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Based on color-locking noisy field correlation in three Markovian stochastic models, phase dispersions of the

Raman- and Rayleigh-enhanced four-wave mixing (FWM) have been investigated. The phase dispersions are modified

by both linewidth and time delay for negative time delay, but only by linewidth for positive time delay. Moreover, the

results under narrowband condition are close to the nonmodified nonlinear dispersion and absorption of the material.

Homodyne and heterodyne detections of the Raman, the Rayleigh and the mixing femtosecond difference-frequency

polarization beats have also been investigated, separately.
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1. Introduction

Lasers are inherent noisy devices, in which both
the phase and amplitude of the field can fluctuate.
Noisy light can be used to probe atomic and molecu-
lar dynamics, and it offers a unique alternative for the
more conventional frequency domain spectroscopies
and ultrashort pulse time domain spectroscopies. The
color locking noisy light method is an intermediate

between cw and short-pulse methods.[!~6!

Four-wave mixing (FWM) is a third-order non-

[7=10] Using femtosecond time-

linear optical process.
resolved FWM, valuable information on the dephasing
dynamics in semiconductors and molecular materials
has been obtained. The time resolution of this method
is limited by the pulse width. However, the ultrafast
dephasing phenomena can also be studied by time-
delayed FWM with incoherent light. This technique
is intrinsically related to the optical coherent transient
spectroscopy with an advantage that the time resolu-
tion is determined by the correlation time 7, of the
color locking noisy light source. Since the relaxation

time is deduced from the FWM spectrum, the mea-
surement is not limited by the laser pulse width or the

laser correlation time.[2—4

Coherent Raman spectroscopy (CRS) is a power-
ful tool for studying the vibrational or rotational mode
of a molecule. In Raman-enhanced FWM (one of the
CRS techniques),[2’3’5] the Raman vibration is excited
by the resonant excitation.?) In contrast, Rayleigh-
enhanced FWMI[P9! is a non-resonant process. The
Raman- or Rayleigh-enhanced FWM may be superior
to all other CRS techniques.[>35 They possess the
features of non-resonant background suppression, ex-
cellent spatial signal resolution, free choice of interac-
tion volume and simple optical alignment. Moreover,
phase matching can be achieved for a very wide fre-
quency range from many hundreds to thousands of
cm™ L

Polarization beat between two excitation path-
ways is related to recent studies on quantum
interference.2=%11121 DeBeer et allf first performed
the 980-as sum-frequency ultrafast modulation spec-
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troscopy (UMS) experiment. = The Raman- and
Rayleigh-enhanced polarization beats are an interest-
ing way to study the stochastic properties of light.!?3!

In this paper, based on the field-correlation of
color-locking twin noisy lights, we have investigated
the phase dispersions of the Raman- and Rayleigh-
enhanced FWM. The phase dispersions are modified
by both linewidth and time delay for negative time
delay, but only by linewidth for positive time delay.
The results under the narrowband condition are close
to the nonmodified nonlinear dispersion and absorp-
tion of the material. Moreover, homodyne and het-
erodyne detections of the Raman, the Rayleigh and
the mixing femtosecond difference-frequency polariza-
tion beat (FDPB) have also been exhibited. From
the heterodyne detected FDPB, we can obtain the
characteristics of the dispersion and absorption for
the resonant Raman- and Rayleigh-enhanced FWM.
Investigations of the phase dispersion of Raman and
Rayleigh-enhanced FWM will help us to understand
and optimize the nonlinear susceptibilities and the
generated high-order nonlinear optical signals, which
have potential applications in achieving better nonlin-
ear optical materials and opt-electronic devices.

2. Basic theory

The Raman and Rayleigh femtosecond difference-
frequency polarization beats (FDPB’s) are the third-
order nonlinear polarization beat phenomenon. Here
the polarization beat is based on the interference at
the detector between two FWM signals which origi-
nate from macroscopic polarizations excited simulta-
neously in the homogeneous or inhomogeneous broad-
ening sample. It requires that all the polarizations
have the same frequency.

The basic geometry is shown in Fig.l. Twin
beams 1 and 2 consist of two frequency components
w1y and ws, a small angle exists between them. Beam 3
with frequency w3 is almost propagating along the op-
posite direction of beam 1. Twin composite stochastic
fields of beam 1, Epy(7,t), and beam 2, E,o(r,t), for

homodyne detection scheme, can be written as

Epl = El(ra t) + EQ(ra t)
Aq(r,t) exp(—iwit) + Aa(7, t) exp(—iwat)

eruq (t) expli(ky - 7 — wit)]
+ equa(t) expli(ks - ¥ — wat)],
Ei(r,t) + Ey(r.t)

o
Il

= Al (r,t) exp|—iw (t — 7)]
+ AL(r, t) exp|—iwa (t — 7))
= gluy(t — 7)expli(k] - 7 — wit + w1 T)]

+ eyua(t — 7) expli(ky - 7 — wal + wor)]. (1)

Here, ¢;, k; (g}, k.) are the constant field amplitude
and the wave vector of the w; component in beams 1
and 2, respectively; u;(t) is a dimensionless statistical
factor that contains phase and amplitude fluctuations.
It is taken to be a complex ergodic stochastic function
of ¢, which obeys complex circular Gaussian statis-
tics in chaotic field. And 7 is a variable relative time
delay between the prompt (unprimed) and delayed
(primed) fields.
component wy and wsy lights are split and recombined

To accomplish this the frequency-

to provide two double-frequency pulses in such a way
that the wy; and wy components are delayed by 7 in
beam 2 (Fig.1), which is quite different from that of at-
tosecond sum-frequency polarization beats.2=%6] On
the other hand, the complex electric fields of beam
3 can be written as E5(r,t) = As(r,t)exp(—iwst) =
esuz(t) expli(ks - r — wst)]. Here, w3, €3, and k3 are
the frequency, the field amplitude and the wave vector
of the field, respectively.

Ey, E, Es
1 > <« 3
Ej,E}
2
ErppB
4

Fig.1. Phase-conjugation geometry of the Raman and
Rayleigh FDPBs.

In an absorbing medium, the nonlinear inter-
action of beams 1 and 2 with the medium gives
rise to the molecular-reorientation gratings and the
thermal gratings, i.e., w2 will induce their own
non-resonant static molecular-reorientation gratings
G2 and thermal gratings Gy 2. The FWM sig-
nals are the results of the diffraction of beam 3 by
these four gratings. The order parameters Q 1, @71,
Qa2 and Qo of the four non-resonant static gratings
satisfy the following equations:(2:3:5]

dQa/dt + Y Qat = Xy Er (v, 0)[E (7, )],
dQr1/dt + yrQr1 = xXryrEi(r, t)[E1 (r, 1)),
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dQnr2/dt + v Qa2 = XYM ES (7, 8)[Ea (v, )],
dQr2/dt +vrQr2 = xryr Ey(r, t)[Ea (7, t)]".  (2)

Here yar,r and xar,r are the relaxation rate and the
nonlinear susceptibility of the molecular-reorientation
grating and thermal grating, respectively.

On the one hand when the frequency difference
Ay = w3 — wy is much smaller than A] = w3 — wo
(ie., A < A} and Ay = 0) , the two resonant moving
gratings, Gry and Grr with a large angle formed by
the interference between the w; frequency component
of beam 2 and the w3 frequency component of beam
3, will excite the Rayleigh mode of the medium and
enhance the FWM signals (i.e., Rayleigh-enhanced
FWM). On the other hand, if only the frequency de-
tuning Ay = A} — 2y is near zero, the one large res-

onant moving grating, G formed by the interference
between the wo frequency component of beam 2 and
the w3 frequency component of beam 3, will excite the
Raman mode of the medium and enhance the FWM
signals (i.e., Raman-enhanced FWM). The order pa-
rameters Qr, Qrr and Qrps should satisfy the fol-
lowing equations:

dQr/dt + (yr —142)Qr = XRVR[E:(r,1)]" E3(r, 1),
dQpra /At + M Qry = xmYm [E1(r, 1)]* Es(r, t),
dQgrr/dt + yrQrr = X7y [EL(r, 1)) Es(r,t).  (3)

Based on Egs.(2) and (3), the induced seven third-
order nonlinear polarizations responsible for the FWM
signals are

Part = Quna(r 0Ba(r,t) = xarnaei(r) [ Aa(e = £)45(0 ¢ = 7)) exp(-nat ). @
Pry = Qrar ) Ba(r,t) = xrr$i(r) [~ Ax(e = 0)AI( - ¢ = 1) Aa(0)expl(-rta 5)
Prrs = Qpra(r, 1) Es(r,t) = xaryar Sa(r) /OOO AS(t —t)Ax(t —t' — 7)A3(t) exp(—yurt')dt, (6)
Pra = Qra(r,OBx(rt) = xrrrSa(r) [ A3(0— €)a(t = ¢ = 1) a(t) exp(rt ) ™)
Pi = Qa(r O Ey(r,t) = mimSa(r) [ A3(e— £)da(t = {)Aalt = 1y xpl-(rm — 141, ()

Pry = Quii(r, t)Ei(r,t) = xarym Si(r) /0OO Af(t =t —7)As(t — ')Ay (t) exp[—(yar — 1A ]dE',  (9)

Prr = Qri(r,t)E1(r,t) = x7y1S1(r) /OOO Af(t —t — 1)As(t — ') AL (t) exp[—(yr —141)t']dt . (10)

Here S (r) = exp{i[(k1 — k| +ks3) -r —wst —w1 7]} and
Sa(r) = exp{i[(ky —ke+ks3) 7 —wst—wat]}. It can be
appreciated that polarizations Po = Pyre + Ppro and
P4 = P + Pro + Pr correspond to an FWM pro-
cess and a Raman-enhanced FWM process under the
phase-matching condition kfj — ko + k3, while Pp =
Purri + Pry and Pp = Pyry + Pri + Pra + Prr cor-
respond to the other FWM process and the Rayleigh-
enhanced FWM process under the phase-matching
condition k; — kj + k3. The Raman- (Rayleigh-) en-
hanced FWM signal is proportional to the average
of the absolute square of P4 (Pg) over the random
variable of the stochastic process {|Pa|?) ({|Ps|?)),

which involves fourth- and second-order coherence
All these FWM signals have the
As a result, FDPB origi-
nates from the interference between the macroscopic

function of wu;(t).
same frequency, i.e., ws.

polarizations from the Rayleigh-enhanced FWM and
the Raman-enhanced FWM signals. The beat sig-
nal (beam 4) is along the opposite direction of beam
2 approximately.[23:5 In this paper three Marko-
vian noise models, the chaotic field model (CFM),
the phase-diffusion model (PDM) and the Gaussian-
amplitude model (GAM) are considered at the inten-
sity level to fully appreciate the subtle features of
FWM spectroscopy. 23]
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3. Homodyne detection of FDPB

The FDPB signal is proportional to the aver-
age of the absolute square of P(3) over the random
variable of the stochastic process, so that the sig-
nal I(A;,7) o< (PG)(PG)Y*) contains different terms
in the fourth- and second-order coherence functions
of w;(t) in phase conjugation geometry. In general,
the FDPB of homodyne detection (at the intensity
level) can be viewed as the sum of three contri-
butions: (i) the 7-independent or dependent auto-
correlation terms of w; component, which include
uq(t) fourth-order and wusz(t) second-order Markovian
stochastic correlation functions; (ii) the 7-independent
or dependent auto-correlation terms of wy component,
which include wz(t) fourth-order and wus(t) second-
order Markovian stochastic correlation functions; (iii)
the 7-dependent cross-correlation terms between w,
and wo components, which include wuq(t), us(t) and
uz(t) second-order Markovian stochastic correlation
functions. Different Markovian stochastic models of
the laser field only affect the fourth-, not second-order

correlation functions.[2:3:5]

3.1. Raman FDPB

For the Raman FDPB, we have the total third-
order polarization P®) = P4, + Pp = (Pyo +
Prsy+ Pr) + (Pa + Pri). Therefore, the homodyne-
detection signal I(Asg, 7) contains 5 x 5 = 25 different
terms which include the non-resonant terms of the wq
molecular-reorientation and thermal gratings, terms
of the wy molecular-reorientation and thermal gratings
and Raman resonant mode, and the cross-correlation
terms between FWM and Raman-enhanced FWM.

After performing the tedious integration from
Eqgs.(4)—(10), in the limit yas, v > a1, ag, as > yr
we obtain

IrppB(A2,7)

o n?exp(—214Ak - r) {[1 4+ n4 exp(—2as|7|)] Ls + L}
+{[1 + ng exp(—201|7|)] X3, + L7}
+ nLg{ expl[idk - r — i(w1 — wo)|7|]x%

+ exp[—idk - r +i(w1 — w2)|7T[]xa} (11)

Here

Ls = X3 — 2yrAoxmXr/ (VR + A3)

+YEXR/ (VR + 43),

Le = exp(—2az|T])2xmXT
— 2yrAaxTXR/ (VR + A3) + X7,

Ly = exp(—20a|7])(2xm X1 + X7);

Ls = (xm + xr) exp[—(a1 + a2)|7]],

XA = XM + X1 — XRVR/(A2 +iVR),
n = e3(e2)"/e1(e1)”,

Ak = (k1 — k) — (K5 — ko),

and ny equals 1, 0, 2 for the CFM, PDM and GAM,
respectively.

First for CFM, the Raman FDPB versus 7 shows
the femtosecond scale modulation with a different fre-
quency w; — wo and damping rates oy and ay. The
constant term v&x%/(v% + A3) in Eq.(11), which is
independent of the relative time-delay between twin
beams 1 and 2, originates from the phase fluctuation
of the chaotic fields, while the purely decay terms in-
cluding the factors exp(—2aq|7|), exp(—2as|7|) come
from the amplitude fluctuation of the chaotic fields.

Secondly, for PDM the temporal behavior of the
beat signal only reflects the characteristic of the lasers.
The result is remarkably different from that based
on the chaotic model. It is short of the purely
auto-correlation decay terms including the factors
exp(—2aq|7|) and exp(—2as|7|), which are shown to
be particularly insensitive to the phase fluctuation of
the Markovian stochastic light fields. The drastic dif-
ference of the results also exists in the higher-order
correlation in Rayleigh FDPB when the three Marko-

vian stochastic models are employed.[?l

Thirdly, for GAM, in contrast to CFM and PDM,
the decay term includes the factors 2 exp(—2a1 |7|) and
2exp(—2as|7]). The 7-dependent term of Gaussian-
amplitude field is larger than that of the chaotic field
or the phase-diffusion field (see Fig.2), which origi-
nates from the amplitude fluctuation of the Marko-
vian stochastic field. For this the physical explana-
tion is that the Gaussian-amplitude field undergoes
stronger intensity fluctuations than a chaotic field. On
the other hand, the intensity (amplitude) fluctuations
of the Gaussian-amplitude field or the chaotic field are
always much larger than the pure phase fluctuations
of the phase-diffusion field.
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Fig.2. Raman FDPB signal intensity versus ~p;7 for

xm/Xr = 0.5, v /vr = 0.001, x7/XR = 0.5, Y7 /7M =
50, az/ym = 0.1, ai/ym = az/yu = 0.1, Ay = 0,
r =0, wi/a; = 127450, wa /a1 = 119924 and n = 1. The
three curves represent the signal intensities for CFM (solid
curve), GAM (dashed curve), and PDM (dotted curve).

3.2. Rayleigh FDPB

For the Rayleigh FDPB, we have the total third-
order polarization P®) = Py + Po = (Par1 + Pras +
Pri+ Prr)+ (Pys + Pra2). Therefore, the homodyne-
detection signal I(Aq, 7) contains 6 x 6 = 36 different
terms which include the non-resonant terms of the wy
molecular-reorientation and thermal gratings, terms
of the w; molecular-reorientation and thermal gratings
and Rayleigh resonant mode, and the cross-correlation
terms between FWM and Rayleigh-enhanced FWM.

After performing the tedious integration of
Eqgs.(4)—(10), in the limit yar, g > a1, a2, a3 > Y7

we obtain

Irpp(A1,7)

x {[1 + ngexp(—2a1|7])]Lyg + L1o}

+ n? exp(—2iAk - 7){[1 + ny exp(—2az|7])]

X X35 + L11}

+ nLs{ exp[idk - r —i(w1 — w2)|7|]xB

+ exp[—idk - r +i(w; — wo)|7T[IXB}- (12)
Here,

Lo = [L+ 373/ (vir + AD)]xX3s

Lio = exp(—2a|7[){[L + 73,/ (vir + 43)]
X 2XI\/[XT + X%}v

L1 = exp(—2a2|T]) 2xmXxT + X%)a

and xp = xm + X7 + xmya/ (v —141).

Similarly with Raman FDPB, the Rayleigh FDPB
shows the femtosecond scale modulation with a differ-
ent frequency w; — ws and damping rates a; and «s.
Equation (12) for PDM is more insensitive to the in-
tensity fluctuation than that of CFM and is short of
decay terms exp(—2a1|7|) and exp(—2as|7|), while
Rayleigh FDPB of GAM has the 7-dependent factors
2 exp(—2a1|7]) and 2exp(—2as|7|), which are larger
than those of CFM and PDM (see Fig.3). On the

oy
o

Normalized signal intensity
=)
o

TMT

Fig.3. The Rayleigh FDPB signal intensity versus vy 7
for xamr/xT = 1, y7 /M = 50, a1/yar = 0.001, a2 /yar =
az/yy = 01, Ay = 0, r = 0, wi/a; = 120800,
wa/a; = 119900 and n = 1. The three curves represent
the signal intensities for CFM (solid curve), GAM (dashed
curve), and PDM (dotted curve).

other hand, we find that as the Rayleigh-mode detun-
ing A; = 0, the temporal behavior of the Rayleigh
FDPB is symmetric with the maximum of the beat
signal at 7 = 0 (Fig.3), while as the Raman-mode de-
tuning Ay = 0, the temporal behaviour of the Raman
FDPB is asymmetric with the maximum of the beat
signal shifted from 7 = 0 (Fig.2). It is induced by
phase shifts of Raman phase-angle 84 and Rayleigh
phase-angle 65, respectively. When Ay = Ay =0, we
have 64 # 0 and 6 = 0, as shown in Figs.4(a) and
4(b), respectively.
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Fig.4. (a) Phase angle 04 versus frequency detuning As/vyg for xap/xr = X7/Xr = 0.9, XM/XR = XT/XR =
0.6, xapr/Xr = XT/XRr = 0.3. The three curves represent the variation of 64 for xp7/xXr = x17/Xr = 0.3 (s0lid
curve), that for xar/xr = x17/Xr = 0.6 (dashed curve), and that for xa//xr = x7/Xxr = 0.9 (dotted curve).
(b) Phase angle 6p versus frequency detuning Ay /vy for y7/yar = 1 x 1076, x7/xar = 0.9, x7 /X3 = 0.6,
x1/Xnm = 0.3. The three curves represent variation of 8 for x7/xar = 0.3 (solid curve), that for x1/xa = 0.6
(dashed curve), and that for x7/xn = 0.9 (dotted curve).

4. The Raman- and Rayleigh-enhanced nonlinear susceptibility

The Raman- and Rayleigh-enhanced nonlinear polarization and the corresponding susceptibility have the
relation Py = So(r)xa and Pg = S1(7)x 5. Based on the cross-correlation terms of the Raman FDPB, we can
obtain the expression of the Raman-enhanced susceptibility

IYRXR
=exp|—(a1 + ao)T + xr + - 13
XA p[—(a1 + az) ](XM XT a2+a3+’yR—1A2> (13)

for 7 > 0 and

xa = exp[(aq + a2)7] X (xar + Xx1)
exp[(a1 + ag)7] — exp[T(aa + as + vr — 142)] n exp[7(ae + a3 + yr — 145)] } (14)

Jrl’YRXR{ —a + a3 + yr — 14, g + a3z +yp —ids

for 7 < 0. Similarly, the Rayleigh-enhanced susceptibility are

YM XM YrXT ) (15)

=exp|— (a1 +a2)T + XT + - .
X5 pl= (e 2) ]<XM XT oy oz —iA oy o +az —iAp+yr

for 7 > 0 and

x5 = exp[(a1 + az2)7] x (xar + Xx7)
exp[(a1 + ao)T] —exp[7(an + s —iA; + )] | exp[T(ag + s — 141 + )]
+ + YMXM

—oy + a3z —iA) + vy oy +ag —idA; +ym

exp[(aq + ag)7] — exp[T(a2 + a3 — 141 +91)]  exp[r(as + ag —iA; + y7)]
+ - + : YTXT (16)
—oy + a3z —iA) + 7 oy + a3z —iA; + 7

for 7 < 0. xa’s (xp’s) for the three stochastic models (CFM, PDM and GAM) are the same, but those for
7> 0 and 7 < 0 are different. x4 (xp) for 7 < 0 is more complex due to the interplay between the material
and the light responses.



2346

Zhao Yan et al

Vol. 18

We decompose the nonlinear susceptibilities x4
and xp into a real and an imaginary part, i.e.,
Xa = Xy +ixh and xg = xp + ixp  On
the other hand, x4 and xp can be expressed as
|xa|expifa = |xa|cosfa +i|xa|sinfs with 6,4 given
by 04(4z) = tan~'(x4/x4) and |xp|expifp =
|xB|cosOp +i|xp|sinfp with 0 given by 05(A;) =
tan=1 (x5 /x). From Eqgs.(13)—(16), we realized that
the phase dispersions 84 and 6p are greatly modified
by the color-locked noisy field with both linewidth «;
and time delay 7 for 7 < 0, but only with «; for 7 > 0.

Figures 4 and 5 show the phase dispersion of
Raman- and Rayleigh-enhanced FWM, including the
influence of the color-locked noisy field for 7 > 0. In
Fig.4(a) the phase angle 64 shows the absorption-
like shape. When xu/xr and xr/xr increase, it
becomes more symmetrical about As = 0, and the
value decreases more drastically. On the other hand,
in Fig.4(b) we can see that the phase angle 0 shows
a dispersion-like shape and its amplitude decreases as
XT/XM increases.
(xp’s) for 7 < 0 and 7 > 0 become the same,

In the cw limit (a; = 0), xa’s

1.5
(a)
< 1.04
2
j=10)
i
<
2
g 0.54
~
¥
0_
—20 —10 0 10 20

Az /YR

ie., xa = xm + X — XrYR/(A2 +ivR) and xp =
XM + xtT + xXmym /(v — 141) + xryr/(vr — i4y).
X'4(Az) is neither an odd nor an even function due
to xam and xr terms, and x4 (4A2) is an even func-
tion. So 64 shows the asymmetric absorption-like line
shape, while 05(A4;) is an odd function (dispersion-
like shape) for even function x'3(A1) and odd function
X5 (A1). Comparison with the broadband (o /var >
1, a;/vr > 1), the dispersion and absorption un-
der narrowband condition are independent of the
linewidth «; and time delay 7, which correspond to
the nonmodified nonlinear dispersion and absorption
of the material. In Fig.5, 64 and 0 decrease and the
line shape becomes broad with increasing linewidth,
which shows the influence of the field-correlation of
the color-locked noisy light. Thus, by virtue of the ul-
trafast modulation processes within the femtosecond
regime, one can optimize the nonlinear susceptibili-
ties and obtain the efficient nonlinear optical signals,
which have potential applications in obtaining bet-
ter nonlinear optical materials and good opt-electronic

devices.
0.30

o 0151
>
)
2 0
<
?
E —0.15 A
£ .

—0.30 A

—20 —10 0 10 20
Ar /v

Fig.5. (a) Phase angle 64 versus frequency detuning Ag /yg for aa/yr =1, aa/vr = 0.5, as/vr = 0. The three
curves represent the variations of 64 at as/yr = 0 (solid curve), at as/yr = 0.5 (dashed curve), and at aa /yr =

1 (dotted curve). (b) Phase angle g versus frequency detuning Aj /vyas for yp /vy =1 x 1076,

ar/ym =1,

ai/vm = 0.5, a1/vpm = 0. The three curves represent the variations of 6 at ai/ya = 0 (solid curve), at

a1/vm = 0.5 (dashed curve), and at a1 /vy = 1 (dotted curve).

5. Heterodyne detection of

FDPB

Since optical fields oscillate too quickly for direct
detection, they must be measured “in quadrature”-
as photons. One of the common measurement tech-

[

niques, such as FWM measured at its quadrature
Ix = PsP; or Ip = PpPg, yields only absolute
value of the nonlinear susceptibility |xa|® or |xz/|>.
Thus, all phase information in the nonlinear suscepti-
bility is lost. The second way to achieve quadrature
is the phase-sensitive method used for optical hetero-
dyne detection. We introduce another reference FWM
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signal designed in frequency and wave vector (Fig.1)
to conjugate (go into quadrature) in its complex repre-
sentation with the new polarization of interest. Both
the measured and the reference signals have the same
frequency, thus, they interfere directly at the detector
and generate FDPB by changing the relative time de-
lay 7 between the measured and the reference beams.
In other words, the total signal is modulated by the
time delay. In the heterodyne case the reference signal
is larger than the measured, and the phase informa-
tion is retained so that one can take a full measure of
the complex susceptibility through adjusting the time
delay .

5.1. Raman FDPB

For the Raman-enhanced FWM signal with po-
larization P4, we introduce the reference FWM sig-
nal with polarization Pp. Thus the Raman FDPB
signal is proportional to the average of the square of
the absolute value of P4 + Pp over the random vari-
able of the stochastic process, so the signal intensity
I(42,7) o< {|Pa+ Ppl*) = {(Pa+ Pp)(Pj + Pp)) =
(PaP3)+(PpPp)+(PaP}y)+(PpP}) contains 5 x5 =
25 different terms in the fourth- and second-order co-
herence functions of w;(¢) in phase conjugation geom-
etry. In general, the Raman FDPB (at the intensity
level) can be viewed as the sum of three contributions:
(i) the 7-independent or dependent auto-correlation
terms I4 (Az,7) = (PaP}) (i.e., Raman-enhanced
FWM) of ws nonresonant molecular-reorientation and
thermal gratings, and A; Raman resonant mode,
which includes the wuz(t) fourth-order and the ws(t)
second-order Markovian stochastic correlation func-
tions; (ii) the 7-independent or dependent nonreso-
nant auto-correlation terms Ip (1) = (PpPp) of wy
molecular-reorientation and thermal gratings, which
include wi(¢) fourth-order and wus(t) second-order
Markovian stochastic correlation functions; (iii) the
T-dependent cross-correlation terms Ig p (A2, 7) =
(PaP3) + (PpP3) between Raman-enhanced FWM
and NDFWM processes, which include wuy(t), us(¢)
and uz(t) second-order Markovian stochastic correla-
tion functions. Different Markovian stochastic models
of the laser field only affect the fourth-, not the second-
order correlation functions. Therefore, the cross-
correlation terms are the same for the three Marko-
vian stochastic models. Furthermore, by virtue of the
cross-correlation term I4 p (Ag,7) we can obtain the
third-order susceptibilities for the Raman-enhanced

FWM xa = xum + X1 — XgVR/[A2 +i(02 + a3 + VR)]
and for the reference NDFWM xp = xm + Xxr
theoretically. The real and imaginary parts of x4
are respectively odd and even functions, ie., x4y =
Xm + xr — XrYRA2/[A3 + (2 + a3 + yr)?] and
X4 = xrVR(02 + a3 +YR)/[A3 + (a2 + a3 +7r)?].

In heterodyne detection, we assume Ip (7) >
I (As,7) at intensity level, in other words, we let
n < 1, thus we have I o« Ip (7) 4+ Ia p (As,7). For
simplicity, in the limit of vg, var > a1, ag, ag > yr
and based on the chaotic, phase-diffusion and real
Gaussian fields, we have their Raman FDPB signals,
respectively, i.e.,

Irppe(A2,7)
o {[1 + ng exp(—2aq |7])] X3 + L7}
+ nLg{ explidk - r —i(w1 — wa)|7T|]X 7%
+ exp[—idk - r +i(w; — w2)|THXA}~ (17)

We express xa as |xa|exp(ifa) = |xa|cosfs +
i|xa|sinf, with variation of #4 shown in Figs.4(a)
and 5(a). Therefore, we have

Irppe(A2,T)
o« Ip (1) 4+ 2Lgn|xa|cos[—Ak - r
+ (w1 — wa)|7| + 04]. (18)

Equation (18) indicates that the reference FWM sig-
nal Ip (7) and the factor 2Lgn are independent of As,
while the heterodyne signal is modulated with a sum-
frequency w1 —ws as 7 is varied; in addition, the phase
of the oscillation depends on the phase 6 4 of the mea-
sured third-order susceptibility x4. If we adjust the
time delay 7 such that —Ak - r + (w1 — ws)|7| = 2nm,
then

Irppe(A2,T)
o Ip (1) 4+ 2Lgn|xa|cosba x Ip (1)
+ 2L4nx 4. (19)

However, if —Ak -7+ (w1 —we)|7| = (2n —1/2)7, we
have

Irppa(42,7)
x Ip (1) 4+ 2Lsn|xalsinbs < Ip (1)
+ 2L4nx4- (20)
In other words, by changing the time delay 7 between

beams 1 and 2 we can obtain the real and the imagi-
nary parts of the Raman-enhanced susceptibility x 4.
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Figure 6 shows the heterodyne detection spectra versus As /g of the Raman FDPB. We can see that the
spectra have the profile of the real and imaginary parts of the Raman resonance with comparable backgrounds.
On the other hand, in Fig.6 the spectra of CFM, PDM and GAM are the same as those of the cw beam.
However, the background of the three Markovian models is smaller than that of the cw beam due to the phase

fluctuation.
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Fig.6. The heterodyne detection spectra versus As/vygr of Raman FDPB for xpr/xr = 0.1, yar /o1 = yr/a1 =
10, x7/xr = 0.1, yr/a1 = 1 x 1075, as/a; = asz/a1 = 1, Ak = 0; (a) 7 = (2m)/(w1 — w2) > 0 and (c)
7= (—2m)/(w1 —w2) < 0 for Rexa, (b) 7 = (1.57) /(w1 —w2) > 0 and (d) 7 = (—1.57) /(w1 —w2) < 0 for Im x 4

with w1 /a1 = 127450, wa /a1 = 119924.

5.2. Rayleigh FDPB

For the Rayleigh-enhanced FWM signal with po-
larization Pg, we introduce the reference FWM sig-
nal with polarization Po. Thus the Rayleigh FDPB
signal is proportional to the average of the square of
absolute value of Pg + Pg, so the signal intensity
I(4A1,7) x (Ps+Pel’) = (Ps + Po)(Pj + P2)
contains 6 x 6 = 36 different terms where Ip (41, 7) =
(PpPj) and Ic (1) = (PcPf) include the wuq(t)
and the ug(t) fourh-order Markovian stochastic cor-
relation functions, respectively; while Ip ¢ (A1, 7) =
(PpPt) + (PpPt) includes u;(t) second-order Marko-
vian stochastic correlation functions. We know that
different Markovian stochastic models of the laser field
only affect the fourth-, not the second-order correla-

tion functions. Therefore, the cross-correlation terms
Ip.c (Aq,7) are the same for the three Markovian
stochastic models, from which we can obtain the third-
order susceptibilities for the Rayleigh-enhanced FWM
xB = XM + X1 + xmyam/[(a1 + az + yar) —i4q] +
xtyr/[(1 + as + y7) — 14;] and for the reference
NDFWM x¢ = xam + xr theoretically. The real and
imaginary parts of yp are respectively even and odd
functions, i.e.,

/

XB

= XM T XT
+yar(an + g +yan)xar/[(e1 + as + yar)? + A
+yr(ar +az +7)xr/[(1 + az + 1) + A7)

and
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X% = xmvm A/ [(oq + as + yar)? + A2
+ xrvrA1/[(a1 + as +y7)* + A

In heterodyne detection, we assume Ic (7) >
Ip (Aq,7) at the intensity level, in other words, we let
1 > 1, so that we have I(A1,7) x Io(7)+Ip,c(A1, 7).
Under the condition of vy > ay,a9,a3 > vyp, we
have the Rayleigh FDPB signals for the three Marko-

vian models, i.e.,

Irppe(A1,7)
o n? exp(—2iAk - 1“){[1 + ng exp(—202|7])]x7,

+ L+ an{ explidk -7 —i(wi —w2)|7([x5

—%exp}dAk~r—%ﬂw1—wQ)hHXg}. (21)

We express xp as |xp|exp(ifp) = |xp|cosfp +
ilxp|sinfp, with 65 expressed as in Figs.4(b) and

5(b). From Eq.(21) we have

Ivppe(A1,7) x Ic(T)+ 2Lgn|xB|cos[Ak - r

— (w1 —w2)|7| + 05]. (22)
|
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Equation (22) indicates that the reference FWM sig-
nal Io(7) and the factor 2Lgn are independent of
Aq. The heterodyne signal is modulated with a sum-
frequency wy; —ws as 7 is varied. In addition, the phase
of the oscillation depends on the phase 5 of the mea-
sured third-order susceptibility xg. If we adjust the
time delay 7 such that Ak - r — (w1 — wa)|7| = 2nm,
then

Ivppe(A1,7)  Ic(T)+ 2Lsn|x | cosbp

o Ic +2L4nxp. (23)

However, if Ak -r — (w1 — wa)|7| = (2n — 1/2)m, we
have

IFDPB(AhT) X Ic'(T) —|— 2L877|XB| sinHB

o Ic(7) + 2Lanx'5. (24)

In other words, by changing the time delay 7 between
beams 1 and 2 we can obtain the real and the imagi-
nary parts of the Rayleigh-enhanced susceptibility x 5.

Figure 7 shows the heterodyne detection spectra
versus A1 /vg of the Rayleigh FDPB. We can see that
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Fig.7. The heterodyne detection spectra versus A;/ygr of Rayleigh FDPB for xa/xT = 1, yap /o1 = 100,
yr/a1 =1x107%, as/a1 = az/a1 = 1, Ak =0; (a) 7 = (27) /(w1 — w2) > 0 and (c) 7 = (—27)/(w1 —w2) <0
for Rexp, (b) 7 = (1.57m) /(w1 —w2) > 0 and (d) 7 = (—1.57) /(w1 — w2) < 0 for Im xp, with w1 /a1 = 120800,

wa/ay = 119900.
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the spectra exhibit the profiles of the real and imag-
inary parts of the Rayleigh resonance with compara-
ble backgrounds. It is clear that the curves repre-
sent the even function for the real part and the odd
function for the imaginary part of xp, which is just
opposite to those of the Raman-enhanced susceptibil-
ity xa (Fig.6). On the other hand, similarly, for the
heterodyne signal of Rayleigh FDPB the spectra of cw
beams are the same as those of CFM, PDM and GAM.
However, the spectra of cw beams have the largest
background while the spectra of PDM have the small-
est background due to the absence of the amplitude

fluctuation.

5.3. The mixing of Raman and Rayleigh

In fact, the conditions for exciting Raman and
Rayleigh modes can be satisfied (4; = Ay = A} —
2z = 0) in one experiment system simultaneously
and the Raman- and Rayleigh-enhanced FWM'’s are
Each of them
can be considered as the reference signal of the other.

mixed and interfere with each other.

For the heterodyne detection we have the polariza-
tion beat signal I(Aq, Az, 7)  ((Pa+ Pg) (P4 + Pg))
for studying the phase dispersion of the Raman- or
Rayleigh-enhanced third-order susceptibilities xy 4 and
xB- For example, the picture shows the FDPB spectra
versus Ay /yr and As/vg in the case of T4 (Aq,7) <
Ip (Ay,7). As the value of Ay /g satisfies the condi-
tion of —Ak-r + (w1 —ws)|7| —0p = 2nm, the spectra
versus Ay /vr showing the real part of x4 have a dis-
persive shape (Fig.8.).
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Fig.8. The heterodyne detection spectra (CFM) ver-
sus Aq1/yr and Az/yr of the coexisting Raman and
Rayleigh FDPB in the case of 4 (A2,7) < Ip (A1, 7) for
xm/xr = 0.1, ym/o1 = yr/oan = 10, xr/xr = 0.1,
'yT/ozl = 1x 10757 042/041 = 043/041 = 1, Ak = 0,
7= (0 —2m)/(w1 —w2) for Rexp.

6. Discussion and conclusion

Based on the three stochastic models, the sub-
tle Markovian field-correlation effects have been in-
vestigated in Raman- and Rayleigh-enhanced FWM,
homodyne- and heterodyne-detected FDPB. All of
these can be understood in the time and frequency
domains. In this paper we have employed the FDPB
to obtain the real and the imaginary parts of the
Raman and Rayleigh resonances based on the po-
larization interference between normal FWM and
Raman- or Rayleigh-enhanced FWM processes, even
between Raman- and Rayleigh-enhanced FWM pro-
cesses.  Specifically, since Raman- and Rayleigh-
enhanced FWM signals propagate along the same
optical path, in the heterodyne detection of FDPB,
we purposely introduce them as the reference signal
for each other. Our method is based on the polar-
ization interference between two competitive Raman-
and Rayleigh-enhanced FWM processes. The detun-
ings Ay and As control the intensity and phase angle
of Rayleigh- and Raman-enhanced susceptibilities x g
and x4, respectively. We need scanning one detun-
ing to show the phase dispersion of yp or x4 with
proper time delay, while the other one can be ob-
tained only by changing the reference background. If
the change of Ay or Ay is large enough, the value of
0p or 04 will equal zero, and the coexisting Raman
and Rayleigh FDPB will be converted into the pure
Raman or Rayleigh FDPB.

In conclusion, based on color-locking noisy field
correlation in the three Markovian stochastic mod-
els, phase dispersions of the Raman- and Rayleigh-
enhanced four-wave mixing (FWM) have been inves-
tigated. The phase dispersions 4 and 0p are greatly
modified by the color-locked noisy field with both
linewidth «; and time delay 7 for 7 < 0, but only
«; for 7 > 0. Moreover, the results under narrowband
condition are close to those of the nonmodified non-
linear dispersion and absorption of the material. In
addition, based on the three stochastic models, homo-
dyne (quadratic) and heterodyne (linear) detection of
the Raman FDPB, the Rayleigh FDPB and the coex-
isting Raman and Rayleigh FDPB have also been in-
vestigated, separately. From the heterodyne detected
FDPB, we can obtain the characteristics of the dis-
persion and absorption for the resonant Raman- and
Rayleigh-enhanced FWM, and they help us to un-
derstand and optimize the nonlinear susceptibilities
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and the generated high-order nonlinear optical signals.

These results have potential applications in achiev-

ing better nonlinear optical materials and good opt-

electronic devices.
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