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We calculate the effect of intense laser fields on nuclear alpha decay processes, using realistic
and quantitative nuclear potentials. We show that alpha decay rates can indeed be modified by
strong laser fields to some finite extent. We also predict that alpha decays with lower decay energies
are relatively easier to be modified than those with higher decay energies, due to longer tunneling
paths for the laser field to act on. Furthermore, we predict that modifications to angle-resolved
penetrability are easier to achieve than modifications to angle-integrated penetrability.

I. INTRODUCTION

The past few decades witness rapid advancements in
intense laser technologies. The chirped pulse amplifica-
tion technique [1] enables table-top Ti:sapphire lasers to
have intensities exceeding one atomic unit (3.5 × 1016

W/cm2), opening the door to the rich area of strong-
field atomic, molecular, and optical physics with novel
nonperturbative phenomena such as multiphoton and
above-threshold ionization[2, 3], high harmonic genera-
tion [4, 5], nonsequential double and multiple ionization
[6, 7], attosecond physics [8–11], etc.

Even higher intensities can be achieved by larger laser
systems of different kinds, for example, X-ray free elec-
tron lasers (XFELs) and the under-constructing extreme
light infrastructure (ELI) of Europe. XFELs can be
focused to reach peak intensities on the order of 1020

W/cm2 [12]. ELI is designed to reach peak intensities
above 1023 W/cm2 [13, 14]. The laser electric field cor-
responding to such an intensity is comparable to the
Coulomb field from the bare nucleus at a distance of order
10 fm. Direct influence on the nucleus may be possible
from such an intense laser field. In fact, one of the major
scientific goals of the ELI facility is to study laser-driven
nuclear physics.

Direct light-nucleus interaction with much weaker light
intensities has been realized using synchrotron radiations
on the Mössbauer 57Fe system. Using a grazing-incidence
X-ray diffraction technique and a planar 57Fe cavity, col-
lective quantum optical effects have been demonstrated
with photon energy 14.4 keV, such as single-photon
superradiance [15], electromagenetically induced trans-
parency [16], spontaneously generated coherence [17],
Rabi oscillation [18], etc. On the other hand, the nu-
clei, as the media of X-ray pulse propagation, can be
used to modify the properties of the X-ray pulse, such as
the pulse shape [19] and the group velocity [20]. Theo-
retical proposals have also been made on single-photon
entanglement [21], single-photon storage and phase mod-
ulation [22], nuclear battery using isometric transition
[23–25], etc.
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Non-resonant effects of intense laser fields on nuclear
systems have also been reported in the literature. Among
them possible influence of intense laser fields on nuclear
alpha decay has received attention [26–29]. Widely ac-
cepted as a quantum tunneling process [30], alpha decay
is expected to be modified in the presence of a strong
laser field through modifying the potential barrier, on
which quantum tunneling depends very sensitively. In-
deed, existing works all predict such modifications.

To what degree an intense laser field, currently avail-
able or to be available in the forthcoming years, can in-
fluence alpha decay? This quantitative question, how-
ever, remains unanswered. Mişicu and Rizea numerically
solve a time-dependent Schrödinger equation using a one-
dimensional (1D) model nuclear potential [27, 28]. They
focus on obtaining qualitative understandings instead of
quantitative evaluations. Delion and Ghinescu [29] adopt
a Kramers-Henneberger (KH) approximation [31, 32] to
describe the laser-nucleus interaction. However, as will
be explained in detail in the following section, the KH
approximation is not valid to describe the laser-nucleus
interaction. This explains why unreasonable predictions
are made in Ref. [29] that the laser field greatly sup-
presses (by orders of magnitude) alpha decay along the
polarization direction, where the laser electric field is the
strongest, and greatly enhances (by orders of magnitude)
alpha decay along the perpendicular direction, where no
laser electric field is present.

The goal of the current article is to study the effect of
intense laser fields on nuclear alpha decay quantitatively.
To achieve this goal we need to start with a realistic and
quantitative alpha-nucleus potential. In this work we use
the potentials proposed by Igo [33], which have a simple
analytical form and can be applied to a variety of nu-
clei. These potentials were obtained by fitting to alpha-
nucleus scattering data. Our numerical results show that
alpha decay can indeed be modified by strong external
laser fields, to some small but finite extent. For example,
with a laser intensity of 1024 W/cm2, which is expected
to be achievable in the forthcoming years with ELI, a
modification of 0.1% to the alpha particle penetrability
or the nuclear half life is predicted. Besides, the alpha
decay is modified along the laser polarization direction,
as would be expected reasonably. A somewhat surprising
result is that alpha decays with lower decay energies are
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FIG. 1: Potentials between the alpha particle and the daughter nucleus, including the Igo alpha-nucleus potential and the
Coulomb potential, for three nuclear elements (a) 144Nd (b) 224Ra and (c) 212Po. The red horizontal line in each panel is the
corresponding alpha decay energy Q, the intersections of which with the potential energy curve give the tunneling entrance
point Rin and the tunneling exit point Rout.

relatively easier to be modified by external laser fields.
This is due to longer tunneling paths under the potential
barrier for the laser field to act on. We also explain that
modifications to angle-resolved penetrability are easier to
achieve than modifications to angle-integrated penetra-
bility. The former modifications depend linearly on the
laser electric field strength while the latter modifications
depend quadratically on the laser electric field strength.
This article is organized as follows. In Section II we will

introduce the methods that we use in our calculations.
That includes the detailed form of the alpha-nucleus po-
tentials, the form of the laser-nucleus interaction, and
the method to calculate the alpha particle penetrability.
Numerical results, analyses, and discussions are given in
Section III. A conclusion is given in Section IV.

II. METHOD

A. The alpha-nucleus potential

The potential energy felt by the alpha particle from
the residue (daughter) nucleus can be written as

V (r) = VN (r) + VC(r), (1)

where r is the distance between the alpha particle and
the daughter nucleus, VN (r) is a short-range nuclear po-
tential and VC(r) = 2Z/r is the Coulomb repulsive po-
tential. Z is the charge of the daughter nucleus.
Igo proposed a quantitative yet simple alpha-nucleus

potential [33] by fitting to alpha-nucleus scattering data

VN (r) = −1100 exp

{

−
[

r − 1.17A1/3

0.574

]}

MeV, (2)

where r is in units of fm (1 fm = 10−15 m) and A is the
mass number of the daughter nucleus. The potential is
given in MeV.
Figure 1 shows the potential V (r) for three represen-

tative alpha-decay elements, namely, 144Nd, 224Ra, and
212Po. The decay energy Q for the three elements are

1.97, 5.82, and 8.98 MeV, respectively. Typical alpha-
decay energies range within 1 MeV to 10 MeV, so the
three elements chosen represent low-, medium-, and high-
energy decays.
The decay energy Q is the sum of the kinetic energy of

the alpha particle and the recoil energy of the daughter
nucleus, and it can be obtained as

Q =
A+ 4

A
Eα, (3)

where Eα is the (detected) kinetic energy of the alpha
particle, and A is the mass number of the daughter nu-
cleus. Normally a very small electron-screening correc-
tion may be included due to energy loss of the alpha
particle flying through the electron cloud of the atom.
This small correction is not included in the current prob-
lem with the consideration that the electrons have been
removed by the intense laser fields.

B. The laser-nucleus interaction

The interaction between the laser electric field and the
nucleus is given in the length gauge as [27]

VI(~r, t) = −Zeff~r · ~ε(t) = −Zeffrε(t) cos θ, (4)

where θ is the angle between ~r and ~ε(t), and Zeff =
(2A − 4Z)/(A + 4) is an effective charge. This effective
charge indicates the tendency of the laser electric field
separating the alpha particle and the daughter nucleus.
One sees that if Z/A = 1/2, then Zeff = 0. That is, if
the daughter nucleus has the same charge-to-mass ratio
as the alpha particle, then the daughter nucleus and the
alpha particle will move in concert in the laser field and
the laser electric field does not have an effect of separating
the two. For the three nuclear elements shown in Fig. 1,
Zeff = 0.33 for 144Nd, 0.43 for 224Ra, and 0.42 for 212Po.
The neglect of the magnetic part of the laser field is

justified by the fact that the alpha particle moves much
slower than the speed of light. Assuming a kinetic energy
of 10 MeV, one gets an alpha particle speed of 2.2× 107



3

0 0.25 0.5 0.75 1

time (cycles)

-3

-2

-1

0

1

2

3

1
0

3
 

144
Nd0

°

45
°

90
°

(a)

0 0.25 0.5 0.75 1

time (cycles)

-6

-4

-2

0

2

4

6

1
0

4
 

224
Ra

(b)

0 0.25 0.5 0.75 1

time (cycles)

-2

-1

0

1

2

1
0

4
 

212
Po

(c)

FIG. 2: Time-dependent modifications to the alpha particle penetrability, seen from three spatial angles, namely, θ = 0◦ (red
solid), 45◦ (blue dashed), and 90◦ (black dash dotted). The same three nuclear elements are used as in Fig. 1. The peak
intensity used is 1024 W/cm2 for all the three elements.

m/s, about 7% the speed of light. Therefore the effect of
the magnetic field on the alpha particle is expected to be
much smaller than that of the electric field.

C. The quasistatic approximation

The size of a typical nucleus is on the order of 1 fm.
From a classical picture, the alpha particle oscillates back
and forth within the nucleus. The frequency of this oscil-
lation can be estimated to be∼ 2×107m·s−1/2 fm = 1022

Hz. Each time the alpha particle hits the potential wall,
it has a small chance (which is called the penetrability) of
tunneling out. If it does, we may estimate how much time
the alpha particle needs to tunnel through the potential
barrier. Referring Fig. 1, the length of the potential
barrier for the alpha particle to tunnel through is on the
order of 10 fm. So the alpha particle needs about 10−21

s to travel through the potential barrier. This time is
much smaller than an optical cycle of strong lasers. For
the 800 nm near-infrared laser of ELI, one optical cycle
is 2.6 × 10−15 s. For 10 keV X-ray lasers, one optical
cycle is 4 × 10−19 s. Therefore during the time that the
alpha particle penetrates through the potential barrier,
the change of the laser field is negligible and the laser
field can be viewed as static. This is the quasistatic ap-
proximation. In strong-field atomic physics, such approx-
imation is routinely used describing tunneling ionization
of atoms [34–37].

It is obvious that the Kramers-Henneberger approxi-
mation [31, 32] is not valid here. The KH approximation
says that when the laser frequency is much higher than
the particle oscillating frequency, the particle responses
dominantly to the cycle-averaged laser field value (like
our eyes’ response to light). This high-frequency condi-
tion of validity for the KH approximation is well known
in the literature [38, 39]. Applying the KH approxima-
tion to the laser-assisted alpha decay process has led to
unreasonable predictions by Delion and Ghinescu [29], as
mentioned previously in the Introduction.

D. The penetrability of the alpha particle

Based on the quasistatic approximation, the penetra-
bility of the alpha particle through the potential barrier
can be calculated using the Wentzel-Kramers-Brillouin
(WKB) method as

P (θ, t) = exp

(

− 2

h̄

∫ Rout

Rin

√

2µ[V (r) −Q+ VI(r, θ, t)]dr

)

,

(5)
where V (r) and VI(r, θ, t) are given in Eqs. (1) and
(4), respectively. The laser polarization is assumed to
be along the z axis and θ denotes the direction of alpha
emission, with respect to the +z axis. Understanding
from the classical picture, the alpha particle oscillates
back and forth inside the nucleus, and every time it hits
the potential wall, it has a probability of P (θ, t) to tunnel
out.
In this article we mainly look into the relative change of

the penetrability induced by the laser field. The relative
change of the penetrability is defined as

∆ =
P (ε)− P (ε = 0)

P (ε = 0)
, (6)

where ε is the laser field strength. ∆ is also understood
as a function of the emission angle θ and time t.

III. RESULTS AND DISCUSSIONS

A. Laser-induced modifications to the penetrability

First we show that the penetrability of the alpha parti-
cle can indeed be modified by strong external laser fields.
Figure 2 shows time-dependent modifications to the pen-
etrability seen from three spatial angles with respect to
the +z direction, namely, θ = 0◦ (red solid curves),
θ = 45◦ (blue dashed curves), and θ = 90◦ (black dash-
dotted curves). The same three nuclear elements are
used as in Fig. 1. The modifications are strongest along
θ = 0◦, i.e., when the alpha emission direction is paral-
lel to the laser polarization direction. No modifications
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FIG. 3: Relative changes of the penetrability P seen from θ = 0◦ and from θ = 180◦, for three different laser intensities, namely,
1024 W/cm2 (a), 1026 W/cm2 (b), and 1028 W/cm2 (c). The nuclear element used here is 144Nd. Positive-negative asymmetry
between 0◦ and 180◦ can be more clearly seen from the sum of the two, as shown by the thick black curve in each panel.

are seen along θ = 90◦, when the emission direction is
perpendicular to the laser polarization direction.

A peak intensity of 1024 W/cm2 is used for all the
three nuclear elements. This intensity is expected to be
achieved by ELI in the forthcoming years. One sees that
modifications to the alpha penetrability are on the order
of 0.1% for 144Nd and of 0.01% for 224Ra or 212Po. The
same amount of modifications are made to the nuclear
half lives.

It may seem unexpected at first that 144Nd, with a
lower decay energy than 224Ra and 212Po, is relatively
easier to be modified by external laser fields. This is
a consequence of the tunneling mechanism. 144Nd has
a longer tunneling path for the laser field to act on, as
shown in Fig. 1, and the potential from the laser electric
field is proportional to this path length.

B. Laser potential as a perturbation to the

alpha-nucleus potential

Compared to the potential energy between the alpha
particle and the daughter nucleus, the laser potential has
much smaller magnitudes, even with an intensity of 1024

W/cm2. We can gain insights into the laser-modification
process by treating the laser potential as a perturbation
to the alpha-nucleus potential.

Let us start from the penetrability exponential given
in Eq. (5) and write it in the following form

P (θ, t) = exp

{

−2
√
2µ

h̄

∫ Rout

Rin

√

V0 + VIdr

}

(7)

= exp

{

−2
√
2µ

h̄

∫ Rout

Rin

√

V0

√

1 +
VI

V0
dr

}

(8)

where for convenience V0(r) ≡ V (r) − Q. By assuming

|VI | ≪ |V0|, we have the following Taylor expansion

P (θ, t) = exp

{

−2
√
2µ

h̄

∫ Rout

Rin

√

V0

×
(

1 +
VI

2V0
− V 2

I

8V 2
0

+ ...

)

dr

}

(9)

≈ exp
(

γ(0) + γ(1) + γ(2)
)

(10)

= exp
(

γ(0)
)

exp
(

γ(1) + γ(2)
)

(11)

≈ P (ε = 0, θ, t)
(

1 + γ(1) + γ(2)
)

(12)

where γ(0),γ(1),and γ(2) are defined as

γ(0) = −2
√
2µ

h̄

∫ Rout

Rin

√

V0(r)dr (13)

γ(1) = ε(t)

√
2µZeff cos θ

h̄

∫ Rout

Rin

rdr
√

V0(r)
(14)

γ(2) = ε2(t)

√
2µZ2

eff cos
2 θ

4h̄

∫ Rout

Rin

r2dr

V
3/2
0 (r)

(15)

Note that γ(0) is independent of the laser electric field,
γ(1) is proportional to ε(t), and γ(2) is proportional to
ε2(t).

C. 0◦ versus 180◦

When there is no laser field, alpha emission to the di-
rection θ = 0◦ is the same as that to θ = 180◦. When
the laser electric field is on and pointing to 0◦, the pene-
trability to the same direction increases, but at the same
time the penetrability to the opposite direction (180◦)
decreases.
For intensities with which γ(2) is negligible, the re-

sponse of the penetrability to the laser electric field is
linear. This means that the amount that P increases
along 0◦ is equal to the amount that P decreases along
180◦. The same argument can be made to other emis-
sion directions as well. Then there will be no net gain in
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FIG. 4: Angle-resolved (red squares) and angle-integrated (blue circles) modifications to the alpha decay penetrability, as a
function of laser intensity. Both ∆ and the intensity I are plotted in the logarithmic scale, with which both curves are linear.
The red (square) curves have slope 0.5, due to a linear dependency on the laser field strength. The blue (circle) curves have
slope 1.0, due to a quadratic dependency on the laser field strength.

the total alpha decay rate integrating over all emission
directions. Only for higher intensities with which γ(2) is
not negligible, does the total alpha decay rate increase.
This can be seen from Eq. (15) that γ(2) is always pos-
itive so both 0◦ and 180◦ contribute positively to the
decay rate. Therefore modifying the angle-integrated to-
tal decay rate requires much higher laser intensities than
modifying the angle-resolved decay rates. The former is
a second-order process in laser field strength, whereas the
latter is a first-order process in laser field strength.
Figure 3 shows the comparison between the modifica-

tion to the alpha decay rate seen from 0◦ and from 180◦,
for three different intensities, namely, 1024 W/cm2, 1026

W/cm2, and 1028 W/cm2. The nuclear element used is
144Nd. One can see that for the lower two intensities, 0◦

and 180◦ look quite symmetric from naked eyes, although
small asymmetries do exist, as can be seen from the sum
of the two angles (the thick black curve in each panel).
For the relatively high intensity shown in panel (c), ob-
vious positive-negative asymmetry can be seen, due to
appreciable γ(2) values with this intensity.

D. Angle-resolved versus angle-integrated

modifications

Figure 4 shows the angle-resolved (red squares) and
angle-integrated modifications (blue circles) to the al-
pha decay penetrability. The relative modification ∆ and
the laser intensity I are plotted in the logarithmic scale,
therefore both curves are linear. The slope of the red
curves is 0.5, due to a linear dependency on the laser
electric field, while the slope of the blue curves is 1.0,
due to a quadratic dependency on the laser electric field.
Similar linear dependencies have also been predicted in
Ref. [26] with 1D nuclear models and various nuclear
species.
As analyzed in the previous subsection, for the intensi-

ties used in the current article, as well as laser intensities
available in the near future, the response of the alpha de-
cay to the external laser field is dominantly linear. Ob-
serving from a particular spatial angle, the modification

to the alpha penetrability depends (almost) linearly on
the laser field strength. The linear response cancels if
the angle-integrated modifications are considered, leav-
ing the quadratic response dominating.

E. Possible experimental tests

In this subsection we propose an experimental scheme
to test the predicted modifications to the alpha-decay
penetrability by intense laser fields.
We propose to use elliptically polarized laser fields to

observe the laser-induced modifications. Elliptical polar-
ization (EP) is able to “throw” alpha particles emitted at
different times to different spatial angles, rendering the
modifications free from time averaging. For if alpha par-
ticles emitted at two times arrive at the same position of
the detector, and the increase to the alpha-decay pene-
trability at one time balances the decrease at the other
time, then the time-integrated signal at the detector will
not discriminate modifications of individual times. This
is what would happen using linearly polarized laser fields.
The problem can be cured using EP. This property of EP
has been exploited in strong-field atomic physics to ex-
tract ionization information that is otherwise hidden with
linear polarization [40–43].
An elliptically polarized laser field is illustrated in Fig.

5 (a). The x-y plane is the polarization plane with the
x direction the major direction, and the ellipticity value
is 0.5. The electric field E(t) rotates along the polariza-
tion ellipse. The effect of the elliptically polarized laser
field on the alpha-emission process is twofold. First, the
laser field adds an additional velocity (basically the vec-
tor potential) to the alpha particle, and the value of the
additional velocity is determined by the time of emission.
An example is illustrated in Fig. 5 (b). Without the laser
field, the alpha particle has equal probabilities emitting
to all directions with the same velocity, forming a circle
on the asymptotic velocity distribution. With the laser
field, the circular velocity distribution will be shifted by
an amount determined by the time of emission. Second,
the laser field modifies the probability emitting to differ-
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FIG. 5: (a) An elliptically polarized laser field. The field E(t)
rotates along the polarization ellipse. (b) Asymptotic velocity
distribution of the emitted alpha particle without (dashed cir-
cle) and with (solid grey circle) the laser field. With the laser
field, the position of the circle will be shifted and the distribu-
tion over the circle will no longer be uniform. (c) Simulated
alpha particle velocity distribution using a trapezoidal laser
pulse. The velocities are in atomic units and the color scale
is in arbitrary units. (d) Difference in the velocity distribu-
tion if there were no modifications to the penetrability. The
color-scale units are the same as in (c).

ent directions. The probability of emission to the right
can be different from that to the left, for example, as
illustrated in Fig. 5 (b).
The above argument on a single time step applies to

all time steps during the laser pulse. Different time steps
lead to different velocity shifts and penetrability modifi-
cations. Integrating over a laser pulse (assuming an in-
tensity of 1024 W/cm2 and a 100-cycle, or 267 fs, trape-
zoidal pulse with a 2-cycle linear ramping on and a 2-
cycle linear ramping off), the asymptotic velocity distri-
bution is simulated as in Fig. 5 (c). If there were no
modifications to the alpha-decay penetrability, this ve-
locity distribution would be slightly different, and the
difference is shown in Fig. 5 (d). This difference, com-
pared to the raw data, is roughly two orders of magnitude
smaller in absolute values. The advantage of using EP
can be seen: increase and decrease in the penetrabilities
appear in different parts of the velocity distribution with-
out overlapping. If a pattern similar to Fig. 5 (d) could

be identified by comparing an experimental distribution
and a theoretical one assuming no modification to the
penetrability, then the theory of the current article could
be verified.

IV. CONCLUSION

We report in this article a combined theoretical and
numerical study on the possible influences of strong laser
fields on the nuclear alpha decay process. We use realis-
tic and quantitative alpha-nucleus potentials and aim at
obtaining quantitative evaluations of the laser influences.
We first show that the alpha penetrability (or equiv-

alently the nuclear half life) can indeed be modified by
strong laser fields to some small but finite extent, with
laser intensities expected to be achievable in the forth-
coming years especially with the under-constructing ELI
facility. We also predict that alpha decays with lower
decay energies are easier to be modified than those with
higher decay energies, due to longer tunneling paths for
the laser electric field to act on. This is a somewhat
counterintuitive result.
We point out that compared to the alpha-nucleus po-

tential, the additional laser potential is weak, even with
the highest laser intensities achievable in the near fu-
ture. The response of alpha decay to the laser field
is shown to be restricted to the lowest two orders (lin-
ear and quadratic). Angle-resolved alpha penetrability
is shown to be a first-order process, depending linearly
on the laser field strength. Whereas angle-integrated al-
pha penetrability is shown to be a second-order process,
depending quadratically on the laser field strength, or
linearly on the laser field intensity. Future experiments
investigating laser-modified alpha decay processes should
start with angle-resolved observables. An experimental
scheme based on elliptically polarized laser fields is pro-
posed.
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L. Bocklage, R. Rüffer, A. Pálffy, and R. Röhlsberger,
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[28] Ş. Mişicu and M. Rizea, Open Phys. 14, 81 (2016).
[29] D. S. Delion and S. A. Ghinescu, Phys. Rev. Lett. 119,

202501 (2017).
[30] G. Gamow, Z. Physik 51, 204 (1928).
[31] H. A. Kramers, Collective Scientific Papers (North-

Holland, Amsterdam, 1956), p.262.
[32] W. C. Henneberger, Phys. Rev. Lett. 21, 838 (1968).
[33] G. Igo, Phys. Rev. Lett. 1, 72 (1958).
[34] M.V. Ammosov, N. B. Delone, and V. P. Krainov, Sov.

Phys. JETP 64, 1191 (1986).
[35] T. Brabec, M. Y. Ivanov, and P. B. Corkum, Phys. Rev.

A 54, R2551 (1996).
[36] J. Chen, J. Liu, L. B. Fu, and W. M. Zheng, Phys. Rev.

A 63, 011404 (2000).
[37] G. L. Yudin and M. Y. Ivanov, Phys. Rev. A 63, 033404

(2001).
[38] M. Gavrila and J. Z. Kaminski, Phys. Rev. Lett. 52, 613

(1984).
[39] M. Pont and M. Gavrila, Phys. Rev. Lett. 65, 2362

(1990).
[40] P. Eckle, A. N. Pfeiffer, C. Cirelli, A. Staudte, R.Dörner,

H. G. Muller, M. Bütiker, and U. Keller, Science 322,
1525 (2008).

[41] X. Wang and J. H. Eberly, Phys. Rev. Lett. 103, 103007
(2009).

[42] X. Wang and J. H. Eberly, Phys. Rev. Lett. 105, 083001
(2010).

[43] X. Wang, J. Tian, and J. H. Eberly, Phys. Rev. Lett.
110, 073001 (2013).


