
 

Can Extreme Electromagnetic Fields Accelerate the α Decay of Nuclei?
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The possibility to control the α decay channel of atomic nuclei with electromagnetic fields of extreme
intensities envisaged for the near future at multipetawatt and exawatt laser facilities is investigated
theoretically. Using both analytic arguments based on the Wentzel-Kramers-Brillouin approximation and
numerical calculations for the imaginary time method applied in the framework of the α decay precluster
model, we show that no experimentally detectable modification of the α decay rate can be observed with
super-intense lasers at any so-far-available wavelength. Comparing our predictions with those reported in
several recent publications, where a considerable or even giant laser-induced enhancement of the decay rate
has been claimed, we identify there the misuse of a standard approximation.
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Introduction.—The upcoming commissioning of new
laser sources of few up to 10 petawatt (PW) power
[1–7], and plans for more powerful subexawatt laser
systems [6,8] have triggered theoretical revisions of phe-
nomena induced or assisted by electromagnetic fields of
extreme intensity. This includes generation of electron-
positron pairs by electromagnetic fields from vacuum, laser
initiation of quantum electrodynamic cascades of elemen-
tary particles and plasma dynamics in the classical or
quantum radiation-dominated interaction regime, see for
instance reviews in Refs. [9–11] and references therein.
Several theoretical proposals consider the effect of laser
radiation on nuclear processes. For example, zeptosecond
laser-generated MeV photon pulses are expected to induce
multiple nuclear excitations followed by neutron evapora-
tion [12,13]. Also, predicted effects of laser radiation on α
decay have been recently reported [14–20].
The radioactive α and β decays of atomic nuclei are most

fundamental nuclear processes observed in the Universe
and in laboratory experiments [21,22]. The theory of α
decay was one of the early successes of quantummechanics
as in 1928 both Gamow [23] and independently Condon
and Gurney [24] used the new concept of tunneling to
calculate α decay lifetimes. Within this tunneling picture
both α and proton radioactivity are related to widths
of quasistationary states in the quantum mechanical
two-potential approach [25] while accounting for the

spectroscopic factor for the proton and the preformation
factor of the α particle in the nucleus. Intuitively, in order to
significantly alter the α decay probability, an external
electromagnetic field should be able to make a work
comparable to the energy Qα of the escaping α particle
on the spatial length determined by the width of the
Coulomb barrier lα and during the time τα required for
this particle to cross the barrier. We note that this notion of
“time” does not truly describe a physical time, and requires
a model-dependent definition. In terms of classical mechan-
ics, the tunneling motion proceeds in the forbidden region
and the corresponding time is imaginary. Here we use for τα
the traversal time definition introduced by Büttiker and
Landauer [26]. Considering a generic value of 5 MeV α
particle energy, lα ≃ 10−11 cm and τα ≃ 10−20 s. On this
timescale, any electromagnetic field generated by labora-
tory sources with photon energies ℏω from 0.1 eV (CO2

laser) to 10 keV (x-ray free electron lasers) [27] can be
considered quasistatic, as its oscillation cycle Tω ≫ τα. The
work made by an external static field of strength E is of the
order of ≃ZαeElα with e being the elementary charge and
Zα ¼ 2 the atomic charge of the α particle, respectively.
Then an estimate for the electric field value that would
produce a seizable modification of the α decay rate gives
E� ≃Qα=ðZαelαÞ ≈ 1018 V=cm. This value exceeds the
critical field of quantum electrodynamics [28–30] Ecr ¼
m2

ec3=eℏ ¼ 1.32 × 1016 V=cm with me being the electron
mass, by almost two orders of magnitude and is far beyond
present laser capabilities.
Present record intensities of electromagnetic fields gen-

erated at sub-PW and PW laser facilities hardly exceed
1022 W=cm2 [31,32] which corresponds to the electric field
strength E0 ≈ 3 × 1012 V=cm. Such laser fields can con-
siderably modify the spectra of the decay products, since
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any charged particle promptly appearing in the continuum
dressed by electromagnetic waves will be accelerated
toward the detector with its momentum gain determined
by the instant of release (see, e.g., Refs. [33,34] for β and
Ref. [14] for α decay of nuclei). They however have no
observable effect on the overall decay probability.
In a striking contrast to these estimates, several recent

theoretical works have predicted a strong effect of laser
radiation on α decay even at currently achievable intensities
[15–19]. These spectacular claims brought superintense
lasers in discussions about practical applications for recy-
cling of nuclear waste [35]. This controversy and the
appealing applications that are at stake call for a reliable
and thorough theoretical investigation of laser-assisted α
decay at novel ultra-strong laser facilities. In this Letter, we
derive a correct value for the external electric field strength
which can alter the decay rate using twodifferent approaches,
one analytical based on the Wentzel-Kramers-Brillouin
(WKB) approximation of quantum mechanics and one
numerical employing the imaginary time method (ITM)
[36–38] extended for quasistationary states of α emitters
considered in the precluster model [14,39]. Both these
semiclassical approaches are well within their validity range
for laser-assisted α decay, and their predictions agree well
with each other. We apply them to calculate the correspond-
ing decay rates of several α emitters with lifetimes spanning
from 10−7 s to 1015 years and demonstrate that although the
value E� is an overestimate, neither present nor upcoming
laser fields can produce any seizable effect on α decay rates.
We address the controversy with results of Refs. [17–19]
and conclude that the gross enhancements in α decay rates
predicted there are most likely due to the misuse of an
approximation.
WKB method.—In order to analytically quantify the

effect of an electromagnetic field on the rate of α decay
we employ the Gamow model [23]. Both WKB and the
semiclassical limit of the two-potential approach have been
widely and successfully used in the literature to predict α
decay rates [40–46]. We note that (i) the relevant time over
which the laser can assist the tunneling process is the
traversal time τα [26]. This time is very short and does not
coincide with the observed α-decay lifetimes t1=2. While τα
always remains shorter than 10−20 s, the lifetimes t1=2 span
orders of magnitude from ns to the age of the Universe.
(ii) For electromagnetic fields with strength well below E�
the Coulomb forces at distances r ≤ lα exceed the Lorentz
force acting on the particle in the field of a laser wave.
Finally, (iii) the sub-barrier motion of the α particle remains
nonrelativistic even in extremely strong fields, due to the
shortness of τα and the large mass of the α particle
compared to the one of the electron.
Thus (i) allows us to treat the electric field effect in the

quasistatic approximation, while (ii) and (iii) justify to
calculate laser-induced corrections to the barrier penetrabil-
ity using a nonrelativistic perturbation theory. Within the

quasistatic approach, time is considered as a parameter,
and, when the interaction with the laser field is described in
the length gauge and the nuclear distortion of the Coulomb
barrier at small distances is discarded, the variables are
separable in parabolic coordinates [47]. These coordinates
should be used to describe correctly the angular depend-
ence of the decay rate [48]. However, a reliable estimate
can be made simply assuming the sub-barrier trajectory of
the α particle a straight line as in the field-free case. In the
centimeter-gram-second system, the Gamow decay rate
reads

R ≈ ν0 exp

�
−
2

ℏ

Z
b

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mr½VðrÞ − ezeffEðtÞ · r −Qα�

p
dr

�
:

ð1Þ

Here, ν0 is the frequency of α particle oscillations inside the
nucleus [49], mr is the reduced mass of the nuclear system
composed of α particle and daughter nucleus, and VðrÞ is
the Coulomb potential the particle tunnels through.
Furthermore, EðtÞ is the time-dependent electric field of
the laser, b ¼ 2Ze2=Qα is the barrier exit point, Z and A are
the charge and atomic numbers of the daughter nucleus and
zeff ¼ ð2A − 4ZÞ=ðAþ 4Þ is the effective charge which
accounts for the center of mass motion of the decaying
system. For electromagnetic fields of amplitude E0 ≪ E�
the potential energy in the laser field jezeffEðtÞ · rj is small
compared to the absolute value of the kinetic energy jQα −
VðrÞj everywhere except the vicinity of the turning points.
These however do not make a considerable contribution for
the semiclassical integral in Eq. (1) above. Using a series
expansion of the integrand up to the second order in EðtÞ
and performing the integration (see the Supplemental
Material [50] for technical details of the derivation) we
obtain for the laser-induced factor in the rate R ¼ R0 · RL

RL ≈ exp

�
2EðtÞ
Eeff

n · n0 −
35

9πνα

E2ðtÞ
E2
eff

ðn · n0Þ2
�

ð2Þ

where R0 ¼ ν0 expð−2πναÞ is the field-free rate, n and n0

are the unit vectors along the particle emission direction
and the laser polarization, respectively, and

Eeff ¼
2ℏ

ffiffiffi
2

p
Q5=2

α

3πZ2zeffe5
ffiffiffiffiffiffi
mr

p ; να ¼
2Ze2

ℏvα
: ð3Þ

Here να is the Sommerfeld parameter for α decay and vα the
α-particle velocity corresponding to Qα.
These simple formulas show that a considerable electro-

magnetic effect on the rate of α decay will be achieved
already atE0 ≃ Eeff ≪ E�. It is not uncommon for tunneling
phenomena that the actual value of the external field which
considerably alters the rate appears much smaller than
that necessary to strongly affect the value of the particle
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momentum under the barrier. As an example, fast tunneling
of atomic electrons in a static external electric field may
happen already at field strengths on the level of 5% of the
characteristic atomic field on the respective Bohr orbit
[36,51]. In our case, the reason for that is the numerically
large value of the field-free sub-barrier action 2πνα ≫ 1.
At EðtÞ ¼ Eeff the time-dependent factor RL enhances the
rate by approx. the square of the natural logarithm base
e2 ¼ 7.78. The characteristic electric field Eeff is a factor
3πναzeff=16 times less than E�, which gives, for 232Pu with
Z ¼ 92 andQα ≈ 5 MeV, Eeff ≈ 8 × 1016 V=cm ≈ 0.15E�.
Consequently, expression (2) which was obtained by per-
turbative expansion is valid forE ≪ E� and therefore applies
for electric field strengthsE ≃ Eeff , i.e., when the laser effect
on the rate is already numerically large,RL ≫ 1. At the same
time, as long asE0 ≪ E�, the second term in the exponent of
(2) can be neglected.Wemay therefore treatEeff as threshold
electric field strength that is sufficient to modify the α decay
process, a conclusion which is independent of the laser
photon energy in a broad frequency domain ℏω ≪ Qα=να.
The values ofEeff for several α-decaying nuclei are shown in
Table I; the lowest of them (for 144

60 Nd) corresponds to the
intensity I ≈ 5 × 1029 W=cm2. Thus, for practical calcula-
tions, the series expansion can be used in Eq. (2) to find the
relative effect of the laser field on the α decay rate. The time-
dependent and time- and angle-averaged field-induced fac-
tors in the decay rate, respectively, read

RL − 1 ≈
2EðtÞ
Eeff

n · n0; R̄L − 1 ≈
E2
0

3E2
eff

: ð4Þ

Estimates made along Eqs. (4) are shown in Table I for the α
emitters 106

52 Te,
144
60 Nd,

162
74 W, 21284 Po,

238
94 Pu, and

238
92 U at the laser

intensity I ¼ 1026 W=cm2 which is currently considered as
an optimistic upper limit for the experimental achievements
expected in a near future [8].
ITM in the precluster model.—Our second approach

considers the field-assisted tunneling of the preformed α
particle following the phenomenological precluster model

[41,42]. In this modification of the Gamow model, devia-
tions of the interaction potential VðrÞ from the pure
Coulomb form at short distances from the nucleus are
considered. The preformed α cluster is initially confined in
a potential well with depth −U0, which is taken as the mean
field nuclear potential that the nucleons of the parent
nucleus experience. This nuclear potential has a finite
length which is given by x0 ¼ c1A

1=3
p with c1 a constant

that defines the radius of the parent nucleus and Ap the
mass number of the latter [41,53]. For distances larger than
x0, the interaction is dictated by the Coulomb force acting
between the protons of the daughter nucleus and the α
particle. Technically this more realistic description for the
nuclear potential results in a better estimate for the
frequency ν0 in (1) and in the replacement of the lower
integration limit there by the potential well radius x0 ≪ b.
For field-free decays this model gives a fairly good
agreement with experimental data on nuclear halflives,
as it is shown in Table I where both experimental and
theoretical values are given.
The effect of laser radiation on the decay rate is the

highest when the particle escapes along the electric field
vector. Thus for the upper estimate of the possible laser-
induced decay acceleration, a 1D model can be employed,
following successful models in nonrelativistic laser-atom
interactions [54]. According to the ITM [36,37], a 1D
trajectory xðtÞ satisfying the Newton equation

mrẍ ¼ ZZα

x2
þ ezeffEðtÞ; ð5Þ

can be found along which the particle starts its motion at the
complex time instant t ¼ ts inside thewell, xðtsÞ¼x0, arrives
at the exit of the barrier when t¼t0 and has at t→∞ the
energy equal toQα. The exit point is separated from thewell
by the classically forbidden region, so that the solution of the
Newton equation satisfying the assigned initial conditions
only exists in complex time, t ¼ t0 þ iτ. The tunneling rate
is given by [36,37] R ≈ ν0 expð−2Im½W�=ℏÞ where the

TABLE I. Energy of the α particle, parameter c1 of the model potential [41,42], experimental (ex) [52] and theoretical (th) half-lives
(calculated from the model of [41,42]), and the corresponding field-free decay events N0 in a λ3 focal spot for λ ¼ 1 μm during the laser
pulse duration τ ¼ 100 fs. Results from the WKB model: the characteristic electric field (3), the linear (RL − 1) and average (R̄L − 1Þ
corrections to the rate (4), and the laser-induced change of the number of α decay events ΔN ¼ N0ðR̄L − 1Þ. Results from ITM: the
numerically calculated correction R0

L − 1 averaged over the laser period. The laser field strength E0 ¼ 2.74 × 1014 V=cm corresponds to
I ¼ 1026 W=cm2; the nuclear potential depth was taken U0 ¼ 135.6 MeV [42].

Isotope Qα (MeV) c1 (fm) tex1=2 (s) tth1=2 (s) Eeff (V=cm) RL − 1 R̄L − 1 R0
L − 1 N0 ΔN

106
52 Te 4.325 1.486 7 × 10−5 6.1 × 10−5 9.83 × 1017 5.57 × 10−4 2.59 × 10−8 6.37 × 10−8 102 3 × 10−6

144
60 Nd 1.907 1.484 7.2 × 1022 5.6 × 1022 2.12 × 1016 2.57 × 10−2 5.54 × 10−5 1.59 × 10−4 10−25 5 × 10−30

162
74 W 5.675 1.432 1.39 2.45 4.05 × 1017 1.35 × 10−3 1.52 × 10−7 4.35 × 10−7 5 × 10−3 8 × 10−10

212
84 Po 8.953 1.409 2.99 × 10−7 1.6 × 10−7 3.88 × 1017 1.35 × 10−3 1.66 × 10−7 4.88 × 10−7 2 × 104 4 × 10−3

238
94 Pu 5.593 1.390 2.77 × 109 4.4 × 109 9.81 × 1016 5.58 × 10−3 2.60 × 10−6 7.69 × 10−6 3 × 10−12 6 × 10−18

238
92 U 4.274 1.394 1.4 × 1017 4.3 × 1017 4.84 × 1016 1.13 × 10−2 1.06 × 10−5 3.16 × 10−5 5 × 10−20 5 × 10−25
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classical action W is found along the complex trajectories
under the barrier [14,39] (see also the SupplementalMaterial
[50]). For all numerical cases Im½W� ≫ ℏ holds, confirming
the applicability of the semiclassical approximation. Note
that, compared to the WKB model approach presented
above, the ITM takes into account numerically the field-
induced modifications of the α particle trajectory.
For an estimate of the laser effect on the α decay rate, we

have considered the idealized case of a monochromatic
linearly polarized field with E0 ¼ 2.74 × 1014 V=cm, cor-
responding to an intensity I ¼ 1026 W=cm2, and 800 nm
wavelength. We average the field-assisted α decay rate over
the laser field period which corresponds to the second of
Eqs. (4) without the factor 1=3 which comes from the
angular integration. Comparing the relative rates R̄L − 1
and R0

L − 1 shown in Table I, we find a very good
agreement between the WKB and ITM results. Our results
are also consistent with previous results in Ref. [14] when
taking into account that there the charge Zα ¼ 2 was used
instead of zeff , neglecting the motion of the daughter
nucleus in the laser field.
Possible observation.—Equation (3) and the numerical

results in Table I show that the value of the threshold electric
field Eeff grows with the α particle energy and decreases with
the charge Z of the daughter nucleus. Therefore, the laser-
induced effect on α decay grows exponentially for heavy
nuclei with large atomic number Zp ¼ Z þ 2 and for decays
characterized by small valuesQα. Indeed, theCoulombbarrier
width grows as b ¼ 2Ze2=Qα, such that the quasistatic
electric field of the laser can make a more significant work
during the (longer) tunneling process. However, with decreas-
ing Qα the field-free penetrability drops down much faster
than RL grows, prohibiting experimental detection. The
nucleus becomes practically stable despite the α decay not
being formally forbidden, see, e.g., the case of 144

60 Nd in
Table I with Qα ¼ 1.9 MeV, the minimal value Eeff ≈ 2.2×
1016 V=cm, but field-free half-life 7.2 × 1015 years.
Finally, we note that a modification of the instant decay

rate by ≃1% and that of the averaged one by ≃10−5 which
may happen for some nuclei according to our predictions in
Table I at intensities I ≃ 1026 W=cm2 leaves no chance for
experimental detection. Extreme laser intensities can only
be reached under a tight focusing limiting the interaction
volume by ≃λ3 ≈ 10−12 cm3 for infrared lasers (λ ≃ 1 μm)
and by a much smaller volume for x-ray lasers. Assuming a
solid state density target with a generic concentration of
1023 cm−3, the number of atoms in the interaction volume
is N ≃ 1011. The number N0 of field-free decays per laser
shot and its change ΔN due to the laser effect are shown in
the last two columns of Table I considering a pulse duration
τ ¼ 100 fs. These numbers show clearly that the laser-
induced corrections are for all practical purposes negligible.
For 144

60 Nd where the correction (4) achieves its maximum,
the field-free decay rate is so small that no events will ever

practically happen in the laser focus during the laser pulse
action. The case of x-ray lasers is even less realistic due to a
much smaller volume over which one would need to focus
to achieve extreme intensity values.
Contradicting theoretical predictions.—We turn now to

recent publications where a gross effect of laser fields on α
decay has been predicted. In a Letter [17], Delion and
Ghinescu claimed based on analytical considerations that
α-decay can be significantly accelerated in a strong laser field
with intensity I ∼ 1020 ÷ 1022 W=cm2. For a quantitative
analysis, Ref. [17] introduces the dimensionless parameter
D which is proportional to the ratio of the quiver amplitude
the α particle has in an external electromagnetic field to
the nuclear radius R0, D ∝

ffiffi
I

p
=ðω2R0Þ. Reference [17]

claims that for laser fields with D > 1, a considerable
modification of the α-decay rate can be achieved, and in
particular for D ¼ 3, this would lead to a six orders of
magnitude enhancement for the case of 232Pu. But for a Ti:
sapphire laser with ℏω ≈ 1.5 eV, D reaches unity already at
modest intensities of I ≈ 5 × 1011 W=cm2. Were the theo-
retical predictions of Ref. [17] correct, this enhancement by
many orders of magnitude in the α-decay rate could have
been easily achieved with lasers routinely used in labs for the
last several decades, or even using a sufficiently powerful
microwave oven [55].
Upon close inspection, it appears that these surprising

predictions stem from the misuse of an approximation. In
order to approach the problemofα decay in the presence of an
external time-dependent field analytically, Ref. [17] employs
the Kramers-Henneberger transformation (KHT) [56] and
proceeds with an essential approximation by replacing the
transformed time-dependent Coulomb potential by its static
(i.e., averaged over the laser period) component. This ansatz
is applicable only provided that the characteristic time of the
processes under consideration remains greater (ideally, much
greater) than the laser period. As this is indeed the case for a
broad variety of atomic phenomena in laser fields, KHT is
widely used in atomic physics (see, e.g., [57] and references
therein or [58]). However, for the considered problem exactly
the opposite condition Tω ≫ τα is satisfied, as we have
pointed out above. This invalidates all results of Ref. [17].
A similar error appears also in Refs. [18,19]. The predictions
on Refs. [15,16] based on the KHTand a numerical solution
of the Schrödinger equation are even more counterintuitive
than the ones of Ref. [17–19] and are likely to stem from
numerical inaccuracies.
Finally, calculations by Qi et al. in [20] are close to those

we have presented here, and the linear correction agrees
quantitatively with our estimates. In contrast to our con-
clusions, the authors expect the effect to be experimentally
detectable and suggest to use elliptically polarized radiation
to avoid the cancellation of the linear term in (4) after the
time averaging. However, the angular averaging of the term
n · n0 will lead to the cancelation of the linear contribution
irrespectively of the laser polarization state. Furthermore,
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the authors of Ref. [20] do not consider the realistic number
of nuclei decaying within the small laser focus.
Conclusions.—By employing two complementary

approaches, one analytical based on the WKB approxima-
tion and one numerical using the ITM applied to the
precluster model for α decay, we have shown that electro-
magnetic fields of strengths (3) exceeding the critical field
of quantum electrodynamics are needed to considerably
alter the rate of nuclear α decay. Proposals have been put
forward to overcome the critical field limit by collisions of
ultra-relativistic nuclear beams with laser pulses of sub-
critical intensity [10]. Furthermore, simulations indicate
that the QED cascades which are expected at ultrahigh
electromagnetic fields [59,60] and put a conceptual limit to
extreme laser intensities due to the laser energy depletion,
may be controllable [61]. However, these methods remain
far beyond the present experimental capabilities and many
orders of magnitude in laser intensity are yet to be
conquered. We conclude that laser-assisted α decay is
practically out of reach and refute recent optimistic claims
on the efficiency of this process and prospects for nuclear
waste recycling.
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