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Abstract

The potential of high-intensity lasers to influence nuclear decay processes has attracted considerable interest. This study
quantitatively evaluated the effects of high-intensity lasers on a decay and cluster radioactivity. Our calculations revealed
that, among the parent nuclei investigated, '**Nd is the most susceptible to laser-induced alterations, primarily because of
its relatively low decay energy. Additionally, circularly polarized lasers exhibit a greater impact on decay modifications
than linearly polarized lasers. Given the limited time resolution of current detectors, it is essential to account for the time-
averaging effect of the laser. By incorporating the effects of circular polarization, time averaging, and angular averaging,
our theoretical predictions indicated that the modification of '#*Nd decay could reach 0.1% at an intensity of 10>’ W/cm?.
However, this intensity significantly exceeds the current laser capability of 102> W/cm?, and the predicted modification of
0.1% remains below the detection threshold of contemporary measurement techniques. Observing laser-assisted a decay and
14C cluster radioactivity will likely remain unfeasible until both ultrahigh laser intensities and significant advancements in

experimental resolution are achieved.
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1 Introduction

The field of research concerning the interactions of strong
laser fields with atoms and molecules has reached a con-
siderable degree of maturity [1-3]. Recently, projects for
extremely high-intensity lasers have been proposed by the
Shanghai Ultra Intensive Ultrafast Laser Facility [4, 5], the
Extreme Light Infrastructure for Nuclear Physics [6, 7], and
a Russian group [8]. Because of the enhancements envis-
aged for the near future, laser-driven nuclear physics has
attracted increasing interest and extensive research has been
performed on, for example, the impact of laser fields on a
decay [9-19], proton emission [6, 12, 20], cluster radioac-
tivity [12, 18], nuclear fission [12], nuclear fusion [21-23],
and nuclear excitation [24-26]. Among these, significant
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attention has been paid to the « decay of nuclei under the
influence of strong laser fields.

a decay is crucial in nuclear physics because it provides
information on the nuclear structure [27-29] and facilitates
the understanding of topics such as the nuclear transforma-
tion between the liquid state and cluster state [30, 31].
radioactivity was first discovered by Rutherford in 1903.
Following this discovery, many attempts were made to
modify a decay rates by changing the temperature, pressure,
and magnetic and gravitational fields [32, 33]. The changes
in the decay constant were small and could be neglected.
These interpretations may stem from Gamow’s explanation
of quantum-mechanical tunneling [34], according to which
a decay is correlated with the width through the potential.
The distortions in the potential and changes in the decay
energy modified by the above experiments were negligible,
and no effect was detected. The remarkable developments
in laser technology provide an alternative method to explore
and advance this study.

Lasers interact with matter through two fundamental mech-
anisms: single-photon and electromagnetic field interactions.
The former is not feasible for nuclear processes because of
the significant energy discrepancy between a single photon
(on the order of 1 eV) and nuclear energy levels (on the order
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of 1 MeV). When the laser intensity is sufficiently high, the
laser—matter interaction is predominantly governed by the
electromagnetic field [3], which is believed to possess the
potential to control nuclear systems. Thus, many studies have
focused on the necessity of high-intensity lasers to modify
decay processes [9—-19]. According to Ref. [11], no significant
modification of a decay is expected with the lasers currently
available or those anticipated for the forthcoming years.

However, some recent studies have indicated the substantial
effect of current laser intensities on a decay by solving the
time-dependent Schrédinger equation within the oscillating
Kramers—Henneberger frame [15-19]. Others suggest a small
yet detectable influence at the current laser intensities or those
that will be attained in the foreseeable future [9, 10, 12-14].
The inconsistencies in these findings highlight the ongoing
debate and the lack of a clear consensus. Moreover, the tem-
poral and angular effects and variation in the spatial shape of
the laser field are intriguing for experiments; however, these
remain ambiguous. In this study, we investigated the influ-
ence of extreme laser fields on nuclear @ decay using the fro-
zen Hartree—Fock (FHF) approach [35-37]. In contrast to the
aforementioned approaches, it can compute the microscopic
internuclear potential and deformation effects in a self-con-
sistent manner [38—40]. Cluster radioactivity has been inves-
tigated since 1984 [41] as an intermediate process between «
decay and spontaneous fission [42—44], and it has deepened
our understanding of decay mechanics. Thus, it would also be
interesting to study cluster radioactivity.

The remainder of this paper is organized as follows. Sec-
tion 2 introduces the theoretical framework for laser-assisted
particle decay using the FHF method. Section 3 presents and
discusses the results. Finally, Sect. 4 presents the conclusions
of this study.

2 Theoretical framework

2.1 Unified formula of half-lives for a decay
and cluster radioactivity

a-decay and cluster radioactivity processes can be interpreted
within a unified tunneling framework following Gamow’s
depiction [44—46]. The emitted particles are assumed to pre-
form on the surface of the parent nucleus with varying pre-
formation probabilities [47, 48] and eventually penetrate
the potential barrier by constantly hitting it. The unified for-
mula for the half-lives of @ decay and cluster radioactivity is
expressed as follows:

_ hin2
127 FPs, M
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where 7 is the reduced Planck constant, F' is the impinging
frequency that hits the barrier, P is the possibility of penetra-
tion, and S, is the preformation factor.

The impinging frequency F is expressed as follows:

\2
F= Ifk//", (2)

m

where R;, is the tunneling entrance point, and E, is the

kinetic energy of the emitted particle, which can be

expressed as E, = AAﬁQe. The reduced mass of the emitted
e d

particle and daughter nucleus u can be written as

AeAd

H= A+ A, )

where A, and A, are the masses of the emitted particle and
daughter nucleus, respectively.

The penetration possibility P is determined using the
Wentzel-Kramers—Brillouin (WKB) approximation. Con-
sidering the nuclear deformation effect, the total penetration
possibility P(¢, 8, 1) is obtained by integrating P(t, ¢, 0, ) in
all directions,

P(.0.1) = % / P(t,$.0. Dsinpdo,
0

1/2 Rou!
P(r,¢,e,l>=exp[—% / k(r,r,¢,9,1)dr], “)
R

k(r,t,,0,1) = \/|V(r,1,,0,1) — Q.|,

in

where ¢ denotes the angle between the principal axis of
the daughter nucleus and the particle emission direction.
0 represents the angle between the directions of the laser
field and particle emission. / denotes the laser intensity.
R, and R, are the tunneling entrance and exit points,
respectively. These points are determined by the condition
V(r,t,¢,0,1) = Q., where Q. is the decay energy of the emit-
ted particle. V(r, t, ¢, 6, I) is the total potential with the inter-
vention of the laser field, which is expressed as

V(r,t,¢,0) = Vy(r, @) + V.(r, @) + Vi(r) + Vi(r,1,,0,1),

&)
where V) and V, denote the nuclear and Coulomb potentials,
respectively. Both are calculated using the FHF method. The
centrifugal potential V, is given by

I+ DR

Vi(r) =
) 2ur?

, (6)
where [ is the corresponding angular momentum quantum
number of the emitted particle. The decay channel, decay
energy, angular momentum, and experimental half-life are
listed in Table 1. V, represents the interaction between the
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laser field and the decay system, which is described in detail
in the following subsection.

The uniform values or formulas for the preformation
factor Spre in Eq. (1) have been established [49-52]. For «
decay, we adopt the following values [51]:

Spre = 0.38 (even-even nuclei),
Spre = 0.24 (odd-even nuclei), )
Sore = 0.13 (0dd-odd nuclei).

Cluster radioactivity [53] is adopted as
Spre = 10~0016742.2,+2.035466 (even-even nuclei),

Spre - 10—0.0]674Zezd+2.035466—].175(0dd_A nuClei),

®)

where Z, and Z, are the number of protons in the emitted
particle and daughter nucleus, respectively.

2.2 The frozen Hartree-Fock method

The nucleus—nucleus interaction potential, which con-
sists of the nuclear potential Vg and Coulomb potential
V., is utilized to substitute the corresponding terms in Eq.
(5). This potential was calculated using the FHF method,
which requires frozen ground-state densities p; of the two
nuclei at all distances. The resulting nucleus—nucleus
interaction potential, referred to as the FHF potential in
this context, is expressed as follows:

%mmﬁi/HmvﬂwN=Rmh—Hm%EMA ©

The first term on the right-hand side of Eq. (9) represents the
total energy of the system when a distance vector R is placed
between the centers of mass of the two nuclei. E[p,] is the
binding energy of each nucleus (i = 1,2). To compute the
FHF potential, one must first determine the Hartree—Fock
ground states of the two nuclei separately. Energy E[p,] is
inherently obtained in the static Hartree—Fock process. The
first term on the right side of Eq. (9) is calculated by plac-
ing the two aforementioned static Hartree—Fock solutions
at a distance R from each other in a TDHF code [54-56]
without a boost and computing the energy of the combined
system, including the Coulomb contribution [57]. The above
calculations are performed in three-dimensional Cartesian
geometry without symmetry assumptions and utilizing the
Skyrme energy density functional Sly5 [58]. The box sizes
for the Hartree—Fock calculations were selected to be 283 fm?
and 28 fm X 28 fm X 100 fm. The mesh spacing is 1.0 fm in
all directions.

2.3 Laser-nucleus interaction

In this context, a laser field, known as an electromagnetic
field, is treated as an electric field. In fact, the magnetic
part can be neglected because the subbarrier motion of the
emitted particles under investigation remains nonrelativistic.
Generally, the wavelength of the laser fields (near-ultraviolet
to near-infrared) is much larger than the nuclear length scale
(on the order of a femtometer). The dipole approximation
can thus be used for the laser electric field, which is given
in the length gauge as

Vi(r’ t’ d)’evl) = _QeffrE(t)’ (10)
where
O = ZeAd - ZdAe

=" an

is the effective charge, which represents the tendency of the
laser electric field to separate the two nuclei in the decay
system. Z, and Z; are the proton numbers of the emitted
particle and the daughter nucleus, respectively. The laser
electric field also influences the decay energy. Similarly, the
change in the decay energy AQ, is expressed as

AQ, = eZR(P)E(1), (12)

where R, is the radius of the daughter nucleus that the emit-
ted particle penetrates. The decay energy induced by the
laser field is given by

0. =0, +AQ.. (13)

In addition, the time required for the emitted particles to
penetrate the potential barrier can be estimated. Consider-
ing a particles traveling through a barrier of width / ~ 50 fm
with decay energy of 10 MeV, the traversal time was cal-
culated as approximately 1072! s. One optical cycle for the
800-nm laser field is on the order of femtoseconds. Conse-
quently, the laser electric field can be treated in the quasi-
static approximation, that is, the laser field is viewed as static
during particle penetration through the barrier.

The effect of the spatial shape of the laser on the decay
processes is of interest. In this study, we consider two types
of laser shapes, which are expressed as follows:

E(1) = Eysin ( ? )e, (linear polarization),
E(r) =Eo<sin(?>ex+cos(¥>ey> 14

(circular polarization),

where c is the speed of light, and 4 is the laser wavelength
(800 nm is used here). The peak electric field strength E,
can be represented by the laser intensity /, which is given by:

@ Springer
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Here, the units of E, and / are V/cm and W/cm?, respectively.

E, =27.44V1. s

2.4 Relative change of penetration possibility AP

The FHF method ignores the dynamic effects and Pauli
repulsion between nucleons belonging to different
nuclei [40, 57]. The latter is regarded as a significant factor
in the preformation of the emitted particles on the surface
of the parent nucleus. Moreover, our model is incapable of
calculating the preformation factor, which remains a great
challenge for the beyond-mean field theory. Therefore, this
work focuses on the relative change in the penetration pos-
sibility induced by the laser field while ignoring the impact
of the laser field on the preformation factor [11-14]. The
relative change in the penetration possibility is defined as
P(,0,1)— P(t,0,1 =0)

AP(,0,1) = PGOI=0) . (16)

It should be noted that AP is a function of time ¢, emis-
sion angle 8, and intensity /. It is interesting to consider the
temporal and angular effects of the laser field. The time-
integrated modification of the penetration possibility can be
expressed as follows:

1

T
AP,0,1) = = / AP(1,0, D)dt. (17)
0

The time- and angle-integrated modification is expressed as
AP, (D) = % / d0AP,(6, D)siné. (18)
0

To elucidate the laser modification of the penetration pos-
sibility, it is necessary to further investigate the formula for
AP. We begin with the penetration possibility, P(z, ¢, 6, I).

[ 2 2 1/2 Rom
P, $.0.1) = exp |~ 22H) /
L h R

in

x\/ Vrt,¢,0,1) dir]

[ 2 2 1/2 Rou 19
= exp —%/R vV Vo) 1

x\/1+

Vi(r’t9¢39’l) - AQed
7
Vo(r)

£
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where Vy(r)=Vpgp( +V,(r)— Q.. Assuming
|V; — AQ.| < V,, we proceed with the Taylor expansion of
Eq. (19).

P(t,¢,0,1) ~ exp [y + " + ] 0,
= exp(y ) exp(r” + ),

where y©@, y and y® are given by

2(2#)1/2 Rou
7(0) = 5 i dry/Vy(r),

Vi(r9 t7 ¢9 931) - AQe
dr

O = _ew'”? /R°‘“
n e, N 1)

O = Qu'’? /R"“‘ dr(vi(r’ t,$,0,1) — AQ,)?
LR 4, )

Note that exp(y?) is approximately equal to the laser-free
penetration possibility P(t,¢,0,1 = 0) and the relative
change in the penetration possibility is given by

exp(y @) exp(y" + y?) — exp(y?)
exp(y©®)
=exp(y” +7?) -1
M 4,0

AP, ¢,0,1) =

(22)

Ry

y® 4+y@ tends to zero because we assume that
|V — AQ,.| < V,,. Given the analysis of diverse spatial
profiles of the laser in this study, it is necessary to provide
detailed formulations for y" and y®. For linear polarization,
it follows that

1/2
y = —27'44(;#) \/;sin(—zjjft>cos0

/ o Qogr + eZ R (P)
X dr————————
Ry, VVo()

23
o _ 1882422 .2<2m> =
= 7 Isin

cos’0

Rm‘[ (Qeffr + eZeRln(d)))z
X dr 72 .
Riy V() (I")

For circular polarization, it follows that
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Fig.1 (Color online) a Experimental and calculated half-lives for
different parent nuclei. The black squares represent the experimen-
tal data. The blue circles represent the calculated a decay half-lives
of the ground state parent nuclei '*Nd, *?°Ra, 238U, *2Cm, '47Sm,
213po, 235U, and 2*Pu. The green stars represent the calculated “C
cluster radioactivity half-lives of the ground state parent nuclei
222223.224226Ra . b The corresponding logarithms of hindrance factors
(HF = Tcxp/Tcal)

1/2
yH = —27'44;2“) \/}(sin( _27;ct >c080 + cos<—27jlcr >sin0>

/Rum Q.7 + eZ R, (¢)
X dr=t < 7
R, V V()(r)

188.24(2u)/2 2
7/(2)= 88 fEM) I(sin(zza)cose+cos(2”TCZ)sin0>

Row 7+ eZ.R, ()
y / o Qe <z (@)
R, v, (r)

(24)

3 Results

Figure 1a shows a comparison of the experimental and the-
oretical half-lives. The corresponding deviations between
the logarithms of the experimental half-lives and the cal-
culated values are shown in Fig. 1b. The blue circles repre-
sent the calculated @ decay of the ground-state parent nuclei
44N d, 26Rq, 238, 222Cm, 147Sm, 213Po, 235U, and 2°Pu.
The green stars represent the calculated '“C cluster radio-
activity of the ground-state parent nuclei, 22>223:224226Ra It
can be observed that the difference between the calculated
values and experimental data is small. The values of log,
(Texp/ Tear) for a decay and cluster radioactivity were gener-
ally within the range of approximately +0.6. These values
correspond to the values of the ratio T, /7T, within the

exp

range of approximately 0.25—3.98. This demonstrates the

Table 1 Experimental and calculated half-lives (in seconds) of «
decay and cluster radioactivity

Decay channels 0, MeV) [ log Ty, log T, log, HF

14Nd -0 Ceta 1.90 0 22.86 22.77 0.09
226Ra —222 Rn+a 4.87 0 10.70 10.09 0.61
28 234 Th+a 4.27 0 17.15 17.14 0.01
2Cm -8 Puta 623 0 7.15 6.57 0.58
47Sm —»!¥ Nd+a 231 0 18.53 18.66  —0.13
23pg 209 Phto 8.54 0 -543  —6.85 1.42
25U 523! Thta 4.68 1 16.35 14.04 2.31
29py 235 Uta 5.25 3 11.88 11.46 0.42
2R, 5208 ppyléc 33.05 0 11.22 1142  -0.20
23Ry 209 ppyl4c 31.83 4 15.04 13.84 1.20
24R, 210 ppyl4c 30.53 0 15.87 16.16 0.29
26R, 5212 ppyl4C 28.20 0 2120 2093 0.27

Q. and [ are the decay energy and the angular momentum quantum
number of the emitted particle, respectively

The hindrance factor (HF) is defined as the ratio between the experi-
mental and calculated half-lives (HF =T, /T.,)

reliability of our model for predicting half-lives. Detailed
information regarding the experimental and calculated data
is presented in Table 1.

One typically assumes a spherical shape for the nuclei
to simplify the calculation of a decay half-lives. However,
nuclear deformation has been reported to significantly affect
these calculations [50, 51]. Figure 2 shows the FHF potential
of & 4222 Rn for selected orientations. Because the a particle
is spherical, the differences in these potentials stem from
the orientation of the daughter nucleus ?>Rn. This shows
that as the orientation rotates from the tip to the side, the
Coulomb barrier increases and the nuclear part of the poten-
tial becomes shallower. This phenomenon can be attributed
to the larger overlap of the nuclear density distribution in
the tip orientation, which leads to a more pronounced effect
on the nuclear potential. This also shows that the tunneling
points differ by approximately 1 fm with varying orienta-
tions, resulting in an order-of-magnitude change in the pen-
etration probability and subsequent alterations in a decay
half-lives. In addition, the laser—nucleus interaction depends
on the angle between the directions of the laser field and
particle emission. It is inferred that nuclear deformation is a
critical factor that should be incorporated into laser-assisted
a decay and cluster radioactivity calculations.

To illustrate the influence of the laser field on the pen-
etration process, a comparison of the laser-free internuclear
potentials for the a +?*2 Rn system with the two laser-
assisted cases is shown in Fig. 3. For simplicity, only the
tip-orientation case is presented. The laser field induces a
downward shift in the Coulomb portion of the potential and
an increase in the a-decay energy, whereas its impact on

@ Springer
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Fig.2 (Color online) Frozen
Hartree—Fock potential for the
a +22% Rn system with differ-
ent orientations of 2’Rn. In
particular, 0° and 90° represent
tip and side orientation, respec-
tively. Q, is the experimental a
-decay energy

the nuclear portion remains negligible. This is not surpris-
ing, because the intense laser field of intensity 1032 W/cm?
(10%° W/ecm?) is comparable to the Coulomb field strength
from the daughter nucleus ?*’Rn at a distance of approxi-
mately 66 fm (371 fm). The Coulomb component is defeated
by the nuclear component within the core. Therefore, the
laser field alters the tunneling points by deforming the long-
range Coulomb part of the potential and changing the energy
of the emitted particles, thereby affecting the penetration
probability.

As shown in Fig. 3, the modification by the laser field
becomes observable only when the intensity reaches
1032 W/cm?. Given the current laser technology, no signifi-
cant modifications in the half-lives were observed experi-
mentally. Nevertheless, even subtle alterations in the poten-
tial or decay energy may give rise to discernible effects on
the decay processes because tunneling is highly sensitive to
the internuclear potential. This is illustrated in Fig. 4. The
relative change in the penetration probability AP can reach
1073 within the accessible laser intensity. In Fig. 4, AP is
obtained at the moment of the peak electric field strength
with a fixed angle 8 = 0°. AP and the laser intensity [ are
plotted on a logarithmic scale. As depicted in Fig. 4, the
lower the decay energy a parent nucleus has, the greater
the relative change in its penetration possibility across dif-
ferent nuclei. Evidently, the parent nucleus '*Nd is sus-
ceptible to laser-induced modification. This stems from its
relatively low & decay energy, which results in an extended
tunneling path, thereby allowing the laser field to exert a
prolonged influence on the decay process. At an intensity of
10** W/cm?, the modification of the penetration possibility
is on the order of 0.1% for '#*Nd, which is in agreement with
Ref. [10, 12].

The laser-assisted a decay modifications for the even—even
nuclei also show good agreement with the predictions in
Ref. [13, 14]. The above calculations were conducted using
the same approximations (dipole and quasistatic approxima-
tions) for the laser field and various internuclear potentials.

@ Springer
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Fig.3 (Color online) Comparison between laser-free and laser-mod-
ified internuclear potentials for the a +2%2 Rn system under two laser
intensities, / = 102 W/cm? and 10% W/cm?. 0° represents the tip ori-
entation of 2>?Rn. The solid line stands for the laser-modified case,
and the dashed line stands for the laser-free case. The dotted line rep-
resents the a emission energy, where Q,, is the experimental a decay
energy, and Q7 is the energy of the emitted « particle accelerated by
the laser field

Some studies [10, 12-14] employed the phenomenologi-
cal internuclear potentials, whereas this work utilized the
microscopic potentials and considered nuclear deformation
effects. Although the results are similar, the FHF method
helps pursue a more microscopic understanding of laser-
assisted a decay and cluster radioactivity in a self-consistent
manner. In addition, in contrast to the modest impact of the
laser field predicted by our model, several studies [15-19]
have suggested a significant alteration in the alpha decay
processes under current laser intensities. These calculations
were obtained by solving the time-dependent Schrodinger
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Fig.4 (Color online) Relative change in penetration possibil-
ity AP(ty,0,,1) for a a decay and b '“C cluster radioactivity at the
moment #, of the peak electric field strength with a fixed angle 6, =
0°. The dashed line in b represents AP for a decay of parent nucleus
26R4

equation within the oscillating Kramers—Henneberger frame.
The critical assumption was the continuity of the laser field,
whereas this study was based on the premise of a single
laser pulse. This discrepancy in laser conditions resulted in
substantial differences in the respective predictions. How-
ever, high-intensity continuous laser fields are unattainable.
The potential for future technological advancements in
continuous laser technology presents an intriguing area for
exploration with the promise of inducing more pronounced
modifications in a decay processes.

A comparison of AP between « decay and cluster radio-
activity for the same parent nucleus, >*Ra, was made. As
shown in Fig. 4b, AP for a decay is larger than that for clus-
ter radioactivity of any parent nucleus shown here. This
can be illustrated by the sensitivity of tunneling to changes
in potential and decay energy. It is known that the a ('*C
cluster) decay energies used here are approximately 5 MeV
(30 MeV) and that the tunneling exit points for a (**C clus-
ter) are approximately 60 fm (25 fm). This implies that the
modifications of the laser field in the potential and decay
energy for o decay have a larger impact on the decay pro-
cesses and, subsequently, a higher relative change in the pen-
etration possibility. In addition, AP exhibits linear depend-
ence on the laser intensity, whereas the values of the slope
change dramatically after 103 W/cm?. This can be explained
using Eq. (22) and Eq. (23) or Eq. (24). At relatively low
intensities, AP is proportional to \/; . Only for high intensi-
ties, the term y® proportional to I is not negligible, leading
to an inflection in the curves. It should be noted that the
slope of AP versus intensity curve is steeper for the alpha

lo = 10%°W/cm?

E 0.02f

S

s

= 0.00/

(NN}

mX

S —0.02] (a)
0.01}

S 0.00f
-0.01} (b)

00 05 1.0 15 20 25

Time (fs)

Fig.5 (Color online) a Linearly polarized laser electric field strength
E and (b) relative modification of penetration possibility AP(¢, 6,, 1)
at a fixed angle 6, = 0° as a function of time. The intensity I is
102 W/cm? for the @ +222 Rn system

decay at extreme intensities. This indicates a higher sen-
sitivity of alpha decay to high laser intensities. Given the
increased sensitivity, it is reasonable to extrapolate that the
effect of laser acceleration on proton emission should be
even more pronounced. Consequently, it is recommended
that laser-accelerated proton emission be used as a diag-
nostic tool for assessing the impact of an intense laser field.

The aforementioned theoretical calculations were imple-
mented at the peak laser electric field strength and a fixed
angle 6 = 0°. Figure 5 shows the linearly polarized laser
electric field strength E and the relative modification of the
penetration possibility AP at a fixed angle 8 = 0° as a func-
tion of time. It is clear that time-dependent E, and AP share
a similar variation trend, which can be explained by Eq.
(22) and Eq. (23). Theoretically, the laser promotion and
suppression effects on the possibility of penetration can be
observed throughout a laser pulse circle. However, the best
time resolution of the experimental detector is of the order
of nanoseconds, which is much larger than the current laser
period (of the order of femtoseconds). This implies that we
cannot observe a time-dependent alteration in AP, as shown
in Fig. 5b, but a time averaging result in practice. Therefore,
it is necessary to consider the effect of the complete laser
period on AP.

Figure 6a shows the correlation between AP and 6 for a
circular pulse. As illustrated in Eq. (23), AP exhibits a linear
correlation with cosf at some moment ¢. This explains the
large variations in AP around 0° and 180° and the lack of
modification along 90°. Along one fixed angle, AP appears
quite symmetric to be canceled by integrating over time.
Thus, no net gain would remain for modification. Figure 6b
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Fig.6 (Color online) a Relative changes in penetration possibil-
ity AP(t,0,1,) as a function of angle 6 seen from one pulse circle.
Various curves depict the scenario at a specific moment t within the
pulse cycle. b Time-integrated modification E[(H, 1)) as a function
of angle 6. 0 represents the angle between the directions of the laser
field and particle emission. Linear polarization is used here for sys-
tem  +2% Rn at the intensity of I, = 10%° W/cm®

shows the time-integrated modification AP, as a function of
angle . We can infer that some small asymmetries do exist
such that a residual net gain remains. As can be observed in

Eq. (23), the first equation, involving sin <?t>, cancels out

over time, whereas the second equation remains positive
throughout the laser period, contributing to the net gain. The
time-integrated modifications are the strongest along 0° and
180°, which are three orders of magnitude smaller than those
before integration.
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Fig. 7 (Color online) The same as Fig. 6 but for circular polarization
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Fig.8 (Color online) a Time-integrated modiﬁcatiﬂl El(ﬁ =0°1)
and b time- and angle-integrated modification AP, (/) using two
polarization methods. The system is  +2*2 Rn

Some studies [59, 60] have explored the potential of
elliptically polarized lasers to harness more information
from strong-field atomic physics. Circular polarization, a
specific manifestation of elliptical polarization, was con-
sidered. Figure 7a shows the correlation between AP and
0 for a pulse circle with circular polarization. Unlike in
the linearly polarized case, AP in the circular polarization
arises from the superposition of sinf and cos#, leading to
uniformly distributed modifications across all angles. The
time-integrated results are presented in Fig. 7b. It can be
observed that the time-integrated modification Et is not
affected by the angle between the directions of the laser
field and particle emission, emphasizing the advantage of
circular polarization in rendering the modification of the
penetration possibility free from time averaging. This view
coincides with that proposed by Qi et al. [10] who recom-
mended using an elliptically polarized laser over a linearly
polarized laser.

As shown in Fig. 6, the linearly polarized laser results
in angular anisotropy, with the most significant modifica-
tions along 0° and 180°. A comparison of the time-integrated
modification Et along 0° between linear and circular polari-
zations is shown in Fig. 8a. Both exhibit consistent behavior.
In other words, the time-integrated modification E[ in cir-
cular polarization maintains the maximum value observed
in linear polarization throughout the entire range of angles.
This indicates that the primary distinction between the modi-
fications induced by these two types of polarized lasers is
associated with their angular distribution characteristics.
Xiao et al. [14] indicated that it is important to consider
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Fig.9 (Color online) Time-integrated modification Et(ﬁ =0°,1) for
a, ¢ a decay and b, d “C cluster radioactivity. The left and right pan-
els refer to the linear and circular polarization, respectively

angular integration because nuclei often appear as a popu-
lation. The time- and angle-integrated modification Etg is
represented in Fig. 8b. Evidently, the modification of the
circular polarization was several times larger than that of
the linear polarization at the same intensity. It is preferable
to employ a circularly polarized laser for a more significant
modification.

Figure 9 displays the time-integrated modification Et
along 0° for (a) and (c) @ decay and (b) and (d) '*C cluster
radioactivity across different nuclei. The left and right panels
refer to the linear and circular polarizations, respectively.
Similar to Fig. 8a, the two polarizations show the same
behavior when the angle € is fixed at 0°. Among these nuclei,
1%4Nd remains the parent nucleus that is the most susceptible
to laser-induced modification, which is attributed to its rela-
tively low decay energy. This modification attained a value
of 0.1% at an intensity of 1027 W/cm?, which significantly
exceeded the current laser intensity of 1023 W/cm?. A higher
intensity of 1028 W/cm?* was required for '*C cluster radioac-
tivity. Notably, additional physical effects are expected when
the intensity approaches or surpasses the Schwinger critical
field strength [61], whose corresponding laser intensity is

Table 2 Laser intensity / for a decay and cluster radioactivity when
the time- and angle-integrated modification AP, reaches the order of
magnitude of 1073

Decay channel log,/ AP,

14N d - 140 Cetq 27 4.66 x 1073
26Ra —222 Rnta 28 4.39x 1073
28 2% Thog 28 9.51 x 1073
220m 28 puta 28 1.97 x 1073
147§ 143 Ndta 27 1.84 x 1073
213py 1209 phyg 29 348 x 1073
2351 5231 Thtq 28 5.92x 1073
239py 5235 Ugqr 28 3.89x 1073
MR, 208 ppyldC 29 7.28 x 1073
23R4 209 ppyl4C 29 8.58 x 1073
24R4 210 ppyl4C 28 1.03 x 1073
26Ra —212 Pp+l4C 28 1.43x 1073

Circular polarization is employed here

2.3 x 10?° W/cm?. The laser intensity / for circular polariza-
tion, where the time- and angle-integrated modification E’w
reached an order of magnitude of 1073, is detailed in Table 2.
These results are consistent with the scenario where 6 = 0°.
The modifications reached the order of 0.1% at an inten-
sity of 1027 W/em? for a decay and 108 W/cm? for cluster
radioactivity. Consequently, it is evident that laser-assisted a
decay and '“C cluster radioactivity are not practically achiev-
able with current technology.

4 Conclusion

In this study, we conducted a comprehensive microscopic
analysis of the effects of extreme laser fields on a decay and
cluster radioactivity. Our primary objective was to quantita-
tively assess the influence of intense laser fields, accounting
for their temporal and angular effects, as well as variations in
spatial structure. The theoretical framework is based on the
Gamow model of quantum mechanical tunneling, whereas
the FHF method provides a self-consistent description of the
internuclear potential and nuclear deformation effects. The
laser—nucleus interaction is represented by an electric field
under the dipole approximation.

Our findings indicated that the laser field induced a down-
ward shift in the Coulomb component of the potential and
an increase in the decay energy. Given the high sensitivity
of quantum tunneling to internuclear potential changes, even
minor alterations in the potential or decay energy signifi-
cantly affect the penetration probability. At an intensity of
10%* W/cm?, the modification in the penetration probability
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for the relevant nuclei reached approximately 0.1%, which is
consistent with the results reported in Ref. [10].

The time- and angle-dependent modifications of penetra-
tion probability were analyzed using both linearly and circu-
larly polarized lasers. In the case of linearly polarized lasers,
the penetration probability exhibited its maximum modifica-
tion at angles of 0° and 180°, with no modification at 90°.
Conversely, circularly polarized lasers produced uniformly
distributed modifications across all angles, and the angle-
integrated modification induced by circular polarization was
several times greater than that produced by linear polariza-
tion at the same intensity. Nevertheless, the modifications
decreased by three orders of magnitude after temporal and
angular integrations.

Finally, we compared the time- and angle-integrated mod-
ification of the penetration probability induced by circularly
polarized lasers for both a decay and '*C cluster radioactivity
across various nuclei. Among the studied nuclei, '**Nd was
the most susceptible to laser-induced modifications, primar-
ily because of its relatively low decay energy. At an intensity
of 1027 W/cm?, the modification of AP,, for **Nd reached
approximately 0.1%. However, this intensity far exceeds the
currently achievable laser intensity of 102> W/cm?, and the
0.1% modification remains below the detection threshold
of the current measurement precision. The effect on the 14C
cluster is weaker.

In conclusion, achieving observable laser-assisted a decay
and '*C cluster radioactivity requires future advancements in
laser technology to significantly enhance the intensity and
experimental resolution. Consequently, expectations regard-
ing the feasibility of laser-induced mechanisms for recycling
nuclear radioactive waste should be carefully calibrated con-
sidering these technological constraints.
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