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Abstract

The extremely fast evolution of core-hole relaxation was not yet observable directly in the time-domain. A novel technique combining
core-hole creation with attosecond extreme ultraviolet (EUV) pulses and electron wave-packet sampling with a pulsed laser-field provides the
necessary experimental tools. As a benchmark, the exponential decay of 3d holes in atomic krypton was tracked yielding a decay constant of
8 fs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A single oscillation of the electromagnetic field of visi-
ble light leaves the electron of the hydrogen atom enough
time to complete about a dozen classical roundtrips around
the nucleus. More tightly bound electrons in heavier atoms
are even faster. Energy exchange between electrons in an
atomic shell can be expected to require several orbital peri-
ods, but still will the creation of a new stable state be fin-
ished after a few hundred attoseconds (1 as= 10−18 s) to a
few femtoseconds (1 fs= 10−15 s).

If we are interested in following in the time-domain how
the electronic structure in the interior of the atomic shell
evolves after an excitation event not only a sufficiently high
excitation energy is necessary but also a method enabling
extremely fast stroboscopic snapshots of the emerging elec-
tron waves. Electronic detectors of sufficient velocity are
not available and even the fastest streak-cameras are limited
to a temporal resolution of a few 100 fs. It is for these rea-
sons, that up to now information about the inner-shell decay
dynamics was deduced from measurements of the spectral
linewidth Γ = h̄/τ, assuming an exponential decay with
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time-constantτ and a corresponding Lorentzian line shape
[1].

On the other hand, extremely high temporal resolution
is promised by the pump-probe technique, where a pump
pulse excites the system under study which then devel-
ops for a well defined time until its state is sampled by a
second delayed probe pulse. Due to the rapid progress in
the development of ultrashort laser sources with pulses as
short as 5 fs this universal method has proven its utility in
the field of femtochemistry[2]. Here, the typical molecular
photoreactions like vibrational excitation or dissociation,
governed by the coupling between electronic and nuclear
movement, occur on a femtosecond to picosecond time
scale. As with any cross correlation technique, the achiev-
able temporal resolution is determined by the shortness of
the electromagnetic pump- and probe pulses. A transfer of
this technique to time-resolved studies of processes in the
interior of the atomic shell therefore requires sub-fs pulses
of ionising radiation in the extreme ultraviolet (EUV) or
X-ray range. Such ultrashort pulses at such high photon
energies are not provided by established light sources like
X-ray tubes, synchrotrons or laser-driven plasmas. In the
work reported here, high harmonics of few-cycle laser
pulses provide the required photon energies as well as
an ultrashort—attosecond—time-structure, making them
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a unique source for EUV-pump/laser-probe experiments
on atoms. In order to utilise the pump-probe principle
for time-resolved electron spectroscopy, a sufficiently fast
physical mechanism must be found which correlates both
light pulses with the atomic ionisation process under study.
It turns out, that an acceleration of electrons liberated by
the EUV-pump pulse in the field of the probing laser pro-
vides us with an extremely rapid ‘shutter’ for sampling
the occurrence of electrons in the ionisation continuum.
The capability of these novel tools is demonstrated by a
first example of a time-based tracking of the atomic Auger
decay—the MNN Auger decay in krypton.

2. Experimental techniques

2.1. A source of attosecond EUV pulses

For quite some time high harmonics of femtosecond laser
pulses[3] were considered as potential candidates for sub-fs
light bursts. In this technique odd multipleshνEUV = n ×
hνL of the laser frequencyνL are generated if the ac-field
strength approaches the Coulomb-field experienced by va-
lence electrons of atoms in the laser-focus. The resulting
high orders—n > 300 have been reached[4]—correspond
to wavelengths in the EUV and soft X-ray range. Utili-
sation of fundamental laser pulses with a duration of a
few tens of femtoseconds yields trains of radiation bursts
[5,6] with a period of half a laser cycle (TL/2–1.3 fs atλL
= 750 nm). Accordingly, several schemes were proposed
[7–9] for the selection of a more desirable isolated pulse.
Recently, the generation of single EUV pulses with attosec-
ond (250−5/+30 as) duration could be demonstrated[10]
by compressing the fundamental laser pulses to a few op-
tical cycles and by spectrally filtering the emerging high
harmonic radiation. An amazingly powerful semi-classical
model[11] describes the high harmonic generation as a re-
sult of a three-step process: Initially, a weakly bound va-
lence electron is emitted from an atom by tunnel-ionisation
in the intense laser-field. The electron is then accelerated in
the alternating electrical-field and may eventually return to
the mother ion where it recombines upon emission of ener-
getic radiation. The periodical nature of this process mani-
fests itself in a discrete electromagnetic spectrum with odd
harmonics up to a high energy cut-off which is determined
by the maximum electron kinetic energy acquired in the
laser-field. Owing to the pronounced non-linear character of
tunnel-ionisation only the highest field strengths in the laser
pulse contribute to this cut-off region. For sufficiently short
pulses with a considerable contrast between subsequent field
extreme radiation should consequently emerge only from a
temporally well confined range around the strongest field
amplitude thus forming an isolated attosecond EUV burst.
The apparative backbone for a realisation of this scheme is
a laser system[12] delivering intense near-infrared (750 nm
wavelength) light pulses of less than three oscillation pe-

Fig. 1. Experimental arrangement for time-resolved electron spectroscopy.
Attosecond EUV pulses are generated in neon as high harmonics of
an intense few-cycle laser pulse. Spectrally filtered with a dedicated
Mo/Si multilayer mirror, EUV- and a delayed laser-pulse are focused
into the gaseous target under study. Delay-dependent variations in the
kinetic energy of the emitted electrons are acquired with a time-of-flight
spectrometer.

riods (approx. 6 fs) duration (Fig. 1) at a repetition rate of
1 kHz. In the laser focus located within a neon-gas filled tube
intensities exceeding 1014 W/cm2 lead to the generation of
high harmonics with a cut-off at about 100 eV photon en-
ergy. Laser- and EUV beam are guided to interact once again
in a second gas target using a dedicated double-reflector as-
sembled from two concentric mirrors. The inner spherical
X-ray multilayer mirror[13] filters a 3–10 eV wide spectral
band in the 90–100 eV range from the high harmonic spec-
trum while the outer ring-shaped mirror of the same focal
length refocusses the laser beam. In this way, both beams
are spatially superimposed in the second gas medium. The
temporal overlap can be varied by a piezo-electrical transla-
tion of the inner mirror with nanometer precision and repro-
ducibility thus enabling pump-probe delays with attosecond
resolution.

2.2. Ultrafast sampling of electron energies

The key to taking snapshots of the electron emission with
unprecedented temporal resolution is the electrons’ interac-
tion with an intense laser-field, acting as an immaterial elec-
tron ‘shutter’ [14]. Rather than blocking the electrons, the
laser-field introduces a modulation of their kinetic energy
which can be detected with an electron spectrometer. Let
us consider the photoionization of an atom in the presence
of a visible laser-field being too weak to directly induce or
even influence the electron emission process. Only after ex-
citation with an ultrashort (assumed to beδ-like for this dis-
cussion) EUV pulse with sufficient photon energy the atom
is ionised and a photoelectron leaves the ion with a defined
momentumpi. Once liberated, the electron experiences the
laser-field and is accelerated in the direction of the light po-
larisation (Fig. 2). The classical analysis of the electron tra-
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Fig. 2. The classical trajectories (b) of electrons liberated by the EUV
pump pulse sensitively depend on the phase and magnitude of the probing
laser pulse (a) at the instant of their emission. The momentum exchange
(c) with the light-field leads to a bipolar shift synchronously with the
laser-field oscillation.

jectories reveals, that the final momentumpf = pi + �p

when the laser pulse has faded away strongly depends on
the phase and amplitude of the laser-field at the instance of
electron injection, i.e. the ionisation event. The transferred
momentum�p vanishes when the ionisation takes place in
the field maximum and is strongest for the zero field tran-
sitions a quarter of a light period earlier or later (Fig. 2a).
This extreme sensitivity of the electron momentum on the
light phase builds the footing for temporal measurements
with a resolution of a fraction of the laser period (approx.
TL/20 < 200 as for the current laser period ofTL = 2.6 fs).
To this end the corresponding modulation of kinetic elec-
tron energies is detected with a time-of-flight spectrometer
(Fig. 1) with a varying delay between the EUV pump and
the laser probe-pulse[14]. The energy shift for an electron
of initial energyWi ionised in the laser-field

EL = Ea(t) cos(ωL t) (1)

with a delay �t with respect to the maximum of the
field-envelopeEa can be expressed as

Wf (�t) = Wi +
√

8WikEa
2(�t) sin(ωL �t) (2)

with k = e2/4meωL
2. Even for a laser intensity of

1013 W/cm2 corresponding to field strengths well below the
Coulomb-field experienced by valence electrons this results
in a bipolar shift of±20 eV. This steering effect[15] is
therefore much stronger than the more familiar unipolar
ponderomotive shift (or ac-Stark-effect) which amounts to
only 600 meV at this intensity level.

So far we assumed that the electron wave-packet es-
sentially mimics the intensity envelope of the incom-
ing EUV pulse and has a durationτe of a fraction of
the laser oscillation cycle,τe << TL. In this limit, the
above classical description provides a reliable frame-
work for the analysis of recent experiments characterising
the temporal properties of sub-fs EUV pulses. A dura-
tion of less than 0.5 fs could be determined[10,15] and
the isolated nature of the EUV pulses verified. How-
ever, an extension of this sampling technique to sec-
ondary electron emission—e.g. Auger decay following
the creation of a core-hole—must account for a possi-
ble temporal extension of the electron wave-packet over
one or more laser cycles,τe > TL. The analysis reveals
[16], that in this regime different portions of the elec-
tron wave-packet interact coherently with the laser-field
and lead to a modulation of the electron energy in the
form of discrete side bands. In other words, for an in-
teraction between electron and laser-field extending over
more than half a laser cycle energy transfer occurs only
in a quantized manner at multiples of the photon energy
h�L. The steady shift observed forτe << TL (Fig. 3a)
is therefore substituted by a discrete sideband structure
(Fig. 3b) with an envelope given byEq. (2). This latter
case applies for the time-resolved studies presented in the
following.

70 8060

Kinetic Energy (eV)

E
le

ct
ro

n
S

ig
na

li
n

D
et

ec
to

r

∆t = 0∆t = T /4L

∆t >> 0

τe L<< T

∆t ~ 0

∆t = -T /4L

τe L>> T

(a)

(b)

Fig. 3. (a) Schematically sketched electron spectra at different EUV-laser
delays for an electron wave-packet considerably shorter than the laser
periodTL . For an electron emission exceedingTL , the distribution becomes
modulated with spectral sidebands due to a quantized absorption/emission
of laser photons.
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3. Results and discussion

Having a source of attosecond EUV pulses at hands with
sufficient photon energy for a ionisation of atoms from
inner shells, we aimed for a tracking of the subsequent
core-hole relaxation using the light-sampling method de-
scribed above. One of the most comprehensively studied
systems (in the energy domain) of atomic Auger decay is
the non-resonant MNN Auger decay in krypton following
excitation of the 3d shell above the ionisation threshold at
93.8 eV. Information about the Kr-3d core-relaxation time
τh has been deduced previously from a thorough analysis
of the spectral width of highly resolved photo lines[17].
For a time-based measurement ofτ by directly sampling
the Auger wave-packet krypton atoms were excited with an
EUV pump-pulse in a 3 eV wide band centred at 97 eV, cor-
responding to a (Fourier-limited) duration of 0.9 fs. A typical
electron spectrum acquired in the 40 cm long time-of-flight
spectrometer after integration over 300,000 laser shots is
shown in the upper right corner ofFig. 4. Combining 20 of
such spectra taken at different delays�t between the EUV
and the laser pulse a map of the temporal evolution of the
electron emission is obtained, displayed as a surface plot in
Fig. 4. According to the above discussion for an electron
emission extending over a few femtoseconds, the interaction
with the laser-field should lead to the emergence of side-
bands separated by multiples ofhνL ∼ 1.6 eV from each
Auger line. For the case of the M4,5N1N2,3 Auger lines in-
vestigated here this spacing approximately coincides with
the typical separation between the Auger lines thereby ob-
scuring most of the sidebands. Only for the least energetic
(1P1) line the –1st sideband is well isolated and will be con-
sidered in the following. The onset of this sideband together
with the corresponding depletion of the mother line at times
after the hole creation (�t = 0) clearly indicates a delayed

Fig. 4. Single Kr spectrum at�t = 4 fs (upper right) and delay-dependent measurement of the M4,5N1N2,3 Auger group as well as the 4p photo line.
The sideband (arrow) area is determined by the temporal overlap between the exponentially decaying Auger signal and the field-envelope of the laser
pulse, the latter being directly mapped by the broadening of the 4p-photo line, as clearly discernible around�t = 0 fs.

electron emission. For a quantitative analysis, the area of
this sideband is evaluated which corresponds to the over-
lap between the envelopes of the Auger emission rateR0 ×
exp(−t/τh) and the laser pulse intensity raised to a power
�, E2α

a (t) [18]. While α=1 in the perturbative limit at very
low laser intensity, for the intensities around 5×1011 W/cm2

used in this experiment we determinedα = 0.5 ± 0.2 by
varying the intensity at a fixed delay�t. Since the sideband
area displayed inFig. 5a represents a convolution of the
Auger emission rate and the laser envelope the latter must
be precisely known for an extraction of the desired value of
τh. This calibrating information is simultaneously embed-
ded in the acquired electron spectra in the delay-dependent
broadening of the 4p photo line (Fig. 4). Since the direct
ionisation process can be considered as instantaneous on
the relevant time scale, according toEq. (2) the spectral
broadening of the 4p photo line (Fig. 5b) directly maps the
evolution of the laser-field envelopeEa(t). With this infor-
mation as an input a fit procedure withτh as the only varied
parameter is capable of extracting the temporal evolution
of the Auger emission rate. Taking into account the uncer-
tainty in the determination of the non-linear exponentα this
analysis yieldsτh = 7.9 (+1.0/−0.9) fs for the lifetime of
M(3d5/2) vacancies in krypton[16]. This value corresponds
to a natural line width of 84± 10 meV, well in accordance
with the measured value of 88± 4 meV from [17]. How-
ever, those energy-domain measurements were performed
on photo- rather than Auger electrons with exciting photon
energies well above the ionisation threshold in order to avoid
a distortion of the line profiles by post-collision interaction
(PCI)[19]. In contrast to that, by definition PCI does not alter
the hole-relaxation itself; therefore our time-based approach
is not subject to such perturbations and the measurement of
τh very close (<3 eV) to the ionisation threshold underlines
that τh does not depend on the excess excitation energy.
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Fig. 5. (a) Sideband area (circles) of the first-order sideband (arrow in
Fig. 4) of the lowest-energy Kr M4,5N1N2,3 Auger line. Deconvolution
with the laser-field envelope (b), determined from the broadening of the
Kr 4p photo line, yields the desired time-constant of the exponential
Auger decay of the Kr 3d5/2

−1 hole.

Moreover, the good correspondence between the lifetime re-
sults from Auger line[16] and photo line[17] based mea-
surements indicates that the Kr 3d core-hole relaxation is
clearly dominated by the non-radiative Auger channel while
the radiative (fluorescence) channel is much weaker.

4. Conclusion

The exponential decay of inner-shell vacancies—hitherto
been inferred from energy-domain measurements—has now
been investigated directly in the time-domain. The decay of
krypton M-shell-holes excited with ultrashort EUV pulses
served as a benchmark process for proving the feasibil-
ity of time-resolved atomic inner-shell spectroscopy. The
utilised EUV-pump/laser-probe technique makes use of a
momentum transfer between the laser-field and electrons at
the instant of their emission and does therefore not depend
on particular transitions in the probing step. Accordingly,
direct photoionization as well as indirect photoemission
phenomena like Auger-decay are becoming accessible to
time-resolved studies.

Advances in the light source development will lead to
an extension of the experimental capabilities. With higher
photon energies[4] deeper atomic shells—with generally
faster decay processes—can be excited. The introduced

ultrafast electron-sampling principle is capable of resolving
dynamics on a sub-laser-cycle time-scale. Very recently,
fundamental laser pulses with a locked phase between the
laser carrier and envelope have become available[20] and
provide sufficient phase stability and reproducibility to im-
prove the temporal resolution to a few hundred attoseconds.

The most exciting perspectives of the method are con-
nected with studies of such phenomena that are not directly
reflected in the kinetic electron energy spectrum. Whenever
continuum states are involved in the atomic relaxation, sev-
eral interfering relaxation pathways may connect the same
initial and final state, resulting in a complex non-exponential
temporal behaviour. As an example, the coherent excitation
of two or more competing reaction channels is known to
result in an oscillation of the transition moments. Finally,
for the current work a low laser intensity was chosen in or-
der to rule out perturbations of the electronic process un-
der study. However, we could also intend to influence the
process with an external laser-field. The objective would be
to achieve—as recently demonstrated in femtochemistry for
molecules[21]—a certain degree of control over fundamen-
tal atomic photoreactions.
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