin-spin interaction. In the phenomenological a
proach [9], our result givesD � 0.5 MeV, since the7

LLi
doublet spacing is given by32D in the LS coupling limit
with L � 0. The shell-model calculation of Ref. [9] gave
a 7

LLi doublet spacing of 610 keV for a parameter set wi
D � 0.5 MeV. On the other hand, another shell-mode
calculation by Fetisovet al. [18], in which the parame-
ter set (withD � 0.3 MeV) was selected to explain the
10
L B result rather than theA � 4 doublet spacing, gave
440 keV. Recently, another theoretical approach was
troduced by Hiyamaet al. [19]. They carried out a four-
body (a 1 p 1 n 1 L) cluster-model calculation using
the Nijmegen modelF interaction, in which theSN chan-
nel contribution is renormalized intoLN interactions and
the strength of theLN spin-spin interaction was adjusted
to reproduce theA � 4 doublet spacing. They predicted a
7
LLi doublet spacing of 650 keV without anLS interaction.
The present result is thus consistently explained with t
A � 4 data but not with the10

L B result, implying that10
L B

should be further investigated. In addition, the contributio
of the LNN effective interaction to the doublet spacin
should be studied theoretically for both of theA � 4 and
5966
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A � 7 cases. Finally, the excitation energies of the5
2

1 and
1
2

1�T � 1� states are sensitive to bothD andSN and are
consistent withD � 0.5 MeV andSN � 20.4 MeV [20].

In summary, we have observed well-identified hyper
nuclearg transitions with Ge detectors for the first time.
Using Hyperball, we observedg transitions in 7

LLi,
the spin-flip M1� 3

2
1 ! 1

2
1� at 691.7 6 0.6�stat� 6

1.0�syst� keV, as well as the E2� 5
2

1 ! 1
2

1� and
M1��� 1

2
1�T � 1� ! 3

2
1, 1

2
1��� transitions, by gating the

bound region in the7Li �p1, K1�7
LLi spectrum. The

measured energy of the ground-state doublet (3
2

1, 1
2

1)
spacing provides crucial information on theLN spin-
spin interaction. In order to obtain information on the
other spin-dependent interactions, more hypernucle
g-spectroscopy experiments with Hyperball are in
progress at BNL (E930).
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We report on the first measurement of a hypernuclear g-transition probability. g rays emitted in the
E2�5�21 ! 1�21� transition of 7

LLi were detected by a large-acceptance germanium detector array
(Hyperball), and the lifetime of the parent state (5�21) was determined by the Doppler shift attenuation
method. The obtained result, 5.810.9

20.7 6 0.7 ps, was then converted into the reduced transition probability
[B�E2�] to be B�E2; 5�21 ! 1�21� � 3.6 6 0.510.5

20.4 e2 fm4. Compared with the B�E2� of the corre-
sponding E2�31 ! 11� transition in the 6Li nucleus, our result gives evidence that the size of the 6Li core
in 7

LLi is smaller than the 6Li nucleus in the free space.

DOI: 10.1103/PhysRevLett.86.1982 PACS numbers: 21.80.+a, 21.10.Tg, 23.20.–g, 27.20.+n
Change of matter properties under the presence of impu-
rities is an important subject in condensed matter physics.
Similarly, bulk properties of nuclei, such as size, shape,
collective motion, and so on might be changed by the pres-
ence of hyperons as impurities, although no experimental
evidence has been found yet. In particular, significant re-
duction of nuclear size could be expected when a L hy-
peron is added to loosely bound light nuclei such as 6Li
[1–3]. Since a L particle does not suffer from Pauli block-
ing, it can locate at the center of a nucleus; then the L at-
tracts surrounding nucleons and makes the nucleus shrink.

In order to obtain information on such a possible size con-
traction experimentally, we used the E2�5�21 ! 1�21�
transition in 7

LLi (see Fig. 1). The reduced transition proba-
bility [B�E2�] is very sensitive to size contraction as it is
approximately proportional to fourth power of the nuclear
size. In the weak coupling limit, since the E2�5�21 !

1�21� transition in 7
LLi is due to the E2�31 ! 11� tran-

sition in 6Li core, we introduce a factor S which naively
represents degree of size change of 6Li core [3] by

S �

∑
9
7

B�E2;7L Li5�21 ! 1�21�
B�E2;6 Li31 ! 11�

∏1�4

, (1)

where the factor 9�7 comes from the fact that the B�E2� of
the core transition (31 ! 11) is distributed to the two E2
transitions in 7

LLi as B�E2; 7
LLi5�21 ! 1�21� : B�E2;

7
LLi5�21 ! 3�21� � 7 : 2 in this limit [4]. If the 6Li core
in 7

LLi is the same as the 6Li nucleus in the free space, this
size factor equals unity. As we know the B�E2;6 Li31 !
1982 0031-9007�01�86(10)�1982(4)$15.00
11� to be 10.9 6 0.9 e2 fm4 [5] or 9.3 6 2.1 e2 fm4 [6],
we can extract hypernuclear size information from
B�E2; 5�21 ! 1�21�.

The experiment (E419) was performed at the K6 beam
line of the 12 GeV Proton Synchrotron (PS) in the High
Energy Accelerator Research Organization (KEK) as the
first experiment using the germanium (Ge) detector array
recently constructed for hypernuclear g-ray spectroscopy
(Hyperball). We have already reported in Ref. [7] on the
energies and assignments of the four g transitions in 7

LLi
observed in the experiment. In this paper, we report on
the measurement of the B�E2� value of the E2�5�21 !
1�21� transition. Taking advantage of high resolution of
Ge detectors, we successfully measured the lifetime of the
5�21 state by the Doppler shift attenuation method and
then converted it into the B�E2; 5�21 ! 1�21� value.

FIG. 1. Low-lying states of 7
LLi. Excitation energies are taken

from Ref. [7]. Corresponding levels of 6Li are also shown.
© 2001 The American Physical Society
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In E419, we used the 7Li�p1, K1� reaction at incident
pion momentum of 1.05 GeV�c to produce 7

LLi, and de-
tected g rays in coincidence. The large momentum trans-
fer of the �p1, K1� reaction (�350 MeV�c) enables us to
utilize the Doppler shift attenuation method, as the stop-
ping time of the recoiling 7

LLi (�13 ps) is of the same or-
der as the expected lifetime (3–10 ps) [1,2,4] of the 5�21

state. Momenta and trajectories of beam pions and out-
going kaons were measured by the beam line spectrometer
and the Superconducting Kaon Spectrometer (SKS). From
the measured momenta, we reconstructed missing mass of
7
LLi and selected the production events of the bound states
of 7

LLi. More descriptions of the K6 beam line and SKS are
found in Refs. [8,9]. A typical intensity of the pion beam
was 1.8 3 106 per 3 second cycle. We irradiated a 98%
enriched 7Li target of 25 cm long with about 1.0 3 1012

pions in the beam time of about 25 days.
For g-ray detection, we used Hyperball, which consisted

of fourteen coaxial type Ge detectors having a crystal size
of about 70 mmf 3 70 mm. The Ge detectors were placed
15 cm away from the beam line and the total solid angle
and the photopeak efficiency were about 15% 3 4p sr and
2.5% for 1 MeV g rays, respectively. Each Ge detector
was surrounded by six bismuth germanate (BGO) counters,
which provided veto signals for Compton scattering and
electromagnetic shower of high-energy g rays from p0

decay. It is noted that we did not use the Ge detectors
or the BGO counters for triggering, so that the inclusive
7Li�p1, K1� spectrum could be taken.

Energy calibration of the Ge detectors was performed in
the energy range of 0.1–1.8 MeV using a standard mixed
source containing 241Am, 109Cd, 57Co, 139Ce, 51Cr, 113Sn,
85Sr, 137Cs, 60Co, and 88Y. Those calibration g rays were
also used to obtain response functions of the Ge detectors,
which play an important role in the lifetime analysis de-
scribed below. It is noted that slight deterioration of the re-
sponse functions, especially in their tail parts, induced by
radiation damage was observed during the beam time. The
in-beam performance of each Ge detector was monitored
simultaneously with the data taking through the whole
beam time by using triggered g rays from a weak (1 kBq)
60Co source embedded in a plastic scintillator and in-
stalled behind each Ge detector. With the beam on, slight
broadening (typically 10%–20%) of peak width due to the
high-counting rate of the Ge detectors (20–60 kHz) was
observed, while the tail shape was found to be the same.
More experimental details are given in Ref. [7].

Figure 2 shows the excitation spectrum of 7
LLi plotted

in the scale of L binding energy (BL). See Ref. [9,10] for
the analysis procedure to obtain the excitation spectrum.
We decomposed the bound region of the observed spec-
trum into four Gaussian peaks, as described in Ref. [7].
The absolute energy scale was adjusted to reproduce the
known BL of the 7

LLi ground state. We set the gate for the
“bound region” at 210 , 2BL , 2 MeV, as shown in
the figure.
FIG. 2. Hypernuclear mass spectrum of 7
LLi (plotted versus

the L binding energy, BL) taken in the �p1, K1� reaction with
a 25 cm thick 7Li target. See Ref. [7] for the decomposition and
assignments of states. The “bound region” is defined as shown.

Figure 3 shows the g-ray energy spectra summed up for
all the fourteen Ge detectors after the energy calibration.
Figure 3(a) is the spectrum for the bound region of 7

LLi,
and Fig. 3(b) is for the unbound region (2BL . 2 MeV).
See Ref. [7] for the assignment of the peaks observed in the
spectra. The peak due to the E2�5�21 ! 1�21� transition
is the one at 2050 keV in spectrum 3(a).

Figure 4 is a magnification of Fig. 3(a) around the
E2�5�21 ! 1�21� peak. The high resolution of Ge de-
tectors reveals that the peak has two components, namely,
the sharp part and the broad tails; this fact indicates that
the g-ray energy is partly Doppler broadened. The g-ray
energy was determined to be 2050.1 6 0.4 6 0.7 keV
from the position of the narrow peak as described in
Ref. [7].

The lifetime of the parent state (5�21) was examined
by analyzing the peak shape. First, in order to obtain
the lifetime dependence of the peak shape, we performed
Monte Carlo simulations. Then the lifetime was derived

FIG. 3. g-ray energy spectra measured in coincidence with the
7Li�p1, K1� reaction. (a) For the bound region, and (b) for
the unbound region (2BL . 2 MeV). See Ref. [7] for the as-
signment of the peaks.
1983
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FIG. 4. g-ray energy spectrum around the E2 peak. The result
of the fitting to simulated spectra (see text) is shown with the
solid line.

by fitting the simulated spectra with a background to the
observed spectrum. Here we assumed a linear shape for
the background, and there was no significant change of the
lifetime when we used quadratic or exponential shapes.

The Monte Carlo simulations were performed in the
following way. First, for each of the measured �p1, K1�
events, we generated g rays at the reaction point, which
was determined by taking the vertex of the measured
trajectories of beam p1 and outgoing K1 projected onto
the horizontal (xz) plane. The rms spatial resolutions
of the reaction point thus determined were 1, 5, and
1.2�juhorizontalj mm, for the x, y, and z coordinates,
respectively, where uhorizontal is the horizontal scattering
angle measured in radian. In order to obtain good z-vertex
resolution, we rejected events with juhorizontalj , 10 mrad.
The effect of this finite resolution together with that of a
systematic position uncertainty of 5 mm was considered
in estimating the systematic error of the lifetime and was
found to be negligible. We also performed a simulation
where we used a vertex position uniformly distributed
in the target volume instead of the measured one, and
obtained the same lifetime.

The energy of the generated g ray was fixed to be
2050.1 keV in the rest frame of 7

LLi; even if we changed
the g-ray energy by 60.4 keV, no significant change of
obtained lifetime was found. The angular distribution of
the g rays was assumed to be uniform in the rest frame of
7
LLi, since we could not obtain it reliably due to the lim-
ited statistics. Because of a possible spin alignment effect
of 7

LLi, this assumption may not be correct. In order to
estimate the systematic error due to this assumption, we
also performed a simulation in which the spin of 7

LLi was
aligned to jjz0 j � 5�2 where the z0 direction is normal to
the reaction plane.

Second, for a given lifetime, the g-decay timings
were determined to follow exponential distributions. The
Doppler shift of the g-ray energy was calculated from the
velocity of 7

LLi at the time of the decay, which was derived
from the recoil momentum of 7

LLi by taking into account
the slowing down process in the target. The initial recoil
1984
momentum was calculated by subtracting the measured
K1 momentum vector from that of p1 with a correction
for the momentum loss in the target. The resolution of the
recoil momentum was estimated to be 6 MeV�c (FWHM)
from the 7

LLi mass resolution. The absolute value was
calibrated by using the position of the ground state in the
7
LLi mass spectrum (see Fig. 2) with a systematic error of
61 MeV�c coming from the uncertainty of central beam
momentum (64 MeV�c). The systematic error and the
resolution of the recoil momentum were found to have
negligible effects on the lifetime analysis.

Slowing down of 7
LLi in the lithium target was simu-

lated by the SRIM code [11] which is based on experimen-
tal data and is commonly used for calculating the stopping
powers of ions in matter. We estimated the overall uncer-
tainty of the stopping power given by the code to be 65%
from the errors of the calculated stopping powers of vari-
ous ions in helium and beryllium [12] and that of protons
in lithium [13].

Last, when a g ray hits a Ge detector, the g-ray energy,
after convolution with the response function of the Ge de-
tectors, was booked into a histogram. The response function
was derived from the calibration data of the 1.836 MeV g

rays from 88Y, averaged over all the Ge detectors and the
calibration runs throughout the beam time. Here the peak
width and tail width were extrapolated to 2.05 MeV by as-
suming that they were proportional to

p
Eg and Eg , respec-

tively. We also used response functions at the beginning
and at the end of the beam time to estimate the systematic
error. It is noted that the in-beam peak broadening of about
20% was taken into account in the simulations and was
found to have negligible effect on the obtained lifetime.

The results of the simulations are shown in Fig. 5 for the
lifetimes of 5.8 ps (best fit value), 4.4 ps (best fit 22s),
and 7.6 ps (best fit 12s). It is noted that the simulation
well reproduced the peak shape of the M1�3�21 ! 1�21�
transition at 692 keV by assuming a very short lifetime
(,1 ps) for the 3�21 state [7].

The fitting result is shown with the solid line in Fig. 4.
The reduced x2 of the fit was 0.78 at the best-fit point given

FIG. 5. Simulated g-ray energy spectra of the E2�5�21 !
1�21� g rays for 5�21 lifetimes of 4.4 ps (dashed line), 5.8 ps
(solid line), and 7.6 ps (dotted line). Peak heights are normalized.
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by the maximum likelihood method. The lifetime of the
5�21 state obtained by the fitting is 5.810.9

20.7 6 0.7 ps. Here
the main sources of the systematic errors are uncertainties
in the distribution of g-ray direction (60.4 ps), in the Ge
response function (60.4 ps), and in the stopping power
(60.3 ps).

We then converted the lifetime thus obtained into the
B�E2� value. To do this, we need the branching ratio of
the E2�5�21 ! 1�21� transition, which was derived by
subtracting estimated branching ratios of the other possible
decay modes, namely, the 5�21 ! 3�21 transition and the
weak decay. We took the weak coupling limit value (3.6%)
as the branching ratio of the 5�21 ! 3�21 transition; this
value is consistent with the calculation of Hiyama et al.
(3.8%) [3] and our nonobservation of the transition, whose
branching ratio was found to be smaller than 4.3% at 68%
confidence level. The branching ratio of the weak decay
was estimated to be 2.6 6 0.4%, assuming the partial de-
cay rate to be �230 6 40 ps�21 from the lifetime data of
A � 4, 5, 11, 12 hypernuclei [14–17]. Thus the branching
ratio of the E2�5�21 ! 1�21� transition was obtained to
be 93.813.6

20.8%.
Using this branching ratio, the B�E2; 5�21 ! 1�21� was

calculated to be 3.6 6 0.510.5
20.4 e2 fm4. Then the size fac-

tor in Eq. (1) is S � 0.81 6 0.04 [for B�E2; 6Li� � 10.9 6

0.9 e2 fm4: use of B�E2;6 Li� � 9.3 6 2.1 e2 fm4 gives
0.84 6 0.06], and is significantly smaller than unity ex-
pected if the 6Li core in 7

LLi is the same as the 6Li in the
free space. This fact gives strong evidence for the shrink-
age of 6Li core in 7

LLi.
In cluster models, the reduction of the B�E2� value can

be interpreted as due to shrinkages of intercluster dis-
tances. For example, in a simple a�5

LHe�-d cluster model
for 6Li�7

LLi�, S � 0.81 means the rms distance between
5
LHe and d in 7

LLi is by 19% shorter than that of a and d
in 6Li. This interpretation remains valid in a more elaborate
a�5

LHe�-p-n model calculation [2,3] where the contrac-
tion occurs along the distance between the �np� center of
mass and the a�5

LHe� cluster with the n-p internal mo-
tion hardly changed. The B�E2� values themselves are
calculated by Motoba et al. [a-d�-L� model] [1] and by
Hiyama et al. [a�5

LHe�-p-n model] [3], and they pre-
dicted S � 0.84 and S � 0.75, respectively. As for the
latter calculation, Hiyama et al. recently updated it by
using a four-body a-p-n-L model for 7

LLi [18] and gave
S � 0.78. These calculated values are consistent with the
present result. Thus the present result can be understood
within the frameworks of those cluster models.
In summary, we obtained the reduced transition proba-
bility of the E2�5�21 ! 1�21� transition in 7

LLi by mea-
suring the lifetime of the 5�21 state using the Doppler
shift attenuation method. This is the first determination of
a g-transition probability in hypernuclei. The obtained re-
sult, 3.6 6 0.510.5

20.4 e2 fm4, is about one-third of the B�E2�
of the corresponding E2�31 ! 11� transition in 6Li, and
is evidence for the shrinkage of the 6Li core in the 7

LLi
hypernucleus.
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Abstract

Using a large-acceptance germanium detector array (Hyperball), we measured aγ -ray spectrum in coincidence wit
production of7ΛLi bound states in the7Li (π+,K+) reaction. We observed aγ -ray peak at 429 keV due to the transitio

from the first excited state of7Be produced by the weak decay of7
ΛLi, 7

ΛLi → 7Be∗(1/2−,429 keV)+ π−. From the yield

of this γ -ray, the branching ratio of the7ΛLi weak decay to7Be∗(429) was obtained to be(6.0+1.3
−1.6)× 10−2. Compared with

theoretically calculated values of the partial decay rates, the measurement indicates that the ground-state spin of7
ΛLi is 1/2 but

not 3/2.
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ground-state spins have particular importance
hypernuclei, because they reflect strengths of s
dependent interactions between a hyperon and a
cleon. Low-lying level structure ofΛ hypernuclei can
be understood from a weak coupling of aΛ parti-
cle in the s-orbit and a core nucleus; each level
the core nucleus (spinJ ( �=0)) is split into two lev-
els (J + 1/2 andJ − 1/2). The order and the spacin
of these two levels are determined by theΛN spin-
dependent (spin–spin, spin–orbit, and tensor) inte
tions [1,2]. Experimental determinations of not on
the energy spacing of the doublet but also their sp
are necessary to obtain information on theΛN spin-
dependent interactions.

Recently, we have developed a technique of hi
resolution hypernuclearγ spectroscopy using a ge
manium detector array, Hyperball, and measured
energy spacing of the ground-state doublet of7

ΛLi
(3/2+,1/2+) by observing the spin–flipM1 transition
between the members of the doublet [3]. The yield
this γ -ray suggested that the lower state of the d
blet (the ground state) is 1/2+, and the strength of th
ΛN spin–spin interaction (the parameter∆) was de-
rived to be∆= +0.5 MeV based on this spin assig
ment. Since the other assignment gives the oppo
sign and a different magnitude of the spin–spin int
action strength, it is desirable to determine the s
with another independent method.

The ground-state spins of hypernuclei can be ex
imentally determined using the property ofπ -mesonic
weak decay ofΛ that thes-wave (spin–non-flip) am
plitude is three times larger than thep-wave (spin–
flip) amplitude [4,5]. It has been used to determine
ground-state spins of3

ΛH, 4
ΛH, 4

ΛHe,8
ΛLi, 11

Λ B, and12
Λ B

[4,6–12]. The branching ratios of the mesonic deca
A
ΛZ → A[Z + 1]∗ + π− or AZ∗ + π0, going to some
specific states of the daughter nucleus,A[Z + 1]∗ or
AZ∗, are sensitive to the spin of the parent hyper
cleus,AΛZ, if the specific decays are caused selectiv
by the spin–flip amplitude or by the spin–non-flip a
plitude.
In this Letter, we present the first result on det
mination of the ground-state spin of a hypernucl
using a new method, namely, measurement of a w
decay branching ratio to a specific excited state of
daughter nucleus usingγ -ray spectroscopy techniqu
We detected the 429 keVγ -ray which is emitted from
the excited daughter nucleus7Be∗(1/2−,429 keV) of
the7

ΛLi mesonic decay,7ΛLi → 7Be∗(429)+ π−, and
measured its weak decay branching ratio from theγ -
ray yield.

2. Experiment

The experiment (KEK E419) was performed at t
12 GeV proton synchrotron (PS) in the High Ener
Accelerator Research Organization (KEK). It aim
at high-resolutionγ -ray spectroscopy of7ΛLi using
a large-acceptance germanium (Ge) detector a
called Hyperball. The details of the experiment a
the results on hypernuclearγ transitions in7

ΛLi have
already been reported in Refs. [3,13].

Employing the K6 beam line and the Superco
ducting Kaon Spectrometer (SKS) [14,15], we p
duced bound states of7

ΛLi by the 7Li (π+,K+) reac-
tion with 1.05 GeV/c pions. Each incident pion wa
momentum-analyzed with the K6 beam spectrom
and hit a7Li target (25 cm thick, 98% enriched), an
the outgoingK+ meson was identified and analyz
by the SKS. The target was irradiated with 1.0× 1012

pions in total.
γ -rays emitted from the target were detected w

Hyperball installed around the target. Hyperball co
sisted of fourteenN -type coaxial Ge detectors and h
a photo-peak efficiency of about 2.5% at 1 MeV. Ea
Ge detector was surrounded by bismuth germa
(BGO) counters which provide veto signals to su
press backgrounds for the Ge detector due to Co
ton scattering, high-energyγ -rays fromπ0, and high-
energy charged particles. Data from all the detec
in Hyperball and the K6/SKS system were record
with a (π+,K+) trigger provided by the K6/SKS sys
tem alone. Energy calibration of the Ge detectors
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made in the energy range of 0.1–1.8 MeV using a s
dard mixed source containing241Am, 109Cd, 57Co,
139Ce,51Cr, 113Sn,85Sr,137Cs,60Co and88Y.

The in-beam performance of each Ge detector
continuously monitored through the whole beam tim
by using triggeredγ -rays from a weak (1 kBq)60Co
source embedded in a plastic scintillator and insta
behind each Ge detector. The most important r
of this monitoring system is to measure the in-be
dead time caused by pile-up and preamplifier re
The dead time was obtained by comparing60Co peak
counts measured in the beam-on time gate and in
beam-off time gate for every synchrotron cycle. Sin
a peak shift of 1–2 keV was observed between
beam-on and beam-off periods, the energy scale o
in-beamγ -ray spectrum was corrected, using bea
inducedγ -ray peaks from surrounding materials,
an accuracy less than 0.6 keV.

3. Derivation of branching ratio

With the K6/SKS spectrometer system, the exc
tion spectrum of7ΛLi hypernucleus in7

ΛLi(π+,K+)
reaction was obtained in the same manner as in p
ous SKS experiments [15–17]. Fig. 1 shows the exc
tion spectrum of7ΛLi plotted in theΛ binding energy,
BΛ, where the absolute energy scale was adjusted
ing the knownBΛ of the7

ΛLi ground state (5.58 MeV
[18]). The same7ΛLi spectrum but with a thinner targe
was previously measured with 2.2 MeV FWHM res
lution (KEK E336) [16]. In this thin-target spectrum
the bound state region of the observed7

ΛLi spectrum
was decomposed into four Gaussian peaks, a qu
free continuum, and a constant background, accor
to theoretical predictions [19,20] that the four sta
(1/2+ (T = 0), 5/2+ (T = 0), 1/2+ (T = 1), and
5/2+ (T = 1)) of 7

ΛLi (see Fig. 3) are strongly pop
ulated. (Hereafter, the notation “(T = 0)” is omitted.)
The energies and relative intensities for the fitted f
peaks agreed fairly well with the predictions. In t
present spectrum, the energy resolution is worse
to the energy loss in the thick target. By folding the
four peaks of the same energies and relative intens
with 4.2 MeV FWHM resolution, the present spectru
was reproduced well, as shown in Fig. 1. We set
gate for the “bound region” at−10<−BΛ < 2 MeV,
as shown in the figure.
Fig. 1. Hypernuclear mass spectrum of7
ΛLi, in the scale of

Λ binding energyBΛ, taken by the(π+,K+) reaction with a
25 cm thick7Li target. The “bound region” of7ΛLi is defined as
−10< −BΛ < 2 MeV. The spectrum was decomposed into fo
Gaussians, a quasi-free continuum, and a constant backgroun
text).

Fig. 2(a) is theγ -ray energy spectrum when th
bound region (−10 < −BΛ < 2 MeV) of 7

ΛLi is
gated, while Fig. 2(b) is the spectrum when the
bound region (−BΛ > 2 MeV) is gated. The peak
at 429, 692 and 2050 keV were observed only in
bound region spectrum, and the peak at 478 keV
more prominent in Fig. 2(a) than in Fig. 2(b). As d
scribed in Ref. [3], the peaks at 692 and 2050 k
are attributed to theM1 (3/2+ → 1/2+) and E2
(5/2+ → 1/2+) transitions in7

ΛLi, respectively. The
energies of the 429 keV peak (429.7 ± 0.8 keV)
and the 478 keV peak (478.0 ± 0.8 keV) agree
with those of 7Be(1/2− → 3/2−,429.1 keV) and
7Li(1/2− → 3/2−,478.6 keV) transitions. Since th
429 and 478 keVγ -rays prominently appear in co
incidence with7

ΛLi bound states, they are interpret
as transitions in the daughter nuclei resulting from
7
ΛLi weak decays,7ΛLi → 7Be∗(1/2−,429 keV)+π−
and 7

ΛLi → 7Li∗(1/2−,478 keV) + π0, as shown in
the decay scheme in Fig. 3. Since each of7Be and7Li
has only one particle-bound excited state, the 429
478 keVγ -ray events correspond to the direct prod
tions of these first excited states of7Be and7Li, re-
spectively, in the mesonic weak decay of7

ΛLi.
Theγ -ray spectrum around the 429 keV peak w

fitted with three Gaussians and a linear backgroun
shown in the inset in Fig. 2(a), and the numbers
events in the 429 keV peak and the 478 keV peak w



J. Sasao et al. / Physics Letters B 579 (2004) 258–264 261

n
in (a) are

gion
Fig. 2.γ -ray spectra measured in the7Li(π+,K+) reaction (a) for the bound region (−10<−BΛ < 2 MeV) and (b) for the unbound regio
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obtained as:

Nγ (429)= 78± 16,

Nγ (478)= 121± 19.

In the unbound-region spectrum (Fig. 2(b)), the7Be∗
(429) peak was not observed at all but the7Li ∗(478)
peak was seen with a smallerS/N ratio. It is un-
derstood from the fact that the7Li ∗(478) state can
be also excited through the(n,n′) reaction by sec
ondary neutrons produced in the(π+,K+) reac-
tion, while the production rate of7Be∗(429) through
the 7Li (p,n)7Be∗(429) reaction by secondary pr
tons is expected to be much smaller than that
7Li ∗(478). This is because the7Li (p,n)7Be∗(429)
cross section is by a factor of 3–5 smaller than
7Li (n,n′)7Li ∗(478) (and7Li (p,p′)7Li ∗(478)) cross
sections [21,22], and the effective7Li target thickness
for most protons is smaller than that for neutrons d
to the proton ranges (< 2 cm for< 30 MeV protons)
shorter than the target size (5.6× 4× 25 cm).

Here we estimate possible contamination of
7Li (p,n)7Be∗(429) events inNγ (429). Since7Be and
7Li are mirror nuclei, the branching ratio of7

ΛLi →
7Li∗(478) + π0 to 7

ΛLi → 7Be∗(429) + π− should
be almost 1 to 2 due to the∆I = 1/2 rule, while
the observed ratio ofNγ (478) to Nγ (429) is 1.6
to 1. This difference is ascribed to a contributi
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Fig. 3. Scheme ofγ transitions and mesonic weak decays of7
ΛLi.

The ground state of7ΛLi decays into7Be or 7Li through theπ−
or π0 mesonic weak decays, respectively. When7

ΛLi decays into

the first excited states of7Be or7Li, γ -rays of 429 or 478 keV are
emitted, respectively.

of the 7Li (n,n′)7Li ∗(478) reaction in the7Li ∗(478)
γ -ray yield in the bound region spectrum. If all th
7Be∗(429)γ -rays stem from the7ΛLi weak decay, 85±
20 counts out ofNγ (478) = 121± 19 counts are at
tributed to the7Li (n,n′) reaction, considering the en
ergy dependence of the Hyperball efficiency. From
similar fit for the unbound region spectrum (Fig. 2(
inset), the upper limit of the 429 keVγ -ray yield,
which could be attributed to the7Li (p,n)7Be∗(429)
reaction, was obtained to be 12% of the 478 keVγ -
ray yield by the7Li (n,n′)7Li ∗(478) reaction. There
fore, by applying the same upper limit to the bou
region spectrum, the upper limit of the contaminat
of the7Li (p,n)7Be∗(429) reaction events inNγ (429)
was estimated to be(85 + 20) × 0.12 = 13 counts.
Thus, the yield of the 429 keVγ -rays due to the7ΛLi
weak decay is:

Nweak
γ (429)= 78± 16(stat)+0

−13(contamination).

It is to be mentioned that the 429 keV peak h
a width of σ = 5.1 ± 1.2 keV in the Gaussian
fit, which is consistent with the expected Dopp
broadening width of±7 keV (σ = 4 keV) for the
recoil velocity of7Be∗ in the7

ΛLi → π− + 7Be∗(429)
decay and the promptγ -ray emission (the half life
of 7Be∗(429) is 0.13 ps) before slowing-down of th
recoil hypernucleus (stopping time is about 5 ps). T
observed larger width of the7Li ∗(478) γ -ray peak
(σ = 6.6± 1.0 keV) is understood by the larger reco
motion in the(n,n′) reaction.

In order to extract the branching ratio of7
ΛLi →

7Be∗(429) + π− decay, we need to know the tot
number of events of all the populated7

ΛLi bound sta-
tes which undergo weak decay from the7

ΛLi ground
state. As described in Ref. [3], we also observed
γ -ray peaks at 3877± 7 keV and at 3186± 6 keV
in the Doppler-shift corrected spectrum. Since th
energy difference (691±6 keV) coincides with the
energy (692 keV) of theM1 transition between th
ground-state doublet members (3/2+,1/2+), they are
assigned asM1 transitions from the 1/2+(T = 1) state
to the ground-state doublet members. The observa
of these transitions, as well as the 3877± 7 keV
excitation energy of the 1/2+(T = 1) state slightly
lower than the5

ΛHe + d decay threshold (3.94 ±
0.04 MeV), indicates that the 1/2+(T = 1) state is
bound and contributes to the weak decay of the7

ΛLi
ground state. On the other hand, the 5/2+(T = 1)
state, of which energy is expected to be much hig
than the5

ΛHe+ d threshold [20], does not contribu
to the 7

ΛLi weak decay. The total number of even
of all the7

ΛLi bound states,Nbs, was thus obtained t
be:

Nbs= (8.3± 0.3)× 104,

as the sum of the peak counts for the 1/2+, 5/2+, and
1/2+(T = 1) states integrated in the bound region g
in Fig. 1.

In order to obtain the branching ratio from th
γ -ray yield, the absolute photo-peak efficiency
all the Ge detectors should be precisely determin
When the beam was off, we carried out calibrat
measurements of the photo-peak efficiency with
standard mixed source, which was located at sev
points in the target region along the beam a
A simulation with the GEANT code was also carri
out in the same setup as the calibration measurem
and the calculated efficiency agreed with the measu
one. Then the simulation was made again with
target material and with the realistic source po
distribution taken into account. Then the off-bea
absolute efficiency was obtained as(3.27± 0.11) ×
10−2 at 429 keV.
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Using the60Co monitoring system, the dead tim
of the Ge detectors were continuously measured. T
ranged from 30 to 50%, being small for the detect
located upstream of the target and large for th
located downstream. They were almost stable thro
the beam time of one month. The dead time avera
for all the Ge detectors and through the whole be
time was 46.6± 0.5%. Namely, the in-beam/off-bea
efficiency ratio was 0.534± 0.005. The inefficiency
due to accidental veto by the BGO counters w
6 ± 2%, and the inefficiency due to a timing cut wi
the Ge detector TDC’s was 5± 3%. Thus, theγ -ray
detection efficiency at 429 keV was obtained to be

εγ (429)= (1.56± 0.08)× 10−2,

as a product of the off-beam absolute efficiency
429 keV, the in-beam/off-beam efficiency ratio, a
the analysis efficiency for the BGO veto and the
timing cut.

Then the branching ratio of the7ΛLi weak decay
going to the first excited state of7Be was obtained as

BR
( 7
ΛLi → 7Be∗(429)+ π−)

= Nweak
γ

Nbsεγ (429)
= (

6.0+1.3
−1.6

) × 10−2,

where the error is given from a quadratic sum of all
errors.

4. Determination of the spin

The mesonic weak-decay rates ofp-shellΛ hyper-
nuclei were theoretically calculated by Motoba et
with a shell model and with pion distortion taken in
account [23]. For each case of the7

ΛLi spin of 1/2+
and 3/2+, the calculated decay rate of7

ΛLi to the first
excited state of7Be is

Γ
( 7
ΛLi(1/2+)→ 7Be∗ + π−) = 0.070ΓΛ (0.052ΓΛ),

Γ
( 7
ΛLi(3/2+)→ 7Be∗ + π−) = 0.007ΓΛ,

whereΓΛ denotes the total decay rate of a freeΛ.
The value in the square parenthesis is the result ca
lated with a cluster model. The 1/2+ and 3/2+ mem-
bers of the ground-state doublet of7

ΛLi dominantly
haveL = 0 with S = 1/2 andS = 3/2, respectively,
while the first excited state7Be∗(1/2−) hasL = 1
andS = 1/2. Therefore, the weak decay of7
ΛLi(3/2+)

to 7Be∗(1/2−) + π− requires spin–flip and is con
sequently an order of magnitude weaker than tha
7
ΛLi(1/2+) due to the property of theπ -mesonic weak
decay ofΛ.

In order to compare these theoretical decay ra
with the measured branching ratio, the decay ra
were converted to branching ratios by dividing
an expected total decay rate,Γtot(

7
ΛLi) ≈ (1.2 ±

0.4)ΓΛ. Here, as there are neither measurements
calculations ofΓtot(

7
ΛLi), it was assumed to be withi

the range of measured total decay rates ofA = 4–
12 hypernuclei, namely,4ΛH (1.36+0.21

−0.15 [24]), 4
ΛHe

(1.03+0.12
−0.10 [25], 1.07± 0.11 [26]), 5

ΛHe (1.03± 0.08
[27]), 11

Λ B (1.37± 0.16 [28], 1.25± 0.08 [29]), and
12
Λ C (1.25± 0.18 [28], 1.14± 0.07 [30]) in the unit
of ΓΛ. The theoretical branching ratios to the fi
excited state of7Be are derived to be(5.8 ± 1.9) ×
10−2 (or (4.3 ± 1.4) × 10−2 for the cluster model
for the 1/2+ case, and(0.6 ± 0.2) × 10−2 for the
3/2+ case. The measured branching ratio agrees
the value for the 1/2+ case, but obviously disagree
with the value for 3/2+. Therefore, the ground sta
spin of 7

ΛLi was determined to be 1/2. It is noted
that the calculation of Ref. [23] well reproduc
experimentalπ− andπ0 mesonic weak decay rate
of 11

Λ B and 12
Λ C [31,32]. Furthermore, it is to b

stressed that the present determination of the sp
based on the large difference of the spin–flip/sp
non-flip amplitudes and not affected by details of
theoretical calculations.

As mentioned in Ref. [3], the measured yields
hypernuclearγ -rays of7ΛLi suggested the ground-sta
spin of 1/2, and the effective interaction parame
of the ΛN spin–spin force was derived to be∆ =
+0.5 MeV based on this assignment. The pres
result independently supports this spin assignmen

5. Summary

In summary, we observed a 429 keVγ -ray peak
from 7Be∗(1/2−,429 keV) produced by the wea
decay of7ΛLi, 7

ΛLi → 7Be∗(429)+π−. From the yield
of this γ -ray, the branching ratio of the7ΛLi weak
decay to7Be∗(429) was obtained as(6.0+1.3

−1.6)× 10−2.
By comparing this value with theoretically calculat
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ones, the7
ΛLi ground-state spin was determined

be 1/2. This is the first experiment in whichγ -rays
emitted from excited daughter nuclei subseque
to hypernuclear weak decay are identified and u
to determine the ground-state spin of the par
hypernucleus.
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072301-1
We have studied the ���; K�� reaction on a silicon target to investigate the sigma-nucleus potential.
The inclusive spectrum was measured at a beam momentum of 1:2 GeV=c with an energy resolution of
3.3 MeV (FWHM) by employing the superconducting kaon spectrometer system. The spectrum was
compared with theoretical calculations within the framework of the distorted-wave impulse approxima-
tion, which demonstrates that a strongly repulsive sigma-nucleus potential with a nonzero size of the
imaginary part reproduces the observed spectrum.

DOI: 10.1103/PhysRevLett.89.072301 PACS numbers: 21.80.+a, 13.75.Ev, 25.80.Hp, 25.80.Nv
data are available in heavier nuclei of A > 16. An analysis information on the �-nucleus potential [15,16]. In this
The sigma(�)-nucleus potential describes the behavior
of a � hyperon in the nuclear medium. However, the
�-nucleus potential is still unclear because experimental
information is limited, as described below. Hyperon-
nucleon potentials based on a one-boson exchange model
allow several sets of parameters, since hyperon-nucleon
scattering data are poor. The energy shifts and widths of the
��-atomic x-ray transition carry information on the inter-
action of a � to a core nucleus [1,2]. The current precision
of the x-ray data allows several possible potentials of
various shapes inside a nucleus because the x-ray data
are mainly sensitive to the potential shape outside of the
nucleus. Although past measurements claimed observation
of narrow peak structures in �-hypernuclear excitation
spectra, they were excluded in later experiments [3]. The
existence of a 4

�He bound state was claimed at KEK [4] and
established at BNL [5]. A 4

�He bound state has been
predicted theoretically [6]. The theory explains that a
cancellation of the repulsive central part with the attractive
isospin-dependent part (so-called Lane term) in the
�-nucleus folding potential implies a potential shape
with a repulsive core and an attractive pocket at the nuclear
surface, and results in a narrow bound state. The existence
of the Lane term was suggested in light nuclei, where
systematic differences between the inclusive �K�; ���
spectra were observed, although no narrow states were
found [3]. Many other attempts to find narrow
�-hypernuclear states, via the �K�; ��� reactions on light
nuclei of the mass number A � 16, have failed [7]. No
0031-9007=02=89(7)=072301(4)$20.00 
of the spectrum shape in the (stopped K�; ��� reaction on
12C was made, where theoretical calculations based on the
distorted-wave impulse approximation (DWIA) developed
by Morimatsu and Yazaki were employed [8]. This analy-
sis gave a limit on the real part V�

0 > �12 MeV and the
imaginary part W�

0 <�7 MeV, assuming the Woods-
Saxon type of the �-nucleus potential, expressed as �V�

0 �
iW�

0 �f�r�, f�r� being the Fermi function [9].
Recently, the role of strangeness in a neutron star has

been intensively discussed. The behavior of hyperons in
high-density nuclear matter determines the abundance of
hyperons in a neutron star, which is related to its thermal
evolution, the maximal mass of a neutron star, and a
formation scenario of a neutron star or a black hole
[10,11]. �� is a hyperon expected to appear first in dense
nuclear matter due to its negative charge [12], for which
the interaction of �� in nuclear matter, and hence the
�-nucleus potential, is of particular importance. New ex-
perimental information is therefore awaited in order to
improve the ambiguous situation concerning the
��-nucleus potential in medium heavy nuclei.

Since the Morimatsu-Yazaki formalism has been suc-
cessfully applied to the analysis of the �K�; ��� spectra in
helium [13] and carbon [9], the formalism was employed
for the ���; K�� reaction, and the inclusive spectrum was
found to be sensitive to the �-nucleus potential [14]. We
carried out an experiment to measure the inclusive
���; K�� reaction on several targets (CH2, Si, Ni, In, and
Bi) of natural isotopic composition in order to extract
2002 The American Physical Society 072301-1



FIG. 1 (color online). Missing-mass spectrum in the proton-
target kinematics of the ���; K�� reaction on CH2. The vertex
distribution along the beam line is superimposed at the upper
right corner. See text.

FIG. 2 (color online). Measured angular distribution (closed
circles) of the elementary reaction in the Lab frame. The
previous data are also shown (crosses and shaded area) [21].
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Letter, we first report on a measurement of the inclusive
���; K�� spectrum on Si, and discuss the spectrum shape
to derive the �-nucleus potential. Specifically, we obtained
the information on the central part of the �-nucleus poten-
tial in Si since the Lane term is expected to be reduced due
to its A�1 dependence. In heavier systems, such as In and
Bi, the isospin dependence may be investigated because of
their large neutron to proton ratios. We will report on the
other targets elsewhere [17].

The present experiment was performed at the K6 beam
line of the KEK 12-GeV Proton Synchrotron. It is known
that the cross section of the elementary p���; K����

reaction decreases with an increase in the incident beam
momentum at forward scattering angles. On the other
hand, the momentum transfer (�p) increases rapidly below
1:2 GeV=c. The rapid change of �p with beam momentum
complicates the spectrum analysis and a larger �p requires
a large scattered kaon acceptance. The beam momentum
was thus chosen at 1:2 GeV=c. Spectroscopic studies of �
hypernuclei have been conducted with the superconducting
kaon spectrometer (SKS) system at K6. It has been dem-
onstrated that SKS has a momentum resolution of 0.1%
(FWHM) and a linearity of within 0:1 MeV=c in its mo-
mentum acceptance of �10% [18]. SKS is suitable to
measure the inclusive spectrum over a wide energy range.
Its resolving power is helpful to maintain the sensitivity to
W�

0 , since W�
0 makes the spectrum spread like a resolution

function [19].
A natural Si target of 6:53 g=cm2 was used. A CH2

target of 1:00 g=cm2 was placed 250 mm upstream from
the Si target in tandem to monitor the energy scale, the
energy resolution, and the cross section. The reaction target
was identified by cutting on the reconstructed vertex posi-
tion, as superimposed at the upper right corner of Fig. 1.
Because a small fraction of the CH2 contamination into the
Si window was found, the measured CH2 spectrum, prop-
erly scaled, was subtracted from the Si spectrum.

Figure 1 shows the measured missing mass spectrum on
CH2 in proton-target kinematics at a kaon scattering angle
of �K � 6� � 2�, where the spectrum is plotted as a func-
tion of M�� �Mp �MeV=c2�. Here M�� and Mp represent
the reconstructed missing (��) mass and the target (pro-
ton) mass, respectively. The spectrum comprises a prom-
inent peak and a broad bump, which correspond to the
proton and carbon contributions, respectively. The energy
losses of a pion and a kaon in the target were taken into
consideration, and the reconstructed momenta were cali-
brated so that the proton peak is found at the known
position (259:177� 0:029 MeV=c2) [20]. The detector
and analysis efficiencies and the SKS acceptance were
corrected to obtain the cross section. The acceptance was
estimated by a Monte Carlo simulation, taking into account
the detector geometry, the magnetic field distribution, and
the cut conditions in the analysis.

The spectrum was fitted with two Gaussians, as plotted
with the solid curve in Fig. 1. One Gaussian corresponds to
the proton peak, and the other represents the carbon con-
072301-2
tribution. From the proton peak, the energy resolution was
found to be 3:3� 0:3 MeV (FWHM). The proton-peak
yield was extracted by subtracting the carbon contribution.
The elementary cross sections were obtained for the other
�K’s to see the angular distribution, as shown by the closed
circles in Fig. 2. The angular distribution of the
p���; K���� reaction has been measured at a beam mo-
mentum of 1:225 GeV=c [21]. The crosses and the shaded
area in Fig. 2 are a part of the measured points and the
deduced angular distribution in the Lab frame, and com-
pared to the previous experiment, which was originally
reported in the center-of-mass frame. The shaded area
shows the fitting error boundary. The present measurement
agrees well with the previous one.

Figure 3 shows the inclusive ���; K�� spectrum on Si as
a function of the �� binding energy ( � B��) at �K �
6� � 2�. This spectrum was made by combining the data
taken in three different field settings of SKS (nominal 1.9,
072301-2
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2.2, and 2.4 T) in order to cover a wider kaon momen-
tum range. The spectrum in one setting could be connected
to another smoothly, since the acceptance regions partly
overlap.

We found two notable features in the Si spectrum. First,
the spectrum shows that the cross section gradually in-
creases with an increase of �B�� . The maximum of the
spectrum is achieved at �B�� > 120 MeV. The maximum
occurs at an energy larger than that predicted by the Fermi-
gas model. Second, we observed significant yields in the
bound state region. These yields are beyond those expected
from the combination of the Coulomb and nuclear poten-
tials and suggest a strong ��-nucleus interaction.

In order to extract further information, we calculated the
inclusive spectrum, according to the Morimatsu-Yazaki
formalism [8]. The cross section of the inclusive reaction
can be written as

d2�
d�dE

� �
�
d�
d�el

�

S�E�; (1)

where � is the kinematical factor for a coordinate transfer
from a two-body system to a many-body system [22], and
d�=d�el represents the averaged differential cross section
of the elementary reaction. Here the elementary cross
section [d�=d��s;�K�] is averaged over the momentum
of a proton (k) moving in the target nucleus with a weight
of the momentum distribution ���k��, as written as

d�
d�el

�E� �

R
��k� d�d� �s;�K���k� P�dk

R
��k���k� P�dk

; (2)

P � kK� � k� � k�� : (3)

The delta function is required for energy-momentum con-
servation in the elementary reaction. Relevant particles are
treated on mass-shell, and the possible k is given by k��
FIG. 3. Inclusive ���; K�� spectrum on Si at �K � 6� � 2�.
The curves are the calculated spectra for the repulsive (solid) and
shallow (dashed) �-nucleus potentials, fitted to the measured
spectrum. A value of the scaling factor ' and (2 per degree of
freedom are shown for each fitting. See text for details.
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and kK� at E��B���. As a result, d�=d�el depends on E.
In this calculation, d�=d��s;�K� was taken from
Refs. [21,23,24], where s is the Mandelstam variable.
��k� was given by the wave function of the initial state.
The strength function �S�E�� is characterized by distorted
waves of the incident pion and scattered kaon and the
nuclear response function. The response function can be
described by means of the Green’s function [cf. Eq. (2.2) in
Ref. [8] ]. Here we assume the Woods-Saxon–type one-
body potential for the �-nucleus potential �U��r��. The
Green’s function (G) is a solution of

	E� �h2=�2%���U��r�
G�E; r0; r� � ���r0 � r�; (4)

where % is the reduced mass.
Distorted waves of the pion and kaon were calculated in

the eikonal approximation, employing the meson-nucleon
total cross sections of ���N � 35 mb and �K�N � 14 mb
[25]. The distortion effect reduces the magnitude of the
inclusive spectrum but does not affect the spectrum shape
very much. Observed ���; K�� spectra on different targets
show similar shapes with an increase of the magnitude as
an increase of the mass number [16]. However, more care-
ful and systematic analysis on the different targets would
be needed to state the absolute strength of the distortion.
The spectrum shape is directly related to the response
function since the �-nucleus potential appears explicitly
in Eq. (4). Therefore, we present the results of the shape
analysis, where the measured spectrum was fitted by the
calculated ones for various U��r�s. Two of the calculated
spectra (solid and dashed curves) are shown in Fig. 3, for
example. The potential parameters used in the calculations
are listed in Table I. The solid and dashed curves are for
the cases of a repulsive and a shallow �-nucleus potential,
respectively. In the fitting, we introduced a free parameter
(scaling factor) ' to adjust the magnitude of the spectrum.
The scaling factor ' and (2 per degree of freedom (number
in parentheses) are shown in Fig. 3. A shallow potential
represents a weakly attractive potential, which has not
been excluded by the analysis in the (stopped K�; ��)
TABLE I. Potential parameters used for the present calcula-
tions. The Woods-Saxon type potential is assumed to be U�r� �
�V0 � iW0�f�r� � VSO	�h=�m�c�


2r�1df=dr�‘��� � VCoulomb�r�,
f�r� � f1� exp	�r� c�=z
g�1.

�-nucleus pot. Initial Si
UR

�
a US

�
a UT

b

V0 (MeV) +150 -10 -49.6d

W0 (MeV) -15 -10 0
VSO (MeV) 0 0 7

c (fm) 3.3c 3.3c 4.09d

z (fm) 0.67 0.67 0.536

aUR
� (US

�) denotes a repulsive (shallow) �-nucleus potential.
bProton single-particle potential of the initial nucleus (Si).
cc � 1:1� �A� 1�1=3.
dThese are adjusted to reproduce the proton separation energy
(11.585 MeV) [26] and nuclear radius r21=2� 3:15 fm [27].

072301-3
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experiment [9]. The dashed curve is greatly shifted to the
lower �B�� side, and does not reproduce the spectrum in
shape. On the other hand, the solid curve gives the best (2.
We made calculations for various values of the real (V�

0 )
and imaginary (W�

0 ) parts of the �-nucleus potential. It can
be demonstrated that the calculated spectrum becomes
lower in height and shifts toward a higher �B�� in the
distribution as a result of suppression in the lower �B��

region along with an increase of V�
0 . When jW�

0 j increases,
the calculated spectrum becomes spread out, with a worse
fitting. An increase of W�

0 from �10 MeV makes the
fitting slightly worse, although the sensitivity becomes
lower for W�

0 * �5 MeV. The present fitting shows that
the cases of V�

0 & 70 MeV give very poor (2s with the
confidence level less than 0.1% for any W�

0 . In addition,
the cases of W�

0 & �30 MeV, independent of V�
0 , have the

confidence level less than 0.3%. Here the confidence level
just represents the consistency of the model, and the above
regions are far from consistency. The solid curve gives the
best fitting among the variation of V�

0 and W�
0 for the

present choices of the other potential parameters.
The spectrum shape depends little on the choice of the

diffuseness parameter (z). The spin-orbit term VSO in the
�-nucleus potential may be as large as that in an ordinary
nucleus. In the case of the same order of magnitude, the
calculated spectrum slightly changes in the highly excited
region, which does not affect the present argument.
However, the spectrum is sensitive to the choice of the
radius parameter (c). When c of the initial nuclear potential
decreases by 10% with keeping c of the �-nucleus poten-
tial, the optimum V�

0 decreases by approximately
20%–30%, for example. In this case, the wave function
of the initial state is located at the inner side of the nucleus,
and thus the overlap of the initial wave to the final one
becomes worse, resulting in the spectrum being pushed to a
higher �B�� region.

The present result shows that a strongly repulsive
�-nucleus potential having a nonzero size of the imaginary
part is required to reproduce the observed spectrum within
the framework of DWIA. The repulsive �-nucleus poten-
tial should be taken into account for discussing the hyperon
constituents of neutron stars [10]. A repulsive �-nucleus
potential has been claimed from an analysis of the
��-atomic x-ray data [1,2]. Further studies on the
�-nucleus potential, particularly for details of its shape
from the central nuclear region to the outer atomic orbit
region, would be required to explain the present result and
the x-ray data.
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Neutron-production double-differential cross sections of iron and lead for 0.8 and 1.5 GeV protons incidences were
measured in the most-forward direction. Neutrons were measured by the time-of-flight (TOF) method. An NE213
liquid organic scintillator was set at 0◦ as a neutron detector. Neutron detection efficiencies were obtained by calcula-
tions with a Monte Carlo simulation code SCINFUL-QMD. The present experimental data were compared with other
reported experimental data and the results of calculation codes based on Intranuclear-Cascade-Evaporation (INC/E) and
Quantum Molecular Dynamics (QMD) models. For neutrons associated with� formation, the present data deviated
from predictions of these codes, and gave magnitudes between them in both 0.8 and 1.5 GeV incidences.

KEYWORDS: neutron-production double-differential cross sections, most-forward direction, proton incidence,
iron, lead, GeV, SCINFUL-QMD, high-resolution time-of-flight method, INC/E, QMD

I. Introduction

Studies on the spallation reaction have recently been made
for various applications, such as a spallation neutron source
and an Accelerator-Driven-System (ADS) for transmutation
of nuclear waste or energy production. For example, projects
for intense neutron sources based on the proton-incident spal-
lation reaction have been proposed in Japan (Japan Proton Ac-
celerator Research Complex: J-PARC1)), the USA (National
Spallation Neutron Source: SNS2)) and Europe (European
Spallation Source: ESS3)).

For the design of these facilities, evaluated nuclear data in
the energy region up to a few GeV are required. Compilation
of high energy nuclear data files is being carried out in many
countries worldwide, for instance, JENDL High Energy File4)

(JENDL-HE, Japan), LANL High Energy File5) (LA-150,
USA) and Medium Energy Nuclear Data Library6) (MENDL-
2, Russia). Nuclear data evaluation is generally performed on
the basis of experimental data and theoretical model calcula-
tions. However, when experimental data are sparse, theoret-
ical model calculations play an important role. Intranuclear-
Cascade-Evaporation (INC/E) model7) and Quantum Molec-
ular Dynamics (QMD) model8) have often been utilized in the
energy region above a few hundred MeV. Although improve-
ment of the calculation codes has been performed, some dis-
crepancies still remain between experimental data and model
predictions. In general, calculation codes tend to fail to re-
produce the neutron-production double-differential cross sec-
tions in the most-forward direction, due to ambiguity in the
modeling of Pauli blocking, isospin flip and collective excita-
tion.9) Experimental data are required to improve the model
precision in this direction.

∗Corresponding author, Tel.+81-92-642-3765, Fax.+81-92-642-
3769, E-mail: kishibashi@kune2a.nucl.kyushu-u.ac.jp

Measurement of neutron-production double-differential
cross sections at the most-forward angle was planned at
the π2 beam line of 12-GeV proton synchrotron (12-GeV
PS) in the High Energy Accelerator Research Organiza-
tion (KEK). At KEK, we have already measured neutron-
production double-differential cross sections by the time-of-
flight (TOF) method, except for 0◦ measurement. Details of
these experiments were given in our previous papers.10,11)

The recoil proton method combined with a magnetic spec-
trometer has often been utilized for high-energy 0◦-neutron
spectrum measurement,12,13) because the TOF method has a
poor energy resolution for high-energy neutrons. The TOF
method, however, provides a higher detection efficiency and
uses a simpler data analysis than the recoil proton method.

Improvement of energy resolution in the TOF measurement
is essential for obtaining meaningful experimental data in the
most-forward direction. A high-resolution TOF method was
devised to meet this requirement: three fast-rise-time photo-
multipliers were connected with a neutron detector.

In this work, we report the results of 0◦ measurement
by the high-resolution TOF method. Cross sections were
obtained on targets of iron and lead at incident proton en-
ergies of 0.8 and 1.5 GeV. We aimed at measuring the emit-
ted neutrons above a few hundred MeV because of an ex-
perimental constraint explained later. Comparisons are made
between the experimental data and results of the calcula-
tion codes, NMTC/JAM14) based on the INC/E model and
JQMD15) based on the QMD model.

II. Experimental Method

The experiment was carried out using theπ2 beam line of
the 12-GeV PS at KEK. A schematic view of the experimental
arrangement is shown inFig. 1. Incident protons were gener-
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Fig. 1 Illustration of experimental arrangement

ated as secondary particles from an internal target which was
placed in the 12-GeV PS main ring. After passing the bend-
ing and focussing magnets, they were supplied to theπ2 beam
line. Therefore, incident protons were accompanied by pions
which have the same electric charge polarity and momentum.
A pair of Pilot-U scintillators located at a separation distance
of 20 m were employed for TOF measurement for discrimi-
nating incident protons from pions. NE102A plastic scintil-
lators (P1 and P2) were set in front of the target to define the
incident proton beam area. The coincidence of signals from
these scintillators was counted to determine the number of
incident particles. On passing through the target, the proton
beam was deflected as it moved downstream from the target
by an electric bending magnet (M01), so that the deflection
prevented the beam from being incident on the 0◦ detector.
Since the vertical gap between the magnetic poles was narrow
(30 cm), secondary scattering of emitted particles took place
on the magnet pole pieces. It was difficult to set shielding be-
tween the electric bending magnet and the neutron detector,
without influencing the neutrons of interest.10) Therefore, the
measurement was made without the shielding.

The iron and lead targets were cylindrical disks with a di-
ameter of 50 mm. Thicknesses of iron and lead targets were
30 and 20 mm, respectively. An NE213 liquid organic scin-
tillator was employed as a neutron detector. The shape was
cylindrical with a 12.7 cm diameter and 12.7 cm thickness.
The neutron detector was placed at 0◦. For improvement
of the energy resolution, photomultipliers with a fast-rise-
time (Hamamatsu H2431; rise time, 0.7 ns, diameter, 5.1 cm)
were adopted. Three H2431s were connected with the NE213
scintillator. The neutron arrival time was obtained by time-
average of the three photomultipliers to give the best time
resolution. Flight path lengths were 3.5 and 5.0 m for 0.8 and
1.5 GeV proton incidences, respectively. Although the path
length of 5.0 m was insufficient to identify the quasi-elastic
events at 1.5 GeV, the special constraint of theπ2 area and
the low incident beam intensity forced us to choose this path
length. In front of the neutron detector, an NE102A scin-
tillator was mounted as a veto detector to reject the charged
particle events. Background measurements were performed
without the target to subtract the neutrons produced from the
upstream devices such as the beam scintillators.

III. Electronic Circuit

Data were obtained for three parameters,i.e. TOF, pulse
height and pulse shape event by event using CAMAC mod-

ules. A block diagram of the electronic circuit is shown
in Fig. 2. The anode signal of each photomultiplier com-
bined with the NE213 scintillator was divided into three
pulses. One pulse was fed into a constant fraction discrim-
inator (CFD) and then sent to COIN.4 through a fan-in mod-
ule (FAN IN/OUT). If this pulse reached COIN.4 during
the gate width of 100 ns, start pulses were generated to ac-
tuate CAMAC modules such as analog-to-digital converters
(ADCs) and time-to-digital converters (TDCs). The other two
pulses were fed into two charge sensitive ADCs (fast and slow
gates). TDCs were used for measuring the TOF that corre-
sponded to the time difference between the start pulse from
the neutron detector and the stop pulse from the incident beam
detectors (P01 and P02). A signal from the veto detector was
fed into one of the ADCs which had a gate width of 45 ns.
When the coincidence of the signals from all beam scintilla-
tors occurred at coincidence module (COIN.3), incident par-
ticles hit the target. Then, a pulse with a typical time duration
of 100 ns was sent to the next coincidence module of COIN.4.

All experimental data were acquiredvia the CAMAC
modules which were connected to a personal computer and
recorded on a compact disk. Then, they were analyzed by an
off-line method.

IV. Data Analysis

1. Discrimination of Incident Particles
As mentioned in Chap. II, the incident beam at theπ2

beam line includes protons and pions. Discrimination be-
tween protons and pions was carried out using the incident
particle TOF measurement. TOF difference between S0 and
P0 at the incident proton energy of 0.8 GeV is shown inFig. 3.
Protons and pions were well separated. The events in the re-
gion from 6.4 to 7.4 ns on the horizontal axis were extracted
and analyzed as proton incidence.

2. TOF Analysis
Neutron spectra were obtained by subtracting the results

of the target-out measurement from those of the target-in, af-
ter normalization by the number of incident protons. Exam-
ple TOF spectra of the target-in and -out measurements for
0.8 GeV protons on iron target are shown inFig. 4, where
the spectra included events of both neutrons and gamma-rays.
The horizontal axis of the TOF spectra was reversed, because
the start signal for the TOF measurement was taken from the
neutron detector. A sharp peak due to prompt gamma-rays
was utilized as the basis of the TOF spectrum for converting
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Energy of incident protons was 0.8 GeV.

TOF spectra to the emitted neutron energy. A prompt gamma
peak was also seen in the target-out results. These prompt
gamma-rays came mainly from the beam scintillators located
upstream from the target, and were generated slightly prior to
those from the target.

In usual TOF experiments using a high-intensity pulsed
beam, the time resolution is determined by the pulse width
of the beam. On the other hand, the beam intensity at the
π2 beam line was very weak and about 105 particles/2.5 s, so
incident protons were individually counted in this measure-
ment. Hence, the uncertainty of TOF came from the resolu-
tion of the detectors. The time resolution was obtained from
elastic scattering events of protons which were measured by
coincidence of the veto detector and the NE213 scintillator.
The value was 0.82 ns as shown inFig. 5, and this gave the
energy resolution of 150 MeV for 800 MeV protons. The pro-
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ou

nt
s
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E
p
 = 0.8 GeV

Prompt gamma

0

1.0 x 10-5
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Fig. 4 Time-of-flight (TOF) spectra for neutrons and gamma-rays
obtained by 0.8 GeV protons on iron target

Long and short dashed lines indicate the results with and with-
out target, respectively, and the solid line shows the difference
between target-in and target-out events.

ton events in Fig. 5 were not observed at all in the case of pion
incidence. Time resolution was also evaluated for the prompt
gamma-ray peak. The result was 0.53 ns in FWHM which
was better than that for larger photomultipliers,e.g. 55% bet-
ter than for the 12.7 cm diameter R1250. The time resolution
of 0.82 ns for protons was appreciably worse than 0.53 ns for
gamma-rays. We thought that this difference was attributable
to the following. Gamma-rays produce fluorescent photons in
a rather local region in the scintillator. On the contrary, high-
energy protons create them along their paths, and some pho-
tons reach the photoelectric surface of the photomultiplier in-
directly through reflections. This space-distributed photon be-
havior may deteriorate the rise time of the photomultiplier sig-
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These events were extracted from the coincidence of the veto
detector and NE213 scintillator.

nal, resulting in the poorer time resolution. For high-energy
neutron incidence, recoil protons are generated and the sit-
uation is considered to be more similar to that of the proton
incidence. In fact, we deduced the time resolution from quasi-
elastic scattering events of neutrons. The values were practi-
cally the same as those of protons. Unfortunately, we could
not utilize those data because of the large statistical error. For
this reason, the time resolution was estimated to be 0.82 ns for
later analysis.

3. Neutron-Gamma Discrimination
Pulse shape discrimination (PSD) has often been used for

eliminating gamma-ray events from neutron ones.Figure 6
shows the results of PSD by the two-gate integration method.
The widths of fast and slow gates were 45 and 350 ns, respec-
tively. The slow gate was delayed by 50 ns from the fast gate.
The neutron events observed as recoil protons had a longer
fluorescence tail in time than the gamma-ray events. There-
fore, the neutron events appeared at higher channels on the
vertical axis than the gamma ones. In this figure, neutrons

Fig. 6 Results of pulse shape discrimination (PSD) by the two-gate
integration method

(proton-like events) and gamma-rays (electron-like events)
were well separated.

When the neutron energy is high, for instance 500 MeV,
most recoil protons escape from the detector and pions are of-
ten generated. This situation deteriorates the PSD characteris-
tics, and neutron events tend to overlap with gamma ones for
high energy neutron incidence.16) Therefore, the PSD method
was unusable for neutrons of interest in this measurement.
Fortunately, most gamma-rays have energies below several
MeV, and we could reduce the effect of gamma-rays without
PSD by employing higher bias level. The bias level was basi-
cally twice the Compton edge position at half-maximum for
the gamma-rays from Am-Be source (2×4.33 MeVee). In the
high-energy region, however, the light outputs decreased with
the incident neutron energy, since high-energy recoil protons
readily escaped from the scintillator and deposited only a part
of their energy. In fact, the energy deposit of 0.8 GeV protons
in the NE213 scintillator was estimated to be∼7.5 MeVee.
For this reason, the Am-Be bias (4.33 MeVee) was utilized
for neutrons with energies above 600 MeV.

4. Detection Efficiency
The neutron detection efficiencies were obtained from cal-

culation results of SCINFUL-QMD.17,18) The code was de-
veloped to calculate the detection efficiency of the NE213
liquid organic scintillator for incident neutron energies up to
3 GeV. Detailed description of the computational scheme of
this code was made in our previous papers.17,18) To validate
the accuracy of the code, the results of SCINFUL-QMD were
compared with previous experimental data19–22) and results
of another computer code CECIL23) for both response func-
tion and detection efficiency. In calculations with both codes,
1×105 initial collision histories were accumulated.

Figures 7 and 8 indicate the response functions of the
NE213 scintillator of 12.7 cm in diameter and 12.7 cm thick,
for incident neutron energies of 180–260 and 400–600 MeV,
respectively. In Fig. 7, SCINFUL-QMD gave good agree-
ment with the experimental data measured by Sasakiet al.20)

below about 40 MeVee. In Fig. 8, SCINFUL-QMD repro-
duced the shape of the response function appreciably better
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Fig. 7 Response function of NE213 scintillator at incident neutron
energies of 180–260 MeV
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than CECIL.
The neutron detection efficiencies calculated by SCINFUL-

QMD at the Am-Be bias of 4.33 MeVee are shown inFig. 9
together with experimental data and the results of CECIL. Re-
sults of SCINFUL-QMD generally agreed with the experi-
mental data. SCINFUL-QMD gave increased neutron detec-
tion efficiency at neutron energies above 300 MeV due to in-
elastic pion generation.

In the past experiments, CECIL has been used to deter-
mine neutron detection efficiencies at incident neutron ener-
gies above 100 MeV.10,11) Results in Figs. 7 and 8 led us to
consider that SCINFUL-QMD was more capable of reproduc-
ing the response functions than CECIL was. We employed the
results of SCINFUL-QMD to deduce the double-differential
cross sections. The uncertainty of the neutron detection ef-
ficiency was decided11) as 15% at energies above 100 MeV,
consulting the results in Figs. 7 and 8.

V. Results and Discussion

Neutron-production double-differential cross sections of
iron and lead by 0.8 and 1.5 GeV protons are presented in
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Fig. 9 Neutron detection efficiency of NE213 scintillator at
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Figs. 10 to 13. The bias level was set basically at twice the
Am-Be threshold, 8.66 MeVee, because the main purpose of
the experiment was to measure neutrons in the high-energy
region. In addition, the Am-Be bias (4.33 MeVee) was also
used at neutron energies above 600 MeV for reducing ambi-
guity due to threshold determination of the cross section. Er-
ror bars included both statistical uncertainties and ambiguity
of neutron detection efficiency (15%) in a form of one sigma.
Experimental data of iron and lead for 0.8 and 1.5 GeV pro-
tons were compared with other experimental data12,13) mea-
sured by recoil proton spectrometers and the results of model
calculation codes. The results of other experiments and cal-
culation codes were broadened by Gaussian-type function to
take account of the energy resolution. In Figs. 10(a) to 13(a),
the solid and dashed lines indicate the original values and the
broadened results, respectively. Our data are compared with
the broadened results in Figs. 10(b) to 13(b). The experimen-
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Fig. 10 Neutron-production double-differential cross sections of
iron for 0.8 GeV protons

Figure (a) shows original values (solid lines) and broadened re-
sults (dashed lines) adjusted to fit the present experimental energy
resolution. Comparison between our experimental data and the
broadened results is shown in (b). Open circles indicate the possi-
bility of the containing effect of scattering at bending magnet pole
pieces.
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Fig. 11 Same as for Fig. 10, except for use of a lead target

tal data indicated with open circles possibly contain the effect
caused by the scattering at the bending magnet pole pieces.10)

Solid lines show the calculation results of NMTC/JAM.14)

The code adopts the in-medium nucleon-nucleon elastic scat-
tering cross sections of Cugnonet al.24,25) Dashed lines in-
dicate the calculation results of JQMD,15) which incorpo-
rates QMD with Statistical Decay Model (SDM) model. The
experimental data obtained by Lerayet al.13) are plotted in
Figs. 10(b) and 11(b) with chain lines. Experimental data by
Bonneret al.12) are also shown in Fig. 11(b) with the dotted
line. The cross sections consist of two main components. The
peak close to the energy of the incident protons corresponds to
quasi-elastic (charge exchange: CEX) nucleon-nucleon colli-
sions. The lower broad peak positioned around 3/4 of the inci-
dent energy is ascribed to pion-associated neutronsvia the�-
resonance excitation in inelastic nucleon-nucleon collisions.

In Figs. 10(b) and 11(b) for the 0.8 GeV proton inci-
dence, the experimental data exhibit both the CEX and pion-
associated peaks. For the iron target, our data are in good
agreement with the experimental results of Lerayet al. in both
the CEX and pion-associated regions. For the lead target, the
experimental data of Bonneret al. are the highest among the
three experiments in the CEX and pion-associated regions.
Our experimental data in the CEX region are slightly smaller
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Fig. 12 Neutron-production double-differential cross sections of
iron for 1.5 GeV protons

Open circles indicate the possibility of containing the effect of
scattering at bending magnet pole pieces.

than those of other experiments and larger than the predic-
tions of NMTC/JAM. At the pion-associated peak, our data
are 30% lower than those of Lerayet al. Below 250 MeV,
the experimental data tend to include the neutrons scattered
from the bending magnet pole pieces. The effect is clearer for
iron which has a relatively lower cross section in this energy
region than lead.

In Figs. 12(b) and 13(b) for the 1.5 GeV proton incidence,
the experimental data exhibit the pion-associated peak, but
the CEX peak does not appear due to the deterioration of the
energy resolution. The absolute values in the pion-associated
region are larger than those of JQMD and smaller than those
of NMTC/JAM. Below 500 MeV, the experimental data tend
to give larger values than code predictions. NMTC/JAM un-
derestimates the cross section at the CEX peak. The INC
model code does not take into account such effects as smeared
Fermi surface, isospin flip and isospin-related collective exci-
tation.26)

For both the 0.8 and 1.5 GeV proton incidences,
NMTC/JAM overestimates the pion-associated peak. This
overestimation may be explained by an excessive amount of
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Fig. 13 Same as for Fig. 12, except for use of a lead target

forward angular distribution of�-particles adopted in the
code. In contrast, JQMD gives an appropriate height of the
pion-associated peak, but forms it at energies lower than the
experimental data by about a hundred MeV. The code does
not exhibit the CEX peak at all. As the angular distribution
for the neutron-proton scattering, the old parametrization of
Cugnonet al.27) was adopted in the JQMD code. The rapid
rise term of the cross section at very backward angles, due to
the CEX process, is absent in the old parametrization. This
lack was corrected by a new parametrization.26)

VI. Conclusion

The neutron-production double-differential cross sections
of iron and lead were measured for 0.8 and 1.5 GeV protons
incidences. The high-resolution time-of-flight (TOF) method
was adopted to determine the neutron energy. Three fast-
rise-time photomultipliers were connected with an NE213
scintillator to improve energy resolution in the measurement.
The energy resolution derived from the elastic proton scatter-
ing was 0.82 ns corresponding to 150 MeV for 0.8 GeV neu-
trons. The neutron detection efficiencies were calculated by
the SCINFUL-QMD. For 0.8 GeV proton incidence, the CEX
peak was identified by the high-resolution TOF method. Our

results on iron agreed with experimental data of Lerayet al.
which were measured by the recoil proton method in both the
CEX and pion-associated regions. For the lead target, our
cross sections were typically 30% lower at the pion associ-
ated peak than the data of Lerayet al. For the 1.5 GeV pro-
ton incidence, our results gave intermediate values between
NMTC/JAM and JQMD predictions in the pion-associated re-
gion. These codes have some weaknesses concerning nucleon
emission at the most-forward direction.
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Abstract. In order to study the hyperon-nucleon spin-orbit interaction, asymmetries of the polarized Σ+

elastic scattering on protons have been measured. The polarized hyperons were produced through the
p(π+, K+)Σ+ reaction in a liquid-scintillator active target, and tracks of Σ+p scattering events were
recorded with a newly developed track detector named SCITIC (scintillating track image camera). Al-
though analyses of 10 times more data with more sophisticated data-taking systems and more elaborated
analyzing tools are under way, data from an early stage of this experiment indicate a large Σ+p spin-orbit
interaction in contrast to the case of the small ΛN spin-orbit interaction.

PACS. 13.75.Ev Hyperon-nucleon interactions – 25.80.Pw Hyperon-induced reactions

One of the most interesting results from hypernuclear
experiments was the indication of the small spin-orbit
(LS) interaction in the old Λ-hypernuclear experiment
by the Heidelberg-Saclay collaboration at CERN in
1978 [1]. The smallness of the LS splitting was also
suggested in other hypernuclei at BNL [2]. This result
has recently been confirmed by experiments at KEK
and BNL with better precision. Two KEK-PS experi-
ments [3,4] reported small but finite values of the LS
splitting, and two BNL-AGS experiments [5,6] measuring
hypernuclear gamma-rays determined the small splittings
quantitatively with high precision.

Just after the CERN experiment in 1978, H. Pirner [7]
pointed out that, in contrast to the ΛN system, the LS
interaction must be large in the ΣN system (V ΛN

LS �
0, V ΣN

LS = 4
3V NN

LS ) based on a naive quark model.
K. Yazaki [8] has also indicated a possible large LS in-
teraction for the ΣN system, while the ΛN LS interaction
is small due to cancellation between anti-symmetric and

a e-mail: nakai@post.kek.jp

symmetric LS terms. Following these suggestions, efforts
were made to observe the LS effect in Σ-hypernuclear ex-
periments at CERN and KEK. However, it was shown
that the Σ-hypernuclei were observable only in very lim-
ited cases [9,10].

Since that time, the possibility has been explored
at KEK-PS to study the ΣN interaction through the
hyperon-scattering experiments using active targets of
scintillating track detectors. A scintillation-fiber detector,
named SCIFI [11] was successfully used for the scatter-
ing experiments, E251 [12] and E289 [13]. For the present
experiment, however, we developed another type of track
detector named SCITIC (scintillating track image cam-
era) [14,15]. The track image in the liquid scintillator
was focussed on a photocathode of an image intensifier
tube (IIT) through an optical-lens system, and after mul-
tiplications of the photoelectrons in 4-stages of IIT, the
picture was recorded with a CCD camera. These track
detectors were used for observation of hyperon events se-
lected with electronic trigger signals from beam and kaon
spectrometers.



296 The European Physical Journal A

Fig. 1. (a) Schematic illustration of SCITIC. (b) Typical pictures of hyperon scattering seen by two sets of SCITIC arranged
as shown in (c).

We started an experiment (KEK-PS E452) to mea-
sure asymmetries of the polarized hyperon-nucleon elastic
scattering for the determination of V YN

LS . The experiment
consisted of three stages, E452A, B and C. This paper is
reporting a result from the early-stage experiment E452A
which has already indicated a large V ΣN

LS .
The experiments were carried out at KEK-PS. The po-

larized hyperons were produced through the p(π+, K+)Σ+

reaction. Pion beams of 1.6 GeV/c from the K2 beam line
were used on the active target of SCITIC with a liquid
scintillator (Bicron BC-517S with H/C = 1.7). The ex-
perimental setup was essentially the same as that for the
previous experiment E289 [12] except for the active tar-
get (SCITIC) and the angular coverage of the kaon spec-
trometer. The (π, K) events were selected with trigger sig-
nals indicating kaon production from the kaon spectrom-
eter whose coverage of kaon angle was θLab

K = 20–30 de-
gree. Large polarizations of the Σ+ in this angular range
have been reported in previous experiments [16,17] (see
fig. 2(a) below).

Scintillating track images of the selected events were
recorded with two sets of SCITIC at different azimuthal
angles, from which we deduced three-dimensional pictures
from off-line analyses. Shown in fig. 1(a) is a schematic
illustration of the SCITIC. A conventional camera lens
(Canon F = (f/D) = 1.2, f = 85 mm) was used for
the SCITIC in the early phase, E452A. In order to obtain
a large acceptance for photons, an electrostatic-type IIT
(Hamamatsu V4440PX) with 10 cm diameter was used

for the first stage of the IIT cascade while the diameter of
the second to fourth stage IIT were 2.5 cm. The first- and
second-level trigger signals from the beam and kaon spec-
trometers were applied to the third and fourth IIT which
were of microchannel-plate type. The images on the fluo-
rescent output screen of the last stage IIT were recorded
by a CCD camera (Kodak ES310).

The pictorial data from the CCD camera were stored
after compression so as to speed up the data recording.
Using data-compression up to 25 events per beam spill of
2 s duration could be recorded. A typical picture of a Σ+p
scattering event is shown in fig. 1(b).

About 60000 pictures of (π, K) events were taken in
E452A. These contain pictures of Σ+ or Λ productions,
and their scatterings on a proton or a carbon nucleus in
the active target, as well as background nuclear reactions.
Scanning of the pictorial data was assisted with a com-
puter, which indicated vertex points from pion and kaon
tracks and possible directions of the produced hyperons
with use of the beam and particle spectrometer data. All
events were scanned by two or three scanners, and only
those events selected by at least two scanners were taken
as the candidates.

Out of the 60000 pictures about 500 candidates for
the Σ+p scattering were selected through the eye scan-
ning. These candidates, however, include also the quasifree
scattering with a proton in carbon nuclei. Therefore, in or-
der to distinguish pure hyperon-proton elastic scattering
from the quasifree-scattering or background due to mul-
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Fig. 2. Polarizations of hyperons produced through the (π+, K+) reaction, and left/right asymmetries of the polarized hyperon
elastic scattering on protons: (a), (b) for Σ+ and (c), (d) for Λ. Data on the Σ+ polarization in (a) are from refs. [16,17].

tiple tracks possibly from nuclear reactions, kinematical
cuts were applied. Those were 1) missing-mass cut to se-
lect the Σ+ hyperon, 2) co-planarity cut on the Σ+ pro-
duction angle relative to the (π,K)-plane in the hyperon-
production stage, and 3) co-planarity cut on the Σ+ scat-
tering angle relative to the plane of the incident Σ+ and
a recoil proton in the scattering stage. The cuts 1) and 2)
were for the Σ+ production process. They were necessary
to assure that our analysis was consistent with the exist-
ing data on the Σ+ polarization from refs. [16] and [17],
which were taken with hydrogen targets. The cut 3) was
for rejection of the hyperon scattering on a proton in car-
bon nucleus. After these cuts, 31 candidates for the Σ+p
scattering survived.

Since Σ+ hyperons are polarized perpendicular to the
reaction plane, the effect of the LS interaction on the scat-
tering can be observed as a left/right asymmetry, which
can be determined simply by identifying the left or right
direction of the scattered hyperons. In the Σ+p scattering,
the scattered Σ+ was identified against the recoil proton
by its decay kink.

The left/right asymmetry A was determined from the
numbers of events of left-scattering (NL) and of right-
scattering (NR) as

A =
NL − NR

NL +NR
.

Shown in fig. 2 is a summary of the data. The data
on polarization of the Σ+ produced through the (π+, K+)
reaction (fig. 2(a)) are from previous experiments [16,17].
The polarization was determined also from the analysis of
the present data, which was consistent with the previous

result. The data in fig. 2(a) were used to determine the
polarization to be P = 0.8, averaging over the kaon-angle
range θLab

K = 20–38 degree.

Results from the present experiment E452A on the
asymmetry of the Σ+p scattering are shown in fig. 2(b)
together with data from an analysis of the E289 data [15].
Significantly large left/right asymmetries are observed for
the range of θLab

K = 20–30 degree where the polarization
of Σ+ was large (P = 0.8) as seen in fig. 2(a).

Although the motivation for the present experiment
was to study the Σ+ interactions, the data include com-
parable number of Λ-associated events. The asymmetry of
Λ is also interesting to compare the LS effect in the ΛN
two-body interaction with the weak LS effect in hyper-
nuclei. Since the Λ hyperons are produced only through
interaction of a pion with a neutron in a carbon nucleus,
the polarization axis is not unique because of the Fermi
motion. The normal vector of a plane determined by tracks
of the incident pion and the produced Λ was selected as
the polarization axis. The E452A data on Λ hyperon po-
larization formed through the (π, K) reaction are plotted
in fig. 2(c). The asymmetries of the Λp scattering shown
in fig. 2(d) are results from the present experiment E452A
and from a new analysis of the E289 data. While the po-
larizations of Λ were large, the Λp scattering asymmetry
was consistent with zero, indicating the weak LS interac-
tion in the ΛN system.

Although these data suffer from poor statistics, we
may already conclude experimentally that the asymme-
try of the Σ+p scattering is about as large as predicted
by the quark model [7,8].
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Fig. 3. Comparison of the experimental result on Σ+p scatter-
ing with the theoretical calculation [18]. The solid and dashed
curves are by the RGM and FSS calculations, respectively. The
asymmetry parameters were calculated versus scattering angle
θcm of Σ+. The experimental asymmetry aexp is an average
value over the scattering angles.

The experimental result is compared with a theoret-
ical calculation in fig. 3. Taking the average of 3 points
in fig. 2(b) for the range of pΣ = 800 ± 200 MeV/c
(θLab

K = 18–32 degree), we obtain the left/right asym-
metry A = 0.35 ± 0.15. Theoretical curves drawn in
the figure are for quark models developed by the Kyoto-
Niigata group (RGM and FSS) [19]. Calculated asym-
metry parameters a(θ) are drawn versus the scattering
angle θ of Σ+ hyperon, θc.m.

Σ [18]. Experimentally, the
asymmetry parameter aexp was determined dividing the
left/right asymmetry A by the incident hyperon polariza-
tion PΣ. The experimental asymmetry aexp = A/PΣ =
(0.35 ± 0.15)/0.8 = 0.44 ± 0.2 is shown in the figure. Di-
rect comparison with theories is not possible, since the ex-
perimental number is an average value integrated over the
angle θΣ with weights determined by angular dependences
of cross-sections, scanning efficiency, etc. Nevertheless, the
theoretical calculation by the Kyoto-Niigata group [18] for
pΣ = 800 MeV seems to be in accord with the data. So
far, this quark model predicted the largest asymmetry.

Detailed arguements are, however, meaningless under
the present statistics. The experiments E452B and C have

been carried out, and further analyses are under way with
data containing 10 times more pictures taken with more
sophisticated detector and trigger system.
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A new tracking detector, scintillating track image camera (SCITIC) was used for hyperon-scattering experiments. Since the
hyperon lifetimes are short, the low-energy hyperon-nucleon scattering can be studied only with a track detector used as an
active target. The present experiment has shown that the SCITIC is a promising detector for the hyperon scattering
experiments. Polarized hyperons �þ were produced through pð�þ;KþÞ�þ reactions with a 1.6GeV/c pion beam on a liquid
scintillator of the active target. Three sets of SCITIC were used to record the pictures of �þ production and scattering. A kaon
spectrometer was used to trigger the SCITIC with a signal of kaon from the reaction. Left/right asymmetries of the �þp
scattering were determined through analyses of the pictorial data, and the results were in accordance with a quark-model
prediction that the asymmetry was large in the �þp scattering while it was small in the �N case.
[DOI: 10.1143/JJAP.43.1586]
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1. Introduction

A new tracking detector, scintillating track image camera
(SCITIC) was developed for use as an active target/detector
for observation of hyperon-nucleon scattering. The principle
and performance of the SCITIC have been reported in the
previous paper.1) The SCITIC consists of a scintillator, an
optical lens, a cascade of image intensifier tubes (IIT) and a
charge coupled device (CCD) camera. An image of particle
tracks passing through the scintillator is focused on the
photocathode of the first image intensifier tube with an
optical lens system, and after amplication via three or four
stages of image intensifier tubes, the track image is recorded
by the CCD camera.

Since the lifetimes of hyperons are so short (�10�10 s)
that the flight paths of low-momentum hyperons are not
more than a few cm, the hyperon interactions can be studied
only with a tracking detector used as an active target.
However, the classical tracking detectors such as the cloud
chamber, the bubble chamber or nuclear emulsion are not
efficient because thet are not capable of obtaining data with
event selections by a trigger system. Recently, new track
detectors, scintillating fiber (SCIFI) detector2) and SCITIC
were developed for a series of hyperon experiments at KEK-
PS. The SCITIC was chosen for the present hyperon-nucleon
scattering experiment.

In this paper, we discuss a series of experiments at KEK to
study spin-dependent hyperon interactions. The contents are;

. Motivation and principle of the experiments

. Experimental setup for the KEK-PS E452

. SCITIC used as an active target/detector

. Analysis of the SCITIC data

. Experimental result

2. Motivation and Principle of the Experiments

In order to study the spin-dependent hyperon-nucleon
interactions, a series of experiments E452 A, B and C have
been carried out at the KEK 12-GeV proton synchrotron
(KEK-PS). The experiment was motivated by a �-hyper-
nuclear experiment3) at CERN which indicated that the
effect of spin-orbit (LS) interactions is very small. A
theoretical interpretation for the small �N LS-interaction
was given based on a quark model,4,5) and the model
predicted that the LS effect must be large for �þN
interaction.

The theoretical prediction was confirmed by the E452A
experiment6,7) that was carried out with a prototype SCITIC
(Fig. 1). Experimental results are summarized in Fig. 2.

The principle of the experiment was to use polarized �þ

hyperons produced through the p(�þ, Kþ)�þ reactions to
observe left-right asymmetry of elastic scattering. Pictures of
the ð�þ;KþÞ reaction followed by �þp scattering were taken
by shooting 1.6-GeV/c pions on the liquid scintillator
(H=C ¼ 1:7) of the active target/detector, SCITIC.

Out of the pictorial data by SCITIC, events were selected
so that the production and scattering were on protons
(hydrogen atoms) in the liquid scintillator, through on-line
trigger and off-line analyses. The left/right asymmetry was
determined as A ¼ ðNL � NRÞ=ðNL þ NRÞ, where NL and NR

are the numbers of events for hyperons to get scattered to the
left and right, respectively.

From previous experiments,8,9) the polarization of �þ

produced through the pð�þ;KþÞ�þ reactions with 1.6GeV/
c pion beam was known to be large in the range of
�Lab

K ¼ 20�{40� as shown in Fig. 2(a). With use of the same
pictorial data, analyses were also carried out to measure the
asymmetry of �N scattering.

The large asymmetries for �þ hyperon scattering shown
in Fig. 2(b) indicated that the LS effect is large in contrast to
the case of � hyperons [Fig. 2(d)] where the asymmetry was�E-mail address: nakai@post.kek.jp
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consistent with zero.
Although the data in Fig. 2 were sufficient to conclude the

difference between the �þN and �N interactions, the
experiment was continued as E452B and C to obtain 10-
times better statistics with a more sophisticated experimental
setup.

3. Experimental Setup

The experimental setup for the hyperon scattering is
shown in Fig. 3(b). The description of each component is
given in the table attached to the figure.

The setup used in the previous experiment E28910) for the

Fig. 1. SCITIC for E452A.6,7) (a) Schematic illustration of SCITIC. (b) Typical pictures of hyperon scattering seen by two sets of

SCITIC arranged as shown in (c).

Fig. 2. Summary of the first-phase experiment E452A.6,7) Polarization of hyperons produced through the (�þ;Kþ) reaction, and left/

right asymmetries of the polarized hyperon elastic scattering on protons: (a), (b) for �þ and (c), (d) for �. Data on the �þ polarization

in (a) are from refs. 8 and 9.
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measurement of �þN crossections was modified. The main
modificatications were; (1) change of the active target from
SCIFI to SCITIC, (2) change of acceptance angle of the kaon
spectrometer (to �Lab

K ¼ 20�{40�) to obtain the large hyper-
on polarization, and (3) change of the trigger scheme.

The polarized hyperons were produced through the
pð�þ;KþÞ�þ reaction. Pion beams of 1.6 GeV/c from the
K2 beam line of KEK-PS were guided onto the active target
SCITIC made of liquid scintillator. Kaons and other
secondary particles from the reaction were detected using
the kaon spectrometer.

The (�þ,Kþ) events were selected with trigger signals
indicating kaon production from the kaon spectrometer. The
coverage of kaon angle was selected to be �Lab

K ¼ 20{

30 deg, because large polarization of the �þ in this angular
range had been reported in previous experiments8,9) [see Fig.
2(a)].

The trigger signals consisted of two levels. The first-level
trigger was for identification of charge and momentum of
beam particles, and for brief selection of positive kaons in
secondary particles. A matrix coincidence of CH and FTOF
hodoscopes was used to determine brief momentum and

Fig. 3. Experimental setup for E452: (a) Active target/detector configuration with three SCITICs seen downstream of the beam, and

(b) Beam and Kaon spectrometers.
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charge of the secondary particle from the active target. The
trigger logic was: ‘‘1st-level trigger’’ = ‘‘�beam’’�‘‘Kþ’’,
where ‘‘�beam’’ = T1�T2�BGC�BAC and ‘‘Kþ’’ =
BV1� BV2� FAC�YH�(CH-FTOFmatrix).

In addition, the second-level trigger (called ‘‘mass
trigger’’) was applied to reduce ‘‘proton associated events’’
by adding the time-of-flight information between T2 and
FTOF to the momentum information by the CH-FTOF
matrix coincidence.

The scheme mentioned above was the standard trigger
used in E452A and B. Although the selection of ‘‘Kþ

associated events’’ could be carried out almost perfectly by
further off-line analysis, more efficient selection in the first-
level trigger was required to speed up the data-taking rate. In
the final phase of the experiment, E452C, a new trigger
scheme was introduced to improve the data-taking rate.
While the combination of CH and FTOF counters was used
for brief determination of the momentum of particles in the
standard trigger scheme for E452A and B, in the new trigger
scheme for E452C, the resolution of momentum measure-
ment was improved by adding the drift chamber (DC0)
information to the CH and FTOF matrix coincidence. Then
the �/K/p separation in the first-level trigger was greatly
improved. The ratio of ‘‘proton associated events’’ leaked
through the trigger was reduced to approximately 30% by
the new trigger scheme from 70% in the standard trigger (see
Fig. 4). Hence the data-taking rate of relevant events was
doubled by the new trigger scheme. The data-taking rates are
compared in the summary table of E452A, B and C (Table I).

4. Active Target/Detector: SCITIC

The active target/detector system shown in Fig. 3(a) was
used for E452B and C. The target was a liquid scintillator
BC-517S which is made of 60% C6H3(CH)3, 30% CnH2nþ2

and a wavelength shifter. The light output is 66% of the
anthracene. This scintillator was chosen to maximize the H/
C atomic ratio which was 1.7, since it was essential for the
present experiment to maximize the hyperon production and
scattering with free protons. The H/C atomic ratio is about 1
in a conventional plastic scintillator.

The SCITIC used for the first stage of the experiment
E452A consisted of a conventional camera lens (Canon
F ¼ ð f =DÞ ¼ 1:2, f ¼ 85mm) installed on an IIT-CCD
cascade. The cascade consisted of IIT1,2,3,4, relay lens
and CCD: (Fig. 1(a)). In order to obtain a large acceptance
for photons, an electrostatic-type IIT (Hamamatsu
V4440PX) with 10 cm diameter was used for the first stage
of the IIT cascade while the diameter of the second to fourth
stage IIT was 2.5 cm. The first and second level trigger
signals from the beam- and kaon-spectrometers were applied
to the third and fourth IIT which were microchannel-plate
type. The images on the fluorescent output screen of the last
stage IIT were transported via the relay lens to the CCD
camera (Kodak ES310) for digital recording. Two sets of
SCITIC were used as shown in Fig. 1(c), and a three-
dimensional pattern was reproduced from the pictures from
the top and the 45-deg direction in the off-line analyses.

For the E452B and C, however, three sets of new SCITIC
with new lenses were installed [Fig. 3(a)]. The lens with
larger aperture (F ¼ ð f =DÞ ¼ 0:8, f ¼ 125mm) was spe-
cially designed to obtain a larger area of view. The lens
system was installed on the IIT-CCD cascade with the same
configuration as that for E452A described above. The
magnification of the optical lens system was set to 0.5 so
that tracks in a disk of 20 cm diameter on the target were
focused on the first photocathode of 10 cm diameter of the
IIT-CCD cascade. Hence, the area of view, which was 10 cm
diameter in the E452A, was expanded to 20 cm diameter.
The larger diameter of active area helped not only to
increase the event rate but also to observe the scattering and
decay vertexes more clearly.

Typical SCITIC pictures are shown in Fig. 5. Clear
pictures of �þ and � production and �þp scattering were
obtained. In the figure, however, background noise spots are
also seen. The whole SCITIC and target system was installed
in a dark room to form a perfect shield against enternal light.

P

K

Standard Trigger New Trigger

E452A, B E452C

K

P

Mass Mass

π

π

Fig. 4. Mass spectra of trigger particles to select kaon-emitting events. The proton-emitting events were greatly suppressed by the new

trigger scheme for E452C. The hatched zone indicates the selected events through the off-line analysis.

Table I. Summary of data taking.

E452A E452B E452C

Data-taking rate 2.5 1.5 9 Kþevents/spill

Total events 600,000 3,000,000 8,000,000 Triggered events

�þp candidates 500 2,200 6,500 Candidate events
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Then, the source of background photons must be the
reflection of the scintillation light from the target scintillator.
Indeed the background spots increased with the brightness of
the track pattern. All components inside the dark room were
black painted or covered with black sheet or tape. The target
chamber fabricated of aluminum was coated with black
aluminum oxide to suppress reflection inside the target
chamber. However, it was not possible to shield the
reflection of scintillation light on the inner surface of the
glass window. Hence the windows were arranged so that the
reflected light would not enter other SCITICs in a single step
reflection. The background noise spots were reduced
markedly after those efforts, but the reduction was not
perfect.

A number of corrections and calibrations were carried out
on the pictorial data before performing analyses. The beam
direction in the SCITIC pictures was calibrated by a straight
beam without a magnetic field. Final checks of position
calibration of spectrometer chambers were carried out with
beam or secondary particle tracks.

Since the SCITIC is installed so close to the large magnet
[KURAMA: Fig. 3(b)], the SCITIC pictures were swept
away due to the stray field of the magnet. The IIT-CCD
cascade was covered by a cylinder of heavy magnetic shield
of 20-mm-thick pure iron and 1-mm-thick mu-metal to
suppress the effects of the magnetic field. Between the end-
guard of magnet and SCITIC, additional iron plates were
mounted by trial and error. Finally, the effect of the
magnetic field was suppressed sufficiently to observe the
SCITIC pattern, but still the pictures were distorted. The
distortion was corrected empirically by observing a matrix
of light spot which was made artificially by placing an
electro luminescence plate at the focus position. The plate
was covered with a black sheet on which tiny holes of
0.5mm diameter were formed at every 5mm distance in X
and Y directions. The picture of the light spot matrix under
the magnetic field was used for the correction.

5. Analysis of the SCITIC data

Nearly seven million Kþ-triggered events were accumu-
lated in E452B and C. The data included both �þ and �

production events as well as background events. Then, the
goal of the off-line analysis is to select events of �þ and �

production and scattering on free proton in the liquid

scintillator. The off-line data analysis was carried out
through a number of steps summarized in Table II.

The number at the end of each line is the number of events
selected. By the process of hardware cuts for (2), one tenth
of the total pictures (700,000 events) were selected for eye
scanning.

No attempt was made to develop automatic scanning of
the pictorial data because the quality of the SCITIC data was
not sufficient. Instead, for computer-assisted scanning and
pointing, tools were provided such as to show the possible
direction of the hyperon track calculated from the on-line
information on momentum vectors of beam pion and
secondary kaon [Fig. 6(a)]. A tool to obtain a least squares
fit for a train of light spots between two points was useful for
the pointing job [Fig. 6(b)].

Since three pictures were taken for each event with three
sets of SCITIC, the data are redundant to perform the 3D
reconstruction. Pictures from two SCITICs out of three are
sufficient to obtain the 3D information. The redundancy
could be used in two different ways.

First, since the production process is coplanar in the
horizontal (�;K) plane, and the polarization axis is perpen-
dicular to the plane, the picture-0 taken by SCITIC-0 from
the top of the (�;K) reaction plane must have a greater
weightage than others. A 3D-pattern from pictures by
SCITIC-0 and SCITIC-1 was compared with that by
SCITIC-0 and SCITIC-2, and the better combination with
smaller �2 was chosen.

The second method is to use all three combinations

Fig. 5. Typical pictures of hyperon production and scattering seen by the SCITIC.

Table II. A number of steps for the off-line data analysis.

(1) The total events recorded by the ‘‘Kþ-trigger’’. 7,000,000

(2) (�,k) missing mass, momentum, and vertex cuts 700,000

to select �þ and � production events.

(3) Eye scanning to identify and classify events: 37,000

‘‘�þ production’’ events, 9,600

‘‘�þ scattering’’ events, 2,400

‘‘�’’ events. 13,500

(4) Pointing to recognize tracks. 27,000

(5) 3D reconstruction to reproduce track pattern. 27,000

(6) Kinematical selection to select scattering

events on free proton. 111
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SCITIC-0 and SCITIC-1 (0-1), SCITIC-1 and 2 (1-2) and
SCITIC-2 and 0 (2-0) with equal weightage. Averages of
every three tracks were used as the ‘‘best fit’’ track pattern.
Since the second method has no access to human judgment,
it is ideal when the pictorial data was clean and only
statistics were the source of error. However, since the
present pictures suffer other uncertainties such as the
background noise spots, the effect of defocusing etc., the
analysis of tracks always required on observer’s judgment.
Because of this, the first method was chosen after a number
of trials.

After the selection and the 3D-reconstruction of the
(�þ;Kþ) events, the kinematical selection was applied to
select the �þp scattering events on free proton (hydrogen
atom). Since the liquid scintillator target contains carbon and
oxygen atoms besides the hydrogen atom, further analyses

were carried out to select events in which the hyperon was
produced and scattered with free protons. The following
kinematical cuts were applied for the selection of such
events;
1. Coplanarity cut in the �þ production stage. (Copla-

narity of �þ-beam, Kþ and �þ tracks)
2. Coplanarity cut in the �þ scattering stage. (Coplanarity

of �þ, recoil proton and scattered �þ tracks)
3. Cut on deviation of �þ track from the predicted

direction by the spectrometer.
This selection was so severe that the final number of events
used for physical analyses was about 100.

6. Experimental Results

As mentioned in §2, we have previously reported on the
asymmetry measurement of polarized �þp and �p elastic

K K

(a) (b)

π
Σ

Fig. 6. Typical example of �þ production pictures with predicted tracks by on-line data from the beam- and kaon-spectrometers.

(b) Least squares fit to a Kþ track drawn from points given by the scanner/pointer.

Fig. 7. The left/right asymmetries determined from E452B and C are plotted against the production kaon angles which correspond to

the momentum of �þ. The present data from E452B&C confirmed the previous data from E28910) and E452A6,7) shown in Fig. 2(b).
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scattering.6,7) The report was on the experiment E452A in
which we observed large asymmetries in the polarized �þp
scattering in contrast to the �p case. We concluded that the
result indicated a large �þp spin-orbit interaction in contrast
to the case of the small �N as predicted theoretically.4,5)

Although it was sufficient to make a qualitative compar-
ison, the accuracy of the E452A data was rather limited. In
order to obtain more accurate information with better
statistics, the experiment was continued as E452B and C
with the new SCITIC configuration and the new trigger
scheme. Tenfold more data have been accumulated, and the
analysis is going on. Figure 7 shows the latest result of the
analysis. The left/right asymmetries from E452B&C with
threefold more statistics are plotted together with those from
E452A and E289. The data confirmed the previous result.6,7)

The SCITIC was used for a hyperon scattering experi-
ment, and the promising feature of the new tracking detector
has been shown. It was like an experiment with triggerable
bubble chamber. The other attractive possibility is to use the
SCITIC as a triggerable nuclear emulsion to take a picture of
tracks of a few 100-mm with a larger magnification such as a
factor of 100 or even more.
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A new type of track detector, scintillating track image camera (SCITIC) has been developed. Scintillating track images of
particles in a scintillator are focused by an optical lens system on a photocathode on image intesifier tube (IIT). The image
signals are amplified by an IIT-cascade and stored by a CCD camera. The performance of the detector has been tested with
cosmic-ray muons and with pion- and proton-beams from the KEK 12-GeV proton synchrotron. Data of the test experiments
have shown promising features of SCITIC as a triggerable track detector with a variety of possibilities.
[DOI: 10.1143/JJAP.43.1593]
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1. Introduction

In the history of nuclear and particle physics, tracking
detectors such as the cloud chamber, the bubble chamber and
the nuclear emulsion have played important roles in the
discovery of new particles and new phenomena. Although
these detectors have been replaced by the modern large-scale
multi-element detectors, the direct observations of tracks
with relatively simple detectors are still indispensable. We
are developing a new type of tracking detector, named
scintillating track image camera (SCITIC). The recent
progress of the image intensifire tube (IIT) and charge
coupled device (CCD) camera technology has provided us
with a variety of possibilities for observing images of
particle tracks passing through a scintillator. The new
tracking detector is attractive because of its triggerable
data-acquisition function.

The possibility of observing tracks in a NaI scintillator
was shown in 1961 by Perl1,2) using image intensifiers. The
track detector was named ‘‘Luminescent Chamber’’. This
concept was reconsidered thirty years later, when the INS
group3) reported the observation of cosmic muon tracks in a
bulk scintillator. We have further tested the possibilities and
limitations of using the SCITIC for practical experiments
with cosmic muons and beam particles from the KEK 12-
GeV proton synchrotron.

One of the motivating factors in our developmental efforts
was to use this track detector for studies of hyperon-nucleon
interactions by taking image data of hyperon scatterings
which were produced in the detector through (�þ, Kþ)
reactions.4) So far, the scintillation fiber detector (SCIFI-
detector) has been successfully used for the hyperon
experiments at KEK.5) The present development, however,
will open up new possibilities for the use of various
scintillating materials under various conditions. We can use
a liquid scintillator to obtain a H/C atomic ratio nearly
twofold that of plastic scintillators for the �N scattering
experiment so as to increase the ratio of free processes to
quasifree processes. For future experiments, we are inter-
ested in polarizing protons in the scintillator active target to
measure the effects of the antisymmetric LS interaction in
the �N system. While testing our new ideas, we studied a

variety of possibilities with the SCITIC depending upon the
design of the optical system.

In this paper, we discuss general aspects of the SCITIC,
and more specific details of a SCITIC used for the �N
scattering experiment are discussed in a separate paper.6)

2. Principle; based on the Thin-lens Concept

The composition of the SCITIC is illustrated in Fig. 1. It is
composed of an active target of a scintillator, an optical lens
system to focus the track image on the photocathode of an
IIT, a three- or four-stage IIT for signal amplification, and a
CCD camera connected to a fast data-acquisition system.
The particle track is recorded as a train of pixel clusters
corresponding to the photoelectrons.

In the following subsections, the principle of the method
is discussed based on a picture on the basis of the thin-lens
concept. It provides a good guide line for designing
experiments using the SCITIC. In practice, however, more
elaborate considerations are required for comparision with
experimental data regarding the performance.

2.1 Photon yield
When a charged particle passes through a scintillation

material, it deposits energy to excite electronic states along
its path, and eventually, those states emit photons in the de-
excitation process. The number of emitted photons is
proportional to the energy loss of the charged particle and
depends upon the scintillation material. Average energies
required for a single photon production by an electron are
known to be 60, 25, 100 (eV/photon) for anthracene,
NaI(Tl) and plastic scintillators, respectively. The photon
yield of anthracene is often used as a standard for the light
output, and compared with those of other scintillators.
Examples of data for typical scintillators are listed in Table I.

2.2 Photon-collection efficiency
The number of photons per unit length observed in the

SCITIC picture depends upon the energy loss of the particle,
the scintillation efficiency, the solid angle of the optical lens
system, the quantum efficiency of the IIT photocathode and
the efficiency of the IIT-CCD camera including the readout
system.

The photon-collection efficiency L is given as,
�E-mail address: nakai@post.kek.jp
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L ¼
dE

dx
���Q�R ðclusters/cmÞ: ð1Þ

Since a photon is observed as a ‘cluster’ of pixels of the
CCD the unit of L is given as (clusters/cm) instead of
(photons/cm). Each factor in the equation for L is given as
follows based on the thin-lens concept.

dE
dx

(MeV/cm) Energy deposition rate of particle in
unit length
dE
dx

¼ � (g/cm3)�dE
d� (MeV/(g/cm2))

� (g/cm3): Density of the scintillator
� (photons/MeV) Number of photons per unit energy

deposition in the scintillator
� ¼ ð1="Anth.ðeVÞÞ � r
¼ ð1=60Þ � r ðphotons/eVÞ � 106

"Anth.: Average energy for single pho-
ton production in anthracene
r (%): Light output relative to anthra-
cene

� Geometrical efficiency of the lens
system (solid angle/4�)
� ¼ �ðDeff=2Þ2=4�a2
Deff ¼ D=n (cm): Effective diameter
of the lens (note; Fig. 2)
D ¼ f =F (cm): Diameter of the lens
n: refractive index, f : focal length, F:
F number of the lens
a (cm): Distance between object and
lens (Fig. 2)

�Q (%) Quantum efficiency of the first IIT:
(photoel./photon)

�R (%) Efficiency to detect a photon as a
cluster in the IIT-CCD camera
picture: (clusters/photoel.)

With these parameters, the photon-collection efficiency L

is given as,

L ¼
dE

d�
� �

106

60

r

100

� �
�
�

Deff

2

� �2

4�a2
�

�Q

100

� �
�

�R

100

� �

ðclusters/cmÞ:

ð2Þ

The geometrical efficiency � ¼ �ðDeff=2Þ2=4�a2 is de-
termined through design of the optical lens system which
depends upon the experimental requirements. By using the
effective diameter Deff ¼ D=n, the effect of refraction of the
light emitted in the scintillator of index n on the solid angle
was included. There remains, however, a correction to a

Scintillator                      Optical Lens               IIT & CCD camera

Charged Particle

a b
f

Fig. 1. Composition of the scintillating track image camera (SCITIC).

Table I. Examples of scintillator data.

Scintillator
Density Light output Wavelength

H/C ratio
Refractive

� (g/cm3) � (% of Anthr.) peak (nm) index n

Anthracene 1.25 100 447 0.8 1.62

NaI(Tl) 3.67 230 413 — 1.78

CsI(Tl) 4.51 95 580 — 1.79

Plastic Sci. 1.03 68 406 1.10 1.58

NE104

Liquid Sci. 0.85 66 423 1.70 1.49

BC-517S

Scintillator
Optical Lens

Charged Particle

Deff D

Fig. 2. The effect of refraction of the light emitted in a scintillator of

index n on the solid angle can be included by using the effective diameter

Deff ¼ D=n.
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which was small and thus neglected. The photon collection
efficiency is inversely proportional to the square of the F

number (F ¼ f =D) and also depends upon the magnification
factor M ¼ ðb=aÞ:

L /
D

a

� �2

¼
M2

ð1þMÞ2F2
: ð3Þ

2.3 Focusing depth
Another important factor to be considered in designing the

lens system is the focusing depth. Although a larger solid
angle � is preferable for the collection of photons, it
sacrifices the depth of focusing.

When a light source deviates by x from a designed source
point, the image of a point source on the IIT photocathode
(focal plane) has a finite size � given as (see Fig. 3),

� ¼
xM2

ð1þMÞF
: ð4Þ

The focusing depth s � 2x at the scintillator is defined when
the tolerable size for � was determined;

s �
2�ð1þMÞF

M2
¼

2�

M
ffiffiffi
L

p : ð5Þ

The value for � can be chosen to be comparable to the
resolution of the IIT-CCD camera. The focusing depth s

becomes shorter inversely proportional to
ffiffiffi
L

p
. This means

that the requirement for larger focusing depth contradicts
that for larger photon yield. The focusing depth of the lens
system, therefore, has to be determined by compromising the
photon-collection efficiency.

2.4 IIT-CCD camera
The composition of the IIT-CCD camera used for the

hyperon-scattering experiment is shown in Fig. 4 and
Table II. The scintillation track image focused on the
photocathode of IIT was amplified by a 3- or 4-stage IIT and
stored by the CCD camera.

The electrostatic-type IIT is used for the first stage to
collect as many photoelectrons as possible. Photons from the
scintillator are converted to photoelectrons with the quantum
efficiency �Q (%), which is typically about 20%. In this type
of IIT, electrons emitted from the photocathode are
accelerated before striking against a fluorescence screen to
amplify the number of photons. which are converted again to
electrons on the photocathode of the second IIT. The photon
numbers are further multiplied in the second IIT which is
also of the electrostatic type. A single photoelectron
generates about 10 photons in the first IIT. After the
multiplication of photon number in the first-stage IIT, the
quantum efficiencies of the second-, third- and fourth-stage
IITs minimally affect the photon-collection efficiency. A
number of factors, however, could reduce the photon-
collection efficiency in the stages from the 2nd IIT to CCD
and in the readout electronics. The overall efficiency of the
IIT-CCD camera system after the photocathode of the first
IIT is represented as �R (%).

One of the important factors which determines the �R is
fluorescence decay time of the IITs. Although the decay time
of the fluorescence material is required to be short for a high-
rate operation mode, it should not be so short as to lose
photons. One must choose the material carefully compro-
mising the two requirements. We chose the fluorescence
materials with decay times of 1.3 ms for the 1st IIT and 0.3 ms
for the 2nd. The decay time of 1.3 ms was chosen to hold the
scintillating track-image to tolerate a delay of the fast trigger
which is about 0.5 ms. The third and fourth IITs are the
multichannel-plate (MCP) type. The signals are multiplied
further, but a more important function for them is triggering
or gating. In the hyperon-scattering experiments, we used
the first and second trigger scheme. The camera was
triggered first by a beam-particle condition and then by a
particle identification signal after a logical judgement on-

φ1
00

640 mm

CCDRelay LensIIT-1 IIT-3IIT-2 IIT-4

Fig. 4. Composition of the IIT-CCD camera.

D

x a b

Designed Source Point
Source Point

Scintillator Optical Lens IIT photocathode

∆

Fig. 3. Focusing depth s � 2x.

Table II. Elements of the IIT-CCD camera.

Element Model (Maker) Characteristics

IIT Type Window �Q Phospher

IIT-1 VP4440PX (HAMAMATSU) Static 100mm� 19% PS-5; � ¼ 1:3ms
IIT-2 PP0030X (Delft) Static 25mm� 14% P46; � ¼ 0:3ms
IIT-3 BV2563MG (PROXITRONIC) MCP 25mm� 10% P20: � ¼ 20ms
IIT-4 BV2563MG (PROXITRONIC) MCP 25mm� 10% P20: � ¼ 20ms

Relay lens H1212B (PENTAX) 1/2’’CCTV camera lens

CCD ES310 (Kodak) 640� 480 pixel
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line in less than 14 ms. The readout gate width was typically
100 ms.

The picture of the track image which appeared on the
fluorescence plate at the fourth IIT exit is then transmitted to
the CCD camera through a relay lens. We used the CCD
with 640� 480 pixels of 9 mm square area. The data size of
each picture could become over 300 kBytes.

A conventional CCD and readout unit based on the
NTSC-system was used for taking the cosmic-ray muon
pictures. The data-taking rate was, however, limited to less
than 10 pictures/s. Since this speed is not sufficient for high-
rate operations in accelerator experiments, we developed a
new data-taking system using the Kodak CCD ES310 with a
progressive scanning system. The data from the fast CCD
are compressed with a real-time picture editing module
MVC150/40 by Imaging Technology Co. With the new
system, a three or four times faster data rate was achieved.
The details will be published separately.

3. Performance Test of the SCITIC

3.1 Test with the cosmic-ray muons
Shown in Fig. 5 is a setup for the test of SCITIC with

cosmic-ray muons. The SCITIC was triggered by a muon
signal generated by the triple coincidence of signals from the
two scintillaters located above and below the SCITIC
scintillator and its own light output. The scintillating track
image was focused by a camera lens (NIKON: Nikkor lens
with f ¼ 105mm and F2.5) on the photocathode of a static-
type IIT of 80-cm diameter. The image data was amplified
by two MCP-type IITs in cascade, and stored by a CCD
camera on a video tape.

A CsI(Tl) of 60� 60� 10mm3 size or a plastic scintilla-
tor of the same size was used as the SCITIC scintillator. All
the facets of the scintillator except for the one facing the lens
were covered by black tape for ensuing antireflection.
Distances from the scintillator to the lens (a) and the lens to
IIT photocathode (b) were both 21 cm so that magnification
determined by the ratio (b=a) was unity.

Examples of the track image data are shown in Fig. 6. The
muon tracks are shown as a train of pixel clusters whose
density is determined by the photon-collection efficiency.
Compared to the plastic scintillator, the cluster density is

higher with the CsI(Tl) because of its high density as well as
its high luminosity.

The clusters outside the track are because of background
noise due to the reflection on the scintillator surface. The
signal-to-noise ratios were not satisfactory, and more efforts
were made for improvement in subsequent experiments.

3.2 Three-dimensional data obtained with the use of
mirrors

We have tested a unique method to obtain a three-
dimensional view of a track with the use of mirrors. Figure
7(a) shows the arrangement of mirrors surrounding a
scintillator cube to obtain (b) pictures of a track from five
different viewpoints. With the setup shown in (c), the
cosmic-ray muon data was obtained as shown in Fig. 7(d).

A CsI(Tl) scintillator of 50� 50� 50 cm3 size was
viewed by a lens system with the magnification M ¼ ð1=3Þ
(a ¼ 420mm, b ¼ 140mm). The photon-collection efficien-
cy determined from five pictures with different views agreed
with the calculations. The method using mirrors is very
efficient because the three-dimensional picture can be taken
with a single SCITIC. However, it has disadvantages, too.
Since the antireflection treatments are difficult in this case,
we see more noise spots in Fig. 7(c) due to reflections on the
five surfaces. We also noted a difficulty in obtaining a large
focusing depth. Although this arrangement using five mirrors
is limited, a single-mirror setup was used successfully as
shown in Fig. 11.

3.3 Test with pion and proton beams from the KEK-PS
The SCITIC was also tested with pion and proton beams

from the KEK-PS, the 12-GeV proton synchrotron. Figure 8
shows the experimental setup. The secondary beam from an
internal target in the KEK-PS was delivered by a test beam
channel T1. The momentum range of the beam was from
0.45GeV/c to 1.65GeV/c, and the beam-particles were
mostly pions or protons. The time of flight of the beam
particle was measured with counters T1 and T2 to identify
pions or protons. The CsI(Tl) or the plastic scintillator was
mounted at the beam focusing point inside a dark box in
which the SCITIC was set. Small-sized scintillators S3 and
S4 were used for the beam defining.

The track-image data obtained using the CsI(Tl) and the
plastic scintillators are shown in Figs. 9(a) and 9(b),
respectively. The four pictures for each scintillator are
tracks of:
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Fig. 6. Cosmic-ray muon tracks in (a) CsI(Tl) and (b) plastic scintillators.
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Fig. 5. Setup for the test with cosmic-ray muons.
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. Upper-left: a proton punched through the scintillator.

. Upper-right: a pion punched through the scintillator.

. Lower-left: a proton stopped in the scintillator.

. Lower-right: a nuclear reaction by a pion.

3.4 Particle identification
The particle-identification capability using the linear

density of clusters along the track was tested. The punch-
through tracks of 1GeV/c proton- and pion-beams such as
those in Figs. 9(a) and 9(b) were analyzed. While in the case
of CsI(Tl), the cluster density distributions of the proton and
pion tracks were barely separated, in the case of the plastic
scintillator the separation was poor. The distributions are
shown in Fig. 10, and reproduced with Poisson functions as
shown in the figure by solid curves. Average values for the
cluster densities determined from the Poisson functions are

Setup

Fig. 7. (a) Arrangement of mirrors surrounding a scintillator cube to obtain (b) pictures of a track from 5 different viewpoints. (d) A

typical example of cosmic-ray muon data from 5 different viewpoints taken with the setup shown in (c).

Dark Box

IIT

Optical Lens

Scintillator (Target)

ShieldShield

Beam Slit

T1

D3

GC S1

T2

S3 S4

Concrete Block

Beam

Fig. 8. Experimental setup to test the SCITIC with pion and proton beam

from the KEK-PS.
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Fig. 9. Typical track-images in (a) CsI(Tl) and (b) plastic scintillators.
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given in Table III, and compared with calculated values. The
clusters were counted per 5 cm from edge to edge of the
scintillators. Since the separating capability is simply
determined by statistical fluctuation of the cluster number,
separation must become possible by improving the light-
collection efficiency and/or increasing the track length.

3.5 Resolution
The resolution of track reconstruction is governed by

three factors; statistical fluctuations, the optical focusing size
and the instrumental resolution of the IIT-CCD camera. The
last one is determined by the pixel number density of the
CCD.

With the particle beams from the KEK-PS, the track
resolution of the SCITIC was tested. The proton or pion
beams of 1.0GeV/c were incident on a plastic scintillator
perpendicular to the optical axis of SCITIC at different
focusing depths x. A single mirror arrangement shown in
Fig. 11(b) was used to obtain the data in Y–Z and X–Z
planes [Fig. 11(a)]. The depth of beam position x was
determined from the mirror image of the X–Z plane. For
each data at different x, the most probable line of the track
and the standard deviations � of clusters from the track were
determined. Plotted in Fig. 11(c) against the depth of beam

Table III. Cluster densities of pion and proton tracks determined from

Fig. 10.

CsI(Tl) Plastic

data calc. data calc.

� 7:3� 1:7 (6.7) 2:8� 1:4 (2.2)

p 9:6� 1:8 (10.0) 3:7� 2:0 (3.2)

(cluster/cm)

co
un

ts

co
un

ts

clusters clusters

p p
π π

(a) (b)

Fig. 10. Distributions of the cluster numbers per 5 cm along particle tracks in (a) CsI(Tl) and (b) plastic scintillators.

Fig. 11. (a) An example of a beam particle track observed by the single-mirror setup shown in (b). (c) The deviation � vs the depth x of

the beam track.
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position are the deviations �.
We defined the standard deviation � as the resolution for

tracking. As mentioned above, the observed � is composed
of two factors, �opt. and �IIT-CCD, and is given as,

�2 ¼ �2
opt. þ �2

IIT-CCD ð6Þ

The dashed curve in Fig. 11(a) was calculated with

�2
opt. ¼

jxjDeff

xþ ð1þ 1=MÞf
1ffiffiffiffiffi
12

p ð7Þ

where D and M are the effective diameter of the lens and the
magnification respectively, as defined in §2.2. A point
source located at x from the focusing position causes the
defocusing to from a distributed light spot with a mean
diameter 2�opt. at the focal plane which is the photocathode
of the first IIT. The instrumental resolution �IIT-CCD is
determined by the size of CCD elements which is 9 mm
square. This number has to be converted to the resolution at
the photocathode of the first IIT with a multiplication factor
through the four IITs to obtain, �IIT-CCD ¼ 300 mm.

3.6 Noise figure
Background photons were observed in almost all pictures.

Clearly those were reduced by light shielding and antire-
flection efforts carried our with extreme care. We noted,
however, that the background noise level is large when a
bright particle track or many tracks appeared. This suggested
that the background was due to reflections of real scintilla-
tion light by the scintillator surface or the window. An
example of distribution of deviations of clusters from the
best fit of a track is shown in Fig. 12. Shown in the figure are
fits with three Gaussian functions to decompose the signal
and the noise. There seem to exist two noise components.
The noise component could be reduced by coating the walls
with a black tape, sheet, or paint [Fig. 12(a)]. The black
alumite coating was found to be effective and convenient for
an aluminum container of the liquid scintillator [Fig. 12(b)].
In addition, antireflection coating on a glass window facing
to the lens was effective.

(b) Plastic scintillator coated with black tape.

S

N1

N2

Signal  S =1.0
Noise  N1= 0.79
            N2=1.0

(c) Liquid scintillator in a black alumite container

S

N1

Signal  S =1.0
Noise  N1= 0.37
            N2=0.35

N2

(a) Plastic scintillator without coating.

Signal  S =1.0
Noise  N1= 0.79
            N2=1.55

S

N1

N2

Fig. 12. Distribution of distances of clusters from the particle track. Solid curves are best fits which consist of three Gaussian

components. The curves S are the particle track, and others are noise due to reflection.
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3.7 Viewing field
The viewing field is also one of the most important

characteristics of a tracking detector. We have measured the
size of the viewing field experimentally, for comparision
with calculations. Figure 13(a) is a picture of a cosmic-ray
muon track observed with an optical system using a lens of
F1.0 ( f ¼ 50mm), 25 cm from the scintillator. The viewing
field was studied with the use of an electroluminescence
plate (EL-plate) which emits single photons in a two-
dimensional plane. Data in Fig. 13(b) shows cluster
distribution along a line, and the solid curve indicates the
calculated result. The thin-lens approximation, however,
does not work and we used thick-lens parameters.

3.8 Examples of the hyperon track-image data
Typical examples of the SCITIC data are shown in Fig. 14.

Data are tracks of (a) �0 production, (b) �þ production and
(c) �þ scattering. Those hyperons were produced through
the (�þ, Kþ) reaction in the SCITIC scintillator with pion
beams at the K2 beam-line of the KEK 12GeV proton
synchrotron. Data were taken with trigger signals from a
spectrometer indicating the Kþ production. The SCITIC
comprised a setup for magnification M ¼ 1=2 using a
CANON F1.2 lens ( f ¼ 85mm), and the IIT-CCD camera
in Fig. 4 was used.

4. Summary of the Test and Future Possibilities

The test of the SCITIC has successfully indicated its
promising features as well as its limitations. The contra-
diction between requirements for acceptance and for focus-
ing depth is a severe limitation for applications. It is,
however, solvable by a careful design, depending upon the
experimental purpose and conditions.

The resolution is a subject of design. Since statistical
fluctuation of the cluster distribution is a governing factor of
the resolution, a large acceptance of the lens is preferable but
the focusing depth becomes small which is another factor.

It was shown that the particle identification would be
possible when a sufficient number of clusters along the track
were collected since the capability is determined simply by
the statistical fluctuation. A large acceptance and large
viewing field to obtain long particle tracks would make it
useful.

The viewing field was limited in the test experiments
applying conventional camera lenses even though we used
the best available lens with F1.0. The camera lenses were not
the best choice because those were designed to focus images
on a film with a small size. We have designed a large
aperture lens with F0.8 (150mm�) for the hyperon scattering
experiment whose performance will be reported separately
when completed. Since the order-made lens is 10 times more
expensive, the test experiment has been carried out with
camera lenses. Although camera lenses were designed to
assure flexibility, it had to be given up for the order-made
lens.

There are a variety of possible applications which are
subjects for further investigations.
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Fig. 13. (a) Track image of cosmic-ray muon. (b) Comparison of the

cluster-density distribution with calculated results.
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Fig. 14. Track image data of (a) �0 production, (b) �þ production and (c) �þ scattering.
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One of the merits of the SCITIC as an active target is that
any scintillation material can be used under any environ-
mental condition. As mentioned previously, if we were able
to polarize protons in the scintillator, we would be able to
study the antisymmetric LS-interaction from observations of
polarized hyperon scattering by a polarized proton. This was
the original motivation for the SCITIC development.

So far, the hyperon-scattering experiment was the goal of
our development in which the optical system was optimized
with the magnification M ¼ 1=3{1. The SCITIC was used
like a ‘triggerable bubble chamber’. It would be possible to
use the SCITIC with M ¼ 10{100 to take microscopic
pictures such as of emulsion data. Then the SCITIC would
act like a ‘triggerable emulsion chamber’. Decay patterns of
D mesons, B mesons, charmed hadrons, � and neutrino could
be observed under a trigger condition. Contrarily, a large
object could be observed by setting M ¼ 1=10{1=100. There
is a plan to observe a pion or a proton from a neutrino
reaction in the first detector of the K2K neutrino long
baseline experiment.7)
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Evidence for a strongly bound kaonic system
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Abstract

We measured a neutron energy spectrum by means of time-of-flight (TOF) from the
4He(K−

stopped
, n) reaction by stopping negative kaons in a super-fluid helium target.

A distinct peak was observed in the neutron spectrum, indicating the formation
of a strongly bound kaonic system, K−ppn, with the binding energy and width,
BKppn = 173 ± 4 MeV and ΓKppn . 25 MeV, respectively.
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Since the so-called “kaonic hydrogen puzzle” was solved by the kaonic hydro-
gen (KpX) experiment at KEK [1], the KN interaction was established to be
strongly attractive in the isospin (I) = 0 channel, so that Λ(1405) can be
interpreted as a bound state between K− and proton. Recently, Akaishi and
Yamazaki performed a coupled-channel calculation to empirically determine
the KN interaction strengths and their range using the kaonic hydrogen and
the KN scattering data, as well as the energy and width of Λ(1405). With
their KN interaction parameters, they predicted that strongly bound kaonic
states with narrow widths can be formed in light nuclei [2]. Especially, the

T = 0 K−ppn (or K
0
pnn) system is predicted to be a strongly bound state

with a total binding energy BK = 115 MeV (measured from K− + p + p + n;
M = 3309.8 MeV) and a width ΓK = ΓN + ΓNN = 20 + 12 = 32 MeV,
where ΓN and ΓNN are for the one-nucleon (πΛNN) and two-nucleon (ΛNN
or ΣNN) decay channels respectively.

According to their prediction the K−-p interaction is so strong as to shrink the
nuclei and to form extraordinarily dense systems with a central nucleon density
of ∼5 ρ0. A further study using the anti-symmetrized molecular dynamics
method (AMD) by Dote et al. predicted even higher central density values of
8∼10 ρ0 [3]. If this is the case, and such bound states are found, we may be able
to study dense and cold nuclear systems in which chiral symmetry is expected
to be restored, and quarks may be deconfined [4]. Hence, experimental studies
of such states are of great importance, and may provide rich information to
understand the dynamics of the neutron and/or strange star [5].

In the present experiment we adopted the (K−
stopped, n) reaction on 4He. If the

K−ppn state is formed, a mono-energetic “Auger” neutron should be produced
via the

K− +4 He → K−ppn + n (1)

reaction. The mass of K−ppn system can be determined from the kinetic
energy of the emitted neutron [6].

The experiment was carried out at the KEK 12 GeV proton synchrotron. We
stopped negative kaons in a super-fluid helium target, and applied the TOF
method to measure the energy of the neutron, by using plastic scintillation
counter (NC) matrices of about 2 m3, located 2 m from the helium target
(Fig. 1). We adopted a target cell of 1.87 g/cm2 thick with window thickness
of 75 µm, operated at 20 torr. The target cell was covered by a 0.2 mm-thick
aluminum heat shield and a 0.9 mm-thick CFRP vacuum jacket. The high
thermal conductivity of super-fluid helium allowed us to keep major cryogenic

∗ Present address: Dept. of Legal Med., Osaka Univ.
∗∗Present address: Wako Institue, RIKEN
∗ ∗ ∗Present address: GSI

Email address: muon@riken.go.jp (M. Iwasaki).
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Fig. 1. A schematic cross-sectional view of the setup, showing Lucite Čerenkov
counters LC, a beam counters B1, B2 and T0, beam drift chamber BDC, a helium
target, neutron counters NC (placed 2 m behind the target), drift chambers VDCup

and VDCdown and two layers of TC counters.

elements away from the target cell.

The incoming kaon was registered by beam line counters (B1, B2 and T0)
and tracked by high-rate drift chambers (BDC). As shown in Fig. 1, we also
required that a charged particle is emitted from the target region, which we
tracked by large-area drift chambers (VDC) placed above and below the he-
lium target. Behind the VDCs, we placed two slabs of plastic counters (TC’s)
of the thickness of 6 and 30 mm. With these counters, we could distinguish
π±’s from protons, and could also roughly measure their momenta.

The reaction (or neutron-production) point was determined by the vertex
between the trajectory of an incoming kaon and that of an outgoing charged
particle. The resolution of the reaction points/vertex was ∼5 mm (σ), which
is predominantly determined by kaon multiple scattering in the target helium.
The kaon reaction at-rest in the target volume was selected (purity > 95%) by
using the correlation between the pulse height of T0 and the vertex position
(the range in the helium target). The reaction (neutron TOF start) timing
was calculated from the T0 timing and the kaon range in the target. Absolute
time calibration of NC was performed by electromagnetic showers produced
in iron-plate converters, placed between NC veto counters and NC itself. The
overall TOF resolution of ∆(1/β) = 0.04(σ) was achieved.
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In addition to the “Auger” neutron, many other processes such as hyperon
decays, kaon two-nucleon absorption processes, etc., contribute to the neutron
spectrum. Let us first demonstrate that we can obtain a rather simple spec-
trum by selecting slow (. 100 MeV/c) pions in coincidence with a neutron
(see Fig. 1).

Fig. 2 (top) shows the obtained neutron momentum spectrum. The biggest
structure exists from ∼200 to ∼400 MeV/c. This comes mainly from the
π− two-nucleon absorption reaction (occurring in or around of the target)
π−NN → NN (denoted as nπNN) [6]. The lower momentum cut-off at ∼

200 MeV/c is due to the energy threshold of NC (threshold =10 MeV elec-
tron equivalent (MeVee)). The spike at ∼ 100 MeV/c is due to accidental
background.

The spectrum has a “plateau” structure beyond ∼500 MeV/c. This comes
from the kaon two-nucleon absorption and its chain;

K−NN → ΛnΛN and Λ → π−p, (2)

where nΛN is the neutron from two-nucleon kaon absorption reaction. Note
that pions from Σ decays do not contribute when we select low-momentum
pions [7]. We can also exclude contributions from other reaction channels such
as hyperon quasi-free (QF: K−N → πY ), because there is no energy left to
produce a neutron in this momentum region.

The spectrum shape of nΛN is dominantly determined by the three-body phase
space and the nuclear form factor, and is very broad as shown in the figure.
It has the maximum momentum of ∼700 MeV/c, and forms a flat-“plateau”
below ∼600 MeV/c.

The lower momentum background in “slow-pi” is due to a QF-Σ production
followed by a Σ − Λ conversion inside the nucleus;

K−N → Σ±π∓, Σ±N → ΛnΣΛ and Λ → π0nΛD, (3)

where nΣΛ and nΛD respectively denote the neutron from Σ − Λ conversion
and that from the Λ decay.

Thus, the high-momentum neutrons observed in coincidence with slow pions
in Fig. 2 are due to the reaction (2). Then, there must be a clear back-to-back
correlation between the neutron and the Λ directions. In order to quantify
this, we introduce a vector-at-closest-approach (vCA), which is the vector from
the kaon trajectory to that of the charged pion at the minimum distance. In
addition, we define a scalar product vCA ·v̂n, where v̂n is the normalized vector
of detected neutron motion (see Fig. 3).

The back-to-back correlation should be reflected in the negative value of vCA ·
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Fig. 2. The neutron momentum spectrum measured in coincidence with a low
momentum pion pπ . 100 MeV/c (top). The “backward” events (filled cir-
cles) (−60mm < vCA · v̂n < −5mm) and “forward” events (open circles)
(5mm < vCA · v̂n < 60mm ) are selected and compared (bottom). The rough
shape of the spectrum is shown in curve. The curve is to indicate rough spectrum
shape, which is obtained simple spline fit and displaced vertically.

v̂n (backward). As shown in Fig. 2 (bottom), this is indeed the case. The
“plateau” appears only in the backward spectrum as expected. We have thus
clearly understood the “slow-pi” event set.

What then happens, if we set “fast-pi” event window to select Σ decay (135
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Fig. 3. Top: the definition of vCA. As an example, a KNN → ΛN event topology
is shown. A kaon comes from behind the paper, and a pion is tracked by the VDC.
A vector from the kaon track to the pion track at their closest approach is vCA.
When we require a high momentum neutron hit in the NC, then the vCA should be
a good approximation of the hyperon motion, and thus vCA · v̂n gives the hyperon
momentum vector and its distance relative to the neutron momentum vector. A
scalar product vCA ·v̂n should be negative due to the topology. Bottom: An example
of the event topology of reaction (3) is shown. The event is mainly triggered by the
pion from the QF-Σ reaction (|vCA · v̂n| ≈ 0), while a chance to be triggered by the
pion from the Λ decay (vCA · v̂n ∼ symmetric) should be smaller.

. pπ . 200 MeV/c)? Fig. 4 (top) shows the obtained neutron momentum
spectrum without vCA · v̂n selection. As shown, the higher momentum part
looks more complicated.

Naturally, the dominant process is the kaon two-nucleon absorption followed
by the hyperon decay:

K−NN → Σ±nΣN(or p) and Σ±
→ π±nΣD, (4)

where nΣN is the neutron at the primary reaction and nΣD is that after Σ±

decay. This is the event depicted in Fig.5. The nΣN should have a nature very
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Fig. 4. Top: The neutron momentum spectrum measured in coincidence with a
higher-momentum pion (135 . pπ . 250 MeV/c). Bottom: “backward” events
(filled circles) (−10mm < vCA · v̂n < −5mm) and “forward” events (open circles)
( 5mm < vCA · v̂n < 10mm ) are selected and compared.

similar to the nΛN in reaction (2), but shifted by ∼100 MeV/c to the lower
side. Therefore, a “plateau” at ∼500 MeV/c is expected, and vCA · v̂n should
be negative. The shape of nΣD should be nearly identical to that of nΣN, since
the momenta of Σ± and nΣN are almost equal and we detect decay pions in the
90◦ direction, which constrains the momentum change to be small. However,
its vCA · v̂n should be positive.
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Fig. 5. An example of the event topology of the reaction 3 is shown. A scalar
product vCA · v̂n is negative if nΣN is detected by the neutron counter, while it is
positive if nΣD is detected.

Thus, if we were to apply the same “forward-backward” decomposition to the
neutron spectrum measured in coincidence with fast pions, we expect nΣD to
appear in the “forward” spectrum, nΣN to appear in the “backward” spec-
trum, both having the same shape. The results are shown in Fig. 4 (bottom).
Here we applied a relatively narrow window of 5 < |vCA · vn| < 10 mm. This
is because the Σ dominantly decays in short distance so that the maximum
asymmetry should be observed in a short range. The comparison of the two
spectra reveals a peak-like enhancement at ∼ 470 MeV/c in the “backward”
spectrum. We assumed that the background shape of the “backward” spec-
trum can be inferred from that of the “forward” spectrum (as discussed above),
and fitted the latter with a smooth function (shown by the grey curve). We
then overlaid the same curve on top of the “backward” spectrum (also shown
by the grey curve), which fairly well represents the data, except for the ∼ 470
MeV/c region.

In order to test its statistical significance, we fitted the “peak” region using
a Gaussian function. Although the actual functional form of the peak should
be quite involved, we adopted the Gaussian form because the statistics of the
peak structure does not stand for sophisticated fitting function. The excess
is evaluated to be 3.6 σ, and the binding energy and the width are obtained
to be BKppn = 173 ± 4 MeV (measured from K−ppn = 3309.8 MeV) and
ΓKppn < 25 MeV, obtained by observed width of Γobs = 14 ± 4 MeV and the
experimental resolution of 6 MeV (σ @ B = 170 MeV).

Lets discuss what we can expect if the peak at ∼470 MeV/c is the signal for a
bound state. If the intermediate state K−ppn is really formed with such a large
binding energy, then it should be boosted strongly opposite to the “Auger”
neutron. It should then decay dominantly to ΣNN rather than ΛNN , since we
observe the enhancement only in Fig. 4. The calculated momentum of decay
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Σ± is distributed around 450 MeV/c in the backward direction and around
80 MeV/c in forward. Thus, vCA · v̂n for such events should be dominantly
in the negative side. If there is a strongly bound K−ppn state which decays
dominantly to ΣNN , we expect that: i) the signal is enhanced by the vCA ·

v̂n selection, and ii) the enhancement is in the negative vCA · v̂n side. The
enhancement observed in the “backward” spectrum of Fig. 4 does satisfy these
criteria, and is statistically significant (3.6σ). It is not an artifact of reduced
statistics, introduced by the rather tight cut on vCA · v̂n, since the structure
is already visible in the high-statistics “fast-pi” spectrum before applying the
vCA · v̂n cut.

In summary, we have found an evidence for a strongly bound kaonic system
K−ppn, whose major decay mode is K−ppn → ΣNN .

The present finding shows the presence of strongly bound systems with K−

and provides important information on the KN interaction, nuclear compress-
ibility, high-density nuclear structure and chiral symmetry restoration, which
are more or less unknown as of today.

We are grateful to Y. Akaishi and R. Seki for useful discussion. We owe much
for M. Iwai, K. Taniguchi, O. Sasaki, N. Kimura, M. Sekimoto and all the
member of KEK-PS for their substantial cooperation. We thank IHI for col-
laborative development for CFRP vacuum jacket. This work is supported by
MEXT, KEK, Riken, KOSEF, NSF, DOE and KRF.
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Abstract

A feasibility study has been made on a new type of nuclear spectroscopy}namely the (stopped K�, n) reaction, to

search for nuclear %KK bound states. Particular attention was focussed on the process 4He(stopped K�, n) to form a

deeply bound %KK state in 3He, which is predicted to be a narrow discrete state with a binding energy of 108 MeV and a

width of 20 MeV. A monoenergetic neutron peak resulting from this reaction is expected to be seen on a continuous

background arising from the successive reactions and decays produced in K� absorption by 4He. # 2001 Elsevier

Science B.V. All rights reserved.

PACS: 13.75.Jz; 25.80.Nv; 26.60.þc; 14.40.Aq

1. Introduction

‘‘How are the hadron masses modified in the
nuclear medium?’’ is an important but yet
unsolved question in hadron physics today. One
of the ways to determine the in-medium hadron
masses is to study nuclear bound states of hadrons,
when the scalar part of the strong-interaction
potential can be separated from the vector part.
Very recently, deeply bound p� states in 207Pb
were identified in the 208Pb(d,3He) reaction at GSI
[1–4] and a pion mass excess of about 20 MeV in
the nuclear medium has been deduced [2,5].

Similarly a search for Z and o bound states has
been proposed at GSI [6]. The in-medium K-
meson mass is another extremely interesting
subject related to the issue of possible strangeness
condensation [7–9,5], but no experimental infor-
mation has yet been obtained.

A recent KEK experiment on kaonic hydrogen
atoms [10] revealed a ‘‘repulsive-type’’ strong-
interaction shift in the atomic ground state, and
thus settled a long-standing ambiguity in the %KK–N
interaction. This observed negative shift of the 1s
atomic state of kaonic hydrogen is now in good
agreement with the scattering length analysis of
the %KK–N interactions. Very recently, Akaishi and
Yamazaki [11] obtained a set of two-body
coupled-channel potentials ( %KKN; %KKN� Sp and
%KKN� Lp), which have simultaneously accounted
for the K�-p data, the %KK–N scattering data and

*Corresponding author. Tel.: +81-35734-2080; fax: +81-

35734-2742.

E-mail address: iwasaki@nucl.phys.titech.ac.jp

(M. Iwasaki).
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the energy and width of the L(1405) by asserting
that the L(1405) is an isospin I ¼ 0 bound state of
%KK–N. Furthermore, they have calculated g-ma-
trices for the in-medium %KK–N interactions and
obtained %KK-nucleus potentials. The calculated real
and imaginary parts of the optical potential
for describing shallow kaonic atoms (Vatom

0 ¼ �1
34 MeV and Watom

0 ¼ �65 MeV) are in good
agreement with the phenomenological parameters
deduced by Batty et al. [12] to fit the existing
atomic shift data. However, this optical potential
for the shallow atomic states is not applicable for
the deeper ‘‘nuclear states’’ in which all of the
wave function is located inside the nuclear medium.
Therefore, the interaction depends strongly on the
isospin, energy and nuclear density so that the g-
matrices should be determined self-consistently.
The given potential is characterized by a very
strong attraction of the I ¼ 0 channel, and thus
deeply bound %KK states are accommodated. The
typical binding energy can be as large as 100 MeV
for several light nuclei. If the state is located below
the Sp threshold, then the I ¼ 0 single-nucleon
absorption channel is energetically closed. Thus,
such deeply bound %KK states are expected to have
narrower decay widths compared with the width
of the Lð1405Þð40 MeV). In a sense, the L(1405) in
the two-body system is ‘‘melted’’ in many-body
systems to form %KK nuclear states. This is a
hitherto unknown domain of strangeness nuclear
systems.

Particular attention has been paid to the three-
body system, 3

%KK
HT¼0;1 ¼ ðK� �3 Heþ %KK

0
�3

HÞT¼0;1: According to the calculation, the total
isospin T ¼ 1 member of 3

%KK
H is shallow and broad,

whereas the T ¼ 0 member has a binding energy
of B 3

%KK
HT¼0 ¼ 108 MeV and a width of G 3

%KK
HT¼0=

20 MeV: Such a large binding energy arises
primarily from the strong attraction in the I ¼ 0
%KK–N interaction, which shrinks the distance
between the %KK and the nucleons. Thus the strong
attraction increases the nuclear density and
enhances the binding energy. Because this state is
located below the Sp threshold, the natural width
was simply evaluated by the absorption through
the I ¼ 1 single-nucleon reaction channel. It
should be noted that the decay to Lp0d is
forbidden by the total isospin selection rule.

Therefore the evaluated width of 20 MeV can be
treated as an upper limit. Fig. 1 shows the
predicted states of 3

%KK
HT¼0;1:

Whether or not such deeply bound narrow
states exist is really an exciting question. The
predicted states are located around 220 MeV above
the bottom of the S ¼ �1 sector (L-hypernucleus),
yet with a narrow width. The known hadron–
nucleus bound states (nucleons, hyperons, pions)
are rather shallow; their binding energy scales are
small compared with the rest masses. In the present
case, the predicted potential depth is comparable to
the kaon rest mass and the binding energy is 20%
of the kaon rest mass. The predicted binding is far
deeper than in any other hadron–nucleus bound
systems. This raises a question as to how well the
kaon keeps its identity in the nuclear medium. It
should also be noted that the %KK-nucleus system
gives information on the nature of the sub-thresh-
old resonance of L(1405), the effective kaon mass in
the nuclear medium in relation to chiral symmetry
breaking, kaon condensation, existence of stable
multi-strangeness nuclear matter (strangelet) and
very light neutron stars, etc.

How can we populate and identify such a
nuclear bound state? In the present paper we

Fig. 1. Energy level diagram of the K�þ3He system, calculated

by Akaishi and Yamazaki. The energies of relevant decay

channels are also shown.
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discuss a new type of nuclear spectroscopy for
deeply bound %KK states, namely, (stopped K�; n)
reactions. The characteristic features of this
process are as follows: (i) a %KK bound state is
formed in a nucleus with one neutron less than the
target nucleus (thus, enhancing the attractive I ¼ 0
component), (ii) the K� in an atomic state
proceeds to a deeply bound nuclear state, while
emitting a neutron by the nuclear Auger process
and (iii) the emitted neutron serves as a spectator
of the state formed. In the present case, the K�–
3He state can be formed in a 4He(stopped K�; n)
reaction and identified by observing a discrete
neutron component. If the branching ratio for this
process is large enough, the (stopped K�; n)
reaction may open a new type of hadron–nucleus
spectroscopy. We mention that Kishimoto [13]
proposed making use of the in-flight ‘‘knock-out’’
reaction (K�; N) to produce deeply bound %KK
nuclear states in medium nuclei which are expected
from the phenomenological potential [12].

For the case of an absorption reaction on light
nuclei, particularly 4He, the nuclear Auger process
takes on a very important role in the formation.
This is because of the strong attractive nature of
the K�–3He system and the fact that the center
of mass of 3He-n system is distant from 3He. The
K�-n single nucleon reaction makes a relatively
small contribution. Therefore, the branch is
expected to be large.

The branching ratio B can be calculated as a
ratio of the partial and total absorption width of
the atomic states of kaonic helium as

B ¼
G3

%KK
HT¼0

Gtot
: ð1Þ

Akaishi and Yamazaki estimated G3
%KK
HT¼0 ¼ 1:2 eV:

On the other hand, Gtot is not well known. There
are three experiments which observed kaonic
helium atomic transitions from 3d to 2p [14–16].
The latter two experiments are known to show
evidence for an anomalous energy shift and width
of the 2p state. If Gtot is replaced by the experi-
mental average of Gexp:

tot ¼ 55� 34 eV; we obtain

B ¼ 2:2þ3:5
�0:9%: ð2Þ

The experimental absorption width could have a
large ambiguity, because it is significantly less than

the experimental resolution. It is also true that the
given widths are inconsistent with each other.

In contrast, almost all the theoretical widths are
around Gtheo

tot ¼ 2–4 eV [17] without assuming the
existence of a deeply bound kaonic state. Even if
one takes into account its existence, one needs to
invoke extremely strong %KKN coupling to have a
20 eV width [18]. Therefore, purely theoretically,
the lowest branching ratio one can have is

B ¼
G3

%KK
HT¼0

Gtheo:
tot

> 6%: ð3Þ

The definitive limitation on the upper limit of the
branch, coming from helium bubble chamber data,
gives the non-mesic reaction to be 17 � 2% of the
kaon absorption reaction. It is normally regarded
as a kaon two-nucleon absorption reaction. The
deeply bound kaonic state formation is also a non-
mesic reaction, hence the branching ratio cannot
exceed 17%.

The purpose of the present paper, however, is to
examine whether the monoenergetic neutrons
corresponding to the bound kaonic state can be
revealed as a peak in the neutron energy spectrum.
Thus, we assume a conservative value (� 2%) as
the branching ratio. From the experimental point
of view, the other theoretical uncertainty is in the
natural width of the 3

%KK
HT¼0 state. If the width

is smaller, it is much easier to identify the peak,
but we use 20 MeV in the present paper.

For convenience, we denote 3
%KK
HT¼0; B3

%KK
HT¼0 and

G3
%KK
HT¼0 as 3

%KK
H; BK and GK; respectively.

2. Inclusive neutron spectrum

In this section we simulate inclusive neutron
spectra taking into account various backgrounds
as well as the signal.

2.1. Monoenergetic neutrons from
4He ðstopped K�;nÞ 3

%KK
H

In the 4He(stopped K�; n)3%KKH reaction, the
Q-value is given by

Q ¼ ðMK� þM4HeÞ � ðM3
%KK
H þMnÞ

¼BK � Bn ¼ BK � 21 MeV ð4Þ
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where M3
%KK
H represents the mass of the kaonic nu-

cleus, Bn is the neutron binding energy in 4He, and
BK is the kaon binding energy

M3
%KK
H ¼MK� þM3He � BK: ð5Þ

The T ¼ 0 state is formed with a large Q value
of 87 MeV and a width of 20 MeV: We
can determine the binding energy BK from
the neutron energy, which can be measured by
the time-of-flight (TOF) method. The total energy
En and momentum pn of the neutron in the
laboratory frame in K� absorption at rest are
given by

En ¼
ðMK þM4HeÞ

2 �M2
3
%KK
H
þM2

n

2ðMK þM4HeÞ
ð6Þ

The binding energy is, in turn, obtained from the
neutron energy and momentum as

�BK ¼M3
%KK
H �M3He �MK ð8Þ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððM4He þMKÞ � EnÞ

2 � p2n

q

�M3He �MK: ð9Þ

2.2. Background neutrons from the K� 4He
reaction at rest

In the 4He(stopped K�; n) reaction, there are
many background neutrons. To estimate the
realistic neutron spectrum, we developed a dedi-
cated simulation program which traces all the
successive reactions starting from the kaon
absorption by 4He at rest. In the simulation, we
used multi-step PWIA calculations based on the
phase space volume and the nuclear form factor
for simplicity.

The estimated inclusive neutron momentum
spectrum is shown in Fig. 2. As shown in the
figure, the signal of 3

%KK
H is very weak compared to

the background. The consistency between the present

simulation and experimental data was checked
using data from 4He(stopped K�; p�Þð4=SÞHe [19]
and the helium bubble cham-ber [20]. The com-
parison is given in Appendix A.

Fig. 3 shows inclusive (a) TOF and (b) binding
energy spectra. Neither detection efficiency nor
detector solid angle was considered. As seen from
the figure, it is crucial to improve the signal-to-
noise ratio dramatically, if the branching ratio is as
low as 2%. Each neutron production is given in
the following sections.

2.2.1. Quasi-free hyperon production
(a) Quasi-free hyperon production: This process,

K�N ! Yp; is the major branch (� 80%), which
produces S’s with Q� 250 MeV and Ls with Q
� 330 MeV: It is known that the primary process
is well reproduced in PWIA three-body pion
production. The Q values are relatively large but
most of the energy is carried out by the pion, and
thus the hyperon kinetic energy is not very high
(560 MeV). However, these hyperons decay
dominantly into pN: If the pion boosts the neutron
towards the motion of the hyperon, then the

Fig. 2. Simulated neutron momentum spectrum and its decom-

position. The signal was generated by a Lorentz function with

108 MeV binding energy, 20 MeV in width, assuming a

branching ratio of 2%. The detector resolution is not folded in.

pn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððMK þM4HeÞ

2 � ðM3
%KK
H þMnÞ

2ÞððMK þM4HeÞ
2 � ðM3

%KK
H �MnÞ

2Þ
q

2ðMK þM4HeÞ
: ð7Þ
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neutron energy is boosted into the energy region of
interest.

(b) SN ! LN conversion: A large fraction
(� 50%) of the S hyperons successively react
with the daughter nucleus and are converted to Ls
in the process SN ! LN with Q� 210 MeV: In
this reaction, Ls can also be produced at high
energy so that decay neutrons can be in the energy
region of interest.

(c) Pion, hyperon and nucleon cascade reactions:
Helium bubble chamber data shows that a large
fraction of the reactions result in small fragments
which cannot be represented by a single step
reaction and the subsequent S� L conversion. We
invoked a cascade reaction which makes the
neutron tail extend even further into the energy
region of interest. The virtual pion absorption
process is treated in a four-body PWIA calcula-
tion. The reaction products from these processes
were summed up and denoted as fragment forma-
tion in Fig. 2.

2.2.2. Kaon two-nucleon absorption
The dominant component of the non-mesic

process is the two-nucleon absorption reaction;
K�‘‘NN’’ ! LN (or SN), which has a large Q
value � 320 MeV: Because there is no associated
pion, the kinetic energy of these neutrons is very
high and reaches about 220 MeV; but the nucleon
Fermi-motion and successive nuclear breakup
processes (cascade reactions) slow down those
neutrons to the energy region of interest. The
measured branching ratio for this process is about
15%. However, it is an open question as to why
this process is such a large branch, even when the
single-nucleon reaction channel (quasi-free hyper-
on production: K�‘‘N’’ ! Yp) is open. As de-
scribed in the previous section, the non-mesic
reaction fraction may come from the production
and decay of the deeply bound kaonic states. If
one assumes that a large fraction of the reactions
come from the deeply bound kaonic states, then
these high-energy neutron components are sub-
stantially suppressed.

2.2.3. Hyperon decay
When a hyperon is produced in the process

described above, a neutron can be produced from

its decay, S� ! np�: The following rather trivial
processes are also taken into account:

(a)S� energy loss in the target;
(b)The stopped S� can be re-absorbed or form an

atomic metastable state.

2.3.4. Negative-pion absorption
Negative-pion absorption is one of the crucial

backgrounds to the present experiment. As a result
of quasi-free hyperon production and hyperon
decay, large numbers of low energy p� are
produced as shown in Appendix A. These can
stop quite easily even in a low-density target. The
pions of�50 MeV=c stop in a few cm in the liquid
helium target. Pions at rest react with nuclei in a
two-nucleon absorption process which dominantly
yields two neutrons in the final state p�NN ! nn:
Unfortunately, the Q value is �140 MeV and the
process produces neutrons of the energy up to
70 MeV which are exactly in the area of interest.
The yield of these background neutrons, which
depends on the target thickness and the material
around the target, can only be suppressed by
reducing the thickness of the target and vacuum
vessel. The yield given in Fig. 2 is based on the
experimental setup described in Section 4.

2.2.5. Contribution from other small branches
There are small contributions from (i) hyper-

nuclear formation and its decay and (ii) decay of
deeply bound kaonic nuclei. The yields are too
small to show on Fig. 2.

2.3. Beam-originated background sources

There are two other beam-related neutron
sources. One is neutrons scattered along the beam
line and the other is neutron production by pions.
The kaon beam is contaminated with a number of
pions which produce neutrons by way of p‘‘NN’’:
Both are forward-peaked along the beam axis, so
they can be safely avoided by placing the neutron
detector at a large angle.

Also g-rays can produce fake neutron signals.
The TOF of a g is 10 ns whereas the neutron signal
starts after 15 ns: Kaons react instantly when they
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stop in the target and the delayed g-ray production
from L decay occurs in � 0:26 ns; so that it is
easily discriminated. These signals can be used for
the time zero adjustment.

There is also a small delayed production of g-
rays, � 10 ns; due to atomic metastable state for-
mation with a branching ratio � 3% per stopped
kaon. The formation probability is small, thus it
does not produce a peak in the TOF spectrum.

3. Neutron spectra and tagging method

The signal is located on the edge of a huge
neutron signal from events which come from SN
! LN conversion, hyperon decay and negative
pion absorption as shown in Fig. 2. When the
branching ratio is small (� 2%), the identification
of a monoenergetic neutron peak becomes extre-
mely difficult. Thus, we studied how to improve
the signal-to-background ratio by event selection.

There are several possibilities. The simplest
background suppression would be to reject hyper-
on decay by using a kinematic constraint on the
two-body decay. However, we found that there is
no significant improvement in the signal-to-back-
ground ratio ðS=NÞ without drastically reducing
the signal in a simple experimental setup as
described in the present paper. In general, we need

to know the decay branch of the 3
%KK
H state to tag

the signal event. The Lp0d channel is isospin
forbidden so that the possible decay channels are
(i) Lp0pn; (ii) Sþnn; S0np and S�pp; (iii) Lpn; and
possibly (iv) Ld; excluding unlikely channels such
as L hypernuclear production. Unfortunately,
there is no reliable evaluation of the branching
ratio, at present. However, channel (i) is possible
only via a final state interaction and the phase
space is very small. Channel (iv) requires a
coherent reaction. Therefore, the branch to those
two channels should be small. Channels (ii) and
(iii) are two-nucleon absorption processes and, if
we assume that the ratio of the two is similar to
that of kaon two-nucleon absorption in the
primary reaction of K� 4He, then channel (iii) is
the dominant process. Therefore, we can efficiently
select the signal by tagging the L in the final state.
Moreover, S0’s decay instantly to Ls (�100%) so
that this component also contributes to the tagging
efficiency. To be cautious, we assume the L
production fraction to be 50%. On the other
hand, if we require L decay via L ! pp�; then the
neutrons associated with S quasi-free production
and hyperon decays L ! np0; S� ! np� are
naturally omitted.

To tag L ! pp�; one straightforward procedure
is to detect the decay vertex. This is only feasible if
the target is extremely thin, which can only be

Fig. 3. Simulated neutron spectra of (a) TOF and (b) binding energy BK with LTOF ¼ 2:50� 0:05 m; folded by a time resolution of

Dt ¼ 0:7 ns: A branching ratio of 2% to the kaonic nuclear state is assumed along with a 100% efficient 4p neutron counter.
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possible with low and monoenergetic kaon source
like in a f-factory. In this case, one can use the
fact that the path lengths of the L’s are relatively
long. The distance from reaction point to L decay
can be roughly determined by the difference in
closest approach (DCA) of the incoming kaon and
outgoing pion trajectories, provided the L moves
perpendicular to the direction toward the pion
tracking detector.

Fig. 4a shows the comparison of the DCA

spectra between inclusive and 3
%KK
H formation

events (left scale). The ratio of the two is also
shown (right scale). Most of the inclusive events
have a small DCA; which is mainly due to quasi-
free pion production and decay of the S which has
a short track. On the other hand, the L is long-
lived resulting in a longer DCA distribution with a
long tail. In this figure, multiple scattering of the
pion is taken into account based on the experi-
mental setup as described in the following section.

The DCA distribution of signal events is inset in
the figure. It is clear that one can enhance S=N
drastically if we select the events which have large
DCA; i.e. trajectories having an inconsistent vertex.
The upper limit for the DCA comes from the
requirement for the accuracy of TOF distance
LTOF: Therefore, we selected events with DCA in
the range 8–40 mm as shown in Fig. 4b. The
S=N ratio is clearly improved. Note that the

redundancy of the trajectory measurement is the
key for this tagging, otherwise ghost trajectories
would easily form larger DCA in the analysis.

4. Experimental setup and feasibility study

From the point of view of the experimental
setup, the key points can be summarized as; (i)
accurate start timing of neutron TOF, (ii) reduced
material around the target including the target
itself, (iii) DCA determination}especially redun-
dancy of the charged trajectory measurement, and
(iv) high neutron detection efficiency. A f-factory
has many experimental advantages as a kaon
source for the present experiment over hadron
machines. However, in this case, one needs to
operate a liquid helium target in the beam pipe
which seems unrealistic. Therefore, we focused on
hadron machines, in particular KEK K5.

4.1. Experimental setup

Figs. 5 and 6 present a possible schematic setup
for the hadron machine, and the neutron spectrum
was estimated under the following conditions. The
incident beam is identified at the entrance by a
simple plastic scintillation counter used as a beam
defining counter. Then, the contaminating pions

Fig. 4. (a) The DCA distribution and (b) the neutron spectrum selected by 85DCA540 mm: The formation event can be selected

efficiently because the formation reaction does not produce a pion at the interaction point. Other conditions are the same as Fig. 3.
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should be rejected by the Lucite $CCherenkov
counters (LC) using hardware logic. The incident
kaons with momentum of 600 MeV/c are then
degraded by a carbon block of about 60 g/cm2:
Next comes the TOF start counter, a�3 cm thick
plastic scintillation counter. The track is measured
by 12 layers of drift chambers to give redundancy.
The slowed kaons drift into the target vessel

through a thin window, and are trapped by the
4He forming 3

%KK
H nuclei.

The charged pions emitted from the K� 4He
reaction are measured by the two planar drift
chambers of 12 layers each (100
 100 cm2 in
effective area, 24 cm thick). The chambers, located
40 cm above and below the beam center line, cover
about 34% (Ap) of the total solid angle. To reduce
the material around the target, the pion trigger
scintillation counters are located 160 cm behind
the chamber. These pion trigger counters are a
combination of thin ð5 mmÞ and thick (30 mmÞ
counters to identify pions and protons by means of
dE=E and E=TOFp:

The most challenging device in the present
experiment is the liquid helium target. One of the
most serious backgrounds comes from negatively
charged pion absorption at rest. To minimize the
number of pions absorbed, we need to reduce the
material surrounding the target. A detailed simu-
lation indicated that the target should be as thin as
3 cm along the beam direction, otherwise the
neutron background caused by pion absorption
becomes much larger than the signal. Another
constraint comes from the kaon reaction time
determination which requires that the target shape
should be flat as described in the following section.
Therefore, we designed the target to be operated at
the low pressure of �30 Torr at around 1 K;
having plastic windows of 40 mm; covered by
�1 mm thick vacuum vessel made of CFRP.

Fig. 5. Schematic figure of the experimental setup (side view).

Fig. 6. Schematic figure of the experimental setup (downstream view).

M. Iwasaki et al. / Nuclear Instruments and Methods in Physics Research A 473 (2001) 286–301 293



The emitted neutrons are observed by a wall of
neutron detector ð2:1
 2:1 m2; 40 cm thick) placed
on both sides. With a detection efficiency of Deff 

ðpnÞ (36% at 360 MeV/c) and located 2:5 m distant
from the target vessel (see Appendix A), they cover
8% of the total solid angle (An). To improve time
resolution, we need to divide the counter into 7
sets, each of 30 cm width. One set consists of eight
layers of 5 cm thick plastic-scintillation counter as
described in Appendix A: The neutron detector
should be symmetrically centered on the target. In
this configuration, we can measure the contribu-
tion and the shape of the spectrum of neutrons
coming from pion absorption at rest}the high
energy neutrons produced back-to-back. Using
their correlation between energy and opening
angle, this component can be studied.

4.2. Kaon reaction time determination

As described above, we need to trace the kaon
trajectory after the kaon momentum degrader with
high redundancy, which requires more than 6 cm
of free space between the TOF start counter and
the target. We should also take into account the
dead space due to the vacuum vessel of the target.
For this condition, the kaon reaction time (T0)
cannot be determined directly by the kaon injec-
tion time (Tinc). This is because the target is

extremely thin (� 0:38 g=cm2), and the velocities
of the kaons which stop in the target are low. We
studied the optimum distance between the TOF
start counter and the target (L0), to obtain the
smallest dependence of travel time (T0 � Tinc) on
the momentum of the kaon. Fig. 7 shows the travel
time distribution for several L0 values. The
distribution becomes narrowest when we assume
12 cm for L0: The width is about 20 ps FWHM,
however, the spectral shape is not symmetric
because of extremely slow kaons.

4.3. Tagged spectrum and required beam estimation

Fig. 8 shows the simulated semi-inclusive and
tagged neutron spectra assuming the branching
ratio to be B ¼ 2; 7 and 12%. We denoted these
spectra as semi-inclusive because we required the
charged pion trajectory to be reconstructed by the
pion arm. The DCA tagging method is also
applicable to protons, though the number of
tagged events is much smaller than that for pions
and the S=N improvement is not as great as
for pions. Therefore, they were omitted from
the spectrum. In these spectra, we generated
3:3
 108 kaon absorption reactions at rest in the
liquid helium target.

Let us estimate the expected ‘‘at rest’’ kaon yield
(YK) per day. We take KEK-K5 as the kaon

Fig. 7. Simulated travel time spectra with several drift space values (L0) as labeled. The distribution becomes narrowest when L0 is

12 cm:
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source. The kaon stopping rate in a liquid helium
target was measured in a similar beam line (KEK-
K3) to be 400 stopped K�/spill in cylindrical liquid
helium target of 2:8 g=cm2 for 1 TP ðTP ¼ 1012

protons) on the primary target per spill. The K5
line is shorter and if we scale the length (factor two
in yield), the resulting number of kaons at rest is
100 K� (Kinc) in a 3 cm thick liquid helium target

per 1 TP. If we apply the wedge degrader at
the momentum dispersive point in the beam line,
we can improve the kaon stopping density by
another factor two [21]. The KEK 12 GeV-PS is
operated nominally at 2 TP with a cycle time of 3 s
which means 5:8
 104 TP per day. Thus, YK ¼
Kinc 
 5:8
 104 ¼ 1:2
 107 kaon stops per day in
the target. This means that we need 83 shifts

Fig. 8. Simulated neutron spectra triggered by charged particles identified as pion. Left column shows semi-inclusive (DCA540 mmÞ
and right shows tagged ð85DCA540 mmÞ spectra for branching ratios B of 2, 7 and 12%. The 3:3
 108 kaon absorption reactions at

rest were generated in the present setup. All the experimental conditions were taken into account. We defined the neutron signal

threshold to be 10 MeV electron equivalent.
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(28 days) to obtain these spectra without taking
into account the computer dead time, analysis
efficiency, etc.

To examine the detection capability, we per-
formed a series of fits assuming two natural widths
of GK (10 and 20 MeV), and several branching
ratios B: It is difficult to define the confidence level
of the peak identification because the signal is
located at the edge of the broad structure. For this
case, if the branching ratio is small, the systematic
error becomes dominant and the error largely
depends on the fitting function. Moreover, the
shape of the spectrum also depends on the
threshold energy for the neutron detector. The
most important point at present is to deduce the
maximum systematic error rather than obtaining
the best fit. Therefore, we intentionally refrained
from applying sophisticated functions. Back-
ground was simply two Gaussian functions peaked
at around �BK ¼ �185 and �60 MeV: The signal
was fitted by a Lorentz function folded with the
detector resolution. The fit was performed without
using the background information given by the
simulation. A fit result is shown in Fig. 9 for B ¼
2%; BK ¼ 108 MeV and GK ¼ 20 MeV: Fig. 10
shows the fit result for the tagged spectra. Error
bars indicate the statistical error only. The top
figure shows the fitted area S (yield) of the bound
state divided by the actual simulated number S0: The center and bottom figures show the fitted

value of the binding energy and the width,
respectively. The w2 values were of around 65 for
NDOF ¼ 41: This is acceptable for such an ex-
tremely simplified background.

It is clearly seen that the fitted values of yield
and binding energy are diverging from the ideal
value for smaller branching ratio and larger width.
This deviation, which occurs simply because we
used Gaussian functions to represent the back-
ground shape, represents the magnitude of the
maximum systematic error one can have. The most
difficult background component to be represented
by such a simple background shape is pion
absorption, as shown in Fig. 8. However, the
contribution and the shape of this component
can be measured with the present experimental
setup as described in Section 4. The background
spectrum can be studied by using several targets,
such as carbon.

Fig. 9. A typical fit result for B ¼ 2%; BK ¼ 108 MeV and

GK ¼ 20 MeV: The simulated background was not used in the

fitting procedure and is shown only for comparison.

Fig. 10. The results of the fits: (a) the fitted areas S divided by

the number of generated signal S0; (b) binding energy and (c)

natural width. The deviation from S=S0 ¼ 1:0; BK ¼ 108 MeV

and GK ¼ 10 or 20 MeV indicates the systematic error for the

simplest background.
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5. Conclusion

We found that an experimental search for
deeply bound kaonic states looks promising. The
experimental setup was designed to study the
energy region BK > 100 MeV (Sp threshold), GK

520 MeV with adequate sensitivity for a branch-
ing ratio bigger than 2%. To better understand the
%KKN interaction, several light nuclei must be
examined including the deuteron and beryllium
as a second step of the experiment.

Appendix A

A.1. Monte Carlo simulation

The most precise experimental data used in
estimation of the neutron spectrum is from the S
hypernuclear production by kaons at rest in a
liquid helium target [19] at KEK. In this experi-
ment, charged pion momentum spectra were
precisely measured as shown in Fig. 11. The shape
of the quasi-free hyperon production component
shows that the dominant kaon reaction with
helium nuclei is three body. Therefore, one can
evaluate the hyperon momentum spectra using
three-body phase space and the nuclear form
factor. These hyperons then decay into neutrons.
This data, however, is only applicable for the
primary reaction and not for the cascade of

reactions, e.g. SN ! LN conversion, followed by
hyperon scattering with residual nuclei, etc.,
because the KEK data is in the form of spectra
of the charged pions which come from the primary
reaction and the hyperon decay. It gives tight
constraints for higher-energy neutron components,
but it is not adequate for obtaining the lower-
energy region which comes from cascade reactions.

To determine the strength of the successive
cascade reactions, one must refer to the helium
bubble chamber experimental data [20]. The
energy resolution and the statistics are not
sufficient for the estimation of neutron energy
spectra, but all the charged particles produced in
the final state are detected. The simulation
program should reproduce the branching ratio to
the final states which define the strength of the
successive reactions in the nucleus which lead to
lower-energy neutrons. However, we found that it
is very difficult to be consistent with both data. To
be consistent with the bubble chamber data, which
gives relatively high multiplicity in the final state,
we need very strong cascade reaction or finite
strength in four-body primary reaction. In the
mesic reaction, to be consistent with the S hyper-
nuclear experimental data, a very narrow window
is open for the four-body reaction (K� 3He !
pþS�nd etc.) and the branch was negligible.
Though in the non-mesic reaction, there is no
spectroscopic data available. In this process, one
can have a large branch to the four-body primary

Fig. 11. Comparison of the present simulation (histogram) and the KEK data (point with error bar) for: (a) pþ momentum and (b) p�

momentum spectrum.
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reaction and give small successive reaction
strengths to the hyperon/nucleon scattering with
the residual nucleus, or one can have the strength
the opposite way. In both cases, the resultant
neutron spectrum is similar. In the present paper,
analogous to quasi-free hyperon production, we
assumed that the four-body reaction is a relatively
small branch of 20%, excluding several channels
which must be four body, e.g., K�4He ! Sþnnn:
The comparison of the charged pion momentum
spectra with KEK data is given in Fig. 11 and the
comparison of the branch to the final state is given
in Table 1. As shown in the figure and the table,
the present simulation reproduces both data sets
relatively well.

We could not consistently reproduce the branch
both for the KEK data and the bubble chamber
data. In general, the multi-fragment branch of the
simulation is less than that of bubble chamber
data. This is because cascade reactions (breakup

processes) reduce the kinetic energy of the particles
in the final state, resulting in the enhancement of
pion yields of both the monochromatic peak due
to the hyperon decay at rest and very low
momentum p�s from L decay. If we fully
reproduce the bubble chamber data, the simulated
pion spectra are unreasonably inconsistent with
the KEK data. This means that our proposed
experiment is also able to give information on
multi-fragment and two-nucleon absorption reac-
tions from the spectrum shape of the neutrons.

A.2. Neutron detector and TOF

In the present experiment, neutron energy is
measured by the TOF method. Let us discuss the
optimization of the TOF distance (LTOF). To
observe the natural width of the 3

%KK
H state, the

experimental resolution should be well below the
natural width. This is because, if the energy
resolution is larger than the width, we cannot
resolve the width and, moreover, the signal-to-
noise ratio ðS=NÞ becomes worse linearly with the
resolution. For better energy resolution by TOF,
we need a longer distance. On the other hand, the
spatial acceptance of the neutron detector is
proportional to L�2

TOF; therefore we need to com-
promise the distance without spoiling the width
determination capability. Here, we take half of the
estimated natural width (10 MeV) as our design
value for the TOF resolution around the estimated
binding energy (�15 MeV), to keep a safety margin
in the energy resolution. There are two points to be
discussed in terms of the energy resolution mea-
sured by the TOF method, namely time resolution
of the system and spatial resolution of the neutron
source point, where the reaction occurs. The time
resolution is predominantly defined by the start
and stop counter. In the present experiment, the
start and stop signals are given by the incoming
kaon trigger counter and the neutron counter,
respectively. One realistic counter for detecting
neutrons is a plastic scintillation counter. Because
the interaction length of neutrons in the energy
region of interest is about 50 g=cm2; we need very
thick plastic to detect neutrons efficiently. Plastic
scintillator has the best performance in time reso-
lution among the bulk detectors}typically 0:7 ns

Table 1

Comparison of the branching ratio to the final states

Final state Simulation Bubble chamber data

S+p�t 9.55 9.3� 2.3

S+p�dn 0.85 1.9� 0.7

S+p�pnn 0.79 1.6� 0.6

S+p0nnn 1.81 3.2� 1.0

S+nnn 1.31 1.0� 0.4

S+ total 14.31 17.0� 2.7

S�p+t 4.51 4.2� 1.2

S�p+dn 0.99 1.6� 0.6

S�p+pnn 0.39 1.4� 0.5

S�p0 3He 1.38 1.0� 0.5

S�p0dp 0.68 1.0� 0.5

S�p0ppn 0.25 1.0� 0.4

S�dp 1.78 1.6� 0.6

S�ppn 1.17 2.0� 0.7

S� total 11.15 13.8� 1.8

Lp� 3He 11.48 11.2� 2.7

Lp�dp 18.99 10.9� 2.6

Lp�ppn 4.98 9.5� 2.4

S0p� 3He 2.15 0.9� 0.6

S0p�dp (ppn) 0.94 0.3� 0.3

L(S0)p0dn (pnn) 23.24 22.5� 4.2

L(S0)dn (pnn) 10.56 11.7� 2.4

L(S0)p+ nnn 2.20 2.1� 0.7

L(S0) total 74.55 69.2� 6.6
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(FWHM) including a factor
ffiffiffi
2

p
to account for

start and stop uncertainty.
The experimental energy resolution DBL;t con-

tributed from the errors in TOF distance (DL) and
in time (Dt) can be expressed in the simple formula

DBL;t ¼ ðEn þ E3
%KK
HÞ

pn

Mn

� �2
Mn

M3
%KK
H

 !




ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððpn=EnÞcDtÞ

2 þ ððEn=MnÞDLÞ
2

L2
TOF

s

ðA:1Þ

pn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QðQþ 2MnÞðQþ 2M3

%KK
HÞðQþ 2ðMn þM3

%KK
HÞÞ

q

2ðQþMn þM3
%KK
HÞ

:

ðA:2Þ

The experimentally observable width DBobs is then
written as

DBobs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2
K þ DB2

L;t

q
: ðA:3Þ

Using this relation, we plotted several figures to
determine the basic parameter, namely TOF
distance, time and spatial resolution as shown in
Figs. 12a and 13. Fig. 12a shows the LTOF

contribution for given Dt; Fig. 12b shows the Dt
contribution for given LTOF; and Fig. 13 shows the
DL contribution for given LTOF and Dt: These

figures show that the distance from the target to
the neutron counter should be longer than 2:5 m:
The requirement for the kaon reaction time
analysis depends largely on the target and the
kaon source. To stop kaons fast and efficiently, the
target should be liquid helium, which has the
highest ð0:125 g=cm3) density one can easily
obtain. In the kaon-at-rest experiment in a hadron
machine, kaons are transported to the experimen-
tal area at a high momentum of about 600–900
MeV=c; because of their short life time. The target
thickness, to stop kaons in the target efficiently, is
defined by the momentum bite of the beam
line rather than the range straggling. Typically
about 12 g=cm2 (dp=p ¼ � 2.5% (full-width) at
700 MeV=c) of the target material is needed in the
direction of the beam axis. Such a large target is
not suitable for the present experiment, not only
from the ‘‘pion absorption at rest’’ requirement
but also in terms of the resolution. Because the
target density is relatively low, the time difference
between the kaon injection and the reaction is a
few ns, as shown in Fig. 13.

A.3. Structure and the efficiency of the TOF counter

Fig. 14 shows a schematic top view of the TOF
counter. The simplest way to detect neutrons of

Fig. 12. Energy resolution as a function of the binding energy of 3
%KK
H state for: (a) TOF distance of 1.5, 2, 2.5 and 3 m at Dt ¼ 0:7 ns;

(b) Dt = 0.5, 0.7, 0.9 and 1:1 ns at distance of 2:5 m: Spatial resolution of 4 cm is assumed.
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this energy is with plastic scintillation counters.
Here, we estimate the efficiency of multi-layered
plastic scintillation counters. The first layer, a
charged particle veto, can be thin. The successive
layers are for neutron detection. The range of the
most energetic knock-on protons is about 5 g=cm2

and the thickness of the layers should be more
than 5 cm: On the other hand, g-rays can be
converted in the counter if the thickness comes
close to the radiation length of about 40 cm: PID
between neutron and g can easily be done by TOF

in the present experiment, though to suppress the
trigger rate of the hardware logic it should not be
thicker than one radiation length. Therefore, we
defined the total thickness of the neutron counter
layers to be 40 cm: The neutron detection effi-
ciency and its energy dependence were evaluated
using the most precise neutron detection simulator
SINFUL [22]. In this thickness, the neutron
detection efficiency is estimated to be about 36%
at the threshold energy of 5 MeVee (MeV electron
equivalent) for momentum of around 70 MeV:
Because we cannot specify the neutron reaction
point to better than the thickness of the detector,
this defines the error of TOF length determination.
Therefore, the thickness of one layer should be less
than �5 cm as shown in Fig. 14.

Acknowledgements

We are very grateful for fruitful discussions with
S. Ishimoto, S. Meigo, G. Beer, S. Okada and
A. Sanderson.

References

[1] T. Ya mazaki, R.S. Hayano, K. Itahashi, et al., Z. Phys. A

355 (1996) 219.

[2] T. Yamazaki, R.S. Hayano, K. Itahashi, et al., Phys. Lett.

418 B (1998) 246.

[3] H. Gilg, A. Gillitzer, M. Kn .uulle, et al., Phys. Rev. C 62

(2000) 025201.

[4] K. Itahashi, K. Oyama, R.S. Hayano, et al., Phys. Rev. C

62 (2000) 025202.

[5] T. Waas, R. Brockmann, W. Weise, Phys. Lett. B 405

(1997) 215.

[6] R.S. Hayano, S. Hirenzaki, A. Gillitzer, Eur. Phys. J. A 6

(1999) 99.

[7] G.E. Brown, C.H. Lee, M. Rho, V. Thorsson, Nucl. Phys.

A 567 (1994) 937.

[8] T. Waas, N. Keiser, W. Weise, Phys. Lett. B 365 ð1996Þ 12;
B 379 ð1996Þ 34.

[9] W. Weise, Nucl. Phys. A 610 (1996) 35c.

[10] M. Iwasaki, R.S. Hayano, T.M. Ito, et al., Phys. Rev. Lett.

78 (1997) 3067.

[11] Y. Akaishi, T. Yamazaki, Third Workshop on Physics and

Detectors for DAFNE, INFN, Frascati, 1999.

[12] C.J. Batty, E. Friedman, A. Gal, Pys. Rep. 287 (1997) 385.

[13] T. Kishimoto, Phys. Rev. Lett. 83 (1999) 4701.

[14] C.E. Wiegand, R.H. Pehl, Pys. Rev. Lett. 27 (1971) 1410.

[15] C.J. Batty, S.F. Biagi, S.D. Hoath, et al., Nucl. Phys A 326

(1979) 455.

Fig. 13. Effects of the spatial resolution of the kaon reaction

point, which defines the TOF distance and the energy resolution

directly.

Fig. 14. The top view of the neutron TOF counter.

M. Iwasaki et al. / Nuclear Instruments and Methods in Physics Research A 473 (2001) 286–301300



[16] S. Baird, C.J. Batty, F.M. Russel, et al., Nucl. Phys. A 392

(1983) 297.

[17] A. Gal, et al., Nucl. Phys. A 606 (1996) 283.

[18] Y. Akaishi, unpublished.

[19] H. Outa, T. Yamazaki, M. Iwasaki, R.S. Hayano, Prog.

Theo. Suppl. 117 (1994) 177.

[20] P.A. Katz, K. Bunnell, M. Derricl, et al., Phys. Rev. D 1

(1970) 1267.

[21] S.N. Nakamura, M. Iwasaki, K. Bartlett, et al., Nucl.

Instr. and Meth. A 408 (1998) 438.

[22] S. Meigo, Nucl. Instr. and Meth. A 401 (1997) 365.

M. Iwasaki et al. / Nuclear Instruments and Methods in Physics Research A 473 (2001) 286–301 301





________________________________________________________________________
●　Physics papers published in refereed journal.
○　Technical papers.
★　PhD theses.
◇　Conference and Symposium.
＊　Internal Report and others.

E509 K. Tanida
γ-ray Spectroscopy of Hyperfragmentas using stopped K- method

◇　K. Imai and L. Zhu
Hypernuclear gamma ray spectroscopy by stopping K-

Proc. Int. Conf. on Hypernuclear and Strange Particle Physics, (HYP2000), Torino, October 2000, Nucl. Phys.
A691 (2001) 127.

◇　K. Tanida et al. [attached]
High-resolution gamma-ray spectroscopy of hyperfragments produced by stopped K-  reactions
16th International Conference on Particles and Nuclei (PANIC 02), Osaka, Japan, Sep 30 - Oct 4,
2002, Nucl. Phys. A721 (2003) 999c.

◇　K. Miwa et al.
High-resolution γ-ray spectroscopy of hyperfragments produced by stopped K-  reactions
Int. Symp. on Electrophoto-production　of Strangeness on Nucleons and Nuclei (SENDAI03),
Sendai, Japan, Jun 15-18, 2003, in press.

◇　H. Tamura et al.
Gamma-Ray Spectroscopy of Hypernuclei
Int. Symp. on Electrophoto-production of Strangeness on Nucleons and Nuclei (SENDAI03), Sendai, Japan,
Jun 15-18, 2003, in press.

◇　K. Miwa et al. [attached]
High-resolution γ -ray spectroscopy of hyperfragments produced by stopped K-  reactions
VIII Int. Conf. on Hypernuclear and Strange Particle Physics (HYP2003), Newport News,  USA, Oct 14-18,
2003, in press.

◇　H. Tamura et al.
Gamma Spectroscopy in Λ Hypernuclei
VIII Int. Conf. on Hypernuclear and Strange Particle Physics (HYP2003), Newport News,  USA, Oct 14-18,
2003, in press.

＊　K. Tanida et al.
γ -ray spectroscopy of hyperfragments with stopped K-  

RIKEN Acc. Prog. Rep. 36 (2003) 92.





ELSEVIER Nuclear Physics A721 (2003) 999c-1002~ 
www.elsevier.com/locate/npe 

High-resolution y-ray spectroscopy of hyperfragments produced by 
stopped K- reactions 

K. Tanidaa, H. Akikawab, Y. Fukaob, H. Hotchi”, K. Imaib, Y. Miurad K. Miwab, 
K. Mizunumad, S. N. Nakamurad, M. Niiyamab, S. Ohtab, P. K. Saha”, H. Takahashib, 
T. Takah&hid, H. Tamurad, S. Terashimab, M. Togawab, and M. Ukaid 
(KEK-PS E509 collaboration) 

“RIKEN (The Institute of Physical and Chemical Research), Saitama 351-0198, Japan 

bDepartment of Physics, Kyoto University, Kyoto 606-8502, Japan 

“Brookhaven National Laboratory, NY 11973, USA 

dDepartment of Physics, Tohoku University, Sendai 980-8578, Japan 

“Laboratory of Physics, Osaka Electra-communication University, Osaka 572-8530, 
Japan 

We measured y rays of hyperfragments produced by stopped K- reactions on light (A 5 
12) targets (KEK-PS E509). By preliminary analysis, 2050 keV 7 ray from LLi(E2:5/2+ -+ 
l/2+) is seen with l”B and C targets. Also, two candidates for new hypernuclear y rays 
are observed. 

1. INTRODUCTION 

The success of high-resolution y-ray spectroscopy of hypernuclei with germanium de- 
tectors [l-3] opened a new era of hypernuclear physics. These experiments revealed fine 
structures of light hypernuclei and gave valuable information on underlying AN spin- 
dependent interaction. However, in these experiments, where direct reactions such as 
(x+, I(+) and (I(-,n-) were used to produce hypernuclei, beam time of more than a 
month was necessary. Therefore, systemactic study of hypernuclei was very difficult. 

On the other hand, it is known that two orders of magnitude more hypernuclei can 
be produced as hyperfragments by stopped li’- reactions than by direct reactions [4]. 
Furthermore, various species of hypernuclides lighter than target nucleus, including neu- 
tron (proton) rich ones, are available in stopped K- reactions and thus systematic study 
becomes possible. 

Such studies are expected to extend capabilities of hypernuclear physics. For exam- 
ple, if data from many hypernuclei are available, we can discuss not only two-body AN 
interaction, but also three-body ANN interaction, which may play an important role in 
structures of hypernuclei because of strong AN-EN coupling [5,6]. Also, charge symme- 
try breaking in AN and ANN interaction can be investigated by comparing structures of 

0375-9474/03/$ - see front matter 0 2003 Elsevier Science B.V All rights reserved. 
doi:lO.l016/S0375-9474(03)01271-5 
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mirror hypernuclei. 

2. EXPERIMENT 

Motivated by above discussions, we performed an experiment to measure 7 rays from 
hyperfragments produced by stopped h’- reactions in Apr. 2002 at KEK-PS K5 beamline 
(KEK-PS E509). W e used h’- beam extracted at 650 MeV/c. Three cherenkov counters 
(LCl-3) and 3 time-of-flight counters (Bl-3) were used to identify kaons, which were 
degraded by carbon blocks of N 90 g/ cm2 thick in total, and stopped in the targets. Non- 
stopping kaons were rejected by a veto counter (FV) pl aced downstream of the targets. 
We used five targets (Li, Be, “B, ilB, and C) . m order to see the target dependence of 
y-ray yield. This enables us to eliminate background 7 rays coming from outside of the 
targets, because yields of these 7 rays are expected to have no target dependence. 

We used Hyperball [7] for y-ray detection. Hyperball consists of 14 germanium de- 
tectors (Ge), each surrounded by 6 bismuth germanate (BGO) counters for suppressing 
backgrounds such as Compton scattering and electro-magnetic shower produced by high 
energy 7 rays from X”S. Each Ge has an efficiency of 60% relative to an NaI crystal of 
3”r$x3”. Ge’s are placed 15 cm away from the beam axis and total photo-peak efficiency 
of Hyperball was about 1% at 1 MeV including the effect of deadtime due to the high 
counting rate of Ge. 

We collected data for about 10’ stopped kaons in the beam time of two weeks. This is 
roughly half of the planned beam time and number of stopped kaons. In addition, BGO 
veto did not work very well due to high-counting rates of BGO counters, we further lost 
data quality. We are planning to fix this problem in future experiments. 

3. PRELIMINARY RESULTS AND DISCUSSIONS 

Preliminary analysis shows that 7 ray from LLi(E2:5/2+ + l/2+) is seen at 2050 keV 
(see Figure 1). This 7 ray is observed with l”B and C targets, but not from the other 
targets, especially, . “B This result cannot be explained by statistical decay of compound 
hypernucleus. Furthermore, since “B has J” = 3/2- and 12C has J” = O+, high-spin 
states such as 5/2+ of :Li are expected to be more favorably produced from “B than 
“C from naive discussions. Thus, the present result is interesting with respect to the 
production mechanism of hyperfragments. 

In this point of view, y-ray intensity is valuable information. Rough estimation gives 
1.5 x 10m3 7 rays per stopped kaon on l”B target. Further analysis to elaborate the result 
is in progress. 

We also observed two more candidates for hypernuclear 7 rays. One is at 1303 keV 
with ‘Be and l”B targets, and the other is at 1400 keV with C target (see Figure 2). Since 
there are no known 7 rays for light (A < 12) nuclei at these energies, they are most likely 
from unknown hypernuclear 7 transitions, possibly in :Li and ;‘B, respectively. 

4. SUMMARY AND FUTURE PROSPECTS 

We performed an experiment to measure hypernuclear 7 rays using stopped I<-. We 
suceeded to observe 7 rays from :Li, and found two more candidates for new hypernuclear 
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Figure 1. Preliminary y-ray energy spec- 
trum around 2 MeV for Li, Be, *‘B, llB, 
and C targets. The 2050 keV y ray from 
LLi(E2:5/2+ -+ l/2+) is seen for l”B and 
C targets. Two known y rays from nor- 
mal nuclei are also seen at 2154 keV (lrB, 
l/2- + 3/2-) and 2124 keV (“B, 1: -+ 
3+) in several targets. The peak at 2115 
keV is not identified, and considered to be 
background y ray coming from outside of 
the targets. 
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Figure 2. Preliminary -y-ray energy spec- 
trum between 1.25 MeV and 1.45 MeV for 
Li, Be, *‘B, rlB, and C targets. Among 
the many peaks seen in the figure, only 
two peaks at 1303 keV and 1400 keV have 
target dependence of the yields; 1303 keV 
peak is seen with Be and l”B targets, and 
the other is seen with C target only. Since 
no y rays are known at these energies in 
light (A 5 12) normal nuclei, they are can- 
didates for hypernuclear y rays. 
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y transitions. The target dependence of the LLi y-ray yield casts a problem on our naive 
understandings for the production mechanism of hyperfragments from stopped K-. These 
preliminary results show that y-ray spectroscopy of hyperfragments with stopped li’- is 
a useful tool for hypernuclear study. 

Currently, we are refining our analysis to finalize y-ray spectra and to obtain y-ray 
intensities. y-y coincidence analysis will also be performed. We are planning to improve 
the experimental setups and acquire four times more statistics than the present result. 
For future, further experiments with heavier targets are being considered. 
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Using a germanium detector array, Hyperball, we have measured γ rays
from several Λ hypernuclei. In the previous experiments, spin-dependence
of ΛN effective interaction was investigated. In the latest experiment, we
have studied 11

Λ B in which six γ transitions have been observed. The result
of this experiment suggests that the level structure is quite different from a
theoretical prediction based on the ΛN spin-dependent effective interaction
parameters determined in the previous experiments.

PACS numbers: 21.80.+a, 21.10.–k, 23.20.–g, 27.20.+n

1. Physics motivation

Detailed level structure of hypernuclei enables us to investigate several
interesting subjects, such as Y N interactions, hypernuclear shrinking effect,
and nuclear medium effect of baryons.

∗ Presented at the XXVIII Mazurian Lakes School of Physics, Krzyże, Poland,
August 31–September 7, 2003.

(1019)
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In recent years, we have developed γ spectroscopy of hypernuclei. By us-
ing a large germanium (Ge) detector array, Hyperball, the energy resolution
of hypernuclear spectroscopy has been improved from 1–2 MeV to a few keV,
and a great progress has been made in studying structure of hypernuclei.

The structure of hypernuclei can be understood by combining a Λ and the
other part called “core”. If jcore �= 0, one state of the core nucleus splits into
two states of the hypernucleus according to the spin direction of a Λ as shown
in Fig. 1. Since the energy spacing between these two states is typically of
the order of 100 keV, it is necessary for us to use Ge detectors to observe
such a fine structure. Such spin doublets are often called “hypernuclear fine
structure”.

From precise measurements of γ rays from hypernuclei, the following
three subjects can be studied.

Fig. 1. Hypernuclear fine structure. By observing γ rays from hypernuclei, spin-
dependent forces of ΛN interaction can be investigated. See text for details.

1.1. ΛN effective interaction

By observing γ rays from p-shell hypernuclei, spin dependence of the ΛN
interaction can be investigated. Theoretical estimations which are based on
ΛN potential models and available experimental data such as level structure
and Λ binding energies of several hypernuclei have been performed to deter-
mine pNsΛ two-body effective interactions [1,2]. The two-body ΛN effective
interaction can be expressed in terms of five radial integrals associated with
each term in

VΛN (r) = V0(r)+Vσ(r)sN ·sΛ+VΛ(r)lNΛ ·sΛ+VN (r)lNΛ ·sN +VT (r)S12,
(1)

where lNΛ is the relative orbital angular momentum and

S12 = 3(sN · r̂)(sΛ · r̂) − sN · sΛ

with r = |rN−rΛ|. These five integrals denoted by V , ∆, SΛ, SN , and T are
taken to be constant throughout the shell. To obtain explicit expressions for
the radial forms appearing in Eq. (1), several versions of Nijmegen models
are used as the ΛN potential.
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The average central interaction (V ) is determined to reproduce the mea-
sured Λ binding energies (BΛ) for several p-shell hypernuclei. The other
four parameters express spin-dependent forces. The spin-spin force (∆), the
Λ-spin-induced spin-orbit force (SΛ), and the tensor force (T ) are obtained
from hypernuclear fine structure. On the other hand, the nucleon-spin-
induced spin-orbit force (SN ) causes the difference of nucleon excitation
energy between a hypernucleus and its core nucleus. Fig. 1 shows typical
low-lying levels of a hypernucleus. Using the shell model calculations, level
energies of hypernuclei are described with these parameters and compared
with their experimental data to improve the parameters.

The basic philosophy behind this phenomenological approach was pro-
posed by Gal, Soper, and Dalitz [1, 2]. The calculations presented in [1, 2]
were improved by Millener [3]. In this calculation, the shell model with
{s4pA−5sΛ} and {s4pA−5pΛ} configurations were used, and the effect of
three-body ΛNN interaction was also parameterized.

1.2. Impurity effect

Inside a nucleus, a Λ in the 0s orbit attracts nucleons around it and
causes its shrinkage. This effect is called “glue-like role” of Λ in the nucleus
and experimentally confirmed in the case of 7

ΛLi by the KEK-PS E419 ex-
periment. By comparing B(E2) of 7

ΛLi (5/2+ → 1/2+) with that of the core
transition 6Li (3+ → 1+), it was found that the size of 7

ΛLi is 19±4% smaller
than that of 6Li [4]. Such a nuclear shrinking effect is a general property of
light hypernuclei, which was pointed out by Motoba et al. [5] for the first
time and precisely calculated by Hiyama et al. [6]

The measurement of B(E2) was carried out by Doppler shift attenuation
method (DSAM). If γ ray emission is fast enough after the production of the
hypernucleus, the width of the observed γ ray peak is broadened by Doppler
effect. The lifetime of the excited state is obtained from the observed peak
shape compared with that from a Monte Carlo simulation. This method
can be used when the lifetime of the excited state is comparable with the
stopping time of the hypernucleus.

1.3. Medium effect of baryons

The properties of baryons in a nucleus may change due to the medium
effect, namely, it is expected that the mass of baryons is affected by partial
restoration of chiral symmetry. Since a Λ is free from Pauli blocking effect, it
can probe the inside of the nucleus. Therefore, the medium effect of baryons
can be measured by comparing the g-factor of a Λ in the nucleus with that
in the free space. Because of its short lifetime, it is difficult to measure
g-factors of hypernuclei directly. However, they can be measured from the
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B(M1)’s of Λ-spin-flip M1 transitions. If we assume a weak coupling between
a Λ and the core nucleus, the B(M1) can be expressed as

B(M1) ∝ |〈φf | µz|φi〉|2
∝ |〈φ↓

Λφcore| gcorej
z
core + gΛjz

Λ|φ↑
Λφcore〉|2

∝ (gΛ − gcore)
2 .

(2)

This equation shows that the g-factor of a Λ in the nucleus (gΛ) can be
derived by measuring the B(M1) of the Λ spin-flip M1 transition and the g-
factor of the core nucleus (gcore). The B(M1) of the Λ spin-flip M1 transition
can be measured with Doppler shift attenuation method.

2. Hyperball and γ spectroscopy of hypernuclei

Since the construction of the Hyperball in 1998, γ spectroscopy of hyper-
nuclei has made a great progress. Five experiments were performed using
the (π+,K+γ), (K−, π−γ), and (stopped K−, γ) reactions. In these experi-
ments, germanium detectors were located around π+ or K− beams available
at KEK or BNL. Before the Hyperball was built, using germanium detectors
with these meson beams was almost impossible.

In the previous γ ray measurements of hypernuclei, ΛN effective inter-
actions and impurity effect were studied.

2.1. Hyperball

The Hyperball, which consists of 14 germanium detectors, covers 15%
of a solid angle for a point γ-ray source. The photo-peak efficiency of ger-
manium detectors is about 2 for the γ ray at 1 MeV. Although there are
serious background-induced problems in using germanium detectors for γ
spectroscopy of hypernuclei, the Hyperball overcomes such difficulties with
special readout electronics and BGO counters.

The BGO scintillation counters are used to suppress backgrounds from
high energy γ rays from π0 mesons and Compton scattering. Modifications
of readout electronics are also necessary to use germanium detectors under
the condition of high intensity beam. When a high energy beam particle is
scattered on the target and hits the germanium detectors, it gives an energy
deposit of the order of 50 MeV. Since the energy deposit rate as well as the
counting rate is extremely high, we need to use reset-type preamplifiers and
fast shaping amplifiers with gated integrators.
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Fig. 2. Hyperball consists of 14 Ge detectors and BGO scintillation counters.

2.2. Present status of the experiments with the Hyperball

The first experiment with the Hyperball was performed at KEK-PS K6
beamline in 1998 (KEK-PS E419). Four γ transitions from 7

ΛLi includ-
ing M1 (3/2+ → 1/2+) and E2 (5/2+ → 1/2+), were observed from the
7Li(π+,K+γ) reaction in this experiment. The spin-spin force and the nu-
cleon induced spin-orbit force of ΛN effective interactions were investigated
from these measured energy spacings [7]. The shrinkage of 7

ΛLi was also
confirmed [4].

Using the (K−, π−γ) reaction, we carried out two experiments at BNL-
AGS D6 beamline. In 1998, γ rays from 9

ΛBe were observed. The energy
spacing of the Λ spin doublet (3/2+, 5/2+) was measured and the Λ-spin-
induced spin-orbit force was investigated [8]. Three years later, in order to
determine the strength of the tensor force, we measured γ rays from 16

Λ O [9].
With this result, we completed to determine all the parameters for the spin-
dependent terms of ΛN effective interactions. On the other hand, we also
acquired the data with 10B target in this experiment, but did not observe
γ rays from 10

Λ B. This result is inconsistent with the spin-dependent force
parameters which were determined from the other hypernuclear data.
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Fig. 3. 7
ΛLi (E2 ; 5/2+ → 1/2+): Result from KEK-PS E419 [4]. B(E2) was

measured from simulated peak shape (solid line) using Doppler shift attenuation
method.

Although no γ rays were observed from 10
Λ B, we observed some γ tran-

sitions from hyperfragments with 10B target. Motivated by this result, we
carried out an experiment to measure γ rays from hyperfragments using
the stopped K− method with several light targets (7Li, 9Be, 10B, 11B, and
12C) at the KEK-PS K5 beamline [10]. From 10B, 11B, and 12C targets, the
7
ΛLi (5/2+ → 1/2+) transition was observed again. Based on the measured
production rate, the stopped K− method seems to be an useful tool for γ
spectroscopy of hypernuclei, particularly by using γ-γ coincidence technique
in the future.

3. A recent experiment — γ spectroscopy of 11
Λ B

The latest experiment using the Hyperball (KEK-PS E518) was per-
formed with the 11B(π+,K+γ) reaction at KEK in the autumn of 2002.
The purpose of this experiment consists of two subjects.

The first subject is to investigate the spin dependent forces of ΛN ef-
fective interactions. Before this experiment, the strengths of the individual
four terms have been already determined from experimental results with the
Hyperball. However, cross check of these values using other hypernuclear
data is still necessary.

Another subject is to measure the g-factor of Λ in a nucleus. At present,
11
Λ B (3/2+ → 1/2+) is considered to be the only Λ-spin-flip M1 transition
in which we can measure the B(M1) with Doppler shift attenuation method
within a reasonable beamtime.
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3.1. Structure of 11
Λ B

The structure of 11
Λ B is complicated. There are many bound states be-

low the particle decay threshold into 10
Λ Be and a proton. Figure 4 shows

the level scheme of 11
Λ B calculated by Millener [11]. In his calculation, ex-

citation energies, branching ratios, and lifetimes of 11
Λ B bound states are

estimated. Then, nine γ transitions are expected to be observed within a
given beamtime.

Fig. 4. Expected level scheme of 11
Λ B calculated by Millener [11]. Expected excita-

tion energy, cross section, and lifetime of each state are listed on the right side. In
total, nine γ transitions are expected to be observed in E518.
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3.2. Experimental setup

Figure 5 shows the experimental setup of KEK-PS E518. The experiment
was performed at the K6 beamline. At this beamline, high intensity π+

beam is available. The momentum of π+ was 1.04 GeV/c, and a typical
beam intensity was 4×106 π+ per 1.2 second spill. In this experiment,
11B(π+,K+) reaction was used in producing 11

Λ B. Considering the γ ray
yield, we used two kinds of thick targets whose thickness was 6 cm and 10
cm. The total amount of irradiation in one month was 0.85×1012π+ for the
10 cm target and 0.75×1012π+ for the 6 cm target.

Fig. 5. Experimental setup of KEK-PS E518

The momenta of incident π+ and scattered K+ were measured with mag-
netic spectrometers. In particular, we used Superconducting Kaon Spec-
trometer (SKS) in measuring the momentum of the scattered K+. This
spectrometer was constructed to realize both high resolution and large ac-
ceptance [12]. The trajectory of each particle was reconstructed with drift
chambers and used for calculation of the excitation energy and the momen-
tum vector of the produced 11

Λ B. This information was used to choose the
events in which bound states of 11

Λ B were produced, as well as to correct
γ-ray energies for Doppler shift.

3.3. Results

From the analysis of the magnetic spectrometers, the excitation energy
spectrum of 11

Λ B was obtained. In order to investigate the precise structure
of this hypernucleus, a measurement with a thin (2 g/cm2) target was also
performed. The thin-target spectrum is shown in Fig. 6 (top). The hori-
zontal axis of this spectrum has the scale of the binding energy of Λ (−BΛ)
defined as

−BΛ = Mhyp − MΛ − Mcore. (3)
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Fig. 6. Exciting energy spectra of 11
Λ B. Upper spectrum is measured with a thin

target. Lower spectrum is the theoretically calculated one by Motoba [13].

Fig. 7. Excitation energy spectrum with the thick targets. The region A is selecled
for bound states, and B is selected for highly unbound states.

Here, Mhyp is the mass of the hypernucleus, MΛ is the mass of Λ, and
Mcore is the mass of the core nucleus. Comparing this spectrum with a
theoretical calculation by Motoba [13], which is shown in the lower spectrum
of Fig. 6, we can see that the spectra resemble each other.

Figure 7 shows the mass spectrum obtained with the thick targets. In this
mass spectrum, the energy resolution is worse than that with the thin target.
To observe γ rays, the region “A” (−20 MeV < −BΛ < −2 MeV) is selected
as the bound state region, and the region “B” (20 MeV < −BΛ < 40 MeV)
is selected as the highly unbound region.
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Fig. 8. γ ray spectra for 11
Λ B. By comparing spectra for two regions, namely A

(−20 MeV < −BΛ < −2 MeV) and B (20 MeV < −BΛ < 40 MeV), six γ

transitions from 11
Λ B are observed. The 2478 keV peak is observed after Doppler

shift correction.

Figure 8 shows preliminary results of the observed γ ray spectra from
these regions. By comparing the γ ray spectra for the A and B regions,
six γ ray peaks at 262 keV, 454 keV, 500 keV, 564 keV, 1482 keV, and
2479 keV are identified as the γ transitions in 11

Λ B, because they are observed
only in the bound state region. Among these γ rays, the 2479 keV peak is
observed after Doppler shift correction. The observed number of events and
the relative intensity for each γ transition are listed in Table I. In the relative
intensity, energy dependence of the germanium detector efficiency is taken
into account, and then it is normalized with the number of events for the
1482 keV γ ray.
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TABLE I
Number of events and relative intensities for observed γ transitions. Relative in-
tensities are normalized by the number of events for the 1482 keV γ ray.

Eγ (keV) Number of event Relative intensity
262 68 0.09
454 49 0.10
500 77 0.16
564 61 0.17
1482 225 1.00
2479 20 0.13

3.4. Identification of observed γ rays

Identification of the observed γ transitions is not easy because there are
many possible candidates for level assignment. However, the 1482 keV γ
transition can be identified from the following three points.

At first, estimated from the peak width, this γ ray peak is not broadened
by Doppler effect. Therefore, the lifetime of this transition should be longer
than 10 psec. If this transition is M1, B(M1) is smaller than 10−3µ2

N . As it
is too small, this γ ray should be identified as E2.

Next, this γ transition has the largest yield. According to the Millener’s
prediction [11], the E2 (1/2+ → 5/2+) transition is expected to have the
largest yield.

In addition, from the excitation energy spectrum of 11
Λ B plotted by choos-

ing those events which have γ rays at 1482 keV, we found that this γ ray is
emitted not only from the region near the ground state, but also from the
higher excited bound states. This situation is consistent with the property of
the E2 (1/2+ → 5/2+) transition that the 5/2+ state is populated not only
directly by the reaction but through higher excited states by γ ray cascade.

Therefore, this 1482 keV γ ray is identified as 11
Λ B (1/2+ → 5/2+) tran-

sition. To identify other transitions, γ-γ coincidence is necessary. Due to
low statistics, however, this method seems almost impossible. We need more
beam time to identify all the observed transitions.

3.5. Comparison with theory

Using the results of the previous experiments, the effective interaction
parameters are determined as follows:

∆ = 0.5MeV [10], SN = −0.4MeV [10],
SΛ = −0.01MeV [8], T = 0.03MeV [9] . (4)
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For the identified E2 transition of 11
Λ B, the energy is given by the following

equation from a shell model calculation by Millener [11].

∆E

(
1
2

+

1
→ 5

2

+

1

)
= 0.243∆ − 1.090SN + 1.234SΛ − 1.627T + ΛΣ + 718 keV

= 1020 keV (5)

Here, ΛΣ means the three-body force effect which is related to two-pion
exchange with a Σ in intermediate state. The three-body force is calculated
in the case of s-shell hypernuclei by Akaishi et al. [15], and applied to p-shell
by Millener [3]. If we substitute spin-dependent parameters in Eq. (5) by
Eq. (4), this energy becomes 1020 keV.

In Table II, the measured and expected energies are compared for the
transitions observed in previous experiments. The energy spacings shown
in the first four lines of this table are used to determine the spin-dependent
parameters of ΛN interaction shown in the last column. For the next three
transition, the expected energy seems consistent with the measured one
within 100 keV. In case of 11

Λ B (E2; 1/2+ → 5/2+) , however the difference
is more than 400 keV.

TABLE II
Comparison of measured and expected energy spacings of p-shell hypernuclei (see
text). The last column shows the spin-dependent force parameter which has the
largest contribution to the energy spacing.

Levels Measured Expected Spin-dependent
energy spacing energy spacing term

7
ΛLi (3/2+, 1/2+) 692 keV [4] ∆
7
ΛLi (5/2+, 1/2+) 2050 keV [4] SN
9
ΛBe (3/2+, 5/2+) 48 keV [8] SΛ

16
Λ O (0−, 1−1 ) 26 keV [9] T

7
ΛLi (1/2+

2 , 1/2+
1 ) 3877 keV [4] 3779 keV [11] SN

13
Λ C (3/2+, 1/2+) 4880 keV [14] 4831 keV [11] SN

16
Λ O (1−2 , 1−1 ) 6534 keV [9] 6435 keV [11] SN

11
Λ B (1/2+

1 , 5/2+
1 ) 1482 keV 1020 keV [11] SN

The energies for the last four transitions in Table II are mainly deter-
mined by SN . If we determine SN from the measured E2 energy of 11

Λ B,
this parameter becomes −0.9 MeV. It is much different from the value of
−0.4 MeV obtained from 7

ΛLi. From the other transitions, −0.9 MeV is also
unacceptable. Therefore, only 11

Λ B seems inconsistent with other results. It
suggests that the present experimental data are not enough to confirm ΛN
spin-dependent interaction.
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4. Summary

An experiment for γ spectroscopy of 11
Λ B (KEK-PS E518) was performed

to confirm ΛN effective interaction parameters and to measure the magnetic
moment of Λ in a nucleus.

Using the (π+,K+) reaction, six γ transitions from 11
Λ B were observed.

Among the observed γ transitions, the 1482 keV γ ray was identified as 11
Λ B

(E2; 1/2+ → 5/2+), but its energy is different from a theoretical prediction.
It seems interesting to investigate structure of several more hypernuclei to
confirm ΛN interaction.

In order to identify all of the γ transitions observed in this experiment,
γ-γ coincidence method is necessary. Due to low statistics, it is difficult to
identify them with the present data, but it will be possible in near future by
using an upgraded Hyperball.
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