RAPID COMMUNICATIONS

Multistate non-Hermitian Floquet dynamics in short laser pulses

PHYSICAL REVIEW A, VOLUME 61, 031402R)

H. C. Dayl* Bernard Pirau¥,and R. M. Potvliegk
!Physics Department, University of Durham, Science Laboratories, Durham DH1 3LE, United Kingdom
2Laboratoire de Physique Atomique et Maldaire, UniversifeCatholique de Louvain, 2 Chemin du Cyclotron,
B-1348 Louvain-la-Neuve, Belgium
(Received 3 August 1999; revised manuscript received 19 November 1999; published 3 February 2000

A time-dependent non-Hermitian close-coupling method is developed for describing the interplay of decay-
ing atomic dressed states in short laser pulses. This interplay accounts for a variety of phenomena. It is shown,
in particular, that the probability that the atom is excited off-resonance is modulated by Stueckelberg oscilla-
tions, that the ionization yield may be reduced by dynamical coupling with a resonant and rapidly decaying
dressed state, and that adiabatic stabilization of circular states subsists down to very short pulse durations.

PACS numbd(s): 32.80.Rm, 42.50.Hz

In many cases, the resonance poles of3imeatrix can be thereoj or by a linear superposition of Floquet wave func-
located by complex scaling or by solving the time-tions, evolving (adiabatically or not under the temporal
independent Schdinger equation subject to Siegert-Gamow variation of the intensity of a laser pulgd]. The atomic
boundary condition§l]. Both methods have been used in adynamics can then be reduced to transfers of population
number of studies of multiphoton processes occurring in atbetween—and relaxation into—decaying dressed states.
oms (or moleculeg placed in an intense laser field, since the Within various approximations, this approach has been used,
demonstration by Chu and Reinhafgi of the feasibility of  in particular, to study the formation of resonance enhance-
such calculations in that context. In their non-Hermitian Flo-ments observed in photoelectron energy spectra.
guet theory, obtaining the wave function is reduced to a In this Rapid Communication, we give a consistent for-
time-independent problem by making the assumption that thenulation of the dynamical coupling of Floquet resonance
atom is illuminated by a stationary laser field, described, fowave functions, based on a multi-dressed-state close-
example, by a vector potenti@l(t) = Agsin(wt) of constant coupling method proposed some time d§band here gen-
amplitude. The perfect periodicity of the field makes it pos-eralized to the non-Hermitian case. The results obtained in
sible to obtain solutions of the Sclimger equation in the this way are in excellent agreement with those of fully time-
Floquet form dependent computations. Within this framework, we show

that the interplay of just two decaying dressed bound states
W(r,t)=exp —iEt/h)F(r,t1). (1) accounts for a variety of short-pulse phenomena, besides the
appearance of resonance structures in the above-threshold
F(r,t) is periodic in time and has the same period as thdonization spectra. In particular, we show that the probability
laser field. The quasienerd@yand the Fourier components of that the atom is excited off-resonance is modulated by Stu-
F(r,t) satisfy a system of partial differential equations that,eckelberg oscillations, that resonance enhancements in the
in conjunction with either one of the two techniques men-ionization yield may disappear by dynamical coupling with
tioned above, can be tackled by computational methods simrapidly decaying dressed states, and that adiabatic stabiliza-
lar to those used in atomic-structure calculations or in calcution can subsist down to very short pulse durations.
lations of cross sections for electron-atom scattefBig In The Floguet multistate method we are concerned with is a
zero field,F(r,t) simply is the wave function of an eigen- particular case of a general non-Hermitian close-coupling
state of the atomic Hamiltonian arfl the corresponding formalism applicable to any quantum system in which a few
eigenenergy. A nonzero field couples the bound states to tHénstable states strongly interact with one another upon the
continuum and turns the bound-state poles of $hmatrix ~ temporal variation of a parameter of the Hamiltonid].
into resonance poles coinciding with complex quasienergiediere, the varying parameter is the vector potential amplitude
It is tempting to interpret the associated wave functions a%\o. We assume that the atom can be described in sufficiently
describing dressed atomic bound states decaying by multgood approximation by a finite superposition of Floquet
photon ionization. There are, however, two difficulties towave functions of decaying dressed bound states of the form
this: the incident field is never stationary in an actual experi-
ment and the Floquet wave function of any dressed bound _
state, if not complex-scaled, diverges exponentially at large \If(r,t)—E 3j(t) Fj(r.b), @
distances. Nonetheless, many authors have postulated that
the time-dependent electronic wave packet can be reprefhe method aims at calculating the coefficieatét). It can
sented by a Floquet wave functiofor approximation be sketched as follows. First, recall that two Floquet wave
functions can be associated with any bound state quasienergy
E ,ie.,
*Present address: Flint Research Institute, 132 Heathfield Road,J
Keston, Kent BR2 6BA, United Kingdom. Wi(r,t)=exp( —iE;t/A)F(r,t) 3)
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and its adjoint, [
0.006 -
Wl(r,t)=exp —iEFt/A)F](1,1). (4) = [
= 0.004 C
They satisfy, respectivelyputgoing andingoing Siegert- § L
Gamow boundary conditions in the open channels. Both 0.002 .7
Fi(r,t) and FJ-T(r,t) are periodic in time with periodl i ]
=27lw, and are defined so as to reduce to a same field-free 0.000 1 20 30 20
wave function in the limitA;— 0. Different pairs of wave Pulse duration (optical cycles)

functions are biorthogonal, in the sense that
FIG. 1. Probability that a hydrogen atom initially in thesyl

T 1(7 ., state is in the B, state at the end of a pulse of 300-nm wavelength
(FilFa)= ff dtJ drFi*(r,)F(r,t)=0 (5  and 8<10" W/cn® peak intensity vs the duration of the pulse.
0 Solid line, two-state (4,3p) Floquet results; dotted line, full time-

if E;#E, [7]. It is useful to impose the normalization con- dependent results.

dition <(FJ-T|FJ-))=1. Using this and the Schdinger equa- . . o
tion, the coefficients (t) are found to obey a simple system coupling calculations are presented in Fig. 1, for a resonant

of coupled differential equations under adiabatic temporaf@se, and in Fig. 2, for a nonresonant case. Results obtained
variations ofA,, namely, by direct solution of the time-dependent Sdfirger equa-

tion are also givefi9]. The pulses used in these calculations,
. da L dAg e as in the rest of the paper, have a finite duration, with a
el SEO Al e ; ((FilFi) an(t). (6  temporal envelopé(t) =Agsir? Qt, and are linearly polar-

ized. Figure 1 concerns an isolated Stark-shift-induced three-

In these equations;/, denotes the derivative &,(r,t) with ~ Photon resonance between the, Hressed state and th@g
respect toA,, and the field is treated as stationary whendressed state occurring in atomic hydrogen at about 3
performing the cycle-averaging involved in the calculation of X 10" W/cn® intensity, at 300-nm wavelengtfi.0]. The
the (complex matrix eIementi(FjTlFrQ)). Provided the ini- esonance is marked by an enhancement of the rate c_)f ion-
tial state is properly normalized, the probability that the atomZ2tion from the B, dressed state, but not by an avoided
is in the field-free bound stateat the end of the pulse is crossing between the real parts of the corresponding quasien-

|aj(t—)|2 and the probability that it is ionized is 1 ergies.(The 3po quasienergy has a much larger ionization
—3|ai(t—)|? width.) Despite the vanishing energy gap, the dynamical ef-
) ' fect of the resonance is not negligible. If the atom is initially

interpreted unambiguously as defining occupation ampliln the 1so state, it manifests by a smafbut significant
tudes, since, in the case we are concerned with, their modd€Sidual population left in the (% state at the end of the
lus may temporarily exceed unity when the field is acting. ByPUlSe- This population is well reproduced by coupling the
contrast, the sunI]-|aj(t)|2 would remain equal to 1 at all 1s, andi Kol dre_ssed states, dqwn to pulse_ durgtlons of but a
times if the atom was prevented to decay, for instance, by thf€W optical periods. Its behavior, for varying, is marked
imposition of bound-state boundary conditions to the wave®y ~Stueckelberg oscillations,” as has been described for

functions [8]. The corresponding relation reads

It is only in zero field that the coefficienw;(t) can be

Ejaf*(t)aj(t)sl when photoionization is allowed; it is ful- W0'E —_ T TS
filled at all times by the solutions of E¢6) and those of the C: ]
system Sf
T 10~ 3
2 _eral)-in 0 S (FiIFI)Yalb, (@) g T
dt I dt <5 e " 210k 1
—8 ; 13 2 E
if both systems are solved subject to the same initial condi- & 3 5 x107 Wfem
tions. However, the producmf*(t)aj(t) are, in general, 10-75
complex. b
We now letA, vary arbitrarily fast, while still calculating
the coefficientsa;(t) and the matrix elemenk\é(FﬂF,’])) as 0e o
described above. We start by examining the formation of 0 20 40 60 80

residual populations left by short laser pulses in bound states Pulse duration (optical cycles)

other than the initial one. This process is usually discussed in g, 2. Probability that a hydrogen atom initially in the5
terms of population transfers at multiphoton resonances, Oktate is in the §, state at the end of a pulse of 620-nm wavelength
if off-resonance, in terms of Raman transitions made posand 5x 103 or 2 10 W/cn? peak intensity vs the duration of the
sible by the nonzero bandwidth of the field. However, therepuise. Solid lines, three-state ®g,7g) Floquet results; broken
is no formal distinction between these two situations in thdines, two-state (§,6g) Floquet results; dotted lines, full time-
multistate Floquet approach. Results from the Floquet closedependent results.
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FIG. 5. Probability that a hydrogen atom initially in theyp

state is ionized by a pulse of 620-nm wavelength and1@'

W/cn? peak intensity vs the duration of the pulse. Solid line, two- W/cn? peak intensity vs the duration of the pulse. Solid line, two-

state (5,3p) Floquet results; broken line, one-states) IFloquet
results; dotted line, full time-dependent results.

other resonances of the same naflrg]. These oscillations
are due to interferences between transfers made at differe
times during the pulse, and are a general feature of multistal
Floquet dynamics. They can also be observed in Fig. 2
which shows the population left in theyg state at the end of
a pulse of 620-nm wavelength, for two different peak inten-
sities, the initial state being thega. In the dipole approxi-
mation, this state is coupled only to bare states with the sa
magnetic quantum number; the photon energy being larg
than the binding energy of any of them, photoionization is
never resonant at that wavelength. The residggl gopula-
tion originates from thgweak coupling between the dy
and 63, dressed states. The predictions of a two-state mod
whereby only these two states are coupled together are ir&—O
deed in good agreement with the results of the full time- h
dependent calculation, down to very short pulse durations. |
is improved by coupling the g, dressed state to the other
two. For a given pulse duration, thus a given pulse band
width |dAy/dt| increases with the peak intensity, and with it
the probability of population transfer. Because of the Stueck
elberg oscillations, however, increasing the pulse bandwidt
does not necessarily result in an increase of the probabilit
that the atom is left in the field-freegq state.

The ionization yield at 300 nm is presented in Figs. 3 an
4. The figures show results of a one-state Floquet calculatio
whereby the atom is described by the singl®, Hressed
state, of a two-state Floquet calculation and of a fully time-

0.4

Probability
1=}
[\

FIG. 4. Probability that a hydrogen atom initially in thesyl

twostate (X5,3p) Floquet results; broken lines, one-states) Flo-
quet results; crosses, full time-dependent results.

3 4
Peak intensity (10"> W/cm?)

state (9,6g) Floquet results; broken line, one-stategj5Floquet

results; dotted line: full time-dependent results; dash-dotted line:

full time-dependent results for a peak intensity of 10 W/cn?.

taegpendent calculation. The two-state results are in very good
agreement with the lattejeven for pulses as short as two

optical cycle$, despite the unphysical asymptotic behavior
of the Floguet wave function. An interesting feature of Fig. 3

is that the solid curve is constantly below the dashed curve:

m%espite the larger ionization rate of th@ 3dressed state,
ecroupling it to the }, dressed stateeduceghe probability of
ionization from the ground state. In other words, the wave

packet formed by superposing the two dressed states has a
longer lifetime than the isolatedsg dressed state. The sup-
ression of the resonance enhancement as the pulse duration

shortened is clearly visible in Fig. 4. A study of the state
mposition of the wave packet reveals that fast variations of
e intensity oppose the admixture of the bagg, 3tate to

the bare %, at resonance. In terms of dressed states, the
dressed B, partly cancels the barep3 contribution made

by the dressed g, to the wave packet. The reduction in the
ionization probability can be attributdtieuristically to this

reduction in the weight of the barepg state, since that state

ionizes readily by one-photon absorption. The cancellation is
fess efficient in long pulses owing to the faster decay of the
Odressed Bo. Conversely, the dresseggcomponent of the
ave packet may survive until the end of the pulse if it is
short enough, leaving thereby a significant residual popula-

tion in the field-free d, state[12].

Finally, we consider ionization from thegg dressed state
at 620 nm. This process has been analyzed for relatively long
pulse durationg120 cycleg in Ref. [13]. For such pulses,
adiabatic stabilization of thedy results in a smaller ioniza-
tion yield at 2< 10" W/cn? peak intensity than at >t 10*
W/cn?, and the single-state Floquet approximation is very
accurate. Figure 5 shows that the same remains true for
pulses as short as ten cycles. Population transfer to other
dressed bound states does not appear to spoil stabilization.
On the contrary, the coupling with theg$ state reduces the
yield below 20 cycles, at 2 104 W/cn?. This reduction can
be simply explained by the greater stability of thg,6n the
field, rather than by a dynamical interference. The yield for
state is ionized by a pulse of 300-nm wavelength and 30, 120, otltrashort pulses is underestimated by the multistate Floquet
480 optical cycles duration vs the pulse peak intensity. Solid linesgalculation, though, presumably because it neglects Raman
transitions to continuum states. These transitions can be ex-
pected to be more important here than in the case of Fig. 3,
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in view of the smaller binding energy of the initial state. is consistent with thelAy/dt factor in the right-hand side of
Their contribution to the total ionization yield of Fig. 5, es- Eq. (6).

timated from the difference between the time-dependent re- . ) . . . .
sults and the Floquet results below ten cycles, is roughly 1S work has benefited from discussions with M.rbo
proportional to the square root of the peak intensity and in&nd from financial support given to H.C.D. and R.M.P. by
versely proportional to the pulse duration. This dependenchSRC-
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