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Abstract: The influence of the tensor interaction of nucleons on the characteristics of neutron-rich silicon and nick-

el isotopes was studied in this work. Tensor forces are considered within the framework of the Hartree-Fock ap-
proach with the Skyrme interaction. The addition of a tensor component of interaction is shown to improve the de-
scription of the splittings between different single-particle states and decrease nucleon-nucleon pairing correlations
in silicon and nickel nuclei. Special attention was directed toward the role of isovector tensor forces relevant to the

interaction of like nucleons.
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I. INTRODUCTION

The development of experimental methods with ra-
dioactive beams made it possible to significantly expand
the isotope map in regions of neutron or proton excess.
When moving into the region of exotic nuclei, new and
often unexpected phenomena were uncovered, such as the
disappearance of the "classical" magic numbers N =20
and 28 and the appearance of new N =14, 16, 32, or 34.
Such profound changes in nuclear structure allow for fur-
ther improvement and selection of theoretical models,
motivating more studies of nuclear structure evolution us-
ing sufficiently complete chains of isotopes or isotones as
an example. New problems arose in describing the
changes in the splitting between certain single-particle
states in the framework of the usual mean-field theory us-
ing effective nucleon-nucleon (NN) forces. These issues
compelled us to pay closer attention to the subtle features
of the interaction. Thus, in recent decades, the role of the
tensor NN interaction in the formation of some features
in the structure of exotic nuclei has been actively studied
[1].

The most general form of nucleon-nucleon forces in-
volves the contribution of the tensor component con-
tained in all meson-exchange models. One of the most
important experimental evidences for the presence of off-
center forces is the non-zero quadrupole moment of the
deuteron. Tensor interaction leads to additional long-
range spatial correlation of the wave functions of two
nucleons in the triplet state and actually defines the exist-

ence of the deuteron [2]; the alignment state of the vector
connecting the neutron with the proton with their spins is
the most energetically favorable. A simple account of the
isospin dependence of nuclear forces shows that in the
case of the isovector state, the attraction arising due to
tensor forces should be three times weaker than in the
state with zero isospin [1].

Despite the crucial role of the tensor component in the
structure of the deuteron, various models of many-
particle systems based on effective interactions, such as
Skyrme or Gogny forces, have not explicitly considered
the contribution of the tensor interaction for a long time.
On the one hand, the introduction of additional paramet-
ers complicates the computational procedure; on the oth-
er, fitting the interaction parameters to the experimental
data of a large number of nuclei makes it possible to ef-
fectively consider the influence of certain interaction fea-
tures. However, following the accumulation of new data
in experiments with radioactive beams, the question of
the influence of the tensor contribution on the calcula-
tions of the nuclear structure in many-particle models has
again become relevant.

The role of tensor forces in the formation of new ma-
gic numbers and their influence on the shape of various
nuclei was investigated in several studies [3—8]. In [1, 9],
tensor neutron-proton interaction in nuclei was shown to
lead to attraction when the nucleon spins are parallel and
repulsion in the opposite case. This property affects the
spin-orbit splitting and changes the energies of single-
particle states. In many cases, tensor forces were shown
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to play a crucial role in the formation of the islands of in-
version [10, 11]. The interplay between tensor interac-
tion and pairing correlation was also reported to cause
changes in the single-particle structure and nucleon dens-
ity distribution with the possible formation or disappear-
ance of bubble structures in certain nuclei [12]. Changes
in nuclear structure are also of importance in various ap-
plications in astrophysics. Examples include the impact
on the strength distribution of Gamow-Teller resonances
affecting the weak processes occurring alongside the r-
process in supernovae [13]. A detailed analysis of the role
of tensor interaction in weak processes taking place in
stars undergoing a gravitational collapse is also given in
[14, 15].

Notably, describing the neutron-proton interaction
when discussing the role of tensor forces is standard prac-
tice; the influence of tensor forces on the position of
single-particle levels of nucleons of one type is con-
sidered when nucleons of another type are added to the
nucleus [1]. At the same time, significantly less attention
was paid to the role of the isovector tensor component,
which is also responsible for the interaction of identical
nucleons. Some studies on this topic include [16], where
the authors study the impact of tensor forces on the shell
structure and deformation of zirconium isotopes.

In this article, we discuss the influence of tensor
forces on the various characteristics of even 2-42Si silic-
on isotopes and ~7Ni nickel isotopes. All calculations
are carried out using the self-consistent Skyrme-Hartree-
Fock approach with forces that include the tensor interac-
tion component. Previously, in [6], the influence of tensor
forces on the splitting of proton states in silicon isotopes
was considered using the SLy5 parametrization com-
pared with the relativistic mean field theory approach.
The impact of tensor forces on the deformation of silicon
nuclei was also discussed in [17]. Nickel isotopes with
the magic number Z = 28 were studied more extensively
in various approaches (see, for example, [18—21]). Our
task is to compare the results for different variants of NN
interaction and estimate the contribution of tensor forces
to the splitting of protons and neutron single-particle
levels with increasing neutron excess. We also check the
interplay between the effect of pairing identical nucleons
and the influence of tensor forces. Using the Bardeen-
Cooper-Schrieffer approach to describe pairing makes it
possible to isolate the role of pairing effects and evaluate
the change in the effect when tensor forces are turned on.

The article is structured as follows: In Section II, we
review the basics of the Skyrme-Hartree-Fock approach
and account for tensor forces in the approximation of
zero-range forces. In Section III, we discuss the impact
tensor interaction has on various nuclei in silicon and
nickel isotope chains. On the example of the two interac-
tions, SLy5 and SGII, with and without forces, we
demonstrate that the shell structure evolution in these iso-

topes can be very sensitive to both the central and tensor
parts of the nucleon-nucleon interaction. Several other in-
teractions were also employed to verify the effects of
tensor forces on the splitting between various neutron and
proton states in select isotopes.

II. MODEL APPROACH

All calculations were performed within the frame-
work of the Hartree-Fock approach, with phenomenolo-
gical interaction in the form of Skyrme forces. Pairing
correlations were treated within the BCS model. The
standard nucleon-nucleon Skyrme potential reads [22]:

Via =to(1+ x0P,)S(7 — %)
+ %tl(l +x1Py) [RP6(7) - 1)+ 8(7) — )R]
+6(1+ 0 PR S(F — )k
+ é@(l + x3P(,)[p(%(F’l + RIS — 1)

FiW,R[R 8(7) — )R] (1)

Her.e, 7 and 7 are nucleon coord.inates, k=, -V,)/Qi)
i is the operator complex-conjugate to g (the corres-
ponding conjugate operators y act on the wave function

1
to the 1eft), g = 0_)'1 +5’2, P, = 5(1 +6)'10_)'2), to..1z, Xp..X3,
and y and W, are the interaction parameters.
The expression for the tensor nucleon-nucleon inter-

action of zero radius was proposed in the first works of
Skyrme [23]. It is given as

1 - - - N N
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where 7, and 7, are tensor interaction parameters. The in-
dices e and o correspond to the parity of states: the term
~t, affects the states of a pair of nucleons with relative
orbital momentum L =0 and L =2 (S and D wave), while
the term ~ ¢, affects the states with L=1 and L=3 (P
and F wave). Since the nucleon-nucleon tensor interac-
tion works only in the state of a pair of nucleons with a
total spin S = 1, the parts ~ ¢, and ~ ¢, describe tensor ef-
fects in the isoscalar and isovector channels, respectively.

Relations (1) and (2) are used to obtain an expression
for the energy density functional and, subsequently, the
Hartree-Fock equations. The expression for the energy
density corresponding to the nucleon-nucleon potential
(1) is given in [22, 24].
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The contribution of tensor forces to the energy dens-
ity comes in form of the so-called J*-terms [4, 25]:

1 > o
H = 5a(J3+J3)+ﬁJ,,Jp, 3)
where j; ,, are proton and neutron spin densities:

T® =Y 6;Fm.qIVxF1g(Fm.q).

img,ml

Here, ¢; are single-particle wave functions, and m; is the
nucleon spin projection. Notably, J>-terms arise from the
exchange terms even without accounting for tensor
forces. The inclusion of tensor interaction results in the
dependence of a, on both the features of the central and
tensor parts of the interaction [5, 18], as follows:

CV:CYC"'Q’T’ ﬁ:ﬁC+BT7
1 1
ac = §(f1 —h)— g(tlxl + 1 X2),

1
Bc = —5(tix1 + hxy),

8
ar="2i
T 4 0>
5
ﬁT = g(te +1,).

Indeed, only the isovector part of the tensor force is relev-
ant for pairs of like nucleons, while both the isovector
and isoscalar components contribute to np-interaction.

The impact of tensor interaction on single-particle en-
ergies (SPEs) is considered in detail in the works of Ot-
suka et al. [1, 9]. It was shown that if the neutron level j’
is filled in the given isotope chain, then the matrix ele-
ments of the tensor interaction V/TJ between the j/ neut-
rons and protons in j. =/+1/2 and j. =1-1/2 states ful-
fill the following relation:

@)+ DVE , +@jo+ DVE , =0, )

where T is the isospin of the nucleon pair. Furthermore,
the filling of j. with neutrons increases the spin-orbit
splitting between proton levels, and when j. is filled, this
splitting, on the contrary, decreases. Otsuka's rule (4),
which is commonly used to describe the tensor part of the
np interaction, is also valid for identical nucleons, al-
though there is still an ongoing debate regarding the sign
of the tensor force contributions in the isovector channel.
As such this is one of the questions we study extensively
in this article.

The effect of tensor forces on the spin-orbit splitting

can be explained by their contribution to the one-particle
potential being of similar structure to the contribution
from the spin-orbit interaction. The sum of these two con-
tributions, calculated as the first derivative of the energy
density with respect to the nucleon density p, for protons
(neutrons) reads [18]:

W,
W (r) = 70(2V.0p(n> +Voup) + @y +Blupy- (5)

In the 1d2s-shell nuclei, the pairing of identical nuc-
leons plays an important role. In our calculations, we
used the Bardeen-Cooper-Schrieffer (BCS) [26] method,
and the joint HF + BCS procedure was carried out in sev-
eral iterations, each iteration including the solution of the
self-consistent HF problem with subsequent application
of the BCS scheme. A simple potential in the form of J-
forces was taken as the pair correlation potential. The
magnitude of the pair forces for each nucleus was chosen
so that the energy gap obtained during the BCS proced-
ure for a given even nucleus was equal to

A, = _%(sq(m1)—zsq(A)+Sq(A—1)), (6)

where S, is the proton (g = p) or neutron (g = n) separa-
tion energy.

Notably, we used the spherical symmetry approxima-
tion. Experimental data indicate the presence of deforma-
tion in stable silicon isotopes. The value of the quadru-
pole deformation parameter 2Si is 8= —-0.42+0.02 [27].
For other silicon isotopes, there is no experimental in-
formation other than estimates based on the strength of
E?2 transitions B(E2). The same can be said about most
isotopes of nickel, although data on B(E2) points to val-
ues of B~0.1+0.2. In such a situation, the spherical ap-
proximation is a reasonable approach for model estim-
ates and investigation of such features of nucleon interac-
tions as tensor forces or nucleon pairing effects.

III. RESULTS

The single-particle structure of even silicon isotopes
28-428i and nickel isotopes -®Ni were calculated using
the SLy5+T [5] and SGII+T [28] parametrizations. Not-
ably, these sets of parameters were initially selected
without considering the tensor interaction component.
The SLyS parametrization [24] was chosen to realistic-
ally describe the main characteristics of symmetric nucle-
ar matter and the binding energies and root-mean-square
radii of doubly magic nuclei from oxygen to lead. The
SGII interaction [29] was developed to describe collect-
ive nuclear excitations better. The parameters of the
tensor interaction were obtained later in both cases, while
the values of the initial parameters of the central part of
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the interaction were retained. Such a tactic, strictly speak-
ing, violates the consistency of the fitting procedure.
However, from the point of view of analyzing the effect
of tensor forces on the structure of atomic nuclei, this
kind of parametrization is more convenient, allowing
comparison of the results of calculations with and without
the tensor component. Notably, most currently existing
parametrizations of Skyrme forces involving a tensor
component agree on the signs of parameters ay <0 and
Br > 0 and typically have their absolute value ranging up
to around 200 MeV-fm®. In order to get a better under-
standing of how the np and isovector tensor forces com-
pare with each other, we carried out some additional cal-
culations with several interactions, namely SLy4(+T),
SAMIi(+T), and SGII with different tensor forces (which
we will denote as SGII+T2 in the remainder of the article
to avoid confusion), exhibiting ar and Br in this wide
range.

Some characteristics of nuclear matter and the tensor
force parameters for the mentioned interactions, are giv-
en in Table 1. The SGII+T parametrization serves as our
choice of interaction with the largest contribution of
tensor forces. Although this parameter set does not al-
ways adequately describe the characteristics of nuclei, it
is very interesting as a test variant. Notably, in addition to
tensor contributions, there are also differences for the
main parts of the parameter sets: the SLy family forces
give more realistic values of the symmetry energy and in-
compressibility of nuclear matter.

The general scale of effects associated with consider-
ing tensor forces or pair correlations in comparison with
the differences due to the properties of the central parts of
the interaction can be illustrated by the binding energy
per nucleon &= B/A obtained with various NN-interac-
tions (Fig. 1). We see that the parametrization SLyS5 is in
the best agreement with the experimental values of the
binding energies of silicon isotopes (Fig. 1a) in a fairly

Table 1.

wide range, while SGII overestimates the binding energy
in all of the isotopes under consideration. The same can
be said of the results for nickel isotopes (Fig. 1b). Ac-
counting for pairing, as well as the introduction of a
tensor component, leads to overestimated values for al-
most all isotopes as well. Notably, the introduction of
pairing appears to smooth out the shell effects. Finally, it
can be seen that the calculation results depend much more
strongly on the choice of the central interaction; the ef-
fects of tensor forces and nucleon pairing are comparable
in magnitude and have a smaller impact on the properties
of the ground states of the considered nuclides.
Figure 2 shows the dependences of proton E},; and
neutron E;; SPEs (nlj denoting the quantum numbers)
on the number of neutrons N in even silicon isotopes
28-42Gj obtained with the SLy5+T and SGII+T paramet-
rizations. For comparison, the results of the calculations
are also given without considering the tensor contribu-
tion. Here and onwards, all the shown results were ob-
tained with pairing correlations. Additionally, we show
the value of the chemical potential of nucleons of the cor-
responding type that was estimated using the formula:

_S(A)+S@A+1)

(exp) _
7= >

(7

Let us consider the evolution of proton states. Fig.
2(a, b) shows that for both parametrizations the calcula-
tions agree satisfactorily with the experimental data es-
timates [35] for the 1ds,, and 2s,,, states and underestim-
ate higher states, while the SGII parametrization shows
slightly better agreement in the region of neutron-rich
isotopes. Including the tensor contribution does not af-
fect the position of the 2s,,, state. However, it affects the
behavior of the 1d states and thus leads to some increase
in the energy gap between 1ds,, and 2s,,,, which, as we
shall see later, affects the populations of the correspond-

Characteristics of nuclear matter for SLy5, SGII, SLy4 and SAMi parametrizations: saturation density po (fm~3), energy per

nucleon Ey (MeV), incompressibility K. (MeV), symmetry energy a, (MeV), and the parameters of the central ec, B¢, tensor a7, and

Br contributions in J2-terms (MeV fm?).

Interaction Ref. Po Eop Koo as ac Bc ar Br
SGII [29] 0.158 —15.60 214.65 26.83 0 0 0 0
SGII+T [28] 0.158 —-15.60 214.65 26.83 -5.434 -53.171 —-180 120
SGII+T2 [30] 0.158 -15.60 214.65 26.83 -5.434 -53.171 -162.5 4.17
SLy5 [24] 0.161 —15.98 229.92 32.01 80.2 -48.9 0 0
SLy5+T [5] 0.161 —15.98 229.92 32.01 80.2 -48.9 -170 100
SLy4 [24] 0.16 -15.97 229.9 32 0 0 0 0
SLy4+T [31] 0.16 -15.97 229.9 32 81.79 -47.37 -105 15
SAMi [32] 0.159 -15.93 245 28 101.88 31.78 0 0
SAMi+T [33] 0.164 —-16.15 244 29.7 112.79 35.13 -39.80 66.65
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Fig. 1. (color online) Binding energy per nucleon ¢ in even silicon (a) and nickel (b) isotopes with N neutrons, with and without con-
sidering pairing correlations. Solid (dashed) lines show calculations with tensor forces (without considering the tensor forces). Experi-
mental data [34] are marked with dots.
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Fig. 2. (color online) SPEs in even silicon isotopes: proton (a, b) and neutron states (c, d). Solid (dashed) lines show calculations with
tensor forces (without considering the tensor forces). Experimental evaluated data [35] are marked with dots. The dashed-dotted line
shows the chemical potential of protons (neutrons) in figures a and b (¢ and d).

ing states. Changes in the position of the 1d and 1p states are much more pronounced than in the case of SLy5+T.
upon inclusion of the tensor component are consistent Apparently, in addition to the difference in the strength of
with Otsuka's rule. As 1ds,, is filled with neutrons, the the tensor interaction (in the SGII+T parametrization, the
proton states 1ds, and 1ps;, with j. attract more contribution of tensor forces is greater), the differences in
strongly, while the states 1d;, and 1p;,, with j. are re- the characteristics of the basic parametrizations also play
pelled. Further filling of the state v1f;,, leads to the op- a certain role. The response of the core structure to addi-
posite effect. In the case of the SGII+T parametrization, tional changes is stronger with smaller K. values; in the
the changes in the spin-orbit splitting of different levels case of SGII, the value of incompressibility is somewhat
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smaller.

The change in the spin-orbit splitting between proton
d-states as the 1f;,, shell is filled with neutrons is of great
interest. Experimental data show the strongest splitting in
the *Si magic nucleus. However, quantitative estimates
differ greatly and can reach 10 MeV. We have previ-
ously discussed this issue in detail in [35] and will use the
estimates from that paper for comparison. Fig. 3a shows
the results of our calculations. Both variants of interac-
tion lead to a splitting of d-states in 3*Si of about 9 MeV,
and for other nuclei, they also overestimate the said split-
ting. However, in this case, the SGII+T interaction suc-
ceeds at reproducing the behavior of the dependence at a
qualitative level.

Regarding the influence of the neutron excess on the
single-particle states of neutrons, the presence of tensor
interaction here also leads to changes in SPEs, and the ef-
fect will be opposite compared to the case of np-interac-
tion. As seen from Fig. 2(c, d), as vlds,, is filled, the
neutron states with j. are repelled, and with the filling of
v1fi2, the attraction is strengthened by the shell. At the
same time, the unsatisfactory description of experimental
estimates for 1d2s states should be stressed. On the other
hand, it should be noted that the accuracy of the experi-
mental data based on the spectroscopy of single-nucleon
transfer reactions drops dramatically for states lying
much lower than the Fermi surface. Nevertheless, Fig.
3(b) shows that for the range of nuclei up to *Si, includ-
ing tensor forces is what makes it possible to qualitat-
ively reproduce the dependence of the neutron spin-orbit
splitting of the d-states.

For neutron single-particle states, we can also con-
sider the splitting between 1d;,, and 1f;,,. The experi-
mental data demonstrate a maximum in 3 Si related to the
manifestation of the magic number N =20 and a substan-
tial drop to very small values as v1fy, is filled, which il-
lustrates the decrease in the role of shell effects in highly
neutron-rich silicon isotopes. As can be seen in Fig. 3(c),

reproducing this character of the experimental depend-
ence without including the tensor component is not pos-
sible. However, the SGII+T parametrization makes it pos-
sible to reproduce the dependence at a qualitative level.
The results with SLy5+T also give a maximum in 3*Si,
and the splitting value agrees with the experimental es-
timates.

Notably, the scale of the effect for neutrons is com-
parable to that observed earlier for protons (Fig. 3a). In
[9] it is shown that in the most elementary case, when
ar = fr, the interaction of like nucleons (governed purely
by the isovector component of the forces) is two times
weaker than np-interaction (dependent on both isoscalar
and isovector components). Therefore, traditionally,
when considering the effects associated with tensor inter-
action, one treats the influence of the neutron excess on
the states of protons in isotopes, or, vice versa, the influ-
ence of the number of protons on the states of neutrons in
isotones. In the case of interactions SLy5+T and SGII+T
obtained by fitting the experimental data, |ar| > |B7|, in-
dicating that the contribution from the isovector compon-
ent of the tensor interaction may indeed be comparable to
that from the np tensor interaction. This inequality holds
for quite a few of the existing interactions, including
SLy4+T, SkP+T, SkO+T [31], Sktxb [36], and the more
recent SGII+T2 and SkO'+T interactions [30]. All of
these were obtained perturbatively with the tensor terms
added on top of the fixed central part. It may also be in-
teresting to check the case when a parameter set was gen-
erated via a variational procedure, with parameters of the
central part refitted altogether as tensor forces are in-
cluded. An example of such a set would be SAMi [32]
with its recently obtained counterpart SAMi+T [33]. Not-
ably, for SAMi+T ar =-39.8 and Br =66.7 MeV fm>,
and the mentioned inequality does not hold. For SGII+
T2, on the other hand, ar =—-162.5 and Br =4.7 MeV
fm>. As such, the isovector part responsible for the inter-
action of like nucleons should be dominant in this interac-

10 T 1d3/2 - ldS/Z 10 v ld32 - ld5/2
(b) 8
8t 8t i
RN 6l
> 6 6} RS
p=
4 4} 4
2t 2 2
O v ldS/Z v l"f7/2 0 v 1d3/2 v 1"f7/2 0 v 1d3/2 v f7/2
16 20 24 28 16 20 24 28 16 20 24 28

N
Fig. 3.

N N

(color online) Splitting of proton (a) and neutron (b) states 1ds;; — 1ds/», as well as 17> — 1ds), states in silicon isotopes. Solid

(dashed) lines show calculations with tensor forces (without considering the tensor forces).
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Table 2.

Splitting between the proton and neutron 1d3/, and 1ds/, levels, as well as the neutron 17/, and 1ds,, obtained with various

Skyrme force parametrizations in 283442 Si. Experimental values from [35] are shown at the end for comparison.

Parametrization sy~ 1dsp2 Vidy ldspo Y1~ 12

ZSSi 34Si 4ZSi 28Si 34Si 4ZSi 28Si 34Si 4ZS]~

SGII 7.08 6.38 5.60 7.31 6.65 5.98 5.74 543 5.61
SGI+T 6.77 8.74 4.32 7.34 4.22 6.59 571 7.70 4.56
SGII+T2 8.91 8.16 7.02 9.35 7.13 8.31 3.81 5.00 3.18
SLy5 7.41 6.42 6.37 7.58 7.73 5.73 5.63 5.07 7.36
SLy5+T 8.54 8.48 6.75 8.96 7.23 7.90 435 5.58 4.98
SLy4 7.60 7.03 6.27 7.87 7.30 6.47 5.36 5.51 6.55
SLy4+T 8.60 7.65 7.35 8.90 8.06 7.51 4.40 4.78 5.53
SAMi 4.86 4.84 3.91 4.94 5.56 3.55 8.59 7.62 9.61
SAMi+T 5.24 5.83 3.87 5.42 5.79 4.36 8.34 7.68 9.22
exp 6.0+1.5 6.9+1.6 4.9+2.0 4.2+1.9 5.8+1.2 5.0+1.5 1.8+2.2

tion. the results taking into account the state fragmentation.

For the sake of verifying the impact of different com-
ponents of tensor forces on the single-particle structure of
silicon isotopes, we performed some few additional cal-
culations with interactions SLy4 and SLy4+T, SGII+T2,
SAMi and SAMi+T in 28344Si with filled vlds),, sd-
shell, and v1f;,, respectively. The results are shown in
Table 2. We note the significant effect tensor forces have
on the splitting between the neutron states 1dss,, and
1f7,» when SLy4+T and SGII+T2 forces are used. Partic-
ularly, the v1f;,, —1d5), splitting seems to be best repro-
duced with the SGII+T2 Skyrme forces. Indeed, the ef-
fect has an opposite sign compared to the Otsuka rules
formulated for the np-tensor interaction, for all the para-
metrizations under consideration. Notably, SAMi pre-
dicts the opposite behavior of the neutron level splittings
compared to those of the other interactions (maximum in
1d;/252 and minimum in 1f;, — 1ds;, splitting in 34Si),
but these extrema are less pronounced when tensor forces
are considered. The largest impact on the proton states is
observed with SGII+T and SAMi+T interactions, the lat-
ter describing the behavior of the wld;;, —1ds,, splitting
the best.

For nickel isotopes, the general tendencies for the im-
pact of the tensor force are the same, which brings about
certain additional phenomena. Before discussing the res-
ults, we will first address the current state of available ex-
perimental data on neutron-rich nickel nuclei. In this
work, we compare the calculated SPEs with those ob-
tained from consistent stripping and pickup reaction ana-
lysis [37—45]. Analysis of stripping and pickup reactions
is typically very sensitive to experimental conditions, the
resolution of the obtained spectra, and the measurement
range. For example, the authors of [40] compared the es-
timated SPEs of stable even 3¥-%Ni based on the single
out states assigned the largest spectroscopic factors, with

The largest deviations amounted to 2 MeV far from the
Fermi level, which may be of importance to states with
small SPEs. Furthermore, while such deviations may not
be critical for the localization of individual single-particle
states, the estimates of the spin-orbital splitting may dif-
fer significantly on a qualitative level in various ap-
proaches.

Our calculations of SPEs in neutron-rich nickel iso-
topes, together with experimental data from the sources
listed earlier, are shown on Fig. 4. For protons, the inver-
sion of states 1d;, and 2s,,, taking place when tensor
forces are accounted for is notable. Their initial reversal
as the neutron fp-shell is filled, and second reversal to
the original order as v1gy, is filled, was predicted in [12]
and recently in [10], and is reproduced here using the
SGIIHT parametrization. In light of recently confirmed
experimental data in copper isotopes [47] obtained at
RIBF, the behavior of the splitting between the n2ps),
and nlfs), states is also of interest. The systematics of the
first 3/27 and 5/2" states in these data suggest that the re-
versal of the corresponding proton orbitals takes place at
around N =45. While this is not obtained with the
SLy5+T or SGIIHT forces, SGII+T interaction does suc-
ceed at changing the ordering at N = 50. A thorough com-
parison of this and other approaches in reproducing the
crossing between these levels in neutron-rich nickel iso-
topes is also given in [19].

When it comes to neutron states in neutron-rich nick-
el isotopes, neutrons initially fill the fp-shell, although
the order of the filling within the shell appears to depend
on the choice of the central part of the interaction, as seen
in Fig. 4. Furthermore, the introduction of the strong
tensor component, such as in SGII+T, may also affect the
order of certain levels. We note the influence of tensor
forces on the neutron 1fs,, state that gets additionally at-
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! (b)

(color online) SPEs in even nickel isotopes: proton (a, b) and neutron (¢, d) states. Solid (dashed) lines show calculations with

tensor forces (without considering the tensor forces). The dashed-dotted line shows the chemical potential of protons (neutrons) in fig-

ures a and b (¢ and d). Experimental evaluated data are marked with dots. Experimental data for the proton states were taken from [42]

for 3¢78Ni and [37] for other isotopes. Experimental data for the neutron states were taken from [42] for ®78Ni; 1f5,2 and 2p123)2

states were taken from [41] for stable isotopes >*~%*Ni, 1g9/2 and 1f;, states in these isotopes were taken from [37] and [43], respect-

ively.

tracted as the fp-shell is filled, which results in it getting
pushed below the v2p,,, and then the v2p;,, state. Experi-
mental data taken from [35] show that v2p,,, should in-
deed lie above the other states of the fp-shell, and SGII
family interactions describe such ordering the best.

The tensor effects in nickel isotopes can be most
clearly observed on the example of the magic gap
between the proton or neutron 1f;,, and 1fs5,, states (see
Fig. 5a and b, respectively). Various experimental data
for these splittings appear to differ by up to 2—3 MeV for
various nuclides, but the general pattern described by the
Otsuka rule emerges clearly. We note that including
tensor forces allows for describing the local maximum
and minimum in protons and neutron level splittings, re-
spectively. The general scale of the effect is, once again,
better described by the interaction SGII+T. Results of ad-
ditional calculations performed with interactions
SLy4(+T), SGII(+T2), and SAMi(+T) are presented in
Table 3. While SAMi+T with the stronger np-compon-
ent does reproduce qualitatively the maximum of the
7l fr25,2 splitting for ®%Ni, it also severely underestim-

ates said splitting on the entire chain of nickel isotopes,
while SGII and SLy4 appear to give more reasonable val-
ues. Although no experimental data is currently available
for the difference between the neutron v1f;,25,, SPEs in
366878Nj, some few data in 3%3234Nj indicates the de-
crease of the splitting towards %Ni (as seen in Fig. 5),
which also is reproduced with SGII+T2 and SLy4+T. We
suspect this suggests the correct expectation that the isov-
ector part of tensor forces should be prominent and that
the Otsuka rule may indeed work in the opposite way for
np tensor forces and tensor forces between like nucleons.
Notably, the tensor terms in SAMi+T were fitted us-
ing the pseudodata of the neutron-proton drops coming
from relativistic Brueckner-Hartree-Fock (RBHF) calcu-
lations rather than experimental data. The approach of
comparing to meta-data generated within ab initio calcu-
lations allows for narrowing down the constraints on the
possible nuclear density functionals, and has the benefit
of avoiding the particle-vibration coupling which typic-
ally makes it harder to analyze experimental data. In re-
cent works [48—50] employing the RBHF approach, it
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(color online) Splitting of proton (a) and neutron (b) states 1fs5,» —1f7,2 in nickel isotopes. Solid (dashed) lines show calcula-

tions with tensor forces (without considering the tensor forces). For protons, experimental data from [37] and [42—46] are shown with
black and white circles, respectively. For neutrons, experimental data from [41] and [43] are shown with black circles.

Table 3.

Splitting between the proton and neutron 1fs5,, and 1f7/» levels obtained with various Skyrme force parametrizations in

366878 Si. Experimental values from [37, 42] are shown at the end for comparison.

nlfsp—1fi

vifsp—1fip2

Parametrization

56N 68 ;i 8Ni 56N 68 ;i 8Ni

SGII 7.26 6.27 5.67 7.52 6.67 5.92
SGII+T 6.97 8.58 5.24 7.48 4.16 5.94
SGII+T2 8.16 7.21 9.74 6.82 7.98
SLy5 7.77 6.22 6.37 7.97 8.19 6.21
SLy5+T 8.72 7.16 9.58 7.16 7.95
SLy4 8.07 7.08 6.47 8.37 7.53 6.77
SLy4+T 7.65 7.51 9.57 8.22 7.79
SAMi 4.42 4.54 3.54 4.44 5.70 3.26
SAMi+T 4.75 5.90 3.60 4.92 5.80 3.85

exp 7.5£1.6 7.0£1.0 5.5+0.9

was shown that tensor forces in neutron and neutron-pro-
ton drops may work similarly for proton and neutron
states as neutrons are added in the system. This result was
indeed also obtained in [33] where interaction SAMi+T
was originally proposed. As seen from Table 2 and Table
3, SAMi+T often predicts maxima for neutron-level
splittings in cases when minima are obtained with other
forces, and vice versa. The reasons can be traced down to
the central part of the interaction, as the same behavior is
obtained with SAMi without tensor terms. Evidently,
these extremes in 3*Si and ®®Ni are smoothed out for
splittings between neutron states, and become more
prominent for splittings between proton states as tensor
terms are considered, meaning that even here the isov-

ector and np tensor components work in opposite direc-
tions.

Let us consider the effect of tensor forces on the oc-
cupation of single-particle states near the Fermi level. In
the BCS approach, this characteristic depends on the en-
ergy of the single-particle state E,;;:

1 E, -1
== (1= ———ee— ), (8)
2 \/(Enlj—/l)2+A2

where 4 is the chemical potential, and A is the energy
gap. Since accounting for tensor interaction results in a
change in the energies of single-particle states, these
changes should be reflected in the corresponding occupa-
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(color online) Occupation numbers of (a, b) proton and (c, d) neutron single-particle levels near the Fermi surface in silicon

isotopes. Solid (dashed) lines show calculations with tensor forces (without considering the tensor forces). Experimental data [35] are

marked with dots.
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(color online) Occupation numbers of neutron single-particle levels near the Fermi surface in nickel isotopes. Solid (dashed)

lines show calculations with tensor forces (without considering the tensor forces). Experimental data [41] for the 15,2 and 2pi23,2
states and [37] for state 1g9/» are marked with dots.

tion numbers n,;.

The calculated single-particle occupation numbers for

even silicon isotopes are presented in Fig. 6. Both para-
metrizations, SLy5+T and SGII+T, effectively reduce the

effects of nucleon pairing. Pairing correlations of nucle-
ons lead to smearing of the Fermi level, with states above
A, getting partially filled. Accounting for the tensor inter-
action leads to a decrease in this effect: the population of
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the levels with E,;; < A (see Fig. 2) increases. This is most
clearly manifested in calculations for the 34Si isotope,
where in the case of the SGII+T parametrization with a
large tensor component, neutron pairing actually disap-
pears. Using proton states as an example, one can see that
in silicon isotopes, the Fermi level lies between the n1ds,
and nlds;, levels. When the contribution of tensor forces
is considered, the splitting between these states increases;
accordingly, due to moving away from the Fermi level,
the population of subshells with energies above 4, de-
creases. The population of neutron states changes accord-
ing to the same patterns: an increase in the splitting
between the v1f;, and vlds,, levels, between which the
Fermi level passes for nuclei near 3Si, effectively leads
to a decrease in pairing correlations. It is important to
note that the results also strongly depend on the proper-
ties of the central part of the interaction: in the case of
SLy5, the neutron level 2p;, can turn out to be in the
continuum for all neutron-rich isotopes (Fig. 6¢), and in
the case of SGII in the 3#-*2Si isotopes, it is in the poten-
tial well (Fig. 6d). Thus, in the case of SLy5(+T), the ma-
gic core #*Si is closed. As in the case of SPEs, theoretical
calculations do not agree with experimental estimates of
the populations of neutron states. This suggests that other
effects must be considered in addition to tensor forces,
primarily the deformation of nuclides.

We only considered neutron pairing for nickel iso-
topes, as Z =28 is a magic number. Tensor forces result
in much the same phenomenon: nucleons are pushed be-
low the Fermi level, effectively decreasing the pairing
correlations, , as seen from Fig. 7. Here, once again, we
notice the difference in occupation order between neut-
ron states 2p;,, and 1fs,,. This correlates with the order
of these states in Fig. 4, and the correct reproduction of
ordering from experimental data is achieved with SGII
interactions. Admittedly, SGII without the tensor com-
ponent appears to give better results here, which is due to
inconsistencies in the fitting procedure.

IV. CONCLUSION

The structure of even silicon isotopes 2-#?Si and
nickel isotopes **-7Ni was calculated within the frame-
work of the self-consistent Hartree-Fock approach with
the Skyrme interaction. Our task was to analyze the influ-
ence of the tensor interaction component on changes in
single-particle characteristics with an increase in the ex-
cess of neutrons using the example of the SLy5+T and
SGII+T parametrizations, which include tensor forces of
various magnitudes. When Skyrme forces are used, tensor
forces contribute to the J? terms, and thus, their influ-
ence leads to a change in the spin-orbit splitting of single-
particle levels.

Both tensor forces and pair correlations lead to an in-
crease in the binding energy. Consequently, considering

these effects leads to an overestimation of the binding en-
ergy per nucleon of all considered silicon and nickel iso-
topes and the best agreement is obtained for parametriza-
tion SLy5 in the absence of additional effects. In this
case, the SGII+T interaction leads to a particularly strong
overbinding of nuclei, which is associated with the pecu-
liarities of SGII fitting protocol. Thus, it should be recog-
nized that the inclusion of the tensor contribution on top
of the parametrizations previously fitted to various exper-
imental data, strictly speaking, can only be used for test
calculations. For a more accurate quantitative reproduc-
tion of the experimental estimates of the energy charac-
teristics, it is necessary to fit the Skyrme parameters via a
variational procedure affecting both the tensor and cent-
ral parts.

However, accounting for the tensor forces improves
the description of the splitting of various single-particle
levels in neutron-rich even silicon and nickel isotopes.
Changes in the energies of proton single-particle states in
silicon isotopes, and, accordingly, the dependence of the
spin-orbit splitting of the d-states with an increase in the
number of neutrons, are in full accordance with Otsuka
rules: filling the ;. level with neutrons leads to an in-
crease in the spin-orbit splitting between proton levels,
and when j. is filled, this splitting, on the contrary, de-
creases. The results of calculations for neutron states
show that the changes in the spin-orbit splitting of neut-
ron levels are reversed, but the magnitude of the change
is comparable in absolute value. In this case, the depend-
ence of the splitting of d;,, —ds;, levels and sd- and f-
shells on the number of neutrons in silicon isotopes is
qualitatively better reproduced with the SGII+T forces.
For nickel, tensor forces additionally induce several
changes in the ordering of various single particle states,
namely, neutron and proton 2s,,, and 1d;),, as well as the
states of the neutron fp-shell. The general behavior of
the splitting between the proton and neutron f5 — f7)2
states was reproduced with the SGII+T interaction, al-
though the SHF approach appears to be insufficient when
it comes to the energy descriptions of the individual
states.

According to spectroscopic data on neutron-rich silic-
on and nickel isotopes, the splitting between various neut-
ron single-particle states appears to change oppositely to
the proton states along the isotopic chains. This behavior
of neutron state splitting appears to be best reproduced
when interactions SGII+T, SGII+T2, SLy5+T, and
SLy4+T are employed. All of these parametrizations are
indeed characterized by the np and isovector tensor
terms of opposite signs and comparable amplitudes.
Parametrization SAMi+T, on the other hand, predicts
similar behavior of the proton and neutron state splittings,
which is attributed to the peculiarities of its central part.
While the contribution from the isovector component of
tensor forces is noticeably smaller compared to the np
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tensor forces, these two terms still act in the opposite
way, in agreement with other interactions.

Analysis of the populations of both proton and neut-
ron levels near the Fermi surface showed that the inclu-
sion of tensor forces effectively leads to a decrease in
pairing in silicon and nickel isotopes. This effect is re-

lated to the fact that the tensor interaction additionally
pushes the levels closest to 4, , away from the Fermi sur-
face. Such filling is specific, however, for silicon and
nickel isotopes, and in other nuclei one can expect a dif-
ferent kind of interplay between tensor forces and pairing
correlations.
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