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New extended Skyrme interaction for nuclear properties and nuclear reactions
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The extended Skyrme interaction involving additional momentum- and density-dependent terms is adopted to
uniformly describe the properties of nuclear matter and finite nuclei, as well as the nuclear reaction properties.
A new set of extended Skyrme interaction parameters is constructed by simultaneously fitting the properties of
nuclear matter and the experimental data of finite nuclei and neutron-nucleus scattering observables. These data
include the binding energies and charge rms radii of some spherical even-even nuclei, the total cross sections,
nonelastic cross sections, elastic-scattering angular distributions, and analyzing powers. Compared with the
existing Skyrme interactions, the obtained extended Skyrme interaction has a significantly improvement in the
agreement with corresponding experimental data, together with some additional constraints on nuclear matter.
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I. INTRODUCTION

The nucleon-nucleon interaction plays a key role in the
study of nuclear properties. Generally, effective and realistic
nucleon-nucleon interactions are used by different microscopic
approaches. However, the realistic nucleon-nucleon interac-
tion has still some challenges for microscopic many-body the-
ory because of the limitations in the techniques for solving the
nuclear many-body problem. For effective nucleon-nucleon
interaction, it has been widely applied in many branches
of nuclear physics and astrophysics since the nonrelativistic
zero-range density and momentum-dependent Skyrme-type
effective nucleon-nucleon interaction was proposed in 1950s
[1]. In particular, the Skyrme interaction was applied in
the study of finite nuclei in the Hartree-Fock (HF) model
[2]. It greatly simplifies the calculations with the zero-range
form and has been successfully used to describe binding
energies, charge rms radii, and excited states of finite nuclei
as well as the properties of nuclear matter around saturation
density.

In the past few years, a lot of work had been devoted
to constructing the Skyrme interactions of standard form to
better reproduce the ground-state and spectroscopic properties
of nuclei, especially of exotic ones, and the properties of
excited states of nuclei [3-7]. It is of interest to extend the
field of application of the Skyrme interactions to describe
the nuclear scattering processes [8]. We also presented two
sets of standard Skyrme interactions, SkC and SkD [9], by
simultaneously fitting the properties of nuclear matter and
finite nuclei, as well as the neutron-induced reaction cross
sections and polarization data. The neutron-induced reactions
on light and actinide nuclei below 100 MeV were predicted
by the obtained Skyrme interaction SkC. Moreover, we also
predicted the scattering observables in the target mass range
148 < A < 194, which are superdeformed nuclei and have
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rich nuclear structure properties [10]. All of the theoretical
results give reasonable agreements with the corresponding
experimental data.

The recent research results show that the conventional
standard Skyrme interaction met challenges in the prediction
of variously instable nuclear matter around saturation density
or at supra-saturation densities, so it is necessary to extend
the standard Skyrme interaction [11,12]. Compared with the
standard Skyrme interaction, the extended Skyrme interaction
involves additional density- and momentum-dependent terms
to effectively simulate the momentum dependence of three-
body force. Through the extended Skyrme interaction, the
research has been devoted to describing the properties of
the nuclear matter and the astrophysics problem, such as
studying the properties of neutron stars [13—-16]. Although
these existing extended Skyrme interactions can well predict
the properties of nuclear matter and reproduce the properties
of finite nuclei, they cannot make a good description for the
properties of nuclear reaction even if some experimental data
for elastic-scattering angular distributions were considered in
the parametrizations of the extended Skyrme force, such as
SkOP family [17].

In this paper, a new set of extended Skyrme interac-
tion parameters is constructed by simultaneously fitting the
nuclear-matter saturation properties, the finite nuclei ground-
state properties, and the neutron-nucleus scattering data below
100 MeV. The obtained extended Skyrme interaction can
well describe not only the properties of nuclear matter and
finite nuclei but also the properties of the nuclear reaction.
Furthermore, the reactions of neutron-induced light, actinide,
and deformed nuclei are predicted by the new extended Skyrme
interaction.

The paper is organized as follows. In Sec. II, the theoretical
model and methods adopted are shown. In Sec. III, the
experimental data and constrains used in our fitting are
described. Further, the new set of extended Skyrme interaction
parameters are presented. The calculation results and some
analysis are given in Sec. IV. Finally, the conclusion is
summarized in Sec. V.
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II. THE THEORETICAL MODELS AND METHODS

The two-body effective interaction is generally described
by the so-called standard Skyrme interaction (see, e.g.,
Refs. [9,18]):

Via(R,7) = to(1 + x0P7)8(F) + 41,(1 + x, PO 8(F)
8] + (1 + x2 POOK' - S(F)k
+ 151 + 23 PO)p* (R)S(F)
+iWo(G1 +52) - [K' x 8(F)k], (1

where 7 =7, — 7, and R = (¥, +72)/2 are the relative and
center-of-mass radius vectors, k = —i(V; — V2)42 acting on
the right and its Hermitian conjugate operator k' acting on
the left are respectively the operators of momentum of the
nucleon relative motion in the initial and final states, P is the
spin exchange operator, and & is the Pauli spin matrix.

In the present work, the extended Skyrme interaction is
adopted to effectively account for the momentum dependence
of the three-body interaction, which includes the following

J

*
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additional zero-range density- and momentum-dependent
terms [7,14,15,19]:

+ L1+ 0 POIR p™ (R)S(F) + 8(F)p™ (R)R*]
+t5(1 + x5 PO - p® (R)S(F)K. 2)

Compared with the standard Skyrme interaction, the adjustable
Skyrme parameters t4,ts, X4, X5, 04, s are added in the
present extended Skyrme interaction.

A. The nucleon microscopic optical model potential
with the extended Skyrme interaction

Just like the method used in Refs. [9,18], the nucleon micro-
scopic optical potential (MOP) is achieved from the calculation
of the mass operator of the one-particle Green’s function by
perturbation theory up to the Feynman diagrams of the second
order. For simplicity, the nuclear-matter approximation is used
in the calculation. In the nuclear matter, the nucleon wave
function is taken as the plane-wave function.

Using the extended Skyrme interaction, the real part of
nucleon MOP is expressed as

m 1 1 1
Ve, = m”’ {gop = hopr, + —[(gn + 82+ 830" p + gap™ + gsﬂ“‘) - <h1 —ha+ ch3p® + hap™ — hS:Oas)pm]

4 6

Ta

2my, M
X — —
W\ M +m,,

1
E; -V
L C) + 2072

+ (g1 + &2 + gap™ + gsp“S)kSIa]},

[(g1 + g2+ 8ap™ + g5p* — hy + hy — hap™ + hsp™)k,.

3

where g; and h; are introduced notation for the extended Skyrme interaction parameter combinations and written as

gi=1(143x), h=r6(3+x). “)

k-, is the Fermi momentum of the nucleon 7,. E is the incident nucleon energy in the laboratory. m,, and M are respectively
the mass of nucleon and target, and the nucleon effective mass m* is given by

*
To

mq,

The Coulomb potential in the nuclear matter V¢ is taken as

Ve =

_ 3zz¢

-1

m
= {1 + 2—;2[(5'1 + g2 + g4p™ + g5p%)p — (hy — hy + hyp™ — hsp“S)pza]} : (5)

(6)

2Rc

Obviously, the real part of nucleon MOP has a linear relation with £, and is isospin dependent. The W, term in Skyrme interaction
expression has no contribution to the real part of nucleon MOP.
Moreover, the imaginary part of nucleon MOP is expressed as

7
Wy = —(2”7)6 ZI Wi, %
where
Wi = (2800 + 38030% + 158330 )1 (TasTa) + 11(Tar —Ta)] — (200 + 3ho3p” + 1h330™*) 1 (Ta s Ta), (3)
W = [go1 + 8040™ + £0° (813 + 8340™) [ 12(Ta. Ta) + Io(Ta,—Ta)] — [o1 + hosp™ + §p%(h13 + h3ap®) | Ia(Ta.Ta),  (9)
Wi = (811 +2814p"" + 8440 *NI3(Ta o) + I3(Tas—Ta)] — g(h11 + 2h12p™ + hasp®) 3(Ta. Ta), (10)
Wi = [0z + 80s0™ + £0%(823 + 8350 1a(Ta, —Ta), (1D
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Ws = 1(812 4 8240™ + £150% + 845p™ ) I5(Te, — 7o), (12)
We = 2(822 + 28250°° + 8550°° ) Is(Ta Ta) + I6(Ta, —Ta)] — §(h22 + 2250 + hssp™*)I6(Ta, Ta), (13)
W7 = g W5215(ta. ) + I(Te, —Ta)], (14)

where the notation g;; and A;; are defined by

gij = tit;[1 + xix; + 3 (x; 4+ x)]. (15)
h,-j:t,-tj[x[—i—xj—f—%(l—}—x,»xj)]. (16)

The quantities [;(t,,7,) are integrals over the momenta of intermediate nucleon states, which arise in the calculations of the
imaginary part of MOP from the second-order diagrams, and the detailed expressions are provided in Ref. [18].

For a finite nucleus MOP, the simplest way is to use the local density approximation (LDA) [20]. As in the previous works
[18,21,22], the nuclear densities are expressed by the Negele’s empirical formula.

B. Extended Skyrme-Hartree-Fock model

In the Skyrme-Hartree-Fock (SHF) approach, calculation of double closed-shell spherical nuclei with the extended Skyrme
interaction, the central potential U (r) of a nucleus can be expressed as

1 1 1
U(r) = pgo — pcho + Z(g‘ + &2 + gap™ + g5p*)T — Z(hl — hoy + hyp™ — hsp™)T; + gp“(pga — p-h3)

o — 1 o o 1 oy— os—
+E[g3p”“ —hs(py + p3)p" ']+ 7 (agap™ +asgsp™)T — 2 (aghap™ b —ashsp™ Y oa Ty + ppTp)

1 _ 1 B}
— 5381 — &2+ B+ 200)g40™ — gsp™1Vip + g3+ ho 4 3hap™ + hsp®1V?p,

1 - 1 - - -
— TglB + 2040 —asgsp™ (V) + gaahap®™ " (0 VP + 0V + ppV2p))

1 .o 1 - -
+ g Buahap™ ™+ ashsp™ (Vo - Vo) = s(euhap™ ™ + ashsp™ DIV o) + (Vpp)']

1 ay—2 < \2 1 ay—1 as—1y 72 1 2 2 as—1 as—1
+§a4(a4 — Dhgp™ "o (Vo) — B(oumxw Tt astsxsp T )T+ R(J” + )t p™ ™! — astsp®T)

1

— WV T 4V )+ U@, . (17)

and the spin-orbit potential UX5(r) is written as

1 dp  dp:
ULSS(r)y = —wo| —
< () 2r O(dr + dr

1 . .
) + S—r[(h =ty +t4p™ —t50%)J; — (t1X1 + Xxo + taxa p™ + tsx50%)J ], (18)
where p = p, + 0,, T =T, +T,, and J = J, + J, are, respectively, the particle number density, kinetic energy density, and
spin density, with p and n denoting the proton and neutron. The subscript t refers to neutron (t = %) or proton (t = —%). The
notations g; and &; are the same as in Eq. (3). The Coulomb potential Uc(r) takes into account the direct and exchange parts and
can be expressed as

. 2 R 3\ /3
Uc(r) = / pp(r') Wdr’—ez(;) Py (). (19)

|F —r

In addition, the eigenvalue in the HF equation is replaced with the continuous-variable energy and the wave function is also
modified by introducing a transformation [9,23]. The real part of the spin-orbit potential considered the correlation with the
incident nucleon energy, while the imaginary part of the spin-orbit potential below 100 MeV is usually omitted [9]. Meanwhile,
we also take the real spin-orbit potential in the SHF theory of finite nuclei [Eq. (18)] as the spin-orbit part of MOP.
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C. The properties of nuclear matter and the Landau parameters

The macroscopic quantities of symmetrical nuclear matter, including the energy per nucleon E /A, the incompressibility K,
and the symmetry energy Egy, are respectively expressed with extended Skyrme interaction parameters as follows:

£ 3h2k2 ! (60 + 13p%) + ) k7.(3t1 + 5ty + 4trxz + 3140 + St5p° + dtsxsp*) (20)
—_— = _ JR— e X 3
A 59m 1610 0 30 80'0 JaAel! 2 2X2 40 50 5X50°7),
6 h2 2 3 a 3 2 a.
K = 3 9m —kg 6,0[12t0 + t30%(1 + )2 + 3a)] + %ka[60t1 + 3001, + 80tx7 + 340 (4 + 3a4)(5 + 3a4)
+ 5t5p°‘5 4+ 3as5)(5 + 3a4) + 4t5x5p°‘5 4+ 3as5)(5 + 3ay)], 21
1 #? 1 1, 1 N o
Esym = §%k% — gp[fo(l + 2x0) + 613/0 I+ 2X3)] - ﬁpki‘[?’ﬁxl — (4 + 5x2) + 3t43x4 0™ — 150 (4 + 5x5)].  (22)
The symmetry energy Egy, can be expanded around saturation density pg in terms of the density slope L(pg) as
L(po) ( p — p
Esym(/)) = Esym(po) + 30 ( 2% 0) + ol(p — pO)z]- (23)

Using the presented symmetry energy Eyn, expression, the saturation density slope L(pog) is expressed as

L(po) =

Moreover, the dimensionless Landau parameters Fy, Fy, F
are directly related to quantities describing nuclear matter such
as effective mass, incompressibility, and symmetry energy
through relationships

o+ lFl, (25)
m 3
2k2
K =3 *F(l + Fy), (26)
hzkz
Egym = —= (1 + Fy). (27

III. THE EXTENDED SKYRME INTERACTION
PARAMETERS

Based on the procedure automatically searching for the
standard Skyrme interaction parameters [9], we make a
modification to optimize the extended Skyrme interaction
parameters. It is well known that all properties of the nuclear
matter are empirical quantities and derived from experiments
indirectly in a model-dependent way, but they can offer an
important insight into specific parts of the Skyrme interactions
and have important applications in the nuclear theory, such as
heavy-ion collisions and the neutron stars. In the present work,
the properties of nuclear matter, the binding energies, charge
rms radii of spherical even-even nuclei, and the properties of
nuclear reaction are considered during automatical searching
the extended Skyrme interaction parameters. For the properties
of nuclear matter, the binding energy per nucleon E/A, the
symmetry energy Egyn, the incompressibility K, the effective
nucleon mass m*/m, and the equilibrium density py are
chosen. In the process of adjustment, these Skyrme parameters

20 (31 2101+ 2x0)p0 — 21
——\— - = X — —hx
3o2m\ 2 ) P Tk 0P = gh

2
3

32\ ° 5 5 32 i 3
- Po+ﬂlz(4+5xz) - ) o

2
1 1 372\ ° Sta
- —h(l +2x3)(1 + a)py ™ — §t4x4(3oe4 + 5)(7) Po3+ f+

2
1 372\ 5w
ﬁt5(4+5x5)(3o¢5 +5)(T) '003+ 24

(

are automatically performed to minimize a x> quantity, which
is written as

2
XNR+ Z( Auem )

12 th ex th ex 2
1 Eib_Eib Tieh = Tich
— Bin” Ziv) oy (L= e ) | o
Er= ( aey ) T\ A, 29

where x% denote the x? contributions of the total average
nuclear reaction. uﬁh and u{™ respectively represent the theo-
retical and empirical values for five controlled nuclear matter
quantities. E});, Ef%, rly ., and r¢ represent the theoretical
and experimental values for the binding energies and charge
rms radii of 12 chosen spherical even-even nuclei, while
Au;, AEy ;, and Ar.y, ; denote the permissible values of these
deviations.

For the properties of nuclear reaction, the total cross
sections, nonelastic cross sections, elastic-scattering angular
distributions, and analyzing powers are considered. We first
obtain the x? for each single target and then the average value
of total x2 for all of targets are derived. The average value of
total x2 is defined as

ex 2
XNR _Z< Ao” >, (29)

where N indicates the total number of experimental data
in our consideration. a’h and of" are respectively the
theoretically calculated value and the experimental value for
the ith considered quantity. Ao is the experimental error of
corresponding data.
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TABLE 1. The obtained extended Skyrme in-
teraction parameters SkC17.

fo MeV fm?) —1289.713
f MeV fm®) 748.520
t, (MeV fm’) —77.489
13 (MeV fm3+3%) 12097.586
ts MeV fm) —1169.892
ts (MeV fm) 65.807
Xo 0.137
X1 0.326
X2 —0.0799
X3 0.272
Xa 0.867
Xs 0.624
o 0.801
Oy 0.721
os 0.781
W, (MeV fm?) 105.587

Furthermore, the experimental data of total cross sections,
nonelastic cross sections, elastic-scattering angular distribu-
tions, and analyzing powers in the target mass range 24 <
A < 209 with incident neutron energies below 100 MeV are
chosen in the fitting procedure. All of them are from the nuclear
database EXFOR [24], which include those experimental data
obtained from the global phenomenological optical potential,
Koning-Delaroche (KD) potential [25], and some of the latest
experimental data below 100 MeV. Since the nuclear reaction
observables calculated with the extended Skyrme interaction
GS2 [7] is the closest to the experimental data for all existing
extended Skyrme interactions, we choose it as the original
Skyrme interaction parameters. On the basis of the obtained
MOP and the modified optimization procedure, we get a new
set of extended Skyrme interaction parameters SkC17. The
values of obtained extended Skyrme interaction parameters
are listed in Table I.

IV. RESULTS AND DISCUSSION
A. Properties of finite nuclei

The nuclear ground-state properties can be calculated by the
Skyrme-Hartree-Fock method, such as the binding energies,
charge radii, single-particle energies, etc. The ground-state
properties of finite nuclei are obtained by the new extended
Skyrme interaction SkC17.

The relative deviations of the binding energies and charge
rms radii calculated with the extended Skyrme interaction
SkC17 from the corresponding experimental data [26,27] for
12 chosen spherical even-even nuclei are presented in Fig. 1.
It can see that the results calculated with the extended Skyrme
interaction SkC17 can well describe the binding energies and
charge rms radii. The discrepancies relative to experimental
data are within 1.5% for these nuclei and it is better than those
results from the extended Skyrme interaction GS2 [7] and our
standard Skyrme interaction SkC [9].

The extended Skyrme interaction SkC17 not only give a
satisfactory description of the binding energies and charge rms

PHYSICAL REVIEW C 96, 024621 (2017)
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FIG. 1. Calculated the relative deviations of charge radii (upper
panel) and energies per nucleon (lower panel) using SkC17, SkC, and
GS2 for the selected nuclei.

radii but also reasonably predict the single-particle energies.
The neutron and proton single-particle energy levels are
predicted near the Fermi surface with the obtained Skyrme
force SkC17 for '°Q, 40*8Ca, °Zr, and 2%Pb. Figures 2 and 3
show the comparisons with the experimental data [2] and
our standard Skyrme interactions SkC [9] for 2*®Pb and are
compared with those of extended Skyrme interactions BSk18
[15], eMSLO7 [16], and SkOP4 [17], which are obtained
by considering the spin-orbit splitting energy for neutron
3piy2 and 3p3pp levels for 208pp. As can be seen in these
figures, the extended Skyrme interaction SkC17 describes the
single-particle energies of the 2°Pb are generally not worse
than the other extended Skyrme interactions obtained from
fitting properties of finite nuclei and nuclear matter. Moreover,
the SkC17 better describes the single-particle energies for
208pp comparing with the standard Skyrme interaction SkC.

B. Properties of nuclear matter

The main properties of the symmetric nuclear matter are
calculated with the found extended Skyrme interaction SkC17,
as well as the eight Landau parameters F;, F/, G;, F/(I = 0,1).

Exp. SkC17 SkC BSk18 SkOP4 eMSL07
. 1j15/2
0 __3d52 352 11512 —3d5/2
=1j1512 —es —1j15/2
It 111112 1172 i
i = — —1j15/2
299/2 —
413 —2eer 9912 __oger2 —3d512 29912
—1i11/2 i
— —299/2
>
[}] —_3p1/2
s _8-:§f53{%2 —3p1/2 _Z 51/22
P —3p12  —3p3/2
=~ —1i132 —3p1/2 P 15 —3p3i2
< —2f712  _2f5/2 _:zsfs?f/zz —1i13;2 —3p1/2 113/2
—1i132 —
w —1h9/2 T 3p3)2 —1i1312 :g;ﬂ,zz
121 —2fr;2  —1132 —2f712
_ —1h9/2 —1h9r2
M2 oz —2f712
—1h9/2
—1h92  —1h9/2
-16-

FIG. 2. Comparison of the neutron single-particle energy levels
near the Fermi surface calculated using various Skyrme interactions
with the experimental data [2] for 2°*Pb.
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Exp. SkC17 SkC BSk18 SkOP4 eMSL07
0- o 22
_fhnsflzz __qnojp —2f12 —2f12 —oaf72
-4+ —1hoi2 —1h92  __qpe;p —1h912
S
-8 1—3s12 —3s12
o S =RE e IS SR e s
= —2d5/2 TR T2 gy =430,
= 1gre % _pgsp 20912 —2dsi
a-q21—1 —2d512
w —1g712
—_1g712 —19712  __1g72
6119 —1g72
—1goi2
—1g9/2 1992 4ger2
-204 —1g0/2

FIG. 3. Same as Fig. 2, but of proton
levels [2].

single-particle energy

The results are compared with those from SkC and other
extended Skyrme interaction. The typical extended Skyrme
parametrizations are chosen, such as GS2 [7], BSk18 [15],
eMSLO07 [16], and SKOP4 [17]. The comparisons are shown in
Table II. It can see that the obtained equilibrium density oo and
the energy per nucleon E / A both are very close to the empirical
values (<0.16 fm~—? and = —16.0 MeV). The incompressibility
K and symmetry energy Eqyn are also in the range of empirical
quantities (K = 230430 MeV and 27 < Eg,;, < 38) [28].
The effective nucleon mass m*/m has been established in
which the m* is lower than the m and is generally derived
by fitting the experimental data of giant quadrupole resonance
(GDR). There are four different cases in the current conclusion
for m*/m and they are respectively 0.6, 0.7, 0.8, and 0.9.
However, the experimental GDR data on light and heavy nuclei
cannot be satisfied simultaneously with the present form of
the static HF functional and additional work is needed in
both theory and experiment [28]. In particular, the density
slope of symmetry energy L(pp) at saturation density is also
predicted with the Skyrme interaction SkC17. It is in the recent
constraint range from analysis of isospin diffusion and double
neutron-proton ratio in heavy-ion collisions at intermediate
energies, and requires L = 58 = 18 MeV [28-30]. For the

PHYSICAL REVIEW C 96, 024621 (2017)

10 . .

%Fe(n,tot)

0.1 . 1 10 100
E,, (MeV)

FIG. 4. Comparison of the total cross sections calculated using
SkC17, SkC, GS2, and SkOP4 with experimental data (shaded area)
[31,32] for *°Fe.

Landau parameters F,F’(l = 0,1), they are directly related
to some nuclear matter properties [see Eqs. (25)—(27)] and
demanded to be greater than —(2/ 4 1). It can see that the
obtained Landau parameters are reasonable.

C. The neutron scattering

In this section, the observables describing the neutron-
induced reaction are calculated and compared with the
corresponding experimental data. The total cross sections,
nonelastic cross sections, elastic-scattering angular distribu-
tions, and analyzing powers for different targets with incident
energies below 100 MeV are calculated. These results are
also compared with those of standard Skyrme interaction SkC
and the extended Skyrme interactions GS2 and SkOP4, which
could give a better description of nuclear reaction properties
than other existing extended interactions.

For the total cross sections, the narrow and broad resonances
with large amplitudes appear for those light targets in the
range of hundreds of keV to few MeV, where it just expected
to provide smooth average results. The comparisons of total

TABLE II. The main nuclear-matter properties of different Skyrme interactions.

SkC17 SkC GS2 BSk18 SkOP4 eMSLO07
0o (fm™?) 0.159 0.162 0.159 0.159 0.159 0.158
E/A (MeV) —16.08 —16.09 —16.02 —16.06 —16.02 —16.04
K (MeV) 258.16 285.02 300.19 241.83 222.67 229.77
m*/m 0.66 0.56 0.60 0.80 0.75 0.70
Eym MeV) 29.61 30.81 25.96 30.00 30.87 32.71
L(po) 63.97 64.57 30.26 36.21 74.56 473
Fy —0.19 —-0.29 —0.18 —0.12 —0.24 —-0.27
F§ 0.73 0.38 0.27 0.97 0.90 0.88
F, —0.89 —1.33 —1.20 —0.60 —-0.74 —-0.90
F| 0.37 0.51 0.30 0.032 0.37 0.50
Gy 0.19 0.35 0.42 —-0.33 —0.031 0.21
G, 0.42 0.30 0.35 0.46 0.45 0.24
G, 0.54 0.44 0.73 1.23 0.61 0.22
G 0.49 0.54 0.51 0.50 0.48 0.67
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14 T T T

*%®ph(n,tot) —skc17 ]

1 100
E,, (MeV)

FIG. 5. Comparison of the total cross sections calculated using
SkC17, SkC, GS2, and SkOP4 with experimental data (shaded area)
[33-37] for ***Pb.

cross sections calculated with the experimental data [31-37]
for **Fe and 2°®Pb are shown in Figs. 4 and 5. The usual
agreement with the experimental data is obtained by the SkC17
and SkC for *°Fe and the deviation of our calculations are
within 7% on average. But the total cross sections calculated by
the GS2 are smaller than the experimental data above 60 MeV.
Moreover, the curve shape of total cross sections calculated
by the SkOP4 are different from those of SkC17, SkC, GS2,
and experimental data. For the heavy target *°*Pb, the total
cross sections are underestimated by the SkC17, SkC, and
SkOP4. The maximum deviation between experimental data
and calculation is 15%, while the deviations with the GS2 are
larger and as much as 22% above 65 MeV.

There are only the experimental data of nonelastic cross
sections with incident neutron energies below 40 MeV for
most targets. The latest experimental data [38], from 2002, are
given for the natural nuclei "Si, "'Fe, "Zr, and "'Pb between
40 and 80 MeV. Figures 6 and 7 present the calculations
of nonelastic cross sections for Fe and 2°Pb. The results
calculated with SkC17, SkC, and GS2 are consistent with
experiment data in the error range [38—46] below 50 MeV.

2.0 .

onon (b)

0.0

0 50
E, (MeV)

100

FIG. 6. Comparison of the nonelastic cross sections calculated
using SkC17, SkC, GS2, and SkOP4 with experimental data (sym-
bols) [38—41] for *Fe.
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0.0 '
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E, (MeV)

100

FIG. 7. Comparison of the nonelastic cross sections calculated
using SkC17, SkC, GS2, and SkOP4 with experimental data (sym-
bols) [38,40-46] for ***Pb.

For higher energies, the results of nonelastic cross sections
calculated with these Skyrme interactions are slightly larger
than the experimental data, but the curve shapes are similar and
the results of SkC17 and GS2 are closer to the experimental
data than those of the standard Skyrme interaction SkC.
The results calculated with SkOP4 are much larger than the
experimental data and those of the other Skyrme interactions.

The elastic-scattering angular distributions are calculated
by the SkC17 for different targets (from *Mg to 2°*Pb) below

10+3
10*2
10+1
10+0
101
102
103
104
V10-5
T 100
107
108
10°°
10—10
10—11

12
107% 50

En=11.0 MeV — "7

mb/sr)

Q

daol/

100 150

8c.m. (deg)

FIG. 8. Comparison of the elastic-scattering angular distributions
with experimental data (symbols) [47-52] at incident neutron energies
of 11.0 MeV. The results are respectively calculated by Skyrme
interaction parameter SkC17, SkC, GS2, and SkKOP4, which are offset
by factors of 10.

024621-7



YONGLI XU, HAIRUI GUO, YINLU HAN, AND QINGBIAO SHEN

10+4¢

En=65.0MeV

0 20 40
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FIG. 9. Same as Fig. 8, but with incident energies 65.0 MeV
[53,54].

100 MeV and then compared with those of standard Skyrme
interaction SKC and the extended Skyrme interactions GS2
and SkOP4. These results of the Skyrme interactions SkC17,
SkC, and GS2 are similar and show reasonable agreement
with the experimental data for different targets below about
10 MeV. With the increasing incident energies, the results of
the Skyrme interaction SkC17 are closer to the experimental
data than those of the standard Skyrme interaction SkC,
especially for the larger angles. For the Skyrme interaction
SkOP4, the calculated elastic-scattering angular distributions
are similar with those of the Skyrme interaction SkC17 for
most of targets, while there are some discrepancies between
them for some heavier nuclei. Figures 8 and 9 present the
comparisons of the elastic-scattering angular distributions with
experimental data [47-54] at incident energies of 11.0 and
65.0 MeV for different targets. In the following figures, the

10*4 10*4
56Fe(n,n)*Fe (@)

3 g 3
ot s
! 0+1 N—%‘/' 10+1

1 0...0E 3.7 10+0
= ) =101
Q\/&QA\/ 5107

56Fe(n,n)s"‘Fe (b)

5102
=1 0—3
%104
2105
106
107
108
10°
10|

1077 50100

6¢c.m. (deg)

50 100150
6c.m. (deg)

150

FIG. 10. Comparison of the elastic-scattering angular distribu-
tions calculated using SkC17 with experimental data (symbols)
[47,55-60] for *°Fe. The results are offset by factors of 10.
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104
103

100\o(n,n)°Mo  (b)

0po(m,nfMo  (a)
0.34 Me

10—8 I I |
0 50 100 150
6c.m. (deg)

108 556~"100" 150
6c.m. (deg)

FIG. 11. Same as Fig. 10, but for °°Mo [52,61-64].

calculations by the Skyrme interaction SkC17 are compared
with the corresponding experimental data.

The elastic-scattering angular distributions for °Fe at
incident energies from 1.68 to 96.0 MeV are given in Fig. 10.
The calculated results are in good agreement with experimental
data [47,55-60] except for the first minimum at 26.0 MeV,
where the calculations give a slight underestimation of the
experimental data. At the higher incident energies, the good
agreements are present again. The elastic-scattering angular
distributions for the isotopic chain *>%¢%1%Mo are in good
agreement with the corresponding experimental data below
26.0 MeV. The comparisons with the experimental data
[52,61-64] for 'Mo are given in Fig. 11.

4
10+2W
10*1E
";-;104.0 '.. oo o
5107
Eqo2
§103
S104
105
106
107
108 55~"700 150 108585400 150

6c.m. (deg) 6c.m. (deg)

10+4
10+3
10+2
101
'.-"';10“10

S10
Eqo2
G103
3104
105
106
107
1085

208pp(n,n)2%pp  (b)

208ppy(n,n)2%pp  (c)

<7\ttt 26.0 MeV
. e’

geteete?

50100 150
6c.m. (deg)

FIG. 12. Same as Fig. 10, but for 2*Pb [51,55,65-72].
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:
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OW 23.0
o °“f&\ﬁif\vﬂ\/\\/4
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FIG. 13. Comparison of the analyzing powers calculated using
SkC17 with experimental data (symbols) [67,69,70,73=75] for *Fe,
8y, and 2®Pb. The curves and data points at the bottom represent
true values, while the others are added by 2.0.

Figure 12 shows the comparisons between the calculations
and experimental data [51,55,65-72] for 208pp, The reasonable
agreements are obtained below 13.9 MeV. There are a slight
underestimation at other energies above 70 deg, but the curve
shapes of present results and experimental data are similar.

As the achievement of the elastic-scattering angular dis-
tributions, we carry out the calculations of analyzing powers
A, (0) for different targets and incident energies. The ana-
lyzing powers A, (0) for **Fe, ¥Y, and *®Pb are plotted in
Fig. 13. Obviously, the agreements of theoretical curves with
experimental data [67,69,70,73-75] are also satisfactory.

The observables of nuclear reaction in the target mass range
12 < A < 24 are further predicted at incident neutron energy
below 100 MeV. Figure 14 gives the comparisons of elastic-
scattering angular distributions predicted by the obtained
extended Skyrem interaction SkC17 with the corresponding
experimental data [53,72,76-87] for 12C. The figure shows
that satisfactory agreements are obtained between them. On
the other hand, the observables of nuclear reaction for those

4 3
1o 12¢(n,n)%c @] 1 12¢(n,n)'%c (b)
1043 . 0.5 MeV 10+2
02 eV o1 17.29 MoV
1.98
1ot e e 0
I 249, . . 10!
=101 = 2
g0 5 10-3
210 310°
S103 Eqo
S10 g10%
2105 8106
106 107
107 108
108 109
109 1010 N
1078640050 107550 40680

6c.m. (deg)

FIG. 14. Comparison of the elastic-scattering angular distribu-
tions predicted using SkC17 with experimental data (symbols)
[53,72,76-87] for '>C. The results are offset by factors of 10.
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FIG. 15. Same as Fig. 14, but for 23U [88].

targets in the mass range 209 < A < 239, that is, actinide
nuclei, are also predicted by the SkC17. In Fig. 15, the
elastic-scattering angular distributions for 23U are compared
with the experimental data [88] and the largest deviations
seem to occur for the first minimum. The reason is that
the experimental data [88] include the elastic- and inelastic-
scattering angular distributions, while our results are only the
elastic-scattering results, and the coupling effect has been not
considered between the elastic and inelastic scattering.

Furthermore, those nuclei in the mass range of 148 <
A < 194 have been widely investigated and there also have
been some new experimental data in recent years. These
superdeformed targets are rich in nuclear structure properties.
The elastic-scattering angular distributions are also predicted
by the found extended Skyrem interaction SkC17 for these
targets below 100 MeV. Figure 16 shows the comparisons
between the predicted elastic-scattering angular distributions
and different experimental data for '3!Ta target. There are
only experimental data below about 16 MeV and some
experimental data of angular distributions include the results
of elastic and inelastic scattering. In Fig. 16(a), it can be
seen that the significant differences between the predicted
results and the experimental data [89] appear near the first
minimum, where the inelastic scattering is not included in the
prediction. Figure 16(b) shows that the predicted results are
in reasonable agreement with experimental data [50,90-95]
except for incident energy 15.2 MeV above 100 deg, where
they are slightly smaller than the experimental data including
the inelastic scattering [95].

In this paper, we do not perform the calculations of proton
elastic scattering, but the Coulomb potential of nucleus is
considered in the MOP, so the description of proton-nucleus
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FIG. 16. Same as Fig. 14, but for '8'Ta [50,89-95].

scattering with the found extended Skyrme interaction SkC17
is without any difficulties.

V. CONCLUSIONS

Within the framework of the extended Skyrme interaction
involving the additional momentum- and density-dependent
terms, we have found a new extended Skyrme interaction
SkC17 by simultaneously fitting the experimental data of
neutron-induced reaction below 100 MeV, including the
total cross sections, reaction cross sections, elastic scattering

PHYSICAL REVIEW C 96, 024621 (2017)

angular distributions, and analyzing powers for the mass
range 24 < A < 209. During the fitting, we controlled the
main properties of nuclear matter and finite nuclei. The
newfound extended Skyrme interaction conforms to mostly
recent constraints on main nuclear matter properties and
provides a satisfactory description of the properties of ground
state. The calculated results are further compared with those
of conventional Skyrme interaction obtained in previous work
of Ref. [9] and the existing extended Skyrme interactions.
Comparisons show that the new extended Skyrme interaction
improves the description of differential cross sections and
analyzing powers of elastic scattering of neutron-induced
various targets. Furthermore, the observable neutron-induced
reactions predicted for light, actinide, and deformed nuclei give
reasonable agreements with the corresponding experimental
data. Therefore, the new extended Skyrme interaction obtained
in the present work provides a unified approach to study
the properties of nuclear matter, nuclear structure, nuclear
reaction, and is appropriate for the prediction of unstable
nuclear reaction.
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