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We present results of real-time tracking of atomic two-electron dynamics in an autoionizing transient

wave packet in krypton. A coherent superposition of two Fano resonances is excited with a femtosecond

extreme-ultraviolet pulse. The evolution of the corresponding wave packet is subsequently probed with a

delayed infrared pulse. In our specific case, we get access to the interference between one- and two-

electron excitation channels in the launched wave packet, which is superimposed on its decay through

autoionization. A simple model is able to account for the observed dynamical evolution of this wave

packet.
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Investigating electron dynamics in an atom in the time
domain, specifically when more than one electron is in-
volved, directly gives insight into the electron correlation
in the system. Dynamics has to be initiated with the ab-
sorption of light or by particle impact. Observation neces-
sitates a second pulsed excitation of the system. This is
usually done by two laser pulses, which can be precisely
timed and made short enough to resolve the dynamic
evolution of the system. Investigating two-electron dynam-
ics requires the excitation of two electrons from an atom’s
ground state. These excited states are usually embedded in
the ionization continuum, and decay through electron-
electron correlation, e.g., into a ground-state ion and a
free electron. Such a decay has been followed in real
time for the first time by observing Auger-electron side-
bands in a pump-probe experiment [1]. This experiment
triggered several theoretical investigations that concern
Auger decay [2,3] and continuum-electron dynamics in
energy ranges that contain Fano-resonance structures in
the absorption spectrum [4–7]. Fano resonances are in-
duced by the presence of two-electron excited states, single
inner-valence-electron excited states, or inner-shell-
electron excited states that are embedded in the ionization
continuum [8]. The dynamics of an electron wave packet
that is launched in such an energy range therefore usually
involves two-electron dynamics.

In this Letter, we investigate the evolution of a wave
packet that is launched in the ionization continuum of
krypton by an ultrashort extreme-ultraviolet (xuv) laser
pulse (cf. Fig. 1). Within the spectral bandwidth of the
xuv pulse, two Fano window resonances are found. One is
induced by the inner-valence-electron excited configura-
tion ð4sÞ�1ð7pÞ, the second one by a two-electron excited
configuration ð4pÞ�2ðnlÞðn0l0Þ (n; n0: principal quantum
numbers of the one-electron orbitals; l; l0: their angular
momenta) [9–11]. Both these excited configurations
are embedded in the ð4pÞ�1ð�s=dÞ continuum (� the en-
ergy of the photoelectron). In [10,11], the ð4sÞ�1ð7pÞ and

ð4pÞ�2ðnlÞðn0l0Þ resonances have been labeled (14) and
(15), respectively. We use this labeling here, too. The
quantum numbers n, n0, l, and l0 of the latter configuration
have not yet been identified in the literature. The angular
momenta (l; l0) are most likely of the type (s; p) or (p; d)
and the principal quantum numbers ðn; n0Þ ¼ ð5; 5Þ or (5, 6)
[9,10,12]. The wave packet dynamics after excitation by
the xuv pulse is probed by the absorption of a photon from
a delayed ultrashort infrared (ir) laser pulse. It photoionizes
the ð4sÞ�1ð7pÞ orbital, with ð4sÞ�1ð�s=dÞ being the final
continuum reached (Fig. 1), where the corresponding pho-
toelectron is detected [13,14]. With this pump-probe
scheme, we are able to look into the dynamics of this
wave packet in real time. Specifically, we can follow the
autoionization of the ð4sÞ�1ð7pÞ and ð4pÞ�2ðnlÞðn0l0Þ
states, as well as the coherent two-electron dynamics
that is expected to give rise to an interference between
one- and two-electron excitation in the wave packet. Our

FIG. 1 (color online). The excitation scheme used for the real-
time observation of two-electron dynamics. An xuv laser pulse
launches a continuum wave packet in Kr with two Fano reso-
nances participating. One is induced by an electron configuration
with one inner-valence-electron excited, ð4sÞ�1ð7pÞ, and the
other one by a two-valence-electrons excited configuration
ð4pÞ�2ðnlÞðn0l0Þ. After a variable delay, the wave packet is
probed by an ir laser pulse that induces a transition to the final
ð4sÞ�1ð�s=dÞ continuum configuration.
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investigation has an analogy in the decay of a core-excited
Rydberg wave packet, which has been studied in [15].

The experimental setup has been described previously
[16]. Briefly, Ti:sapphire (Ti:Sa) laser pulses [central
wavelength: 787 nm (1.575 eV); bandwidth (full width at
half maximum [FWHM]): 32 nm (64 meV); repetition rate:
1 kHz] with a pulse width of 40� 5 f sec were used to
generate high-order harmonic pulses in Ar gas. Of the
generated harmonics, only the 11th to the 21st
(H11-H21) passed an aluminum-foil filter, and subse-
quently interacted with an effusive beam of Kr atoms
within a magnetic-bottle photoelectron spectrometer. The
wave packet of interest was started by the H17 harmonic
content of the xuv beam [central wavelength: 46.3 nm
(26.78 eV); bandwidth (FWHM, estimated from
photoelectron kinetic-energy distributions): � 0:5 nm
(� 290 meV); pulse width: <30 f sec ]. It covered the
spectral range where the two window resonances, (14)
and (15), are found in the photoionization continuum of
Kr. They are located at 46.271 nm (26.795 eV) and
46.183 nm (26.846 eV), respectively. A small part of the
Ti:Sa-beam was split off the main beam, and sent into a
tunable delay line. These ir pulses served as probe pulses
and ionized the launched electron wave packet. The
magnetic-bottle spectrometer collected all photoelectrons
that were generated in the focal spot, and directed them
toward a microchannel plate detector. Their kinetic energy
was calculated from the measured time of flight. At the
laser beam focal spot, the ir pulses reached an intensity of
� 5� 1011 W=cm2. The directions of polarization of the
ir and the xuv beam were chosen to be parallel.

The ionization potential of the inner-valence 4s electron
[ð4sÞ�1ð�s=dÞ ionization channel] is 27.511 eV [17].
Figure 2 shows the photoelectron kinetic-energy distribu-
tion in the energy range where we detect electrons in this
channel after the absorption of one H17 and one ir photon.
We show three spectra at different delay times �. The
negative delay in spectrum (a) refers to the ir arriving prior
to the xuv pulse, while � ¼ 0 in (b) represents the maxi-
mum temporal overlap. In spectrum (c), the ir probe pulse
follows the xuv pulse.

In spectrum (a), we find only a delay-independent un-
resolved background of photoelectrons. This is caused by
the harmonics H19 and H21, which travel with the xuv
beam. Their photon energies exceed the photoionization
threshold of a 4s electron, as well as the thresholds for the
ionization of a 4p electron that leave Krþ in an excited
electron configuration ð4pÞ�2ðnlÞ with n > 4 (see, e.g.,
[17]). These numerous high-lying ionic states give rise to
a dense distribution of low kinetic-energy photoelectrons.
The ir laser pulse is not involved in the generation of these
photoelectrons.

With the laser pulses overlapping in time [Fig. 2, spec-
trum (b)], photoionization of the simultaneously excited
wave packet by the ir laser pulse into the ð4sÞ�1ð�s=dÞ

continuum sets in. Thus, an enhanced photoelectron yield
in the energy range between � 0:8 and � 0:93 eV is
detected. In the case of temporal overlap, there are two
contributions to the electron yield in this spectral range.
One, with a maximum at the low energy side of the
spectrum at � 0:83 eV, stems from photoionization of
the wave packet. A second, spurious one, at the high energy
side near 0.92 eV, is caused by sideband photoelectrons
[18]. These have absorbed one photon from the H11 con-
tent of the xuv beam and emitted one ir photon, stimulated
by the simultaneous presence of the ir laser pulse. They are
ejected into the ionization channel that leaves the Krþ ion
in the state ð4pÞ�1 2P1=2. These two contributions cannot

be separated while the laser pulses overlap in time.
With the ir laser pulse following the xuv pump pulse

[Fig. 2, spectrum (c)], the line that appears in the photo-
electron kinetic-energy distribution originates solely from
photoionization of the wave packet that has been launched
by the H17 pulse. The broad spectral width of the ir pulse
of 64 meV covered both window resonances, (14) and (15),
which are separated by �E ¼ 51 meV [9]. Consequently,
these are not resolved in the photoelectron kinetic-energy
distribution. The significant photoelectron yield in the
ionization channel ð4sÞ�1ð�s=dÞ for positive delays � is
caused by the finite time it takes an electron to leave the
atom. This time is mainly determined by the lifetime of the
bound configuration ð4sÞ�1ð7pÞ [11].
The dynamics of the launched wave packet is revealed

when we take photoelectron kinetic-energy distributions in
the ionization channel ð4sÞ�1ð�s=dÞ at a sequence of delay
times �. From the measured spectra we determined for
each delay time the total photoelectron yield in the energy
range depicted in Fig. 2. The resulting dependence of this
photoelectron yield on � is shown in Fig. 3(a). The delay
� ¼ 0, referring to maximum temporal pulse overlap, was
determined by measuring the cross correlation of the xuv
and ir laser pulses using a photoelectron sideband with
contributions from the harmonics H17 and H19.

FIG. 2. Kinetic-energy distributions of photoelectrons in the
ð4sÞ�1ð�s=dÞ ionization channel after absorption of one xuv and
one ir photon. Spectra for three delay times � are shown.
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The excited wave packet is made up of a continuum
configuration ð4pÞ�1ð�s=dÞ and contributions from the
discrete configurations ð4sÞ�1ð7pÞ and ð4pÞ�2ðnlÞðn0l0Þ.
We expect these discrete state contributions to give rise
to an oscillation imprinted on the photoelectron yield in the
ionization channel ð4sÞ�1ð�s=dÞ, when tuning the ir laser
pulse delay. The period T of this oscillation is determined
by the energy separation �E of the corresponding Fano
resonances: T ¼ 2�@=�E � 81 f sec [11]. The oscilla-
tion is expected to be superimposed on an exponential
decay of the photoelectron yield, which is caused by the
autoionization of the wave packet before it can be photo-
ionized by the ir pulse. The decay is determined by the
widths �i of the two Fano resonances that contribute
to the wave packet [�1 ¼ 7:8 meV for resonance (14);
�2 ¼ 3:5 meV for resonance (15) [11] ]. Precisely this
behavior is found in Fig. 3(a). The quantum beats in the
ð4sÞ�1ð�s=dÞ photoelectron yield clearly image the coher-
ent two-electron dynamics in the wave packet. The wave
packet’s autoionization via the coupling of its discrete state
admixtures to the Kr ð4pÞ�1ð�s=dÞ ionization continuum is
reflected in the decay of the photoelectron yield with
increasing delay �.

A quantitative analysis of the delay dependence of the
observed ð4sÞ�1ð�s=dÞ photoelectron yield can be based on
a function fð�Þ given by

fð�Þ ¼ expð��1�=@Þ þ a expð��2�=@Þ

þ b exp

�
��1 þ �2

2@
�

�
cosð�E�=@þ�Þ: (1)

The first two summands represent the autoionization decay
of the two Fano resonances, while the third one describes
the coherent oscillation between the two discrete electron
configurations ð4sÞ�1ð7pÞ and ð4pÞ�2ðnlÞðn0l0Þ. Its ampli-
tude decays with the mean decay rate of the two reso-
nances. Equation (1) was found to accurately fit the

theoretical probe pulse delay dependence of the sideband
photoelectron yield that was calculated for the photoioni-
zation of an atom by an xuv pulse in the presence of an
intense long-wavelength pulse with two Fano resonances
present in the energy range covered by the xuv light [6]. It
is equally applicable to our experiment. The fit to our
data is shown as a solid (red) line in Fig. 3(a). The pa-
rameters of the best fit are �E ¼ 49� 0:7 meV, �1 ¼
5:6� 0:15 meV, ð�1 þ �2Þ=2 ¼ 3:2� 0:8 meV, � ¼
�0:15� 0:15, and b ¼ 0:067� 0:01. For the parameter
a, the fit yielded a value close to zero with an error margin
significantly larger than its value. This is expected from the
already small b value, since a should be approximately
equal to b2. Because of this fact and the error margin of
ð�1 þ �2Þ=2, it is not meaningful to determine �2 from the
fit. It is only possible to assert that �2 is smaller than �1.
The extracted energy level difference of the discrete
states �E agrees very well with the energy difference of
the two Fano resonances (14) and (15) of 51 meV given
in Ref. [11]. The width �1, which we attribute to the
ð4sÞ�1ð7pÞ resonance, however, shows a significant devia-
tion from the value of 7:8� 0:8 meV, given in [11]. A
similarly large deviation from these older results has re-
cently also been reported in [13] for the width of the
ð4sÞ�1ð6pÞ resonance in Kr.
A basic model is able to describe the observed electron

dynamics. We assume a single final continuum,

represented by states c f
�, with electron configuration

ð4sÞ�1ð�s=dÞ (cf. Fig. 1). Also, the continuum wave packet
that is launched by the xuv pulse is assumed to be com-

posed of states c ~� of one single continuum. c f
� and c ~� are

eigenstates of the full atomic Hamiltonian. The c ~� are
assumed to be composed of two discrete states, �1 based
on the electron configuration ð4sÞ�1ð7pÞ, and �2 based on
the configuration ð4pÞ�2ðnlÞðn0l0Þ, and one continuum with
states�~� based on one of the configurations ð4pÞ�1ð�s=dÞ.
�1, �2, and �~� diagonalize part of the atomic
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FIG. 3 (color online). (a) Dependence of the measured total photoelectron yield in the ð4sÞ�1ð�s=dÞ ionization channel on the xuv-ir
delay � (black squares). The added solid (red) line is a fit to the data using Eq. (1). (b) Two-dimensional density plot of the calculated
photoelectron yield as a function of the photoelectron kinetic energy and of the pump-probe delay. On the left-hand side, the
photoelectron yield is integrated over the energy range. The observed exponential decay, as well as the superimposed beating in (a) can
be retrieved.
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Hamiltonian, with an interaction remaining between them.
According to Fano, the c ~� can be expressed as linear
superpositions of these states (see Ref. [8], Sec. 5),

c ~� ¼ a1ð~�Þ�1 þ a2ð~�Þ�2 þ
Z

d�0að~�; �0Þ��0 ; (2)

with the amplitudes ai and að~�; �0Þ fixed by the remaining
interactions among the �i and �~�. Deviating from Fano,
we make a minor change in which we allow a direct
interaction between the two discrete states �i (i ¼ 1; 2).

The transition matrix element Tf;i from the atomic

ground-state c 0 to the final ionization continuum c f
� is

calculated by second-order time-dependent perturbation
theory, which is sufficient for the ir light intensity in our
experiment. It reads (assuming atomic units and neglecting
an overall phase factor):

Tf;ið�; �Þ ¼ 1

4

Z
d~�hc f

�jD2jc ~�ihc ~�jD1jc 0i
Z 1

�1
dt00

�
Z t00

�1
dt0eið��~��!IÞt00eið~���0�!XÞt0

� EIðt00 � �ÞEXðt0Þ: (3)

Here, EIðt� �Þ and EXðtÞ are the amplitudes of the de-
layed ir probe and of the xuv pump pulse, respectively, and
!I and !X are the corresponding carrier frequencies.
Fano’s theory allows us to give an explicit expression for
the transition matrix elements appearing in Tf;ið�; �Þ in

terms of the parameters � and q of the involved resonances,

hc f
�jD2jc ~�ihc ~�jD1jc 0i

¼ D

�X2
i¼1

pi

Ei

��
1þX2

i¼1

qi
Ei

�
=

�
1þ

�X2
i¼1

1

Ei

�
2
�
; (4)

with Ei ¼ ð~�� �iÞ=ð�i=2Þ, and qi the Fano parameters
describing the first step transition matrix element from
the ground state to the continuum [based on Eq. (65) of
[8] ]. The �i are eigenvalues of the Hamiltonian 2� 2
matrix that comprises the direct interaction of the discrete
states �i (i ¼ 1; 2) and their second-order interaction via
the continuum states �~� [8]. Similar to the qi parameters,
the pi characterize the ir-induced transition from the dis-
crete states �i (i ¼ 1; 2) to the final continuum. In Eq. (4),
the matrix elements coupling the �~� continuum states to

the final states c f
� are assumed to be zero. This is a

reasonable assumption in our case.D can, for our purposes,
be viewed as a proportionality constant. Equation (4) takes
this simple form only, provided that all dipole matrix
elements and all off-diagonal matrix elements in the above
mentioned interaction matrix can be chosen to be real
numbers.

Assuming the Fano parameters entering Eq. (4) are not
energy dependent in the energy range covered by the
bandwidths of the laser pulses, we calculated the transition

probability jTf;ið�; �Þj2 to the final continuum states c f
� as

a function of the photoelectron kinetic energy �, and of the
delay �. We used the Fano parameters (q1 ¼ 0:11, q2 ¼
�0:38) and �2 (3.5 meV) from [11] and adopted �1

(5.6 meV) from our measurement. The result of this cal-
culation is shown in a two-dimensional density plot in
Fig. 3. On the side, the kinetic-energy integrated delay
dependence of the total photoelectron yield in the final
continuum is plotted, which, for the parameters chosen in
the calculation, matches reasonably the experimental result
[cf. Fig. 3(a)]. The two-dimensional plot indicates that the
amplitude of the oscillation that is superimposed on the
decaying electron yield is a function of the photoelectron
kinetic energy. This is expected and known from conven-
tional quantum beats (see, e.g., [16]). Only at those kinetic
energies where the quantum paths from the initial Kr
ground state via the two Fano resonances to the final state

c f
� are indistinguishable, quantum beats are expected to

occur. The calculation reveals that the small oscillation
amplitude of the photoelectron yield results from the fact
that the transition amplitude from one of the Fano reso-
nances to the final continuum is small compared to the
other one. The transition amplitude ratio that results in the
closest agreement of the calculated data with the measured
ones in Fig. 3(a) is p2 ¼ �0:05p1. From the experiment,
we expect the ð4pÞ�2ðnlÞðn0l0Þ resonance to be the weakly
contributing one, since the transition to the ð4sÞ�1ð�s=dÞ
continuum necessitates a two-electron transition.
In summary, we have presented the first experimental

evidence of interference between one- and two-electron
excitation channels in an atom in the time-domain. We
employed a pump-probe scheme, where at least one of the
discrete components of the intermediate continuum wave
packet can be photoionized individually. The interference
between the bound state components in the continuum
wave packet causes quantum beats that appear along with
the exponential decay of the autoionizing wave packet. In
our specific case, this beating represents the energy ex-
change between two electrons in the Kr atom. Our tech-
nique complements the tracking of photoelectron
sidebands, as it has been proposed in recent theoretical
work [4–7]. It is of special value in the case of Fano
window resonances contributing to the wave packet, where
the sideband technique is difficult to apply. The technique
can be used as a universal tool to get close insight into
atomic two-electron dynamics.
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