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Electron Wave Packet Interference in Atomic Inner-Shell Excitation
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We report the observation of quantum interference between electron wave packets launched from the
inner-shell 4d orbital of the Xe atom. Using pairs of femtosecond radiation wave packets from a
synchrotron light source, we obtain time-domain interferograms for the inner-shell excitations. This
approach enables the experimental verification and control of the quantum interference between the
electron wave packets. Furthermore, the femtosecond Auger decay of the inner-shell excited state is
tracked. To the best of our knowledge, this is the first observation of wave packet interference in an atomic
inner-shell process, and also the first time-resolved experiment on few-femtosecond Auger decay using a

synchrotron light source.
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The sequential interaction of a pair of time-separated
pulses with an atomic or molecular system results in
quantum interference between the resulting atomic or
molecular wave packets. The advances in laser technology
in recent decades have made it possible to produce femto-
second double pulses with precisely controlled waveforms,
and to control this quantum interference by appropriately
tuning the time delay between the pulses. This method,
termed “wave packet interferometry” [1], is now a funda-
mental tool for studying and manipulating the quantum
dynamics of matter. To date, wave packet interferometry
has been used in a variety of applications, such as the
coherent spectroscopy [2—4] and coherent control [5-7] of
atoms, molecules, and condensed matter. Recent advances
in these studies benefited by the development of high
harmonic generation (HHG) lasers and seeded free-electron
lasers (FELs). With the advent of ultrashort extreme
ultraviolet (XUV) pulses from HHG, time-domain coherent
spectroscopy has become available to probe electron
dynamics in the femtosecond to attosecond regime [8,9],
and the combination of HHG and frequency comb lasers
has enabled precision spectroscopy of atoms in the XUV
region, with the aim of testing QED [10,11]. In the
meantime, the recent development in seeded FELs has
enabled the generation of two phase-locked pulses in the
XUV regime [12] and the wave packet interferometry
experiment on valence excitation was recently realized
with the FERMI FEL [13].

In this Letter, we report the first interference experiment
on electron wave packets produced in atomic inner-shell
excitation. Inner-shell excitation leads to radiative or non-
radiative (Auger) decay which proceeds on a timescale of a
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few femtoseconds to a few attoseconds. To date, inner-shell
excitations in atoms and molecules have been extensively
studied using synchrotron light sources [14,15] which
provide energy-tunable monochromatized x rays, on a
timescale which is quasi-CW compared to the timescale
of inner-shell processes. For controlling and probing inner-
shell processes on their natural timescale, it is essential to
introduce a time-domain approach using ultrashort double
pulses with well controlled waveforms. On the other hand,
HHG pulses combined with ultrashort IR laser pulses have
enabled time-domain access to Auger decay [16] and
valence autoionization [17,18] in atoms. However, the
use of identical double pulses is simpler and more effective
at probing inner-shell processes, as shown in recent
theoretical studies [19-21], since this method avoids the
complex interpretation necessitated by the IR laser field.
In this work, we use the recently disclosed ability of
synchrotron light sources to perform wave packet interfer-
ometry experiments [22,23]. Our method is based on the
use of the longitudinal coherence between the ultrashort
radiation wave packets emitted by individual relativistic
electrons passing through undulators placed in series. By
using femtosecond XUV radiation wave packets with
attosecond-controlled spacing, we observe the time-domain
interferogram due to the interference between electron
wave packets launched from the inner-shell 4d orbital of
the Xe atom. The time-domain approach presented here
enables us to control the quantum interference in atomic
inner-shell processes and to track the femtosecond decay of
the short-lived excited state. While the ultrashort property
of the radiation wave packets has not been used in
our previous studies [22,23], the femtosecond temporal
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FIG. 1. (a) Experimental scheme for wave packet interferom-

etry in Xe 4d inner-shell excitation. The time delay 7 between the
XUV radiation wave packets is controlled by a phase shifter
magnet. The experiment was performed during multibunch
operation of the storage ring. The electron beam current was
maintained around 10 mA during the measurement. Some 10°
wave packet pairs were randomly distributed within the 300 ps
(FWHM) pulse from the bunch of electrons. Xe gas was provided
by an effusive beam from a needle of 0.2-mm inside diameter.
(b) Energy level diagram for excitation of the Xe 4d electron and
its subsequent decays.

duration is essential in this study to track the femtosecond
Auger decays of inner-shell excited states. We show that the
use of the ultrashort property can overcome the inherent
temporal resolution limit in conventional synchrotron
experiments.

The main experiment was carried out at beamline BL1U
of the UVSOR-III synchrotron [24]. The light source of
BL1U consists of twin APPLE-II undulators, which were
operated here in the horizontal linear polarization mode.
Details of the light source and beamline are given in
previous publications [22,23]. Briefly, the number of the
magnetic period of the undulator is 10, so that electrons
which pass though the undulators emit pairs of 10-cycle
radiation wave packets [Fig. 1(a)]. While the waveform of
the radiation wave packet was characterized by the 10-cycle
oscillation at the fundamental radiation wavelength of
around 57 nm, we used the 30-cycle third harmonic
component naturally included in the radiation wave packet.
To excite the Xe 4d electron into the np (n = 6,7) orbitals,
the peak photon energy of the undulator radiation was
adjusted by tuning the pole gap of the undulators. The
temporal duration and spectral width of the radiation wave
packets were about 2 fs and 3%, respectively. To preserve
the waveform of the radiation wave packets, we did not use
any optical elements in this experiment. The spatially
central part of the undulator radiation was selected by a
0.4-mm-diameter pinhole located 9 m downstream from the
center of the two undulators. After passing through the
pinhole, the pair of XUV wave packets interacted with Xe
atoms. The time delay 7 between the radiation wave packets
was controlled at the attosecond level by adjusting the
electron orbit between the two undulators using a phase
shifter magnet. The time delay was calibrated by observing
the wave packet interference in the 1snp (n = 5, 6) excited
states of the He atom [25]. Note that the temporal spread of

the time delay was limited by the electron beam properties
[23]. From the time calibration measurements, we
estimated that the temporal spread increased linearly from
10 to 20 as with the increase of time delay from O to 20 fs in
the present experiment [25].

An energy level diagram of Xe is illustrated in Fig. 1(b).
In order to monitor the populations of the 4d~'np (n = 6,
7) excited states, we detected visible fluorescence photons
of 460-nm-wavlength emitted from singly charged ionic
states formed via spectator resonant Auger decay [29]. The
fluorescence photons were detected by a photomultiplier
tube equipped with a bandpass filter, as shown in Fig. 1(a).
The detection of visible fluorescence photons allows us to
sensitively observe the inner-shell excitation process even
with the use of unmonochromatized undulator radiation.
By contrast, the detection of ions or total electrons leads a
large background resulting from valence photoionization
by the whole spectrum of the undulator radiation.

Figure 2(a) shows the fluorescence yield for Xe
measured for the two undulators separately, as a function
of the gap, in the vicinity of the Xe 4d resonances. Both
spectra have essentially the same shape, indicating that the
waveform shapes of the undulator radiation are almost
identical for the two undulators. A broad peak structure
resulting from the Xe 4d inner-shell resonances appears on
a background which mainly originates from valence
shakeup ionization by the second and third harmonics
leading to the production of 5p~2nl excited states [30]. The
background gradually increases as the gap increases, which
is probably due to the contribution from valence shakeup
ionization by the high-energy tail of the fundamental
radiation.

To interpret the observed broad peak, a fluorescence
yield spectrum measured using monochromatized synchro-
tron radiation is shown in the inset of Fig. 2(a). Here, the
photon energy scale has been roughly adjusted to coincide
with the peak photon energy of the undulator radiation,
estimated from a spectral measurement of the fundamental
radiation (not shown here). This spectrum was recorded at a
bending magnet beamline (BL5B), which provides mono-
chromatized synchrotron radiation with a photon energy
bandwidth of approximately 0.1 eV. The valence shakeup
signal was largely eliminated in this spectrum due to the
monochromatization. By comparison with spectroscopic
studies on the Xe 4d resonances [31,32], the three peaks in
the spectrum can be attributed to the 4d5_/126 P, 4d5‘/127 p, and
4d3_/126 p states. These resonance states are not resolved in
the unmonochromatized undulator spectra due to the 3%
bandwidth of the radiation spectrum.

Using the twin undulators, the visible fluorescence yields
were measured as a function of time delay over a range from
0 to 21 fs. Figure 2(b) shows the fluorescence yield for time
delays between O fs and 5 fs recorded at four different gaps
within the resonance peak, together with data recorded at
gaps of 60 mm and 63 mm, outside of the resonance peak.
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FIG. 2.

(a) Fluorescence yield measured as a function of undulator gap for the two undulators operating separately. The inset shows the

fluorescence yield spectrum in the region of the Xe 4d resonances measured with monochromatized synchrotron radiation. (b) Ramsey
fringe spectra for Xe 4d excitation (see insets for vertical scales). Fluorescence yields are measured as a function of the time delay at six
different gaps. The insets show the expanded sections of the fluorescence yields over the region of 0.6 to 1.0 fs. (c¢) Fourier transform
spectra of the time-domain signals. The Fourier spectra were converted from the time-domain signals using a range of 0 to 15 fs except
for the 61.25 mm gap spectrum, where a range of 0 to 21 fs was used. The resonance frequencies from a previous spectroscopic study

[31] are indicated by dotted lines.

The corresponding gaps are indicated by arrows in Fig. 2(a).
The horizontal axis shows the time delay produced by the
phase shifter, to which the minimum achievable time delay
of about 2.3 fs must be added to obtain the absolute time
delay between the radiation wave packets. The minimum
time delay results mainly from the slippage in the upstream
undulator, and thus is necessarily longer than the temporal
duration of the first radiation wave packet in a pair. The time
spectra do not show any modulation at gaps of 60 or 63 mm
since the peak photon energy of the undulator radiation here
is far detuned from the resonances, and the fluorescence
yield is dominated by the valence shakeup ionization
process. By contrast, when the undulator gap is tuned within
the resonance peak, the time spectra show rapid oscillations,
with a period of approximately 60 as. These can be under-
stood as “time-domain Ramsey fringes,” which arise from
the quantum interference of electron wave packets launched
at different times. Here, the oscillation period corresponds to
the transition frequency of the Xe 4d~'n p inner-shell excited
states.

The fringe structures in the time spectra exhibit a strong
dependence on the undulator gap. While the rapid oscil-
lation dominates the time spectra measured at gaps of 61,
61.25, and 62 mm, this is modulated by a slow beating
structure with a period of around 2 fs for a gap of
61.75 mm. In order to interpret these features, we show
Fourier transform spectra derived from the time-domain
spectra in Fig. 2(c). The peaks observed in the frequency
domain correspond precisely to the expected 4d5_/126 p and

4d3’/'26p resonances, [32] within a total uncertainty of

0.04 PHz. The Fourier spectra shown here were derived
from the time-domain signals over a range from O to 15 fs,
except for the spectrum recorded at a gap of 61.25 mm,
where we used the full-time delay range [25]. One can see
from Fig. 2(c) that at gaps of 61 and 61.25 mm the 4d§/126p
state is almost exclusively detected. Consequently, the time
spectra exhibit a clear sinusoidal modulation which oscil-
lates at the resonant frequency of about 15.7 PHz. From the
viewpoint of coherent control, this shows that under these
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conditions the excitation probability of the 4d§/126 p state

can be controlled by attosecond-level tuning of the time
delay. The beating structure observed in the time spectrum
at a gap of 61.75 mm is attributed to the superposition of
the 4d5),6p and 4d;},6p states. The 2-fs period of the
beating corresponds exactly to the energy separation
between the two states. The weak sinusoidal oscillation
in the time spectrum at a gap of 62 mm is due to the
excitation of the 4d§}26 p state. A beat structure may also be

superimposed on the sinusoidal oscillation, but it is difficult
to discern the small 4d5_/126 p contribution in the time
spectrum.

We now discuss the time evolution of the 4d§/126p state
by using the time spectrum obtained at a gap of 61.25 mm,
which corresponds to peak of the undulator radiation close
to the energy of the 4d5_/126p resonance. Figure 3(a) shows
this time spectrum for delays ranging from O to 21 fs. It is
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FIG. 3. (a) Fluorescence yield measured at an undulator gap of
61.25 mm. The envelope shows slow beating structures with
2-3 fs period, which is mainly due to the 7-as step in the time
delay scan. (b) Calculated time spectrum assuming a 6 fs lifetime
for the 4d~'np state. (c)—(e) Comparison between the experi-
mental and calculated time spectra in different time delay regions,
indicated by dotted blue lines in (a) and (b). (f) Fringe contrast as
a function of time delay. The gray circles and red curve show the
measurement and calculation results, respectively.

clear that the amplitude of the Ramsey fringes decreases
with increasing time delay. This can be explained by
considering the time evolution of the first electron wave
packet during the sequential interaction. The probability
amplitude of the first wave packet decays by a factor of
e 172 where T denotes the decay rate, until the quantum
interference occurs when the second wave packet is
launched. At long delays, the first wave packet completely
decays before the second wave packet is launched and,
thus, the interference fringe disappears. According to a
theoretical treatment of the decay of excited states [33],
the fluorescence yield is expected to be proportional to
1 + 7 1/2 cos wr when fluorescence photons are detected
without any time gating. Therefore, we can expect that
fringe-contrast decays according to e %2 in this
experiment. Note that a fringe-contrast decay with the
same time constant could be observed even when radiation
wave packets of longer durations are used. However, the
contrast of the observed fringe amplitude should be reduced
in the tracked time range starting from the longer
time delay.

Assuming a 6 fs lifetime for the 4d§/126 p state [31,34-36],
the time-damped Ramsey fringe spectrum can be calculated.
Figure 3(b) shows the calculated spectrum, taking into
account the temporal resolution of the delay control, and
adjusting the transition frequency slightly within the exper-
imental uncertainty in order to reproduce the measurement.
In Fig. 3(a) one may observe slow oscillations with a period
of ~2 fs, which is not reproduced in Fig. 3(b). These
oscillations are artifacts due to the rather large time step
(7 as) for measuring the Ramsey fringe of 60-as period.
Actual agreements between the spectra in Figs. 3(a) and 3(b)
can be judged in the expanded views of the time spectra
[Figs. 3(c)-3(e)]. The fringe contrasts in the experiment and
calculation are plotted as a function of time delay in Fig. 3(f).
The good agreement between experiment and calculation
confirms that the reduction in fringe amplitude does indeed
arise from the excited state lifetime, proving the time-domain
access to femtosecond Auger decay processes.

The present work manifests the capability of synchrotron
light sources to probe the time evolution of excited states on
timescales of a few femtoseconds. Access to such short
timescales has not previously been achieved in time-
resolved experiments using synchrotron light sources, since
their inherent temporal resolution is limited to a few 10 ps
to a few 100 ps by the bunch length of the electrons [37].
Shorter pulses (100 fs) can be generated with the use of
special methods to manipulate the bunch length, such as the
laser-slicing technique [37] which much reduced photon
flux compared with that of usual synchrotron experiments.
Even with the methods, femtosecond resolution has been
inaccessible. The present study demonstrates that, using the
longitudinal coherence between ultrashort radiation wave
packets, we can overcome the bunch length limit in
synchrotron experiments without reducing the photon flux.
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The present study achieved 10-as resolution in the time
delay control, with a 2-fs limitation in tracking the decay of
short-lifetime states. These experimental limitations can be
further improved, respectively, by lowering the electron
beam emittance and by reducing the magnetic period
number of the undulators. Indeed, a few period undulators
can already produce a radiation flux large enough to make
the present measurements feasible, provided the electron
beam current is increased up to the regular operational
condition (300 mA).

In summary, we have observed the interference of
electron wave packets created in Xe 4d inner-shell
excitation using a synchrotron light source. The use of
the ultrashort property of the XUV radiation wave packets
enabled us to track the few-femtosecond decay of the
inner-shell excited states. While the temporal resolution in
synchrotron experiments has been thought to be limited
by the electron bunch length, the present study clearly
shows that processes in much shorter timescale can be
accessed by the use of the longitudinal coherence between
radiation wave packets. It should be noted that, unlike
the two-color coherent control [38,39] and the phase-
modulated wave packet interferometry [13] using seeded-
FELs, our method can target only single-photon
processes. However, the experimental scheme has the
potential feasibility to be adopted to even shorter wave-
lengths, down to the hard x-ray region [23]. Taking
advantage of the bright synchrotron light available at short
wavelengths, this method will dramatically expand
the range of potential targets for ultrafast attosecond
science, to the deep inner-shell electrons of a range of
elements.
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