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SUBBARRIER-FUSION AND ELASTIC-SCATTERING
CROSS-SECTIONS CALCULATED ON THE BASIS
OF THE NUCLEUS-NUCLEUS POTENTIAL

IN THE FRAMEWORK OF THE MODIFIED
THOMAS-FERMI METHOD

The nucleon density distributions and the nucleus-nucleus interaction potentials have been
calculated for the 60 + 2°®Pb and > C + 2°8 Pb reactions using the modified Thomas—Fermi
method, in which all terms up to K2-ones in the quasiclassical series expansion of the kinetic
energy are taken into account. Skyrme forces depending on the nucleon density are used as the
nucleon-nucleon interaction. On the basis of the obtained potentials, the cross-sections of sub-
barrier fusion and elastic scattering are calculated and agree well with the latest experimental

data.
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1. Introduction

During the whole period of existence of theoretical
nuclear physics, one of its main tasks consisted in
finding out the regularities in the interaction between
atomic nuclei. To calculate such fundamental charac-
teristics of nuclear reactions as the cross-sections of
various processes, we, first of all, need to know the
potential energy of interaction between the nuclei [1-
4]. Of particular importance is the information about
the magnitude and radial dependence of the interac-
tion potential at small distances between them.
Unfortunately, the potential of the nucleon-nucleon
interaction, and even more so the nucleus-nucleus
one, is currently unknown at length. In general, we
can say that, qualitatively, it can be separated into
the nuclear, Coulomb, and centrifugal parts, with
the properties of the latter two components having
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already been studied rather well. However, the sit-
uation with the nuclear part is much more compli-
cated. Nowadays, a large number of various models
are used for it [1-25], and the height of the barrier of
the nucleus-nucleus interaction potential, which the
reaction mechanism depends on, can differ substan-
tially among those models. That is why the informa-
tion concerning the potential of nucleus-nucleus inte-
raction and the barrier height is extremely important
for the description of the reaction process.

When building the potential of nucleus-nucleus in-
teraction, considerably different methods are used
[26-36]. In this work, a semimicroscopic approach was
applied, in which the distribution of the nucleon den-
sity in nuclei and the distribution of their interaction
energy density will be calculated in the framework of
a modified Thomas—Fermi approach with concentra-
tion-dependent Skyrme forces [4,7,8,10,11,13-17,19—
25]. At present, there are already a large number of
successful parametrizations for the Skyrme interac-
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tion. In this work, the SkM* parametrization [32] is
applied. In so doing, all possible terms up to A2 in
the series expansion of the quasiclassical distribution
of the kinetic energy are taken into account. The cal-
culations performed earlier by us and other authors
for particular nuclear problems testify that the ac-
count of all gradient terms in the kinetic energy up
to h? in the corresponding quasiclassical expansion is
a rather accurate approximation, so we used it be-
low. Under those conditions, the modified Thomas—
Fermi approach with Skyrme forces can describe well
the nucleon density distributions, the binding energy
of nuclei, the root-mean-square nuclear radii, and
many other characteristics of the ground and excited
states of atomic nuclei [26-32, 34].

In our previous work [37], we constructed the po-
tential of nucleus-nucleus interaction in the frame-
work of the modified Thomas—Fermi method with
Skyrme forces and calculated the subbarrier-fusion
and elastic-scattering cross-sections for the 60 +
-+ 98,60,62,64Nj gystems. The results obtained demon-
strate a good agreement with the experimental
data. In this work, we extend this approach to the
160 + + 298Pb and 12C + 208Pb systems: in the same
manner, we calculate the potential of nucleus-nucleus
interaction and, on this basis, obtain the subbarrier-
fusion cross-sections and the angular distributions for
the elastic scattering within the optical model.

In Section 2, the mathematical apparatus needed
to implement the chosen approach is expounded. Sec-
tions 3 and 4 contain a discussion of the results ob-
tained and our conclusions, respectively.

2. Modified Thomas—Fermi method

As was already mentioned, the potential of nucleus-
nucleus interaction, V(R), consists of the nuclear,
VN (R), Coulomb Veour(R), and centrifugal Vi(R),
components depending on the distance R between the
centers of mass of the nuclei:

V(R) = VN(R) + Veour(R) + Vi(R). (1)

For the Coulomb and centrifugal parts, we use the
well-known expressions, which can be found, in par-
ticular, in works [20, 23, 24]. The nuclear part of the
interaction potential, Vy(R), was calculated in the
framework of a modified Thomas—Fermi method, in
which all terms up to the second degree of A in the
quasiclassical series expansion of the kinetic energy
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are taken into account [4, 7, 8, 10, 11, 13-25]. The
density-dependent Skyrme forces —namely, the SkM*
parametrization [32] — were used as the nucleon-
nucleon interaction. In this work, we apply the ap-
proximation of “frozen” nucleon densities, which is
completely applicable to the case of near-barrier col-
lision energies.

The potential of nucleus-nucleus interaction is de-
fined as the difference between the energies of a sys-
tem of two nuclei located at a finite distance R,
E13(R), and at the infinite distance from each other,
E1 + EQ [8, 10]7 i.e.

V(R) = E12(R) — (E1 + Ea), (2)

£ = /e[plp(r) + p2p(r7 R)’ pln(r) + p2n (I‘, R)] dr.
3)

The energy of the system at the infinite distance be-
tween the nucleons is the sum of the binding energies
of separate nuclei,

E1(2) = /6[,01(2)17([')’p1(2)n(r)}dr' (4)

Here, p1(2), and p;(2), are the neutron (n) and proton
(p) densities in nucleus 1(2), €[p1(2)p(r), p1(2)n(r)] is
the energy density, and R is the distance between the
centers of mass of the nuclei.

The energy density is the sum of the kinetic, po-
tential, and Coulomb terms:

€ = €kin T €pot + €coul, (5)

where €kin, €pot, and €cou1 denote the densities of
the kinetic, potential, and Coulomb energies, respec-
tively. If the density-dependent Skyrme forces are
used, the specific formula for the energy density is
well-known and was repeatedly cited in the litera-
ture [24-28, 30, 32, 37]. Therefore, since this formula
is cumbersome, we do not present it here.

Let 7 denote the kinetic energy density, which is
the sum of the kinetic energy densities for protons and
neutrons, 7 = 7,+7,. If the terms including up to the
second degree of h are retained in the quasiclassical
expansion of the kinetic energy, we can write [7,8, 10,
11,24,27,28,37] that

T = TTF + T2, (6)
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where 7pp is the kinetic energy of neutrons (pro-
tons) in the standard Thomas—Fermi approxima-
tion, and 7 is the h%-order gradient correction. The
corresponding expressions are also rather cumber-
some, and they can also be found in the literature
[24, 25, 27, 28, 37]. Note that the contribution of the
first term on the right-hand side of formula (6) domi-
nates, but the gradient corrections also begin to play
a significant role near the surface of the nucleus. Since
the nucleus-nucleus potential at finite distances is as-
sociated with the interaction of nucleons in the over-
lap region of their density distribution “tails”, the ac-
count for gradient terms in the kinetic energy den-
sity and the realistic behavior of the nucleon density
distribution in the diffuse region are very important
while calculating the potential.

3. Calculations of the Nucleus-Nucleus
Interaction Potential, and the Fusion
and Elastic-Scattering Cross-Sections

To calculate the potential of nucleus-nucleus interac-
tion, we have to know the distributions of nucleon
densities in the interacting nuclei. In this work, we
used the nucleon densities obtained in the frame-
work of the modified Thomas—Fermi approach [4, 7,
8,10,11,13-25] with Skyrme forces. In particular, the
SkM* parametrization [32] was applied to the lat-
ter. The nucleon density distributions for the '2C,
160 and 2°%Pb nuclei, which were calculated using
this method, are shown in Fig. 1.

Knowing the nucleon densities, we can write an ex-
pression for the energy density and proceed to the
calculation of the nucleus-nucleus interaction poten-
tial. For this purpose, we can also apply the modi-
fied Thomas—Fermi approach with Skyrme forces (3)—
(6). The resulting interaction potentials obtained by
us for the 160 + 298Pb and '2C + 208Pb reactions are
shown in Fig. 2.

From this figure, one can see that the calculated
potentials of nucleus-nucleus interaction demonstrate
a substantial repulsion at short distances. This repul-
sion results from the incompressibility of nuclear mat-
ter and the strong overlap of nucleon density distribu-
tions, because we calculated the interaction potential
in the “frozen density” approximation. Such an over-
lap gives rise to the appearance of a region, where the
nuclear matter density exceeds a value typical of the
center of atomic nuclei, which is close to the density
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Fig. 1. Neutron and proton densities in the 12C, 160, and
208Ph nuclei calculated in the framework of the modified
Thomas—Fermi approach

of nuclear matter. The presence of a pronounced re-
pulsion core associated with both the strong overlap
of the nucleon density distributions and a low value
of the compression modulus for nuclear matter also
leads to their relaxation.

On the basis of obtained potentials, we can pass to
direct calculations of the cross-sections of nuclear re-
actions. First of all, we parametrize the nuclear parts
of the nucleus-nucleus interaction potentials using the
Woods—Saxon potential [1-4], because most of the
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Fig. 2. Nucleus-nucleus interaction potentials calculated in
the framework of the modified Thomas—Fermi approach for the
160 + 208pPpb and 12C + 208Pb systems

known codes for the calculation of the cross-sections
of nuclear reactions take the interaction potential into
account just in this form:

_VO

Rero (A3 AL/3Y
1+exp—m( (110+ 2 )

Vs (R) = (7)

The main attention was focused on the quality of the
parametrization in a vicinity of the contact point of
the nuclei, because this region is the most important
for describing both the elastic scattering and subbar-

Table 1. Parameters of the Woods—Saxon

potential (7) used to approximate the nuclear parts
of the interaction potentials obtained in the framework
of the modified Thomas—Fermi approach

Reaction Vo, MeV ro, fm do, fm

12C 4 208p, 55.4837 1.1363 0.6591

160 4 208pp 66.1147 1.1333 0.7421
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Fig. 3. Woods—Saxon potentials used to approximate the nu-
clear parts of the interaction potentials obtained in the frame-
work of the modified Thomas—Fermi approach

rier fusion phenomena. The values of the parameters
of the Woods—Saxon potential (7) calculated for the
160 + 208ph and '2C + 298Pb systems are quoted
in Table 1. In addition, in Fig. 3, one can see the
nuclear parts of the interaction potentials and their
approximations using the Woods—Saxon potential. It
is evident that the obtained Woods—Saxon potentials
describe well the nuclear part of the interaction at
the distances when the nuclei begin to contact each
other. As was already mentioned, this interval of dis-
tances is especially important for describing nuclear
processes at energies close to the barrier ones.

In order to calculate the cross-sections of subbarrier
fusion, we used the well-known CCFULL program
code [38], which involves the coupling of reaction
channels with low-lying multipole vibrational surface
excitations 2% and 3~ in the interacting nuclei. The
CCFULL code also includes the nonlinear effects of
the coupling with multiphonon multipole surface ex-
citations. The parameters for the quadrupole and oc-
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tupole deformations and the excitation energy of low-
energy vibrational 2 and 3~ states (see Table 2) were
taken from the corresponding tables in works [39-41].

The subbarrier-fusion cross-sections obtained for
the 12C + 298Pb and 0 + 208Pb systems using the
CCFULL program code [38] are shown in Figs. 4 and
5, respectively. As one can see, the calculated cross-
sections of the subbarrier fusion describe well the lat-
est experimental data for those reactions, which were
taken from works [42—44].

For the '2C + 298Pb and 50 + 298PD systems,
we also calculated the elastic-scattering cross-sections
in the framework of the optical model using the ob-
tained nuclear components of the potentials as the
real parts of the interaction. Our calculations in the
optical model took only the elastic channel into ac-
count and did not consider the coupling with low-
energy surface vibrational states. In calculations, the
imaginary part was added to the obtained nuclear po-
tential in the form of the sum of the bulk and surface
terms:

Ww
W(R) = - 1/3 1/3 -
1+ exp[R—rw(A]7" + A7) /dw]
W exp[R — rs(AY3 + AY?) /dg)

ds(1 + exp[R — rs (A1 + AY?)/ds0]))

(8)

Table 2. Parameters of quadrupole
and octupole deformations and excitation energies
of low-energy vibrational states 21 and 3~ [39-41]

Nucleus B2 EL(2]), kev B3 E.(3]), keV
12¢ 0.582 4438.9 0.832 9641
160 0.349 6917.1 0.729 6130
208pp 0.0553 4085.5 0.111 2615

Table 3. Parameters of the imaginary part

of the nuclear potential obtained by fitting

the experimental elastic-scattering

cross-sections using the Woods—Saxon potential,
which approximates the nucleus-nucleus potential
in the modified Thomas—Fermi method,

for the 160 + 208Pb and 12C + 208Ppb reactions

Reaction Ww W dw Wg TS dg
160 4 208pp | 20.205 | 1.100 | 0.516 | 14.999 | 1.299 | 0.553
12C 4-208ph | 19.000 | 1.265 | 0.699 | 13.397 | 1.286 | 0.633
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Fig. 4. Subbarrier-fusion cross-section for the 12C + 208Ph
system obtained on the basis of the interaction potential in the
framework of the modified Thomas—Fermi approach. Experi-
mental data were taken from work [42]
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Fig. 5. Subbarrier-fusion cross-section for the 160 4 208Pb
system obtained on the basis of the interaction potential in the
framework of the modified Thomas—Fermi approach. Experi-
mental data were taken from works [43, 44|

Here, the parameters Wy, rw, dw, Ws, rg, and dg
are the force, radius, and diffusivity, respectively, of
the bulk (W) and surface (S) parts of the imaginary
nuclear potential. Just this expression is used, as a
rule, in the theory of nuclear collisions [2,4, 36]. The
parameters of the imaginary part of the nuclear po-
tential (see Table 3) were found by fitting the exper-
imental elastic-scattering cross-section making use of
the Woods—Saxon potential (7), which approximates
the nucleus-nucleus potential obtained by the modi-
fied Thomas—Fermi method (Table 1).

The results of calculations of the elastic-scattering
cross-sections for the 160 + 298Pb system at the beam
energy Fl.p, = 95 MeV and the 2C + 208PDb sys-
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Fig. 6. Elastic-scattering cross-section for the 160 + 208pp
system obtained on the basis of the interaction potential of
the modified Thomas—Fermi approach with density-dependent
Skyrme forces. The beam energy Ej,;, = 95 MeV. Experimen-
tal data were taken from work [45]
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Fig. 7. Elastic-scattering cross-section for the 2C + 29%Pb
system obtained on the basis of the interaction potential of
the modified Thomas—Fermi approach with density-dependent
Skyrme forces. The beam energy FEj.;, = 75.7 MeV. Experi-
mental data were taken from work [45]

tem at the beam energy Fj., = 75.7 MeV are il-
lustrated in Figs. 6 and 7, respectively, where the
elastic-scattering cross-section values are normalized
to the Rutherford cross-section. The experimental
data shown in the figures were taken from work
[45]. As we can see from those figures, the calculated
elastic-scattering cross-sections agree well with the
corresponding experimental data.

4. Conclusions

In this work, we have calculated the nucleus-nucleus
interaction potentials for the 6O + 29Pb and
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12C + 208Pp reactions in the framework of the modi-
fied Thomas—Fermi approach with density-dependent
Skyrme forces using the nucleon densities obtained
within the same approach. The potentials were cal-
culated in the “frozen density” approximation, which
is quite applicable at the collision energies close to
the barrier ones. This approximation allowed us to
analyze the properties of nucleus-nucleus interaction
in a vicinity of the contact point of the nuclei in de-
tail. On the basis of the obtained potentials, we have
calculated the subbarrier-fusion and elastic-scattering
cross-sections for the 150 + 298Pb and 2C + 208pb
systems. The obtained cross-sections of these pro-
cesses are found to be in good agreement with the
latest experimental data. Note that the application
of a single potential made it possible to simultane-
ously describe the experimental cross-sections of both
subbarrier fusion and elastic scattering.
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Translated from Ukrainian by O.I. Voitenko

B.O. Hecmepos, O.I. Jlasudoscvka, B.FO. /lenucos

TTIOITIEPEYHI ITEPEPI3U IIIJBAP’€PHOI'O

SJINTTA TA IIPY2KHOI'O PO3CIAHHA, OAEP>KAHI
HA OCHOBI MDKAOEPHOI'O ITOTEHIITAJIY

B MOJNPIKOBAHOMY METO/II TOMACA-®EPMI

I'ycTuau posnofisly HyKJIOHIB Ta MOTEHIIAIN MiXKAJEPHOI B3a-
emomii mas peaxmiit 160 + 208Pb 1a 12C 4 298Pb 6ymo pospa-

864

XOBaHO B paMmkax MomudikoBanoro merony Tomaca—®Pepwmi, 3
ypaxyBaHHAM yCiX JOJaHKIB JO 9WJIEHIB APYroro NOPSIKY IIO
h y xBagikiacmaHOMy pO3KJIaai KinmermuHol emepril. B posi
HYKJIOH-HYKJIOHHOI B3a€MOZil BHKOpHUCTOBYBaJmucs cuu Ckip-
Ma, 3aJIe2KHI BiJl rycTuHu HyKJIOHIB. Ha ocHOBI ogepkanux mo-
TeHniaJiB Oysm ob4uucieHi nepepi3u migdap’e€pHOro 3JIUTTS Ta
MIPY?KHOTO PO3CIsSIHHSI, 10 J0Ope y3roKyIOThCs 3 HOBITHIME
€KCIIePUMEHTAJILHIMI JAHUMUA.

Katowo6i cao6a: TMOTEHIAJ MiXKsiJIepHOI B3a€MOJil, MO-
mudikoBanuii meros, Tomaca—®Pepmi, PO3NOALT T'yCTUHU Hy-
KJIOHIB, IOIepevHuil mepepis, migdap’epHe 3IIUTTHA, HOPYKHE
PpO3CisiHHS.
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