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1. Introduction

)

v’ one of the most fundamental subjects

Understanding the interactions between composite nuclei
(AA interactions), starting from NN interaction :

in nuclear physics

v’ one of the key issues to understand various nuclear

reactions:
> optical potentials: elastic scattering

> distorting potentials as doorway to various reactions
(inelastic, transfer, knockout, breakup ---)

v’ important to survey unknown nuclear structures/reaction

of unstable nuclei far from stability lines (N>>2, Z>>N),
for which

> few/no elastic-scattering data & phenom. potential
information is available.




Uopt (R) = Vopt (R) + 1 Wopt (R) : complex potential

@ Phenomenolocical optical potentials:
v’ needs Exp. Data ( elastic scattering )

to determine potential parameters
(e.g. Woods-Saxon form )

v’ optical potential for heavy-ion systems (AA) has
large ambiguity in depth & shape
due to strong absorption (in most cases )

v’ —only sensitive to potential at nuclear surface

R



v' Discrete ambiguity of the potential depth :
— which is correct ?

V(R)
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Y. Kondo, F. Michel and G. Reidemeister, Phys. Lett. B 242 (1990) 340,




v'How deep is
the nucleus-nucleus potential
at short distances ?

VR) |

--------

v'Can we probe the depth ?



v

v

In general, it is very difficult to probe the central depth
of the H.l. potentials, due to strong absorption.

Can we probe H.I. potential at short distances?

— Yes, we can!
(at least for light heavy-ions)

by the measurements of
refractive scattering at high-q reqgion (backward),
such as nuclear-rainbow phenomena.




B Phenomenological Analysis of the Nuclear Rainbow

» 80+'%0 E,, =350 MeV (HMI 1989)

» The data up to 61°are reproduced by A, B and C.

» “A” pot. is found to be a unique deep potential for this
system by the fits to the data up to 73°.
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By the way,

Q: Why do we need to know the
central depth of the potential ?

A: We can study the property of
high-density nuclear matter,
such as that in neutron stars,
INn laboratory experiments.
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E/A (MeV/nucleon)
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How can we probe the property of high-density nuclear matterat 0 >0,?

nucleon-nucleus w | nucleus-nucleus
- saturation curves
system w [ of nuclear-matter system
(one nuclear matter) (two nuclear matters)

E/A (MeVimucleon)




If the nuclear matter Is
hard, the central depth
of the potential may
become shallow.

- saturation curves
w - of nuclear-matter

E/A (MeV /nucleon)

If the nuclear matter is
soft, the central depth
of the potential may
become deep.

p/0g




But, good quality of exp. data are not always in our hands.

— We need a microscopic theory that explains & predicts

v’ correct depth & shape of heavy-ion optical potentials,
(thopefully ,of both the real and imaginary parts)

v’ Including unstable nuclei (n-rich & p-rich isotopes)

v’ correct enerqgy dependence over the wide range of
incident energy, up to a few hundred MeV/u

starting from bare NN interaction in free space




2. Microscopic theory for nucleus-nucleus
interaction with a new complex G-matrix
Interaction, CEGO/



Breuckner Theory (G-matrix theory)

« HREZMEPTCORNEEERZEL T HHER
o ZEpDZYE DT, Bethe-Goldstone FFE X ZfE<
=B 2R (Pauli effects, Binding effect etc.) #ZELT-
ladder diagram Z9 X TRELBHITS,

- y v | | V_.
NN\ — |7 \V/ __\{__ EEEN
B V_]
Q(q1,q2)

Q(q1,q2) : Pauli-Projection Operator



Complex G-matrix interaction (CEGO07)

T.Furumoto, Y. Sakuragi and Y. Yamamoto, Phys.Rev.C 78 (2008) 044610

-
“ESC04” : the latest version of Extended Soft-Core force
designed for NN, YN and YY systems

Th. Rijken, Y. Yamamoto, Phys.Rev.C 73 (2006) 044008
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Complex G-matrix interaction (CEGO07)

T.Furumoto, Y. Sakuragi and Y. Yamamoto, Phys.Rev.C 78 (2008) 044610

g “ESC04” : the latest version of Extended Soft-Core force
designed for NN, YN and YY systems

Th. Rijken, Y. Yamamoto, Phys.Rev.C 73 (2006) 044008

\

1. Three-body attraction (=Z{&517)
- Fujita-Miyazawa diagram
- Important at low density region

2. Three-body repulsion (Z&/FH)
- originated the triple-meson correlation
* Important at high-density region

[ In the ESC04 model ]
= density-dependent effective two-body force




E/A (MeV)

saturation curve in nuclear matter
with G-matrix interaction (CEGO07)
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Includes Three body force

)

+Three-body repulsive (TBR)
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BRE~ADER = REZRTROE=-FDZRIZ. ARADZFEE Tlolding
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. Application to proton-nucleus scattering

Single-Folding
Model (SFM)
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Ugsen (R) = Iﬂ(r)VNN (S;0, E)dr
CEGO7




Single folding Potential
(Central part)

Target

Uc(R)= | p(NTo (R, 1k E)dr
+ j o(R, 0T, (R,r;k., E)exp(ik, -s)dr
=V (R) +1W, (R)

Complex G-matrix interaction (CEGO07)

71 (real) -1 (imag)
TD,EX _TD,EX +|TD,EX



Single folding Potential TS)(s)
(LS part)
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Target

Us(R)-0 =3 [ (TS (R rike  E)L-Sg,(r)dr

+Z j o (NTE(R, r k., E)L-So (R)exp(ik, -s)dr

=V (R)+iW(R))(-o

Complex G-matrix interaction (CEGOQ7)

(LS) _ 7 (LS,real) , 7 (LS,imag)
TD,EX _TD,EX +|TD,EX



Renormalization of the imaginary part strength

\

 Continuum

» Discrete

Finite nuclei

» Continuum

J

BHF theory (G-matrix]

So, we renormalize (suppress) the imaginary part strength

V(R)+iN,W (R) + (Vs (R) +iN,W (R) )¢ - o




Renormalized factor N,, Is fixed to reproduce
measured total reaction cross sections

V(R)+iN,W (R) + (V5 (R) +iN W5 (R)) -0

- Total reaction cross sections - CEGO07a(two-body only)
Ny, = 0.60

CEGO7b(TBR+TBA)
Ny, = 0.60

CEGO07¢c(TBR+TBA+m)
N,, = 0.65

CEGS86 (two-body only)

[— CEGO07a
— CEGO7b 2c N,y = 0.80
— CEGOT7c

50 100 150 200



CEGO7 folding-model cal. of proton scattering by 2C
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CEGO7 folding-model cal. of proton scattering by 4°Ca
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CEGO7 folding-model cal. of proton scattering by 2°Zr &2%%Ph
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/. _Application to heavy-ion scattering/reractions
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Projectile Target



BRE~ADER = REZRTROE=-FDZRIZ. ARADZFEE Tlolding
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BRE~ADER = REZRTROE=-FDZRIZ. ARADZFEE Tlolding

Double-Folding Model (DFM)
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Upg (R) = /pl(r1)p2(r2)§vNN(8;p, E)drdrs

\ =R DESHAIEEWXAD (CEGOT)




€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC79 (2009) 011601(R),
€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC80 (2009) 044614
€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC82 (2010) 029908(E)
€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC82 (2010) 044612

Double folding Potential
with complex-G (CEGO7)

U(R) = p(1)p(r,) 9o (i p, E)drdr,  projectie®) - o
.K-s
T Ipl(rl’ I —5)p, (I, 1, +5)9ex (S; o, E) eXp{' W}drldrz
=Vpewm (R) +1Wpey, (R)

» Complex G-matrix interaction (CEGO07)

_ ~ (real) - (imag)
gD,EX o gD,EX +|gD,EX



€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC79 (2009) 011601(R),
€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC80 (2009) 044614
€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC82 (2010) 029908(E)
€ T. Furumoto, Y. Sakuragi, Y. Yamamoto, PRC82 (2010) 044612

Double folding Potential
with complex-G (CEGO7)

UR) = p(R)p,(r)8o(s: p, E)drdr,  projectite(®) 0o
_ . K-s
T Ipl(rl’ I —5)p, (I, 1, +5)9ex (S; o, E) eXp{' W}drldrz
=Vpewm (R) +1Wpey, (R)
v'Renormalization factor for the imaginary part

— UDFM :VDFM +INWWDFM



Frozen-density approx. (FDA)
P=pPLt P

160+160 Elastic Scattering at E/A = 70 MeV : DFM with CEGO07
= decisive effect of Three-body force (mainly TBR) is clearly observed !

H 160+160: bench-mark system to test DFM

0

y 10
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= | ;
> . [
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- 5
of 8
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= 108 E/A =70 Mev |
rod °0+°0 folding potential | : it ]
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R (fm) 0. (deg)

=N DRENICER

T.Furumoto, Y. Sakuragi, Y. Yamamoto,
(Phys. Rev. C 80 (2009) 04461




160+%0: bench-mark system to test DFM Frozen-density approx. (FDA)
P=pPLt P

160+160 Elastic Scattering at E/A = 70 MeV : DFM with CEGO07
= decisive effect of Three-body force (mainly TBR) is clearly observed !

0
[ 10— :
[ 16 16 . . ]
. O+ O elastic scattering ]
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> - . . k W= w= 1. \ NI \
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T.Furumoto, Y. Sakuragi , Y. Yamamoto, = M_q&jj D?j;&ﬁﬂ’g (:EE

(Phys. Rev. C 80 (2009) 04461
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12C + 12C elastic scattering
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T.Furumoto, Y. Sakuragi, Y. Yamamoto, (Phys. Rev. C 80, 044614 (2009)




Applications of microscopic FMP to

1. reaction calculations (CC, CDCC etc.)

2. scattering of unstable nuclei



Microscopic Coupled Channel (MCC) with CEGO07/

Coupled Channel equation

[Te +U . (R)-E, ] 7, (R)==>"U_,(R) 7,(R)
p#a

U, (R) = jpég) (rl)po(:;) (rZ}VNN (S;0,E)drdr, =V, , +IW,,
transition density CEGO07




do/dQ (mb/sr)

10°}

elastic

°0+'°0 (a)

Elab=1 120 MeV
CEGO07 b

— full
—= 3 ch.

elastic

°0+'°0 (b)

Elab=1 120 MeV
CEG07 ¢
— full

—= 3 ch.

160

160 + 160 inelastic scattering studied
by a complex G-matrix interaction
(@ E/A=70 MeV)

by M.Takashina, T. Furumoto, Y.Sakuragi
PRC 81, 047605 (2010)

CC cal. with complex-G (CEGQ07)
UijDFNI (R) :VijDFM (R)+ iI\IW\NijDFNI (R)

| | 1é ‘I16 | | | 1|6 I16 | |
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N
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211 | + 12C “quasi-elastic” scattering

€ °Li density : proton, neutron = single Gaussian form
RF . =2.18(fm)
R" =2.39(fm)

rrm.s

€ Lidensity : °Li + di-neutron model

P () =y, (R) | o (F - T R)+p<2“>(r+1 R) w0 (R))

R . =23.16 (fm) 11 |

@)

Y.Hirabayashi, S.Funada and Y. Sakuragi
(Proceedings of International Symposium on
Structure and Reactions of Unstable Nuclei, pp227-pp232 (1991) )



211 | + 12C “quasi-elastic” scattering

+ 3,
A

__9_2____* _______ 3
21+
11Li I
" O+
12C

U™ (R) =V,™ (R)+iN, W™ (R)
ij



211 | + 12C “quasi-elastic” scattering E/A ~ 60 MeV

coupled-channel (CC) _
calculation with Upew (R) =Vpey (R) +INy, Wiy, (R)
complex-G (CEGQ7)

10T ' ' ' . 9. 1.2 v . . — 10T ' ' ' ' I ' . ' - -
0 5 SR | "Li+2C E=58A MeV
. 3+ (\Z
o
S
100:_ Ny =1.0 ;,6 100- Ny = 1.0 .
—— quasi—elastic i T quasi-elastic ;\- -
12 tom = At I ¥ 12 tom = A F ]
: C@@"3,7,0) | ™ | C2,3,0) \
[— elastic _ I elastic
CEGO7b (TBF) CEGO7b (TBF)
—1 1 1 L L 1 1 1 1 1 1 —1 L 1 1 L 1 1 L 1 1 “
10 5 10 50 10 4 10 20
0., (degree) 0., (degree)

Exp. data : J. J. Kolata et al., (Phys. Rev. Lett. 69 (1993) 2631



SLi elastic scattering with °Li—a+d break-up

— Continuum-Discretized Coupled-Channels (CDCC) method

N N N

- D) - )

- U ijDFM (R) :VijDFM (R)+ ivaWijDFNI (R)
LI

@ Y. Sakuragi, M, Ito, Y. Hirabayashi, C. Samanta
(Prog. Theor. Phys. 98 (1997) 521)



elastic scattering of °Li by '?C, %8Si at E/A =53 MeV

» CDCC cal. with complex-G (CEG07) folding model
UiJPFM (R) :VijDFM (R) + “\IWVVijDFNI (R)

107%F ©

Li + °C E =53A MeV

20

0, . (degree)

°Li+®Si E=53AMeV

20

0., (degree)

Exp. data: A.Nadasenetal., (Phys. Rev. C. 47 (1993) 674



3. attractive-to-repulsive transition of
the nucleus-nucleus potentials
with the increase of collision energy

N\

26 4 120
folding potential .

CEGO7b

real part

4 8
R (fm)

RFE&BEEEFAD
E/A=700~400 MeVD

& 5] KT ICERE

TE. RIBFTZ< D% i =Ex
BITHOhDITRILF—EE

T. Furumoto, Y. Sakuragi, Y. Yamamoto,
Phys. Rev. C 82, 044612 (2010)




& NN interaction: & nucleon-nucleus (NA) interaction :

» long-range attraction > attractive at low energies (E<200MeV)
> short-range repulsive core > wine-bottle-bottom (/WBB)
around transitional energies

P > repulsive at high energies (E>500MeV)
100}~ 25 o -
MeV repulsive core p-*Ca
—800MeV
50 400MeV —
() b—— - I
1 2 r (fm) %
0 ! ! ! ! | E‘-
pion exchange =",
_sok heavy-meson
exchange
-50) i | | N i -
—100F o 1 2z 3 4 5 & 7 8 9 10

R{fm)
L.G.Arnold, (Phys.Rev.C25(1982)936



& d-Ainteraction : & nucleon-nucleus (NA) interaction :

> similar behavior to NA int. > attractive at low energies (E<200MeV)
> f(d-A) ~ f(p-A)+ f(n-A) > wine-bottle-bottom (WEB)
around transitional energies
I ‘ > repulsive at high energies (E>500MeV)
Y. Sakuragi, M. Tanifuji, NPA560, 945(1993). = T ]
p-*Ca
—~H00M
B0 ey 20O &V
i d-1%0 Potential 0— - ———
40 L
S 700 MeV Z
W F =
= g b N_ — R 3
e E o .3_;-_.——'-_' :| — _25
— -20 t4pp . ]
[ .7 200
~40 | .- i
-E&=0 I:_._..._-.._...._..._..._,.._._.j_ — I ! | H
0 2 4 B & 10 -Dﬁc.|é5¢1|,ﬁ_élvgq._.h
r [ fm] Rifm)

N.V.Sen, NPA464 (1987) 717 L.G.Arnold, (Phys.Rev.C25(1982)936



Q: How about in nucleus-nucleus systems?
E/A=T7100~400 MeV

\ 12C N 12C |
I folding potential |
A gp

CEGOQO7b

—~100lF real part -

0 4 8

SIN-RNGEBETFS R (im)

T. Furumoto, Y. Sakuragi, Y. Yamamoto,
Phys. Rev. C 82, 044612 (2010)




Q: How about optical potential for heavy ions?

A: according to the predictions of microscopic theory,

v attractive-to-repulsive transition occurs ?
— Yes, but thus far we have no experimental evidence.

v if so, in what energy region?
— the transition occurs around E/A = 300~400 Mel/

v how can we observe the transition, if it really occurs?

— measure the evolution of elastic scattering angular distribution
with increasing enerqy in the energy range of

E/A = 200~400 MeV.

v what are the new ingredients we can learn, if we
observe the transition?
— (D repulsive three-body force (TBF) in nuclear medium
& @ tensor force effects
besides the genuine repulsive core of NN int.




12C + 12C elastic scattering at E/A = 100~400 MeV
» real potential becomes repulsive around E/A = 300~400 MeV

-100 il
I --—-— 100 MeV ||
— 200MeV
R ik ieiiel 300 MEV':"’J . .
: 400 MeV1: imaginary part
—-200¢ AR .
0 4 8 0 4 8
R (fm) R (fm)

‘12C + 1EC L

folding potential

_|

with Three-Body force (TBF)

E/A |

CEG07a | CEGO7b |
HHHHH == ===
i ,/’/ wio TBF r— real part -

=R NDOEET
5l h— KNI
DIRILFT—NH
RE<RGS !

—FEE., #L
AR =CEDELY

T.Furumoto, Y. Sakuragi,
Y. Yamamoto,
PRC82, 044612 (2010)
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12C + 12C elastic scattering at E/A = 100~400 MeV
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S-matirx elements of the 2C + 1°C elastic scattering
at E/A =100~400 MeV with CEGO7b (with TBF effects)
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NN tensor force plays an essential role in the

attractive-to-repulsive transition of the A-A potentials
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12C + 12C elastic scattering at E/A =100~400 MeV
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Summary & Conclusion of part 1

complex G-matrix folding model with a new G-matrix
CEGOY7 predicts that

v attractive-to-repulsive transition occurs also in
heavy-ion optical potentials around E/A = 300~400 MeV

— but, no experimental evidence - BIG CHALLENGE !

v' can be observed by measuring the energy-evolution of elastic
scattering anqular distribution in the energy range of

E/A = 200~400 MeV.

v" new ingredients we have learnt are the important roles of
@ repulsive three-body force (TBF) in nuclear medium

@ tensor force effects




4. Global optical potential for heavy ions
systems including exotic nuclei

Global potential for projectiles of unstable nuclei up to driplines

Global optical potential for nucleus-nucleus systems from 50 MeV/u to 400 MeV/u
T. Furumoto, W. Horiuchi, M. Takashina, Y. Yamamoto, Y. Sakuragi
(submitted to PRC, Feb.2012)
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Global potential for projectiles of unstable nuclei up to driplines

Global optical potential for nucleus-nucleus systems from 50 MeV/u to 400 MeV/u
T. Furumoto, W. Horiuchi, M. Takashina, Y. Yamamoto, Y. Sakuragi
(submitted to PRC, Feb.2012)




T. Furumoto, W. Horiuchi, M. Takashina, Y. Yamamoto, Y. Sakuragi
(submitted to PRC, Feb.2012)

Global optical potential for nucleus-nucleus systems from 50 MeV/u to 400 MeV/u
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Global parameterization of the CEGO07 folding-model potentials

v'projectiles : Z =6 (C isotope) ~ 20 (Ca isotope) (even-even)
12C ~208pp (closed or sub-closed shell nuclei)
v'energy range : E/A =30 ~ 400 MeV

v'targets




€ Folding-model potential with CEG07a, CEGO07b
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€ Globally-parameterized density (“Sao Paolo density”)

L. C. Chamon, B. V. Carlson. L. R. Gasques. D. Perewa, C. D.
Conti, M. A. Alvarez, M. S. Hussemn. M. A. C. Ribewro. E. S.
Rossi, Jr.. et al.. Phys. Rev. C 66. 014610 (2001).



€ Globally-parameterized density (“Sao Paolo density”)
L.C.Chamon et al., PRC66, 014601 (2001)
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FIG. 3. The Ry parameter obtained for charge distributions extracted from electron scattering experiments and for theoretical densities

obtained from Dirac-Hartree-Bogoliubov calculations.
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€ Globally-parameterized density (“Sao Paolo density”)
L.C.Chamon et al.,, PRC66, 014601 (2001)
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FIG. 2. Equivalent diffuseness values obtained for charge distributions extracted from electron scattering experiments and for theoretical
densities obtained from Dirac-Hartree-Bogoliubov calculations.



Global parameterization of the CEGO07 folding-maodel potentials
I. Furumoto, W. Horiuchi, M. Takashina, Y. Yamamoto, Y. Sakuragi (submitted to PRC, 2012)

v'projectiles : Z =6 (C isotope) ~ 20 (Ca isotope) (even-even)
viargets: 12C ~298Pp (closed or sub-closed shell nuclei)
v'energy range : E/A =30 ~ 400 MeV

10 P2
VE(R) = Z {(l’n exXp (—?)} ,

n=1

10 R2
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n
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n+38

Y, = 0.45(7)(14}/3 + A7 +1)
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summary

1. Introduction

2. Microscopic theory for nucleus-nucleus interaction
with a new complex G-matrix interaction, CEGO7

. Application to proton-nucleus scattering
Il.  Application to heavy-ion (Hl) scattering/reactions

= Importance of repulsive three-body force effect

3. Attractive-to-repulsive transition of Hl optical
potential around E/A=200~300 MeV

4.  Global optical potential for exotic heavy ions

5. future perspectives



Summary

» We have proposed a new complex G-matrix (“CEG07"),
v derived from ESC04(extended soft-core) NN force
v include three-body foree (TBF) effect
v calculated up to higher density (about twice the normal density)

» We have applied DFM with new complex G-matrix (“CEG07™)
to nucleus-nucleus (AA) elastic/inelastic scattering & breakup

» CEGO7 is successful for nucleus-nucleus elastic scattering
v reproduce cross section data for 2C, Q elastic scattering
by 12C, 16Q, 28Si, 4°Ca targets at various energies.
= decisive role of Three-body repulsive force effect
v'We also demonstrated possible applications to nuclear
reactions (inelastic/breakup) including unstable nuclei

» The HI optical potential shows attractive-to-repulsive transition
around E/A=200~300 MeV

» We constructed Global potentials for projectiles of unstable nuclei
up to driplines, based on the microscopic CEGO7 folding potentials.







A brief history of
the double-folding model (DFM)

study of Hl optical potentials,
before CEGO7




@ Microscopic / semi-microscopic models :
v starting from NN interactions ( Vnn)

& _G-matrix with scattering b.c.

v' Vnn : effective NN interaction in nuclear medium
v' should have proper density-dependence (p-dep)
consistent with nuclear saturation properties
v" should have proper energy-dependence (E-dep)
v should be complex ( real-part + imaginary part)

However, no such ideal effective VNN exists so far !




Double-Folding Model (DFM)

@ Simple M3Y (1975~1985)

v real part only (add a phenom. imag. pot)
v zero-range exchange term

—4r eZ.Sr

—2134
4r 3 2.5r

e

vNN(r)=7999 — Toob(r)  Projectile Target

v no density-dependence
=too deep at short distances, but gives
a reasonable strength at nuclear surface

¢ dueto strong absorption for Heavy lons (HI)
= sensitive only to nuclear surface

= “Successful” for low-energy (E/A<30 MeV) scattering
of heavy-ion (HI) projectiles with A,<40
[ G.R.Satchler and W.G.Love, Phys.Rep.55,183(1979) |



Double-Folding-model potentials
with M3Y (density-independent)
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@ Introduction of density-dependence .

DDM3Y-ZR (with zero-range exchange term)

vynv(E,p;s)=g(E,s)f(E,p)

F(E,p)=C(E)[1+a(E)e PEP]

= greatly reduce the potential strength
at short distances

= reproduce refractive phenomena, such as
nuclear-rainbow (eg.*He+A, 1°0+160 )



Double-Folding-model potentials

with M3Y (density-independent)
with DDM3Y (density-dependent)
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