
PHYSICAL REVIEW A, VOLUME 64, 033418
Ionization and excitation dynamics of H„1s… in short intense laser pulses
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We present an analysis of the ionization and excitation dynamics of H(1s) when exposed to an ultrashort
and intense laser pulse. The studies are based on quantum close-coupling calculations and classical trajectory
Monte Carlo simulations. The quantum and classical approaches are compared at three different levels:~i!
Total ~ii ! differential ionization probabilities, and~iii ! a direct comparison of the dynamics during the laser
pulse from snapshots of the spatial electronic probability density. For short and intense pulses, the results of the
two methods are in fair agreement. We show that the direction of ejection of the ionized electron is very
asymmetric and strongly sensitive to the initial phase of the electric field.
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I. INTRODUCTION

Notwithstanding the remarkable successes of nonrela
istic Schrödinger-like quantum mechanics in describing t
physics of atoms and molecules, classical models are, a
ready pointed out by Bohr@1#, of great value since it is only
in such terms that our minds can fully comprehend~quan-
tum! dynamical systems. Fortunately, when a quantum s
tem, such as the hydrogen atom, interacts with a large en
reservoir, a semiclassical approximation can be derived@2# in
which a classical time is introduced into the quantum sys
~for a recent reference, see Ref.@3#!. The dynamics of the
atoms is then described by the interaction with the class
dynamical variables of the energy reservoir, i.e., a laser fi
or an energetic heavy particle. A remaining and open qu
tion is then, to which extent also the atomic dynamics can
described by classical mechanics based on an ensemb
classical electrons~CTMC - Classical Trajectory Monte
Carlo method! interacting with the atomic Coulomb potenti
and the external time-dependent energy reservoir.

This question has been answered for the highly exc
Rydberg states, and is in this case expressed in terms o
correspondence principle@4,5#, which states that the predic
tions of classical and quantum mechanics should merg
the limit of high quantum numbers. Since the initial work b
Bohr @4#, which successfully lead to the correct prediction
the Rydberg constant, the correspondence principle has
studied in great detail and formulated in several ways@5#.
Here we investigate the correspondence between clas
and quantum dynamics fortightly boundstates exposed to
rapid strong perturber, taken to be an ultrashort intense l
pulse.

In collision physics, a range of fundamental mechanis
have a classical analogy. Most well known is perhaps
Thomas scattering mechanism from 1927@6#, where the cap-
ture process is described in terms of two sequential bin

*Permanent address: Institute of Physics, University of Berg
Allégaten 55, N-5007 Bergen, Norway.
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collisions leading to electron-capture at certain angles. T
process was described quantum mechanically in Ref.@7# and
first measured in Ref.@8#. We mention also electron-captur
processes from oriented Rydberg atoms, where oscillation
the capture cross sections have been interpreted by the
calledn swaps@9#. In this model the oscillations of the cap
ture cross sections are found to originate from electron
jectories crossing the midplane between the projectile
the target one, three, five,. . . , 2n11 times. This process
has however not been described by quantum theory, and
deed the swapping mechanism is found to be invalid
transfer processes from ground-state atoms@10#. Finally, we
mention that the CTMC method has described the main
tures of the quantal and experimental differential cross s
tions for capture from initially oriented Na(3p) atoms
@11,12#, and many excellent agreements between CTMC c
culations for breakup and ionization of many-electron s
tems have been obtained~see, e.g., Ref.@13#!.

Semiclassical models@14–16# have also been useful in
describing strong-field laser-atom interactions. In particu
a rescattering mechanism has been discussed extensive
connection with above-threshold ionization, high-harmo
generation, and ‘‘enhanced’’ double ionization by sho
pulses~see, Ref.@17# for an early reference and Ref.@18# for
a recent review!. In particular, this mechanism has been ab
to predict the plateau and cutoff regions. We would like
stress that this rescattering model is not purely classi
Even in its simple form@17# certain quantum-mechanica
elements of, e.g., the ionization process are invoked. In o
formulations@19# the term rescattering is introduced in ord
to describe the effect of the inclusion of an additional term
a field-dressed quantum-mechanical Born-like series for
interaction between the atom and the field.

Ionization of Rydberg atoms by short half-cycle puls
was studied recently@20#, and the results were found to li
on a universal classical scaling-invariant curve@21,22#. The
investigations explored the region where the duration of
pulse is shorter or comparable to the classical orbital pe
Tn . For recent references on pulsed-field ionization of Ry
berg atoms including CTMC studies, see the works of R

n,
©2001 The American Physical Society18-1
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bicheaux @23#. In general quite good agreement betwe
quantum and classical calculations was found. Very rece
Cormier and co-workers have conducted work on hydrog
related to ours, but at much higher intensities~above the
atomic unit of intensity, I 053.5131016 W/cm2! and at
much lower laser frequency (v50.05 a.u.)@24,25#. In this
impulsive regime, they did find that the CTMC and quantu
predictions compare rather well for very short 5 a.u. and
a.u. pulses, also for the photoelectron-energy spectrum@25#.

In this work, we perform a study of the ionization of th
H(1s) ground state for values of the pulse length to orb
period similar to the ones considered in the half-cycle-pu
studies mentioned above. As a consequence of the sc
with the principal quantum number, this means much sho
pulses and much larger frequencies. Compared to the R
berg studies, the present work exposes the more quan
mechanical nature of the 1s state. Explicitly, we shall com-
pare the microcanonical CTMC method withab initio
quantum-mechanical close-coupling calculations of H(1s)
under an intense laser pulse of short duration. The purpos
the paper is twofold: First, we address the fundamental qu
tion of classical versus quantum description of the ionizat
dynamics at laser intensities, low enough such that ‘‘over
barrier’’ ionization is classically allowed only for a fractio
of the laser pulse. Excited states are thus important inter
diate states and the Coloumb potential plays a decisive
in the ejection process in contrast to Ref.@25#. Second, we
explore the possibility of predicting new measurable qua
ties from future experimental sources. We note that the
quirements on pulse durations and intensities for the la
source to be considered in the following, should be with
experimental reach in the not to distant future@26,27#. Mul-
tigigawatt 4.5 fs laser pulses operated at 800 nm have
cently been achieved@28#, not to mention the exciting devel
opments of accelerator-based bright coherent sou
extending into the uv and x-ray regimes.

Geltman @29# has recently performed a comprehens
study of ionization from H(1s) based on quantum calcula
tions with much smaller basis sets than we present here
the present work we will adopt the pulse shape and la
frequencies considered by Geltman. Earlier, in particu
Lambropoulos and co-workers~see Ref.@18#, and references
therein! have developed theB-spline theory for H(1s) ion-
ization and performed calculations of both ionization pro
abilities as well as differential spectra.

This paper is organized as follows. In Sec. II we pres
the quantum~Sec. II A! and the classical~Sec. II B! theory.
In Sec. III, we present our results and discuss in detail
ferences and similarities between the classical and quan
predictions for total and differential probabilities at the d
tailed level of the time development of the electron proba
ity density.

II. THEORY

A. Quantum close coupling

We aim to solve the time-dependent Schro¨dinger equation
for the hydrogen atom~atomic units@a.u.# are used through
out unless otherwise specified!,
03341
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r
1rW•EW ~ t !2 i

]

]t DC~rW,t !50. ~1!

The laser field is assumed to be accurately described b
time-dependent electric field

EW ~ t !5EW 0 sin2S p

2

t

TD cos~vLt ! ~2!

of pulse duration 2T and with laser frequencyvL . Only
linear polarized light,EW 05E0eW z , will be considered in the
following. The sin2 part of Eq. ~2! describes the tempora
envelop of the pulse. Focusing effects, not to be conside
here, can be accounted for by introducing an additional s
tial envelope function into Eq.~2!.

We expand the wave function in a set of field-free eige
states describing the bound-state spectrum and a discre
continuum, constructed by solving the problem in a suita
large box,

C~rW,t !5 (
n51

nmax

(
l 50

n21

an,l~ t !Rn,l~r !Yl ,m50~ r̂ !

1 (
ki50

kmax

(
l 50

Lmax

bki ,l~ t !Fki ,l~r !Yl ,m50~ r̂ !. ~3!

HereRn,l andYl ,m50 are the well-known radial and angula
eigenfunctions of hydrogen. Only the magnetic quant
numberm50 needs to be considered due to the conserva
of EW 0•LW and the choice of the spherically symmetric 1s ini-
tial state. The continuum functions are built up by those
dial functions that vanish at the end of the chosen box. Si
this number of functions may be extremely large for b
sizes r b;1000, we apply the so-called eigendifferentia
Various related methods of this type have been used
atomic and nuclear collisions@30–32# and it was recently
also introduced to laser-atom interactions@33#. In the present
approach, the set of continuum functions satisfyi
Rki ,l(r b)50 are first normalized and then grouped in
smaller sets,

Fki ,l~r !5
1

A2N11
(

j 5 i 2N

i 1N

Rkj ,l~r !. ~4!

This procedure decreases the number of basis-set wave
tions by a factor of 2N11 while the boundary condition is
maintained. Furthermore, the present method gives an e
distant mesh of states ink space, which is ideal for lase
pulses of short duration. Since the discrete basis functi
form an orthonormal set, the inclusion of Eq.~3! into Eq.~1!
leads to a set of first-order coupled equations,

i
d

dt
cW 5H~ t !cW , ~5!

where the vectorcW5(aW ,bW ) is the collection of expansion
coefficients and where the coupling matrixH(t) contains the
8-2
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field-free energies on the diagonal and nonzero dipo
coupling matrix elements for states withD l 561.

Any observable may be derived from the amplitude vec
cW after integration fromt50 to t f52T. The total excitation
probability is given by

Pe5 (
n52

nmax

(
l 50

n21

uan,l~ t f !u2. ~6!

The angle-integrated ionization probability for an electr
with energyEi5

1
2 ki

2 is given by

dP

dEi
5 (

l 50

Lmax

ubki ,l~ t f !u2 ~7!

and the total ionization probability is

Pi5(
ki

dP

dEi
. ~8!

Finally, the angular distribution is given by@34#

dP

du
}(

ki
U(

l
~2 i ! lbki ,l~ t f !e

id lYl ,0~u!U2

, ~9!

whered l is the Coulomb phase shift. At the most detail
level, we will study the time development of the spatial ele
tron probability density,

rQM~x,y,z,t !5^d~rW,t !&5uC~rW,t !u2, ~10!

where the wave functionC(rW,t) is given by Eq.~3!. Because
of the rotational symmetry of the problem a cut fory50
carries all information about probability density at a giv
instant of time.

The present method requires a careful testing of the b
size with respect to the limiting parameters. For the phys
processes considered here, we have obtained converg
within a few percent by setting (nmax,Lmax,r b ,Emax

5 1
2 kmax

2 ,N)5(15,24,1000,1.7,5). Smaller basis sets, res
ing from other choices of these parameters, do not cha
the final probabilities significantly. The present basis th
amounts to 120 discrete and 2816 continuum states cou
by 330 906 nonzero dipole matrix elements. The basis sp
dense mesh up toEmax51.7 a.u.. Longer pulse lengths tha
considered here would, for high intensities, certainly requ
higher-energy states in resonance withn-photon transitions.
These could, in principle, be introduced at the expense
large number of continuum states corresponding to
present uniformk-space distribution in the continuum, c
Ref. @29#.

B. Classical trajectory Monte Carlo

The CTMC calculations are based on the solution
Newton’s equation of motion

m
d2

dt2
rW ~ t !52

eW r

r 2
2EW ~ t ! ~11!
03341
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for the positionrW(t) of an electron with reduced massm.
This equation is integrated fromt50 to t5t f for a large
number of trajectories (;105) corresponding to different ini-
tial conditions picked at random from a microcanonical e
semble, cf. Ref.@35#. In short, the initial values of the posi
tion and momentum are given by five uniformly distribute
quantities,

bP@0,b~r max!#, w rP@0,2p#, wpP@0,2p# ~12!

v rP@21,1#,

and

vpP@21,1#,

since the constraintE521/2 a.u. fixes the last degree o
freedom. The initial values of position and momentum a
now defined by

x5r ~12v r
2!1/2cosw r , ~13!

y5r ~12v r
2!1/2sinw r , ~14!

z5rv r , ~15!

px5S 2mFE1
1

r G D 1/2

~12vp
2!1/2coswp , ~16!

py5S 2mFE1
1

r G D 1/2

~12vp
2!1/2sinwp , ~17!

pz5S 2mFE1
1

r G D 1/2

vp . ~18!

Here the quantityb is related tor through the transformation

b~r !5E
0

r

dr8mr 82A2mS E1
1

r 8
D , ~19!

which can be straightforwardly integrated analytically or n
merically. After the pulse, an ionized electron is identified
a positive energy. For excitation, i.e., for electrons with
final energy21/2,Ef,0, a certain binning procedure ha
to be applied to allocate a classical principal quantum nu
ber ncl5A1/(22Ef) to a quantal quantum numbern. We
follow the widely used procedure@11#, and chose

F ~n21!S n2
1

2DnG1/3

<ncl<FnS n1
1

2D ~n11!G1/3

.

~20!

Corresponding to the quantum-mechanical density of
~10!, we calculate a classical densityrCl : DefineNi , j as the
number of particles at a given time in the~cylindrical! region
of the configuration space given by

zi2dz<z,zi1dz,

r j2dr<r ,r j1dr, ~21!
8-3
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r 5Ax21y2,

and let

Vi , j58pr jdrdz ~22!

be its volume. In terms ofNi , j ,Vi , j and the total number o
particlesNall the CTMC probability is then given by

rCl~r j ,zi ;t !5
1

Vi , j

Ni , j

Nall
. ~23!

This probability is the classical quantity corresponding to
quantal Eq.~10!. The uncertainty in the present CTMC ca
culations is estimated to be below 1% for the main chann

III. DISCUSSION AND RESULTS

In discussing our results, it is convenient to consider
dimensionless scaling variables, which keep the class
equations of motion invariant@5# rW8(t8)5arW(t), t85a3/2t,
wherea is a positive scale factor. In particular, we consid
the ratio T0 of the pulse lengthTp to the classical orbita
periodTn . For the 1s state considered here,Tn5152p and
T05Tp /2p. In the half-cycle-pulse studies of Refs.@20–22#,
the value ofT0 was varied by changing the degree of ex
tation of the Rydberg state and the interval 1022,T0,101

was scanned through, and a good agreement between q
tum and classical results was found for the Rydberg sta
Here we shall consider essentially the same range ofT0, but
by varying the pulse length and placing the hydrogen at
initially in the ground state. From the point of view of th
correspondence principle, we are certainly not in the reg
of high quantum numbers, nevertheless, the quantum
classical results may be compared in order to explore cla
cal features of the dynamics.

A. Total ionization and excitation probability

Figure 1 shows the total ionization probabilities as a fu
tion of pulse length for two different values of the fie
strength,E050.33 andE050.05. The upper and lower pan
els are for laser frequencies corresponding tovL50.55 a.u.
andvL50.18 a.u., respectively. These frequencies place
studies in the one- and three-photon ionization regimes. B
panels show a good quantitative agreement with theE0
50.05 results of Geltman@29#. This represents an indepen
dent check of the convergence of the present results
lends additional confidence to the method used. We n
some minor discrepancies with Geltman at the shortest p
lengths where his results oscillates weakly around ours.
believe these oscillations are an artifact of the much sma
basis used in Ref.@29#. A more serious discrepancy is ob
served forvL50.18 for the longer pulse lengths, where o
probabilities are a factor of 2 larger than Geltman’s. New a
independent calculations are needed to resolve this di
gence. Although not shown, we mention that for lower inte
sities, we obtain indeed very good agreement with the res
of Geltman. In particular, we reproduce the large drop in
ionization probability forvL50.18 andE51023 when the
03341
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pulse length goes from;0.1 to ;0.3 ~see Fig. 3 in Ref.
@29#!. The origin of such nonmonotonic behavior of the io
ization probability is to be found in the delicate interpla
between couplings of states and the time scales involved

The curves shown by —*— and —o— in Fig. 1 corre
spond to the quantum and classical calculation for the
frequencies. We observe a qualitative overall agreement
tween the two approaches for the entire span of pu
lengths: The classical theory accounts fairly accurately
the total ionization of the strongly bound 1s quantum state,
in the sudden (Tp!1), intermediate (Tp.1), and adiabatic
(Tp@1) regimes. This is, however, true only for the case
the strong fieldE050.33. For a weaker perturber,E050.05,
notably still a rather strong field, the classical predicti
breaks completely down and underestimates the probabil
by several orders of magnitude. To keep the figures clear
the discussion focused, we have chosen not to show th
CTMC results.

FIG. 1. Ionization probabilities as function of pulse length f
two different intensities. Upper,vL50.55: E050.33(—*—)
present quantal calculations,E050.33(—o—) present classical ca
culations, E050.05(—3—) present quantal calculations,E0

50.05(- - - -) quantal calculations by Geltman@29#. The lower
panel shows the corresponding results forvL50.18.
8-4
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Figure 2 shows the excitation probability as a function
pulse length for the bound-state part of the spectrum for
strong field (E050.33) and high frequency (vL50.55). In
the sudden and intermediate regimes, the quantum and
sical calculations agree within a factor of 2. For the long
pulse lengths corresponding to theTp@T1 ~adiabatic! re-
gime, the excitation probability is much smaller in the qua
tum than in the classical case. Comparing with Fig. 1,
conclude that much more of the population stays in thes
ground state as the pulse length increases in the quan
mechanical calculation. This is due to the decrease in
Fourier bandwidth of the laser source: For the longer pu
direct ionization to the continuum is favored compared
nonresonant bound-state excitations. These finding are
in accordance with the conventional understanding of
adiabatic limit in quantum theory~see, e.g., the book o
Schiff @36#!: The part of the 1s wave function that does no

FIG. 3. Finaln-level probabilities for a laser pulse defined b
T510, vL50.55, E050.33. Left bars, classical results; right bar
quantal results.

FIG. 2. Excitation probability as function of pulse length f
vL50.55, E050.33; (—3—) quantal calculations, (- -o--) class
cal calculations.
03341
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leak out into the continuum has time to adjust to the field a
is not nonresonantly excited.

B. Differential probabilities

We now focus on differential quantities at selected pu
lengths and frequencies. Figure 3 shows then-level prob-

FIG. 4. Angle-integrated electron-ionization spectrum for thr
chosen laser frequencies and pulse lengths. Each spectrum is
malized to unit probability. (—) quantal calculations, (- - - -)
CTMC calculations. Upper:vL50.55, E050.33, T510. Middle:
vL50.55, E050.33, T5100. Lower:vL50.18, E050.33, T510.
8-5



ight
the

ex-
at

e’’
lse

ar-

s
he
uan-
tely
tent

and
ized
e is
aks
rre-
pec-
n

-
-
the
ron
lso
tron

be-
gies
ted
t

ver,
ly

.

ee
n

n-

J. P. HANSEN, J. LU, L. B. MADSEN, AND H. M. NILSEN PHYSICAL REVIEW A64 033418
FIG. 5. Angular distributions for the photoelectron for thr
chosen laser frequencies and pulse lengths. Each spectrum is
malized to max value. The forward direction is marked ‘‘z’’ ~polar
angle 0°) and the perpendicular direction by ‘‘x’’ ~polar angle 90°);
(—) quantal calculations, (- - - -) CTMC calculations. Upper:vL

50.55, E050.33, T510. Middle: vL50.55, E050.33, T5100.
Lower: vL50.18, E050.33, T510.
03341
abilities for a laser pulse defined byT510, vL50.55, E0

50.33. The left bars show the classical results and the r
bars show the quantal results. The populations follow
same trend and differ most forn52, which is clearly more
excited in the quantum than in the classical case. This
plains the difference in the excitation populations in Fig. 2
T510. The broad population of states is due to the ‘‘whit
character of the frequency spectrum of the very short pu
under concern.

The three panels of Fig. 4 show normalized angul
integrated photoelectron-energy spectra, cf. Eq.~8!, at E0
50.33 for the two laser frequencies and for pulse durationT
displayed in the upper right corners of the figures. In t
upper panel, the agreement between the classical and q
tum results is quite satisfactory. The peak is at approxima
vL21/2, and the spectrum extends to an energy consis
with the bandwidth of the short-pulsed source.

The middle panel is for the longer pulse ofT5100. Here
we observe a marked difference between the classical
quantum results. The pulse is now so long that the quant
nature of the light becomes important and, of course, ther
no way a classical theory can account for this. The two pe
in the quantum-mechanical photoelectron spectrum co
spond to the case of one- and two-photon absorption, res
tively. The ionization peaks are however shifted a little dow
from the resonance positions~0.05 and 0.5 for one-and two
photon ionization, respectively!. This shift is due to the laser
induced ac Stark shift of the threshold, which is equal to
ponderomotive shift: The average energy of a free elect
oscillating in the electromagnetic field. In the figure, we a
note the narrow oscillating substructures of the photoelec
peaks. We interpret these as due to quantum interference
tween electrons emitted during the pulse at different ener
and instants of time. Such structures were first investiga
in Ref. @37# and were originally thought primarily to occur a
the high-energy side of the photoelectron peaks. Howe
for short and strong pulses they may occur more uniform
across the peak, as seen in our figure~see also Fig. 4 in Ref
@37# and Fig. 2 in Ref.@38#!.

or-

FIG. 6. The pulse forE050.33, T510, andvL50.55 (—) and
vL50.18 (----). The dotted-dashed curves show the temporal e
velope of the pulse.
8-6
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FIG. 7. Snapshots of the elec
tron spatial probability density in
the x-z plane at t50,1/4,1/2,3/4
of the pulse defined byT510,
vL50.55, E050.33. Left, quan-
tal; right, CTMC.
he
e

is
to
te

to

o

Finally in Fig. 4, the lower panel shows the result for t
short T510 pulse in the three-photon ionization regim
(vL50.18). Now, the results differ substantially. This
taken as a signature of the importance of the multipho
character of the ionization process at the considered in
03341
n
n-

sity. Note in passing that CTMC calculations were found
describe the ionization of hydrogen accurately atvL50.05
~11-photon ionization!, but at much higher intensities~impul-
sive regime! @25#. The momentum transfer from the field t
the electron as given by
8-7
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FIG. 8. Snapshots of the elec
tron spatial probability density in
the x-z plane att50,1/4,1/2,3/4 of
the pulse defined byT510, vL

50.18, E050.33. Left, quantal;
right, CTMC.
hort
s-
QW 5E
0

2T

dtEW ~ t !5
EW 0

2

sin 2vLT

vL
H 12

1

12~p/vLT!J
~24!

is, in all cases considered here, too small (Q,1) to kick out
03341
the electron impulsively~in the casep/vL.1 a limiting

procedure givesQW 5EW 0 /4).
Figure 5 shows the angular distribution, cf. Eq.~9!, of the

electron for the same parameters as in Fig. 4. The s
pulses~top and bottom! are seen to lead to a localized di
8-8
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tribution in the forward and backward direction forvL
50.55 andvL50.18, respectively. In thevL50.18 case the
classical distribution is significantly broader than forvL
50.55. Thus again, as for the energy distribution, the cla
cal method shows a larger discrepancy with the qua
method for the less energetic photons. In general, both e
tron distributions are localized in either the forward or t
backward direction, a distinct feature of the short pulse w
only very few optical cycles. This reflects a relation betwe
the direction of ejection of the photoelectron and the init
phase of the field. Similar effects were first discussed
Cormier and Lambropoulos@39# and subsequently by Cor
kum and co-workers@40#. For the long pulse~middle panel!
the electron experiences more cycles of the field an
forward/backward symmetry is obtained, consistent with e
lier above-threshold-ionization spectra~see, e.g., Ref.@18#,
and references therein!. In the figure, the classical distribu
tion is a little to broad. In particular, the electron emissi
perpendicular to the field is overestimated.

C. Time development

In this section, we discuss the dynamics leading to
T510 differential spectra of the preceding section. The fi
ures are based on snapshots of the quantal and classical
ability density, cf. Eqs.~10! and ~23!, taken at selected in
stants of time. Full interactive movies are available on
world wide web@41#. For clarity of the discussion we firs
show in Fig. 6 the electric field of the shortT510 strong
E050.33 pulse experienced by the electron as a function
time for the two frequencies. Due to the sin2 factor of the
pulse@see Eq.~2!#, the field is suppressed at the beginni
and end of the pulse and the effective interaction with
field corresponds very closely to one period for both frequ
cies. Figures 7 and 8 show snapshots of quantum and CT
electronic probability distributions at different instants
time during the short pulse.

In Fig. 7 the classical and quantal densities are see
have been moved to the right~2nd and 3rd rows! as the force
of the electron in this period is along the positive z directio
Following the sign change of the force afterT510, the den-
sities are seen to be accelerated in the opposite direc
leading to backward ionization. In the quantal dynam
however, a part of the charge cloud is unable to follow
fast change in the field, which leads to a certain fraction
electron ejection in the forward direction. Figure 8 shows
corresponding time development for thevL50.18 pulse.
sk
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Here the force during the important times has the oppo
sign as compared to thevL50.55 pulse. As a result, the
electron is ejected mainly in the forward direction. A detail
comparison between the classical and the quantal dens
shows larger differences. In particular the classical dynam
gives rise to a charge distribution, which is less focused
the forward direction than in the quantum-mechanical ca
The excitation-rescattering dynamics is, however, s
present in the classical time development, fully in acc
dance with the direction of the force, cf. Fig. 6. The resu
also show that there is a very intimate connection betw
the initial phase of the electromagnetic pulse and the dir
tion of propagation of the ionized electron. In fact, it is cle
that the angular distribution of the photoelectrons provid
an indirect measure of the phase of the short pulse, a qua
that is not easily determined otherwise.

IV. CONCLUSION

In the present paper we have carried out close-coup
calculations of H(1s) ionization and excitation for short an
intense pulses and have compared them with previous ca
lations @29# and classical physics. Our parallel study of t
quantum and classical dynamics of H(1s) in an intense ul-
trashort laser pulse have shown that the classical trajec
Monte Carlo method does grasp the main features of
collision dynamics for short pulses even for such a tigh
bound system when the total ionization probability is cons
ered. For differential quantities such as the photoelect
spectrum or the angular distribution, the classical predicti
are generally of lower quality. For laser frequencies w
below the one-photon ionization limit, for longer pulses, a
for weaker fields, the quantized nature of the light domina
and large discrepancies between differential quantities fr
classical and quantal mechanics appear. In conclusion, c
sical methods needs to be applied with great care for qu
titative predictions of laser–ground-state-atom interactio
when the intensity of the field is below 1 a.u.
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