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We present a quantum theory of the decay of an autoionizing state created in the attosecond xuvsextreme
ultravioletd pump and laser probe measurements within the strong field approximation employing resonance
parameters from Fano’s theory. From the electron spectra versus the pump-probe time delay, we show how the
lifetimes of the resonances can be extracted directly from the time domain measurements.
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Many-electron atomic and molecular systems with excess
internal energy relax to states of lower energy by rearranging
their electronic structure. With the recently developed at-
tosecond xuvsextreme ultravioletd pulsesf1,2g, it has been
demonstrated that it is possible to obtain time-resolved im-
ages of an Auger decayf3g, akin to the time-resolved spec-
troscopy for tracking atomic motion in molecules with fem-
tosecond laser pulsesf4g. Limited by the pulse intensity,
currently experimentalists employ an xuv pump-irsinfraredd
laser probe technique where electrons generated by the xuv
pulses are “steered” in the few-cycle ir laser field at varying
pump-probe time delaysf5,6g. Although the basic principle
of such measurements can be qualitatively understood in
terms of classical mechanics, quantitatively the electron
spectra have to be calculated quantum mechanically. For
simple laser-assisted photoionization processes, such a quan-
tum theory is readily available by solving the time-dependent
Schrödinger equation directly within the one-electron model.
However, such calculations are quite tedious and a simpler
approximate theory based on the strong field approximation
sSFAd f7g has been foundf8,9g to be more useful for the
analyses of experiments.

In a time-resolved Auger measurementf3g, the Auger
electron spectrum in the laser field was analyzed based on an
ad hocmodel that combined a rate equation description of
core-hole formation and subsequent quantum theory of Au-
ger emission in the laser field. The theory has been improved
recently by Smirnovaet al. f10g, and by Wickenhauser and
Burgdörfer f11g, where they treated the hole formation and
the decay process coherently, albeit in a less transparent form
to be useful for the experimentalists.

In this paper we generalized the strong field approxima-
tion to calculate the time-resolved electron spectra of an au-
toionizing state created in a typical xuv pump-ir laser probe
sxuv+ird experiment. The validity of the SFA thus developed
is checked by solving the time-dependent Schrödinger equa-
tion using a model Hamiltonian that simulates an isolated
autoionizing state populated in such xuv+ir experiments.
From the simpler SFA theory we then illustrate how to ex-
tract the lifetime of an isolated resonance or two nearby reso-
nances from the time-domain measurements. We note that in

typical xuv+ir experiments, the attosecond xuv pulse is
weak such that the initial autoionizing state is created pertur-
batively. Thus resonance parameters for characterizing this
step are already available from measurements or from many-
body calculations in the energy domain. Our starting point is
thus to cast the photoexcitation amplitude in the energy do-
main into the time domain and then propagate it in the
streaking ir laser field.

An isolated resonance in the energy domain is described
by the Fano profilef12g, sq+ed2/ s1+e2d, where e=sE
−Erd / sG /2d is the reduced energy measured from the reso-
nance energyEr in units of half widthG /2. The parameterq
measures the relative strength of the formation of the
“bound” state and the direct continuum. If the interference
between the bound and continuum states is small and is ne-
glected, we call it a Lorentz resonance. In the energy domain
such a resonance is described by the amplitude 1/fisE−Erd
−G /2g. In the time domain, after the Fourier transform, it
becomes a decaying amplitudeFstd=expf−iErt−sG /2dtg.
Under the strong field approximation the probability ampli-
tude of finding a continuum electron with momentumpW at
time t after the laser pulse is over is given by
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whereIp is the ionization energy anddW is the dipole transi-
tion moment.

This equation describes the formation and the decay of
the resonance in three steps. First, the xuv attosecond pulse
creates the resonance at timet1 with momentumpW8, where
the formation amplitude is evaluated by the electric dipole
approximation. Second, this resonance propagates from time
t1 to t2 and decays att2 with an amplitude expfs−iEr −G /
2dst2− t1dg. Third, at t2, the continuum electron emerges in
the laser field and propagates fromt2 to the final timet. In
this model, the ir laser does not participate in the creation of
the resonance and the xuv pulse does not influence the*Email address: zxzhao@phys.ksu.edu
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propagation of the continuum electron after its creation. Re-
call that the vector potential and the electric field vector are

related byEW std=−]AW /]t. We also assume that the decay am-
plitude of the resonant state is not modified by the laser. The
continuum electron is born at timet2 with momentumpW8,
which is related to the momentumpW at time t when the

external field vanishes bypW8=pW +AW std−AW st2d.
Equations1d can be generalized to an isolated Fano reso-

nance directly. For the Fano resonance the scattering ampli-
tude in the energy domain is given byfFsEd=sq+ed / s1
− ied. Upon transforming to the time domain, this would give
the amplitude

FFstd =
G

2
sq − ide−iErt−Gt/2 + idst − 0d. s2d

This expression would replace the middle term in Eq.s1d in
the calculation of electron spectra for a Fano resonance. Note
that the first term of Eq.s2d describes the decay of the “dis-
crete” resonance and the second term describes the prompt
photoemission, both in the time-varying electric field of the
ir laser. Clearly this theory reduces to the Fano theory for an
isolated resonance in the energy domain in the absence of the
ir laser. It also reduces to the SFA theory for laser-assisted
photoionization given by Kitzleret al. f8g in the absence of
the discrete resonance. Although the derivation is for an au-
toionizing state, the theory can be applied to describe Auger
electron as well if the prompt photoelectron and the Auger
electron do not interact. We emphasize again that within the
SFA, only the resonance parameters in the energy domain are
used and there is no need to calculate electron spectrum start-
ing from the formidable time-dependent many-electron
Schrödinger equation.

The theory presented so far is based on the strong field
approximation. The validity of the SFA has been confirmed
for laser-assisted photoionizationf8g when the photoelectron
energy is large compared to the Ponderomotive energy of the
ir laser field. To check if the present formulation using SFA
is indeed valid, we solved the time-dependent Schrödinger
equation for a many-electron atom in the xuv+ir field within
the two-state approximation and with the same ansatz as in
the SFA. For simplicity, consider a generic two-electron
atom in an external time-dependent electric field and assume
that the time-dependent wave function can be solved by the
expansionCsrW1,rW2,td=omFmsrW1,tdFmsrW2d, where the summa-
tion is truncated to two target states only. By projecting out
the second electron we obtained the coupled equations
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for the first electron. Note we use subscripts, andx to indi-
cate electric fields from the laser and the xuv, respectively.
This model two-state Hamiltonian is constructed to include
the essential ingredients of exciting an autoionizing state in
the xuv+ir fields. Without the upper “core” stateF2srW2d, it
reduces to a description of laser-assisted photoionization.
The coupled equations are to be solved using partial wave

expansion. For definiteness, assume initiallyF1srW1d is an s
state. The weak xuv pulse will lead it top states only while
the ir laser will couple it to many other angular momentum
states via multiphoton processes. In the numerical calcula-
tion, following the spirit of SFA, the basis functions for the
lower channel include the ground state and the continuum
states only. For the upper channel, only one bound eigenstate
is included in the basis expansion. This will be a boundp
state that is coupled to the grounds state in the lower chan-
nel by the xuv pulse. Once this boundp state is formed, it
can decay to the continuump states of the lower channel
through theVc term, resulting in autoionization as described
by Fanof12g. We have made a model atom with potentials
V1 and V2 and their couplingVc. The asymptotic energy
separation of the two potentials was chosen to be 27.21 eV.
With the chosen potentials the resonance parameters were
calculated:Er =22.9 eVsmeasured from the first thresholdd,
G=0.055 eV slifetime of 12 fsd, and q=−4.2. These reso-
nance parameters are used to generate the photoelectron
spectra in the strong field approximation using Eqs.s1d and
s2d. In the meanwhile the coupled time-dependent
Schrödinger equations for the model atom in the xuv+ir
fields are solved numerically to obtain the photoelectron
spectra. We assume the time dependence of both the xuv and
the ir laser pulses are Gaussian and the few-cycle ir laser has
a carrier envelope phasef.

In Fig. 1 we compare the angle-integrated photoelectron
spectra obtained with the following parameters: xuv pulse
duration 500 as, central photon energy 39 eV, and peak in-
tensity 1012 W/cm2, while the laser has a duration of 5 fs,
the central photon energy is 1.65 eV, peak intensity is
1012 W/cm2, and the carrier envelope phase isf=0. The
spectra are obtained with no time delay. The comparison
shows that the numerical result from the model calculation

FIG. 1. sColor onlined Laser-dressed total photoelectron spec-
trum for an autoionizing state created in xuv+ir laser fields. The
spectra from the strong field approximation and from the numerical
calculations are shown to agree with each other. The electron spec-
trum in the absence of lasers is also shown. See text for the param-
eters used in the calculation.
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and from the SFA are in good agreement. The Fano profile of
the resonance is significantly modified by the laser field and
evidences of possible sidebands appearssee laterd at 1.65 eV
from the resonance on both sides. Such general agreement
has been found in other tests. Thus we will use the SFA
model developed here to calculate the electron spectra in
xuv+ir experiments.

We next compare the present SFA prediction for the pho-
toelectron spectra in the forward direction with the Auger
electron spectra from the recent calculations of Smirnovaet
al. f10g, using the same resonance parameters. The xuv has a
pulse length of 0.5 fs, a mean photon energy of 60 eV, and a
peak intensity of 1012 W/cm2, while the ir laser has a dura-
tion of 6.5 fs, a photon energy of 1.5 eV, and a peak inten-
sity of 1011 W/cm2, andf=0. Two Lorentz resonances with
lifetimes of sad 0.2 fs andsbd 2.0 fs, are considered. Figures
2sad and 2sbd shown here are to be compared to their Figs.
2sad and 2scd, respectively. Although the formation of the
resonance is different in the two cases, the dependence of the
electron spectra on the laser carrier phase and on the lifetime
of the resonance are similar. For the short lifetime resonance,
the electron spectrum is broadened significantly. For the
longer lifetime state, the sidebands are clearly resolved. In
Fig. 2scd we show the electron spectra in the forward direc-
tion for a Fano resonance, with the parameters used in Fig. 1
but at different time delays, calculated from the SFA. Elec-
tron spectra from the isolated Lorentz resonance part and
from the direct photoionization part are shown for each time
delay as well. For the Lorentz resonance alone the sidebands
are clearly seen. For direct ionization the electron spectrum

is broadened and its center shifts with the time delay. The
shift stops when the xuv pulse and the ir laser do not overlap
in time any more, as shown for the delay of 5 fs. The total
electron spectrum, as the result of interference, appears to be
highly “irregular” with respect to electron energy and to the
time delay.

Using the present theory, let us analyze the procedure
used by Drescheret al. f3g for deducing the Augersor Lor-
entz resonanced lifetime based on the area of the first side-
band for varying time delays between the xuv pulse and the
ir laser. In Fig. 3sad we show the area of the first sideband for
electron energy between 20.4 and 22.1 eV vs the time delay
from −10 to 25 fs for a Lorentz resonance represented by the
parameters in Fig. 1fexamples of these sidebands can be
seen in Fig. 2scdg. Calculations were shown for two carrier
envelope phases: 0 andp /2. Note that for the small time
delay, there is a dependence on the carrier envelope phase.
For the larger time delay where the xuv and ir pulses do not
overlap in time, there is no such phase dependence. On the
other hand, by averaging over the carrier envelope phase, a
smooth curve is recovered and the result is similar to what
was observed by Drescheret al. f3g. Note that the modula-
tion in Fig. 3sad at smaller time delay is separated by
2.5 fs—the period of the ir laser.

Can the lifetime of a Fano resonance be extracted in a
similar manner in view of the fact that the electron spectra
with respect to the time delay, as seen in Fig. 2scd, do not
show any clear sidebands? In Fig. 3sbd, we show the electron
counts within the intervals20.4, 22.1d eV, as in the isolated
Lorentz resonance, versus the time delay. For small time de-

FIG. 2. sColor onlined Streaked electron spectra in the forward
direction for two Lorentz resonances of lifetime ofsad 0.2 fs andsbd
2 fs, excited by a 0.5-fs xuv pulse. The xuv-laser delay time is zero
and two carrier envelope phases are shown: 0ssolidd and p
sdashedd. For other parameters used, see text.scd Streaked electron
spectrasblackd for a Fano resonance at different time delays. Also
shown are the electron spectra of the Lorentz resonance alonefin
red sdark graydg and the photoionization alonefin green sgraydg.
Parameters for the resonance, the xuv, and the laser are as in Fig. 1.

FIG. 3. sColor onlined sad Electron counts in the forward direc-
tion for a Lorentz resonance within the first sidebands20.4, 22.1d
eV vs time delay, shown for two carrier envelope phases of the laser
and the counts after phase average.sbd Similar electron counts for a
Fano resonance for electrons within the energy ofs20.4, 22.1d eV.
The smooth curve gives the counts for the corresponding Lorentz
resonance part, except vertically shifted by a constant.
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lays, there are large oscillations. But for long time delays, the
oscillation becomes weaker. In Fig. 3sbd, the smooth line is
from the Lorentz resonance part alone, except shifted by a
constant. Clearly this shows that interference from the direct
ionization is small at large time delays and the smooth curve
can be fitted by an exponential law exps−Gtdd std is the time
delayd, from which the lifetime of the resonance is extracted.
In fact in such an analysis we have tested that the extracted
lifetime is independent of the specific selection of the energy
bins used for the total electron counts.

The present formulation can be easily extended to obtain
electron spectra for two nearby resonances. Consider two
Lorentz resonances at 24.8 and 25.0 eV, with lifetimes of 30
and 40 fs, respectively, created by a 0.5-fs xuv pulse at a
peak intensity of 1012 W/cm2 into an ir laser of 10 fs, a
frequency at 1.65 eV, and a peak intensity of 1012 W/cm2.
The streaked electrons from the two resonances will inter-
fere. In Fig. 4sad we show the spectra near the first sideband
versus the time delay. One can see clearly that the electron
spectrum shows oscillations within the sideband. The total
electron counts withins22.4, 24.0d eV vs the time delay are
shown in Fig. 4sbd. The damped oscillations can be fitted by
c1e

−G1td+c2e
−G2td+c12e

−sG1+G2dtd/2 cossDEtd+f0d, where td is
the time delay, from which one can extract the two lifetimes
and the energy separationDE between the two resonances.
sNote: The line in the figure was fitted with the two given
lifetimes and the input energy separation.d

In summary, we have presented a quantum theory for de-
scribing the photoelectron spectra of an autoionizing state
created by an attosecond xuv pulse in the streaked few-cycle
ir laser field within the strong field approximation that is
expected to form the basis of future time-resolved experi-
ments on resonances with attosecond pulses. We illustrated
the utility of the theory by extracting the lifetime of an iso-
lated and two nearby resonances from the time-resolved elec-
tron spectra. Future work may involve the possibility of ex-
tracting theq parameter of a Fano resonance and applications
to more resonances. We comment that no real strong field
effects are included in the present theory. For higher ir laser

powers, one may expect new resonances to appear, similar to
new resonances induced by the static electric fieldf13g. In
such cases, there is no clear alternative but to develop a real
time-dependent many-electron theory.
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FIG. 4. sColor onlined sad Streaked electron spectra within the
first sideband vs time delay for two nearby Lorentz resonances ex-
cited by an attosecond pulse.sbd The oscillatory total electron
counts within the sideband vs time delay can be fitted to extract the
lifetimes of the two resonances and their energy separationssee
textd.
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