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Abstract

We report the observation of cascaded optical free-induction decay four-wave mixing (FID-FWM) signal. This
process can take place when nonlinear optical measurements are carried out with pulses that are orders of magnitude
shorter than the dephasing time of the sample. Experimental observations and theoretical calculations show that the
coherent emission from the first laser pulse participates as a time-delayed local electric field to yield the cascaded signal.
We arrive at this conclusion based on pulse sequences of degenerate noncollinear femtosecond pulses for which three-
pulse FWM is forbidden. Further confirmation was obtained from experiments where the time delay between two
pulses were used to form ground or excited state populations, the signal reflected the corresponding ground or excited
state dynamics. Although FID is long lived, the femtosecond resolution was found to be maintained in our mea-
surements on gas phase molecular iodine. This is because the FID is modulated in the femtosecond time scale by the
molecular dynamics of the system; its intensity and modulation were confirmed using femtosecond time-gated up-
conversion measurements. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

In this article, we consider four-wave mixing
(FWM) experiments in a regime where the de-
phasing time of the sample is orders of magnitude
longer than the laser pulses that induce it. The
polarizations generated by each laser can interact
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with the system long after the pulses have passed,
leading to the generation of new nonlinear signals.
Here we isolate these effects using pulse sequences
for which three-pulse FWM processes are forbid-
den. This article is a continuation of efforts from
our group on sorting the role of pulse sequences in
the study and control of molecular dynamics in gas
phase samples [1-7].

The timing between the pulses plays a crucial
role in time-resolved nonlinear optical spectro-
scopy. The Liouville equation, describing the time
evolution of the density matrix, depends on knowl-
edge about the timing at which each laser pulse
interacts with a system to generate nonlinear
optical signals. Graphical representations of the
Liouville equation, such as double-sided Feynman
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diagrams (DSFD) have been developed to sort out
the various nonlinear optical responses to different
pulse sequences [8,9]. For resonant excitation, only
the diagrams that fulfil the rotating wave approx-
imation (RWA) contribute significantly to the
signal [8,9]. These descriptions of the FWM pro-
cess can be used to determine the mechanism for
signal formation. When the duration of the laser
pulses is orders of magnitude shorter than the
coherence decay of the sample additional wave-
mixing phenomena involving the optical free-
induction decay (FID) from the first beam can take
place. The object of this study is to characterize the
nature of these cascaded (C) FID-FWM processes.

We explore C-FID-FWM phenomena using
pulse sequences that prevent three-pulse FWM sig-
nal formation along the detected phase-matching
direction. The pulse sequences and the individual
pulse wave vectors, k;, are shown diagrammati-
cally in Fig. 1. The noncollinear laser beams are
focused and overlapped at the sample. The signal
is detected at the phase-matching direction k, =
k, — k, + k. [1,2]. Note that beams « and c¢ are
diagonally opposed in the transient grating sche-
matic, and because of symmetry are equivalent.
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Fig. 1. (a) Transient grating diagrams and DSFD (Ry4, R;, R,
and R; from left to right, respectively) for the case when pulses
a and b precede pulse c. In these cases pulses @ and b form a
transient grating (indicated by the horizontal lines) and the
signal arises from the Bragg diffraction of pulse ¢. (b) Transient
grating and DSFD for the case when pulse b is the last to arrive
at the sample. The grating formed by pulses a and ¢ (indicated
by the diagonal lines) cannot diffract pulse b in the signal di-
rection. Violation of the RWA is identified in the DSFD by the
crossed arrows.

They are represented by right-going arrows in the
DSFD. Beam b bisects beams a and ¢, it has a
negative wave vector contributions to the signal,
therefore, it is represented by a left-going arrow in
the DSFD. In Fig. 1(a) we give the four DSFD
that are responsible for three-pulse FWM, when
pulses ¢ and b arrive at the sample before pulse c.
These diagrams are applicable to FWM processes
involving two electronic levels with vibrational and
rotational manifolds each, and are known as re-
sponses Ry, Rj, R,, and Rj respectively [9]. For a
three-level system, additional diagrams must be
considered [10]. The first pair of diagrams in Fig.
I(a), correspond to virtual echo (or perturbed
FID) sequences with (a; —b;c) [8,12] and the sec-
ond pair correspond to three-pulse stimulated
photon echo sequences with (—b;a;c) [8,9], where
the order is given as (first; second; third). The di-
agrams in Fig. 1(b), when pulses ¢ and ¢ arrive at
the sample before pulse » with the general pulse
sequence (a;c; —b), violate the RWA and are not
expected to yield FWM signal.

Three-pulse FWM measurements can also be
understood in terms of Bragg diffraction of the
third pulse from transient grating formed by the
first two pulses [11]. Transient grating schematics
are shown in Fig. 1. The two beams responsible for
grating formation are indicated by white arrows,
the third pulse is shaded gray. The Bragg diffracted
signal, with kg, is indicated by a black arrow. The
transient grating schematic in Fig. 1(a) has the
proper orientation for Bragg diffraction of pulse ¢
in the phase matching direction. Fig. 1(b) shows
that the transient grating resulting from the cross-
ing of beams a and c is in a direction that cannot
lead to Bragg diffraction of pulse b towards the
detector. No conventional FWM signal is expected
from the pulse sequences in Fig. 1(b). In this article
we use the pulse sequence (c; a; —b), where a and ¢
are the first two pulses, as in Fig. 1(b), to isolate
the C-FID-FWM signal.

2. Experimental
The experimental setup has been described in

detail elsewhere [1,2]. Three degenerate 60 fs laser
pulses centered at 620 nm, and ~30 pJ energy,
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cross at the 5-cm long sample cell containing
iodine vapor at 140°C (see Fig. 2(a)). The OD of
the sample was kept at 0.25. The time delay be-
tween pulses a and b was fixed while the time delay
between pulses b and ¢, indicated by t =1, — t,
was scanned. Accordingly, time zero is defined as
the time when t =1, —t, = 0. The lasers are ar-
ranged in the phase-matching geometry shown in
Fig. 2(a).

Femtosecond time-gated up-conversion was
used to measure the FID from the experimental
cell. We used the experimental arrangement de-
picted in Fig. 2(b). The unfocused pump laser ~25
uJ, was transmitted through the cell and was fo-
cused on a 0.5 mm KDP crystal. The gate pulse ~1
uJ, was focused on the KDP crystal and scanned in
time. The second harmonic signal corresponded to

Experimental Setup
Four-Wave Mixing a)

pulse ¢ (scanned) <«—[|—

pulse a (fixed delay) ||

pulse b (time zero)u

kF1D= kpumv

Fig. 2. (a) Experimental arrangement for FWM experiments.
The laser pulses are crossed in a phase-matched geometry. The
pulse arrangement shown is for experiments with a fixed time
between pulses a and b. (b) Experimental arrangement used for
time-gated FID measurements using femtosecond up-conver-
sion. The pump pulse transmits through the sample and the
gate pulse up-converts the FID following the pump pulse in a
nonlinear optical crystal (KDP). The up-converted signal (SH)
is detected by a photomultiplier after spectral and spatial fil-
tering.

the femtosecond time-gated FID, up-converted in
the nonlinear crystal. The signal was filtered spa-
tially and spectrally with a spectrometer before
detection.

3. Results and discussion

For the first set of three-pulse FWM experi-
ments, two pulses were overlapped in time leaving
only one time delay as a variable. For the second
set of experiments, the time delay between two of
the pulses was used as an additional variable to
help sort the nonlinear processes. In Fig. 3 we
present experimental results when laser pulses «
and ¢ coincide in time and laser pulse b is scanned
in time. When beam b arrives at the sample first, it
(or the polarization caused by it in the sample)
forms a transient grating with beam a. Beam c
diffracts from this grating to form the photon echo
signal (see Fig. 1(a)). However, when pulse b ar-
rives last, no signal is expected, as discussed earlier
(see Fig. 1(b)). This situation occurs for negative t
in Fig. 3. The signal observed for negative 7 is
relatively strong and shows femtosecond time-
resolved features.

In Fig. 4 we present experiments with pulses «
and b separated by a fixed time delay. When pulse

Photon Echo (experiment)

C-FID-FWM Photon Echo
S N ta,c tb tb ta,c
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Fig. 3. Experimental FWM data obtained for pulse sequences
having pulses @ and ¢ overlapped in time. For positive 7, the
signal corresponds to the three-pulse photon echo phenome-
non. For negative 7, the signal corresponds to the C-FID-FWM
process. The modulation of the signal (307 fs) corresponds to
the time-resolved vibrational dynamics of the B state of iodine.
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Three-pulse FWM (experiment)
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Fig. 4. Experimental FWM data obtained for pulse sequences
with a fixed time-delay between pulses a and b. For positive t,
the signal corresponds to a virtual photon echo phenomenon.
For negative 7, the signal corresponds to C-FID-FWM. The
time delay between pulses a and b, in both cases, controls the
observation of ground (upper experiment, oscillation period
160 fs) or excited electronic state motion (bottom experiment,
oscillation period 307 fs).

¢ arrives at the sample after pulses ¢ and b strong
FWM signal, corresponding to a virtual echo
phenomenon is observed [12,13]. The first two
DSFD in Fig. 1(a) correspond to this observa-
tion. Pulses ¢ and b form the grating and pulse ¢
diffracts to form the signal. The observation of
ground (160 fs oscillation period, upper experi-
ment) or excited state (307 fs oscillation period,
lower experiment) vibrational dynamics when the
time delay between pulses « and b is 614 or 460 fs
respectively has been discussed elsewhere [2-5].
When pulse ¢ precedes the two other pulses, no
signal is expected. Pulse ¢ cannot diffract from a
grating that has not been formed. The signal for-
mation mechanism of this counter-intuitive pulse
sequence is explained below.

The experiments shown in Figs. 3 and 4 were
designed to prevent the observation of three-pulse
FWM for negative 7. Violation of the RWA as
observed in off-resonance FWM, could not ex-
plain this signal because it would contribute only

while the three pulses are overlapped in time.
Two-photon excitation, as observed in three-level
systems [10], can also be ruled out because such
process would reach a repulsive state in molecular
iodine [14], and its short lifetime would not be
consistent with our observations.

We propose that the FID, induced by the first
pulse stimulates signal formation. FID is a co-
herent spontaneous emission that maintains the
same directionality as the original pulse [15]. A
portion of the molecules (ensemble 1) is excited by
the first pulse ¢ and this leads to FID. Another
portion of the molecules (ensemble 2) interacts
with pulses ¢ and b forming a transient grating
that diffracts the long-lived FID from ensemble 1
in the phase-matching direction. This nonlinear
phenomenon is hence designated C-FID-FWM,
and it is identified here as an important source of
FWM signal when samples with long-lived coher-
ence are probed with ultrafast pulses.

The experimental C-FID-FWM data obtained
for negative 7 in Fig. 4 arises from the diffraction
of the long-lived FID induced by pulse ¢ by the
grating formed by pulses a and b. The observation
of ground or excited state vibrational dynamics as
a function of the time delay between pulses ¢ and b
is consistent with the proposed scheme. Note that
the signal for positive and negative times is very
similar except for the lower intensity in the case of
negative 7. Here we highlight the fact that the FID
from pulse ¢ (a coherent emission) plays the role of
a third pulse in C-FID-FWM as shown in the
DSFD.

The participation of an electric field from an
induced polarization in the system is not unpre-
cedented and is referred to as cascading. However,
the known cascaded processes involve a high or-
der polarization and these processes compete with
other noncascaded nonlinear processes, for exam-
ple, two-photon absorption and second-harmonic
generation in noncentrosymmetric crystals [16-18],
or FWM processes in six-wave mixing measure-
ments [19-21]. In contrast to the examples above,
C-FID-FWM (i) involves a first-order polariza-
tion, (ii) can be observed for pulse sequences for
which three-pulse FWM is forbidden, and (iii) can
only take place when probing long-coherence
lifetime samples with ultrafast pulses.
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The intensity of C-FID-FWM can be estimated
from the experimental parameters. The probability
of excitation by the pulse can be approximated
with Py ¢ (Epulserpulse)z, where Tpus is the dura-
tion of the pulse (in our case ~50 fs) and Epys. is
the electric field strength of the pulse. For our
experiments, approximately half the energy of the
pulse Wpuise O(Efmsefpulse 1s absorbed. The electric
field strength of FID during the first picoseconds
depends on the Einstein coefficient of spontaneous
emission 4 « 1/1,4 (the radiative time 1,4 ~ 1 pus
for the B — X transition in iodine molecules [22—
24)), therefore, Ef, o Woued = Ep i Tpuise/ Traa- The
probability of excitation by the FID is limited
by the coherence lifetime 7., (150 ps for our
sample [25]), and is given by Pgp (EFIDrcoh)z.
The expected intensity ratio Icrmp.rwwm/IFwm ~
PFID/Ppulse ~ (E‘FIDTcoh)z/(Evpulse‘tpulse)2 ~ Tgoh/
(TradTpuse)” = 0.3 is comparable with our experi-
mental results. The estimate above helps to define
the range of parameters for which C-FID-FWM
can play an important role.

In order to determine experimentally the in-
tensity, duration and modulation of the FID from
our sample we carried out femtosecond up-con-
version experiment with the setup shown in Fig.
2(b). The pump pulse and the FID that follows it
were time-gated by an external femtosecond gate
pulse. The second harmonic crystal up-converted
the FID, and the resulting signal was detected.
Two experimental time-gated FID measurements
are presented in Fig. 5. The first scan includes the
femtosecond pump pulse at time zero, and shows
only the first oscillation of the FID signal. The
second scan, obtained under higher sensitivity,
reveals the femtosecond modulation of the FID.
The oscillation period corresponds to the wave
packet dynamics in the excited state as it sloshes
in and out of the Frank—Condon region. These
measurements confirm our assumptions about the
FID in terms of intensity and femtosecond time
modulation.

4. Theory

Below we give a brief theoretical description of
C-FID-FWM based on the solution of the Liou-

Time-Gated FID (experiment)

—_
T

SH Intensity , [a.u.]

Delay Time 7 , [ps]

Fig. 5. Experimental time-gated FID data. The signal corre-
sponds to the up-converted optical FID by a femtosecond gate
pulse in a nonlinear optical crystal. Two different scans are
shown. The first scan includes the pump pulse centered at t = 0.
The second scan, obtained under higher sensitivity, shows
modulations in the signal caused by the wave packet dynamics
in the B state of iodine.

ville equation. Microscopic expressions for cas-
cading are given in Chapter 16 of Ref. [9].
Evolution of the density-matrix elements p;; in the
absence of an external field can be described with
the free propagator, under interaction with the
vibronic matrix elements V;;.

V[.“] -4 (] oikax ’

ij ij where Al[]x] = @S}?‘]l/z (1)

h

where the label o indicates the interacting pulse «,
b or ¢; i and j are indices for vibrational levels in
the excited and ground state respectively; w;; and
t; are the transition frequencies and dipole mo-
ment on the ijth transition; S,-[;] is the spectral in-
tensity of the corresponding transition induced by
the transform-limited pulse o with carrier fre-
quency @, and wave vector ka;AB‘] are the mac-
roscopic space-independent (x) components of
i

The initial condition of the density matrix
pg?) =n; is given by a Boltzmann distribution.
After pulse ¢ interacts with the sample at time ¢,
the induced polarization causes FID with the wave
vector kgpp = k.,
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I/[j[c]*eiu)i/(tftl )]I’l/ )

Erp(?) ZZMU ,[C]efw”t W

(2)

This field interacts with medium, V,/ | s EFip,
after pulses ¢ and b at times ¢, and #; causing the
third-order polarization

3) o (1 @)
pyy (1) o —e 1! IS)Z.,,:p/’j(tf‘)“if”Z;Mﬂj’
rJ

/ dfe 1u]u /—t3) [ —i[w,rj/(t'fl‘l)*kFle]

_e il (t'—t;)— kFIDx]]A[-,C]-,n//
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i” l‘/j/

t
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o0

_ giloyy (= )_kFIDx]]Al[_fj_/nj, . (3)

Only resonance terms can stimulate optical tran-
sitions, therefore, terms with ;7 = w;; in the first
sum and wy; = w;; in the second sum are kept
The second order density matrix elements, pl ;
Eq. (3), can be calculated with the following for-
mula applicable for well-separated pulses [26]

(1) = e S [Vl 1)
il =1
} +Z[ i’ '0/1 ()

7

—pi ()

— o el B )

To calculate the virtual echo and C-FID-FWM
signals, we pick the nonzero density matrix ele-
ments of pl, proportional to exp[—i(wot — (k,—
k;, + k.)x)], because only these components emit
light in the phase-matching direction. The intensity
of the time-integrated signal is given by

1= ZI,-j, where I;; ulz// dt|p§/?>(;)|2, (5)
7 5

An expression to calculate the spectral compo-
nents I,.[jFID] of the C-FID-FWM signal observed

for negative 1., =, — t, can be obtained as fol-
lows. We use Eq. (4) to calculate pﬁf), introduce
these elements into Eq. (3), and finally, calculate
each element with Eq. (5) using 1, =1, — 1,, to
obtain

FID 100; i/ Teb [L] 71()7 Tha [a
j x ,u,j Ze ,u,j,A,.j,njr e A A
l‘/

iwytep ,,2 »l€ —iw. 4 LE
+ Zelwl'./f"’ Mi,jAl[.,;ane lw’»’/rb"Al[-/j]-/ Az[/] nj
l‘/ j/

(6)

The spectral components I VEL of the three-pulse
virtual echo signal for posmve 7., are obtained
using Eqgs. (4) and (5)

[VE] 2 —iwy T 4le] —iwy tp g01* 4la]

I o< E:e Ay Ze Ay Au”f
/'/ l'l

2

i ZC m”,fch[c]Ze—lwl//l'baA[b /nj . (7)

Egs. (6) and (7) are very similar. The time delay t,
is the control parameter that allows us to select
between ground and excited state dynamics in
both cases [2-5]. The signal is obtained as a
function of the time delay 7., in both cases. Com-
puter simulation for both cases, using the avail-
able spectroscopic data [22-24], the experimental
laser parameters, and Egs. (6) and (7), are shown
in Fig. 6. Rotational dephasing effects have also
been included using the formulations by Lozovoy
et al. [27]. The relative amplitudes of the signals
were normalized according to the estimated ra-
tio between C-FID-FWM and conventional FWM
as discussed above. The theoretical simulations
shown in Fig. 6 are in agreement with the experi-
mental data in Fig. 4.

5. Conclusion
The combination of ultrafast lasers, with sam-

ples having long coherence times can be used to
yield nonlinear optical signals that are not easily
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Three-pulse FWM (theory)

C-FID-FWM Virtual Echo
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Fig. 6. Theoretical simulation of the experimental results pre-
sented in Fig. 4 without adjustable parameters. The DSFD that
describe the results are also shown (top). For positive t, the
signal corresponds to a virtual photon echo phenomenon. For
negative 7, the signal corresponds to C-FID-FWM. Interaction
of pulse ¢ with ensemble 1 initiates the long-lived FID with
wave-vector kgp = k.. The FID diffracts from the ground or
excited state gratings formed by the pulses a and b in ensemble 2
and generates a coherent emission in the direction k, — k;, + k..
The simulations include rotational dephasing effects.

observed with conventional laser sources. Here we
present two experiments that illustrate this point
and discuss the conditions required for their ob-
servation. The experiments demonstrate that FID
can cause the formation of FWM signal for pulse
sequences where conventional FWM is forbidden.
Femtosecond up-conversion measurements con-
firmed the intensity and modulation of the FID,
caused by the wave packet dynamics in the excited
state of the sample. A theoretical formulation
for the processes discussed was presented. Results
from this model simulate the observed experi-
mental results and confirm that femtosecond time
resolution is maintained. The participation of FID
in nonlinear optical measurements, as discussed
here, is expected to be observable for any system

where 2, /(TraaTpuse) 18 near unity. We estimate
that C-FID-FWM should be observable for some
condensed phase system such as a laser dye solu-
tion irradiated with sub-10 fs laser pulses. The
nonlinear processes responsible for the negative
time delay signal in photon echo were first dis-
cussed in the theory by Leegwater and Mukamel
[28]. It is possible that Kinrot and Prior observed
this effect when analyzing the photon echo signal
from a sample at high concentration [29]. After the
preparation of this manuscript we learned that a
similarly forbidden FWM signal was observed in a
dense atomic vapor, and explained as a Lorentz
local-field effect [30].
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