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Breakdown of Stabilization of Atoms Interacting with Intense, High-Frequency Laser Pulses
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An analysis of the influence of the magnetic field of an intense, high-frequency laser pulse on the
stabilization of an atomic system is presented. We demonstrate that at relatively modest intensities
the magnetic field can significantly alter the dynamics of the system. In particular, a breakdown of
stabilization occurs, thereby restricting the intensity regime in which the atom is relatively stable against
ionization. Counterpropagating pulses do not negate the detrimental effects of the magnetic field. We
compare our quantum mechanical results with classical Monte Carlo simulations.
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Theoretical studies of atoms interacting with high-
frequency intense laser pulses have predicted a significant
decrease in the ionization probability with increasing
laser intensity. This phenomenon is referred to as atomic
stabilization, and has been extensively studied over the
past decade [1]. Many aspects of this phenomenon can be
understood by performing a Kramers-Henneberger (KH)
transformation to the rest frame of a classical electron
in the laser field. In particular, by developing a high-
frequency Floquet theory in the KH frame [2], stabilization
can be seen to have its origin in the rapid quiver motion
of the atomic electron in the laser field. This allows
the electron dynamics to be described by an effective
potential that, on average, localizes the electron away
from the vicinity of the nucleus. Subsequent ab initio
Floquet calculations confirmed that ionization rates
decrease with increasing intensity in a high-frequency
field [3]. By directly integrating the time-dependent
Schrédinger equation numerically, simulations in one [4]
and three dimensions [5] demonstrated reductions in the
ionization probability with increasing laser intensity when
an atom interacts with realistic laser pulses having a finite
duration. Further work has been carried out in order
to elucidate the effects of the pulse shape and duration
[6,7]. We also note that evidence of atomic stabilization
of Rydberg states has been observed experimentally [8].

In the above-mentioned theoretical studies, the magnetic
component of the laser pulse was neglected. However, as
the laser intensity increases, relativistic effects that alter
the stabilization dynamics become important. Classical
Monte Carlo simulations have indicated that the magnetic
field pushes the electron in the laser pulse propagation
direction, reducing the degree of stabilization [9]. Rela-
tivistic wave equations have also been considered within
the context of reduced dimensional models [10,11]. How-
ever, it is also of interest to study the effects that are
neglected in the dipole approximation by using the fully
space- and time-dependent vector potential in the nonrela-
tivistic Schrédinger equation [12]. For atomic hydrogen,
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this results in the cylindrical symmetry of the system being
broken, thereby requiring a fully three-dimensional calcu-
lation to be carried out for extremely high laser intensities.
This is a computationally demanding task. However, a
two-dimensional model atom contains the essential physics
[11], allowing studies of laser-atom interactions beyond the
dipole approximation to be readily carried out [13]. In this
Letter we investigate the laser-atom dynamics in the stabi-
lization regime for a two-dimensional model atom without
employing the dipole approximation. We demonstrate that
stabilization breaks down at relatively modest laser inten-
sities, i.e., at intensities where the laser-atom interaction
can be described by the nonrelativistic Schrodinger equa-
tion. In particular, we show that the dipole approximation
leads to survival probabilities which are too large because
the magnetic field, neglected in the dipole approximation,
strongly influences the stabilization dynamics. By compar-
ing our results with those obtained from classical Monte
Carlo simulations, we confirm the validity of classical ap-
proaches in describing atoms interacting with short, high-
intensity, and high-frequency laser pulses.

Our results have been obtained using a two-dimensional
model atom which is described by the time-dependent
Schrodinger equation

i%\lf(r,t) _ [%(;) + %A(n)>2 + V(r)}‘lf(r,t),
(D

with r = (x,z). The spin of the electron is neglected
and we use atomic units (a.u.) throughout. The laser field
is described classically by the fully spatially dependent
vector potential

E
A(n) = %c £f(n)siny . )

The function f(n) is the laser pulse envelope, which is
taken to be trapezoidal, and n = w(t — z/c) so that the
laser pulse travels in the positive z direction and c is
the speed of light. We use a smoothed two-dimensional
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Coulomb potential
1

The smoothing parameter a is used to avoid problems in
two dimensions associated with the singularity at » = 0.
We have set a = 0.80 so that the ground state has the same
binding energy as hydrogen, i.e., —0.50. The potential
supports an infinite number of Rydberg series of bound
states. Equation (1) is numerically integrated on a uniform
grid using either a split operator or a Crank-Nicholson
method. Both widely used approaches are easily modified
to account for the spatially dependent vector potential.

The probability that the atom does not ionize during the
laser pulse is determined by projecting the wave function
at the end of the laser pulse onto the bound field-free states
of the atom,

V(ir)=— 3

Z [(Wm | W (1)), (4)

where 7 is the pulse duratlon. The field-free states |/, )
are labeled by their principal quantum number n and
azimuthal quantum number m. In cylindrical coordinates,
Ypm(r) = 27) 2R, (r) exp(—im¢p) so that the radial
functions are solutions of the differential equation

1 9 d
|:_2}" ar< ar> + 2,2 + V(r) nmi|an(r) =0
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To understand the influence of the magnetic field, we also
performed calculations in the dipole approximation by set-
ting n = wt in Eq. (2) for the vector potential.

In the upper plots of Fig. 1, the ionization probability is
shown as a function of the peak electric field strength of
the laser, Ey, for angular frequencies of w = 1 (left) and
w = 2 (right). As indicated in the plots, the dashed lines
are nondipole (NDP) results and solid lines are the results
of the dipole (DP) approximation. A trapezoidal pulse
with three-cycle turn-on (turn-off) and six-cycle constant
intensity was used. From the results, it is evident that the
dipole approximation breaks down when the electric field
Eyp = 10 for « = 1. However, when w = 2 it remains
a good approximation up to Ey = 20, the maximum field
strength considered here.

In the lower plots of Fig. 1, the populations in the
ground state and in the even parity bound states are shown.
For a twelve-cycle pulse and w = 1, nearly all of the sur-
viving population returns to the ground state for Ey < 5.
This is an indication of the so-called “adiabatic stabiliza-
tion” of the atom. When Ey = 10, the evolution of the
system is highly nonadiabatic, and in the dipole approxi-
mation there is significant population transfer (‘“shake up”)
to the excited states. Note that, in this “dynamical sta-
bilization” regime, only even parity states are populated,
i.e., the evolution of the system can be described to a good
approximation by an effective time-averaged potential in
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FIG. 1. The upper plot shows the survival probability as a
function of the maximum electric field strength, Ey, of the
laser. On the left, results are shown for an angular frequency
of w = 1 while, on the right, ® = 2. A trapezoidal pulse with
a three-cycle turn-on (turn-off) and six-cycle constant intensity
was used. In the lower two plots, the populations in the ground
state and in the even parity excited states are shown. The dipole
(DP) results are given by the solid curves, nondipole (NDP) re-
sults are given by the dashed curves while the dotted curves
correspond to results for two counterpropagating (CP) pulses.

the KH frame [7]. For the nondipole case, the surviv-
ing population moves progressively to the odd parity states
as the dipole approximation breaks down. When w = 2,
adiabaticity is maintained up to Ey = 10. We have per-
formed additional calculations for a range of pulse dura-
tions. These results, which will be presented elsewhere,
show that the degree of adiabaticity of the laser-atom in-
teraction does not modify significantly the breakdown of
the dipole approximation.

The fact that the dipole approximation breaks down at
relatively moderate intensities, and that the dipole approxi-
mation improves as the frequency increases, can be un-
derstood by using the Lorentz force equations. To lowest
order in 1/c for a free electron initially at rest, the force
exerted on the electron and the velocity of the electron in
the laser pulse are

A,
v, (1) = A(n) , (6)
¢ z=0
_ (1) 9Ax(m) 1 0A%(n)
F.(1) = Tz e 20 01 o (7)
v (1) = —Az(wt) 8)
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Note that the magnetic field induces a velocity in the propa-
gation direction which is never negative. This velocity is
composed of a drift term and an oscillating term. In ad-
dition, the displacement of the electron in the propagation
direction increases as the pulse duration increases. By in-
tegrating Eq. (8), this simple model implies that the dipole
approximation is expected to fail when the the displace-
ment of the electron arising from its “figure eight” mo-
tion due to the magnetic field becomes comparable to the
size of the initial wave packet, i.e., E(%/cw3 ~ 1. This is
confirmed by our calculations. When this occurs, the to-
tal displacement of a classical electron in the laser field
is proportional to TEj/cw?, where 7 is taken to be ap-
proximately the duration of the flat part of the pulse. We
emphasize that for E( fixed, decreasing w will result in
an eventual breakdown of the dipole approximation in this
high-intensity regime.

One might imagine that the detrimental effect of the
magnetic field can be eliminated by having the atom in-
teract with two counterpropagating laser pulses. Taking a
vector potential of the form

cEy . . .
Aln.7') = 5 2 &(sinn’ + sinm). )

with n’ = w(t + z/c), will result in fixed points in space
where the magnetic field vanishes, while the electric field
does not. In particular, at z = 0 the electric field oscillates
between —E( and Ej, but the magnetic field vanishes for
all times. It therefore seems reasonable that for a standing
wave the effect of the magnetic field would be minimized
and stabilization maintained. Near z = 0 the magnetic
field, of course, does not vanish.

We have calculated the time evolution of the initial
ground state of our two-dimensional model atom interact-
ing with two linearly polarized counterpropagating laser
pulses described by the vector potential

cEy

> CR[ f(n')sing’ + f(n)sing].  (10)
w

A(n,n') =
In Fig. 2, plots of the wave function probability density are
shown after 3, 6, and 9 cycles of the counterpropagating
pulses (right). Results for the dipole approximation are
also shown (left). Here Eg = 15, @ = 1 and again f(7)
describes a pulse with a three-cycle linear turn-on (turn-
off) and six cycles of constant intensity. Clearly magnetic
field effects strongly influence the stabilization dynamics
even for counterpropagating pulses. From Fig. 1, it is seen
that in fact the counterpropagating pulses result in survival
probabilities that are smaller than when a single pulse is
used. During the laser turn-on, the magnetic fields do not
exactly cancel to lowest order in 1/c. This leads to a
drift velocity that is negative for z negative and positive
for z positive. In addition, after the turn-on and to lowest
order in z/c, the force along the z direction on the electron

FIG. 2. Plots of the probability density of the wave func-
tion for linearly polarized (along the x axis), counterpropa-
gating pulses (right). Dipole approximation results are also
shown (left). These snapshots are taken after three (top), six
(middle) and nine (bottom) cycles. The pulse shapes are the
same as in Fig. 1, the maximum electric field strength of the
pulses is Ey = 15 and the angular frequency is w = 1.

in the laser pulse (and in the absence of the nucleus) is
given by

x 9*Ax(n.m’
_ Ai(n, 7))
=T o (12)

From the above equations, we can see that the force will
always act such that it drives the electron away from the
origin. This is also detrimental to stabilization. Note that,
while the force F,(z,z) is a factor ~zw/c smaller than
F,(t) defined in Eq. (7), it is nevertheless comparable to
the force of the time-averaged potential in the KH frame
that binds the electron (in the dipole approximation). By
considering different laser pulse turn-ons, we have verified
that the force given by Eq. (11) is large enough to desta-
bilize the atom.

Finally, we compare our results with classical Monte
Carlo simulations. Previous classical simulations have in-
dicated a breakdown of stabilization due to the magnetic
field component [9]. However, the applicability of ap-
proaches based on classical mechanics has remained an
open question. Our results are shown in Fig. 3. The
ensemble of initial conditions was obtained in a manner
analogous to the microcanonical distribution used for the
Kepler problem [9]. Typically, 500 trajectories were cal-
culated for each value of E. It is seen that the results of the
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FIG. 3. Quantum (solid curves) and classical Monte Carlo
(dotted curves) survival probabilities as a function of the maxi-
mum electric field strength, Ey, of the laser. On the left, results
are shown for an angular frequency of w = 1 while, on the
right, @ = 2. The remaining pulse parameters are the same as
in Fig. 1. Dipole (DP), nondipole (NDP), and counterpropagat-
ing pulses (CP) results are shown. Error estimates are given for
the Monte Carlo results.

quantum and classical calculations demonstrate a remark-
able agreement for each of the cases considered. Evidently,
aspects of the wave packet dynamics of the system in the
high-frequency, high-intensity regime can be described to
a good approximation by using classical mechanics.

We have presented the results of numerical simulations
involving a two-dimensional model atom interacting with
an intense laser pulse that includes the magnetic field of the
laser pulse. We have clearly shown that the magnetic field
induces a drift along the propagation direction that is suffi-
cient, even for moderate intensities, to disrupt the electron
dynamics that are required for atomic stabilization. By
considering the Lorentz force on the electron in the propa-
gation direction of the laser pulse, it can be seen that even
a small drift velocity, integrated over the duration of the
laser pulse, is sufficient to modify the simple oscillating
motion along the polarization direction, thereby leading to
a breakdown of stabilization. It should be stressed that,
for the laser frequencies and intensities considered here,
the dynamics of the electron in the laser field is essentially
nonrelativistic. Indeed, for the highest field strength con-
sidered, Ey = 20, the ratio of the ponderomotive energy
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of the electron in the laser field to its rest mass energy
is small: E3/(4w2c?) =5 X 1073. In addition, for the
laser field parameters considered, the laser coupling of the
electron spin degrees of freedom is expected to have a neg-
ligible influence on the stabilization dynamics.

In conclusion, our results indicate that important revi-
sions are needed of existing stabilization models so that
the effect of the magnetic field is properly accounted for.
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