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OPTICAL POTENTIAL BASED ON SKYRME FORCES FOR DESCRIBING
THE ELASTIC NUCLEON-NUCLEUS SCATTERING
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The model of microscopic optical potential based on calculations of the one-particle Green function mass operator
using the effective Skyrme nucleon-nucleon forces has been applied for describing cross sections and analyzing powers
of the elastic nucleon-nucleus scattering. The Skyrme force parameters have been optimized by fitting a chosen angular
distribution of the elastic neutron-nucleus scattering with simultaneous control of main characteristics of the nuclear
matter and the binding energy and rms charge radius of the target nucleus. The found Skyrme forces have been used to
analyze differential cross sections and analyzing powers of elastic neutron scattering by nuclei in a wide range of mass
numbers. The calculations have given a satisfactory description of experimental data on elastic neutron-nucleus
scattering and reasonable values of the main parameters for the symmetric nuclear matter and even-even nuclei.
Analogous calculations have been performed for describing experimental data on the elastic proton-nucleus scattering,

which have yielded encouraging results.
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Introduction

The optical model is one of the basic theoretical
approaches to the analysis of nucleon-nucleus (NA)
collisions. There still remains an actual problem of
constructing microscopic NA optical potentials
(MOP) which would be applicable to description of
experimental data on the NA-scattering proceeding
from a given nucleon-nucleon (NN) interaction. It is
of significant interest to study possibilities of
developing a unified theory of shell-model and MOP
on the basis of given NN- forces. Here, for this
purpose we use the effective Skyrme forces. The
Hartree-Fock method with the effective Skyrme
interaction (SHF) [1,2] is one of the main
approaches to calculating the structure of atomic
nuclei that allows describing satisfactorily many
properties of nuclei. The use of the SHF approach
for calculations of the MOP for the NA-scattering
was first considered in [3]. In [4 - 7] the real and
imaginary parts of MOP for the NA-interaction were
constructed on the basis of effective Skyrme forces
and calculations of the mass operator of the one-
particle Green function in the nuclear matter and
local density approximations. In [5, 6] in the real
part of MOP allowance was made for the
rearrangement (saturation) potential that is related
with the density dependence of the effective forces
and it was shown that its influence is rather
important. In [7] the MOP with the density-
dependent Skyrme forces was calculated without
taking account of the rearrangement potential and
the nucleon densities were used in a phenomeno-
logical form whereas we employ SHF nucleon
densities calculated in a self-consistent way. The
model was somewhat refined in [8, 9] by means of
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using the real part of the MOP in the form of the
Hartree-Fock potential for finite nuclei with
allowance for the terms depending on the nuclear
density gradients and the spin-orbit potential.

Because of substantial ambiguity in determining
the Skyrme force parameters and strong distinctions
in the scattering cross sections calculated by the
model under consideration with different forces, we
may hope to improve the description of
NA-scattering by modifying these parameters. In the
paper, we use new variants of the Skyrme forces
found from optimizing the description of angular
distributions of the elastic neutron-nucleus scattering
and nuclear structure in order to analyze them in
calculations of cross sections and analyzing powers
of the neutron- and proton-nucleus scattering, the
nuclear matter characteristics and the structure of
finite nuclei.

Description of the model

When calculating the MOP and the nuclear
structure we use the effective NN Skyrme interaction
in the form:

V,=V(r.p)=1,(1+x,P,)5(r)+
+16,(1+x,P,)[K?S5(r)+5(r)k*]+

+1, (14 x,P )K'S(r)k + 34, (1+x,P, ) p” (R)S(r) +

+il, (o, +0, )[K'x5(r)k]. 1)

Here, r=r,—r; and R=(r,+r,)/2 are the relative

and center-of-mass radius-vectors of two nucleons i,
Js Pn» P, and p=p, +p are the neutron, proton
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and the total densities of the target nucleus;
k=-i0/or and k'=id/or' are the momentum
operators of the relative nucleon motion in the initial
and final states; P, is the spin permutation operator.
The quantities ¢,, x, (n=0-3), y and W, are
phenomenological Skyrme force parameters.

The MOP is found from calculations of the mass
operator M__ of the one-particle Green function
(M, =<a|M|B>, a,p being the final and initial
states of the incident nucleon) up to the Goldstone
diagrams of the second order. We choose the zero-
order approximation for the mass operator M'” in

the form of the mean self-consistent Hartree-Fock
potential. This choice cancels a certain class of

UR =Y <alk /1,u|—5( —R)

Au

diagrams in all orders of the perturbation theory, in
particular, the first-order diagrams for M) . In the
SHF theory the variation of the Hartree-Fock energy

functional with the density-dependent NN-forces
results in the appearance of the rearrangement

potential. According to this, the zero-order
approximation of M (" is
MO =U" =g 4y )

where the standard Hartree-Fock potential U'? and

the rearrangement potential U'* have the form

(0)—Z<a/1|V(1 P)|ad>n,,

3)

(1 P Au>nn, |a>. 4)

Here, P, is the nucleon permutation operator, n, are the occupation numbers of the one-particle Hartree-

Fock states with energies ¢, .

The imaginary part of the sought MOP arises in the second order of perturbation theory:

W, ,=ImM? =%Imz<ay|V(l—

Auv

As in our papers [8, 9], in the real part of MOP
we take account of the terms that are related to the
non-uniformity of the nucleon densities in finite
nuclei and the spin-orbit NA-potential. Therefore,
the MOP has the following form

U(rE)= V(r,E)+%VSO (") (1-6) + W (r.E)+ Vo (1),
(6)

where the real central part of the MOP is determined
by the expression

*

%[V(O)(r)+V(R)(r)+V(A)(r)+V(’”)(r)]+

-{1—%(:)j[E—VC(r)],

that coincides with the local Hartree-Fock potential

for finite nuclei [3]. Here, V¥ +7® is the Hartree-
Fock potential in the nuclear matter approximation

V(r,E)z

(7

including the rearrangement potential ¥® | the term
V™ (r) depends on the radial derivatives of the
nuclear densities according to the SHF theory of

. . *
finite nuclei, m, and m, are the mass and the

effective mass of the incident nucleon of sort
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1)12)|/1V><1V|V(1_Plz)|aﬂ>

n, (l—nﬂ)(l—nv)

e, te,—¢,—¢,+io

)

g =n,p in the nuclear medium, the term V(’")(r)

. . . * . .
depends on the radial derivatives of m_ and arises in

the transformation from the non-local Hartree-Fock
equation to the Schrodinger equation with energy-
dependent local potential (£ is the incident nucleon
energy in the c.m. frame) [3]. The explicit form for
these quantities and the SHF spin-orbit potential

Vso(r) is presented in [8, 9]. The Coulomb potential

V.(r) must be taken into account in the case of

proton scattering. The imaginary part of MOP is
calculated in the nuclear matter and local-density
approximations and depends on the nucleon
densities and the incident-nucleon wave vector
magnitude k&, (see [8, 9]), the Ilatter being

determined from the following dispersion law:

a

2m

k.=

= L[ E-yO -y ®-y®_y,].

®)
The nucleon densities, spin densities and kinetic
energy densities entering into expressions for the
MOP are found from the self-consistent calculations
of the target nucleus structure by solving the
Hartree-Fock equations with the effective Skyrme
interaction and the constant pairing forces in the
BCS approximation and with allowance for the
direct and exchange parts of the Coulomb potential.
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Results of calculations

We have carried out many calculations of
differential cross sections of the neutron-nucleus
scattering using this model of MOP with different
known sets of the Skyrme interaction parameters.

In Fig.1 we present typical examples of such
calculations for the case of the differential cross

section o (60)=do(0)/dQ for the elastic scattering

of 13.9 MeV neutrons by ''®Sn nuclei with popular
variants of the Skyrme forces: Sly4 [10], SkKM* [11],
Ska [12]. It can be seen that some of the sets of the
Skyrme force parameters provide an encouraging
description of the experimental data (all
experimental data on cross sections and analyzing
powers considered in this paper were taken from the
electronic nuclear data tables http:/www-
nds.iaca.org/exfor/exfor.htm). At the same time,
there is a considerable spread of the calculation
results for different Skyrme forces.

o(0), mb/sr
—

10" 3

100 E_ _E

' | ' ' ' '

20 40 60 80 100 120 140 160

0, deg

Fig. 1. Differential cross section of the elastic n + ''°Sn

scattering at the neutron energy 13.9 MeV calculated with
different Skyrme forces.

To improve the description of angular
distributions for the elastic NA-scattering, we have
tried to search for some new variants of the Skyrme
forces using an optimization procedure that requires a
satisfactory description of both the scattering
processes and the main characteristics of the nuclear
structure  simultaneously [8.9]. This procedure
includes fitting of one selected differential cross
section of the neutron scattering with allowance for
conditions ensuring an acceptable description of the
uniform symmetric nuclear matter characteristics and
of the binding energy and rms radius of the target
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nucleus. The controlled characteristics of the nuclear
matter were the average binding energy per nucleon
E/A, the equilibrium density p.q, the symmetry energy

&, and the effective nucleon mass in nuclear matter

m". Therefore, the set of independently varied
parameters was chosen as follows: peq, E/A4, &, m,
t,, X, X,, x;, and W, . Other Skyrme parameters,

t,, t,, t, and x,, were determined through the

varied parameters at each step of the variation. The
binding energy and rms radius of the target nucleus

were controlled by using the modified 7° value [8, 9].

Using this optimization procedure, we have
succeeded to find the most promising variants of the
Skyrme forces when fitting the differential cross
section of the 13.9 MeV neutron scattering by ''°Sn
nuclei. For the optimization, the starting Skyrme
forces were Ska for the density dependence index
y = 1/3 and Sly4 and SkM* for y= 1/6. We have
obtained two variants of the Skyrme parameter sets
[9], SKOP1 (y=1/6) and SkOP2 (y=1/3), that are
presented in [9].

The result of the cross section fitting for the
forces SKOP1 is presented in Fig. 1, which shows
improving the description of these experimental
data. The forces SkOP2 yield practically the same
result, as SKOP1 [9]. The main characteristics of the
symmetric nuclear matter calculated with the found
parameter sets have values [9] close to those given
by the known Skyrme forces. The binding energies
and charge radii of nuclei calculated by the SHF
theory with the found forces in a wide range of mass
numbers agree with their experimental data within
1.5 % accuracy.

We have used the found Skyrme force variants to
calculate differential cross sections and polarizations
for the neutron and proton scattering on other target
nuclei in a wide mass number range and at other
nucleon energy values. In Fig.2 we present the
differential cross sections and analyzing powers of
the elastic neutron scattering on different nuclei at
neutron energy of 14 MeV calculated with the
SkOP1 forces together with the experimental data.
The figure shows that the calculations provide a
satisfactory agreement with the data. The results
obtained with the SkOP2 forces are practically the
same and we do not show them. The results of
analogous calculations for the elastic proton-nucleus
scattering at 16 MeV are shown in Fig. 3. Although
we have not involved pA-scattering data in the
fitting procedure when determining the Skyrme
force parameters, nevertheless the calculations with
these forces yield quite encouraging description of
such data.
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Fig. 2. Differential cross sections and analyzing powers of the elastic n4-scattering at 14 MeV for the SkOP1 forces.
The numbers in parentheses are the offset values.
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Fig. 3. Differential cross sections and analyzing powers of the elastic pA4-scattering at 16 MeV for the SkOP1 forces.
The numbers in parentheses are the offset values.

We have also applied the developed model of
MOP to calculations of the reaction and total
interaction cross sections that are important
integrated characteristics of the NA-scattering. By
way of example, the calculated energy dependences
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of these cross sections for the n+**Pb scattering are
displayed in Fig. 4 for the known forces Sly4 and
SkM* and the new forces SkOPl. The model
provides a reasonable description of the experi-
mental reaction cross sections in the energy region
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Fig. 4. Reaction cross section (@) and total cross section (b) for the neutron scattering on ***Pb nuclei
as functions of the neutron energy for the SKOP1, Sly4, and SkM* forces.

extending up to 30 MeV both with standard forces
and with the forces obtained here.

The model under consideration reproduces
qualitatively the energy behavior of the total cross
section, the modification of Skyrme force
parameters leading to a shift of the cross section
oscillations toward higher energies, so that their
position agrees better with that observed in the
experiment. The calculations performed for other
target nuclei give close results.

Conclusions

A model of the nucleon-nucleus MOP whose real
and imaginary parts are determined from
calculations of the mass operator of the one-particle
Green function with taking account of the
rearrangement potential has been applied to study
possibilities of a simultaneous usage of the effective

Skyrme NN-forces for describing both the structure
of even-even nuclei and the cross sections and
analyzing powers of the elastic NA-scattering. An
optimization of the Skyrme force parameters has
been employed, basing on the fitting of a differential
cross section of elastic n4-scattering with control of
the basic characteristics of nuclear matter and the
binding energy and charge radius of the target
nucleus. This has allowed us to find two sets of
modified Skyrme parameters, that improve
description of the fitted cross section and also
reasonably describe differential cross sections and
analyzing powers for other cases of neutron- and
proton-nucleus scattering up to projectile energies of
15 - 20 MeV, the energy dependences of reaction
cross sections and total cross sections of the
NA-interaction, as well as binding energies and
charge radii of the considered even-even nuclei.
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ONTUYHUI MOTEHIIAJ HA OCHOBI CHJ CKIPMA JJISI ONUACY
MMPYKHOI'O HYKJIOH-IIEPHOI'O PO3CISTHHS

B. B. IImummnenko, B. I. Kynpikos, O. II. Co3nik

Monens MiKPOCKOIIYHOTO ONTHYHOI'O IMOTEHIlialy, 0 0a3yeThCsl Ha pO3paxyHKaX MacOBOTO OIepaTropa OJHO-
yacTHHKOBOT (yHKLIT ['piHa 3 BUKOpUCTaHHAM €(DEKTHBHUX HYKJIOH-HYKJIOHHUX cuil CKipMa, 3aCTOCOBAaHO IJISl ONUCY
nepepi3iB Ta aHaJI3yIOUMX 3JaTHOCTEH NPYXKHOTO HYKIOH-siepHoro poscisiHus. [lapamerpu cun Ckipma Oyso
ONTUMI30BaHO ILIAXOM (hiTyBaHHS BHOPAHOTO KYTOBOIO PO3MOAULY MPYXKHOTO HEHTPOH-SIECPHOTO PO3CISHHS 3
OJTHOYACHAM KOHTPOJIEM OCHOBHHMX XapakTEpPHUCTHK sIJICpHOI MaTepii Ta eHeprii 3B’s3Ky W cepelHbOKBaJAPaTUIHOTO
3apsIOBOTO pajiyca siipa-mimieHi. 3Haineni cumn CKipMa 3aCTOCOBAaHO JUI aHali3y IudepeHIiaJbHuX MepepiziB Ta
aHATI3YIOUMX 3JaTHOCTEH NPYKHOTO PO3CISTHHS HEWTPOHIB sIApamMHM B IIMPOKOMY Jiana3oHi MacoBUX YHCEI.
Po3paxyHKH manu 3alOBUTBHHI ONHC EKCIIEPHUMEHTAJIBHHX NAHUX 3 IPYKHOIO HEHTPOH-SAIEPHOrO PO3CITHHSA Ta
PO3yMHI 3Ha4YEeHHs OCHOBHUX IapaMeTpiB Ul CHMETPUYHOI sAepHOT Marepil Ta mapHO-NapHUX saep. byno BHKOHaHO
QHAJIOTIYHI PO3PaxyHKH IS ONHUCY SKCIIEPHMEHTAJbHUX HaHHX 3 MPYKHOTO MPOTOH-SIEPHOTO PO3CISIHHA, IO AANI0
00OHamIHINBI pe3yIbTATH.

Kniouosi cnosa: ¢ynkuis ['pina, HyknoH-HyKIOHHI cunmn CKipMa, TIpy»KHE PO3CISIHHS HEHTpOHIB, aHaJi3yroda
3[IaTHICTB, IPYXKHE PO3CISTHHS MPOTOHIB.

ONTUYECKHH NMOTEHIHMAJ HA OCHOBE CHJI CKUPMA JIJISI ONIUCAHUSA
YIPYTIOI'O HYKJIOH-SIIEPHOI'O PACCESIHUSA

B. B. IImsmnenko, B. U. Kynpuxkos, A. Il. Co3nuk

Mozenp MHUKPOCKOIMYECKOTO ONTHYECKOTO TOTEHIMANa, OCHOBAHHAsS HA PacueTax MacCOBOTO ONEpaTopa OIHO-
yacTH4HON (yHkuuK ['puHa ¢ ncnonb3oBaHHeM 3((EKTHBHBIX HYKIOH-HYKJIOHHBIX cuil CKUpMa, IPUMEHEHa I
OIMCAHUs CEUCHUMI W aHAIU3UPYIOLIMX CIIOCOOHOCTEH YMNPYroro HyKJIOH-sAepHOro paccesHus. [lapamerpsl cui
CkupMa OBUIM ONTHMHU3UPOBaHBI MyTeM (UTHUPOBaHHS BBHIOPAHHOTO YIJIOBOTO pacIpeAeeHUsl YIPYroro HEWTpOH-
SJICPHOTO PACCESIHUSA C OAHOBPEMEHHBIM KOHTPOJIEM OCHOBHBIX XapaKTEPUCTHK SACPHON MAaTEpUU U SHEPTUU CBS3U U
CPEeIHEKBAAPATUIHOTO 3apsIOBOTO pajnuyca snpa-muiieHd. Haiinennele cuimel CkupMa NpUMEHEHBI IS aHaln3a
mddepeHInaNbHBIX CeUCHUH U aHAIN3UPYIOIIUX CIIOCOOHOCTEH YIPYroro paccessHusi HEHTPOHOB spaMy B IIMPOKOM
JUana3oHe MAacCOBBIX 4YHced. PacueTsl Janu ynOBJIETBOPUTEIBHOE ONKCAHHE 3KCIEPUMEHTAIbHBIX MJAHHBIX IO
YOpyroMy HEUTPOH-SIIEPHOMY PACCESIHUIO U pa3yMHbIE 3HAUCHHsI OCHOBHBIX ITapaMeTPOB JUIsl CHMMETPUYHOM sIEpHOM
MaTepHH M YeTHO-YETHHIX sijiep. bputn mpoBeeHs! aHAIOTHYHBIE pacyeThl ISl ONMCAHHS SKCIIEPHUMEHTATBHBIX JaHHBIX
TI0 YIIPYTrOMY IIPOTOH-SIEPHOMY PacCEesiHNIO, KOTOPBIE AT 0OHA/IS)KUBAIOLINE PE3YIIbTaThI.

Kniouesvie cnoea: ¢ynknus I'puHa, HyKIOH-HYyKIOHHBIE cwibl CKupma, YIpyroe paccesiHie HEWTPOHOB,
aHATM3HUPYIOIAsi CHOCOOHOCTb, YIIPYToe paccesiHue MPOTOHOB.
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