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We report on an ultrafast longitudinal time measurement by a nonresonant Rayleigh-type nondegener-
ate four-wave mixing (NFWM). We investigated the field-correlation effects on Rayleigh-type NFWM
by examining the time-delayed dependence of the NFWM spectra. Based on the field-correlation effects,
a time-delayed method is proposed to suppress the thermal effect, and ultrafast relaxation time can be
measured even in an absorbing medium.
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Ultrashort-pulse nonlinear optical spectroscopy has
proved to be a valuable technique for investigating the dy-
namics of a wealth of mechanisms in condensed matters.
Using femtosecond time-resolved four-wave mixing
(FWM), valuable information on the dephasing dynamics
in semiconductors and molecular materials has been ob-
tained [1,2]. The time resolution of this method is limited
by the pulse width. The ultrafast dephasing phenomena
can also be studied by time-delayed FWM with incoherent
light [3]. This technique is intrinsically related to the
optical coherent transient spectroscopy with an advantage
that the time resolution is determined by the correlation
time tc of the light source. While the dephasing time T2

has been measured by many groups under the condition
that T2 . tc, the measurement of longitudinal time T1
has proved much more difficult and seemed to be limited
at least by the condition T1 . tc [4].

In this Letter, we report on Rayleigh-type nondegen-
erated four-wave mixing (NFWM). In contrast to the
resonance-enhanced NFWM where the dephasing time can
be measured [5], Rayleigh-type NFWM is a nonresonant
process and can be employed to measure the longitudinal
time. We employed Rayleigh-type NFWM to study the
ultrafast molecular dynamics in CS2. Previously, ultrafast
molecular dynamics in liquid has been studied either in the
time domain by time-resolved optical Kerr effect or in
the frequency domain by light scattering measurement [6].
The time resolution of optical Kerr effect is limited by
the laser pulse width. On the other hand, the frequency
resolution of light scattering is determined by the resolu-
tion of the monochromator. Rayleigh-type NFWM is a
frequency-domain nonlinear laser spectroscopy with high
frequency resolution, which is determined by the laser
linewidth. Since the relaxation time is deduced from the
NFWM spectrum, the measurement is not limited by the
laser pulse width or the laser correlation time.

We also investigated the field-correlation effects on
Rayleigh-type NFWM. The outcome of these studies
suggests a novel method for the suppression of thermal
effect. Thermally induced phase grating in an absorbing
sample can be quite efficient; contributions from a thermal
0031-9007�02�88(11)�113902(4)$20.00
grating may dominate the NFWM spectrum and obscure
the valuable information of the spectrum. The difficulty
of the problem of thermal grating suppression is that both
the strength of the grating which we are interested in and
the thermal-grating strength depend similarly on nearly
all of the various experimental conditions. Based on the
field-correlation effects, here we propose a time-delayed
method for the thermal-grating suppression. Therefore,
ultrafast longitudinal relaxation time can be measured
even in an absorbing medium.

Rayleigh-type NFWM is a third-order nonlinear phe-
nomenon which involves three incident beams (see Fig. 1).
Beams 1 and 2 have the same frequency v1 and a small
angle u exists between them. Beam 3 with frequency v3
is propagating along the opposite direction of beam 1. The
NFWM signal (beam 4) was propagated along a direction
almost opposite that of beam 2. There are two mecha-
nisms involved. First, the nonlinear interaction of beams
1 and 2 with the medium gives rise to a static molecular-
reorientational grating. The NFWM signal is the result of
the diffraction of beam 3 by the grating. Second, beams
2 and 3 with different frequencies build up a moving grat-
ing. If the grating lifetime 1�g is larger than the time it
needs to move over one spatial period (which is of order
1�jv1 2 v3j), then destructive interference occurs during
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ω1

FIG. 1. Experimental setup. BS’s, beam splitters; M’s, mir-
rors; GP’s, Glan prisms; CP, Soleil-Babinet compensator; P,
Polarizer; PD, photodiode; S, sample.
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engraving and erases the grating. In other words, the sig-
nal originates from the spectral region jv1 2 v3j , g.

The complex incident laser fields can be written as
Ei�r, t� � Ai�r, t� exp�2ivi t� � ´iui�t� exp�i�ki ? r 2

vit��, (i � 1, 2, 3). ´i and ki are the constant field magni-
tude and the wave vector of the ith beam, respectively; ui�t�
is a dimensionless statistical factor that contains the phase
and the amplitude fluctuations. We assume that beams 1
and 2 come from a single laser source, then u1�t� � u�t�,
u2�t� � u�t 2 t�. Here t is the time delay of beam 2
with respect to beam 1. The nonlinear polarization
responsible for the Rayleigh-type NFWM is P�r, t� �
113902-2
P1�r, t� 1 P3�r, t� with P1�r, t� � Q1�r, t�E3�r, t� and
P3�r, t� � Q3�r, t�E1�r, t�. Here Q1�r, t� and Q3�r, t� are
order parameters of the gratings induced by beams 1 and
2 and beams 2 and 3, respectively, which satisfy

≠Q1

≠t
1 gQ1 � gxA1A�

2 expi��k1 2 k2� ? r� ,

≠Q3

≠t
1 gQ3 � gxA3A�

2 expi��k3 2 k2� ? r 2 Dt� . (1)

Here D � v3 2 v1; x and g are the nonlinear suscep-
tibility and relaxation rate of the gratings. Equation (1) can
be solved formally, from which we obtain
P1�r, t� � S�r, t�
∑
xgA3�t�

Z `

0
dt0 A1�t 2 t0�A�

2�t 2 t0� exp�2gt0�
∏

,

P3�r, t� � S�r, t�
Ω
xgA1�t�

Z `

0
dt0 A�

2�t 2 t0�A3�t 2 t0� exp�2�g 2 iD�t0�
æ

. (2)
Here S�r, t� � exp�i��k1 2 k2 1 k3� ? r 2 v3t��. The
NFWM signal intensity is proportional to the average of
the absolute square of the polarization over the random
variable of the stochastic process, i.e., I ~ �jPj2	. We as-
sume that the pump laser is a multimode thermal source. In
this case, u�t� has Gaussian statistics with its fourth-order
coherence function satisfying �u�t1�u�t2�u��t3�u��t4�	 �
�u�t1�u��t3�	 �u�t2�u��t4�	 1 �u�t1�u��t4�	 �u�t2�u��t3�	. If
the laser sources have Lorentzian line shape, we have
the second-order coherence function �u�t�u��t 2 t�	 �
exp�2a j t j� and �u3�t�u�

3�t 2 t�	 � exp�2a3 j t j�.
Here a � dv1�2, a3 � dv3�2 with dv1 and dv3 the
laser linewidth (full width at half maximum) of beams 1
and 3. Following the process given in Ref. [7], an analytic
closed form for the NFWM signal intensity can be obtained.

The experimental setup is shown in Fig. 1. The second
harmonic of a Quanta-Ray YAG laser was used to pump
two dye lasers. The first dye laser had wavelength 585 nm,
linewidth 0.007 nm, and pulse width 5 ns. It was split into
beams 1 and 2 after passing through a beam splitter, and
the two beams intersect in the sample with a small angle
(1.3±) between them. Beam 3, which originated from the
second dye laser, had linewidth 0.007 nm. The wavelength
of beam 3 could be scanned by a computer-controlled
stepping motor. Our sample was CS2 which was contained
in a cell with thickness 2 mm. In this experiment the
incident fields had the following polarization configura-
tion: E�1� k E�3� k x and E�2� k y, and the signal was
polarized along y. Figure 2(a) presents the Rayleigh-type
NFWM spectrum when t � 0. The spectrum exhibits a
symmetric resonant line added on a constant nonresonant
background. Moreover, the resonant signal is larger than
the nonresonant background by a factor of about 3. As is
well known, the optical Kerr effect for the liquid CS2 has
at least two components, i.e., a relatively long “Debye”
component and a shorter “interaction-induced” compo-
nent. To fit our experimental data, we extend our theory to
include two relaxation components with relaxation times
gf and gs. The ratio between these two components is h,
so that for the monochromatic incident lights, the nonlinear
polarization P ~ h�1 1 gs��gs 2 iD�� 1 �1 2 h� �1 1

gf��gf 2 iD��. The solid curves are the theoretical
curves with the following parameters: t � 0 ps, h � 0.3,
gs � 3.0 3 1011 sec21, gf � 2.3 3 1012 sec21, and a �
a3 � 3.8 3 1010 sec21. Considering the uncertainty of
the measurement, the corresponding relaxation times are
1.7 6 0.2 ps and 220 6 30 fs. In our experiment two
relaxation constants are obtained by assuming that the non-
linear polarization consists of a sum of two Lorentzians.
This is consistent with the empirical formula used to fit
the time-resolved optical Kerr effect data [8] that the
signal decay consists of a sum of two exponentials.

The above experiment was performed in the condition
that beams 1 and 2 were fully correlated. We now consider
the case when the relative time delay between beams 1
and 2 is much larger than the laser correlation time so that
no correlation exists between beams 1 and 2. Figure 2(b)
presents the Rayleigh-type NFWM spectrum when t �
2800 ps. It shows that field correlation has little effect on
the NFWM spectrum. The solid curve is the theoretical
curve with t � 2800 ps, while all the other parameters are
the same as that used in Fig. 2(a). Field correlation has a
profound influence on the Rayleigh-type NFWM spectrum
when a ¿ g. To demonstrate this, we study Rayleigh-
type NFWM mediated by thermal effects. Our sample was
oxazine dye dissolved in ethanol (2 3 1024 mol). All
the laser beams were vertically polarized. Figures 3(a)
and 3(b) present the Rayleigh-type NFWM spectra when
t � 0 and 2800 ps, respectively. The Rayleigh-type
NFWM spectrum exhibits a large nonresonant background
which obscures the resonant signal almost completely
when beams 1 and 2 are fully correlated [Fig. 3(a)]. In
contrast, the intensity of the resonant signal and the non-
resonant background are about the same when beams 1 and
2 are uncorrelated [Fig. 3(b)]. The solid curves in Fig. 3
are the theoretical curves. Thermal grating has long relaxa-
tion time (in the microsecond region), which is larger than
113902-2
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FIG. 2. Rayleigh-type NFWM spectra in CS2 when (a) t �
0 ps and (b) t � 2800 ps. Solid curves are theoretical curves
with gs � 3.0 3 1011 sec21, gf � 2.3 3 1012 sec21, a �
a3 � 3.8 3 1010 sec21, and h � 0.3.

the laser pulse width. Therefore, because of the finite in-
teraction time between the laser and the material, the role
of the relaxation time should be replaced by the laser pulse
width. We have g � t21

p , where tp � 5 3 1029 sec is
the laser pulse width. Other parameters used are a �
a3 � 3.8 3 1010 sec21. We note that, previously, t de-
pendence of thermal grating has been used to measure the
coherence time of picosecond pulses [9].

The resonant signal and the nonresonant background
originate from the order parameters Q3�r, t� and Q1�r, t�,
respectively. According to Eq. (2), integration effects
113902-3
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FIG. 3. Rayleigh-type NFWM spectra in oxazine dye when
(a) t � 0 ps and (b) t � 2800 ps. Solid curves are theoretical
curves with g1 � g3 � 2 3 108 sec21 and a � a3 � 3.8 3
1010 sec21.

are involved in the establishment of order parameters
of the gratings. Considering the broadband case (i.e.,
g ø a, a3), the effect of integration is to wash out the
gratings. At zero time delay no washout takes place in
the establishment of Q1�r, t� because the phase factor f1
of A1�t 2 t0�A�

2�t 2 t0� is stationary. On the other hand,
the phase factor f3 of A3�t 2 t0�A�

2�t 2 t0� is a random
variable which fluctuates with a characteristic time scale
�a 1 a3�21. Because of the integration effect, the fast
random fluctuation of f3 leads to the reduction of the
amplitude of Q3. Therefore, the Rayleigh-type NFWM
113902-3
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spectrum is dominated by a large nonresonant background
when t � 0. The Rayleigh-type NFWM spectrum in the
limit of ajtj ¿ 1 is quite different. Similar to Q3, Q1 is
now induced by mutually incoherent fields. If a3 � a,
then the influences of the integration effect on Q1 and Q3
are equal. In the case of D � 0, the signals from Q1 and
Q3 will be equal. Furthermore, the relative phase between
P1�r, t� and P3�r, t� is a stochastic variable. Since there
is no interference between them, we have B � 1, where
B is the ratio between the intensity of the resonant signal
at D � 0 and the nonresonant background. We now con-
sider the case when g ¿ a, a3. In this case, the material
gratings have very short relaxation times; therefore, they
can respond to the phase fluctuations of the fields almost
immediately. More specifically, A1�t 2 t0�A�

2�t 2 t0� and
A�

2�t 2 t0�A3�t 2 t0� in Eq. (2) are slowly varying func-
tions in comparison with exp�2gt0� which have a peak at
t0 � 0, and therefore can be approximated as A1�t�A�

2�t�
and A�

2�t�A3�t�, respectively. We have P�r, t� ~
xgA1�t�A�

2�t�A3�t�
R`

0 dt0�exp�2gt0� 1 exp�2�g 2

iD�t0��. The above equation indicates that the Rayleigh-
type NFWM spectrum is independent of t. Although the
phases of P1 and P3 fluctuate randomly, the relative phase
between them is fixed; therefore, we have B � 3 instead
of 1 due to the interference between P1 and P3.

Based on the field-correlation effects, here we propose a
time-delayed method for the thermal-grating suppression.
Consider a Rayleigh-type NFWM experiment in an ab-
sorbing sample. Because of the high efficiency of thermal
effects, then similar to Fig. 3(a) the Rayleigh-type NFWM
spectrum will exhibit a large nonresonant background when
t � 0. The nonresonant background can be reduced if we
increase the relative time delay between beams 1 and 2. A
reduction factor of 2a�g, which is about 4 3 102 in our
case, can be achieved when beams 1 and 2 become uncor-
related. The residue thermal effects can be reduced fur-
ther if we use pump beams with broader linewidth and/or
longer pulse width. On the other hand, in contrast to the
thermal grating, the field correlation has little influence on
the Rayleigh-type NFWM spectrum when the grating has
fast relaxation time. Therefore, ultrafast longitudinal relax-
ation time can be measured even in an absorbing medium.
Using a similar idea, we have revealed the hidden Raman
resonance from thermal background by a time-delayed
method in Raman-enhanced NFWM experiments [10].

As a nonlinear spectroscopy, the most important ques-
tion in Rayleigh-type NFWM is the “frequency bandwidth,”
or, equivalently, the avoidance of phase mismatch during
wavelength tuning. The coherence length in Rayleigh-type
NFWM is given by lc � 2c��n�v1�v3� jv1 2 v3ju

2�,
where n is the refractive index. To ensure that the phase
mismatching does not affect the experimental results, it
requires that the coherence length lc is larger than the
thickness L of the sample cell. Under our experimental
conditions (i.e., n 
 1.5, u 
 2.27 3 1022 rad, and L �
2 mm), the frequency bandwidth is about 3600 cm21. Fre-
quency bandwidth can be increased further by reducing the
113902-4
angle between beams 1 and 2; therefore, in principle, relax-
ation time shorter than 10 fs can be measured. In the co-
herent Raman spectroscopy the spectrum usually exhibits
an asymmetric line shape, because of the interference be-
tween the resonant signal and the nonresonant background
[11]. In contrast, Rayleigh-type NFWM is a nonresonant
process, and the line shape is symmetric even though inter-
ference between signals from two gratings exists. Finally,
although several frequency-domain nonlinear laser spec-
troscopies have been suggested for the ultrafast measure-
ment [12], Rayleigh-type NFWM possesses the following
features. This involves three incident beams; therefore,
different tensor components of the nonlinear susceptibility
can be measured independently. The angle between beams
1 and 2 can be adjusted for individual experiments to opti-
mize the tradeoff between better phase matching and larger
interaction volume or better spatial resolution.

In conclusion, we report on an ultrafast longitudinal time
measurement by a nonresonant Rayleigh-type NFWM. We
also propose a time-delayed method to suppress the ther-
mal effect, so that ultrafast relaxation time can be measured
even in an absorbing medium.
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