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We show how time-resolved coherent anti-Stokes Raman scattering can be used to identify interfering

pathways in the relaxation dynamics of autoionizing transients in many-electron systems, on femto- and

attosecond time scales. For coherent population of many states, autoionizing wave-packet dynamics is

resolved. We identify bound-bound, continuum-bound, and bound-continuum-bound contributions and

show that they leave distinct features in the total coherent anti-Stokes Raman scattering signal.
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Rapidly developing attosecond technologies offer
unique tools capable of resolving extremely fast electron
dynamic processes [1]. Attosecond metrology strategies
typically involve a measurement of the yield of charged
particles or molecular fragments. This approach proved to
be remarkably efficient for an attosecond spectroscopy of
the relaxation dynamics of core-excited atomic systems
[2], electron tunneling visualization [3], attosecond prob-
ing of molecular dynamics [4], direct measurement of few-
cycle optical field waveforms [5], and time-resolving pho-
toelectron emission from solid surfaces [6]. Analysis of
charged-particle or molecular-fragment spectra, however,
often faces difficulties related to an overlap of the contri-
butions of multiple initial and/or final states, superimpos-
ing many ionization channels.

Selectivity of all-optical methods to a specific channel is
successfully employed through the use of high-order har-
monic generation (HHG) for time-resolved measurements.
Recent examples include tracing proton motion in mole-
cules [7], monitoring attosecond hole dynamics [8], and
quantum-state-resolved measurements using high-order
harmonic transient absorption spectroscopy [9]. Mukamel
[10] has theoretically demonstrated that x-ray four-wave
mixing can be employed to create and probe ultrafast
electron dynamics in many-electron systems with attosec-
ond resolution.

Here we show that coherent anti-Stokes Raman scatter-
ing (CARS) can provide femto- to attosecond temporal
resolution while not only focusing on a specific process
but also identifying and isolating, due to the high selectiv-
ity inherent in Raman techniques, interfering pathways
contributing to this process. In contrast to HHG, CARS
does not necessarily involve a strong perturbation of a
quantum system by a high-intensity laser field, allowing
attosecond time resolution to be achieved without a sub-
stantial modification of a system under study. For auto-
ionizing (AI) electronic wave packets, the CARS signal
involves both quasibound and continuum components of
AI states. The corresponding pathways have well-defined
relative phase shifts and/or different temporal dynamics.

We show how these can be used to identify interfering
pathways in the total signal and how the phase shift be-
tween the interfering transitions involving AI states can be
retrieved by using CARS. Because of these interfering
pathways, the AI dynamics cannot be characterized by a
steady state absorption line but requires time-resolved
spectroscopy.
Consider time-resolving autoionization of a multielec-

tron wave packet with CARS. Pertinent work includes
experimental [2] and theoretical [11–13] studies of time-
resolving Auger decay and Fano-type autoionization using
photoelectron spectroscopy and spectroscopic studies of
AI states using CARS [14]. We consider an approach based
on combining an attosecond extreme ultraviolet (xuv)
pulse with a few-cycle laser pulse. The xuv pulse with
carrier frequency !1, field amplitude E1, polarization vec-
tor e1, and envelope f1ðtÞ plays the role of the pump. The
laser pulse [carrier frequency !2, field amplitude E2, po-
larization e2, and envelope f2ðtÞ] plays the role of the
Stokes. The pair excites coherent superposition of the
Fano-type [12,15] AI resonances (inset 1 in Fig. 1).
Time-delayed by � a uv or xuv pulse [carrier!3, amplitude
E3, polarization e3, and envelope f3ðt� �Þ] probes
Raman-excited transients with detection at the anti-
Stokes frequency!4 ¼ !1 �!2 þ!3. Similar to conven-
tional four-wave-mixing schemes [16], generation of the
anti-Stokes signal in the considered xuv-visible CARS
arrangement can be regarded as scattering of the probe
field off the grating induced by the xuv pump and laser
Stokes fields.
We develop a description directly in the time domain,

natural for dealing with time-resolved wave-packet dy-
namics. The wave function is j�i ¼ e�iEgt½a0ðtÞj0i þ
j��i�, where Eg is the ground state energy and

j��i ¼ j�ð1ÞðtÞie�i!1t þ j�ð2ÞðtÞie�ið!1�!2Þt

þ j�ð3Þðt; �Þie�ið!1�!2þ!3Þt: (1)

Here j�ð1ÞðtÞi ¼ P
lalðtÞjli describes intermediate excita-

tion created by the pump. The Raman pair of pump and
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Stokes pulses creates an AI wave packet j�ð2ÞðtÞi ¼P
kakðtÞjki þ

R
d�c�ðtÞj�i, where, following the standard

approach [15,17], we use ‘‘bound’’ (jki) and ‘‘continuum’’
(j�i) components of AI states coupled by the electron-

electron correlation Ŵ; � denotes the detuning of the
continuum state from the resonance energyEg þ!1 �!2.

Dynamics is monitored by the delayed probe pulse that

creates j�ð3Þðt; �Þi and induces the CARS polarization

P ðt; �Þ ¼ a�0ðtÞh0jd̂j�ð3Þðt; �Þie�ið!1�!2þ!3Þt: (2)

The standard procedure of perturbation theory then gives

Pðt; �Þ ¼ E3f3ðt� �Þe�ið!1�!2þ!3Þt
�X

k

h0jD̂ð2Þ
pr-aStjkiakðtÞ

þDð2Þ
pr-aSt;cCðtÞ

�
; (3)

where D̂ð2Þ
pr-aSt ¼ �P

j
d̂jjihjjd̂�e3

Ej�½Egþ!1�!2þ!3� , CðtÞ ¼
R
d�c�ðtÞ,

and

c�ðtÞ ¼ �i
Z t

dt0e�i�ðt�t0Þ
�X

k

Wkakðt0Þ

þ E1E2f1ðt0Þf�2ðt0ÞDð2Þ
pu-St

�
; (4)

with D̂ð2Þ
pu-St ¼ �P

l
e2�d̂jlihljd̂�e1
El�½Egþ!1� . Here we use the standard

assumption in the Fano-type theory: The ‘‘bare’’ contin-
uum j�i is assumed flat, with continuum structures appear-
ing from the coupling between jki and j�i. Mathematically,

this means h�jD̂ð2Þ
pu-Stj0i � Dð2Þ

pu-St, h�jŴjki � Wk, and

h0jD̂ð2Þ
pr-aStj�i � Dð2Þ

pr-aSt;c.

The first term in square brackets in Eq. (4) describes a
transition to the continuum via the quasibound part of the
AI states jki. The second term describes direct excitation to
the continuum. We assume that (i) there are no intermedi-
ate resonances at the probe step and (ii) the probe pulse is
short compared to the decay time of the AI states: �kTpr �
1 for all jki. Here Tpr is the duration of the probe pulse, and

�k is the decay rate of the state jki.
Integrating over �, we find

CðtÞ ¼ �i�

�X
k

WkakðtÞ þ E1E2f1ðtÞf�2ðtÞDð2Þ
pu-St

�
: (5)

Now we can write CARS polarization Eq. (3) as

P ðt; �Þ ¼ E3e
�ið!1�!2þ!3Þt½Paiðt; �Þ � iPcðt; �Þ�; (6)

where the direct contribution of the bare continuum is

P cðt; �Þ ¼ �Dð2Þ
pr-aSt;cD

ð2Þ
pu-StE1E2f1ðtÞf�2ðtÞf3ðt� �Þ (7)

and the contribution of the AI wave packet is

P aiðt; �Þ ¼ f3ðt� �ÞX
k

akðtÞðDð2Þ
pr-aSt;k � i�Dð2Þ

pr-aSt;cWkÞ:

(8)

Three pathways interfere in the CARS signal. The first
corresponds to the direct response of the flat continuum
and is described by Pcðt; �Þ (the continuum-bound chan-
nel). It corresponds to the two-photon (pump-Stokes)
Raman transition to the flat continuum followed by the
two-photon (probe–anti-Stokes) transition back. The sec-
ond and the third pathways both involve the AI state and
enter via Paiðt; �Þ. The second pathway enters via

akðtÞDð2Þ
pr-aSt;k. It describes a response of the quasibound

FIG. 1 (color online). Attosecond-resolved CARS signal for autoionizing wave packets. The dashed line shows the CARS signal for
a single AI state with lifetime 1=ð2�1Þ ¼ 8 fs. The solid line shows the CARS signal from a superposition of two states spaced by
�E ¼ 3 eV with 1=ð2�1Þ ¼ 8 fs, qpr-aSt;1 ¼ q1;pu-St ¼ q1 ¼ 3, 1=ð2�2Þ ¼ 2 fs, and qpr-aSt;2 ¼ q2;pu-St ¼ q2 ¼ 1. The dotted line

shows the case of two states with equal CARS Fano parameters q1 ¼ q2 ¼ 2 and equal lifetimes 1=ð2�Þ ¼ 8 fs. The pump and Stokes
frequencies !1 and !2 are chosen such that j�1j ¼ j�2j. The pump and probe pulse widths satisfy the inequalities �1;2Tpu;pr � 1. A

diagram of the CARS process is sketched in inset 1. Inset 2 shows a close-up view of the signal within the first two femtoseconds.
Inset 3 displays time-resolved CARS signal from the 3s 1Po and 4s 1Po AI states in Ne.
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component of the AI state (the bound-bound channel). The
third, bound-continuum-bound channel, involves the qua-
sibound component jki as an intermediate step but probes
the amplitude that has ‘‘leaked’’ into the continuum when
the probe pulse arrives.

These pathways can be distinguished. Response of the
flat continuum is instantaneous. As a result, no finite
evolution time that would be related to electron wave-
packet dynamics appears in Pcðt; �Þ. Instead, this term
follows the cross correlation of the Raman pump pair and
the probe pulse; see Eq. (7). For pump and probe pulses
much shorter than the AI lifetime, this cross correlation is
followed by a much longer response associated with the AI
wave packet, Eq. (8). The two components of this response
are shifted in phase by �=2. We shall see that this phase
shift can be used to identify the two pathways.

Equations (7) and (8) show that, for short pump and
probe pulses (�kTpr;pu � 1), the CARS signal directly

traces dynamics of the AI wave packet. Indeed, at � �
Tpu the pure continuum response Pcðt; �Þ is gone, and the

CARS signal is dominated by Paiðt; �Þ. With �kTpr � 1,

akðtÞ in Eq. (8) can be replaced with akð�Þ. The integrated
CARS signal is then given by Sð�Þ / R

dtjPðt; �Þj2 /
jPkakð�Þðqpr-aSt;k � iÞj2 and directly traces the wave-

packet dynamics expressed by the interference of ampli-
tudes ak. The Fano parameter for the two-photon probe–-

anti-Stokes transition qpr-aSt;k ¼ Dð2Þ
pr-aSt;k=½�Dð2Þ

pr-aSt;cWk�
controls the relative role of the two pathways in the
CARS signal associated with the two components of the
wave packet: the one still bound (contributing to the
bound-bound pathway) and the one that has leaked into
the continuum when the probe arrives (contributing to the
bound-continuum-bound pathway.)

Standard perturbative calculation for akðtÞ yields
akðtÞ¼�iE1E2F

ð2Þð�k;tÞe�ið�k�i�kÞt½hkjD̂ð2Þ
pu-Stj0i

� i�WkD
ð2Þ
pu-St�: (9)

The first term in square brackets describes direct excita-
tion to jki. The second describes excitation via con-
tinuum states coupled to jki by electron-electron correla-

tion Ŵ. The transition amplitude is proportional to the
Fourier component of the pump-Stokes two-photon

envelope f1ðtÞf�2ðtÞ, with Fð2Þð�k; tÞ ¼
R
t
�1 dt�

expð�i�ktÞf1ðtÞf�2ðtÞ, where �k ¼ Ek � ðEg þ!1 �!2Þ
is the detuning of the transition. With � � Tpu,

Fð2Þð�k; tÞ ¼
R1
�1 dt expð�i�ktÞf1ðtÞf�2ðtÞ ¼ Fð2Þð�kÞ.

Using Eq. (9) and introducing the Fano parameter for

the pump-Stokes Raman transition qpu-St;k ¼ Dð2Þ
k;pu-St=

½�Dð2Þ
pu-StWk�, we obtain Sð�Þ / jPke

�ið�k�i�kÞ��kj2, and
�k ¼ Fð2Þð�k; tÞðqk;pu-St � iÞðqpr-aSt;k � iÞ. The phase dif-

ference between the bound-bound and bound-continuum-
bound pathways is �k ¼ � arctanð1=qpr-aSt;kÞ �
arctanð1=qk;pu-StÞ.
When several states are populated, these phase shifts

appear in the total signal. Figure 1 shows attosecond-
resolved signals for one (dashed line) and two (solid and
dotted lines) AI states. For one state (dashed line), we see a
single-exponential decay. The CARS Fano parameters and
the corresponding phase shift �1 have no impact on the
time dependence of the CARS signal (here we selected
qpr-aSt;1 ¼ q1;pu-St ¼ 2). Things change when the second

state is present, with different CARS Fano parameters and
therefore different phase shift �2. Here we set its lifetime
at 2 fs and use smaller Fano parameters qpr-aSt;2 ¼
q2;pu-St ¼ 1. Spacing between the levels is set at 3 eV,

which corresponds to an overlap of the electron energy
spectra resulting from the AI decay. The center of the two-
photon pump-Stokes transition is set in the middle between
the levels, so that j�1j ¼ j�2j.
Several features are visible in the plot. First, we see

oscillations of the signal, characteristic of the wave packet.
Second, oscillations decay with a time scale given by the
lifetime of the shorter-lived state. Third, there is a phase
shift in the oscillations as compared to the dotted line (see
inset 2 in Fig. 1), where both states have equal Fano
parameters q1 ¼ q2 ¼ 2 and hence equal �k. The phase
shift between the two states �12 ¼ �1 ��2 is mapped
(see inset 2 in Fig. 1) onto the initial phase of the oscillating
component of the CARS signal 2j�1jj�2j expð��1t�
�2tÞ cos½ðE1 � E2Þt��12�.
The phase shift between AI wave packets can be re-

trieved through heterodyne CARS detection [18], which
yields a signal Shetð�Þ / Im½R1

�1 dtE�
loðt; �Þ � Pðt; �Þ� with

a local-oscillator field at the anti-Stokes frequency

FIG. 2 (color online). The solid line
shows the reconstruction of AI states
from an attosecond-resolved heterodyne
CARS signal for the parameters corre-
sponding to the solid line in Fig. 1:
(a) jQj2 ¼ jR1

�1 dtPaiðt; !Þj2 and

(b) ArgðQÞ. The dashed line presents
(a) the spectra and (b) the phases for
the two parts of Q related to the individ-
ual AI states contributing to CARS.
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Eloðt; �Þ ¼ Eloelofloðt� �Þe�ið!1�!2þ!3Þtþ’lo , where Elo,
elo, floðt� �Þ, and ’lo are the amplitude, polarization
vector, temporal envelope, and adjustable phase shift, re-
spectively, of the local-oscillator field. Setting ’lo equal to
��=2 and 0, one can directly access the real and imaginary
parts of the AI-related time-integrated nonlinear polariza-
tionQð�Þ ¼ R1

�1 dtPaiðt; �Þ. In Fig. 2, we plot the modulus

squared and the phase for the frequency-domain counter-
part of Qð�Þ, Qð!Þ ¼ R1

�1 dtPaiðt; !Þ, determined by tak-
ing the Fourier transform of the heterodyne CARS signal
for AI states with different Fano parameters. This proce-
dure, as can be seen from Fig. 2, correctly reconstructs the
energies Ek, the lifetimes 1=ð2�kÞ, and the phase shifts �k

of AI states, resolving the spectra and the phases of indi-
vidual AI states (shown by dashed lines in Fig. 2) in the
measured CARS signal.

We now examine an application of the proposed CARS
scheme to the 3s 1Po and 4s 1Po AI states in Ne. The
relevant energies, lifetimes, and Fano parameters for these
states are found from photoionization spectroscopy mea-
surements [19], yielding E1 � 34:3 eV, E2 � 39:6 eV,
ð2�1Þ�1 � 8:2 fs, ð2�2Þ�1 � 20 fs, q1;pu-St � 40, and

q2;pu-St � 45. To probe these states using CARS, we apply

linearly polarized Gaussian pump, Stokes, and probe
pulses with @!1 ¼ 38:5 eV, @!2 ¼ 1:5 eV, @!3 ¼
10 eV, Tpu ¼ 0:4 fs, Tpr ¼ 1 fs, and TSt ¼ 5 fs, so that

�1;2Tpu;pr � 1. The pump pulse is chosen short enough to

provide efficient Raman excitation of AI states (the cross
section of this process would be about 90 times lower with
a 1-fs pump). The time-resolved CARS signal generated
through the !4 ¼ !1 �!2 þ!3 wave mixing process
displays oscillations (inset 3 in Fig. 1), originating from
the interference of transitions involving the 3s 1Po and
4s 1Po AI states of Ne, with an oscillation period of
770 as. From the reference data [20], we estimate the
absorption length for the anti-Stokes signal in neon at a
pressure p ¼ 100 mbar as 1 mm. The coherence (phase-
mismatch) length at p ¼ 100 mbar is lc ¼ �ð2jkpu �
kSt þ kpr � kasjÞ�1 � 2 mm, where kpu, kSt, kpr, and

kaSt are the wave vectors of the pump, Stokes, probe, and
anti-Stokes fields, respectively. In the regime of incoherent
pump-probe spectroscopy of AI states, where the informa-
tion about coherences is usually lost from the detected
signal, phase matching is not required, and the parameter
space for the experimental work is generally broader, but
the spatial mode density of photons is lower.

In principle, the proposed spectroscopic technique can
be implemented in an all-xuv format, i.e., without using the
laser pulse. This can be done, e.g., through a !4 ¼ !1 þ
!2 þ!3 sum-frequency generation scheme, with all of the
frequencies !1, !2, and !3 lying in the xuv range and
corresponding to attosecond pulses. However, the role of a
laser pulse becomes significant when a fine frequency
tunability is needed for spectroscopy measurements, e.g.,

for the retrieval of the phase shifts of rapidly decaying
eigenstates of a quantum system, such as AI states consid-
ered in this work. In the above discussion, we focused on a
CARS process involving an AI state that can be coupled to
the initial bound state by a two-photon-allowed Raman-
type transition. Because of the odd parity of photons, one-
photon transitions between these states are suppressed by
parity conservation. Even when such one-photon transi-
tions are allowed, CARS with an independent variable
delay time introduced between the Stokes and pump pulses
in addition to the delay time between the probe and Stokes
pulses still offers an advantageous method for the analysis
of ultrafast autoionization dynamics. Such a double-delay-
time CARS, also referred to as two-dimensional CARS in
molecular spectroscopy [21], can coherently project the
interfering bound and continuum components of AI states
excited by the pump photon to a bound-state wave packet,
allowing a coherent control of population transfer via an AI
state and helping to resolve dynamics related to the inter-
fering quantum channels.
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