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Abstract: In this work, we have performed Skyrme density functional theory (DFT) calculations of nuclei around
’Sn to study whether the abnormal odd-even staggering (OES) behavior of binding energies around N = 82 can be
reproduced. With the Skyrme forces SLy4 and SkM*, we tested the volume- and surface-type pairing forces and also
the intermediate between these two pairing forces, in the Hartree-Fock-Bogoliubov (HFB) approximation with or
without the Lipkin-Nogami (LN) approximation or particle number projection after the convergence of HFBLN
(PLN). The Universal Nuclear Energy Density Function (UNEDF) parameter sets are also used. The trend of the
neutron OES against the neutron number or proton number does not change significantly by tuning the density de-
pendence of the pairing force. Moreover, for the pairing force that is favored more at the nuclear surface, a larger
mass OES is obtained, and vice versa. It appears that the combination of volume and surface pairing can give better
agreement with the data. In the studies of the OES, a larger ratio of surface to volume pairing might be favored. Addi-
tionally, in most cases, the OES given by the HFBLN approximation agrees more closely with the experimental data.
We found that both the Skyrme and pairing forces can influence the OES behavior. The mass OES calculated by the
UNEDF DFT is explicitly smaller than the experimental one. The UNEDF1 and UNEDF2 forces can reproduce the
experimental trend of the abnormal OES around "’Sn. The neutron OES of the tin isotopes given by the SkM* force
agrees more closely with the experimental one than that given by the SLy4 force in most cases. Both SLy4 and SkM*
DFT have difficulties in reproducing the abnormal OES around ¥Sn. Using the PLN method, the systematics of OES

are improved for several combinations of Skyrme and pairing forces.
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1 Introduction

The shell effect is one of the basic pillars of nuclear
structure [1]. Ten nuclei with double magic numbers act
as the cornerstone in the whole nuclear diagram [2]. They
can play important roles in understanding nuclear struc-
ture properties [3]. The nature of the single-particle state
is also important for nuclear structure studies [4]. The
shell effect can be studied by measuring the ground-state
binding energy with high-precision mass-measurement
technology [5]. With the progress made by radioactive
beams, people have found surprising evidence that
closed-shell nuclei may lose their magicity in regions of
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extreme isospin imbalance, which gives a strong impetus
to study the nuclei around tin isotopes [6].

Tin isotopes have a magic number of protons (Z = 50)
and two tin isotopes have neutron magic numbers
('S8ns, and '3?Sng,) [2]. The latter is essential for the
extension of the theoretical approach to heavier and rich-
er neutron systems. '32Sn is particularly important as it is
currently the only region for which spectroscopic inform-
ation can be obtained around a heavy, neutron-rich nucle-
us with doubly closed shells away from stability [7]. The
132Sn nucleus has been studied intensively both experi-
mentally and theoretically over the last two decades [8].
It has a single-particle structure, which can provide the
starting point to explore the shell evolution of neutron-
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rich nuclei beyond the N = 82 shell closure [9].

In the theoretical discussions of Ref. [10], they calcu-
lated the A® values along the Sn isotope chain by using
density functional theory (DFT) under the SLy4 paramet-
er with different pairing forces. They also calculated the
N = 81 and 83 isotone chains. The results showed that
when the assumed shapes of these nuclei were spherical,
A® remained unchanged as the number of protons in-
creased, indicating that the shape polarization effect
needed to be considered. With the deformed shape ob-
tained self-consistently, A®) were two nearly parallel des-
cending lines when the number of protons increased. The
explanation for this was that the deformation effects
caused by single particles or holes are similar. For N = 83
isotones, in which abnormal staggering was found (in-
creasing with proton number), no satisfactory results
were obtained. In Ref. [11], they showed that odd-even
staggering (OES) can be reproduced by using realistic in-
teractions in the shell model framework.

We would like to test whether the abnormal OES be-
havior of binding energies in nuclei around N = 82 can be
described in Skyrme DFT. The interplay of the mean-
field forces and pairing forces will be investigated. More
sets of Skyrme forces are used, to test the sensitivity of
the mean-field potentials. The density dependence of the
pairing interaction will be investigated in more details,
with different approximations of pairing correlations.
Thus, some combinations of the Skyrme and pairing
forces may give reasonable descriptions of the mass OES
in tin isotopes and abnormal behavior of OES around
1328n. Hopefully, a more reasonable choice of pairing
force might be determined.

The present paper is structured as follows. We intro-
duce the basic concepts in Sec. 2. In Sec. 3, we provide
the calculations and analysis of three different pairing
forces using Skyrme DFT. Conclusions are drawn in
Sec. 4.

2 Theoretical model

DFT of nuclei has extensive applications in low-en-
ergy nuclear physics [12, 13]. For a clear presentation, we
repeat the formulations in the literature, related to the cal-
culations done in this work.

To describe the system of fermions, the two-body
Hamiltonian in terms of annihilation and creation operat-
ors (c,c") [14] is often used, as,

H= Z:e,,lmcllc‘,,2 +% Z 17,,1,,2,,3,,4cj;‘ci;zcmcm, )
nin, ninyns;ny
where Vy pnn, = (n1n2|Vinzng —ng4n3) is the anti-symmet-
rized two-body matrix element.
In the Hartree-Fock-Bogoliubov (HFB) approxima-
tion, the ground-state wave function |®) is the quasi-

particle vacuum a;|®) = 0, in which (@,a") are the quasi-
particle operators, connected to the particle operators
with the Bogoliubov transform

ay = Z(Uchn +Vieh, af = Z(Vnkcn +Unc)), (2
n n

rewritten in matrix form as

iyt
() e ) o

The generalized quasi-particle densities are formed by
the particle density p and the pairing tensor «, as

P = (Dle)cal®) = (VVT ),

Knw = {Dlcpcy| @) = (V* UT)nn’~ (4)

The expectation of the Hamiltonian can be calculated
as the function

Elp,«] =

(Q|D)

(DIH|D) _ Tr[(
2

1 1
e+ —F)p] - ETr[AK*]’ (5)
where

rmm = § Vinnynsn,Pnun, s

nyny

I
Anlnz :§ Z VinonsngKnyn, - (6)
n3ny
Thus, the HFB equation is obtained as the variation of
the energy with respect to p and «,

e+T-1 A U U
( A —(e+D)"+2 )( 1% ):E( 1% ) )

where A is the Fermi energy, acting as the Lagrange mul-
tiplier, to maintain the required average number of
particles.

The energy of the nucleus is the integral of the
Hamiltonian density H(r) in space,

E= f ErH@) . (8)

The Hamiltonian density consists of the kinetic en-
ergy, potential energy y,, and pairing term ¥,:

2
Hip, k1 = f—mr<r>+ D+ w9
i=0,1 1=0,1
where the density of the kinetic energy is 7(r), and the
symbol ¢=0,1 means isoscalar and isovector, respect-
ively [14].
For the Skyrme DFT, the particle-hole part usually
has the form

X =CPp?+ Cpr, + CT T2
+CP% oA+ O oV - (10)

where p;, 7;, and J,(t=0,1) can be expressed with the
density matrix p,(ro,r'¢c’). The coupling constants are
simply real numbers, except for

094108-2



Chinese Physics C Vol. 44, No. 9 (2020) 094108

P = O + 07 (1n)

as the traditional density-dependence one.
In the particle—particle channel, we use § pairing in-
teractions. The pairing force has the following form [15]:

o\
V(rl,rz)ng[l—n(—) ](5(r1—r2), (12)
PO

where Vj is the pairing strength for neutrons (n) or pro-
tons (p), 7 and y are parameters (in our calculations y =
1), the total density is p, and pg is the saturation density
fixed at 0.16 fm=3.

Due to the choice of 7, one can obtain different types
of pairing, including mixed, volume and surface pairing.
When 1 =0, it is the volume pairing force, which indic-
ates no obvious density dependence, acting in the nuclear
volume. When 5 = 1, it is the surface interaction, which is
very sensitive to the nuclear surface. When = 0.5, it is
mixed pairing, which is the combination of the two previ-
ous types of pairing [15]. We also take n=0.25 and 0.75
to test the sensitivity of the control parameter n in more
detail, although these two values are quite unusual in the
literature.

The Lipkin-Nogami (LN) method modifies the en-
ergy E by an extra second-order Kamlah correction [16],

E — E—1,(AN?), (13)
where (AN?) = (N?)—(N)2. However, the coefficient A,
can be derived from the following formula [16—18]:
_ Gess T'(1 = p)KTr pi = 2Tr(1 —p)*p?

4 [Trp(1-p))> =2TrpX(1-p)* ’
A2

A2

(14)

is evaluated

where the effective strength Gegs = —
from the pairing energy =
1
Epss = =5 Trl, (15)

and the average pairing gap

(16)

The projection on the good particle number (the
particle number operator Z corresponds to the eigen-
states of protons, and N to the eigenstates of neutrons)
can be obtained from the Bogoliubov wave function, and
the projection operators can be written as an integrals
over the gauge angles [19],

1 21

where the neutron number projection is represented by N.
For the intrinsic wavefunction with well-defined "num-
ber parity", the integral interval in the above equation can
be reduced to [0,7]. Furthermore, the above integral can
be calculated as the sum using the Fomenko expansion
[20],

N

Py dgpe @M (17)

M
o 1 b (- n
Py =+ mg_le"p'”-"’(N N gvm = u™ (18)

where M is the total number of points. To reduce the in-
fluence caused by the singularity, which appears at T and

causes the occupation probability to become 0.5 accident-
ally, we are restricted to using an odd number for M,
which we choose to be 19 for both protons and neutrons.

The number of protons Z has a similar expression.
Through a wave function [¥) we can obtain the N and Z
eigenstates

|O(N,Z)) = Py P7¥) . (19)

In the HFB wave function |¥), PyP; can be used to
build a wave function with a definite particle number and
calculate the expected energy:

(@HPY®) [ dg(@|H TN j)
(@IPV) [ dg(Dleie®-M|D)

The wave function |¥) is determined by solving the
HFB equation, and this process is called the projection
after variation (PAV).

The energy of an odd nucleus is related to the polariz-
ation effect of the nuclear shape and single-particle struc-
ture caused by quasi-particle blocking [21]. There are
several ways to evaluate the empirical OES, such as
three-, four-, and five-point formulas [21-24]. The fol-
lowing formula is the simplest three-point formula to
study the gap parameter A® :

EN[p,k] = (20)

AP(N) = ’%[B(N— 1,Z)-2B(N,Z)+ B(IN+1,2)]. (21)
B(N,Z) represents the binding energy of the (V,Z) nucle-
us and m4 = (=1)* is the number parity. This second-or-
der variance in binding energies is centered at the odd-N
nuclei for neutron OES. In the current paper, the OES
simply refers to the gap parameter calculated from the
above three-point formula.

3 Discussions

We would like to study the effect of pairing correla-
tions on various observables of nuclei near '*2Sn in the
nuclear chart. We choose Skyrme energy density func-
tionals with SLy4 [25], SkM* [26], and Universal Nucle-
ar Energy Density Function (UNEDF) [27-29] paramet-
ers together with different pairing forces using the code
HFBTHO(V3.00) [30]. A total of 20 major harmonic-os-
cillator shells are chosen as the basis and a 60 MeV cutoff
is used as the pairing window in all calculations.

In UNEDF families, the mixed pairing force within
the HFBLN approximation is used and the pairing
strength has been fitted systematically. We use the de-
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fault choice of pairing force for the UNEDF parameters.
For the DFT with SLy4 and SkM* forces, the neutron
pairing strength has been fitted to the empirical pairing
gap of 1.245 MeV in '2°Sn, and the proton pairing
strength is equal to the neutron one, the same choice as
made in Ref. [10].

In Fig. 1, the resulting pairing strength is shown
against the control parameter n in the HFB and HFBLN
approximations. The curves of the SLy4 and SkM* forces
have a relatively similar trend. In addition, it is seen that a
larger pairing strength is required for the SLy4 parameter,
when fitting to the same pairing gap, reflecting the differ-
ences between these two mean-field potentials.

'100 T T T T T
V\v
B
-200 \\ ]
< \\ el
% -300 :
= R
= --c-- SLy4-HFB
=~ 400+ —o— SLy4-HFBLN 1
SkM*-HFB
sopl 7 SKM*-HFBLN

000 025 050 075  1.00
n

Fig. 1. (color online) Pairing strength V; as a function of the
parameter n. The strength V, was adjusted, so as to repro-

duce the neutron gap 1.245 MeV in '2°Sn.

When 7 is close to 0, the pairing tends to happen
equivalently in the nuclear volume, and when it is close
to 1, the pairing tends to peak at the nuclear surface. It is
seen that for n between the values of 0.0 and 0.5, the ab-
solute value of the pairing strength V, increases nearly
linearly. However, for n =0.75 to 1.00, there is a sudden
increase in the pairing strength. The surface pairing re-
quires a much larger strength Vy to produce the same
pairing gap as the volume or mixed pairing.

3.1 Neutron pairing gaps of tin isotopes

The calculated average neutron pairing gaps of tin
isotopes are shown in Fig. 2, starting from '2°Sn. The
strengths of the pairing forces have been fitted to the em-
pirical pairing gap of '2°Sn, thus the starting points of all
these curves are the same. It is seen that for neutron num-
bers between 70 and 82, which are in the same major
shells, the calculated pairing gaps from different pairing
forces agree with each other quite well. However, the de-
viations become immediately obvious for nuclei with
neutron numbers larger than 82. The variance of the cal-
culated neutron pairing gaps becomes large after the N =
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Fig. 2. (color online) Calculated average neutron pairing

gaps of tin isotopes. Results of different choices of 7 in the

pairing force are shown. Panels (a—b) and (c—d) were calcu-

lated under the SLy4 and SkM* parameters, respectively.

Panel (e) shows the results calculated under the UNEDF

parameters.

82 shell closure, indicating that larger uncertainties occur
for the N = 83 nuclei than for the N = 81 nuclei.

This might be the reason that the current form of pair-
ing force in Eq. (12) is still too simplified, compared to
the form of particle-hole channel, which cannot give a
universal description of pairing correlations for nuclei
even in different major shells. One may need to renormal-
ize the pairing forces in different regions in the nuclear
chart.

When the neutron number is larger than 82, it seems
that with a larger value of 5 in Eq. (12), the pairing gap
tends to be larger, especially for n=1.00, which is the
surface pairing force. For neutron numbers less than 82,
the resulting gaps from using the surface pairing force are
similar to or sometimes even smaller than those of others.
The pairing gap disappears at the magic number N = 82 in
the HFB approximation, whereas it is still large in the
HFBLN approximation because the force of gauge sym-
metry is broken.

The trends of these curves in Fig. 2 under different
Skyrme forces are similar, and the variations with the
change of 1 value with SkM* force are larger than those
with SLy4 force. For the UNEDF parameter sets, the
mixed pairing force (7 =0.5) together with the HFBLN
approximation is used. The neutron pairing gaps given by
different sets of UNEDF series are similar, and smaller
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than those by SkM* and SLy4 forces.

We then calculated the mass OES A® of the odd-N in
the tin isotope chain, as shown in Fig. 3. The curve of ex-
perimental OES is fairly flat for neutron numbers
between 69 and 79, and suddenly drops around the magic
number N = 82. All the calculations can roughly repro-
duce the trend of the experimental OES. It is seen that the
OES from the three-point formula is different from the
average pairing gap shown in Fig. 2. Compared to the
HFB approximation, the calculated OES is closer to the
data in HFBLN approximation. The results given by the
SkM* force agree better with the data than those given by
the SLy4 force. The OES results given by the UNEDF
parameters are smaller than those by other calculations.

AP(N)[MeV]
SOOI OO OO OO OO —

F(d) SkKM*-HFBLN ]
- —o— UNEDF0 —— UNEDF|—— UNEDE?2 ]

-_(ue)IUN}IElu)FI PR T R U T | I I
68 70 72 74 76 78 80 82 84 86 88 90 92
Neutron Number N
Fig. 3. (color online) As in Fig. 2, but for the mass OES of
the odd-N tin isotopes. The experimental data are also

Shoivay Ry ooy vy Rxoivo

shown.

The results of the OES become smaller than the ex-
perimental data when the value of 5 decreases, although
all these pairing forces can produce similar neutron pair-
ing gaps for N =70 ~ 80 as shown in Fig. 2. It appears
that for n =0.75 and 1.00, which close to the surface ex-
treme, the results are close to experimental data. The OES
calculated by using n=0.75 and 1.00 is explicitly larger
than others at neutron number 89 and 91, where the ex-
perimental values are missing currently. The surface pair-
ing usually leads to a stronger OES, which might be the
reason that pairing force affect the single particle orbitals
around the Fermi level mostly, near the region of nuclear
surface in the coordinate space.

3.2 OES around N=82

We then study whether or not the abnormal behavior
of OES around '*2Sn can be reproduced, by using differ-
ent Skyrme force and different treatment of the pairing.
The results by the UNEDF DFT are shown first, in Fig. 4,
together with the experimental data. It is seen that for the
experimental OES of the neutron hole (N = 81 isotones)
decrease with the proton number, and the experimental
one of the neutron particle (N = 83 isotones) increase
with the proton number.

The choice of mixed pairing together with the HF-
BLN approximation has been made for all the UNEDF
parameters. A® as given by the UNEDFO parameter de-
creases for both the N = 81 and 83 isotones. Using the
UNEDF1 and UNEDF2 parameters can reproduce the
systematics of the experimental data. However, similarly
to in Fig. 3, the staggering calculated by these UNEDF
DFTs is explicitly smaller than the OES from the experi-
mental data.

We also use the SLy4 and SkM* DFT, as shown in
Fig. 5. In this figure, it seen that although the A® given
by these two Skyrme forces are explicitly different, they
both show a decreasing trend of neutron OES with an in-
crease in the number of protons. Thus, the systematics of
the N = 83 isotone are not reproduced by these two DFTs.

Using the same Skyrme force, the A® trends with
different pairing force forms are similar. With increasing
n in the pairing force, the OES increases, as already seen
in Fig. 3 of the previous subsection. When r=0.75 and
1.0, the staggering of the N = 81 isotone is quite close to
the behavior of the experimental data. Comparing the res-
ults of HFB and HFBLN, we found that the A® given by
HFBLN decreased more slowly as the number of valence
protons increased than that calculated by HFB.

The particle number projection after the convergence
of the HFBLN approximation (PLN) can be used as an
efficient way to describe the pairing correlation [13], es-

L L T T T T T T
1O > T (b) UNEDFO
— 05F 1
2 F@Exp '\.\.
2 0.0 — N8l § o
[ ! —@—N=83 iy ' T
Z 1ok 1
a [ (c) UNEDF1 1 (d) UNEDF2
< | 1
05 F I
9y Pl .
50 52 54 50 52 54

Proton Number Z
Fig. 4.  (color online) OES of the N = 81 and 83 isotones.
Experimental OES is in panel (a), and the results by UN-
EDF parameters are given in (b—d).
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pecially for near-closed-shell nuclei [6]. The results of
OES by PLN calculations are shown in Fig. 6. The OES
from PLN calculations with larger n in the pairing force
is also larger, in general, but the systematics of OES by
PLN are different from those of HFBLN in Fig. 5.

Most of these calculations show decreasing OES of
the NV = 81 isotone against proton number, which is simil-

1.0}(a) n=0.00 SLy4 } SkKM* () n=0.00 {1.0
05F  w 0.5
00—e——— % — 100
1.0}(b) n=0.25 (@ n=0.251.0

AY(N)[MeV]

0.0 0.0
1.0p(d) n=0.75 1.0
O~
osp oo 0.5
0.0 N —— 0.0
1.0 - 1.0
.\.;\ﬂ e Tl
0.5 o _._’\3\-# 0.5
— - N=81-HFB N=81-HFBLN EN—
Oo(e)n 1.00 -(Or N=83-HFB | —@)—N=83-HFBLN () n=1.00 0.0
: 50 52 54 50 52 54 :
Proton Number Z
Fig. 5. (color online) As in Fig. 4, but for OES calculated by

the Skyrme DFT with SLy4 and SkM* parameters, as
shown in panels (a—e) and (f—j), respectively. In the plot,
the results using different choices of 5 in the pairing force

are given.
LOFSLy4-PLN  —=—N=81 T SkM*-PLN 710
0.5} *—N=83 } - ——e—*° o5
(an=0.00 — (=000
0.0 . " ’ +—10.0
1o} 10
(gm=0.25
05} Jos
(b)n%

= 00 . ; ; ' ; ; 0.0

E 10} 10

= ost '\.\_ (n=0.501,

Z  Hemz050

6<] 0.0—4——— " " —0.0
o .\_\- (im=0.751""
0.5 A — ><: Jos
0.0 ; ; ; ; ; ; 0.0
1o} — (j)n=1.00'1‘0
0.5 {e)n=1.00 1 Jos

e
0.0 . . . 0.0
50 52 54 50 52 54
Protron Number Z
Fig. 6. (color online) As in Fig. 5, but for OES given by

PLN calculations with SLy4 and SkM* DFT.

ar to those given by HFBLN calculations. For the N = 83
isotone, in various sets of PLN calculations, the neutron
OES increases with proton number, capturing similar be-
havior to the experimental OES. In particular, the OES in
N = 83 isotones given by the SkM* force become close to
the experimental OES, for most cases. Thus, the system-
atics of OES can be improved by the PLN approach. Of
course, discrepancies between the experimental data still
exist.

For the N = 81 and 83 isotones, whether the deforma-
tion configuration and energy level filling are reasonable
may play a crucial role in the A® calculation. In our cal-
culations, the deformations are obtained by the variation-
al principle in the DFT approach. The resulted deforma-
tions are given in Fig. 7.

It can be seen that the B, deformation values for N =
81 isotones are positive and the 8, deformation values of
N =83 isotones are negative, and that both become lar-
ger as the number of protons increases. With different
Skyrme forces, the deformation values are basically the
same. The B, deformation values calculated by HF are
larger than the B, deformation values calculated by both
HFB and HFBLN. The pairing correlation tends to re-
duce the deformation. Using different pairing force gives
nearly the same result.

As these nuclei are around the N =82 shell closure,
their deformations are close to zero. The effect of shape
fluctuation could have a large impact on their binding en-
ergies, as discussed in Refs. [31-33]. It is expected that

T T T T T T T T T T
0.08 Ha) SLy4-HFB _ n_ N i
000- ::\ /:‘@.:§ é‘/;§§~\é. ]
. -— = @5 - . %& N 8 -
- -0 = b
o pTA P R p00 L L LY o
0.08 Hb) SLy4-HFBLN _ O PN .
r ~ o L s N 7 \ 1
0.00 - S P N -
S o 1 X
« 0.08 (c) SKM*-HFB o P i
o - “\
0.00 -
-0.08 —
0.08 -
0.00 -
-0.08 —
0.08 [ - - UNEDFO- < UNEDFI- <~ UNEDF2 ]
I oe PReN s O 1
0,00 OT=~l TNl ot <]
L 0 0
008 f@UNEDE ]
Blgn  Wgp Bre  BTe Pxe Xe
Fig. 7. (color online) The B, deformation values of odd-4

nuclei, calculated self-consistently under Skyrme energy
DFT with SLy4, SkM*, and UNEDF parameters.
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such a beyond-mean field effect could potentially im-
prove the OES systematics, and this requires further
study.

4 Summary and conclusion

In this work, we focused on the study of the mass
OES behavior around tin isotopes in the DFT framework.
The OES, A®, is extracted from the three-point formula
of binding energies in the current work. For the Skyrme
force, we choose SkM*, SLy4, and the UNEDF family.
For the pairing force, by tuning 5 as the control paramet-
er, we use mixed-, surface-, and volume-type force, and
the other two pairing forces intermediate between the
volume and surface force. Different treatments of pairing
correlations, including HFB, HFBLN, and PLN approx-
imations, are tested. The strength of the pairing force in
SkM* and SLy4 DFT is fixed to the same empirical pair-
ing gap of '?°Sn.

It is found that, in tin isotopes with neutron numbers
less than 82, the average pairing gaps by different pairing
forces are nearly the same. However, variances occur
when the neutron number is larger than 82, and the aver-
age gap tends to be larger if the pairing interaction is
close to the limit of surface pairing.

Thus, the uncertainties in the neutron pairing gap of
N =83 are larger than those of N =81. This also indic-
ates that the form of pairing force used in this work is too
simple to give a universal description across the nuclear
chart, and one may need to readjust the pairing strength in
different nuclear regions.

The pairing forces in the UNEDF parameters were
fixed systematically to experimental data during the fit-
ting procedure. The mixed pairing together with the HF-
BLN approximation were used with their original para-
meters. It is seen that the average gaps given by the UN-
EDF parameters are smaller than those given by the
SkM* and SLy4 DFT.

The mass OES of the tin isotopes has been studied.
The systematics of the calculated OES in Skyrme DFT
are generally similar to the data. When the pairing is
more active at the surface, a larger mass of OES is ob-
tained, and vice versa. The surface pairing is quite close
to or slightly larger than the experimental OES. It ap-
pears that the results given by the pairing force with
n =0.75 are also close to the data, whereas those given by
other pairing forces are smaller. The mass OES of tin iso-
topes given by the UNEDF parameters is also smaller
than the experimental one.

In experiments, it was found that around '3?Sn iso-
topes, the OES in NV = 81 isotones decreases with proton
number, whereas it increases in N = 83 isotones; thus, ab-
normal OES was indicated. In all calculations, a decrease

in OES in N = 81 isotones is obtained. However, it is dif-
ficult to reproduce the increase in OES in N =83 iso-
tones in the HFB or HFBLN approximation.

The increasing OES in N =83 isotones is only ob-
tained by several cases, e.g., UNEDF1 and 2. It appears
that UNEDF1 and 2 can give good systematics of the
mass OES, but the staggering is smaller than the experi-
mental one. Thus, one can enhance the strength of the
pairing force to improve the description of OES, but be-
cause all the parameters of the UNEDF families are fit-
ted systematically, the calculations of other observables
may become poor.

From the results of OES in tin isotopes and the OES
around '3%Sn, it is seen that the OES systematics are in-
fluenced by both the mean-field and pairing forces. The
OES given by the SkM* force agrees more closely with
the experimental data than that given by the SLy4 force.
By changing the density dependence of the pairing force
by tuning the parameter 5, the trend of the OES does not
change significantly, but stronger staggering is obtained
if the pairing is more favored at the nuclear surface.

It is also found that in most cases, the OES given by
the HFBLN approximation is closer to the experimental
data than that given by the HFB approximation. We at-
tempted PLN calculations for SkM* and SLy4 DFT as
well. After treatment of the particle number projection,
the OES systematics can be changed significantly. It is
found that the calculated systematics of OES in N = 83
isotones become close to the experimental ones for sever-
al cases, especially for the SkM* DFT. It appears that
such abnormal OES can be produced for various combin-
ations of Skyrme and pairing forces. This might be fur-
ther evidence that restoration of symmetry can improve
the mean-field calculations.

As we take the mass OES as the only observable in
this study, it might be difficult to determine the most
preferable pairing force in the Skyrme DFT. A 50/50 bal-
ance of volume and surface pairing forces is commonly
adopted in the literature. Sometimes, the mixed pairing
force produces OES closer to that by volume pairing,
which is often smaller than the experimental OES. Sur-
face pairing usually leads to a much larger OES, but it
can be larger than the experimental one. Thus, one can
tune the ratio between the volume and surface pairing to
obtain a good reproduction of the mass OES. For many
cases in this study, a lower ratio of volume pairing and
larger ratio of surface pairing (7=0.75) could lead to
good agreement. For nuclei around '3?Sn, the shapes are
close to spherical and thus the effect of shape fluctu-
ations could be large, but this is not included in this work.
Thus, it can be expected that the OES can be improved
after the inclusion of such beyond-mean-field calcula-
tions, and future study is needed.
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