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Multistate non-Hermitian Floquet dynamics in short laser pulses
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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 number~s!: 32.80.Rm, 42.50.Hz
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In many cases, the resonance poles of theSmatrix can be
located by complex scaling or by solving the tim
independent Schro¨dinger equation subject to Siegert-Gamo
boundary conditions@1#. Both methods have been used in
number of studies of multiphoton processes occurring in
oms~or molecules! placed in an intense laser field, since t
demonstration by Chu and Reinhardt@2# of the feasibility of
such calculations in that context. In their non-Hermitian F
quet theory, obtaining the wave function is reduced to
time-independent problem by making the assumption that
atom is illuminated by a stationary laser field, described,
example, by a vector potentialA(t)5A0sin(vt) of constant
amplitude. The perfect periodicity of the field makes it po
sible to obtain solutions of the Schro¨dinger equation in the
Floquet form

C~r,t !5exp~2 iEt/\!F~r,t !. ~1!

F(r,t) is periodic in time and has the same period as
laser field. The quasienergyE and the Fourier components o
F(r,t) satisfy a system of partial differential equations th
in conjunction with either one of the two techniques me
tioned above, can be tackled by computational methods s
lar to those used in atomic-structure calculations or in ca
lations of cross sections for electron-atom scattering@3#. In
zero field,F(r,t) simply is the wave function of an eigen
state of the atomic Hamiltonian andE the corresponding
eigenenergy. A nonzero field couples the bound states to
continuum and turns the bound-state poles of theS matrix
into resonance poles coinciding with complex quasienerg
It is tempting to interpret the associated wave functions
describing dressed atomic bound states decaying by m
photon ionization. There are, however, two difficulties
this: the incident field is never stationary in an actual exp
ment and the Floquet wave function of any dressed bo
state, if not complex-scaled, diverges exponentially at la
distances. Nonetheless, many authors have postulated
the time-dependent electronic wave packet can be re
sented by a Floquet wave function~or approximation
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thereof! or by a linear superposition of Floquet wave fun
tions, evolving ~adiabatically or not! under the tempora
variation of the intensity of a laser pulse@4#. The atomic
dynamics can then be reduced to transfers of popula
between—and relaxation into—decaying dressed sta
Within various approximations, this approach has been u
in particular, to study the formation of resonance enhan
ments observed in photoelectron energy spectra.

In this Rapid Communication, we give a consistent fo
mulation of the dynamical coupling of Floquet resonan
wave functions, based on a multi-dressed-state clo
coupling method proposed some time ago@5# and here gen-
eralized to the non-Hermitian case. The results obtained
this way are in excellent agreement with those of fully tim
dependent computations. Within this framework, we sh
that the interplay of just two decaying dressed bound sta
accounts for a variety of short-pulse phenomena, besides
appearance of resonance structures in the above-thres
ionization spectra. In particular, we show that the probabi
that the atom is excited off-resonance is modulated by S
eckelberg oscillations, that resonance enhancements in
ionization yield may disappear by dynamical coupling w
rapidly decaying dressed states, and that adiabatic stabi
tion can subsist down to very short pulse durations.

The Floquet multistate method we are concerned with
particular case of a general non-Hermitian close-coupl
formalism applicable to any quantum system in which a f
unstable states strongly interact with one another upon
temporal variation of a parameter of the Hamiltonian@6#.
Here, the varying parameter is the vector potential amplitu
A0. We assume that the atom can be described in sufficie
good approximation by a finite superposition of Floqu
wave functions of decaying dressed bound states of the f

C~r,t !5(
j

aj~ t ! F j~r,t !. ~2!

The method aims at calculating the coefficientsaj (t). It can
be sketched as follows. First, recall that two Floquet wa
functions can be associated with any bound state quasien
Ej , i.e.,

C j~r,t !5exp~2 iE j t/\!F j~r,t ! ~3!
d,
©2000 The American Physical Society02-1
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and its adjoint,

C j
†~r,t !5exp~2 iE j* t/\!F j

†~r,t !. ~4!

They satisfy, respectively,outgoing and ingoing Siegert-
Gamow boundary conditions in the open channels. B
F j (r,t) and F j

†(r,t) are periodic in time with periodT
52p/v, and are defined so as to reduce to a same field-
wave function in the limitA0→0. Different pairs of wave
functions are biorthogonal, in the sense that

^^F j
†uFn&&[

1

TE0

T

dtE dr F j
†* ~r,t !Fn~r,t !50 ~5!

if EjÞEn @7#. It is useful to impose the normalization con
dition ^^F j

†uF j&&51. Using this and the Schro¨dinger equa-
tion, the coefficientsaj (t) are found to obey a simple syste
of coupled differential equations under adiabatic tempo
variations ofA0, namely,

i\
daj

dt
5Ejaj~ t !2 i\

dA0

dt (
n

^^F j
†uFn8&& an~ t !. ~6!

In these equations,Fn8 denotes the derivative ofFn(r,t) with
respect toA0, and the field is treated as stationary wh
performing the cycle-averaging involved in the calculation
the ~complex! matrix elementŝ ^F j

†uFn8&&. Provided the ini-
tial state is properly normalized, the probability that the at
is in the field-free bound statej at the end of the pulse i
uaj (t→`)u2 and the probability that it is ionized is 1
2( j uaj (t→`)u2.

It is only in zero field that the coefficientsaj (t) can be
interpreted unambiguously as defining occupation am
tudes, since, in the case we are concerned with, their mo
lus may temporarily exceed unity when the field is acting.
contrast, the sum( j uaj (t)u2 would remain equal to 1 at al
times if the atom was prevented to decay, for instance, by
imposition of bound-state boundary conditions to the wa
functions @8#. The corresponding relation read
( jaj

†* (t)aj (t)[1 when photoionization is allowed; it is ful
filled at all times by the solutions of Eq.~6! and those of the
system

i\
daj

†

dt
5Ej* aj

†~ t !2 i\
dA0

dt (
n

^^F j uFn
†8&& an

†~ t !, ~7!

if both systems are solved subject to the same initial con
tions. However, the productsaj

†* (t)aj (t) are, in general,
complex.

We now letA0 vary arbitrarily fast, while still calculating
the coefficientsaj (t) and the matrix elementŝ̂ F j

†uFn8&& as
described above. We start by examining the formation
residual populations left by short laser pulses in bound st
other than the initial one. This process is usually discusse
terms of population transfers at multiphoton resonances
if off-resonance, in terms of Raman transitions made p
sible by the nonzero bandwidth of the field. However, th
is no formal distinction between these two situations in
multistate Floquet approach. Results from the Floquet clo
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coupling calculations are presented in Fig. 1, for a reson
case, and in Fig. 2, for a nonresonant case. Results obta
by direct solution of the time-dependent Schro¨dinger equa-
tion are also given@9#. The pulses used in these calculation
as in the rest of the paper, have a finite duration, with
temporal envelopeA0(t)5A00sin2 Vt, and are linearly polar-
ized. Figure 1 concerns an isolated Stark-shift-induced th
photon resonance between the 1s0 dressed state and the 3p0
dressed state occurring in atomic hydrogen at abou
31013 W/cm2 intensity, at 300-nm wavelength@10#. The
resonance is marked by an enhancement of the rate of
ization from the 1s0 dressed state, but not by an avoid
crossing between the real parts of the corresponding quas
ergies.~The 3p0 quasienergy has a much larger ionizati
width.! Despite the vanishing energy gap, the dynamical
fect of the resonance is not negligible. If the atom is initia
in the 1s0 state, it manifests by a small~but significant!
residual population left in the 3p0 state at the end of the
pulse. This population is well reproduced by coupling t
1s0 and 3p0 dressed states, down to pulse durations of bu
few optical periods. Its behavior, for varyingV, is marked
by ‘‘Stueckelberg oscillations,’’ as has been described

FIG. 1. Probability that a hydrogen atom initially in the 1s0

state is in the 3p0 state at the end of a pulse of 300-nm waveleng
and 831013 W/cm2 peak intensity vs the duration of the puls
Solid line, two-state (1s,3p) Floquet results; dotted line, full time
dependent results.

FIG. 2. Probability that a hydrogen atom initially in the 5g4

state is in the 6g4 state at the end of a pulse of 620-nm waveleng
and 531013 or 231014 W/cm2 peak intensity vs the duration of th
pulse. Solid lines, three-state (5g,6g,7g) Floquet results; broken
lines, two-state (5g,6g) Floquet results; dotted lines, full time
dependent results.
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other resonances of the same nature@11#. These oscillations
are due to interferences between transfers made at diffe
times during the pulse, and are a general feature of multis
Floquet dynamics. They can also be observed in Fig
which shows the population left in the 6g4 state at the end o
a pulse of 620-nm wavelength, for two different peak inte
sities, the initial state being the 5g4. In the dipole approxi-
mation, this state is coupled only to bare states with the s
magnetic quantum number; the photon energy being la
than the binding energy of any of them, photoionization
never resonant at that wavelength. The residual 6g4 popula-
tion originates from the~weak! coupling between the 5g4
and 6g4 dressed states. The predictions of a two-state mo
whereby only these two states are coupled together are
deed in good agreement with the results of the full tim
dependent calculation, down to very short pulse duration
is improved by coupling the 7g4 dressed state to the othe
two. For a given pulse duration, thus a given pulse ba
width udA0 /dtu increases with the peak intensity, and with
the probability of population transfer. Because of the Stue
elberg oscillations, however, increasing the pulse bandw
does not necessarily result in an increase of the probab
that the atom is left in the field-free 6g4 state.

The ionization yield at 300 nm is presented in Figs. 3 a
4. The figures show results of a one-state Floquet calcula
whereby the atom is described by the single 1s0 dressed
state, of a two-state Floquet calculation and of a fully tim

FIG. 3. Probability that a hydrogen atom initially in the 1s0

state is ionized by a pulse of 300-nm wavelength and 831013

W/cm2 peak intensity vs the duration of the pulse. Solid line, tw
state (1s,3p) Floquet results; broken line, one-state (1s) Floquet
results; dotted line, full time-dependent results.

FIG. 4. Probability that a hydrogen atom initially in the 1s0

state is ionized by a pulse of 300-nm wavelength and 30, 120
480 optical cycles duration vs the pulse peak intensity. Solid lin
twostate (1s,3p) Floquet results; broken lines, one-state (1s) Flo-
quet results; crosses, full time-dependent results.
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dependent calculation. The two-state results are in very g
agreement with the latter~even for pulses as short as tw
optical cycles!, despite the unphysical asymptotic behav
of the Floquet wave function. An interesting feature of Fig
is that the solid curve is constantly below the dashed cu
despite the larger ionization rate of the 3p0 dressed state
coupling it to the 1s0 dressed statereducesthe probability of
ionization from the ground state. In other words, the wa
packet formed by superposing the two dressed states h
longer lifetime than the isolated 1s0 dressed state. The sup
pression of the resonance enhancement as the pulse dur
is shortened is clearly visible in Fig. 4. A study of the sta
composition of the wave packet reveals that fast variation
the intensity oppose the admixture of the bare 3p0 state to
the bare 1s0 at resonance. In terms of dressed states,
dressed 3p0 partly cancels the bare 3p0 contribution made
by the dressed 1s0 to the wave packet. The reduction in th
ionization probability can be attributed~heuristically! to this
reduction in the weight of the bare 3p0 state, since that stat
ionizes readily by one-photon absorption. The cancellatio
less efficient in long pulses owing to the faster decay of
dressed 3p0. Conversely, the dressed 3p0 component of the
wave packet may survive until the end of the pulse if it
short enough, leaving thereby a significant residual popu
tion in the field-free 3p0 state@12#.

Finally, we consider ionization from the 5g4 dressed state
at 620 nm. This process has been analyzed for relatively l
pulse durations~120 cycles! in Ref. @13#. For such pulses
adiabatic stabilization of the 5g4 results in a smaller ioniza
tion yield at 231014 W/cm2 peak intensity than at 131014

W/cm2, and the single-state Floquet approximation is ve
accurate. Figure 5 shows that the same remains true
pulses as short as ten cycles. Population transfer to o
dressed bound states does not appear to spoil stabiliza
On the contrary, the coupling with the 6g4 state reduces the
yield below 20 cycles, at 231014 W/cm2. This reduction can
be simply explained by the greater stability of the 6g4 in the
field, rather than by a dynamical interference. The yield
ultrashort pulses is underestimated by the multistate Floq
calculation, though, presumably because it neglects Ra
transitions to continuum states. These transitions can be
pected to be more important here than in the case of Fig

-

or
s,

FIG. 5. Probability that a hydrogen atom initially in the 5g4

state is ionized by a pulse of 620-nm wavelength and 231014

W/cm2 peak intensity vs the duration of the pulse. Solid line, tw
state (5g,6g) Floquet results; broken line, one-state (5g) Floquet
results; dotted line: full time-dependent results; dash-dotted l
full time-dependent results for a peak intensity of 131014 W/cm2.
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in view of the smaller binding energy of the initial stat
Their contribution to the total ionization yield of Fig. 5, e
timated from the difference between the time-dependent
sults and the Floquet results below ten cycles, is roug
proportional to the square root of the peak intensity and
versely proportional to the pulse duration. This depende
a
ta
ho

m

te
ua
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is consistent with thedA0 /dt factor in the right-hand side o
Eq. ~6!.
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