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Region of Interest: Neutron & Proton Rich

Breakup reactions have played key roles in investigating
properties of weakly bound nuclel

» Three-Body Syste

2 4 6

N
Stable Nuclei

core+N
Two-Body

core+2N
Three-Body

or more complicated picture

Target
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Introduction : Purpose of This Study

n

» New Approach

Treat four-body breakup

Fully quantum-mechanical

1He Non-adiabatic

e o o @

Non-perturbative

» The Method of Continuum-Discretized Coupled-Channels (CITC)
® Developed byKyushu group about 20 yearsago

M. Kamimura et al., PTP Suppl. 89, 1 (1986).
#® Treat the breakup statesexplicitly: @

non-adiabatic & non-perturbative calc.

® Applied to only three-body breakup reactions

We develop CDCC to describdour-body breakup processe
SN Four_Body CDCC kek060802 — p.3




B L F v UL &7 (CDCC)

YR E) AR EA DO
U = b —|—/d€(I) € € JHL e AE PR AR D
ZB: BAD OX(E) s e
yCDCC  _

N
d D, (e,)xn(€,) ARMED
EB: BXB+; (en)xnlen) gt

POINT: @ HEIRRE 2 B L L 72RRE CEtadh 975 2 & (L D 1EH1M)
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AREER L F v %IV & (6Hes \ﬁ;ﬁ)yir“)

Q @ {<I> (e:) 2—1—N}

® " *He HERHY 0 RIRTE

jﬁﬁfﬂk

®  EYEB O BB N
Vo= Qoxo(R)+ ) Pilei)xi(e R
=1

® FryrUfiahEN  H=Kr+U+ Hp
[KR + U’V&(R) — (E — 61 627 Z U%J XJ €55 )
17
> %?*/V{ﬁgéﬁf%\/‘\/'\’ﬂ/ Uij — <(I)z|U‘(I)j>
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A7 AREL R BARUR BHvL

77 2RI R R BYE - Gaussian Expansion Method
E. Hiyama, Y. Kino and M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 ('03)

n n

mn n
—3 9

T3 V.n » BONNA

Yo
@ Ve : Kanada pot.

T2

(81 (81
Channel=1 Channel=2 Channel=3
® FKEIRL
vim = Z Z Aggg\_/\syﬁrg\e_(z_z)ze_(%)z
i,c EAAS

[Ye(R2y.) @ Ya(2:)]a @ [n1 X Mnzlg] ay
R ERE S0 A A EE S 4, AN ICOWTCE. HA FRMEE TE A,
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A7 AREL R BARUR BHvL

77 ATIEIR R BHTA - Gau 4

: : : S| .\ ~ s
E. Hiyama, Y. Kino and M. Kamimura 0 1 2

7_ —_— ———

6—— —_—

— Ve Y/ e

> S

(D) — —  e——

s 4= ——

Channel=1 Channel=2 T | = T =

~ 3f———

w: — .

® LB P

v = S AQuine |1 = ==

i,c EAAS — —

[Ye(Q2y.) @ Ya(Qr, )]y 6 0
BT 5 s 4, A 1] 1]

groud state
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°He Nuclear Breakup

System :°He+'“C scattering at 229.8 MeV
J—0OVREEE << AFFTRIVF—
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€ [(MeV|

Breakup Continuum States of 6He

» Transition Density
_[ﬂ- — 2—|_ p'yfy’ (I'P) — <(I)»7|5(I'P o t)l(I)’Y/>

=
I~
N

|
-)
_|_

vNN — DDM3Y
Im|U ., (R)] = N1 x Re[U, (R)]

» Coulomb potential
‘He-?C o & OE I <

® nuclear coupling potential : double-folding

RelU(R)] = [ dredrrp,, (ve)p, . (1)oan(®
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do/dog

10

Elastic Cross Section (6He+12C @ 38.3MeV/A)

®He+'2C scattering at 38.3 MeV/nucleon

10:'

10°

*He+'C at 229.8 MeV -
(Ng=1.0, N=0.3)

—— no coupling

—— 0" and 2" coupling]

0 10

V. Lapoux et al,, Phys. Rev. C 66, 034608 (2002).

20 30
O..m. [deg]

(44)
I"=0"

(64)
I =27
Emax=25 [MeV]
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Breakup Cross Section (6He+12C @ 38.3MeV/A)

6 12 :
He+ ~C scattering at 38.3 MeV/nucl. 77 =0+ ot

50 ' ' ' ' l ' ' : : l : ; A €max=25 [MeV]
— (.S—> O-cONtinuUM’ —
40r — (. S— 2—CONtiNUUM| ool —— —
oBy™! = 138 [mb] = =
—_ 30_ ] p— ——————
= oBG = 42[mb] 2T =
2 - 2. | —= —
b — ———
wl()b — —
— —
e [MeV] - ~30%
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°He Nuclear and Coulomb Breakup

System :*He+*"?Bi scattering at 19 and 22.5 MeV
J—OVEE~ AFITRILVIT—
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Di-neutron Model 1%L

® In arecent work, Keeleyet al. analyzed®He+°?Bi scattering near Coulomb barrier
energies bythe continuum-discretized coupled-channels method (CDCYC

2\ o ® °He projectile
nol 2
@ 5 °He =°n + “He
o) .
di-neutron model
6 He JLH }%\ ( )
e |z
@ Total reaction cross section
) [ ' ' T r r
209g; J = - °
I [
10°% "
The calculated or are 2-2.5 times 2 : ¥
larger than the data. —
S
® N. Keeleyet al
10°F PRC68 054601 (03)
This enhancement is caused byhe di- [ | | m  Experimental data |
neutron description for the ®He structure 18 20 22

E om [I\/I eV] kek060802 — p.12



Breakup Continuum States of 6He

[MeV]

EnIt

+

N

i groud state

® Coupling Potential : Single-Folding

*He—2"?Bi potential
- Barnet and Lilley, PRC 9, 2010.

n—-""Bi potential
- Koning and Delaroche, NPA 713, 231.

A

‘He
\/ 209Bi
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Angular Distribution of Ealstic Cross Section

6He+2(’9B| scatterlng at 19 MeV ®He+?%?Bij scattering at 22.5 MeV

He+2098| at 19 MeV. *He+°"Bi at 22.5 MeV
& 1

|

e o
Q S
<05 ~ 0.5
D N

—— Four-body CDCC —— Four-body CDCC

—_— Three body CDCC —— Three-body CDCC

OO 50 100 150 OO 50 100 150
a m. [deq] Hc.m. [deg]

® The four-body CDCC calculationwell reproducesthe data, although the three-body
CDCC calculation underestimatesin the angular range 50°-100°
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Total Reaction Cross Section

a;eac [mb]

107

Total reaction cross section

:

® Four-body CDCC |
® Three-body CDCC

B Experimental data |

18

20 22
Ecm. [MeV]

| ® Three-body CDCC calculation

Because of theinderestimation of the
elastic cross sectiona(R?’) IS about 2 time
larger than the data.

| ® Four-body CDCC calculation

a;;” IS in good agreemenbpf the data.

What is the origin off tihe
enhancemeint ofa(RS)?
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F'1 Excitation Strength B(E'1)

o B®)(E1) > B@W(E1): di-pole strength of °He

71':1—
2
B(E1) =) ‘<<1>n1m ‘O(El) <1>0>
Integrated up to e =7 MeV threshold
s di-neutron model of °He SRS/ e
B®) (E1) = 1.5€°fm? ground (0°)
s three-body model of°He B(E1) is overestimated

B®(E1) = 0.9¢*m? in the di-neutron model

e

'\ 4

\
'
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Summary & Future Work

9

9

T T 3RS (A% 2 485R) Offfric 6T E
JZHERULT v VG SR T A AR iSOG D FENT I TR,

A RBESAL T % 2 IVEEEEIC £ 0 CHe D fiRK S DRI 2 4T 780
EhEL RS BERTLZ &N TE,

R 7 —a ViR (FERY 299Bi) o4, °He % dineutronfifil ¢
S0 T RN CIIERZ HIR TE R, — He # 3K A Tatd
TLREND 5.

SHORE
BERRY S 4T oL — Tk
YL DRI O fREAT
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A7 AREL R BARUR BHvL

® I 2 RIERBIE
pie(r) = Nf,;e’re exp [— (%)2}, Ty = ria* "1 SR

® Jjo ZREIREHERA | Gaussian Expansion Method /@ @

E. Hiyama, Y. Kino and M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 ('03)

® ‘He 4R TR OILICIRAE & HhEk AR © ©
E. Hiyama, B. F. Gibson and M. Kamimura, Phys. Rev. C70, 0310D('04)

Transition form factor for *Hegs(e,e’)*He(03)

O ______________ 5 1 I 1 I 1 I

S -8.09 0% -8.19 L | |
o 1 ¥ 1
o

= 2 3 i
<
-28.30 ., -28.44 Tl
3 01 _1_
Exp GEM i

o ————————,

kek060802 — p.18



EHTRRE DEERAL TR H o 1

» momentum-bin%
(—RREIFA S B 1T 2 ASASHEDS 2 1% 0 7)

D(eqp) : FTEATHE DT bin 1= K4 2 O, =

n_

HOHT R LE— GEHE) - /W’ﬁbmew

€ab [MeV]

Vab

POINT: 850 IARE DI B RIEIA OB 70 By, A% 3 4RI IR
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EHCRE DRER L TR H D 2

$» pseudo-states

(AFIZAS 3R E /2 1E 4 R T Y TR FTHE

ANFHRZDHNER NIV b =7 > DA AHE,
ik ORI E1TR D,

» LAU—"-

Y DIEGE

WV = Z Chnn
(1) - ()

on + L? TV E

ﬁﬁﬁ‘ N

Con
R¥

pseudo-state

POINT: AGf#% 3R TY ¢, & L TCHAZLREHZ RS &

CEERY L OIRRE R S RO B Z I3 TE 5
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Elastic Cross Section (6He+12C @ 3MeV/A)

®He+'“C scattering at 3 MeV/nucleon 7(r2_5)+ 5?12)+
I™=0 I™=2
A
................................... €max=12 [MeV,
10 — —
';' | —= —
q) ——
; z 1 — I
L SHe+'%C at 18MeV N — —
(Ng=1.0, N=0.5) “ S— s
—_— —
—— no coupling e
4' —— 0 and 2 coupling —_— I
10 °F . . . . , , | . -
0 20 40 60 80 0 o
Oc.m. [ded] _

M. Milin et al, Nucl. Phys. A730, 285 (2004).
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Breakup Cross Section (6He+12C @ 3MeV/A)

®He+'2C scattering at 3 MeV/nucl.

I™=0"  [7=2"
A

50—~
€max—12 [MeV]
—— (.S — 6—C0ntinuum' """" ALLLCLECU L PPPRPPRPTTTITED
40r — (.5.—b 2—CONtinUUM | 00 —— p—
opy> =72 [mb] | =— —
O'I]:%elsj = 36 [mb] E | #= —
z-- — I
- W | —— —
| —_— I
— _—
. 0 /
L 10 __/~50%
e [MeV]
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Smoothing Procedure

DiscreteS-Matrix ContinuousS-Matrix (Av) ContinuousS-Matrix (P9

- (@) L = (b)

0.02 - . 0.2} i
sz .E.

0.01 - “‘é 0.1 i
I 2}

O 1 I " L._. " " O - ﬂ
0.5 1 0 0.5 1
K [fm ] K [fm ]

T (k) = {00k 1) Fe(P,R)| U |WGE(r, R))

| i" 3 £><gf5 E Complete Set Fi(P,R) ~ Fr(Pu, R)

in Finite Model Space (kn—1 <k <kn)

Z fgb@ ‘%e? ¢n£ FL PnE,R) U \IJJM(I' R)
/ < The Av Method

n I Ser(k) = Z fre(k) Sne.r Avey L
Z f E £,L — nt (k) \/Tne
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Validity of the PS Method for Elastic |

d+°®Ni scattering at 80 MeV

58Ni

Deuteron Binding Energy
Eq = 2.22 [MeV]
Optical Potential
U = UpT (’rpT) + UnT(TnT)

T//

Becchetti and Greenlees
[Phys. Rev. 182 1190 (1949)

do/dog

10

10;

10

, Differential Elastic Cross Section

Av
PS (real-range) .
PS (complex-range)

60 120 180
O.m. [ded]
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Discretized State of Deuteron

The PS Method The Av Method
1.5+ 1.5F
s-State d-state s-State d-state s-sState d-stat

(RG] TR RO A R A G| PR 1.3}b----

1t - — —_— 1
0.5+ —— — 0.5 — — 0.5

% % O

éaussian Basis Function Cor;lplex-Range Gaussian Basis Function
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[ SK) [ [1m ]

[ SK)[[im]

Validity of the PS Method for Breakup |

s—state (=17)

. (a) Pseudo-stats
0.1+ - Average
0.05- &‘

0

0 1 k[fm_l]

d-state (J=17 , L=17)
T T
- (0) PS (real-range)
0.1+ PS (complex-rangel
N
0.05 7 \
O . |_||_||_||_|
0 1 k[fm—l]

ISKF [fm]

ISK)F [fm]

d-state (J=17 , L=15)

T
- (b) PS (real-range)
0.1~ PS (complex-range]
————— Av
0.05- f \
oL Il
0 1 k[fm_l]
d-state (J=17 , L=19)
T T
- (d) PS (real-range)
0.1+ PS (complex-rangel
—— AV |
0.05- i
ok I_M
0 1 k[fm—l]

The Number of Discretized States

The Av Method

30 for s-wave state
30 for d-wave state

The PS Method

Real-Range
18 for s-wave state
18 for d-wave state

Complex-Range
16 for s-wave state
17 for d-wave state
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Validity of the PS Method for Elastic Il

°Li+*°Ca scattering at 156 MeV | _ | |
Differential Elastic Cross Section

conventional Av |
(Breit—Wigner)
0 precise Av
10 ]
PS (complex)
X
@)
LS
@)
S O
d—wave
£ 1074
ﬁ = 120-
L3
A
o
i 60 B
s—wave | 0 20 40 60 80
| Bcm. [deg]

10
E [ MeV ]
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Discretized State of’Li

The PS Method The Av Method
\ s-state  d-state s-state  d-statey s-state  d-state d-sta
e eeemeerennerennerenn—ennn——a 2 .. - e
i —_— H- I I
) % O()
L Gaussian Basis Function | Complex-Range Gaussian Basis Function
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[ SK) [ [1m ]

| Sk [ [Tm]

Validity of the PS Method for Breakup Il

s—state ( J=43)

T
- (a) PS (real-range)
- PS (complex-range;
—— AV 7
0.2 -
0.1+
ol m
| 1
0 1 k[fm ]
d-state §=43 ,L=43)
(© Pseudo-state
——— Average
0.2+
0.1
% 0 1 1 o)

|SK) [ [fm]

|SK) [ [fm]

d-state (J=43 , L=41)

0.2r

0.1r

(b)

PS(real-range)
PS(complex-rangg

————— Ay

: k[fm™]
d-state (J=43 , L=45)

0.2r

0.1r

(d)

PS (real-range)
PS (complex-rangs

————— Ay

~—

: k[fm™]

The Number of Discretized States

The Av Method
20 for s-wave state

30 forresonance
10 for non-resonance

The PS Method

Real-Range
21 for s-wave state
22 for d-wave state

Complex-Range
21 for s-wave state
22 for d-wave state
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What is the Pseudo-State?

® Solving with a box condition, continuum is discretized.

S Py
9
=
I=
= >
-
W ’rmax r

consist ofa complete set
within a finite modelspace

similar state obtained
by diagonalization

$» Three-body continuum can be obtained

by diagonalization of Hamiltonian.
# Gaussian Expansion Method

E. Hiyama, Y. Kino and M. Kamimura,
Prog.Part. Nucl. Phys. 51, 223 ('03)
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He structure of The Ground State

V.n : BonnA Potential V., : Kanada Potentiak1.014

Calc. | CalcX | Exp.

S2n [MeV] 10.696 |0.975 [0.975
Trms [fM] 2.50 2.43 2.33-2.57

10° ]

— _ : —

i n (valence N n (valence
0.04 02

< 107’}
~ no |
ol &~ i
~ ~
N—" n [
" oD [
Qbo 002— Q 10—4?

9 2 6 8 1075 10

)
TP |fm]
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Dynamical Polarization Potential

Coupled-Channels Equatici)n

[TR + V%% (R) -

(F

S He +%C at 18 MeV
- (J =10)
S 0
[4)) L
= L
'—D‘_ insensitive
A region Re[UDP] -
O |e—> }He =n+n+0-
-5t —_— Im[UDp] ]
B —— Re[U
[ JDP]} He:2n+cx
——=Im[Upg]
J
Im[UVoVQ]
_1 ||||||||| Y TR N SR M
0 5 10 15
R [fm]

€0 )] X0 (R

Z Vior (R)x~(R)
YF#Y0
(R) =0 o 277570 Vior (R)x~(R)
Ubp(R) =
X0 (R)
10_ T T ]
i ®He +'°C at 229.8 MeY
i 0 =29)
< of
5
S [insensitive V
F)'—'% - region Re[UJ]
D [« > JDP ®He=n+n+a
. ———Im[Upyg]
_10_ J ]
i Re[UJDP] SHe=2n+0
i ———1Im[Upg]
i - 'm[Uvjvo]
0 5 10 15
R [fm]
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Reaction Cross Sections

E;, [MeV/A] | og [mb] | oy [Mb] | oSy [mb] | oy [mb]
3 1640 72 14 58
38.3 1020 138 30 108

® Breakup Cross Section tl2" resonance state
o °He+'?C scattering @ 3 MeV/A

res
OBU

OBU

o525 = 36 [mb]

50%

o °He+'*C scattering @ 38.3 MeV/A

res
OBU

OBU

30%

oy = 42 [mb]
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Total Reaction Cross Section

Total reaction cross section o?He+12C, Al system

Greac [m b]

I I I I I I I I I | I I I I I I I I I
m "He+'Al Exp.

) 6He+27AI Calc.

B "He+C EXp.

o 6He+12C Calc.

0

30 60 90 120 150 180
E., [MeV/nucleon]
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Energy Dependence ofV;

Systematics of N, in scattering of6Li, °He on*C

0.6} -
e ® P
°
o
0.4+ -
X10_8 210 MeV
N,=0.45
- . -
0.2 - 2
6 . R 318 MeV
® || N,=0.5
6 . .
" "He °Li + "°C scattering
% 100 200 300 o 20 = 10
E[MeV] Oc.m. [deg]
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