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Raman Interferometry between Autoionizing States to Probe Ultrafast Wave-Packet
Dynamics with High Spectral Resolution
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Photoelectron interferometry with femtosecond and attosecond light pulses is a powerful probe of the
fast electron wave-packet dynamics, albeit it has practical limitations on the energy resolution. We show
that one can simultaneously obtain both high temporal and spectral resolution by stimulating Raman
interferences with one light pulse and monitoring the modification of the electron yield in a separate step.
Applying this spectroscopic approach to the autoionizing states of argon, we experimentally resolved its
electronic composition and time evolution in exquisite detail. Theoretical calculations show remarkable
agreement with the observations and shed light on the light-matter interaction parameters. Using
appropriate Raman probing and delayed detection steps, this technique enables highly sensitive probing
and control of electron dynamics in complex systems.
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Photoelectron wave-packet interferometry has been
extensively applied to probe the electronic properties of
atoms and molecules, to characterize the amplitudes and
phases of constituent wave functions [1-6], and probe the
strong field dynamics [7-9], autoionization [10-12], corre-
lated electron dynamics [13—15], and molecular dynamics
[16]. Typically, a bound atomic or molecular wave packet
can be prepared by exciting the system with a broadband
femtosecond or attosecond pulse, followed by a delayed
ionizing probe light pulse that interferes with various
components of the wave packet in the continuum. The
interference pattern can be resolved in kinetic energy, and
its evolution exhibits quantum beating in time delay due to
the phase differences between the states. Beat frequencies
obtained from the Fourier analysis of the signal can then be
used to deduce information about the composition of the
wave packet. However, the beat frequency resolution is
constrained by the practical limitations on the time-delay
range that can be explored in a typical experiment. On the
other hand, electron kinetic energy resolution is constrained
by the probe pulse duration. These issues limit the amount
of information that can be extracted from spectro-
grams, especially when dealing with a multitude of states
with unknown energies and potentially overlapping beat
frequencies.

We introduce an alternate approach, which employs
impulsive stimulated Raman interferences, followed by a
deferred detection, to investigate the electron dynamics
with both high temporal and spectral resolution. After an
excited wave packet is prepared, a time-delayed Raman
probe pulse redistributes the wave-packet amplitudes,
setting up a delay-dependent quantum interferences in
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the bound or metastable state manifold, allowing femto-
second-resolved probing and control of the electron
dynamics. For the actual electron signal acquisition, we
rely on a deferred detection through the natural decay of the
electronic states or by using a separate narrow-band
ionization pulse. This long-timescale detection provides
the high energy resolution, enabling the direct identifica-
tion of the electronic constituents of the wave packet.
Furthermore, we achieve high sensitivity by analyzing
the changes in the electron spectra, i.e., by extracting
the Raman probe induced modification of the signal.
Combination of these advances can enable new insights
into the electronic structure and quantum dynamics in
atoms and molecules, while also elucidating the nature of
light-induced couplings in exquisite detail.

To demonstrate the power of this technique we apply it to
investigate a wave packet composed of the autoionizing
states of argon, as illustrated in Fig. 1. Argon ion features a
spin-orbit splitting of 180 meV, with the (*P3,,) ground
state and (*P) ;) excited state lying 15.76 eV and 15.94 eV
above the neutral ground state, respectively [17]. Between
these two thresholds, electrons exist autoionizing resonan-
ces where the Rydberg electron is attached to an “ion-core”
state 2P, /2. A two-color pump consisting of a few-fs
extreme ultraviolet (EUV) emission centered at 14.3 eV
and a 40 fs near-infrared (NIR) pulse centered at 1.6 eV was
used to coherently launch an “optically dark autoionizing
nf’ (n >9) wave packet within this argon spin orbit—
excited manifold. A time-delayed ~60 fs (FWHM), short-
wave-infrared (SWIR) probe centered at 1 eV is used to
induce Raman transitions between the constituents of the

© 2022 American Physical Society
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FIG. 1. Two-color (EUV + NIR) “pump” pulse excites an nf’

autoionizing wave packet in the argon atom. A time-delayed
femtosecond SWIR “probe” pulse induces impulsive Raman
transitions between the constituents of the wave packet, redis-
tributing the population within the wave packet. Electronic states
undergo slow autoionization producing sharp features in the
electron spectra. Analysis of changes in the spectra of this
delayed signal as function of pump-probe delay provides both
time and energy resolution.

wave packet. Because of multielectron interactions, the
states relax via autoionization, simultaneously releasing
the Rydberg electron and rearranging the core state to the
lower-energy spin-orbit configuration 3s%3p3(?Py,)nl —
35?3p°(*P3)) + . This natural autoionization decay,
which produces sharp electron peaks between 40 and
150 meV [18], is used as detection channel. The popu-
lation redistribution by the Raman probe causes energy-
dependent positive and negative changes in the electron
yield, which can be detected by subtracting the spectra
obtained with and without SWIR Raman probe. Fourier
analysis of the energy resolved delay-dependent signals
allows us to unambiguously determine the constituent
states of the wave packet even when the beat frequencies
are overlapping.

To obtain the light pulses, we employed a Ti:Sapphire
780 nm NIR laser amplifier with 2 mJ pulse energy, 40 fs
pulse duration. Half of the NIR pulse energy drives the
EUV generation in a xenon filled gas cell producing
harmonics 9-17th. EUV pulse and the copropagating
NIR driver were focused onto an effusive argon jet with
a toroidal mirror. The 9th harmonic plus NIR path
dominates the excitation of nf’ states, with a combined
bandwidth of ~180 meV. The other half of the NIR pulse
from the amplifier was used to produce a 60 fs, 1240 nm
SWIR pulse with an optical parametric amplifier. Using a
50 cm lens, the SWIR pulse was focused to an intensity of
~1 TW/cm? on the argon target. The pump (EUV + NIR)
and time-delayed probe (SWIR) were collinearly recom-
bined on a mirror with a hole before the target chamber. The
photoelectrons and autoionization electrons were acquired
using a velocity map imaging spectrometer [9,19], and the
difference in spectra with and without SWIR probe is
analyzed as a function of the probe time delay.

Tools from multichannel quantum defect theory
(MQDT) and second order time-dependent perturbation
theory are used to model the light-matter interaction.
Assuming that only the outer electron interacts with the
field, the two-color (pump) excitation proceeds through an
intermediate 3d’ state viewed as purely attached to the
35?3p°(*Py),) ionic core. This restricts the space of
possible states that form the wave packet to bound states
with total J =0 or J =2, i.e., an ionic core in state
35?3p3(*Py)») and an outer electron with orbital angular
momentum equal to £ =1 or £ = 3. Using the MQDT
parameters from Pellarin er al. [20] we determined the
width and position of the autoionizing resonances with total
J = 2 forboth p’ and f” states [21,22]. Because the f” states
dominate by approximately 2 orders of magnitude, the p’
autoionizing Rydberg states are neglected.

As in [23] the wave packet is described by an integral
over energy, and a sum over the open channels and allowed
symmetries. Since the excitation probability is highly
concentrated around the narrow f’ resonances, an appro-
ximate wave packet is obtained by summing over the
countable resonances
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where ®7=2 = y; {[(£.,5c)jer s eso €3, M) s the J
coupled angular momentum state [24], with an ionic core
of angular momentum ;.. and total angular momentum J. A
is the antisymmetrization operator.

The radial part of the wave function u,3(r) is appro-
ximated here by a hydrogenic orbital rather than by a
Whittaker function, since nf’-state quantum defects are
small. Our treatment considers only the J = 2 functions
with j. = 1/2 and £ = 3, giving J., = 1. The dependence
of A, on n reflects the characteristics of the driver laser,
with an assumed Gaussian spectral profile.

The probability amplitude for each autoionizing state
in the wave packet upon interaction with the delayed
SWIR pulse is based on the perturbative expansion of
the transition operator, as in Chap. 2 of [25]. The first
nonvanishing contribution comes from the second order
term, corresponding to a two photon Raman process.

For a laser pulse with field strength £, central frequency
, polarization €, time delay 7, and temporal FWHM
20In 2, the time-dependent perturbation is

V(t) = 5,,@‘[0—%)/”]2 cos(wt)ée - 7 (2)

in the length gauge. With this perturbation, the second
order transition matrix element between the initial wave
packet and one of the Rydberg states has the form

+I'y

. re
(WA TOMN,) = —E2> T e/ ErEt—

v (3)

083001-2



PHYSICAL REVIEW LETTERS 128, 083001 (2022)

where E,(E) is the energy and I',,(I';) is the autoioniza-
tion width of the initial (final) Rydberg state.
The amplitude T; ., involves a sum and integral over
intermediate states of the dipole matrix elements multiplied
by the spectral profile of the laser evaluated at the photon
energies for the Raman transition. The sum of zeroth and
second order transition matrix elements gives the combined
amplitude for the final Rydberg state f:

(wslTI¥,) = Ap + (T |P,). (4)

The modification of electron yield for autoionization of
state |y,) is obtained by taking the difference between the
probability of a two photon transition and the initial
probability in state [y ). For initially populated states this
is second order in the SWIR field strength:

D(f.1,) = ~ER2RAHwTO|®,) + O(EL).  (3)

Notice that even if the interaction with the intermediate
states allows, in principle, for the excitation of nf’ states
with different J and M values, as well as the excitation of
the np’ autoionizing states, their contributions are too weak
to be observed in the experiment. Also, the difference
signal is due to the interference between the initially
populated states only. The depletion and enhancement is
thus polarized in the direction of pump pulse, irrespective
of the Raman probe polarization.

Figure 2(a) shows the traditional photoelectron spectro-
gram resulting from ionization of nf’ wave packet with the
femtosecond SWIR probe, which interrupts the autoioni-
zation. The electron kinetic energy is along the vertical axis
and pump-probe time delay along the horizontal axis. For
the 1 eV SWIR probe, the electron kinetic energy lies
between 0.8 and 1 eV. Because of the broad bandwidth of
the probe pulse, the photoionization amplitudes from
different states composing the wave packet can interfere
in the continuum and lead to beating as a function of pump-
probe delay. The beat frequencies depend on the energy
separation between constituent states, but there is no state-
resolved information along the kinetic energy axis. The
spectral smearing, and therefore loss of kinetic energy
resolution, is a necessary feature of such experiments since,
without it, there would be no interference.

In contrast, Fig. 2(b) shows the experimental results
obtained using our Raman interferometry approach, where
we monitor the modification of the autoionization spectra
due to the coherent redistribution of the wave-packet
amplitudes by the probe pulse. For the nf’ states, auto-
ionized electrons emerge with between 0 and 180 meV of
kinetic energy, and these states have x10-1000 ps life-
times. The deferred detection inherent in this method yields
impressive kinetic energy resolution, and we can monitor
the quantum beating at specific electronic binding energies
of the system. For example, the lowest kinetic energy
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FIG. 2. Experimental difference electron spectrograms corre-
sponding to (a) photoionization and (b) autoionization. (c) Theo-
retical results for the autoionization. The photoionization exhibits
beats due to the interferences between different nf’ ionization
paths, but there is loss of resolution along the kinetic energy axis
due to the probe bandwidth. The autoionization yield is modu-
lated by the coherent Raman redistribution induced by the
probe. The detection following long autoionization timescales
provides excellent resolution in electronic binding energies,
allowing much better analysis of the beats and wave-packet
evolution. (d) Lineouts from (b) and (c) to quantitatively
compare experimental and theoretical beat evolution at 9f" and
13f" states.

feature, corresponding to 9f" state, shows a faster oscil-
lation due to larger spacing between the lower n Rydberg
levels.

Another important feature of this experiment is that it
demonstrates coherent control of the wave packet. Note that
the blue color in Fig. 2(b) implies reduction in the auto-
ionization probability compared with initial value, whereas
the red color implies enhancement of the autoionization
yield at that specific energy, which is a direct evidence of
the time-dependent redistribution of electronic probability
by a Raman process.

Figure 2(c) shows the calculated difference electron
spectrogram for parameters identical to the experiment.
The agreement between experiment and theory is remark-
able, showing that the model captures the detailed evolution
of the wave-packet dynamics as well as the light-induced
enhancement of specific wave-packet components.
Figure 2(d) shows the lineouts of difference electron yield
at kinetic energies corresponding to the 9f” and 13 f” states,
to quantify the experiment-theory agreement.
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FIG. 3. Fourier spectrogram of the (a) experimental photoioni-
zation signal, (b) autoionization signal, and (c) autoionization
theory. The Fourier frequencies corresponding to the energy
differences between nf’ states appear on the horizontal axis,
while peaks corresponding to the electron binding energies are
visible along the vertical axis. Photoionization results do not
identify specific states unambiguously, whereas the difference
autoionization signals from the Raman probing allow the inves-
tigation of electronic composition in detail. Overlaid curves
represent the expected position of the beats for pairs of states
separated by An = £1, 2, 3. (d) Lineouts from (b) and (c¢) to
quantitatively compare experimental and theoretical beat
strengths at 9f” and 13" energies.

Figure 3 shows the Fourier transform of the time
evolution reported in Fig. 2. Figure 3(a) again refers to
direct interferences in the higher energy continuum due to
photoionization by the femtosecond probe pulse. One can
see quantum beats due to energy separations between the
states. However, due to kinetic energy smearing by the
broadband probe, one cannot determine the binding ener-
gies or separate nearby beats. In contrast, the difference
autoionization signal in Fig. 3(b) exhibits superb resolution
along the kinetic energy axis limited only by the instru-
mental resolution. We can clearly identify the electronic
states along the vertical axis ordered by the quantum
number from 9" onward. It is also easy to observe that
several beat frequencies on the horizontal axis correspond
to more than one pair of states interfering with each other.
The curves overlaid on Fig. 3(b) identify the beats
corresponding to principle quantum number differences
An = %1, 2, 3. The high frequency beats, absent in direct
photoionization, are prominently visible here due to better
sensitivity. The theoretical result in Fig. 3(c) captures the
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FIG. 4. (a) Kinetic energy resolved amplitude of difference

autoionization signal in experiment (solid line) and theory
(dashed line) differentiates two beat pairs, between states 9f’
and 10f" and states 11" and 13f’, that lie in the same beat
frequency bin and otherwise would be nonseparable. (b) Photo-
ionization spectra do not have the kinetic energy resolution to
distinguish the overlapping contributions in experiment (solid
line) or theory (dashed line). Calculated photoionization ampli-
tude for each beat pair is shown (dot-dashed line).

experimental detail in terms of both the beat frequencies
and kinetic energies. This agreement allows us to quantify
the electronic properties of autoionizing states and demo-
nstrates the benefits of our approach over direct photo-
electron interferometry.

Figure 4 provides specific examples of the advantage of
our method. Figure 4(a) shows kinetic energy resolved
Fourier amplitudes extracted from Fig. 3 at the beat
frequency 0.032 eV. The plot clearly identifies the partici-
pating electronic states and demonstrates that our narrow
frequency bin actually contains two pairs of beats, Eq — E/
and E|; — E 3, separated only by ~2 peV, which otherwise
would be indistinguishable due to the limitation on the
Fourier frequency resolution. Note that the small peak at
0.08 eV corresponds to the state 12/, since beat Ej, — E|5
also falls in the same frequency bin for the experimental
data. Figure 4(b) shows the kinetic energy resolved Fourier
amplitude at the same beat frequency, but in the photo-
ionization energy region. Clearly, one cannot distinguish
specific contributions from the experimental data due to the
lack of kinetic energy resolution and poor signal to noise.
Thus, the assignment of states in this case is impractical
with conventional photoelectron interferometry. Even the
theoretical plot for the photoionization cannot unambigu-
ously resolve the two beat contributions. Because of the
finite bandwidth of the laser, a single broad peak results
from the overlap of the photoionization amplitudes of two
pairs of states. The amplitude for each beat pair is centered
around the average energy for the pair, as shown by the dot-
dashed lines.
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This experiment showcases the ability to conduct a
femtosecond study with a very high energy resolution,
where we clearly distinguish the electronic states that
otherwise would have produced overlapping beats in the
Fourier spectrum of a traditional photoelectron signal. By
using a tailored Raman probe, one can also exert coherent
control to create the desired wave packets. The essence of
our technique lies in the separation of temporal probing and
energy measurement steps, thus circumventing the uncer-
tainty principle. Using shortest excitation and Raman
pulses one can achieve few-femtosecond time resolution.
The energy is independently measured via delayed detec-
tion. For naturally decaying states, the relaxation time
governs the energy resolution. In the case of bound states,
one can employ a separate quasimonochromatic pulse for
ionization, where the energy resolution is limited only by
the practical need for intense narrow-band pulses and the
instrumental resolution. Our approach can be applied to the
excited molecular wave packets that usually form a
dense manifold of states, providing a powerful tool to
analyze the time evolution and electronic structure of
complex systems.
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