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* Introduction
— Nuclear Reaction and Structure
— Inverse Kinematics and In-beam Spectroscopy
* Inelastic-type reaction
— Characteristics of do/dQ2 and alignment
— Folding model for analyzing data
— Examples
* Transfer reaction
— Matching Condition
— Asymptotic Normalization Constant and Spectroscopic Factor
— Examples
* New types of reactions using Rl beams as new probes
— Exothermic reaction
— Transferring various quantum numbers
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@ Exotic nuclei

* Structure and Dynamics of Nuclei as
functions of N and Z in a wide area
of nuclear chart

— Collectivities / Single-Particle

— Properties of Nuclear Matter

— Decoupling of P and N <=>
Isospin symmetry ol

@RIBF
m Stable

New Magic Numbers |
Shape Coexistence i
Neutron Skin/Halo

@ Known ~ Available now

>103/s

Di-neutron correlation m1-10%fs
GIGHT/PIgmy 103-1/s
Resonanogs*f Theoretical Prediction



Studies in Neutron/Proton-rich nuclei

Size/r-distribution

Size/r- _
distribution ALASAJ — OR, elastic scat.
— Skin/Halo Shell Structure

Shell Structure
— New magic #

ATq,0,.. .
) \

— Mass /S, S,,
— Inelastic scatt.

— Isospin/ * Low lying states
Deformation — Knockout [ Transfer

New modes * New modes

- IVka — Coulex

— ISEo, ISE1 — Inelastic scatt.

etc. — CEX

Mean field / Correlation ... . etc.

Transition Probabilities

[

Inverse Kinematics w/ RI beam

Y rays

RT beam (0.01 - 106 pps Exc. States Y e =" Par‘hcle Decay
AE ~ a few %) *,

. _ i . — Fragmenfs

Target as probe (10 - 1000 mg/cm?) 7

—

M, =<E Jm, T8, HO IsjT;E) HE

[l

Cross Section o« ‘M ‘ Lifetime o 14M

|EJmTE) and/or‘EfanfT,;§f>

[Ad A i 4

&)

observables

to be studied

O(ISjr;E ) : Propety of Reaction / Decay Processes ~ Selectivity

Determine Quantum numbers and C.S. (lifetime)

4

« Configuration / Collectivities
« Single particle / Correlation energies

*  Formation of Excited States of Exotic Nuclei
— Direct reactions and their selectivities
+ In-beam spectroscopy measuring decay products
— Invariant-mass/y-ray spectroscopy
* Particle detectors at forward angles (kin. focus.)
* Gamma detectors surrounding target (Doppler shift)
* [Recoil particle detectors]

Probes for direct reactions

* Heavy Nuclei: Strong Coulomb Field
— Coulomb Excitation, Coulomb Dissociation 1 .
- E1,E2, (M1) / Isovector O(E)”)“E(E‘Tf)’/ v,(7)
» H, D, “He [Liquid targets]
- Inelastic Scattering 0=0(,S,J.T) 2 . 20‘ ty
+ Isovector (H) / Isoscaler(H, D, “He)
+ Spin-Flip (H, D) / Spin-Non-Flip (H, D, *He) Erjrj onrjr]Y
— Charge Exchange I
+ Fermi type (H) / Gamow-Teller type (H, D)
— Nucleon Transfer
* (o), (o,3He), (d,p), (d,n) ... Reaction
*+ Knockout Oxa(l,s,j;)
* Other (Be,C,..)
— Inelastic Scattering
— Knockout / Fragmentation

f=LL+2

Oxa*(l,s;,j,;)



@ Observables - reaction/decay @ Typical Setup of Experiment (before RIBF)
measurements
Charged particle detectors

+ VYields (Cross Sections) / Lifetime / Width Plastic scintillator

— Spectra: As a function of Excitation Energy (+ incident energy) SSegmenied Ge Gamma-ray AE, E, and position
detectors

— Properties of populated states (<- Selectivit
peries o1 pop ( ) defector Hodoscope
+ Angular Distribution / Momentum Transfer 30% Doppler Shift 75 Nal(T1) AE E
Reliable Reaction Models with small numbers of parameters @140° F3Pl detector
— Assignment of L -> J* |
— Eikonal Model [Knockout] 12Be 1 | L vacum 12Be 13B

Virtual Photon / DWBA / Coupled Channels B~0.3 I gL
[Coulex, Inelastic, Transfer] \/ -I—‘ B~0.3
PPAC Mylar

— Optical Potential / Transition Density
+ Folding Model with Density Dependent Effective Interaction

Same Nucleus can be populated via

Beam tracker
Different Processes withot changing

Position and direction

* Angular Correlation / Alignments ——rosmonanddiecion L T DetectorSystan
. .4m
— Assignment of J= Liquid Helium Target with Cocktail Beam andjor
12o0mg/cm? (4K) changing target

H. Ryuto et al., NIMA 555 (2005) 1

Cross sections as a function of ...

(@ (@ WEDBINFR (atd=aF v VRIL) DNI =Py, BEEY

H =ha(ga)+hA(§A)+ha(Fa’§a7§A)=Ha +Va
HY = E¥;h,(7,.£,.8,) =T, )+V,(7,.5,.E,)
&) = 1) = = V2 17, )

a

ha(ga )¢a(§a)= ga¢a(§a) 5 hA(gA )¢A(§A)= €49, (5,4)
@, =9,(8)0.(,)olk,.7.)

Experimental Setup (example)

:an eigen function of H,, at[r, — ] A
-y ] - - Y
(p(k,r)= (2 )3/2 exp(zk~r) ° )
T Hy s Do =Tk,
: Incoming Plane wave
zkj e o 0 ‘ ‘ ‘ ‘ e o o

E, =¢,+&,+ 2
Y,



(@ (a+d) > BB R © b+B F v I RILD/\Z)L =
H=h,(&)+h,&)+h,F.5.5,)
= 1 (&) + hy(E, )+ 1, (7,0, 8, )= H
byl 5.8, )=T, 7, )+, (F,,,sb,sg) s /

b7 808 )= T, 7, )= ———V2 [F, — 0]
2uy,
hy (& ),(&,) =

I'd

e (&) : hs(E:00,(8,)= 40,5,
q)/g =p\k r /3)¢b(§b)¢3(§3)and
sc 1 eXP(’kﬁ” ﬁ)
DY = k .k , .
B (2”)3/2 , fﬂa( )¢ (/gb )¢B’ )\ Jo\
: eigen functions at [, — o] /’\\\? \\\ )
L =& +&,+ hzké :.> H ‘ ‘
2w, 2u, —

(&

E =¢,+&,+

@ Lippmann-Schwinger Equation
BRFHEZEAEESAEAX
HY (E)=EY.(E)

H=(h,+h +T,)+V, =H, +V,

;.Va‘Pﬁ;)(E)
E-H_ +in

W (E) =2, (E)+

- __g (5
E-H+in

1 Voo ( E) MNHEREREL D
E-H, -in

= (W ()W (E)) #aiansia,
FER O, NRHSNSHERIE

WO(E)=®,(E)+

S

Ba —

“ﬁ Py = hl;/f

@ a+A — (b+B) RIMDIEFRFEH

CORBEEST . atATAST DRRICER DT 2HBERIL.
AR AL T O&ME B SR TS0
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- ASTEERUMNCAREORKIEHLY \
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NoLDEHERI-T KB ‘
v g (K, a)¢¢(A ) V"::/ //
1 explik,r
(2”>3/2 Z p BB f,ga( ﬁ)(;)ﬁ (> 2body)

s
Py = D95 S e (ku , kﬁ ): Scattering Amplitude

@5 r550. MOWER. HEIRIE
Tﬁa(];ajﬂ)=< (/3’ ﬁ’gﬂ)‘V TS ‘qjm( kasTarSa> )>

:Post Form
<1P( )(kﬁ’rﬁ’gﬁ’ )

: Prior Form

__‘fﬂrr( Kes /o’]

a( a’ga) (I)a(l;a’;:a’ a)>

daﬁa
<2,
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FERNIL VT (PWBA)

)= @a(lga,?a,fa)+... NEERER

lp/g’_)(ﬁﬂjﬁ’é:ﬁ"”)= q)ﬁ(];ﬂ”jﬁ’é:ﬁ)""” RRZRmE

Tﬂa(#a’];/f)z<q)ﬂ(l€ﬁ”7ﬁ’§ﬁ)‘l/ﬂ(?ﬁ’§ﬂ) @a(l;a,?'a,é‘a»
: Post Form
,~.<cpﬂ(1€ﬂ,fﬁ,§ﬁ) v, (7,.£,) @a(1€a,?a,§a)>
: Prior Form

expliG-7)= 4%2 i'j)(qr)%,,(7)Y,(q)

Bk 2)UESER

jn (.7TX) 0

n=l
n=2
1
=3
—— "
s AN —
— 0.1 n=5

@ Plane-Wave Born Approximation (PWBA)

Wk 6] = @, (K, F ) +
Wé_)(£ﬁ ,?,E,---) = q)ﬁ (lgﬁ ,?,&) + ... PlaneWave +...

E)|Vs(7E)
ﬁ,?,E)‘VG(F,E)‘CI)G(IEQ,?,§)> : Prior Form

! &rV(F)exp[ig- 7], where =k, —k
(2%)3 « F

(05 EVo(7£) () = (05 BNV, (7.5 0(8))

@a(Ea,?,§)> : Post Form

v(r)

T matrix: Fourier Transform of Interaction (V)

@ gi"ﬁ%&%lj @m@;&fﬁ) I_/ \Jﬁﬂ;{ (15”) Criterion (c.f. Schiff p.326)

V(r)= -

4

- Fﬁ}{i‘(eZik’ - l)V(r)dr =~

w, R VR

0=
1+ exp[(r - R)/ a] ko hv,
100000 Vy =10 MeV 1000000 V, =20 MeV
\ R=5fm R=5fm
10000 a=0.65fm 100000 a =0.65fm
64 64
u=4-—amu u=4-—amu
0.7 68 10000 68
1000 T, =240 MeV 1.4 \ T, =240 MeV
\ 1000 <
|4
100 AN \
\ 100
10 Square Well (e 10 _?Sﬂaﬁz;” \
—Full §-8) s
W-S

15 20




@ JESHMBIEL D ERNIL AR (PWBA)
T (Kk) = <<1>a‘ (ié',f)‘v, (F)‘(Da (1}’?)>

_ (2;)3 F v, (¥, (Fexsi(k - ) 7]

1 . \ V.BR, _
=ﬁfrzdr],(qr)VT(r)Ylm(q)z 02/22 Ylm(q) [a—0]

HZ&Y LB DRED

o 3
T2 (k.K') = %f;f . (@)exp(~(ga)’)x BHSHEND
2 4
jz(qR)+4(%) qRj, (qR)+4(%) (aR) jy (aR)
1-1
V,(r)=-8, %d‘;_fr) : Tassie Form
F v, (t-R) v,
V(r)=[d 0 - ~ 0
) ‘,f tx/ﬂ(2a2)exp 4a’ 1+exp[(r—R)/a]

[\

* For Kinetic Energy > Interaction Potential

Eikonal Approximation (Glauber model)

H=(h(g)+T(F))+V(F.§)
W(E)9.(§) = £.04(8) 5 h(E)D.(8)=e.9.(E) : Internal
Ik, ~ Pk, >> ¢, —¢,: adiabatic approx. ; |V|<< 'k,
2u 2u 2u

R

\% III;J') = ihvaeﬂg{l ! aaz{exp[_hl‘;a f—zm dz V(I;’Z‘ ,g):|}

[\

FESERMEBIEL(L=2) DI @R NIL > E L (5)

davir
V,r(”)=—/5’”—() v, =10 MeV V, = 20 MeV
dR
R=5fm R=5fm
a=0.65fm a=0.65fm
100 64 64
—4-2 amu 1000 =4-— amu
“=" 68 “=" 68
07 7 T, =240MeV 1.4 T, =240MeV
10— 100 /_\
| \/B\/—\ 10 R |
01 ] \
Square Well S el \
—Full§-$) —FSTla;'vefs?
W-$ W-s
001 L : | o1 I |
0 5 10 15 20 0 5 10 15 20

[\

Eikonal Approximation (Glauber model)

Ta'a = hvﬂf 3
i(27)

8ol

[ @vexs(ia-b)(s, @)1-T(p.)

. Profile function

0u(8)).

‘ Including multiple scattering ‘

X(I;,E) = h_vla f :, dz V(l; ,z,fj) . Phase shift function

* For axial symmetric interaction

_ v,
i)
Elastic :

S bdb 1, (gb)(#.()1-T(5:E)

0.(5)).

Fua0) =ik, [ "bdbJ,(gb) [1-r(b)]—>%Jl(kaR9) : Black Disk
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Profile Function (example)

Profile function V, =100 MeV
' ' , = 40 MeV

R=5fm

a=0.65fm

64
05— M=4«&amu

()

T, =240 MeV
k =6.39 fm"
B =0.359

Imaginary

0.0

* Absorption (W,)

00 25 5.0 7.5 10.0 125 50 e Phase Shlft (V )
o

()
Menu

* Inelastic-type reaction
— Characteristics of do/d<2 and alignment
— Folding model for analyzing data
— Examples

2009.8.26-9.1 CNS-EFESog

®

Differential Cross Section (example)

105 |
10t
&
Qo
£
a 108
E £
o}
©
. Black: Eikonal
10% —
Blue: Exact
101 [

64
—T 1 =4-—amu
¥, =100 MeV 68
W,=40Mev Ty =240MeV
0
R=5fm k =6.39 fm™
a=0.65 fnr_l‘| B =0.359
o, =2850 mb (Eikonal), 2860 mb (Exact)
0, =1490 mb (Eikonal), 1430 mb (Exact)
0, =1360 mb (Eikonal), 1430 mb (Exact)

@ BorniZ{£l? Criterion:

_h‘uka(eZikr

0

hv,., ~60-200MeV fm; V R ~40x 4

DEISR (IO

a’...) ’ 1p§;>(

20

—1)V(r)dr ~ “—‘f5=V°—R <<1
ok R,
x3 MeV fm

proj

[EEAEHIZSNEL !
BERISFEREDEDED

PWBAI[Z., IRIRD R
(RIDFroRILA~Dflux) ZEY
2L

mfp = h
P N2uWw

14 fm (for W~204, MeV)
A P

P

fm

Ko Tyn &) DEYENERIE?



@ R ELAYEENT VY v )L el CE D85 @%5&* (Eikonal 3D V. =100 MeV M=4,%amu

ﬁ ‘ W, = 40 MeV _
III(+)(ka?ra?§a,'.') ’ lpf(j_)(kﬂ ’;:ﬁ ’&ﬁ ,'.') O)ﬁﬂﬁtb—c VO +iWO : e T;n _240Mev
V(l")=—1+e [( _R)/ ] R=5fm k=639MeV/c
xp|\r a a=0.65fm B =0359

- WHHELT v 2L O KB, MEIRIBIERT v LS R

(FIELLY, e -
*a+A - b+B RICETRTIVDEER S A HEIEEE LT D, "E X’m; | | V:(r)x“*) e
YOI ELT. RTUIvILBBOE@EALNIELSZES, PEZIR | "B = o
- W (PER+RER) TR (BIEMELICESMER) (RE === = . .
W)EBEES . GEUHEICEBEELR)E. RS, == == i
- DWBADEH EI—F4ETIE, FHIKEZ EMREBLTRO D15, == —— < o -
IRLE—DOBEVRETE, BHROAEHENKEHY, R N = ==—1| 1 —— — i
BLAELARLY, kb~(1+1/2) S— . oo e —— o
« L&, Eikonalif Ll CEon - REIBEISE ALV ZR A5, A N = == .- —_—
BEHMERRICIDIEBERGLD(THFIE(Satchler, (A& - HHKRE) i -
ESEOE i 4“
— e p(ofm) — 7 B i p(fm)
@ EHRZAVVCRIN BEEAORYAH @ T=HENRN)L I (DWBA)
(RZERTUIYIL) (i = o3
FOE) = k) = 2 (Ko )&
H=(h, +h, +T,)+V, =H +V, = H, + U 4V, WOk, 7, 8 oo) = o (R 7, ) 04 (&
Y = 1 = . ~
20(F) =gl 7, )+ Eo(T, +Ua)+inU“)é‘ (F) sz ﬁa(ka kﬁ) < ( )q),; ‘V (ka,ra)¢a(§a)>
) . 1 ) : Post Form
(F) =qlk,.r, —U X, (F) mm=EZghig o7 - . o7 -
A7) = r)+E—(Ta+Ua)—m % = (ks 7, )05 (8) V2 ()| (K 7. ) ()
T ) = (5 B ol ) 5 o (6.7 5. )  Pror Form a
: Post Form = <X;3 ‘F /3’) )C(;)(ka’ra )> (y =aor f)
=<qyl§->(l€/,,7ﬁ,§ﬁ,...) v, (7.8) )é+>(l€a’7a)¢(§a)> Féa)( ) <¢ﬁ(§ﬁ) (a,rﬁ,g:aﬁ) "‘(E")>Eaﬁ : Form Factor

s rom s FRETREFERE T hIEEL



@ _
FERE D BHERT Y vl

R MHAORT )L (B-G, CHS9, etc.)
Folding #%! (JLM, etc.)

U )= [d'V (e =0 () o (),

V(e —2'l,p0(") = =V (14 Bypo (")) exp (= |r = 7'* Jav)

—iW (1 + Bwpo (T')2/3) exp (— r—r'f? /”w) )

Alpha particle at 140-400 MeV: U ~ 130 — 60 MeV, W ~ 25 — 40 MeV
Proton at 50-200 MeV : U ~ 50 —a few MeV, W ~ 10 — 20 MeV (see JLM)

D maE, (RBBROMRET)
RERE wirR) g

‘%(775) =R0 a/,’mY;n(Q)

dR R=R, ‘m
du(r,R x
=R, gr 0) E a,Y,,(Q)

Im

1 + m
a/m = Wﬁﬁ{ a/m + (_) aé,—m}
174/ VRO RKEF
B.R, dU(r,R)|

Fa'a(;)=(IAMA£m|IA*MA*)\/2€+1 dR | Y;n(Q)
R=R,
B.R " du(r.R)
F'™(7) = (1,M,tm1,.M,.)—== (i) SNy,
e AT AT 20+ 1\ R, dR |,

TITHl1E. BR IZEEHBIT %: BrEFIED KEZ(BR)?

‘m

(R
JESE M ELELDFIAR T
X EE, AEEE. REEREEFAHAE
]:x'a(l_éa ’Ea') = <)é17)(éa"?) Fa('](/x)(?) )é:)(l_éa ’?)>
FY(F) = (0.(8)V,(7.8)[9.(8),
EfRpER
U,(F,R)=U,(7,R)
‘7},(7,&) = Ua(?’R) - Ua(?’RO)

U

R=R(Q) = Ro(l +ya,y, ()

(HIreraE, (OHEREOMRET)
BT FRE 2
R=R(Q)= Ro(l >y amyjo(g'))

UER)- BV (e )@ GREET
¢

A

V,(rfe}) = ﬁ [dQU(F,R)Y,(Q)

BB EERREE (0 > 1) DRREF

Fa'a(7) = \’;I_Ji‘;l(r’{am})yl*m (Q)

TARGEKEFHELDEE

Fo(F) = (KK 10 |1'K)1f;—i\7£(r,{am})n;(g)

(<)



@D grapaz, Rt PI0—5)

BREBREMNSRE—
M, ., =(%,(F A7)

_E< 7‘1"2 STy ‘f r oy ’?A)>
—Efcﬁrf )W, [8°(7 - 7w, )
—fd3rf Efﬂd% 8 (7 -7 )W,
-fd3rf )p,(F)

o, (7 Efnd3r5 r—r ‘I”‘II

(? CR ?A)>

@O sesmaE, EnEsEF)

E'a(éx’éx') = <)é'_)(l_€>a"?)‘FoEL)(?) )é:r)(lza ’?)>
= [@°4D(3)p,(G)V,(d)

HEERIZEEKRFLEL Folding BEDT—1)TE#

F,(F)= [drp,(F)V,,(F - 7))
Fu(d) = P, (4)V.i(4) — tp 3

EHEOT—) IR
= dere_i‘j';)éT) * (l;a,,?))é”(lga,?)

—§’ (Ea —k, —6) : Plane wave limit

@ semesE, (EHPIO—F)

I po (7))

Transition Potential i .
FIREF F Transition Density

2 o)

AV (v —1'|

V(e =1l po (') + po (')

Transition density (29 % Collective model

dp0 (7

+po (1)
) ;

[
| Compression mode

d
dpr=o (1, E) = —ag(E) (3 + Td_) po(r),
E d 5 d d? d
dpr=1(r,E) = n11(2 ) [37" o 10r — %(TQ)E +e <7ﬁ + 4%)] po (1),
d
Opize (nB) = —or(E)r™ i (), Tagsie model

@ FrzercaE, (EmRome

Eikonal 3T kB ZEMIKE T D(q) ZEFML TH &S

() - e 0 )
2 R (oo e 0 (5o

if v,=v, & forward scattering

e W i ]p[h_ [,

Ulhe, ')]

Kio7ELN !

2,0/ k,

(27)
ooli(f R )] ) onlilE-t)7]
- T1“(190[) - T[l ‘(l‘fg’a))]
be \
RT 2 L BB IR (&5 ‘ b

FUA OB

s Za‘// ka‘



Wiz, (GEeROMR)

Eikonal STl I & HFEHK T D(q) ZFFlL TH LD
D(q)=6*(k, -k, -4)

_6«&123{5%)f$dh%«ﬁf%?_qkbﬂl—rw»

3

‘]0 / /

), 2)(1-1(2)

Distortion D& (q=q, IZE—%)
~ k, ZTzEhEL - RREL D ELELIRTE

®

Sproo (N E) = —aq(E) <3+rdi> po (1),

”11(;9) {37« di+10r—f< )di+ (:22+4:>}p°()

d
) = @ En0 | @y @ ‘

Tassie model

(Surface vibration) Py P
\ / \\ ’
2 X N |

Collective Form Factor for Transition Density

‘ Compression mode [»

0pr=1 (T: E) = -

@ ez cEngEEm
7. €.k - (44 D@)P, @)V @)
ZN ((i )z - Zﬁi eXp[— (q)»)z] (A :range of interaction)

p,G)=G,. @), @)

Ptrz(Q)Oc [m )exp( (qa)z)( W-S density DIHE

. aR)e 4(R) iR+ ) aRY Jy(aR)
D(@)”a((QO_Q)/)X

o (@ -0) >-(2Lﬂgbdwo«ao-m)@-r(b»]

@ FEEMBELD S ADDDDINEAR)

c EEORMMEE, BREAFORES~BBEEDRKESTRE
%, ERMRE T, BR (EBR) DKES,

)= M m 1)L dUlR) (g
aa(r) (A JAmll, A/\/2€+1 JR |R=RO 4m( )

F R EOHFTO—T T, £, EVEPORFHEREED
RO OERERE L2oH, EREERAL

a-b
f = const.x = const.x
a+

-b -b
p'= const.x a — const.x —— 2
a+b+2c 2(R+c)

BR=PB'(R+c)




@
[ WEF’s of gnd. and exc. states (¢ (1), $(r)) ]

Microscopic 1

Macroscopic

[Gnd. State density (p,(r)) transition density (ptr(r))}

a, B, 0

Analysis of Alpha inelastic excitation

Transition Matrix
‘ { Element ]

d

Folding with effective interaction v

sum rule

Macroscopi

-m» Transition pot. (Vtr(r))]
B, &

<)
DWBA

[ Distorting pot. (V,(1))

Elastic Scat. Data

Experimental Data
Global Systematics

Integrated C.S., Ang. Distr. Ang. Cor.
J,0=PR, ...

(s, “He(12Be, ?Be y) at 60 A MeV

* yspectrum coincident with **Be ejectiles Angular Distributions of *2Be*

o + *Be @ 60 4 MeV
103;"H“H“HH‘HH‘HH‘HH

* 2.1& 2.7 MeV States excited by (a, ')
* DWBA[ col. FF & folding pot.]
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© Example 4O+a @ 60 A MeV
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Alignment
Tue = [ d'r exp(ig ) F, (F)
F (F)= [wy*y,*V,(F) ppdr
= [.("Y (F)

T [ ji(ar) £, (r)r dr-Y,, (q)

é'// Z-aXiS E> M=o : Alignment

©
Alpha inelastic scatterings

®+*He('40,'40*) @ 60 A MeV
®No bound states in 4O
®140*13N+p, 12C+2p, 12C*+2p, 1°C
+a, '9C*+a : Invariant mass

®|soscalar EO & E1 modes
(compression)

®Multipole Decomposition Analysis
(MDA) of Isoscalar excitation

®Effect of Continuum

@
4*He(12Be, 12Be y) at
60 A MeV

Angular Distributions of y (DCO)
Alignment

* 2.1&2.7MeV States excited by (o, ')
* Alignments of 22Be* Anisotropic
Angular Distribution of y

» Consistent with Prediction of DWBA
calculation assuming 2* & 1 excitation,
resp.

* Confirmation of 1~ assignment for 2.7
MeV state

® |[soscalar Vibration

//_N\\\
L=0 u’.l
\ 1
\\ //

7 Y /4 N,

\ 1 \ U

\ // \\ 4

PhatuinlN / .

L=2 1 |

\ 7

N 7 N ’

Compression modes

Compression
modes
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@ 140 - 14C (mirror pair; sub magic) &He(“O, 140™) at 60 A MeV
140*—13N+p, 12C+2p, '2C*+2p, 19C+a, 10C*+a
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[mb/MeV]

Partial Cross Sections for each Multipole
do/dE
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Fraction of EWSR (Ex<25 MeV)

@ * —
He(**O, 1#O) : Strength distribution

[fm*/MeV]

So(E)

E 3 % 400~ . 4
) Monopole |-, [ Dipole Lea

sl £ 300[-@ | ]
L [

2 ‘ zoojl N
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One bound o* state in *4C
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(s
Nucleon Transfer from He @ 30-50 A MeV

® Proton Single particle states in neutron-rich nuclei
® “He('2Be,'3By)
[S. Ota et al., Phys. Lett. B 666 (2008) 311]

® “He(220,23Fy), [*He(23F,23Fy), 4He(2*F,23Fy), He(25Ne,23Fy)]
utilizing cocktail beams
[S. Michimasa et al., Phys. Lett. B 638 (2006) 146]




@ Nucleon (Proton) Transfer from Alpha
® (d,n), ((He,d), (o, 1), ...

Incident energy higher than 30 MeV/u

v Thicker target (100~200 mg/cm?)

v Less distortion effect

v’ Less multi-step process

v’ Same optical potential as inelastic excitation

v Identification by comparing with other direct
reactions
But

X Momentum mismatch

@men’rum Matching Condi‘rior;) (QM)

[c] [¢']
a+A—=b+B

a=(b+x)

B=(A4+x)
Plane Wave Born Approx.

T 1£)l’(l)/St <¢c' be + I/bA
TIf;Vior <¢c' VrA + I/bA

¢.)=-

9.)
¢.)

V.

xb

(0

<¢c' Vr/l

9.) =~

Fourier Components of wave functions of nucleon
(x)inaand B

hic? hic? Same value but different expressions

£, ;—B =£ P .
2u, 2u,, 8 Binding energies of a and B

@Momen‘rum Matching Condition (Classical)

- Asif “Ge‘r‘ring off from the moving train
(projectile) to platform (target)”

- Internal motion in the train (Fermi motion in the projectile) along the
opposite direction of the train (target)

- Motion on the platform (Fermi motion of the nucleon on the target)
along the direction of the train

‘—»

@Pro‘ron Transfer in Momentum Space

®Be(dn) at 504 MeV ®Be(at) at 504 MeV
25: T T T T T 28 T T 1 1
2| UBeldm @ 2 | 12Be(o,t)
t S0 AMev @ 50 A MeV
1.5 15—
T T o4 r E=0 E,=40
— 0.5 Bd 05— . A ]
s ]33"(IOMeV?/ 88c
0 0F oot ]
12Be ——9. 12Be & t
PN S [ A LU S S I I I I I
2 g0 7 I IRV B
g, (fm=)
]3B-.‘.- o




o

100 :I TTT | TTTT I TTTT | TTTT | TTT I:
[ (a) 4 Mev,3/27 ]
DWBA Calculation \ mowi ]
Example: < o e E
E . ]
20(o, t)3F = —i”li”HIFHHIHHIHH—
S [ (b) 2 Mev,1/2% .
zzo(dln)ng S \\( ) 2 Mev,1/ 1
\\3"\0(1@) B
1 1111 | 111l | 111l | I\ITT‘LI 111
10 20 30 40 50 80
Epeam [MeV/nucleon]
(' N=16 gap : Ozawa, et al., PRL 84 (2000) 5493;
Brown, Rev. Mex. Fis. 39 21 (1983)
8r(a) - (b) 7

30a:
14Sh16 2

-
-l
.
P =
.
.

ESPE (MeV)
N
I

f shell
_}p — }pfshell

— b‘d3/2

24
0dz» |sO16

O 181, 184 B
c d
() j=1-1/2 ( )n p
only
L=14+1/2 das2 o exchange
Tensor
proton neutron term

p/ force n

ds/2

Example : Dripline of F isotopes is 6 units away from O isotopes

Sakurai et al., PLB 448 (1999) 180, ...

S N

Intuitive picture of monopole effect of tensor force

wave function of relative motion

| 44 spin of nucleon |

large relative momentum small relative momentum

&

J. J. j. J.

attractive repulsive

j>=/+%: j<=/-%

| TO et al., Phys. Rev. Let. 95, 232502 (2005)

@ic Magic Number at N=16 (Z~8)

Neutron Drip-Line
(Spin-orbit splitting between Vd3/2 & \ 7 B F |7 F |22 [oor oo [2F 26F|27F| |29;F| |3‘1F| E
vd,;, depend on the number of protons 18] 120|002 0[220[220[240 : —
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A Yy d |- N
V. Change of Fluorine Proton Shell
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n-rich n-rich —@— 0 e 5
Oxygen Fluorine 1o} dy, _.§ '
. V.
44
5/2 (6000 00;
Excitation energy of 3/2* S.P. P n p n
state in 7F & 3F ? TF* 3F*




4mO,Z3Fy) , 4He(23F,23Fy)mm‘§,He(24F,23Fy} , *He(®Ne 23Fy)

3 Relati
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@Sfudies of Nuclei via Direct reactions

Direct Reactions

« Size/p-distribution

e Size/p-distribution

+ Skin/Halo .
* Oy, elastic scat.
* Shell Structure AL.AS.AJ i structure
+ New magic # e Mass/S,, S
. AT;q,w,... moen
- Isospin/ N e Inelastic scatt.

Deformation
* New modes

e Low lying states
e Knockout /Transfer

- IVE1 e New modes
- ISEO, ISE1 e Coulex
. etc. e |nelastic scatt.
e CEX
* etc

“Hit and analyze the sound”

®

SHARAQ
RT beam as probe
Charge Exchange
spin-isospin response

@ Transition Probabilities & ot

My =(EJx T.:& | O(Isr:&) | EJ m T:E)

[ b

Cross Section o ‘M ‘ Lifetime 14M l.f‘z

(lS]‘E & ) Propety of Reaction / Aciton / Decay Processes
sum of €8

one-body operator O(ZSjT'F ‘Ef(r,-)T(T [ ( )®Y('¢,)]

|E JaT: g > and/or ‘EfJ s f’§f> energy eigen functions

[ i At

O(lT:E)|EJ mT:6 )\ = Y M, (E, )| EfJ 70, T8, )

‘M p E f)‘ : Energy Spectrum

Response

coherent sum of wave packets made by one-body action
“Collective wave packet” (not always energy eigen state),
e.g. coherent sum of 1p-1h for inelastic-type excitation



@ Decoupling of “Scattering” and “Transition” for
infermediate-energy “inelastic scattering”

Criteria for decoupling

1
w < pe (y = 1) 2 Spe* B2
l?) /
my . AE - At ~ 21h

27h - Be
max ~ —55— =21 M
. w 5 008 MeV

2R Off energy shell

B —

E/A > 100 MeV satisfies the decoupling conditions
E/A ~ 10 MeV may be marginal

(“\
[

570

456

270
210

2823

Isospin

4439 E

mo
T

@ “Transition” as time-dependent action

ih%\l}(t) =(H+Vr(t) ¥ (t)

. U(t) = Z a; () ; exp (—iE;t/h)
. H1/),L = Eﬂ/}z

ap(—o0)=1; a;(—00)=0 fori>0
la; (+00)|* : Energy spectrum after reaction

Zih a; (t) Y exp (—iEit/h) = Za

i

)i exp (—iE;t/h)

iha ()—Le __t
w =5 OP\ T oAT?
de ) (U |O] exp( M)

h
o t?
Vg (t) = ﬁexp <—m>
Perturbation

a; (—o0) <1 fori>0

ag (+00) — ag (—00) ~ —i%T (0 O] 4o)

AT EiAT)?
@k (+00) ~ —i = (1 |O] o) exp <(;712)>

@ Before exp. in SHARAQ+RIBF,
CX reaction w/ inv. mass spec. was applied for

H ILi: T. Teranishi et al., PLB 407 ('97) 110
IAS Of Bor‘r‘omean nUC|€| 14Be: S. Takeuchi et al., PLB 515 (‘01) 255

R
10Be(IAS)+n
EXI\(MGV) (psn) sy T=g/
150 P /'AS 152 | %Be(AS)s2n | 15
200 U e )
((dp’Q"g) 7 INNGE TAS appears as
Bd'ecay 7 BLi+t Resonance due to
T3 Coulomb interaction
10+ 24He+3n
\_®He+ *He+n)
Eres (Mass):
Coulomb displacement E
ol T=3/2

— < charge distribution
11Be



®

HLi: T. Teranishi et al., PLB 407 ('97) 110 &ecay Energy Spectra

IAS of Borromean nuclei 14Be: S. Takeuchi et al., PLB 515 (‘01) 255 0.8 0.6
Frr 71T L T T T — - T ] 8
Isospin symmetry in nuclear force o I ! . ! ! - = {a) 1
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(s @5 Motivation of SHARAQ project

3 soueydasoy

Coulomb displacement energy e B A « Exp. Studies of Nuclear Many-body System
Eres = 1+Mev = ok Be Varieties in Detectors Varieties In fluceel
E, = 20.15 M6V, AEg = 1.3 MeV 2 | o ' *Sensitivities frrich e
x = U s AEc = 1. =00 -
& 15 ¢ ©.0 + -
R T RI Beam
P S N B

sVarieties in Probes
eReactions using various
quantum numbers

Neutron Number

AE ("Li)= gAEC ("’Li)+%AEC(2N)

Isospin (7)

AE&(2N) = 0.9 MeV
AE; (2N) = Ze? <1/R(halo)> => <1/R(halo)>= (5 fm)"

Spin (4, L, S)

Parity ()
Energy & Momentum (w, ¢)

AWN,Z) ..
Nucleus Probe




@ Points of View

* Response of Nuclear System using Intermediate-Energy
direct reactions
— Studies using New Quantum Probe —RI beam— Large
Isospin and Mass Excess. Various I (“Excited states”)
— Controlling Transferred Momenta, Q-values, Spin, Isospin
— AS, AT, g-o

— Accessing kinematical area/conditions inaccessible by stable
nuclear beam

* Ordinary kinematics (Missing mass spectroscopy)

-> High Resolution Spectrometer + High Quality RI Beam

+  (Detectors of decaying particles)

— Asymmetric nuclear System studied using stable probes
* Inverse kinematics + Invariant Mass / y-decay / Recoil
and High-resolution missing-mass spectroscopy

@ Spectroscopy with High-resolution

SHARAQ Analyzer of RadioActive Quantum ,

beams

RI Beam (E = 150—400 MeV/A) as a new PROBE

to nuclear systems
— Large Isospin iso-tensor excitations
— Large internal energy (g,w) inaccessible by stable beams

(uT 7

beam (stable) (q,0) ejectile (unstable) B
: large negative Q-value Multi
Endothermic n's
® AT > 1 ") DGT

GT
74

Exothermic. Charge Exchange Reactions

beam (unstable) i(g,0) ejectile (stable) Stable Beam

- small Q-value

5 Beam Energy at RIBF (200-300 A MeV)

* Energy dependence of
— Distortion : Central force

— Effective Interaction : Spin-Isospin responses
500,
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RI Beam Factory at RIKEN

3 injectors + cascade of 4 cyclotrons
= several to 345 MeV/nucleon

A variety of primary beams ( d(pol) to U )
World highest-intensity RI beams )
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@ SHARAQ @ RI beam factory
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SHARAQ is a HIGH-RESOLUTION magnetic & sroms

spectrometer constructed by Target 10m

University of Tokyo — RNC collaboration.
Tokyo: Spectrometer, Detector systems
RNC: Beam-line, Infrastructure

@ Dispersion Matching Mode
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PTEP 2012, 03C007 (2012)

Maximum rigidity 6.8 Tm
Momentum resolution dp/p =1/14700
Angular resolution ~1 mrad
Momentum acceptance +1%
Angular acceptance ~5 msr NS Té’ﬁ
@ High Resolution Achromatic Mode
Beam momentum is tagged at F6 ((x|d)~7000)
Ejectile momentum is measured by SHARAQ
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@ Isovector Spin Monopole Response

Spin-isospin (AS = AT = 1) modes with AL =0

Gamow-Teller Ofiw >t (K)au(k)
K
Isovector Spin Monopole 2hw Dt (K)ou(k)r(k)? pt )
- Compression mode K
2lot
Energy centroid E, width I" of IVSMR ’\ \ )
isovector spin-incompressibility S~

effective interaction in spin-isospin channel
H H i IVSM IVSM
residual interaction, V=", V=™ (?)

Sum rule (model-independent)
S_ — 8, =3(N(r*y, — Z(r*)p)
neutron skin thickness 0, = \/(r*), — /(r*),

constraint on neutron matter equation of state

@ B~ direction 217
. . 2t
Exothermic (2N, 12C) Reaction \
=
Advantages ‘g o2 b
<
.. . L. > 0.00
(1) Spin-isospin selectivity ‘é
"2Ngs(1%; T = 1) — "2Cgs(0*; T = 0) 3o
= S,=1,T,=1 g IVSM
4% 0.06
F 0 2 “‘r(fm)é 8 10
(2) Surface sensitivity o 5 —
- strong absorption of HI reaction ,o,z= 0=0°
probes only surface of nucleus = 40
IVSM: transition density has a node at surface ?‘:
o 32 MeV
8
(3) Small g for high Ey g ;
-+ large mass difference of proj. and ejec.  § o ("®N,'2C) at 200 MeV /A
- - 5 F (®He, t) at 900 MeV
favors AL = 0 excitations 5 (p.,n)  atBOOMeV

0 D
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NOJI etal. Momentum transfer g (fm ')

K. Miki et al., PRL 108, 262503

@ %Zr,2%%pb (t,3He) at 300 MeV/u
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— New probes to nuclei
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Tetraneutron

@ Tetra-neutron

* Multi-neutron System

— Neutron cluster (?) in fragmentation of 4Be
PRC65, 044006 (2002)

— NN, NNN, NNNN interactions
» T=3/2 NNN force

-> 3-body force in neutron matter
* Ab initio type calculations

— Multi-body resonances
— Correlations in multi-fermion scattering states

@l‘efm—neufron system produced by exothermic
double-charge exchange reaction

)— 9

SHe *Be
‘He—4n
Recoil-less 4n system via DCX
using internal energy of 8He

Multi-
Neutron

4n in breakup of 1Be : Marques et al. PRC 65 (2002) 044006

Ioengy (MeV)

Susumu Shimoura

for CNS-RNC-TITech-Kyoto-RCNP-
Miyazaki-IPN collaboration
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’ 6He “Li

PSS, AV AVIS By

S.C. Pieper et al., PRL 90, 252501 (2003)

@ Historical Review

~ search for a bound state of 4n~

729

1960s| — . .
—= fission of Uranium
- No evidence for particle stable state of
tetra-neutron

o J. P. Shiffer Phys. Lett. 5, 4, 292 (1963)

- Only upper limit of ¢ross section was decided.
J. E. Unger, et al., Phys. Lett. B 144, 333 (198

Bound state: No clear evidence.

12000s] ‘
+ Breakup of “Be |
- Candidates of bound ‘
tetra-neutron were
observed.

F. M. Marques, et al,
Phys. Rev. C 65,
044006 (2002)

PID [arb. units]

d

2000s
+ Theoretical work
+ ab-initio calculation
NN, NNN interaction

7=
5
n o \W e e o
10} =/ /
/ ! /
- H Ho sy
Argonne v, e -
£ | WithIllinois-2 | | r
of + modified 'S,/ ] R
YHe  SHe ]
| =———— SHe SLi
15,20 1SAVIAVIS Exp

S. C. Piper, Phys. Rev. Lett. 90, 252501 (2003)

- Bound “n cannot exist

- Possible resonance stete -2 MeV
Resonance state : Possibility of the
state is still an open and fascinating
question.




@5 Historical review (2)
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Double charge exchange (DCX) reaction of HI

Nucl. Phys. A477 (1988) 131

(%) reaction @ 165 MeV; 6., = 0 degree

100

% “He -> 4n
5
8§~
’3 HH q>40MeV/c
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We have measured the momentum spectrum of n*
produced at 0° by 165 MeV 7~ on *He. A AP/P=
1% beam of 106 7~ per second was provided by the
P3 line of the Los Alamos Meson Physics Facility,
and a cell of 910 mg/cm? liquid 4He with windows of
18 mg/cm? Kapton served as the target [15]. An
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Fig. 3. The experimental results are plotted against the exci-
tation of the final four-neutron state. The solid curve corre-
sponds to the pure four-neutron phase space, while the dot—
dashed and dashed curves are the four-neutron phase space
curves with singlet state interactions in, respectively, one
and both of the final state neutron pairs.

J.E. Ungar et al., PLB 144 (1987) 333

@ 3-body force

200 S. C. Pieper, et al., PRC 64, 014001

120(150 18Ne)1ZBe 12C -> IZBe '257 — = (N L - — - R T

= sl Eb=80A MeV Stable!80 beam (80A MeV) (Takaki B
S 0.0° < 6 < 2.5° et al) 30F-41e
£ oo | ~70nb/sr (6nd) :
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N | HI DCX reaction can be used for i
A spectroscopy for exotic nuclei S a0l
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@ Tetra-neutron system produced by exothermic @ Reaction Mechanism

double-charge exchange reaction
8He — 8Be =00

T T T T T L ]
’ Almost recoil-less condition with Double GT E © |
. \/ “He(®He,®Be)4n reaction at 200 A MeV p 4@“ _ 00—, 1
He SBe mé ".\ :
“He—4n 1 S—eo—o0o— —0o0o— g 9 \E\-—
Recoil-less 4n system via DCX rand - p n 3 200
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S.C. Pieper et al., PRL 90, 252501 (2003)
4n in breakup of “Be : Marques et al. PRC 65 (2002) 044006

(1) Level diagrams
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@ Analysis

-+ Selection of 4n Events
+ Extracting 2 @ events @SHARAQ
+ Multi-particle in high-intensity
beam
Background process:

Breakup of two 8He in the same beam

bunch to two alpha particle
Identified by multi-hit in F6-MWDC

-+ Background Estimation

+ Shape in spectrum: random 2 «
+ Number of events:

croCat [pulse shape]

— N | Drift Time(ns)
£1000

Voltage
A [\
X
N
200 3
X (m ; -
o Tono 0 | PR e |
. -400 Charge distribution]

2 MHz beam from 13.7MHz cyclotron
YT W
) ~15%

triggered bunch time

- failure of the multi-particle rejection at MWDC

- multi-particle in one cell of MWDC

Backgrounds after analysis:

Finite efficiency of multi-hit events at F6-MWDC

®

Experimental Results
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Acceptance for 8Be(2+) was 13 % of that for 8Be(o+)
A few events could be from 8Be(2+).
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@ Picture of “He DCX reaction @ 200 A MeV

4n wave packet just after DCX
(double spin dipole)
~Alr * r, [(0s)']] Decay by emitting

4-body resonance % 2n :‘g&;%";;?:sed

EEOEE I e
Ny peak
“He ~ @[(1s)4] \ Direct decay

2n
Two correlated

neutron pairs Dir'ecT
with weakly correlated Conﬁnuum



Strength (arb. unit)
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c.f.

Direct Part

Continuum spectrum with n-n FSI

AD (113, F3y, 1) ~

7, 3) (3 2o, i
@ 2) @2 " g)|%® _E_ﬁ_f

x(1,2)x(3,4)

3| 277 2on r2
] 12 34}exp[a‘;1222X(1 3)x (4,2)

a 2_§ +27]2£734 exp[—i‘z_ié_
(a/\/i) 2 a a 2a

7|+72 73+74

Yo =

R
- X6 = S AOLO-LOT)

] (1, 4)x(2.3)
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Peak at X=11/2; E ~ 60 MeV

Direct Part

Continuum spectrum with n-n FSI

X =Elg,

&

L.V. Grigorenko, N.K. Timofeyuk, M.V. Zhukov, Eur. Phys. J. A 19, 187 (2004)

Energy spectrum of Four neutrons
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@ 4He ~ @[(0s)*]

L.V. Grigorenko, N.K. Timofeyuk, M.V. Zhukov, Eur. Phys. J. A 19, 187 (2004)

q <<200 MeV/c

4n wave packet just

after DCX
@y~ 1y * 1, P[(05)*]
h2
€ = = 11MeV.
2
mna

“He ~ [(0)"]

q <<200 MeV/c

4n wave packet just
after DCX
Dy~ 1y * 1y P[(0s)]

Two correlated
neutron pairs
with weakly correlated

Correlation is taking into account for 2n-2n relative motion by using scattering length

(@ NN FSI

Continuum spectrum with n-n FSI

o (1)

@ 4He ~ @[(0s)*]

DCX
q>15MeV/c

N-N 'S phase shift

Neutron-Neutron wave function

)

4n wave packet just

after DCX
Dy~ 1y * 1, D[(0s)]
Density of State
A 2
A,s (k 272
Dys (m) = | ¢ )| (forn=1,2) ; €n= Q
k mN Zn
. o 1 \"? Two correlated
A (k) = ﬁ drrs (r) ¢y (r) = Z(W) k Ay (k) neutron pairs
A oo 2/ 1\ with weakly correlated
k) = fo dr i, () (1) =2 g(ﬁ) K Aag (k)

Expand A®,, with correlated n-n scattering wave ¢,(r)
A(k)’s are used instead of Fourier component

@ Fit with direct component & BG

1 S e e L e

101

wave packet

F (a) —— continuum + background |

background x 10

Energy spectrum is expressed by the
continuum from the direct decay and
(small) experimental background

o

. : 00
r just after reaction \Qg,

Counts/ 2 MeV
(=}
T

resonance &~

4 direct decay

&

except for four events at 0<E, <2 MeV
The Four events suggest a possible
resonance at

e H/nl~10"% for u=0.07, n=4

IS
T

0.83 +0.65(stat.) = 1.25(sys.) MeV

| with width narrower than 2.6 MeV
A R (FWHM). [4.90 significance]

10 E“%)w eV)30 40 s e Integ. cross section 0,,< 5.4deg:

: : : _ 38*29 4nb
ER lil\clill()()d ratio test
é X3 = —2In[L(y; n)/L(n;n)]
E Significance:

‘ R A o, ..é = /2[yi — ni +niIn (n;/y;)]
T - 030 00 .‘6‘07 IOk BveniE U e FIinhin
Ey4,(MeV) Yi : trial function in the i-th bin

+ Look Elsewhere Effect
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Re: Width of possible 4n resonance

292 5 P(E—e13—¢
2 2 (2 1 2 3;1) Dnn (612) Dnn (534)
(E— Eo)” + [5T(B)]
r (E) = 2’)3,,7211 / / deiadeszg P (E — €12 — 634) Dy (612) Dy (634)

= 2731}*211Peﬁl (E)
3h2
L&) i 2 82 MeV
(E— Eo)” + [T (B)]

2mNaz,
DCX . %n
@ Decay by emitting
- - (5 - Two correlated
@ @ @ neutron pairs

%)

W (E, €12, €34)

W (E)

4He ~ D[(1s)* ket just
e~ ®[(1s)] g?tzvraggﬁac Y 4 body resonance

~ry o, ®[(1s)Y]

®

* 29F (knockout 1p) -> 280 -> 240 + 4n
* 8He (knockout a by proton) -> 4n
 *He(8He 2Be)4n again with more statistics

Further experimental approarch

All of three can produce recoil-less condition

Three approaches produce different initial wave
packets of 4n

» resonance/continuum will be different

(\
> Width for Wigner's limit

Width for Wigner's limit with n—n FSI

T =20~700 keV
@E, ~ IMeV

There might be sharp
resonance due to small
phase space for four-body
decay, even for s-wave

D Summary of tetraneutron

+ “He(8He 8Be)4n has been measured at 190 A MeV at RIBF-
SHARAQ

* Missing mass spectrum with very few background

* Although statistics is low (27 evs), spectrum looks two
components (continuum + peak)

« Continuum is consistent with direct breakup process from
(0s)?(Op)? wave packet
* Four events just above 4n threshold is statistically beyond
prediction of continuum + background (4.9 o significance)
— candidate of 4n resonance
at 0.83 + 0.65(stat.) + 1.25(sys.) MeV; I' < 2.6 MeV
« Constraint to T=3/2 three-body force



