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Ionization and excitation dynamics of H„1s… in short intense laser pulses. II
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In a recent work@J. P. Hansenet al., Phys. Rev. A64, 033418~2001!#, we demonstrated that classical
methods provide a fair description of excitation and ionization dynamics of H(1s) in few-cycle pulses of
frequency comparable to the binding energy of the atom and with intensities well below one atomic unit. Here,
we extend our studies of classical and quantum dynamics to higher frequencies but similar intensities. For
single-cycle pulses with a period smaller than the period of oscillation in the ground state, we observe large
differences between quantum and classical physics even in the over-the-barrier regime. As a consequence, care
should be exercised when applying classical concepts to the interpretation and understanding of the dynamics
of atoms interacting with short pulsed intense lasers in the high-frequency regime.
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Ionization of Rydberg atoms by intense short laser pul
can be accurately described by classical calculations@1#.
This result may be seen as an illustration of the corresp
dence principle stating that predictions of classical and qu
tum calculations should merge in the limit of high quantu
numbers. For ionization from atomic ground states we h
no guiding principle, and the question about similariti
and/or differences between classical and quantum calc
tions is more subtle. Recently, this question was addresse
the case of ionization of H(1s) @2#. It was found that quan-
tum and classical simulations are in good agreement
pulses with a frequency ofv50.05 a.u., durations of 5-10
a.u., and for large intensities above the atomic unit of int
sity, I 053.5131016 W/cm2 @atomic units~a.u.! with e5\
5me51 are used throughout unless indicated otherwis#.
Related to the results in@2#, and to extensive ionization stud
ies of Geltman@3#, we have recently investigated the qua
tum and classical response of H(1s) subject to pulses with
frequenciesv50.55 a.u. andv50.18 a.u., correspondin
to the one- and three-photon ionization regimes@4#. Our field
amplitudesE0 were smaller or equal to 0.33 a.u. and t
pulse lengths were varied from 10 a.u. to 53102 a.u. We
showed that results based on classical trajectory Monte C
~CTMC! simulations were capable of explaining the ma
features of the dynamics induced by the electromagn
pulse. For differential quantities such as the photoelect
spectrum and the angular distribution of the ionized electr
the classical predictions were of lower quantitative qual
but still in satisfactory qualitative agreement with the qua
tum predictions. In particular, classical simulations allow
us to understand the ionization dynamics in terms of elec
cloud oscillations following the electromagnetic field: Exc
tation, propagation, rescattering, and ionization. We a
showed that classical dynamics in the three-photon ion
tion regime was in a less good agreement with the quan
results than the corresponding results in the one-photon
1050-2947/2002/66~2!/025402~4!/$20.00 66 0254
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gime. This was attributed to the quantized nature of the li
field being more pronounced for lower frequencies. We n
in passing that in parallel to the quantum and classical s
ies, semiclassical methods have been used with succe
describe strong-field laser-atom interactions~see, e.g., Ref.
@5#, and references therein!.

In this work we extend our studies to the regime of high
frequencies, and we investigate to what extent one can a
classical pictures as well as classical methods to describe
ionization process for few-cycle high-frequency pulses. T
is done primarily to address the fundamental question
classical and quantum correspondences. Such studies m
very well prove to be experimentally feasible in the futu
since femtosecond intense laser pulses containing only a
optical cycles were recently demonstrated in several lab
tories for visible light@6–9#, and very recently even the gen
eration of attosecond pulses of soft x-ray radiation w
achieved@10#.

In this Brief Report brief summaries of the theoretic
approaches for the classical and quantum calculations
given. Details were presented in Ref.@4#. We consider a
H(1s) atom exposed to a linearly polarized time-depend
electric field described by the following form:

EW ~ t !5E0 sin2~ tp/T!cos~vt1f!eW z , 0,t,T, ~1!

whereE0 , T, andeW z are the amplitude, pulse duration, an
the polarization vector, respectively. The temporal part of
pulse envelope is described by the sin2 function. To ensure a
pulse without unphysical dc components, we choose
phasef such that the vector potentialAW (t)52*0

t EW (t8)dt8 is
zero for t.T @11#.

In our quantum mechanical formulation, the tim
dependent Schro¨dinger equation is solved by expanding th
wave function in a basis spanning a large number of bo
states and discretized continuum states,
©2002 The American Physical Society02-1
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C~rW,t !' (
n51

nmax

(
l 50

n21

an,l~ t !Rn,l~r !Yl ,m50~ r̂ !

1 (
ki51

kmax

(
l 50

l max

bki ,l~ t !Fki ,l~r !Yl ,m50~ r̂ !. ~2!

The coefficientsan,l(t) and bki ,l(t) are the amplitudes fo
bound and continuum states, respectively. Calculati
where the Schro¨dinger equation is solved directly by a gr
method@12# are also performed with identical results. Th
angle integrated photoelectron spectrum is given in term
the probabilities of the continuum functions

dP

dEi
5 (

l 50

Lmax

ubki ,l~T!u2, Ei5ki
2/2, ~3!

and the angular distribution is obtained by

dP

du
}(

ki
U(

l
~2 i ! lbki ,l~T!eis lYl ,0~u!U2

, ~4!

wheres l is the Coulomb phase shift. At the most detail
level, we consider the time development of the spatial pr
ability density given byrQM(x,y,z,t)5uC(rW,t)u2. Due to
rotational symmetry a cut fory50 carries all information
aboutrQM at a given time.

The classical trajectory Monte Carlo~CTMC! calculations
are based on the solution of classical equations of motion
a large number of trajectories (N5106). Each trajectory cor-
responds to an initial condition picked at random from
microcanonical ensemble@13#. To compare with the quantum
mechanical probability density,rQM , we calculate the clas
sical density byrCL(r j ,zi ;t)5 (1/Vi , j ) (Ni , j /N), whereN is
the total number of initial conditions in the ensemble,Ni , j is
the number of trajectories at timet in the cylindrical region
of configuration space given byzi2dz<z,zi1dz, r j2dr
<r ,r j1dr, r 5Ax21y2, and whereVi , j58pr jdrdz is the
corresponding volume.

The energy and the angular distributions are straight
wardly obtained by binning events into differential reacti
windows, and in this way building up a histogram. Note th
the events for the angular distribution of the ionized elect
should be binned at electronic distances sufficiently far fr
the nucleus to ensure straight line paths.

Our quantum and classical calculations are performed
a pulse about one cycle long, with a frequencyv51.4, am-
plitude E050.333, pulse lengthT56.0, and phasef
50.5124@see Eq.~1!#. The electrical field as a function o
time is shown in Fig. 1.

In Fig. 2 we show the energy distribution of the ionize
electrons. A clear difference between quantum and class
results is seen. The total quantum ionization probability
twice that of the classical case, and in the photoelectron
ergy spectrum, we observe a pronounced cutoff in the c
sical result absent in the quantum mechanical case. Fo
angular distribution, Fig. 3, we also observe a startling d
ference between the classical and quantum mechanical
tures. The classical result is peaked in one direction, whil
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the quantum mechanical case, the distribution has the c
acteristicp-wave shape of one-photon ionization from an in
tial s state. Figure 4 displays the probability distribution
the continuum for the quantum calculations. The correspo
ing CTMC picture is shown in Fig. 5. From studying Fig.
and comparing Figs. 4 and 5, again we note the presenc
the characteristicp-wave shape in the quantum mechanic
case, and its absence in the classical case.

To understand the classical mechanism of ionization,
plot, in Fig. 6, the initial distribution of the electrons whic
ionize classically. From Fig. 6 it is clear that all the ionizin
trajectories come from the same volume of configurat
space. Classically, the ionization process takes place for e
trons which have their velocity in the same direction as
force of the perturbing field, and therefore can absorb eno
energy to ionize. We see that the electrons which ionize
the CTMC calculation are the electrons which start from
negativez position of Fig. 6 and would have ended abo
there even without the field. Hence, in this regime, the cl
sical ionization involves a strong resonance-like synchro

FIG. 1. Time-dependent electric field experienced by the ato
E050.333,v51.4, T56.0, andf50.5124 in Eq.~1!.

FIG. 2. Normalized photoelectron energy spectrum as given
Eq. ~3! for the pulse in Fig. 1. –3 –3 –3 – for quantum calcula-
tions and–*–*–*– for classical calculations. The total quantu
~classical! ionization probability is;0.04 (;0.02).
2-2
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zation between the field-free motion and electronic mot
induced by the perturbing field. The effect of the field is th
it only transfers energy effectively to the electron along s
cific resonant trajectories, and only in these cases forces
ionize. In the quantum mechanical case, the situation is
ferent, as illustrated by the fact that thep-wave character of
the wave function is recognized. From a matrix element c
sideration, thep-wave is the only first order contribution fo
ionization from the initials state. That is, we will get prob
abilities in both directions as long as no other angular m
mentum states are populated. Interactive movies of the c
sical and quantum probability distribution are available
the World Wide Web@14#.

FIG. 3. Angular distributions as given by Eq.~4! for the pulse
shown in Fig. 1. Solid line indicates quantum calculations a
dashed line for classical calculations. The forward direction
marked with ‘‘z’’ ~polar angle 0°) and the perpendicular directi
by ‘‘x’’ ~polar angle 90°).

FIG. 4. The spatial quantum mechanical probability dens
rQM(x,y50, z,t5T), for positive energy electrons at the end of t
pulse of Fig. 1.
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Our calculations illustrate that for short pulses, the el
trons which acquire most energy classically come from
localized volume. In the quantum case such a localized w
packet would quickly spread out due to dispersion. A wa
packet in free space will disperse with a speed (1/Dx),
whereDx is the width of the initial wave packet considere
This means that a wave packet corresponding to Fig. 6 wo
have smeared out to about;6 a.u. in thez direction during
the pulse. This illustrates the failure of considering this s
tem classically. The reason for the discrepancy betw
quantum and classical methods is that we are in a reg
where the classical contributions to ionization come fro
trajectories which fulfill a resonance condition with the fiel
Quantum mechanically such ‘‘trajectory-resonances’’ ste
ming from strongly localized volumes in phase space will
blurred due to quantum pressure, and in the quantum
chanical case the process is dominated by resonant pertu
tive s to p ionization.

d
s

,

FIG. 5. The spatial CTMC probability density,rCL(x,y
50, z,t5T), for positive energy electrons at the end of the pulse
Fig. 1.

FIG. 6. The spatial CTMC probability density as a cut in thex-
z plane for the initial conditions which ionize classically.
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In summary, we have extended our classical and quan
studies @4# of atom–few-cycle-laser pulse interactions
higher frequencies. Here and in Ref.@4# we have considered
field strengths below 1 a.u., and specifically we have wor
with E050.333 a.u. In@4#, we found good agreement in th
one-photon ionization regime (v50.55) and a poorer agree
ment in the three-photon ionization regime (v50.18). In
this work, we have reported pronounced differences betw
the classical and quantum mechanical results at high
quency,v51.4. These studies show that if the external fie
introduces a really strong perturbation of short duration a
the case forv50.55, classical predictions will do fine, but
er

e

nd

U
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the processes involved take place with smaller perturbat
like probabilities, the quantum nature of the atom becom
important. In particular, classical calculations and pictu
can be completely unsuitable for describing ionization in
laser pulse of short duration when the laser frequency
comes large.
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