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1. Nuclear Clusters in Nucleosynthesis
2. Thick target method with RI beams
3. Resonant a scattering

— elastic and rearrangement

4. Direct o-transfer reactions




~ ler than o.coo000000001 cm. which is the radius of a heavy
‘atomic nucleus. The big drops of nuclear fluid formed in the
very first mumcnts of expanmon, must have been contmuously

Gamow;
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Model

1947

Fig. 24. Picrorial history of the Universe. 1. All space is filled continu-
ously by super-dense nuclear fluid. 2. Nuclear fluid breaks up into sepa-

_ rare drops and a series of successive fission-processes lead to the formation
of nuclei of different elements. 3. The origina! gas breaks up int separate
giant spheres: the stars. If this drawi ving were done correctly there would be

ﬂ“\f\11f 'ﬂ" cATMaraka ﬂﬂ!ﬂfﬂ fﬁfr\me\ im bﬁ{‘s‘l MPFAYYIFN  a Tka ﬂf!mﬂﬂll!v 'IﬂI‘l\m



Gamow;
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the stcllar reaction reduces to the transformation of hydi-qgen

' HOW THE STARS USE ATOMIC ENERGY 73 .

“with a carbon-nucleus, we can just as well start it with a

nucleus of mtrogen, or for that matter with any stable

- nucleus pamcxpar.mg in the cycle. Since, in the final count,
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Flg 21. “Stellar reaction.” Cnhimhbgm-cycle according to Bethe and :
Wenzsacker

3

into. helium, the catalyzing nuclei of carbon and nitrogen.
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°‘j Gamow’s Nuclear Cluster Model |

W
jum. Thus in this case the two fragments take respecuvely 59

Fig. 31. Why a nucleus containing several subgroups of particles does not
nevessarily break up into two equal pars. Of course, this figure gives only.
2 suggestion of the actual situation in the fuclevs. In fact, different sub-

groups in the nuclei are not separated, but penetrate through each other.
like members of different political parties in a country. ¥ g

and 41 percent of the original mass, with the possible addi-
tional variations caused by the circumstances of collision with
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Cluster Nucleosynthesis Diagram (CND)
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Two Methods for cluster states
in unstable nuclei

[1] Cluster resonant scattering with RI beams
- Thick target method with inverse kinematics

[2] Cluster transfer reactions
- Direct transfer reactions




Thick target method
with RI beams



Direct Method with RI Beams

RIB intensities reaction type

104 pps -  Resonant scattering w/thick target method
eg. 2 Mg+p

10° pps -  Rearrangement reactions
eg. (o.,p), (a,n), (d,p), . . -

10° pps 2> () (@),...

L» Total system development;
1. Ion source 2. Accelerator

- SuperECR - Modify central region
3. Beam transport 4. Production target
S. Separator - Multipole element ¥




Unstable
nucleus A

Thick target method for
resonant scattering; A+p

For a case of proton resonance

JUSEEETEE S beam Study of p + A(=unsyable nucleus);
{ H2 gas ‘:1 stop
R geewows
—% I:* P = = = i
i : : ' > ® Originally proposed by
N Ep 5 p:E 7 K.P.Artemov,et al.,
s ) Sov.J.Nucl.Phys.52
E, E, Si (1990)408
: : detector
"""""""""""""" X E+AE/2 )
v Y(E)= I(E)I (E ) dE,
~AE/2 &
h

scan I(E) : Number of beam particles

E€(E) : Stopping cross sections

E, - 1/ (1+A)
E. (—Si Energy spectrum)

E, - 1/ (1+A)
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2C+p Resonances
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2C(p,p) Excitation functions
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Resonance Parameters

The reaction rate can be written as follows; Resonant elastic
2T =

" Y2 hey e T scattering is sensitive
H single particle

<ov >=(

Here, the resonance strength @7 is defing \nature
o @ +n /LT
"7 3, 23,4 Ty

A(p,'y)B A+p I

0.0

B 13
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CRIB; Low-Energy In-Flight RI Beam
Separator at CNS

FO Production
2 target

F1: Momentum | = )
Dispersive “‘ ,ﬁr .
Focal Plane .lfs P"Hna

- Momentum Slit } ‘ (LOW-Ener
Slit eyt Fro
- Degrader (thin foil) \. . I
N — From¥=— AVF

——— / RIKEN AVF D
L—“-—!L=,!/i‘ :// Cyclotron

Fl Ig?gfl /. _" = F2: Achromatic

) E— Focal Plane
Degrader o © , ” . Experlmental setup
./ L ”"l""f " l-l Vi1 y ..l_ \..
® RIB ~ 103-8 pps at F3 -
® AE/E ~0.5-1 % o 2 Wien Filter
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BN+p experiment (14O resonances
p exp

@ Scarch for

unknown resonances J7T ? —p
Astrophysical O_ 9

BN(p,y)'*O reaction 4 6280 ¢

rates |3|\" rp

@ Spectroscopic
factors for single-
particle proton
orbitals

single particle resonance ?
(p1/2+s1/2) J=0-, 1-
(p1/2+d5/2) J=2-, 3-

— . s ey e e ————— — —

J7-0*

40 !

.77 2t

. 556.59_42"
£ 9027 {3-
5.7 - [~o*
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1UN(He,t)*O E;=420 MeV

Counts
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3N+p result (4O resonances)

1

1 1 [ I I I | I

I |

6;45=0—5°

2~ at E,=6.79 MeV

-

1 1 | I I 1 11 1 |

H Energy resolution
1 ~20 keV (FWHM)

Level at E, = 6.79 MeV
(r=-) by “N(3He,t) reaction

— New J* assignment J* = 2-
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Solid line: R-matrix £cu (MeV)

New signature of O~ level

at E, = 5.71(2) MeV
18
with T =400(100) keV




Summary of SN+p

E =
7 77 25+_8 MeV J7 Ij 1—1exp 1—ws.p.
' keV keV
6.79 2- (keV) (keV)
6.27 3 1= |sy, [42(3) 45
p— | 0 |s,, |400(100) |550
517 1- il\?fs 3” ds, | 42(3) 53
0 o 2= |dy, |96(4) 130
140 P
owerful to study|
® The first exper| . y | in 140.
® J"=2 has beg Slngle partlcle .8 MeV level.
@® TheT of1-,0-,3° 4 conﬁguration particle values (I's.p.).
[, values were estmmmaeormm oo

1~ & 0~ levels: BN+p (2s,,,) resonance
3- & 27 levels: BN+p (1d),) resonance

xon potential model.
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Resonant o-scattering

- 2INa(a., p) reaction -

20



Basic flow of A(a, p) reactions

/ —  State !?
FY
A+a i \
>
Q>0 | Il Ver lm}lch\
possible from
Btp Cluster
0.0 threshold
- Y . rule )
C

(2J r T 1) FO! FP
(2Jd, +D(2Jp+N Ty
o I, (@f l“p>>1“a) 21

Reaction rate oc wy =



A resonant scattering of o + "Li

. _IWIWI}ITIIIIIHITIII[II[I[[II[[i[lllllll_
14 |- —
(Yamaguchi, PRCS83) f :
e L L I A N U 12 |- ]
— C : — |Range of present —
5 200 — 8res, 3.2 :m — - measurement -
- £ —-—- 6res, 3.2fm 7 - -
E 180 .. 8-res., 4.0 fm E -Y e A —
c 160 3 10 — —
2 140> 3 = [ §
e E 2 [ ]
o 1205 E - 8 / ’Be+a threshold |
g 100 = 5 | Kk=32+ [ 7 i
S ot = s | K=5/2+ 57 i
s F 3 S 6| -
€ 60 # % A& f) TN = 2 L ]
g 40— = -% - - Negative band #1 i
s _F = 5 F o 1
0O 20 ] 4 — / —
Y =T N I B N r / 7
1 15 2 2.5 3 35 4 4.5 5 i / ]
| Center-of-mass energy (MeV) o gh / _
A TN IR IR AT BT I B AN / -
10 105 11 115 12 125 13 135 =N/ -
1B excitation energy (MeV) o L qj: ]
7' L1 11 ‘ L1l | L1l | L1111 ‘ L1l { L1l l || | L1 I7
0 5 10 15 20 25 30 35 40
J(J+1)
TABLEI Best-fit resonance parameters of !B determined by the PLESEIL W ot o iis ) e v e oemm e e n aan mven e e am wmmn —m e L~ 3e 13
and the other values are determined by our measurement.
E., (MeV) J* ! I, (keV) Iy, (keV) v (MeV)
This study Ref. [18] This study  Ref. [9] Ref [13]
1024 3/2” 2 4 (<9 72 0.089 0227 0.05
10.34 52~ 2 19+4 94 0.32 0.09
10.60 7/2% 3 10+3 30 15 1.1 0.640 0.084
11.06 + 0.04 52t (3/2%,7/21,9/21) 3 32420 41 1.25
11.29 9/2% 3 3544 63 0.89
(11.59)* (7/27) 4 270(T, = 580) )
12,63+ 004  (3/2F [6], 52+, 7/2+,9/2% [22])° 3 33-400° 275 330 020-1.3 22
13.03 9/2- 4 140750 58 2.5




Early Stage of
rp-Process

Cycle;

4H—*He+Q

}

rp-process N
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OP-Process
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Scientific Motivation

1 Gamma ray observation of >>Na

22Na (t,,,=2.6 yr) is one of the target nuclei of gamma-ray observation

- Try to observe this gamma rays (1.275 MeV)
to learn nucleosynthesis in novae and other explosive phenomena

] Ne-E problem in presolar grains

Origin of isotopic anomaly; high enrichment of 22Ne in meteorites

In the Orgueuil meteorite, 22Ne/?'Ne > (.67
(terrestrial abundance: 2?Ne/?Ne = 0.10)

1 Study the op-process

Very few (a,p) reactions were investigated directly. Need experimental study.

24



Beam production

Primary target

, /S CiNe(d n)2!Na in inverse kinematics

CRIB/ P95, 6.2 Mevy
D i
‘ o, g + _—
21 = gy~
Na beam s | )] “Nebeamp:
q A F2 ,‘f_.; AVFC,VCI tro:]n the
Energy: \ oAl Wlen fllter
N L/ H U EXB Secondary target,
39.5 £+ 0.9 MeV a offaq o P detectors
oo Na ( beam
Purity: . .
100 |
83-95 % . Purity <10 % |
0
o ; y Purity > 90 %
Inten8|ty 80 21Na11+
@ [ % 20, 10+ £
~ 5x10°pps 3., @ Ne
= é . 21y do+ @18Ne9+
L ;— g 20Ne?\+ R %-ﬁqg . 8 + ZONéo-c-
we . @ auf g |
S v e e/ g 14N7+ D ot . ]
Ne', & +
20 "0 s+ 19NS T . :
& Ne P .;
AT N " 1N ’
S R R 60 a0 100 I oo w .7"025 |
TOF (ns) RF (ns)



Problem with the thick target method

Need to distinguish
Two transitions !
Scan  Ep~Ep’

\Ep,

A+a Ep

B+
0.0 P

C 26




Extensive Active Target ;
GEM-MSTPC Target/Detector System

Hashimoto
@High rate operation of tracking both the beam and the reaction
particles with a rate of 5x10° pps Identify the reaction

@®Measure a full set of data (x,y,z,AE,E,t)

position = Er

GEM-MSTPC

27



R-matrix analysis on 'Na(a,o)

o reduced width

E, (MeV) | Ty (MeV) | T, (MeV) J7 2 {%

3.32 £ 0.07| ~0.15 ~ 0.1 (3/21) / TR
4.08 £ 0.08| 0.15 - 0.19| 0.04 - 0.15 7/2” 66.7 — 84.4 \
459 T008 | 0.12 -0.19] 0.02 - 0.08| (3/2,5/2)1| 25.8 — 40.9
5.34 To6e | 0.17 = 0.19| 0.02 - 0.08 5/2" 17.3 - 19.4
5.98 000 | 0.22 - 0.24 | 0.01 - 0.08 3/2- 5.1 — 16.2

SN—="
o-cluster

resonances ! *



Direct o-transfer reactions
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(a,p), (o,n) reactions at low energies

ra
Small Er
Fn
A+a L, \
. B+n
roc determines When Er is small,
the rate ! 0.0 | ", becomes smaller
even if the alpha reduced
C width y_? is large.
¥

Direct o-transfer reaction

30




Direct a-Transfer Reaction

13C(6Li,d)17() Reaction interaction;

V= Va 4 (post form)

‘ +13c (prior form ““
6L1 &\/ TRre. o -

//170*
The transition amphtude

T= .[Zd”O(kd 5 r) < ¢d €017O |V | ¢6Li¢13C >| Z13C6|_i (k6|_i 5 r)dr
| l

!

~ Reaction form factor
Ry g < Pug | PPy >

Direct reaction provides
structure information when one-step *



Direct Reaction Theory;
Distorted Wave Born Approximation (DWBA)

A+a—>B+b+Q (e.g. ?C(°He,d)!’N*)

do™ _M.My K, .
dw 2an’)" K,
The transition amplitude T (B(ELIENE) is

T :fZ:;B(kb»r)<§0b§0B IV [ @208 > Yan(Ky,1)dr

distorted wave f . distorted wave (ZEphJ%)
of the exit channel reaction of the incident channel
interaction

The Form factor can be written as
<00, IV 9.0, >=<d"N" |V, [He"C >=V, (1)< 4,.. |4, >
Thus

d Exp d DWBA
vo  _ S o Spectroscopic factor
dw "N dew (52 EF) 3



o-Reduced Width and
the a-Spectroscopic Factor

: : (Indirect method)
Breit —Wigner one level formula :
2
o(E) =7 h 2J +1 F%Fn :
24E (28, +1)(2S, +1) (E—Eg)> +(T'/2)
k R ,
I =2 o (Y =W1
“ IR kR 4G (kR o-width
R = (A 4 AV ; (observed)
=T +
O >y, o-transfer
Vo= S oS - a-reduced width reactions
y7;

da
)EXP / ( dQ)DWBA ; Spectroscopic factor




Application of Direct Transfer Reactions

1. Reaction mechanism
*Direct process ?
* Coupling to other channels
* Multi-step processes
- Compound nucleus formation
2. Optical potentials
3. Bound states (Interaction)
- Interaction- separation energy method
 Bound state wave functions 54



Elastic Scattering of 130 on %W and %Pb

T T T T i T 1 T T T
lBo + 208pb ~
x1.5 2 20 MeV

.0_— —]

G/ cSRuth

Need to treat other channels explicitly !

0.1 |- —

0, (deg.) (Thorn, PRL38 (‘77)3384)



L=0 and 2 transitions of ¥*Ca(p,d)**Ca

Ep=351.9 MeV
do l. f4 | I B I | | lao ﬁ 39 T I T
(mb/gﬂsg : OCQ( p,d )39CG : i do | "0( Py d') bO (2.44) sl
r - o . _ . . - . dn » ’I \\'
- E\&Q’ Ep=5I. o s
5.0 : \\\\.‘\‘p - p 5' 9 Mev o : (mb/sr) / \\ Ep 5'.9 MeV
et : \
B |0
- )
I.OE'- ': [1 ¥
= .g.s. da, -
4
4 -~
.0
L.OL- &
= -
: - .
— [ /7 —':?:;_\\\ . ‘ B B
- 6.4 ds, '%;;00\..\\.4\\ | Ok fotmer2s tm o/ ot
: . N s _ = ~—= ZRL oo O\
0.l —- ZRL N T ' — — FRNL \ﬁ =
- E  —-= FRNL S TN - —— J.ZRL \ ©
7~ JZRL o - —= J.FRNL A
- T J.FRNL : ~ '
| I U NS NN NN S MR | ' _ T T N L D R T |
O 20 40 - 60 80 ' 0 20 40 60 80

@c,m.(degrée) ' | _ecm,(degreé),
. ‘ )
(Kubono, 753



Two-step processes in °Ca(p,d)*°Ca

*“Ca(g.s.,0")>~0.9|0p-0h>+0.4|2p—-2h>+0.1|4p—4h >

3.63
3.00
2.77
2.44

0.00

9/2- ---
3/2-
7/2-
1/2+

3/2+

Gerace, Green(NPA93)

J=3®d,,!
Rl 7 4.49 5-
A 390 2+
R N 1
~3.73 3-
B.=0.20
B,=0.12
By B4+0.32
0.00 O+
39Ca 40Ca 37




YCa(p,d) to states at 3.63(9/2°) and 2.77(7/2°)

- do
da
{pb/sr)

. 100

10

LR AL

1Tk

l’l]ll

.
0y
ooooo
. .

/

r .1 i &

4OCG(p1‘d)39C.G o B
PP 363, 9

/
[
.=
2
=
|

BEST FIT
] ) 1 i ] 1

20 40 60 80

@C.m,(dggr |

38
(Kubono, ¢75)



Two-step processes in °Ca(p,d)*°Ca

| — ]  — T T T T

det *°Ca(p, d)*°Ca (3.00, 3 -

(ubsn)| D|irect
; .
:.- - . \

(CZS)Dll‘eCH‘TWO -stp = 0. 24(CZS)Dll‘ect only

O 20 40 60 8 O
ecrm (degre¢

39
(Kubono, ‘75)



a-Transfer Reactions on °C for S

I

x

Besa

Good a—cluster

state ?

7.202 3/2+

7.166 5/2-
6.972

6.862

6.356 1/2+

]

5.939 1/2-

AN

AN
AN

AR

0.000 5/2+

1?0

r -2 13C(0,n)1%0 Stellar reaction

One of the main n—source
reaction for the s—process

Contribution of the
Sub-threshold state !

Deduce S, by a-transter

r. Reaction (°Li,d)
\ 4.143 ‘

Iﬁo_l_n

<0L>
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3C(SLi,d) 70

E,(13C) = 8.5 MeV E, (SLi)=60 MeV
(E...=2.7 MeV) (E,.=41.0 MeV)

45 F ez N a—
r 172 ey O I
L (§) T
40 : é?oﬂgf;v 6 222 _5_2‘2_82_2’2’ 150 ~
L 22 At 1 13 .
35 ? \ 384 s 1'2'012n 2 %% Eiﬂ C(SL d)]?o
: W ~B8 e -
30 ‘ ‘ e “ § e S5 S E, .. (°Li) = 60 MeV |
@ [ — — | g l I 3 Biao = 30°
§25 :_ H l Gro“f’ 0.87 1w élm [ ~ l g : .
Q20 | / ‘ 55 sl | § ife], T, J 5
n ' B Q S = + 7 o
O . i\ 455 "o z 2o > l E + St
L n 8 ) o =)
15 : J l‘.‘ 32 0.87 § \ 3 g g - g
o ‘ ‘ [ L 172 O 50F [ @ 5 =
L | gS = = o
10 ¢ ‘ll \ J| “}/26 512° I l 2
N | | l f
C
ot I g Bl j\ n
2 4 6 8 10 12 0500 ' 1000 1500
Energy(MeV) Channel Number(Momenturn)

(Johnson, 2006) 4




do/dQ (ub/sr)

10

Angular Distributions of 3C(°Li,d)!"O

087 127
L=1

| | 1

lllIII
0 10 20 30 40 50

)

10°
3 “CLi,d)''O
A E, .,(°Li)=60MeV
10" | .
0 12 — SET2 + SET4
D N - Y SET2 + SET5
10° k
A
10° E
100 PR I (T NI PR I T T NI
0 10 20 30 40 50 0 10 20 30 40 50

Oc.m. (deg)

(Kubono, *03)



12C(5Li,d)!°0O

E, =20 MeV

T T T - 'I
2.0i"x1t.')'1 Eex= O MeV; J7= 0% N
‘ 12c (sLi,d ,160
15[ \ Ecm= 13.33 MeV
i ' / \
“, A *
05 NL . P
N TR -
}_, [ ] H : : - 1 | A : | 1 1 1 1
' .= 613 MeV ;J¥ =3~
| (E.= 606 MeV ; J*=0")
15; -

doldag,(mblster) 5%

' 1
10'— \’\3 -‘-L.n_( ]
! i !

(Meier-Evert, 1968)

(E..=13.3 MeV)

Fusion cross sections
changes drastically

at a few — several MeV/u
by

O-fusion(Ecm) o 1/Ecm

whereas c.s. of
quasi-elastic processes
Increases 1nstead.
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2C("Li,t)'%0 E.; =38 MeV

e Re(TLi,'egt = (E m=24MeV)
~ ELy = 38Mev s L == L 11180 ¢
N 88717 (2 _}/L EL;*38 MeV o« e
o A I Statistical
*—s 887 2_ 1000 - = = 20.8{7“) mOdel
= calculation
- — 1000 \'\\\ = =1 |4.az(§+)/5
= R e il
<10 < — - o
gi . = e =1 100 t w»an | | *Forbidden
-~ A °T—e Q i 2 < ad — — °
g \\ ¢ | | 4 17L T~ . N v by the dll’ECt
8 N Lo || T4 Tyt! A \ ¢ ] pd
10 = I — AN * L
==t asc07 = w0 S B S . o-transfer
; f . : 138E3E*) ]
71 S~ =1z | 90 deg.
<, } ™ ot—2 s
0 —— /I/ 00\ ') lopol o1, ol e symmetr
= $4~ :.s.(O"l N “\:' e —mi%/m’*i/g y y
. = |
i v ) v
o = ot 1L .4 | | Compound
Il ' ' ¥= 9g4salin) - —
nucleus process
Y620 e w0 w0 @ Wo o Bo |0 0 w0 @ #_ W0 0 W0 %0 B 44

ecrn. ec.m.



Cluster Nucleosynthesis Diagram (CND)

Energy
Release

@\@ o (Cwee CQoses (Closses (along

' Evolution)

[ @. @“ @“. @““ e-Process
\ oo
30, —12C

@
EERA Y
° 12C_|_12C —>20Ne,23Na . .. .”

o0 o000 Oo
*WCa+to — HTi @@
cese (Kubono Z \Si-Buming ¥

Phys. A 349 (o-process)
56
— ke (1994) 237) ®\_ B.-J




SUMMARY

1. a-cluster states play a crucial role in nuclear
astrophysics.

2. a-cluster states can be investigated by resonant o

scattering with the thick target method, and by
direct o~ transfer reactions.

3. Direct o transfer reactions need to be applied with
cares, especially for the reaction mechanism.

4. Cluster Nucleosynthesis Diagram (CND) is

a good guide for understanding nucleosynthesis
flow after hydrogen burning in star evolution. ,



