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Higher-order correlation on polarization beats in Markovian stochastic fields
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The correlation effects of sixth order on cascade three-level polarization beats are investigated using chaotic
field, phase-diffusion, and Gaussian-amplitude models. The polarization beat signal is shown to be particularly
sensitive to the statistical properties of the Markovian stochastic light fields with arbitrary bandwidth. Different
stochastic models of the laser field only affect the sixth- and fourth-order coherence functions. The constant
background of the beat signal originates from the amplitude fluctuation of the Markovian stochastic fields. The
Gaussian-amplitude field shows fluctuations larger than the chaotic field, which again exhibits fluctuations
much larger than for the phase-diffusion field with pure phase fluctuations caused by spontaneous emission.
The cases that the pump beams have either narrowband or broadband linewidth are considered and it has been
found that for both cases a Doppler-free precision in the measurement of the energy-level difference of the
excited states can be achieved. The sixth-order coherence function theory is of vital importance in cascade
three-level polarization beats.
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[. INTRODUCTION value in a two-dimensional region of the complex plane cen-
tered about the origif5]. The phase-diffusion field under-
The statistical properties of the noisy light field are of goes only phase fluctuations and corresponds to an intensity-
particular importance for nonlinear optical processes sincstabilized single-mode laser field. The phase of the laser
these are often sensitive to higher-order correlations in théeld, however, has no natural stabilizing mechan|isin The
field. The effects of such correlations have been studied iaussian-amplitude field undergoes only amplitude fluctua-
several nonlinear processes characterized by either Markotions. Although pure amplitude fluctuations cannot be pro-
ian or non-Markovian fluctuation§l-5]. The Markovian duced by a nonadiabatic process, we do consider the
field is now described statistically in terms of the marginalGaussian-amplitude field for two reasons. First, because it
and the conditional probability densiti¢6,7]. The atomic allows us to isolate those effects due solely to amplitude
response to non-Markovian fields is much less well underfluctuations and second, because it is an example of a field
stood[4]. This is primarily because the complete hierarchythat undergoes stronger amplitudimtensity fluctuations
of conditional probabilities must be known in order to de-than a chaotic field. By comparing the results for the chaotic
scribe a non-Markovian process. Some non-Markovian proand the Gaussian-amplitude fields we can determine the ef-
cesses can be made Markovian by extension to higher dfect of increasing amplitude fluctuatiohs, 7.
mensions. This paper addresses the role of noise in the incident
The atomic response to Markovian stochastic opticafields on the nature of the wave-mixing signal—patrticularly
fields is now largely well understodd—3,5. When the laser in the time domain. This important topic has been already
field is sufficiently intense that many photon interactions oc-reated extensively in the literature including the introduction
cur, the laser spectral bandwidth or spectral shape, obtainesf a new diagrammatic techniquealled factorized time cor-
from the second-order correlation function, is inadequate toelator diagrams[8—14]. They have treated the higher-order
characterize the field. Rather than using higher-order correroise correlators when circular Gaussian statistics apply.
lation functions explicitly, three different Markovian fields There should be two classes of such two component beams.
are considered(a) the chaotic field(b) the phase-diffusion In one class the components are derived from separate lasers
field, and(c) the Gaussian-amplitude field. The chaotic field and their mixedcross correlators should vanish. In the sec-
undergoes both amplitude and phase fluctuations and corrend case the two components are derived from a single laser
sponds to a multimode laser field with a large number ofsource whose spectral output is doubly peaked. This can be
uncorrelated modes, or a single-mode laser emitting lightreated from a single dye laser in which two different dyes in
below threshold. Since a chaotic field does not possess argplution together are amplified. The present paper deals only
intensity stabilization mechanism, the field can take on anwith the first class. That is to say, we are considering only
the class of two-color beams in which each color is derived
from a separate laser source. In any case the literature has
*FAX: +86-29-3237910, Email address: yp.zhang@263.net  already explored, both theoretically and experimentally, the
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FIG. 1. Cascade three-level configuration to be treated by FIG. 2. Schematic diagram of the geometry of HOCPB.

HOCPB.

f h tticol isv light in f .. their analysis. Our higher-order correlation on polarization
?s\?vu(/)l) [gufo] |m tu tlcot'or |not'ﬁyt - tkm | °t“r""t’a‘t’§ mixing | beats(HOCPB includes both the finite light banduwidth ef-
4. INerestingly, that work only treats the Secontto 54 constant background contribution. The different
class of multicolored beam@&@ single laser source for the . . .
roles of the phase fluctuation and amplitude fluctuation have

multipeaked “tailored” lighy in self-diffraction geometry. ) : . . .
Also that work does not treat the cascade three-level systertr%een pointed out in the time domain. If HOCPB Is employed

with phase-conjugation geometry using three types of nois{jr the energy-level difference measurement, the.re are ad-
models, and furthermore its beam 3 is not nolilywas antages that the energy-level_d|_fference can be widely sepa-
“monochromatic”) [9,10]. rated end a Doppler—free precision in the measurement can

The chaotic field, the Brownian-motion phase-diffusionP€ achieved. HO_CPB is closely related to the Doppler-free
field, and the Gaussian-amplitude field are considered in pagaturated absorption spectroscdpy two-photon absorption
allel with a discussion on cascade three-level atom transispectroscopy with a resonant intermediate $tated the
tions. Cascade three level is an accepted nickname for tree-pulse stimulated photon eckor sum-frequency tri-
three-level system in which one color matches [)e-|1)  level photon echowhen the pump beams are narrowband
energy gap, the second color ti¢—|2) energy gagFig. 1). and broadband linewidth, respectivgB1,22,29. However,
This is different from the “cascade processes” in nonlinearit possesses the main advantages of these techniques in the
spectroscopies, which often refer to the buildup of higherfrequency domain and in the time domain.
order polarizations from twgor more sequential lower-
order processes occurring on different spatially separated
centerd11]. We develop a unified theory that involves sixth- Il. BASIC THEORY
order coherence function to study the influence of partial-
coherence properties of pump beams on polarization beats. HOCPB is a polarization phenomenfib,16 originating
Polarization beats, which originate from the interference befrom the interference between one-photon and two-photon
tween the macroscopic polarizations, have attracted a lot dirocesses. Let us consider a cascade three-level syBtgm
attention recentl\f15—27. It is closely related to the quan- 1) with a ground state0), an intermediate statd), and an
tum beat spectroscopy, which appears in the convention&Xxcited statd?). States betweel®) and|1) and betweenl)
time-resolved fluorescence and in the time-resolved nonlinand[2) are coupled by dipolar transition with resonant fre-
ear laser spectroscopy. DeBesral. performed the first ul-  quenciesQ); and(Q),, respectively, while states betwefh
trafast modulation spectroscof$)MS) experiment in so- and |2) are dipolar forbidden. We consider in this cascade
dium vapor[24]. Fu et al. [25,26 then analyzed the UMS three-level system a double-frequency time-delay FWM ex-
with phase-conjugate geometry in a Doppler-broadened sygeriment in which beam4 and B consist of two frequency
tem by a second-order coherence-function theory. Thegomponentsw; and w,, while beam 3 has frequencys
found that a Doppler-free precision in the measurement ofFig. 2). We assume thab;~(; (03~Q;) and w,~Q,,
the energy-level splitting could be achieved. thereforew; (w3) and w, will drive the transitions fronj0)

In this paper, we have investigated the effects of Markov1o |1) and from|1) to |2), respectively. There are two pro-
ian field fluctuations in cascade three-level polarizationcesses involved in this double-frequency time-delay FWM.
beats. Based on three types of models described above, st thew, frequency component of beamsandB induces
have studied the influence of various quantities, such as las@opulation gratings of state8) and|1), which are probed by
linewidth, transverse relaxation rate, and longitudinal relaxbeam 3 of frequency;. This is a one-photon resonant de-
ation rate. One of the relevant problems is the stationargenerate FWM(DFWM) and the signalbeam 4 has fre-
FWM with incoherent light sources, which is proposed byquencyws. Second, beam 3 and the, frequency compo-
Morita and Yajima[28] to achieve an ultrafast temporal nent of beamA induce a two-photon coherence betwg@n
resolution of relaxation processes. Since they assume thand|2), which is then probed by the, frequency compo-
laser linewidth is much longer than transverse relaxatioment of beamB. This is a two-photon nondegenerate FWM
rate, their theory cannot be used to study the effect of théNDFWM) with a resonant intermediate state and the fre-
light bandwidth on the Bragg reflection signal. Asaiaal.  quency of the signal equats; again.

[29] have considered the finite linewidth effect. However, ~The complex electric fields of beaf E;, and beanB,
the constant background contribution has been ignored if,,, can be written as
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Ep1=Aq(F,t)exp —iwgt) +Ay(F,t)exp( —iw,t) turbation chains involve the coherence between excited
R stated1) and|2). For a system with the relaxation time @f,
=gqu(t)exdi(ky-F—wqt) ]+ eous(t) much longer than that gf,4 (or p15), the FWM signal can be
R reduced further. We have also neglected the contributions
X exdi(ky F—wsyt)], (1) from the perturbation chains, which give rise to a signal with
frequencyw,= *= (w,— w1) + w3, therefore, it can be sepa-
Epa=AL(T,t)exp —iwit) + AL(F,t)exp —i w,t) rated from the FWM signal With frequenay; by a mono-
chromator or a narrow-band filter. Furthermore, the more
=gjuy(t— nexdi (K- F— wit+ w7)] strict requirement on the phase matchif&y] and the in-
volvement ofp,; (Or p15) also make this process unimportant
+e5Up(t— rexpi(Ky- F— ot + w,7)], (2)  [26]. In addition, for the static gratinghe FWM signal has

the same frequency as the probe bg#me coherence length
heres; ki(e/ ,k!) are the constant field amplitude and the is usually longer than the thickness of a typical sample. For
wave vector of thaw; component in beard (beamB), re-  the moving gratindthe signal from moving grating has the
spectively.u;(t) is a dimensionless statistical factor that con-frequency ws = (w,;—w1)] the coherence length is usually
tains phase and amplitude fluctuationss the time delay of ~Mmuch smaller than the thickness of a typical sample. In this
beamB with respect to beam. On the other hand, the com- case the contribution to the FWM signal from the moving

plex electric fields of beam 3 can be written as grating can be neglectd@7]. _ _ _
We obtain the third-order off-diagonal density-matrix el-
Eps=As(F,t)exp —iwst)=ezus(t)exfi(ks-F— wst)], ement p{3) which has wave vectok;—k}+Kkj or ky—Kj

(3 +K;. The nonlinear polarizatio® responsible for the

phase-conjugate FWM signal is given by averaging over the
' velocity  distribution  function W(#). Thus P®

=Nu S 2 dow(9)p3)(#), hered is the atomic velocity,
and N is the density of atoms. For a Doppler broadened
atomic system, we hawe(7) = (1/\/wu)exd —(#/u)?].

The total polarization i®)=p" + ph 4+ pUih) 4 p(v)
+PM. Herep®, p pUM) pUV) " and PM correspond-
ing to polarization of the perturbation chaib, (Il), (lll),

herews, €3, and I23 are the frequency, the field amplitude
and the wave vector of beam 3, respectively. Simgeand
w3 come from the same laser source, we haygt)
=Uus(t).

We employ perturbation theory to calculate the density-
matrix elements. In the following perturbation chains

o AL (A D* <2>A3 @ (IV), and(V), respectively, are
(1) poo—pis — g —pY,
(AD* Ay Ag =S(Nexd —i(wst+wy7)]
(I pio — (P *—pla—ply
Xf dVW( f dt3f dtzJ‘ dtl
Aq (Al)* A3 ) .
(1) pQ—pld — p@p@ xXexp —i6,(v)JHa(t)Ha(t2)Ha(ts)

Xug(t—t;—to—ty)uy (t—to—tg— 7)ug(t—tz), (4

(AD* AL Ag
(IV) pgy — (pie)* —pid—pY
00 woho P =s,(Fexd —i(wst+w;7)]

’ + o o o) o0
Az Az (A xf dﬁwﬁJ dtf dtf dt
V) oo —r - ol e ST g S Jo %)
Chains (1)-(IV) correspond to the one-photon resonant Xexd =i 60y(#)JHT (1) Ha(tz)Ha(ts)
DFWM, while chain(V) corresponds to the two-photon reso-
nant NDEWM. ( ) P P Xul(t_tz_tﬁi)uf(t_tl_tz_tS_T)u3(t_t3)1 (5)

Now, we consider the other possible perturbation chains,
where the grating induced by beam 3 amg (or w,) fre- PUD=S (Fexd — i wat—i
quency component of beaBis responsible for the genera- (DX ~Twst=iwy7]
tion of the FWM signal. These gratings have much smaller R o o
fringe spacings, which equal approximately one-half of the X f_ dVW(V)f dtsf dt2f dt,
wavelengths of the incident lights. For a Doppler-broadened

system, the gratings will be washed out by the atomic mo- Xexd —i6,(v)[H(t)H4(to)H3(ts)
tion. Therefore, it is appropriate to neglect the FWM signal .
from these perturbation chaifg6]. In addition, some per- XUp(t—ty—tr—ta)ul (t—tr—tz—7m)us(t—tz), (6)
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piV)= Si(FNexd —iwgt—iwg7]

xf dﬁw(ﬁ)f dtgf dtzf dt,
—o 0 0 0

X exd —i 6, (v)HT (t)Ha(t)Ha(ta)
XUp(t—tr—ta)uy (t—t;—t,— 73— T)us(t—tz), (7)

p(V):Sz(r)exq— iwst—iw,7]

+ o o0 o [
xf dﬁw(ﬁ)f dtsf dtZJ dt,

Xexd —i 6y (v)]Hs(t))Hs(ty)Ha(ts)
XUy(t—ty—tg)us (t—t3— 1) ug(t—t;—t,—t3),
(8)

here

4
Si(f)= —iﬁN(%) e1(e1)* ez exli(ky—kj+kg) 7],

2 2
Sz(F):_iﬁN(%) (%) e2e)*es

X expli(K,—kj+Kg) - F],
0)(%) = i [Ky(ty+ o+ tg) = K (to+tg) +Ksts],
0n(7) =i [ —Ki(ty+to+ to) +Kalto+ to) +Katal,
O (9)= - [Ka(ty +ty+tg) +Ko(ty +1p) —Kits],
Hi(t) =exd —(Fot+iAg)t], Ha(t)=exp(—Tot),
Ha(t)=exd —(Fyo+iAg)t], Ha(t)=exp(—T4t),

Hs(t)=exd —(IpotiAs+iAg)t], wy (up)

is the dipole-moment matrix element betweénand|1) (|1)
and|2)), 'y (I';) is the population relaxation rate of stad
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multimode thermal sourced;(t) has Gaussian statistics
with its sixth-and fourth-order coherence function satisfying
[6,7]

(Ui(t)ui(t)ui(ta)uf (ta)uf" (ts)uf (te))
=(ui(t)u (ta) Uit ui(ta)uf (ts) Ui (tg))
+{ui(tu] (ts) Uit ui(ta)u (ta) uf (tg))
+{ui(t)u] (te) {Ui(t) ui(ta)u (ty) uf (ts)),
9
and
(Ui (t)ui(t) U (ta) U (1)) = (ui(t)uf" (t3) }(ui(tz) Ui (L))
+(ui(ty)uf (ta))
X(Ui(t2)uf (a)). (10

Furthermore assuming that the laser sources in begrBs
and 3 have Lorentzian line shape, then we have

(ui(tuf (o)) =exp( — ity — to]), (11)

here a;= 1/26w; with dw; the linewidth of the laser with
frequencyw; . The form of the second-order coherence func-
tion, which is determined by the laser line shape, as ex-
pressed in Eq(ll), is general feature of the three different
stochastic modelfs,7].

We now consider the case that the laser sources are nar-
I‘OWband SO thaﬂl,a2<rlo,rzo andFO,F1<F10,F20. FOI‘
simplicity, here we neglect the Doppler effect. Performing
the tedious integration, the beat signal intensity then be-
comes

I(7,r)o<(|PP¥|?) By + | 7|°B,+ Bz exp — 2ay| /)
+|7]?B, exp( — 2a,| 7)) +exd — (ay+ ay)|1]]
X B,Ba{pexdiAk-F+i(wy— wy) 7]+ 7*
xex —iAK-F—i(wy—wq) 7]}, (12)

where Ak=(K;—k;)—(Kp—kj), n=udlpileses/e]el],
B,, B,, andB; mainly depending on the laser linewidths

(11)), T'1 (T, is the transverse relaxation rate of the tran-and relaxation rate of the transition are constants.

sition from |0) to [1) (|0) to [2)), and A;=Q;—w;, A,
:Qz_wz, andA3=Ql—w3.

Relation (12) consist of five terms. The first and third
terms are dependent on thg(t) sixth-order coherence func-

The FWM signal is proportional to the average of thetion for DFWM, while the second and fourth terms are de-

absolute square & over the random variable of the sto- pendent on thei,(t) fourth- andu,(t) second-order coher-
chastic proces§ P(®)|2), which involves sixth-, fourth-, and ence functions for NDFWM. The first and second terms
second-order coherence function afj(t) in phase- originating from the amplitude fluctuation of the chaotic field
conjugation geometry, while the FWM signal intensity in are independent of the relative time delay between the two
self-diffraction geometry is related to the sixth-order coher-heamsA andB. The third and fourth terms indicate an expo-
ence function of the incident field24]. For the macroscopic nential decay of the beat signal|asincreases. The fifth term
system where phase matching takes place, this signal mugepending on thei,(t) fourth- andu,(t) second-order co-
be drawn from thé®®) developed on one “atom” multiplied herence functions, gives rise to the modulation of the beat
by the P®))* that is developed on another “atom,” which signal.

must be located elsewhere in sp&aith summation over all Equation(12) indicates that beat signal oscillates not only
such pairg[8,12]. We first assume that the laser sources argemporally but also spatially with a periodm2Ak along the
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direction AK, which is almost perpendicular to the propaga-complicated in general, at the tail of the sigriak., ||
tion direction of the beat signal, herek~2m|\, >ai’, |7/>a;") we have

—N\,|6/\,N,, 6 is the angle between beamand beanB. (i) 7™>0

Physically, the polarization-beat model assumes that both the

pump beams are plane waves. Therefore DFWM and NDL(7.1)*(|P®[?)=Bg+|7|*Bo+Byoexp(— 2l 7))

FWM, which propagate alon551= IZl— IZ1+ IZ3 and I252= IZZ +| 7/2Byyex — 2(T3—T10)| 7|1+ B1oB1s
— R§+I23, respectively, are plane waves also. Since DFWM
and NDFWM propagate along a slightly different direction,

the interference between them leads to the spatial oscillation.
Equation(12) also indicates that beat signal modulates tem-

Xexf — (T'5+ o= T 19 7]]

x{npexdiAk-F+i(Q,— Q)71

porally with a frequencyw,— w4 as 7 is varied. In this case —i(&— &DAgT]+ 7*

whenw; andw, are tuned to the resonant frequencies of the R

transitions from|0) to |1y and from|1) and|2), respectively, xXexgd —iAk-F—i(Qy,— Q) 7+i(&— &) A5}
the modulation frequency equal@,— ;. In the other (18)

words, we can obtain beating between the resonant frequen-
cies of a cascade three-level system. A Doppler-free preciyhereBg, By, Byo, andB;; mainly depending on the laser

sion can be achieved in the measuremerftof-Q; [17,19.  |inewidths and relaxation rate of the transition, are constants,
I'30=T10F &1 10, T'9=T 20+ &1 10.
lll. HOCPB IN A DOPPLER-BROADENED SYSTEM Relation(18) also consist of five terms. The first and third

‘terms are dependent on thg(t) sixth-order coherence func-
tion for DFWM, while the second and fourth terms are de-
pendent on thei,(t) fourth- andu,(t) second-order coher-
ence functions for NDFWM. The first and second terms
o 2\ originating from the amplitude fluctuation of the chaotic field
j drw(v)exd —ifg(v)]~ k—&(t3—§lt1), (13)  are independent of the relative time delay between the two
* su beamsA andB. The third and fourth terms indicate an expo-
. - nential decay of the beat signal &8 increases. The fifth
RN L e ENT term, depending on the; (t) fourth- andu,(t) second-order
J , dTwW(@)ex =i 6y(¥)]~ k3_u5(t3+§1t1)’ (14 coherence functions, gives rise to the modulation of the beat
signal. Equatior{18) indicates that the modulation frequency
+oo N of the beat signal equald,—Q;, whenA;=0. The overall
J dvw(v)exd —i6 (v)]~ T dtattatta—&ty), accuracy of using HOCPB with broadband lights to measure
o 3 15 the energy-level difference of the excited states is limited by
(15 the homogeneous linewidth47,19.

here we assumé,>1, & =Kk, /ks, &=Ko/ks. When we (i) 7<0
substitute Eqs(13)—(15) into Egs.(4)—(8) we obtain (7)o (| P2y = By + B 2+ By expl — 2] 1)

The beat signal can be calculated from a different view
point. Under the Doppler-broadened linfiie., ksu— ), we
have

L(7,r)o(|PE2)=(|PO+PI+PYVZ). (16) +[7]°B1s@xp( — 2| 7) + exf — (a1 + ap)| 7]
We first consider the case that the laser sources are nar-

rowband so thatr;,a,<I'19,I'ypandl’y, ' <I10,T 5o. Per- XBiBag nexliAK-FHi(wp = wy) 7]+ 7

forming the tedious integration, the beat signal intensity is xexp[—iAl? F—i(wy— 1) 7]}, (19)
3)[2\ — 2 _ . . .
I(7,1r)o<(|P¥]?) =B+ Bs| 7|*+ Bg exp( — 2ay| 7)) where, B;, and By3, mainly depending on the laser line-
+| 7]2B, exp( — 2a,| 7|) + ex — (a1 + ay)| 7] wic_Jths and_ relgxation_ rate of_ the transition, are constants.
This equation is consistent with E¢L2). The requirement
X BgB7{ 7 exi AK-F+i (wr— wy) 7]+ 7* for the existence of a-dependent beat signal ferx 0 is that
R the phase-correlated subpulses in be#@rend B are over-
Xexg —iAk-F—i(w,— wq) 7]}, (17 lapped temporally. Since bearAsandB are mutually coher-

ent, the temporal behavior of the beat signal should coincide

whereB,, Bs, Bg, andB; mainly depending on the laser with the case when the bearAsandB are nearly monochro-
linewidths and relaxation rate of the transition are constantsmatic[17,19.
This equation is consistent with EL2).

We now consider the case that the laser sources are broad-
band so thaty;,a,>119,',6>1"g,I'1. In this case, the beat V. PHOTON ECHO
signal rises to its maximum quickly and then decays with It is interesting to understand the underlying physics in
time constant mainly determined by the transverse relaxatioflOCPB with broadband nontransform limited quasi-cw
times of the system. Although the beat signal modulation ignoisy) lights [28,29. Much attention has been paid to the
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study of various ultrafast phenomena by using incoherent ao ) 4

light sources recently8-14,3(Q. For the phase-matching 1(7,r) (PP =As+| 7| Aﬁw
condition k;— k] +kz, the three-pulse stimulated photon- et '
echo exists for the perturbation chaih and (Ill). For the X {exp(— 2T o| 7]) +exp(—2T'4| 7])
phase-matching conditidk, — k; + k4 the sum-frequency tri- +2exd —(To+T9)|71}-

level echo exists for the perturbation chdw) [21,22,25.

Photon echo does not exist for the perturbation cligin
(lr), and (V). The requirement for the existence of a
The chaotic field is a complex Gaussian stochastic pros-dependent beat signal ferx<0 is that the phase-correlated
cess. Under the Doppler-broadened lifiie., ksu—o), if  subpulses in beam#é and B are overlapped temporally.
assuming that the laser source has Gaussian line shape, thHgimce beamsA and B are mutually coherent, the temporal
we have behavior of the beat signal should coincide with the case
X when the beam#é andB are nearly monochromat{d.7,19.
)1 ] Therefore, this case is consistent with EfR).

A. The chaotic field

<Ui(t1)ui*(t2)>:eXp{ _L\;%(tl_tz

=eXp{—[,6’i(t1—t2)]2}. B. The phase-diffusion field
We have assumed that the laser sources are chaotic field
We now consider the case that the laser sources are broai',?— the' above cajculation. A chaotic field, which i.s used to
band so thate: as>T . Tos>Tx T. then escrlbe a multimode Iaser source, is characterized by the
D527 10, 12075 000 Lo fluctuation of both the amplitude and the phase of the field.
Another commonly used stochastic model is the phase-
. ) ) T diffusion model, which is used to describe a amplitude-
(Ui(t)uf (tp)) =exd — Bi (t1—tx) ]~ F&tl_tz)- stabilized laser source. This model assumes that the ampli-
' (20)  tude of the laser field is a constant, while its phase fluctuates
as a random process caused by spontaneous emission. If the
lasers have Lorentzian line shape, the sixth- and fourth-order

When we substitute Eq89), (10), and(20) into Eqgs.(16) we coherence function ar®,7]

obtain as follows
i) 7>0 (Ui (t2) Ui (t2) Uy () U () U (t6) U (1))
1(7,0) (| P@)|2) = A+ | 7]2Ag+ | Agl? exp — 2T°3] 7)) =exd — a;(|ty—ty] + [ty —ts| + |ty — tg| +[to— 14
Al xit— 2(1 5 o) ] Flemtdlt it
+AzA exfl — | € &l 7]

xexg — (T3g+T5—T10|7]

+[tg—ts| +|t3—te]) Jexd a;(|ty—to| +[t; —t3]

+[ty—tg +|ta—ts| +ta—tg| +[ts—te) ], (22)

x{pexdiAK-F+i(Q,— Q)7 and
+i(€— &) As7]+ 7"

xexg —iAK-F—i(Qy— Q)7
—i(&—&1)As7]}, (21)

(Ui(tyui(t)uf (ta)uf (ta))
=exf — a;([ty—ta| + [ty —ty| + [t —ta| + |t~ t4])]
Xexp ai([ty—to +[ts—t4])]. 23

where
We now consider the case that the laser sources are broad-
2 1—‘0+F1 1 band SO thabl,a2>rlo, F20>1—‘0,F1. Then

= —+ ,
a2l | 2Ty To+T,y

A

2
(ui(tur () =exp( — aj|t;—ty|) = - o(ti—ty) (i=1,2.

52_1 2 FOJFFJ_ (24)

_ag(rgo_rwz’ 3_a_1 Lol

Az

When we substitute Eq$22)—(24) into Eq. (16) we obtain
A,=2lay(&,—1)|7]. This equation is analogous to E48).  as follows
(i) 7<0 (i) >0
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ground contribution has been ignored in their analysis.
Therefore, the sixth-order coherence function theory of cha-
otic field is of vital importance in HOCPB.

1(7,r) (| PP[?) =] As|? exp( — 2T 7]) + | Al
xexp —2(I'3— 10| 7|1+ AsAg
Xexd — a|é1— &l 7]

Xex — (I'3+ T~ T'10)| 7]

C. The Gaussian-amplitude field

The Gaussian-amplitude field has a constant phase but its
real amplitude undergoes Gaussian fluctuations. If the lasers
have Lorentzian line shape, the sixth- and fourth-order co-
herence function arfs,7]

(25) (Ui (t)ui(t2)u;(ta) ui(ty) Ui (ts) u(te) ) = (ui(ty) u;(ts))

X{nexiAK-T+i(Qy— Q) 7+i(&— 1) Ag7]
+ 75 exd —iAK-F—i(Q,— Q)
XT1—i(€,—€1)A57]},

whereAg=(To+ Ty ) aslol'y, Ag= (£~ 1)/ y. X{ui(t2) Ui(ta) Ui(ts) Ui(te) )+ {ui(ty) Ui(ts))
(i) 7<0 X (U3 (t2) Uy (ta) Us(tg) Uy (tg)) +(U;(t) Ui (te))
TE R L= p—— T {exp(—2T| 7)) X{Uj(ta)ui(ta)ui(ty)ui(ts)) +(u(tyui(ty))
1041 X(ui(ta)ui(ta)ui(ts)ui(te)) +(ui(ty)ui(ts))

T exp(—20|7))+2 (Ui () Uit Ui (ts) (o)) (26)

xexg —(Fo+T9)| 7]} and

(Uit ui(to)ui(ta)u(ts)) = (ui(t)ui(tz) )(ui(tx)ui(ts))
+(ui(tyui(ts))
X(Ui(ta)ui(ts))

Photon echo doesn’t exist for the perturbation chdins
(1), and(V).

Relation(25) consist of three terms. The first term is de-
pendent on theu,(t) sixth-order coherence function for
DFWM, while the second term is dependent on thgt)
fourth- and u4(t) second-order coherence functions for (U (t)Us(t))
NDFWM. The first and second terms indicate an exponential REEIR2
decay of the beat signal &g increases. The third term de- X (Ui (t3)Ui(ts)). (27)
pending on theau,(t) fourth- andu,(t) second-order coher-
ence functions gives rise to the modulation of the beat signalhen we substitute Eq$24), (26), and(27) into Egs.(16)
This case is consistent with the results of the second-ordewe obtain as follows
coherence function theor{17,25,26; the constant back- (i) >0

|
L(7,1)c(|PP|2) = As+| 5| *Ag+exp( — 2T §d 7){Ag+ Aro(exd — (2&,— 1)To| 7| ]—exd — (2&,+ )T | 7 1)

+A(exd — (26— 1)Ty|7|]—exd — (2&,+ 1)Ly | 7| D} +Appexd —2(I5y—T'10)| 7|1+ Arzexd — a4| & — &l 7]
xexf — (T3y+T3—T 10| 7| {nexdiAK-F+i(Qp— Q) 7+i(&— ) Agr]+ 7* exd —iAK-F—i(Q,—Qq)7
—i(&— &) A7}, (28

where
4 T3+T2+6TI; 4(&,—1)

A:— y :—'
@ T Ty (To+Ty)" 7% (aal'd)?

4(&,+1) (Ig+Ty)?

° af(26+1) AT

3Ty+1; o 3r,+T,
T TTo+Ty) " "M 2T 4To+Ty)"

&t

A= (&-1)% 7%+ 4B, 5057

=] To+Ty
a ol -

Aiz=

(i) 7<0, I(7,r)=(|P®|2)=A;+|7|?Ag. Photon echo
doesn'’t exist for the perturbation chaifig, (Il1), and(V).
Relation (28) consist of five terms. The first and third
terms are dependent on thg(t) sixth-order coherence func-
tion for DFWM, while the second and fourth terms are de-
pendent on thei,(t) fourth- andu,(t) second-order coher-
ence functions for NDFWM. The first and second terms
originating from the amplitude fluctuation of the Gaussian-
amplitude field are independent of the relative time delay
between the two beamsandB. The third and fourth terms
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(a)

1.04

0.5

Signal Intensity (arb. units)

1.04

0.5

(b)

Signal Intensity (arb. units)

02 .01 0.0 01 0.2
Time Delay (ps)

FIG. 4. The beat signal intensity versus relative time delay. The
three curves represent the chaotic figddlid line), phase-diffusion
field (dashed ling and Gaussian-amplitude fie{dotted ling. The

‘ parameters are),— ;=140 ps?’, Ak=0, n=¢=1, A;=0.6,
-0.5 : while T3,=2.7 ps?!, T5-T,=29ps? T,=135ps? T,
: =1.45 ps? for (@) andT3y=13.5 ps?, T'5—T =145 ps?, T,

=2.7 psi, andl';=2.9 ps ! for (b).

-1
-0.2 -0.1 0 0.1 0.2

T (ps)

It is important to note that these three types of fields can
have the same spectral density and thus the same second-
I(,r) versus time delayr and transverse distance for the ord(_er _coherence fu_nction. The fu_ndamenta_ll differe_nces in the
Gaussian-amplitude field. The parameters @ge- O, =140 ps’, statistics of thes_e fields are mann‘e_st only in the higher-order
Ak=12.25 mmY, »=¢=1, A=0.6, [%=135ps’, I'3-r,, Ccoherence functions. The term “higher-order” refers to all
—145pst, T,=2.7ps!, and I';=29ps’ (b A two- orders larger than the second. According to Gaussian statis-
dimensional representation of the beat signal interigityr). tics, a chaotic field can be completely described by second-
o ) ) ) order coherence function. But the phase-diffusion field and
indicate an exponential decay of the beat signalmsn-  Gaussian-amplitude field require all order coherence func-
creases. The fifth term depending on thgt) fourth- and  tions[6,7]. In this paper, different stochastic models of the

up(t) second-order coherence functions gives rise to theyser field only affect the sixth- and fourth-order coherence
modulation of the beat signal. Equati¢®8) also indicates

that beat signal oscillates not only temporally with a period
2ml|Q,—Q4|=44.9fs but also spatially with a period

2m/Ak=0.51mm along the directionk, which is almost
perpendicular to the propagation direction of the beat signal
(Fig. 3. The three-dimensional plot of the beat signal inten-
sity I (7,r) versus time delay and transverse distancéhas
larger constant background caused by the intensity fluctua-
tion of the Gaussian-amplitude field. At zero relative time
delay (r=0), the twin beams originating from the same
source enjoy perfect overlap at the sample of their corre-
sponding noise patterns. This gives maximum interferomet- 588.6 588.8 589.0 589.2 589.4

ric contrast. As|7] is increased, the interferometric contrast Wavelength (nm)

diminishes on the time scale that reflects material memory,

usually much longer than the correlation time of the FIG. 5. Spectrum of DFWM when beants and B consist of
light [13]. only w4 in which center wavelength is 589 nm.

FIG. 3. (a) A three-dimensional plot of the beat signal intensity

-
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FIG. 6. DFWM signal intensity versus relative time delay when
beamsA andB consist of onlyw,. The square is the experimental FIG. 8. NDFWM signal intensity versus relative time delay
data; the solid curve is the theoretical curve with; when beam#\ andB consist of onlyw,. The square is the experi-
=2.7x10%s7, B;=0.1, andB;=1. mental data; the solid curve is the theoretical curve with

=2.9x10° s, B,=0.2, andy=1.
functions [20]. Figure 4 presents the beat signal intensity
versus relative time delay. The three curves represent thigation beat$32]. The amplitude fluctuation of the light field
chaotic field(solid line), phase-diffusion fielddashed ling is also crucial in the Raman-enhanced polarization beats. On
and Gaussian-amplitude fieldotted ling. The polarization the other hand, because @fi(t))=0 and(u;(t))=0, the
beat signal is shown to be particularly sensitive to the statisabsolute square of the stochastic average of the polarization
tical properties of the Markovian stochastic light fields with |(P(®))|2, which involves second-order coherence function
arbitrary bandwidth. This is quite different from the fourth- of u;(t), cannot be used to describe the temporal behavior of
order partial-coherence effects in the formation of integratedthe HOCPB[17,25,28. The second-order coherence func-
intensity gratings with pulsed light sourdexl]. Their results  tion theory is valid when we are only interested in the
proved to be insensitive to the specific radiation models. The-dependent part of the beating signal. Therefore, the sixth-
constant background of the beat signal for a Gaussiarmerder coherence function theory is of vital importance in
amplitude field or a chaotic field is much larger than that ofHOCPB. The application of these results to the HOCPB ex-
the signal for a phase-diffusion field in Fig. 4. The physicalperiment yielded a better fit to the data than an expression
explanation for this is that the Gaussian-amplitude field uninvolving only second-order coherence. We present experi-
dergoes stronger intensity fluctuations than a chaotic field.
On the other hand, the intensifgmplitude fluctuations of ' - -
the Gaussian-amplitude field or the chaotic field are always
much larger than the pure phase fluctuations of the phase-
diffusion field.

The main purpose of the above discussion is that we re-
veal an important fact that the amplitude fluctuation plays a
critical role in the temporal behavior of the HOCPB signal.
Furthermore, the different roles of the phase fluctuation and
amplitude fluctuation have been pointed out in the time do-
main. This is quite different from the time delayed FWM T4 2 0 3 )
with incoherent light in a two-level systef28]. For the

-
o
1

Signal Intensity (arb. units)
o
(4]

o
o

. . - X . Time Delay (ps
latter case, the phase fluctuation of the light field is crucial. Y (bs)
But the HOCPB is analogous to the Raman-enhanced polar- '
E 1.0 (b)
& 1.0 5
c g
S ®
= s
5 2 051
2 05 g
2 =
2 =
k= g
5 2 o
5 0.0 ] @ o000 0.25 0.50
@ 61580 61585 61590 61595 61600  616.05 Time Delay (ps)

Wavelength (nm)
FIG. 9. Experimental result of the beat signal intensity versus

FIG. 7. Spectrum of NDFWM when beamdsand B consist of  relative time delay(a) Time delayr is varied for a range of 7.3 ps,
only w, in which center wavelength is 616 nm. (b) Time delay7 is varied for a range of 0.5 ps.
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mental results for the material response in cascade-level po- ' ' '
larization beats with phase-conjugation geometry using cha-
otic fields. Beam# andB are identical in makeup. Each is
composed of the same two noisy fields centered at two dif-
ferent colors,w; and w,, and carrying its own statistical
factors,u;(t) andu,(t). BeamsA andB differ only in their
wave vector, polarization vector, and time delay. At present,
it is difficult to achieve the polarization beat experiment by
the phase-diffusion field or the Gaussian-amplitude field.
Therefore, it is more difficult to get a clear picture of physi- 130 135 140
cal origins of the effects in each type of fluctuating field in
the experiment.

-
o
N
L

0.5

Fourier Spectral Density

145 150

Modulation Frequency (10'%sec’)

FIG. 10. The square is Fourier spectrum of the experimental
V. EXPERIMENT AND RESULT data in whichris varied for a range of 7.3 ps. The solid curve is the
theoretical curve given by Eq12) with a;=2.7x10°s™%, a,

We perform the HOCPB for a sodium vapor, where the=2.9x10°s™!, w,— w;=1.4x10" s, Ak=0, andp=B;=1.
ground state 3,,,, the intermediate stateP3,,, and excited . L .
state 55,,, form a three-level system. Two dye laséBL1, trum of the dz?\ta in whichr is varied for a range4 0I17.3 ps.
and DL2 pumped by the second harmonic of a Quanta-Rayl "€n We obtain the modulation frequency 120" s™* cor-
yttrium-aluminum-garnetYAG) laser, are used to generate responding t_o_ the beating between the resonant frequencies
frequencies at; and w,. DL1 and DL2 have a linewidth ©Of the transitions from 3y, t0 3Pz, and from s, t0
0.01 nm and a pulse width 10 ns. The values for the relevartSv2: . )
transverse relaxation rate for the sodium vapor are 0.175 and NOW, we discuss the difference between HOCPB and
0.085 ps? [33]. This is narrowband limit. DL1 is tuned to UMS [_24] with self-dlffra_\ctlon geometry from a physical
589 nm, the wavelength of theSg,- 3P, transition. DL2 is viewpoint. The frequencies and wave vectors Pf theﬁUMS
tuned to 616 nm, the wavelength of th®3,-5S,), transi-  signal arews =2w;— w1, ws,=2w;—w,, and ks =2K;

tion. A beam splitter is used to combine tlg aqd wy Ky, E52=2E§—I22, respectively, which means that a pho-
components derived from DL1 and DL2, respectively, forton is absorbed from each of the two mutually correlated

ﬁleamsA ar_ﬁ]B’ Wlh't(.:h |?ters§c': mbtht\eN overg) CO:E"”'%QBthe pump beams. On the other hand, the frequencies and wave
avapor. The relative ime delaybetween beama an vectors of the HOCPB signal aes = w;~ w1t w3, s,

can be varied. Beam 3, which propagates along the direction e S
opposite to that of beam, is derived from DL1. All the =y~ wy+ w3, andks =K, —kj+Ks, ks, =K —ky+ks, re-
incident beams are linearly polarized in the same directionspectively, therefore photons are absorbed from and emitted
The beat signal has the same polarization as the incidemd the mutually correlated beamsandB, respectively. This
beams and propagates along a direction almost opposite ttifference between HOCPB and UMS has profound influ-
that of beanB. It is detected by a photodiode. ence on the field-correlation effects. We note that the role of
We first perform a DFWM experiment with bearAsand  beamsA and B are interchangeable in the UMS, this inter-
B, both consisted of onlyw; frequency component. Figure 5 changeable feature also makes the second-order coherence
presents the spectrum of the DFWM. From the DFWM specfunction theory fail in the UMS. Becausei(t;)u(t,))=0,
trum we tunew; to the resonant frequendy;, whose center the absolute square of the stochastic average of the polariza-
wavelength is 589 nm. The center dip of the DFWM spec-tion |(P®))|? cannot be used to describe the temporal behav-
trum reflects the saturation behaviors of the chaotic fieldior of the UMS[17,25,28. Our sixth-order theory is of vital
The relation of the DFWM signal intensity versus relative importance in the UMS.
time delay is showed in Fig. 6. We then perform a NDFWM  In conclusion, we have adopted chaotic, phase-diffusion
experiment in which beama and B consist of only aw,  and Gaussian-amplitude field models to study the effects of
frequency component, and we measure the NDFWM speaixth-order coherence on polarization beats in a cascade
trum by scanningw, (Fig. 7), which shows a resonant profile three-level system. The polarization beat signal is shown to
due to two-photon transition. From the NDFWM spectrumbe particularly sensitive to the field statistics. Different sto-
we tune w, to the resonant frequenc),, whose center chastic models of the laser field only affect the sixth- and
wavelength is 616 nm. The relation of the NDFWM signal fourth-order coherence functions. The constant background
intensity versus relative time delay is shown in Fig. 8. Afterof the beat signal originates from the amplitude fluctuation of
that, we perform the HOCPB experiment by measuring thehe Markovian stochastic fields. The Gaussian-amplitude
beat signal intensity as a function of the relative time delayfield shows fluctuations larger than the chaotic field, which
when beam# andB consist of both frequencies, andw,. again exhibits fluctuations much larger than for the phase-
Figure 9 presents experimental result of the beat signal indiffusion field with pure phase fluctuations caused by spon-
tensity versus relative time delay. The signal modulates sitaneous emission. We have considered the cases that pump
nusoidally with period 45 fs. The modulation frequency canbeams have either narrow band or broadband linewidth and
be obtained more directly by making a Fourier transformafound that for both cases a Doppler-free precision in the
tion of the HOCPB data. Figure 10 shows the Fourier specmeasurement of the energy-level difference of the excited
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