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Abstract. The effect of three-body force (TBF) is studied in nucleus-nucleus elastic scattering on the basis of
Brueckner theory for nucleon-nucleon (NN) effective interaction (complexG matrix) in the nuclear matter. A
newG matrix called CEG07 proposed recently by the present authors includes the TBF effect and reproduces a
realistic saturation curve in the nuclear matter, and is shown to well reproduce proton-nucleus elastic scattering.
The microscopic optical potential for nucleus-nucleus system is obtained by folding theG matrix with nucleon
density distributions in colliding nuclei. We first analyze the16O + 16O elastic scattering atE/A = 70 MeV in
detail. The observed cross sections are nicely reproduced up to the most backward scattering angles only when
the TBF effect is included. The effects of the three-body attraction (TBA) and three-body repulsion (TBR) are
also analyzed. The TBR contribution has an important role in nucleus-nucleus elastic scattering. The CEG07G
matrix is also tested in the elastic scattering of16O by the12C, 28Si and40Ca targets atE/A = 93.9 MeV, and in
the elastic scattering of12C by the12C target atE/A = 135 MeV with a great success. The decisive effect of the
TBF is clearly seen also in those systems.

1 Introduction

The role of the nuclear three-body force (TBF) in complex
nuclear systems is one of the key issues not only in nu-
clear physics but also in nuclear astrophysics relevant to
high-density nuclear matter in neutron stars and supernova
explosions. It is well known that the empirical saturation
point of nuclear matter (the binding energy per nucleon
E/A ≈ 16 MeV at a saturation densityρ0 ≈ 0.17 fm−3)
cannot be reproduced by using only two-body nucleon-
nucleon (NN) interactions [1]. To obtain a reasonable sat-
uration curve, it is indispensable to take into account the
additional contributions of the TBF, which contains two
parts: a three-body attraction (TBA) and a three-body re-
pulsion (TBR). It is important here that the saturation curve
in the high-density region is strongly pushed upward by
the TBR contribution and, as the result, the nuclear-matter
incompressibility becomes large [2–5]. This effect is inti-
mately related to our problem. In Ref. [6], we reported for
the first time clear evidence of the important role of the
TBF (especially the TBR) in nucleus-nucleus elastic scat-
tering in the case of an16O+ 16O system atE/A = 70 MeV.

Understanding nucleon-nucleus (NA) and nucleus-nu-
cleus (AA) interactions microscopically starting from un-
derlyingNN interactions has been a longstanding and fun-
damental subject. To solve a complicated many-body prob-
lem in nuclear reactions, one needs to rely upon a real-
istic approach based on reasonable approximations. One
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of the promising approaches would be to derive theNA
andAA folding potentials on the basis of the lowest order
Brueckner theory. Here, theNN G-matrix interactions are
obtained in infinite nuclear matter and folded intoNA and
AA density distributions with the local-density approxima-
tion (LDA). The Bethe-Goldstone (B-G) equation is solved
for anNN pair in medium, one of which corresponds to an
incident nucleon and the other is under a scattering bound-
ary condition. The obtainedG-matrix interaction is com-
posed of real and imaginary parts, being dependent on the
incident energy and the nuclear-matter density. As noted
here, theG matrix is considered to be an effectiveNN in-
teraction in nuclear medium, into which the short-range
and tensor correlations are renormalized.

The folding-model study with the use of complexG-
matrix interactions forNA system has a long history. Var-
iousG-matrix interactions starting from different kinds of
free-spaceNN interactions were proposed and applied to
the analyses of proton-nucleus elastic scattering with more
or less successful results. However, all of theG matrix pro-
posed so far were derived from just the two-body force and
the effect of the TBF was not included nor discussed. This
is partly because the TBF contributions at densities lower
thanρ0 have been considered to be not large enough to af-
fect NA scattering observables. Here, one should note that
the local density felt by the incident nucleon inside the tar-
get nucleus does not exceedρ0 even deep inside the nu-
cleus in usual cases.

Recently, the present authors have proposed a new com-
plexG-matrix interactionCEG07 [7] derived from the ex-
tended soft-core (ESC) model [9,10]. The ESC model is
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designed to give a consistent description of interactions not
only for theNN system but also for nucleon-hyperon and
hyperon-hyperon systems. In this model, the TBR effect
is represented as density-dependences of two-body parts
which appear by changing vector-meson masses in a density-
dependent way [10]. In contrast, the TBA part typically
results from two-pion exchange with excitation of an in-
termediate∆ resonance, that is, the Fujita-Miyazawa dia-
gram [11], which gives an important contribution at low
densities. Although the saturation curve of nuclear matter
can be produced reasonably as combined contributions of
the TBA and the TBR, it is decisively important in our re-
sults that the TBR contribution becomes more and more
significant as the density increases. The CEG07 models
were first applied to the analysis of proton-nucleus elastic
scattering over a wide range of incident energies and target
nuclei with great success [7]. Although the inclusion of the
TBF effect, in general, gave rise to only minor change of
pA elastic-scattering cross sections, as expected from our
earlier discussion, it was demonstrated that the inclusion
of the TBF effect clearly improved the fit to the analyzing
power data at forward angles in some energy regions.

In the case of theAA scattering system, the local den-
sity (ρ1 + ρ2) in the projectile-target overlap region may
exceed the normal density of nuclear matter,ρ0, and could
reach about twice this value, under the frozen-density ap-
proximation (FDA), as mentioned later. The TBR contri-
butions are remarkably large in such high-density regions
and, hence, one may expect clear evidence of a TBR ef-
fect through the calculated folding-model potential (FMP)
and the resultant elastic-scattering observables. The impor-
tance of a consistent description of nuclear saturation prop-
erties and elastic scattering ofAA systems was first pointed
out by Khoaet al. [12,13] on the basis of folding-model
analyses. They used density-dependent effective NN in-
teractions such as DDM3Y, BDM3Y, and CDM3Y ob-
tained from the density-independent effective interaction
M3Y [14] by multiplying various kind of phenomenolog-
ical density-dependent factors by hand, the parameters of
which were chosen so as to represent various types of sat-
uration curves in nuclear matter. The real part of theAA
potential was calculated by the folding of these interac-
tions with nucleon densities of theAA system, whereas the
imaginary part was treated in a completely phenomenolog-
ical way because M3Y was composed only of a real part.
They showed the importance of using an effective interac-
tion to be chosen to reproduce the realistic saturation curve
in nuclear matter for the proper description of elastic scat-
tering of AA systems. However, their purely phenomeno-
logical density-dependent factor had no explicit nor logical
relation to the TBF in the nuclear medium.

The present paper is organized as follows: Sec. 2 gives
the expressions of theG-matrix interaction and the double-
folding model for a nucleus-nucleus potential with the use
of the complexG-matrix interactions. Our analyses for var-
ious scatteringAA systems are given in Sec. 3. Here, the
importance of the TBF effect (especially the TBR) is demon-
strated in the typical case of the16O + 16O elastic scatter-
ing atE/A = 70 MeV, and then the analyses are performed
for the elastic scattering of16O on the12C, 28Si, and40Ca

targets atE/A = 93.9 MeV, for the12C + 12C elastic scat-
tering atE/A = 135 MeV. The summary of this work is
given in Sec. 4.

2 Formalism

2.1 G-matrix interaction

Let us recapture the derivation of theG-matrix interaction
given in our previous work [7,8]. We start from theG-
matrix equation for the nucleon pair of the moving nucleon
with momentum,k, and a bound nucleon with momentum,
k j, in symmetric nuclear matter at the Fermi-momentum,
kF, where the starting energy,ω, is given as the sum of
the energyE(k) of the propagating nucleon and a single
particle (s.p.) energye(k j). TheG-matrix calculations are
performed with the continuous choice for intermediate nu-
cleon spectra. The scattering boundary condition withiε
in the denominator leads to complexG matrices, summa-
tion of which gives the complex s.p. potentialU(k, E(k)).
Then, the energyE(k) = ~

2

2m k2
+ UR(k) is determined self-

consistently,UR(k) being the real part ofU(k, E(k)).
Relative and center-of-mass momenta are given asq =

(k− k j)/2 andP = k+ k j, respectively. Angular momenta
of relative-orbital, spin and total states are denoted byL, S
and J, respectively, and isospin is done byT . Then, the
coordinate-spaceG-matrix equation in a (L, S , J, T ) pair
state is represented as follows:

uJS T
LL′ (r; q) = jL(qr) δLL′

+4π
∑

L′′

∫

r′2dr′ FL(r, r′; q) V JS T
L′L′′ (r

′) uJS T
LL′′ (r

′; q) ,

FL(r, r′; q) =
1

2π2

∫

q′2dq′

×
Q̄(q′, P̄; kF) jL(q′r) jL(q′r′)

ω −
(

~2

m q′2 + ~
2

4m P̄2 + UR(q̄′+) + UR(q̄′−)
) , (1)

where jL(qr) is a spherical Bessel function for the incident
momentum,q, anduJS T

LL′ (r; q) is the corresponding scatter-
ing wave function.Q̄, P̄ and q̄′± are the angle-averaged
expressions for the Pauli operator,Q, the center-of-mass
momentum,P, and |q′ ± 1

2 P|, respectively. TheG-matrix
elements and the s.p. potentials are given as

〈q|GJS T
LL |q〉 = 4π

∑

L′′

∫

r2dr jL(qr) V JS T
LL′′ uJS T

LL′′ (r; q) , (2)

U(k, E(k); kF) =
1

2π2

∫

q2dqZ(q; k, kF)

×
∑

LJS T

1
2

(2J + 1)(2T + 1)〈q|GJS T
LL |q〉 , (3)

with

Z(q; k, kF) =
1
kq

(k2
F − (k − 2q)2) . (4)
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TheG-matrix interaction represented as a local form in
the coordinate space can be given as follows:

GJS T
LL′ (r; kF , E)

=

∫

q2dqZ(q; k, kF) jL′ (qr)
∑

L′′ V JS T
L′L′′ (r)u

JS T
LL′′ (r; q)

∫

q2dqZ(q; k, kF) jL′ (qr) jL(qr)
,(5)

where theq-dependence in theG-matrix (2) is averaged
over so as to reproduce the s.p. potential (3) in the first-
order perturbation. The apparentk-dependence in the right
side is attributed to theE-dependence through the relation
E(k) = ~

2

2m k2
+ UR(k). The obtained interactionGJS T

LL (r) is
parameterized in a three-range Gaussian form: The outer
two-ranges are determined by fitting the radial form of
GJS T

LL (r) in long- and intermediate-range regions, and the
innermost part is fixed so as to reproduce the (LS JT )-state
contribution of the s.p. potentialU. The central andLS
components of theG-matrix interaction in the (LS T ) state
are given by the adequate linear combinations ofGJS T

LL on
J. The L-dependence is further averaged for each parity
state with the statistical weight given by the denomina-
tor of Eq. (5). Thus, we obtain the three-Gaussian poten-
tial GS T

± (r), ± being even and odd parities. Our Gaussian-
parameterizedG-matrix interaction is named CEG07.

As for the NN interaction model, we adopt the ex-
tended soft core (ESC) model [9,10]. Though manyNN
interaction models have been proposed so far, the recent
models reproduce the experimental phase shifts equally
well. TheG-matrix interactions derived from these mod-
els are considered to give rise to similar results for the
nucleon-nucleus scattering observables. A reason for adopt-
ing ESC here is in the nuclear saturation problem. As well
known, the empirical saturation point can be reproduced
with the use of not only the two-bodyNN interactions but
also the three-body force (TBF) composed of the three-
body attraction (TBA) and the three-body repulsion (TBR).
The TBA is typically due to the two-pion exchange with
excitation of an intermediate∆ resonance, that is the Fujita-
Miyazawa diagram. We derive the effective two-body in-
teraction from the TBA, which is added on ourG-matrix
interaction, according to the formalism in Ref. [15]. In our
calculations, the pionic form-factor mass is taken as 420
MeV and theNN correlation effect for the TBA is ne-
glected. On the other hand, the origin of the TBR is not
necessarily established. In the ESC approach, the TBR ef-
fect is included rather phenomenologically by changing
the vector-meson masses,MV , in the nuclear matter ac-
cording toMV (ρ) = MV exp(−αVρ) with the parameter,αV ,
which leads to an effective density-dependent two-body in-
teraction. In this work, we take the value ofαV = 0.18.
Now, figure 1 shows the saturation curves in the following
two cases:

(a) with the two-body interaction only,
(b) with TBA and TBR (αV = 0.18),

In the cases of (a) and (b), the minimum values of satura-
tion curves are−17.8 and−14.5 MeV, respectively, atkF =

1.53 and 1.33 fm−1. Correspondingly, the calculated values
of the incompressibility,K, at the normal density are ob-
tained as 106 and 259 MeV, respectively. In the cases of

0.8 1.2 1.6
−20

−10

0

10

E
/A

 (
M

eV
)

kF (fm−1)

Saturation curves

CEG07a (w/o TBF)
CEG07b (with TBF)

Fig. 1. Effects of the three-body forces in the saturation caurves
obtained by theG-matrix calculation.

(a) and (b), the derived CEG interactions were named as
CEG07a and CEG07b.

2.2 Folding potential

We construct the nucleus-nucleus optical model potential
(OMP) based on the double-folding model (DFM) with
the use of the complexG-matrix interaction CEG07. The
microscopic nucleus-nucleus potential can be written as a
Hartree-Fock type potential;

UF =

∑

i∈A1, j∈A2

[< i j|vD|i j > + < i j|vEX| ji >] (6)

= UD + UEX, (7)

wherevD andvEX are the direct and exchange parts of com-
plexG-matrix interaction. The exchange part is a nonlocal
potential in general. However, by the plane-wave represen-
tation for theNN relative motion [16,17], the exchange
part can be localized. The direct and exchange parts of the
localized potential are then written in the standard form of
the DFM potential as

UD(R) =
∫

ρ1(r1)ρ2(r2)vD(s; ρ, E/A)dr1dr2, (8)

wheres = r2 − r1 + R, and

UEX(R) =
∫

ρ1(r1, r1 + s)ρ2(r2, r2 − s)vEX(s; ρ, E/A)

× exp

[

ik(R) · s
M

]

dr1dr2. (9)
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Here, k(R) is the local momentum for nucleus-nucleus rel-
ative motion defined by

k2(R) =
2mM
~2

[Ec.m. − ReUF(R) − Vcoul(R)], (10)

whereM = A1A2/(A1+A2), Ec.m. is the center-of-mass en-
ergy,E/A is the incident energy per nucleon,m is the nu-
cleon mass andVcoul is the Coulomb potential.A1 andA2
are the mass numbers of the projectile and target, respec-
tively. The exchange part is calculated self-consistently on
the basis of the local energy approximation (LDA) through
Eq. (10). Here, the Coulomb potentialVcoul is also obtained
by folding theNN Coulomb potential with the proton den-
sity distributions of the projectile and target nuclei. The
density matrixρ(r, r′) is approximated in the same manner
as in [18];

ρ(r, r′) =
3

keff
F · s

j1(keff
F · s)ρ

( r + r′

2

)

, (11)

wherekeff
F is the effective Fermi momentum [19] defined

by

keff
F =

(

(3π2ρ)2/3
+

5Cs[∇ρ2]
3ρ2

+
5∇2ρ

36ρ

)1/2
, (12)

where we adoptCs = 1/4 following Ref. [20]. The de-
tailed methods for calculatingUD (direct part) andUEX
(exchange part) are the same as those given in Refs. [21]
and [12], respectively.

In the present calculations, we employ the so-called
frozen density approximation (FDA) for evaluating the lo-
cal density. In the FDA, the density-dependentNN interac-
tion is assumed to feel the local density defined as the sum
of densities of colliding nuclei evaluated at the mid-point
of the interacting nucleon pair;

ρ = ρ1(r1 +
1
2

s) + ρ2(r2 −
1
2

s). (13)

The FDA has been widely used also in the standard DFM
calculations [8,12,13,20,22,23]. The prescriptions other
than the FDA for evaluating the local density inAA sys-
tems have already been tested in Ref. [8] and the prescrip-
tion of the FDA has been confirmed to be the best approx-
imation in the use of CEG07 interactions.

3 Results

Let us apply the CEG07G-matrix interactions to nucleus-
nucleus (AA) systems through the double-folding model
(DFM). Since the imaginary part of the optical potential
for AA systems represents all excurrent flux escaping from
elastic scattering channel through all the possible open re-
action channels, it would be difficult to completely simu-
late those flux loss by the imaginary part of theG-matrix
interaction originated from the pair-scattering correlations
in the nuclear matter. So, we introduce a renormalization
factor,NW, phenomenologically for the imaginary part of

the FMP and define the present microscopic optical poten-
tial with the CEG07 interaction as

Uopt(R) = V(R) + iNWW(R). (14)

Here,V andW denote the real and imaginary parts of the
original DFM potential derived from theG-matrix interac-
tion. We adjust the renormalization factor so as to attain
optimum fits to the experimental data for elastic-scattering
cross sections.

First, we analyze elastic scattering of the16O + 16O
system in detail as a benchmark system for testing the in-
teraction model, and then, we also analyze the16O scat-
tering by other target nuclei as well as the12C + 12C sys-
tem. We adopt the nucleon density of16O calculated from
the internal wave functions generated by the orthogonal
condition model (OCM) by Okabe [27] based on the mi-
croscopicα + 12C cluster picture. For other nuclei, we
use the nucleon densities deduced from the charge densi-
ties [28] extracted from electron-scattering experiments by
unfolding the charge form factor of a proton in the standard
way [29].

3.1 16O + 16O elastic scattering

In this paper, we make use of the CEG07G-matrix inter-
actions with and without the TBF effect, and analyze the
elastic scattering of the16O + 16O system to see how the
TBF effect plays an important role inAA scattering sys-
tems. We choose elastic scattering of the16O+ 16O system
for the following reasons:16O is one of the most stable
double-magic nuclei and has no collective-excitation state
strongly coupled with the ground state. This is important
for a folding model based on the complexG-matrix, be-
cause the imaginary part of theG-matrix is expected to
simulate the effect of single-particle-like excitations of fi-
nite nuclear systems throughNN pair-scattering correla-
tions and the effect of coherent, collective excitations of a
finite nucleus may not be included in the imaginary part of
the G-matrix. Therefore, the16O + 16O system is one of
the ideal benchmark systems to test the validity of interac-
tion models; in fact, a number of interaction models, either
purely phenomenological [30–32] or microscopic in vari-
ous senses [12,13,22,23], have been tested for decades on
this system as a milestone to be cleared.

We now analyze the16O+ 16O elastic scattering atE/A
= 70 MeV, paying a special attention to the roles of the
TBF in AA scattering systems. Figure 2 shows the real (up-
per panel) and imaginary (lower panel) parts of the calcu-
lated FMP for the16O + 16O elastic scattering atE/A =
70 MeV with the use of two types of CEG07G-matrix in-
teractions; CEG07a (without the TBF) and CEG07b (with
the TBF). The effect of the TBF composed of the TBA and
the TBR is clearly seen in the real part of the FMP over the
whole range of internuclear distance, while the effect on
the imaginary part is rather small except at short distances
below 3 fm. The large difference in the real part is found
to be mainly due to the effect of the repulsive part of TBF
(TBR), while the attractive part of the TBF (TBA) is found
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Fig. 2. The real and imaginary parts of the FMP for the16O+ 16O
system atE/A = 70 MeV. The dotted and solid curves are the
results with CEG07a (without the TBF) and CEG07b (with the
TBF), respectively.

to play only a minor role. The effects of the TBA and TBR
will be shown later.

We then calculate the16O+ 16O elastic-scattering cross
section atE/A = 70 MeV with the use of two types of
FMPs shown in Fig. 2. In the standard DFM analyses of
elastic scattering, it is often the case that the real part of
calculated FMP is multiplied by the renormalization factor,
whereas a completely phenomenological imaginary poten-
tial is introduced and the parameters together with the renor-
malization factor for the real FMP are determined so as
to optimize the fit to the experimental data. In the present
DFM, however, the calculated FMP itself is already com-
plex because of the use of the complexG-matrix. The only
parameter in the present framework is the renormalization
factorNW for the imaginary part defined by Eq. (14).

The results are shown in Fig. 3. The solid and dotted
curves are the results with the use of the FMP obtained
from CEG07b and CEG07a, respectively. Here, we take
NW to be 0.8 so that the solid curve (with the TBF ef-
fect) gives an optimum fit to the data. The solid curve with
the TBF effect well reproduces the experimental data up
to backward angles, while the dotted curve with CEG07a
(without the TBF) overshoots the experimental data at mid-
dle and backward angles reflecting the too deep strength of
the real part of the FMP. We found that no reasonable fit
to the data was obtained by the FMP with CEG07a (with-
out the TBF) no matter how the imaginary part of the FMP
is renormalized by changing the value ofNW as seen in
Fig. 4. When we increase theNW value so as to reduce
the deviation in the large-angle region, no calculation re-
produces the proper slope of the experimental cross sec-
tions at backward angles and the diffraction pattern in the

0 10 20

10−4

10−2

100

θc.m. (deg)

dσ
/d

σ R
ut

h.

16O + 16O   elastic scattering

E/A = 70 MeV

NW = 0.8

CEG07a (w/o TBF)
CEG07b (with TBF)

Fig. 3. Rutherford ratio of the cross sections for the16O + 16O
elastic scattering atE/A = 70 MeV, which are compared with
the folding model calculations with (CEG07b) and without
(CEG07a) the TBF effect. TheNW value is fixed to 0.8 for all
of the calculations. The meaning of the curves is the same as in
Fig. 2. The experimental data is taken from Ref. [34].

0 10 20

10−4

10−2

100

θc.m. (deg)

dσ
/d

σ R
ut

h.

16O + 16O   elastic scattering

E/A = 70 MeV

NW = 0.8

CEG07a (w/o TBF)

NW = 1.0
NW = 1.2

NW = 1.4
NW = 1.6
NW = 1.8

Fig. 4. Same as Fig. 3 but for the results of CEG07a with vari-
ous renormalization factors for the imaginary part. This figure is
taken from Ref. [8].

forward-angle region becomes out-of-phase with respect to
the experimental data. Thus, the large difference between
the solid and dotted curves in Fig. 3 clearly shows an evi-
dence of the decisive role of the TBF on elastic scattering
of the16O+ 16O system.

Next, we analyze the individual effects of the TBA and
TBR forces in16O + 16O elastic scattering. CEG07b in-
cludes the effect of the TBA in the form of the Fujita-
Miyazawa diagram and the one of the TBR simulated by
the change of the vector meson masses. Here, we make
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clear whether the TBA or the TBR have important role in
nucleus-nucleus elastic scattering.

First, we analyze the effect of the TBA. The TBA is
known to be taken account of various diagrams, such as
the∆ and Roper excitations. However, we assume that the
TBA is due only to the Fujita-Miyazawa diagram with the
∆ resonance because the∆ resonance is known to have
the most important contribution to the TBA. On this as-
sumption, we investigate the effect of the TBA strength
on the nuclear matter properties as well as on the scatter-
ing cross section, by changing the TBA cut-off parameter.
Here, we rename the three types of CEG07b with various
TBA parameters as CEG07b0, CEG07b1 and CEG07b2
following Ref. [8]. CEG07b1 is the original CEG07b itself.
CEG07b0 includes no thee-body attractive force. CEG07b2
has stronger TBA than CEG07b1, which is designed so
that the most reasonable saturation curve is reproduced as
shown in Fig. 5.

0.8 1.2 1.6
−20

−10

0

10

E
/A

 (
M

eV
)

kF (fm−1)

Saturation curves

CEG07b0 (w/o TBA)
CEG07b1
CEG07b2
(with strong TBA)

Fig. 5. Effects of the TBA in the saturation curves obtained by
theG-matrix calculation. The dotted, solid and dashed curves are
the results for CEG07b0, CEG07b1, and CEG07b2, respectively.
This figure is taken from Ref. [8].

Figures 6 and 7 compare the cross sections calculated
by the three types of CEG07b with experimental data in the
use of the same and differentNW values, respectively. The
solid, dotted and dashed curves are the results for CEG07b1,
CEG07b0, and CEG07b2, respectively. While the effect of
the TBA force is clearly seen in the saturation curves as
shown in Fig. 5, this effect is seen little in the cross section
as shown in Fig. 6. Moreover, this effect can be compen-
sated by changing the renormalization factorNW for the
imaginary part by about 5 % as shown in Fig. 7 and all
of the calculated cross sections well reproduce the data.
The role of the TBA effect is not clearly seen for nucleus-
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CEG07b2 (with strong TBA)

NW = 0.8

Fig. 6. Same as Fig. 3 but for the comparison with the effect of
the three-body attractive force in the use of sameNW values. The
meaning of the curves is the same as in Fig. 5.
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NW = 0.85

NW = 0.8

NW = 0.83

Fig. 7. Same as Fig. 6 but in the use of differentNW values. The
meaning of the curves is the same as in Fig. 5. This figure is taken
from Ref. [8].

nucleus elastic scattering although the∆ resonance (the
Fujita-Miyazawa diagram) is known to be the most impor-
tant TBA effect and clearly seen in the saturation curves in
Fig. 5.

On the other hand, we also analyze the effect of the
TBR force in nucleus-nucleus elastic scattering. The TBR
effect of CEG07b is represented as the effective density-
dependet two-body interaction by changing the vector me-
son masses in nuclear matter according to the functional
form of MV (ρ) = MV exp(−αVρ) with the parameterαV .
To investigate the effect of the TBR strength on the nuclear
matter properties as well as on the scattering cross section,
we compare the CEG07b with different CEG07 fixed to
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be the parameterαV = 0.11. Here, we name the CEG07
(αV = 0.11) as CEG07c2 in the same as Ref. [8].

0.8 1.2 1.6
−20

−10
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10

E
/A

 (
M
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)

kF (fm−1)

Saturation curves

CEG07a (w/o TBF)
CEG07b (with TBF)

CEG07c2 (with TBF)
(TBR: αV = 0.18)

(TBR: αV = 0.11)

Fig. 8. Effect of the TBR in the saturation curves obtained by the
G-matrix calculation. The dotted, solid and dashed curves are the
results for CEG07a, CEG07b, and CEG07c2, respectively.

Figure 8 shows the saturation curves calculated with
CEG07a, CEG07b and CEG07c2 in nuclear matter. The
effect of the TBR is claerly seen in the higher densities
and the effect becomes more and more remarkable as the
density becomes higher. Figure 9 compare the cross sec-
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CEG07b (with TBF)

CEG07c2 (with TBF)
(TBR: αV = 0.18)

(TBR: αV = 0.11)

Fig. 9. Same as Fig. 6 but for the comparison with the effect of
the three-body repulsive force. The meaning of the curves is the
same as in Fig. 8.

tions calculated by CEG07a, CEG07b and CEG07c2 with
the experimental data. The solid, dotted and dashed curves
are the results for CEG07b, CEG07a and CEG07c2, re-
spectively. The effect of the TBR force is clearly seen in
the cross section. Both CEG07a and CEG07c2 overshoot
the data around middle and backward angles. Even if the
imaginary part of CEG07c2 is renomalized by differentNW
values, CEG07c2 cannot repuroduce the data in the same
as CEG07a. This result means that the TBR effect has im-
portant role in nucleus-nucleus elastic scattering.

3.2 Analysis of 16O elastic scattering by other target
nuclei

In this section, we analyze the elastic scattering of16O by
the 12C, 28Si and40Ca target nuclei atE/A = 93.9 MeV
with the use of CEG07a and CEG07b interactions.

0 2 4

10−9

10−6

10−3

100

CEG07a

NW = 0.7

CEG07b

12C target
E/A = 93.9 MeV

q (fm−1)

dσ
/d

σ R
ut

h.

16O elastic scattering

NW = 0.9

28Si (x 10−3)

NW = 0.75

40Ca (x 10−6)

Fig. 10. Rutherford ratio of the cross sections for elastic scat-
tering of 16O by the12C, 28Si and 40Ca targets atE/A = 93.9
MeV, which are compared with the folding model calculations
with the three types of complexG-matrix interactions. The dot-
ted and solid curves are the results with CEG07a and CEG07b,
respectively. The experimental data are taken from Ref. [36]. The
abscissa is the momentum transferq defined asq = 2k sin (θ2),
wherek being the asymptotic momentum.

Figure 10 shows the16O elastic-scattering cross sec-
tions for the12C, 28Si and40Ca targets atE/A = 93.9 MeV.
The dotted and solid curves are the results with CEG07a
and CEG07b, respectively. The effect of the TBF is clearly
seen in the cross sections as in the case of the16O + 16O
scattering shown in Figs. 2. No reasonable fit to the data
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is obtained by the FMP calculation with CEG07a (with-
out TBF effect), no matter how we change the value of
NW, which is also the same as in the case of the16O target
shown in Fig. 4. For the28Si target, the fit to the experimen-
tal data is not necessarily perfect at large angles. It may be
related to the fact that the28Si nucleus presents a slightly
stronger absorption (NW = 0.9) to the incident16O nucleus
compared with other target nuclei (NW ≈ 0.75). Since the
28Si nucleus is known to be a very deformed nucleus that
shows a typical rotational band in the excitation spectrum,
it may be reasonable to expect that an additional absorp-
tion should be induced dynamically by collective excita-
tion of the28Si nucleus in the collision with16O. This kind
of dynamical effect may not be represented by the imagi-
nary part of theG-matrix interaction evaluated in the nu-
clear matter. This would be one of the reason of a slightly
larger value of the optimumNW for the28Si target (NW =

0.9) compared with that for other targets (NW ≈ 0.75). In
fact, we have confirmed that a better fit up to the backward
angles is obtained by a coupled-channel (CC) calculation
based on the present FMP potential in the case of the28Si
target with a smaller value ofNW. The CC analyses will be
reported in forthcoming publications.

3.3 12C + 12C system

In this section, we analyze elastic scattering of the
12C+ 12C system that has been studied atE/A = 135 MeV.
The12C+ 12C system is one of the interesting systems and
the most frequently-studied light heavy-ion system.

0 5 1010−3

10−2

10−1

100

CEG07a

NW = 0.5

CEG07b

12C +12C   elastic scattering

E/A = 135 MeV

θc.m. (deg)

dσ
/d

σ R
ut

h.

Fig. 11. Rutherford ratio for the12C + 12C system atE/A = 135
MeV. The experimental data are taken from Ref. [37].

Figures 11 shows the elastic-scattering cross sections
for the12C + 12C system atE/A = 135 MeV, respectively.
The dotted and solid curves are the results with CEG07a
and CEG07b, respectively. The effect of the TBF is also
clearly seen for the12C + 12C elastic scattering as in the

case of other systems. This could be related to the weaker
absorption (the optimum value ofNW = 0.5) for this system
compared with other systems discussed so far, although
the origin of the weaker absorption for this system is not
clear at this stage. It is worthwhile to mention that the sim-
ilar trend of the weaker absorption for elastic scattering
relevant to the12C nucleus was also pointed out previ-
ously [38].

4 Summary

In summary, we have first analyzed elastic scattering of
the 16O + 16O system atE/A = 70 MeV with the use of
CEG07a and CEG07b interactions, where the latter one in-
clude the effect of the TBF (TBA+ TBR). The effect of the
TBF is seen clearly in the real potential, where the poten-
tial is pushed upward remarkably by the TBR contribution
in the high-density region owing to the prescription of the
frozen-density approximation (FDA). Then, the DFM with
CEG07b including the TBR effect nicely reproduces the
observed16O + 16O elastic-scattering cross sections over
the whole angular region. On the other hand, the DFM with
CEG07a derived only from the two-body interaction gives
no reasonable fit to the data no matter how the value ofNW
is changed.

The effect of the∆-resonance TBA that is described by
the Fujita-Miyazawa diagram have been tested. The TBA
effect is clearly seen in the saturation curves and has an
important role to satisfy the saturation point. However, the
effect can be compensated by changing the renormaliza-
tion factorNW for the imaginary part by about 5 % for the
16O + 16O elastic scattering atE/A = 70 MeV. It is under-
stood that the TBR-like effect of the TBF has a decisive
role in nucleus-nucleus elastic scattering. The effect of the
TBR have also been tested. Differently from the TBA ef-
fect, the TBR effect is clearly seen in the cross section.
The effect of TBR force has desicive role to repuroduce
the nucleus-nucleus elastic scattering data.

We also apply the folding model potential calculated
with CEG07a and CEG07b in the framework of the FDA
for other systems; the16O+ 12C,16O+ 28Si, and16O+ 40Ca
systems atE/A = 93.9 MeV and the12C + 12C system
at E/A = 135 MeV. All the cross sections can be repro-
duced by the calculated FMPs with CEG07b and CEG07c
(with the TBF). The FMP calculated with CEG07a (with-
out the TBF) can not reproduce the data as in the case of
the16O + 16O system. CEG07a gives too deep FMP to re-
produce the data. The effect of the TBF is also clearly seen
at FMP and elastic cross sections for these systems as in
the case of the16O+ 16O atE/A = 70 MeV.

Acknowledgments

The authors acknowledge Professor Dao T. Khoa for pro-
viding with the numeral data of the16O + 16O elastic scat-
tering. One of the authors (T.F.) is supported by the Japan
Society for the Promotion of Science for Young Scientists.

06011-p.8



19th International IUPAP Conference on Few-Body Problems in Physics

References

1. F. Coester, S. Cohen, B. D. Day and C. M. Vincent,
Phys. Rev. C1 (1970) 769.

2. I. E. Lagaris and V. R. Pandharipande, Nucl. Phys.
A359 (1981) 349.

3. R. B. Wiringa, V. Fiks and A. Fabrocini, Phys. Rev. C
38 (1988) 1010.

4. M. Baldo, I. Bombaci and G. F. Burgio, Astron. As-
trophys.328 (1997) 274.

5. A. Lejeune, U. Lombardo and W. Zuo, Phys. Lett.
B477 (2000) 45.

6. T. Furumoto, Y. Sakuragi and Y. Yamamoto, Phys.
Rev. C79 (2009) 011601.

7. T. Furumoto, Y. Sakuragi and Y. Yamamoto, Phys.
Rev. C78 (2008) 044610.

8. T. Furumoto, Y. Sakuragi and Y. Yamamoto, Phys.
Rev. C80 (2009) 044614.

9. T. A. Rijken, Phys. Rev. C73 (2006) 044007.
10. T. A. Rijken and Y. Yamamoto, Phys. Rev. C73 (2006)

044008.
11. J. Fujita and H. Miyazawa, Prog. Theor. Phys.17

(1957) 360.
12. D. T. Khoa, W. von Oertzen and H. G. Bohlen, Phys.

Rev. C49 (1994) 1652.
13. D. T. Khoa, G. R. Satchler and W. von Oertzen, Phys.

Rev. C56 (1997) 954.
14. G. Bertsch, J. Borysowicz, H. McManaus and W. G.

Love, Nucl. Phys.A284 (1977) 399.
15. T. Kasahara, Y. Akaishi and H. Tanaka, Prog. Theor.

Phys. Suppl.56 (1974) 96.
16. B. Sinha, Phys. Rep.20 (1975) 1.
17. B. Sinha and S. A. Moszkowski, Phys. Lett.B81

(1979) 289.
18. J. W. Negele and D. M. Vautherin, Phys. Rev. C5

(1972) 1472.
19. X. Campi and A. Bouyssy, Phys. Lett.B73 (1978) 263.
20. D. T. Khoa, Phys. Rev. C63 (2001) 034007.
21. S. Nagata, M. Kamimura and N. Yamaguchi, Prog.

Theor. Phys.73 (1985) 512.
22. M. Katsuma, Y. Sakuragi, S. Okabe and Y. Kondo,

Prog. Theor. Phys.107 (2002) 377.
23. G. R. Satchler and W. G. Love, Phys. Rep.55 (1979)

183.
24. F. Duggan, M. Lassaut, F. Michel and N. V. Mau,

Nucl. Phys.A355 (1981) 141.
25. F. Carstoiu and M. Lassau, Nucl. Phys.A597 (1996)

269.
26. T. Furumoto and Y. Sakuragi, Phys. Rev. C74 (2006)

034606.
27. S. Okabe,Proc. of Tours Symposium on Nuclear

Physics II (eds. H. Utsunomiya et al., World Scien-
tific, Singapore, 1995), p. 112.

28. H. DeVries, C. W. DeJager and C. DeVries, At. Data
Nucl. Data Tables36 (1987) 495.

29. L. R. B. Elton,Nuclear Size (Oxford University, Ox-
ford, 1961).
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