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lonization 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 o$)H{fhen 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:
Total (ii) differential ionization probabilities, angii) 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 collisions leading to electron-capture at certain angles. This
process was described quantum mechanically in [Réfnd
Notwithstanding the remarkable successes of nonrelativfirst measured in Ref8]. We mention also electron-capture
istic Schralinger-like quantum mechanics in describing theprocesses from oriented Rydberg atoms, where oscillations in
physics of atoms and molecules, classical models are, as ahe capture cross sections have been interpreted by the so-
ready pointed out by BoHr], of great value since it is only calledn swaps[9]. In this model the oscillations of the cap-
in such terms that our minds can fully comprehdndan-  ture cross sections are found to originate from electron tra-
tum) dynamical systems. Fortunately, when a quantum sysjectories crossing the midplane between the projectile and
tem, such as the hydrogen atom, interacts with a large energiie target one, three, five,..,2n+1 times. This process
reservoir, a semiclassical approximation can be defi2éth  has however not been described by quantum theory, and in-
which a classical time is introduced into the quantum systendeed the swapping mechanism is found to be invalid for
(for a recent reference, see REB]). The dynamics of the transfer processes from ground-state atphdg. Finally, we
atoms is then described by the interaction with the classicahention that the CTMC method has described the main fea-
dynamical variables of the energy reservoir, i.e., a laser fieldures of the quantal and experimental differential cross sec-
or an energetic heavy particle. A remaining and open quegions for capture from initially oriented Nafd atoms
tion is then, to which extent also the atomic dynamics can b11,17, and many excellent agreements between CTMC cal-
described by classical mechanics based on an ensemble ailations for breakup and ionization of many-electron sys-
classical electrondCTMC - Classical Trajectory Monte tems have been obtaingsee, e.g., Ref13)).
Carlo methodglinteracting with the atomic Coulomb potential ~ Semiclassical modelgl4—16 have also been useful in
and the external time-dependent energy reservoir. describing strong-field laser-atom interactions. In particular,
This question has been answered for the highly excitec rescattering mechanism has been discussed extensively in
Rydberg states, and is in this case expressed in terms of tlw®nnection with above-threshold ionization, high-harmonic
correspondence princip[d,5], which states that the predic- generation, and “enhanced” double ionization by short
tions of classical and quantum mechanics should merge ipulses(see, Ref[17] for an early reference and R¢1.8] for
the limit of high quantum numbers. Since the initial work by a recent review In particular, this mechanism has been able
Bohr [4], which successfully lead to the correct prediction ofto predict the plateau and cutoff regions. We would like to
the Rydberg constant, the correspondence principle has bestress that this rescattering model is not purely classical:
studied in great detail and formulated in several wiys  Even in its simple form[17] certain gquantum-mechanical
Here we investigate the correspondence between classicalements of, e.g., the ionization process are invoked. In other
and quantum dynamics feightly boundstates exposed to a formulations[19] the term rescattering is introduced in order
rapid strong perturber, taken to be an ultrashort intense laséo describe the effect of the inclusion of an additional term in
pulse. a field-dressed quantum-mechanical Born-like series for the
In collision physics, a range of fundamental mechanismsnteraction between the atom and the field.
have a classical analogy. Most well known is perhaps the lonization of Rydberg atoms by short half-cycle pulses
Thomas scattering mechanism from 1987, where the cap- was studied recentlf20], and the results were found to lie
ture process is described in terms of two sequential binargn a universal classical scaling-invariant cuf24,22. The
investigations explored the region where the duration of the
pulse is shorter or comparable to the classical orbital period
*Permanent address: Institute of Physics, University of BergenT,. For recent references on pulsed-field ionization of Ryd-
Allégaten 55, N-5007 Bergen, Norway. berg atoms including CTMC studies, see the works of Ro-
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bicheaux[23]. In general quite good agreement between 1 1 .. 9
quantum and classical calculations was found. Very recently - EVZ— THrEM) - E
Cormier and co-workers have conducted work on hydrogen,
relate;d to ours, _but a_t much higher intensitigdove the  The |aser field is assumed to be accurately described by a
atomic unit of intensity,1,=3.51x10' W/cn?) and at time-dependent electric field
much lower laser frequencyw(=0.05 a.u.)[24,25. In this
impulsive regime, they did find that the CTMC and quantum . . Tt
predictions compare rather well for very short 5 a.u. and 10 E(t)=Eo Sinz(g T
a.u. pulses, also for the photoelectron-energy specfain

In this work, we perform a study of the ionization of the pulse duration Z and with laser frequencys, . Only
H(1s) ground state for values of the pulse length to orbital .
period similar to the ones considered in the half—cycle-pulsiI
studies mentioned above. As a consequence of the scali
with the principal quantum number, this means much shorte
pulses and much larger frequencies. Compared to the Ry
berg studies, the present work exposes the more quantu
mechanical nature of theslstate. Explicitly, we shall com-
pare the microcanonical CTMC method withb initio
guantum-mechanical close-coupling calculations of $)(1
under an intense laser pulse of short duration. The purpose quge box,

W(r,t)=0. )

cogwt) 2

near polarized lightEy=Ege,, will be considered in the
llowing. The sirf part of Eq.(2) describes the temporal
velop of the pulse. Focusing effects, not to be considered
iere, can be accounted for by introducing an additional spa-
jal envelope function into Eq2).
We expand the wave function in a set of field-free eigen-
states describing the bound-state spectrum and a discretized
continuum, constructed by solving the problem in a suitable

the paper is twofold: First, we address the fundamental ques- Nmax N—1
tion of classical versus quantum description of the ionization V()= > a,(ORy (MY meo(l)
dynamics at laser intensities, low enough such that “over the n=1 =0 ' ’

barrier” ionization is classically allowed only for a fraction Ko Lmax

of the laser pulse. Excited states are thus important interme- ~

diate states and the Coloumb potential plays a decisive role +kiz:0 ;o B (D Py 1 (1) Y1 m=o()- (3)

in the ejection process in contrast to REZ5]. Second, we

explore the possibility of predicting new measurable quantiHereR, | andY ,,_, are the well-known radial and angular

ties from future experimental sources. We note that the reeigenfunctions of hydrogen. Only the magnetic quantum

quirements on pulse durations and intensities for the lasefumberm=0 needs to be considered due to the conservation

source to be considered in the following, should be withingy¢ Eo-L and the choice of the spherically symmetrig ihi-

experimental reach in the not to distant fut{i?8,27. Mul-  {ja| state. The continuum functions are built up by those ra-

tigigawatt 4.5 fs laser pulses operated at 800 nm have reyia| functions that vanish at the end of the chosen box. Since

cently been achievei®8], not to mention the exciting devel- this number of functions may be extremely large for box

opments of accelerator-based bright coherent source§zesr,~1000, we apply the so-called eigendifferentials.

extending into the uv and x-ray regimes. . Various related methods of this type have been used in
Geltman[29] has recently performed a comprehensiveaiomic and nuclear collisiong30-32 and it was recently

study of ionization from H($) based on quantum calcula- gisq introduced to laser-atom interactid88]. In the present

tions with much smaller basis sets than we present here. lgpnroach, the set of continuum functions  satisfying

the present work.we will adopt the pulse.sha.pe and_ Iasele_ (rp)=0 are first normalized and then grouped into
frequencies considered by Geltman. Earlier, in partlcularSn%é”er sets

Lambropoulos and co-workefsee Ref[18], and references
therein have developed thB-spline theory for H(%) ion- i+N
ization and performed calculations of both ionization prob- =
abilities as well as differential spectra. Piga(r) V2N+1 j:iE—N Rki a(0). @

This paper is organized as follows. In Sec. Il we present
the quantum(Sec. Il A) and the classicalSec. Il B) theory.  This procedure decreases the number of basis-set wave func-
In Sec. Ill, we present our results and discuss in detail diftions by a factor of R+ 1 while the boundary condition is
ferences and similarities between the classical and quantumaintained. Furthermore, the present method gives an equi-
predictions for total and differential probabilities at the de-distant mesh of states ik space, which is ideal for laser
tailed level of the time development of the electron probabil-pulses of short duration. Since the discrete basis functions
ity density. form an orthonormal set, the inclusion of E§) into Eq. (1)

leads to a set of first-order coupled equations,

Il. THEORY
A. Quantum close coupling iaCZ H(t)c, 6)

We aim to solve the time-dependent Satinger equation o
for the hydrogen atonfatomic units[a.u] are used through- where the vectorc=(a,b) is the collection of expansion
out unless otherwise specified coefficients and where the coupling matkxt) contains the
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field-free energies on the diagonal and nonzero dipolefor the positionr(t) of an electron with reduced mags
coupling matrix elements for states witl =+ 1. This equation is integrated fror=0 to t=t; for a large

_ Any observable may be derived from the amplitude vectomumber of trajectories+ 10°) corresponding to different ini-

c after integration fronmt=0 tot;=2T. The total excitation tial conditions picked at random from a microcanonical en-

probability is given by semble, cf. Ref[35]. In short, the initial values of the posi-
N hla tion and momentum are given by five uniformly distributed
< uantities,
Pe=23, 3 [an(ty)|? 6
Bel0B(rmad], ¢ €[0,27], QDpE[O,ZW] (12

The angle-integrated ionization probability for an electron

with energyE; = :k? is given by vre[ =111,
dp 3 Lmax 5 and
dE_ & by, 1(to)] () vpel—1.1],
and the total ionization probability is since the constrainE=—1/2 a.u. fixes the last degree of
freedom. The initial values of position and momentum are
dP now defined by
i=; JE- 8
. dE x=r(1-v?cose,, (13
Finally, the angular distribution is given g4 )
. The ang given 14| y=r(1-v)sing, , (14
dp il i 6 2
G572 |2 (“'by (e 0)] 9 z=ruv,, (15)
1/2
where 6, is the Coulomb phase shift. At the most detailed :<2 E+ 1—02)2c0s 16
level, we will study the time development of the spatial elec- Px H r (1=vp) o (16)
tron probability density,
1 v 2\1/2
pon(xyZD=(8F,0) =[O (0 py:(z“ e ) (mvp) sy, (0
where the wave functio® (r ,t) is given by Eq(3). Because 1]\ ?
of the rotational symmetry of the problem a cut fp=0 P.=|2uE+ 1] vp. (18
carries all information about probability density at a given
instant of time. Here the quantity3 is related ta through the transformation
The present method requires a careful testing of the basis
size with respect to the limiting parameters. For the physical r 1
processes considered here, we have obtained convergence ,B(r)zf dr'ur'?>~/2u E+—/, (19
within a few percent by setting N ax,Lmax:"bEmax 0 r

= 3kZ .,N) =(15,24,1000,1.7,5). Smaller basis sets, result- . . . . .
2 "max» ] ] ] ) y _
ing from other choices of these parameters, do not chan which can be straightforwardly integrated analytically or nu

: L o . g%‘?1erically. After the pulse, an ionized electron is identified by
the final probabilities significantly. The present basis thusa positive energy. For excitation, i.e., for electrons with a

amounts to 120 discrete and 2816 continuum states couplqﬁi] Lo
) , . al energy— 1/2<E;<0, a certain binning procedure has
by 330 906 nonzero dipole matrix elements. The basis spang o applied to allocate a classical principal quantum num-

dense mesh up tB,,,,=1.7 a.u.. Longer pulse lengths than M Ty
considered here would, for high intensities, certainly requirefboﬁlror\}\;"t;e %( deIZyElfJ)setg Sroqcue%r:}%ﬁ“:%“g‘hg‘;g‘bﬂ we

higher-energy states in resonance witphoton transitions.
These could, in principle, be introduced at the expense of a
large number of continuum states corresponding to the
present uniformk-space distribution in the continuum, cf.
Ref. [29].

1/3
=Ng =

1/3

1
n+ =

nn+s

(n+1)

1
(n—l)(n—i)n

Corresponding to the quantum-mechanical density of Eqg.
B. Classical trajectory Monte Carlo (10), we calculate a classical densijiy,: DefineN; ; as the

The CTMC calculations are based on the solution offUmber of particles at a given time in tteylindrical) region
Newton’s equation of motion of the configuration space given by

o 5 z—dz=sz<z+dz
() =—- LBt 11
g (=-5-EO Y f—dr=r<r,+dr, (21
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r= \/XZTyz, 100 L
and let
Vi'j:87TrjdrdZ (22)
107
be its volume. In terms of; ;,V; ; and the total number of ;_ET
particlesN,;, the CTMC probability is then given by =
[
(r ozt = o (23) &10‘2-
Pci I Viyj Nalll
This probability is the classical quantity corresponding to the I A . =055
quantal Eq(10). The uncertainty in the present CTMC cal- i L
culations is estimated to be below 1% for the main channels. 107 X —
10 10
(@) T (au)

Ill. DISCUSSION AND RESULTS

In discussing our results, it is convenient to consider the 10" ¢
dimensionless scaling variables, which keep the classical
equations of motion invariarfs] r’(t') = ar(t), t'=a%%,
whereq is a positive scale factor. In particular, we consider,
the ratioT, of the pulse lengthl, to the classical orbital
periodT, . For the X state considered her&,_,=27 and
To=T,/27. Inthe half-cycle-pulse studies of Ref20-23,
the value ofTy was varied by changing the degree of exci-
tation of the Rydberg state and the interval 16 T,< 10"
was scanned through, and a good agreement between quan
tum and classical results was found for the Rydberg states.
Here we shall consider essentially the same rangg,pbut o
by varying the pulse length and placing the hydrogen atom ,
initially in the ground state. From the point of view of the 10” X >
correspondence principle, we are certainly not in the regime (b) 10 T (au) 10
of high quantum numbers, nevertheless, the quantum and
classical results may be compared in order to explore classi- FIG. 1. lonization probabilities as function of pulse length for
cal features of the dynamics. two different intensities. Upper,.w, =0.55: Ey=0.33(—*—)
present quantal calculatiorsg=0.33(—0—) present classical cal-
culations, Eq=0.05(—Xx—) present quantal calculationd;,

) o =0.05(- - - -) quantal calculations by Geltmaf29]. The lower
Figure 1 shows the total ionization probabilities as a funcpanel shows the corresponding results dgr=0.18.

tion of pulse length for two different values of the field
strength,E,=0.33 andE,=0.05. The upper and lower pan- . .
els are forolaser freque%cies correspondingste=0.55 a.u. pulse Iength. goes from-0.1 to ~0.3_(see Flg' 3in Re_f.

andw, =0.18 a.u., respectively. These frequencies place the29)- The origin of such nonmonotonic behavior of the ion-
studies in the one- and three-photon ionization regimes. Botff&tion probability is to be found in the delicate interplay
panels show a good quantitative agreement with Eqe between couplings of states and the time spalgs involved.
=0.05 results of Geltmaf9]. This represents an indepen- ~ The curves shown by —*— and —o— in Fig. 1 corre-
dent check of the convergence of the present results an%pond to the quantum and classical calculation for the two
lends additional confidence to the method used. We notfequencies. We observe a qualitative overall agreement be-
some minor discrepancies with Geltman at the shortest puld&veen the two approaches for the entire span of pulse
lengths where his results oscillates weakly around ours. Wiengths: The classical theory accounts fairly accurately for
believe these oscillations are an artifact of the much smallethe total ionization of the strongly bound juantum state,
basis used in Ref.29]. A more serious discrepancy is ob- in the suddenT,<1), intermediate T,=1), and adiabatic
served fore_ =0.18 for the longer pulse lengths, where our (T,>1) regimes. This is, however, true only for the case of
probabilities are a factor of 2 larger than Geltman’s. New andhe strong fieldE;=0.33. For a weaker perturbet,=0.05,
independent calculations are needed to resolve this diverotably still a rather strong field, the classical prediction
gence. Although not shown, we mention that for lower inten-breaks completely down and underestimates the probabilities
sities, we obtain indeed very good agreement with the resultsy several orders of magnitude. To keep the figures clear and
of Geltman. In particular, we reproduce the large drop in thehe discussion focused, we have chosen not to show these
ionization probability foro, =0.18 andE=10"2 when the ~CTMC results.

Probability

_2_

10

A. Total ionization and excitation probability
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FIG. 2. Excitation probability as function of pulse length for

w; =0.55,E;=0.33; (—X—) quantal calculations, (- -0--) classi-
cal calculations.

Figure 2 shows the excitation probability as a function of

pulse length for the bound-state part of the spectrum for the

strong field €;=0.33) and high frequencya{ =0.55). In

the sudden and intermediate regimes, the quantum and clas-

sical calculations agree within a factor of 2. For the longer
pulse lengths corresponding to tfig>T, (adiabati¢ re-

gime, the excitation probability is much smaller in the quan-
tum than in the classical case. Comparing with Fig. 1, we
conclude that much more of the population stays in tee 1

ground state as the pulse length increases in the quantum-

mechanical calculation. This is due to the decrease in the
Fourier bandwidth of the laser source: For the longer pulses
direct ionization to the continuum is favored compared to

nonresonant bound-state excitations. These finding are also

in accordance with the conventional understanding of the
adiabatic limit in quantum theorysee, e.g., the book of
Schiff [36]): The part of the  wave function that does not

0.3

0.25-

o
)
;

Probability
©
o

2.5

PHYSICAL REVIEW A 64 033418

o, =0.55 T=10

' Energy (a.u.)

=055 T=100

ot \—\I‘A‘/J\j -

0 0.1
(b)

02 03 04 05 06 07
Energy (a.u.)

©,=0.18 T=10

©

0.5 1 1.5
Energy (a.u.)

FIG. 4. Angle-integrated electron-ionization spectrum for three
chosen laser frequencies and pulse lengths. Each spectrum is nor-
0.1r 1

malized to unit probability. (—) quantal calculations; -( -)
CTMC calculations. Upperw =0.55, E;=0.33, T=10. Middle:

0.05. | w,=0.55, E,=0.33, T=100. Lower:w,_=0.18, E,=0.33, T=10.

FIG. 3. Finaln-level probabilities for a laser pulse defined by
T=10, 0, =0.55,E;=0.33. Left bars, classical results; right bars,

quantal results.

leak out into the continuum has time to adjust to the field and
is not nonresonantly excited.

B. Differential probabilities

We now focus on differential quantities at selected pulse
lengths and frequencies. Figure 3 shows thievel prob-
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E (a.u.)

10
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FIG. 6. The pulse foE;=0.33, T=10, andw =0.55 (—) and
®,=0.18(----). The dotted-dashed curves show the temporal en-
velope of the pulse.

abilities for a laser pulse defined By=10, o =0.55, Eg
=0.33. The left bars show the classical results and the right
bars show the quantal results. The populations follow the
same trend and differ most for=2, which is clearly more
excited in the quantum than in the classical case. This ex-
plains the difference in the excitation populations in Fig. 2 at
T=10. The broad population of states is due to the “white”
character of the frequency spectrum of the very short pulse
under concern.

The three panels of Fig. 4 show normalized angular-
integrated photoelectron-energy spectra, cf. B), at E,
=0.33 for the two laser frequencies and for pulse durations
displayed in the upper right corners of the figures. In the
upper panel, the agreement between the classical and quan-
tum results is quite satisfactory. The peak is at approximately
o, —1/2, and the spectrum extends to an energy consistent
with the bandwidth of the short-pulsed source.

The middle panel is for the longer pulse D& 100. Here
we observe a marked difference between the classical and
guantum results. The pulse is now so long that the quantized
nature of the light becomes important and, of course, there is
no way a classical theory can account for this. The two peaks
in the guantum-mechanical photoelectron spectrum corre-
spond to the case of one- and two-photon absorption, respec-
tively. The ionization peaks are however shifted a little down
from the resonance positiori8.05 and 0.5 for one-and two-
photon ionization, respectivelyThis shift is due to the laser-
induced ac Stark shift of the threshold, which is equal to the
ponderomotive shift: The average energy of a free electron
oscillating in the electromagnetic field. In the figure, we also
note the narrow oscillating substructures of the photoelectron
peaks. We interpret these as due to quantum interference be-

FIG. 5. Angular distributions for the photoelectron for three tWeeN electrons emitted during the pulse at different energies
chosen laser frequencies and pulse lengths. Each spectrum is n;@fnd instants of time. Such structures were first investigated

malized to max value. The forward direction is markezi (polar
angle 0°) and the perpendicular direction by “(polar angle 90°);
(—) quantal calculations,-(- - -) CTMC calculations. Upperw

=0.55, E;=0.33, T=10. Middle: w =0.55, E;=0.33, T=100.
Lower: v =0.18, E;=0.33, T=10.

in Ref.[37] and were originally thought primarily to occur at
the high-energy side of the photoelectron peaks. However,
for short and strong pulses they may occur more uniformly
across the peak, as seen in our figisee also Fig. 4 in Ref.
[37] and Fig. 2 in Ref[38]).
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FIG. 7. Snapshots of the elec-
tron spatial probability density in
the x-z plane att=0,1/4,1/2,3/4
of the pulse defined byl =10,
0, =0.55, E;=0.33. Left, quan-
tal; right, CTMC.

Finally in Fig. 4, the lower panel shows the result for thesity. Note in passing that CTMC calculations were found to
short T=10 pulse in the three-photon ionization regime describe the ionization of hydrogen accuratelywat=0.05
(w.=0.18). Now, the results differ substantially. This is (11-photon ionizatiop but at much higher intensitiésnpul-
taken as a signature of the importance of the multiphotorsive regime [25]. The momentum transfer from the field to

character of the ionization process at the considered interihe electron as given by
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FIG. 8. Snapshots of the elec-
tron spatial probability density in
the x-z plane at=0,1/4,1/2,3/4 of
the pulse defined byr=10, o

=0.18, E;=0.33. Left, quantal;
right, CTMC.

the electron impulsivelyin the casen/w =1 a limiting

procedure give®=E,/4).
Figure 5 shows the angular distribution, cf. E@), of the

electron for the same parameters as in Fig. 4. The short
pulses(top and bottornare seen to lead to a localized dis-

(24
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tribution in the forward and backward direction faw, Here the force during the important times has the opposite
=0.55 andw, =0.18, respectively. In the, =0.18 case the sign as compared to the, =0.55 pulse. As a result, the
classical distribution is significantly broader than fe; electron is ejected mainly in the forward direction. A detailed
=0.55. Thus again, as for the energy distribution, the classicomparison between the classical and the quantal densities
cal method shows a larger discrepancy with the quantashows larger differences. In particular the classical dynamics
method for the less energetic photons. In general, both elegives rise to a charge distribution, which is less focused in
tron distributions are localized in either the forward or thethe forward direction than in the quantum-mechanical case.
backward direction, a distinct feature of the short pulse withThe excitation-rescattering dynamics is, however, still
only very few optical cycles. This reflects a relation betweenpresent in the classical time development, fully in accor-
the direction of ejection of the photoelectron and the initialdance with the direction of the force, cf. Fig. 6. The results
phase of the field. Similar effects were first discussed byalso show that there is a very intimate connection between
Cormier and Lambropoulog39] and subsequently by Cor- the initial phase of the electromagnetic pulse and the direc-
kum and co-worker$40]. For the long pulsémiddle panel  tion of propagation of the ionized electron. In fact, it is clear
the electron experiences more cycles of the field and #hat the angular distribution of the photoelectrons provides
forward/backward symmetry is obtained, consistent with earan indirect measure of the phase of the short pulse, a quantity
lier above-threshold-ionization spectfsee, e.g., Refl18], that is not easily determined otherwise.

and references therginin the figure, the classical distribu-

tion is a little to broad. In particular, the electron emission IV. CONCLUSION

perpendicular to the field is overestimated. ) .
In the present paper we have carried out close-coupling

calculations of H(%) ionization and excitation for short and
intense pulses and have compared them with previous calcu-
In this section, we discuss the dynamics leading to theations[29] and classical physics. Our parallel study of the
T=10 differential spectra of the preceding section. The fig-quantum and classical dynamics of Kjlin an intense ul-
ures are based on snapshots of the quantal and classical prafashort laser pulse have shown that the classical trajectory
ability density, cf. Eqs(10) and (23), taken at selected in- Monte Carlo method does grasp the main features of the
stants of time. Full interactive movies are available on thecollision dynamics for short pulses even for such a tightly
world wide web[41]. For clarity of the discussion we first bound system when the total ionization probability is consid-
show in Fig. 6 the electric field of the shoft=10 strong  ered. For differential quantities such as the photoelectron
Eo=0.33 pulse experienced by the electron as a function o§pectrum or the angular distribution, the classical predictions
time for the two frequencies. Due to the %ifactor of the  are generally of lower quality. For laser frequencies well
pulse[see Eq.(2)], the field is suppressed at the beginningbelow the one-photon ionization limit, for longer pulses, and
and end of the pulse and the effective interaction with thefor weaker fields, the quantized nature of the light dominates
field corresponds very closely to one period for both frequenand large discrepancies between differential quantities from
cies. Figures 7 and 8 show snapshots of quantum and CTM@assical and quantal mechanics appear. In conclusion, clas-
electronic probability distributions at different instants of sical methods needs to be applied with great care for quan-
time during the short pulse. titative predictions of laser—ground-state-atom interactions
In Fig. 7 the classical and quantal densities are seen t@hen the intensity of the field is below 1 a.u.
have been moved to the rigiand and 3rd rowsas the force
of the electron in this period is along the positive z direction.
Following the sign change of the force afte+ 10, the den-
sities are seen to be accelerated in the opposite direction This research was supported by a Steno-talent stipendium
leading to backward ionization. In the quantal dynamics(Grant No. 51-00-0569from the Danish Natural Science
however, a part of the charge cloud is unable to follow theResearch CouncilL.B.M.), by the Norwegian Research
fast change in the field, which leads to a certain fraction ofCouncil (H.M.N.), by the Deutsche Forschungsgemeinschaft
electron ejection in the forward direction. Figure 8 shows the DFG) (J.L.), and by EU Project Nos. HPRI-CT-1999-00094
corresponding time development for thg =0.18 pulse. and HPMFCT-2000-00686.

C. Time development
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