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Abstract—The surface tension coefficients o of even—even nuclei with 10 < A < 212 were estimated by
using their dependence on the nuclear rigidity. The values of the nuclear rigidity were calculated based on
the data on the mean squared deformation of nuclei. The correlation of the values of o with the structure of
the neutron and proton subshells was investigated. The connection of the surface tension with the nuclear

deformation was revealed.

Keywords: surface tension, shell structure, nuclear rigidity, surface tension in nuclei.

DOI: 10.3103/50027134920050136

INTRODUCTION

An important role of surface tension in nuclei in
forming their properties was shown at the dawn of
nuclear physics during the creation of the liquid drop
model of the nucleus [1]. Despite the fact that the
connection between the surface tension and Coulomb
interaction of nucleons with the shape of nuclei has
been established, the quantitative estimation of the
properties of the nuclear surface is one of the relevant
problems of nuclear physics.

N. Bohrand his collaborators revealed the connec-
tion between the surface tension coefficient of atomic
nuclei and their rigidity [2, 3], i.e., the characteristic
that determines the collective oscillations of nuclei.
The collective quadruple oscillations of the surface of
even—even nuclei is the principal mode of excitation of
these nuclei at low energies. The collective quadruple
oscillations of nuclei are responsible for the formation
of the lower excited states of even—even nuclei; in this
case, the potential energy of collective oscillations of
such nuclei is a function of the nucleus rigidity.

The following relationship occurs between the
rigidity C' of an even—even nucleus with respect to
quadruple oscillations and the value of its surface
tension coefficient [3]:
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In the theory of collective oscillations (see, for
instance, [4]), the relationship between the rigidity C
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in the ground state and the energy of the lowest 2%
level of an even—even nucleus and its mean squared
deformation 3 is proved to be:
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In review [5], the results of a series of experimental
and theoretical studies are presented; the aim of these
studies was to determine the mean squared deforma-
tion of nuclei g in the ground states. (The evaluation
is possible owing to the fact that there is a relation
between the probability of transitions 2+ — 0% and
this quantity.) In [6] the references are given to the
refined results for the probability of transitions 2+ —
0t.

These data have allowed calculation of the rigidi-
ties of even—even nuclei [7]. These results demon-
strated the strong dependence of the values of C' on
the shell structure of nucleus.

C =

The connection between the rigidity and surface
tension has made it possible to estimate the surface
tension coefficients o for the majority of even—even
nuclei [8]. The data [9, 10] on the radii of nuclei were
used in the calculations.

The results obtained in [8] revealed that the val-
ues of o are very different: they range from o ~
0.8—1.1 MeV/im? for deformed nuclei up to o ~
30 MeV/im? for even isotopes of lead.

This study is devoted to investigation of the influ-

ence of the shell structure on the surface tension of
even—even nuclei.
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Table 1. The surface tension coefficients o (MeV/im?) of nuclei with (12 < A < 40)

A 12 14 16 18 20 22 24 26
Z 6 6 8 8 10 10 12 12
N 6 8 8 10 10 12 12 14
o 14 55 47 14 03 04 04

What factors determine the degree of accuracy
of the performed estimations of the surface tension
coefficients? Since the estimations of o are performed
based on calculations of the rigidities of nuclei with
respect to the quadruple collective oscillations, which,
in their turn, are based on the results of calculations
of the values of the mean squared deformations 3, the
accuracy of the values of o presented above cannot be
higher than the accuracy of the estimations of 3 5, 6].

The second significant factor that influences the
accuracy of estimation of the surface tension coeffi-
cients of nuclei is the necessity of using experimental
data on the radii of nuclei. The relationship between
the surface tension and rigidity in formula (1) in-
volves the radius of the nucleus as a characteristic
of the spatial distribution of nucleons. The problem
of the comparative quantities of the neutron and pro-
ton distributions in nuclei has been discussed in the
scientific literature (see, for example, [11—13]). In
particular, the relationship between the exceedance
of the neutron radius over the proton radius and the
parameters of the so-called “pygmy” resonance [14]
is of great interest. However, the mass distribution is
known for a small number of nuclei; therefore, in the
calculations discussed in this study the charge radii of
nuclei are used if necessary.

Last, the estimates presented in this paper are
based on the connection between the surface tension
and the rigidity of nuclei; here, the calculation of
rigidities was carried out only for quadruple oscilla-
tions of the surface of nuclei. Despite the fact that
these oscillations are dominant in the collective ex-
citations [4], the collective oscillations of other types
may also cause effects on the properties of the nuclear
surface.

These factors make it possible to estimate that
the accuracy of calculations of the surface tension
coefficients of even—even nuclei is not higher than
15—20%.

I. THE SURFACE TENSION IN NUCLEI
WITH 12 < A <40

The results of estimation of the surface tension
coefficients in light nuclei with the nucleon number
A < 40 are presented in Table 1.
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14 16 16 18 20 18 20 22
09 16 16 22 69 19 47 15

The calculations of the surface tension coefficients
o [7] of even—even nuclei have shown a dominant
role of the filling of neutron shells and subshells in
formation of high values of o. For example, adding
a neutron pair to the “magic” nucleus 60 leads to a
significant decrease in the surface tension coefficient.
However, the analysis of the situation with light nu-
clei (Table 1) points to a more complicated character
of this dependence. Adding a pair of neutrons to the
nucleus '2C results in a sharp increase in o in the 14C
nucleus; here, the surface tension coefficient in this
nucleus exceeds its value in the double “magic” 6O
nucleus.

Low values of the surface tension coefficients are
characteristic of the atomic nuclei deformed in the
ground state. (?°Ne, 22Ne, and 2*Mg are deformed
nuclei, which is proved by the presence of rotational
bands in their spectra). It should be noted that the-
oretical calculations of excited states, for example,
the giant dipole resonance in such nuclei, can be
successful only provided that the real structure of
the ground states of nuclei is considered. Such a
consideration can be performed when constructing
the basic configurations of the problem based on the
information on the experimental “hole” state distribu-
tion, which is realized in the “particle—final nucleus
state” theoretical approach [15, 16]. Since the state
distribution of nucleus (A-1) in the nucleon pickup
reaction contains information on the real shape of
the target nucleus, the use of this spectroscopy when
constructing the basic configurations of the problem
on resonance excitations of nucleus have made it
possible, in particular, to obtain a realistic picture of
the cross sections of excitation of the deformed Mg
nucleus [17, 18].

Adding a pair of neutrons to the nucleus ?*Si
significantly increases the surface tension coefficient
(Table 1). This effect may be a consequence of the
fact that the surface of the nucleus 3°Si is formed by
two completely filled (1d5/2)6(28)2 neutron subshells.
The calculations of the isovector dipole excitations
in the nuclei 28Si and 3°Si [19], based on the use of
spectroscopy of the direct neutron pickup reactions,
have shown that a satisfactory description of the gi-

ant resonances in the nucleus 28Si is reached based
on the assumption that the shape of this nucleus is
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Table 2. The surface tension coefficients o (MeV/im?) of nuclei with (40 < A < 66)

A 40 42 44 46 48 46 48
Z 20 20 20 20 20 22 22
N 20 22 24 26 28 24 26
c 137 16 12 33 179 0.8 1.0

deformed, i.e., not spherical. The resonance excita-
tions of this nucleus is significantly influenced by the
deformation of its shape from a sphere, which is a
consequences of a relatively low value of o.

2. THE SURFACE TENSION IN THE NUCLEI
WITH 40 < A <66

The influence of the shell structure on the surface
tension is the most pronounced in the even isotopes of
calcium. Comparison of the values obtained with the
shell structure of the investigated even—even nuclei
has revealed a dominant effect of the structure of
neutron shells on the surface tension of the nucleus
(Table 2 and Fig. 1).

For even—even isotopes of calcium, the sur-
face tension coefficients are maximum for the 4°Ca
and 48Ca nuclei.

Subsequent adding of neutron pairs (1f7/2)2

to #2Ca, **Ca, and *5Ca leads to lower values of
o than that of the “double magic” 4°Ca nucleus;
here, simultaneously the value of parameter ry de-
creases. Filling of neutron subshells (1ds/2)*(1f7/2)®
in Ca implies the maximum value of o for all
investigated nuclei except for two even isotopes of
lead. The parameter rg riches its minimum in the
48Ca nucleus.

Since the nucleon density of nuclei is inversely
proportional to the third degree of the parameter ry =

2
o, MeV/fm ® o 1o, fm
16 + 41.04
14 + 7
12k 11.00
10 - i
8t | | | | —||_ 1096
40 42 44 46 48 A

Fig. 1. The values of o and r¢ for isotopes of Ca.
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Ry A~1/3 a decrease in its values corresponds to
compression of the proton component of the nuclear
matter. The correlation of the high values of rigidity
and the minima in the charge density distribution in
the atomic nucleus is a consequence of the influence
of the surface tension on the shape and sizes of the
nucleus. Anincrease in the surface tension coefficient
leads to an increase in the pressure p to the sphere
with the radius R, which is described by the “clas-
sical” Laplace formula p = 20/ R. An increase in the
surface tension and an increase in the pressure on the
nucleus related to it, despite the weak compressibility
of nuclear matter, leads to the minimum values of
parameter rq for charge radii; i.e., to compression of
the proton component of nuclear matter.

The estimations of the surface tension coeffi-
cients in even isotopes of titanium have shown that
adding of a proton pair to the neutron structure
(1d3/2)4(1f7/2)” of the double “magic” *®Ca nucleus

abruptly reduces the values of o: o(°°Ti) /o (*¥Ca) ~
0.17 (Table 2 and Figs. 1, 2).

The distribution of the surface tension coefficients
in the even isotopes of the nuclei of Cr, Fe, Ni, and Zn
is shown in Fig. 3. The maxima of o correspond to the
“magic” numbers of neutrons N = 28 and NV = 40. It
is also seen in Fig. 3 that there is an influence of the
filling of proton shells and subshells on the value of
surface tension.

1o, fm
o, MeV/fm? ®
Ti
i 111
oL
11.0
v o+ %
° +
0 1 1 1 1 ]
44 46 48 50 A

Fig. 2. The values of o and ro for isotopes of Ti.
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Fig. 3. The coefficients o for isotopes of Cr, Fe, Ni,
and Zn.

3. THE SURFACE TENSIONS
IN NUCLEI WITH 68 < A < 96

An interesting example of the influence of the
filling of neutron shells on surface tension is even
isotopes of zirconium (Fig. 4, Table 3).

The 2°Zr nucleus with a filled neutron subshell
(1gg/2)'? has a value of o approximately by 5 times

higher than that of the 88Zr nucleus and approx-
imately by 3 times higher than that of the 92Zr
nucleus with the surface-neutron configuration
(199/2)10(2d5/2)2. However, the surface tension of
the %Zr nucleus with closed neutron configura-
tions (199/2)10(2d5/2)6 proves to be close to o of the
“double magic” ?°Zr nucleus. (The closeness of the
properties of “Zr and those of “magic” nuclei was
pointed out for the first time in [19].) The minimum
values of parameter r( are also characteristic of the
07r and 9 Zr isotopes with the maximum values of o

(Fig. 4).

4. THE SURFACE TENSION
IN NUCLEI WITH 96 < A <150

The results of calculations of the surface tension
coefficients in the nuclei with the number of nucleons
96 < A < 150 are shown in Tables 4 and 5.

[t is characteristic for the nuclei of this group to
have relatively moderate fluctuations of the surface
tension coefficient within the limits of four isotopes of
one chemical element. For example, for tin (Z = 50),
the variations of the values of o for isotopes with the
number of neutrons N = 66—72 do not exceed 2.5%.
The variations of the surface tension are relatively
moderate also in the even isotopes of molybdenum
(Z = 42) and tellurium (Z = 52), as well as in some
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Fig. 4. The coefficients o and the values of o for the even
isotopes of Zr.

other elements. A peculiarity of such elements is a
large number of stable isotopes; for instance, tin (Z =
50) has 10 stable isotopes. The maximum values
of ¢ in the nuclei belonging to the group with 96 <
A < 150 are reached in barium (3®Ba) and cerium
(140Ce), i.e., in the nuclei with a “magic” number of
neutrons N = 82.

5. THE SURFACE TENSION
IN NUCLEI WITH 152 < A <182

This group of even—even nuclei differs from the
nuclei above by low values of surface tension co-
efficients; here, for the nuclei with Z = 64—72, the
variations of o do not exceed 20%. A feature of the
excitation spectra of these nuclei is their well pro-
nounced rotational bands; the measurements of the
quadruple moments for the odd isotopes of this group
also point out to a high level of deformations.

6. THE SURFACE TENSION
IN NUCLEI WITH 184 < A <210

For the nuclei with the number of nucleons
from 182 to 194, the surface tension coefficient
monotonously grows with growing A. In the even
isotopes of mercury, the growth rate of o with
adding of a pair of neutrons increases and reaches
3.3 MeV/im? for the 2°4Hg isotope. It should be
noted that the estimations of parameter ry of the
isotopes of mercury have shown that it decreases as
the number of neutrons grows (Fig. 5).

The most pronounced influence of the shell struc-
ture on the surface tension of heavy stable nuclei
manifests itself in the isotopes of mercury and lead:
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Table 3. The surface tension coefficients o (MeV/im?) of nuclei with 68 < A < 96

A 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96
Z 30 32 32 32 34 34 34 36 36 36 38 40 40 40 40
N 38 38 40 42 42 44 46 46 48 50 50 50 52 54 56
o 1.5 1.3 08 08 08 09 1.0 1.3 40 26 53 10 37 44 97
Table 4. The surface tension coefficients o (MeV/im?) of nuclei with 96 < A < 122
A 96 98 100 102 104 106 108 110 112 114 116 118 120 122
Z 42 42 42 44 44 46 46 48 48 48 50 50 50 50
N 54 56 58 58 60 60 62 62 64 66 66 68 70 72
o 1.6 1.6 1.0 1.0 0.9 1.2 1.1 1.6 3.3 1.4 3.9 3.8 3.8 3.9
Table 5. The surface tension coefficients o (MeV/im?) of nuclei with 124 < A < 150
A 124 126 128 130 132 134 136 138 140 142 144 146 148 150
Z 50 52 52 52 54 56 56 56 58 58 60 60 62 62
N 74 74 76 78 78 78 80 82 82 84 84 86 86 88
o 4.4 1.7 2.0 2.5 1.8 1.6 2.3 5.3 5.1 2.0 2.2 1.5 5.9 1.2
Table 6. The surface tension coefficients o (MeV/fmz) of nuclei with 152 < A < 182
A 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180 182
Z 62 62 64 64 66 66 66 68 68 68 70 70 72 72 72 74
N 9 92 92 94 94 96 98 98 100 102 102 102 104 106 108 108
c 1O 1O 1.1 10 1.1 11 1.1 112 112 1.1 115 L14 12 12 12 13
Table 7. The surface tension coefficients o (MeV/im?) of nuclei with 184 < A < 210
A 184 186 188 190 192 194 196 198 200 202 204 204 206 208 210
zZ 74 74 76 76 78 78 80 80 80 80 80 82 82 82 82
N 110 112 112 114 114 116 116 118 120 122 124 122 124 126 128
c 13 13 14 14 15 16 18 21 22 27 33 113 175 287 339
the surface tension coefficient o increases more then CONCLUSIONS

by three times in the case of adding a pair of protons
(35)2 to the 2%*Hg nucleus and formation of a “magic”
number of protons 82. The filling of a neutron shell of
lead up to N = 126 results in a still sharper growth of
o (Fig. 6).

[t follows from the presented tables of the surface
tension coefficients of even—even atomic nuclei that
the maximum values of o belong, as expected, to the

double “magic” nuclei: 4°Ca, *8Ca, °Zr, and 2%*Pb.
However, a relatively low value of o for 10 and, in
addition, the fact that the surface tension of the 1#C
nucleus exceeds o(*60) (Table 1) were unexpected.

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol.75 No.5 2020
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Fig. 5. The coefficients o and the values of r¢ for the even
isotopes of Hg.
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Fig. 6. The coefficients o and parameters 7o for isotopes
of Pb.

The largest values of the surface tension coeffi-
cients for other even—even nuclei with numbers of nu-
cleons close to each other are characteristic of those
nuclei with the “magic” numbers of protons whose
shell structure corresponds to two subsequently filled
neutron subshells. These are #Ca, %5Zr, and, espe-
cially, 21°Pb. The particular properties of such nuclei
are related to their so-called “neutron skin” [13, 14].

Adding a pair of neutrons to the structure of a
“nonmagic” even—even nucleus leads, as a rule, to an
increase in the surface tension and formation of a shell
closed with respect to neutrons. Such a situation is
characteristic of the following pairs: 36 Arjg—3%Aryg,
48T126—50T128, 34518—36520, and 1368380—138]3882.
However, the surface tension increases when adding
a pair of neutrons in other cases as well, for ex-
ample, for 82KI‘46—84K1‘48, 110Cd62—112Cd64. A
subsequent increase in the coefficient o occurs also
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when adding neutron pairs in the tellurium isotopes
126Te74—128Te76—130Te78 (Table 5)

Adding of a pair of neutrons to a subshell that is
closed with respect to neutrons leads, as a rule, to an
decrease in coefficient 0. Examples of such cases are
the following pairs:

1 1 4 4 42
605—18019, 38Argg—19Argy, 40Cag—*2Casy,
90 ZF50 _92 Zr52 140 C682 _ 142 C684

, .

Adding a pair of protons to a nucleus with a
“magic” number of protons also leads to a decrease in
the surface tension coefficient. This result is obtained
by comparing coefficients ¢ in the nuclei *O—2Ne,
48Ca—%0Ti, 0 Zr—22Mo, % Zr—%Mo.

[f adding a pair of protons to a nucleus leads to for-
mation of a subshell closed with respect to protons, as
a rule, the coefficient ¢ exhibits considerable growth:
o(**Fe) < o(°ONi). If adding a pair of protons forms
a “double magic” nucleus, the growth of surface
tension is especially significant. Such conclusions
are made based on comparison of the surface tension
coefficient in the nuclei 23 Ar—%0Ca, 88 Sr—97Zr.

The sharpest increase in o (by more than by
5 times!) as a result of adding of a pair of protons
occurs for the nuclei 24Hg—2%Pb,

The tendencies above in the change in the surface
tension coefficients when adding a pair of neutrons
or protons are valid in most cases; however, they are
not absolute! Exceptions to this rule are of particular
interest.

As an example, adding a pair of neutrons to the
0Ge nucleus with formation of ™Ge, i.e., a nucleus
with a “magic” number of neutrons N = 40, is ac-
companied by a decrease in the surface tension coef-
ficient (Table 3).

The most paradoxical fact revealed in the investi-
gation of surface tension in the even—even nuclei is
the situation with the lightest nuclei: adding a pair of
protons to the nucleus of MC with ¢ = 5.5 MeV/im?
leads to a double “magic” O nucleus with a signifi-

cantly lower value of the surface tension coefficient o
(Table 1).

An appropriate interpretation of the peculiarities
of the changes in the surface tension coefficients in
the process of filling nuclear shells requires a deeper
study of the nucleon—nucleon and nucleon—cluster
interactions.
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