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The characteristic time constants of the relaxation dynamics of core-excited atoms have hitherto been inferred from the linewidths
of electronic transitions measured by continuous-wave extreme ultraviolet or X-ray spectroscopy. Here we demonstrate that a
laser-based sampling system, consisting of a few-femtosecond visible light pulse and a synchronized sub-femtosecond soft X-ray
pulse, allows us to trace these dynamics dlrectly in the time domain with attosecond resolution. We have measured a lifetime of

79 f,gfs of M-shell vacancies of krypton in such a pump-probe experiment.

Many-body systems with excess internal energy relax towards states
of lower energy by rearrangement of molecular, atomic or nuclear
structure. Observing these processes in real time requires a pump
pulse for initiating the microscopic dynamics and a delayed probe
pulse for detecting transition states of the evolving system. Time-
resolved spectroscopy based upon this pump—probe approach' is
now routinely used for tracking atomic motion in molecules with
femtosecond laser pulses®.

Electronic motion in weakly bound (Rydberg) states can also be
captured with optical or infrared pulses’. However, the relaxation
dynamics of core-excited atoms is out of the reach of femtosecond
optical techniques. Excitation of a strongly bound electron from an
atomic inner shell is followed by an ultrafast rearrangement of the
electronic system, resulting in a disappearance of the inner-shell
vacancy (henceforth briefly referred to as core hole). Characteristic
time constants of the concomitant electronic dynamics range from a
few attoseconds (1 as = 10~ '¥s) to a few femtoseconds depending on
the energy of the core hole and the strength of electronic coupling.

The lifetime of core holes can be inferred from the energy spectral
width of the photons or electrons emitted upon the decay of the
excited atomic state. However, except for specific cases of isolated
resonances without incoherent background, energy-domain
measurements on their own are—in general—unable to provide
detailed and accurate insight into the evolution of multi-electron
dynamics. As a complementary technique, time-domain access
would be desirable. Time-resolved spectroscopy of core-excited
atoms calls for several new tools and techniques. The core hole
must be created within a time interval that is short compared to its
decay time: that is, within typically less than 1 femtosecond.
Sampling of the subsequent atomic relaxation calls for a synchro-
nized probe pulse and for a suitable probing technique.

The recent demonstration of isolated sub-femtosecond soft-X-
ray pulses* and trains of pulses®” along with attosecond sampling
of photo-electron wave packets with a few-cycle optical wave®
opened the door to attosecond atomic spectroscopy’. Here we use
these tools and techniques to track rearrangement of the electronic
system of a core-excited atom. The core hole is created within less
than a femtosecond and its subsequent decay can be observed on a
few-femtosecond timescale. The applied technique offers atto-
second resolution and will allow time-resolved spectroscopy of a
wide range of atomic processes.

Decay of atomic core holes
Excitation of an electron from an atomic shell other than the
outermost valence orbital by the impact of an energetic particle—
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for example, a photon or electron (here we use photons)—creates a
transient hole state of energy Wy, (see process a in Fig. 1a). This core
hole is not stable, so the system tends to minimize its energy by
filling the vacancy with an electron from an outer shell (see process b
in Fig. 1a). The excess binding energy W}, — W, is either carried
away by an extreme ultraviolet or X-ray fluorescence photon or
transferred via electrostatic forces to another (Auger) electron,
which subsequently escapes from the atomic binding (see process
cin Fig. 1a). The latter relaxation channel is most probable for light
atoms and moderate binding energies (W}, < 1keV) but remains
intact for W}, > 1keV (ref. 10).

Owing to several Auger relaxation channels, the energy spectrum
of the ejected electrons usually contains a number of Auger lines.
Further, several photo lines originating from atomic shells with
binding energy smaller than the energy of the exciting X-ray
photon, fiwx, add to the spectrum. In Fig. 1a just a single Auger
line and a couple of photo lines represent this manifold. The mean
kinetic energy of the Auger electron Wiy, = Wy, — Wy — W, and its
spectral width I"are fully determined by intrinsic atomic properties.
By contrast, the photo electrons carry the energy of the absorbed
photon diminished by their atomic binding energy and hence—in
the absence of resonances—their energy distribution reflects that of
the exciting radiation.

The feasibility of time-resolved inner-shell spectroscopy relies on
X-ray pulses with a duration 7x much shorter than the lifetime of
the generated core hole 7y,. Under these circumstances the temporal
evolution of the production rate dN/dt or—in the language of
quantum mechanics—the temporal shape |(1)]* of the ejected
wave packet is very different for photo and Auger electrons (Fig.
1b). If the photo-ionization cross-section is nearly constant within
the bandwidth of the X-ray pulse, |x//phom(t)| follows the temporal
profile of the exciting X-ray pulse |Ex(#)|” and thus the productlon
rate of core holes. For 7x << 71, the front edge of |1//Auger(t)| rises
within 7y, whereas its trailing edge tracks the decay of the core holes.
Thus, sampling the time evolution of photo and Auger electron
emission explores the generation and decay of core-excited atoms in
real time.

Sampling electron emission with light

Strong-field physics provides the key to trace electron emission
from atoms. The presence of a strong light field affects the ejected
electrons’ motion and can be used to probe the emission. Assuming
a linearly polarized few-cycle probe light field Ei(t)=
E.(t)cos(wirt + ¢), the final momentum (reached after the light
pulse left the interaction volume) of an electron released at the
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instant f, is changed by Ap(t;) = [eEa(t;)/wL]sin(wit; + ¢) along
the light electric field vector according to a simple classical analysis*
(Fig. 2a). E, is the amplitude envelope, and wy and ¢ stand for the
carrier frequency and carrier-envelope phase of the laser pulse,
respectively. The final energy is given by:

We(t,) = Wi + 2U,(t,) sin*(wr t, + ¢) cos 26

+ [8W3U, ()] sin(wit, + @) cos B (1)

where Up(t) = ezEg(t) / 4mew% is the electron’s cycle-averaged quiver
energy in the probe light field, e, 1. and W; are the electron’s charge,
mass and initial energy, and 6 is the angle between its final
momentum vector and the light electric field vector. For 6 =~ 0°
(Fig. 2b) and W; > hwy,, a moderate field strength (U, = hwy) is
able to shift the electron energy by many electronvolts. The energy
shift varies from zero to its maximum value within a quarter-wave
cycle To/4 =7 /2wy, (=0.6 fs at A = 750 nm). This time-to-energy
mapping permits sampling of electron emission with attosecond
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Figure 1 Schematic illustration of atomic excitation and relaxation processes following
exposure to an ultrashort X-ray pulse. a, In the absence of resonances, the atom instantly
responds by ejecting photo electrons (processes a, a’) with [y prowo(f)|? following the
temporal intensity profile of the exciting X-ray pulse. The inner-shell vacancy (W) is
subsequently filled (process b) by an electron from an outer shell upon emission (process
¢) of a secondary (Auger) electron with |y Auger(t)l2 tracing the decay of the inner-shell
vacancy. b, Probing the emitted photo and Auger electrons reveals the excitation and
relaxation dynamics of core-excited atoms. W, kinetic energy; Wping, binding energy;
W, Wy », binding energies of core and valence electrons, respectively; N, number of freed
electrons. 7y, duration of X-ray pulse; 7, decay time of core hole. The photo and Auger
electrons are represented here (as in Fig. 5) in violet and green, respectively.
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resolution. The final energy spectrum for an initial energy distri-
bution dN/dW = f(W;) and time structure dN/dt = f(t; — t,0),
where t,, represents the instant of the emission peak, can be
calculated for any detection direction 6 and timing f,, by using
equation (1). Experimentally, ¢, can be varied by varying the arrival
time, that is, the delay At (Fig. 2b), of the probe light pulse relative to
the X-ray pump pulse that triggers the electron emission. For large
initial kinetic energy, W; > hwy, the validity of this simple classical
treatment of the influence of a strong light field on electrons emitted
within a fraction of the light wave cycle Ty has been corroborated by
several photo-emission experiments™® as well as by quantum
mechanical analyses'"'?.

We have generalized one (ref. 12) of these quantum theories
addressing photo-electron emission in the presence of a strong laser
field to describe the behaviour of Auger electrons emitted under
similar conditions (for more details see Supplementary Infor-
mation). Our theory yields the temporal evolution of hypothetical
single-line Auger electron spectra probed by strong few-cycle light
for different decay times 7, as shown in Fig. 3. In our modelling we
assumed 7x =0.5fs (at hwx=100eV) and 7, =5fs (at
ApL=750nm, hwy = 1.6eV), corresponding to the current state
of the art. For 7, < T\/2 (Fig. 3a—c), the energy distribution of the
Auger electrons exhibits pronounced variation as the delay At is
varied by as little as To/4 (for 7, = T\ /5 in close agreement with the
results of the above classical treatment). From the energy distri-
butions recorded for different values of At, the temporal evolution
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Figure 2 Attosecond two-colour sampling technique for probing electron emission from
atoms. An extreme ultraviolet or X-ray pulse excites the atomic target and induces
electron emission (see Fig. 1a). A delayed probe light pulse transfers a momentum Ap to
the ejected electron after its release. p; and ps represent the electron’s initial and final
momentum, respectively. a, The transferred momentum sensitively depends on the phase
and amplitude of the light field vector £, (f) at the instant of release resulting in a time-to-
energy mapping on an attosecond timescale. For processes lasting less than the light
cycle the oscillating light field constitutes a sub-femtosecond probe, whereas processes
lasting longer than the light-wave cycle are sampled by the amplitude envelope of the
laser pulse. In both cases, a sequence of light-affected electron energy spectra are
recorded at different delays At, from which the time evolution of electron emission is
reconstructed. b, In our experiments, we used a 97-eV, sub-femtosecond soft-X-ray
pulse for excitation and a 750-nm (1.6 eV), sub-7-fs few-cycle light pulse for probing
electron emission. The two pulses are collinearly focused into a krypton gas target by a
two-component mirror similar to that used in ref. 5 but designed to reflect photons with
higher energies. The kinetic energy distribution of the ejected photo and Auger electrons
has been measured with a time-of-flight spectrometer aligned parallel to the polarization
direction of the light pulse and the X-ray pulse.
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of both the emission rate and a possible energy sweep of the
electrons may be retrieved with a resolution of about T/20
(=100as at Ay = 750nm) in future studies of sub-femtosecond
inner-shell dynamics.

For 7y, approaching and exceeding T, (Fig. 3c—e), which is
relevant to our current experiment, variation of the energy distri-
bution with At within the laser cycle gradually disappears. The
energy spectrum is broadened and broken up into sidebands spaced
by hwy, at any At within the range of temporal overlap of electron
emission and the laser pulse’>™°. The sidebands originate from
quantum interferences between different portions of the ejected
electron wave packet experiencing the same momentum shift by the
laser field. Although the overall width of the broadened energy
distribution can still be estimated from the classical treatment, the
emergence of the sideband structure can only be accounted for by
quantum models. For electron emission times comparable to or
longer than T'; (Fig. 3d, ) the number of electrons scattered into
sidebands is predicted to be proportional to the convolution of
electron emission and the laser pulse. Hence for dynamics extending
over T or longer, evaluation of the X-ray-pump/visible-light-probe
experiments does not rely on the energy—time mapping (in equation
(1)) required for sub-cycle dynamics. Rather, the sideband area
versus At directly yields the temporal evolution of electron emission
(by deconvolution), provided that the laser pulse is sufficiently short
(a few femtoseconds) in duration.

Recently we applied this general concept to sampling photo-
electron emission with a few-cycle probe light pulse. From the
measured photo-electron emission time we obtained the duration
of the ionizing soft-X-ray pulse™®. The measurements revealed that
few-cycle light-driven atoms are capable of emitting isolated soft-X-
ray pulses (hwx = 100eV) with sub-femtosecond duration
(7x < 0.5fs) in excellent synchrony (Atjixer < 0.2fs) with the
phase of its few-cycle (r; = 7fs) driver light wave®. These pulses,
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Figure 3 Laser sampling of Auger electron emission with attosecond resolution.
Simulated electron spectra of a single isolated Auger line resulting from a hypothetical
atomic core hole decay of different decay time constants 7, in the presence of a few-cycle
750-nm laser field (7o = 2.5fs) with ¢ =~ 0 using our quantum mechanical model
(Supplementary Information). The spectra are shown in false-colour representation at
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along with the above concept for electron sampling, combine to give
an attosecond-resolution pump—probe technique for tracing elec-
tron dynamics after core-level excitation of atoms (or molecules).

Tracing the decay of an M-shell vacancy in krypton

For the first proof-of-principle experiments we selected one of the
most comprehensively studied atomic inner-shell relaxation pro-
cesses, the MNN Auger decay in krypton'”°. The Lorentz-type line
profiles of the resultant Auger electrons imply an exponential decay
of the core hole with a few-femtosecond lifetime. Using the notation
of Fig. 1, in this case Wy, W and W, correspond to the 3d, 4s and 4p
sub-shells, respectively.

The pump—probe apparatus used here has been described else-
where®. Briefly, the few-cycle light pulse (71, = 7fs, Ap, = 750 nm,
Ty = 2.5fs) is delivered in an annular beam and hits the outer part
of the two-component mirror shown in Fig. 2b. The soft-X-ray
pulse with a continuum spectrum extending to photon energies of
around 100 eV (ref. 8) propagates in a collinear beam matching the
diameter of the inner part of the two-component mirror. For the
current experiments, a dedicated Mo/Si multilayer mirror with a
reflectance curve peaking at 97 eV has been manufactured. The
energy spectrum of the X-ray pulse filtered by the mirror was
upshifted as compared to previous experiments™ to avoid the
excitation of 3d electrons into Rydberg states, which comes into
play at iwx < 95eV. The energy upshift comes at the expense of a
narrower bandwidth of the Mo/Si multilayer (full-width at half-
maximum, FWHM = 3 eV), resulting in an increased pulse dur-
ation, 7x =~ 0.9 fs, as compared to recent experiments™®.

Both the X-ray and the light pulse are polarized along the axis of
the time-of-flight electron energy spectrometer (Fig. 2b) to collect
the electrons with a final momentum directed nearly parallel to the
laser polarization. This parallel detection geometry is characterized
by 6 = 0°and ‘activates’ the last term in equation (1). A comparison
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small delays near At = 0 for sub-femtosecond decays (a, b, ¢) and over an extended
delay range for decays lasting longer than the wave cycle (d, e). The dashed line
represents the laser electric field. The durations of the exciting X-ray and probing laser
pulse and the peak intensity of the latter were assumed to be 7, = 0.5fs, 7. = 5fs
(FWHM) and /, = 5x 10" Wem™2, respectively.
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Figure 4 Evolution of electron spectra following core excitation. The spectra were

recorded after the exposure of krypton atoms to a 97-eV sub-femtosecond X-ray pulse
and a sub-7-fs, 750-nm laser pulse at different delays between the pulses. The surface
plot shows the evolution of the 4p photo line and the M4 sN;N, 5 Auger lines with At. The
spectrum highlighted in the background was recorded at Af= 5fs. According to

equation (1) the kinetic energy spectrum of the sub-laser-cycle-duration photo electrons
(4sand 4p lines) should be periodically shifted versus Af. However, for 7x comparable to
To/2 this periodic shift merges to a continuous broadening (probing the laser amplitude

of the second and third terms in equation (1) reveals that, for W; >
hwr, this results in a detectable change of the electron energy at
substantially lower light-field strengths compared to the orthogonal
detection geometry (6 = 90°). The low field strength helps to avoid
both multiphoton ionization and a perturbation to the studied
electronic relaxation. The experimental results are summarized in a
surface plot compiled from 20 spectra recorded at a sequence of
pump—probe delays At (defined in Fig. 2b), each one integrated over
300,000 laser shots and normalized to constant integral electron
counts (Fig. 4). By definition, At = 0 at the coincidence of the peaks
of the X-ray and laser pulses, which has been experimentally
determined by observing the maximum broadening of the 4p and
45 photo lines.

The improved transmittivity and spectral resolution (~0.5 eV) of
the time-of-flight spectrometer at lower kinetic energies favours the
M, sN;N, 5 Auger group around 40eV for an in-depth analysis.
Before doing this we can make a few instructive observations. The
photo lines are broadened smoothly (without the appearance of
sidebands) in the range of temporal overlap between the laser and
the X-ray pulse, indicating the sub-T, duration of the emitted
electron wave packet (for more detailed comments, see legend of
Fig. 4). In strong contrast, the Auger lines do not exhibit notable
broadening. Instead, they are redistributed into sidebands spaced by
hiwy, = 1.6 eV under the influence of the laser field. This is indicative
of an Auger emission time comparable to or longer than T,
according to our above discussion. The conspicuous suppression
of the most prominent Auger peak and the simultaneous appear-
ance of its first-order sideband (highlighted in red; other sidebands
are hidden in the MNN group) indeed survive the broadening of the
photo lines (for At > 0), confirming prolonged emission of the
Auger electrons compared to that of photo-electrons.

For a quantitative analysis of the Auger emission we evaluated the
sideband area A g, (highlighted in red in Fig. 4) from the normalized
electron spectra by combined gaussian peak-fitting to the whole
M, 5NN, 5 group. The evolution of A ,(At) is shown by the circles
in Fig. 5a. Figure 5b depicts the broadening dw(At) = [Aw(At)* —
Aw(0)*]'/? of the width Aw of the 4p photo line (circles) recorded
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envelope £ 4(t)) owing to the absence of stabilization of the absolute phase ¢ in our laser
pulses, because light pulses with ¢ = 0 and ¢ =~ =« induce shifts of opposite sign and
turn asymmetric shifts into symmetric broadening. The laser peak intensity was evaluated
from the broadening of photo lines as /, = 5x 10" Wem™2. The evolution of the first-
order sideband (highlighted in red) of the lowest-energy member of the M4 sN1N,5 Auger
group reflects the delayed decay dynamics of the krypton 3d core hole. A pronounced
positive temporal shift of the side-band maximum with respect to the photo-line minimum
is clearly discernible (see also Fig. 5).
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Figure 5 Probing the temporal evolution of Auger electron emission. a, Sideband area
(circles) of the first-order sideband of the lowest-energy Kr My sN+No 5 Auger line
extracted from the spectra of Fig. 4 and a fitted convolution of the exponential decay curve
Ro [ exp[—(t — t’)/rh]Ei(z")dt’ with a power 2« of the amplitude envelope of the
laser field. Because 7y << 7, the latter is proportional to the spectral broadening of the
4p photoline from the same electron spectrum, presented in b. Panel b also displays the
temporal intensity profile of the X-ray pulse computed from its measured energy
distribution (FWHM = 3 eV) assuming the absence of chirp, which applies to cut-off
harmonic radiation under our experimental conditions as was verified in a recent
experiment®. Inset, the confidence band for 7, is confined by the merit function x° and the
valid range of  to 7, = 7.97]3fs.
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at the same instants. For 7 << 7 and dw(0)? > Aw(0)?, accord-
ing to equation (1), the broadening displays the amplitude envelope
E.(t) of the light field with the leading edge of the pulse being
sampled at positive delays At > 0. A spline fit to the measured data
(line in Fig. 5b) yields a FWHM duration of the field envelope E,(t)
of slightly less than 10 fs, in excellent agreement with the result of a
simultaneous autocorrelation measurement of the laser pulse
(71, = 71s). From dw(At) we can also determine the start of the
Auger emission (At = 0) with an accuracy of =0.5 fs.

In the low-intensity (perturbative) limit, the transition rate into
the first-order sideband is proportional to the instantaneous laser
intensity E2(t). However, for increasing intensities, depletion of the
main peak and transition from the first-order into the second-order
sideband causes deviation from this scaling. A modified scaling law
of the form EZ%(f) with 0 < o < 1 represents a convenient approxi-
mation'®. We confirmed the validity of this model for the relevant
intensity range (10''-10">W cm ™ ?) experimentally by measuring
Ag, as a function of the laser-pulse energy at a fixed delay Ar. We
obtained o = 0.5 = 0.2, in close agreement with previous findings'
about the effective sublinear scaling of A i, with laser intensity. We
can now obtain quantitative dynamical information about the decay
of the krypton M-shell vacancies by fitting the convolution of the
Auger emission rate Ry [ exp[—(t — ')/7,]E%(t')dt' and the effec-
tive sampling function E2*(t — At) to the measured sideband area
A g (At). With At = 0 and E ,(f) known from the photoelectron data
and E%(t) estimated (Fig. 5b) to be gaussian with 7x = 0.9 fs, the
only fit parameter that remains to be determined is the lifetime of
the core hole, 7y,.

To double check the validity of our effective sampling function we
have computed the best fit for several values of o between 0 and 1.
The inset in Fig. 5a shows the optimum value of 7, as a function of &
along with the corresponding value of the merit function x The
best-quality fit (represented by the line in Fig. 5a) has been obtained
for o = 0.4, which is within the above confidence interval acquired
from an independent measurement. This analysis yields 7, =
7.9109fs for the lifetime of M(ds;,) vacancies in krypton. The
measured lifetime yields an Auger linewidth of I'=%/7, = 84 *
10meV (not resolved by our spectrometer). This is in good
accordance with 88 = 4 meV, the result of recent energy-domain
measurements'’. The good agreement also indicates that post-
collision interactions® have little, if any, influence on our time-
resolved Auger spectra in spite of the near-threshold (97eV)
excitation.

Exploring atomic dynamics by time-domain studies

The exponential decay of krypton M-shell vacancies served as a
benchmark process for testing the feasibility of time-resolved
atomic inner-shell spectroscopy. The measured decay time can
also be inferred from energy-domain measurements.

We believe we may nevertheless expect new insight into atomic
dynamics from time-domain experiments. Whenever continuum
states are involved in the atomic relaxation dynamics, several
interfering relaxation pathways may connect the same initial and
the same final state, resulting in a complex non-exponential
temporal behaviour. For example, in the photoionization process,
Fano-type* or shape” resonances are indicative of the outgoing
electron being captured by its parent ion in a transient state for a
short while. In the Auger process, post-collision interactions® tend
to give rise to complications. Measuring the energy sweep and (non-
exponential) envelope of the emitted electron wave packets with
attosecond resolution will provide comprehensive insight into the
transient states involved. Full exploration of the dynamical beha-
viour of multi-electron systems will therefore require time-domain
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spectroscopy to complement energy-domain measurements.

Atomic inner-shell processes have so far been studied only in the
absence of external perturbations (other than the particle initiating
the process). However, in high-field interactions atoms are often
exposed to light electric-field strengths comparable to that of the
effective Coulomb fields acting on inner-shell electrons. Atoms
exposed to atomic-scale light fields (relevant in, for example, X-
ray laser research) may exhibit a dynamical behaviour significantly
different from that of unperturbed atoms. Because of the short-lived
optical perturbation this can be investigated exclusively by time-
domain techniques.

The evolution of time-resolved atomic physics, what might be
dubbed attophysics, and its impact on other fields will—beyond
experimental advances—critically depend on progress in the theor-
etical understanding of the dynamics of excited multi-electron
systems and their interaction with strong fields. O
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