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Magnetic-field-induced enhancement of atomic stabilization in intense high-frequency laser fields
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The role of the magnetic-field component of the laser pulse on the phenomenon of atomic stabilization is
investigated in an ab initio study. This is achieved by solving the time-dependent Schrodinger equation for
the laser-atom interaction beyond the dipole approximation. The system under study is atomic hydrogen and
the atom is assumed to be irradiated by an intense xuv laser light pulse of varying intensity and duration. We
consider two different photon energies, hw = 54 and 95 eV. The main finding is that there exists a range of
laser pulse durations lasting for a few tens of field cycles where the atomic stabilization effect is enhanced due
to the magnetic-field component. This is a rather surprising result that contradicts earlier statements made in
the few-cycle pulse regime, where it has been shown that the magnetic field has a destructive effect in that the
degree of stabilization is suppressed. It is further found that in the long-pulse limit the ionization probabilities
obtained when illuminating the target with dipole and nondipole fields eventually coincide, meaning that the
magnetic-field component of the laser field finally loses its significance in the context of atomic stabilization. It is
also found that within the window of enhanced stabilization, the surplus population is distributed among excited

bound states rather than in the initial ground state.
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I. INTRODUCTION

Atomic stabilization is a physical phenomenon that was
predicted theoretically more than 20 yr ago [1-13]. Indepen-
dent studies of the ionization dynamics of hydrogen in intense,
high-frequency laser fields produced an unexpected result:
When raising the laser intensity up to a point where the applied
forces are likely to dominate the Coulomb forces, it was found
that the ionization process may eventually enter a regime
of subsiding ionization probability or rate with increasing
intensity or, alternatively, that the ionization yield levels out at
a value lower than 1. This rather counterintuitive phenomenon
was then dubbed atomic stabilization and was subject to much
debate in the following years; see, e.g., [14—18], and references
therein. The stabilization effect is expected to occur when the
photon energy exceeds the binding energy of the given atomic
system and for very high laser intensities, i.e., photon energies
higher than 13.6 eV and intensities of more than 10'© W/cm?
in the case of atomic hydrogen [8,19,20]. It has also been
demonstrated that systems with more than one active electron
are subject to stabilization, like, e.g., the helium atom [21,22].
The experimental technology enabling the production of xuv
laser light bright enough to allow for the direct observation
of atomic stabilization in ground state atomic systems has not
yet come true. Instead, experimental attempts to measure the
effect in excited atoms irradiated by optical laser fields have
been pursued [23-28].

As atomic stabilization is expected to occur in the regime of
high-intensity fields, it was pointed out early that the magnetic
component of the laser field may no longer be neglected [29],
i.e., that the electric dipole approximation becomes ques-
tionable. By performing quantum calculations beyond the
dipole approximation (nondipole), some evidence of a possible
breakdown of atomic stabilization of atoms interacting with
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intense high-frequency laser fields was predicted [30-32].
More recently, fully three-dimensional ab initio wave-packet
calculations beyond the dipole approximation confirmed that
the magnetic field may have a detrimental effect on the degree
of stabilization, but that it nevertheless does not destroy the
stabilizing effect altogether [20,33,34]. Furthermore, it has
been shown that the excess continuum electrons, as released
due to the nondipole field, are emitted with extremely low
kinetic energy [34]. This emission of low-energy electrons is a
characteristic of nondipole ionization dynamics in atoms [35]
and molecules [36] in general. It is to be noted that, thus
far, most ab initio studies have been pursued for relatively
short laser pulses of durations limited up to a few tens of
field cycles. The long-term evolution of atomic stabilization in
hydrogen was explored in a recent work [37]. It was found that
in the asymptotic limit of very long pulses the corresponding
ionization rate does not anymore become influenced by the
magnetic-field component, i.e., the dipole and nondipole
results eventually coincide and the stabilizing effect persists.
The aim of the present work is to extend the investigation
of the role of the magnetic-field component on atomic
stabilization from the short-pulse regime into intermediate
durations and ultimately, the long-pulse limit. We consider
soft x rays, i.e., the two photon energies 54 and 95 eV, and
the ionization dynamics of atomic hydrogen is studied beyond
the dipole approximation. The main finding is that there is
an intermediate-pulse regime where the stabilizing effect is
enhanced due to the magnetic-field component of the laser
field. This finding is rather surprising when seen in light of
previous assumptions and in complete contradiction with the
conclusions made in the series of studies performed in the
short-pulse regime, where the magnetic field has been shown
to be detrimental to stabilization [20,30-34]. Our conclusions
are expected to be valid in the entire (nonrelativistic) high-
frequency regime, provided that the photon energy exceeds
the binding energy of the system at hand. Furthermore, in the
limit of very long pulses the dipole and nondipole calculations
are seen to produce very similar results, i.e., magnetic-field
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effects are no longer of importance in the context of atomic
stabilization dynamics, a result that is in agreement with recent
findings [37].

We have further found that the magnetic-field-induced
enhancement of stabilization seems to be accompanied by
a significant increase of population in excited states as
compared to its dipole approximation counterpart. It turns
out that the electron is likely to become trapped in these
states due to the influence of the magnetic field during
the laser-atom interaction. We propose a population-trapping
mechanism for explaining the increased stabilization and the
corresponding higher survival probability. Performing calcula-
tions with various pulses, i.e., sine-square and Gaussian pulse
profiles, different photon energies, and varying pulse durations
and for a broad range of intensities, we have found that
the population-trapping phenomenon and the corresponding
enhanced stabilization effect are rather general phenomena,
characteristic of strong-field ionization dynamics of atoms in
high-frequency fields.

II. THEORY

The dipole approximation is one of the most common
approximations in theoretical physics. Here the laser field is
treated as a homogeneous time-dependent electric field; i.e.,
any spatial dependencies of the field as well as all effects due to
the magnetic field are neglected. The dipole approximation is
usually justified when the laser wavelength is much larger than
the relevant atomic dimensions, provided that the intensity is
not so high that magnetic-field effects [20,30-34] as well as
relativistic effects [38—40] become important.

Assuming laser light propagating in the positive x direction
and of linear polarization along the z axis and that the laser-
atom interaction being nonrelativistic, the time-dependent
Schrodinger equation (TDSE) in the velocity gauge for the
dynamics of the hydrogen atom is given by

'8\11 t—][ +A ]2—1\1:( 1) 1
15 (r,n) = EP (m ; r.r). (1)

Here A(n) = A(x,t)Z is the time- and space-dependent vector
potential defining the laser pulse, n = w(t — x/c), w is the
central angular frequency of the field, and c is the speed of
light. Atomic units where m,, h, e, and a are scaled to unity
have been introduced in Eq. (1). Solving Eq. (1) maintaining
the full spatial dependence of the field is numerically involved.
This is because the time and space coordinates are inextricably
linked by the n parameter. To circumvent this problem, the
vector potential can be written in terms of a power series.
Expanding the vector potential to first order in powers of x/c
yields

X
A(x,1) = A1) + ;E(t), 2
A(t) being the homogeneous z component of the vector

potential and E(t) = —%A(r) the corresponding electric field.
The TDSE takes the approximate form
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In deriving Eq. (3), and without loss of generality, the
Coulomb gauge restriction V - A = 0 has been imposed, and
the purely time-dependent and unimportant %AZ(I) term has
been removed through a phase (gauge) transformation [41].
Furthermore, all terms containing second- or higher-order
powers of x/c have been neglected. Supplementary to this,
the first-order spatial correction in the A - p operator is also
omitted as it has proven to be unimportant to the nondipole
ionization dynamics of hydrogen in xuv fields. The accuracy of
the invoked approximations was assessed in a recent work [34],
where it was shown that higher-order nondipole contributions
in the expansion of the Hamiltonian but the one accounted for
through the last term in Eq. (3) can safely be neglected. As
such, the net nondipole effect is due to the (homogeneous)
magnetic-field component of the laser pulse. The equation in
the form (3) is the nondipole TDSE applied in the present
work. The corresponding TDSE in the dipole approximation
is retrieved by only keeping the homogeneous term from the
expansion equation (2), i.e.,

.i\y( £ ~ 12_1+A(t) W(r,1) “4)
lat rt)x 217 , p: ).

In solving the TDSE, the wave function is expanded on
a basis composed of B-spline functions [42] for the radial
coordinate and spherical harmonics for the angular part,
By(r)

r

W) =Y cun(t)——Yin(0,). 5)
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Note that with the inclusion of nondipole terms in the Hamil-
tonian the azimuthal symmetry of the problem is broken, i.e.,
all values of the magnetic quantum number m running from —/
to / need to be included in the expansion. The expansion (5) is
truncated at some upper value of the orbital quantum number /,
so that [ runs from 0 to some maximum value /... The
B-spline functions By (r) are distributed equidistantly in a box
of length Ry,,x- B-spline functions are nonorthogonal but they
have compact support; i.e., they are nonzero only on some finite
interval [42]. This means that any operator may be represented
as a sparse matrix, which is one of the main advantages of
solving the TDSE directly in a B-spline-based basis. The
result is that the memory consumption is significantly reduced
as compared to a representation with global basis functions
such as atomic eigenstates. The (stiff) system of ordinary
differential equations in time that result from the B-spline
expansion is then solved numerically by repeatedly applying
the Cayley form propagator,

i At i At
[s +—H( + At)i|c(t +Af) = [s - TH(r)]c(t), (6)

At being the propagator time step, and S and H the basis
overlap and Hamiltonian matrices, respectively. Details about
our computational scheme for solving the TDSE in order to
obtain the wave function at the end of the laser pulse can
be found in [34]. The probability of ionization and excitation
of the system is then calculated by projecting the final wave
function onto the complete set of bound and continuum energy
eigenstates supported in the numerical box. For the problem
at hand we obtain accurate numbers for the probabilities with
Imax = 20, Rax = 800 a.u. and with 2400 B splines. It should
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be noted, however, that while we obtain accurate values for the
ionization probability with the present choice of /;,,x, a much
higher value of [ is required if angular- or energy-resolved
probability distributions are to be calculated [34].

III. RESULTS

Figure 1 shows the total ionization probability as a function
of the electric-field strength for laser pulses of varying duration
from 15 to 100 optical cycles (indicated with a number next
to each curve). Results obtained in the nondipole [Eq. (3)]
and dipole approximations [Eq. (4)] are shown in solid black
and dashed red lines, respectively. The angular frequency of
the laser field was set to w = 3.5 a.u., corresponding to the
photon energy hw = 95 eV. A sine-square temporal profile
was imposed on the linearly polarized xuv laser field; i.e., the
time variation of the corresponding vector potential followed

%Sil’l2 (Z)sin(wt +¢) 0<1< T,

A(t) =
®) 0 elsewhere.

)

Here Ej is the maximum electric-field amplitude, ¢ = 0 is
the carrier-envelope phase (CEP), and T defines the (total)
pulse duration. In the present work, all pulses are relatively
long in terms of optical cycles and as such the impact of
the CEP on the results is negligible. From Fig. 1 it is seen
that the dipole approximation breaks down at different field
strengths depending on the duration of the pulse. For the
15-cycle pulse the dipole approximation is valid up to
about Ey = 30 a.u., whereas for the longest pulse considered
(100 cycles), nondipole effects first become significant beyond
Ey = 60 a.u. We remark that relativistic effects might influence
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FIG. 1. (Color online) Total ionization probability vs electric-
field strength for laser pulses of varying duration. The central angular
frequency w = 3.5 a.u. and the temporal shape of the pulse is
described by a sine-square carrier envelope. The pulse duration, given
in number of field cycles, is indicated with a number next to each
curve. Results obtained in the dipole approximation [Eq. (4)] and in
the nondipole limit [Eq. (3)] are shown in dashed red and solid black
lines, respectively.
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the results at the very highest intensities considered in the
figure (Eo 2 50 a.u.), as the quiver velocity of a corresponding
free (classical) electron in the laser field may exceed 10% of
the speed of light. The decrease in the ionization probability
with increasing laser intensity, which is the characteristic of
the atomic stabilization phenomenon [14,15], is manifested at
field strengths beyond Ey ~ 12 a.u.

Figure 1 shows that the importance of the magnetic-field
component on the stabilization dynamics is highly sensitive to
the pulse duration. For the shortest pulse, i.e., 15 cycles, the
impact of nondipole effects is clearly destructive in that the
degree of stabilization is suppressed when they are included,
in particular for the highest laser intensities considered. So
far, our findings are fully consistent with previously reported
results in the short-pulse regime [20,30-34]. However, Fig. 1
also reveals a window of pulse durations where the total
ionization probability is actually lowered when magnetic-field
effects are taken into account. The effect is most distinct
for the 30-, 40-, and 50-cycle pulse cases at intermediate
laser intensities. This rather unusual dependence on the laser
intensity stands in marked contrast to the corresponding
behavior for shorter pulses, where the ionization probability
is increased due to the magnetic field. As it turns out, for this
magnetic-field-induced enhancement of atomic stabilization
to occur, the electric field must be strong enough that the
nondipole interaction, which is less important by a factor
1/c as compared to the regular dipole interaction, makes a
significant contribution to the dynamics. However, it should
still be weak enough and/or of long enough duration that the
production of low-energy electrons due to nondipole shake-off
processes [34] does not make a significant contribution to the
ionization yield. In the case of the 40-cycle pulse, nondipole
shake-off ionization becomes increasingly important above
Ey ~ 50 a.u., with the result that the region of enhanced
stabilization terminates at £y > 56 a.u. Nevertheless, for the
longest pulses considered in Fig. 1 (75 and 100 cycles), the
magnetic component eventually loses its significance. This
means that in the limit of monochromatic fields any effect on
the ionization yield due to the magnetic field vanishes and
the dipole and nondipole results coincide, in agreement with
recent findings [37]. As such, the phenomenon of magnetic-
field-induced enhancement of atomic stabilization is expected
to set in at intermediate pulse durations and for a finite interval
of laser intensities.

In obtaining the results in Fig. 1, we have assumed that the
approximation leading to the TDSE in Eq. (3) is valid, i.e.,
that the vector potential is expanded to first order in powers
of x/c. We have explicitly checked that expanding the vector
potential to second order in x/c yields essentially identical
results for the ionization probability, even for the longest
pulses considered. The validity of this approximation was
also discussed in a recent work [34]. Furthermore, performing
calculations in a significantly smaller numerical box, i.e.,
Riax = 40 a.u. instead of Ry,x = 800 a.u., and imposing an
absorbing boundary to avoid unphysical reflections, the results
for the ionization probability remain the same. This means
that the relevant dipole and nondipole ionization dynamics
takes place in the vicinity of the nucleus, and, as such, the
approximate power series representation of the vector potential
Eq. (2) seems appropriate.

013405-3



ALEKSANDER SKJERLIE SIMONSEN AND MORTEN FORRE

1.0

o o o
o [*)} 03]

Ionization Probability

<
[

Dipole
— Nondipole

0'00 5 10 15 2 25 30

Electric Field Strength (a.u.)

FIG. 2. (Color online) Same as Fig. 1, but with the driving field
angular frequency w = 2.0 a.u.

As it turns out, the magnetic-field-induced magnification
of the stabilization effect is a rather general phenomenon that
occurs for other xuv photon energies as well. Figure 2 depicts
the total ionization probability as a function of the electric-
field strength obtained with a central angular frequency of
w = 2.0a.u. (hw = 54 eV). The observed window of enhanced
stabilization is somewhat different in this case, but the suppres-
sion of ionization due to beyond dipole dynamics is clearly
expressed, most profoundly for the fields corresponding to 30
and 40 optical cycles. Naturally, the atomic stabilization effect,
as well as the breakdown of the dipole approximation, set in
at different electric-field amplitudes for this particular choice
of frequency. Again, we recognize the short-pulse regime in
which the stabilizing effect is suppressed (10-cycle field), the
intermediate regime where it is enhanced (20—40 cycles), and
finally the long-pulse limit (>60 cycles) where the dipole and
nondipole results finally merge into each other.

Figure 3 shows a comparison of the dipole and nondipole
ionization yields as obtained by laser pulses of different
temporal profiles, i.e., a sine-square and a Gaussian profile.
The reference pulse is the same as the one used in Fig. 2, i.e.,
o = 2.0 a.u. and a sine-square carrier envelope of duration
30 optical cycles. The other pulse comprises a field with the
same angular frequency but with a Gaussian temporal profile
instead,

(t—T/2)7
202

A(t) = % exp |: i| sin[w( —T/2)+ ¢]. (8)
The parameter o here is the usual standard deviation of
the Gaussian distribution and is set to ¢ = 20.6 a.u. With
this choice, the two pulses have the same full width at half
maximum (FWHM) duration in the intensity domain. Figure 3
reveals that, although the individual ionization probabilities
obtained with the two different pulse shapes are not the
same, presumably due to the different effective illumination
at each spectral component, the overall picture is the same.
The atomic stabilization effect is clearly expressed for both
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FIG. 3. (Color online) Total ionization probability vs electric-
field strength for two laser pulses of different temporal profiles,
i.e., sine-square and Gaussian, respectively. The total duration of the
sine-square pulse corresponded to 30 optical cycles, and the mean
photon energy fiw = 2.0 a.u. The Gaussian pulse is chosen so that
both pulses have the same FWHM duration in the intensity domain.
The nondipole results obtained with Eq. (3) and the dipole results
[Eq. (4)] are drawn in solid black and dashed red lines, respectively.

pulse shapes, but even more importantly, the window of
enhanced stabilization due to nondipole dynamics also appears
for the Gaussian pulse. As such, the results in Figs. 1-3
suggest that the magnetic-field-induced enhancement of
atomic stabilization indeed is a rather general phenomenon
that occurs for laser pulses of varying frequencies and shapes
in the high-frequency regime. To this end, we have checked
that an w = 5 a.u laser field yields similar conclusions.

The reason for the peculiar behavior at intermediate pulse
durations is not yet clear, and in order to understand its origin
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FIG. 4. (Color online) As Fig. 1, but the probability for the
electron to remain in the initial ground state after the interaction
with the xuv field.
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we proceed to investigate the distribution of population among
bound states. Figure 4 shows the remaining population in the
initial (ground) state after the conclusion of the laser field for
the same laser parameters considered in Fig. 1. We note that the
population diminishes towards a local minimum close to the
field strength Ey = 12 a.u. for all pulse durations and that up
to this point the dipole and nondipole results always coincide.
As the field strength is increased beyond this point, entering
the atomic stabilization regime, the dipole and nondipole
initial-state probabilities eventually diverge from each other at
different field strengths depending on the input pulse duration.
More interestingly, the initial state population is consistently
lower when the magnetic-field component is taken into
account, which at first sight might seem odd considering the
corresponding larger total survival probability (cf. Fig. 1). Asa
consequence, the remaining population must be accounted for
among excited bound states, which prove to play an important
role in the underlying nondipole induced dynamics.

Following these lines, the top panel in Fig. 5 depicts the
corresponding population in all excited states as obtained in
the nondipole limit for the same field parameters used in Figs. 1
and 4. The figure shows that these states constitute an important
component of the final-state population for the higher field
strengths and/or for the shorter pulse durations. In the most
extreme cases considered here, almost half the population is
found in excited states after the conclusion of the pulse. The
increased population in these bound states in the limit of short
and intense pulses can be understood from shake-up processes
associated with the harsh ramp-on and ramp-off of the field.
So far, these conclusions apply to both the dipole and the
nondipole fields. When the pulse duration is increased, the
nonadiabatic component of the field diminishes and shake-up
processes play a less important role. Up to this point, the
population in the excited states is not related to the impact of
nondipole effects per se. However, a closer inspection shall
reveal that the degree of excitation is very different for the
dipole and nondipole fields, in particular within the window
of intermediate pulse durations.

In the intermediate panel of Fig. 5 the difference in
excitation probability between the nondipole and dipole results
is plotted as a function of input laser intensity. For all pulse
durations considered, this difference becomes a positive func-
tion of the electric-field strength; i.e., the population is always
more likely to become trapped in excited states in the nondipole
case. The most interesting aspect revealed in the figure is that
the trapping effect is much more pronounced in the nondipole
situation, in particular for the intermediate pulse durations.
As such, the magnetic-field-induced enhancement of atomic
stabilization goes hand in hand with the accumulation of
population in excited states. For example, the pulse duration
corresponding to 40 field cycles gave rise to the largest
observed enhancement of stabilization at roughly Ey = 50 a.u.
(see Fig. 1), and this particular field also corresponded to the
most extensive population growth in these states. Again, in the
long-pulse regime the field becomes near monochromatic and
the overall excitation probability diminishes both in the dipole
and nondipole limits, respectively.

The two phenomena, magnetic-field-induced enhancement
of atomic stabilization and the corresponding enhanced popu-
lation of excited states seem to be intimately interconnected.
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FIG. 5. (Top) As Fig. 1, but the total population in excited states
after the interaction with the xuv field. Note that only the nondipole
result obtained with Eq. (3) is shown. (Middle) The difference in
excitation probability, Pe(:g'::;p(’le) — Pe(fciﬁzf), being taken between the
nondipole and dipole results. (Bottom) The nondipole excitation

probability shown exclusively for target states with m # 0.

Both phenomena may be explained in terms of a population-
trapping mechanism: The nondipole part of the field allows for
population of a wide range of states with magnetic quantum
number m # 0 (dark states) during the laser-atom interaction.
The importance of these states is illustrated in the bottom panel
of Fig. 5, where the nondipole excitation probability is shown
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for m # 0 bound states only. Comparing the results displayed
in the top and bottom panels, we note that these dark states
play a significant role for the bound population at the laser
intensities high enough for observable magnetic-field effects.
For all pulse durations considered here, m # 0O states comprise
at least half the excitation probability and significantly more
for the shorter and intermediate pulse durations. As such,
the magnetic field allows for the population of a large set
of excited bound states through A- or Raman-type two-photon
transitions to states below the ionization threshold. In this
process, one photon is absorbed from the field while the other
is emitted. Once populated, the m = O states are metastable
and do not couple to the ground state via the (dominating)
electric dipole interaction. Furthermore, they are more resistant
to ionization than the initial ground state, provided that the
laser intensity is not too high. In effect, the states behave very
much like dark states in the field, and the survival probability,
hence degree of stabilization, grows larger because the bound
population is trapped in these excited states. Such a trapping
mechanism could explain why the magnetic-field component
both enhances stabilization, and hence the survival probability,
but simultaneously diminishes the ground-state population.
Note that A- or Raman-type two-photon excitations ultimately
become forbidden in the limit of monochromatic fields,
simply due to the energy conservation rule, but they will be
allowed in the intermediate-pulse regime where the enhanced
stabilization effect is indeed observed.

IV. CONCLUSION AND SUMMARY

In summary, we have studied the ionization dynamics of
atomic hydrogen illuminated by intense xuv laser light in the
nondipole regime. To this end, we have solved the TDSE for
the problem at hand from first principles in full dimensionality.
The question of how and to what degree the magnetic-field
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component influences the phenomenon of atomic stabilization
has been discussed for various input laser pulses. In previous
studies it was established that the stabilizing effect tended
to be diminished due to the magnetic field [20,30-34]. It
is noteworthy that most of these studies were conducted
for relatively short laser fields. We have extended the in-
vestigation in order to cover the whole spectrum from the
short-pulse regime into the intermediate to long-pulse limit.
The conclusion is that there are up to three different regimes
of which the role of the magnetic field is rather different:
First, in the short-pulse limit the stabilization is suppressed
by the magnetic field, in agreement with earlier findings, and
second, in the long-pulse limit the two interactions (dipole
and nondipole) eventually yield very similar results. More
interestingly, we have found that there exists a window of
intermediate pulse durations where the survival probability
is consistently increased in the nondipole limit, or, in other
words, the stabilizing effect is enhanced. This behavior stands
in complete opposition to the corresponding evolution at short
fields. As it turns out, the magnetic-field-induced enhancement
of atomic stabilization is a rather general phenomenon that
applies to any high-frequency field of appropriate intensity.
The enhanced stabilization effect is accompanied by a corre-
sponding increase of population in excited states. We propose
that these phenomena are related and that the enhanced survival
probability is caused by a trapping mechanism which populates
these states during the laser-atom interaction.
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