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Abstract
A quantum mechanical model for laser-assisted Auger decay based on the numerical solution
of a system of non-stationary Schrödinger equations is developed. The model is applied to a
particular case of Ne KLL Auger transitions. The effect of an intense laser field on the
angle-resolved spectra of Auger electrons generated by ultrashort (subfemtosecond) pulses is
investigated. We demonstrate that for energetic Auger electrons the sideband structure, which
appears due to interaction of electrons with the strong laser field, does not correspond to the
generally accepted picture of regular equidistant peaks separated by the laser photon energy.
Moreover, the structure strongly depends on the observation angle. The origin of this
phenomenon is discussed, and it is demonstrated that the standard sideband picture appears
after integration over all angles. The described structure can provide a useful tool for
controlling the phase of the x-ray pulse relative to the laser pulse in laser-assisted Auger
emission experiments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

When Auger decay of an atom occurs in a strong laser field,
the emitted Auger electron interacts with the field, and its
energy can change due to absorption or emission of an integer
number of photons from the field. Thus, sidebands appear for
any Auger line. This phenomenon, known as a laser-assisted
Auger decay (LAAD), was first observed by Schins et al [1]
for LMM Auger transitions in argon. In that and the followed
paper [2], the Auger spectra were measured by an electron
spectrometer of the magnetic bottle type and therefore those
were angle-integrated measurements. The measured spectra
consisted of a central (unperturbed) line and a number of
sidebands separated by the laser photon energy. The intensity
of the sidebands decreased regularly with the number of excess
photons. Theoretically this structure was explained on the
basis of the strong field approximation [2, 3].

With the advent of attosecond measurements, direct
investigation of the time evolution of Auger decay has become
possible. In the first experiments [4, 5], the intensity of a
sideband of an Auger line in the MNN spectrum of Kr has
been measured as a function of the delay time between an
exciting subfemtosecond extreme ultraviolet pulse and a strong
few-cycle pulse of infrared (IR) laser. The Auger electrons
have been detected along the direction of the linear polarization
of both pulses. These measurements have stimulated
theoretical investigations [6–8] in which the laser-assisted
autoionization and Auger decay induced by ultra-short pulses
have been considered within the strong field approximation
or with a schematic model. However, to the best of our
knowledge, the angular distribution of sidebands in LAAD
has not been investigated so far, neither theoretically nor
experimentally.
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In the present work we consider the LAAD within an
approach based on a numerical solution of a coupled system
of non-stationary Schrödinger equations with realistic atomic
potentials. The advantage of our approach is that it permits
us to consider both Auger electron and photoelectron spectra
including the case when the photon energy is close to the
inner-shell threshold. We concentrate our attention on the
sideband structure of an Auger line in the angle-resolved
Auger spectrum. As an example, we calculate the spectrum of
LAAD for KLL transitions in an Ne atom ionized by ultra-short
x-ray pulse. This example may be interesting for experimental
investigation at the Linac coherent light source (LCLS) which
will provide photons with energy sufficient to ionize the 1s
shell in Ne [9], and also for future projects at the extreme light
infrastructure (ELI) [10].

2. Theoretical approach

In our previous works [11–13] we have developed a non-
stationary theory of short-pulse photoionization of inner
atomic shells with simultaneous Auger decay of the produced
vacancy. For treating LAAD we have to incorporate the
interaction of both photo- and Auger electrons with the strong
laser field into this theory. In the considered example the
x-ray photon energy is not far above the inner-shell threshold;
therefore the photoelectron is slow (several eV). It strongly
interacts both with the laser field and with the ionic core. We
take into account these interactions explicitly by introducing
them into the time-dependent Schrödinger equation [14, 15].
In contrast, the Auger electron is very fast (about 800 eV
in the Ne case). To a good approximation, its interaction
with the laser field may be considered within the strong field
approximation [16]. After the decay, the direct interaction
of the two ejected electrons can be ignored due to the large
difference in their energies. A detailed description of the
theory and a derivation of the basic equations will be given
elsewhere. Here we only present them in the final form and
explain the notations.

The system of non-stationary Schrödinger equations in
the case of Auger decay in the strong field of the laser pulse
may be written as

i
∂φd(�r, t)

∂t
=

[
Ĥ1(�r) − i

�

2
− zEL(t)

]

× φd(�r, t) − zEX(t)φ0(�r) e−iε0t , (1)

i
∂φε(�r, t)

∂t
= [

Ĥ2(�r) − EA + 1
2 [�kA − �AL(t)]2 − zEL(t)

]
× φε(�r, t) + V φd(�r, t). (2)

(Here and in the following the atomic units are used unless
otherwise indicated.) The system is written for the conditions
when both laser and x-ray beams are linearly polarized along
the same direction, and the polarization axis is chosen as the
z-axis of the coordinate system. The first equation describes a
photoexcited electron in the field of the initial vacancy. Here
Ĥ1(�r) is the Hamiltonian containing the kinetic energy and
the local potential felt by this electron, � is the width of the
vacancy state, EL(t) is the IR laser electric field, EX(t) is the

field of the x-ray pulse, φ0(�r) and ε0 are the wavefunction
and the energy of the initial state, respectively. The second
equation describes the emitted photoelectron in continuum
after the Auger decay. Here H2(�r) is the Hamiltonian which
contains the interaction of the photoelectron with the residual
doubly ionized ion; V is the Auger decay matrix element,
� = 2π |V |2; EA is the energy of a diagram Auger line, �kA

is the wave vector of the Auger electron, while ε = k2
A

/
2 is

its energy; �AL(t) = ∫ ∞
t

EL(t ′)dt ′ is the vector potential of
the laser field. Equation (2) actually represents a series of
equations for φε(�r, t) with different values of ε which span
the relevant energy interval, while the direction of the Auger
electron momentum is fixed.

After solving numerically equations (1) and (2) one can
calculate the amplitude of the process as it is described in
[11] and finally obtain the four-fold differential cross section.
The double differential cross section with respect to the
Auger electron energy and emission angle is obtained by
integration over the energy and the direction of emission of
the photoelectron. The system of coupled equations (1) and
(2) describes a variety of phenomena in LAAD including the
post-collision interaction in the Auger decay and streaking of
photo- and Auger electrons in the laser field. In this paper we
restrict our consideration to the sideband structure in Auger
electron spectra as obtained from the solution of the system.

3. Results and discussion

As an example, we consider photoionization of the 1s state in
the Ne atom with the following KLL Auger decay. The 1s
threshold in Ne is 870.1 eV [17] and the strongest line in the
Auger spectrum is at 804.3 eV [18]. Since the Auger electron is
fast, the described theory may be applied. The measured Auger
width of the 1s vacancy is 270 meV [19], which corresponds to
the life-time of τ = 2.4 fs. The calculations have been done for
the excess energy of 1 Ry, the laser intensity is 1012 W cm−2,
the laser wavelength is 800 nm, the duration of the IR pulse is
5 fs (FWHM of the field), the duration of the XUV pulse is 330
as. The delay time between the pulses was chosen to be 1.3 fs
(the maximum of the IR pulse comes before the maximum of
the x-ray pulse). This delay time corresponds to an extremum
of the IR field and thus it is close to the zero of the vector
potential.

The calculated Auger electron spectrum for the emission
of electrons along the polarization direction of the pulses is
shown in figure 1 as a solid line. The spectrum consists of a
sharp line at the energy corresponding to the undistorted Auger
line (∼30 au) and a series of maxima of lower intensity. The
sharp line appears owing to those Auger electrons which are
emitted after the end of the IR pulse. The shape and the width
of this peak correspond to the unperturbed Auger line. In our
example the ionization occurs about 3 fs before the end of the
IR pulse, while the life-time is 2.4 fs, therefore many electrons
are emitted after the pulse. The intensity of this line depends on
the delay time and may be used as an independent method for
measuring the relative position of the maxima of the two pulses
in time. The broad maxima at larger and smaller energies
appear due to interaction with the laser field. However, they
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Figure 1. Auger electron spectra for the KLL laser-assisted
transition in Ne, τ = 2.4 fs (solid black line). Dashed lines show the
same spectra but calculated for shorter life-times, τ = 0.8 fs
(long-dashed red line) and τ = 0.48 fs (short-dashed blue line).
Auger electrons are emitted in the forward direction, along the laser
electric field vector (see the text). Circles show the calculated
points, and lines are drawn to guide the eyes. In the inset the relative
position of the 5 fs laser pulse (red) and the 330 as x-ray pulse (blue)
is shown.

do not look like the usual sidebands. The distance between
maxima is larger than 1.6 eV (the energy of the laser photons)
and it increases with energy. Besides, the intensity distribution
is opposite to the usual intensity distribution of sidebands. The
whole spectrum is strongly asymmetric.

In order to understand the origin of this structure, we
made calculations for hypothetical shorter life-times of the
vacancy. Figure 1 shows the calculated spectra for τ = 0.8 fs
and 0.48 fs (dashed curves). One can see that the sharp peak
gradually disappears since in these cases practically all Auger
electrons are emitted during the IR pulse, but the sideband-like
structure preserves and even increases in intensity. Moreover,
the positions of the minima do not change. The results for even
shorter life-times (τ = 240 as, 160 as, 120 as and 80 as) are
shown in figure 2(a). The general character of the spectrum
is quite robust, but as the life-time is decreased the minima
become shallower and finally disappear for a very short life-
time (80 as). In the latter case the decay occurs so fast that the
Auger electrons appear practically in the same time interval
as photoelectrons which is shorter than the half period of the
IR field. This case corresponds to the streaking conditions
[20, 21]. The broad maximum in the spectrum corresponds
to the Auger-electron pulse broadened and shifted by the laser
field. At first sight, a rather large shift of the maximum from
the unperturbed position by 0.5 au looks surprising, since the
excitation time was chosen near the zero of the vector potential
of the IR field. In this case, photoelectron maximum is not
shifted but only broadened by the field [20, 21]. However,
one should take into account that some Auger electrons are
emitted with a delay more than τ = 80 as. In fact, if in
the calculations we diminish the life-time even further, the
shift of the maximum becomes smaller and smaller. Besides,
as it follows from a simple classical picture of the streaking
[20], the energy shift is proportional to the square root of
electron kinetic energy, which is very high in our case. Thus

the observed large shift can easily be explained. Returning to
the other curves in figure 2(a), we can interpret the spectra for
larger life-times as a combination of streaking and interference
of electron waves, emitted at different phases of the IR pulse,
but having the same final energy. This leads to the interference
pattern superimposed on the streaked peak. A similar structure
can be expected for photoelectrons, if the exciting x-ray pulse
is sufficiently long [22].

To further investigate the observed structure, we compare
our results with the results obtained using the approximate
analytical expression for the laser-assisted Auger spectrum
presented in [6]. This expression was derived within
the strong-field approximation for both photo- and Auger
electrons for the infinitely long IR pulse. With slight
modification of the original expression and with adjustment
of notations, the amplitude of the Auger-electron emission
may be written as

Af (�kx, �kA) ∼
∞∑

n=−∞
inJn

(
kAA0 cos θ

ω

)

× exp[inω�t]s(εx, εA + nω). (3)

Here �kx and �kA are the wave vectors of photo- and Auger
electrons, respectively, εx = k2

x

/
2 and εA = k2

A

/
2 are

the corresponding energies, Jn(x) are the cylindrical Bessel
functions, θ is the emission angle of Auger electron relative to
the laser polarization vector, A0 is the amplitude of the vector
potential of the laser field, ω is the frequency of this field, �t

is the delay time, and the shape function s(εx, εA) is

s(εx, εA) = Ẽ0(εx + εA − EA − ε0 − �)

εA − EA + i�/2
. (4)

Here Ẽ0 is the Fourier transform of the envelope of the
x-ray pulse and � is its carrier frequency. In expression (3)
we have omitted the dipole and the Auger matrix elements,
since they weakly depend on the energy and do not strongly
influence the shape of the spectrum. The latter is mainly
determined by the sum of the Bessel functions including the
interference between them. The simplified expression (3)
depends only on the energy of photoelectron but not on its
emission angle. The spectra, calculated using expression (3),
are shown in figure 2(b) for exactly the same conditions as the
corresponding spectra in panel (a). (We have slightly shifted
the energy scale in order to have the same position of the
maxima as in figure 2(a).) One can see that both calculations
give rather similar results. The position of maxima and minima
in spectra agrees very well. Our spectra for a short IR pulse
are, naturally, broader than predicted by expression (3) derived
for an infinitely long pulse.

The spectra for the laser-assisted Auger emission for
different emission angles are shown in figure 3. Panel (a)
contains the results of calculations using equations (1) and (2)
for a 5 fs IR pulse, panel (b) shows the results of calculation
according to analytical expression (3) for a long laser pulse.
Both calculations have been done for a hypothetical life-time
of the vacancy of 0.5 fs. Qualitatively the spectra calculated
within the two models are rather similar. The character of
the Auger spectrum drastically changes with the angle. When
an Auger electron is emitted perpendicular to the IR field
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Figure 2. Spectra of Auger electrons emitted in the forward direction along the laser polarization vector, calculated for different
hypothetical life-times of the vacancy: τ = 240 as (solid black line), τ = 160 as (long-dashed red line), τ = 120 as (short-dashed blue line)
and τ = 80 as (dotted green line). (a) Calculations by solving the TDSE for a short laser pulse. (b) Calculations according to expression (3)
for an infinitely long laser pulse.
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Figure 3. Auger electron spectra for different emission angles indicated at the curves. The spectra were calculated for a hypothetical
life-time of the vacancy: τ = 500 as. Solid lines show emission in the forward hemisphere, dashed lines, in the backward hemisphere.
(a) Calculations by solving the TDSE for a short laser pulse. (b) Calculations according to expression (3) for an infinitely long laser pulse.
The ordinates of the spectra at 0◦, 180◦, 50◦ and 130◦ are shifted for better presentation.

polarization, θ = 90◦, the field does not affect its motion,
the calculated spectrum has the shape of the laser-unperturbed
Auger line. In the case shown in panel (a), this shape includes
the post-collision interaction effects. As the emission angle
decreases (in the forward hemisphere) the main maximum
shifts to higher energies (streaking) and the structure appears.
The number of the structure peaks increases with decreasing
angle. The picture in the backward hemisphere is almost
mirror-symmetrical with respect to the forward hemisphere. It
is worth noting that for the infinite IR pulse the fine structure
of maxima appears with a typical interval of 1.6 eV. This fine
structure is smeared out in the calculations for a short pulse.

One can see from expression (3) that, in general,
interference pattern depends on the phase relations between
the pulses and, presumably, also on their chirp. Therefore,
a study of the sidebands and their angular dependence can
be used for the characterization of the pulses. Another
interesting conclusion which follows from this expression is
that the sideband structure should be (almost) symmetrical

with respect to the transformation θ → π − θ . This
transformation is equivalent to the phase shift of the laser field
by π/ω. The symmetry is not exact, it is broken by energy
dependence of the dipole and Auger matrix elements which
we omitted in expression (3), but approximately it is preserved
as it follows from our exact calculations (see figure 3(a)).

If one integrates the double differential cross section over
all emission angles, the resulting spectrum shows all typical
features of the LAAD with sideband structure. In figure 4
we show the angle-integrated spectrum (solid line) obtained
for the case, presented in figure 3(b). Dashed lines show the
spectra at some particular angles. One can see a symmetrical
picture with a large central maximum and equidistant
peaks separated by 1.6 eV. The intensity of the sidebands
regularly diminishes as the number of absorbed laser photons
increases.

The similarity between the results of the numerical
solution of equations (1) and (2) and of the simple analytical
approximation (3) makes the latter a useful tool for qualitative
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Figure 4. Auger electron spectra calculated for different emission
angles (dashed red lines) and the angle-integrated spectrum (solid
black line).

consideration. In particular, if the x-ray pulse is long, its
Fourier transform is rather sharp, and the shape function
(4) is non-zero only in narrow energy intervals around each
sideband. In this case, the sidebands do not interfere and
the spectrum will consist of lines (almost) symmetrically
distributed around the central peak with intensity proportional
to the |Jn|2 [6]. This happens when 1/τX � ω where τX is
the duration of the x-ray pulse. In our example of 800 nm
laser (ω = 1.6 eV) this situation occurs when τX 	 0.5 fs.
For long x-ray pulses the sideband structure does not contain
phase information. This is the same for any time delay
and therefore it may be observed with non-phase-stabilized
lasers. It is interesting that even in this case the angular
dependence of the sideband structure will be non-trivial. For
large Auger electron energy and large laser intensity, the
argument (kAA0 cos θ)/ω of Bessel functions in equation (3)
may be large. It strongly varies from the maximal value to
zero with variation of emission angles from 0◦ to 90◦. This
variation leads to systematic disappearance and reappearance
of particular sidebands, i.e. to a strong dependence of the side-
band intensity distribution on the emission angle.

Similarly, if the Auger decay is very slow (very small
width �), so that � � ω, due to the resonant denominator
in the shape function (4) only narrow energy intervals around
each sideband contribute to the spectrum. Also in this case the
spectrum of LAAD at any angle is almost symmetrical with
respect to the unperturbed line position being independent of
any phase relations between the pulses, but it nevertheless
strongly depends on the emission angle.

4. Conclusions

In conclusion, we have developed a theoretical approach to
the description of the sideband structure in LAAD, based
on the numerical solution of the system of non-stationary
Schrödinger equations. The calculations for a particular case
of KLL Auger decay in Ne have shown that the sideband
structure of electron spectra in LAAD strongly depends on
the emission angle. For large energy of Auger electrons the

angle-resolved spectrum is very asymmetric. If the duration
of the laser pulse is comparable with the life-time of the
Auger decay, the sideband structure can be used for the
determination of the relative phase-shift of the exciting pulse
and the laser pulse. The angle-integrated electron spectrum
reveals all typical features of the sideband structure in LAAD
which were observed earlier. Similar peculiarities of the
sideband structure should appear for high-energy electrons in
laser-assisted photoelectron spectra produced by x-ray pulses
with a duration comparable with the period of the laser
field.
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