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Optical Detection of Interfering Pathways in Subfemtosecond Multielectron Dynamics
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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 (Al) electronic wave packets, the CARS signal
involves both quasibound and continuum components of
Al states. The corresponding pathways have well-defined
relative phase shifts and/or different temporal dynamics.
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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 Al states can be
retrieved by using CARS. Because of these interfering
pathways, the Al 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
Al 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 w, field amplitude &, polarization vec-
tor e, and envelope f, () plays the role of the pump. The
laser pulse [carrier frequency w,, field amplitude &,, po-
larization e,, and envelope f,(7)] plays the role of the
Stokes. The pair excites coherent superposition of the
Fano-type [12,15] Al resonances (inset 1 in Fig. 1).
Time-delayed by 7 a uv or xuv pulse [carrier w3, amplitude
&5, polarization e;, and envelope f3(t — 7)] probes
Raman-excited transients with detection at the anti-
Stokes frequency w, = w; — w, + w3. 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 |¥) = e E[ay(1)]|0) +
|AW)], where E, is the ground state energy and

|AW) = [WO(eion + [WO (p)e~iler—ea)
+ WO, 7))e o oato, (1
Here | W (1)) = ¥,a,(1)|1) describes intermediate excita-

tion created by the pump. The Raman pair of pump and
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FIG. 1 (color online).

Attosecond-resolved CARS signal for autoionizing wave packets. The dashed line shows the CARS signal for

a single Al state with lifetime 1/(2I";) = 8 fs. The solid line shows the CARS signal from a superposition of two states spaced by
AE = 3 eV with 1/(2F1) =38 fS, Qpr—aSt,l = ql,pu—Sl =q = 3, 1/(2F2) =2 fS, and qpr—aSt,Z = qZ,pu—Sl =g, = 1. The dotted line
shows the case of two states with equal CARS Fano parameters ¢; = ¢, = 2 and equal lifetimes 1/(2I") = 8 fs. The pump and Stokes
frequencies @, and w, are chosen such that |A;| = |A,|. The pump and probe pulse widths satisfy the inequalities FCipTpm < 1A
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 ! P? and 4s ! P° Al states in Ne.

Stokes pulses creates an Al wave packet |W@(r)) =
San®)|k) + [dec(1)l€), where, following the standard
approach [15,17], we use “bound” (|k)) and ““‘continuum”
(l€)) components of Al states coupled by the electron-
electron correlation W; € denotes the detuning of the
continuum state from the resonance energy £, + 0| — w,.
Dynamics is monitored by the delayed probe pulse that
creates W (7, 7)) and induces the CARS polarization
P (1, 7) = aj()(0ld| T (s, 7))e (@rmetedi(2)

The standard procedure of perturbation theory then gives
P(t, 7) = & f5(t — T)e_i(w‘_w2+w3)lI:z<0|ﬁ:;2r)-a3t|k>ak(l‘)
i

+ DﬁlaSwC(r)], 3)

N2 dljxjld- —

where D = —Zj%, C(t) = [dec(r),
and
t . ,
c.(t) = —if dt’e_’f(’_’)l:ZWkak(t’)
3
+ &6 01 (f/)fﬁ(t/)Dﬁ).St], 4)
with DA;%I)_St = —Z,%. Here we use the standard
8

assumption in the Fano-type theory: The ‘“‘bare” contin-
uum |€) is assumed flat, with continuum structures appear-
ing from the coupling between |k) and | €). Mathematically,

this means <E|1A)£,i)_5t|0> =~ DSJ)_SI, (e|lW|k) = W, and
A2 2
<O|D£)rza8t|€> = DgrzaSt,c'

The first term in square brackets in Eq. (4) describes a
transition to the continuum via the quasibound part of the
Al states | k). 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 Al states: I',T},, <
1 for all |k). Here T, is the duration of the probe pulse, and
T, is the decay rate of the state |k).

Integrating over €, we find

C(r) = —iw[zwkak(r) + &Ezfl(r)f;(t)D;i).St]. )
k

Now we can write CARS polarization Eq. (3) as
P(1,7) = Exe~ et Py (1, 7) — iP(1, )], (6)

where the direct contribution of the bare continuum is

DY S E &30 f3(t—7) (D)

and the contribution of the AI wave packet is

Pt 7) = f3(t = DY a, (DD s
k

— 2
- 7TDpr-aSt, ¢

P.(t 1)

—i-n®?
”TDpr—aSt,c

W)

®)

Three pathways interfere in the CARS signal. The first
corresponds to the direct response of the flat continuum
and is described by P.(z, 7) (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 Al state and
enter via P,(z, 7). The second pathway enters via

a,(HD?

preasyk- 1t describes a response of the quasibound
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component of the Al state (the bound-bound channel). The
third, bound-continuum-bound channel, involves the qua-
sibound component |k) 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 P.(z, 7). 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 Al lifetime, this cross correlation is
followed by a much longer response associated with the Al
wave packet, Eq. (8). The two components of this response
are shifted in phase by 77/2. 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 (' Ty, < 1), the CARS signal directly
traces dynamics of the Al wave packet. Indeed, at 7 >
T,, the pure continuum response P, (z, 7) is gone, and the
CARS signal is dominated by Py(z, 7). With I',T,,, <1,
a; (1) in Eq. (8) can be replaced with a; (7). The integrated
CARS signal is then given by S(7) = [di|P(z, 7)|* =
1> cai(T)(qpr-aser — D)I1* and directly traces the wave-
packet dynamics expressed by the interference of ampli-
tudes a;. The Fano parameter for the two-photon probe—-

anti-Stokes transition g0 = DI()zr)-aSt,k/[WDg)—aSt,ch]
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 a,(z) yields

ay(t) = —i& &;FP (A, f)eﬂmk7irk)t[<k|DA;()2u)—St|O>

—imW D) )
The first term in square brackets describes direct excita-
tion to |k). The second describes excitation via con-
tinuum states coupled to |k) by electron-electron correla-
tion W. The transition amplitude is proportional to the
Fourier component of the pump-Stokes two-photon

|Q [ arb. units

envelope  fi(0f3(), with FO(A, 1) = [t dtX
exp(—iAgt)f1(0)f5(1), where A, = E; — (E, + 0 — ©,)
is the detuning of the transition. With 7> T},
FO(A 1) = [2 diexp(—il)f1(1)f5(1) = FP(A).
Using Eq. (9) and introducing the Fano parameter for

the pump-Stokes Raman transition gp,-g.x = D,f;u_s{/

[WDE)ZU)_Sth], we obtain S(7) o |3 e A TW7q, |2 and
ap = FO(Ay, (g pu-st = )(Gproasix — i). The phase dif-
ference between the bound-bound and bound-continuum-
bound  pathways is ¢ = —arctan(1/qpas0x) —
arctan(1/q pu-s,):

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) Al states. For one state (dashed line), we see a
single-exponential decay. The CARS Fano parameters and
the corresponding phase shift ¢»; have no impact on the
time dependence of the CARS signal (here we selected
Gpr-asi1 = q1,pu-sc = 2)- Things change when the second
state is present, with different CARS Fano parameters and
therefore different phase shift ¢»,. Here we set its lifetime
at 2 fs and use smaller Fano parameters ¢p;,si =
d2pu-st = 1. Spacing between the levels is set at 3 €V,
which corresponds to an overlap of the electron energy
spectra resulting from the Al decay. The center of the two-
photon pump-Stokes transition is set in the middle between
the levels, so that |[A;| = |A,].

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 ¢; = g, = 2 and hence equal ¢,. The phase
shift between the two states ¢, = ¢; — ¢, is mapped
(see inset 2 in Fig. 1) onto the initial phase of the oscillating
component of the CARS signal 2|a;||a,|exp(—T ;1 —
[y1) cos[(Ey — Ex)t — ¢yn].

The phase shift between AI wave packets can be re-
trieved through heterodyne CARS detection [18], which
yields a signal Sy (7) o Im[ [® dfEj (1, 7) - P(z, )] with
a local-oscillator field at the anti-Stokes frequency

FIG. 2 (color online). The solid line
shows the reconstruction of Al states
from an attosecond-resolved heterodyne
CARS signal for the parameters corre-
sponding to the solid line in Fig. 1:
(@ 101> =1 [, diP,;(t, ®)]*> and
(b) Arg(Q). The dashed line presents
(a) the spectra and (b) the phases for

the two parts of Q related to the individ-
ual Al states contributing to CARS.
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Elo(t: T) = gloeloflo(t - T)e—i(a)]—w2+w3)t+<pk,’ where glo’
€, f1o(t — 7), and ¢, are the amplitude, polarization
vector, temporal envelope, and adjustable phase shift, re-
spectively, of the local-oscillator field. Setting ¢, equal to
—1r/2 and 0, one can directly access the real and imaginary
parts of the Al-related time-integrated nonlinear polariza-
tion Q(7) = [, drP,(t, 7). InFig. 2, we plot the modulus
squared and the phase for the frequency-domain counter-
part of Q(7), Q(w) = [*,, diP,(t, ), determined by tak-
ing the Fourier transform of the heterodyne CARS signal
for Al states with different Fano parameters. This proce-
dure, as can be seen from Fig. 2, correctly reconstructs the
energies E,, the lifetimes 1/(21';), and the phase shifts ¢,
of Al states, resolving the spectra and the phases of indi-
vidual Al 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'P° and 4s'P° Al states in Ne. The
relevant energies, lifetimes, and Fano parameters for these
states are found from photoionization spectroscopy mea-
surements [19], yielding E; = 34.3 eV, E, = 39.6 eV,
@ry)'=82fs, (2Iy) ' =20fs, gp-s =40, and
G2pu-st = 45. To probe these states using CARS, we apply
linearly polarized Gaussian pump, Stokes, and probe
pulses with hw; =38.5¢eV, hw,=15¢eV, hw;=
10 eV, Tpu = 0.4 fs, Tpr =1f1s, and Tg, = 5 fs, so that
[y 2T pypr << 1. The pump pulse is chosen short enough to
provide efficient Raman excitation of Al 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 w, = w; — w, + w3 wave mixing process
displays oscillations (inset 3 in Fig. 1), originating from
the interference of transitions involving the 3s!P° and
4s1Po Al 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 = 100 mbar as 1 mm. The coherence (phase-
mismatch) length at p = 100 mbar is [. = 7T(2|kpu —
ks + kp — Ky) 7! = 2 mm, where k,, kg, Kk, and
kg, are the wave vectors of the pump, Stokes, probe, and
anti-Stokes fields, respectively. In the regime of incoherent
pump-probe spectroscopy of Al 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 w, = @, +
w, + w3 sum-frequency generation scheme, with all of the
frequencies w;, w,, and w; 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 Al states consid-
ered in this work. In the above discussion, we focused on a
CARS process involving an Al 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 Al states
excited by the pump photon to a bound-state wave packet,
allowing a coherent control of population transfer via an Al
state and helping to resolve dynamics related to the inter-
fering quantum channels.
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