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nuclear structure properties®

Leng-Jun Liao (BER)!

'School of Nuclear Science and Technology, University of South China, Hengyang 421001, China
*National Exemplary Base for International Sci & Tech. Collaboration of Nuclear Energy and Nuclear Safety,
University of South China, Hengyang 421001, China
3*Cooperative Innovation Center for Nuclear Fuel Cycle Technology & Equipment, University of South China, Hengyang 421001, China
“*Key Laboratory of Low Dimensional Quantum Structures and Quantum Control, Hunan Normal University, Changsha 410081, China
*Key Laboratory of Advanced Nuclear Energy Design and Safety, Ministry of Education, Hengyang 421001, China

Xiao-Hua Li (Z/]Nif) 23451

Abstract: In the present work, we investigate the effect of ultra-intense laser fields on cluster radioactivity from a
nuclear-structure perspective. Specifically, we examine the relationship between the maximum instantaneous rate of
change of the penetration probability and the proton number of the emitted cluster. Subsequently, based on the char-
acteristics of cluster-radioactive nuclei, we investigate the correlation between the rate of change of the penetration
probability and the neutron number of the daughter nuclei for the emission of *C from Ra, 2°0 from Th, »F from
Pa, #Ne from U, Mg from Pu, and **Si from Cm isotopes. The results demonstrate that shell effects contribute to
the rate of change of the penetration probability. Notably, the influence of the neutron shell effect on this rate dimin-
ishes as the number of valence protons increases. In addition, the rate of change exhibits an overall linear increase
with the quadrupole deformation parameter of the parent nucleus. Finally, the effect of odd-even staggering on laser-
assisted cluster radioactivity is revealed. This research provides valuable insights for future laser-nuclear physics ex-
periments.
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[2]. It was subsequently confirmed experimentally by
Rose et al. in 1984 [3], after which it rapidly became an
active research area in nuclear physics [4—13].

In recent years, breakthroughs in high-intensity laser
technology have opened entirely new avenues for the

I. INTRODUCTION

The field of nuclear physics originated with Henri
Becquerel's seminal discovery of natural radioactivity in
1896. Since then, scientists have experimentally observed

various radioactive decay modes, among which alpha de-
cay and spontaneous fission are the two primary modes
for heavy and superheavy unstable nuclei [1]. Bridging
these two regimes is a unique phenomenon known as
cluster radioactivity. This process involves the spontan-
eous emission, from an unstable heavy or superheavy
nucleus, of a cluster particle that is heavier than an «
particle but lighter than the fragments produced in spon-
taneous fission. This exotic radioactive decay mode was
first theoretically proposed by Sandulescu et al. in 1980
based on the Super-Asymmetric Fission Model (SAFM)

study of cluster radioactivity [14—17]. For instance, driv-
en by the chirped-pulse amplification (CPA) technique,
peak laser intensity has reached 10> W/cm?[16]. Concur-
rently, X-ray Free Electron Lasers (XFELs) can now gen-
erate coherent light with photon energies up to 20 keV,
thereby covering the low-lying excited states of some
atomic nuclei [17]. Research on laser-assisted cluster ra-
dioactivity is important, largely because of its potential
application in the purification of radioactive nuclear
waste.

For cluster radioactive nuclides in the trans-lead re-
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gion, the daughter nuclei are typically the doubly magic
nucleus 2%Pb and its neighboring nuclei [18—20]. The
dominance of the doubly magic structure in heavier frag-
ments reveals the influence of shell effects on cluster ra-
dioactivity. Given the correlation between the n-p interac-
tion and shell effects [8], this suggests a dependence of
cluster radioactivity on the n-p interaction. Furthermore,
nucleon pairing correlations induce odd-even staggering,
which significantly affects cluster radioactivity [21].
Therefore, an in-depth exploration of the influence of
nuclear structure information, such as shell effects, the n-
p interaction, and odd-even staggering, on laser-assisted
cluster radioactivity is important for understanding laser-
nuclear interactions. Moreover, this provides a new per-
spective for future experiments in laser-nuclear physics.

In this work, we present a quantitative investigation
of how extreme laser fields affect the penetration probab-
ility of cluster radioactivity. Nuclear deformation is in-
corporated to ensure accuracy, as the electric dipole term
depends on the angle between the direction of the laser
field and that of cluster emission. The results indicate that
extreme laser fields attainable in the near future can
slightly modify the penetration probability of cluster ra-
dioactivity. We then discuss in detail the effects of shell
effects and parity staggering on the maximum instantan-
eous rate of change of the penetration probability. Not-
ably, we reveal that the neutron shell effect on this rate
gradually weakens as the number of valence protons in-
creases. Additionally, the overall rate of change exhibits a
linear increase with the quadrupole deformation paramet-
er of the parent nucleus. Finally, we examine the correla-
tion between the rate of change of the penetration probab-
ility and the decay energy for various parent nuclei emit-
ting the same cluster. We find that shell effects play a sig-
nificant role, manifesting as two distinct inverse trends
with different slopes.

This paper is organized as follows. The theoretical
framework for calculating the cluster radioactivity half-
life in extreme laser fields and the laser-nucleus interac-
tion are presented in Sec. II. Detailed calculation results
and discussion are provided in Sec. III. A brief summary
is given in Sec. IV.

II. THEORETICAL FRAMEWORK

The half-life of cluster radioactivity is expressed as
[22]

In2
T1/2= 7, (1)

where 1 is the decay constant for cluster emission, which
depends on the assault frequency v, the penetration prob-
ability P, and the cluster radioactivity preformation prob-
ability P.. It is given by the following equation [23],

A=vPP,. 2

Here, the cluster preformation probability P, is calcu-
lated using an empirical formula proposed by Santhosh et
al. [22], and it can be written as

Pc — louZL-Z(ﬁ—b’ (3)

where Z. and Z, represent the proton numbers of the
emitted cluster and daughter nucleus, respectively. The
adjustable parameters a=—0.01555 and 5=3.22940 are

2E,
taken from Ref. [24]. v = % = in Eq. (2) denotes the

number of collective assaults per unit time by the emitted
cluster on the potential barrier. 7 denotes the reduced
Planck constant. E, is the vibrational energy of the emit-
ted cluster inside the barrier, which is evaluated using the
following semi-empirical formula [25],

4-A,
E, = 0{0.056+0.039exp(— <)) ford>4. (&)

Here, A. and 4 denote the mass numbers of the emitted
cluster and the parent nucleus, respectively. Q. is the de-
cay energy associated with cluster radioactivity and can
be expressed as

Q. =B(A.,Z)+ B(As, Zy) - B(A, Z), )

where B(A.,Z.), B(A4,Z,), and B(A,Z) are the binding en-
ergies of the emitted cluster, daughter nucleus, and par-
ent nucleus, respectively. They are taken from AME2020
[26] and NUBASE2020 [27]. A; and Z are, respectively,
the mass number of the daughter nucleus and the proton
number of the parent nucleus.

Since the daughter nucleus in cluster radioactivity is
usually the doubly magic nucleus 2°*Pb or a nucleus near
it, and thus exhibits a spherical or near-spherical shape
[28], we consider only the effect of the deformation of the
emitted cluster in the present work. The total penetration
probability P is obtained by averaging P, over all direc-
tions. They are given as [24]

1 T
P= 7/ P,sinede, (6)
2 Jo

2.2 Rout
P‘P = exp |:_h/l / V(r’ ®, f, 0) - Qt‘dr > (7)
Rin

where ¢ is the orientation angle of the symmetry axis of
the deformed cluster. @ is the angle between the vector r
and the vector &(). r is the vector between the centers of
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the emitted cluster and the daughter nucleus. &(¢) is re-

lated to the laser-nucleus interaction, which will be
MM,

M;+ M.,
the reduced mass of the emitted cluster-daughter nucleus

described in more detail below. u = represents

system, with M. and M, being the masses of the emitted
cluster and daughter nucleus, respectively. R;, =
C.+C, [29] is the saddle point for the touching configur-

b2
ation, with Ci:Ri(l ) (i=c,d) being the

R?
Stissmanncentral radii [30] of the daughter nucleus and
the emittedcluster. The diffuseness parameter of the nuc-

lear surface, b =1 fm, is taken from Ref. [31]. The sharp
radius R; can be defined as [32]

R =128A!"-0.76+0.8A;"". (®)

Row 1n Eq. (7) is the outer turning point of the barrier, de-
termined by the condition V(r,¢,t,0) = Q.[33]. Here,
V(r,¢,t,0) denotes the total interaction potential between
the emitted cluster and the daughter nucleus. It can be
written as

V(r’¢’t’9) = VN(r’QD)-i_ VC(F’QD)-'_ Vl(r)+ Vl(r’t99)’ (9)

where Vy(r,¢), Vc(r,¢), and V,(r) denote the nuclear,
Coulomb, and centrifugal potentials, respectively.
Vi(r,t,0) represents the interaction of the laser field with
the decay system, and a more detailed description of this
interaction is provided below.

In this work, the nuclear potential Vy(r,¢) is chosen
in the conventional Woods-Saxon form [34], accounting
for the axially symmetric deformation of the emitted
cluster, and is given as

Vo
Vn(r,@) = r—R(go)} )
a

(10)

1+exp {
with

R(p)=-13T+rs+r, [1 +B2Y20() + BaYao(@) +ﬁ6Y6()(¢)} .
1)

Here, B3,, B4, and B correspond to the quadrupole, hexa-
decapole, and hexacontatetrapole deformation coeffi-
cients of the emitted cluster, respectively. They are ob-
tained from FRDM2012 [35]. Y;,.(¢) is the spherical har-
monics function. r; = 1.27A,-” 3 (i = ¢,d) denotes the nucle-
ar charge radii. The potential depth V;, and diffuseness a
are parameterized as [34]

1/3 41/3
Vo= 41601 -0+ LI s S (12)

a=05+0.331, (13)

i—Z
A;
excess of the emitted cluster or daughter nucleus, and N;
(i = ¢,d) is the neutron number of the corresponding nuc-
leus.
The deformed Coulomb potential V¢(r,¢) in Eq. (9) is
given by [36, 37]

where I; = (i =c,d) denotes the relative neutron

ZCZdez > 1
+3Z.7,
r a¢ XA: 2A+1

R 4
By |1+ 2800 (1)

VC(”a‘P) =

X

The centrifugal potential V(r) is expressed in the Langer-
modified form, since the replacement [(I+1)—
(I+1/2)* is a necessary correction for one-dimensional
problems [23]. It can be written as

(15)

Here, [ denotes the orbital angular momentum carried by
the emitted cluster, and its value is determined from the
spin-parity conservation rule, which can be expressed as
[38]

A for even A; and m = 7y,
Ai+1 foreven A;and m # 7y,
1= ™ ! ¢ (16)
A for odd A; and 7 # 7y,
A;+1  forodd A;and 7 = ny,

where A; =j—ja—Jjl. J, @ ja, 74, jo, and m. denote the
spin and parity values of the parent nucleus, daughter
nucleus, and emitted cluster, respectively. These values
are taken from NUBASE2020 [27].

Since the emitted cluster, with a kinetic energy of
only tens of MeV, moves much more slowly than light in
vacuum, the laser electric field has a stronger influence
on the emitted cluster than the laser magnetic field. Thus,
the magnetic component of the laser field can be neg-
lected. Therefore, this work considers only the influence
of the laser electric field. The effect of the laser field on
the nucleus is determined by the electric-dipole term,
which can be written as
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Vi(r,t,0) = =Z.gr- &(t) = —Z.gre(t) coso, (17)

where Z.¢ = (Z.Ay—Z4A.)/A is the effective charge for re-
lative motion. This effective charge describes the tend-
ency of the laser electric field to separate the emitted
cluster from the daughter nucleus[39]. The laser electric
field &(r) is chosen to be a linearly polarized Gaussian
plane wave. It can be given by [39]

&(t) = gy f(t) sin(wt). (18)

Here, @ represents the angular frequency. & [MV-
fm '] = 27.44x 107"°(I, [W- ecm2])"? is the peak laser
electric field, which is related to the peak laser intensity
o [40]. f(®) = exp(—*/7%) describes the temporal profile
of the Gaussian pulse envelope. 7 = xT) is the pulse width
of the envelope, with T, denoting the pulse period.

In the context of the interaction between laser electric
fields and cluster radioactivity, it is appropriate to con-
sider the effect of the laser electric field on the decay en-
ergy. Thus, the decay energy, accounting for the influ-
ence of the laser electric field, can be expressed as

Q. =0 +AQ.. (19)

The change in decay energy AQ., which is equal to the
energy gained by the emitted cluster as it is accelerated
by the laser electric field while penetrating the barrier,
can be defined as

AQ, = eZ.&(t)R(¢)cosb. (20)

Before proceeding further, it is necessary to briefly
outline the limitations of the current theoretical frame-
work. First, regarding nuclear deformation, the present
model considers only the deformation of the emitted
cluster while assuming the daughter nucleus to be spher-
ical. Although this approximation is physically reason-
able for trans-lead cluster radioactivity, where the daugh-
ter nuclei are typically the doubly magic nucleus 2°Pb or
its neighbors, it limits the model's applicability to decay
systems in which the daughter nucleus exhibits signific-
ant quadrupole or higher-order deformation. Second, the
laser—nucleus interaction is strictly confined to the elec-
tric dipole approximation, neglecting higher-order multi-
pole effects and magnetic contributions. Because the
emitted clusters are non-relativistic and the long-
wavelength condition holds, these neglected terms con-
tribute minimally under the laser parameters studied here.
However, if the model were extrapolated to relativistic
cluster emission or extremely short-wavelength laser
fields, such as hard X-ray or gamma-ray lasers, higher-or-

der multipole and magnetic effects would become non-
negligible, and the current model would no longer be val-
id. Finally, to evaluate the maximum possible impact of
the laser field, we fixed the angle 6 between the laser
electric field and the cluster emission direction at 0. The
current results therefore represent an upper limit of the
laser's impact and do not reflect the statistical averaging
that would arise from the random relative orientation
between the laser and the nucleus in realistic experiments.
Under a more realistic statistical distribution, the macro-
scopically observed rate of change in the penetration
probability would be smaller than the maximum instant-
aneous value calculated in this work.

III. RESULTS AND DISCUSSION

In light of the anticipated availability of high-intens-
ity laser pulses at ELI-NP and SULF in the coming years,
we systematically investigate the effects of laser pulses
with a peak intensity of I, = 10* W/cm? on cluster radio-
activity. To ensure accuracy, we first discuss the feasibil-
ity of the adopted model. In this work, we calculate the
cluster radioactivity half-lives of 26 trans-lead nuclei for
which experimental data are available. The experimental
data on cluster radioactivity half-lives are taken from
Refs. [4, 8, 24, 34]. To provide an intuitive comparison
between the calculated and experimental half-lives, we
present these data in Fig. 1 (a). Moreover, the differences
between the theoretical and experimental cluster radio-
activity half-lives are shown in Fig. 1 (b). As shown in
these figures, the theoretical half-lives obtained using our
model are in good agreement with the experimental data,
and the deviations are mainly within —1 — 1. To obtain a
quantitative measure of the deviation, the root-mean-
square deviation ¢ is used. It can be expressed as
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Fig. 1.  (color online) (a) Comparison between the experi-

mental cluster radioactivity half-lives and calculated ones. (b)
The differences between the experimental and theoretical log-
arithmic half-lives.
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1 - i exp.i
7= ;Z(longfj%’—longl/g )%, (1)

i=1

where log, T5% and 1ogTy);" denote the logarithmic
forms of the theoretical and experimental half-lives for
the i-th nucleus, respectively. n is the number of nuclei
involved in the different cases. Using Eq. (21), we obtain
a root-mean-square deviation of o =0.848. This indic-
ates that our theoretical model is reliable.

Subsequently, to quantify the impact of the laser elec-
tric field on the cluster-radioactivity half-life for a fixed
electric-field strength or at a given moment ¢, we define
the relative change rate of the cluster-radioactivity half-
life, denoted by AT . It can be written as

AT = T(s,@)—T(s:O,H). (22)
T(e=0,0)

Because the collision between the emitted cluster and the
barrier occurs within the nucleus, the assault frequency v
is almost unaffected by external laser fields [41]. From
Egs. (1) and (2), it can be deduced that the effect of laser
electric fields on the half-life of cluster radioactivity is
manifested through changes in the cluster radioactivity
penetration probability. The rate of change in the cluster
radioactivity penetration probability is defined as

_ P(,0)-P(e=0,0)
- P(s=0,6)

AP

(23)

Due to the direct equivalence between AP and AT, the
subsequent discussion focuses exclusively on AP. In this
study, using the adopted model, we systematically calcu-
late the maximum instantaneous rate of change of the
cluster radioactivity penetration probability, AP, for 26
trans-lead nuclei. The results are plotted in Fig. 2. In this
figure, the horizontal axis represents the proton number
of the emitted cluster. As shown, when 6 =0, a laser elec-
tric field with an intensity of 10> W/cm? causes a slight
change in the penetration probability. In addition, the
range of AP values for a given cluster emitted by differ-
ent parent nuclei varies substantially. This range shifts
approximately linearly toward higher values as the pro-
ton number of the emitted cluster increases. This phe-
nomenon occurs because, when the radius vector 7 is
aligned with the external field, an increase in the proton
number Z. of the emitted cluster increases the energy
AQ. gained from acceleration by the laser electric field
during barrier penetration. This increase in AQ. con-
sequently leads to an increase in AP.

For cluster radioactive nuclides in the trans-lead re-
gion, the daughter nuclei are typically the doubly magic
nucleus 2%Pb and its neighboring nuclei [18—20]. The

1.4x10°

1.3x10°
1.2x10° |
1.1x10°

1.0x10°3
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Fig. 2.
rate of penetration probability for different parent nuclei for
laser intensity of 10** W/cm?.

(color online) The maximum instantaneous change

predominance of the doubly magic structure in heavier
fragments reveals the influence of shell effects on cluster
radioactivity. Furthermore, our previous work [42] indic-
ated that, for different emitted clusters, the logarithmic
form of the cluster radioactivity penetration probability
increases linearly with the neutron number N, of the
daughter nuclei, reaches a maximum at N, =126, and
then decreases linearly. This motivated us to investigate
whether the shell effect observed in the penetration prob-
ability is also reflected in its rate of change under ex-
treme laser-field conditions. In the present work, we se-
lect the following six isotopic chains to investigate the
impact of shell effects on AP: the emission of *C from
Ra, 0 from Th, »F from Pa, **Ne from U, Mg from
Pu, and *Si from Cm isotopes. Fig. 3 illustrates the rela-
tionship between the maximum instantaneous rate of
change of the penetration probability and the neutron
number of the corresponding daughter nucleus. As
shown, AP for all six chains exhibits a similar trend. For
the emission of “C from Ra, °0 from Th, °F from Pa,
and *Si from Cm isotopes, the minimum AP occurs
when the daughter nucleus is the doubly magic 2%Pb.
Similarly, for the emission of 2*Ne from U isotopes and
BMg from Pu isotopes, the minimum value of AP occurs
in the cluster radioactive process with the near doubly
magic daughter nucleus *’Pb. The low values of AP at
N, =126 indicate the role of neutron magicity. This re-
veals that the nuclear shell structure effect is reflected in
the rate of change of the penetration probability, and the
role of neutron shell closure in laser-assisted cluster ra-
dioactivity is more crucial than that of proton shell clos-
ure. Consequently, future experiments should employ de-
cays far from doubly magic daughter nuclei to achieve a
more significant rate of change in the cluster radioactiv-
ity penetration probability.

104103-5



Leng-Jun Liao, Xiao-Hua Li

Chin. Phys. C 50, 104103 (2026)

1.5x103
. - ‘MC from 214—228Ra
1.4x103 F —— 200 from 220-234Th
23F from 223-237Pa
24Ne from 224»238U
1.3x10° —k— 28\g from 228242py
I —o—3Sijfrom 2%4248Ccm
1.2x10°
1.1x10°
o L
g
1.0x103 -
9.0x10%
8.0x10 -
7.0x10% -
I 1
60X1 043 Il Il Il Il } Il Il T
116 118 120 122 124 126 128 130 132 134
Nd
Fig. 3. (color online) Impact of the shell effect on AP for the

emission of clusters “C, 20, 2F, *Ne, Mg and *Si re-
spectively from Ra, Th, Pa, U, Pu and Cm isotopes in the case
of Iy = 10** W/ecm>.

Recently, Wang et al. reported that, for nuclei with
more valence protons (or neutrons), the influence of neut-
ron (or proton) shell effects on the a decay process ap-
pears to weaken [43]. Since a decay and cluster radio-
activity are governed by the same physical mechanism, it
is worthwhile to investigate whether the influence of shell
effects on the change rate of the cluster radioactivity pen-
etration probability also depends on the number of
valence protons (holes). As established earlier, the im-
pact of extreme laser fields on the cluster penetration
probability is significantly modulated by shell effects. To
explore how valence protons (holes) affect this modula-
tion, Fig. 3 illustrates the relationship between AP and
the daughter neutron number for different numbers of
valence protons (holes). The figure shows that, as the
number of valence protons (holes) increases, the vari-
ation of AP with the daughter neutron number becomes
more gradual. In other words, the neutron shell effect on
AP progressively weakens as the number of valence pro-
tons (holes) increases. This implies that parent nuclei
with more valence protons (holes) are more sensitive to
the influence of laser fields.

Given the correlation between the number of valence
nucleons (holes) and the ground-state shape of the nucle-
us, this result suggests a potential dependence of laser-as-
sisted cluster radioactivity on nuclear ground-state shape.
Closed-shell nuclei are generally spherical, whereas
open-shell nuclei deform because of the polarization ef-
fect of valence nucleons (holes) on the core [44]. When
the number of valence nucleons (holes) is small, the po-
larization effect is weak, and the nuclear ground-state
shape deviates only slightly from a sphere. As the num-
ber of valence nucleons (holes) increases, the polariza-
tion effect strengthens, and the degree of nuclear deform-

ation increases significantly. Combined with the previ-
ously established relationship between valence nucleons
(holes) and the laser-induced influence on cluster radio-
activity, this phenomenon motivates our investigation in-
to whether laser-assisted cluster radioactivity depends on
the degree of nuclear deformation. To verify this, we plot
the correlation between AP and the quadrupole deforma-
tion of the parent nucleus in Fig. 4. The horizontal axis
represents the quadrupole deformation coefficient of the
parent nucleus. As shown in this figure, AP generally ex-
hibits a linear increasing trend as the quadrupole deform-
ation coefficient of the parent nucleus increases. This in-
dicates that the effect of extreme laser fields on the penet-
ration probability is influenced by the degree of nuclear
deformation.

1.4x10°
fffff fit line
1.2x10% -
)
)
° g -9
1.0x10° - e
@ o9
° 0.
o . 9 e °
% 8.ox10% - e
) Y
e- °
6.0x10% -
4.0x10* -
2.OX1OA L 1 L 1 L 1 L 1 L 1 L 1 L 1
010 012 014 016 018 020 022 024
BZparent
Fig. 4. (color online) The correlation between the relative

change rate of cluster radioactivity penetration probability and
quadrupole deformation of parent nucleus.

On the other hand, extensive researchers have estab-
lished the significant influence of the odd-even stagger-
ing effect on cluster radioactivity [21, 23]. This effect is
typically attributed to nucleonic pairing correlations [21].
It manifests as a sharp change in binding energy when
transitioning from an even-N or even-Z nucleus to its
odd-nucleon neighbor [23]. We hypothesize that the odd-
even staggering effect may also influence the rate of
change of the penetration probability under extreme laser
field conditions. To validate this hypothesis, we select
four isotope chains that emit clusters with different odd-
even parities: the emission of *C from Ra, ’F from Pa,
and *Ne and ®Ne from U isotopes. Fig. 5 illustrates the
dependence of the rate of change of their penetration
probability on the neutron number of the daughter nucle-
us under the influence of an extreme laser field. As
shown in Fig. 5, for the emission of the *Ne cluster from
uranium isotopes, AP increases when N, changes from an
even value to the next odd value and then decreases as N,
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changes to the next even value. This phenomenon sug-
gests that the influence of laser fields on the penetration
probability of cluster radioactivity is affected by nucleon-
ic pairing correlations. Additionally, we find that the odd-
even staggering effect is manifested only in the emission
of clusters with an odd neutron number. This also indic-
ates that neutron pairing plays a more dominant role than
proton pairing in laser-assisted cluster radioactivity.

1.6x10°
- MC from 214»229Ra

24Ne from 224»239U
23': from 223»238Pa

1.4x10° - —e— 2Ne from 225240y

1.5x10°

1.3x10°%
1.2x10°
o
g
1.1x10°
1.0x10°

9.0x10*

8.0x10* |-

7.0x10% -

6.0)(10-4 1 1 L 1 1
116 120 124 128 132 136

Fig. 5. (color online) Impact of the odd-even staggering ef-
fect on AP for the emission of clusters '“C, 2°F, *Ne and >Ne
respectively from Ra, Pa and U isotopes in the case of
I, = 10* W/em?.

In our previous work, we found that, for different
cluster-radioactive nuclei, the values of AP for emissions
involving clusters with the same number of protons are
negatively correlated with the decay energy Q. [45]. To
further examine this relationship, we plot the correlation
between Q. and AP for the cluster emissions of '*C from
Ra, ¥F from Pa, and **Ne and *Ne from U isotopes in
Fig. 6. Although a general negative correlation persists
across different cluster emissions, the relationship for a
specific cluster is not simply linear. As shown in Fig. 6
(a), for the emission of the **Ne cluster from U isotopes,
when N, is less than 125 (near the neutron magic num-
ber 126), AP is inversely proportional to Q.; when N, is
greater than 125, the two still exhibit inverse proportion-
ality, but with a different slope. Similarly, as depicted in
Fig. 6 (b), for the emission of '*C from Ra, *F from Pa,
and »Ne from U isotopes, when N, is less than 126, AP
and Q. exhibit an inverse relationship; when N, is great-
er than 126, the two show an inverse relationship with a
different slope. This suggests that the relationship
between AP and Q. is influenced by the shell effect.
Moreover, AP is more sensitive to changes in Q. when
N, exceeds 126. This is because, when the number of
neutrons in the daughter nucleus approaches or equals the
magic number, the neutrons form a complete shell struc-

ture and have higher stability. However, when the num-
ber exceeds the magic number, the additional neutrons
are located outside the stable shell and are more suscept-
ible to the influence of the laser fields. Furthermore,
based on the correlation between AP and Q., we can in-
fer that the odd-even staggering reflected in the maxim-
um instantaneous change rate of the penetration probabil-
ity may also be observed in the decay energy Q.. To veri-
fy this conjecture, we depict AP and Q. for the cluster
emission of »Ne from U isotopes in Fig. 7. This figure
clearly shows that the decay energy is also affected by
odd-even staggering, and its trend is opposite to that ob-
served in the rate of change of the penetration probability.

1.6x10° 1.6x10°
(a) Ny<125] (b) Ny<126
----Ng>125 ---Ng>126
- 1.4x10°
1.4x10°% | *
° * ,
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o : *
® ~ 25
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QC QC
Fig. 6. (color online) Correlation between AP and Q. for the

emission of cluster *C from Ra isotopes, the emission of
cluster *F from Pa isotopes, and the emission of clusters >*Ne
and »Ne from U isotopes in the case of I, = 10* W/cm?. The
two distinct inverse-slope regimes demarcated by the neutron
magic number N, = 126 and the neutron number N, = 125 are
clearly depicted.
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Fig. 7.  (color online) Odd-even staggering of Q. for the
emission of cluster ®Ne from U isotopes in the case of
Iy = 10* W/em’.
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Before concluding, it is important to address the ex-
perimental feasibility of observing the predicted effects.
The intensity of 10** W/cm? considered in this work lies
at the absolute frontier of near-future facilities like ELI-
NP and SULF, which would require focusing a ~ 10 PW
laser pulse to a near-diffraction-limited spot of ~ 1-2 um
with a duration of ~ 20-30 fs. At such extreme intensities,
competing processes such as rapid ionization and plasma
formation will inevitably occur in solid targets, leading to
plasma shielding and Coulomb explosions that could pre-
clude a clean observation of the laser-nucleus interaction.
To mitigate these effects, future experiments might need
to employ low-density targets such as gas jets or nano-
clusters, or alternatively, utilize XFELs which can penet-
rate the plasma and couple directly to the nucleus. Fur-
thermore, since the change rate AP scales approximately
with /T, lower but more accessible intensities of 10%-
102 W/cm? are expected to produce a AP on the order of
10 to 3x10™*. Although measuring such a minute
change in the penetration probability poses a significant
challenge for current nuclear detection techniques, these
theoretical predictions serve as an important benchmark
for designing future laser-nuclear experiments.

IV. SUMMARY

In summary, we delve into the impact of extreme
laser fields on cluster radioactivity from the perspective
of nuclear structure information. For different parent nuc-
lei emitting the same cluster, while the rate of change of
the penetration probability varies significantly, its overall
range exhibits a linear increase with the proton number of
the emitted cluster. Furthermore, analysis of various iso-
tope chains reveals that the laser field's influence on the
penetration probability is strongly modulated by shell ef-
fects and odd-even staggering. Specifically, the neutron
shell effect on this change rate gradually weakens as the
number of valence protons increases. The association
between the change rate of penetration probability and
the quadrupole deformation parameter of the parent nuc-
leus is also discussed. The results indicate that the change
rate is affected by the degree of nuclear deformation. Fi-
nally, for different parent nuclei emitting the same
cluster, the relationship between the rate of change of the
penetration probability and the decay energy exhibits two
distinct inverse correlations with different slopes, further
highlighting the role of shell effects. This work can
provide a new perspective and deep insights into under-
standing the interactions between the laser fields and the
nuclear decay process.
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