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Abstract—The dependence of the potentials of nucleus—nucleus interaction on taking into account the
antisymmetrization of nucleons and the contribution of the nucleon kinetic energy to the potential is studied
within approaches based on the energy-density functional, double-folding model, and the two-center shell
model. It is shown that the contribution of the nucleon kinetic energy in colliding nuclei leads to the
appearance of a significant core at short distances between the nuclei involved.
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1. INTRODUCTION

In order to calculate various features of nuclear
reactions, it is necessary to know the potential en-
ergy of interaction between the nuclei involved, the
strength and the radial dependence of the potential
of interaction between the nuclei being of paramount
importance [1—22].

The energy of interaction between nuclei receives
contributions from the Coulomb interaction of pro-
tons and from the nuclear interaction of nucleons
contained in colliding nuclei. In the case of spherical
nuclei, the potential of interaction between them can
be represented in the form of the sum of three terms
depending only on the distance between the nuclei.
These are the Coulomb, nuclear, and rotational com-
ponents of the potential.

The Coulomb interaction of protons of colliding
nuclei is known quite well. However, the interaction
between nuclei that is due to nucleon—nucleon forces
has received much less adequate study. In view of this,
a large number of various approximations have been
proposed to date for calculating this component of
the nucleus—nucleus interaction [1—22]. One usually
specifies the rotational term of the interaction poten-
tial in the approximation of pointlike nuclei, and we
will not consider it in detail here.

In order to determine the nucleus—nucleus in-
teraction, it is highly desirable to employ the most
precise methods that have been developed for de-
scribing the energy of nucleus—nucleus interaction,
the properties of nuclei, and the properties of nuclear
matter. Some of these methods will also be used in
the present study pursuing the goal of clarifying the
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dependence of the nucleus—nucleus potential on the
effect of the Pauli exclusion principle in the set of
nucleons of colliding nuclei and the effect of taking
into account the kinetic energy of these nucleons
on the nucleus—nucleus potential. In particular, we
apply the approach of the energy-density functional
(namely, the extended Thomas—Fermi method [10,
11, 22—24]) and the two-center shell model [16], as
well as the double-folding method [2—5, 20, 21].

We note that, in the extended Thomas—Fermi ap-
proximation, the antisymmetrization of nucleons and
the Pauli exclusion principle are taken into account
directly in calculating the kinetic energy of nucle-
ons, this being accompanied by the emergence of a
significant contribution of the kinetic energy of nu-
cleons to the potential. It should also be noted that
the importance of the contribution of the kinetic en-
ergy of nucleons to the potential of interaction be-
tween nuclei was discussed in [14]. The contribution
of the kinetic energy of nucleons is neglected, as a
rule, in calculating the potential in the double-folding
approximation [2—5, 20], but this contribution was
taken into account in [15], where a significant change
in the momentum distribution of nucleons in colliding
nuclei was assumed.

In the present article, we discuss in detail the
properties of potentials obtained in various approxi-
mations and analyze the effect of the Pauli exclusion
principle and of the antisymmetrization of nucleons
on the nucleus—nucleus potential.

The ensuing exposition is organized as follows.

In Section 2, we outline various approximations
used to calculate nucleus—nucleus interaction. In
section 3, we discuss the results obtained by calcu-
lating the potentials of nucleus—nucleus interaction
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within various approaches. Section 4 presents our
conclusions and outlook.

2. POTENTIAL OF NUCLEUS—NUCLEUS
INTERACTION

2.1. Approximation of the Energy-Density
Functional

In the approximation of the energy-density func-
tional [10, 11, 17, 22—24], the potential of nucleus—
nucleus interaction is the difference of the energy of
the system of two nuclei at a finite distance, E12(R),
and the respective energy at an infinite distance, Fy +
E; that is,

Vep(R) = Era(R) — E1 — Es. (1)

One can find the corresponding energy densities,
knowing the nucleon-density distributions in nuclei
and the energy-density functional in nuclei:

i — / lop(®) + pop(r, B), pin(®)  (2)

+ p2n(ra R)]dl‘,

By = [ elpple) pun(w)ldr (3)

Ba= [ elpaplr) pon(w)lr. (4)

Here, ¢ is the energy-density functional; p1,, and pq,
are, respectively, the neutron and the proton density
in the first nucleus; p2, and pg, are the respective
nucleon densities in the second nucleus; and R is the
distance between the centers of mass of the nuclei.

We note that the energy-density functional con-
tains terms associated with the kinetic and potential
energies of nucleons; that is,

elpp(r), pu(r)] (5)
= 7[pp(r), pu(r)] + v[pp(r), P (T)].
Within the approach based on the energy-density

functional, we can therefore represent the potential of
nucleus—nucleus interaction in the form

VED(R) = T(R) + Vpot(R)a (6)
where T'(R) and Vo are the contributions of, respec-
tively, the kinetic and potential energies of nucleons to
the potential of nucleus—nucleus interaction. These

contributions are also related to the nucleon densities
in nuclei. Specifically, we have

T(R) = /T(plp + p2p; P1n + pgn)dV (7)

_/T(plpapln)dv_/T(p2pap2n)dv'a
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—/U(Plpapln)dv—/U(Pzp,Pzn)dV

In the present study, we employ Skyrme forces [25],
and this makes it possible to obtain explicit expres-
sions for the energy density.

To terms of second order in &, the kinetic-energy
density is given by [23]

T(Pp, Pn] = TTEp + Top + TTFm + T2, (9)

where

5/

TtEm@) = Koy (10)

is the density of the kinetic energy of neutrons
(protons) in the Thomas—Fermi approximation; k =

2(37.‘_2)2/3;
second order in & in the nonlocal case [23, 24],

\V4 2
Tog = bli( ;)q) + 02 V2p,

q

and T9,(,) is a gradient correction of

(11)

(V/eVpg) Vfq <qu>2
———— F+ bypg—— +0b —
fa 4Pq fa 5Pq fa
W 2
+ bgh?, (—‘1> .
Here, b1 = 1/36, b2 = 1/3, b3 = 1/6, b4 = 1/6, b5 =
—1/12, and bg = 1/2 are numerical coefficients; h,, =

R%/(2m); q = p,n; and the last term in (11) stems
from taking into account spin—orbit interaction.

In the case of Skyrme forces, the potential-energy
has the form

+ b3

1
€pot = §t0 (12)
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Here, to, t1, to, t3, o, T1, T2, T3, Q, and WO are
the parameters of the Skyrme potential; p = p,, + pp;
T="Tn+ 7 J =Jp+ Jp; and

fn(p) =1+ hm(Oé + ﬁ)pn(p) + hmapp(n)7

o= i[h(l—F%l‘l) —|—t2<1+%$2>:|, (14)
_1 1 1
ﬁ—z[t2<ﬂf2+§> —t1<l‘1—|—§>:|,

hm
—7%  Pn Wn )
Fnto) (p) (p)

(13)

Inp) = (15)

Wo
Waw) = 5 2VPu@) + Vopm)-

[t should be noted that some terms of the potential-
energy density contain the kinetic-energy density,
since Skyrme forces are velocity-dependent. Includ-
ing these terms in the kinetic energy, we obtain a
different form of the energy-density functional,

h2

2—77?,*7— + Epota

where m* is the so-called effective mass and e, =
€pot|r=r,=r,=0 is the potential energy not involv-
ing kinetic-energy terms. Usually, the inequality
m*/m < 1 holds for Skyrme forces; therefore, the
contribution of the kinetic energy of nucleons to the
nucleus—nucleus potential is sizable.

€Skyrme = (16)

2.2. Double-Folding Method

Potentials obtained on the basis of the double-
folding method have been widely used in recent
years [1—5, 20, 21]. This method employs the nucleon—
nucleon interaction v and the ground-state density
distributions py(g) in colliding nuclei; that is,

Vor(R)
:NG(E)/drldrgpl(rl)F(pl(rl)

+ p2(r2))v(R 4 ra — r1)pa(ra),

where r; and ro are the radius vectors that specify
the positions of interacting nucleons in the reference
frames comoving with the centers of mass of the
nuclei and R is the distance between these centers
of mass. The functions F(p) and G(E) describe the
dependence of the nucleon—nucleon interaction on
the nucleon densities and the collision energy, and
one usually selects the factor N in such a way as to
attain the best description of scattering data. It should
be noted that the nucleon-density distributions in
interacting nuclei can be obtained within different

(17)
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approaches and that the forces acting between the
nucleons may also be different.

For the potentials obtained on the basis of the
double-folding method to lead to a good description
of experimental data, additional dependences on the
nucleon-distribution density F'(p) and on the colli-
sion energy G(E) were introduced in [20, 21]. Be-
low, we employ modern modifications of the double-
folding method and modern sets of interaction pa-
rameters. In them, use is made of the DDM3Y and
DDM3Y -Raid nucleon—nucleon forces, which de-
pend on the density distribution in colliding nuclei and
on the collision energy. In this case, we have [20]

G(E) =1 — 0.002E, (18)

F(p) = C(1 + aexp(—pp)), (19)

where FE is the collision energy in MeV units; p is
the nucleon-distribution density; and C, «, and 3 are
parameters that are determined from a fit to data on
the scattering on nuclei.

2.3. Double-Folding Model with Allowance
for the Kinetic-Energy Contribution

The contribution that is generated by the inter-
nal kinetic energy of nucleons and which was taken
directly into account in considering the nucleus—
nucleus potential in the energy-density approxima-
tion [see expression (7)] is discarded within the stan-
dard double-folding method, which was described in
the preceding section, For this reason, the potentials
obtained on the basis of the standard double-folding
method[1-5, 20, 21] are very deep. The double-folded
potential (17) employs the frozen ground-state densi-
ties of colliding nuclei [1, 3—5, 15, 20, 21]. At short
distances between the nuclei, the nuclear densities
overlap considerably, with the result that the internal
kinetic energy of nucleons in colliding nuclei changes
substantially because of the Pauli exclusion princi-
ple. The contribution of the internal kinetic energy of
nucleons for their specific distribution in coordinate
space can be calculated in the standard Thomas—
Fermi approximation [see expression (10)] or within
its extended version as specified by expressions (9)—
(11). We note that, in the Thomas—Fermi approxima-
tion, one assumes the population of the lowest levels
of the system and therefore estimates the minimum
value of the kinetic energy for this distribution of
the density in coordinate space. As a result, one can
determine the potential in the double-folding method
with allowance for the contribution of the internal
kinetic energy as

Vor—kin(R) = T(R) + Vpr(R), (20)

where T'(R) is the contribution that is generated by
the internal kinetic energy of nucleons and which
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is given by expression (7) and Vpp(R) is the ordi-
nary double-folded potential described by Eq. (17).
We note that the double-folded potential in (17) in-
volves the frozen ground-state densities of colliding
nuclei [1, 3—5, 15, 20, 21], whence it follows that,
in calculating the contribution of the internal kinetic
energy of nucleons in (7) and (18), it is necessary to
employ the corresponding frozen densities as well.

[t should be noted that, previously, attempts were
made in [15] to take into account, within the double-
folding method, the contribution of the kinetic energy
of nucleons, but, in that study, a significant change
in the momentum distribution of nucleons at short
distances between the nuclei was assumed for frozen
nucleon densities. The contribution of the kinetic en-
ergy of nucleons was taken into account in [21] in
studying the properties of nuclear matter, but, in sub-
sequent studies of the same authors, the contribution
of the kinetic energy of nucleons was disregarded in
calculating the nucleus—nucleus interaction.

In calculating the potential in the double-folding
approximation, one usually takes velocity-
independent nucleon—nucleon forces, in which case
the effective nucleon mass m* coincides with the
ordinary nucleon mass m in calculating the internal
kinetic energy of nucleons. As a result, the con-
tribution of the kinetic energy of nucleons to the
potential proves to be somewhat smaller than that
in the above approximation of the energy density for
Skyrme forces. However, it is necessary to consider
that m* may differ from m if one employs velocity-
dependent nucleon—nucleon forces in calculating the
contribution of the kinetic energy of nucleons to the
potential.

[t should be emphasized that the nucleus—nucleus
potentials discussed in Subsections 2.1—2.3 rely on
frozen nucleon densities and differ only by the choice
of nucleon—nucleon forces and the contribution of the
kinetic energy of nucleons to the potential.

2.4. Two-Center Shell Model

In calculating the nucleus—nucleus potential, use
is also made of models based on the idea of the shell
structure of the nucleus. As an example, we can
indicate the two-center shell model [16] employing
Skyrme forces. In that case, the nucleus—nucleus po-
tential is also determined by relations (1)—(4) with the
nucleon-distribution density found for each distance
between the nuclei within the two-center shell model.
The direct inclusion of the Pauli exclusion principle
and of the antisymmetrization of nucleons contained
in colliding nuclei is an advantage of this model.

It should be noted that, in contrast to the nucleus—
nucleus potentials considered in the preceding sec-
tions and associated with frozen densities of nuclei,
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the potential calculated within the two-center shell
model is determined with allowance for nucleon den-
sities that are characteristic of a specific distance
between the nuclei. The potential calculated within
the two-center shell model corresponds to slow col-
lisions, in which case the nucleon density has time to
undergo relaxation for each distance between the nu-
clei. Therefore, this potential is adiabatic. In contrast
to this, the potentials considered in the preceding
sections are associated with frozen nucleon densities
and can be applied under conditions of fast collisions,
in which case the nucleon density in nuclei does not
have time to change significantly within the collision
time.

3. NUCLEAR PARTS OF POTENTIALS
OF INTERACTION BETWEEN NUCLEI

In [22], we studied in detail the dependence of the
nuclear part of the potential of interaction between
nuclei in the vicinity of the barrier on the diffuseness
of the nucleon-density distribution in nuclei within
the approach of the energy-density functional. In the
present study, we focus on considering the depen-
dence of a general potential of nucleus—nucleus in-
teraction on the choice of the nucleon-density distri-
bution and method for constructing potentials. The
consideration is performed entirely for the example of
the potential of interaction between two O nuclei.

3.1. Nucleon-Density Distribution

For the proton densities, we have employed the
experimental charge densities [26], as well as the
proton-density distributions obtained in the Hartree—
Fock approximation, by the extended Thomas—Fermi
method with allowance for the expansion of the
kinetic-energy density to terms of order A2, and on
the basis of the shell model. The theoretical nucleon
distributions used here were obtained on the basis of
density-dependent Skyrme forces—in particular, in
the SkM™* parametrization [23].

Figure la displays the nucleon densities obtained
in various approximations. We note that the densities
obtained in the Hartree—Fock approximation and es-
pecially on the basis of the shell model have a dip at
the center of the nucleus. A decrease in the density
at the center of the nucleus is associated with shell
effects, which are absent in the other densities. The
nucleon-density distribution determined within the
extended Thomas—Fermi method is characterized by
a faster decrease in the diffuse region.
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Fig. 1. (a) Nucleon-density distributions for the **O nucleus that were obtained by the extended Thomas—Fermi method
(petF), experimentally (pexpt [7]), by the Hartree—Fock method (pur), and on the basis of the shell model ( pshen ); (0) 160160
interaction potentials Vetr(peTr), VETF (Pexp), VETE(PHF), and Verr(pshen) calculated within the method of the energy-density
functional by using the nucleon densities presented in Fig. 1a with allowance for the kinetic-energy contribution, the potential
Verr(perr, 7 = 0) being calculated with the nucleon-density distribution obtained by the extended Thomas—Fermi method
without allowance for the kinetic-energy contribution (7, = 7, = 7 = 0).

3.2. Potential of Nucleus—Nucleus Interaction
within the Approach of the Energy-Density
Functional

The calculation of the potential in the approxima-
tion of the energy density functional was performed
on the basis of the proton and neutron densities ob-
tained in the Hartree—Fock approximation and by the
extended Thomas—Fermi method with allowance for
the expansion of the kinetic-energy density to terms
of order /2, as well as on the basis of the shell model
(these densities are displayed in Fig. la). In employ-
ing experimental charge densities [26], we assumed
that the neutron density in the 0 nucleus is iden-
tical to the proton density. The nucleus—nucleus po-
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tential was calculated in the approximation of frozen
nucleon densities.

The dependence of the nuclear part of the interac-
tion between two 16O nuclei on the choice of nucleon
distribution in them within the method of the energy-
density functional is illustrated in Fig. 16. At long
distances, the potential decreases, fast, while, as the
distance decreases there arises attraction between the
nuclei, but it gives way to a strong repulsion at short
distances (core).

The potential depends greatly on special features
of the behavior of the densities. For example, the
strength of repulsion at short distances depends on

Vol.73 No.7 2010
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the nucleon-density distribution used in the calcu-
lations and on the values of the density at r = 0.
This is because the density-dependent Skyrme forces
involve a term that is proportional to the parame-
ter t3, which is dependent on the density distribu-
tion, and which leads to the repulsion of nucleons
upon an overly strong increase in the density. More-
over, the contribution of the internal kinetic energy of
nucleons to the potential increases sharply because
of the Pauli exclusion principle and because of a
significant increase in the density. The greater the
nucleon-density distribution in the central region of
the nucleus (at small ), the greater the value of the
potential at short distances R between the nuclei.
We have performed a calculation that proved to be
indicative of the importance of taking into account
the internal kinetic energy of nucleons in calculating
the potential of nucleus—nucleus interaction. By way
of example, Fig. 2b shows the nucleus—nucleus in-
teraction potential Vpp_yin(peTr) calculated with the
nucleon density obtained by the extended Thomas—
Fermi method but without including the kinetic en-
ergy of nucleons—this is the case of 7, = 7, = 7 = 0.
Without allowance for the kinetic energy of nucleons,
the repulsive core at small R disappears, and the
potential becomes attractive and very deep.

3.3. Potential of Nucleus—Nucleus Interaction
in the Double-Folding Approximation

Within the double-folding method, the nuclear
part of the potential for the 60 4+ 160 system was
calculated by using the collision-energy-dependent
parametrizations DDM3Y (Fig. 2a) and DDM3Y-
Raid (Fig. 2b) of nucleon forces. These calcula-
tions were performed at the collision energy of £ =
250 MeV. In order to simplify the figures, we took the
nucleon-density distribution obtained previously in
the Hartree—Fock approximation and the extended
Thomas—Fermi approximation (see Fig. 1a).

The nucleus—nucleus

interaction

potentials

Vpr(R) depicted in Fig. 2 depend only slightly on
the details of the behavior of the nucleon densities,
but they depend strongly on the choice of nucleon—
nucleon interaction, the same pattern being observed
at different energy values. The resulting potentials
appear to be deep at short distances. The depths
of double-folded potentials Vpp(R) are on the same
order of magnitude as the depths of potentials cal-
culated in the extended Thomas—Fermi approxima-
tion without taking into account the kinetic-energy
contribution (7, = 7, = 7 = 0)—see Figs. 16 and 2.
The introduction of an explicit density dependence in
the potential (DDM3Y forces) reduces substantially

the depth of the potential.
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Fig. 2. Double-folded potentials calculated for (a)
DDM3Y-Raid and () DDMA3Y forces by using the nu-
cleon densities obtained by using the extended Thomas—
Fermi method [VDF(pETF) and VDF—kin(pETF)] and by the
Hartree—Fock method [Vpr(pnr) and Vor—_kin (pur)]. The
potentials Vor(perr) and Vor(pur) were obtained with
allowance for the kinetic-energy contribution, while the
potentials Vor—xin(perr) and Vop—_kin(pur) were calcu-
lated without this contribution (7, = 7, = 7 = 0).

The contribution of the internal kinetic energy
of nucleons to the nucleus—nucleus potential [see
Eq. (20)] changes drastically the double-folded po-
tential, which transforms from an attractive potential
Vpe(R) into the repulsive potential Vpp_in(R) at
short distances (see Fig. 2). We note that effective
nucleon—nucleon forces used to calculate the poten-
tial within the double-folding model do not feature
a velocity dependence like that in Skyrme forces;
therefore, the effective mass proves to be equal to
the nucleon mass. This leads to a somewhat smaller
kinetic-energy-contribution-induced variation of the
potential at short distances between the nuclei than
that in the case of Skyrme forces.

The magnitude of the core in the potentials,
Vbr_kin(R), depends on the choice of nucleon—



V(R), MeV
0 ~-— st et
- T T - ';T-;f;v""/
~100 :\'-\_ a e - /', ‘/,,.
200}
L ,'/' /I'
./ //
r.” J Texact T AS
B ,/ T Texact — AS
~300 y. T+ AS
i /’! ————TTF—AS
s / - -« AS—-1
- e ZT—AS
-400 "'/ L 1 L 1 L 1 L 1 L 1 L 1
2 4 6 8

Fig. 3. Potential of interaction in the 10 + 150 system
according to calculations on the basis of the two-center
shell model (solid curve) in the case of taking precisely
into account the kinetic energy and performing a com-
plete antisymmetrization of nucleons (7exact + AS), (dot-
ted curve) with a precise value of the kinetic energy but
without taking into account antisymmetrization (Texact —
AS), (dash-and-dot curve) with the kinetic energy in
the Thomas—Fermi approximation but with allowance for
antisymmetrization (7rr + AS), (dashed curve) with the
kinetic energy in the Thomas—Fermi approximation and
without allowance for antisymmetrization (7rp — AS),
(dash-and-double-dot curve) with allowance for anti-
symmetrization but without the kinetic-energy contribu-
tion (AS — 7), and (dash-and-triple-dot curve) without
antisymmetrization and without the kinetic-energy con-
tribution (—7 — AS).

nucleon forces. For example, the potentials
Vbr_kin(R) calculated with DDM3Y forces are close
to the potentials found with Skyrme forces, as one
can see from a comparison of Figs. 1 and 2.

3.4. Potential of Nucleus—Nucleus Interaction
in the Two-Center Shell Model

The potential obtained for the nuclear part of the

interaction for the 16O + 60 system within the two-
center shell model is also of interest. In this case,
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32 nucleons of colliding nuclei populate the low-
est single-particle levels in two wells of harmonic-
oscillator potentials centered at the points whose co-
ordinates are R/2 and —R/2. The system being con-
sidered has a cylindrical symmetry and depends on
the coordinates z and p. Here, the density distribution
in space depends substantially on R. In this case,
the potential is adiabatic, in contrast to the potentials
considered above, which are based on frozen nucleon
densities. For parameters specifying the potential, we
take R and k. In the c.m. frame, the nuclei then
move at the momenta k- A and —k - A, where A is
the number of particles. As in [16], we set k=0 in
order to simplify the calculations. The nucleon density
was calculated on the basis of the shell model in two
approximations—that is, with and without allowance
for the antisymmetrization of nucleons in colliding
nuclei. Moreover, the kinetic energy of nucleons in
colliding nuclei was calculated either precisely or in
the Thomas—Fermi approximation. The results ob-
tained by calculating the potential for the nuclear part
of the interaction for the 60 4 160 system on the
basis of various versions of calculations within the
two-center shell model are displayed in Fig. 3.

Comparing the curves in Fig. 3, we can draw the
following conclusions:

(i) At long distances, the potential depends only
slightly on the approximation in which one calculates
the kinetic energy (precise quantum-mechanical cal-
culation versus the Thomas—Fermi approximation),
but, at short distances between colliding nuclei, the
kinetic energy obtained in the Thomas—Fermi ap-
proximation proves to be smaller than that found in
a precise quantum-mechanical calculation.

(ii) Allowance for the antisymmetrization of nu-
cleons in colliding nuclei is of importance for deter-
mining the potential, since the potential appears to be
much deeper if one disregards antisymmetrization.

(iii) The potential calculated with allowance for the
contribution of the internal kinetic energy of nucle-
ons and their antisymmetrization at short distances
has a repulsive core, whereas the potential calculated
without allowance for the internal kinetic energy of
nucleons does not have a core at short distances and
and is strongly attractive.

Figures 4 and 5 show, respectively, the nucleon-
density distribution and the kinetic-energy distribu-
tion for the system consisting of two 6O nuclei.
These distributions were calculated for the distances
of 1, 2, and 3 fm between colliding nuclei (upper,
middle, lower panels, respectively in Figs. 4 and 5).
The distributions in the left-handed panels of Figs. 4
and 5 were obtained in the approximation of frozen
nucleon densities determined on the basis of the shell

Vol.73 No.7 2010
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Fig. 4. Behavior of the nucleon-density distribution in the **O + 6O system at distances of 1 (upper panels), 2 (middle panels),
and 3 fm (lower panels) without (left-hand panels) and with (right-hand panels) allowance for antisymmetrization. The step

between the density isolines is 0.02 fm~3.

model for each nucleus individually (see also the cor-
responding density distributions in Fig. 1). The distri-
butions in the right-hand panels were determined for
the densities calculated within the two-center model
with allowance for the antisymmetrization of nucle-
ons in colliding nuclei. The kinetic-energy densities
in the left-hand panels of Fig. 5 were calculated in
the Thomas—Fermi approximation with frozen nu-
cleon densities, while the respective distributions in
the right-hand panels were found on the basis of the
exact quantum-mechanical expression for the kinetic
energy with allowance for antisymmetrization and the
Pauli exclusion principle for nucleon densities.

Comparing the nucleon-density distributions and
the kinetic-energy distribution in Figs. 4 and 5, we

PHYSICS OF ATOMIC NUCLEI Vol.73 No.7 2010

can see that the nucleon-density distributions found
in the two approximations in question differ sub-
stantially from each other. Thus, the densities in the
instantaneous approximation are more compact in
space and, at short distances, exceed considerably
the equilibrium density in the region where the nuclei
being considered overlap significantly. The antisym-
metrization of nucleons naturally leads to their redis-
tribution in space, the maximum densities of the nu-
cleon and kinetic-energy distributions being smaller
even at short distances than the corresponding max-
imum densities calculated in the frozen-density dis-
tribution. The kinetic-energy densities are modified
considerably upon antisymmetrization. For example,
the distribution of the kinetic-energy density becomes
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Fig. 5. Behavior of the kinetic-energy-density distribution for the 150 + 'O system at distances of 1 (upper panels), 2 (middle
panels), and 3 fm (lower panels) calculated either within the Thomas—Fermi approach (left-hand panels) or by the exact

formula (right-hand panels). The step between the respective isolines is 0.05 MeV fm™"°.

more compact in space and smaller in amplitude. As
a result, the repulsion between the nuclei at short
distances that was calculated in the approximation
of frozen densities is stronger than its counterpart
determined in the approximation of the two-center
shell model with allowance for antisymmetrization
and the Pauli exclusion principle.

4. CONCLUSIONS

Thus, we have considered various approaches
to constructing nucleus—nucleus potentials, paying
particular attention to the contributions of the internal
kinetic energy of nucleons and their antisymmetriza-
tion to the nucleus—nucleus potential. Comparing
the potentials obtained within different approaches,
we have arrived at the conclusion that, in order to

3

construct a realistic potential of nucleus—nucleus
interaction, one must calculate it, taking into account
both the antisymmetrization of nucleons and their
internal kinetic energy.

Although the interaction potential for the 60 4
160 system was constructed most precisely on the
basis of the two-center shell model, the application
of this method to heavier nuclear systems would in-
volve difficulties. In this connection, we would like
to note a realistic behavior of the potential obtained
in the extended Thomas—Fermi approximation or the
potential obtained by the double-folding method with
allowance for the kinetic-energy contribution. In or-
der to describe reaction cross sections with the aid
of these potentials, it is necessary to introduce the
dependence of the nucleon-density distribution on the
energy of colliding nuclei.
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We have shown that the inclusion of the kinetic-
energy contribution within various approaches leads
to the appearance of a repulsive core in the nuclear
part of the potential at short distances. In [27], the
effect of a repulsive core on cross sections for nuclear
reactions was analyzed within a phenomenological
approach, and it was indicated there that the contri-
bution of the core to the angular distribution for the
elastic scattering of nuclei is quite sizable.

REFERENCES

. P E. Hodgson, Nuclear Heavy-lon Reactions
(Clarendon, Oxford, 1978).

2. G. R. Satchler and W. G. Love, Phys. Rep. 55, 183
(1979).

3. R. Bass, Nuclear Reactions with Heavy lons
(Springer, Berlin, 1980).

4. G. R. Satchler, Direct Nuclear Reactions (Claren-
don, Oxford, 1983).

5. P Frobrich and R. Lipperheide, Theory of Nuclear
Reactions (Clarendon, Oxford, 1996).

6. J. Blocki et al., Ann. Phys. (N.Y.) 105, 427 (1977).

7. W. D. Myers and W. J. Swiatecki, Phys. Rev. C 62,
044610 (2000).

8. H.J. Krappe, J. R. Nix, and A. J. Sierk, Phys. Rev. C
20, 992 (1979).

9. A. Winther, Nucl. Phys. A 594, 203 (1995).

10. V. Yu. Denisov, Phys. Lett. B 526, 315 (2002).

11. V. Yu. Denisov and W. Norenberg, Eur. Phys. J. A
15, 375 (2002); V. Yu. Denisov, Eur. Phys. J. A 25
(Suppl. 1), 619 (2005).

12. V. I. Kukulin, V. G. Neudatchin, and Yu. F. Smirnov,
Fiz. Elem. Chastits At. Yadra 10, 1236 (1979)[Sov. J.
Part. Nucl. 10, 492 (1979)].

PHYSICS OF ATOMIC NUCLEI Vol.73 No.7 2010

13.
14.
15.
16.
17.
18.

19.
20.

21.
22.
23.
24.

25.
26.

27.

D. T. Khoa and O. M. Knyaz’kov, Fiz. Elem. Chastits
At. Yadra 21, 1456 (1990) [Sov. J. Part. Nucl. 21, 623
(1990)].

T. Fliessbach, Z. Phys. 247, 117 (1971).

V. B. Soubbotin et al., Phys. Rev. C 64, 014601
(2001).

D. Brink and F. Stancu, Nucl. Phys. A 243, 175
(1975).

K. A. Brueckner,J. R. Buchler,and M. M. Kelly, Phys.
Rev. 173, 944 (1968).

C. Ngo, B. Tamain, J. Galin, et al., Nucl. Phys. A 240,
353 (1975).

H. Ngo and C. Ngo, Nucl. Phys. A 348, 140 (1980).
Dao T. Khoa, W. von Oertzen, and H. G. Bohlen,
Phys. Rev. C 49, 1652 (1994)

Dao T. Khoa and W. von Oertzen, Phys. Lett. B 304,
8(1993)

V. Yu. Denisov and V. A. Nesterov, Yad. Fiz. 69, 1507
(2006) [Phys. At. Nucl. 69, 1472 (2006)].

M. Brack, C. Guet, and H.-B. Hakansson, Phys. Rep.
123,275 (1985).

M. Brack and R. K. Bhaduri, Semiclassical Physics
(Addison-Wesley, New York, 1997).

T. H. R. Skyrme, Nucl. Phys. 9, 615 (1959).

H. de Vries, C. W. de Jager, and C. de Vries, At. Data
Nucl. Data Tables 36, 495 (1987).

V. Yu. Denisov and O. I. Davidovskaya, in Proc.
of the Intern. Conf. on Current Problems in Nu-
clear Physics and Atomic Energy, Kiev, 9—15 June,
2008 (Inst. for Nucl. Res., Kiev, 2009), p. 192;
V. Yu. Denisov and O. [. Davidovskaya, Yad. Fiz.
73, 429 (2010) [Phys. At. Nucl. 73, 404 (2010)];
V. Yu. Denisov and O. 1. Davidovskaya, Izv. Akad.
Nauk, Ser. Fiz. (in press).

Translated by A. Isaakyan




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


