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The change of proton and neutron skin thicknesses is investigated in nuclei after o decay. The skin thicknesses
are self-consistently calculated. The observed « decays lead to relatively large decrease of the proton skin in the
daughter nuclei. A large increase of the neutron skin in the daughter nucleus reflects the hindered o decay. This
hindrance is related to the decrease of both the Q, value and the preformation probability in the parent nucleus.
For each isotopic chain, the observed half-lives consistently correlate with the change of the proton (neutron)

skin thickness, from parent to daughter nuclei.
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I. INTRODUCTION

The experimental work on the proton and neutron density
distributions of stable and exotic nuclei is mainly focusing
on the measurement of their root-mean-square (rms) radii and
neutron skin thicknesses [1]. The thickness of the neutron
skin is simply defined by the difference between the neutron
and proton rms radii of a nucleus. The neutron skin could
be assigned to the difference of the equations of state of
the asymmetric nuclear matter [2] inside the nucleus and
on its surface. The neutrons-to-protons ratio increases in the
surface region of a neutron-rich nucleus. There is a correlation
between the neutron skin and the slope of the symmetry energy
[3-5], and consequently with the pressure of neutron matter
at saturation density. The correlation between the neutron
skin thickness in finite nuclei and the reaction mechanism
has been extensively studied. For instance, a correlation was
reported between the neutron skin thickness and the electric
dipole polarizability [6], the isoscalar giant quadrupole [7] and
pygmy [8] resonances, the neutron removal cross section [9],
the nuclear surface polarization [10,11], and the “scissors”
vibrational modes [12] of neutron-rich nuclei. As pointed out,
the barrier and subbarrier fusion cross section can be used to
probe the neutron skin of the interacting nuclei [13,14].

The stability of neutron-rich nuclei is mainly determined
by their ground state properties, like the deformation [15,16],
isospin asymmetry [17,18], and shell effects [19,20]. Other
factors are the spin and parity assignments to the unpaired
nucleon in open shell, as well as the collective vibrational
excitations [21-23]. The differences in these properties from
parent to daughter nuclei in addition to the released energy
define the decay mode. For « decay, the preformation prob-
ability of « cluster, its assaulting frequency, and penetration
probability are also important to define the half-life time T,
[24-27].
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The influences of the neutron skin thickness on the o and
cluster decay processes have been addressed in recent studies
[28-30]. A common conclusion drawn is that it is important to
include the neutron skin thickness in the half-life calculations
of « decays. Its effect comes mainly from the differences
between the proton and neutron density distributions and
its impact on the «-core interaction potential. Although the
neutron skin thickness decreases the barrier for o decay,
it generally reduces the calculated T, indicating a smaller
preformation probability [29]. It has been also related to
the slope of symmetry energy through cluster radioactivity
[28] and the direct proportionality of the slope of symmetry
energy to the neutron skin thickness has been confirmed. The
influence of the proton skin thickness on the decay process
of proton-skinned nuclei has not explicitly investigated yet.
This paper aims to find useful pattern in existing data about
correlations among proton or neutron skin thickness and
a-decay properties. These correlations are primary expected
in the isotopic chains. Toward this goal, we investigated the
change of the neutron (proton) skin thickness from parent to
daughter nuclei and the correlation of this change with the
probability of o decay and 7,. The studied isotopic chains
cover a wide region of the nuclear chart at which the o decays
copiously appear, starting from the trans-tin region and up to
the area of heaviest nuclei. Such a study gives us a confidence in
the generality of the phenomena revealed. The results obtained
are apparently useful for clarifying the stability of yet unknown
exotic nuclei against « decay.

The paper is organized as follows. The theoretical frame-
work of calculating proton- and neutron-skin thickness in the
frame work of the Hartree-Fock-Bogoliubov (HFB) method
is outlined in Sec. II. In Sec. III, the numerical results
are presented and discussed. Finally, a brief summary and
conclusions are given in Sec. IV.

II. THEORETICAL FRAMEWORK

The HFB approach, based on the Skyrme-like effective
interactions, is widely used for describing the ground-state
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properties of finite nuclei [31]. For instance, the binding
energies, nuclear masses, rms charge and matter radii, single-
particle energies, and surface thicknesses are extensively
studied using Skyrme-HFB calculations. In this approach, the
total energy E of a nucleus is obtained by summing the kinetic,
Skyrme, and Coulomb contributions,

E = /d;[Hkin(pp,nsTp,n;;)+HSkyrme(panvtp,me,n;;)

+ Heoul(pp3 1)]- (1

Here, 'H; (i = kin, Skyrme, Coul) represent the energy
density functionals for the mentioned contributions. These
density functionals are defined in terms of the proton (p,) and
neutron (p,) local density distributions, and the corresponding
kinetic and spin-orbit densities [32]. The proton (neutron)
density is given in terms of the single-particle wave functions
¢L(n)(o) and the corresponding occupation numbers n"p(n)
[32,33],

OGEDD |¢;<n>(;v0)’2”;m>' 2

Here, i and o define the orbital and spin quantum numbers,
respectively. The proton (neutron) root-mean-square radius

rms s 3
R, 1s given as

rms __ 2
Ry = (R

)1/2 _ (f"zzxn)/op(n)(;)d;)l/z 3)
[ opoo(r)dr

In momentum (7k) space, the nucleon densities are trans-
formed to the form factors

Foon(k) = 4 /0 dr 2 jokr) pyy(r), 4

where jjy represents the spherical Bessel function of order zero.
The proton (neutron) rms radius can be then obtained from the
curvature of the form factor in the limit of k — 0 [31],

— 3 d2 Fp(n)(k)
pn) Fn(p)(o) dk2

rms

&)

k=0
The neutron skin thickness A, can be determined as the
difference between the neutron and proton rms radii,

A(A,Z) = R™(A,Z) — R;mS(A,Z). 6)

In the framework of the preformed cluster model, the «-
decay half-life can be obtained in terms of the preformation
probability (S, ), the assault frequency (v), and the penetration
probability (P) of the emitted « particle as [24,25]

hln2
T, = .
Sqv P

(N

Based on the Wentzel-Kramers-Brillouin (WKB) approx-
imation, the tunneling assault frequency and the penetration
probability are given, respectively, by

-1

Ry 2#
VZUR, hk(r)dr] ’ ®
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and

R
P = eisz; k(r)dr, (9)

where k(r) = \/2,u|VT(r) — Qul/h*. Q4 and pu and define
the energy released in the decay process and the reduced
mass of the o-daughter nucleus system, respectively. The
classical turning points R;_;3(fm) are defined along the
tunneling path of the « particle by the condition V7 (r)|,—gr, =
Qu. Vr(r) = Vy 4+ Ve + V, represents the total interaction
potential between the o particle and the daughter nucleus.
In the present work, the nuclear (Vy) and Coulomb (V)
parts of the interaction potential are calculated using the
energy density formalism based on the Skyrme-SLy4 nucleon-
nucleon interaction, and the direct and exchange Coulomb
functionals [32]. The centrifugal potential (V) is calculated in
terms of the angular momentum carried by the « particle, in
the unfavored decays. The details of the method of calculation
are given in Refs. [23,24].

III. RESULTS AND DISCUSSION

Alpha decays are rarely observed in light nuclei. The
alpha radioactivity of heavy nuclei starts at Z = 52 (!®Te).
Six tellurium ('®~''%Te), seven iodine (‘*’~!°I), and six
xenon ('9713115%e) isotopes are known to be « emitters
[34,35]. A common feature of these «-emitters and their
daughters is that they have proton skins, A, = R™ — R;™ =
—A, > 0. Figure 1(a) shows the difference between the
proton skin thicknesses of the produced 101-106gy, 103-109gp,
and 1911 Te daughter nuclei and the corresponding skin
thicknesses of the !9~ 110Te, 107-1131 apd 109-113.115% e parent
nuclei, respectively, 8,0 = A,(A —4,Z —-2)— A,(A,Z). In
the same figure we also show §,, for 124-129Nq, 133-139G(, and
148-152yp, isotopes, in which no « emissions were observed.
The performed calculations rely on the HFB approximation
and the energy density functionals Eq. (1) based on the
Skyrme-SLy4 interaction [33], using the computer code in
Ref. [31]. Both the pairing and shell effects are included in
the calculations [33,36]. Figure 1(b) shows the Q,, values [37]
for the isotopes presented in Fig. 1(a). The observed partial
half-lives (7,) of the o emitters in Fig. 1(a) are displayed in
Fig. 1(c).

The calculated proton skin thickness of the
isotopes steadily decreases from A, (1%Te) = 0.075 fm to A P
("°Te) = 0.013 fm. The daughter nuclei (1011065 produced
in the o decays of these isotopes have smaller proton skin
thicknesses, the values of § ,, are relatively large. The relatively
large reduction of the proton skin sickness due to the «-
emission indicates more stable daughter nucleus. As seen
in Figs. 1(a) and 1(c), both the reduction in the proton skin
thicknesses after the o emission and the observed partial
half-lives '®~110Te increase with decreasing their proton skins
(increasing N). The nucleus ' Te has a very thin proton skin
of A, = 0.002 fm and its daughter '’’Sn has instead a neutron
skin of A, =0.012fm. The next ''>~!"Te isotopes have
neutron skins which systematically increase upto A, (!"*Te) =
0.078 fm. The daughter (A-4, Z-2) nuclei '®~"13Sn of these
isotopes exhibit relatively thicker neutron skins ranging

105—110Te
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FIG. 1. (a) The difference between the proton skin thickness
of the 105-110T 1071131 109-113,1155  124-129Nq  133-139G4_ and
148-152yp isotopes, and in their corresponding daughter (A-4, Z-2)
nuclei, 8, = Ap,(A —4,Z —2) — A,(A,Z),as afunction of neutron
number N. (b) The Q, values (in MeV) [37] for the decays of the
isotopes presented in (a). (c) The observed partial half-lives 7, [34]
Of 10571|0Te ]07—]131 and IO9—1]3,]I5Xea emitters.

from A, ("®Sn) = 0.023fm to A, ('*Sn) = 0.093 fm. The
=197 jsotopes presently show no o radioactivity, although
they have Q, > 0.

The !'97-183p (109-113.115x%e)  y-emitters have proton
skin thicknesses A, =0.079 — 0.007fm (A, = 0.082 —
0.011 fm). The corresponding daughter nuclei exhibit smaller
proton skin thicknesses. As seen in Fig. 1(a), the reduction in
the proton skin thicknesses due to the o emission increases
with N (with decreasing A ). For N = 52 — 58, the neutron
sub-shell g7, is occupied in the spherical nucleus. This
subshell is favored over the subshell with smaller orbital
angular momentum in forming the « particle [38,39]. However,
the corresponding Q, values decrease with increasing N
[Fig. 1(b)] and the observed half-lives progressively increase
[Fig. 1(c)]. Whereas the proton skin increases with Z of
isotones, the reduction of the proton skin due to o emissions
decreases [Fig. 1(a)], but remains larger (§,, = —0.013 —
—0.007 fm) than that for nuclei in which the « decay were
not observed. In Fig. 1 we present the results for Nd, Gd, and
Yb which have proton skins and similar Q, values but have
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no observed « decays. The reductions of proton skins in these
nuclei are relatively small with respect to those for the Te,
I, and Xe isotopes mentioned. The Hye (A, =0.022 fm,
0, =2.719MeV) isotope is expected to have an «-decay
mode producing ''°Te (A » = 0.013 fm) daughter nucleus, but
with relatively long partial half-life (7 = 1.916 years). The
total half-life time of ''*Xe is 10 s, due to the fast BT -decay
mode. The isotopes 47120137 and 110-121.138X e which have
positive O, values but do not exhibit « decay, possess neutron
skins of calculated thicknesses up to A, = 0.205fm. The
daughter nuclei !10=116:1338p and 112-117-134Te have relatively
thick neutron skins. So, the « decay is suppressed with respect
to other decay modes.

Just beyond 2¢s and '""™Ba, the « emitters are not
observed [34]. They appear again starting from "“*Nd (T, =
2.29 x 10'5 years). The shortest half-life within this region
is for '8Gd (T, =70.9 years). The o emitters of short
half-lives appear starting from '“*Tb (T, = 4.118 h). The dif-
ferences 6,4,(A,Z) = A,(A—4,Z —2) — A, (A,Z) between
the neutron skin thicknesses of '30713% 143-149N¢ (Qq > 0)
and 1P7143145-152g (Qy > 0) nuclei and their daughter
nuclei in supposed a-decays are presented in Fig. 2(a). The
corresponding Q, values [37] are displayed in Fig. 2(b).
Among the known neodymium '**~'®!Nd isotopes, only in
44Nd the o decay could be observed. Both '“*Nd and its
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FIG. 2. (a) The
A, (A, Z) between the neutron skin thickness in the
(Qy > 0) and 3-131457152g (9 > 0) isotopes and in their
possible daughter (A-4, Z-2) nuclei, as a function of neutron number
N. (b) The Q, values [37] for the decays of the isotopes displayed
in (a).

difference 6,,(A,Z) = A, (A—4,Z —2)—
130-139, 143149\ 4
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daughter 140Ce (N = 82) have neutron skin A, = 0.115fm
(84q = 0). The '**712°Nd isotopes have proton skins of
A, =0.060—0.010fm. The decrease §,, of the proton
skin thickness for their corresponding (A-4, Z-2) nuclei,
120-125Ce, lies between —0.003 and —0.004 fm [Fig. 1(a)]. The
130-139, 143, 145- 149N (Qq > 0) isotopes have neutron skins
with thickness of 0.000-0.165 fm. The corresponding (A-4,
Z-2) nuclei show larger neutron skins, §,, > 0. As shown in
Fig. 2, the values of §,, for these nuclei lie between 0.002
and 0.009 fm. The '3~143145-1528m jsotopes with Q, > 0
have neutron skins 0.003-0.150 fm. Figure 2 shows that
larger Q, and minimal §,,, are linked together. For 1461489
(T, > 6.8 My), the minimal value of §,,, = 0.000 — 0.001 fm
(Fig. 2) correlates with the possibility for observing « decays
of these isotopes. The 135.1369m (8pa = 0.005, Tg+ < 475)
isotopes have Q, values comparable to that of "**~1*8Sm, but
their observed half-lives against 81 decay are short.

Figure 3(a) shows the neutron skin difference §,, versus
the corresponding neutron number for the '4°~133Gd isotopes.
The heavier isotopes of Gd possess negative Q, values. In five
gadolinium isotopes, 148-152GGq, o emission has been observed.
As seen in Fig. 3(a), the « decay of these parent nuclei leads
to a slight increase of the neutron skins in the daughter nuclei
141489 m, 8,4 = 0.000 — 0.003 fm. The increase in the neu-
tron skins of the (A-4, Z-2) nuclei corresponding to the other
140-147. 153-155Gq isotopes exhibits larger values of 8,,. The
Q. values, the estimated «-preformation probabilities, and
the calculated partial half-lives for the '**~1>°Gd isotopes are
presented in Figs. 3(b)-3(d), respectively. The experimental
partial half-lives [34] for the 148-152Gd « emitters are also
displayed in Fig. 3(d). The preformation probability S, in
Fig. 3(c) is estimated with the empirical expression given
in Ref. [40], which accounts for the shell [20] and pairing
[23] effects as well as for the difference of the spin-parity
assignments of the involved nuclei [24]. The estimated T,
deviates from the experimental data within a factor of 2. If
the neutron skins are not taken into account, by considering
the same rms radii for both the neutron and proton density
distributions, the calculated 7, increases by about one order
of magnitude.

Although the nuclei '**-141-142Gd have Q, close to those for
148-152Gd in which the o decays were observed and smaller
neutron number N, the values of §,, for them are relatively
large and o decays are strongly hindered. The calculated T,
for 140.14L.142G5q Fig. 3(d), are much larger than their observed
half-lives against 81 decay, Tg+ = 14 — 70 [34]. Larger Q,
and minimal §,, correlate with minimal 7, for the isotopic
chain in Fig. 3, indicating the isotopes in which « decays can
be easier detect. Comparing the results in Figs. 3(d) and 3(a),
we see that the observed T, are almost proportional to the
change §,, of the neutron skin thickness. The variation of the
displayed half-lives with N is very similar to that of §,,. The
o decay of ¥Gd (N = 84) to '*Sm (N = 82) with §,, =0
yields the shortest half-life of Gd isotopes. So, there is a clear
tendency of the observed o decays to keep the neutron skin
almost unchanged.

The neutron skin difference §,, versus N is displayed in
Fig. 4 for the '¥7~1%°Ho and '*~177Yb [Fig. 4(a)], '%¢~***Po
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FIG. 3. (a) The same as Fig. 2, but for the 140-155Gq isotopes. (b)
The Q, values [37]. (c) The estimated «-preformation probability
(based on Eq. (10) in Ref. [40]). (d) The calculated partial half-lives,
T,, for "9=15Gd. The observed partial half-lives T,, [34] for '8=152Gd
are indicated in (d) by crosses.

[Fig. 4(b)], and 212-241py and 2412600, [Fig. 4(c)] isotopes,
with Q, > 0. As seen, the « decays of 511546 and 153~ 138yDH
result in a slightly larger neutron skin of the daughter nuclei,
8ne = 0.000 — 0.004 fm. Larger changes of the neutron skins,
up to 8,4 = 0.012fm, are obtained for 47~130-155-166 4 and
159=177yb, in which the & emission is much less probable. The
main conclusion arising from the results presented in Fig. 4(a)
is that the o decays are preferably accompanied with relative
small increase of the neutron skins in daughter nuclei.

All the known isotopes 186-227p, 212-241pg gapd 241 —200Fm
are neutron skinned. As shown in Figs. 4(b) and 4(c), the
daughter nuclei after the o decays of 186-218p,  212-231py
and **'~2’Fm show §8,, = 0.003 — 0.010 fm. The (A-4, Z-2)
nuclei corresponding to other 119-224p, (Qy > 0), 232-241py
and 2°8~20Fm isotopes exhibit larger increases of their neutron
skin thicknesses, up to §,, = 0.014 fm. In these nuclei, the «
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FIG. 4. The same as Fig. 2, but for (a) 147-166 6 and 13-177YD, (b)
186=224pg and (c) 2'*2*'Pa and "' ~2°Fm isotopes. (d) The observed
partial half-lives T, [34] of 22-231pg and **'~%’Fm -emitters, and
the calculated 7, for the 227*!Pa and **"?°Fm nuclei, which have
no « emission observed.

emission is relatively hindered. Upon the analysis of the results
presented in Figs. 2, 3, and 4, we conclude that the o emission
process favors to produce a daughter nucleus exhibiting
smallest possible change in its neutron skin thicknesses. The
increase of the neutron skin after the o decay would indicate
more unstable daughter nucleus. So, this « decay seems to
be hindered because the nuclear decay preferably leads to
more stable nucleus.

Figure 4(d) displays the experimental partial half-lives
of the Pa and Fm « emitters presented in Fig. 4(c), and
the calculated partial half-lives of their isotopes having no
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a-decays observed. The measured half-lives of the 2'>~2*'Pa

range from 53 ns to 3.3 x 10* years, while those of **!~2"Fm
range from 0.254 s to 100.5 days. Comparing Figs. 4(d)
and 4(c), one can clearly see that the half-lives follow to a
good extent the changes of the neutron skin thickness. The
o decay of 29pa (N = 128) exhibits the minimum §,, and
the shortest 7,,. The calculated 7,, of the 232~2*'pa isotopes
[Fig. 4(d)] are extremely larger than their observed total
half-lives, which lie between 77/, = 2.27 min and 1.32 days.
Almost constant change of the neutron skin thickness in
the o decays of >*'=2’Fm is reflected in the narrow range
of the half-lives observed. The calculated 7, of 2%2Fm
isotopes are much larger than their detected total half-lives,
T1/2 = 370/,LS —1.5s.

IV. CONCLUSIONS

We found that the decays of the proton-skinned « emitters
preferably proceed to yield significant decrease in the proton
skins of their daughter nuclei. The reduction in the proton
skin thicknesses due to the o emission from parent isotopes
increases with N (with decreasing their proton skins). The
o decay process exhibits very least increase of neutron skin
thickness in the produced daughter nuclei, with respect to
that of the parent ones. Both the large increase of the
neutron skin difference and the slight decrease of the proton
skin difference indicate the hindrance of the o decay. This
hindrance is reflected in a decrease of both the Q, value and
the a-preformation probability, and very long half-life 7,,. For
the isotopic chain, the curve pattern of T, and that of the
change of the neutron skin thickness are highly analogous to
each other. The values of 7, follow the change of the proton
skin thickness. The indicated correlation between T, and the
change of the neutron (proton) skin thickness can be helpful
in the study of neutron (proton) skins of radioactive nuclei.
It also offers a straightforward method to predict the shorter
half-lives against o decays for unknown heaviest nuclei by
calculating their proton and neutron densities profiles. Some
important estimates of the «-decay characteristics can be
obtained without the calculations of interaction potential and
preformation factor, but rather calculating only the proton and
neutron density profiles if the correlations between them and o
decays are established in the isotopic chain. This might trigger
further studies of nuclear properties with the self-consistent
microscopic methods, which is of great importance for new
radioactive beam facilities.
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