PHYSICAL REVIEW A VOLUME 55, NUMBER 3 MARCH 1997
Field-correlation effects on Raman-enhanced nondegenerate four-wave mixing
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The effects of field correlation on Raman-enhanced nondegenerate four-wave fiRENFWM) have
been investigated by examining the RENFWM spectra as a function of time delay between two beams. We
present a theory in which the underlying physics is emphasized. The field correlation has little influence on the
RENFWM spectra when the laser has narrow bandwidth. In contrast, the ratio between the resonant and
nonresonant RENFWM signal intensities increases as time delay is increased when the laser has broadband
linewidth. Experiments with Csas sample have been performed to demonstrate the field-correlation effects on
the RENFWM spectrgd.S1050-2947@7)07202-§

PACS numbdps): 42.65.Dr, 42.65.Hw

[. INTRODUCTION a single laser source. Therefore, by its very nature,
RENFWM offers the possibility of studying the effect of

For years, a large amount of work has been devoted to thfield correlation. We have used a time-delayed method that
effects of laser field fluctuations on nonlinear optics. It nowemploys the intrinsic incoherence of the pump beams and the
is well known that the influence of laser linewidths is more order-of-magnitude difference between the relaxation time of
than just providing an additional broadening mechanisnthe molecular-reorientational grating and the thermal grating
when the signal depends on higher than second ordebt suppress the thermal background in the RENFWM spec-
electric-field correlation1]. Recently, much attention has trum [9,10. We have also performed time-delayed
been paid to the four-wave mixing=WM) with correlated RENFWM with incoherent light to measure the vibrational
fields. Optical transients induced by time-delayed correlatediephasing timg11]. In this paper, we study the effect of
fluctuating pulses have been proved to be a powerful techie|d correlation on RENFWM by measuring the time-
nigue in obtaining subpicosecond time resolut{@ This  gelayed dependence of the RENFWM spectrum. The field
time resolution is determined by the coherence time of theqrelation has little influence on the RENFWM spectra
fluctuating field. The field correlation can also affect one-yhen the laser has narrow bandwidth. In contrast, the ratio
photon _and two-photon transitions. In the_case of a nearlyetween the resonant and nonresonant RENFWM signal in-
Lorentzian laser power spectrum, the width of the two-tensities increases as time delay is increased when the laser
photon absorption spectrum is decreased when the countéiss proadband linewidth. These can be explained by consid-
propagating laser beams are partially decorrelf@&dOn the  gring that the field fluctuations have different effects on the
other hand, in an experiment of probe absorption due 0 &raman resonance and on the laser-induced molecular-
oms saturated by the strong pump, gain was observed whgggrientational grating.
there was a time delay between the phase-diffusing pump Thjs paper is organized as follows. In Sec. Il we present a
and probg4]. _ theory of field-correlation effects on the RENFWM spectra.

Coherent anti-Stokes Raman spectroscOPARS) is a  The underlying physics is emphasized here. In Sec. Il the
nonlinear optical technique that is widely used for StUdY'ngexperimental setup and the results of RENFWM with corre-

of laser field statistics on CARS have been studied by severglynclusion.

research groupps]. Recently, Rahret al. [6] performed a
crossed-beam, two-color CARS experiment to study the ef-
fects of field correlation on CARS spectra. They found that
the ratio between the resonant and nonresonant CARS signal
intensities changed as the time delay between pump beams RENFWM is a third-order nonlinear phenomenon with
was varied. These results demonstrate the non-Gaussian rtharee incident beams involvd@]. Beams 1 and 2 have the
ture of the laser field statistid$,7]. Although not as com- same frequency, and a small angle exists between them.
monly used as CARS, Raman-enhanced nondegenerate foBeam 3 with frequencyo; is almost propagating along the
wave mixing (RENFWM) possesses the advantages ofopposite direction of beam 1. In a Kerr medium, the nonlin-
nonresonant background suppression, excellent spatial resear interaction of beams 1 and 2 with the medium gives rise
lution, free choice of interaction volume, and simple opticalto a molecular-reorientational grating. The FWM signal is
alignment[8]. Furthermore, there are three incident beamshe result of the diffraction of beam 3 by the grating. Now, if
involved in RENFWM in which two of them originate from |w;— 3| is near the Raman resonant frequengy, a moving
grating formed by the interference of beams 2 and 3 will
excite the Raman-active vibrational mode of the medium and
* Author to whom correspondence should be addressed. enhance the FWM signal. The FWM signdeam 4 has
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frequencyw; and is propagating along the opposite direction s |
of beam 2 approximately.

According to Ref.[10] the total polarization, which is
responsible for the RENFWM signal, is given by

>
P(r,t)=Py(r,)+Pg(r,1), m
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FIG. 1. Theoretical curves dfy(7)/Fy(0) vs ar. Here the
" values ofyy/a, which equal 100, 1, and 0.01, are given.
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Here, Py, (r,t) and Pg(r,t) are the nonlinear polarizations X 1+exp(—2a|r|)( f , (6)
originating from the molecular-reorientational grating and YRT @
Raman-active mode, respectivelyA=(w,— w3)— wg;
S(r,t) =expli[(k;— Ky +Ka) - T — wst]}; ki and A(t) are the —and
wave vector and the field magnitude of ttie beam, respec-
tively; yg andyg (ym @andy),) are the relaxation rate and the YmYRA
nonlinear  susceptibility of the Raman-active mode Fru(A,7)= (ym+ Yr+ a+ as)2+ A2
(molecular-reorientational gratimgrespectively. Physically,
integration effects are involved in the establishment of both Mt 2(yrtatas) 1
the molecular-reorientational grating and the Raman-active (yrta+az)?+A2 + Yt 2a
mode. The integrals in Eq&) and(3) reflect these facts. On
the other hand, the probing of the molecular-reorientational T exp— 24 ) YRA )
grating and the Raman-active mode are instantaneous pro- *7 (Yrt+ a+ag)®+ A%

cesses. In our case, beams 1 and 2 come from a single laser

source. Lettingr be the time delay of beam 2 with _respect 10 Here o= Swy/2 and ag=Sw4/2 With dw, and dws the laser
beam 1, we havéh, (1) =A(t), Ay()=EA(t—7) with £a jinewidth (full width at half maximum of beams 1 and 3.
constant. The RENFWM signal intensity, which is propor-  \ye first study the temporal behavior of the molecular-
tional to the average of the absolute square of the polarizgygrientational grating, which is induced by beams 1 and 2.
tion over the random variable of the stochastic process, CaBigure 1 presents theoretical curvesFgf(7)/Fy,(0)versus

be expressed as ar, where the values ofy, / «, which equal 100, 1, and 0.01,
are given in the figure. The phase of the interference pattern
(A, 7)o x3 F (1) + X&F (A, 7) — 2xmxrFRM(A, 7). of beams 1 and 2, i.e., the phase facteh, () of

4) A (t—t')A3(t—t') in Eq. (2), changes from 0 to a random
variable which fluctuates with a characteristic time scale of
Here, F Fo(A,D), and Foy(A,7?) are functions which the laser coherence time~a ~ when s varied from 0 to
w(7), Pl Ru(&:7) o, The effect of integration in the establishment of the

correspond to the FWM signal originating from the i : i i -
molecular-reorientational grating, the Raman-active mc,der'n0Iecular—reorlentatlonal grating, which last for a duration

and the interference between the molecular-reorientationdll @pproximately the relaxation time of the molecular-
grating and the Raman resonance, respectively. reorientational grating,~ vy, IS to wash out the grating

Fu(7), Fr(A,7), andFry(A,7)depend on the statistics yvhen 7#0. Whenr,,> 7, the molecular-reorientational grat-

of the laser fields. We assume that the lasers are multimod89 Will be washed out completely as—> and we have
thermal sources with Lorentzian line shape, which satisfy™ m(7) exp(—2al7) in this limit (curve with yy/a

Gaussian statistics. In this caBa(A,7) andFry(A,7) are =0.01 in Fig. ])._In contrast, the int_egration effect doe_s not
asymmetric about—=0. The expressions oFg(A,7) and affect the establishment of the grating whap<r.. In this

Fau(A.7) are simple when beam 2 is temporally delayed®@S€: the. molecuIar—rgorientational grating be_comdmje—
frgrh%( begm 1. In thriJs case we ha0] P y y pendent if the laser fields are only characterized by phase

fluctuation[12]. For thermal sources with amplitude fluctua-
tion, the coincidence of the intensity spikes between beams 1
and 2 gives rise to an enhancement of the amplitude of the

Fu(n)= i+ 2a +exp(—2a| 7)), ®) molecular-reorientational grating at=0. More specifically,
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FIG. 2. Theoretical curves dfg(A=0,7)/Fgr(A=0,0) vs ar. FIG. 3. Normalized RENFWM signal intensity v8yg . Param-

Here the values ofr/a, which equal 100, 1, and 0.01, are given. eters: y\,/xg=0.4, af/ yg= a3/ yr=0.01, yu/yr=2, ar=0. We
note that for the narrow-band case the RENFWM spectrum does not

according to Eq(5) we haveF y(7)x1+exp(—2a|rd)when depend onyw/yg andar.

ymS>a (curve with vy, /=100 in Fig. 1. " .
We now consider the Raman resonant signal. Figure 22(), respectively. ,}’Ve xha{ve Pu(t) and’ Pr(1)

presents theoretical curves Bk(A=0,7)/Fr(A=0,0) ver- propor‘g:onalw to Ay()Az (1)Sodt A?(t)exp(— Yat') .and

sus a7, where the values ofig/a, which equal 100, 1, and A1(DAz () [odUAg(t—t")exd —(yz—iA)t'],  respectively.

0.01, are given in the figure. In contrast to the molecularAlthough the phases dty, () andPg(t) fluctuate randomly,

reorientational grating, the Raman-active mode is excited b€ relative phase between them does not depend Gom-

the beat between beams 2 and 3. Although the phase factBiing with the feature of the constant ratio between the

dr Of A3 (t—t')Ag(t—t’) in Eq. (3) is a stochastic vari- resonant and nonresonant signal, the RENFWM spectrum

able, it is independent of. Therefore, unlike the molecular- Should not change asis varied. More specifically, in the

reorientational grating, the integration effect will not lead toiMit of yv,yg>a, we have

the 7 dependence of the normal coordin&lg of the Raman-

active mode, which is proportional tydt’ A5 (t—t")As(t > . 2 Yrlyrtas)
- PRI o LA, T XM XR o2 A2
t")exd —(yg—iA)t']. Actually, Fr(A,7) is independent of (yrtaz)“tA
7 if the laser sources are described by a phase-diffusion A
model[10]. For thermal sources the extralependent part of — 2XRXM YR @)
Fr(A,7), which has the form exp-2q|7]), originates from (yrTaz)“+A

the coincidence of the intensity spikes betwégn and the
probe beambeam ). The magnitude of this-dependent The above equation indicates that the RENFWM spectrum is
part can be estimated as follows. Consider the case wheiadependent ofr and the relaxation rate,, plays no role
7=0. Due to the integration effecQy at timet is the sum- here. In Fig. 3 we present the theoretical curve of the
mation of the normal parameter induced at a time befédoe =~ RENFWM spectrum when all incident beams are narrow-
a duration of approximatelys~ yr'. However, only those band lights (yy,yr>a,as). Parameters used are
parts ofQg induced during a time interval of approximately xy/xr=0.4, alyr=as/yg=0.01. Although we set
the laser coherence time, of beam 2 can have intensity yyu/vygr=2 anda7=0 in the calculation, the RENFWM spec-
correlation with beam 1 and contribute to thalependent trum is independent of the values ¢f;/ yg and ar.
part of Fr(A, 7). For 7.< 75 (i.€., yr<a), Only 7./ 75 Of Qg Now, we consider the case where beams 1 and 2 have
is correlated with beam 1. Therefore, we havebroadband linewidth. For simplicity, we also assume that
Fr(A, 7)1+ (yr/a)exp(—2a|7]). Figure 2 shows that beam 3 is a narrow-band light. In other words, we consider
Fr(A=0,7)/Fr(A=0,0) becomes almost independentsof the limit thate>1vy,,, yg>a3. At zero time delay no washout
when yg/@=0.01. Now we consider the case that>7y  takes place in the establishment of the molecular-
(i.e., yg>a). In this limit we haveQg fully correlated with  reorientational grating becausg,,(7=0) is stationary. On
beam 1, thereforeFg(A, 7)1+ exp(—2al7) (curve with  the other hand, due to the integration effect the fast random
vrla=100 in Fig. 2. fluctuation of ¢ leads to the reduction of the amplitude of
We consider the RENFWM spectra when beams 1 and 8. As a result, comparing to the narrow-band case
have narrow bandwidth. Since bokh,(7) andFg(A,7) are  (yy,vr>a,a3) the RENFWM spectrum exhibits a larger
proportional to ¥exp(—2a|1)) for vy ,yr<a, the ratio be- nonresonant background. Besides, the linewidth of the Ra-
tween them will not change asis varied. In order to fully man resonant signafull width at half maximum(FWHM)]
understand the RENFWM spectrum it is also necessary tocreases from 2 to 2«. We then increase so that beams
consider the relative phase betwelep(t) and Pg(t). The 1 and 2 become uncorrelated. In this case, the randomization
situation is simple whenyy,yg>a. In this case of ¢y (7) washes out the molecular-reorientational grating. In
A(t—t)A%(t—t’) andA%(t—t’) in Egs.(2) and (3) are  contrast,Fr(A,7) is nearly independent of because the
slowly varying functions in comparison with explyyt’) 7-dependent part ofFz(A,7) is much smaller than the
and exp—ygt’), which have a peak at’'=0, and 7independent part oFz(A,7) when beams 1 and 2 have
therefore can be approximated ad,(t)A%(t) and broadband linewidths. The implication of this is that the ratio
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T T | nant term and the nonresonant background the interference
(a) 7 between them disappears almost completely. As a result,
RENFWM spectrum exhibits a symmetric line shape. As
vml vr is decreased further so that,/ yr<2, the ratio be-
tween the resonant and nonresonant signal can even be en-
05 - . hanced in comparison with the narrow-band cgsee solid
curve in Fig. 4b)]. Finally, we emphasize that since
yul @ affects the washout of the molecular-reorientational
grating, therefore, as demonstrated in Fig@4 this
parameter has little influence on the RENFWM
spectrum at zero-time delay when the grating is stationary.

-
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' " ' 1. EXPERIMENT
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o

Previously, we have measured the vibrational relaxation
time of CS by time-delayed RENFWM with a broadband
laser sourcgl1]. Here, we study the effects of field correla-
tion on the RENFWM spectrum again in &S he difference
between these two experiments is that for the former case,
we study the temporal behavior of the FWM signal intensity
with fixed frequency detuning. While for the latter case, we

Normalized Signal Intensity
(o]
(8]

0.0 L ! are interested in the RENFWM spectrum with fixed time
-200 -100 0 100 200 delay. The relaxation rate of the 656-chvibrational mode
Alrg of CS, is ys=5x10'" sec’ . On the other hand, as is well

known, the optical Kerr effect for the liquid G®as at least
FIG. 4. Normalized RENFWM signal intensity ¥dyg . Param-  two components, i.e., a relatively long “Debye” component

eters;yy/xr=0.4, alyr=20, a3/ yg=0.01, whilear=0 for () and  and a shorter “interaction-induced” component, which have
10 for (b). Here yy/ yg=0.5 (solid curve, 2 (dashed curve and 8  relaxation times of about 2 ps and 300 fs, corresponding to
(dotted curve relaxation rates of 5010 and 3.3x10* sec?, respec-

tively. To study the field-correlation effects for the broad-
between the nonresonant background and the Raman redeand case, it is required that>3.3x10' sec *. However,
nant signal decreases ass increased. To make this clear we from a practical experimental consideration, here we chose
define a parameter(n)=Fx(A=0,7)/F,(7), which reflects «=1.8x10"" sec’. This value is larger thanyg while
the 7 dependence of the ratio between the resonant and nosmaller than the relaxation rate of the slow component of the
resonant signal intensities. For the narrow-band caseolecular-reorientational grating. We found that the
(ym » Y>> a,a3), we havern(r)=1. When the laser linewidths RENFWM spectrum showed a clear evidence of the field-
of beams 1 and 2 change from narrow band to broadbandorrelation effect even when we were not in the broadband
(a=7ym » Yr>a3), 7 at zero time delay is reduced by a factor limit.
of about yg/a [i.e., 7(0)=7yg/al], which is independent of The experimental setup is similar to that described in Ref.
yum - Now we increase the time delay between beams 1 and £11]. We studied the 655.7-cm vibrational mode of carbon
In the limit of 7—o, we have p(r—%)=2yr/yyu . Since disulfide (CS,) which was contained in a sample cell with
a>yy the nonresonant background is suppressed drasticallpickness 10 mm. The second harmonic of a Quanta-Ray
and the RENFWM spectrum depends on the ratio betweelAG laser was used to pump two dye laséBL1 and
the relaxation rateyg and yy. In Figs. 4a) and 4b) we  DL2). The linewidth of the first dye laseDL1 could be
present RENFWM spectra farr=0 and 10, respectively. either 0.007 or 0.07 nm. This laser had wavelength 585 nm,
Parameters used in these calculations arg/xg=0.4, output energy 1.5 mJ, and pulse width 5 ns. To obtain a light
al yg=20, a3/yr=0.01; while yy/yg=0.5 (solid curvg, 2  source with 0.07-nm linewidth, we used a simple cavity that
(dashed curve and 8(dotted curve These parameters are consisted of a 1200-line/mm grating and an output mirror
the same as that used in Fig. 3 excepfy is changed from only with no optical component to expand the beam diam-
0.01 to 20. We note that for the narrow-band case theeter. The laser output was split into beams 1 and 2 after
RENFWM spectrum does not depend ¢/ yg. Comparing  passing through a beam splitter, and the two beams intersect
to the narrow-band cas@ig. 3), Fig. 4a) shows a much in the sample with a small ang(&.3°) between them. Beam
larger nonresonant background. The nonresonant backd, originating from a narrow-band dye ladet -2 with line-
ground is reduced as the time delay incregdgg. 4b)].  width 0.007 nm and output energy 1 mJ, propagated along
Furthermore, the nonresonant background decreases #w direction opposite to that of beam 1 The wavelength of
vml vr decreases. Another interesting thing is that, wherbeam 3 was approximately 563 nm and could be scanned by
vm! vr=2 [dashed curve in Fig.(8)], we haven(r—x)=1 a computer-controlled stepping motor. All the incident
for the broadband case, which is the same as that for theeams were linearly polarized in the same direction. The
narrow-band case. However, the relative phase betwedRWM signal, which had the same polarization as the incident
Pu(t) and Pg(t) is now a stochastic variable. Due to the beams, propagated along a direction almost opposite to that
randomization of the relative phase between the Raman resof beam 2. In this experiment, all the incident beams were
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FIG. 5. The RENFWM spectra at=0 ps for(a) and 5600 ps for FIG. 6. The RENFWM spectra at=0 ps for(a) and 1300 ps for

(b) whenDL1 has "QeWiﬁih 0.007 nm. 150“(110UVV93 theore;[ical (b) whenDL1 has linewidth 0.07 nm. Solid curve: theoretical curve
curve with yg=5X10""sec?, yy,=5X10"" sec :07M2f13><191 with yg=5x10" sec !, y=5x10" sec?, yy;,=3x10" sec ?,
sec !, xm1/Xr=0.35, X2/ xr=0.20, a=a3=2x10"" sec’; while ' /yx=0.35, yyo/xr=0.20, a=1.8x10'" secl; a;=2x10L

7=0 ps for(a) and 5600 ps fob). sec %, while 7=0 ps for(a) and 1300 ps foth).
focused to spots with diameters of approximately 0.5 mm. ) o ) )
The and interaction-induced components, respectively. The solid

RENFWM signal was detected by a photodiode and then fe§urves in Figs. 5 and 60are the theoretical curves. Parameters
. . . — -1 — 1 -
into a signal averager for data averaging. A computer wagised are ZVR—5><_}01 sec!, yw1=5x10" sec’,
used for data processing and for controlling the stepping mo3’rv|2:3><1(g1 sec’,  xm1/xr=035  xm2/xr=0.20,
. . . 71 . .

We first consider the case that 1 is a narrow-band laser 1-8x10" sec * for Fig. 6. The time delays are=0 and 5600
with linewidth 0.007 nm, which corresponds to a coherencd?s (7=0 and 1300 psfor Figs. Ja) and 3b) [Figs. 6a) and
time of about 50 ps. Figures(@ and 5b) present the 6(D)], respectively. The agreement between the experimental
RENFWM spectra whenr=0 and 5600 ps, respectively. data and theoretical curves is satisfactory. _
Beams 1 and 2 are fully correlated when0 ps, whereas no Finally, we note that the laser linewidth can be increased
correlation exists between beams 1 and 2 whe600 ps. [0 about 4.0 nm if we use a simple laser cavity, which con-
It is found from Fig. 5 that the field correlation has little Sisted of a total reflection end mirror and an output mirror
effect on the RENFWM spectrum wheBL1 has narrow With 8% reflection. We havex=1x10"° sec, which is
bandwidth. The situations become quite different when thdarger than the relaxation rate of the fast component of the
linewidths of beams 1 and 2 are increased to 0.07 nm. Figoptical Kerr effect. To obtain a whole RENFWM spectrum,
ures Ga) and Gb) present the RENFWM spectra wher0 it is required that the frequency detuning is scanned for a
and 1300 ps, respectively. Comparing to the full correlatiorfange of about 20 (see Fig. 4, or 40 nm in this case. The
case[Fig. 6@a)], the nonresonant background decreases anfroblem here is that, due to the frequency dependence of the
the intensity profile changes as beams 1 and 2 become ufSer output, it is difficult to obtain reliable data with such a

correlated Fig. 6(b)]. large frequency scanning.
As mentioned before, the optical Kerr effect of Q% a
long “Debye” and short “interaction-induced” compo- IV. DISCUSSION AND CONCLUSION

nents. In Ref[10] we have established a RENFWM theory,

where the nonresonant background originated from In the crossed-beam, two-color CARS experiments Rahn
molecular-reorientational grating and thermal grating. Thiset al. [6] found a similar reduction of the nonresonant back-

theory is ready to explain the experimental results in,.CS ground as the time delay increased when the laser linewidth
We used Eq(8) in Ref.[10] to fit our data withy,, andy;y  was much larger than the relaxation rate of the Raman mode.
(xm and 1) in Eq. (8) replaced byyy; andyy, (xm1 @and  Although crossed-beam, two-color CARS and RENFWM are

Xm2), respectively. Hereyy; and yy». (xm1 and xy2) are  both FWM with signal enhanced by the Raman resonance,
the relaxation rategnonlinear susceptibilitigsof the Debye the basic physics underlying are quite different. More spe-
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cifically, the signal frequency of CARS is;+w;—ws, for 7=0 and 7—oe. This behavior is completely different
which means that a photon is absorbed from each of the twfxom that in
mutually correlated pump beams. On the other hand, the si)RENFWM. The reduction of the nonresonant background at
nal frequency of RENFWM isv;—w;+ w3, therefore pho- large time delay in the crossed-beam, two-color CARS ex-
tons are absorbed from and emitted to the mutually correperiment is attributed to the non-Gaussian nature of the laser
lated beams 1 and 2, respectively. This difference has feld statisticq6,7].

profound influence on the field-correlation effects. For ex- In conclusion, the effects of field correlation on
ample, in the time-delayed coherent Stokes Raman scatterifRENFWM have been investigated by examining thee-
(CSRS with incoherent light, where CSRS has the samependence of the RENFWM spectra. We present a theory in
physical principle as CARS, the delay-time dependence ofvhich the underlying physics is emphasized. The field cor-
the CSRS signal is symmetric and exhibits a coherent spikeelation has little influence on the RENFWM spectra for the
at zero time delay13]. In contrast, no coherent spike ap- narrow-band case. In contrast, for the broadband case the
pears atr=0 in the corresponding time-delayed RENFWM ratio between the resonant and nonresonant RENFWM sig-
with incoherent light and the temporal behavior of REN-nal intensities increases ads increased. Experiments with
FWM is asymmetric[11]. Now, we consider the time- CS, as sample have been performed to demonstrate the field-
delayed dependence of the CARS spectrum. We assume thadrrelation effects on the RENFWM spectra.

the pump beams, which have Lorentzian line shapes, satisfy

Gaussian statistics. It can be shown that, although the Raman ACKNOWLEDGMENTS
term and the nonresonant background have differede-
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