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Within the optical model with a repulsive core, the elastic collisions
of 160+12C at various energies are discussed. Due to the repulsive
core, the cross-sections rise strongly for backward angles. By
using the near-side/far-side decomposition method, it is shown
that the near-side component of the scattering amplitude mainly
contributes to the elastic scattering cross-sections for forward and
backward angles. The repulsive core of the 160+412C potential
occurs at small distances.

1. Introduction

The nucleus-nucleus interaction potential is a key
ingredient in the analysis of nuclear reactions. By using
the potential between nuclei, we can evaluate the cross
sections of different nuclear reactions [1-5].

The interaction potential between nuclei consists of
nuclear, Coulomb, and centrifugal parts. The Coulomb
and centrifugal interactions of two nuclei are well-
known. In contrast to this, the nuclear part of a nucleus-
nucleus interaction is known worse. There are various
approximations for the nuclear part of the nucleus-
nucleus interaction potential.

The nuclear part of the interaction potential is often
parametrized by the Woods—Saxon, squared Woods—
Saxon, or similar shapes [1-7] which is the very
common phenomenological approach. Parameters of
the phenomenological potential are obtained by fitting
the experimental data for various reactions. Therefore,
the parameters of such a potential depend on the
reaction channel(s) and the model applied to the reaction
description.

There are several macroscopic, semimicroscopic,
and microscopic approaches for the evaluation of
the nucleus-nucleus potential [4, 5]. The proximity
potential is derived in the framework of the macroscopic
approximation using the properties of nuclear matter,
nuclear surface, density distributions in nuclei, and
simple nucleon-nucleon interaction [8]. There are various
semimicroscopic and microscopic models of the nucleus-
nucleus potential based on the Skyrme nucleon-nucleon
forces [9-15,17] or a simplified energy-density functional
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[16,17]. Note that various properties of nuclear matter
and nuclei are well described in the frameworks of
the Hartree—Fock or energy-density functional theories
with the Skyrme forces. The microscopic double-folding
nucleus-nucleus potential is based on the M3Y, Paris,
or Reid nucleon-nucleon forces and nucleon densities of
both nuclei [4,5,18-28|. The microscopic single-folding
nucleus-nucleus potential is also used for description of
heavy-ion reactions [1,4,5,29].

The Woods—Saxon type, single-, and double-folding
[4,5,18-22, 24] potentials are steadily rise from a large
negative value at R = 0 with increasing the distance R
between nuclei. The nuclear part of these potentials is
attractive at any distances between nuclei. In contrast
to this, the proximity potential [8], the potentials
based on the Skyrme [9-13, 15], the modified M3Y
[25-27], and the Reid soft-core [28] effective nucleon-
nucleon forces are attractive at large and close distances
between interacting nuclei and are repulsive at very
small distances, when nuclei are strongly overlapped.
The potentials based on the simplified energy-density
functional [16,17] have also the repulsive core at very
small distances. In other words, there is the repulsive
core at very small distances and the attraction at larger
distances for the proximity, Skyrme-type, modified
M3Y, and Reid soft-core potentials [8-13,15-17,25-27].

The core-repulsive nucleus-nucleus potential was
discussed in [16] for the first time. The repulsion of two
colliding nuclei takes place at small distances, when the
densities of two nuclei are well overlapped and doubled
in some volume. The compressibility of nuclear matter
resists to such high value of nuclear density [11, 16].
The kinetic energy contribution into the nucleus-nucleus
interaction rises sharply due to the Pauli rearrangement
and the antisymmetrization as well [9, 28]. The both
compressibility and kinetic energy contributions into the
nucleus-nucleus potential are directly taken into account
in the framework of semimicroscopical models based on
the Skyrme effective energy density functional [9-12,15].

The obvious example clarifying the nature of a
repulsive core of the nucleus-nucleus potential is the
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potential evaluated at frozen nucleon densities for fully
overlapped colliding nuclei, when the distance between
the nucleus-nucleus mass centers R is zero. In this
case, the density in the inner part of the overlapped
nuclei is twice higher than the normal density of nuclear
matter. Such high-density state of nuclear matter is
unstable; therefore, a local or absolute minimum of the
potential at R = 0 cannot exist. Therefore, the result
of potential evaluations based on the Skyrme force and
frozen nucleon densities leading to the core at R = 0
is expected. In contrast to this, the microscopic double-
folding nucleus-nucleus potentials based on the M3Y,
Paris, or Reid nucleon-nucleon forces and frozen nucleon
densities have the absolute minimum at R = 0 [4,18-22,
24]. The values of such double-folding nucleus-nucleus
potentials at R = 0 belong to the range —150 - —400
MeV. Note that the accounting of the nuclear three-body
force leads to a reduction of the potential depth at R = 0
in the framework of the double-folding approach [31] by
20-30%. The origin of the strong attraction of two nuclei
at R = 0 is doubtful.

The most part of experimental data for various
nucleus-nucleus reactions have been analyzed using the
Woods—Saxon type and double-folding potentials [1-7,
18-24, 31]. However, only few reactions and potential
properties have been considered with the use of
the potentials with a repulsive core [9-16, 25-28, 30].
Therefore, it is very interesting to analyze various
reactions employing the potential with a repulsive core.

The repulsion of colliding nuclei exists at small
distances between them. Therefore, the influence of the
repulsive core on scattering properties can be checked
in reactions which are very sensitive to values of
the potential at small distances. The elastic-scattering
reaction involving very stiff nuclei 10 and 2C at
energies strongly above the barrier seems to be a
reasonable example, because this reaction is very
sensitive to the potential values at small distances
[21,22,24].

The '0+'2C elastic scattering data at several
energies strongly above the barrier were measured
by Ogloblin et al. [21, 22]. These data have been
described by using the very deep double-folding and
Woods—Saxon potentials in [21,22]. A shallow potential
evaluated from a single-folding method was obtained
in [29] for these reaction data sets. The 1¢0-+12C
elastic scattering data were recently analyzed by using
a parabolic £-dependent core [30]. However, the nucleus-
nucleus potential is attractive at the core distances (see
[30]). Therefore, it is very interesting to describe this
reaction data using the repulsive core potential, whose
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type is very similar to the Skyrme semimicroscopic
potential.

In the second section of the work, we briefly discuss
the parametrization of a phenomenological interaction
potential with a repulsive core. The discussion of the
results and the conclusion are given in Section 3.

2. Potential Parametrization

The real part of the nucleus-nucleus potential v(R)
consists of the Coulomb wvc(R), nuclear v,(R), and
centrifugal v,(R) parts, i.e.

v(R) = vc(R) + vn(R) + ve(R). (1)

These parts of the nucleus-nucleus potential can be
written in the form

YAVAYX:
1R26 ’ if R> RC?
UC(R) - 212262 3 R2 (2)
- — if R< R
Re {2 QRg] s de
vn(R) =
(1)/3 13 , R 2> Ry,
= 1+ exp[(R—ro(Ay” 4+ As'7))/do]
bo + by1s + b282 + b353 + b454, if R< R,,,

(3)
- 200+ 1)
velR) = 2M[A1 Az /(A1 + A2)|R? )

Here, A;2 and Z;» are, respectively, the number of
nucleons and the number of protons in corresponding
nuclei, e is the proton charge, M is the nucleon mass,
Ro = rc(A}/s + A;/S), s = R— R,,, and ¢ is the
orbital momentum. As discussed in Introduction, the
repulsion part of the potential is related to both the
compressibility of nuclear matter and the kinetic energy
contribution due to the Pauli rearrangement and the
antisymmetrization. This repulsion appears at small
distances between the approaching nuclei, when the
densities of the colliding nuclei strongly overlapped and
overcome the equilibrium density of nuclear matter in
some volume. Therefore, the potential form, see Egs. (3),
is different for different distances between the nuclei.

The nuclear part of the potential and the derivative
of the potential should be continuous at the matching
point R,,. Therefore,

*VO

bO - )
1+ expl(Run — ro(A}* + AY?)) /do)

()
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_ Voespl(R —ro(AY" + 43")) /]
do{1 + exp[(Rpn — ro(AY* + AY®)) /do]}?

(6)

The semimicroscopic potential [10-12] between
heavy nuclei is evaluated in the frozen-density
approximation at the center-to-center distance R as

W@Z/MWM®+mWMmMﬂﬂm@ﬁF

*/MmemMM*/MmemMﬂ- (7)

Here, £[pip(r), pin(r)] is the total Skyrme SkM* energy-
density functional which includes all A2 correction terms
in the kinetic energy density functional obtained in
the extended Thomas-Fermi approximation, and p;p(r)
and p;,(r) are, respectively, the proton and neutron
Hartree-Fock-BCS densities of the i-th nucleus (i =
1,2). The first term in Eq. (7) is the energy of the
interacting nuclei at a finite distance R, while the other
ones are the energies of the non-interacting nuclei. An
analytic expression for the semimicroscopic potential
was derived by fitting the calculated semimicroscopic
potentials for 7140 reactions for various projectile and
target nuclei between 10O and ?'2Po [10]. The barrier
heights evaluated by using the analytic expression for
the semimicroscopic potential are well reproduced by
experimental data especially for light nuclei [10, 33].
Moreover, the analytic expression for the nucleus-
nucleus potential well fits the semimicroscopic potentials
for a lot of colliding ions and in a wide range of distances
between them. The four-power polynomial is successfully
used in [10] for the parametrization of the nuclear
part of the potential at small distances between nuclei.
Therefore, we choose the polynomial behavior of the
nuclear part of the potential at distances R < R,,, see
Eq. (3).

The imaginary part of the nucleus-nucleus potential
consists of the volume and surface parts, i.e.
W(R) = — W01/3 1/3 -

1+ exp[(R —ru(A)" + A7) /duw)]

 Wiexp[(R - rS(A%/3 + A;/S))/ds]
do{1 + exp[(R — ro(A)* + AY*)) /dJ)}?

(®)

Such a representation of the imaginary potential is
common in the theory of nucleus-nucleus collisions [1,
4,5].
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If 14 parameters V), 1o, do, bo, b3, by, Ry, Rc, Wo,
Tw, dw,Ws, Ts, and dg are known, then we can describe
the angular distribution of a nuclear reaction in the
framework of the optical model. Former 8 and latter 6
parameters are related to the real and imaginary parts
of the potential, respectively.

3. Results and Discussions

3.1. Elastic scattering

We find 14 parameters of the potential by fitting
the data for the '6O+'2C elastic scattering. For each
collision energy, we search the parameter set, which lead
to the least
N 2
2 1 Z (Ucalc(ei) - Uexp(ai))
5Uexp(9i)

=1

Here, N is the number of experimental points, ocaic(6;)
and oexp(f#;) are, respectively, the theoretical and
experimental values of the cross-section at the angle 6;,
and d0exp(0;) is the corresponding error. To increase
the weight of the data points at large angles, which
are especially sensitive to the strength and shape of the
optical potential at small distances, we have assumed,
as in [22], 00exp(0;) = 0.10exp(0;) for all data points.
The scattering data are known at '°0O beam energies of
132 [21,22], 169, 200, 230, 260 [22], and 181 MeV [34].
The evaluated sets of potential parameters are given in
Table 1.

Optical potential parameter sets used for the system
160+12C

Elap (MeV) 132 169 181 200 230 260
Vo(MeV) 37.258 39.092 39.089 46.426 92.948 41.585
ro(fm) 0.967 1.048 1.094 1.063 1.012 1.066
do(fm) 0.851 0.761 0.796 0.736 0.354 0.763
ba(MeV fm~—2) | -3.721 -3.132 -3.475 -1.271 -5.263 -3.721
b3 (MeV fm73) 6.391 5.854 5.664 5.103 —4.519 4.897
bs(MeV fm_4) 1.850 2.232 1.632 1.442 -0.319 1.692
Ry, (fm) 6.341 5.717 6.169 6.343 5.697 6.235
Re(fm) 4.946 6.123 5.188 6.029 10.791 5.689
W (MeV) 15.009 18.302 18.090 19.960 8.242 45.616
7w (fm) 1.104 1.102 1.170 1.168 1.285 0.919
do (fm) 0.337 0.366 0.322 0.381 0.292 0.297
Ws(MeV) 7.634 10.109 8.150 5.950 36.493 18.231
rs(fm) 1.313 1.278 1.253 1.263 1.031 1.155
ds(fm) 0.388 0.436 0.515 0.507 0.712 0.522
o%(mb) 1327 1399 1474 1409 1451 1422
X2 16.2 16.3 21.2 15.0 10.1 5.5
@ The total reaction cross section.
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Fig. 1. Elastic-scattering data and optical model calculations for potentials with and without a repulsive core for Ecm=132 MeV (left

panel) and Ecn=169 MeV (right panel). The cross-sections for total and near-side/far-side decompositions of the elastic 160-+12C

scattering amplitude evaluated with a repulsive core in the potential

Figures 1-3 show the data and the optical model
fits obtained by the repulsive core potentials for various
energies. The parameters of these potentials are listed in
Table 1. The repulsive core nucleus-nucleus potentials
(1)—(6) for £ = 0 with parameters from Table 1 at various
collision energies are shown in Fig. 4. These potentials
have core and well at small distances, see Fig. 4. Note
that the bottom of the well Vi, which takes place at
distance Ryen, is the lowest value of the potential.

To demonstrate the repulsive core effect, we show
the results of calculations obtained within the optical
model with potentials without core in Figs. 1-3. The
coreless potential for such calculations coincides with the
corresponding repulsive core potential at distances R >
Ryen and equals Vi at R < Ryen- The optical model
calculations for such coreless potential are presented by
dashed lines in Figs. 1-3. We clearly see the influence of
the repulsive core by comparing the results in Figs. 1-3.
Due to the inner repulsion, the cross-section increases
drastically at backward angles. In contrast to this, the
values of cross-sections at forward angles are very similar
for the both types of potentials.

The value of x? evaluated with the repulsive core
potential (see Table 1) for an energy of 132 MeV is lower
than that in [22] and higher than that in [30]. (Note
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that our approach to the evaluation of x? is the same
as in [22] and different from that in [30].) However, we
obtain slightly larger values of x? for collision energies
other than those in [22,30]. So, the description quality
obtained in our model is similar to that in [22,30]. In
contrast to this, the values of x? presented in [29] are
much larger than the corresponding ones in Table 1 or
in [22]. Note that the elastic **O+'2C scattering data
for a beam energy of 181 MeV have not been discussed
in [21,22,29].

The forward-angle cross-sections evaluated using the
strongly attractive nucleus-nucleus potentials show the
prominent Fraunhofer diffraction structure with very
deep and narrow dips, see Figs. in [21,22]. In contrast
to this, the dips of the forward-angle cross-sections
obtained in our approach are shallow. Our values of
the cross-sections in these dips are located close to the
experimental data in contrast those in [21, 22]. The
Fraunhofer diffraction structure with very deep and
narrow dips at forward angles contradicts the data.

The values of the total cross section presented in
Table 1 are close to the corresponding ones in [22].
Note that the inner core has no effect on the total cross
section.

ISSN 2071-0194. Ukr. J. Phys. 2009. V. 54, N 7
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Fig. 2. The same as in Fig. 1, but for Ecm,m=181 MeV (left panel) and Ecmm=200 MeV (right panel)

3.2. Potentials

The repulsive-core nucleus-nucleus potentials (1)-(6)
for £ = 0 with parameters from Table 1 at various
collision energies are compared with the proximity [8]
and semimicroscopic [10] potentials in Fig. 4.

The depth of a capture well depends on the collision
energy for the repulsive core potential.

The semimicroscopic potential evaluated by using
the Skyrme SkM* energy-density functional [see Eq. (7)],
which takes into account all A2 correction terms in the
kinetic energy density functional and frozen proton and
neutron Hartree-Fock—BCS densities of both nuclei, is
presented in Fig. 4. For reference, the semimicroscopic
potential calculated by using the approximate expression
[10] is also given in Fig. 4. Both semimicroscopic
potentials are close to each other. The values of
phenomenological repulsive core potentials defined by
the elastic scattering are near to the semimicroscopic
ones at small distances and around the barrier (see Fig.
4). The depth of a capture well for the semimicroscopic
potential is smaller than that for the phenomenological
potentials with a repulsive core. The proximity potential
[8] and repulsive core potentials are close to each other
at small distances, while the proximity potential is too
attractive at large distances between nuclei. (Note that
the semimicroscopic and proximity potentials are mainly
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applied to the interaction of two heavy or very heavy
nuclei; therefore, we may compare only a global tendency
of various potentials.)

The semimacroscopic potential and the repulsive
core potentials obtained at various collision energies
lead to close values of the barrier heights. Moreover,
the values of capture well depths obtained for various
collision energies are also close at R =~ 3 + 4 fm. The
prominent repulsive core exists at distances R < 2.5
fm for any potential presented in Fig. 4. Therefore,
the distances, where the densities of colliding nuclei are
well overlapped, and, as a result, the compressibility
of nuclear matter [30], Pauli rearrangement, and
antisymmetrization lead to a strong repulsion, are the
same for all potentials. The core radius evaluated in [30]
is approximately 1.5 + 2 fm. Note that the nucleus-
nucleus potential shape considered in [30] is different
from our one which is described by Egs. (1)—(6) and
presented in Fig. 4.

The depths of the potentials evaluated in [22]
for various energies belong to the range 170-362
MeV. Therefore, the phenomenological repulsive core
potentials (see Fig. 4) are much shallow than those
obtained in [22]|. The incorporation of the Pauli principle
into the the double-folding potentials based on the
effective in-medium nucleon-nucleon interaction slightly
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Fig. 3. The same as in Fig. 1, but for Ecy,=230 MeV (left panel) and Ecm=260 MeV (right panel)

reduces the double-folding potential depth [23, 28].
However, the potentials evaluated by using the Skyrme
energy-density functional and various modified M3Y
density-dependent nucleon-nucleon forces are very
different at small distances.

For the nuclear system formed in a nucleus-nucleus
collision at R = 0, the lowest value is taken by the
energy of a nucleus formed in the fusion of these nuclei
in the ground state Fgys. Using Eq. (7), we find that the
minimal value of the nucleus-nucleus potential at R = 0
is

V(R - O) > Efus - El - E2 - Vmin(R = 0) = 7qus7
)

where E; is the energy of the i-th nucleus, and Qs is the
@-value of the fusion reaction. Taking the experimental
evaluation of the ground-state atomic masses into
account [35], we obtain Vi, (R = 0) = —16.75 MeV for
system 10+12C. Due to this, the very deep attractive
potential for this system at R = 0 is questionable as
pointed in Introduction.

The total energy density functional consists of two
terms

elpp(r), pu(r)] = 7lop(r), pn ()] + vpp(r), pu(r)]. - (10)
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Here, 7[pp(r),pn(r)] is the kinetic energy density
functional obtained in the extended Thomas—Fermi
approximation which takes into account %2 correction
terms, v[p,(r),pn(r)] is the potential part of the
total energy-density functional which is related to the
nucleon-nucleon force.

Substituting Eq. (10) into (7), we can present the
nucleus-nucleus potential as the sum of two terms

V(R) = Vr(R) + Vnn(R), (11)

where

VT(R) = /dI‘T[plp(I‘) + p2p(R7 I’), pln(r) + p2n(R7 I‘)]—
= [ e 7lo @) 1) = [ dr rlpny(e),pene)] (12)
V() = [0 p1y(5) + () (1) + pan (o))

f/wumammmmf/meammmm (13)
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are the kinetic energy Vp(R) and the nucleon-nucleon
force Vyn(R) contributions to the nucleus-nucleus
potential.

Note that the Skyrme force is a zero-range effective
force. Therefore, Viyn(R) is related to the single-folding
expression. If we use the finite-range effective force
v(r,r’), then Vyn(R) is presented as the double-folding
expression

Van(R) = /dr/dr/ p1(r)v(r,v")p2(R, ") (14)
which is widely used [1-5, 18-22, 2428, 31]. We stress
that the kinetic energy contribution to the potential
Vr(R) is omitted in the evaluation of the double-folding
potential in [21, 22, 24, 31]. Examples of interaction
potentials between various nuclei evaluated by taking
the kinetic energy contribution into account are given
in [10-12,15,37] and in Fig. 4 (see the results obtained
in the semimicroscopic or HF-BCS-SkM* approaches).
These potentials have core at small distances, in contrast
to the double-folding potentials from [21,22,24,31].

3.3. Near- and far-side cross section
decomposition

The near-side/far-side decomposition technique [36]
has proven to be of great help in decomposing
the interference caused by trajectories originating
from different sides of the scattering potential. The
convention states that the trajectories being scattered
into the same side from whence they came belong to
the near-side, whereas the trajectories scattered to the
opposite side of the target are the far-side ones [36].

It is shown in [21,22] by using Fuller’s method [36]
that the 50+12C elastic scattering cross-section for
forward angles is related to the near-side component,
while the cross-section for large and back angles is
determined by the far-side component. The far-side
component is related to the rainbow phenomenon [24]
which is related to the refraction of an incident wave
by the strongly attractive (very deep) nucleus-nucleus
potential. Many other interesting features connected to
the near-side/far-side decomposition in the case of a
very deep nucleus-nucleus potential are also discussed
in [21,22,24].

We present the near-side/far-side decomposition of
the elastic °0+!2C scattering amplitude in Figs. 1-
3 which is evaluated, by using the repulsive core
potentials.

Figures 1-3 show that, for 150 beam energies of 132,
169, and 230 MeV, the near-side component mainly
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Fig. 4. Potential with a repulsive core evaluated for the
elastic 160+12C scattering for 160 beam energies of 132, 169,
181, 200, 230, and 260 MeV. For reference, the proximity
[8], semimicroscopic [10] and semimicroscopic HF-BCS-SkM*

potentials are presented as well

describes the cross-section in the full range of angles,
while the far-side component is responsible only for the
fine oscillation structure due to the interference between
near- and far-side components. In contrast to this, the
near-side component mainly describes the cross-section
for forward and backward angles for projectile energies
of 181, 200, and 260 MeV, while the far-side component
contributes essentially at the angles 30°=-60° for energies
of 181 and 200 MeV and at the angles 30° = 100° for an
energy of 260 MeV.

Due to the repulsive core, both near- and far-side
components strongly rise at backward angles.

The repulsive core and coreless potentials are very
shallow in comparison with the deep attractive nucleus-
nucleus potentials from [21, 22, 24]. Therefore, the
rainbow scattering is impossible in our case. However,
we are able to describe the scattering data by using the
shallow potentials with a repulsive core.
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In conclusion, we show that:
— It is possible to describe the elastic scattering data
by using the shallow phenomenological potential with a
repulsive core.
— The cross-section, as well as both near- and far-
side cross-section components, at backward angles are
strongly enhanced by the repulsive core.
— The high-energy elastic 150+12C scattering data show
that the repulsive core of a nucleus-nucleus potential
takes place at distances R < 2.5 fm.
— The description of the elastic '*0O+'2C scattering
data in the framework of the simple double-folding
potential [21, 22] is doubtful, because the kinetic
energy contribution to the nucleus-nucleus potential is
neglected, and the potential at R = 0 is deeper than the
lowest possible value —Qrys, see Eq. (9).

The authors thank sincerely Dr. A.S. Dem’yanova
for sending to us all the data on the 150+'2C elastic
scattering used in this paper and Profs. A.A. Ogloblin
and W.H. Trzaska for their help in getting the data.
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