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DIFFUSENESS OF NUCLEUS-NUCLEUS POTENTIAL AND
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V. Yu. Denisov, V. A. Nesterov
Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

The interaction potentials between nuclei evaluated with the help of the Skyrme force in the frameworks of the
extended Thomas - Fermi approximation and the Hartree — Fock - BCS theory are studied in detail. The increasing of
the value of diffuseness parameter of the density distribution in interacting nuclei leads to the reduction of the barrier
height between nuclei, the enlargement of the capture-well depth and the growing of the fusion cross-section. It is
shown that the diffuseness parameter of nuclear part of the potential at large distances between nuclei evaluated with
the help of the Skyrme force exceeds the diffuseness parameter of the nucleon density in interaction nuclei
approximately in 1,5 times. The realistic values of diffuseness parameter of nuclear interaction between medium and
heavy nuclei lie in the range a = 0,75 - 0,90 fm.

1. Introduction

In order to calculate the various characteristics of nuclear reactions, it is necessary to know the potential
energy of interaction between nuclei [1 - 3]. Therefore, both the magnitude and the radial dependence of the
interaction potential between nuclei at small internuclear distances are vitally important for the description of
the reaction cross-section in the framework of any model.

The interaction energy of colliding nuclei is caused by both the Coulomb interaction between protons and
the nuclear interaction between nucleons [1 - 3]. The Coulomb interaction between protons in nuclei is
described rather well, which cannot be said about the nuclear part of nucleus-nucleus interaction. A rather
large number of various approximations for the nucleus-nucleus interaction has been proposed at present [1 -
8], but they bring about different barrier heights of the nucleus-nucleus reaction [8, 9]. The barrier height
depends on the ratio between the Coulomb repulsive and nuclear attractive potentials, which act at small
distances between the surfaces of interacting nuclei.

In order to determine the amplitude of the nuclear interaction between nucleons which belong to different
nuclei, it is desirable to use the most exact methods that have been developed for the detailed description of
various characteristics of the ground and excited nuclear states [10 - 17]. Using these methods, one can
calculate the energy of interaction between nuclei with high accuracy. In this work, we use both the
semiclassical and semimicroscopical approaches in order to determine the interaction potential between
nuclei. In the framework of the semiclassical approach, the distributions of the nucleon density of interacting
nuclei and the potential energy of their interaction are calculated in the extended Thomas-Fermi (ETF)
approximation with the Skyrme forces. In the framework of the semimicroscopical approach, the
distributions of the nucleon density of interacting nuclei are evaluated in the Hartree — Fock - BCS model,
while the potential energy of nucleus-nucleus interaction is obtained in the extended Thomas-Fermi
approximation with the same Skyrme forces.

The reactions of subbarrier fusion [1 - 3, 18 - 26] are important from the viewpoint of the definition of the
nuclear interaction potential, because these reactions are connected with the interaction amplitude and the
potential behavior at distances close to the nucleus-nucleus touching distance. There are a lot of various
models for the description of subbarrier fusion reactions [1 - 3, 18 - 26]. In order to describe the value of the
fusion cross-section adequately, the fitting of the nucleus-nucleus interaction parameters is often carried out.
For example, the coupled-channel analysis of the data concerning the subbarrier fusion of nuclei, fulfilled in
works [22 - 26], gives a rather high value of the diffuseness (a ~ 0,8 - 1,5 fm) of the nuclear part of the
nucleus-nucleus potential parametrized in the form of the Woods-Saxon potential. The authors of many other
works [1 - 3, 7, 18 - 21] used lower values for the diffuseness of the nuclear part of the interaction potential
between nuclei (a = 0,6 - 0,7 fm) to describe various nuclear reactions. Therefore, the comprehensive study
of the diffuseness magnitude for the nuclear part of the interaction potential between nuclei in the framework
of various models is very interesting. It is also useful to determine the realistic values for the diffuseness of
the nuclear part of the interaction potential between nuclei parametrized in the form of the Woods-Saxon
potential.

Our approach for evaluation of the interaction potential between nuclei is presented in the section 2.
Dependences of both the nucleus-nucleus potential and the fusion cross-section on the diffuseness of the
nucleon densities in both nuclei are discussed in sections 3 and 4 respectively. Conclusion is given in
section 4.
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2. Interaction potential between nuclei

In the framework of the "frozen density" approximation, let us define the potential energy of interaction
V(R) between two nuclei positioned at a distance R between their mass centers as the difference of the
binding energies £,,(R) and E; + E, of the system composed of two nuclei separated by a finite (R) or an
infinite interval, respectively [8, 9]

V(R)=E12(R)—(El +E2)- (1)

The corresponding binding energies of the nuclear system and nuclei 1 and 2 can be found easily making
use of the semiclassical expression for the energy density functional if one knows the distribution of nucleon
density in the nuclei

E,(R)=[2] p, (1) + p,, (7. R), py, (F)+ p,, (7, R) JdF , @)
E =[] p, ). p, () )ar (3)
E, = [e] p,,(F), p,,(7) JdF . (4)

Energy density functional we wrote in a form
g(pn7pp):T+gpot+gcoul’ (5)

where 7, ¢,,, and &, are the densities of kinetic, potential and Coulomb energies respectively. It is evident
that, to determine the potential energy of interaction, we have to know the distribution of nucleon density and
the energy density functional. These issues were considered in detail in Refs. [8, 9, 11 - 14]. The nucleus-
nucleus potential at finite distances between the surfaces of nuclei is caused by the interaction of nucleons in
the range of "overlapping tails" of the nucleon density distributions. Therefore, taking the gradient terms in
the kinetic energy density into account is very important for the calculation of the potential amplitudes to be
accurate.

3. Diffuseness of the density distribution and the properties
of the nucleus-nucleus interaction potential

In order to study the influence of the density diffuseness of colliding nuclei, which are in the ground state,
on the nucleus-nucleus potential, let us parametrize the nucleon densities of nuclei in the ground states by the
expression

P (1) = Pouiy) /{ 1+ exp[(r - Rn(P))/d} : (6)

Such a parametrization of the radial distribution of nucleon density has often been used in nuclear physics
[27]. The parameters of this distribution p,,,, and R, , were found by the direct variational method at a

fixed value of the diffuseness d. By varying p,,,, and R we minimized the nucleus binding energy

n(p)’
calculated taking into account the gradient corrections to the kinetic energy functional and Skyrme forces
SkP. The diffuseness d for the neutron and proton densities was varied within the interval from 0,5 to 0,8 fm
with a step of 0,05 fm.

The radial distributions of the neutron and proton densities of '°0 and ***Pb nuclei in their ground states
with such values of the diffuseness d are plotted in Fig. 1. These densities were used to calculate the
interaction potentials between '°O and ***Pb nuclei, which are also displayed in this figure. While calculating
the potentials, the ETF method with Skyrme forces SkP was used. For a comparison, the results of
calculations of the potential between those nuclei with nucleon densities of HF-BCS approximation is shown
(see Fig. 1). At large distances between nuclei, the potential calculated with nucleon densities of HF-BCS
approximation is close to the potential which uses the density parametrization (1) with the diffuseness
d = 0,55 fm. However, at shorter distances, it is close to the potential calculated with the diffuseness of about
0,6 fm (see Fig. 1).
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Fig. 1. Interaction potentials ¥(R) for 'O and ***Pb nuclei for various values of the diffuseness d of the ground state
densities calculated in the semiclassical approximation. For comparison, the interaction potential between nuclei
found with nucleon densities of HF-BCS approximation is shown, as well as the proton and neutron densities in the
ground state for various d.

As the diffuseness of the density distribution grows, the potential capture well shifts towards longer
distances between colliding nuclei, its depth increases, see the Fig. 1. Interaction potentials ¥(R) for '°O and
*%pp nuclei for various values of the diffuseness d of the ground state densities calculated in the
semiclassical approximation. The reason is that the nucleon densities become more extended as the density
distribution diffuseness grows, so that the nuclear interaction at large distances between nuclei increases, and
the barrier height decreases. As the density distribution diffuseness grows, the nuclear densities come into
strong overlapping at shorter distances between nuclei, so that the nuclear repulsion between the nuclei,
caused by the compression of the nuclear matter, decreases. This results in the widening and deepening of
the capture well.

Fig. 2 shows the dependences of the potential barrier height and the bottom energy of the capture well on
the diffuseness d of the ground state density. The potential barrier height decreases almost linearly with the
growth of the diffuseness d, whereas the bottom energy of the capture well decreases much more quickly.

The depth of the well, i.e. the difference between the barrier height and the well bottom, increases with the
growth of d.
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Fig. 2. The dependences of the potential barrier height and the bottom energy of the
capture well on the diffuseness d of the ground state density for '°O and ***Pb nuclei.

V, MeV

The HF-BCS approximation describes well the experimental radial distributions of the nucleon density;
therefore, the ETF potential evaluated with the help of HF-BCS nucleon densities is the most realistic. Due
to this the potentials calculated making use of the density parametrization (6) with the diffuseness d ~ 0,55 +
+ 0,6 fm are close to the realistic one at various distances between nuclei.

4. Diffuseness of the potential and the nuclear fusion cross-section

The characteristics of nuclear reactions are often calculated making use of the Woods-Saxon
parametrization of the nuclear part of the interaction potential between nuclei [1 - 3, 7, 18 - 20, 22 - 24]

V(R)=-Vy/{1+exp[(R-Ryo)/a]}. @)

Therefore, it is necessary to determine at what value of the parameter a of the Woods - Saxon potential is
close to the realistic potential, found in the HF-BCS approximation. For this purpose, we determined first the
parameters Vo, R,,, and a in Eq. (7) by fitting the potential which had been calculated in the ETF
approximation with the value d = 0,55 fm for the diffuseness of the nucleon density distribution, in the range
of distances R larger than the sum of nucleus radii R, Afterwards, we fixed the obtained value of R,, =
~ 9,7 fm and used it when fitting the potential which had been found in the ETF approximation for other
values of the nucleon density distribution diffuseness. The dependences of Vy and a on d are given in the
Fig. 3.

170
- 160
- 150
- 140
- 130
- 120

4 110>
& 2
N - 100
S 09t =
490 >

- 80

0.8 -
- 70

- 60

0.7 - - 50

0.50 0.55 0.60 0.65 0.70 0.75 0.80
d, fm

Fig. 3. Dependences of the diffuseness a and the depths V), of the Woods-Saxon potential
on the diffuseness d of the nucleon density in the ground state for the system '°O and ***Pb.

The diffuseness @ and the depth V, of the Woods-Saxon potential grow linearly as the nucleon density
diffuseness d increases (see Fig. 3). The diffuseness of the nuclear part of the potential between nuclei,
calculated by the ETF method and using Skyrme forces, is approximately 1,5 times larger at large distances
than the diffuseness of the nucleon distribution in interacting nuclei.
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As was pointed out above, the potential, which had been calculated, using the nucleon density in form (6),
for the density distribution d = 0,55 fm, corresponds at large distances to the potential determined for the
HF-BCS distributions of nucleon density. This value of the density diffuseness corresponds to the
diffuseness of the Woods-Saxon potential a = 0,82 fm (see Fig. 3). The Woods-Saxon potential agrees well
at large distances with the nuclear part of the potential calculated in the ETF approximation for the density
distribution diffuseness d = 0,55 fm. However, in the internal nucleus region, the Woods-Saxon potential
tends to V. Therefore, they appreciably differ there.

The obtained value of the Woods-Saxon potential diffuseness, a = 0,82 fm, is in agreement with those
proposed earlier. For example, the very close value of the diffuseness of the nucleus-nucleus potential at
large distances, a = 0,788 fm, was found in work [8]. A somewhat smaller value of the diffuseness, a =
0,7176 fm, was obtained in Ref. [5]. In Ref. [7], by analyzing the elastic scattering of nuclei, the value a =
0,657 fm, which is very close to a = 0,65 fm proposed by Bass in 1980 [1], was found. In Ref. [28], where
various heavy-ion fusion reactions were studied, three values of the diffuseness have been proposed for light
(a =0,481 fm), medium (a = 0,675 fm), and heavy (a = 0,895 fm) systems of interacting nuclei. The analysis
of data concerning the subbarrier fusion of various nuclei, carried out in works [22 - 26], led to rather large
values of the diffuseness a = 0,8+1,5 fm; and, while studying the subbarrier fusion of %0 and **Pb nuclei,
the value a = 1,005 fm was obtained [26]. The values of the diffuseness calculated in the case of the
interaction between medium and heavy nuclei, which substantially deviate from a = 0,82 fm, do not consist
with the realistic distributions of the nucleon density in nuclei and nucleon-nucleon forces.

In order to investigate the influence of the potential diffuseness on the cross-section of near-barrier
fusion, we fulfilled calculations for the reaction between '°0 and ***Pb nuclei making use of the CCFULL
code [20]. This code calculates the cross-sections of nuclear fusion taking into account the coupling between
channels with low-lying multipole surface-vibration excitations in both nuclei. In so doing, the nuclear part
of the interaction potential between nuclei is parametrized in the form of the Woods-Saxon potential (7). The
code takes into account the nonlinear effects of coupling with many-phonon multipole excitations of the
surface. The parameters of the 2" and 3" excitations, which are necessary for calculating the cross-sections
with the help of the CCFULL code, were taken from the corresponding compilations of experimental data
[29, 30]. The parameters for the nuclear interaction potential were the same as in the Fig. 3.

The results of fusion cross-section calculations for the reaction between '°O and *®Pb and the
experimental data [26] are compared in Fig. 4. It is evident that the potentials calculated with small values of
the density diffuseness result in the strongly underestimated cross-sections of fusion within the whole energy
range. As the diffuseness of the nucleon density distribution d grows, the fusion cross-section increases,
which is connected with the lowering of the fusion barrier height. However, the slopes of the cross-section vs
energy curves remain practically constant at subbarrier energies for various d. We emphasize that we did not
intend to describe the fusion cross-section, because our main purpose was to reveal the connection between
the diffuseness of the density distribution, the diffuseness of the Woods - Saxon potential, and the fusion
cross-section.
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Fig. 4. Energy dependences of the cross-section of the nuclear fusion reaction 'O and ***Pb for various diffusenesses d.
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5. Conclusions

We have calculated the interaction potentials between nuclei in the framework of the semimicroscopical
HF-BCS theory and the semiclassical ETF approximation, by making various assumptions concerning the
nucleon density distribution in the ground state of nuclei. The obtained potentials were calculated in the
"frozen density" approximation which is valid for the near-barrier and higher energies of collisions. The
barrier heights agree well with various approximations that were proposed earlier for the nucleus-nucleus
interaction. The variation of the isotopic composition of interacting nuclei has been demonstrated to affect
the height and the thickness of the fusion barrier substantially.

The diffuseness of the nucleon density distribution in nuclei is rigidly bound with the diffuseness of the
nuclear interaction potential. The diffuseness of the potential is approximately 1,5 times higher than that of
the density distribution and is close to a = 0,82 fm. The values of the diffusenesses of the charge distribution
and, owing to the isotopic symmetry, the neutron density distribution in medium and heavy spherical nuclei
are practically constant and close to d = 0,55 fm (see Table 6,3 in Ref. [27]). Therefore, the diffuseness of
the potential in the case of the interaction between either medium or heavy spherical nuclei can accept
neither very low nor very high values.
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JUODYZHOCTDh AAEPHO-AAEPHOI'O NOTEHHUAJIA U
JUOPY3ZHOCTDh PACIIPEJEJIEHUSA IINIOTHOCTHU B AAPAX

B. IO. /Ilenucos, B. A. Hectepos

JleTaJlbHO HCCNETyIOTCSl IOTEHIMAIbl B3aUMOACHCTBUS SAEp, BBIYMCICHHBIE C MOMOIIbI0 ciil CKHpMa B paMKax
MomuduIupoBaHHoro npudbmmKkeHns Tomaca - @epmu u Teopum Xaptpu — @oxka - BKIII. C poctoM mapamerpa
I dYy3HOCTH pacIipeieNieHust IIOTHOCTH y B3aUMOJACHCTBYIOIIMX A1ep IPOUCXOJUT YMEHBIIEHHE BBICOTHI Oapbepa
MEXKAY SIApaMH, YBEIHMUCHHE IIyOWHBI SIMBl 3aXBaTa M IIOIEPEYHOro cedeHws ciusHusA. [lokazaHo, 4ro Benw4ymHa
napameTpa AUGQY3HOCTH SAEPHOI YacTH TOTEHIMana Ha OOJBIIMX PACCTOSHUSX MEXAY SIpaMH, BbIYMCICHHAs C
nomouiblo cuil CKUpMa, TpeBhILIAaeT BEMUUUHY napamerpa Aud(y3HOCTH pacnpeseNeHus IUIOTHOCTH HYKJIOHOB BO
B3aUMOJICHCTBYIONIMX siApax MpuOmmsurensHo B 1,5 pasza. Peamucruueckwe 3HayeHus mapamerpa guddysHocTn
SZIEPHOTO B3aUMO/ICHCTBUS MEXKTY CPEAHUMH U TSDKENIBIMU SApaMH JIexaT B uHTepBaiie a < 0,75 - 0,90 gm.

JUDY3IHICTbh AJEPHO-AJAEPHOI'O ITOTEHIIAJIY TA
JUDY3HICTDh PO3IIOALITY I'VCTUHHU B AAPAX

B. 1O. [lenucos, B. O. Hectrepos

JletalbHO JOCIHIKYIOThCSL TTOTEHLIIM B3aeMoaii siaep, oOumcieHi 3a joromoroo cui CkipMa B pamMKax
MoudikoBaHoro HaommwkeHHS Tomaca - @epmi i Teopii Xaptpi — @oka - BKII. 3 pocrom mapamerpa Iudy3HOCTI
PO3IIOALTY TYCTHHH B3aEMOMIIOUNX SIIEp Ma€e MicIle 3MEHIICHHS BHCOTH Oap’epa MiX sapamu, 301IbIICHHS TITHOMHH
SMH 3aXOIUICHHS Ta MOIEePEeYHOro nepepisy 3nmutts. [lokasaHo, 1o BenmyrHa napaMeTpa audy3HOCTI SASPHOT YaCTHHH
MOTEHI[ially Ha BEJIHMKHX BIACTAaHAX MDK sapaMu, oOducieHa 3a momomororo cwil CkipMma, NEepeBHUINYI0 BETHYHHY
napameTpy Au(Y3HOCTI PO3NOALTY T'YCTHHH HYKJIOHIB Y SIIpax, IO B3a€MOIIOTh, Npubin3Ho y 1,5 pa3u. Peanictuuni
3HAYCHHS MapaMeTpa TU(PY3HOCTI SIEPHOI B3aEMOIT MK CEPEeIHIMH Ta BAXKKHUMH SIPAMH JISKATh B IHTEPBaIL MK
a=0,75-0,90 ¢m.
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