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Fig. 5. Lattice design of the local chromaticity corrections. (a) LER, (b) HER.

3.4. Dynamic aperture

It is difficult to apply either an analytic approach or a perturbative method to an evaluation of
the dynamic aperture, since, for instance, the sextupole magnets cause strong nonlinear effects.
Therefore, the dynamic aperture is estimated by numerical tracking simulations. A particle-tracking
simulation has been performed by using SAD [8], an integrated code for optics design, particle track-
ing, matching tuning, and so on, that has been successfully used for years at several accelerators such
as KEKB and KEK-ATF. Six canonical variables, x , px , y, py , z, and δ are used to describe the motion
of a particle, where px and py are transverse canonical momenta normalized by the design momen-
tum, p0, and δ is the relative momentum deviation from p0. Synchrotron oscillation is included while
synchrotron radiation and quantum excitation are turned off during tracking simulations.

The FF region within ±4 m from the IP, the magnetic field of Belle II, the compensation solenoids,
and the QCs (QC1 and QC2) along the longitudinal direction on the beam line are sliced by a thick-
ness of 10 mm of constant Bz or K1 = B ′L/Bρ to make the lattice model. Higher-order multipole
fields of up to 44 poles for normal and skew fields are included in the slices [9]. The three-dimensional
solenoid field is calculated by using ANSYS [10], which is an electromagnetic field simulation code.
The behavior of the solenoid field is also implemented by slices in the model [11]. The fringe field
of the solenoid field and higher-order multipole fields of the final-focus magnets significantly affect
the dynamic aperture.

The arcs of the SuperKEKB rings consist of 2.5π unit cells that include non-interleaved sextupole
pairs for chromaticity corrections. Two non-interleaved sextupole magnets are placed in a cell, and
the number of sextupole pairs in the whole ring amounts to 50. Two sextupole magnets in a pair are
connected with a −I ′ transformer. By this arrangement, the principle nonlinearities of the sextupoles
are canceled in each pair, which creates a large transverse dynamic aperture.

The larger dynamic aperture is obtained by optimizing 54 families of sextupoles and 12 families
of skew sextupoles in both the arc and the LCC, and 4 families of octupole coils in the QCs. The
optimization utilizes off-momentum matching and the downhill simplex method as a function of the
area of the dynamic aperture. The dynamic aperture is important for maintaining sufficient Touschek
lifetime as well as the injection aperture. Figure 6 shows the dynamic aperture in the LER and the
HER, respectively. The area of the dynamic aperture is fitted by an ellipse to estimate the Touschek
lifetime. Two initial betatron phases of (0, 0) and (π/2, π/2) in the horizontal and vertical planes are
calculated in the dynamic aperture survey. The Touschek lifetime is defined by the average of two
cases, since the larger betatron amplitude becomes a nonlinear region and the Poincaré plot differs
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Fig. 6. Dynamic aperture. (a) LER, (b) HER. The closed circles indicate the initial phase of (0, 0); (π/2, π/2) is
represented by the open squares. Synchrotron oscillation is included without synchrotron radiation. The number
of turns used to evaluate the stability of the motion is 1000.

from a circle. The Touschek lifetimes of 492 sec in the LER and 603 sec in the HER are obtained
from the dynamic aperture. The target for the Touschek lifetime is 600 sec; the requirement is almost
satisfied in the ideal lattice and optimization is still continuing.

3.5. Machine error and optics correction

The nano-beam scheme requires the ratio of vertical emittance to horizontal emittance to be small.
The design value of the emittance ratio is 0.27% in the LER and 0.28% in the HER, respectively,
which include the fringe field of the solenoid magnet, the beam–beam interaction, intra-beam scat-
tering, and machine error. Therefore, the machine error contribution should be reduced as much as
possible; a tentative target for it is within 0.15% of the emittance ratio for a corrected lattice.

In an X–Y decoupled coordinate system, the canonical variables of a particle can be described as

⎛
⎜⎜⎜⎝

X
pX

Y
pY

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

μ 0 −r4 r2

0 μ r3 −r1

r1 r2 μ 0
r3 r4 0 μ

⎞
⎟⎟⎟⎠
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

⎛
⎜⎜⎜⎝

x
px

y
py

⎞
⎟⎟⎟⎠−

⎛
⎜⎜⎜⎝

ηx

ηpx

ηy

ηpy

⎞
⎟⎟⎟⎠ δ

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(18)

and

μ2 + (r1r4 − r2r3) = 1, (19)

where (x, px , y, py) are physical variables and (ηx , ηpx , ηy, ηpy ) are physical dispersions in a labo-
ratory coordinate system. We refer to (r1, r2, r3, r4) as X–Y coupling parameters. The X–Y coupling
parameters have been measured by the response of closed orbit distortion (COD). The leakage
vertical orbits induced by horizontal steering magnets are observed by averaged-mode BPMs (beam-
position monitors) and corrected to the model response by using local bump orbits at the sextupole
magnets during KEKB operation [12]. On the other hand, the X–Y coupling can be measured by
using single-pass BPMs where the bunch is kicked by a kicker [13–15]. The betatron oscillation of
a pilot bunch measured by single-pass BPMs is a feasible approach to obtaining optical functions
during beam collisions at high current. The relation between the physical variables and the X–Y
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Fig. 7. Emittance ratio after optics corrections with a BPM rotation error. (a) COD-based measurement, (b)
measurement of single-pass BPMs.

coupling parameters can be expressed by⎛
⎜⎜⎜⎝

r1

r2

r3

r4

⎞
⎟⎟⎟⎠ = −μ�−1

⎛
⎜⎜⎜⎝

〈xy〉
〈xpx 〉
〈xpy〉
〈px py〉

⎞
⎟⎟⎟⎠ , (20)

where

� =

⎛
⎜⎜⎜⎝

〈x2〉 〈xpx 〉 + 〈ypy〉 0 −〈y2〉
〈xpx 〉 − 〈ypy〉 〈p2

x 〉 〈y2〉 0
0 〈p2

y〉 〈x2〉 〈xpx 〉 − 〈ypy〉
〈p2

y〉 0 〈xpx 〉 + 〈ypy〉 〈p2
x 〉

⎞
⎟⎟⎟⎠ .

Vertical dispersions can be measured by either an RF frequency-shift or an RF kick. Skew
quadrupole coils at sextupole magnets correct not only the X–Y coupling parameters but also the ver-
tical dispersions [16]. Figure 7 shows the emittance ratio after optics measurements and corrections.
The rotation of quadrupoles around the beam axis, σθ = 100 µrad, and the vertical misalignment
of sextupoles, σ�y = 100 µm, are considered to be a machine error. The resolution of the BPMs
is assumed to be 2 µm for the averaged mode (COD measurement) and 100 µm for single-pass
BPMs. A BPM rotation error within 10 mrad around the beam axis is required to correct the vertical
emittance to be smaller than the target value.

4. Injection

SuperKEKB uses “continuous injection” (top-up injection), which is similar to that of KEKB. The
injector linac provides an injection beam for four storage rings: the SuperKEKB high-energy electron
ring (HER), the low-energy positron ring (LER), the PF-AR (Photon Factory Advanced Ring at
KEK) electron ring, and the PF (Photon Factory storage ring at KEK) electron ring. The injection
beams for these rings have different energies and intensities. Since continuous injection is necessary
to maintain constant luminosity against a short beam lifetime, simultaneous injection among these
rings is required at SuperKEKB. Further requirements are a large beam intensity per pulse and a low
emittance for both electrons and positrons because the lifetime of the main rings will be ∼600 sec
at design beam currents and the injection aperture will be small. In order to make this possible, a
photo-cathode RF gun is adopted to make electrons and a flux concentrator is used to make positron
beams. Two-bunch-per-pulse injection is considered, as well as increasing the beam intensity per
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Table 2. Parameters of electron injection. ‘H.E.’ indicates ‘hard edge’.

εx (nm) εy (nm) σz (mm) σδ (%) E (GeV)

Linac end 1.46 1.46 ±3.0 (H.E.) ±0.125 (H.E.) 7.0
Injection point 1.46 1.46 ±4.1 (H.E.) ±0.125 (H.E.) 7.0

Table 3. Parameters of positron injection. ‘H.E.’ indicates ‘hard edge’. *99% included.

εx (nm) εy (nm) σz (mm) σδ (%) E (GeV)

Before DR Before ECS 1500 1500 ±8 (H.E.) ±5 (H.E.) 1.1
After ECS 1500 1500 ±35 (H.E.) ±1.5 (H.E.) 1.1

After DR Before BCS 42.9 3.12 6.9 0.057 1.1
After BCS 42.9 3.12 0.76 0.73 1.1

Injection point 11.8 0.86 18.3∗ 0.24∗ 4.0

pulse. The RF gun makes a small emittance while the beam intensity is large. Since the positrons
coming from the flux concentrator have a large emittance, a damping ring is necessary to make the
positron emittance small. The damping ring for positron injection will be newly constructed. The
positron beam is accelerated up to 1.1 GeV by the linac and extracted to inject for the damping ring.
The circumference of the damping ring is 135 m, to store two bunches. The arc section consists of
FODO cells, including reverse dipole magnets, to make the momentum compaction small, which
can reduce the damping time. The horizontal damping time is 10.87 msec. The horizontal emittance
is reduced from 1.4 µm to 42.9 nm and the vertical emittance from 1.4 µm to 3.12 nm by using the
damping ring. The positron beam is injected to the linac again, then accelerated up to 4 GeV and
injected to the LER. The emittance at the injection point of the LER is 11.8 nm in the horizontal
direction and 0.86 nm in the vertical direction. Table 2 shows the parameters for electron injection;
those for positron injection are shown in Table 3.

4.1. Injection under the influence of beam–beam interaction

SuperKEKB uses a multi-turn injection scheme. The multi-turn injection employs a septum magnet
with an orbit bump in the vicinity of the septum. The orbit bump induced by the kickers is in the hor-
izontal plane since the horizontal acceptance is larger than the vertical acceptance in a conventional
ring. The two kicker units, the betatron phase advance of which is π , move the circulating beam
close to the septum during injection. The injected beam is steered to minimize the coherent oscilla-
tion. The coherent oscillation is finite due to the thickness of the septum wall. Then, the injected beam
performs betatron oscillation around the circulating beam and the betatron oscillation is damped by
synchrotron radiation and the bunch-by-bunch feedback system. This is called betatron phase space
injection. The transverse damping time is 43 msec for the LER and 58 msec for the HER. The bunch-
by-bunch feedback system performs to make the damping of the central orbit for the injected beam
fast. The repetition rate of the injection is 25 Hz at maximum during continuous injection, which is
similar to the transverse radiation damping rate.

Beam collisions are kept during continuous injection. The nano-beam scheme introduces an
extremely low beta function at the collision point with a large Piwinski angle. An injected beam has
a finite coherent oscillation in the horizontal direction while it merges into a stored beam, although a
local bump orbit between two injection kickers makes the oscillation as small as possible. The hori-
zontal beam position is translated into longitudinal displacement of the collision point due to the large
horizontal crossing angle between two colliding beams. This implies that the injected beam collides
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with the opposite beam at a large vertical beta function, which comes from the hourglass effect,
receiving a large vertical kick. The behavior of the injected beam under the influence of beam–beam
interactions should be considered for stable injection to the SuperKEKB rings. In order to overcome
the difficulties in the betatron injection, a cure for synchrotron phase space injection [17,18] is con-
sidered. The horizontal betatron oscillation can be suppressed in the synchrotron injection. Another
cure is a crab waist scheme [3]. In this scheme, the waist position, which is the minimum position of
the beta function, is adjusted by a kick from the sextupole magnets to suppress the hourglass effect
in the vertical plane. Consequently, the particles collide with the other beam at their waist point, and
beam–beam interactions and betatron couplings induced by the large crossing angle are suppressed.
However, the crab waist reduces the dynamic aperture significantly due to a nonlinear effect between
the IP and sextupole magnets; thus, a breakthrough is necessary.

4.2. Synchrotron phase space injection

The injection in synchrotron phase space requires non-zero dispersion at the injection point. The
local bump orbit is induced by kickers to make the circulating beam close to the septum. The beam
is injected with an energy offset. The distance between the injected beam and the circulating beam
at the injection point is adjusted by the energy offset of the injected beam:

�x = ηxδ0, (21)

where δ0 = �p/p0. The energy offset should be within the momentum acceptance and is
expressed by

δ0 < δa − 2σδ,I , (22)

where δa is the momentum acceptance of the ring and σδ,I the energy spread of the injected beam.
On the other hand, the distance requires the condition:

�x = nC

√
βx,Rεx,R + (ηxσδ,R)2 + ws + nI

√
βx,I εx,I , (23)

where βx,R and βx,I are the beta functions at the injection point and of the injected beam, εx,R and
εx,I are the emittances of the circulating and the injected beams, respectively, σδ,R is the energy
spread of the ring, ws the thickness of the septum, nC the number of sigmas of the circulating beam,
and nI the number of sigmas of the injected beam. Figure 8 shows the required dispersion as a
function of the beta function at the injection point. The thickness of the septum is 4 mm and the
parameters in the HER are used. The momentum acceptance is 10σδ,R in the HER and δ0 = 0.5% is
used. The value of nC is assumed to be 3, and 2.5 for nI .

5. Detector background

The performance of SuperKEKB gives 40 times higher luminosity than KEKB with twice the beam
currents and 20 times smaller beta functions at the IP. This implies higher beam-induced background
in the Belle II detector. The processes causing the detector background in the equilibrium state are:

(1) Touschek effect
(2) Beam-gas scattering

(a) Coulomb scattering
(b) Bremsstrahlung scattering

(3) Radiative Bhabha scattering
(4) Synchrotron radiation near the IP.
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Fig. 8. Requirement of dispersion as a function of beta function at the injection point. The beta function of the
injected beam is 10 m for closed circles, 20 m for squares, 30 m for triangles, 40 m for open circles.

We have obtained the result that the detector background is acceptable for Belle II with thick tungsten
shields on the cryostat of the final-focus system and neutron shields [19].

The Touschek effect is the transformation of small transverse momentum into large longitudinal
momentum due to Coulomb scattering. The Touschek effect is a single scattering effect and the
scattered particles are lost if the particles are outside the momentum acceptance. The loss rate is
defined by

d N

dt
= − N

τ
= −R (24)

and

R = 1

Lcirc

∮
rds, (25)

where τ is the lifetime, Lcirc is the circumference of the ring, and r is the local loss rate. The local
loss rate, referred to as Bruck’s formula, can be written as

r(ua, εx , βx , ηx , εy, βy) = r2
e cβx N 2

8πγ 3βσxβσyβσzσx ua
C(ua) (26)

and

C(ua) = −3

2
e−ua +

∫ ∞

ua

(
1 + 3

2
ua + ua

2
ln

u

ua

)
e−u du

u
(27)

ua =
(

δaβx

γ σxβ

)2

(28)

σx =
√

(εxβx )2 + ηxσδ (29)

σxβ =
√

εxβx σyβ = √
εyβy, (30)

where σxβ and σyβ are transverse beam-sizes determined by betatron coordinates and δa is the
momentum acceptance of the ring. This expression is consistent with a non-relativistic and flat-beam
approximation of Piwinski’s formula. The particle loss with various momentum deviations due to the
Touschek effect can be evaluated by particle-tracking simulations along each location in the whole
ring. The scattering probability is calculated by Eq. (26). The lower beam energy is sensitive to the
Touschek background and the loss rate in the vicinity of the IP for the LER is shown in Fig. 9.
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Fig. 9. Loss rate due to the Touschek effect in the vicinity of the IP (s = 0) in the LER. The blue line indicates
the horizontal direction and red indicates the vertical direction in the upper two rows. The horizontal physical
aperture is indicated by Ax , with Ay representing the vertical direction.

The aperture of movable masks located in the upper stream of the IP is required from

dx = max

(√
βx,mask

βx,QC2
ax,QC2, ηx,maskδa

)
(31)

dy = max

(√
βy,mask

βy,QC1
ay,QC1, ηy,maskδa

)
, (32)

where ax,QC2 and ay,QC1 are the smallest apertures in the vicinity of the IP in the horizontal and
vertical directions, respectively. The movable masks protecting the detector are optimized by the
detector background and lifetime in Fig. 9. The detector response is obtained by using the GEANT
simulation [20] with the results of particle-tracking simulations in the last procedure.

The contribution from bremsstrahlung scattering due to beam–gas interaction is estimated to be
small with respect to that from Coulomb scattering for the detector background. The cross section
of Coulomb scattering on nuclei can be expressed by

dσ

d�
=
(

Zre

2γ

)2 1

sin4 θ
2

, (33)

where Z is the atomic number and θ is the scattering angle. If the aperture is asymmetric for the
polar angle and has a rectangular shape, the total cross section is written as [21]

σ(θ̂x , θ̂y) = 4

(
Zre

2γ

)2
(∫ arctan R

0
dφ

∫ π

θ̂x/ cos φ

sin θ

sin4 θ
2

dθ +
∫ π/2

arctan R
dφ

∫ π

θ̂y/ sin φ

sin θ

sin4 θ
2

dθ

)

=
(

Zre

2γ

)2 8

θ̂y
2 F(R) (34)

and

F(R) = π + (R2 + 1) sin(2 arctan R) + 2(R2 − 1) arctan R, (35)
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Fig. 10. Loss rate due to radiative Bhabha events in the vicinity of the IP (s = 0) in the HER.

where

R = θ̂y

θ̂x
(36)

θ̂x = ax,QC2√
βx,QC2〈βx 〉

(37)

θ̂y = ay,QC1√
βy,QC1〈βy〉

. (38)

The lifetime can be calculated by
1

τ
= cngσ, (39)

where ng = 2P/kB/T with kB = 1.38 × 10−23 (J/K) the Boltzmann constant, P the gas pressure,
and T the temperature, a factor of 2 for bi-atomic molecules. The lifetime in the LER, τ = 2190 sec,
is obtained with P = 10−7 Pa, T = 300 K, Z = 7, ax,QC2 = 35 mm, ay,QC1 = 13.5 mm, βx,QC2 =
420 m, βy,QC1 = 2900 m, 〈βx 〉 = 20 m, and 〈βy〉 = 49 m. The loss rate due to Coulomb scattering
with gas molecules is smaller than the Touschek effect in the LER by a factor of 3–4.

The total cross section of a radiative Bhabha process is approximately written as

σ(δa, σ
∗
y ) = 16αr2

e

3

{(
log

1

δa
− 5

8

)(
log

(√
2meσ

∗
y

�c

)
+ γE

2

)
+ 1

4

(
13

3
log

1

δa
− 17

6

)}
, (40)

where α is the fine-structure constant, γE = 0.577 · · · is Euler’s constant, and δa is the momen-
tum acceptance of the ring. The above analytic formula includes an impact parameter larger than
the vertical beam size. The rate of the radiative Bhabha events is proportional to the luminosity.
The luminosity lifetime is 1800 sec, which is obtained from Eq. (40) with δa = 1.5% and the design
parameters in the LER. In order to evaluate the loss rate, both the simulation based on the analytic
formula and BBBREM [22], which is a Monte Carlo simulation of radiative Bhabha scattering in the
very forward direction, are utilized. Figure 10 shows the beam loss due to radiative Bhabha scattering
generated by BBBREM in the HER. The generated particles are tracked using the SAD code.

Synchrotron radiation emitted from the beam in the final-focus system can be the source of detector
background. This source is significant in the HER since the beam energy is high and the energy region
of the synchrotron radiation is a few keV to tens of keV. The inner surface of the beryllium pipe is
coated with a gold plate to absorb the synchrotron radiation before it reaches the inner detectors.
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The shape of the IP chamber and the ridge structure are designed to avoid direct synchrotron radiation
hits at the beam pipe.

6. Summary

The concept of the accelerator design for SuperKEKB is presented. The nano-beam scheme is one
of the candidates and is a feasible scheme aimed at the target luminosity; it overcomes the hour-
glass effect as well as the bunch length related to the coherent synchrotron radiation and the HOM
problem. In addition, the five big issues—Touschek lifetime, machine error and optics correction,
injection under the influence of beam–beam interaction, detector background, and beam energy—are
discussed. SuperKEKB is designed with the nano-beam scheme using the experience gained from
KEKB.
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