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Time-delayed Raman-enhanced nondegenerate four-wave mixing with a broadband laser source
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We report an experiment of the time-delayed Raman-enhanced nondegenerate four-wave mixing
(RENFWM) with a broadband laser in carbon disulfide (CS2). We studied the RENFWM signal intensi-

ty as a function of the relative time delay ~ between two beams which originate from a single broadband
laser source. Our results indicate that the temporal behavior of the RENFWM is asymmetric with the
maximum of the signal shifted from ~=0. Furthermore, unlike the corresponding coherent Stokes Ra-
man scattering (CSRS) no coherent spike appears at ~=0. From our experimental results the relaxation
time of the Raman mode can be extracted directly. We present a second-order coherence function
theory to elucidate the physics of the basic features of the time-delayed RENFWM. We also discuss the
difference between the RENFWM and the CSRS from a physical viewpoint.

PACS number(s): 42.65.Dr, 42.65.Hw

I. INTRODUCTION

Much attention has been paid to the study of various
ultrafast phenomena by using incoherent light for the
past decade. Morita and Yajima [I] first suggested
theoretically that in a two-level system the time-delayed
four-wave mixing (FWM) with incoherent light can be
used to measure the dephasing time of the system. The
time resolution of this method is determined by the corre-
lation time ~, of the light source. For an incoherent light
with a wide spectral width, ~, is much shorter than its
temporal duration, therefore subpicosecond dephasing
time can be measured even with a cw light source. This
principle was verified in an experiment performed by
Asaka et al. [2]. They studied the I9/2 67/2 65/2
transition of Nd + doped in silicate glass using a cw dye
laser source with spectral width 1.4 nm. The transverse
relaxation time T2 was measured to be 57 psec, which is
consistent with the result obtained from an accumulated
photon echo experiment. The same transition has also
been studied by using nanosecond laser pulses [3]. On the
other hand, Beach, DeBeer, and Hartmann [4] performed
a time-delayed FWM with incoherent light on the 35 to
3I' transition in Na. They observed a large-scale 1.9-psec
modulation which is associated with the fine structure of
the 3P state. A new type of the pump-probe technique
with incoherent light has also been proposed to measure
the longitudinal relaxation time Ti of a system [5].

Hattori, Terasaki, and Kobayashi [6] have applied the
principle that the correlation time determines the resolu-
tion time to the transient coherent Raman spectroscopy.
Specifically, they performed the coherent Stokes Raman
scattering (CSRS) with three beams. Two of them are in-
coherent light originating from a single source, while the
third beam is coherent with frequency higher than the in-
coherent light by a vibrational energy of the Raman ac-
tive mode. In this experiment, the relative time delay be-
tween two incoherent light beams is variable. They stud-
ied the time-delayed dependence of the CSRS signal in-
tensity and found that it o6'ered the information about

the dephasing time of the Raman vibrational mode with a
resolution time determined only by the correlation time
of the incoherent light.

Recently, we have made a systematic study of the eff'ect

of laser coherence on time-delayed Raman-enhanced non-
degenerate four-wave mixing (RENFWM) [7]. It is found
that RENFWM spectrum depends on the relative time
delay between two incident beams which originate from a
single laser source. In the case that a thermal eftect exists
in the sample, the thermal background may be eliminated
completely when the relative time delay is much longer
than the laser correlation time [7,8]. We also study the
time-delayed dependence of the RENFWM signal inten-
sity when the frequencies of the incident beams are fixed.
The most interesting thing occurs for the case that the
laser source has very short correlation time ~, . When

y~~, (&1, the RENFWM signal decays with decay rate
2y~ at the tail of the signal, hence the dephasing time of
the vibrational mode can be deduced. Here, yz is the de-
phasing rate of the Raman mode. Although physically
the time-delayed RENFWM with incoherent light is
similar to the corresponding CSRS [6], there are some
important di6'erences between them. First, the temporal
behavior of the RENFWM is asymmetric with the max-
imum of the signal shifted from zero time delay. Fur-
thermore, in the CSRS there is a coherence spike which is
related to the autocorrelation function of the incoherent
light beams. In contrast, the coherence spike is absent in
the RENFWM. In this paper, we report an experiment
of the time-delayed RENFWM with broadband laser
sources. We also present a second-order coherence func-
tion theory, which provides a deeper insight into the
physics of the time-delayed RENFWM.

The paper is organized as follows. In Sec. II the exper-
imental setup and the results of the time-delayed
RENFWM with broadband laser source are presented.
In Sec. III we develop a second-order coherence function
theory to elucidate the underlying mechanism of the
time-delayed RENFWM. Section IV is the discussion
and conclusion. The difI'erence between RENFWM and
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CSRS from a physical viewpoint has been discussed in
this section.
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II. KXPKRIMKNT

RENFWM is a third-order nonlinear phenomenon
with three incident beams involved [9,10]. The basic
geometry is shown in Fig. 1. Beams 1 and 2 have the
same frequency cu& and a small angle exists between them.
Beam 3 with frequency co3 is almost propagating along
the opposite direction of beam 1. In a Kerr medium, the
nonlinear interaction of beams 1 and 2 with the medium
gives rise to a molecular-reorientational grating. The
FWM signal is the result of the diffraction of beam 3 by
the grating. Now, if ~co&

—
co3~ is near the Raman reso-

nant frequency co~, a moving grating formed by the in-
terference of beams 2 and 3 will excite the Raman-active
vibrational mode of the medium and enhance the FWM
signal. The FWM signal (beam 4) has frequency co3 and is
propagating along the opposite direction of beam 2 ap-
proximately. In these experiments, we are interested in
the dependence of the FWM signal intensity on the rela-
tive time delay between beams 1 and 2, which are broad-
band light beams originating from a single laser source.

The experimental setup is shown in Fig. 2. We studied
the 655.7-cm ' vibrational mode of carbon disulfide
(CS2), which was contained in a sample cell with thick-
ness 10 mm. The second harmonic of a Quanta-Ray
YAG laser (where YAG denotes yttrium aluminum gar-
net) as used to pump two dye lasers (D 1 and D2). To ob-
tain broadband light source, the cavity of Dl is made
with a 1200-line/mm grating and an output mirror only
with no optical component to expand the beam diameter.
The laser has wavelength 589.2 nm, linewidth 0.1 nm,
output energy 1.5 mJ, and pulse width 5 nsec. The laser
output was split into beam 1 and beam 2 after passing
through a beam splitter (BS1), and the two beams inter-
sect in the sample with a small angle (1.3 ) between
them. Two Soleil-Babinet compensators (CP1 and CP2)
were employed to set up the desired polarization of these
beams. The relative time delay between beams 1 and 2
could be varied by an optical delay line controlled by a
stepping motor. Beam 3, originating from a narrowband
dye laser D2, has linewidth 0.01 nm, output energy 1 I.J,
and pulse width 5 nsec. The wavelength of beam 3 could
be scanned by a computer-controlled stepping motor. It
was set to approximately 567.3 nm so that the 655.7-
cm ' Raman active mode of CS2 could be excited. All
the incident beams were focused to spots with diameters
of approximately 0.5 mm. After passing through a polar-
izer, the RENFWM signal was detected by a photodiode
and then fed into an EG8cG 4203 signal averager for data
averaging. A computer was used for data processing and
for controlling the stepping motor to vary the relative
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FIG. 2. Experimental setup. BS's, beam splitters; M's, rnir-
rors; L's, lenses; GP's, Gian prisms; CP's, Soleil-Babinet com-
pensators; P, polarizer; PD, photodiode; ODL, optical delay
line; S, sample.

Here the frequency detuning b, = (co3 —co, ) —co+,
a=5ni&/2, and a3=5c03/2 with 5', and 5co3 the laser
linewidth (full width at half maximum) of beams 1 and 3,
respectively. The solid curve in the figure is the theoreti-
cal curve. In this calculation, the relaxation rate
y~ =S.OX 10' sec ' [ll], while a3=2.9X10' sec
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time delay or the wavelength of beam 3.
We first studied the RENFWM spectrum at ~=0 by

scanning the frequency of beam 3. Here ~ is the time de-
lay of beam 1 with respect to beam 2. The polarization
configuration is the following: 8'"~~C' 'I I/&2)(x+iy),
8( '[(x, and 8( '([y, where 8" is the polarization of the
ith beam. Due to the Kleinman symmetry the non-
resonant background from the molecular reorientation
can be suppressed greatly, therefore the RENFWM spec-
trum has symmetrical line shape [10]. Our results are
shown in Fig. 3. Theoretically, the dependence of the
RENFWM signal intensity on the frequency detuning
can be derived from Eq. (7) or (8) in Ref. [7]. Considering
the Raman terms only, we have at ~=0 the RENFWM
signal intensity

('Yit +a+ a3)
I(&)~

(yz +a+a3) +b.

FIG. 1. Schematic diagram of the geometry of Rarnan-
enhanced nondegenerate four-wave mixing.
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FIG. 3. RENFWM spectrum at ~=0 for the polarization
configuration: 8"')(8' '(((1/v 2)(x+iy), 8"'~)x, and 0' '()y.
Solid curve: theoretical curve with yz =5.0 X 10' sec
a3=2.9X10' sec ', and a=2.79X10"sec
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FIG. 4. Theoretical curve of g vs a/y& for 6=0 and +3=0.

corresponding to the 0.01-nm laser linewidth of beam 3.
Through the fit of the experimental data, we obtain
0.=2.79X10" sec '. It should be noted that, although
there is uncertainty on the value of n3, it will not affect
the fitting value of a too much because o. »cx3.

We then studied the RENFWM signal intensity as a
function of the relative time delay between beams 1 and 2
when the frequencies of the incident beams are fixed.
Since the RENFWM with broadband laser source is
closely related to the corresponding CSRS, which has
been used to measure the ultrafast vibrational dephasing
of the Raman mode, here we restrict ourselves to the Ra-
man terms and neglect the contribution from the
molecular-reorientational grating. Now, as in the case of
CSRS, in RENFWM the ~-dependent signal is accom-
panied by a constant background [7]. I.et Is be the max-
imum intensity of the ~-dependent signal and I~ the in-
tensity of the background. We define r)=I~/Is as the ra-
tio between I~ and Iz. Figure 4 presents the theoretical
curve of g versus a/yz for 6=0 and a3=0. In the limit
of e»y~, I~ is larger than Iz by a factor of approxi-
mately a/4yz. In order to observe the ~ dependence of
the RENFWM signal, the signal-to-noise ratio of the ex-
periment should be larger than g. In this experiment, we
have g=2. 8, corresponding to a/yz —-5.6, while the
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FIG. 5. The RENFWM signal intensity as a function of the
relative time delay between beams 1 and 2 at exact resonance
(6=0) for the following polarization configuration:
8"'((8' '(((I/&2)(x+iy), 8' '))x, and 4' '(~y. The
independent background has been subtracted in the figure.
Solid curve: theoretical curve with y& =5.0X 10' sec
(x3 2.9 X 10' sec ', and a =2.79 X 10"sec

signal-to-noise ratio is about 10.
To eliminate the contribution from the molecular-

reorientational grating, we employed the following polar-
ization configuration again: 8'"~~4' '~~(l/V2)(x+iy),

' ')~x, and 8' '()y. Further, the wavelength of beam 3
was set to 567.3 nm, so that the 655.7-cm ' mode of CS2
could be excited exactly at resonance. Figure 5 presents
the results where each data point was an average of 60
laser shots and then the whole data set was smoothed.
The ~-independent background has been subtracted in
the figure. Our results exhibit all the basic features of the
time-delayed RENFWM predicted by the theory. First,
RENFWM is asymmetric with the maximum of the
RENFWM signal shifted from ~=0. Furthermore, un-
like the corresponding CSRS no coherent spike appears
at &=0.

We analyzed our experimental results by the theory
presented in Ref. [7]. Considering the Raman terms only,
we have from Eqs. (7) and (8) of Ref. [7] the r-dependent
parts of the RENFWM signal at b, =0 for (i) ~) 0,

I(r) ~ exp( —2a~~~ )
1

(y, —a)(y, —a+a3)

+exp( —2yg lrl) +1 1

(yR )(VR 3) (YR +~)(3 R + + 3)

2

(yR+ + 3) yR ~ 3

—4 exp[ —(y~ +a+a3) ~r~ ]
yR + 3)(yR ++ 3)(yR + ++3

and (ii) r(0,
I(r) ~ exp( —2alrl)

1

(y~+~)(y~+~+~3) (3)

The solid curve in Fig. 5 is the theoretical curve, in which

the same set of parameters used in the calculation of the
RENFWM spectrum (Fig. 3) has been employed, i.e.,
yz =5.0X10' sec ', a3=2.9X10' sec ', and o,'=2. 79
X10" sec '. The agreement between the experiment
and the theory is quite good.
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III. SECOND-ORDER COHKRKNCK FUNCTION
THEORY OF TIME-DEI.AVED RAMAN-ENHANCED

NONDEGENERATK FOUR-WAVE MIXING

We have developed a fourth-order coherence function
theory to study the effect of laser coherence on
RENFWM in Ref. [7]. In order to gain further insight
into the underlying mechanism of the time-delayed
RENFWM, here we develop a second-order coherence
function theory. This theory is valid when we are only
interested in the ~-dependent part of the RENFWM sig-
nal. Furthermore, beams 1 and 2 are multirnode thermal
sources and beam 3 has much narrower linewidth so that
it can be considered as a coherent light.

The complex incident laser fields can be written as

tor that contains the phase and the amplitude Auctua-
tions. Since beams 1 and 2 come from a single laser
source with time delay between them, we have
ui(t)=u(t —r), u2(t)=u(t). On the other hand, we have
u3(t)=1 because beam 3 is assumed to be a coherent
light.

We assume that m; and co3 are far off resonance with
electronic transitions. At exact Raman resonance the
normal coordinate Qz (r, t ) induced by the beat between
beams 2 and 3 satisfies [12]

~Qz I CXg

Bt
+yZQZ= ~ ~2~3

4fi

Here a~ is a parameter denoting the strength of the Ra-
man interaction. The formal solution of Eq. (5) is

E, (r, t)= 2;(r, t)exp( —ice;t)

= e, u, (t) exp[i(k, .r co, t ) ] (i—= 1,2, 3) (4)
Qii(r, t)= f dt'Az (r, t t')—

4' o

x A3(r, t —t')exp( —y~t') . (6)
where 3;(r, t)=e';u;(t) exp(ikr, ). e, and k, are the con-
stant field magnitude and the wave vector of the ith
beam, respectively. u;(t) is a dimensionless statistical fac-

We have the nonlinear polarization responsible for the
Raman-enhanced FWM signal

P(r, t ) = —,'Xa~ Q~ (r, t )E, (r, t )exp[i(co, —co3)t ]

=i(yzyz )e,ez E3 expi[(k, —k2+k3) r co3t]f d—t'u, (t)u 2 (t —t')exp( —yet')

=i(y~ y~ )e,e2 @3expi[(k, —k~+k3). r —to3t ]f dt'u (t —r)u *(t—t')exp( —y~ t'), (7)

with yz =%a~ /SAN~ and X the density of molecules.
The FWM signal is proportional to the average of the

absolute square of P(r, t ) over the random variable of the
stochastic process (lP(r, t)l ), which involves fourth-
order coherence function of u (t). We assume that beam
1 (beam 2) is a multimode thermal source. In the case
that we are only interested in the ~-dependent part of the
signal, the FWM signal intensity can be well approximat-
ed by the absolute square of the stochastic average of the
polarization ( P(r, t ) ) [13]. (P(r, t) ) involves second-
order coherence functioii of u (t). Assuming that beam 1

(beam 2) has Lorentzian line shape, then we have

(u(t)u*(t —r))=exp( —a r );
therefore

(P(r t)~='(Xzyz)ei~ze3
X expi [(k —k +k ) r —co t ]

X dt' exp —o.' t' —~ exp —yz t' . 9
0

After performing the integral in Eq. (9), we obtain, for (i)
~&0,

+8 VR
( P(r, t ) ) =i e,ez e3expi [(k, —k, +k, ).r —co3t ]

A'

&«exp( —a
I rl )

— exp( —y~ Irl )
2A

y~+n
(10)

I

and (ii) r(0,
+R VR(P(r, t)) =i Ei 62 IF3expi [ ( k, —kz+ k3 ) r oo3t]-
pg +cx

xexp( —alrl) .

It can be shown easily that the RENFWM signal intensi-
ty deduced from Eqs. (10) and (11)by taking the absolute
square of (P(r, t ) ) is consistent with Eqs. (2) and (3) if we
set. +3=0.

From the second-order coherence function theory, the
stochastic average of the nonlinear polarization deter-
mines the basic features of the temporal behavior of the
RENFWM. As discussed before, the establishment of
the nonlinear polarization consists of two steps. First,
normal parameter Qz is induced through the nonlinear
interaction between the medium and two incident beams.
Since Qz satisfies the first-order differential equation, the
integration effect is involved in this process [see Eq. (6)].
The induced normal parameters Qii is then probed by
another incident beam, which leads to the generation of
the nonlinear polarization. In the case that co, is far off
resonance with electronic transitions, this step is an in-
stantaneous process and the polarization is proportional
to the direct production of the normal parameter and the
probe beam field [see Eq. (7)]. For the Raman-active
mode, the normal parameter Qz is induced by beam 2
and a coherent light beam 3. Due to the integration
effect, Qz at time t is the summation of the normal pa-
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exp( —a~t' —w )=—5(t' —r) .e
Substituting Eq. (12) into Eq. (9), we have

( P(r, t ) ) =e, ez e3 expi [(k,—k2+ k3) r —cu3t ]

. 2+R XR
X i exp( —yz ~)

(12)

(13)

rameter induced at time before t. Since the Raman-active
mode decays with rate yR, we have a weight factor
exp( —

yR t ) in Eq. (6). Q~ is probed by beam 1 at time t
instantaneously. If beam 1 is delay with respect to beam
2 by ~, then only that part of the normal parameter in-
duced at time approximately ~ before are correlated with
the probe beam. The factor exp( —a~t' —~~) in Eq. (9)
rejects this mutual correlation between the normal pa-
rameter and the probe beam.

The temporal behavior of the time-delayed RENFWM
can be understood from Eq. (9) directly. Figure 6 shows
functions exp( —yz t') and exp( —a

~

t' —~~ ), where
exp( —yet') describes the decay of the Raman mode,
while exp( a~t—' ~~) gives the mutual correlation be-
tween the Raman mode and the probe beam. Due to the
integration effect, the nonlinear polarization is propor-
tional to the integral over t' (from 0 to ao ) of the produc-
tion of these two functions. Now, we discuss the relative
time delay when the maximum of the RENFWM signal
intensity occurs. The function exp( —a

~

t' —v
~ ) can be di-

vided into two parts: region I for t' (~ and region II fort') w. When ~=0, only region II has contribution to the
integral. However, region I gives additional contribu-
tions to the integral when ~)0. Therefore, the delay
time such that RENFWM signa1 intensity is maximum
~ „should not occur at 0, but shift to ~,„&0. Next, we
consider the ~ dependence of the RENFWM signal when
a &)y R and ~ & 0. In this case, the function
exp( —a t' —r ) is so sharp at t'=~ that it provides an
extremely good temporal resolution and (P(r, t ) ) decays
with rate yR. More specifically, we can approximate
exp( a~ t' ——

~~ ) by a 5 function, i.e.,

The above equation indicates that the ~ dependence of
(P(r, t ) ) decays with rate ye as we predicted. We then
consider the case that beam 2 is delayed from beam 1

(i.e., x&0). In this case, the integral in Eq. (9) involves
only part of region II. Further, the area of region II in-
volved in the integral decreases with decay rate a as the
time delay increases, therefore the ~ dependence of the
RENFWM signal reAects the coherence time of the laser.
Figure 6 can also be used to discuss the case when
a « y~. In this limit, exp( —y~ t') decays so rapidly that
the integral in Eq. (9) is determined by the function
exp( —a~t' —~~) at t'=0 In .other words, (P(r, t)) de-
cays with rate a when

~
~ increases. Physically, the re-

laxation time of the Raman mode is so short that the Ra-
man mode excited by beam 2 and beam 3 should be
probed immediately by beam 1. Therefore, the temporal
behavior of the RENFWM rejects the mutual correla-
tion between beam 1 and beam 2. Finally, we note that
according to the above discussion, no coherence spike ex-
ists at ~=0, which is different drastically from the corre-
sponding CSRS with incoherent light.

IV. DISCUSSION AND CONCLUSION

One of the most important application of the time-
delayed RENFWM is to use it to measure the relaxation
time of the Raman-active mode. From Eq. (2), we have
that the RENFWM signal intensity decays exponentially
with decay rate 2yR when a »yR and ~)&o. '. In or-
der to employ this method to measure the relaxation time
of the Raman mode, it is better to use laser with broader
linewidth. However, as a/yz increases, the
independent background of the RENFWM signal in-
creases also, which makes the study of the temporal
behavior of RENFWM dificult. This problem is espe-
cially serious in the pulse experiments because the
signal-to-noise ratio is usually poor. A similar problem
exists also in the corresponding time-delayed CSRS. In
our experiment, we have a/ye —-5.6. Our question is
that with this modest value of a/y~, how well is the tem-
poral resolution? Can we obtain the information about
the relaxation time of the Raman mode directly from the
experimental results'? To answer this, we replot the loga-
rithm of the RENFWM signal intensity as a function of ~
in Fig. 7. We also draw a straight line along the tail of

0-

FIG. 6. Schematic to describe the second-order coherence
function theory of the time-delayed RENFWM.
F(t')=exp( —y&t') for curve (l) and F(t')=
exp( —a~t' —r~) for curve (2). The stochastic average of the
nonlinear polarization (P ) is proportional to the integral over
t' (from 0 to ~) of the production of these two functions.

0 10 20 30 40
Relative Time Delay (pe)

FIG. 7. The logarithm of the RENFWM signal intensity vs
~. The dashed line is a straight line along the tail of the theoret-
ical curve.
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FIG. 8. Schematic of the CSRS with incoherent light. kl and
k2 are interchangeable in the figure.

the theoretical curve. It shows that the logarithm of the
RENFWM signal intensity versus w is basically a straight
line when ~) 10 psec; therefore the relaxation rate of the
Raman mode can be deduced directly from the slope of
this line. Actually, we have fitted the tail of the signal
(~& 10 psec) by a least squares fit program and obtained
the relaxation time 10.5 psec, which is consistent with the
value of 10 psec measured by a method of time-resolved
stimulated Raman gain [11]. In other words, it is possi-
ble to measure the relaxation time of the Raman-active
mode by the time-delayed RENFWM even when the
value of a/yz is not too large.

Now, we discuss the difference between RENFWM
and CSRS from a physical viewpoint. Figure 8 shows the
basic principle of CSRS. Two vibrational levels ~1) and
~2) belong to the ground electronic state, whereas ~3) be-
longs to the excited electronic state. Beams 1 and 2 origi-
nating from a single broadband laser source have fre-
quency co, and wave vectors k, and k2, respectively, while
beam 3 is a coherent light with frequency co3 and wave
vector k3. Due to the nonlinear interaction the Raman
vibrational mode will be excited by the beat between
beam 1 (beam 2) and beam 3 when co3 —co, equals the Ra-
man resonant frequency ~z. The Raman mode is then
probed by beam 2 (beam 1) and the CSRS signal is gen-
erated as a result. The frequency and wave vector of the
CSRS signal are co, =2'& cu3 and ks kr+k2 ks
spectively. In the time-delayed CSRS, the signal intensity
versus the relative time delay between beams 1 and 2 is
studied. We note that the role of beam 1 and beam 2 are
interchangeable here. Now, as in the case of RENFWM,
CSRS consists of two steps also, that is, the excitation

and probing of the Raman mode. However, in the
RENFWM beam 2 is used as a excitation beam and beam
1 a probe beam. In contrast, the role of beams 1 and 2
are interchangeable in the CSRS. More specifically,
beam 1 (beam 2) is employed as both the excitation and
probe beam simultaneously. As a result, the temporal
behavior of CSRS is symmetrical about ~=0. This inter-
changeable feature of beam 1 and beam 2 also makes the
second-order coherence function theory failure in the
CSRS. Let u;(t) be the statistical factor that contains the
phase and the amplitude fluctuations of the ith beam.
Then, it can be shown that the nonlinear polarization re-
sponsible for the CSRS is

P cc J dt'exp( —yet')[u, (t)u2(t —t')

+u, (t —t')u2(t)] . (14)

Since beams 1 and 2 come from a single laser source with
the relative time delay w between them, we have
u t (t)=u (t) and u2(t) = u (t —r),' therefore

P cc J dt'exp( —yet')[ u(t)u(t t' —r)—
+u(t —t')u(t —r)] . (15)

Because (u(t, )u(tz)) =0, it is obvious from Eq. (15) that
the absolute square of the stochastic average of the polar-
ization ~(P) ~

cannot be used to describe the temporal
behavior of the CSRS.

In conclusion, we report the first experiment of the
time-delayed RENFWM with broadband laser in CSz.
Our results indicate that the temporal behavior of the
RENFWM is asymmetric with the maximum of the sig-
nal shifted from ~=0. Furthermore, unlike the corre-
sponding CSRS no coherent spike appears at ~=0. From
our experimental results the relaxation time of the Ra-
man mode can be extracted directly. We present a
second-order coherence function theory to elucidate the
physics of the basic features of the time-delayed
RENFWM. We also discuss the difference between the
RENFWM and CSRS from a physical viewpoint.
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