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Preface

The field of nonlinear optics has developed rapidly since the invention of the
first laser exactly 50 years ago. Many interesting scientific discoveries and
technical applications have been made with nonlinear optical effects in all
kinds of nonlinear materials. There are already several excellent general text-
books covering various aspects of nonlinear optics, including Nonlinear Optics
by Robert W. Boyd, Nonlinear Optics by Yuen-Ron Shen, Quantum FElec-
tronics by Amnon Yariv, Nonlinear Fiber Optics by Govind P. Agrawal, etc.
These textbooks have provided solid foundations for readers to understand
various (secondand third-order) nonlinear optical processes in atomic gas and
solid media. The earlier monograph by the authors, Multi-wave Mixing Pro-
cesses, published last year, has presented experimental and theoretical studies
of several topics related to multi-wave mixing processes (MWM) previously
done in the authors’ group. The topics covered in that monograph include ul-
trafast polarization beats of four-wave mixing (FWM) processes; heterodyne
detections of FWM, six-wave mixing (SWM), and eight-wave mixing (EWM)
processes; Raman and Rayleigh enhanced polarization beats; coexistence and
interactions of MWM processes via electromagnetically induced transparency
(EIT). The monograph shows the effects of high-order correlation functions
of different noisy fields on the femto- and atto-second polarization beats, and
heterodyne/homodyne detections of ultrafast third-order polarization beats.
It has also shown the coexistence of FWM and SWM processes in several
multi-level EIT systems, as well as interactions between these two different
orders of nonlinearities.

This new monograph builds on and extends the previous works, and
presents additional and new works done in recent years in the authors’ group.
Many newly obtained results, extended detail calculations, and more dis-
cussions are provided, which can help readers to better understand these
interesting nonlinear optical phenomena. Other than showing more results
on controls and interactions between MWM processes in hot atomic media,
several novel types of spatial solitons in FWM signals are presented and dis-
cussed, which are new phenomena in multi-level atomic systems. Chapter 1
reviews some basic concepts to be used in later chapters, such as the nonlin-
ear susceptibility, coherence functions and doubledressing schemes. Chapter 2
extends the previous results on polarization beats to include both difference-
frequency femtosecond and sum-frequency attosecond beats in the multi-level
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media depending on the specially arranged relative time delays in the multi-
colored laser beams. Chapter 3 gives results on Raman, Raman-Rayleigh,
Rayleigh-Brillouin, and coexisting Raman-Rayleigh-Brillouin-enhanced po-
larization beats. Chapter 4 presents multi-dressing FWM processes in con-
fined and non-confined atomic systems with specially-designed spatial pat-
terns and phase-matching conditions for laser beams. Chapter 5 shows en-
hancement and suppression in FWM processes in multi-level atomic media,
generated FWM signals can be selectively enhanced and suppressed via an
EIT window. The evolution of dressed effects can be from pure enhancement
into pure suppression in degenerate-F'WM processes. Chapter 6 demonstrates
the modification and control of MWM processes by manipulating the dark-
state or EIT windows with polarization states of laser beams via multiple
Zeeman sublevels. Chapter 7 shows spatial dispersion properties of the probe
and generated FWM beams which can lead to spatial shift and splitting of
these weak laser beams. Chapter 8 presents the observations of several novel
types of solitons, such as gap, dipole, and vortex solitons, for generated FWM
beams in different experimental parametric regions.

Authors believe that this monograph treats some special topics of coher-
ent controls of FWM and MWM and can be useful to researchers interested
in related nonlinear MWM processes. Several features presented here are
distinctly different and advantageous over previously reported works. For ex-
ample, authors have shown evolutions of enhancement and suppression of
FWM signals due to various dressing schemes by scanning the dressing field
detuning. Also theoretical calculations are in good agreement with experi-
mentally measured results in demonstrating enhancement and suppression
of MWM processes. Efficient spatial-temporal interference between FWM
and SWM signals generated in a four-level atomic system has been care-
fully investigated, which exhibits controllable interactions between two dif-
ferent (third- and fifth-) order nonlinear optical processes. Such controllable
high-order nonlinear optical processes can be used for designing new schemes
for all-optical communication and quantum information processing. Authors
also experimentally demonstrate that by arranging the strong pump and
coupling laser beams in specially-designed spatial configurations (to satisfy
phase-matching conditions for efficient FWM processes), generated FWM
signals can be spatially shifted and split easily by the cross-phase modu-
lation (XPM) in the Kerr nonlinear medium. Moreover, when the spatial
diffraction is balanced by XPM, spatial beam profiles of FWM signals can
become stable to form spatial optical solitons. For different input orientations
and experimental parameters (such as laser powers, frequency detunings, and
temperature), novel gap, vortex, and dipole solitons have been shown to exist
in the multi-level atomic systems in vapour cell. These studies have opened
the door for achieving rapid responding all-optical controlled spatial switch,
routing, and soliton communications.

This monograph serves as a reference book intended for scientists, re-
searchers, advanced undergraduate and graduate students in nonlinear op-
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tics.
We take this opportunity to thank many researchers and collaborators
who have worked on the research projects as described in this book.

Yanpeng Zhang
Zhigiang Nie
Min Xiao
October 2010
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1 Introduction

The subjects of this book focus on mainly around two topics. The first topic
(Chapters 2 and 3) covers the ultrafast four-wave mixing (FWM) polarization
beats due to interactions between multi-colored laser beams and multi-level
media. Both difference-frequency femtosecond and sum-frequency attosec-
ond polarization beats can be observed in multi-level media depending on
the specially arranged relative time delays in multi-colored laser beams. The
polarization beat signal is shown to be particularly sensitive to the statisti-
cal properties of the Markovian stochastic light fields with arbitrary band-
width. Also, the Raman, Raman-Rayleigh, Rayleigh-Brillouin, coexisting
Raman-Rayleigh-Brillouin-enhanced polarization beats due to color-locking
noisy field correlations have been studied. Polarization beats between vari-
ous FWM processes are among the most important ways to study transient
properties of media. The second topic (Chapters 4—8) relates to the fre-
quency domain and spatial interplays of FWM processes induced by atomic
coherence in multi-level atomic systems. FWM processes with different kinds
of dual-dressed schemes in ultra-thin, micrometer and long atomic cells, se-
lectively enhanced and suppressed FWM signals via an electromagnetically
induced transparency (EIT) window are described, co-existing FWM and six-
wave mixing (SWM) processes, especially temporal and spatial interference
between them in multi-level EIT media are presented in Chapter 4. Further-
more, These effects of spatial displacements and splitting of the probe and
generated FWM beams, as well as the observations of gap soliton trains,
vortex solitons of FWM, stable multicomponent vector solitons consisting of
two perpendicular FWM dipole components induced by nonlinear cross-phase
modulation (XPM) in multi-level atomic media, are shown and investigated
in Chapters 5—8. Experimental results will be presented and compared with
the theoretical calculations throughout the book. Also, emphasis will be given
only to the works done by the authors’ groups in the past few years. Some
of the works presented in this book are built upon our previous book (Multi-
wave Mizing Processes published by High Education Press & Springer 2009),
where we have mainly discussed the co-existence and interactions between
efficient multi-wave mixing (MWM) processes enhanced by atomic coherence
in multilevel atomic systems. Before starting the main topics of this book,
some basic physical concepts and mathematical techniques, which are useful
and needed in the later chapters, will be briefly introduced and discussed in
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this chapter.

1.1 Nonlinear Susceptibility

For over a decade, one of useful nonlinear optical techniques is the so-called
“noisy” light spectroscopy. The ultrashort time resolution of material dynam-
ics has been accomplished by the interferometric probing of wave mixing with
broadband, nontransform-limited noisy light beams. The time resolution is
determined by the ultrafast correlation time of noisy light and not by its tem-
poral envelope, which is typically a few nanoseconds [1—-6]. Such the noisy
light source is usually derived from a dye laser modified to permit oscilla-
tion over almost the entire bandwidth of the broadband source. The typical
bandwidth of the noisy light is about 100/cm, and has a correlation time
of 100 fs [7]. In fact, the multimode broadband light has an autocorrelation
time similar to the autocorrelation time of the transform-limited femtosec-
ond laser pulse of equivalent bandwidth, although the broadband light can,
in principle, be a continuous wave (cw).

In order to describe more precisely what we mean by optical nonlinearity,
let us consider how the dipole moment per unit volume, or polarization P, of
a material system depends on the strength E of the applied optical field. The
induced polarization depends nonlinearly on the electric field strength of the
applied field in a manner that can be described by the relation P = Py + Py,
[8, 9]. Here, Py, = PO =goxW . E and Py, = P 4+ PG ... = 50(X(2) :

EE+x®:EEE+--.).
When we only consider the atomic system (which are isotropic and have
inversion symmetry), we can write the total polarization as P = ggxE in

general, where the total effective optical susceptibility can be described by
(o]

a generalized expression of x = Z x 27+ |E |2j . The terms with even-order
j=0

powers in the applied field strength vanish [8]. The lowest order term ) (j =

0) is independent of the field strength and is known as the linear susceptibility.

The next two terms in the summation, x® and x(®), are known as the third-

and fifth-order nonlinear optical susceptibilities, respectively.

FWM refers to nonlinear optical processes with four interacting electro-
magnetic waves (i.e., with three applied fields to generate the fourth field).
In the weak interaction limit, FWM is a pure third-order nonlinear optical
process and is governed by the third-order nonlinear susceptibility [8]. Let us
consider a special case of FWM processes. The third-order nonlinear polariza-
tion governing the process has, in general, three components with different
wave vectors ki, ks, and k). Eq(w1), E2(we), and E}(ws) denote the three
input laser fields. Here, w; and k; are the frequency and propagation wave
vectors of the ith beam. We can choose to have a small angle § between the
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input pump laser beams ks and kf. The probe laser beam (beam k;) prop-
agates along a direction that is almost opposite to that of the beam ko (see
Fig. 1.1). The corresponding nonlinear atomic polarization P®)(w;) along
the i(i = x,y) direction, from first-order perturbation theory, is given by [10]

3 3
PP (wi) =20 Y xS B (1) By (w2) B (w2), (1.1)
gkl
5 ko ki [2)
i [0
kS 0// - T !
3 g 16
o oy ——+—
5%
z (a) (b)

Fig. 1.1. (a) Schematic diagram for the phase-conjugate FWM process. (b) Energy-
level diagram for FWM in a close-cycled three-level cascade system.

where the third-order susceptibility contains the microscopic information
about the atomic system. The susceptibility of the nonlinear tensor XE%[ (wrs;
w1, —ws,w2) is also related to polarization components of incident and gen-
erated fields. For an isotropic medium, as in the atomic vapor, only four
elements are not zero, and they are related to each other by Xez20 = Xazyy +
Xyzay + Xyzye- For the generated SWM signal Fg (fields E; and E3 propagate
along the direction of beam 2 and E} and Ej propagate along beam 3), the
fifth-order nonlinear polarization P(®)(w;) along the i(i = x,y) direction is
then given by

POWw) =0 > X unBri (1) Egi(w2) Bay (w2) Byt (w3) Bsn (w3),  (1.2)
Jjklmn

where XE?,)dmn is the fifth-order nonlinear susceptibility. For an isotropic

medium, there are sixteen nonzero components and only fifteen of them are
independent because they are related to each other by

Xzyyzzr T Xayzyze T Xoyzzyzr + Xoyzzoy T Xzayyze +
Xzzyyze T Xzzyryr T Xezyzzy T Xaezzyzy T Xzzzzyy- (13)

1.2 Coherence Functions

Lasers are inherently noisy devices, in which both phase and amplitude of
the field can fluctuate. There are many different stochastic models to de-
scribe laser fields. However, since many models of fluctuating laser fields
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have identical second-order field correlations, differences among them will
become important only if observable effects depend on higher-order field cor-
relations. Noisy light can be used to probe atomic and molecular dynamics,
and it offers an unique alternative to the more conventional frequency-domain
spectroscopies and ultrashort time-domain spectroscopies [1, 11—14]. When
the laser field is sufficiently intense that multi-photon interactions occur, the
laser spectral bandwidth or spectral shape, obtained from the second-order
correlation function, is inadequate to characterize the field. Rather than using
higher-order correlation functions explicitly, three different Markovian fields
are considered: i.e., (a) the chaotic field, (b) the phase-diffusion field, and (c)
the Gaussian-amplitude field.

If laser sources have Lorentzian line shape, we have the second-order
coherence function (u;(ti)uf(t2)) = exp(—aylt1 — t2|) (ie., (Ju;(®)|?) = 1
when ¢t = t; = t2). Here, o; = dw;/2, with dw; being the linewidth of the
laser with frequency w;. On the other hand, if laser sources are assumed to
have Gaussian line shape, then we have

(s (81wt (t2)) = exp { - {ai(tl —t3)/2VIn 2} 2}.

In the following, we only consider the former case. In fact, the form of the
second-order coherence function shown above, which is determined by the
laser line shape, is the general feature of stochastic models [15].

In this section, three Markovian noise stochastic models, the chaotic
field model (CFM), the phase-diffusion model (PDM), and the Gaussian-
amplitude model (GAM) are considered at a high enough intensity level to
fully appreciate the subtle features of FWM spectroscopy [16, 17].

First, in CFM, we assume that the pump laser is a multimode thermal
source and u(t) = a(t)e'?) where a(t) is the fluctuating modulus and ¢(t) is
the fluctuating phase. In this case, u(t) has Gaussian statistics with its fourth-
order coherence function satisfying [18] (u;(t1)u;(te)uf(t3)ul(ta))erm =
(w(t1)ug (t3)) (uq (b2)u] (ta))+ (wi(tr)ug (£a)) (us (E2)uf (t3)) = exp[—ay ([t —ts|+
[ta — t4])] + exp[—ai(|t1 — ta| + [t2 — t3])]. In fact, all higher order coher-
ence functions can be expressed in terms of products of second-order co-
herence functions. Thus any given 2nth-order coherence function may be
decomposed into the sum of n! terms, each consisting of the product of n
second-order coherence functions. The general expression can be obtained as,
(ui(t) -+ it )uf (bnar) -+l (tan))ornr = > (wi(ta)uf (8)) (us (t2)ug (tg))

T

o (ui(tn)u; (tr)), where Z denotes a summation over the n! possible per-
mutations of (1,2,...,n).

Second, in PDM the dimensionless statistical factor can be written as
ult) = €90 (e, Ju(t)] = 1) with o(t) = w(t), (iBr(t)) = 20.8(t —
), (wj(t)w;(t')) = 2050(t — t') and (w;(t)w;(t')) = 0. The second-order co-
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herence function for a beam with Lorentzian line shape is given by [19]
(u(t)u”(t2)) = (expilAg)

— oxp [—/O (b1~ ta— D) (w(t1)w(tr— D)dE| = exp(—alts — ta).

t1
Here, A¢p = ¢(t1) — ¢(t2) = / w(t)dt has Gaussian statistics, so that

ta
(expiAg) = exp(—03,/2). By the classical relation of linear filtering, we
have

02y = L(ty — t2) =2 / T = e — ()l — D)

Now, the fourth-order coherence function can be calculated, which can be
written as

(ui(t1)ui(t2)u; (ts)u; (t4)) PDM
= exp{—[L(t1 — t3) + L(t1 — t4) + L(ta — t3) + L(t2 — t4) —
L(ty = t2) — L(ts — t4)]}
= exp[—a;([t1 — t3| + [t1 — 4| + [t2 — t3| + [t2 — ta])] ¥
expla([t1 — tof + [ts — t4])]
_ (ua(t)ug (£3)) (wi (t2)ug (4)) (wa (1) u (£4)) (us (£2)u] (t3))
a (us(t1)uf (t2)) (ui(ts)u; (ta)) '
Furthermore, we have the general expression for the second-order coher-
ence function as

(wi(tr) - witn)ui (tnsr) - - - ui(b2n)) PO M

H (wi(tp)ug (tntq))

Finally, in GAM, one has u(t) = a(t), where a(t) is real and Gaussian, and
fluctuates about a mean value of zero. The fourth-order coherence function
of u(t) satisfies [20]

(g (tr )ug (b2 )us (t3)ui(ta)) g an

= (ui(t1)ui(ts)) (wit2)ui(ta)) + (uite)ui(ta))(ui(t2)us(ts)) +
(wa (1) ui (t2)) (i (t3)ui(ta))
= (ui(t)ui(t2)ui(ts)ui(ta))crm + (ui(t)ui(tz))(ui(ts)ui(ts))
exp[—a ([t — t3| + [t2 — ta|)] + exp[—ai([ts — ta| + [t2 — t3])] +
exp[—a;([t1 — to| + [ts — t4])]-
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In fact, according to the moment theorem for real Gaussian random vari-
ables, we have the general expression for the 2nth-order coherence function,
as

2n
(ilte) - wi(tn) i (tnr) - - wiltan))aanr = ) [T (waltn)us(te)),

P j#k

where Z indicates the summation over all possible distinct combinations of

P
the 2n variables in pairs.

1.3 Suppression and Enhancement of FWM Processes

In presence of a strong dressing field Go, the dressed states |+) and |—) can
be generated with the separation AL = 2|Gs|, as shown in Fig. 1.2. When
scanning the frequency of the dressing field, we can obtain the EIT for the
probe field and a suppressed FWM signal [Fig. 1.2 (b)], or electromagnetically
induced absorption (EIA) for the probe field and an enhanced FWM [Fig.
1.2 (¢)]. For the probe field propagating through the medium, we define the
baseline versus the dressing field detuning As to be at the probe field intensity
without the dressing field. Thus, this baseline is just the Doppler-broadened
absorption signal of the material. With G5 beam on, we can obtain one EIT
peak at A; + Ag = 0, where the transmitted intensity is largest comparing
to the baseline. Since there is no energy level in the original position of
|1) and the probe field is no longer absorbed by the material, the degree
of transmission (or suppression of absorption) of the probe field is highest.
An EIA dip is obtained at A1 + Ay = |G2|2 /A1, where the transmitted
intensity is smallest compared to the baseline. The reason is that the dressed
state |+) or |—) is resonant with the probe field which is absorbed by the
material and the degree of transmission (or enhancement of absorption) of the

2)

2 [
e e

EEon |-> ’
Gy Gp.s G, s
10} l0) n
(a) (b) (c)
Fig. 1.2. (a) The diagram of the three-level ladder-type system with a dressing field
G2 (and detuning Ay). The dressed-state pictures of the (b) suppression (EIT) and

(c) enhancement (EIA) of FWM Gy (or probe field G, with detuning A;) for the
two-level system, respectively.
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probe field is lowest. Moreover, at A; = 0, since the transparent degree (or
suppression of absorption) of the probe field G; is largest, the EIT peak for
G4 is highest. While at certain detuning |A4], the induced transparent degree
decreases and the EIT peak changes lower. When the detuning |A;| becomes
much larger, the degree of transparency decreases and the suppression of
absorption changes to an enhancement of absorption.

Then, the enhancement and suppression of FWM signals can be under-
stood as follows: The background versus the dressing field detuning As rep-
resents the signal intensity of the FWM without dressing field. The dips lower
than the background (or suppression peaks at Ay + Ay = 0) and the peaks
higher than the background (enhancement peaks at A; + Ay = |Ga|® /A1)
represent that FWM signals are suppressed and enhanced, respectively.

Figure 1.3 presents suppressed and enhanced FWM signals and the corre-
sponding probe transmission signal versus the probe field detuining A; and
versus the dressing field detuning Ag. In this system, two pump fields Fs and
E!, induce the EIT satisfying the two-photon resonant condition A +Agy =0
[see the general baseline in Fig. 1.3 (a) versus A1) and generate the FWM sig-
nal [see the general background in Fig. 1.3 (b) versus A;]. The dressing field
Es5 induces each EIT peak versus Ajs (satisfying the condition A; + Az = 0)
in Fig. 1.3 (a) and generates the enhancement and suppression of FWM sig-
nals versus Ag as shown in Fig. 1.3 (b). Moreover, Fig. 1.3 (¢) shows the
normalized enhancement and suppression of FWM signals by dividing the
background (i.e., the signal intensity of the FWM without dressing field)
versu As.

Intensity(arb.unit)

§ i . © gt | oy
-0 20 0 20 40 60

A(MHz)
Fig. 1.3. (a) The probe transmission signal; (b) the enhancement and suppression
of the FWM signal versus the dressing field detuning As for the different value of
the probe field detuining Aq; (¢) the FWM signal normalized by the double-peak
FWM signal [dashed curve in (b)].

In Fig. 1.3 (a) one can see that the EIT peaks at large detuning A,
are higher than those near A; = 0. This phenomenon can be explained as
follows: although Fy EIT window cannot be observed directly when scanning
the detuning Ags, the Fo dressing at A; = —A3z = —As ~ 0 results in an
up-lift of the probe transmission baseline, and the suppression of the probe
transmission. At the large detuning of Ay [Fig. 2 (b)], the F5 field basically
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cannot affect the E3 EIT peaks. Moreover, at certain large detunings of Ay,
the enhancement of absorption of probe beams will show up.

For the enhancement and suppression of FWM signals in Figs. 1.3 (b)
and (c), the curves show enhancement and suppression evolution behaviors
when increasing A;. Specifically, FWM signals change from all-enhanced to
half-suppressed and half-enhanced, then to all-suppressed around the reso-
nant point, and then to half-suppressed and half-enhanced, and finally to all-
enhanced. On the other hand, the suppression of FWM signals at the detun-
ings A corresponding to the FWM signal peaks is more obvious than those
suppression or enhancement at large A; in Fig. 1.3 (b), while the normalized
all-enhancement of FWM signals at large Ay in Fig. 1.3 (¢) is much larger
than the cases with half-suppression, half-enhancement and all-suppression
signals at small A;.

1.4 Double Dressing Schemes of Probe and Four-Wave
Mixing Fields

Recently, Investigations about dressed and doubly-dressed states in multi-
level atomic systems interacting with multiple electromagnetic fields have at-
tracted many interests [21 —24]. The interaction of double-dark states (equiv-
alent to nested scheme of doubly-dressing) and splitting of dark states (equiv-
alent to the secondarily-dressed state) in four-level atomic systems were stud-
ied theoretically [25]. Then doubly-dressed states in cold atoms were experi-
mentally observed, in which the triple-photon absorption spectrum exhibits
a constructive interference between excitation paths of two closely-spaced,
doubly-dressed states [26]. Similar results were obtained in the inverted-Y
system [27] and double-A system [28].

Similar to the probe field, the generated FWM beam (between states |0)
and |1)) has the same doubly-dressing behavior. Figure 1.4 shows three kinds
of schemes in three four-level systems, respectively, i.e., the nested-cascade
scheme in the four-level ladder-type system [Fig. 1.4 (a)], parallel-cascade
scheme in the four-level V-type system [Fig. 1.4 (b)], and sequential-cascade
scheme in the four-level Y-type system [Fig. 1.4 (c)].

For the nested-cascade doubly-dressing scheme of the probe or FWM field,
the two dressing fields (with frequencies we and ws, and Rabi frequencies G
and (g, respectively) connect three neighboring levels (|1),|2) and |3)) and
the outer dressing field G3 is based on the inner dressing field G, while this
inner field dresses the state of FWM processes. In the perturbation the chain

. G G3
P10 Ga, P20 Gs, P30 —= p20 —= p1o [16], the two dressing fields G2 and G

are intertwined tightly with each other which gives the strongest interaction.
In this case, only one term in the FWM expression

) o¢ Go{T10+18,+G2/[Tag+i(Ap+ A2) + G2/ (Tao+i(Ap+ Ao+ Ag))]}
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Fig. 1.4. Sketches of the (a) nested-cascade scheme in the four-level ladder-type sys-
tem; (b) parallel-cascade scheme in the four-level V-type system; and (c) sequential-
cascade scheme in the four-level Y-type system. G;(Gp, G2 and G3) are the Rabi
frequencies of FWM (the probe and the coupling) fields, respectively.

is modified by the dressing fields and if the Rabi frequency of the inner
dressing field G5 is zero, the term for the outer dressing field disappears
also, where G, = G, for the doubly-dressed probe (DDP) field and G, =
GpG1GT o) (T1p +iA,) " for the doubly-dressed FWM (DDFWM). T';; is
the transverse relaxation rate between |i) and |j), and A,, Ay, and Ag are the
frequency detunings of the probe and the coupling fields, respectively. On the
other hand, for parallel-cascade double dressing scheme, the dressing fields
G2 and Gg dress the two different states (|0) and |1), respectively) directly
and independently, as shown in Fig. 1.4 (b). In the perturbation the chain

G2 G5 G3 G3 .
P10 — p20 — p1o and p1g — p13 — pP1o, these two dressing processes
are separated and the corresponding terms of dressing fields are independent
in the expression of

P2 o Gy[T10+1Ap + G2/ (Tao +iA, +1A5)] " [T10+ G2/ (T1s +iA, —iAs)] 7Y,

where G, = G, for DDP field and G;, = G,G1G}T, for DDFWM. Fi-
nally, for the sequential-cascade doubly-dressing scheme, the dressing fields
also dress the states directly and independently [both on level |1) as shown
in Fig. 1.4 (c)], however, two dressing processes are conjoined by the same
o
density-matrix element in the perturbation the chain pyg EN P20 —= p1o Gs,

Gt
P30 —= p1o, so only one term in FWM is modified by the dressing field in

the expression:
p{Y) o G.[T1o +14, + G3/(Tao + 1A, +182) + G2/ (Tso + 1A, +1A3)] 71,

where G. = G, for DDP field and G. = G,G1G}To (T1o + iA,) ! for
DDFWM.

The interaction between two dressing fields in the nested-cascade scheme
is the strongest, and it is the weakest in the parallel-cascade scheme. The
sequential-cascade scheme is an intermediate case between the other two
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cases. Also, from the dressed-state picture, the dressing fields of the nested-
cascade scheme are intertwined tightly with each other. Only the inner dress-
ing field can create primary dressed states, and the outer dressing field can
only create secondary dressed states [29, 30]. While for the parallel-cascade
scheme, the dressing fields have a weaker interaction, and they can directly
create two independent dressed states [31, 32]. However, for the sequential-
cascade scheme the dressing field can also directly create dressed states but
they have a strong interaction to create primary and secondary dressed states
[30]. On the other hand, forms of the nested- and parallel-cascade DDFWM
expressions can be converted into forms of the sequential-cascade DDFWM
case under the conditions that the outer dressing field is weak or its detuning
is large for nested-cascade DDFWM and the two dressing fields are weak for
parallel-cascade DDFWM, respectively [30]. Investigations of those different
doubly-dressing schemes in multi-level atomic systems can help us to un-
derstand the underlying physical mechanisms and to effectively optimize the
generated multi-channel nonlinear optical signals. Controlling these processes
can have important applications in designing novel nonlinear optical devices
in multi-state systems.

1.5 Spatial Optical Modulation via Kerr Nonlinearities

The Kerr effect is a special kind of nonlinear optical phenomenon occurring
when intense light beams propagate in crystals, glasses, or gases. Its physical
origin is a third-order nonlinear polarization generated in the medium. For
self-Kerr nonlinearity, the intense light modifies its own propagation prop-
erties, while for the cross-Kerr nonlinearity the propagation properties of a
light beam are modified by the interaction with another overlapping beam in
a Kerr medium. Actually, the Kerr effect originates from an instantaneously
occurring third-order nonlinear response, which can be described as a modifi-
cation of the refractive index. The refractive index of many optical materials
depends on the intensity of the light beam due to special third-order nonlin-
ear responses, which can be written as n = ng + nol. Here, nsy is the Kerr
nonlinear index proportional to x(3). If higher-order (such as fifth) nonlinear-
ity is considered, the nonlinear index ng will be influenced by the intensity of
the light beam [33]. With weak cw diode lasers in three-level systems sharp
dispersion of ng can be induced due to the EIT [34], which can slow down the
optical pulse propagation. Also, the third-order nonlinear optical Kerr coef-
ficient no of the three-level EIT system has been measured which is greatly
enhanced comparing to its two-level subsystem [35]. Since the Kerr nonlin-
ear dispersion in such EIT medium has been shown to have an opposite sign
(anomalous dispersion) from the linear dispersion (Fig. 1.5), and they change
dramatically near the EIT resonance, the cavity transmission linewidth with
such and EIT medium can be greatly modified due to the modified group
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index:
ng = (no + na2lp) + wp(dng/Owp + I,0n2/0wp),

where I, is the probe beam intensity, and wp is the probe laser beam fre-
quency [36]. The linear and nonlinear dispersion terms (the derivatives) domi-
nate in ny. Since the two derivatives have opposite signs [8], n, can take either
positive or negative values, depending on the frequency detuning and probe
intensity.
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Fig.1.5. (a) Linear and (c¢) nonlinear refractive indices and their derivatives
(b) and (d), respectively, as a function of A,. Adopted from Ref. [36].

Effects of self- and cross-Kerr nonlinearities also induce phenomena of
the self-phase-modulation (SPM) and cross-phase-modulation (XPM) [37]
which modulate spatial optical beams. Depending on the sign of the nonlin-
ear refractive index, such an intensity-dependent refractive index can pro-
duce either a converging or a diverging wave front to change the transverse
beam profile during beam propagation. With SPM a single beam modulates
itself during its propagation through medium. When two copropagating or
counterpropagating beams modulate each other via nonlinear interaction,
it is due to XPM. When ny > 0, the converging wave front counteracts
against diffraction-induced spatial spreading, which can focus the optical
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beam to demonstrate the self-focused or the cross-focused beam when the
beam power exceeds a critical value. Similarly, when no < 0 the diverging
wave front increases the natural diverging, which gives the self-defocused
or cross-defocused beam. In 1990 Agrawal reported the phenomenon of in-
duced focusing occurring in the self-defocusing nonlinear media as a result
of XPM. When a weak optical beam copropagates with an intense pump
beam, the XPM-induced interaction between two beams can focus the weak
beam, even though the pump beam exhibits self-defocusing. [37] Also, the
electromagnetically-induced focusing (EIF) phenomenon was reported in the
three-level atomic system [38]. In the three-level EIT system the radial inten-
sity profile of the strong pump laser can generate a modified spatial refractive
index profile which is experienced by the weak probe laser as it tunes through
the transparency window near resonance. It leads to spatial focusing and de-
focusing of the probe beam [38].

Equations (1.4—1.6) are the Maxwell-Bloch equations under rotating-
wave and slowly-vary-envelope approximations, which give the mathematical
description of the SPM- and XPM-induced spatial interactions among the
probe and two FWM beams for the system as shown in Fig. 1.4.

0E, O0E, i0*°E, iV%E,

0: T cot T 202 2k,
ik
=7 [ma 405t B+ 203 1B + 203 B B, +
0
mE\(Ey) Ep1 + 12E2(E3)" Era, (1.4)

0Fpy  0Fp: _i0°Epi V3 Ep

0z cot 28t2 2kF1
ikpy [

n1 + 132 | Ep|” + 2058 | By ?| Epy +

N3 E1(E1)" Ep + maEa(E3)" Era, (1.5)

0z cOt 2012 2k o
ik
= 1nF02 |:TL1 + 77,53 |EF2|2 + 27L§(4 |E£|2 EFQ +
N5 E1(Ey) Ery + 6 B2 (Ey) By, (1.6)

Here, on the left side of these equations, the first terms describe the beam
propagation, the second terms give the dispersion ones, the third terms are
for the second-order dispersion, and the fourth terms describe the diffraction
of the beams diverging propagation. On the right hand, the first terms are the
linear response, the second terms are for the nonlinear self-Kerr effects, the
third terms [the third and fourth terms for Eq. (1.4)] describe nonlinear cross-
Kerr effects, the fourth and fifth terms [the fifth and sixth terms for Eq. (1.4)]
represent the phase-matched coherent FWM process. z is the longitudinal

8EF2 i 8EF2 182 Epg IVi Epg
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coordinate in the propagation direction and k, = kp; = wing/c. ng and ny
are the linear refractive index at w; in vacuum and medium, respectively.
n3! is the self-Kerr nonlinear coefficient of the field Es,n5? is the self-Kerr
nonlinear coefficient for the generated FWM field Epy, and n3?® is the self-
Kerr nonlinear coefficient for the generated FWM field Eps. n§ 1 is the cross-
Kerr nonlinear coefficient of the field E3 induced by the strong pump field
E{,n5? is the cross-Kerr nonlinear coefficient of the field E3 induced by the
strong pump field Ej, n5? is the cross-Kerr nonlinear coefficient of the field
Er; induced by the strong pump field Ej,ny* is the cross-Kerr nonlinear
coefficient of the field Eps induced by the strong pump field Ef. In general
the Kerr nonlinear coefficients can be defined as ny = Re x®) /(gocng), where
the third-order nonlinear susceptibility is given by x(3) = Dp(lf’)) with D =
N2z / (hPeoGpG?). pp(pio) is the dipole matrix element between the states
coupled by the probe beam E, (between |i) and |0)). n; are the constants.
pi%) can be determined from the density-matrix equations for the multi-level
medium.

The strong pump beam distorts the phase profiles of the probe and FWM
beams through XPM, which induces spatial modifications of the probe and
FWM beams, including spatial displacement and splitting, and produces spa-
tial solitons. Thus, we can neglect the dispersion, linear term, and coherent
FWM processes in the equations, for the moment for simplicity. Actually,
these simplified differential equations are still difficult to solve analytically. By
assuming Gaussian profiles for input fields, we can use a numerical approach
(i.e., the split-step Fourier method [37]) to solve Egs. (1.4—1.6). However,
the numerical solution of three-dimensional equations requires a considerable
computing resource with both x and y directions. For simplicity, we only
consider one dimension in the y-direction. For example, one can consider Eq.
(1.5) and obtain

8EF1(Z,y) i 0 ikFl

2 2
T e ot (o B+ 2 )]Em<z7y>-
(1.7)

The solution of this equation is approximately Fr1(z + h,y) = Exp[ihﬁ] .
ExplihN|Ep1(z,y) [37]. Here h is the step-length, D = (2kz;)~'0/dy? is the
diffraction functor and N = kpy (n$2 |Epy |* +2n53 |E}|*) /ng is the SPM and
XPM functor. Finally we can use the split-step Fourier method to obtain the
numerical solution. Furthermore, If we also neglect the diffraction term and
the small SPM contribution, Eqgs. (1.4—1.6) can be readily solved to obtain
the XPM-induced phase shift ¢y imposed on the probe and FWM beams
by the pump. In this case, Equation (1.7) reduces to
E i2 .

PERE) (00139 B ) B ), (1.8
which gives Eri(z,y) = Er1(0,y)exp(ionr) with ¢nr(z,y) = 2kpind?® -
|E}|? z/ng. The additional transverse propagation wave-vector is dky = ¢y
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[37]. Here, the strong field E’ has a Gaussian profile, like the solid line in
Fig. 1.6 (a). In this case, when n5® > 0, ¢ has a positive Gaussian profile
[see the thick solid line in Fig. 1.6 (a)] and dk, is shown by the dash line
in Fig. 1.6 (a). The arrows in Fig. 1.6 (a) represent the direction of dk,.
The direction of dk, is always towards the beam center of the pump field,
and therefore, the weak E, g1 po fields [the thin solid lines in Fig. 1.6 (a)] are
shifted to the pump field center. When n5® < 0, ¢z, has a negative Gaussian
profile [see the thick solid line in Fig. 1.6 (b)] and the direction of dk, [the
dash line in Fig. 1.6 (b)] is outward from the beam center of the pump field,
thus E, p1 ro is shifted away from the pump field [see Fig. 1.6 (b)].
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Fig. 1.6. Instantaneous nonlinear phase shift induced by a Gaussian beam in a
(a) focusing and (b) defocusing nonlinear medium and the corresponding contribu-
tion to the one-dimensional component of the propagation vector.

Recently, spatial displacements of the probe and generated FWM beams
have been observed in a three-level V-type, and two-level atomic systems
near resonance [39]. The observed spatial shift curves as a function of fre-
quency detuning reflect the typical enhanced cross-Kerr nonlinear disper-
sion properties in the EIT system. This dispersion-like spatial deflection is
named as electromagnetically-induced spatial dispersion (EISD). The spatial
beam displacements can be controlled by the strong control laser beam and
the atomic density. Such EISD can be used as a single way to measure the
Kerr-nonlinear refractive indices for the multi-level atomic media. Also, it
can be used for controllable all-optical spatial switching and routing of op-
tical signals [40]. The spot shifts of the FWM and probe laser beams can
be used as the “on” and “off” states of the spatial all-optical switch. The
extinction ratio for the on/off state, as well as the beam shift distances and
directions, can be optimized by modulating frequency detunings, intensities,
and temperature of the medium. At the same time, beam shifts in oppo-
site directions have been realized simultaneously for different FWM beams,
which could be employed to construct switching/routing arrays. Then, spa-
tial shifts and splittings of FWM signal beams induced by additional dressing
laser beams were investigated which are caused by the enhanced cross-Kerr
nonlinearity due to atomic coherence in the atomic system. The spatial sep-
aration and number of the split FWM beam can both be controlled by the
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intensity of the dressing beam, and by the modified Kerr nonlinearity and
atomic density. Although the spatial beam shifting and splitting have been re-
ported in previous works [41], current atomic systems have some advantages:
(1) large beam shift and splitting can be achieved due to enhanced Kerr
nonlinearity induced by atomic coherence; (2) the “dispersion” curve for the
beam displacement has been measured for the probe beam and matched to
the calculated cross-Kerr nonlinear index; (3) displacements and splitting of
FWM signal beams are experimentally demonstrated, which have never been
done before; (4) specially-designed spatial beam configuration was used to
achieve the unique phase-matching conditions for FWM processes, and for
the beam shiftings and splittings at the same time; (5) current multi-level
systems have much better experimental controls with additional laser beams;
(6) such studies can have important applications in the spatial image storage,
spatial entanglement, and spatial quantum correlation of laser beams.

1.6 Formations and Dynamics of Novel Spatial Solitons

A spatial soliton can be formed when the diffraction of a laser beam is com-
pensated by self-focusing or cross-Kerr effects in a Kerr nonlinear medium
[42, 43]. In recent years, many new spatial soliton effects, such as discrete
solitons [44, 45], gap solitons [46], surface gap solitons [47, 48], and vortex
solitons [49], have been investigated (both theoretically and experimentally)
in waveguide arrays [48], fiber Bragg gratings [50], Bose-Einstein condensates
[51], and photorefractive crystals [44, 45]. In achieving such interesting spatial
effects, large refractive index modulations are needed by either fixed periodic
structures (such as waveguide arrays and fiber Bragg grating) or reconfig-
urable optical lattices by laser beams as in the photorefractive crystals [46].
Gap soliton exists in band gaps of the linear spectra in various structures,
and the forward- and backward-propagating waves both experience Bragg
scattering and form of the periodic structure, which are coupled nonlinearly
[42]. A vortex soliton appears as the self-trapping of a phase singularity and
from which a screw-type phase distribution is generated where the real and
imaginary parts of the field amplitude are zero. Spatially modulated vortex
solitons (azimuthons) have been theoretically considered in self-focusing non-
linear media [49]. Transverse energy flow occurs between the intensity peaks
(solitons) associated with the phase structure, which is a staircase-like non-
linear function described by the factor exp(ime), where ¢ is the azimuthal
coordinate and the integer number m is defined as the topological charge. If
a phase mask is used to introduce certain phase delay for half of the soliton
beam, the soliton can split into two parts with opposite (7) phases between
them, called dipole-mode vector soliton with a Hermite-Gaussian mode struc-
ture [52]. The dipole-mode vector soliton is a vector soliton originated from
trapping of a dipole-mode beam. In an optically-induced two-dimensional
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photonic lattice, dipole-mode solitons can be created with either opposite
phases or same phase between the two parts [53]. Vector solitons with one
nodeless fundamental component and another dipole-mode component can
couple to each other and be trapped jointly in the photonic lattices [52, 54]. A
radially symmetric vortex-mode soliton can decay into a radially asymmetric
dipole-mode soliton that has a nonzero angular momentum, which can survive
for a very long propagation distance [52]. Spatial multi-component soliton has
vectorial interaction, mutually self-trapping in a nonlinear medium, and their
total intensity profile exhibits multiple humps [55].

Spatial gap solitons, dipole mode spatial solitons, and modulated vortex
solitons of FWM in multi-level atomic systems are presented in Chapter 8
with details. For example, Section 8.3 shows the experimental observation
of vortex solitons of FWM in the multi-level atomic media created by in-
terference patterns with three or more superposition waves. The modulation
effect of vortex solitons is induced by the cross-Kerr nonlinear dispersion due
to atomic coherence in the multi-level atomic system. These FWM vortex
patterns are explained via the three-, four- and five-wave interference topolo-
gies. The complex amplitude vectors can be overlaid at the observation plane
and give rise to the total complex amplitude vector (C'x,Cy) of interfering
planewaves [13, 14]. The local structures of optical vortices are given by the
polarization ellipse relation

[CX/(TX + T)]sin® (B + ) + [C3 /(T + T9)] cos®(B + ) =1, (1.9)

where § = arctan(T'x /Ty ), and « is the ellipse orientation. The ellipse axes
Tx, Ty are related to the spatial configuration of laser beams (including the
incident beam directions, phase differences between beams, etc.) and their
intensities. Section 3.1 presents experimental results of generating gap soli-
ton trains in FWM signals. Such novel spatial FWM gap soliton trains are
induced in the periodically modulated self-defocusing atomic medium by the
cross-phase modulation, which can be reshaped under different experimen-
tal conditions, such as different atomic densities, nonlinear dispersions, and
dressing fields. Effects due to the frequency detuning and intensity depen-
dences of the refractive index are considered in addition to its one-dimensional
(axis &) periodic variation by using n(A, I, &) = ni(A)+na(A)I+0n(€), where
T is the dressing field intensity. dn = ng cos(27€/A) accounts for the periodic
index variation inside the grating. The grating period is given by A = \/0,
where 6 is the angle between the two pump beams. Section 3.2 describes the
formation of a novel type of stable multicomponent vector solitons consisting
of two perpendicular FWM dipole components induced by XPM. The forma-
tion and steering of the steady dipole solitons and their dynamical (energy
transfer) effects have been analyzed. The dipole-mode solitons of two FWM
processes have horizontal and vertical orientations, respectively, which can
coexist in the same atomic system, and their characteristics can be compared
directly. In detail, we consider the incoherent superposition of two dipole
components, us and ug, as a generalization of a two-component dipole-model
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soliton {u1,V'}. This two-component come from a three-component solution
{u1,u2,us}. The transformation of the dipole components is V' — {us, us},
where uy = Vcosa and ug = Vsina (a is a transformation parameter).
Such a straightforward generalization is indeed possible for an N-component
system [55].

The gap, dipole and vortex solitons have all been observed before in pho-
torefractive crystals [56 —61]. However, the works presented in Chapter 8 are
done in multi-level atomic systems, which have quite different nonlinear prop-
erties compared to the photorefractive systems used before to observe such
as gap, dipole and vortex solitons. As we have demonstrated, the multi-level
atomic systems have well-controlled linear, as well as nonlinear, absorption
and dispersion properties, which are essential in generating such interesting
spatial gap, vortex and multi-component dipole solitons in atomic meida.
Without the enhanced Kerr nonlinearities due to atomic choherence [23], it
will be hard to reach the needed index contrast for observing these novel
spatial soliton phenomena. With several well-controlled experimental param-
eters, one can drive the Kerr medium to different parameter regions to inves-
tigate richer spatial soliton phenomena (such as formation and dynamics),
better explore parametric spaces, and compare with theoretical predictions.
Observing such solitons and studying their dynamics in FWM is not a simple
extension of previous results, but a significant breakthrough to explore differ-
ent nonlinear regions and mechanism for forming such spatial dipole solitons
and their evolutions. In solid-state materials, tenable parametric spaces are
limited, so certain theoretically predicted phenomena are not reachable in
the experiments. However, in multi-level atomic systems, the tenable region
for parameters is broadened, which can be used to explore interesting phe-
nomena, such as transition from one type of spatial soliton to another and
energy transfer between different dipole modes. Also, previous spatial soli-
tons in solid materials were all done in the probe beam, not for FWM beams
as in the multi-level atomic media, where Kerr-nonlinear FWM processes are
greatly enhanced and become more efficient. The tenable parameters, such
as atomic density, coupling/pumping field intensities, and frequency detun-
ings can be easily and independently controlled experimentally, which are
important in reaching different regions of the system. Due to the nature of
induced atomic coherence in the system, the enhanced Kerr indices change
dramatically with experimental parameters and can reach high values. Com-
bining with the use of pulsed laser beams with high beam intensities, the
refractive index contrast An = nyl in the multi-level atomic system reaches
the high value, so those interesting novel solitons can be observed. Also,
since the high Kerr index is induced by the strong dressing/pumping laser
beams, it is the cross-Kerr nonlinearity that plays an essential role in con-
trolling these novel solitons, not the self-Kerr coefficients as in the cases for
photon-refractive materials. The basic behaviors and mechanics are different
between the multi-level atomic systems and photorefractive crystals in ob-
serving these novel solitons. Such controllable spatial dispersion properties
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and spatial solitons can find useful applications in designing new devices for
spatial all-optical switching and logic gate for optical communications and
all-optical signal processing.
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2 Ultrafast Polarization Beats of Four-Wave
Mixing Processes

Four-level difference-frequency polarization beat (FLPB) and attosecond sum-
frequency polarization beat (ASPB) with broadband noisy light are investi-
gated using chaotic field, phase-diffusion, and Gaussian-amplitude models.
The difference-frequency polarization beat signal is shown to be particularly
sensitive to statistical properties of Markovian stochastic light fields with
arbitrary bandwidth. Different stochastic models of laser fields only affect
fourth-order coherence functions. The constant background of beat signal
originates from the amplitude fluctuation of Markovian stochastic fields. The
Gaussian-amplitude field shows fluctuations larger than the chaotic field,
which again exhibits fluctuations much larger than those for the phase-
diffusion field with pure phase fluctuations caused by spontaneous emission.
It has been also found that asymmetric behaviors of polarization beat signals
due to the unbalanced dispersion effects between two arms of interferometer
and Doppler-width do not affect the overall accuracy in case using FLPB
to measure the energy-level difference between two states, which are dipolar
forbidden from the ground state. On the other hand, a Doppler-free precision
in the measurement of the energy-level sum can be achieved with an arbi-
trary bandwidth. The advantage of ASPB is that the ultrafast modulation
period 900 as can still be improved, because the energy-level interval between
ground state and excited state can be widely separated.

2.1 Four-level Polarization Beats with Broadband Noisy
Light

Statistical properties of the broadband noisy (nontransform limited) light
field are of particular importance for nonlinear optical processes since these
are often sensitive to higher-order correlations in the field. The effects of such
correlations have been studied in several nonlinear processes characterized by
either Markovian or non-Markovian fluctuations [1—5]. The Markovian field
is now described statistically in terms of marginal and conditional probabil-
ity densities [6, 7]. The atomic response to non-Markovian fields is much less
well understood [4]. This is primarily because the complete hierarchy of con-
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ditional probabilities must be known in order to describe a non-Markovian
process. Some non-Markovian processes can be made Markovian by extension
to higher dimensions.

The atomic response to Markovian stochastic optical fields is now largely
well understood [1—3, 5]. When the laser field is sufficiently intense that many
photon interactions occur, the laser spectral bandwidth or spectral shape,
obtained from the second-order correlation function, is inadequate to char-
acterize the field. Rather than using higher-order correlation functions ex-
plicitly, three different Markovian fields are considered: (a) the chaotic field,
(b) the phase-diffusion field, and (c¢) the Gaussian-amplitude field. The chaotic
field undergoes both amplitude and phase fluctuations and corresponds to a
multimode laser field with a large number of uncorrelated modes, or a single-
mode laser emitting light below threshold. Since a chaotic field does not pos-
sess any intensity stabilization mechanism, the field can take on any value in
a two-dimensional region of the complex plane centered about the origin. The
phase-diffusion field undergoes only phase fluctuations and corresponds to an
intensity-stabilized single-mode laser field. The phase of the laser field, how-
ever, has no natural stabilizing mechanism [5]. The Gaussian-amplitude field
undergoes only amplitude fluctuations. Although pure amplitude fluctuations
cannot be produced by a nonadiabatic process, we do consider the Gaussian-
amplitude field for two reasons. First, it allows us to isolate those effects due
solely to amplitude fluctuations; and second, it is an example of a field which
undergoes stronger amplitude (intensity) fluctuations than a chaotic field. By
comparing the results for the chaotic field and the Gaussian-amplitude field,
we can determine the effect of increasing amplitude fluctuations [6, 7].

The chaotic field, the Brownian-motion phase-diffusion field, and the
Gaussian-amplitude field are considered in parallel with a discussion on four-
level atom transitions. We develop a unified theory which involves fourth-
order coherence-function to study the influence of partial-coherence proper-
ties and unbalance dispersion effects of pump beams on polarization beats.
Polarization beats, which originate from the interference between the macro-
scopic polarizations, have attracted a lot of attention recently [8—16]. It is
closely related to quantum beat spectroscopy. DeBeer et al. performed the
first ultrafast modulation spectroscopy (UMS) experiment in sodium vapor
[17]. Fu et al. [18] then analyzed the UMS with phase-conjugate geometry
in a Doppler-broadened system by a second-order coherence-function theory.
They found that a Doppler-free precision in the measurement of the energy-
level splitting could be achieved.

In this section, we investigated the effects of Markovian field fluctuations
in four-level polarization beats. Based on three types of models described
above, we studied the influence of various quantities, such as light statistics,
laser linewidth, Doppler width, and unbalance dispersion. One of relevant
problems is the stationary four-wave mixing (FWM) with broadband noisy
light, which was proposed by Morita et al. [19], to achieve an ultrafast tempo-
ral resolution of relaxation processes. Since they assumed that laser linewidth
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is much longer than transverse relaxation rate, their theory cannot be used
to study the effect of the light bandwidth on the Bragg reflection signal.
Asaka et al. [20] considered the finite linewidth effect. However, the constant
background contribution has been ignored in their analysis. Our higher-order
correlation on polarization beats includes the finite light bandwidth effect,
constant background contribution, and controllable dispersion effects [21].
Different roles of the phase fluctuation and amplitude fluctuation have been
pointed out in the time domain. If the FLPB is employed for the energy-level
difference measurement, there are advantages that the energy-level difference
between two states which are dipolar forbidden from the ground state can
be widely separated and a Doppler-free precision in the measurement can be
achieved. the FLPB is closely related to the Doppler-free two-photon absorp-
tion spectroscopy with a resonant intermediate state and the sum-frequency
tri-level photon-echo when the pump beams are narrow band and broadband
linewidth, respectively [16]. However, it possesses the main advantages of
these techniques in the frequency domain and in the time domain.

2.1.1 Basic Theory

The FLPB is a polarization beat phenomenon originating from the interfer-
ence between two two-photon processes. Let us consider a four-level system
(Fig. 2.1) with a ground state |0), an intermediate state |1) and two excited
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Fig. 2.1. Four-level configuration to be treated by FLPB.

states |2) and |3). States between |0) and |1) and between |1) and |2)(|3))
are coupled by dipolar transition with resonant frequencies Q; and Q2(£23),
respectively, while states between |2) and |3) and between |0) and |2)(|3)) are
dipolar forbidden. We consider in this four-level system a double-frequency
time-delay FWM experiment in which the beams 2 and 3 consist of two fre-
quency components wy and ws, while beam 1 has frequency wy (Fig. 2.2). We
assume that w1 ~ Q; and we &~ Qo(ws &~ Q3), therefore wy and wo(ws) will
drive the transitions from |0) to |1) and from |1) to |2)(|3)), respectively. In
this double-frequency time-delay FWM, the beam 1 with frequency w; and
the wa(ws) frequency component of the beam 2 induce coherence between
|0) and |2) (]3)) by two-photon transition, the which is then probed by the
wa(ws) frequency component of the beam 3. These are two-photon FWM
with a resonant intermediate state and the frequency of the signal (beam 4)
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Fig. 2.2. Schematic diagram of the geometry of FLPB.

The complex electric fields of the beam 2, E,s(r,t), and the beam 3,
Ep3(r,t), can be written as

Epo(r,t) = Ag(r,t) exp(—iwst) + Az(r,t) exp(—iwst)
= equsa(t) expli(ks - ¥ — wat)] + egus(t) expli(ks - ¥ — wst)], (2.1)

Eps(r,t) = AL(r,t) exp(—iwat) + A5(r, t) exp(—iwst)
= ehus(t — 7) expli(kh - 7 — wat + waT)| +
ehuz(t — 7+ 07) expli(ks - 7 — w3t + w3T — w3dT)]. (2.2)

Here, ¢;, k;(¢}, k;) are the constant field amplitude and the wave vector of
w; component in the beam 2 (beam 3), respectively. u;(¢) is a dimensionless
statistical factor that contains phase and amplitude fluctuations. §7 denotes
the difference in the zero time delay (67 > 0). We assume that the wa(ws)
component of E,o(r,t) and E,3(r,t) comes from a single laser source, and 7
is the time delay of the beam 3 with respect to the beam 2. On the other
hand, the beam 1 is assumed to be a quasimonochromatic light, the complex
electric fields of beam 1 can be written as

Ep (r,t) = Ai(r,t) exp(—iwit) = e1uq (t) expli(ky - ¥ — wit)]. (2.3)

Here, u1(t) ~ 1,21 and k; are the field amplitude and the wave vector of the
field, respectively.

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

(1) py) <5 ply) 22 Q) =22, o)

0) w 1 2) —w 3
() ply < pig <> ply == iy

0_’P

(2.4)

Chains (I) and (I) (2.4) correspond to the processes with two-photon
transitions from |0) to |2) and from |0) to |3), respectively. We obtain the
third-order off- dlagonal density matrix element p( ) which has wave vector
ko —kb+kq or ks — kb + k1, p<3) = p( )—f—p(u) Here gr and p(H) corresponding
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to p%) of the perturbation chains (I) and (II), respectively, are

I iﬂlﬂg oo OO -
o = — 3 eXp(—iwlt)/ de(v)/ dtg/ dta x
0 0

— 00

/Oo dtlHl (tl)HQ(tQ)Hl (f,g) X
0

Ai(t —ty —to — t3)As(t — to — t3)[AL(t — t3 — T)]", (2.5)

b ey e [
p = — 3 exp(—iwlt)/ de(v)/ dtg,/ dty x
0 0

— 00

/Oo dtlHl (tl)Hg(tQ)Hl (f,g) X
0

Ai(t —ty —to — t3)As(t — to — t3)[A5(t — t3 — 7)]". (2.6)

Here, Hi(t) = exp[—(I'io+iA1)t], Ha(t) = exp[—(I'20 +iA1 +1As)t],
Hs(t) = exp|—(Tso +1A1 +1iA3)t]; 1 and po(us) are dipole moment ma-
trix elements between |0) and |1) and between |1) and |2)(|3)), respectively;
A1 =01 —wi, Ay = Qo —wa, Ag = Q3 —ws; Ty and T'y(T'3p) are transverse
relaxation rates of the coherence between states |0) and |1) and between |0)
and |2)(]3)), respectively.

The nonlinear polarization P®) responsible for the phase-conjugate FWM
signal is given by averaging over the velocity distribution function w(v), i.e.,

—+00 .
PG = Ny, / dvw(v)plg (v).

— 00

Here, v is the atomic velocity, N is the density of atoms. For a Doppler-
broadened atomic system, we have

ww) = espl=(o/u)’]

Thus the total polarization is P®) = PO 4+ PM_ Here P and PM corre-

sponding to polarizations of the perturbation chains (I) and (II), respectively,
are

+oo 0 e}
PO — 8, (r) expl—i(wrt + war)] / dvw(v) / dt / dts %
0 0

—00

/OOO dtl eXp[—iHI(’U)] X Hl(tl)Hg(tg)Hl(t3) X

ul(t—tl —tQ —tg)UQ(t—tQ —t3)u§(t—t3 —7’), (27)
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+o0o [eS) [eS)
PM = Sy (1) exp[—i(wit + wsT — wgéT)]/ de(v)/ dtg,/ dte x
0 0

/)&wm}%MMxHﬁﬂ%@Mﬁ%Wﬁ—h—b—@x
0

Ug(t—tg —t3)U§(t—t3 —T+5T). (28)
Here,

iN 2,,2
Silr) =131
iN 2,,2 )
Salr) = =13 P erea(eh) explihy + ks — k) -
O1(v) = v - [k1(t1 +ta +t3) + ka(ta + t3) — kbts],
On(v) = v [k1(t1 + ta + t3) + ks(te + t3) — kits).

5152(512)* exp[i(k:l + ko — ké) . ’I“],

The FWM signal is proportional to average of the absolute square of
P®) over the random variable of the stochastic process (|P(®)|?), which
involves fourth- and second-order coherence functions of wu;(t) in phase—
conjugation geometry. While the FWM signal intensity in Debeer’s self-
diffraction geometry is related to the sixth-order coherence functions of inci-
dent fields. We first assume that the beam 2 (beam 3) is a multimode thermal
source. u;(t) has Gaussian statistics with its fourth-order coherence function
satisfying [6, 7]

(ui(tr)ui(t2)u; (ts)u; (ta))
= (ui(tr)ug (£3)) (wi(t2)ug (t4)) + (wi(tr)ug (£4)) (ui(t2)ug (t3)).  (2.9)
Furthermore, assuming that beam 2 (beam 3) has Lorentzian line shape,

then we have
(wi(t1)uj (t2)) = exp(—alty — tal) (2.10)

1
here a; = 25% with dw; the linewidth of the laser with frequency w;. The

form of the second-order coherence function, which is determined by the laser
line shape, as expressed in Eq. (2.10), is general feature of the three different
stochastic models [6, 7].

We first consider the case that the beams 2 and 3 are a narrow band so
that ag, as << T'1g, 20, 30 and T'ag|7|, 50|7| >> 1. Performing the tedious
integration, the beat signal intensity then becomes

I(r,r) o< (|IPP]?)
= By + [n[* Bz + | Bs|* exp(—2az|7]) + [nB4]* exp(—2as|m — o7]) +
exp(—az|7| — as|t — o7]) X
{nBj By exp|—iAk - r — i(ws — w2)T + iwsd7]} +
exp(—ae|T| — ag|T — 7]) X
{n*B3Bj exp[iAk - r + i(ws — wa)T — iwsdT]}. (2.11)
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where
Ak = (ka—k'2) — (k3—k'3),
T'i0 + 2ap F%O + A%
By = B3 . — . )
Tio[T20 — (A1 + Ag)]  2T'1oI90(T10 + T2o — 1A2)
g+ 2a3 2, + A2
By = By . — ) ,
Tiols0 —i(A1 + Ag)]  2T10I30(T0 + T'so —1A3)
1
B3 = ,
3 Tog + 1A + 145
1
By

o Dao +iA; +iAs’
_ u3es(eh)”
 ufea(en)”

Relation (2.10) consists of five terms. The first and third terms, which is
the auto-correlation intensity for two-photon transition from |0) to |2), are
dependent on the wus(t) fourth-order coherence function, while the second and
fourth terms, which is the auto-correlation intensity for two-photon transition
from |0) to |3), are dependent on the u3z(t) fourth-coherence function. The first
and second terms originating from the amplitude fluctuation of the chaotic
field are independent of the relative time-delay between the beams 2 and 3.
The third and fourth terms indicate an exponential decay of the beat signal
as |7| increases. The fifth term depending on wus(t) and wus(t) second-order
coherence functions, which is determined by the laser line shape, gives rise
to the modulation of the beat signal.

Equation (2.11) indicates that beat signal oscillates not only temporally
but also spatially with a period 2m/Ak along the direction Ak, which is
almost perpendicular to the propagation direction of the beat signal. Here
Ak = 2xt|Ay — A3]0/A3)2, 0 is the angle between the beam 2 and beam 3.
Physically, the polarization-beat model assumes that both the pump beams
are plane waves. Therefore two two-photon FWM signals, which propagate
along ks, = ko —k'o+ k1 and ks, = k3 — k3 + k1, respectively, are plane waves
also. Since two two-photon FWM propagate along slightly different direction,
the interference between them leads to the spatial oscillation. Equation (2.11)
also indicates that beat signal modulates temporally with a frequency w3 —ws
as 7 is varied. In this case that wo and w3 are tuned to the resonant frequencies
of the transitions from |1) to |2) and from |1) and |3), respectively, then
the modulation frequency equals Q3 — €25. In other words, we can obtain
beating between the resonant frequencies of a four-level system. A Doppler-
free precision can be achieved in the measurement of Q3 — Q.

We then consider the case that the beams 2 and 3 are broadband, i.e., aw,
as >> I'p, 20, I'30.

(i) 7 > d7, the beat signal rises to its maximum quickly and then decays
with time constant mainly determined by the transverse relaxation times of
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the system. Although the beat signal modulation is complicated in general,
at the tail of the signal (i.e., az|T| >> 1, ag|T| >> 1) we have

I(r,7) o< (|IPP))
= Bs + |n|” Bo + | Br|* exp(—2T20]7]) +
|nBsg|? exp(—2T'30|7 — 67|) + By Bg exp(—T0|7| —
F30|’7’ — 5T|){77 exp[—iAk ST — 1(93 — QQ)’T + ng(ST] +

n* exp[iAk - r +i(Qs — Qo) — 1Q307]}, (2.12)
where
B5 _ P%O + A% { 2@% + iOéQAl — irgoAQ _ 1 %
2T aslag(2an +1A1)[0d + (A1 + A2)?]  as —i(A; + Ay)
[ 1 ~ Tio+Ta+iAy ] }
_(2@2 — iAl)[ag — I(Al + AQ)] Fgo[(rlo + 1A2)2 — a%] ] ’
B — 2, + A2 { 2(.13 + i3 Aq 3 . 1 "
2F10 a3F30(2a3 + lAl)[Oég + (Al + A3)2] a3 — I(Al + Ag)
[ 1 B T + T30 +1A3 )
| (203 — iA1)[as — (A1 + Ag)]  Ts0[(T10 +1iA3)2 — a3] | } ’
B7 _ 2a2 2043

, Bg= .
Oé% + (A + Ay)? s 04% + (A + A3)?

Relation (2.12) also consists of five terms. The first and third terms for
two-photon transition from |0) to |2) are dependent on the us(t) fourth-order
coherence function, while the second and fourth terms for two-photon tran-
sition from |0) to |3) are dependent on the wu3(t) fourth-coherence function.
The third and fourth terms indicate an exponential decay of the beat signal
as || increases. The fifth term depending on the us(t) and us(t) second-order
coherence functions, which is determined by the laser line shape, gives rise
to the modulation of the beat signal. Equation (2.12) indicates that the tem-
poral modulation frequency of the beat signal equals Q23 — Q25 when §7 = 0.
The overall accuracy of using FLPB with broadband lights to measure the
energy-level difference between two excited states is limited by the homoge-
neous linewidths [13].

(ii)) 0 < 7 < 07, Q|| >> 1

I(r,r) o (IPP]?)
= Bs + [n|* Bs + | Br|? exp(—2T20l7|) + [1Bs|? exp(—2as|r — o7[) +
By exp(—T'9|7| — az|T — 67]){nBg exp[—iAk - r — i(wz — wa)T +
iwsdT —1(A1 + A9)T] + " B exp[iAk - r + i(ws — wa)T —
iwszdr +1(Ay + Ag)7]}, (2.13)

1

here By = .
WHETe o (%} —i(Al +A2)
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(i) 7 < 0
I(7,7) o (|[P@®)]?)
= Bs + [1]*Bs + | Buo | exp(—2a2|7]) + [nBu1|* exp(—2a|T — o7]) +
exp(—aa|T| — as|t — 07|){nB1o B}, exp[—iAk - 7 — (w3 — w2)T +
iwsd7] + n* B1gBiy expliAk - r + i(ws — wa)T — iwsdT]}, (2.14)

1 1
o+ (A1 + A9) T T g 1i(A) + Ag)
we neglect the Doppler effect only in final expressions By to Big.

This equation is consistent with Eq. (2.11). Therefore, the requirement
for the existence of a 7-dependent beat signal for 7 < 0 is that the phase-
correlated subpulses in the beams 2 and 3 are overlapped temporally. Since
the beams 2 and 3 are mutually coherent, the temporal behavior of the beat
signal should coincide with the case when the beams 2 and 3 are nearly
monochromatic [13, 18].

where By = . For simplicity, here

1.0}

0.5

Signal Intensity(arb.units)

I i ! 1

0.0 L L L
=100 =50 0 50 100

Time Delay(fs)
Fig.2.3. The beat signal intensity versus relative time delay. The parameters
are Q3 — Qo = 254 ps™ ., Q3 = 3317 ps Ak = 0,n = 1,B; = 0.6,y =
12.5 ps~ !, I's0 = 14.5 ps™*; while 67 = 0 fs for dotted line, §7 = 43 fs for dashed
line and §7 = 100 fs for solid line. Adopted from Ref. [22].

Figure 2.3 shows the interferograms of the beat signal intensity versus
relative time delay for three different values of the reduced offset imbalance
07, and the parameters are 3 —Qy = 254 ps~1, Q3 = 3317 ps™ !, Ak =0, =
1,B; = 0.6,T50 = 12.5 ps~1,T'3g = 14.5 ps~!; while 67 = 0 fs for dotted line,
01 = 43 fs for dashed line and 67 = 100 fs for solid line. It is noticed that
as 07 increases, the peak-to-background contrast ratio of the interferograms
diminishes, as anticipated. Interestingly, the phase of the fringe beating also
changes sensitively to produce a variety of interferograms including asymmet-
ric ones. §7 expresses the unbalance dispersion effects between the two arms.
A simple realistic example is an interferometer having an effective thickness
of quartz or glass that differs significantly (many mm to a few cm) between its



32 2 Ultrafast Polarization Beats of Four-Wave Mixing Processes

two arms. Changing the thickness in one arm will control the degree of imbal-
ance in the dispersion effects [21]. Physically, 67 corresponds to the separation
of the peaks of the third and fourth terms of Eq. (2.11), i.e., the separation
between the wy only interferogram and the ws only interferogram. Further-
more the fluctuations in 67 require phase-dependent fluctuations (otherwise
07 cannot change), which may be due to, for example, unbalance ampli-
tude (thermal) fluctuations in air or the optics between the two arms of the
Michelson interferometer.

2.1.2 FLPB in a Doppler-broadened System

The beat signal can be calculated from a different viewpoint. Under the
Doppler-broadened limit (i.e., kyu — 00), we have

Q

/+°O dvw(v) exp[—if1(v)] Qk\l/:;(s(tl +to +t3 — &ita), (2.15)

— 00

Q

+o0 ) 2\/75
dvw(v) exp[—ify(v)] O(t1 + ta + tg — Eato). (2.16)
—50 k:lu
Here, & = ko/k1,& = kg /k1. We assume & > 1,& > 1. When we substitute
Egs. (2.15) and (2.16) into Egs. (2.7) and (2.8) we obtain I(7,7) o< (|P®)|?) =
(PO} P 2),

We first consider the case that the beams 2 and 3 are narrow band so
that o, ag << T'ag, ' and I'yg|7|, I'30|7| >> 1. Performing the tedious inte-
gration, the beat signal intensity is

I(r,r) o< (|IPP?)
o Bs + [n[* Bo + | Bz|” exp(—20z|7|) + [1nB13|” exp(—2as|7 — 07]) +
exp(—as|7T| — as|t — 07|) x {nBiyBis exp[—iAk - r — (w3 — wa)T+
iwsdT] + 0" B1aBi5 exp[iAk - r + i(ws — wa)T — iwsdT]}, (2.17)

(& - )T, +AD)? (& —1)(TF + A .,

a 2 a2’ a 2 ava 190 = T'20 +
ISy — '10)? + (A3) (I'gy — T10)? + (Ag)
§1T10, 150 = T'z0 + §2lM10, AS = Ao + 141, A = Ag + &A1, This equation
is consistent with Eq. (2.11).

We now consider the case that beams 2 and 3 are broadband so that
g, a3 >> T'1g, 90, 'a0.
(i) 7> 07, an|T| >> 1, a3|7] >> 1

where Bio= Bi3=

1(7.7) o< (|P®?) = Bua + [nf* Bus + | Bsl* exp[-2(Ty — Do) +
[nBiz | exp[~2 x (T, — T1o)|7 — o] +
BigBy7exp[— ('3, — T1o)|7] — (T3 — T10)|7—
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oT|[{nexp[—iAk - r —i(Q3 — Q)7 —
(&2 — &1 )ALT +1&A107] + n* exp[idk - r +

i(Q5 — Qo)7 +i(€2 — &) A1 T — i€22107]}, (2.18)
where
By — (&1 —1)[a3 + (A%)? — 2iaa A
2(I'5y — T'0)%[a3 + (A%)?] 7
By~ &2 1]od + (A$)? — 2iasAg]
2(T5y — T0)%[e3 + (A%)?] 7
B _ 2(51 - 1)0427’
U7 a4 (ag)2”
B — 2(& — 1)ag(T — 07)
17 — .

a3 + (A4)?

Equation (2.18) indicates that the temporal modulation frequency of the
beat signal equals 23 — Qo when A; = §7 = 0. The overall accuracy of using
FLPB with broadband lights to measure the energy-level difference between
two excited states is limited by the homogeneous linewidth. This equation is
analogous to Eq. (2.11).

(i) 7 <0

I(7,7) o (|PP®?) = By + In|*Bis + | Bus|” exp(—2a2|7]) +
|7’]Blg|2 exp(—2as|T — 07]) + exp(—ae|T| —
as|T — 07]){nBisB1o exp|—iAk - r — i(w3 — w2)T + iw3d7] +

0" B1gBg exp[iAk - r + i(ws — wa)T — iw3d7]}, (2.19)
where
& —1
B =
BT (ap —1Ag)2
§—1
B =
P (o — i)

This equation is consistent with Eq. (2.10).
(iii) 0 < 7 < d7 and as|7| >> 1

I(7,7) o (|[P®)|?) = By + |n|* B1s + | Bug|* exp[-2(T'3y — T1o)|7]] +
|nBio|* x exp(—2as|T — 07|) + Big exp[—2(T'% — T'10)|7| —
as|T — 07T|[{nB1g exp[—iAk - r — i(wg — wo)T + iwsdT —
i(Ay + Ag)7] + 0" BigexpliAk - r + i(ws — wa)T —
iwsdT + i(A1 + A2)7]}. (2.20)

This equation is analogous to Eq. (2.12).
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2.1.3 Photon-echo

It is interesting to understand the underlying physics in FLPB with broad-
band nontransform limited quasi-cw (noisy) lights [19, 20]. Much attention
has been paid to the study of various ultrafast phenomena by using incoherent
light sources recently [21—24]. For the phase matching condition ko — kb + k1
and ks — k% + k1 two sum-frequency trilevel echoes exist for the perturbation
the chains (I) and (), respectively.

The chaotic field is a complex Gaussian stochastic process. Under the
Doppler-broadened limit (i.e., kyu — o), If assuming that the beams 2 and
3 are broadband so that as, ag >> I'yg,'39, then we have

7

(ui(t1)u] (t2)) = exp(—ault: — ta|) = j 5(t1 — ta2). (2.21)

When we substitute Egs. (2.8) and (2.21) into Eq. (2.16), we obtain as
follows:
(i) 7 > I,

I(r,7) oc (|PO?) = Ay + > Az + | 43| exp[-2(T'5y — T1o)|7[] +
InAs|? exp[—2 x T4y — T10)|7 — 67|] + Az Ay exp[— (T — T10)|7] —
(TS — Tho)|7 = d7|[{nexp[—iAk - r —i(Qg — Q2)7 —
(€ — &) AT + 1€ A107]) + ™ expliAk - r 4+ 1(Qg — Q2)7 +

(2 — &)A1T — i&A67]}, (2.22)
where
_ &1—1
N day(rg, - To)P?
_ -1
A= flay(Tg, - Tao))?
Az = (& - 1)T,
s
A - (& —1)(m — 57).
s

This equation is consistent with Eq. (2.18).
(i) 0 <7 < o7
I(r,r) o (IPP?) = Ay + |n|* Az + | As]? exp[-2(Tg, — Tro)I7]].
Photon-echo only exists for the perturbation the chain (I).
(iii) <0
I(,7) o (| PO?) = Ay + [n* As. (2.23)
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In this case, photon-echo doesn’t exist for the perturbation chains (I) and
(I). The requirement for the existence of a 7-dependent beat signal for 7 < 0
is that the phase-correlated subpulses in the beams 2 and 3 are overlapped
temporally. Since beams 2 and 3 are mutually coherent, the temporal behav-
ior of the beat signal should coincide with the case when the beams 2 and 3
are nearly monochromatic [13, 18]. Therefore, this case is analogous to Eq.
(2.10).

We have assumed that the laser sources are chaotic field in the above cal-
culation. A chaotic field, which is used to describe a multimode laser source,
is characterized by the fluctuation of both the amplitude and the phase of the
field. Another commonly used stochastic model is a phase-diffusion model,
which is used to describe an amplitude-stabilized laser source. This model
assumes that the amplitude of the laser field is a constant, while its phase
fluctuates as a random process.

We substitute Egs. (2.21) and (2.23) into Eq. (2.16), we obtain as follows:

(i) 7> o7

I(r,7) oc (|[P®)?) = | A3 exp[—2(T'5, — o) |7[] +
nA4|? exp[—2(Tgy — Tio)|7 — &7 +
AsAy x exp[—(T9, — T1o)|7| —
(I3 — T1o)|7 — o7|{nexp[—iAk - v —i(Q5 — Q2)7 —
(&g — &) AT + & A107T] + ¥ expliAk - r +
1(Qs — Q)7 +1(& — &) AT — 1&2A167] (2.24)

(i) 0 <7 < o7
I(7,7) oc ([PP}?) = | A3* exp[~2(T5y — Tio)|7]. (2.25)

Photon-echo only exists for the perturbation the chain (I).
(iii) <0
I(r,7) o (| PP = 0. (2.26)

In this case, photon-echo doesn’t exist for the perturbation the chains (I) and
().

Relation (2.24) consists of three terms. The first term for two-photon
transition from |0) to |2) is dependent on the wus(t) fourth-order coherence
function, while the second term for two-photon transition from |0) to |3) is
dependent on the uz(t) fourth-order coherence functions. The first and second
terms indicate an exponential decay of the beat signal as |7| increases. The
third term depending on the us(t) and ug(t) second-order coherence functions,
which is determined by the laser line shape, gives rise to the modulation of the
beat signal. This case is consistent with results of the second-order coherence
function theory |(P®)|? [10, 18]. The constant background contribution has
been ignored in their analysis. Therefore, the fourth-order coherence function
theory (|P®)|?) of chaotic field is of vital importance in FLPB.
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The Gaussian-amplitude field has a constant phase but its real amplitude
undergoes Gaussian fluctuations. If the lasers have Lorentzian line shape, the
fourth-order coherence function is [6, 7]

(wity)uita)uits)ui(ta)) = (ui(tr)ui(ts))(ui(te)ui(ta)) +
(wi(t)ui(ta)) (ui(b2)uq(ts)) +
(i (B )wi(b2)) (ui (t3)ui(ts))- (2.27)
When we substitute Egs. (2.21) and (2.25) into Eq. (2.16) we obtain as
follows:
(i) 7> o7
I(,7) oc ([PP?) = Ay + [n]* Az + As exp[—2(Tg, — Tao)|7]] +
[nAs|* exp[—2(T'§y — o) x |7 — 67]] +
Az exp[—(I'5y — Tro)l7| — (T'5 — T10) |7 — 07[[{nexp[-iAk - 7 —
1(Q5 — Q2)7 —i(&2 — &) AT +1&A67] +
T}* exp[iAk T+ I(Qg — QQ)’T + 1(52 — fl)AlT — ingl(sT]}, (228)

where

A5: 4(§1—1)2T2 + §1—1

a3 (a2Ag)?’
2 2
4 e 1)@; 5y (izAgl)w
4= & _;j((f; Vot o).
(i) 0 <7 < o7
I(r,7) o< | PP?)y = Ay + |n|*As + A5 exp[—2(T5 — T1o)|7]].  (2:29)

Photon-echo only exists for the perturbation the chain (I).
(iii) 7< 0
I(r,7) o (| PO?) = Ay + [n* As. (2.30)

In this case, photon-echo doesn’t exist for the perturbation chains (I) and
().

Relation (2.28) consists of five terms. The first and third terms for two-
photon transition from |0) to |2) are dependent on the uy(t) fourth-order co-
herence function, while the second and fourth terms for two-photon transition
from |0) to |3) are dependent on the usz(t) fourth-coherence function. The first
and second terms originating from the amplitude fluctuation of the Gaussian-
amplitude field are independent of the relative time-delay between the beams
2 and 3. The third and fourth terms indicate an exponential decay of the beat
signal as |7| increases. The fifth term depending on the us(t) and us(t) second-
order coherence functions, which is determined by the laser line shape, gives
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rise to the modulation of the beat signal. Equation (2.26) also indicates that
beat signal oscillates not only temporally with a period 27/|Q3 — Qo| = 25 fs
but also spatially with a period 2m/Ak = 0.28 mm along the direction Ak,
which is almost perpendicular to the propagation direction of the beat signal.
The three-dimensional interferogram of the beat signal intensity I(7,r) versus
time delay 7 and transverse distance r has the larger constant background
caused by the intensity fluctuation of the Gaussian-amplitude field in Fig. 2.4
(a), (b), and the parameters are Q3 — Qp = 254 ps~1, Ak = 22.22 mm~!,n =
1,& =1.5,A1 =0,A4;, =0.6,T% — 19 = 12.5 ps~ 1, T4, — 1o = 14.5 ps™1;
while d7 = 0 fs for (a) and 7 = 43 fs for (b). At zero relative time delay
(7 = 0), the twin beams originating from the same source enjoy perfect over-
lap at the sample of their corresponding noise patterns in Fig. 2.4 (a). This
gives maximum interferometric contrast. As |7| is increased, the interfero-
metric contrast diminishes on the time scale that reflects material memory,
usually much longer than the correlation time of the light [24]. The contrast
ratio is seen to diminish and the symmetry of the interferogram is destroyed
in Fig. 2.4 (b).

Hmm)

0
T(ps)  0.05 T(ps) 0.05

(a) (b)
Fig.2.4. A three-dimensional interferogram of the beat signal intensity I(7,r)
versus time delay 7 and transverse distance r for the Gaussian-amplitude field.
The parameters are Q3 — Q2 = 254 ps ', Ak = 2222 mm ' 'Yy — 'y =
125 ps ', T% —Tio=145ps ', p=1,& = 1.5,A; =0, A; = 0.6; while 67 =0 fs
for (a) and 07 = 43 fs for (b). Adopted from Ref. [22].

0.1703

It is important to note that these three types of fields can have the same
spectral density and thus the same second-order coherence function. The
fundamental differences in statistics of these fields are manifest only in the
higher-order coherence functions. The term “higher order” refers to all orders
larger than the second. In this section, different stochastic models of the laser
field only affect the fourth-order coherence function. Figure 2.5 presents the
beat signal intensity versus relative time delay. The three curves represent
the chaotic field (solid line), phase-diffusion field (dashed line), and Gaussian-
amplitude field (dotted line). The polarization beat signal is shown to be
particularly sensitive to the statistical properties of Markovian stochastic
light fields with arbitrary bandwidth. This is quite different from fourth-order
partial-coherence effects in the formation of integrated-intensity gratings with
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pulsed light sources [25]. Their results proved to be insensitive to the specific
radiation models. The constant background of the beat signal for a Gaussian-
amplitude field or a chaotic field is much larger than that of the signal for
a phase-diffusion field in Fig. 2.5. The physical explanation for this 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.

1.0 . —

05t §

0.0 -

Signal Intensity(arb.units)

| | | L | | | L
-100  -50 0 50 100 150 200
Time Delay(fs)

Fig. 2.5. The beat signal intensity versus relative time delay. The three curves rep-
resent the chaotic field (solid line), phase-diffusion field (dashed line), and Gaussian-
amplitude field (dotted line). The parameters are Q3 — Q2 = 254 ps ', Ak =
0,n = 1,& = 1.5,A1 = 0,A; = 06,67 = 43 f5,T% — 'ip = 2.5 ps ' and
Fgo —TI'v0 =29 psil.

We discuss the difference between the FLPB and the UMS [17] with self-
diffraction geometry from a physical viewpoint. The frequency and wave vec-
tor of the DeBeer’s UMS signal are ws, = 2w — wi,ws, = 2ws — wy and
ks, = 2Ky — k1, ks, = 2K’y — K/, respectively, which means that a pho-
ton is absorbed from each of two mutually correlated pump beams. On the
other hand, the frequency and wave vector of the FLPB signal are ws, =
W2 —Ww2+Wwi,Ws, =Wz —wz+wi, and ksl =ky—k'y —l—k/l, k32 = ks —klg—f—kl,
respectively, therefore photons are absorbed from and emitted to the mutu-
ally correlated beams 2 and 3, respectively. This difference between the FLPB
and DeBeer’s UMS has profound influence on the field-correlation effects. We
note that the role of two pump beams are interchangeable in the DeBeer’s
UMS, this interchangeable feature also makes the second-order coherence
function theory failure in the DeBeer’s UMS. In virtue of (u(t1)u(t2)) = 0,
the absolute square of the stochastic average of the polarization |[(P(®))|?
cannot be used to describe the temporal behavior of DeBeer’s UMS. Our
fourth-order theory (|P®)|?) is of vital importance in DeBeer’s UMS.

The main purpose of above discussion is that we reveal an important fact
that the amplitude fluctuation plays a critical role in the temporal behavior
of FLPB signals. Furthermore, the different roles of the phase fluctuation
and amplitude fluctuation have been pointed out in the time domain. This
is quite different from the time delayed FWM with incoherent light in a two-
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level system [19]. For the latter case, the phase fluctuation of the light field is
crucial. Therefore, the FLPB is analogous to Raman-enhanced polarization
beats [24-30]. The amplitude fluctuation of the light field is also crucial
in the Raman-enhanced polarization beats. On the other hand, because of
(u;i(t)) = 0 and (u}(t)) = 0, the absolute square of the stochastic average of
the polarization |(P®*)|?) which involves second-order coherence function of
u;(t), cannot be used to describe the temporal behavior of the FLPB [18].
The fourth-order theory (|P*)|?) reduces to the second-order theory |[(P(®))|?
in the case that the laser pulse width is much longer than the laser coherence
time [25]. The second-order coherence function theory is valid when we are
only interested in the 7-dependent part of the beating signal. Therefore, the
fourth-order coherence function theory is of vital importance in FLPB. The
application of these results to the FLPB experiment yielded a better fit to
data than an expression involving only second-order coherence. We present
experimental results for the atomic response in four-level polarization beats
with phase-conjugation geometry using multimode laser fields. However, it
is more difficult to get a clear picture of physical origins of effects in each
type of fluctuating field in the experiment. We intend to rely on the cumulant
expansion formulation. According to this theory, the fourth order correlation
function generally reads as

(ui(t) wy (t+7m)u; (t+ m2)ul (t + 713))

= (ws()ug (¢ + 7)) (it + 71)ui (¢ +73)) +
(s (B (¢ + 7)) wa(t + m1)ui (¢ + 72)) +
f(Tl,TQ,Tg) ...... (Z = 2,3), (231)

where f(71, 72, 73) vanishes when either 71, 72, or 73 is larger than the correla-
tion time 7.. For instance this description applies to both chaotic and phase
diffusion models. Departure of a specific process from gaussian statistics is
contained in f(71, 72, 73). This approach is well suited to problems which in-
volve intricate time integrations. Indeed one easily expresses the non-gaussian
contribution in powers of 7. and it is straightforward to disclose possible sen-
sitivity to statistics.

2.1.4 Experiment and Result

We performed the FLPB in sodium vapor, where the ground state 35, /5, the
intermediate state 3P /2, and two excited states 55; /o and 4D3/5 formed a
four-level system. Three dye lasers (DL1, DL2, and DL3) pumped by the sec-
ond harmonic of a Quanta-Ray YAG laser, were used to generate frequencies
at wi, wy, and ws. DL1 had linewidth 0.01 nm and pulse width 10 ns. DL2
and DL3 had linewidth 1 nm and pulse width 10 ns. DL1 was tuned to 589.6
nm, the wavelength of the 35 5 — 3P; /5 transition; DL2 was tuned to 615.4
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nm, the wavelength of the 3P, 5 — 55 /5 transition; while DL3 was tuned to
568.2 nm, the wavelength of the 3P/, — 4D3/5 transition. A beam splitter
was used to combine the wy and w3 components derived from DL2 and DL3,
respectively, for beams 2 and 3, which intersected in the oven containing
the Na vapor. The time delay 7 between beams 2 and 3 could be varied.
Beam 1, which propagated along the direction opposite to that of beam 2,
was derived from DL1. All the incident beams were linearly polarized in the
same direction. The beat signal had the same polarization as the incident
beams, propagated along a direction almost opposite to that of beam 3. It
was detected by a photodiode.

We first performed a degenerate FWM experiment with beams 1, 2, and
3, consisting of the w; frequency component. From the degenerate FWM
spectrum we tuned w; to the resonant frequency €23. We then performed the
first nondegenerate FWM experiment with beams 2 and 3 consisting of only
wy frequency component. We measured the nondegenerate FWM spectrum,
by scanning ws, which shows a resonant profile due to two-photon transition
(Fig. 2.6), and the solid curve is the
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Fig. 2.6. Spectrum of FWM when beams 2 and 3 consist of only wa in which center
wavelength is 615.4 nm. The solid curve is the theoretical curve with as = 2.5 psf1
and wy = 3 063 ps~ .

Theoretical curve given by the power spectral density
2a2
S1(w) = T
1( ) 404%4—(&}—&}2)2’

with ap = 2.5 ps~! and wy = 3063 ps~!. From this spectrum w, was tuned

to the resonant frequency 29, whose center wavelength is 615.4 nm. Further-
more, the relation of the FWM signal intensity versus relative time delay
is showed in Fig. 2.7, the solid curve is the fourth-order theory curve given
by the Autocorrelation intensity Iy = By + | Bs|? exp(—2az|7|) of DL2 with
ay = 2.5 ps~! and B; = 0.6, and the dashed curve is the second-order the-
ory curve. [10, 18]. We also performed the second two-photon nondegenerate
FWM experiment in which beams 2 and 3 consisted of only ws frequency
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Fig. 2.7. The FWM signal intensity versus relative time delay when beams 2 and 3
consist of only ws. The square is experimental data; the solid curve is a fourth-order
theory curve with as = 2.5 ps~! and B; = 0.6; the dashed curve is a second-order
theory curve.

component. Figure 2.8 presents the spectrum of the FWM, and the solid
curve is the theoretical curve given by the power spectral density

20&3/3‘[
S2(w) = 402 + (w — w3)?’
with ag = 2.9 ps~! and w3 = 3317 ps~*. From the FWM spectrum we tune ws
to the resonant frequency 23, whose center wavelength is 568.2 nm. Figure 2.9
denotes the relation of the signal intensity versus relative time delay, the solid
curve is the fourth-order theory curve given by the autocorrelation intensity
Iy = [n|?Bs + [nBa|? exp(—2as|T — §7|) of DL3 with ag = 2.9 ps~!, 7 =
43 fs, B; = 0.6 and n = 1, and the dashed curve is the second-order theory
curve. [10,18] Note that the fourth-order theory yields a much better fit in the
wings of experimental data. After that, we performed the FLPB experiment
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Fig. 2.8. Spectrum of FWM when beams 2 and 3 consist of only w3 in which center
wavelength is 568.2 nm. The solid curve is the theoretical curve with az = 2.9 ps™!
and w3 = 3317 ps_l.
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by measuring the beat signal intensity as a function of the relative time
delay when beams 2 and 3 consist of both frequencies ws and ws. Figure 2.10
presents the result of the beat experiment in which 7 is varied for a range
of 362 fs, the solid curve is the theoretical curve given by Eq. (2.10) with
s =25ps a3 =29ps w3—ws =2.54x 1071wy = 3317 ps!, Ak =
0,67 = 43 fs, B; = 0.6 and 7 = 1, and the beat signal intensity modulates
sinusoidally with period 24.74 fs. The modulation frequency can be obtained
more directly by making a Fourier transformation of FLPB data. Figure 2.11
presents the Fourier spectrum of experimental data in which 7 is varied for
a range of 362 fs. Then we obtain the modulation frequency 2.54 x 10451
corresponding to the beating between the resonant frequencies of transitions
from 3Py /5 to 5515 and from 3P, /5 to 4D3 /5
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Fig.2.9. FWM signal intensity versus relative time delay when beams 2 and 3
consist of only ws. The square is experimental data; the solid curve is the fourth-
order theory curve with az = 2.9 ps™!,07 = 43 fs,a3 = 2.9 ps™',B; = 0.6 and
n = 1; the dashed curve is the second-order theory curve.
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Fig.2.10. The beat signal intensity versus relative time delay. The square is an
experimental result; the solid curve is a theoretical curve given by Eq. (2.10) with
az = 25 ps tas =29 psThws —we = 254 x 1057 w3 = 3317 psT Ak =
0,07 =43 fs, B; = 0.6 and n = 1.
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Fig.2.11. The Fourier spectrum of experimental data in which 7 is varied for a
range of 362 fs.

The temporal behavior of FLPB signals is quite asymmetric with the
maximum of signals shifted from 7 = 0. We attribute this asymmetry to
the difference in the zero time delay between beams 2 and 3 for the ws and
ws frequency components. To confirm this, we measured FWM signals when
beams 2 and 3 only consisted of only one frequency component. Figures 2.7
and 2.9 present the results when the frequencies of beams 2 and 3 are wo
and ws, respectively. The difference in the zero-time delay is obvious in these
figures. It is due to the large difference between wavelengths of DL2 and DL3
so that the dispersion of optical components becomes important. This can
be understood as follows. Consider the case that the optical paths between
2 and 3 are equal for wy component. Owing to the difference between the
zero time delays for the wy and w3 frequency components, the optical paths
between beams 2 and 3 will be different by c¢d7 for the ws component.

As the result, there is an extra phase factor wsdr for the ws frequency
component. For an optical glass with refractive index n =~ 1.5, the refractive
index at A3 = 568.2 nm is larger than that at Ay = 615.4 nm by approximately
0.0006. A 43 fs delay between w, and w3 corresponds to the propagation of
beams in the glass (mainly the prism in the optical delay line) for a dis-
tance of about 2.5 cm. It is worth mentioning that asymmetric behaviors
of polarization beat signals due to unbalanced dispersion effects of optical
components between the two arms of an interferometer do not affect the
overall accuracy in case using FLPB to measure the energy-level difference.
By contrast, ultrashort pulses of equivalent bandwidth are not immune to
such dispersive effects (even when balanced) because the transform limited
light pulse is in fact temporally broadened (it is chirped) and this has drastic
effects on its time resolution (the auto-correlation). In this sense, the FLPB
with broadband noisy light has an advantage [21].
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2.2 Ultrafast Sum-frequency Polarization Beats in Twin
Markovian Stochastic Correlation

Research on the ultrafast phenomena is characterized by mixture of tech-
niques and instrumentation of varied nature. To our knowledge the shortest
pulses generated directly by a laser oscillator is shorter than 5.4 fs (Sub-two-
cycle pulses) [31, 32]. A laser-based sampling system, consisting of a few-
femtosecond visible light pulse and a synchronized sub-femtosecond soft X-
ray pulse, allows them to trace these dynamics directly in the time domain
with attosecond resolution [33, 34]. For over a decade, the ultra-short time
resolution of material dynamics has been accomplished by the interferometric
probing of wave mixing with broadband, non-transform limited noisy light
(one less direct method). The time resolution is determined by the ultrafast
correlation time of the noisy light and not by its temporal envelope, which is
typically a few nanoseconds [35—41]. Such a “noisy” light source is usually
derived from a dye laser modified to permit oscillation over almost the en-
tire bandwidth of the broadband source. The typical bandwidth of the noisy
light is about 100 cm~!, and has a correlation time of 100 fs (HWHM) [35].
In fact, the multimode broadband light has an autocorrelation time similar
to the autocorrelation time of a transform limited femtosecond laser pulse
of the equivalent bandwidth although the broadband light can, in principle,
be cw. Nevertheless, these two light sources are different in two fundamental
ways. First the broadband source, though pulsed, is effectively nearly con-
tinuous (or quasi-cw) as well as more energetic than the femtosecond source,
which is a true ultrashort pulse in time. A second fundamental distinction
between two kinds of sources concerns the concept of “cross-color” coher-
ence. While both sources may share identically broad spectra, the fields from
a noisy source possess random relative phases among the available colors.
There is no cross-color coherence; the field correlators are “color locked.”
A femtosecond pulse, whether chirped or truly transform limited, consists
of fields characterized by nonrandom relative phases among the colors. The
fundamental difference is that the transform limited femtosecond laser pulse
is phase coherent over its spectrum while broadband light is phase random
over its spectrum. Invariably the noisy light source is split into twin beams to
polarize the sample. Ultrafast time resolution is achieved as the time separa-
tion of twin noisy beams is interferometrically tuned on the femtosecond to
picosecond time scale. The polarization of the ensemble carries the imprint of
the noisy field which it retains for the coherence time of the polarized sample.
The stored polarization is probed by the delayed twin beam which recognizes
its own noise pattern imprinted in the material coherence with good inter-
ferometric contrast as long as the coherence can survive in the presence of
phase disrupting dynamics of the system [36].

We also have investigated the higher-order stochastic correlation effects
of Markovian field in femtosecond difference-frequency polarization beats
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(FDPB) [42—-46]. In this section we shall systematically study ASPB in the
twin Markovian stochastic correlation. The difference between ASPB and
the first polarization beat experiment of Rothenberg and Grischkowsky [43]
is that in ASPB the signal is modulated not in real time but rather as a
function of the delay between two pump beams. ASPB is also related to the
coherent control that has been used to control the ionization rate of an atom
[47], the dissociation rate of a molecule [48], and the direction of the cur-
rent generated in a semiconductor [49]. One achieves control by varying the
relative phase of the two fields such that the induced transition amplitudes
interfere constructively or destructively. The common point of ASPB and co-
herent control is that both methods involve two fields to induce two-pathway
excitation. Physical processes are manipulated by variation of the phase of
fields. The difference between them is that the coherent control describes
a quantum interference between transition probability amplitudes, whereas
ASPB originates from the interference between macroscopic polarizations,
which is classic in nature.

In this section, we study ASPB theoreticallies in a Doppler-broadened
three-level atomic system. As we mentioned above, ASPB is based on the
interference between one-photon and two-photon processes simultaneously
induced by time-delayed correlated fluctuating twin fields. Inasmuch as the
one-photon degenerate FWM (DFWM) of ASPB is similar to the case of
FDPB [28], here we shall mainly concentrate on two-photon nondegenerate
FWM (NDFWM) in ASPB. In the case of broadband incident beams, unlike
the corresponding one-photon resonant DFWM, the dephasing and rephras-
ing processes in an inhomogeneously broadened system cause the maximum
of the two-photon resonant NDFWM signal to shift from zero time delay.
If we assume that the incident fields are weak and have finite bandwidths,
in the extremely Doppler-broadened limit an analytic closed form for the
second-order or fourth-order Markovian stochastic correlation of ASPB can
be obtained.

2.2.1 Basic Theory

ASPB is a polarization beat phenomenon [13, 14] originating from the in-
terference between two-pathway excitations simultaneously induced by time-
delayed correlated fluctuating twin fields, while the cascade three-level ASPB
comes from the sum-frequency polarization interference between one-photon
and two-photon processes in physics. Let us mainly consider a Doppler-
broadened ladder three-level atomic system [see Fig. 2.12 (a)] with a ground
state |0), an intermediate state |1) and an excited state |2). States between
|0) and |1) and between |1) and |2) are coupled by dipolar transition with
resonant frequencies §2; and s, respectively, while states between |0) and
|2) are dipolar forbidden. We consider in this cascade three-level system a
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double-frequency time-delay FWM experiment in which beams 1 and 2 con-
sist of two frequency components w; and wq, while a beam 3 has frequency
ws (see Fig. 2.13). We assume that wy =~ Q1 (ws ~ Q1) and ws = g, therefore
w1 (w3) and wy will drive the transitions from |0) to |1) and from |1) to |2), re-
spectively. There are two distinct processes involved in this double-frequency
time-delay FWM. First the w; frequency component of twin composite beams
1 and 2 induces population gratings of states |0) and |1), which are probed
by the beam 3 of frequency ws. This is a one-photon resonant DFWM and
the signal (beam 4) has frequency ws. Second, the beam 3 and wy frequency
component of the beam 1 induce a two-photon coherence between |0) and
|2), which is then probed by the wy frequency component of the beam 2.
This is a two-photon NDFWM with a resonant intermediate state and the
frequency of the signal equals ws again. Similarly, we also can consider the
sum-frequency polarization interference between two one-photon processes
in a V three-level Doppler-broadened atomic system [see Fig. 2.12(b)]. Com-
paring with the cascade three-level ASPB, two of them will share same four
density operator pathways of one-photon DFWM processes.
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Fig. 2.12. Cascading three-level for (a) and V three-level for (b) configurations of
the sodium atom to be treated by ASPB.
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Fig. 2.13. Schematic diagram of the phase-conjugation sum-frequency geometry of

ASPB.

Twin composite stochastic fields of the beam 1, E,;, and the beam 2,
E,», can be written as

Ep = A (r,t) exp(—iwt) + A (7, t) exp(—iwat)
= cyuy (t) expli(ky - r — wit)] +
ehus(t — ) expli(ky - 7 — wat + waT)], (2.32)
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Epy = Al (r,t) exp(—iwit) + Aa(r,t) exp(—iwat)
= elui(t — 7)expli(k] -7 — wit +wiT)| +
equg(t) expli(ks - 7 — wat)]. (2.33)

Here, A;(r,t) = eg;u;(t) explik; - v(t)], Ai(r,t) = elu;(t — 7) exp[ik] - r(t) +
wiT|; €4, ki(€}, k}) are the constant field amplitude and the wave vector of the
w; component in the beam 1 (beam 2), respectively. u;(t) is a dimensionless
statistical factor that contains phase and amplitude fluctuations. The wu;(t) is
taken to be a complex ergodic stochastic function of ¢, which obey complex
circular Gaussian statistics in the chaotic field. 7 is a variable relative time de-
lay between the prompt (unprime) and delayed (prime) fields. To accomplish
this the frequency component w; and ws lights are split and recombined to
provide two double-frequency pulses in such a way that the w; component is
delayed by 7 in beam 2 and the ws component delayed by the same amount
in the beam 1 (Fig. 2.13). The time delay 7 is introduced in both beams,
which is quite different with that of FDPB [44, 45].

On the other hand, the beam 3 is assumed to be a quasimonochromatic
light, the complex electric fields of beam 3 can be written as

Eps = Az(r,t) exp(—iwst) = egus(t) expli(ks - 7 — wst)]. (2.34)

Here, ws,e3, and k3 are the frequency, the field amplitude and the wave
vector of beam 3, respectively. Since w; and w3 come from the same laser
source (i.e., w1 = ws), we have us(t) = 1 for the quasimonochromatic light.

We only retain the resonant dipole interaction term in the calculation of
the signal; this is known as the rotating wave approximation (RWA). Because
of the selectivity imposed by the RWA, each pulse interaction contributes in
a unique way to the phase matching direction of the nonlinear signal. We
shall employ perturbation theory to calculate the density matrix elements by
the following perturbation chains,

() o) =5 oty Ay, phe = o) (2.35)
() p) L (o)) A o B A2, o), (2.36)
(m) phy =5 o) “r, Y 25 ) (2.37)
(V) pby) ot (o) 25 oY 22 o), (2.38)
(V) plQ) 2 plt) 22, 2 (227, ), (2.39)

One-photon and two-photon FWM signals are induced by w; and wy fre-
quency components of twin beams 1 and 2. Now, we consider the other pos-
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sible density operator pathways:

(VI) pl) 2. pft) LT, @) Au, ) (2.40)
) ) L () L g A ), (2.41)
(VID) p) 22, o) LT, @ A, ) (2.42)
(X) ply) @y, (P5) =5 pd) =5 oY), (2.43)

where the population grating induced by beam 3 and w; frequency component
of beams 2 is responsible for the generation of the FWM signal. These gratings
have much smaller fringe spacings which equal approximately one half of the
wavelengths of the incident lights (Ep2);/[2sin(0/2)] 5180, Ai/2). For a
Doppler-broadened system, the gratings will be washed out by the atomic
motion. Therefore, it is appropriate to neglect the FWM signal from these
density operator pathways. The stricter requirements on the phase matching
also make this process unimportant.

In this section, Chains (I)-(IV) correspond to the one-photon DFWM
processes of V or cascade three-level atomic system, while the Chain (V)
corresponds to the two-photon NDFWM process of cascade three-level atomic
system. We obtain the third-order off-diagonal density matrix element pi%)
which has wave vector ki — k| + k3 or kb — ko + k3, p©® = p 4 p(I) 4 p(I)
pM) 4+ p(V) Here p0, pM pM HNV) and pV) corresponding to P(1?6) of the
perturbation the chain (I), (I), (I), (IV), and (V), respectively, are

pD = <A;Ll> exp —W3t/ dt3/ dtg/ dty x

H3(t3)H2(t2)H1(t1)A1 (T t— tl - tg - t3
[AL (7t — ta — t3)]" A(r, t — t3), (2.44)

p = (,t;; exp(—iwst) / dtg/ dtz/ dty x

H3(t3)H2(t2)[H1 (tl)] Al(’l“ t— tQ - t3
[Al(r t —t1 —ta — t3)]" As(r,t — t3), (2.45)

p = (,t;; exp(—iwst) / dtg/ dt2/ dty

Hg(tg)H4(t2)H1(t1)A1 (’I" t— tl — t2 — t3
[Al(’l',t—tg —tg)] Ag(’l’,t—t;g), (246)
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pV) = (,21) exp( 1w3t/ dt3/ dﬁ2/ dty x

Hg(tg)H4(t2)[H1(f,1)] A1 (’I" t— tQ — t3
[A(r,t —t1 —ta — t3)]" As(r, t — t3), (2.47)

2
pV) = <1€;1> <1;2> exp(—iwst) / dtg/ dtg/ dt; x

Hs(t3)Hs(to)Hs(t1)As(r,t —ty — ty — t3)
AQ(T,If —to — tg)[AQ(T‘ t— t3)] . (248)

Here, H;(t) = exp[—(I'10 +iA1)t], Ha(t) = exp(—Tot), H3(t) = exp[—(T'10 +
iA3)t], Ha(t) = exp(—T1t), H5(t) = exp[—(Ta0 +iAg +iA3)t]; 1 (p2) is the
dipole-moment matrix element between |0) and |1)(|1) and |2));To(I'y) is
the population relaxation rate of state |0)(|1));T10(T'z) is the transverse
relaxation rate of the transition from |0) to |1)(]0) to |2)), which contains
material dephasing dynamics; A1 = Q1 — w1, As = Qs — wo, Az = Q) — ws3.

The nonlinear polarization P®) responsible for phase-conjugate FWM
signals is given by averaging over the velocity distribution function W (v).
Thus

(o]
3
PO~ N [ dou)pf o)
—o0
Here, v is the atomic velocity, N is the density of atoms. For a Doppler-

1
broadened atomic system, we have w(v) = exp|—(v/u)?]. Here, u =

Vru

\/QkBT/m with m the mass of an atom, kp is Boltzmann’s constant and T’
the absolute temperature. In general, the total third-order polarization P(®)
is supposition of the DFWM and NDFWM polarizations P = P 4 p(I)
P 4 pV) L p(V) where
—+oo [e's) [e's) [e's)
PO = 8 (r) expl—i(wst + wi7)] / dvw(v) / dts / dt / dty x
—c0 0 0 0
exp[—i@l('v)]Hl (tl) X HQ(tQ)H3(t3) X
ul(t—tl —tz —tg)uf(t—tg —t3 —7’)7 (249)
—+oo [e'e) [e'e) [e'e)
PO — 8, (r) expl—i(wst + wi7)] / dvw(v) / dts / dt / dty x
—c0 0 0 0

exp[—i@n('v)]Hf(tl) X HQ(tQ)H3(t3) X
ul(t—lfg —t3)uy{(l‘,—t1 —tz —t3 —7’)7 (250)

“+o0 0 0 0
P — 8, (r) expl—i(wst + wir)] / dvw(v) / dts / dt / dty x
—0o0 0 0 0

exp[—i@l('v)]Hl (tl) X H4(t2)H3(f,3) X
ul(t—tl —tg —tg)uf(t—tg —t3 —’7’), (251)
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+o0 o o >
pv) _ S1(T) exp[—i(wgt + W1T)]/ de(v)/ dt3/ dtz/ dt; x
0 0 0

exp[—iﬂn(v)]Hf (tl) X H4(t;;OH3(t3) X
Ul(t—tg —tg)’uff(t—tl —tg —t3 —7’), (252)

+o0 & o >
PV — 52(7«) exp[—i(w:st — sz)]/ de(v)/ dt3/ dtz/ dt; x
0 0 0

exp[—i@m(v)]Hg(tl) X H5(t;;OH3(t3) X
UQ(t—tQ —tg —T)u;(t—tg). (253)

Here,
4
S1(r) = =ihN (1) 1(eh) e expliller — ki + ka) -7,

2 2
Sa(r) = —ihN (‘2) (‘;;) e (e2) 3 expli(kl — ko + k) - 7;

O1(v) = v - [ki(t1 + Lo + t3) — kY (t2 + t3) + kats),
Ou(v) = v - [—k|(t1 + t2 + t3) + k1 (t2 + t3) + ksts),
Om(v) = v - [k3(t1 + to +t3) + kb(t2 + t3) — kats).

In general, the ASPB (at the intensity level) can be viewed as built of the
sum of four contributions: (i) 7-independent part, (ii) the purely resonant,
(iii) the purely nonresonant, and (iv) the resonant-resonant, nonresonant-
nonresonant or resonant-nonresonant three types of cross-terms contribu-
tions. For the ultrashort femtosecond pulsed excitation with homodyne de-
tection, anharmonicity effects are cancelled (due to loss of phase information)
[36]. Furthermore, unlike heterodyned signals, all the cross terms that com-
plicate the homodyne (quadrature) signal are absent. One must introduce a
second (harmonic) Raman resonance to be able to discriminate between the
direct and cascaded events. In contrast, in the noisy light interferometric ex-
periment, multiple harmonic resonances produce new frequency components
and cross terms, yet one cannot distinguish between the direct and the cas-
caded events. In the absence of inhomogeneity, the presence of (diagonal)
anharmonicity allows these pathways to become distinct.

2.2.2 Second-order Stochastic Correlation of ASPB

For the macroscopic system where phase matching takes place this signal
must be drawn from the P®) developed on one “atom” multiplied by the
(P®))* that is developed on another “atom” which must be located elsewhere
in space (with summation over all such pairs) [35-41, 46]. For homodyne
detection the ASPB signal is proportional to the average of the absolute
square of P over the random variable of the stochastic process (|P(3)|?),
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which involves fourth- and second-order coherence function of w;(t) in phase—
conjugation geometry. The UMS in self-diffraction geometry is related to the
sixth-order coherence function of the incident fields [8, 42].

In the case that we are only interested in the 7-dependent part of the
ASPB signal, the ASPB signal intensity can be well approximated by the ab-
solute square of the non-trivial stochastic average of the polarization |(P(3))|?,
which involves second-order coherence function of w;(t) [44—46]. Using Eq.
(2.10) the stochastic average of the polarization then

(P®) = (PW) + (PD) + (PW) 4 (PNV)) 4 (P(Y)), (2.54)

where

(PWy = S, () exp[—i(wst + wi7T)] /+OO dvw(v) /Ooo dts x

/ dtg/ dtq exp[—iby(v)] x

Hy(t1)Ha(t2) Hs(ts) exp(—au |ty — 7), (2.55)

(PDY = 8, (r) exp|—i(wst + wi7)] / " dow(v / dts x

/ dtg/ dtq exp[—ify(v)] x

tl)HQ tQ)H3(t3) exp( Oélltl + Tl) (256)

(P = 8, (r) exp[—i(wst + wiT)] /_+<><> dvw(v) /OOO dt3 x

/ dtg/ dty exp[—ifi(v)] x
0 0

H1 (tl)H4(t2)H3(t3) exp(—a1|t1 - T|), (257)
+o0o oo
(PM)) = S (r) exp|— (W3t+w17)]/ de(v)/o dts x
/ dtg/ dty exp[—ifp(v)] x
0 0
HY(t1)Ha(t2)Hs(ts) exp(—aits + 7)), (2.58)

<P(V)) = So(r) exp[—i(wst — wa)T ]/Jroo dvw(v) /Ooo dts x

/OO dto /00 dty exp[—ifm(v)] x
0 0
H3(t1)H5(t2)H3(t3)eXp(—Oézth +T|) (259)

We discuss the ASPB in a Doppler-broadened system. After performing
the tedious integral in Eqgs. (2.55) - (2.59) over t1,t2, and t3 we obtain for
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(i)7>0

“+o0
(P®)) = Sy (r) exp(—iwst) /_Oo dvw(v) I'io —Lc;(’:-) 1_‘(_ALlQ'(’:U;fl ‘)
[2T10 + i(k1 — k) - v] exp(—aa|7| = iwiT)
{ o+ a1 —i(Ar + K] -v) -
201 exp[—T1o|7| — i(Q + k1 - v)7]

it
Tio+ a1 +i(Ay + Ky - v) } + Sa(r) exp(—iwst)

400 i
L3 (v) exp(—az|7| + iwaT)
1 . 2.60
/—oo vw(v) Lo + g + i[Ag + Ag + (Kb, + k3) - v] ( )
(i) 7 <0
+o00 L ('U) + L ('U)
@)y — —i 1 2
(PY)) = 81 (r) exp(—iwst) /_Oo de(v)rlo — a1 —i(A; + K] -v)

{ [2T10 +i(k1 — K}) - v] exp(—aq|7| — iw1T)
T+ a1 +i(A1 + k1 - v)
2a exp[—To|7| —1( + K} - v)7]

. X {exp(—as|T| + iwsT)—
PPl e BT fexpl-aalr| +fear)

2ag exp{—Too|7| +i[Q2 + A3 + (k5 + k3) - v]T}
Do + g +i[Ag + Az + (kb + k3) - v] } ' (2.61)
Here,
Li(v) = 1 (2.62)
W7 0y +ilky — KY) - 0]{T10 +i[As + (ky — K, + ks) 0]}
1
L2(0) = 10 iy — k) ol (T + 118 + (B — K+ Ba) o) 20
Ly(v) = 1 (2.64)

[Flo + I(Ag + k3 - ’U)]{Flo + 1[A3 + (ki/Q — ko + kig) . ’U]}

In general the temporal behavior of broadband two-photon NDFWM sig-
nals is complicated, which is asymmetric about 7 = 0. However, the situation
becomes simpler when the laser linewidths are much narrower than the ho-
mogeneous linewidths of the transitions (i.e., a1 << I'1p and ag << T'gg). In
this homogeneous broadening dominant case, after tail approximation (i.e.,
T1o|7| >> 1 and T'yg|7| >> 1) we have for both 7 > 0 and 7 < 0,

(P®)) = Sy (r) exp(—iwst){ Bi exp(—a1 || — iw1T) +
nBa exp[—aq|T| — 1i(Ak - r — waT)]}. (2.65)
Here, ratio of associated Rabi frequencies for NDFWM and DFWM processes

p3 [e(e2)”
="5 1. |; spatial modulation factor Ak = (ki — k) — (ky — k2);
pi Lei(er)”
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The constants B; mainly depend on the laser linewidths and relaxation rate
of the transition in this work. B; and By are 7-independent factors which
equal:

_ [ 2010 + i(k1 — K}) - 0][L1(v) + La(v)]
By = /_OO d'U'LU(’U) []_"10 + 1(A1 + k- ’U)] []_"10 _ I(Al + kll . 1))]7 (266)
— e Lg(’v)
b= [oo dow(v) Tao +i[Ag + Az + (k5 + k3) - v] (2.67)

According to Eq. (2.66), we first consider the case that wy(ws) is tuned
to within the Doppler linewidth of the |0) — |1) transition, i.e., Ay < kju. In
this case, only atoms with velocity (along the z axis) v =~ A;/k; are reso-
nant with beam 3. This group of atoms will interact further with the beam 1
and contribute to the two-photon NDFWM signal in Eq. (2.67). The condi-
tion for the two-photon transition is (w1 + k1v) + (we — kov) = Q1 + Qo i.e.,
A1+ Ay = k1 (1—&2)v; therefore, we have Aj+ Ay = (1—§2)A;1. The NDFWM
spectrum is Doppler free because only atoms in a specific velocity group con-
tribute to NDFWM signals. As we discuss below (the second term of Eq.
(2.80)), in the extremely Doppler-broadened limit the Doppler-free linewidth
equals approximately 2(v/2 — 1)1/2F§‘0. A similar situation in the two-photon
absorption with resonant intermediate state has been discussed by Bjorkholm
and Liao [50]. We then consider the off-resonant Doppler-broadened
NDFWM. In this case w; is tuned to the wing of the Doppler-broadened
line of the one-photon transition from |0) to |1) (i.e., Ay > kju,T19). We
have

1
VA

/*OO de exp(—z?)
oo Tao +1[Az + A1 — ku(l — &)

(PM)y ~ Sy (1) exp|—as|7| — i(wst — wyT)] X

Here x = Z So the NDFWM signal has resonance at A; + Ay = 0. The
residual Doppler-broadened linewidth is approximately 2kju(1 — &3). If the

Doppler effect is neglected, we have

2F10(F0 + Pl)
(T10 +1A3) (T2, + AHTT,
1
(T10 +1A3)%[Ta + i(A2 + Ag)]

According to Eq. (2.65), the 7-dependence of the ASPB (7-independence
is absent in second-order stochastic correlation |(P(®))|?) signal intensity is

Blz

BQQ

I(r,r) o [(PP)[? oc [Baf” exp(—20n|7]) +
[1B2|? exp(—2az|7]) + exp[— (a1 + az)|7]]x
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{BinBzexp|—i(Ak - r — (we + w1)7)] +
B1n* B; expli(Ak - r — (w2 + w1)7)]}. (2.68)

In this equation, the ASPB signal depends only on the laser characteristics,
and exhibits a damping oscillation with frequency ws + wi and damping
rate a; + ag for both 7 > 0 and 7 < 0. The theoretical limit at which the
modulation frequency can be measured is determined by the laser linewidths
(i.e., (a1 + a2)). For narrow-band laser sources the modulation frequency
can be measured with great accuracy. Therefore, the precision of using ASPB
to measure Qo + 7 is determined by how well w3 and wy can be tuned to
Q; and o, respectively. The beam 3 and the w; component of the twin
composite beams 1 and 2 originate from the same laser source (i.e., w; =
ws). Similarly to the general saturated-absorption spectroscopy, one-photon
resonant DEFWM can provide a Doppler-free spectrum with a peak located
at Ay = Az = 0 [51]. When w; is set to the center of the Doppler profile, as
discussed in Section 2.2.2, wo can also be tuned to 2 with the Doppler-free
accuracy.

However, as the laser bandwidth is comparable with the homogeneous
linewidth of the transition in Egs. (2.60) and (2.61), the one-photon resonant
term (The factor exp(—T'10|7| —i17) reflects the free evolution of one-photon
resonance) and two photon resonant term (The factor exp(—Tagg|7| + iQ27)
reflects the free evolution of two-photon coherence resonance) become impor-
tant. When the laser sources are broadband so that a; >> I'1p and ag >> T'gg
(inhomogeneous broadening dominant case), the ASPB beat signal rises to
its maximum quickly and then decays with time constant mainly determined
by the transverse relaxation times of the atomic system.

(i) 7 < 0,a1|7] >> 1 and as|7| >> 1

(P(3)> = S1(r) exp(—iwst){ Bs exp(—T1o|7| — iQ17) +
nByexp[—Tag|7| —i(Ak - r — (Q2 + A3)7T)]}. (2.69)

Here, B3 and By still are T-independent factors which equal

. /+oo . 201 [L1(v) + Lo (v)] expli(k} '”)|T”, (2.70)

w(v) a2 + (A; + K} -v)?

— 00

T o) 202La () exp{=il(k + ks) - vl ]}
b= [oo dowlv) a3+ [Ag + Az + (124:’2 +ks) o2 (2.71)

If the Doppler effect is neglected, we have

2a1(F0 + Fl)
(T10 +1A3)(af + AT
2a2
(T10 +iA3)[a3 + (A2 + A3)?]

33%

34%
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According to Eq. (2.69), the ASPB signal intensity is

I(7,7) o [(P®)|? o | Bs|? exp(—2T10l7]) + [n.B4|? exp(—2T0]7]) +
exp[—(T'10 + T20)|7|[{B3n By x exp[—i(Ak - r — (22 + Q1 +
A3)7)] + Bsn® Bj exp[i(Ak - — (Q2 + Q1 + Asz)7)]}. (2.72)

(ii) 7 > 0 and ay|7] >> 1

I(7,7) o [(P®)[? o | Bs|* exp(—2T'10|7]) + [nBs|” exp(—2al7]) +
exp|—(T10 + a2)|7|[{ BinBs X exp[—i(Ak - r — (w2 + Q1)7)] +
Bsn* Bg expli(Ak - 7 — (w2 + Q1)7)]}- (2.73)

For simplicity, we neglect the Doppler effect in Bs and Bg,

B 2a1(F0 + Fl)
(a? + ATy’
1
(T1o0 +1A3)[a2 +1(A2 + A3z)]

According to Eqs. (2.72) or (2.73), the ASPB signal exhibits a damping
oscillation with frequency Qs + €1 or wo + 27 and a damping rate I'yg + 'y
or I'yp + ag when ao|r| >> 1 or ai|7r| >> 1, respectively. If we tune the
frequency of the beam 3 to the center of the Doppler profile (i.e., Az = 0),
then the modulation frequency of Eq. (2.71) will correspond directly to sum-
frequency beating between the resonant frequencies of the cascading three
level system. As the modulation frequency can be measured with an accu-
racy given by m (I'1g + I'a0) approximately. For Eq. (2.72) the modulation
frequency wq + 21 can also be measured with great accuracy m(I'1p + a2). In
this case, the precision of using the ASPB to measure €25 + ) is determined
by how well wy can be tuned to 22. the ASPB with broadband light is again
a Doppler-free spectroscopy. It needs to be mentioned that the crossed corre-
lation with a decay factor exp[—(I'10 + a2)|7|] produced from twin composite
stochastic fields displays features on the time scale significantly shorter than
the autocorrelation with a decay factor exp(—2I'1o|7|) produced from single
color stochastic fields in Eq. (2.72).

For the sake of analytical simplicity, the total polarization of beat signals
can be calculated from a different viewpoint. Under the Doppler-broadened
limit (i.e., ksu — o0), we have

Bs =

Bs =

+oo

/_ dvw(v) exp[—ifi(v)] ~ 2];3/56@3 —&ty), (2.74)
+oo

/_ dvw(v) exp[—ify(v)] ~ ij;a(tg T aty), (2.75)

+oo T
[ dvw(v) exp|—i0n(v)] ~ Qk‘; Sty + 1 — (& — 1)ta].  (2.76)
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Here, we assume & > 1,& = ki/ks, & = ko/ks. When we substitute Egs.
(2.53) and (2.74)-(2.76) into Eqgs. (2.55) - (2.59), we obtain the stochastic
averaging of the total third-order polarization

- 2
(PO = (pD 4 pM 4 p(V)y — k\/;[ S1(r) exp[—i(wst + w1 T)] X
3

> 1 1

/ dty + ) xexp[— (D% +iADE — ailty — 7] b +
0 Ty Tn

2V g (1) expli(wst — war)] X / dts / dt; x

kau 0 0

F%o + lAg t1 +t3 H
+ 7. 2.77
-1 §a—1 (@.77)

Here, I'{y = I'io + &ilM10, A = Ay + & A3,T9) = T'og + (§2 — 1)I'1p, and
A§ = Ay + £A3. It should be noted that because of the § functions in Eq.
(2.75), we have P = P(V) = ( since ¢;,t3 > 0. The integral in Eq. (2.77)
can be performed easily, from which we obtain the second-order stochastic
averaging of the polarization for an extremely Doppler-broadened system,
ie.,

(i)T>0

(t1 +1t3) —as

exp {—

(P®)y = 2];3/351(7‘) (Flo + 1}1) exp|—i(wst + w1 T)] X

I'fy + 1A + o) exp(—au|T iA?
{( 10 1 1) p( 1| |) —2alexp[—(ril0+1A1)|7—”

Na +
(F‘fo +iAf)? — 0‘% }

2/m . (€2 — 1)* exp(—az|r|)
s Sa (1) exp|—i(wst — waT)] (T8, +iA8 + az)? (2.78)
(i) <0
3y 2V 11 . exp(—ai|7])
Py =50 (1 + p, ) explitant +am] OO
2/ : (&2 — 1) exp(—azl|7|)
kot Sa(r) x exp[—i(wst — waT)] { s — (T2, + iAD)P +
(03 — (T3 +i05)%] — 2T, +iA3)
03 — (T'g, +1A3))?
205(&2 — 1) exp[—(T'5, +1A3)|7]]} - (2.79)

Figure 2.14 presents spectra for one-photon DEWM (7 > 0). The graphs are
normalized within each set. The lineshape is sensitive to the I'{,7 variation
for the twin field correlation. When twin field become almost uncorrelated
(larger T'§yT case), the weak damping oscillation in frequency space with a
modulation period 27t/7 is shown in Fig. 2.14.
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Fig. 2.14. Normalized one-photon DFWM signal intensity versus Af /as. a1 /TSy =
1,T0/T% = 1074, T1 /Ty = 3.35 x 107*. T'$y7 = 0 (dash-dotted curve), 1.5 (dotted
curve), 3 (dashed curve), 10 (solid curve).

When the broadband laser frequency is “off resonant” from atomic tran-
sition (some frequency within the bandwidth of the noisy light may still act),
the DFWM and NDFWM signal exhibit hybrid radiation-matter detuning
terahertz damping oscillation in Figs. 2.15 and 2.16, respectively. This is
similar to radiation difference oscillation or Rabi detuning oscillation. The
Rabi detuning oscillations and the radiation difference oscillation are exactly
synonymous. More specifically, these two parts of the first term in Eq. (2.78)
or two parts of the second term (40) interfere and give rise to a modulation of
the signal intensity versus I'{y7 when 7 > 0 for DFWM in Fig. 2.15, or I'§,7
when I'{y7 for NDFWM in Fig. 2.16, respectively. The complicated modula-
tion frequency of radiation-matter detuning beats dramatically depends on
AY (Fig. 2.15) or Ag (Fig. 2.16), respectively.

1.0
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a
T

Fig.2.15. Normalized one-photon DFWM signal intensity versus I'{y7 with
Af /oy = 3 (dash-dotted curve), 7 (dotted curve), 10 (dashed curve), 20 (solid
curve). a1 /Ty = 1,T9/TY = 107" and T';/T{y = 3.35 x 10™*. Adopted from Ref.
[31].
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Fig.2.16. Normalized two-photon NDFWM signal intensity versus I'So7 with
az /T3y = 1, A% /as = 2 (dash-dotted curve), 4 (dotted curve), 6 (dashed curve), 8
(solid curve). Adopted from Ref. [31].

We first consider the situation when laser linewidths are much narrower
than homogeneous linewidths of transitions (i.e., a; << T'1p and ae << T'gp).
In homogeneous broadening dominant limit, after tail approximation (i.e.,
Tio|7] >> 1 and Tgp|7| >> 1) we have for both 7 > 0 and 7 < 0,

2y/7 . exp (—on|7| —iwrr) (11
PBY — —
< > s S (7") exp( 1w3t) { I, +iA¢ Ty + Iy -

n(&a — 1) exp(—az|7t| — iAk - 7 + iwaT) } .

2.80
(U5, +i4): 280

Therefore, the second-order correlation ASPB signal intensity is

I(r,7) o< [(P@))|?
exp(—2aa|7]) (1 | 1\?, (&—1)*nl?exp(—2az|r])
(T40)2 + (A9)2 <r0+r1) T g2 + (ag)22
(€2 — 1)% exp[— (a1 + aa)|7]]{gexp[~i(Ak - 1 — (wa +w1)7)] +
q" exp[i(Ak -7 — (w2 +w1)7)]}, (2.81)

( el ) i (2.82)
TR T (0 — AT +i48)> |
Therefore, the one-photon DFWM signal (the first term of Eq. (2.81)) has
resonance at A{ = 0 with linewidth 2I'{,, while the two-photon NDFWM
signal has resonance at A = 0 with linewidth 2(v/2 — 1)1/2F30. The ASPB
with narrow band light is again a Doppler-free precision spectroscopy. This
result is consistent with Eq. (2.68). The second-order correlation ASPB signal
intensity also is modulated with the frequency ws + wy as 7 is varied.

We now consider the temporal behavior of the second-order ASPB signal
intensity when laser beams are broadband so that ay >> I'1g and ag >> T'ag.



2.2 Ultrafast Sum-frequency Polarization Beats in Twin Markovian Stochastic
Correlation 59

In this case, the ASPB signal rises to its maximum quickly and then decays
with time constant mainly determined by the transverse relaxation times of
the system. Although the ASPB signal modulation is complicated in general,
at the tail of the signal (i.e., aq|7| >> 1 or as|r| >> 1) we have:

(i) 7 < 0 and ag|7| >> 1

I(7,7) oc [(P®)[? o | By|? exp(—201 |7]) + [nBs|* exp(—2T'%|7]) +
exp[— (a1 + T'9y)|7|[{ B5nBs exp[—i(Ak - r — (Q2 + w1 + &A3)T)] +
Brn* Bg exp[i(Ak - — (Q2 +wi + &A3)7T)]}- (2.83)

(ii) 7 > 0 and ay|7] >> 1

I(7,7) oc [(P®)]? o | Bo|? exp(—2T'%|7]) + [nBio|* exp(—2ax|7]) +
exp[—(T'Yy + a2)|7|]{ BgnB1o exp[—i(Ak - 7 — (wo+ Q1+ &1 As)T)|+

Bgn* BlO exp[ (Ak r— (WQ + O + £1A3) )]} (2.84)
Here,
1 1 1
B =
! (PO+F1 oy 4+ T9, 4+ iAg’

— ([ +1A8)%] = 2(I'5, +1A3)
[ 5 — (T +1A3)2]? ’

1
B
- ( Fl) of I‘10+1Aa)
52 —1)2

2
es
Bg = 20{2(52 — 1)2| |[ 2

Big =

Relation (2.83) or (2.84) consists of three terms. In Eq. (2.83), the first
term with factor exp(—2a;|7|) and second term with factor exp(—2I'%,|7|) are
one-photon nonresonance DEFWM and two-photon resonance NDEFWM auto-
correlation terms, respectively, while the third term is one-photon nonreso-
nance DFWM and two-photon resonance NDFWM cross-correlation terms;
In Eq. (2.84), the first term with factor exp(—2I'Y,|7|) and second term with
factor exp(—2az|7]) are one-photon resonance DFWM and two-photon non-
resonance NDFWM auto-correlation terms, respectively, while the third term
is one-photon resonance DFWM and two-photon nonresonance NDFWM
cross-correlation term. Ulness et al. [38] directly observed the resonant—
nonresonant cross-term contribution to coherent Raman scattering of quasi-
continuous-wave noisy light in molecular liquids.

Equations (2.83) and (2.84) are basically consistent with Egs. (2.72) and
(2.73) which all show resonant and nonresonant terms cross interference and
give rise to modulation frequencies s + w; and wo + 7, respectively. It
is interesting that the broadband 7 < 0 result in Egs. (2.72) and (2.73) is
different with that of the femtosecond difference-frequency polarization beats



60 2 Ultrafast Polarization Beats of Four-Wave Mixing Processes

[44, 45]. In the FDPB, the requirement for the existence of a 7-dependent
beat signal for 7 < 0 is that the phase-correlated subpulses in beams 1 and 2
are overlapped temporally. Since beams 1 and 2 are mutually coherent, the
temporal behavior of beat signals should coincide with the case when the
beams 1 and 2 are nearly monochromatic in the FDPB [28].

It is interesting to understand the underlying physics in the ASPB with
broadband nontransform limited quasi-cw (noisy) lights [19]. Much attention
has been paid to the study of various ultrafast phenomena by using incoherent
light sources recently [35—41]. The beams 1 and 2 have broadband linewidths
so the beams can be modeled as a sequence of short, phase-incoherent sub-
pulses of duration 7., where 7. is the laser coherence time [19]. For the phase
matching condition ki —k} + ks the three-pulse stimulated photon-echo exists
for the perturbation chains (I) and (II). For the phase matching condition
k) — ko + ks the sum-frequency trilevel echo exists for the perturbation the
chain (V) [52]. The broadband limit (7, ~ 0) corresponds to “white” noise,
noise characterized by a d-function correlation time or it possesses a constant
spectrum. So the second-order correlation function can be approximated as
Eq. (2.21) by a ¢ function.

Under the Doppler-broadened limit (i.e., ksu — oo) and laser broadband
limit (i.e., a; — o00) approximations, we substitute Eqgs. (2.74), (2.76), and
(2.46) into Egs. (2.55), (2.57), and (2.59) we obtain as follows,

(PO = ¢ 51( ) exp[—i(wst + w1T)] X

/ dtg/ dtz/ dt16(ts — &it1)o(t — 1) x

exp[ (Flo + 1A3 t3 - Fotg - (Flo + lAl)tl] (285)

(PW)y = “ 51( ) exp[—i(wst + w1T)] X

/ dtg/ dtz/ dt16(ts — &it1)o(t — 1) x

eXp FlO + 1A3 t3 — Fltg — (Flo + lAl)tl] (286)
4
(PV)y = \/ Sg( ) exp[—i(wst — wa)7] X

/ dtg/ dtg/ dtl t3 +t — (§2 — 1)ﬁ2]5(t2 + T)
exp[—(T'10 +1A3)(t1 + t3) — (a0 + iAg + 1Ag)ta]. (2.87)

Equation (2.87) can be explained as follows (see Eq. (2.48) also): The
optical polarization induced by As at time t — t; — to — t3 exhibits damp-
ing oscillation in a time interval ¢; with decay rate I'yg and frequency Az in
rotating frame. It then interacts with A} at time ¢ — to — t3; as a result, a
two-photon coherence from |0) to |2) is induced. The two-photon coherence
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undergoes damping oscillation with decay rate I'sg and frequency As + As.
After time 9, beam 2 probes the two-photon coherence at time ¢ — t3 and
induces a polarization that is responsible for NDFWM signals. We are in-
terested in NDFWM signals at time ¢, which is ¢3 after the application of
beam 2. Here again the polarization exhibits damping oscillation in the time
interval t3 with decay rate I'1g and frequency Asz. Now, as a result of the dis-
tribution of resonant frequencies in an inhomogeneously broadened system,
the dipoles induced by Ag at t —t; —t2 —t3 will soon run out of phase with one
another. The dephased dipoles can be rephased after the application of beam
2, and the sum-frequency trilevel echo will appear [52]. From Eq. (2.87), the
sum-frequency trilevel echo occurs at time ¢ when t3+t; = ({2 —1)t2. Because
ts > 0,t1 < (& — 1)to is required. We consider the case that beams 1 and 2
have broadband linewidths so beams can be modeled as a sequence of short,
phase-incoherent subpulses of duration 7., where 7. is the laser coherence
time. Although NDFWM signals can be generated by any pair of subpulses
in beams 1 and 2, only those pairs that are phase correlated give rise to the
7-dependence of NDFWM signals. When the beam 1 is delayed with respect
to the beam 2 by E,», the time duration ¢ between the phase-correlated
subpulses in beams 1 and 2 should be equal to—7. The total third-order po-
larization is the accumulation of the polarization induced at different times.
Because the sum-frequency trilevel echo occurs only when t; < (§2 — 1)t2, or
t1 < —(&—1)7 in our case, the integration of ¢; in Eq. (2.87) is restricted to a
region from 0 to —(§2—1)7. The increase of the integration region of ¢, with |7|
leads to the initial increase of resonant NDFWM signals [see the second term
of Eq. (2.83)]. After that, the decay of the two-photon coherence becomes
dominant; as a result, the NDFWM signal decays with further increasing |7|.
This process is different from that of the incoherent-light three-pulse stimu-
lated photon echo [28], for which the maximum of resonant DEWM signals
occurs at 7 = 0 [see the first term of Eq. (2.84)].
The ASPB signal intensity is:
(i) 7 <0 and ag — o0

I(r,7) oc [(P@)|? o¢ | Br|? exp(—2a|7]) + [nB11|* exp(—2T5|7]) +
exp|—(aq + I'Sy)|T|{ B5nB11 exp[—i(Ak - — (Q2 + w1 +
& A3)T)] + B By expli(Ak - r — (Q2 + w1 + &A3)7)]}. (2.88)
(ii) 7 > 0 and a3 — o0
I(r,7) o [(PP)? o< | Bua|? exp(—2Ty () + [nBio|* exp(—2azl7]) +
exp[—(I'fy + a2)|7[[{ BianBio exp[—i(Ak - 7— (w2 + Q1 +§1A3)T) |+

Bion*Bigexpli(Ak - 7 — (wa + Q1 + &1 A3)7)]}. (2.89)
2 -1 1 1 2
Here, By = (& )lTl,Blz = ( + ) .
Qg Ly T1) o

As we mentioned above, in the case of broadband incident beams, unlike
the corresponding one-photon resonant DEWM [the first term of Eq. (2.83)
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or (2.89)], the dephasing and rephrasing processes in an inhomogeneously
broadened system cause the maximum of two-photon resonant NDFWM [the
second term of Eq. (2.82) or (2.88)] signals to shift from zero time delay.

2.2.3 Fourth-order Stochastic Correlation of ASPB

For the macroscopic system where phase matching takes place this signal
must be drawn from the P®) developed on one chromophore multiplied by
the(P3)* that is developed on another chromophore which must be located
elsewhere in space (with summation over all such pairs) [35—41]. In general,
the signal is homodyne (quadrature) detected. This means that the signal at
the detector is derived from the squared modulus of the sum of all of the
fields that are generated from the huge number of polarized chromophores
in the interaction volume. The sum over chromophores leads to the phase-
matching condition at the signal level and its square modulus (the homodyne
detected signal) is fully dominated by the bichromophoric cross terms. Thus
the quadrature detected signal is effectively built from the products of all po-
larization fields derived from all pairs of chromophores. This bichromophoric
model is particularly important to the noisy light spectroscopies where the
stochastic averaging at the signal level must be carried out [35—41].

It is important to note that these three types of Markovian stochastic
fields can have the same spectral density and thus the same second-order
coherence function. The fundamental differences in the statistics of these
fields are manifest only in the higher-order coherence functions. The term
“higher order” refers to all orders larger than the second. In this section,
different stochastic models of the noisy laser field only affect the fourth-order
coherence function.

The ASPB signal is proportional to the average of the absolute square of
P®) over the random variable of the stochastic process, so that the signal
intensity

I(r,7r) o (|PP?) = (PP (PP)7)
- <(p(1) +pM L pd) 4 pv) 4 p(V))
(PO) 4+ (PO + (PW) 4 (PM)* + (PY)))

contains 5 x 5 = 25 different terms in the fourth- and second-order coher-
ence function of w;(t) in phase conjugation geometry. While the ASPB signal
intensity in self-diffraction geometry is related to the sixth-order coherence
function of the incident fields [42]. We first assumed that the laser sources
are chaotic fields. A chaotic field, which is used to describe a multimode laser
source, is characterized by the fluctuation of both the amplitude and phase
of the field. The random functions u;(t) of the complex noisy fields are taken
to obey complex circular Gaussian statistics with its fourth-order coherence
function satisfying [6, 7] Eq. (2.9).
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All higher order coherence functions can be expressed in terms of prod-
ucts of second-order coherence functions. Thus any given 2n order coherence
function may be decomposed into the sum of n! terms, each consisting of the
products of n second-order coherence function.

For simplicity, we neglect the Doppler effect. We first consider the case
that the laser source is a narrow band so that ay,as << I'1g,T'zp (homoge-
neous broadening dominant case). The composite noisy beam 1 (beam 2) is
treated as one whose spectrum is simply a sum of two Lorentzians. According
to Eq. (2.9) and tail approximation (i.e., I'io|7| >> 1 and I'g|7| >> 1), the
ASPB signal intensity in fourth-order stochastic correlation then becomes for
both 7 > 0 and 7 < 0,

I(t,7) < <|P(3)|2> o Biz + |n|>Bis + | Bis|? exp(—2a |7]) +
[nBis|* exp(—2az|7]) + exp[— (o1 + az)|7]] +
{nBi7 exp[—i(Ak - T — (w2 + w1)T)] +

" Bi; expli(Ak - 7 — (w2 +w1)7)]}. (2.90)
Here,

By = T'io+T20

210(T'3 — A2)2[(Ax + A3)2 — T3]’
Bys — rlo(ro +T4)

(P10 +1A3) (T2, — ATy
B = s ,

(T10 +1A3)2[i(Ag + Ag) — T'y]
Bir = . Lo + I . _

F0F1(F10 — lAg)(Ag — P%O)(lAl + Plo)(lAQ + 1A3 — ]:‘20)7
By — 20113, (To +T1)* — 1607

(T + AT — 4a3)(T] —4af) | 201 (T, + AF)

(2T 4+ T'1)(T? — 4a) (To +2T1) (T — 4a7)

(To +T10)T1000(To + 1) (T4 4+ Tig)Tol1(To +T1) |

The constants B; mainly depend on typical parameters: a short correlation
of the light, rapid dephasing rate, and a relatively long excited-state lifetime.

Relation (2.90) consists of five terms. The first and third terms are de-
pendent on the w;(t) fourth-order coherence function for the nonresonant
DFWM, while the second and fourth terms are dependent on the uy(t) fourth-
order coherence functions for the nonresonant NDFWM. The first and second
terms originating from the amplitude fluctuation of the chaotic field are inde-
pendent of the relative time-delay 7. The third and fourth terms indicate an
exponential decay of the ASPB signal as |7| increases. The fifth term depend-
ing on the uq(t) or ua(t) second-order coherence functions gives nonresonant
DFWM and nonresonant NDFWM cross interference with a modulation fre-
quency ws + wy and a decaying rate oy + ao.



64 2 Ultrafast Polarization Beats of Four-Wave Mixing Processes

Equation (2.90) indicates that ASPB signal oscillates not only temporally
but also spatially with a period 2m/Ak along the direction Ak, which is
almost perpendicular to the propagation direction of beat signals, here Ak ~
21| A1 — A2|0/A2A1, 0 is the angle between beam 1 and beam 2. Physically, the
polarization-beat model assumes that both the pump beams are plane waves.
Therefore, DFWM and NDFWM, which propagate along ks, = k1 — k| + k3
and ks, = ki — ko + ks, respectively, are plane waves also. Since DFWM
and NDFWM propagate along a slightly different direction, the interference
between them leads to the spatial oscillation, which should be detected by a
pinhole detector. Equation (2.90) also indicates that ASPB signal modulates
temporally with a frequency ws + wy as 7 is varied. In this case that w;
and wy are tuned to the resonant frequencies of the transitions from |0) to
|1) and from |1) and |2), respectively, then the modulation frequency equals
Qo+41. In the other words, we can obtain sum-frequency beating between the
resonant frequencies of a cascade three-level system. A Doppler-free precision
can be achieved in the measurement of Qo + 2 [13, 14].

We now consider the case that the laser sources are broadband so that
ap,ag >> T, 'y >> T, I'1. In inhomogeneous broadening case, the ASPB
signal rises to its maximum quickly and then decays with time constant
mainly determined by the transverse relaxation times of the atomic system.

(i) 7 < 0,17 >> 1 and ag|r| >> 1

I(7,7) o (|P®[?) o Bys + |n|* Bia + | Bus|” exp(—2T'10|7]) +
[nBug|* exp(—2Ta0|7]) + exp[—(T10 + T'20)|7]] X
{nBi7exp[—i(Ak - r — (Q2 + Q1 + A3)7)] +
n* Bi;exp[i(Ak - r — (Q2 + Q1 + A3)7)]}- (2.91)

(ii) 7 > 0 and ay|7] >> 1

I(7,7) o< (|PP]?) oc Big + [n]* Bia + | Bus|* exp(—2T10|7]) +
InBis|? exp(—2as|7]) + exp[—(T10 + ag)| 7] x
{nBi7exp[—i(Ak - T — (w2 + Q1)7)] +
n* Bi; exp[i(Ak - r — (w2 + Q1)7)]}. (2.92)

Here,

2C¥1(F0 —+ Pl)
(T10 +1A3)(T10 +1A1)2ToTy’
2042
(IA3 —T%o)[03 + (A2 + A3)?]

Big =
Big =

The crossed correlation with a decay factor exp[—(T'10 + az2)|7|] produced
from twin composite stochastic fields display features on the time scale sig-
nificantly shorter than the autocorrelation with a decay factor exp(—2I'10|7])
produced from single color stochastic fields in Eq. (2.92).
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The ASPB signal can be calculated in the extremely Doppler broadened
limit. We can obtain the stochastic averaging of the mod square of the total
third-order polarization

I(r,7) o< (|P®)2) = (| PO 4 pID) 1 p(V) 2y, (2.93)
We first consider the case that the laser sources are narrow band so that
a1 << I'yg and as << I'yg. In homogeneous broadening case, after tail ap-
proximation (i.e., I'jo|7| >> 1 and T'yo|7| >> 1) we have the for both 7 > 0
and 7 < 0.
Pr1 = Nagl(r,7) < <|P(3)|2) o |72 Bag + Ba1 + | Baa|? exp(—2ay|7]) +
|77323|2 x exp(—2as|7|) + exp[— (a1 + a2)|7|] x
{B3ynBas exp[—i(Ak - — (w2 + w1)T)] +
Boon® Bys expli(Ak - 7 — (we + w1)7)]}- (2.94)

Here,

Bag = (&2-1)° {1“10(52 — 1)+ [T10(&5 = 1) + Ta0)(é2 — 2) } :

2 I'o(Tgy —T1o)?
Boy = ! )
Lo(Fo + 202)[(I'5)? + (A3)?]
Bay = To+14
Lol (T%, +iA)’
By — (& —1)?

(1A +iA3& — Ty + T'1p)?’
This equation is consistent with Eq. (2.90).

We now consider the case that the laser sources are broadband so that
a1,y >> I'ig,T'90. In inhomogeneous broadening case, the ASPB signal
rises to its maximum quickly and then decays with time constant mainly
determined by the transverse relaxation times of the system. Although the
ASPB signal modulation is complicated in general, at the tail of the signal
(i.e., aq|T| >> 1 or ag|7r| >> 1) we have:

(i) 7 < 0 and ag|7| >> 1

I(1,7) o< {(|P®|?) o By + |n|>Bas + Bag exp(—2a|7|) +
In[2 Bas exp(~2T5|71) + exp[—(an + T)l7]] x
{’17327 exp[—i(Ak - — (QQ + wy + §2A3)T)] +
0" By, exp[i(Ak - r — (Q2 + w1 + &A3)7)]}. (2.95)
(ii) 7 > 0 and ay|7] >> 1
I(r,7) o (|P®?) o< Baa + [n|* Bas + Bag exp(—2T|7]) +
[1]? Bas exp(—2az|7]) + exp[—(Tfy + az)|7]] x
{nBao7 exp[—i(Ak - 7 — (w2 + Q1 + & A3)T)] +
" B3, exp[i(Ak - 7 — (wo + Q1 + &1 A3)7)]}. (2.96)
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Here,
9(& —1)2
Bae = 4é§r10r250’
Bys — A& — 1)
(A2 + A3)? — azlag’
Bog = (Lo +T'1)?
Eri[(A])? +af]’
By = 2|7|az(é2 — 1)[(A%)* + a3](To + Fl).

(0&2 — iAg)4F0F1(a1 — IA‘f)

Relations (2.95) and (2.96) all consist of five terms. The first and third
terms are dependent on the uy (¢) fourth-order coherence function for DEFWM,
while the second and fourth terms are dependent on the us(t) fourth-order
coherence functions for NDFWM. The first and second terms originating from
the amplitude fluctuation of the chaotic field are independent of the relative
time-delay 7. The third and fourth terms indicate an exponential decay of the
ASPB signal as |7| increases. The fifth term depending on the uy(t) or us(t)
second-order coherence functions gives rise to the sum-frequency modulation
of ASPB signals. Equation (2.95) shows nonresonant DFWM and resonant
NDFWM cross interference and gives rise to modulation frequencies s + wy,
while Eqation (2.96) shows resonant DFWM and nonresonant NDFWM cross
interference and gives rise to modulation frequencies ws + 1. In this case,
the precision of using ASPB to measure s + 2 is determined by how well
w1 or wy can be tuned to £ or s, respectively. ASPB with broadband light
is again a Doppler-free precision spectroscopy.

The chaotic field fourth-order correlation ASPB signal can be calculated
under Doppler and broadband limit. The broadband limit (7. ~ 0) cor-
responds to “white” noise, noise characterized by a J-function correlation
time or, alternatively, it possesses a constant spectrum. Under the extremely
Doppler-broadened limit (i.e., ksu — oo) and laser broadband limit (i.e.,
a; — 00) approximations, we obtain the stochastic averaging of the mod
square of the total third-order polarization as follows:

(i) 7 <0 and ag — oo

I(r,7) oc {[PD)?) o< [ Bas|® + [nBag|” + Bas exp(—2au|7]) +

[nBsol|* exp(—2T'%,|7]) + exp[— (a1 + T5y)|7]] x
1
{322677330 eXp[—i(Aki T — (QQ + w1 + §2A3)T)] +
1
B Big expli(Ak - 1 — (Q + w1 + &A3)7)]}. (2.97)

(ii) 7 > 0 and oy — o0

I(r,7) o< (|PP?) o< | Bas|? + [1Bag|* + [ Baa |* exp(—2To| 7)) +
[1]? Bas exp(—2az|7]) + exp[—(T'fy + az)|7[]x
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1
{B31nB& exp[—i(Ak - r — (w2 + Q1 + & A3)T)] +
Bs1n*Bgs exp[i(Ak - r — (w2 + Q1 + &1 A3)7)]}- (2.98)

Here,

%2+ 600 + 1'%

Bog = ,
74Dy (T + I')Te,
Boo — (&2 —1)?

29 — a )
4154[(&2 — 1)Tg + 'y
2|1

B3 = | |(f§ + )2,
(0%)
(To +T4)2
B3 =
I3re

The crossed correlation with a decay factor exp[—(ay + I'%y)|7|] produced
from twin composite stochastic fields display features on the time scale sig-
nificantly shorter than the autocorrelation with a decay factor exp(—2T'%|7|)
produced from single color stochastic fields in Eq. (2.97). By contrast, the
crossed correlation with a decay factor exp[—(I'{, + a2)|7|] produced from
twin composite stochastic fields display features on the time scale signifi-
cantly shorter than the autocorrelation with a decay factor exp(—2T|7|)
produced from single color stochastic fields in Eq. (2.98).

We have assumed that the laser sources are chaotic field in the above cal-
culation. A chaotic field, which is used to describe a multimode laser source,
is characterized by the fluctuation of both the amplitude and the phase of the
field. Another commonly used stochastic model is a phase-diffusion model,
which is used to describe an amplitude-stabilized laser source. This model
assumes that the amplitude of laser fields is a constant, while its phase fluc-
tuates as a random process caused by spontaneous emission. If the lasers have
Lorentzian line shape, the fourth-order coherence function are [6, 7).

(ui(ty) ui (t2)uj (t3)u;(ta))
= expl—a;([t1 — 3| + [t1 — ta] + [t2 — t3] + [t2 — ta])] X
exp[ai(|t1 — t2| + |t3 — t4|)]. (2.99)

The fourth-order correlation ASPB signal of a phase-diffusion model can
be calculated under Doppler (i.e., ksu — oo) and broadband limit (i.e.,
a; — 00). We can obtain the stochastic averaging of the mod square of the
total third-order polarization in the limit of pure inhomogeneous broadening
approximations, as follows:
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(i) 7 < 0,01 — 00 and @y — 0

I(7,7) o {|P®)|?) o Bag exp(—201|7]) + [nBs2|* exp(—2T%|7|) +
1
exp[— (a1 + T5y)|7]] {322677332 exp[—i(Ak-r —
1
(QQ 4wy + ngg)T)] + 32267]*352 exp[i(Ak: - —

(D + w1 + ngg)T)]}. (2.100)
(ii) 7 > 0,1 — o0 and @y — 0

I(,7) o (|P®)|?) o Byg exp(—2T%|7|) + |n|* Bas exp(—2T'%,|7|) +
1 1

exp|—(Ty + T50) I7[}{ BnB expl—i(Ak - 7 -
1 1
(Q2 4+ (& + &1)A3)7)] + Bin" Bas expli(Ak - r —
Qo+ + (&2 + &)Ag)T)]}. (2.101)
Here,
2
Bsy = I (& —1),
Q2
. (Fo + F1)2
Bas = a2T2I2

Relations (2.100) and (2.101) all consist of three terms. The first term
is dependent on the wu;(t) fourth-order coherence function for DEFWM, while
the second term is dependent on the us(t) fourth-order coherence functions
for NDFWM. The first and second terms indicate an exponential decay of
beat signals as |7| increases. The third term depending on the wu;(t) and
uz(t) second-order coherence functions gives rise to the sum-frequency mod-
ulation of ASPB signals. This case is somehow similar to the results of the
second-order stochastic correlation of ASPB in Section 2.2.2, in which the 7-
independent part contribution has been ignored. Therefore, the fourth-order
stochastic correlation of chaotic fields is of vital importance in ASPB. Equa-
tion (2.100) shows a nonresonant DFWM and a resonant NDFWM cross
interference and gives a rise to modulation frequencies Qs + wy, while Eq.
(2.101) shows a resonant DFWM and a resonant NDFWM cross interference
and gives rise to modulation frequencies s + 2.

The Gaussian-amplitude field has a constant phase but its real amplitude
undergoes Gaussian fluctuations. If the lasers have Lorentzian line shape, the
fourth-order coherence function is [6, 7]

(wi(ta)ui(t2)uq (t3)ui(ta))
= (ui(t1)ui(ts)) (wi(t2)uita)) + (wi(ts)ui(ta))(ui(t2)ui(ts)) +
(wi(t)ui(t2)) (ui(ts)ui(ts)). (2.102)
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The fourth-order correlation ASPB signal of Gaussian-amplitude model
can be calculated under Doppler (i.e., ksu — oco) and broadband limit (i.e.,
a; — 00). We can obtain the stochastic averaging of the mod square of the
total third-order polarization in the limit of pure inhomogeneous broadening,
as follows:

(i) 7 < 0,1 — 00 and @y — 0

n*(&2 — 1)
a%(FgO)Q
Bsz exp(—2I'|7]) + |77B:32|2 exp(—2I'5[7]) +
1
exp[—(T'{o + T50) [TI[{ B30 Baz exp[—i(Ak - 7 —
1
(Q2 + N + (§2 + £1)A3)7)] + Bisn™Biy +

eXp[l(Ak T = (QQ + Ql + (§2 + gl)Ag)T)]} (2103)

I(r,7) oc {|PP?) o< | Bas|* + + |nBag|*| +

(ii) 7 > 0,1 — 00 and ag — 0o

& -1
a%(F‘fo)Q
Bsg exp(—2I%,|7]) + [nBsz2|* exp(—2L5|7]) +

1
exp[— (TS + T5) |7[[{ BznBsz exp[—i(Ak - r —
1
(Q2 4+ U + (§2 + &1)A3)7T)] + Bin™ B,

expli(Ak -7 — (Q2 + Q1 + (& + &) As)T)]} (2.104)

Relations (2.103) and (2.104) all consist of five terms. The first and third
terms are dependent on the wuq(t) fourth-order coherence function for the
DFWM, while the second and fourth terms are dependent on the wus(t)
fourth-order coherence 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 7. The third and fourth terms indi-
cate an exponential decay of the ASPB signal as |7| increases. The fifth term
depending on the u4 () and uz(t) second-order coherence functions gives rise
to the sum-frequency modulation of ASPB signals. Equations (2.103) and
(2.104) all shows a one-photon resonant DFWM and a two-photon resonant
NDFWM cross interference with a modulation frequency Qo+ +(§2+£1)As.
The overall accuracy of using the ASPB with broadband lights to measure
the sum-frequency of energy-levels Qs + 7 is limited by the homogeneous
linewidths 7t(T', + T'%,) [13, 14].

Figure 2.17 indicates that homodyne detected ASPB signal oscillates not
only temporally with an ultrafast period 27t/|Q2 4+ Q1] = 900 as [Fig. 2.12 (a)]
but also spatially with a period Q2+Q127/ Ak = 0.124 mm along the direction
Ak, which is almost perpendicular to the propagation direction of ASPB
signals. The three-dimensional plot (time-spatial interferogram) of the ASPB

I(m,7r) o (|P®)?) o ||Bas|? + + |nBao|? +
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signal intensity I(7,r) versus time delay 7 and transverse distance r has the
larger constant background caused by the intensity fluctuation of the chaotic
field. At zero relative time delay (7 = 0), the twin beams originating from the
same source enjoy perfect overlap at the sample of their corresponding noise
patterns. This gives maximum interferometric contrast. As |7| is increased,
the interferometric contrast diminishes on the time scale that reflects material
no frictional memory, usually much longer than the correlation time of the
light [41]. The advantage of the ASPB is that the ultrafast modulation period
21/|Q2 + Q1| = 900 as with a Doppler-free precision can still be improved,
because the energy-level interval between ground state |0) and excited state
|2) can be widely separated. The experiment of the ASPB is now underway
in our group.

7(f5)

(a) (b)
Fig. 2.17. (a) A three dimensional plot (time-spatial interferogram) of the ASPB
signal intensity I(7,r) versus time delay 7 and transverse position 7 for the chaotic
field. The intensity (displayed on the vertical axis) has been normalized to unit. The
parameters are 2 + 1 = 6.978 fsfl,Ak = 50.84 mmfl,al = 0.136 fsfl,ag =
0.19fs7 1,1 =1.35x 1072 fs7 1, T = 1.45x 1072 fs71, g = 1.35x 103 s~ 1, I, =
1.45 x 107% fs='n = 1,& = 1.5,A; = 0, B; = 0.4. (b) A projection of the three-
dimensional interferogram of the ASPB.

Figure 2.18 presents the ASPB signal intensity versus relative time delay.
The three curves represent the chaotic field (dashed line), phase-diffusion field
(dotted line), and Gaussian-amplitude field (solid line). The sum-frequency
polarization beat signal is shown to be particularly sensitive to the statistical
properties of Markovian stochastic light fields with arbitrary bandwidth. This
is quite different from fourth-order partial-coherence effects in the formation
of integrated-intensity gratings with pulsed light sources [25]. Their results
proved to be insensitive to specific radiation models. The 7-independent con-
tribution of ASPB signals for a Gaussian-amplitude field or a chaotic field
is much larger than that of signals for a phase-diffusion field in Fig. 2.18.
The physical explanation for this is that the Gaussian-amplitude field under-
goes stronger intensity fluctuations than a chaotic field. On the other hand,
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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. In Fig. 2.18, the field correlation has weakly influenced
on ASPB signals when the laser has a narrow bandwidth. In contrast, the sen-
sitivities of the ASPB signal intensity to three Markovian stochastic models
increase as time delay is increased when the laser has broadband linewidth.

1.0 -
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Fig. 2.18. The ASPB signal intensity versus relative time delay. The three curves
represent the chaotic field (dashed line), phase-diffusion field (dotted line), and
Gaussian-amplitude field (solid line). The parameters are taken as Q2 + Q1 =
6.978 fs L. r =0,np=1,6& =150, =0,B; =04, = 1.35 x 1072 fs71. T'g, =
145 x 1072 571 T = 1.35 x 1073 fs71 Ty = 1.45 x 1073 fs~ !, while a; = 2.715 x
107° fs7, e = 3.793 x 1075 fs7! for (a) and a1 = 0.2715 fs™, e = 0.3793 fs~*
for (b).

The main purpose of the above discussion is that we reveal an impor-
tant fact that the amplitude fluctuation plays a critical role in the temporal
behavior of ASPB signals. Furthermore, the different roles of the phase fluc-
tuation and amplitude fluctuation have been pointed out in the time domain.
This is quite different from the time delayed FWM with incoherent light in
a two-level system [19]. For the latter case, the phase fluctuation of the light
field is crucial. But the ASPB is analogous to Raman enhanced polarization
beats [26, 46]. The amplitude fluctuation of the light field is also crucial in the
Raman enhanced polarization beats. On the other hand, due to (u;(t)) =0
and (uf(t)) = 0, the absolute square of the stochastic average of the po-
larization |(P®))|2, which involves second-order coherence function of u;(t),
cannot be used to describe the temporal behavior of the ASPB [45]. The
second-order coherence function theory is valid when we are only interested
in the 7-dependent part of the attosecond sum-frequency beating signal. In
this point, it is somehow similar to the four-order stochastic correlation of
the phase-diffusion model. Inasmuch as the one-photon DFWM of the ASPB
is similar to the case of the FDPB (28], here we shall mainly concentrate
on the two-photon NDFWM in the ASPB. In the case of broadband incident
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beams, unlike the corresponding one-photon resonant DEWM, the dephasing
and rephrasing processes in an inhomogeneously broadened system cause the
maximum of two-photon resonant NDFWM signals to shift from zero time
delay. Figure 2.19 denotes the comparisons of two-photon NDFWM autocor-
relation signal intensities for three Markovian stochastic models and second-
order correlation approximation treatments. The maximum of the two-photon
resonant NDFWM autocorrelation signal occurs at 7 = —1/T'§, = —2.63 fs
in the extremely Doppler-broadened limit, which is quite different with that
of FDPB [45]. The application of higher-order stochastic correlation results
to the FDPB experiment yielded a better fit to data than an expression
involving only second-order coherence [12, 22]. Therefore, the fourth-order
coherence function theory is of vital importance in ASPB.
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Fig.2.19. Two-photon resonant NDFWM auto-correlation signal versus relative
time delay when beams 1 and 2 consist of only ws frequency component. The
four curves represent the fourth-order correlation for chaotic field (dashed line),
phase-diffusion field (dotted line), Gaussian-amplitude field (solid line), and the
second-order auto-correlation curve (dashed dot line), respectively. The parameters
are taken as, I'9y = 0.38 fs ™+, Ty =145 x 1073 fs™*, & = 1.5, A; = 0, B; = 0.4 and
n=1.

Next, we discuss the difference between ASPB and sum-frequency UMS
[42] with self-diffraction geometry from a physical viewpoint. The frequencies
and wave vectors of sum-frequency UMS signals are wg, = 2w; — w1, ws, =
2we —wo and kg, = 2ky — K, ks, = 2k}, — ko, respectively, which means that
a photon is absorbed from each of two mutually correlated fluctuating pump
beams. On the other hand, the frequencies and wave vectors of ASPB signals
are ws, = wy — w) + w3, ws, = Wy — wa +ws and ks, = k1 — k| + k3, ks, =
ky, — ko + k3, respectively. Therefore photons are absorbed from and emit-
ted to the mutually correlated fluctuating twin beams 1 and 2, respectively.
This difference between the ASPB and UMS has profound influence on field-
correlation effects. We note that the role of beams 1 and 2 is interchangeable
in the UMS, this interchangeable feature also makes the second-order co-
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herence function theory failure in the UMS. Due to (u(t1)u(t2)) = 0, the
absolute square of the stochastic average of the polarization [(P®))|? can-
not be used to describe the temporal behavior of the sum-frequency UMS
[44]. Our fourth-order correlation treatment also is of vital importance in the
sum-frequency UMS.

It turns out that for every conventional high-resolution nonlinear spec-
troscopy — purely frequency domain or purely time domain — one can design
its complete time-frequency interferometric spectroscopic counterpart [39].
The stochastic correlation spectroscopy of broad-band quasi-cw (nontrans-
form limited) noisy light can be considered as one that is intermediate in na-
ture between steady state spectroscopy and the pure time resolved techniques
[35—41]. For the frequency-domain techniques (such as saturated-absorption
spectroscopy and two-photon absorption spectroscopy), the spectral resolu-
tion is determined by the laser linewidth. Therefore, narrow-band cw laser
sources are usually required. A common feature of these time-domain tech-
niques is that the temporal resolution is determined by laser’s pulse width.
More specifically, excitation laser’s pulses must have a spectral width larger
than energy-level splittings so energy sublevels can be excited simultane-
ously. The disadvantage of this quantum beat technique is that it will be in-
efficient and, therefore, impractical to excite two transitions simultaneously
with an extremely broadband light when the sum Q5 4+ €y of energy-level
resonant frequencies is large. However, the ASPB can overcome this diffi-
culty because we can excite the two transitions separately with two lasers
that have bandwidths much narrower than the energy-level splitting. The
phase coherent control of light beams in the ASPB is subtle. We consider
the case that twin fields have narrow bandwidths. If time delay 7 between
twin noisy fields, which come from a single source, is shorter than coher-
ence time 7, of the laser (i.e., a;|7| << 1), the relative phase between twin
fields will be well defined. The interference between one-photon nonresonant
DFWM and two-photon nonresonant NDFWM causes the ASPB signal in-
tensity to modulate with frequency ws + wy as is 7 varied. In contrast, the
relative phase between twin fields will fluctuate randomly if a;|7| >> 1. In
this case, the temporal and spatial modulation of the ASPB signal inten-
sity disappears. Now we consider the case that twin beams have broadband
linewidths. As mentioned above, a broadband laser can be modeled as a se-
quence of short, phase-incoherent subpulses of duration 7. . Consider the
DFWM or NDFWM from the wy or wy frequency component of twin beams
1 and 2, respectively. The DFWM or NDFWM, which is related to the three-
pulse simulated photon-echo or the sum-frequency trilevel echo, respectively,
originates from the interaction of atoms with phase-correlated subpulses in
twin beams 1 and 2, which are separated by |7|. The homodyne detected
ASPB interestingly shows the cross interference of resonant and nonresonant
terms in broadband linewidths. Moreover, the broadband multimode light are
tailored in a controllable fashion by dispersion [21]. The dispersion effects of
polarization beats can also be exactly balanced between the two arms [46].
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By contrast, ultrashort pulses of equivalent bandwidth are not immune to
such dispersive effects (even when balanced) because the transform limited
ultrashort pulse is in fact temporally broadened (it is chirped) and this has
drastic effects on its time resolution (the auto-correlation). In this sense, the
ASPB with twin Markovian stochastic fields has an advantage.

The one-photon Doppler-free DFWM or NDFWM occurs when two over-
lapping counterpropagating beams are both resonant with the same velocity
atom group [28]. If the beam 3 and w; component of the beam 1 (Figs. 2.12
and 2.13) have the same laser source frequency, they will only satisfy the
condition of simultaneously being resonant with the gas when they are both
resonant with the zero-velocity group (except crossover resonance case). Only
those atoms whose velocities are centered on k; - v =~ 0 are effective in gen-
erating a conjugate signal. Therefore, as in the case of saturated absorption
spectroscopy [53], we have a one-photon Doppler-free DFWM spectrum with
a peak located at A; = 0 [51]. We then fix the frequency of the beam 3
and perform one-photon NDFWM experiment with beams 1 and 2 consist-
ing of the wo frequency component [28]. Since only atoms whose velocities are
ki -v =~ 0 interact with the beam 3, the condition that beams 1 and 2 interact
with the same group of atoms is As = 0. Here again, one-photon NDFWM
signals are Doppler free because only atoms in a specific velocity group con-
tribute to NDFWM signals. The one-photon Doppler free NDFWM spectrum
is somehow similar to the following case (the general saturated absorption),
but they are different. If there is just a tiny frequency offset between the
pump and probe, then they will satisfy the condition of simultaneous reso-
nance when they are resonant with a nonzero particular velocity group whose
first-order Doppler shift is half the tiny offset in frequencies. That is to say,
a moving atom can only be in resonance with both lasers if its resonance fre-
quency is halfway between the two lasers, because then there is a velocity at
which the Doppler shifts compensate the difference in the frequency between
the lasers [53].

Finally, the Doppler-free absorption of two photons can be illustrated
as follows. If the atom has a velocity component in the direction of the
laser beams, the resonance condition changes to (Ey — E;)/h = w1 + ws —
v - (k1 + k2) [54]. If both waves are of the same frequency w and counter-
propagating, the wave vectors are opposite to each other. This implies that
the velocity-dependent term in the resonance condition vanishes. All atoms
with (Ey — E;)/h = 2w are in resonance. These more restrictive condition
results in the line narrowing, and the fact that all atoms can be excited
at the same frequency, gives the enhancement in the cross section over the
Doppler-broadened single-beam case. If the laser is detuned from resonance
by |A| = (Ef — E;)/h — 2w then the zero-velocity group is out of resonance
with any combination of photons from two lasers. If A > 0, the zaxis di-
rection laser is on resonance with an atom having v = —c|A|/2w and —z
axis direction laser is on resonance with an atom having v = ¢|A|/2w. By
contrast, if A < 0, the z axis direction laser is on resonance with an atom



2.2 Ultrafast Sum-frequency Polarization Beats in Twin Markovian Stochastic
Correlation 75

having v = ¢|A|/2w and —z axis direction laser is on resonance with an atom
having v = —¢|A|/2w. Thus, when the laser is detuned from the resonance
frequency only two particular velocity groups are in resonance, whereas when
the laser is on the exact resonance frequency, all the velocity groups are on
resonance for absorbing one photon from pump and one from the probe. The
lineshape of the same frequency two-photon absorption is the sum of the
broad Doppler-broadened background (I? + 12)dw; /éwp. (here, dwp Doppler
broadening, I; laser intensity) from two-photon absorption in each of beams
and the sharp Doppler-free line (I; + I3)?N. If the two lasers have the same
intensity, the integral of Doppler-free signals should be at least twice that of
the Doppler-broadened one. Since the enhancement of Doppler-free signals
increases proportionally to the uncollimated helium beam Doppler width, the
observed enhancement of the Doppler-free signal over the Doppler-broadened
one was a few hundred to one [55]. As we mentioned in Section 2.2.2, one-
photon resonant DFWM can provide a Doppler-free spectrum with peak lo-
cated at A; = 0. When w; is set to the center of the Doppler profile, then only
atoms whose velocities are k; - v =~ 0 interact with the beam 3. This group
of atoms will interact with the beam 1 of frequency ws and contribute to
different frequency two-photon NDFWM signals. Since only atoms in a spe-
cific velocity group contribute the signal, the different frequency two-photon
NDFWM spectrum is also Doppler-free. Combining the capability of the high
accuracy in measuring the ASPB modulation frequency, a Doppler-free pre-
cision can be achieved in the measurement of Q5 + ;. Figure 2.20 shows the
Fourier spectrum of the data in which 7 is varied for a range of 300 fs. We can
obtain the modulation frequency Qs + € = 6.97833 x 10'%s~! corresponding
to the sum of resonant frequencies of transitions from 3S5; /5 to 3P/, and
from 3P3/2 to 5D3/275/2 [Flg 2.12 (a)]

1.0

Fourier Spectral Density
(=]
n
T

0.0 e : :
6.9775 6.9780 6.9785 6.9790

Modulation Frequency(1 Ols/s)
Fig.2.20. The Fourier spectrum of ASPB given by Eq. (2.93) with a1 = 2.715 X
1075 fs7! e = 3.793 x 107° fs™  wo + w1 = 6.9783 s~ ,r = 0,B; = 0.4,|7] <
150 fs, and n = 1.

In conclusion, we have adopted chaotic, phase-diffusion, and Gaussian-
amplitude field models to study the FLPB with broadband noisy light. The
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polarization beat signal is shown to be particularly sensitive to the field statis-
tics. Different stochastic models of laser fields only affect the fourth-order
coherence functions. The constant background of the beat signal originates
from the amplitude fluctuation of 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. We have considered the
cases that pump beams have either narrow band or broadband linewidth
and found that for both cases a Doppler-free precision in the measurement
of the energy-level difference between two states, which are dipolar forbid-
den from the ground state can be achieved. On the other hand, the new
phenomenon of phase-conjugation sum-frequency attosecond beats by twin
composite stochastic fields has been documented, and its origins explained.
As a Doppler-free attosecond ultrafast modulation process, in principle, it
can be extended to any sum-frequency of energy-levels.
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3 Raman, Rayleigh and Brillouin-enhanced
FWM Polarization Beats

Based on color-locking noisy field correlation, the Raman, Raman and Raylei-
gh, Rayleigh and Brillouin, coexisting Raman, Rayleigh and Brillouin-enhan-
ced polarization beats have been investigated. Roles of amplitude fluctu-
ations and phase fluctuations have been pointed out in attosecond sum-
frequency polarization beats (ASPB). The different roles of amplitude fluc-
tuations and phase fluctuations have been pointed out in both time- and
frequency-domains. The Raman, Rayleigh and Brillouin-enhanced four-wave
mixing processes strongly compete with each other in the ASPB. The het-
erodyne detected signal of ASPB potentially offers rich dynamic information
about the homogeneous broadening material phase of the third-order nonlin-
ear susceptibility.

3.1 Attosecond Sum-frequency Raman-enhanced
Polarization Beats Using Twin Phase-sensitive
Color Locking Noisy Lights

Raman-enhanced polarization beats (REPB) are one interesting way to study
the stochastic properties of light [1—-10]. Previous extensive noisy light based
coherent Raman scattering (CRS) often called coherent anti-Stokes Raman
scattering or coherent Stokes Raman scattering (CSRS) yield both Raman
frequencies via radiation difference oscillations [4] and dephasing times in the
interferometric time domains. Unlike in the REPB, in those spectroscopies the
presence of one monochromatic beam is essential [5—8]. Markovian stochas-
tic processes are ubiquitous in all branches of science. Unlike non-Markovian
fluctuations, which arise from atom’s memory of its past, the atomic re-
sponse to Markovian stochastic optical fields is now largely well understood
[11—-14]. When the laser field is sufficiently intense that many photon inter-
actions occur, the laser spectral bandwidth or spectral shape, obtained from
the second-order correlation function, is inadequate to characterize the field.
Rather than using higher-order correlation functions explicitly, the chaotic
field, the phase-diffusion field, and the Gaussian-amplitude field, are consid-
ered.
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The characteristics of the interferogram of the REPB are a result of two
main components: material response (resonant term) and light response (non-
resonant term) along with the interplay between two responses. We have de-
veloped a unified theory which involves sixth- and fourth-order coherence-
functions, and obtained an analytic closed form for attosecond polariza-
tion beats [15—19]. The difference-frequency homodyne detected polariza-
tion beats in femtosecond scale have known well [20—22]. In general, po-
larization beats may or may not contain resonances. Nonresonant terms are
always present. Interference between resonant and nonresonant polarizations
is present. Cross terms between them appear when homodyne detected. Beat
signals can appear at all orders of the incident field [but only at odd orders
for achiral isotropic media (gases, liquid, amorphous solids)]. At even order,
the polarization (signals) field must oscillate at a new frequency not present
in the incident field. At odd order, the polarization field may contain fre-
quency components of the incident field but usually produces a new color.
Cross-section is quadratic in concentration for homodyne detection; linear
for heterodyne detection. Unlike heterodyned signals, homodyne (quadra-
ture) detection signals contain all possible cross terms between polarizations.
Phase-matching must be implemented through experimental design of the
REPB.

Polarization beat is closely related to quantum beats, Raman quantum
beats [9], or CRS. CRS is a powerful tool for studying the vibrational or
rotational mode of a molecule. Specifically, in the Raman-enhanced non-
degenerate four-wave mixing (RENFWM) the Raman vibration is excited
by the simultaneous presence of two incident beams whose frequency dif-
ference equals the Raman excitation frequency, and the RENFWM signal
is the result of this resonant excitation. In contrast, Rayleigh-type nonde-
generate FWM (NDFWM) is a nonresonant process with no energy transfer
between lights and medium when the frequency difference between two inci-
dent beams equals zero. Rayleigh-type NFWM appears as a special case of
the RENFWM with zero frequency resonance, the difference between them
is essential. The resonant structure in the Rayleigh-type NFWM spectrum
is the result of induced moving grating. The lineshape of the Rayleigh-type
NFWM is always symmetric [23]. In contrast, the RENFWM spectrum is
generally normal asymmetric due to the interference between the resonant
signal and the nonresonant background [24].

This section addresses the role of noise in incident fields on the nature of
wave-mixing signals in time- and frequency-domains. This important topic
has been already treated extensively in the literature, including the intro-
duction of a new diagrammatic technique (called factorized time correlator
diagrams) [1—-8]. They have treated the higher order noise correlators when
circular Gaussian statistics apply. There should be two classes of such two
component beams. In one class components are derived from separate lasers,
and their mixed (cross) correlators should vanish. In the second case, two
components are derived from a single laser source whose spectral output is
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doubly peaked. This can be created from a single dye laser in which two differ-
ent dyes in solution together are amplified [5—8]. This section deals only with
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 broadband laser source.
The doubled peaked beams 1 and 2 [Fig. 3.1 (a)] are paired and correlated,
but each of the peaks is uncorrelated. Beam3, having one of peaks (from a
same broadband laser source)found in twin beams 1 and 2 is dependent and
correlated to twin beams 1 and 2. In any case, the literature has already ex-
plored both theoretically and experimentally the use of such multicolor noisy
light in FWM. Interestingly, that work only treats the second class of mul-
ticolored beams (a single laser source for the multipeaked “tailored” light)
in difference-frequency self-diffraction geometry [5—8]. Also that work did
not treat the REPB with sum- and difference-frequency phase-conjugation
geometry using three types of noisy models. Furthermore its beam 3 was not
noisy (it was “monochromatic”).
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Fig. 3.1. (a) Phase-conjugation geometry of the attosecond REPB; (b) Level con-
figuration of Pgri; (c) Double-sided Feynman diagrams representing the Liouville
pathways for P; and P», respectively.

3.1.1 Basic Theory of Attosecond Sum-frequency REPB

REPB is a third-order nonlinear polarization beat phenomenon. The polariza-
tion beat is based on the interference at the detector between FWM signals,
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which originate from macroscopic polarizations excited simultaneously in the
homogeneous [9, 10] or inhomogeneous [15] broadening sample. It critically
requires that all the polarizations have the same frequency. The basic geome-
try is shown in Fig. 3.1(a). Twin beams 1 and 2 consist of two central circular
frequency components w; and ws, a small angle exists between them. Beam
3 with central circular frequency ws is almost propagating along the opposite
direction of beam 1. In an optical Kerr medium (no thermal grating effects),
the nonlinear interaction of beams 1 and 2 with the medium gives rise to
two molecular-reorientational gratings, i.e., w7 and wz will induce their own
nonresonant static gratings G1 and G2, respectively. Two FWM signals are
the results of the diffraction of beam 3 by G1 and G2, respectively. Now,
if w; — ws]| is near the Raman resonant frequency Qg [Fig. 3.1 (b)], a large
angle resonant moving grating formed by the interference of beams 2 and
3, will excite the Raman-active vibrational mode of the medium and en-
hance the FWM signal of G1 (i.e., RENFWM). Finally, polarization beats
originate from the interference between macroscopic polarizations from the
RENFWM process and the ws degenerate FWM (DFWM) process. The beat
signal (beam 4) is along the opposite direction of beam 2 approximately.

In a typical experiment, the w; and w3 two-color light sources enter a
dispersion-compensated Michelson interferometer to generate identical twin
composite beams. Twin composite stochastic fields of beam 1, Ep; (7, t), and
beam 2, Epo(r,t) for homodyne detection scheme of the attosecond sum-
frequency REPB, can be written as

Ep1 = Ei(r,t) + Ej(r,t) = A (r,t) exp(—iwit) + A5 (7, t) exp(—iwst)
= cuq(t) expli(ky - r — wit)] +
ehus(t — 7) expli(kh - r — wst + w3T)], (3.1)

Epe = E{(r,t) + Ea(r,t) = Al (r,t) exp(—iwit) + A2 (7, t) exp(—iwst)
= eluy(t — 7)expli(k] - P —wit +wiT)] +
equs(t) expli(ks - 7 — wst)]. (3.2)

Here, ¢;, k;(c}, k}) are the constant field amplitude and the wave vector of
the w; component in beam 1 (beam 2), respectively. u;(t) is a dimensionless
statistical factor that contains phase and amplitude fluctuations. The wu;(t) is
taken to be a complex ergodic stochastic function of ¢, which obey complex
circular Gaussian statistics in the chaotic field. 7 is a variable relative time
delay between the prompt (unprime) and delayed (prime) fields. To accom-
plish this the frequency component w; and ws lights are split and recombined
to provide two double-frequency pulses in such a way that the w; component
is delayed by 7 in beam 2 and the ws component delayed by the same amount
in the beam 1 [Fig. 3.1 (a)]. The time delay 7 is introduced in both composite
beams, which is quite different with that of difference-frequency REPB. On
the other hand, the complex electric fields of beam 3 can be written as

Es(r,t) = As(r,t) exp(—iwst) = ezus(t) expli(ks - r — wst)]. (3.3)
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Here, ws,e3, and ks are the frequency, the field amplitude and the wave
vector of the field, respectively.

In general different colors of twin composite noisy light beams correlate
at different delay times because they have been delayed in the dispersed
beam relative to the undispersed beam except balanced. This is analogous to
the stretching of short pulses by transmission through a dispersive medium
(chirp). In fact, identical physical processes are responsible for chirp in co-
herent short pulses and the correlation functions of broadband fields. Con-
sidering the situation in which the double frequencies noisy field derived
from separate lasers with a finite bandwidth is split into twin replicas; then
wy or ws frequency component of one twin composite beam is transmitted
through a dispersive medium so that it is no longer identical to that of the
other twin composite beam. Two autocorrelation processes corresponding
to RENFWM process and ws DFWM process, respectively, are differently
stretched in 7 because each color component between twin composite beams
1 and 2 is maximally correlated at different delay times, whereas all color
components in beam 1 or 2 are maximally correlated at the same delay time.
The phases of chirped correlation functions exhibit a time dependence that is
similar to time-dependent phases of chirped coherent short pulses. Unchirped
(transform-limited) correlation functions and short pulses have phases that
are independent of time. An important practical distinction between short
pulses and noisy-light correlation functions is that the chirping of correlation
functions in the double-frequency noisy-light interferometry can occur only
after the double-frequency noisy field is split into beams 1 and 2, and then
only if there is a difference between the dispersion in the paths traveled by
w1 or wy frequency component of beams 1 and 2, but a short pulse is chirped
as it propagates through any dispersive medium between the source and the
sample. That is to say, ultrashort pulses of equivalent bandwidth are not im-
mune to such dispersive effects (even when balanced) because the transform
limited light pulse is in fact temporally broadened (it is chirped) and this has
drastic effects on its time resolution (the auto-correlation). In this sense, the
sum-frequency REPB with double-frequency noisy light has an advantage.

The order parameters (1 and @2 of two nonresonant static gratings in-
duced by beams 1 and 2 satisfy the following equations:

ds

dt + 7@1 = X’YEI (T, t)[Ei (T, t)]*a (34)
O 102 =y By ) Bar 1) (35)

Here v and x are the relaxation rate and the nonlinear susceptibility of two
static gratings, respectively. The optical Kerr effect for the liquid C'Sy has
at least two components, i.e., a relatively long “Debye” component and a
shorter “interaction-induced” component.

We consider a large angle resonant moving grating formed by the inter-
ference of beams 2 and 3, and the order parameter @ ry satisfies the following
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equation:
d@m iag
dt 4h
Here, A = |w; —w3| — Qg is the frequency detuning; Qp and g are the
resonant frequency and the relaxation rate of the Raman mode, respectively.
ap is a parameter denoting the strength of the Raman interaction.
The induced three third-order nonlinear polarizations which are respon-
sible for FWM signals are

Pl - Ql(’ra t)E3(T7t)
= xve1(e)) ez exp{i[(k1 — ky + k3) - 7 — w3t — w1 7]} X

/0 Tt — (= — 7)us(t) exp(—t')dE, (3.7)

+(r —18)Qr1 = [A1(r,t)]"As(r, t). (3.6)

P2 = QQ(’I", t)Eg(T‘,t)
= xyes(ea) ez exp{i[(kh — ko + k3) - 7 — w3t + w3T]} X

/ Wt — E)us(t — ¢ — 7Yus(t) exp(—t')dE, (3.9)
0
1 . .
Pry = 2N04RQR1(T7 t)E1(r,t) expli(wi — ws)t — iw; 7]
= ixryre1(e]) es x exp{i[(k1 — k] + k3) - 7 — w3t — w1 7]} x
/ wn (B (E— ¢ — TYus(t — ) expl— (v — AW]AE,  (3.9)
0

with xgr = Na2R/8h'yR and N the density of molecules. The third-order
nonlinear polarizations P;, Pr; (with Lorentzian lineshape for the Raman
mode) and P, have the same frequency ws, Py + Pr1, and P» correspond
to RENFWM process and ws DEFWM process, which have the wave vectors
ki — k) + k3 and k), — ko + ks, respectively [Fig. 3.1 (c)]. Physically, REN-
FWM is similar to the corresponding CSRS. Unlike CSRS no coherence spike
appears at 7 = 0 [Fig. 3.2 (a)]. As the laser linewidth a;/yr increases, the
maximum is more close to 7 = 0, and the 7-independent nonresonant back-
ground is increased. Moreover, the RENFWM [(Pg1Pj,) (interference from
purely Raman-resonant signals); (P Pj,,) and (P Pr1) (interference between
the Raman-resonant signal and the nonresonant background)] of REPB ex-
hibits hybrid radiation-matter detuning terahertz damping oscillation with a
frequency close to A, which originate from sin(A7) and cos(Ar) factors for
7 < 0 [Fig. 3.2 (b)]. The maximum of the temporal profile for the RENFWM
is shifted to 7 = 0 as the frequency detuning A/vg increases.

Specifically, according to P, and Pgy [Fig. 3.1(b)], there exists integra-
tion effect in the establishment of order parameters Q1 and Qgr;. How-
ever, as mentioned in [23], whether the gratings are washed out due to the
phase fluctuation of the interference patterns [i.e.,A;(t — t')[A} (¢t — t')]* and
[A1(t —t)]*As(t — t') in Egs. (3.7) and (3.9)] depends on the ratio between
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Fig. 3.2. Normalized RENFWM signal intensity versus time delay yr7 for x/xr =
0.05,v/vr = 4, and a3/yr = 0.1. A/yr = 0,a1/vr = 0.5 (dash-dotted curve), 2
(dotted curve), 5 (dashed curve), 20 (solid curve) for (a); while a1 /yr = 2, A/yr =
1 (dash-dotted curve), 3 (dotted curve), 15 (dashed curve), 30 (solid curve) for (b).
Adopted from Ref. [19].

a aq(as) and y(yg). The problem is complicated further by the fact that the
effect of field correlation on the order parameters @1 and Qg1 are different.
In particular, as we increase the time delay, the phase fluctuation of the in-
terference pattern between Ay (¢t — t') and A/ (t — t') components of beams 1
and 2, respectively, affect the establishment of )1 directly. In contrast, since
Qr1 is induced by A (t — ') and As(t — t’) components of beams 2 and 3,
respectively, the integration effect will not lead directly to the 7 dependence
of Qr1. The field-correlation effect here is due to the coincidence of intensity
spikes between (Qr; and beam 1 instead. The RENFWM is also influenced
by the interference between signals originating from @)1 and Qr1. The degree
of the interference is reflected in the parameter £(7) = Ies. (A = 0)/Inonres.
which is defined as the ratio between the intensity of the resonant signal at
A = 0 and the nonresonant background.

The resonant signal and the nonresonant background of the RENFWM
originate from the order parameters Qr, and Q1, respectively. According to
Egs. (3.7) and (3.9), integration effects are involved in the establishment of
order parameters of the gratings. We first consider the case when v,y >>
a1, ag. In this case, the material gratings have very short relaxation times;
therefore, they can respond to the phase fluctuations of the fields almost im-
mediately. More specifically, A (¢t —t)[A](t —¢')]* and [A](t —t")]*As(t —t')
in Egs. (3.7) and (3.9) are slowly varying functions in comparison with
exp(—~t') and exp(—+ygt’) which have a peak at ¢ = 0, and therefore can
be approximated as and A (t)[A](¢)]* and [A](¢)]*As(t), respectively. We

have P; and Pg; proportional to xyA; (t)[A} (t)]*Ag(t)/ exp(—~t')dt" and
0

XrYRA1 (t)[A] (t)]*Ag(t)/ exp[—(yr —iA)t']dt’. The above equations in-
0
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dicate that the RENFWM spectrum is independent of 7 and the relaxation
rate v plays uncritical role here. Although the phases of P; and Pg; fluctu-
ate randomly, the relative phase between them is fixed; therefore, we have
&(1) =~ (xr/X)? due to the interference between P; and Pg;. Moreover, due to
the interference between the resonant signal and the nonresonant background,
the RENFWM spectrum with narrow-band driving fields is asymmetric and
the peak does not correspond to the exact Raman resonance.

Next, considering the broadband case (i.e.,y,vr << a1, as), the effect
of integration is to wash out the gratings. At zero time delay no washout
takes place in the establishment of 1 because the phase factor ¢ of A;(t —
t")[A}(t — ¢')]* is stationary. On the other hand, the phase factor ¢pr; of
[A(t—1t")]*A3(t —t') is a random variable which fluctuates with a character-
istic time scale (a1 +ag)~!. Because of the integration effect, the fast random
fluctuation of ¢p1 leads to the reduction of the amplitude of @) z1. Therefore,
the RENFWM spectrum is dominated by a large nonresonant background
when 7 = 0, and £(0) ~ x%vr/x*(a1 + a3), which is independent of . The
RENFWM spectrum in the limit of «; |7| << 1 is quite different. Similar to
Qr1, Q1 is now induced by mutually incoherent fields. If a; &~ a3 replaced
by «, then the influences of the integration effect on Q1 and Qg are equal.
Furthermore, the relative phase between P; and Pg; is a stochastic variable.
Since there is no interference between them, we have £(7 — 00) & x%7r/X*Y
instead of £(7) ~ (xr/x)?. The interesting thing is that, when vg/y ~ 1,
we have (7 — o0) = (xgr/x)? for the broadband case, which is the same
as that for the narrow-band case. In general, comparing to the narrow-band
case (v,7r >> a1,as3) the RENFWM spectrum exhibits a larger nonreso-
nant background. Besides, the linewidth (full width at half maximum) of the
Raman resonant signal increases from 2vg to 2(ay + as3). We then increase
7 that beams 1 and 2 become uncorrelated. In this case, the randomiza-
tion of ¢, washes out the w; molecular-reorientational grating. In contrast,
Raman-active mode is nearly independent of 7 because the 7-dependent part
is much smaller than the 7-independent part when beams 1 and 2 have broad-
band linewidths. The implication of this is that the ratio between the Raman
resonant signal and the nonresonant background increases as 7 increased.
Since 7, vr << a1, as the nonresonant background is suppressed drastically
and the RENFWM spectrum depends on the ratio between the relaxation
rates vg and ~. However, the relative phase between P; and Pgr; is now a
stochastic variable. Due to the randomization of the relative phase between
the Raman resonant term and the nonresonant background the interference
between them disappears almost completely. As a result, the RENFWM spec-
trum exhibits a symmetric line shape (Fig. 3.3). As yg/7 is increased further
so that g/ > 1, the ratio between the resonant and the nonresonant signal
can even be enhanced in the comparison with the narrow band case. So there
is the exact advantage of using the REPB with twin color-locking noisy lights
to measure the resonant frequency of the Raman active mode.
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3.1.2 Homodyne Detection of Sum-frequency REPB

We have the total third-order polarization P®) = P, + Py + Pg,. For the
macroscopic system where phase matching takes place this signal must be
drawn from the P®) developed on one chromophore multiplied by the (P(3))*
that is developed on another chromophore, which must be located elsewhere
in space (with summation over all such pairs) [1-8]. The bichromophoric
model is particularly important to the noisy light spectroscopies where the
stochastic averaging at the signal level must be carried out [1-8|. The sum-
frequency REPB signal is proportional to the average of the absolute square
of P over the random variable of the stochastic process, so that the signal

I(A,7)oc(|[PP|?) = (PO (P®)*) = (P +Pot Pra)[(P1)* +(P2)* +(Pr1)*])

contains 3 x 3 = 9 different terms in the sixth-, fourth- and second-order
coherence function of w;(¢) in phase conjugation geometry. In general, the
REPB of the homodyne detection (at the intensity level) can be viewed
as built of the sum of three contributions: (i) 7-independent or dependent
nonresonant auto-correlation terms of ws molecular-reorientational grating,
which include ws(t) sixth-order Markovian stochastic correlation functions;
(ii) 7-independent or dependent auto-correlation terms (i.e., RENFWM) of
wy nonresonant molecular-reorientational grating and ws — w; =~ Qg Ra-
man resonant vibrational mode, which include w;(¢) fourth-order and ws(t)
second-order Markovian stochastic correlation functions; (iii) 7-dependent
cross-correlation terms between RENFWM and ws DFWM processes, which
include wug(t) fourth-order and wq(¢) second-order Markovian stochastic cor-
relation functions. Different Markovian stochastic models of the laser field
only affect the sixth- or fourth-, not second-order correlation functions.

We first assumed that laser sources are chaotic fields. A chaotic field,
which is used to describe a multimode laser source, is characterized by the
fluctuation of both the amplitude and the phase of fields. The random func-
tion u;(t) of complex noisy fields is taken to obey complex Gaussian statistics
with its sixth- and fourth-order coherence function satisfying [11, 12]

(wi (b1 )wi (b2 )ui(ts)us (ta)u; (ts)u; (te))

= (u(t1)uj (ta)) (wi(t2)us(ts)uj (ts)u; (te)) +

(i(t)ug (t5)) x (ui(t2)uilts)u (ta)u; (t
(wit)u] (te)) x (uilta)ui(ts)u (ta)u;

(wi(t1)ui(t2)u; (t3)u; (ta))
= (ui(t1)uj (t3)) (wita)u; (ta)) + (wi(ts)uy (ta)){ui(ta)u; (t3)). (3.11)

All higher order coherence functions can be expressed in terms of products of
second-order coherence functions. Thus any given 2n order coherence function
may be decomposed into the sum of n! terms, each consisting of the products
of n second-order coherence function.

%
t3 u
t3)u . (1=1,2,3) (3.10)
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Furthermore assuming that laser sources have Lorentzian line shape, then
we have

(u; (t1) uy (t2)) = exp (—a; [t1 — t2]) . (3.12)

1
Here, a; = 2&% dw; is the linewidth of the laser with frequency w;.

The composite noisy beam 1 (beam 2) is treated as one whose spectrum
is simply a sum of two Lorentzians. The high-order decay cross-correlation
terms are reasonably neglected in our treatment. After performing the tedious
integration we obtain for:

(i)7>0

XEVEVR 2XXRYRA
(VR4 a1)(vg +A2)  4F + A2
°x*(4y* 4 5yas + 203)

(v + a3)(y + 203)

YXRYRA YXRYRA
2 —
{|:X(7+a3)+(2a3—’y§%)2+A2 %%_,_AQ]X

I(A,7) x By + [XQ + } exp(—2aq |7]) +
2nx

x exp(—2as |7]) + ¥+ 204

/! 2 _ A
COS[Ak P — (Wl + u)g)T] + |:’YXR7R’YR _ ’YXR'YR( Qs 7R):| >

VA2 T (20— )2 + A2

sin[Ak - r — (w1 + wg)T]} exp[— (a1 + az) |7|]- (3.13)

(i) 7 <0

2 .2 /
XRVR(201 —7R)
I(A,7) x B +{ 24 -
(BT o Bt X () )l (201 — ) + A
2XXRYRA

X (4 = 3as)
(Vg — 201)? + A?

} exp(—2aq |7]) + Y

67’]2){2')/204% -
-2 X
(32 = a3)(y2 — 4a3) P2 T X%

TR~ 2VR < Lo, om )+
(Yl — 27R)° + A2 \a1 =R a3 — 7R

VR ( L m )_
12 A2
Vg + a1 +79r @3+ YR
2(1 +n2)[v2 + A% — (g + a3)?

( . 772)[ZR ) ( ; 32)] exp(—2'yR|T|)+
(v& +A2)[(vg — 2vr)? + A%

2 XXRYRA

exp(—2ag |T]) +
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XXRYR(201 — VR)

(201 — vR)? + A2

exp[— (a1 + as) |7]]. (3.14)
Here, m1 = ea2/el,m2 = e/e1,m = eyea/eier; Ak = (k1 — k1) — (ky — k2);
Yr = a1 + a3 + ygr; and

sin[Ak - r — (w1 + W3)T]} X

By = y2y 1 " n?(27 + as) } XRYRVR
Y42 (a3 +7)2az+7)]  E+ A2

(Vr + 7+ 201) (Vg +7) + 2017R + A?

2 A .
XEXTRYZ (o 4 200)(v2 + A2)[(v5 +7)2 + A?]

The sum-frequency REPB is generally different for 7 > 0 and 7 < 0.
However, as |7| — oo, Eq. (3.13) is identical to Eq. (3.14). Physically, when
|7| — o0, beams 1 and 2 are mutually incoherent. Therefore whether 7 is pos-
itive or negative does not affect the sum-frequency REPB. Different Marko-
vian stochastic models of laser fields only affect the sixth- or fourth-, not
second-order correlation functions. The interferometric contrast ratio of inter-
ferogram mainly determined the cross-correlation between RENFWM and ws
DFWM processes is equally sensitive to the amplitude and phase fluctuations
of chaotic fields. The constant term x%vrV5/ (V5 +A?) in relations (3.13) and
(3.14), which is independent of the relative time-delay between twin beams 1
and 2, originates from the phase fluctuation of chaotic fields, while the purely
decay terms including these factors exp(—2ay |7]), exp(—2as |7|), exp(—2v|7])
and exp(—2vg |7|) in relations (3.13) and (3.14) come from amplitude fluctu-
ation of chaotic fields. Physically, the chaotic field has the property of photon
bunching, which can affect any multiphoton process when the higher-order
correlation function of the field plays an important role.

Equations (3.13) and (3.14) generally indicate not only the characteristic
of twin laser fields, but also a molecule vibrational property. Specifically,
the temporal behaviors of the sum-frequency REPB intensities mainly reflect
the characteristics of twin composite laser fields for 7 > 0, and molecule
vibrational property for 7 < 0. The sum-frequency REPB signal versus 7
typically shows the attosecond scale modulation with a sum-frequency ws+w,
and a damping rate a; +as. If we employ sum-frequency REPB in attosecond
scale to measure the modulation frequency wy = w3 + w1, the accuracy can
be improved by measuring as many cycles of the attosecond modulation as
possible. Since the amplitude of the attosecond modulation decays with a
time constant (o + a3)~! as |7| increases, the maximum domain of time
delay |7| should equal approximately 2(a; +as3)~t. We obtain the theoretical
limit of the uncertainty of the modulation frequency measurement Aw, which
is Awg = m(a1 + ag), i.e., in the modulation frequency measurement the
theoretical limit of the accuracy is related to the decay time constant of the
beat signal modulation amplitude.

Equations (3.13) and (3.14) indicate that beat signal oscillates not only
temporally but also spatially with a period 2m/Ak along the direction Ak,
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which is almost perpendicular to the propagation direction of the beat sig-
nal. Here Ak & 27 |A; — A\3| 0/ A3A1, 0 is the angle between beam 1 and beam
2. Physically, the polarization-beat model assumes that the twin composite
beams are plane waves. Therefore, RENFWM and w3 DFWM signals, which
propagate along ki — k7 + k3 and kb, — k2 + k3, respectively, are plane waves
also. Since FWM signals propagate along the slightly different direction, the
interference between them leads to the spatial oscillation. To observe the spa-
tial modulation of the beat signal the dimension of the detector should be
smaller than 0.6 mm, which should be detected by the pinhole detector. The
finite thickness of the sample has a catastrophic effect on the correlation of
counter-propagating color-locked noisy fields. Although transverse modula-
tion of attosecond REPB signals is considered, the effect of signal integration
in the longitudinal direction is reasonably neglected here.

It is interesting to understand the underlying physics in the REPB with
incoherent lights. Much attention has been paid to the study of various ul-
trafast phenomena by using incoherent light sources recently [25—-27]. The
REPB with incoherent lights is related to the three-pulse Raman echoes. It
is different from the conventional true Raman echo, which is a seventh order
process or the Raman pseudo-echo which is a fifth order process [27]. For the
sake of analytical simplicity, the second-order correlation of broadband noisy
light can be treated as d-functions in time. Then we have

2
exp(—ozi |t1 — t2|) ~ o 5(t1 — tz) s 1= 1,2,3. (315)

(2

When we substitute Eqs. (3.10) - (3.12) and (3.15) into I(A, 7) o< (| P®) |2>7
we obtain, for:

(i)T>0
2.2
XrVR 2XXRYRA
I(A,7) < By + |X* + _ exp(—204 r]) +
( ) ’ |:X as(o1 +Yr) 'ygﬁ-AQ p( 1]7])

°x*(v* + 203 4 5v%as + 5a3y)

X exp(—2as |T|) +
as(y + 0s)(y + 2as) p(~2aa])

2nx YXRYRA YXRYRA
2 . _
7+2a3{{X(’Y+a‘3)+(2a3—7}%)2+A2 ’y}%—l—AQ

YXRYRYR  YXRYR(203 —VR)
Ak -7 — =
cos| r— (w1 +ws3)7] + [ V24 A (203 —7})? + A2 X

sin[Ak - r — (w1 + w3) 7]} exp[— (a1 + az) |7]]. (3.16)
(i) 7 <0
2.2
XRVR 2XXRYRA }
I(A, By +3x* — _ L N
(A, 7) x By {X as(ar —7r) (Y — 2a1)? + A2 exp(—2aq |7])

2.2 2 2.,2,2
X" Bas(az—vy) —v 207Xy
Paes )= exp(-gaalrl)+ 2017, exp(-2 1)+

3

az(az—7)
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2k 2 XXRYRA
exp(—2vr |7]) +4n< [ X° — X
as(af — %) ( i) (a1 — ag)? + A2

_ XXRVR(01 — a3)

cos[Ak -7 — (w1 + w3)T] (a1 — a3)? + A2

sin[Ak - r — (w1 + wg)T]} exp[— (a1 + az) |7|]. (3.17)
1 2 : 2 4 A
Here, By = y2+° [ n* (37 + as) ] Xeve - Hoeed
2017 203y(as +7) ar iy +7)? + 4%

Equations (3.16) and (3.17) are analogous to Egs. (3.13) and (3.14), re-
spectively. The three-order polarizations [see Egs. (3.7)—(3.9)], which in-
volves the integration of ¢’ from 0 to oo, are the accumulation of the polar-
ization induced at a different time. In broadband linewidth and v > g case,
the modulation frequency of the femtosecond difference-frequency REPB cor-
responds to Raman resonant frequency Qp directly, and the symmetric line-
shape [24] of the RENFWM is also good for tuning ws—ws to Qg. Specifically,
the relative phase between P; and Ppr; is now a stochastic variable. Due to
the randomization of the relative phase between the Raman resonant term
from Ppr; and the nonresonant background from P; the interference between
them disappears almost completely. As a result, The RENFWM spectrum
exhibits a symmetric line shape (Fig. 3.3).

1.0F '
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Fig.3.3. Normalized RENFWM signal intensity versus A/vyr for x/xr =
0.5,a3/vr = 0.1, 1 /yr = 2, and yr7T = 10,v/vr = 0.001 (solid curve), 1 (dashed
curve), 4 (dotted curve), 100 (dash-dotted curve).

We have assumed that the laser sources are chaotic field in the above cal-
culation. A chaotic field, which is used to describe a multimode laser source,
is characterized by the fluctuation of both the amplitude and the phase of the
field. Another commonly used stochastic model is a phase-diffusion model,
which is used to describe an amplitude-stabilized laser source. This model
assumes that the amplitude of the laser field is a constant, while its phase
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fluctuates as a random process. If the lasers have Lorentzian line shape, the
sixth-and fourth-order coherence function is [15, 16]

(wi(tr)ui(t2)ui(ts)ug (ta)u; (s )u; (te))
=exp|—a;(|t1 — ta] + |t1 — ts] + |t1 — o] + |t2 — ta] + |t — 5] +
[t — te| + [tz — ta| + [t3 — t5| + [ts — t6|)] explai([t1 — t2| +
|t1 — t3| + |t2 — t3| + |t4 — t5| + |t4 — t6| + |t5 — t6|)], (3.18)

(wi(tr)wi(t2)u; (ta)u; (ta))
= exp[—a;([t1 —t3| + [t1 — ta| + [t2 — t3] + [t2 — ta])] ¥
explai([t1 — ta] + [tz — ta])]. (3.19)

After substituting Eqgs. (3.12), (3.18), and (3.19) into I(A, 7) <|P(3)|2>
we obtain as follows:
(i)7>0

4 arA —2 Ay + 2a 2 o
(A T) x Bs + XRXVTRO1 XR/)Q('YR gW 1) UX;;’XR'}’I; 3
’Y+2041)(’YR+A) g +A

[ ¥
YXRYRO3 a3 a3
(Vg — 1) (203 — v +1A) (Vg + v —i4A)
(205 = 7R)2 + A%[(vh +7)2 + A%
(Ve +14)(2as — v —1A) (Vg +7 +i4)
(203 —7R)? + A[(vg +7)* + A?]

sin[Ak - r — (w1 + LU3)T]} exp [ — (o1 + ag)|7]]. (3.20)

(i) <0

I(A,7) < B3 + 21 XYXRYR X
(200 — v —1A) (Vg +1A) (v +y +iD)
(201 —7R)? + AZ(vE + AQ)[(V% + 7)2 + A?]

(201 — 7R +1A) (v —1A) (7R iA)
(201 = vR)? + A|(vE + AQ (7 ) + A?]

2x°n —

21A
RS B

dnxxrYRO3A
(2a3 + ¥)[(1 — 3as —vr — )% + A?]




3.1 Attosecond Sum-frequency Raman-enhanced Polarization Beats Using Twin
Phase-sensitive Color Locking Noisy Lights 95

()] — 2 YXRYR(200 = VR)
AR T LT (g 4 (20 )2 + 22
sin[Ak -7 — (w1 + wg)T]} exp[— (a1 + az) |7]]. (3.21)

After that, based on phase-diffusion model, we consider the three-pulse
Raman echo when the laser sources have a broadband linewidth. Substituting
Eqs. (3.12), (3.15), (3.18) and (3.19) into I(A, ) o« (| P®)]?), we obtain for:

(i)T>0

2 2+ A? A
I(A,7) o By + XRTRAS x(Vk ) n
vE+A YXRYRO3 Y3

(Vg —18)(2a3 =7 +148)

[(2as —vR)* + A2[(Vg +7)* + A?]

i(vg +1A)(2a3 — v —iA) (v +7 +14)

by —iA) —
7 =18 = 005 )2 4+ A2)[(p 4 7)2 + A2)
Tr
cos[Ak - r — (w1 + w3)7] + -
ple%!

(VR —1A)(2a3 — 7R +1A) (7R + v —i4A)
(203 = vR)? + A2][(vR + )% + AZ]
(Vg +1A)(2a3 — 7R —1A) (7R + v +14)
(203 = vR)? + A2][(vR + )% + AZ]

sin[Ak - r — (w1 + ws)7]} exp[— (o1 + ag) |7]]. (3.22)
(i) 7 <0
2 AnxXrYRO3A
H(A,m) o Ba+ { XN (9ag +)[(a1 — 30 — 1r — )2 + A2 | <
cosIAK - 1 — (s + wa)r] — 20X YXRYR(200 — V)
[AKk (w1 + ws3)T] (203 +7)[(201 — )2 + A]
sin[Ak -7 — (w1 + wg)T]} exp[— (a1 + as) |7|]. (3.23)

Here,

1 0’ XE VRV
By =x* + + SRR,
3 Xv('y—k?al 2a3+'y) v + A2
X4 xkvR - AeRA

By = :
! 2037 ar al(vg +7)? + A%



96 3 Raman, Rayleigh and Brillouin-enhanced FWM Polarization Beats

The high-order decay cross-correlation terms are reasonably neglected in our
above treatment. Equations (3.22) and (3.23) are analogous to Egs. (3.20) and
(3.21), respectively. Equations (3.20) and (3.22) indicate that when 7 > 0,
the temporal behavior of the beat signal intensity reflects mainly the char-
acteristic of the lasers. When 7 < 0, Eqgs. (3.21) and (3.23) are mainly de-
termined by a molecule vibrational property. Equations (3.20)—(3.23) are
remarkably different from the result based on a chaotic model. Equations
(3.20) - (3.23) are short of the purely auto-correlation decay terms including
these factors exp(—2ay |7]), exp(—2as |7]), exp(—2v|7]), and exp(—2vyg |7]),
which are shown to be particularly insensitive to phase fluctuations of Marko-
vian stochastic light fields. The drastic difference of the results also exists
in the higher-order correlation on difference-frequency REPB when three
Markovian stochastic models are employed.

Phase Angle 04

Fig. 3.4. Phase angle 64 versus frequency detuning A/yr. The three curves repre-
sent x/xr = 0.3(solid curve),x/xr = 0.6 (dashed curve), and x/xr = 0.9 (dotted
curve).

The Raman-enhanced nonlinear polarization and the corresponding sus-
ceptibility have the relation P4 = P; + Pr1 = S(r)xa. Based on the cross-
correlation terms of the Raman REPB, we can obtain the expression of the
Raman-enhanced susceptibility x4 for 7 < 0 different from that for 7 > 0
because of the interplay between the material and the light responses. We de-
compose the nonlinear susceptibilities x 4 into a real and an imaginary part,
ie, xa = X'4+ixy. On the other hand, x4 can be expressed as |xa|expifs =
Ixalcos@a + i|xa|sinfa with 64 given by 04(Az) = tan=1(x’4/x’4). The
phase dispersions 64 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. Figure 3.4 shows the phase dispersion of Raman-enhanced FWM in-
cluding the influence of the color-locked noisy field for 7 > 0. In Fig. 3.4
the phase angle 04 shows the absorption-like shape. When x/x g increase, it
becomes more symmetrical at A = 0 and the value decreases more drasti-
cally. In the cw limit (a; = 0),xa for 7 < 0 and 7 > 0 become same, i.e.,
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XA = X — XrRYR/ (A2 +ivRr). X'4(A) is neither an odd nor an even function
due to x term, and x4 (A) is an even function. So 04 shows the asymmetric
absorption-like line shape.

A direct comparison between a solid curve and a dashed curve in Fig. 3.5
indicates a drastic difference between them. In the case of a1, a3z << v, g,
the phase-diffusion model predicts a damping oscillation of attosecond sum-
frequency REPB signals around a constant value. We can understand this
phenomenon as follows. The interference pattern of the w,(ws) component
of twin composite beams 1 and 2 will be in constant motion with a char-
acteristic time constant aj'(az') when || is much longer than the laser
coherence time 7.. In the case of oy, a3 << 7,7vg, the relaxation time of the
molecular-reorientational grating is so short that the induced gratings G1
and G2 always follow the interference pattern, and therefore the beat signal
will never decay. On the other hand, the relative phase between G1 and G2
fluctuates randomly, which makes spatial interference between them impos-
sible. In this case, the beat signal intensity is simply the summation of the
signal intensity originating from G1 and G2. In contrast, the fringes of G1
and G2 are stable when |7| < 7.. The constructive or destructive interference
between G1 and G2 enhances or reduces the beat signal and gives rise to
the oscillation of the beat signal intensity as 7 varies. We note that the main
difference between the phase-diffusion model and the chaotic model is that
amplitude fluctuation exists in the latter case. When |7| < 7., the coincidence
of intensity spikes of two composite beams gives an additional enhancement
of beat signals for the chaotic model [24].

1.0

Signal Intensity (arb.units)
f=
wn

oL o v 1
-8 -6 -4 -2 0 2 4 6 8
Time Delay (fs)

Fig. 3.5. The attosecond sum-frequency REPB signal intensity versus relative time
delay. The three curves represent the chaotic field (dashed line), phase-diffusion
field (solid line), and Gaussian-amplitude field (dotted line). The parameters are
wi = 3.237 fs7' w3 = 3.358 fsTHr = 0, = m2 = 1,A = 0,x/xr = 0.5,7r =
5x107° fs7h vy =2 x 107* fs71 Ak = 10.58 mm ™!, a; = 0.278 fs7 !, and a3 =
0.299 fs—*.

The Gaussian-amplitude field has a constant phase but its real amplitude
undergoes Gaussian fluctuations. If the lasers have Lorentzian line shape, the
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sixth- and fourth-order coherence function is [11, 12]

); (3.24)

= (u;(t1)wi(ts)) (ui(t2)ui(ts)) + (ui(ts)ui(ta)) x
(uit2)ui(ts)) + (wi(t)ui(tz)) (ui(ts)ui(ta)). (3.25)

Based on the Gaussian-amplitude field, the high-order decay cross-correlation
terms have been reasonably neglected. After substituting Eqgs. (3.12), (3.24),
and (3.25) into I(A,T) x <|P(3)|2>, we obtain as follows:

(i)T>0

XEVRVR _ 2XxXRYRA

exp(—2«a -+
(1r + a1)(v2 + A2) 2 4 a2 | X2 lT])

I(A,7) < Bs — 2[x* +

X (1172 + 14yas + 4a3) exp(—2as |7]) + 2nx
(v + a3)(y + 203) v+ 203
YXRYRA XRYRA (203 — )
3y + 2
{[X( TH20)F gy g rar T azaar X
XRYRVR(Y — 203)

cos[Ak - r — (w1 + w3)71] +

Vi + A2

YXRYR(203 — VR)

(205 — 7p)? + A2 x sin[Ak - r — (wq +w3)7']} X

exp[— (a1 + as) |7]]. (3.26)
(i) <0
2.2 /
XEVR(200 —7R) 2XXRYRA
I(A,7) x Bs+24 x>+
(At {X (s =201 2+ 2% T (o ~200)2+ A2
12,'72X2,y2a2

exp(—2aq |7]) + 107%x? exp(—2as |7]) + (12 — a2)(y? — 4a2) X
o3 3

Yr — 27R
exp(—27|7|) + 2x%7% +
(=2vI71) + 2x&7R (v, — 2vR)? + A2) (a1 — VR)

VR 2R AT (atas)?]
(g +A%) (1 +vr)  (vF +A)[(vg — 29Rr)* + A7)
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2XXRYRA
exp(—2vr |7 4 3x? — X
p(—2vr |7|) + n{[ X7 20y — )2 4 A

_ XXrYR(201 — 7R)

cos[Ak -7 — (w1 + w3)T] (201 — %)% + A2
R

sin[Ak-r — (w1 + wg)T]} exp[—(a1 + a3) |7]] +

dnxxryros A2a03 +7) -
(2a3 +7)(2a3 —7) (Vg —7 — 27R)? + A2
A(2a3 — ) A(2a3 —7) AQ2az + 1)

(Ve —2vR)* + A% (Y +7)P + A7 A+ A2

/

(Vg =7 — 27r)(2a3 + )

Ak -r— —iA
cos| r— (w1 +ws3)T —IAT] + (Ypy — 7 — 27R)? + A2

(Ve —27r)(2a3 =) (Vg +7)(2az —7) | Yr(2asz +7)

(Ve — 2vr)* + A2 (Vi +7)2 + A2 V2 4+ A2
sin[Ak -7 — (w1 +ws)T — iAT]} exp[—(y +vr) |7]]- (3.27)
Here,
Bs = x>y . +12a1 + (agﬂj(i’))’(;a(j?»l 7)} j}%’fl% _

/ / / 2

vy A TEETE 204/;)(%% ;L 7) s 2a1;m + f .
(v +200) (g + A2)[(vR +7)? + A%
Equations (3.26) and (3.27) generally indicate not only the characteristic of
twin laser fields, but also a molecule vibrational property. Specifically, the
temporal behaviors of the sum-frequency REPB intensities mainly reflect
the characteristics of twin composite laser fields for 7 > 0, and material
vibrational property for 7 < 0. Based on the Gaussian-amplitude field, the
resonant cross-correlation between the Raman-active vibrational mode and
the molecular-reorientational grating (i.e., a factor exp[—(y + vgr) |7|]) are
shown in Eq. (3.27) for 7 < 0. The 7 independent constant background of the
Gaussian-amplitude field is slightly larger than that of the chaotic field (i.e.,
Bs > By), which originates from the amplitude fluctuation of the Markovian
stochastic field.

After that, based on Gaussian-amplitude field, we consider the three-pulse
Raman echo when laser sources have a broadband linewidth (noisy light).
Substituting Egs. (3.12), (3.15), (3.24), and (3.25) into I(A,7) o (|P(3>|2>,
we obtain as follows:
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(i)T>0

2 .2 2 A
I(A,7) < Bg + 2{)(2 — XRTR _ “XXRTR } exp(—2aq |7]) +

(i) <0

(YR +a1)as  YE+ A2

?x* (v + 5y%as + 5ya3 + 203)
as(y + asz)(y + 203)

2v + 2a 2
2 o &Y 3+ Y

v+2a3  asz(y+as)

2nx
v+ 2a3
XrRYVRA(5az +27)
az(vh + A?)

YXRYRA
3 2 —
X( ’y+ Oé3)+ (2@3_7}%)2+A2

cos[Ak - r — (w1 +w3)7| +

XRYYRYR(2Y +5as)  vXrRYR(203 —7R)
043’)/3% + AQ (2&3 — ’)’%)2 + AQ

sin[Ak - r — (w; + ws)T]} exp[—(a1 + az) |7]].

2.2 9 A
I(A,7) < Bg + 2{)(2 - TR X

Here,

Bs = x*+? {

(1 —vr)as (VR — 201)* + A?
*x?(10vas + 1003 — 292)
as(as —7)
2,22

An=x"y
)
a2 o XP(=2yIT]) +

exp(—2aq |T]) +
exp(—2as|7]) +

XXRVYRA
exp(—2vr|7|) + 477{ X2 - (2a; — ! )2 + A2
R

XXRYR(201 —VR)

Ak-r— -
cos[Ak - r — (w1 + w3)T] (201 — 73)? + A?

sin[Ak - r — (wy + ws)T]} exp[—(a1 + az) |7]].

1 n2(3y + as) n?
2007 2037(2a3 +7)  az(az+7)
XEYR 4XRYXVRA

o arf(vg+7)?+ A

} exp(—2as|7]) +

}x

4X2R71220‘1
a3(04% - '7123)

X

(3.28)

(3.29)
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Equations (3.28) and (3.29) are analogous to Eqs. (3.26) and (3.27), respec-
tively.

The attosecond sum-frequency REPB indicates that beat signal oscillates
not only temporally but also spatially along the direction Ak, which is al-
most perpendicular to the propagation direction of the beat signal. Three
normalized three-dimensional interferograms of the signal intensity I(7, A)
versus time delay 7 and frequency detuning A, I(7, r) versus time delay 7 and
transverse position r, and I(A, r) versus frequency detuning A and transverse
position r, respectively, have a smaller constant background caused by the
intensity fluctuation of the narrowband (0.01 nm) chaotic field in Fig. 3.6. At
zero relative time delay (7 = 0), twin beams originating from the same source
enjoy perfect overlap at the sample of their corresponding noise patterns in
Figs. 3.6(a) and (b).

(©

Fig. 3.6. Three normalized three-dimensional interferograms of the signal intensity
I(7r,A) versus time delay 7 and frequency detuning A, I(,r) versus time delay 7
and transverse position r and I(A,r) versus frequency detuning A and transverse
position r, respectively. The parameters are wi = 3.237 fs™*, w3 = 3.358 fs~ ', a1 =
2.78 x 107° fs™! g = 2.99 x 107° fs™ x/xr = 0.5,yr = 5 x 107° fs7' v =
2x107* fs™! g =2 = 1, Ak = 10.58 mm™*; while » = 0 for (a), A = 0 for (b),
and 7 = 0 for (c).

This gives maximum interferometric contrast. As |7| is increased, the
interferometric contrast diminishes on the time scale that reflects material
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memory, usually much longer than the correlation time of the noisy light. The
pure auto-correlation decay terms of the Raman-active vibrational mode, the
molecular-reorientational grating, and laser fields for the attosecond sum-
frequency REPB originated from the amplitude fluctuation of Markovian
stochastic fields.

It is important to note that these three types of Markovian stochastic
fields can have the same spectral density and thus the same second-order co-
herence function. The fundamental differences in the statistics of these fields
are manifest only in higher-order coherence functions [21, 22]. The term
“higher order” refers to all orders larger than the second. In this section,
different stochastic models of laser fields only affect the sixth- and fourth-
order coherence functions in frequency- and time-domains. At a fixed large
time delay (i.e., 7 = 500 fs), Fig. 3.7 give RENFWM spectrums for three
Markovian stochastic fields using laser linewidths 0.01 nm and 0.1 nm, re-
spectively. Comparing to the narrowband case [Fig. 3.7 (a)], Fig. 3.7 (b) shows
a much larger nonresonant A-independent background. On the other hand,
Fig. 3.5 presents the attosecond sum-frequency REPB versus relative time
delay with fixed frequency detuning (i.e., A = 0). Due to the interference of
cos[Ak-r — (w1 +ws)7] and sin[Ak - r — (w1 +ws)7] factors of Egs. 3.13, 3.14,
3.16, 3.17 (for chaotic field), Eqs. 3.20-3.23 (for phase-diffusion field), and
Eqgs. 3.26-3.29 (for Gaussian-amplitude field), the temporal behavior of the
attosecond sum-frequency REPB is asymmetric with the maximum of the
beat signal shifted from 7 = 0 (Fig. 3.5). Whereas in the limit of A — oo,
the term with sin[Ak - r — (w1 + w3)7] factor will disappear, then the beat
signal exhibits a symmetric behavior. The peak-to-background contrast ra-
tio of the chaotic field is larger than that of the Gaussian-amplitude field
or the phase-diffusion field in Figs. 3.5 and 3.28. Furthermore, the contrast
ratio of the phase-diffusion field is slightly larger than that of the Gaussian-
amplitude field. The physical explanation for this is that the signal contrast

= 1.0F 1.0
= =
£ 5
Z 205
2 2
= ot
= =
s, -
£ g
n o0
. . £ 0.0
-40 =20 0 20 40 -8
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(@)

Fig.3.7. RENFWM spectrum with fixed time delay. The three curves represent
the chaotic field (dashed line), phase-diffusion field (solid line), and Gaussian-
amplitude field (dotted line). The parameters are x/xr = 0.5,7r = v =
5x 1075 fs~1, 7 = 500 fs; while ay = 2.78 x 107° fs~1 vk = 1.077 x 10~* fs~! for
(a), and oy = 2.78 x 107* fs7 1, 4% = 6.27 x 107* fs~* for (b).
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ratio is equally sensitive to the amplitude and phase fluctuations of Marko-
vian stochastic fields. The polarization beat signal is shown to be particularly
sensitive to statistical properties of Markovian stochastic light fields with ar-
bitrary bandwidth. The A- or 7-independent constant background of the beat
signal for Gaussian-amplitude field or chaotic field is much larger than that
of the signal for a phase-diffusion field in Figs. 3.5 and 3.7. The physical
explanation for this is that the Gaussian-amplitude field undergoes stronger
intensity fluctuations than a chaotic field. On the other hand, the intensity
(amplitude) fluctuations of Gaussian-amplitude fields or chaotic fields are
always much larger than the pure phase fluctuations of phase-diffusion fields.

Next, we discuss the chromophore P difference between the sum-freque-
ncy REPB with a phase-conjugation geometry and the sum-frequency ul-
trafast modulation spectroscopy (UMS) [15] with a self-diffraction geometry
from a physical viewpoint. The frequencies and wave vectors of sum-frequency
UMS signals are ws, = 2w — w,ws, = 2ws — we and ks, = 2k — ki, ks, =
2k!, — ko, respectively, which means that a photon is absorbed from each of
the two mutually correlated fluctuating pump beams. On the other hand,
the frequencies and wave vectors of the sum-frequency REPB signal are
Ws, = W1 —wW1tWw3, Ws, = Wz—w3+ws and k51 = kl—kll-l—kg, k52 = ké—kg-l—kg,
respectively [Fig. 3.1(c)], therefore photons are absorbed from and emitted
to the mutually correlated fluctuating twin beams 1 and 2, respectively. This
difference between the REPB and the UMS has profound influence on field-
correlation effects. We note that the role of beams 1 and 2 are interchangeable
in the UMS, this interchangeable feature also makes the second-order coher-
ence function theory failure in the UMS. Due to (u(t1)u(t2)) = 0, the absolute
square of the stochastic average of the polarization |(P(®)})|? cannot be used to
describe the temporal behavior of the sum-frequency UMS [20]. Our higher-
order correlation (intensity correlation) treatment also is of vital importance
in the sum-frequency UMS. Moreover, because of (u;(t)) = 0 and (u}(t)) = 0,
the absolute square of the stochastic average of the polarization |(P(3))|?,
which involves second-order coherence function of w;(t), cannot be used to
describe the temporal behavior of the attosecond sum-frequency REPB. The
sixth-order correlation theory <|P(3) |2> reduces to the second-order correla-
tion theory [(P())|? in the case that the laser pulse width is much longer than
the laser coherence time. The second-order coherence function theory is valid
when we are only interested in the 7-dependent part of beating signals [20].
Therefore, the sixth-order coherence function theory is of vital importance
in the sum-frequency REPB. The application of higher-order results to the
difference-frequency REPB experiment yielded a better fit to data than an
expression involving only second-order coherence. Apparently, the nature of
Markovian fields has a more drastic effect on the outcome of the experiment
than the underlying molecular nonlinearity. Since real laser fields are un-
likely to behave like the pure three field classes, a complicated superposition
of various types of responses is to be expected. In a Kerr medium carbon
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disulfide with the 655.7 cm~! vibrational mode, the sum-frequency REPB
experiment is now underway in our group (The key question is the design of
a dispersion-compensated Michelson interferometer delay line in attosecond
scale).

3.1.3 Heterodyne Detection of Difference-frequency REPB

Since optical fields oscillate too quickly for direct detection, they must be
measured “in quadrature”-as photons. There are two ways to achieve quadra-
ture. One is homodyne detection in which the new polarizations is measured
at its quadrature, (Py + Pr1)[(P1)* + (Pr1)*]. These signals must be propor-
tional to ‘X(‘B) |2. Thus, Thom odyne X ‘X(‘B) |2 and all phase information in X(3)
is lost. The second way to achieve quadrature is to introduce another polar-
ization, Py, (called a reference signal) designed in frequency and wave vector
to conjugate (go into quadrature) in its complex representation with the new
polarization of interest. Thus, in the heterodyne case, the signal photons are
derived from (P, + Py + Pri)[(P1)* + (P5)* + (Pr1)*] or Ineterodyne X x®
(the signal is linear rather than quadratic). In heterodyne detected (3 + 1)
wave mixing, phase information is retained and one can take a full measure
of the complex susceptibility, including its phase. The phase of the complex
induced polarization, P’®®, determines how its energy will partition between
Class I (the absorbed or emitted active spectroscopy) and Class II (the pas-
sive spectroscopy with a new launched field) spectroscopies [3].

We demonstrated a phase-sensitive method for studying the RENFWM.
The reference signal is another FWM signal, which propagates along the same
optical path as the RENFWM signal. This method is used for studying the
phase dispersion of the third-order susceptibility x(3) and for the optical het-
erodyne detection of the RENFWM signal. Based on three types of models
described above, subtle Markovian field correlation effects will be investigated
in the heterodyne detection of the femtosecond difference-frequency REPB.
Compare with the above homodyne detection scheme of the attosecond sum-
frequency REPB, the composite twin beams 1 and 2 for the heterodyne de-
tection scheme of the femtosecond difference-frequency REPB also originate
from the same color locking noisy lights. The complex electric fields of beam
1, E!,, and beam 2, Ez/ﬂ’ instead of Ey; and Epg, respectively, can be written

p
as:

B, = Ei(r,t) + Fa(r,t) = Ay (r,t) exp(—iwit) + Ba(r,t) exp(—iwat)

e1uq (t) expli(ky - ¥ — wit)] + equa(t) expli(ks - r — wat)],  (3.30)

Epy = Ei(r,t) + Fy(r,t) = A} (r,t) exp(—iwit) + By(r,t) exp(—iwat)
= eluy(t — 7)expli(k] - — wit +wiT)| + ehua(t — 7) x
expli(ky - 7 — wat + waT)]. (3.31)
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Compared with beam 1 (E},; ) case, the frequency components w; and ws
of beam 2 (E,,) are relatively delayed by an interferometric time 7 in the
heterodyne detection. Specifically, there is a ws = w3 in the above homodyne
detection scheme of the attosecond sum-frequency REPB.

The order parameter )4 of nonresonant static grating induced by ws

frequency components of beams 1 and 2 satisfy the following equation

dQy

ot YQ4 = xVFa (7, t)[Fy(r, t)]". (3.32)

The induced third-order nonlinear polarization Pj of wa component which
is responsible for the FWM signal is

Py = Qy(r, 1) Es(r, t)
= xvea(eh) e exp{i[(ka — kb + k3) - 7 — w3yt — waT]} X

/0 " alt — (= — 7)us(t) exp(—t')d. (3.33)

Polarization beat is based on the interference at the detector between FWM
signals, which originate from the macroscopic polarizations excited simulta-
neously in the sample. It prefers that all the polarizations have the same
frequency. The frequencies of u;(t), Py, and Pg; are ws, while Pro and Pgrs
have frequencies w; — wy + w3 and wy — wy + w3, respectively. Furthermore,
due to the phase mismatching, FWM signals from Pro and Pgrs are usually
much smaller than that from Pj, Pj, and Pgri. So we have the total third-
order polarization P’G) = P, + P} 4+ Pry. The third-order nonlinear polar-
izations Py + Pry and Py correspond to RENFWM process and wo NDFWM
process which have wave vectors k1 — k] + ks and ko — kb, + ks, respec-
tively. Difference-frequency REPB signals are proportional to the average of
the absolute square of P'® over the random variable of the stochastic pro-
cess, so that the signal intensity I(A,7) o< |[P'®)(P'®))*) = (P, + P} +
P3)[(P1)* + (P5)* + (Pr1)*]) contains 3 x 3 = 9 different terms in the fourth-
and second-order coherence function of uq(t) in phase-conjugation geometry,
where (P Py), (P Py*), (Pry Pry), (PP, and (Pyf Pry) are include the u (t)
or us(t) fourth-order coherence functions; while (PyP5), (PyPs), (PyPphy),
and (Pj* Pry) are include the w;(t) second-order coherence functions. In gen-
eral, the REPB of heterodyne detection (at the intensity level) can be viewed
as built of the sum of three contributions

I(Av T) X IPQ' + IPl»PRl + IPQ',Pl,PRN

where Ipy = (PyPy"), Ip, ppy = (PLPY) + (PriPpy) + (P1PRy) + (P Pr1),
and Ip; p, pr, = (P1Py") + (PfP) + (PyPpy) + (Py* Pri): (i) the nonreso-
nant auto-correlation term Ip; of wy molecular-reorientational grating, which
include ugy(t) fourth-order and us(t) second-order Markovian stochastic corre-
lation functions; (ii) the autocorrelation term Ipy p,, (i.e., RENFWM) of wy
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nonresonant molecular-reorientational grating and ws — w1 &= wr Raman res-
onant vibrational mode, which include uq(t) fourth-order and wus(t) second-
order Markovian stochastic correlation functions; (iii) the cross-correlation
term Ip; p, pg, between Ip; and Ip, py,, which include u;(t), u2(t) and us(t)
second-order Markovian stochastic correlation functions.

Based on the chaotic field, we first have difference-frequency REPB signals
in heterodyne detection, for:

(i)7>0

X*v | XRVWRVR
Y420 AR+ A2
2XVXRYRA(A? + 2ya1 + 42 + 4ygar + 29y +75)
(v + 201) (vF + A?)[(vg +7)? + A2

2 | XEVEYR — 2XXRVRA(YR + 011)
X + 12 2
(YR + 1) (Vg + A2)

I(A,T)chp2/+
+

exp(—2aq |7]) +

2 || xnexp[—(a1 + az) |r]] x

cos|[—Ak - r + (w1 —wa)T — OR]. (3.34)
(i) <0
I(A,7)
X2 XRYRY
x Ip; + 4 SRIEHE

Y + 2&1 ’7}% =+ AQ
2XVXRYRA(A? + 2va + 72 + dygar + 29y +75)
(v +2a1)(VE + A (Vg + 7)? + A?Z]

2 XEVEYR — 2XXRYRA (YR + a1)
(YR + o1)(VE + A?)

+

exp(—2aq |7]) +

27rA cos(A|T|) + [(on + a3)? — 7% + A?]sin(A |7])

+
(VE + A%)[(a1 + as — vr)? + A]

4xRa1{x%e X

V% — of + A% = 2(yg + a1)as — 3a3] sin(A |7]) B
(v + A2)[(vr — a1 + a3)? + AZ[(7r — a1 — a3)? + A?

}x

2 ‘X(3)‘ x7nexp[—(aq + ag) |T]] X cos|—-Ak - r + (w; — we)T — Og]. (3.35)

XR%QzA

Ve + (vr — a1 4+ @3) (YR — a1 — a3) + YRA] cos(A|7])
(Vg +A%)[(vr — a1 + a3)? + A?][(vp — a1 — a3)? + A?]

exp(—7R |T]) + Asin[—Ak - r + (w1 —w2)T + A T[] +

Here,

2xrxYMRlAT — (a3 +r)? — A?]

A=exp|[—(as +az+ ,
Xp[ ( 2 3 7R)|T|] 4A2(Oé3+’)/3)2+[04%—(Oé3+’)/R)2+A2]2
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exp(—2aq |7])

I ;= 2
7= 0™ 4 9ay) 2

for the chaotic field. The third-order susceptibility for the RENFWM consists
of a Raman-resonant term and a nonresonant term that originates from the
w1 molecular-reorientational grating, i.e.,

X(g) -y XRVR
A+ivg

We express x®) as | x| exp(ifr), with @ given by

XRYRYR

Op = tan™! .
X(VE + A% — xrAvE)

We decompose the nonlinear susceptibility x®) into a real and an imaginary
part, i.e.,

X =y +ix",
. XRYRA YRVR
thy =y — "—yp— .
w1 X X AQ“‘VE%’X XR A2+'Yg

Equations (3.34) and (3.35) indicate that the difference-frequency REPB
signal of heterodyne detection is modulated with a frequency w; — wy as
7 is varied. The phase of the signal oscillation depends on the phase 6p
of the nonlinear susceptibility. Two-color difference-frequency REPB signals
can also be employed for optical heterodyne detection to yield the real and
the imaginary parts of the nonlinear susceptibility. We assume that Ip; >>

Ip, Py, at intensity level (ny >> |x(®)| at field level), so the reference signal
that originates from the ws frequency component of twin beams 1 and 2 is
much larger than the RENFWM signal that originates from the w; frequency
component of twin beams 1 and 2. In this case we first have, from Eq (3.34),

I(t > 0) o< Ip;+2 ‘X(?’) ‘ xnexpl— (a1 + ag) |7|] cos|[-Ak - r + (w1 —wa)T — OR].

If we adjust the time delay 7 and r such that —Ak - r 4+ (w1 — we)T = 2nm,
then

I(t > 0) o< Ip; /x + 2nexp|—(a1 + a2) [7[]x".
However, if —Ak-r + (w1 —w2)7 = (2n — 1/2)m, we have

I(t > 0) o< Ipy/x + 2nexp|—(a1 + az) [7[]x".
Secondly, we have from Eq (3.35),
I(r <0) oc Ipy + Asin[-Ak - 7 + (w1 —w2)7T + A7[] +

2 ‘X(?’)‘ xnexp[—(aq + ag) |7]] cos[-Ak - r + (w1 —w2)T — OR).
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If we adjust the time delay 7 and r (if A|7| = 0) such that —Ak - r + (w1 —
wg) = 2nm, then I(1 < 0) o Ip,/x + 2nexp[—(oq + a2)|7|]x’. However, if
—Ak -7+ (w1 —w2)T = (2n — 1/2)m, we have I(1 < 0) o< Ip;/x + A/x +
2nexp[—(a1 + a2) |7|]x”. In summary, by changing the time delay 7 between
twin beams 1 and 2 (If » = 0) we can obtain the real [the dashed line of Fig.
3.8 (a)] and imaginary [the dashed line of Fig. 3.8 (b)] parts of .

Based on the phase-diffusion field, we then have difference-frequency
REPB signals in heterodyne detection, for:

(i)T>0

2 ! _ 2A
(A7) o Iy + X XRYR(VRXR X)

v+ 201 ’)’}% + A2
AxxrYRAM .
(v + 200)[(vg +7)% + A%
2a1x% AXXRYRAM
200+ (200 + )V +7)% + A%
exp[— (201 + ) 7]] + 2 [\ xnexpl—(a1 + a2) |7[]
cos|—Ak - T+ (w1 —w2)T — OR]. (3.36)
(i) 7<0
I(A,7)
2 2 / 4 A
o Ipt X7 | XRVYRTR XXRYRAQ] y

2y +2a1 v+ A% (v 4 200)[(201 — 7R)? + AZ[(vg + )% + A2

5y + 875y — 29Rv(7V? — 4A%) + 4af (29, + )2 + A* —

(v +A2)
1077 A% — 200 (498 —7° — 29A% + 677R) + 295 (77 — 24%)] +
2a1x% AxxrYRAM y
200 +7 (200 +7)[(201 — 7R)? + A?]
V(201 + Vg + Ym) sin(A |7])
exp[—(2a; + +4 Q@ +
s 49 v |
A(2a1 + 29 + vm) cos(A|T]) } /
— +
(4 + A2)[(2as + o )2 + 2] PERITD
Asin[-Ak -7 + (w1 — w2)T + Al7|] +
2 ’X(?’) ’ xnexp[—(aq + ag) |7]] cos[-Ak - r + (w1 — w2)T — OR]. (3.37)

Here,

1 203

— exp(—2v|71|)+
T4202) " 2(dad — ) P2V

Ip, = (xvn)Q{v(
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604% — Yy
72(4a3 —7?)

for the phase-diffusion field. The high-order decay terms are reasonably ne-
glected in 7 < 0 case. If Ip; >> Ip, py,, we have

exp[—(2az +7) ITI]}

I(r>0) o< Ip;+2 ‘X(B)‘ xnexpl—(aq + ag) |7]] cos|—Ak - r + (w1 —w2)T — 0R]
from Eq. (3.36), and
I(r <0) o< Ipy + Asin[-Ak - r + (w1 —w2)7 + Al7|] +
2 ‘X(3)‘ X1 exp[—(a1 + a2) |7|] cos|-Ak - r + (w1 — wa)T — O]

from Eq. (3.37), respectively. Except the reference signal I py, the heterodyne
detection signal is the same as that of the heterodyne detected chaotic field
case. By changing the time delay 7 between twin beams 1 and 2 (If r = 0) we
can obtain the real [the solid line of Fig. 3.8 (a)] and imaginary [the solid line
of Fig. 3.7 (b)] parts of x(®) for the phase-diffusion field. Due to the absence
of the amplitude fluctuation, the solid curves of Fig. 3.7 have the smallest
A-independent constant background.
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Fig. 3.8. The heterodyne detection spectra of the difference-frequency REPB
with (a) —Ak -7 + (w1 —w2)T = 0 and (b) —Ak -7 + (w1 — w2)T = —7/2.
Theoretical curves represent the chaotic field (dashed line), phase-diffusion
field (solid line), and Gaussian-amplitude field (dotted line) with parameters
Ve = 1.077 x 107* fs7 a1 = 2.78 x 107° fs™ . = 2.75 x 107° fs7', x/xr =
0.5, A, Ak =1.449 mm ™', 7 = 0,w1 — w2 = 0.0166 fs~', and n = 3.

Based on the real Gaussian field, we finally have difference-frequency REPB
signals in heterodyne detection as follows:
(i)T7>0

2 2 /

XY XRVRVYR
I(A Ips _
(A7) o p2+7+2a1+7g+A2

2XYXRYRA(A? 4 2va1 4+ 42 + 4k + 297 +78)

(7 + 201) (V2 + A2)[(7p + )2 + A2 N
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2t 2RV R — 2X0XRVRA(YR + 1) 2xXRYRA
(YR + a1)(vE + A?) (Vg — 201)* + A?
2
X7 dxxRrRYRAM
exp(—2aq |T]) + + X
p(~2au |7l {m T @ar ) —WMQ]}

expl—(2a1 +7) |7l + 2[x®| xnexpl—(a1 + az) 7] x
cos|—Ak -7+ (w; —w2)T — OR]. (3.38)

(i) <0

2 2 ’
xX= XRYRY
A7) < Ips + + BITRE
2 v+ 207 g +A
2xVXRYRA(AZ + 2vaq ++2 +4vgo1 + 2Ry +’Y;q2)

4
(v +201)(VE + AV + N2 + A2

{ 2, XE 7BV — AXXRYRA(R + 1)
X
(R +eD)(F +42)
2.2 ’
2xRYR (201 —YR)

ROREL AR }exp<—2al ) +
(a1 = vR)I(2a1 +~R)2 + A2]
(a1 + ag — YR)(VE + A2 + v (a1 + az — vr)2 + a2) = 2(a2 + 4% — (a1 + @3)?](a1 +vR) y

(a1 + YRV + AD)[(ag + az — vR)2 + A2]

exp(~2vg 7)) — 201 xR { ewl=On =18 17l

IR (03— (a3 +vr—18)2](a1 +ag —vg —id)

expl— (g +i4) I7]] }
[0 — (a3 + 7g +i8)2](a1 + ag — vg +i4A)
Asin[—Ak -7+ () 7u2)T+A‘TH+2|X(3) xn X
exp[—(a1 + ag) [7l]cos[~Ak - 7 4 (w1 — wa)T — Op]. (3.39)
1 exp(—2aq |T exp|—(2a2 + ) |T
Here, Iy — (x7m)? (~2021r)) _expl=(2a2 + )l |

B 2 2 2

V(v + 2a2) gl V(v + 2a2)

the real Gaussian field. The high-order decay terms are reasonably neglected
in 7 < 0 case. If the reference signal is much larger than the RENFWM signal
(i-e., Ip; >> Ip; Py, ), except ui(t) the heterodyne detection signal is also the
same as that of the heterodyne detected chaotic field case. By changing the
time delay 7 between twin beams 1 and 2 (If » = 0) we can obtain the real
[the dotted line of Fig. 3.8 (a)] and imaginary [the dotted line of Fig. 3.8 (b)]
parts of x® for the Gaussian-amplitude field. Due to the larger amplitude
fluctuation, the dotted curves of Fig. 3.8 have the largest A-independent
constant background.

Based on three stochastic models, the subtle Markovian field correlation
effects have been investigated in the homodyne detected attosecond sum-
frequency REPB and the heterodyne detected of femtosecond difference-
frequency REPB. Different roles of the amplitude fluctuations and the phase
fluctuations can be understood in time- and frequency-domains. The physical
explanation for this is that the Gaussian-amplitude field undergoes stronger
intensity fluctuations than a chaotic field. On the other hand, the intensity
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(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.

Based on the polarization interference between nonresonant FWM and
Raman resonant FWM processes, we can employ the femtosecond difference-
frequency REPB to obtain the real and the imaginary parts of the Raman
resonance (Fig. 3.8). In the heterodyne detection of femtosecond difference-
frequency REPB, we purposely introduce the nonresonant FWM signal by
adding another component of noisy light with the frequency ws to twin com-
posite beams 1 and 2. The relative phase between the reference signal and
RENFWM signal is determined by time delay 7 between twin composite
beams 1 and 2. Compared with the optical heterodyne detection Raman-
induced Kerr effect method, because the polarizations of incident beams can
be adjusted independently REPB is more convenient for studying various
components of the fourth-rank tensor of third-order susceptibility. The REPB
has also been employed for studying the phase dispersion of x®). Although
this method is similar to the method of Ma et al., [9] we show that for Raman
resonance one can obtain the phase dispersion of x®) by simply measuring
the phase change of the FWM signal modulation as ws is varied (Fig. 3.8).
Generally speaking, this method can be applied to study the phase dispersion
of X in the attosecond sum-frequency REPB.

In conclusion, the homodyne detected attosecond sum-frequency REPB
and the heterodyne detected femtosecond difference-frequency REPB are in-
vestigated using chaotic field, phase-diffusion, and Gaussian-amplitude mod-
els with color locking noisy light. The REPB is shown to be particularly
sensitive to statistical properties of Markovian stochastic light fields in both
time- and frequency-domains. The interferometric contrast ratio is equally
sensitive to the amplitude and phase fluctuations of Markovian stochastic
fields. The constant background of beat signals originates from the am-
plitude fluctuation. 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 sponta-
neous emission. It is found that the sum-frequency beat signal oscillates not
only temporally with a period of 953 as but also spatially with a period of
0.6 mm. When the beating frequency between ws and w is off resonant from
the Raman mode, the RENFWM signal exhibits terahertz damping oscil-
lation as the time delay increases. The REPB in the heterodyne detection
scheme has also been employed to obtain the real and imaginary parts of the
Raman resonance.
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3.2 Competition Between Raman and Rayleigh-enhanced
Four-Wave Mixings in Attosecond Polarization Beats

Phase locking ultrashort-pulse nonlinear optical spectroscopy has proved to
be a valuable technique for investigating the dynamics of a wealth of mecha-
nisms in condensed matters. Four-wave mixing (FWM) is a third-order non-
linear optical process [28]. Using a femtosecond time-resolved FWM, valuable
information on the dephasing dynamics in semiconductors and molecular ma-
terials 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 the time-delayed FWM with incoherent light [25]. This technique
is intrinsically related to the optical coherent transient spectroscopy with an
advantage that the time resolution 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 measurement is not limited by the laser pulse
width [25].

Laser-induced gratings have received considerable attention because of
their potential applications in spectroscopy and phase conjugation. When
two pump beams with the same frequency interfere in liquids, the optical
Kerr effect [29] results in the generation of a molecular-reorientation grat-
ing. Moreover, if the absorption coefficient of a sample at the pump beam
frequency is not zero, the molecular-reorientation grating is usually accompa-
nied by an undesired thermal grating [30]. In this case, FWM signals can be
the Bragg reflection of the probe beam by the molecular-reorientation grating
and the thermal grating induced by two pump beams [31].

In Raman-enhanced FWM [32], the Raman vibration is excited by the si-
multaneous presence of two incident beams whose frequency difference equals
the Raman excitation frequency, and the Raman-enhanced FWM signal is the
result of this resonant excitation. In contrast, Rayleigh-enhanced FWM [32]
is a non-resonant process with no energy transfer between the lights and the
medium when the frequency difference between two incident beams equals
zero. The resonant structure in Rayleigh-enhanced FWM spectrum is the
result of induced moving grating. The Raman or Rayleigh-enhanced FWM
may be superior to all other CRS techniques [32, 33]. They possess features
of non-resonant background suppression, excellent spatial signal resolution,
free choice of interaction volume and simple optical alignment. Moreover,
phase matching can be achieved for a very wide frequency range from many
hundreds to thousands of cm™!.

In this section, based on the field-correlation of color-locking twin noisy
lights, the Raman and Rayleigh-enhanced FWM, and the homodyne, hetero-
dyne detection of pure Raman, pure Rayleigh, and coexistence of Raman and
Rayleigh ASPB have been investigated, respectively. Raman and Rayleigh-
enhanced FWM compete with each other in the coexistence of Raman and
Rayleigh ASPB. An analytic closed form of results is obtained. Characteris-
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tics of the interferogram of the Raman and Rayleigh-enhanced ASPB are a
result of two main components: the material response and the light response
along with the interplay between the two responses.

The section is organized as follows. Section 3.2.1 presents the basic theory
of field-correlation effects on the Raman and Rayleigh-enhanced FWM. We
give the three schemes of the pure Raman ASPB, the pure Rayleigh ASPB,
and the coexisting Raman and Rayleigh ASPB. Section 3.2.2 presents the
Rayleigh and Raman-enhanced FWM in three Markovian stochastic models.
In addition, a time-delayed method to suppress the background is mentioned
in a Kerr medium and an absorbing medium. Section 3.2.3 gives the Raman
and Rayleigh-enhanced nonlinear susceptibility with cw laser beams. In Sec-
tions 3.2.4 and 3.2.5 the homodyne and heterodyne detection of three types
of the ASPB are shown. Section 3.2.6 gives discussion and conclusion.

3.2.1 Basic Theory

The Raman and Rayleigh ASPB are the third-order nonlinear polarization
beat phenomenon. It requires that all the polarizations have the same fre-
quency.

The basic geometry is shown in Fig. 3.9. Twin beams 1 and 2 consist of
two frequency components w; and wsy, a small angle exists between them.
Beam 3 with frequency ws is almost propagating along the opposite direction
of beam 1. Twin composite stochastic fields of beam 1, Ep;(r,t), and beam
2, Epo(r,t) for homodyne detection scheme, can be written as

E,1 = Eq(r,t) + Ey(r,t) = A1(r, t) exp(—iwit) + A5 (r,t) exp[—iws (t — 7)]
= equq (t) expli(ky - 7 — wit)] + equa(t — 7) expli(ky - 7 — wat + waT)],
Epe = E{(r,t) + Ex(r,t) = Al (r,t) exp[—iwi (t — 7)] + Aa(7, t) exp(—iwat)
=clui(t — 7)expli(k] -7 —wit +wiT)] +
equa(t) expli(ks - 7 — wat)]. (3.40)

Here, €;, ki(e}, 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 statisti-
cal factor that contains phase and amplitude fluctuations. It is taken to be a
complex ergodic stochastic function of ¢, which obey complex circular Gaus-
sian statistics in a chaotic field. 7 is a variable relative time delay between
the prompt (unprime) and delayed (prime) fields. To accomplish this the fre-
quency component wy and ws lights are split and recombined to provide two
double-frequency pulses in such a way that the w; component is delayed by
7 in beam 2 and the ws component delayed by the same amount in the beam
1 (Fig. 3.9). The time delay 7 is introduced in both composite beams, which
is quite different with that of femtosecond difference-frequency polarization
beats [17]. On the other hand, the complex electric fields of the beam 3 can be
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written as Es(r,t) = As(r,t) exp(—iwst) = egus(t) expli(ks - 7 — wst)]. Here,
ws, €3, and kg3 are the frequency, the field amplitude and the wave vector of
the field, respectively.

Ky kS ks

i1k

Fig. 3.9. Phase-conjugation geometry of the ASPB.

In an absorbing medium, the nonlinear interaction of beams 1 and 2 with
the medium gives rise to the molecular-reorientation gratings and the ther-
mal gratings, i.e., wi 2 will induce their own non-resonant static molecular-
reorientation gratings Gas1,2 and the rmal gratings Gri,2. FWM signals are
results of the diffraction of the beam 3 by these four gratings, respectively.
The order parameters Qpr1, @11, @arre, and Q7o of four non-resonant static
gratings satisfy the following equations [29, 30]:

dQnr1/dt + ym Qa1 = Xmym Er (v, 1)[Ey (v, 1)),
dQr1/dt +yrQr1 = xTyr E1 (7, 1) [E1 (7, 1)]*,
dQnr2/dt + Yym Qa2 = Xmym Es(r, t)[Ea(r, 1)),
dQr2/dt +yrQr2 = XTYT E5 (7, 1) [ B (7, 1)]*.

(3.41)

Here yar,r and x a7 are the relaxation rate and the nonlinear susceptibility
of the molecular-reorientation grating and thermal grating, respectively.

Now if the frequency difference Ay = w3 — wy is much smaller than A} =
wy —wa (ie,, A1 << A} and A; =~ 0) and the frequency detuning Ay =
A — Qg is near zero, the coexisting Raman and Rayleigh modes of the
medium enhance FWM signals. Here Q2 is the Raman resonant frequency.
Specifically, on one hand, two resonant moving gratings, Grps and G gy with
large angle formed by the interference between the wy frequency component
of the beam 2 and the ws frequency component of the beam 3, will excite
the Rayleigh mode of the medium and enhance FWM signals corresponding
to Gpn and Grp (i.e., Rayleigh-enhanced FWM). On the other hand, one
large resonant moving grating, Gr formed by the interference between the
wo frequency component of the beam 2 and the ws frequency component of
the beam 3, will excite the Raman mode of the medium and enhance FWM
signals corresponding to G2 and Grs (i.e., Raman-enhanced FWM). The
order parameters Qg, Qrr, and Qg satisfy the following equations:

dQr/dt + (vr —1A2)Qr = XrYR[E2(r, t)]* E5(r, 1),
dQry /At + Yy Qry = xmym [E1(r, 1) Es(r, t), (3.42)
dQrr/dt +yrQrr = X777 [E1 (7, t)]* E3(r, t).

Based on Egs. (3.41) and (3.42) shown above, the induced seven third-
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order nonlinear polarizations which are responsible for FWM signals are
Prri = Qi (r,t)Es(r,t) = xmym Si(r)ei(e)) "es x

/Ooo ur(t —t)ui(t —t' — 7)us(t) exp(—yart’)dt’, (3.43)

Pry = Qri(r,t)Es(r,t) = xryrSi(r)ei(e]) es x

/OOO ur(t — ) ui(t —t' — 7)ug(t) exp(—vyrt’)dt’, (3.44)

Prrz = Qura(r,t)E3(7,t) = xarym Sa(r) (€2)"ehes X

/OOO uy(t — t)ua(t —t' — 7)us(t) exp(—yart’)dt’, (3.45)

Pro = Qra(r,t)Es(r,t) = xryrSa(r)(e2) "ehes x

/OOO uy(t — ) ua(t — ' — 7)ug(t) exp(—yrt’)dt’, (3.46)

Pr = Qr(r,t)E5(r,t) = ixryrS2(7)(c2) 385 ¥

/OOO uy(t — t)us(t — t )ua(t — 7) exp|—(yr — 1A2)t'|dt', (3.47)

Prpy = Qui(r, 6)Er(r, t) = xmymS1(r)(e]) eser X

/OOO wi(t —t' — T)us(t — t")uy(t) exp[—(ya — 1A1)']dt, (3.48)

Prr = Qri(r, t)Er(r,t) = xoyrSi(r)(e]) eser x

/OOO wi(t —t' — T)us(t — t")ui(t) exp[—(yr — iAp)¢]dt. (3.49)

Here, S1(r) = exp{i[(k1 — k| + k3) - ¥ — w3t —w1 7]} and Sa(r) = exp{i[(k —
ko + k3) - r — w3t + wat]}. Therefore, polarization P4y = Pyo + Pra + Pr
corresponding to the Raman-enhanced FWM process with phase-matching
condition kb — ko + k3 and Pgp = Pyry + Pr1 + Prar + Prr corresponding
to the Rayleigh-enhanced FWM process with phase-matching condition k; —
K} + ks. Both FWM signals have the same frequency, i.e., ws. As a result,
ASPB originates from the interference between macroscopic polarizations
from Rayleigh-enhanced FWM and Raman-enhanced FWM signals. The beat
signal (beam 4) is along the opposite direction of the beam 2 approximately
[9].

Furthermore, if the wy,ws, and w3 frequency components of the beams
only satisfy the excitation condition of Rayleigh mode where A; << A’ and
A1 ~ 0, the Raman-enhanced FWM polarization P4 converts into the FWM
polarization Pc = Pyo + Pro and we have the pure Rayleigh ASPB based
on the interference at the detector between FWM signals resulted from Pgp
and Pg. Similarly, we can have the pure Raman ASPB resulted from P4 and
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Pp = Py + Pry if only the excitation condition of Raman mode is satisfied
and the Rayleigh-enhanced FWM polarization Pg converts into the FWM
polarization Pp.

To be brief, with the geometry shown in Fig. 3.9, under the excitation
condition of Raman mode the beams ks and k! generate Raman-enhanced
FWM (P4); under the excitation condition of Rayleigh mode the beams k;
and kj generate Rayleigh-enhanced FWM (Pg). When only one condition
is satisfied, we obtain pure Raman ASPB (P4 + Pp = Py + Pra + Pr +
P +PT1) or Rayleigh ASPB (PB + Pc = Pyii+ Pri+ Pryg + Prr+ Pro +
Prs). However, when both the excitation conditions are fulfilled, Raman and
Rayleigh-enhanced FWM interact with each other to generate the coexisting
Raman and Rayleigh ASPB (P4 + Pg = Pyo + Pro + Pr + Py + P +
Prar + Prr).

3.2.2 Stochastic Correlation Effects of Rayleigh and Raman-
enhanced FWM

We have the total third-order polarization P4(Pp) for the Raman-
(Rayleigh-) enhanced FWM. For the macroscopic system where phase match-
ing takes place the signal must be drawn from the P4(Pg) developed on one
“atom” multiplied by the P} (P};) that is developed on another “atom” which
must be located elsewhere in space (with summation over all such pairs). For
homodyne detection the Raman (Rayleigh-) enhanced FWM signal is pro-
portional to the average of the absolute square of P4(Pg) over the random
variable of the stochastic process. We can have

(|Pal®) = (PraPips) + (PraPro) + (Par2 Ph) + (PraPigs) + (PraPrs) +
ProPp) + (PrPyo) + (PrPro) + (PrPg),

Pri Pypy) + (P Pra) + (Pann Prag) + (Pan Pre) +
Pri Py ) + (PriPry) + (PriPrag) + (PriPrp) +
PryvPypy) + (PrvPry) + (Prv Pray) + (Prv Prr) +
(PrrPyp1) + (PrrPr) + (PrT PRag) + (PR Prey)-

They involves fourth- and second-order coherence functions of w;(t). For ex-
ample, one term of (|P4|?) is

{
([Psl*) = (
{
{

(PrPrra) = iXRYRXM VM (22) 38592 (r)e2(g5)" (g3)" S5 (1) X
/ dt’ / ds'(ua(t — T)ug(t — s )us(t —tus(t — s' — 1))
0 0

(ug(t — t')uz(t)) x exp[—(yr — iA2)t" — yus'].

The fourth- and second-order coherence functions of u;(t) included in this
equation are (ug(t — T)ug(t — s )us(t — ' )us(t —s' — 7)) and (us(t —t")uj(t)),
respectively.
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In an optical Kerr medium there is no thermal effect, we assume yp = 0.
The optical Kerr effect for the liquid C'S, for example, has at least two com-
ponents, i.e., a relatively long “Debye” component and a shorter “interaction-
induced” component. Here for simplicity, we only consider the field correla-
tion effects in a medium which has single relaxation rate vy.

We first consider Raman-enhanced FWM. After performing the tedious
integration, in the case of broadband linewidth (vyar, 7r << a2, @s), we can
obtain as follows:

7>0
I4(Ag,7) x (PaP}) = Ll(nl)x?w + L2X2R — 2L3XMXR- (3.50)

T<0
T4(Ag,7) x L1(n1)X?\4 + LQX% - 2{L3 -

da1yg[203A5 cos Aot + (aF — a2 + A3) sin Ag7] exp(ag + ozg)T} "
o — 203(0d — AZ) + (0 + AD)?
XMXR- (3.51)

Here, Ly(n1) = [ + n1 exp(~2a1]7)]/2a1 + exp(~2au|]), Lz = 7r(or +
asz)/[(a1 +a3)? + A3], and Lz = 2ygAg exp(—2a1|7|)/[(c1 — a3)? + A3]. nq
in the function L;(ny) equals 0, —1,2 for the CFM, PDM and GAM, respec-
tively. The terms Lq(n)x3,; and Lax% in Egs. (3.50) and (3.51) are the au-
tocorrelation terms of the non-resonant background and the resonant signal,
respectively. Other terms with the factor xasxgr are cross-correlation terms
between them. Obviously, the above two equations show that the Raman-
enhanced FWM spectrum is asymmetrical about 7 = 0. Since the autocor-
relation terms are the same for 7 > 0 and 7 < 0, the temporal asymmetry
is induced by cross-correlation terms. Moreover, when Ay # 0, [(Ag, 7) for
7 < 0 exhibits hybrid-radiation-matter-detuning damping oscillations with a
frequency close to As that originate from cos As7 and sin Ay7 factors of inter-
ference term for 7 < 0 [see Eq. 3.51 and the dashed curve in Fig. 3.10 (a)]. On
the other hand, we define a parameter R = I(Ay — 00)/[I(Ag = 0)—I(Ay —
00)] as the ratio between the non-resonant background and the resonant sig-
nal. When 7 = 0 and ay = a3 we obtain R = x3,(yam + 2a2)/X2R'yR >> 1 in
the limit of broadband linewidth. Thus the resonant signal at 7 = 0 is ob-
scured by the huge non-resonant background [the solid curve in Fig. 3.10 (a)].
However, when as || >> 1, the resonant signal and the non-resonant back-
ground become comparable, and we have R = x4, /X% VR, which equals 1 if
XR = XM,YR = VM, as shown by the dashed and dotted curve in Fig. 3.10(a).
Therefore, the huge non-resonant background can be effectively suppressed
with large time delay.

Next,we consider the Raman-enhanced FWM with narrow-band linewidth



118 3 Raman, Rayleigh and Brillouin-enhanced FWM Polarization Beats

(Yar, YR >> @2, a3). We have

~ 2 2 '7122 YRA2

IA(AQ)N’I’LQ (XM—’—XR,)/}Q%_’_A% QXMXR»),}Q%_FA%) . (352)
Here, ns equals 2, 1, 3 for the CEFM, PDM, and GAM, respectively. We can see
that autocorrelation terms are even functions while the cross-correlation term
is odd function. Therefore, the spectral asymmetry of Raman-enhanced FWM
results from interference between the resonant signal and the non-resonant
background (Fig. 3.10). Moreover, the interference term has contribution to
neither the resonant signal nor non-resonant background. The ratio between
the resonant signal and the non-resonant background is almost independent
of the delay time 7 and we have R = (xar/xr)?> = 1 if xar = x&, as shown
in Fig. 3.10 (b).
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Fig. 3.10. The Raman-enhanced FWM spectra of the GAM versus Ag/var for
xm/xXr = l,as/ar = 1,aa7 = 0 (solid curve), —1 (dashed curve), —10 (dotted
curve), (a) yam/or = 0.1,vr/a1 = 0.1, (b) ya/o1 = 5,vr/a1 = 5. Adopted from
Ref. [20].

In general, the Raman-enhanced FWM of Kerr medium exhibits spec-
tral and temporal asymmetry and hybrid-radiation-matter-detuning damp-
ing oscillations with a frequency close to Ay that originate from cos Ay7 and
sin Ao7 factors for 7 < 0 due to the interference between the non-resonant
background of the molecular-reorientation grating and the resonant signal of
the Raman-active mode. In addition, on one hand, in the case of narrow-
band linewidth the ratio between the resonant signal and the non-resonant
background is almost independent of the delay time 7. On the other hand,
the huge non-resonant background can be effectively suppressed with large
time delay.

The Rayleigh-enhanced FWM expressions and spectra versus Ay /vy have
been studied under narrowband and broadband line width condition before
[32]. In contrast to the Raman-enhanced FWM, since the interference term
between the molecular-reorientation grating and the Rayleigh moving grating
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is even function of Aj, the spectra of the Rayleigh-enhanced FWM are sym-
metrical about A; = 0 (Fig. 3.11). In addition, Rayleigh moving grating does
not have the exclusive relaxation rate but Debye relaxation rate v;; instead,
which is different from Raman moving grating. On the other hand, in the case
of the narrowband linewidth, though the Rayleigh-enhanced FWM signal in-
tensity of GAM is the largest while that of PDM is the smallest and that of
CFM is moderate, the spectra of the three models are different drastically
[Fig. 3.11 (a)]. On the other hand, under broadband line width condition,
when 7 = 0 the spectra of the three models have the same point that the
non-resonant background is so larger than the resonant signal that the con-
tribution from molecular-reorientation grating dominates the FWM spectra
and obscure the valuable information of the spectra, the difference value of
the signals intensity at A; = 0 among the three models get smaller than
those of Fig. 3.11 (a), as shown in Fig. 3.11 (b). However, when a;7 >> 1 the
resonant signal, and the non-resonant background become comparable, and
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Fig.3.11. The Rayleigh-enhanced FWM spectra in a Kerr medium with a single
relaxation rate of molecular-reorientation grating for as/a1 = 1, (a) vym/a1 =
100,7 = 0; (b) ym/a1 = 0.1,7 = 0; (¢) ym /a1 = 0.1,ca7 = —0.3A. The three
curves represent the CFM (solid curve), PDM (dashed curve) and GAM (dotted
curve), respectively.
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the PDM and GAM results are the same as that of the CFM, as shown in Fig.
3.11 (c). Therefore, the differences among CFM, PDM, and GAM are drastic
with narrowband linewidth, while get similar with broadband linewidth. Also,
in this case the huge non-resonant background can be effectively suppressed
with large time delay.

Typically, we assume, in absorbing medium the relaxation time of a ther-
mal grating is on the order of a microsecond, while the relaxation time of the
molecular-reorientation grating is a few hundreds femtosecond, the reduction
factor is about 1076, Therefore, the difference in the temporal behavior of the
Raman and Rayleigh-enhanced FWM for vas >> aq, a3 and yp << aq, uq(t)
can be employed for the suppression of non-resonant thermal background in
an absorbing medium.

We have discussed the Raman-enhanced FWM spectra at fixed time delay
in the Kerr medium, now we turn our attention to the dependence of the
Raman-enhanced signal intensity on the time delay when the frequencies of
the incident beams are fixed. Figure 3.12 shows the temporal behavior of
the Raman-enhanced FWM signal intensity for GAM. Here no coherence
spike appears at 7 = 0 and the signal intensity decay with different rate
for 7 > 0 and 7 < 0. As the laser linewidth as increases, the maximum is
closer to 7 = 0, and the 7-independent background increases, as shown in
Fig.3.12 (a). Moreover, there only exist the hybrid-radiation-matter-detuning
damping oscillations for 7 < 0 and the maximum of the profile is shifted to
7 = 0 as Ay increases, as shown in Fig. 3.12 (b). In fact, when 7 < 0, the
Raman mode and beam 1 are mutually correlated and the Raman-enhanced
FWM signal intensity depends on the coherence time of the pump beams and
the relaxation time of the Raman mode, while when 7 > 0 it only depends on
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Fig. 3.12. The Raman-enhanced FWM signal intensity of the GAM versus I(7,7) in
an absorbing medium for (a) xa/xr = 0.05,var/vr = 4, x17/XrR = 0.05,v7 /YR =
1 x107% as/yr = 0.1,A2 = 0,a2/vr = 0.5 (solid curve), as/yr = 2 (dashed
curve), az/vr = 5 (dotted curve), az/vr = 10 (dot-dashed curve); (b) xa/xr =
0.05,vm/vr = 4,x1/xr = 0.05,97/yr = 1 x 1075 az/yr = 0.1,a2/yr =
0.5, A2/vr = 1 (solid curve), Az/yr = 3 (dashed curve), Az/yr = 5 (dotted
curve), Az /vr = 10 (dot-dashed curve).
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the laser coherence time. The temporal asymmetry and the hybrid-radiation-
matter-detuning damping oscillation are induced by such mutual correlation.
As the pump laser linewidth increases, the mutual correlation gets weak and
the 7-independent background increases.

For simplicity, in the limit of yr, vy >> a1, s >> yr we have

2vrA» o 2>
I4(As,7) o [1 + n3exp(—2an|T 2 — + +
A(A2,7) o [ 3 exp( 2|7])] (XM 712%+A%XMXR 7}2?1_'_A§XR

2 A
YT XT 2VRrA: 2

+ 2 2 + . (3.53
2y exp(—2az|7|) ( XMXT 42 :§XTXR XT> ( )

Here, ng equals 1, 0, 2 for CEM, PDM, and GAM, respectively. Suppose that
the thermal grating is much efficient than the molecular-reorientation grating
so that x2 >> x%;, X%, then we have I4(As) o< x% at zero time delay. Hence,
the Raman-enhanced FWM spectrum is dominated by the non-resonant ther-
mal background, as shown in Fig. 3.13 (a). On the other hand, under the
condition (x7/xa)%(yr/201) << 1, the thermal background can be elimi-
nated completely when the relative time delay is much longer than the laser
coherence time. In this limit, the theoretical Raman-enhanced FWM spectra
show the normal asymmetry due to the interference between the Raman-
resonant term and the non-resonant background originating solely from the
molecular-reorientation grating, as shown in Fig. 3.13 (b). Furthermore, from
Eq. (3.53) we can see that the time-delayed method to suppress the thermal
background is useful for all the three Markovian stochastic models. However,
if (x7/xm)?(yr/201) =~ 1, the residue contribution from the thermal grat-
ing due to the second term cannot be neglected even when |7| — oo. Our
numerical results are given in Fig. 3.13 (c).

Physically, the establishment of Qas2(7,t) and Qra(r,t) are dependent
on the delay time 7 directly while that of Qg (r,t) is almost independent of
delay time 7. Moreover, we define the coherent time of the pump beams as
T., the decay time of the thermal grating as T}, and the relaxation time of
the molecular-reorientation grating as T;. For most liquids 7} is of the order
of microseconds, while Tjs is only a few picoseconds. We choose the laser
linewidth such that Ty < T, << T;. When 7 >> T, the interference patterns
of the pump beams fluctuate with a characteristic time scale (a2 + ag)™!.
Thus the thermal grating is washed out due to integration effect on the phase
fluctuation, while the molecular-reorientation grating with short relaxation
time can respond to the phase fluctuation of the fields almost immediately.
Therefore, thermal gratings can be effectively suppressed with large 7, while
the Bragg-reflection signal from the molecular-reorientation grating can still
be observed. It should be noted that if the pump beams are derived from a
pulse laser with a pulse width 7T}, << T},the condition for the suppression of
thermal gratings should be replaced by 7}, >> T,. That is to say, because of
the finite interaction time between the laser and the material, the role of the
relaxation time should be replaced by the laser pulse width.
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Fig. 3.13. The Raman-enhanced FWM spectra of the GAM versus As/yy in
an absorbing medium for (a) as/a1 = 1,y7/an = 1 X 1075,7M/a1 = yr/a1 =
10,17 = 0,xm/xr = 1,x7/xr = 0 (solid curve), xr/xr = 1.5 (dashed curve),
xr/xr = 5 (dotted curve), xr/xr = 50 (dot-dashed curve); (b) as/a1 =
Lyr/ar = 1 x 107% ym /e = yr/a1 = 10, xm/xr = 1,x7/Xr = 50,007 = 0
(solid curve), aur = 3.3 (dashed curve), au7 = 4 (dotted curve), a7 = 5
(dot-dashed curve), xr/xr = 0,a07 = 5 (dot-dot-dashed curve); (c) as/on =
1,77‘/&1 =1x 1075,’}%[/0(1 = ’}/R/al = IO,X]M/XR = 17XT/XR = 500,17 =0
(solid curve), axT = 5.5 (dashed curve), ax7 = 7 (dotted curve), ax7 = 10 (dot-
dashed curve), xr/xr = 0 and a;7 = 10 (dot-dot-dashed curve).

Then we consider the difference among the three Markovian stochastic
models. Form Eq. (3.53), we can see that in the limit of yr,var >> oy,
ag >> vy APD is short of the amplitude decay factor exp(—2aq7) while
the amplitude decay factor of GAM is two times of that of CEFM. Thus the
signal intensity of GAM is largest of all and that of PDM is smallest [see
Fig. 3.14(a)]. However, on one hand, if the thermal grating is much efficient
than the molecular-reorientation grating, the same large thermal background
obscures the different amplitude decay of the three models [see Fig. 3.14 (b)].
On the other hand, the difference of the three models can also be eliminated
by the time delay method, as shown in Fig. 3.14(c) and Fig. 3.15.

For Rayleigh-enhanced FWM, the thermal effect of an absorbing medium
can be suppressed by a time-delayed method. Physically, the resonant signal
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Fig. 3.14. The Raman-enhanced FWM spectra versus Az/yr in an absorbing
medium for (a) yar/o1 = 10, yr/a1 = 10,y7/a1 = 1 X 1075,043/041 =1,xmM/XrR =
1,xr/xr = 5,7 = 0, (b) yar/a1 = 10,yr/c1 = 10,yr/a1 = 1 x 1075, az/a1 =
1,xm/xr = 1,xr/xr = 50,7 = 0, (¢) ym/a1 = 10,yr/ax = 10,y7/ox =
1x107°, as/a1 = 1, xm/xr = 1,x1/XR = 5,7rT = 2. The three curves represent
the CFM (solid curve), PDM (dashed curve) and GAM (dotted curve), respectively.

originate from the order parameters both Qg (r,t) and Qgrr(r,t), while
the non-resonant background come from both Qs (r,t) and Qr1(r,t). The
establishment of order parameters of the gratings involves integration ef-
fects. On the other hand, the fact that the effects of field correlation on the
order parameters Qpra (7, t)(Qrr(r,t)) and Qui(r,t)(Qri(r,t)) are differ-
ent. Qrap(r,t)(Qrr(r,t)) is induced by beams 2 and 3, the phase factor of
[E1(r,t)]" E3(r,t) is a random variable. Due to the integration effect, the fast
random fluctuation of phase leads to the reduction of the amplitude which is
almost independent of delay time 7. In contrast, since Qas1(r,t)(Qr1(7, 1))
is induced by beams 1 and 2, the incident laser fields is coherent when 7 = 0
while incoherent when a;7 >> 1, the establishment of gratings is depen-
dent on the delay time 7 directly. In particular, we consider the condition
Ym >> ai,z >> vyr. On one hand the incident fields have broadband line
width compared to thermal grating when «; 3 >> yp. The effect of integra-
tion is to wash out the thermal grating with large time delay while no washout
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Fig.3.15. The Raman-enhanced FWM spectra versus 7yr for xm/xr =
0.05,vym/yr = l,xv/xr = 0.1,47/yr = 0.000001,as/yr = 0.1,a1/vr =
0.4, A2 /vr = 13. The three curves represent the chaotic field (solid curve), phase-
diffusion field (dashed curve), Gaussian-amplitude field (dotted curve).

takes place when 7 = 0. On the other hand the fields have narrowband line
width compared to molecular-reorientation grating when ~ya; >> aq 3. In this
case the material gratings have very short relaxation times and respond to
the phase fluctuation of the fields almost immediately. Therefore, although
the phase of Py;1 and Pgrps fluctuate randomly, the relative phase between
them is fixed. The ratio between the non-resonant background induced by
molecular-reorientation grating and the resonant signal is almost indepen-
dent of 7.

3.2.3 The Raman and Rayleigh-enhanced Nonlinear Susceptibility
in cw Limit

For simplicity, with cw laser beams we can assume that u;(t) = 1 in Egs.
(3.43) - (3.44). Under such condition the Raman-enhanced nonlinear polar-
ization

RVR
Py = Pyao+ Pro+ Pr = S2(r) | xm + X7 — X V. (3.54)
As +ivp
can be obtained. Therefore, the third-order susceptibility for Raman-enhanc-
ed FWM consists of a Raman-resonant term and a non-resonant background
that originates from the molecular-reorientation grating and the thermal grat-
ing. i.e.,

XRVR
— Y — R 3.55
Xa=xatxr = o (3.55)

We decompose the nonlinear susceptibility x4 into a real and an imagi-
nary part, i.e., xa = X’y +ix'4, with x4 = xa +x7 — XrYRA2/(A%+~%) and
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X4 = XrV%/(A3+9%). The real and imaginary parts are odd and even func-
tions, respectively. We express x4 as |xa|expifa = |xa|cosOa+i|xalsinba,
with 04 given by 04(Az) = tan='(x4/x’4)- We can see in Fig. 3.16 (a) the
phase angle 84 becomes more asymmetrical about Ay = 0 and the value
changes more drastically when x/xr and x7/xr decrease.
Similarly, we can obtain the Rayleigh-enhanced nonlinear polarization
with cw laser beams, i.e.,
Pg = Pyy + Pri+ Pry + Prr
XMYM
= S1(r) (XM + X7+

: 3.56
ap— A (3.56)

XTYT )
'YT — lAl ’

Therefore, the third-order susceptibility for the Rayleigh-enhanced FWM
consists of a Rayleigh-resonant term and a non-resonant background that
originates from the molecular-reorientation grating and the thermal grating,
ie., arar v
v — iAoy —iAL
We decompose the nonlinear susceptibility xp into a real and an imaginary
part, ie, X = Xp + ixp, with X5 = xar + x7 + 73/ (Vi + AD) +
vixr/(vg + A%) and X% = xmymA1/(Vi + A) + xoyrA/(VF + AY).
In contrast of Raman-enhanced nonlinear susceptibility x4, the real and
imaginary parts are even and odd functions, respectively. We express xp
as |xplexpifp = |xB|cosfp + i|xp|sinfp, with 05 given by Op(A;) =
tan™!(x’4/x’s). From Fig. 3.16(b) we can see that f5(A1) is an odd function
and the value changes more drastically when xr/xar decreases.

XB =xXxMm+ X1+ (3.57)
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Fig.3.16. (a) The phase angle 64 versus frequency detuning As/yr for
xm/Xr = xt/xr = 1 (solid curve), xa/xr = xr/xr = 0.5 (dashed curve),
xm/xr = xr/xr = 0.3(dotted curve); (b) Phase angle g versus frequency
detuning Ay /yar for yr/ym = 1 x 107 %7 /xnm = 1 (solid curve), xr/xam = 0.5
(dashed curve), xr/xm = 0.3 (dotted curve).

Figure 3.17 shows the phase dispersion of the Raman and Rayleigh-
enhanced FWM including the influence of the color-locked noisy field for
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Fig. 3.17. (a) The phase angle 04 versus frequency detuning As/yr for aa/vyr =
1,a2/vr = 0.5,a2/vr = 0. The three curves represent as/yr = 0 (solid curve),
az/vr = 0.5 (dashed curve), and a2/yr = 1 (dotted curve); (b) the phase angle 6p
versus frequency detuning Ay /yar for yr/ym = 1 x 107% a1 /ym = 1,1 /ym =
0.5, a1 /vm = 0. The three curves represent a1 /vyar = 0 (solid curve), a1 /yam = 0.5
(dashed curve), and aq /v =1 (dotted curve).

7 > 0. In Fig. 3.17(a), the phase angle 64 shows the absorption-like shape.
On the other hand, in Fig. 3.17(b), we can see the phase angle 65 shows
the dispersion-like shape. In the cw limit («; = 0), xa(xg) for 7 < 0 and
7 > 0 become same, i.e., xa = xm + X7 — XrYR/(A2 + ivg) and xp =
Xm + x1 + xmym/(yar — A1) + xoyr/(yr — iA1). X4 (A2) is neither an
odd nor an even function, and x’; (Az2) is an even function. So 04 shows the
asymmetric absorption-like line shape. 05 (A1) is an odd function (dispersion-
like shape) for even function x’z(A1) and odd function x’;(A;). Comparison
with the broadband («;/var >> 1, /yr >> 1), the dispersion and absorp-
tion under narrowband condition are independent on the linewidth «a; and
time delay 7, which correspond to the nonmodified nonlinear dispersion and
absorption of the material. In Fig. 3.17, 6 4 and 6 decrease and the line shape
becomes broad versus increasing linewidth, which shows the influence of the
field-correlation of the color-locked noisy light. Thus, by virtue of the ultra-
fast modulation processes within the femtosecond regime, one can optimize
the nonlinear susceptibilities and obtain the efficient nonlinear optical sig-
nals, which have potential applications in achieving better nonlinear optical
materials and opt-electronic devices.

3.2.4 Homodyne Detection of ASPB

For the macroscopic system where phase matching takes place this signal
must be drawn from the total third-order polarization P®) developed on
one chromophore multiplied by the (P(3))* that is developed on another
chromophore which must be located elsewhere in space (with summation over
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all such pairs). The bichromophoric model is particularly important to the
noisy light spectroscopies where the stochastic averaging at the signal level
must be carried out. The ASPB signal is proportional to the average of the
absolute square of P over the random variable of the stochastic process, so
that the signal I(A;, 7) o (|P®|?) = (P®)(P3))*) contains different terms in
the fourth- and second-order coherence function of w;(¢) in phase conjugation
geometry. In general, the ASPB of homodyne detection (at the intensity level)
can be viewed as built of the sum of three contributions: (i) the 7-independent
or dependent auto-correlation terms of wy component, which include wuq(t)
fourth-order and us3(t) two-order Markovian stochastic correlation functions;
(ii) the 7-independent or dependent auto-correlation terms of wy component,
which include wus(t) fourth-order and ws(t) two-order Markovian stochastic
correlation functions; (iii) the 7-dependent cross-correlation terms between
w1 and we components, which include wuj(t),us(t) and us(t) second-order
Markovian stochastic correlation functions. Different Markovian stochastic
models of the laser field only affect the fourth-, not second-order correlation
functions

For the Raman ASPB, we have the total third-order polarization P®) =
Py + Pp = (Pyao + Pro + Pr) + (Pui + Pr1). Therefore, the homodyne-
detection signal I(Agy, 7) contains 5x 5 = 25 different terms which include the
non-resonant terms of the w; 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.

The composite noisy beam 1 (beam 2) is treated as one whose spectrum
is simply a sum of two Lorentzians. The high-order decay cross-correlation
terms are reasonably neglected in our treatment. After performing the te-
dious integration from Egs. (3.43)—(3.47), in the limit yp,yr >> a1, ag,
a3 >> yr we obtain

Taspp(Ag, 7) o n* exp(—2iAk - ) {[1 + nyexp(—2az|7|)] Ls + Le} +
{[1 + naexp(—2a1|7])]xx3; + L7} +
nLg {exp[iAk - r —i(w1 + wa)|T|]x 3+
exp[—iAk - r + i(w1 + w2)|7|]xa}- (3.58)

Here,

Ls = x3; — 2yrBaxarxr/(vh + A3) + vhxk/ (0h + A),

Lg = exp(—2az|7])[2xaxT — 27rA2XTXR/ (VR + A3) + X7,
L7 = exp(—204|7]) 2xarXT + X7);

Ls = (xm + xr) exp[—(au + az2)|7]],

XA = XM + X1 — XRYR/ (D2 + iVR),

n=e5(e2)"/e1(e])",

Ak = (k1 — k) — (kb — ka),
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and ny equals 1, 0, 2 for the CFM, PDM, and GAM, respectively.

First for CFM, the Raman ASPB versus 7 shows the attosecond scale
modulation with a sum frequency w; + ws and damping rates a7 and as
[see Fig. 3.18]. The constant term 7%x%/(v% + A3) in Eq. 3.58, which is
independent of the relative time-delay between twin beams 1 and 2, origi-
nates from the phase fluctuation of the chaotic fields, while the purely decay
terms including these factors exp(—2aq|7]), exp(—2az|7|) come from ampli-
tude fluctuation of the chaotic fields.
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Fig. 3.18. The Raman ASPB signal intensity versus yr7 for xar/xr = 0.2, Yar /YR
= 17XT/XR = 17’YT/’YR =1x 1076,052/’)/1{ = 0.05,0&1/’)/12 = Oég/’YR =0.1,A2 =
0,7 = 0,wi/az = 11.99, w2 /a2 = 12.75 and n = 1. The three curves represent
the chaotic field (solid curve), Gaussian-amplitude field (dashed curve), and phase-
diffusion field (dotted curve).

Secondary for PDM the temporal behavior of the beat signal only re-
flects the characteristic of the lasers. The result is remarkably different from
that based on a chaotic model. It is short of the purely auto-correlation de-
cay terms including these 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 difference of the results also exists in the
higher-order correlation on Rayleigh ASPB when three Markovian stochastic
models are employed [32].

Third for GAM, contrast to CFM and PDM, the decay term includes
the factors 2exp(—2a|7]) and 2exp(—2aq|7|). The 7-dependent term of
Gaussian-amplitude field is larger than that of the chaotic field and the
phase-diffusion field (Fig. 3.18), which originates from the amplitude fluc-
tuation of the Markovian stochastic field. The physical explanation for this is
that the Gaussian-amplitude field undergoes stronger intensity fluctuations
than a chaotic field. On the other hand, the intensity (amplitude) fluctua-
tions of the Gaussian-amplitude field or the chaotic field are always much
larger than the pure phase fluctuations of the phase-diffusion field.

For the Rayleigh ASPB, we have the total third-order polarization P®) =
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Pg+Pc = (Pui+Pry~+Pri+Prr)+(Pae+Pra). Therefore, the homodyne-
detection signal I(Aq, 7) contains 6 x 6 = 36 different terms which include the
non-resonant terms of the ws 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 Egs. (3.43—3.46, 3.48, 3.49),
in the limit ypr, Yy >> a1, ag, a3 >> v, we can obtain

Iaspp(A1,7) o< {[1 4+ ngexp(—2aq|T|)|Lo + Lio} +
n? exp(—2iAk - ) {1+ n4 exp(—2a2|T|)]X?M+L11} +
nLg {exp[iAk - r — i(w1 + w2)|7|]xB+
exp[—iAk - r +i(wi + wo)|T|]xB}- (3.59)

Here, Ly = [1 + 373,/ (v3; + AD)IXGs. Lo = exp(—2aa|r){[L + 73,/ (73, +
AD]2xmxT + X7}, Lin = exp(—2a2|7|)(2xmXT +X7), and x5 = xar + X7+
xmym/(Ym — iA1).

Similarly with the Raman ASPB, first for the CFM, under such condi-
tion the Rayleigh ASPB shows the attosecond scale modulation with a sum
frequency wy + w9 and damping rates oy and s [see Fig. 3.19]. On the other
hand, since Rayleigh-enhance FWM exhibits spectral symmetry, which is
different from the Raman-enhance FWM, Eq. (3.59) also shows symmetry
about Aj.

—
(=]

o
W

Normalized Signal Intensity

g
S
T

RT
Fig.3.19. The Rayleigh ASPB signal intensity versus ym7 for xm/xr =
1,’YT/’YM =1x 10_67041/’}/1\4 = Ozg/’yM = ag/’yM = 0.1,A1 =0,r = O,wl/al =
12.08, w2 /a1 = 11.99 and 1 = 1. The three curves represent the chaotic field (solid
curve), Gaussian-amplitude field (dashed curve), and phase-diffusion field (dotted
curve).

Similarly, secondary for the PDM, equation (3.59) of the PDM is insensi-
tive to the intensity fluctuation (amplitude fluctuation) and is short of decay
terms exp(—2a1|7|) and exp(—2as|7|), which is remarkably different from
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the result based on a chaotic model. It indicates that the 7-independent term
373,/ (V3 + A?) comes from the phase fluctuation.

Third for GAM due to the amplitude fluctuation of the Markovian stocha-
stic field, Rayleigh ASPB of the GAM has the 7-dependent factors
2exp(—2a1|7|) and 2exp(—2aq|r|) which is larger than that of the CFM
and PDM.

We find that as the Rayleigh-mode detuning A; = 0, the temporal behav-
ior of the Rayleigh ASPB is symmetric with the maximum of the beat signal
at 7 =0 (Fig. 3.19), while as the Raman-mode detuning As = 0, that of the
Raman ASPB is asymmetric with the maximum of the beat signal shifted
from 7 = 0 (Fig. 3.18). In fact it is induced by phase shift of Raman phase-
angle 84 and Rayleigh phase-angle 0p, respectively. When A; = Ay = 0, we
have 04 # 0 and 0 = 0, as shown in Fig. 3.16.

For the coexisting of the Raman and Rayleigh ASPB, we have the total
third-order polarization P®) = Py + Pg = Pyso+ Pro+ Pr+ Py + Pra +
Pry + Prr. Therefore, the homodyne-detection signal I(Ay,7) o< ((Pa +
Pg)(P3 + Pf)) contains 7 x 7 = 49 different terms which include the terms
of the wy molecular-reorientation and thermal gratings and Raman resonant
mode, the terms of the w; molecular-reorientation and thermal gratings and
Rayleigh resonant mode, and the cross-correlation terms between Raman-
enhanced and Rayleigh-enhanced FWM

By virtue of the result of the integration in pure Raman and pure Rayleigh
ASPB shown above, in the limit v, g >> a1, g, a3 >> yp we obtain

Taspp(A1, Ag,7) o n? exp(—2iAk - ) {[1 + ng exp(—2a|7|)] Ls + L¢} +
{[1 + n4 exp(=2a1|7|)] x Ly +Lio} +
nexp[—(ar + az)|7|| {exp[iAk - 7 — i(wi+w2)|7[IXax B+
exp[—iAk - r + i(w1 + wo)|7|lxaxs}- (3.60)

First for the CFM, we can see that Raman and Rayleigh-enhanced FWM
auto-correlation terms coexist and they interfere with each other and generate
the ASPB. The auto-correlation terms decay with a time constant a; ' and
%y 1 while the cross-correlation term is modulated with a sum frequency
w1 + wo and a damping rate a1 + . The interferometric contrast ratio of
interferogram mainly determined the cross-correlation between Raman and
Rayleigh-enhanced FWM processes is equally sensitive to the amplitude and
phase fluctuations of the chaotic fields. Physically, the chaotic field has the
property of photon bunching, which can affect any multi-photon process when
the higher-order correlation function of the field plays an important role.
Secondary for PDM, in the case of vy >> ag, a9, 3 >> v of PDM,
both the Raman and Rayleigh-enhanced FWM auto-correlation terms in Eq.
(3.60) are short of the purely decay factors exp(—2a;|7|) and exp(—2as|7]).
The phase-diffusion model predicts the ASPB signal has a damping oscilla-
tion of the attosecond sum-frequency around a constant value (Fig. 3.20).
We can understand this phenomenon as follows. The interference pattern of
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the wq(w2) component of the twin composite beams 1 and 2 will be in con-
stant motion with a characteristic time constant a; ' (a; ') when || is much
longer than the laser coherence time 7.. On the other hand, the relaxation
time of the molecular-reorientation grating is so short that the induced grat-
ings Gar1(Gr1, Gra, Grr) and Gag2(Gre, Gr) always follow the interference
pattern, and therefore the beat signal will never decay. Furthermore, the rel-
ative phase between G (Gr1,Gry, Grr) and Gua(Gre,Gr) fluctuates
randomly, which makes spatial interference between them impossible. In this
case the beat signal intensity is simply the summation of the signal intensity
originating from Gpr1(Gr1, Gra, Grr) and G2 (Gre, Gr). In contrast, the
fringes of Gpr1(Gr1, Gry, Grr) and G2 (Gra, GR) are stable when |7] < 7.
The constructive or destructive interference between Gur1(Gr1, Gryvs Grr)
and Gp2(Gr2, Gr) enhances or reduces the beat signal and gives rise to the
oscillation of the beat signal intensity as 7 varies. We note that the main
difference between the phase-diffusion model and the chaotic model is that
amplitude fluctuation exists in the latter case. When |7| < 7., the coinci-
dence of the intensity spikes of the two composite beams gives an additional
enhancement of the beat signal for the chaotic model (see Fig. 3.20).
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Fig. 3.20. The coexisting of Raman and Rayleigh ASPB signal intensity versus a7
fOI‘ X]\{/XR = 10, 'yM/al = ’YR/Oél = 10, XT/XR = 1,77‘/&1 =1x 1075, Oég/al =
ag/ar = 1,A1 = Ay = 0,7 = 0,wi /a1 = 12.08 and wy/a1 = 12.75,n7 = 0.3.The
three curves represent the chaotic field (solid curve), Gaussian-amplitude field (dot-
ted curve), and phase-diffusion field (dot-dashed curve).

Third for GAM, apparently, the 7-dependent term 2exp(—2as|7|) and
2 exp(—2az2|7|) of Gaussian-amplitude field is larger than that of the chaotic
field and the phase-diffusion field and the signal intensity of 7 = 0 for GAM
is largest of three models (Fig. 3.20). However, Eq. (3.60) shows that the 7-
independent terms of three models are the same and do not include the factor
x7- On the other hand, though the polarization beat signal is shown to be
particularly sensitive to the statistical properties of Markovian stochastic
light fields with arbitrary bandwidth, different Markovian stochastic models
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of the laser field only affect the fourth-, not second-order correlation func-
tions. The cross-correlation terms between Raman and Rayleigh-enhanced
polarization of three models are the same. Therefore, Fig. 3.20 shows that
ASPB signal intensities in CEM, PDM and GAM versus 7 oscillate with the
same frequency wy + wo and have the same background.

Next, we discuss the chromophore P®) difference between the ASPB with
a phase-conjugation geometry and the sum-frequency UMS [25] with a self-
diffraction geometry from a physical viewpoint. The frequencies and wave
vectors of the sum-frequency UMS signal are wgq = 2ws — wo,wp = 2w1 —
wy and ka = 2ky — kb, kp = 2k} — ki, respectively, which means that
a photon is absorbed from each of the two mutually correlated fluctuating
pump beams. On the other hand, the frequencies and wave vectors of the
ASPB signal are wqa = wy — wo + w3, wp = w; —w; +ws and ka = ki —
K| + ks, kg = Kk}, — ko + ks, respectively (Fig. 3.9), therefore photons are
absorbed from and emitted to the mutually correlated fluctuating twin beams
1 and 2, respectively. This difference between the ASPB and the UMS has
profound influence on the field-correlation effects. We note that the role of
beams 1 and 2 are interchangeable in the UMS, this interchangeable feature
also makes the second-order coherence function theory failure in the UMS.
Due to (u(t1)u(tz)) = 0, the absolute square of the stochastic average of the
polarization |(P(®)|2 cannot be used to describe the temporal behavior of the
sum-frequency UMS [25]. Our higher-order correlation (intensity correlation)
treatment also is of vital importance in the sum-frequency UMS. Moreover,
because of (u;(t)) = 0 and (u(t)) = 0, the absolute square of the stochastic
average of the polarization |(P(®))|?, which involves second-order coherence
function of wu,(t), cannot be used to describe the temporal behavior of the
ASPB. The sixth-order correlation theory (|P®)|?) reduces to the second-
order correlation theory [(P())|? in the case that the laser pulse width is much
longer than the laser coherence time. The second-order coherence function
theory is valid when we are only interested in the 7-dependent part of the
beating signal [14]. Therefore, the fourth-order coherence function theory is
of vital importance in ASPB. The application of higher-order results to the
difference-frequency polarization beat experiment yielded a better fit to the
data than an expression involving only second-order coherence [9]. Apparently
the nature of the Markovian field has a more drastic effect on the outcome of
the experiment than the underlying molecular nonlinearity. Since real laser
fields are unlikely to behave like the pure three field classes, a complicated
superposition of various types of responses is to be expected.

3.2.5 Heterodyne Detection of ASPB

Since optical fields oscillate too quickly for direct detection and they must
be measured “in quadrature”-as photons. One common measurement tech-
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niques, such as FWM measured at its quadrature Iy = Ps P} or Ip = PPy,
yield only absolute values of the nonlinear susceptibility |x 4 |2 or |xn |2. Thus,
all phase information in the nonlinear susceptibility is lost. The second way to
achieve quadrature is the phase-sensitive method used for optical heterodyne
detection. We introduce another reference FWM signal designed in frequency
and wave vector (see Fig. 3.9) to conjugate (go into quadrature) in its com-
plex representation with the new polarization of interest. Both the measured
signal and the reference signal have the same frequency, thus, they interfere
directly at the detector and generate ASPB by changing the relative time
delay 7 between the measured beam and the reference beam. In other words
the total signal is modulated by the time delay. In the heterodyne case that
the reference signal is larger than the measured signal, the phase informa-
tion is retained and one can take a full measure of the complex susceptibility
through adjusting the time delay 7. The phase of the complex induced polar-
ization determines how its energy will partition between Class I (the absorbed
or emitted active spectroscopy) and Class II (the passive spectroscopy with
a new launched field) spectroscopy.

For the Raman-enhanced FWM signal with polarization P4, we introduce
the reference FWM signal with polarization Pp. Thus the Raman ASPB sig-
nal is proportional to the average of the absolute square of P4 + Pp over
the random variable of the stochastic process, so that the signal intensity
1(Da,7)  (Pa+ Ppl®) = (Pa+ Pp)(Pi + Pp)) = (PaP3) + (PoPp) +
(PaP3) + (PpPj) contains 5 x 5 = 25 different terms in the fourth- and
second-order coherence function of w;(t) in phase conjugation geometry. In
general, the Raman ASPB (at the intensity level) can be viewed as built of
the sum of three contributions: (i) the 7-independent or dependent auto-
correlation terms I4 (Ag,7) = (P4 P}) (i.e., Raman-enhanced FWM) of w,
nonresonant molecular-reorientation and thermal gratings, and As Raman
resonant mode, which include the us(t) fourth-order and the wus(t) second-
order Markovian stochastic correlation functions; (ii) the 7-independent or
dependent nonresonant auto-correlation terms Ip (1) = (PpPj) of wy
molecular-reorientation and thermal gratings, which include wq(t) fourth-
order and ug(t) second-order Markovian stochastic correlation functions; (iii)
the 7-dependent cross-correlation terms I4 p (Ao, 7) = (PaP})+(PpP}) be-
tween Raman-enhanced FWM and NDFWM processes, which include w1 (),
us(t) and us(t) second-order Markovian stochastic correlation functions. Dif-
ferent Markovian stochastic models of the laser field only affect the fourth-,
not second-order correlation functions. Therefore, the cross-correlation terms
are the same for three Markovian stochastic models. Furthermore, by virtue
of the cross-correlation term I4 p (Ag,7) we can obtain the third-order sus-
ceptibilities for the Raman-enhanced FWM x4 = xa + X7 — XrVR/[A2 +
i(ag + a3 + vr)] and for the reference NDFWM xp = xn + xr theoreti-
cally. The real and imaginary parts of x4 are odd and even functions, i.e.,
X4 = XM+ X1 — XRYRA2/[A% + (2 + a3 +vr)?] and X'} = XrYR(02 + a3+
Yr)/[A% + (a2 + az + vgr)?], respectively.
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In heterodyne detection, we assume Ip (7) >> I4 (A, 7) that at intensity
level, in other words, we let n << 1, thus we have I o< Ip (7) + Ia,p (A2, 7).
For simply, in the limit of yr,yar >> a1,a2,a3 >> vp and based on the
chaotic, the phase-diffusion and the real Gaussian fields, we have the Raman
ASPB signals, respectively,

YRy YM S>> Qa, G, Gz S>> YT,
Laspp(Do,7) oc {[1+nsexp(—2aa|r|)x3; + L7} +
nLg {exp[iAk - r — i(w1 + we)|7]]x% +
exp[—iAk - r + i(w1 + w2)|7|]xat- (3.61)

We express x4 as |xa|exp(ifa) = |xa|cosOa+i|xalsinba, with 64 (see Fig.
3.16). Therefore, we have

Taspp(QAo, ) o< Ip (T) + 2Lsn|x a| cos[—Ak - 7 + (w1 + w2)|7| + 04]. (3.62)

Equation (3.62) indicates that the reference FWM signal Ip () and the
factor 2Lgn are independent of Ao, while the heterodyne signal is modulated
with a sum-frequency w; + ws as 7 is varied, in addition, the phase of the
oscillation depends on the phase 6 4 of the measured third-order susceptibility
Xxa. If we adjust the time delay 7 such that —Ak - r + (w1 + w2)|7| = 2nm,
then

Taspp(Aa,7) o< Ip (1) +2Lsn|xa|cos0a o< Ip (T) + 2Lanxy. (3.63)
However, if —Ak-r + (w1 + w9)|7| = (2n — 1/2)x, we have
Taspp(Aa,7) o< Ip (1) + 2Lgn|xal|sinba o< Ip (7) + 2Lanx's. (3.64)

In other words, by changing the time delay 7 between beams 1 and 2 we can
obtain the real and the imaginary parts of the Raman-enhanced susceptibility
XA-

The heterodyne detection spectra versus As/vg of the Raman ASPB is
shown in Fig.3.21. 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, the spectra of the CFM, PDM, and GAM are the same
as those of cw beam, as shown in Fig.3.21. However, the background of the
three Markovian models is smaller than that of the cw beam due to the phase
fluctuation.

For the Rayleigh-enhanced FWM signal with polarization Pg, we intro-
duce the reference FWM signal with polarization Pc. Thus the Rayleigh
ASPB signal is proportional to the average of the absolute square of Pg+ Pov,
so that the signal intensity I (Ay,7) o (|Pg + Po|?) = (Pp+Po)(Ph+ PZ))
contains 6 x 6 = 36 different terms where Ip (A1, 7) = (PpP}) and Ic (1) =
(PcPg) include the wu;(t) and the wus(t) fourh-order Markovian stochastic
correlation functions, respectively, while Ip ¢ (A1,7) = (PpPj) + (PpPg)
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Fig. 3.21. The heterodyne detection spectra versus As/yr of the Raman ASPB
with (a) 7 = (—2n + Ak - r)/(w1 + w2) for the real part of xa, while with
(b) 7 = (—2n+ n/2 + Ak - r)/(w1 + w2) for the imaginary part of xa. The other
parameters are for xa/xr = 0.1,ym/a1 = yr/a1 = 10, x7/xr = 0.1,yp/a1 =
1x107%, az2/a1 = az/ar = 1,1 = 0.1. Theoretical curves are shown in CFM (solid
curve), PDM (dotted curve), GAM (dashed curve), and the model with cw laser
beams (dot-dashed curve).

include w;(t) second-order Markovian stochastic correlation functions. We
know that different Markovian stochastic models of the laser field only af-
fect the fourth-, not second-order correlation functions. Therefore, the cross-
correlation terms Ip ¢ (A1, 7) are the same for three Markovian stochastic
models, from which we can obtain the third-order susceptibilities for the
Rayleigh-enhanced FWM x5 = xar + X1 + X0y /[(01 + a3 + var) —1A1] +
x7yr/[(01 + as +y1) —1A1] and for the reference NDFWM ¢ = xm + X7
theoretically. The real and imaginary parts of y g are even and odd functions,
Le., X = xm +xr+7Mm(ar +az+ym)xar/[(a +az+ym)? + Af] +yr(ar +
as +7)xr/[(e1 4+ a3 +97)* + Al and X% = xmymAr/[(ea + a3 + )% +
A3+ xryrAi/[(a1 + as +y7)? + A?], respectively.

In heterodyne detection, we assume Ico (1) >> Ip(Aq,7) at intensity
level, in other words, we let n >> 1, thus we have I(Ay,7) x Io(7) +
Ip.c(Ay1,7). Under the condition of yar >> g, g, a3 >> v we have the
Rayleigh ASPB signals for the three Markovian models, respectively, i.e.,

IASPB(Ah T) X 772 eXp(—ZiAk . T‘) {[1 + ngy eXp(—2a2|T|)]X?\4 +L11} +
nLs {expliAk - r — (w1 + w2)|7|]xB + exp[—iAk - r+
i(wy +wo)|7llxB}- (3.65)

We express xp as |xp|exp(i0p) = |xB|cosfp +1|xp|sinfp, with 05 (see
Fig. 3.18). From Eqgs. (3.65) we have

Taspp(A1,7) o Ic(T) + 2Lgn|xB| cos[Ak - 7 — (w1 + wa)|7| + 05]. (3.66)

Equation (3.66) indicates that the reference FWM signal Io(7) and the
factor 2Lgn are independent of A;. The heterodyne signal is modulated with
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a sum-frequency wi +ws as 7 is varied, in addition, the phase of the oscillation
depends on the phase 0 of the measured third-order susceptibility xg. If we
adjust the time delay 7 such that Ak - r — (w1 + ws)|7| = 2nm, then

Taspp(A1,7) o< Ic(T) + 2Lgn|x | cosOp < I + 2L4nX'g. (3.67)
However, if Ak -7 — (w1 +w2)|7| = (2n — 1/2)m, we have
IASPB(AhT) X Ic(T) + 2L877|XB| sinfp o Ic(T) =+ 2L4’I7Xl]/3. (368)

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

Figure 3.22 shows the heterodyne detection spectra versus Ay /vy of the
Rayleigh ASPB. We can see that the spectra have the profile of the real and
imaginary parts of the Rayleigh resonance with comparable backgrounds. It
is clear that the curves represent 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 susceptibility x4 (see Fig. 3.21). On the other hand,
similarly, for heterodyne signal of Rayleigh ASPB 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
smallest background due to the absence of the amplitude fluctuation.
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Fig. 3.22. The heterodyne detection spectra versus A1/~ of the Rayleigh ASPB
with (a) 7 = (—2n + Ak - ) /(w1 + w2) for the real part of xp, while with (b) 7 =
(=2n4mn/2+ Ak -r)/(wi +w2) for the imaginary part of x 5. The other parameters
are for xa/xr = 1,ym/a1 = 10,yr/a1 = 1 x 107°, aa/a1 = az/ar = 1,17 = 10.
Theoretical curves are shown in CFM (solid curve), PDM (dotted curve), GAM
(dashed curve) and the model with cw laser beams (dot-dashed curve).

The Raman and Rayleigh-enhanced FWM can coexist in the same experi-
ment system. In fact, they can be considered as the reference signal mutually.
Thus, the coexisting of Raman and Rayleigh ASPB signal is proportional to
the average of the absolute square of P4 + Pg, so that the signal inten-
sity I (A1, Ay, 7)  {|Ps + Pp|?) contains 7 x 7 = 49 different terms where
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IaB(A1,Ag,7) = (PaP}) + (PaP}) include u;(t) second-order Markovian
stochastic correlation functions. The cross-correlation terms are the same for
three Markovian stochastic models but more complex than that of the pure
Rayleigh and Raman ASPB. It consists of the third-order susceptibilities for
the Rayleigh and Raman-enhanced FWM, i.e., x4 and x5.

In heterodyne detection, we assume Ic (1) >> Ip(Aq,7) at intensity
level, in other words, we let n >> 1, thus we have I(Ay,7) x Io(7) +
Ip.c(Ay1,7). Under the condition of yar >> g, g, a3 >> v we have the
Rayleigh ASPB signals for the three Markovian models, respectively, i.e.

Under the condition of yg,var >> a1, s, a3 >> vy and n >> 1 we have
the coexisting Raman and Rayleigh ASPB signals for the three Markovian
models, respectively, i.e.,

Taspp(A1, A0, T) x 7> exp(—2iAk - ) {[1 + ng exp(—2az2|7|)] Ls + L¢} +
nexp[—(a1 + a9)|7|] X {exp[iAk - r — i(w1 + wo)|7|]x
Xaxs +exp[—iAk -7 +i(wr + w2)|T[[xaxp}.  (3.69)

Therefore, from Eq. (3.69) we have

I(A1, Ag,7) o< Ta(Ag, 7) + 20 exp[—(an + az)|7[][xallxB] *
cos|Ak - r — (w1 +wa)|T| — 04 + 0p]. (3.70)

Here, I (Ag,7) = n?exp(—2iAk - r){[1+ nsexp(—2as|r|)] L5 + L¢}.
Equation (3.70) indicates that the reference Raman-enhanced FWM signal
T4(Ag, 1), the factor 2nexp[—(aq + a2)|7|]Ixa| and 64 are independent of
A;. If we adjust the time delay 7 such that Ak -r — (w1 + w2)|7| — 04 = 2nn
[Fig. 3.23 (a, ¢)], then

I(A1, Ao, 7) x Ta(Ag,7) + 2nexp[—(a1 + a2)|7|]|xallxB| cosbp
= I4(Az,7) + 2nexp[— (a1 + a2)|7|][xa|Xp- (3.71)

However, if Ak -7 — (w1 +w2)|7| — 04 = (2n — 1/2)7 [see Fig. 3.23 (b,d)], we
have

I(A1,Ag,7) o Ta(Ag,7) + 2nexp[—(a1 + a2)|7|]|xallxs|sinfp
= 14(A2,7) + 2nexp[— (a1 + a2)|7(][xalXB- (3.72)

In other words, by changing the time delay 7 between beams 1 and 2 we
can obtain the real and the imaginary parts of the Rayleigh-enhanced sus-
ceptibility xp. Figure 3.23 (a, b) show the heterodyne detection spectra
versus Aq /vy of the coexisting Raman and Rayleigh ASPB with large 7.
They are the same as Fig. 3.22 and only the reference backgrounds are dif-
ferent. Therefore, the spectra show the profile of the real and imaginary
parts of the Rayleigh-enhanced susceptibility. Similarly, under the condition
of Yr,vm >> a1, a9, a3 >> vp and n << 1 we have the coexisting Raman
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Fig. 3.23. The heterodyne detection spectra versus A1 /yar of the coexisting ASPB
for xar/xr =0.1,vm /a1 = yr/a1 =10, x7/xr = 0.1,y /a1 =1 X 10_5,a2/a1 =
az/ar =1, (a) n = 10,A2/yr = 10,7 = (2nn + Ak - r)/(w1 + w2) for the real
part of xB, (b) n = 10,Az/yr = 10,7 = 2nn + 1/2 + Ak - ) /(w1 + w2) for the
imaginary part of xB, (c) n = 0.1,A1/yvr = 1,7 = 2nu + Ak - r) /(w1 + w2) for
the real part of x4, (d) n=0.1,A1/yr = 1,7 = 2na+ Ak - r) /(w1 + w2) for the
imaginary part ofya. Here n = —10 000.

and Rayleigh ASPB signals for the three Markovian models, respectively, i.e.,

I(A1, Ao, 7) x {[1 4+ ngexp(—2a1|7|)] Lo + L1o} + nexp[—(aq + az)|7|] %
{expl[idk - r —i(w1 + wa)|7[IXaxB+
exp[—iAk - r + i(w1 + wo)|T|lxaxB} - (3.73)

From Eq. (3.73), we have

I(A1, Ag,7) o< Ig(A1, ) + 2nexp[—(ea + ag)|7]lIxBl[xAl X
cos[Ak - r — (w1 + wa)|T| — 04 + 05]. (3.74)

Here, Ip (A1,7) = [1 + naexp(—2a4|7])]Ly + L1o. The reference Rayleigh-
enhanced FWM signal Ip(Ay,7), the factor 2nexp[—(a1 + a2)|7|]|x 5| and
fp are independent of As. If we adjust the time delay 7 such that Ak -r —
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(w1 + w2)|7| + 05 = 2nw [see Fig. 3.23(c) and Fig. 3.24(a)—(c)], then

I(A1,Ag,7) o< Ig(A1,7) + 2nexp[—(ai + az)|7[]|xB||xAa| cOs 0.4
= Ip(Ay1,7) 4 2nexp[— (a1 + a2)|7[]IxB X4 (3.75)

However, if Ak -r — (w1 +w2)|7| + 05 = (2n + 1/2)x [see Fig. 3.23 (d) and
Fig. 3.24 (d) - (f)], we have

I(A1, A, 7) x Ip(A1,7) + 2nexp|— (a1 + a2)|7]]|IxB]|xA|sin 04
= Ip(A1, 1) + 2nexp[—(a1 + a2)|7|l[xBIX4- (3.76)

In other words, by changing the time delay 7 between beams 1 and 2 we can
obtain the real and the imaginary parts of the Raman-enhanced susceptibility
X 4. Figure 3.23 (c), (d) shows the heterodyne detection spectra versus Az /vr
of the coexisting Raman and Rayleigh ASPB with small 1. They are the
same as Fig. 3.21 and only the reference backgrounds are different. Therefore,
the spectra show the profile of the real and imaginary parts of the Raman-
enhanced susceptibility. In addition, Fig. 3.24 shows the spectra versus A; /vg
and As/vgr. The spectra mainly show the profile of Rayleigh-enhanced FWM

(c) (d)



140 3 Raman, Rayleigh and Brillouin-enhanced FWM Polarization Beats

Fig. 3.24. The heterodyne detection spectra versus A;/yr and Az/yr of the
coexisting ASPB for n = 0.1, xm/xr = 0.1,ym/a1 = yr/on = 10, x7/xXr =
0.1,yr/a1 = 1x 107% s /a1 = az/aq = 1 with 7 = (2nx — Ak -7 — 0p) /(w1 + w2)
and (2nn+mn/2—Ak-r—0p)/(wi1 +ws2) for 7 > 0 for the real and imaginary part of
XxA. Theoretical curves represent the (a) and (d) CFM, (b) and (e) PDM, (c) and
(f) GAM. Here n = —10 000. Adopted from Ref. [20].

signal versus A;/vg. As Ay/yr = —5 and 7 satisfies the condition of Ak -
r — (w1 + w2)|7| + 0 = 2nm, the spectra versus Ag/vg show the real part
of the Raman-enhanced susceptibility, while as A;/vr = —5 and 7 satisfies
the condition of Ak -1 — (w1 + w2)|7| + 05 = 2nmw + /2, the spectra versus
Ay /vr show the imaginary part of the Raman-enhanced susceptibility.

3.2.6 Discussion and Conclusion

Based on three stochastic models, the subtle Markovian, field-correlation
effects have been investigated in Raman and Rayleigh-enhanced FWM, ho-
modyne and heterodyne-detected ASPB. All of these can be understood in
the time and frequency domains.

The ASPB with double-frequency color-locking noisy light has an advan-
tage [21]. Based on three stochastic models, the subtle Markovian field corre-
lation effects have been investigated in the homodyne or heterodyne detected
ASPB. The physical explanation for this 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. In fact, the difference of the spectra of the three
Markovian stochastic models of the laser field can be controlled. Specifically:
(i) at zero delay time it shows the drastic difference for three Markovian
stochastic fields, while the PDM and GAM results are the same as those of
the CFM in the limit of |7| — oo. It means that the fluctuation of both the
amplitude and the phase of the field have no effect in the limit of |7| — oo.
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(ii) Under narrowband linewidth (o; << vas,yr), the difference value of the
signal intensity at A; o = 0 among the three models is dramatic. However, it
becomes smaller under broadband linewidth (a; >> yar, yr). That is to say,
stochastic correlation effects are sensitive to narrowband linewidth. (iii) As
xr is small, the difference of the spectra of the three models is drastically,
while the non-resonant thermal background is much larger than the reso-
nant signal that the contribution from thermal grating dominates the FWM
spectra and obscure the difference of the spectra of the three models.

Both Raman and Rayleigh-enhanced FWM are proposed for studying
ultrafast processes. In contrast to the conventional time-domain technique,
they are frequency-domain techniques, the time resolution is independent of
the incident laser pulse width. Therefore, the Raman and Rayleigh-enhanced
FWM can be employed for the measurement of ultrafast longitudinal relax-
ation time in the frequency-domain [6]. Based on the field-correlation effects,
this technique can be applied even to an absorbing medium if a time-delayed
method. There are two mechanisms involved. First, the nonlinear interaction
of beams 1 and 2 with the same frequencies gives rise to the static gratings
(molecular-reorientation and thermal gratings). The FWM signal is the result
of the diffraction of beam 3 by the grating. Second, beams 2 and 3 with differ-
ent frequencies build up the moving gratings (Raman and Rayleigh modes).
If the grating lifetime is larger than the time it needs to move over one spatial
period, then destructive interference occurs during engraving and erases the
grating.

Physically, for the coexisting Rayleigh and Raman-enhanced FWM pro-
cesses, the resonant signals originate from the order parameters Qrar,rr.r
(r,t) while the non-resonant background come from both Qar12(r,t) and
Qr1,2(r,t). The establishment of order parameters of the gratings involves
integration effects. In the broadband case (i.e., o123 >> Yr,vm,Vr), the
effect of integration is to wash out the gratings. At zero time delay no
washout takes place in the establishment of Qa1 2(7,t) and Qr1,2(r,t) be-
cause the phase factor ¢ o of Ay o(t —t')[A1,2(t — ' — 7)]* is stationary. On
the other hand, the phase factors ¢, of Az(t —t')[A1(t — ¢ — 7)]* and ¢sp
of As(t —t')[Aa(t —t')]* are random variable which fluctuate with character-
istic time scales (a1 + a3)™! and (ag + a3) ™!, respectively. Because of the
integration effect, the fast random fluctuation of @3, leads to the reduc-
tion of the amplitude of Qras,rr,r(7,t). Therefore, the coexisting Rayleigh
and Raman-enhanced FWM spectra are dominated by a large non-resonant
background when 7 = 0. However, the coexisting Rayleigh and Raman-
enhanced FWM spectra are quite different in the limit of a|r| >> 1. Similar
to Qrm,rr,R(T,t), Qa1 2(r,t) and Qr12(7,t) is now induced by mutually
incoherent fields. If a2 = a3, then the influences of the integration effect
on them are equal [see Fig. 3.10(b)]. Thus, the non-resonant backgrounds
are suppressed effectively. We now consider the case when vp, vy, v >>
a,2,3. In this case, the gratings have quite short relaxation times, therefore,
they can respond to the phase fluctuations of the fields almost immediately.
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More specifically, Ay 2(t — t/)[A12(t —t' — 7)]*, As(t — t")[A1(t — ¢ — T)]*
and As(t — t')[Aa(t — t')]* are slowly varying functions in comparison with
exp(—yam,r,rt') which have a peak at ' = 0, and therefore can be approxi-
mated as Ay 2(t)[A12(8)]*, As(¢)[A1(¢)]* and As(t)[A2(¢)]*, respectively. We

o0

haVePMLQ(T',t)O(XM')/MALQ(t)[Al,Q(t)]*A3(t)/ exp(—'yMt')dt/,PTl,g(r,t)

0

o XTWTAl,z(t)[Al,z(t)]*A:s(t)/ exp(—yrt')dt’, Prar,rr (T, 1) o Xar,mvM,T
0

Al(t)[Al(t)]*Ag(t) /Ooo exp[—(’yMT —iAl)t/]dt/ and PR(’I',t) 08 XR’)/RAQ(t)

[A2(t)]" As (t)/ exp[—(yr —1A2)t']dt’. The above equation indicates that

the Rayleigh afld Raman-enhanced FWM spectra are independent of 7.

The Raman-enhanced FWM the Raman vibration is excited by the si-
multaneous presence of two incident beams whose frequency difference equals
the Raman excitation frequency and the Raman-enhanced FWM signal is the
result of this resonant excitation. In contrast, the Rayleigh-enhanced FWM
process is a nonresonant process and a frequency-domain nonlinear laser spec-
troscopy with high frequency resolution determined by the laser linewidth.
Moreover, the Rayleigh-enhanced FWM is a non-resonant process with no
energy transfer between the lights and the medium when the frequency dif-
ference between two incident beams equals zero. The resonant structure in
the Rayleigh-enhanced FWM spectrum is the result of induced moving grat-
ing. This difference is also reflected in their line shapes. Specifically, unlike
the Raman-enhanced FWM spectrum, which is asymmetric due to the in-
terference between the resonant signal and the nonresonant background, the
lineshape of the Rayleigh-enhanced FWM is always symmetric.

In this section, we employ the ASPB to obtain the real and the imagi-
nary parts of the competition Raman and Rayleigh resonance (see Fig. 3.23)
based on the polarization interference between coexistence of the Raman and
Rayleigh-enhanced FWM processes. Specifically, since Raman and Rayleigh-
enhanced FWM signals propagate along the same optical path, in the het-
erodyne detection of ASPB, we purposely introduce them as the reference
signals of each other. Our method is based on polarization interference be-
tween two competition Raman and Rayleigh-enhanced FWM processes. The
detuning A; and A, control the intensity and phase angle of the Rayleigh and
Raman-enhanced susceptibilities x g and x 4, respectively. We need scanning
one detuning to show the phase dispersion of yp or xa with proper time
delay, while the other one only to change the reference background. If A,
or Ay change large enough, the value of 0p or 04 will equal zero and the
coexisting Raman and Rayleigh ASPB will convert into the pure Raman or
Rayleigh ASPB.

One possible experimental candidate for the proposed system is the sam-
ple of benzene in which oxazine dye is dissolved. The strong vibration mode of
benzene is at Qp = 992 cm~'. The Raman mode can be activated in benzene.
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In addition, the static molecular-reorientation grating and the corresponding
Rayleigh mode also exist in such material. On the other hand, the oxazine dye
introduces the static thermal grating and the corresponding Rayleigh mode.
Therefore, we can study the competition of Raman and Rayleigh-enhanced
FWM and ASPB mediated by thermal effects.

Such an experiment can be done by using three nanosecond dye lasers
(color-locking) or femtosecond ultrashort lasers (phase-locking) D1, D2, and
D3. D1 and D2 are used to generate frequencies at w; and ws, respectively.
A beam splitter is used to combine the wy and ws components for the pump
beams. Beam 1 and beam 2 intersected in the sample with a small angle
between them. The relative time delay between beams 1 and 2 can be varied
by an optical delay line controlled by a stepping motor. Beam 3, used as the
probe beam and originating from D3 with frequency ws, propagating along
the direction opposite that of beam 1.

More specifically, (i) for the coexisting Raman and Rayleigh ASPB, D1,
D2, and D3 have the wavelengths Ay = 561 nm, Ao = 532 nm and A3 =
561 nm, respectively. Thus, the Raman mode is activated by the interaction
of beam 3 and ws component of beam 2. As a result, Raman-enhanced FWM
is generated. On the other hand, the Rayleigh-enhanced FWM is generated
due to the interaction of beam 3 and w; component of beam 2. Both w; and
we frequencies can be varied. (ii) For the Raman ASPB, D1, D2, and D3
have the wavelength A\; = 565 nm, \s = 532 nm and A3 = 561 nm, respec-
tively. Thus only the Raman mode is activated by the interaction of beam 3
and wy component of beam 2. As a result, Raman-enhanced FWM is gener-
ated accompanying NFWM resulting from diffraction by the static molecular-
reorientation and thermal gratings due to the interaction of beam 3 and w;
component of beam 2. The wy frequency can be varied. (iii) For the Rayleigh
ASPB, D1, D2, and D3 have the wavelength A\; = 561 nm, A2 = 565 nm and
A3 = 561 nm, respectively. Thus only the Rayleigh-enhanced FWM is gen-
erated due to the interaction of the beam 3 and w; component of the beam
2, while NFWM due to the interaction of the beam 3 and ws component of
the beam 2 is generated used as reference signal. The w; frequency can be
varied.

In addition, there exist two types of polarization configurations: (i) Beam
1 was polarized along the z direction and beams 2 and 3 were polarized
along the y direction. The FWM signal, which was polarized along the z
direction, propagated along a direction almost opposite that of beam 2 (see
Fig. 3.9). In such case no thermal grating is generated because the two pump
beams 1 and 2 are perpendicular to each other. (ii) Beams 1, 2, and 3 were
polarized along the x direction. The FWM signal was polarized along the
x direction. Here, both thermal grating and molecular-reorientation grating
are induced. The non-resonant background can be suppressed dramatically by
increasing the relative time-delay (successfully controlling field correlation).
There still exists the residual non-resonant background due to the molecular-
reorientation grating. In this work [case (ii)], we consider the influence of the
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thermal grating to the coexisting Raman and Rayleigh-enhanced FWM and
the time-delayed method to suppress the thermal non-resonant background.
In summary, based on color-locking noisy field correlation, the subtle
Markovian field correlation effects in three stochastic models have been inves-
tigated in studying the Raman and Rayleigh-enhanced FWM. One interesting
feature in field-correlation effects is that Rayleigh-enhanced FWM exhibits
spectral symmetry, while Raman-enhanced FWM exhibits spectral asymme-
try due to the interference between the resonant mode and the non-resonant
background. We also note that Raman-enhanced FWM exhibits temporal
asymmetry with hybrid radiation-matter detuning terahertz damping oscil-
lation. In addition, a time-delayed method to suppress the background is
mentioned in a Kerr medium and an absorbing medium. On the other hand,
based on the three stochastic models, homodyne (quadratic) and heterodyne
(linear) detection of the Raman ASPB, the Rayleigh ASPB and the coexisting
Raman and Rayleigh ASPB have also been investigated, respectively.

3.3 Coexisting Brillouin, Rayleigh and Raman-enhanced
Four-Wave Mixings

When the frequency difference between two incident beams equals the acous-
tic photon resonance in the thicker sample, coherent Raman methods are
applied to Brillouin spectroscopy to obtain Brillouin-enhanced FWM. The
Raman, Rayleigh and Brillouin-enhanced FWMs are superior to all other
CRS techniques. They possess the features of non-resonant background sup-
pression, excellent spatial signal resolution, free choice of interaction volume
and simple optical alignment [23].

Polarization beat between two excitation pathways is related to recent
studies on the quantum interference. The pure Raman, pure Rayleigh, or
the coexisting Raman and Rayleigh ASPB is the interesting way to study
the stochastic properties of light [5]. Based on the field-correlation of color-
locking twin noisy lights, homodyne and heterodyne detections of these ASPB
have also been exhibited to study the characteristics of the dispersion and
absorption of the resonant Raman and Rayleigh-enhanced FWM [18].

The disadvantage of noisy light with color-locking is that neither fre-
quency nor time features can be directly probed without some data analysis.
When the laser field is sufficiently intense, the laser spectral bandwidth or
spectral shape obtained from the second-order correlation function is then in-
adequate to characterize the field. Rather than using higher-order correlation
functions explicitly, three different models for Markovian fields are considered
[11].

Based on the field-correlation of color-locking twin noisy lights, the co-
existing Raman, Rayleigh and Brillouin-enhanced FWMs are considered in
this section and they will compete with each other. We also obtain the phase
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dispersion of the coexisting Raman, Rayleigh and Brillouin-enhanced third-
order susceptibility. The phase angles of the third-order susceptibilities have
been studied using the phase-sensitive detection. The heterodyne detected
signal of ASPB potentially offers rich dynamic information about the homo-
geneous broadening material phase of the third-order nonlinear susceptibility.

3.3.1 Basic Theory

We first pay attention to the pure Rayleigh-enhanced FWM. The basic ge-
ometry is shown in Fig. 3.9. The beams 1 and 2 only have the frequency
component wy, a small angle exists between them. Beam 3 with frequency ws
is almost propagating along the opposite direction of the beam 1. Here we
define the frequency difference Ay = w3 — ws, if the condition satisfy A; ~ 0,
the frequency components of the beams are fitted to the Rayleigh mode. The
beam composite stochastic fields of the beam 1 and 2, E;(r,t) and Ej(r,t)
for homodyne detection scheme and the complex electric fields of the beam
3 can be written as

Eqi(r,t) = A1 (7, t) exp(—iwit) = 1uq (t) expli(ky - 7 — wit)], (3.77a)
Ej(r,t) = A} (r,t) exp[—iw1 (t — T)]

= elui(t — 7) expli(k} - — wit + w1 7)), (3.77b)
Es(r,t) = As(r,t) exp(—iwst) = ezus(t) expli(ks - r — wst)]. (3.77¢)

Here, €, k;(g}, k) are the constant field amplitude and the wave vector of
the w; component in beams 1, 2, and 3. 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 obey complex circular Gaus-
sian statistics in chaotic field. 7 is a variable relative time delay between
the prompt (unprime) and delayed (prime) fields. In an absorbing medium,
the nonlinear interaction of beams 1 and 2 with the medium can enhance
the molecular-reorientation gratings and the thermal gratings, i.e., wy will
induce their own non-resonant static molecular-reorientation gratings G
and thermal gratings Gp;. FWM signals are the results of the diffraction of
the beam 3 by these two gratings, respectively. Two non-resonant moving
gratings, Grps and Grp with large angle formed by the interference between
the w; frequency component of the beam 2 and the w3 frequency component
of the beam 3 excite the Rayleigh mode of the medium, will diffract the w;
frequency component of the beam 1 to obtain the Rayleigh third-order polar-
izations Prys and Prp. Such polarizations enhance the FWM signals induced
by Gy and G- The order parameters Q a1, @71 of two non-resonant static
gratings and Qrar, @ rr of the Rayleigh non-resonant moving gratings satisfy
the following equations [23]:

dQun /dt + ymQuir = xmyar Er (v, 1) [E (v, 1)), (3.784)
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dQr1/dt + yrQr1 = xryrEv(r, t)[E] (v, t)]*, (3.78b)
dQrn /At + v Qrar = xmym [E7 (v, 8)]" Ez(r,t), (3.79a)
dQgrr/dt + yrQrr = xTy1[E] (7, t)]* E3(r,t). (3.79b)

Here yar,r and x a7 are the relaxation rate and the nonlinear susceptibility
of the molecular-reorientation grating and thermal grating, respectively. The
induced third-order nonlinear polarizations which are responsible for the pure
Rayleigh-enhanced FWM signals are

Pyii = Qi (v, t)Es(r,t) = xuym S1(r)er(e]) ez x

/Ooo wr(t — t)ui(t —t' — 7)us(t) exp(—yart’)dt’, (3.80)

Pry = Qri(r,t)Es(r,t) = xryrSi(r)ei(e]) es x

/Ooo ur(t —tui(t —t' — 7)ug(t) exp(—yrt’)dt’, (3.81)

Prpy = Qui(r, 6)Er(r,t) = xmymS1(r)(e]) eser X

/OOO ui(t —t — T)us(t — t")uy (t) exp[—(ya — 1A)¢']dt, (3.82)

Prr = Qri(r,t)Er(r,t) = xoyrSi(r)(e]) "eser x
/ ui(t —t — T)us(t — t")ui (t) exp[—(yr — 1A1)t']dt’. (3.83)
0

Here S1(r) = exp{i[(k1 — k] + k3) -  — w3t — w1T]}. So the polarization of
Rayleigh-enhanced FWM process is Pa1 = Py + Pry + Pri + Prr with
phase matching condition kg1 = k1 — k + ks.

We consider the Rayleigh and Brillouin-enhanced FWM. In the Rayleigh
mode, when A; tunes towards the acoustic phonon resonance, the reso-
nant moving grating Gp, can be formed by the interference between the
w1y frequency component of beam 2 and the ws frequency component of
beam 3. Since the moving speed just matches the sound-wave velocity, this
resonant moving grating Gp, excites the Brillouin mode of the medium
and diffracts the w; frequency component of beam 1 to obtain the Bril-
louin third-order polarization Ppg,. Such polarization enhances the FWM
signals corresponding to Ggrar, Grr,Gapn and Gpp. The order parameter
Qpr(r,t) = Qprexp[—i(k] — ks3) - r], which reflects the diversification of
medium density, satisfy the following equations [34—37]:

CIQQBT/dIf2 + 'YBrdQBr/dt + V]237«QBT = Xb[Eé(’I', t)]*Eg(’I', t). (384&)

Based on Egs. (3.80)—(3.83) shown above, we can obtain

oo 2
Xb’YBT * *
Pg, = . 165351 (P)ui(t — Tus()uq (¢)dt.  (3.84b
0= [ a1 s (O () (354
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Here, vp, and g, are the Brillouin frequency and linewidth, respectively,
and yp is a constant. So the polarization of Rayleigh and Brillouin-enhanced
FWM processes is Pas = Pa1 + P = Py1 + Pryr + Pri + Prr + Pp, with
phase matching condition kg1 = k1 — Kk} + ks.

: ki, k3 k3 3

(3]

ks 52
Fig. 3.25. The phase-conjugation geometries of the coexisting Raman, Rayleigh,
and Brillouin ASPB. E; (E1) and Ej (E2) are the fields with frequency wi and ws
in beam 1 (beam 2), respectively. E3 with frequency ws is the field in beam 3. The
enhanced FWM signals or the generated ASPB signals in beam 4 propagate almost
along the opposite direction of beam 2.

In Fig. 3.25, if beams 1 and 2 have the frequency component wo which
can induce another two non-resonant static molecular-reorientation gratings
G2 and thermal gratings Gro. FWM signals are the results of the diffrac-
tion of beam 3 by such two gratings. On the other hand, if the frequency
detuning Ay = A} — Qr(A] = w3 — wsy) is near zero, here Qg is the Ra-
man resonant frequency, the wo frequency component of beam 2 and the ws
frequency component of beam 3 excite the Raman mode of the medium to
create the Raman resonant grating Gg. It diffracts the ws frequency com-
ponent of beam 1 to obtain the Raman third-order polarization Pg. Such
polarization enhances FWM signals corresponding to G s and Gps. The or-
der parameters Qpr2, Q12 of two non-resonant static gratings and Qg of the
Raman resonant moving grating satisfies the following equations [31]:

dQnr2/dt + ym Q2 = xm By (v, 1) [Ea(r, 1)), (3.85a)
dQr2/dt +y7Q1a = xTYT By (7, t)[E2(r, t)]", (3.85D)
dQR/dt + (yr — iAg)QR = XR’)/R[EQ(T, t)]*Eg(T, t). (3.85C)

Here the beam stochastic fields of beam 1 and 2 can be expressed as: E,; =
Eli(r,t) = AL(r,t) exp[—iwa(t — 7)] = hua(t — 7) exp[i(k) - ¥ — wal + waT)],
Epo = Es(r,t) = Aa(7, t) exp(—iwat) = eous(t) expli(ks - 7 — wat)].

The induced third-order nonlinear polarizations which are responsible for
the pure Raman-enhanced FWM signals are

Py = Qura(r,t) Es(r,t) = xamrym Sa(r) (e2) ehes x
/ Wt — P Yus(t — ¢ — TYus(t) exp(—yat)dt,  (3.86)
0
Pry = Qra(r, t)E3(r,t) = x7yrS2(r)(62)"e5e3 X

/OOO uy(t — ) ua(t — t' — 7)ug(t) exp(—yrt’)dt’, (3.87)
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Pr = QR(ra t)Eé(T, t) = iXR’VRSQ(r)(€2)*E3€/2 X
(o)
/ uy(t — us(t — t")ua(t — 7) exp[—(yr — 1A2)t']dt’. (3.88)
0

Here, S2(r) = exp{i[(k}, — k2 + k3) - 7 — w3t + woT]}, and the polarization
of Raman-enhanced FWM process is Pg = Puo + Pro + Pr with phase
matching condition kso = kb — ko + ks.

Here we focus on the coexisting Raman, Rayleigh and Brillouin-enhanced
FWM. Now the beams 1 and 2 both consist of the frequency components
w1 and wo, if the two conditions are satisfied simultaneously: the frequency
difference A1 = w3 — wy is much smaller than A} = w3 — w9 (ie., A1 <<
A and A; &~ 0) and the frequency detuning As = A} — Qg is near zero,
the coexisting Raman, Rayleigh and Brillouin modes of medium enhance
FWM signals. Therefore, polarization Pg = Ppjo + Pro + Pgr corresponds
to the Raman-enhanced FWM process with phase-matching condition kgs
and Pao = Py + Pr1 4+ Pry + Prr + Ppr corresponds to the Rayleigh
and Brillouin-enhanced FWM process with phase-matching condition kg;.
Both FWM signals have the same frequency, i.e., ws. As a result, the FWM
signals originate from the interference between the macroscopic polarizations
from the Raman-enhanced FWM, the Rayleigh and Brillouin-enhanced FWM
signals. The FWM signal (beam 4) is along the opposite direction of beam 2
approximately.

To some extent, the Raman and Brillouin-enhanced FWMs are both the
resonant process with energy transfer between the lights and the medium.
While because the frequency difference (which is tuned towards the acoustic
phonon resonance) between two incident beams of the Brillouin-enhanced
FWM is so small that the Rayleigh-enhanced FWM which possesses the zero
frequency difference and the Brillouin-enhanced FWM always coexist during
the experiment. Hence, we investigate the Rayleigh and Brillouin-enhanced
FWM as a whole.

3.3.2 Homodyne Detection of ASPB

For the Rayleigh-enhanced FWM signal, we obtain the total third-order po-
larization P®) = Pa1+Pe = (Py1+Pry+ Pri+ Prr)+ (Paa+ Pra), where
the reference polarization Po = Py + Ppo with a frequency wy (which only
excite the nonresonant reference signals and do not satisfy the Raman reso-
nant excitation condition) have the phase matching condition kgo = k) —ka+
ks. So the homodyne-detection ASPB signal I(Ay,7) = (|Pa1 + Po|?) con-
tains 6 x 6 = 36 different terms. For Rayleigh and Brillouin-enhanced FWMs,
there exists one more polarization — the Brillouin polarization. Here we sup-
pose that the Rayleigh and Brillouin polarizations have the same phase angle
and they have no interaction between them, so we have the total third-order
polarization PG = Pas+Po = (PM1 +Prar+Pr +PRT+PBT)+(PM2+PT2).



3.3 Coexisting Brillouin, Rayleigh and Raman-enhanced Four-Wave Mixings 149

Therefore, the homodyne-detection beat signal I (Ay,7) o (|Pas + Po|?)
contains 7 x 7 = 49 different terms which include the nonresonant terms of
the wy and w; molecular-reorientation and thermal gratings and the Rayleigh
and Brillouin resonant mode as the autocorrelation terms, and the cross-
correlation terms between FWM and Rayleigh and Brillouin-enhanced FWM.
Here,

(|Paz|?)

= (Pv1Pypy) + (P Pry) + (P Prag) + (P Prr) + (Pun Pg,) +
PriPypy) + (PriPry) + (PriPra) + (PriPrp) + (PriPg,) +
PryPypy) + (PrvPry) + (PrvPray) + (PrvPrr) + (PrvPpy) +
PrrPip) + (PrrPry) + (PrrPray) + (PrrPrr) + (PrrPp,) +
Pp.Pypy) + (Ppr Pry) + (PerPray) + (PerPrr) + (PerPpe). (3.89)

o~ o~~~

They involves fourth- and second-order coherence functions of w;(t). For ex-
ample, the first term of (|Paz|?) is

(Pra Pypy)

= ixis7ir(e1) “ese Si(r)er(eh)* (e3) " S5 (r) x
/0 dt’ /0 ds"(uy (t — T)ur (t — sHui(t — t)uj(t — s — 7))
(3.90)

(ug(t —t")ui(t)) x exp[—(yar — 1A — vars'].
The fourth- and second-order coherence functions of u;(t) included in this
equation are (uy(t — T)ui(t — s uj(t —t)uj(t — s — 7)) and (us(t — t")ui(t)),
respectively.

If the laser sources have Lorentzian line shape, we have the second-order
coherence function (u;(t1)u} (t2)) = exp(—a;|t1 —ta|) (ie., (Ju;(t)[?) = 1 when
t =t; = ta). Here a; = dw; /2, 0w; is the line width of the laser with frequency
w;. On the other hand, if assuming that the laser sources have Gaussian line
shape, then we have (u;(t;)ul(t2)) = exp{—|ai(t; — t2)/2V/In2]?}. Here, we
only consider the former. In fact, the form of the second-order coherence
function shown above, which is determined by the laser line shape, is general
feature of the stochastic models [11].

Here we also give the other two terms:

(IPc|?) = (PaaPyra) + (PraPro) + (ProPipy) + (PraPpy),  (3.91)

(Pa2Pg) + (PhoPo)

= (Pa1Pyrg) + (PriPy) + (Pra Prga) + (PrrPrgo) +
PprPypa) + (Pt Pro) + (PriPro) + (Prv Pro) +
PrrPro) + (Ppr Pro) + (Py2Pypy) + (PraPyyy) +
PraPag) + (Pu2Prr) + (Pu2Pg,) + (PraPyp) +
ProPry) + (Pr2Pry) + (PraPrp) + (Pr2Pp,). (3.92)

o~ o~~~
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The atomic response to Markovian stochastic optical fields is well understood
[11]. There are three different Markovian fields: (a) the chaotic field, (b)
the phase-diffusion field, and (c) the Gaussian-amplitude field. The chaotic
field undergoes both amplitude and phase fluctuations and corresponds to a
multimode laser field with a large number of uncorrelated modes, or a single-
mode laser emitting light below threshold. Since a chaotic field does not
possess any intensity stabilization mechanism, the field can take on any value
in a two-dimensional region of the complex plane centered about the origin
[11]. For the purpose of further investigations of the field-correlation, the
three different Markovian noise stochastic models are considered: the chaotic
field model (CFM), the phase-diffusion field model (PDM), the Gaussian-
amplitude field model (GAM). In this case, ui(t) has Gaussian statistics
with its fourth-order coherence function satisfying

(wi(t1)ug (t2)ui (t3)u; (ta))crm
= exp|—a;(|t1 — t3] + |ta — ta])] + exp[—ai(|t1 — ta| + [t2 — t3])].

The phase-diffusion field undergoes only phase fluctuations and corresponds
to an intensity-stabilized single-mode laser field. The phase of the laser field,
however, has no natural stabilizing mechanism. The fourth-order coherence
function can be written as

(wi(tr)wi(t2)u; (t3)u; (ta)) PoM
= exp[—a;([t1 — t3| + [t1 — ta| + [t2 — t3] + [t2 — t4])]
expla; ([t — t2| + [t3 — ta])]

_ {ua(t)uf (t)) Cua (t2)uf (80)) Cuitr)u (2)) (ui(t2)ug (t3)) (3.93)

(wi(t)uy (t2)) (ui(ts)u; (ta))

The Gaussian-amplitude field undergoes only amplitude fluctuations. There is
no such obvious natural source for a real Gaussian field. However, one can gen-
erate it through intentionally modulating the cw laser with the acousto-optic
modulator. We do consider the Gaussian-amplitude field for two reasons.
First, it allows us to isolate those effects due solely to amplitude fluctuations
and second, it is an example of a field that undergoes stronger amplitude (in-
tensity) fluctuations than a chaotic field. The fourth-order coherence function
of u(t) satisfies

(wi(t1)ui(t2)ui(ts)ui(ts))cam

(wi(t)uite)ui(ts)ui(ta))crnr + (ui(t)wi(tz))(ui(ts)ui(ta))
exp|—a;([t1 — t3] + [t2 — t4])] + exp[—a; ([t1 — ta] + [t2 — t3])] +
exp[—a;([t1 — ta| + |t3 — ta])]. (3.94)

By comparing the results for the chaotic and the Gaussian-amplitude fields
we can determine the effect of increasing amplitude fluctuations [11].
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From Fig. 3.26, we give the simulation of Rayleigh and Brillouin ASPBs
intensity I(Ay,7) = (|Pa1 4+ Pc|?), the three stochastic models have the
similar oscillation curve, the GAM field has the highest background, and the
PDM field has the lowest background.
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Fig. 3.26. The Rayleigh and Brillouin ASPB signal versus yu7 for xam/xr =
10,vr/yx = 2 x 1005 A1 = 0,7 = O,wi/yn = 12.7450,w2/ym =

12.0781, a /ym = a2 /ym = as/ym = 1,vBr/ym = 0.05,vp, /ym = 0.33, X6/ XT
3.33 and n = 1. Three curves are shown in CFM (solid curve), GAM (dotted curve),
and PDM (dashed curve).

For the coexisting of Raman, Rayleigh, and Brillouin ASPBs, we have
the total third-order polarization P(®) = Pg 4+ Py = (Pya + Pro + Pgr) +
(Pa + Pray + Pri+ Prr + Ppy). Therefore, the homodyne-detection signal
I(Ay,7)  ((Pp + Pa2)(Pj; + Pj5)) contains 8 x 8 = 64 different terms which
include the Rayleigh and Brillouin resonant mode as autocorrelation terms
and the cross-correlation terms between Raman, Rayleigh, and Brillouin-
enhanced FWMs. Here (|Pas|®) maintains the same as the Rayleigh and
Brillouin mode. The other two terms are

(|1Ps|?) (3.95)
= (Pa2Phya) + (Pr2 Pro) + (Pu2PR) + (PraPhrs) + (PraPrs) +
(PraPg) + (PrPyo) + (PrPFs) + (PrPg), (3.96)

(PazPg) + (P PB)
= (Pum1Pupa) + (PriPupa) + (Prac Paga) + (PrrPaga) + (PprPypa) +

(Prit Pra) + (PriPro) + (Prae Pro) + (PrrPrg) + (PerPro) +
(PriPr) + (PriPpr) + (PryPr) + (PrrPr) + (PerPg) +
(PraPypy) + (ProPyp) + (PuaPray) + (PrzPre) + (Pa2Pg,) +
(ProPrp) + (ProPry) + (PraPry) + (PraPrr) + (Pr2Pp,) +
(PrPyp) + (PrPry) + (PrPRyr) + (PrPRp) + (PrPg).  (3.97)

The coexisting Raman and Rayleigh-enhanced FWM has been considered in

the previous work [18]. Though the polarization beat signal is shown to be
particularly sensitive to the statistical properties of the Markovian stochastic
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light fields with arbitrary bandwidth, different Markovian stochastic models
of the laser field only influence the fourth-, not second-order correlation func-
tions. That means only the auto-correlation terms will be effected by three
different Markovian stochastic models and the cross-correlation terms have
nothing to do with three stochastic models. Here the cross-correlation terms
between Raman, Rayleigh and Brillouin-enhanced polarization of three mod-
els are the same. Therefore, Fig. 3.27 shows that ASPB signal intensities in
CFM, PDM, and GAM versus 7. Signals have the same oscillation charac-
teristics that they oscillate with the same frequency wy + w2, which is similar
to that of coexisting Raman and Rayleigh ASPBs [20].

0.8

= =
= >

Normalized Signal Intensity

Fig. 3.27. Raman, Rayleigh, and Brillouin ASPB signals versus yr7 with the same
parameters as in Fig 3.26.

3.3.3 Heterodyne Detection of ASPB

Now we try to do some discussions on the heterodyne detection of ASPB,
to obtain information on the third-order susceptibility. We take the Rayleigh
and Brillouin ASPB for example: the intensity of beat signal consist of three
parts: the auto-correlation term |P,42|2 of the Rayleigh and Brillouin ASPB,
the auto-correlation ter, |Pc|2 of the beam ws, and the cross-correlation term
(PaaPL) + (P35 Pc). The susceptibility of the Rayleigh and Brillouin ASPB
is contained in two parts, i.c., |Paz|* and (Pa2PL) + (PhoPc). The third-
order susceptibility x a2 in |PA2|2 appears in the form of the |y A2|2 without
phase characteristics. Only in (Pa2P5) + (PhoPc) term there exists phase
characteristics of x 42 of the Rayleigh and Brillouin resonant modes. We can
scan the frequency difference Ay, but both |PA2|2 and (Pa2P5) + (P, Pc)
have our scanning parameter. To avoid the A; influence on |PAQ|27 we can
make the field F; intensity much weaker, and Pao will be too weak to be
considered. In this case, we can obtain the phase dispersion information in
the cross-correlation term (PasPg) + (PiyPo).

Rayleigh and Brillouin ASPB signals are proportional to the average of
the absolute square of Pas + Pg, so that the signal intensity I (Ap,7)
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(IPaz + Po|?) = ((Pas 4 Po) (P, + Pg)) contains 7 x 7 = 49 different terms.
ITas (A1, 7) = (PasP},) and Ic (1) = (PcPg) include the ui(t) and the ua(?)
fourth-order Markovian stochastic correlation functions, respectively, while
Tas,c (A1, 7) = (PasPE) + (PhyPo) include u;(t) second-order Markovian
stochastic correlation functions. In order to get the information about the
Rayleigh and Brillouin susceptibility, we need to detect the Rayleigh and
Brillouin ASPB signal intensity.

We know that different Markovian stochastic models of the laser field only
affect the fourth, not second-order correlation functions. Therefore, the cross-
correlation terms Igo ¢ (A1, 7) are the same for three Markovian stochas-
tic models. We can obtain the third-order susceptibilities for Rayleigh and
Brillouin-enhanced FWM,

Xa2 = XM + X1 + Xmym/[(01 + as +yar) — 1A +
xryr/[(cr + az +yr) —iAq] +
XY/ (VEe — A7 —iD1ypr). (3.98)

The real and imaginary parts of x 42 are even and odd functions, respectively,
ie.,

Xao = X + X7 + var(ar + ez +yar)xar /(@1 + a3 +var)? + A +
vr(or + as +yr)xr/[(e1 + as + 7)) + AT +
Xb’)/%r(yér - A%)/[(V%r - A%)Q + (AI’YBT)Q]

and

X2 = X ym A1/ [(on + a3 + yar)? 4 Af] +
xryrAi /(a1 + as +97)? + A +
XoV e A1/ [(VE, — AD)? + (A1ys,)?)-

In heterodyne detection, assuming Io(7) >> I42(A1,7) at intensity level,
we obtain I(Aq,7) o« Ic(7) + Ta2,c(A1, 7). Under the condition of vas >>
a1, a9, a3 >> vyr we have Rayleigh and Brillouin ASPB signals for three
Markovian models, respectively, i.e.,

XA2 = Xu + X7 + Xmya/[(on + az +yar) — 1AL +
xryr/[(er + az +yr) —iAq] +
X0V, (VEe — AT —iD1yp,). (3.99)

We express x a2 as |xaz|exp(ifaz) = |xaz2|cosOaz +i|xaz2|sinfaz. From Eq.
(3.98) we have

XA2 = XM + X1 + xmym /(a4 oz +yar) —1A1] +
xryr/[(a1 + as +97) — 1Aq]. (3.100)
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Here, Ly = (xur+x7) exp[—(a1+a2)|7]], L2 = [14+373,/ (v +AT)IX3s, Ls =
exp(— 20 ) {[1+2,/ (3 +AD)]2xrxr 33}, Lt = exp(~2as|]) 2xarxr+
X%),n = eh(ea)*/e1(e})*, spatial modulation frequency Ak = (ky — k}) —
(K, — k2), and n, equals 1, 0, 2 for the CFM, PDM, and GAM, respectively.

Equation (3.99) indicates that the reference FWM signal I¢(7) and the
factor uy(t) are independent of A;. The heterodyne signal is modulated with
a sum-frequency wj +ws as 7 is varied, in addition, the phase of the oscillation
depends on the phase 845 of the measured third-order susceptibility x 2. If
adjusting the time delay 7 to satisfy the condition Ak-r — (w1 +ws)|7| = 2n,
we obtain the real part of y 42,

Taspp(A1,7) o< Ic(T) + 2L1n|x a2| cos 0 a2 < Ic + 2L1mX 45 (3.101)

On the other hand, if Ak - r — (w; + w2)|7| = (2n — 1/2)m, we have the
imaginary part of x 4o,

Taspp(A1,7) o< Io(T) + 2L1n|x a2 sinOas o< Ic(T) + 2L1nx'4e.  (3.102)

Raman, Rayleigh, and Brillouin ASPB signals are proportional to the aver-
age of the absolute square of Pg + Pao, the signal intensity I (A1, Ao, 7)
(|Pg + PA2|2) contains 8 x 8 = 64 different terms where a9 5 (A1, Ag,7) =
(PaaPE) + (P35 Pp) include u;(t) second-order Markovian stochastic corre-
lation functions. The cross-correlation terms are the same for three Marko-
vian stochastic models but more complex than that of pure Rayleigh and
Raman ASPBs. In heterodyne detection, we can control the laser field in-
tensity to either make Ip (Ag,7) >> I42(Ay,7) (i.e. 7 >> 1) to obtain
I < Ip (A2, 7) + L2, (A1, Ay, 7) for studying the phase dispersion of the
Rayleigh and Brillouin-enhanced third-order susceptibility x 42 (see Fig. 3.28)
or make Ip (Ag,7) << Taz(A1,7)(n << 1) to obtain I « Taz (A1, 1) +
Ta2,8 (A1, Ag,7) for studying the phase dispersion of the Raman-enhanced
third-order susceptibility x5 (see Fig. 3.29).

Under the condition of yr, vy >> ai,a9,a3 >> vp and n >> 1 we
have the coexisting Raman, Rayleigh, and Brillouin ASPB signals for three
Markovian models, respectively, i.e.,

Taspp(A1, A0, T) x 7> exp(—2iAk - ) {[1 + nq exp(—2az|7|)] Ls + L} +
nexp[—(a1 + az)|7|] x
{expliAk -7 —i(w1 + wo)|7[IXBxA2 +
exp[—iAk - r +i(w1 + w2)|T|IxBX 2] - (3.103)

Here,

Ls = x3; — 2vrAoxm xR/ (VR + A3) + vEXR/ (77 + A3),
Le = exp(—2a2|7])[2xm X1 — 27RA2XTXR/ (VE + A3) + X7,
Ly = exp(—20a|7])(2xn X1 + X7),
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Fig. 3.28. The heterodyne detection spectra versus Ai/vas of the coexisting Ra-
man, Rayleigh and Brillouin ASPB with (a) 7 = (2n + Ak - 7)/(w1 + w2) for the
real part of x a2, while with (b) 7 = (2n+ n/2 + Ak - 7)/(w1 + w2) for the imag-
inary part of xa2 when 7 > 0; (¢) 7 = (—2n + Ak - r)/(w1 + w2) for the real
part of x a2, while with (d) 7 = (=21 + n/2 + Ak - r) /(w1 + w2) for the imaginary
part of xa2 when 7 < 0. The other parameters are for xa/xr = 1000, vr/ym =
Lai/ym = az/ym = as/yu = 1, wi/ym = 127450, wa /ypm = 120781, v, /ym =
0.1,vgr/vym = 0.5,xp/xr = 10,7 = 10. Theoretical curves are shown in CFM
(dashed curve), PDM (dotted curve), GAM (dot-dashed curve) and the model
with cw laser beams (dot-dot-dashed curve). Adopted from Ref. [21].

and the third-order Raman-enahnced susceptibility
XB = XM +XT — XRYVR/ (A2 +iVR).
Therefore, from Eq. (3.102) we have

I(A1, Az, 7) o< Ip(Ag, 7) + 2nexp[—(a1 + az)|7(l[xB|[xA2] X
cos|Ak - r — (w1 +w2)|T| — OB + 2] (3.104)

Here, Ip (Ag,7) = n?exp(—2iAk - 7) {[1 + n, exp(—2az|7|)] Ls + L¢}, the
factor 2nexp[—(a1 + a2)|7|]|xB| and 65 are independent of A;. If we adjust
the time delay 7 such that Ak -r — (w; + we)|7| — 0 = 2n=n [Fig. 3.28 (a),
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Fig. 3.29. The heterodyne detection spectra versus Az /vyr of coexisting Raman,
Rayleigh, and Brillouin ASPBs for (a) the real part of xp, while with (b) the
imaginary part of xp when 7 > 0. (c) The real part of xg, while with (d) the
imaginary part of xp when 7 < 0. Other parameters are for xar/xr = 1,y /vm =
1 x 107% v, /vy = 0.05,v5-/ym = 0.33,xs/xT = 3.33,n = 0.1. Theoretical
curves are shown in CFM (dashed curve), PDM (dotted curve), GAM (dot-dashed
curve), and the model with cw laser beams (dot-dot-dashed curve).

(c)], then

I(A1,Aq,7) x Ig(Ag, ) + 2nexp|— (a1 + a2)|7|]|xB]||xA2]| cOS 0 A2
= Ip(A2,7) + 2nexp[—(a1 + a2)I7[l[xB[Xas- (3.105)

However, if Ak - r — (w1 +ws)|7| —0p = (2n — 1/2)7 [Fig. 3.28 (b) and (d)],

we have

I(Aq, Az, 7) o< I(Az, 7) + 2nexp[—(a1 + a2)|7[]|xB|x A2 sin O 42
= Ip(Az,7) + 2nexp[—(a1 + a2)|7[]IxB|X A2- (3.106)

In other words, by changing the time delay 7 between beams 1 and 2 we can
obtain the real and the imaginary parts of Rayleigh and Brillouin-enhanced
susceptibilities. Figure 3.28 (a)—(d) shows the heterodyne detection spectra
versus A1 /va of the coexisting Raman, Rayleigh and Brillouin ASPB with
large . Therefore, the spectra show the characteristics of the dispersion and
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absorption of the resonant Rayleigh and Brillouin-enhanced susceptibility.
From Fig 3.28 (a, ¢), two Brillouin resonance humps stand on the both sides
of Rayleigh resonance hump. By choosing proper parameters, two Brillouin
resonance humps have been enhanced and the Rayleigh resonance hump be-
comes weaker, now the apex of the Rayleigh resonance hump is just below
that of the Brillouin mode.

Similarly, under the condition of yg,vpr >> a1, 2, a3 >> yr and n << 1
we have the coexisting Raman, Rayleigh and Brillouin ASPB signals for three
Markovian models,respectively, i.e.,

I(A1, Ao, 7) o {[1 + ng exp(—2a1|7|)] L2 + L3} +
nexp[—(a1 + az)|7|] x
{exp[iAk - r — (w1 + wo)|T|]xEXA2 +
exp[—iAk - r 4+ (w1 + w2)|7|]xBX 2} (3.107)

From Eq. (3.106) we have

I(A1, Ag,7) o< Taz(Ar,7) + 2nexp[—(an + aa)|7]][xB|xA2] X
cos[Ak - r — (w1 + w2)|7| — O + O.a2). (3.108)

Here, T4z (A1, 7) = [1 4 ngexp(—2aq|7|)] L2 + L3, the factor 2nexp[—(aq +
a2)|7]]|x 2| and 042 are independent of Ay. If we adjust the time delay 7
such that Ak - r — (w; + w2)|7| + 042 = 2nx [Fig. 3.28 (a, ¢)], then

I(A1, Az, 7) o< Taa(Ar,7) + 2nexp[—(a1 + az)|7[][x a2||xB| cos O
= Laa(Ay,7) 4 2nexp[—(a1 + a2)|7[]|x a2 |X 5 (3.109)

However, if Ak -7 — (w1 + w2)|7] + 042 = (2n + 1/2)n [Fig. 3.29 (b, d)], we
have

I(A1, Ao, 7) x Ta2(A1,7) + 2nexp[—(a1 + a2)|7|]|xaz2||xB|sinfp
= La2(A1, 7) + 2nexp[— (a1 + a2)|7|][x a2]XE- (3.110)

Similarly, by changing the time delay T between beams 1 and 2 we can obtain
real and imaginary parts of the Raman-enhanced susceptibility xp. Figure
3.29 (a—d) shows the characteristics of the dispersion and absorption of the
resonant Raman-enhanced FWM.

In Figs. 3.28 and 3.29, we can see that three CFM, PDM, GAM models
have the same profiles, which is similar as the model with cw laser beam. On
the other hand, in the coexisting Raman, Rayleigh and Brillouin ASPB, both
the Raman-enhanced susceptibility and Rayleigh and Brillouin-enhanced sus-
ceptibility still hold their inherent characteristics in the heterodyne-detected
ASPB, showing the similar curves as that in the pure Raman mode and the
Rayleigh and Brillouin mode.

In the above discussion, we individually obtain the real and imaginary
parts of the Rayleigh and Brillouin susceptibility (see Fig. 3.28) and the Ra-
man susceptibility (Fig. 3.29) . In fact, the conditions for the excited Raman,
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Rayleigh and Brillouin-enhanced FWM can be simultaneously satisfied in
one experiment system and the Raman, Rayleigh, and Brillouin-enhanced
FWNMs are mixed and interfere with each other. Each of them can be consid-
ered as the reference signal of each other. Next we will consider the spectra
versus Ay /vg and Ag/vg. Figure 3.30 gives the three-dimensional diagram of
the coexisting Raman susceptibility, Rayleigh and Brillouin susceptibilities in
ASPB. We can see two resonance humps of the Rayleigh and Brillouin ASPB
versus A1 /vg. As 7 satisfies the condition of Ak-r— (w1 +ws)|T|+6042 = 2nm,
the spectra versus Ay /g shows the real part of the Raman-enhanced suscep-
tibility [Fig. 3.30 (a)], however, when Ak-r — (w1 +w2)|7| + 042 = 2nnu+n/2,
the spectra versus Ay /v show the imaginary part of the Raman-enhanced
susceptibility [Fig. 3.30 (b)].

(a) (b)
Fig. 3.30. The heterodyne detection spectra versus Ai/yr and Az/vr of coex-
isting ASPBs for n = 0.1, xm/xr = 0.1,vr/ym = 1,xv/xr = 0.1,vr/vym =
1x 1076,CM1/’}/M = ao/ym = as/ym = 1,vBr/ym = 0.05,vBr/ym = 0.3, x6/xT = 3
with (a) 7 = (2nm — Ak - r — 0p)/(w1 + w2) for the real part and (b) 7 =
(2nmt + n/2 — Ak - r — 0p) /(w1 + w2) for the imaginary part of x B, respectively.
Adopted from Ref. [21].

On the other hand, as is known we can not directly obtain the pure
Brillouin-enhanced FWM, but with the proper value of time delay 7 in beat
signal intensity, we could get it if removing the Rayleigh-enhanced FWM sig-
nal intensity from the coexisting Brillouin- and Rayleigh-enhanced ASPBs.
i.e., with (|Paz 4+ Pc|?) = (|Pa1 + Pc|?), we can get the information of the
Brillouin-enhanced susceptibility xp,. It means by changing the time de-
lay 7 between beams 1 and 2, we can obtain real and imaginary parts of
the Brillouin-enhanced susceptibility xp,. Figure 3.31 shows the profile of
the real and imaginary parts of yp,.. The CFM, PDM, GAM are the same as
that in cw limit, but only their backgrounds are different. On the other hand,
the Brillouin-mode susceptibility has the similar absorption-like shape and
dispersion-like shape as the Rayleigh-mode susceptibility, whose real part of
the susceptibility is an even function and the imaginary part is an odd func-
tion. In Fig. 3.31 (a, c), the dispersion-like shape of Brillouin-mode suscepti-
bility has two resonant peaks which are near the zero point. And in Rayleigh
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Fig.3.31. The heterodyne detection spectra versus A;/yy of the Brillouin-
enhanced ASPB with (a) 7 = (2n + Ak - r)/(w1 + w2) for the real part of xpr,
while with (b) 7 = (2n + nt/2 + Ak - r)/(w1 + w2) for the imaginary part of xBr
when 7 > 0; (¢) 7 = (—2n + Ak - 7)/(w1 + w2) for the real part of xp., while
with (d) 7 = (=2 + /2 + Ak - 7) /(w1 + w2) for the imaginary part of xpr
when 7 < 0. Other parameters are for xar/xr = 1000,vr/vm = 5,01/vm =
az [ym = ag/’yM =1, wi/ym = 127450, w2 /ym = 120781,73,«/’}%{ =10, VB,«/’}/M =
2, xBr/xT = 0.1, = 10. Theoretical curves are shown in CFM (solid curve), PDM
(dashed curve), GAM (dot curve) and the model with cw laser beams (dot-dashed
curve).

and Brillouin-mode susceptibilities, the two Brillouin resonant peaks are in
the bound of Rayleigh resonant peaks, The separation of these two Brillouin
resonance peaks can be controlled by the parameters v, and ~yp,, respec-
tively.

Figures 3.32 (a) and 3.33 (a) show the real and imaginary part of sus-
ceptibilities of the Raman mode in the pure Raman ASPB, while Figs. 3.34
(a) and 3.35 (a) show those of the susceptibility of Rayleigh mode in the
pure Rayleigh ASPB. We can see the dispersion-like profile for the real part
and the absorption-like profile for the imaginary part of these modes. For
the coexisting Raman and Rayleigh [Figs. 3.32 (b) -3.35 (b)] ASPB and the
coexisting Raman, Rayleigh, and Brillouin ASPBs [see Figs. 3.32 (¢)-3.35
(c)], different 7 can give each curve with different backgrounds. No matter
how 7 changes, the curves have the similar profile as the curve of cw laser
beams.
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Fig. 3.32. The heterodyne detection spectra versus As/yr of (a) the pure Raman
ASPB, (b) the coexisting Raman and Rayleigh ASPBs and (c) the coexisting Ra-
man, Rayleigh and Brillouin ASPB with 7 = (£2x + Ak - 7)/(w1 + w2) for the
real part of xp. The parameters are xam/x7 = 1,y7/ym = 1 X 1076,a1/'YM =
azs/ym = as/ym = Lywi/ym = 127 450, wa /vy = 119 924, = 0.1,v5./ym =
0.05,ver/vm = 0.3, x6/xT = 3,Xr/XT = 5. Theoretical curves are shown in the
model when 7 > 0 (solid curve), 7 < 0 (dashed curve) and the model with cw laser
beams (dotted curve).

Let us turn to the coexisting Rayleigh and Brillouin susceptibility. In the
coexisting Raman, Rayleigh, and Brillouin-enhanced ASPBs, the curves of
the real part of susceptibility [see Fig. 3.34 (c)] are still even function-like,
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Fig. 3.33. The heterodyne detection spectra versus As/vr of (a) the pure Raman
ASPB (b) the coexisting Raman and Rayleigh ASPB and (c) the coexisting of
Raman, Rayleigh, and Brillouin ASPBs with 7 = (£2n+n/2+ Ak -r) /(w1 +w2) for
the imaginary part of xp. The parameters are the same as in Fig. 3.32. Theoretical
curves are shown in the model when 7 > 0 (solid curve), 7 < 0 (dashed curve) and
the model with cw laser beams (dotted curve).
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Fig. 3.34. The heterodyne detection spectra with 7 = (£2n + Ak - 7r) /(w1 + w2)
versus A1 /v of (a) the pure Rayleigh ASPB (b) coexisting Raman and Rayleigh
ASPBs for the real part of x 41 and (c) the coexisting Raman, Rayleigh and Brillouin
ASPB for the real part of xa2. The parameters are xu/x7 = 1,77/ = 1 X
1076,061/71\4 = a2/ym = az/ym = L, yBr/ym = 0.05,vBr /v = 0.3, xs/xT =
3, Xr/XT = 5yw1/ym = 127 450, w2 /ym = 119 924, = 10. Theoretical curves are
shown in the model when 7 > 0 (solid curve), 7 < 0 (dashed curve) and the model
with cw laser beams (dotted curve).
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but there are two more Brillouin resonance humps on the both sides of the
lower Rayleigh resonance hump [Fig. 3.34 (a), (b)]. The separation of the two
Brillouin resonance humps can be controlled by the value of vg, and yp,. As
increasing vp, and yg,, the distance between two Brillouin resonance humps
increases. For imaginary part of susceptibility [see Fig. 3.35(c)], there are
peak and valley near zero, which reflects the characteristics of the Brillouin-
enhanced FWM, the curves are still odd function-like, similar as the pure
Raman, and the coexisting Raman and Rayleigh case [see Fig. 3.35 (a, b)].
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Fig. 3.35. The heterodyne detection spectra with 7 = (£2n+ /2 4+ Ak -7) /(w1 +
wa) versus Aj /vy of (a) the pure Rayleigh ASPB (b) the coexisting Raman and
Rayleigh ASPB for the real part of xa1 and (c¢) coexisting Raman, Rayleigh, and
Brillouin ASPBs for the real part of ya2. The parameters are the same as in Fig.
3.34. Theoretical curves are shown in the model when 7 > 0 (solid curve), 7 < 0
(dashed curve) and the model with cw laser beams (dotted curve).

3.3.4 Phase Angle

We first consider the phase angle of Raman susceptibility xp [19]. Under
cw laser condition for simplicity, we decompose the nonlinear susceptibil-
ity xp into a real and imaginary part, i.e., xp = x5 + X%, with x5 =
Xar + X7 = XRYRA2/ (A3 +7%) and XE = xr7R/(A3 +95)Xp(A2) is nei-
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ther an odd nor an even function due to the terms xas and x7.x%(A2)
is an even function. We can obtain phase angle 6p with |xg|expifp =
|xB|cosbp +ilxp|sinfp and O5(As) = tan™'(x5/X). From the formula
above, as decreasing xn + X7, X5 = XM + XT — XRVRA2/(A% + v%) can
get close to X5 = —xrYRA2/(A% + %), which is an odd function. While as
increasing xa + X7, 0 turn to an even function, and we have x5 = xa + X7
which is independent of A,, shown in Fig. 3.36 (a). In Fig. 3.36 (a), we
can see that the phase angle 0 becomes more symmetrical with Ay = 0
when xas/a1 and x7/a; increase. Similarly, the phase angle fp in coexist-
ing Raman, Rayleigh, and Brillouin ASPBs in Fig. 3.36 (b) shows the similar
characteristics as that in Fig. 3.36 (a). On the other hand, the laser linewidth
also affects the phase angle versus As. As increasing the laser linewidth, the
value of the phase angle decreases but the symmetry of phase angle has little
influence, as shown in Fig. 3.36 (c, d). In fact, comparing with the broadband
(i /vm >> 1, /v >> 1), the dispersion and absorption under narrowband
limit are independent of the linewidth a; and time delay 7, which correspond
to the non-modified nonlinear dispersion and absorption of the material.

1.0 1.0
£ 0.8 £ 08
) )
%o 0.6 %o 0.6
% 0.4 % 04 e
= = 1
02 =02 : :
0.0F 0.0 . ! .
-10 -10 -5 0 5 10
Aol1R
(b)
m m
D D
k) k)
on on
< <
2 2
] ]
=¥ a9

Aol : As/Yr

(© (d)
Fig. 3.36. The phase angle 0p in the pure Raman enhanced FWM versus Az /vr
for (a) xar/xr = x7/XxrR = 0.2 (solid curve), 0.3 (dashed curve), and 0.5 (dotted
curve), and for (¢) a1/ym = az/ym = as/ym = 0.3 (solid curve), 0.6 (dashed
curve), and 0.9 (dotted curve). fp in coexisting Raman, Rayleigh, and Brillouin-
enhanced FWMs versus Az /vr for (b) xam/xr = x7/xr = 0.3 (solid curve), 0.6
(dashed curve), and 0.9 (dotted curve), and for (d) a1 /ym = az2/ym = as/ym = 0.9
(solid curve), 1.2 (dashed curve), and 2 (dotted curve).
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Then we focus on the phase angle .41(A1) of Rayleigh susceptibility y a1
Le., xa1 = [xailexpifar = xay +ixhs, with X4y = xar+xr+73x0/ (Vi +
A) +vixr/(VF + A, XA = xmuym A/ (Vi + A 4+ xrvrAd/(vF + AY),
and 041(A1) = tan='(x’41/X'41)- From the expressions we can see that the
real part of Rayleigh susceptibility is an even function and the imaginary
part is an odd function, so the phase angle is an odd function. When we in-
crease x1/Xx M, the value of 41(A7) versus A; in the pure Rayleigh ASPB is
reduced [see Fig. 3.37 (a)]. Similarly, for the phase angle 642(A1) of Rayleigh
and Brillouin susceptibility x a2 = X/4o + iX'4s = | X 42| expifa2, we also ob-
tain the even function x4y = Xm + X7 + Varxa/(Vay + A3) + Y3 xr /(73 +
A + xovs, vy, — A /(vE, — A?)? + (A1ypr)?] and the odd function
Xho = Xar A1/ (7 +B3) + X197 A1) (v + A3) + X675, A1/ [(vh, — A3)* +
(A17yBr)?). We can find two sharp peaks near A; = 0 induced by the Bril-
louin resonance for 42(A1) in the Rayleigh and Brillouin ASPB [Fig. 3.37
(b)] and in the Raman, Rayleigh and Brillouin ASPB [Fig. 3.37 (c)]. The
distance between two sharp peaks is proportional to the value of vg, and
g, of Brillouin mode. On the other hand, when we reduce «; and ag, the
value of the phase angle 641,642 increase [see Fig. 3.37 (d—f)], which shows
the influence of the field-correlation of the color-locked noisy light. Thus, by
virtue of the ultrafast modulation processes within the attosecond regime,
one can optimize the nonlinear susceptibilities and obtain the efficient non-
linear optical signals, which have potential applications in achieving better
nonlinear optical materials and opt-electronic devices.

3.3.5 Discussion and Conclusion

Based on three stochastic models, the subtle Markovian field-correlation ef-
fects have been investigated in Raman, Rayleigh, and Brillouin-enhanced
FWNMs, homodyne and heterodyne-detected ASPB. All of these can be under-
stood for time and frequency domains. Raman or Brillouin-enhanced FWMs
are both the resonant third-order nonlinear processes. The Raman grating
and Brillouin grating are created by the ws frequency component of beam
2 and the w3 frequency component of beam 3 in Fig. 3.31. Specifically, the
Raman vibration mode is excited by the simultaneous presence of two inci-
dent beams whose frequency difference equals the Raman resonant excitation
frequency. In the Brillouin-enhanced FWM, the Brillouin mode is excited by
the simultaneous presence of two incident beams whose frequency difference
equals the phonon resonant frequency. In contrast, the Rayleigh-enhanced
FWM is a non-resonant process which is excited when frequency difference
between two incident beams equals zero, and there is no energy transfer be-
tween the lights and the medium.

Here we employ the ASPB to obtain real and imaginary parts of sus-
ceptibilities based on the polarization interference among coexisting Raman,
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Fig. 3.37. The phase angle 641 in the pure Rayleigh-enhanced FWM versus A1 /v
for (a) xr/xm = 0.1 (solid curve), 0.5 (dashed curve), and 1 (dotted curve), and for
(d) a1/vm = asz/ym = 0.1 (solid curve), 0.5 (dashed curve), and 1 (dotted curve);
the phase angle 642 in coexisting Rayleigh and Brillouin-enhanced FWMs versus
Ay /ym for (b) x7/xm = 0.1 (solid curve), 0.5 (dashed curve), and 1 (dotted curve)
and for (e) a1 /vm = as/vam = 0.1 (solid curve), 0.5 (dashed curve), and 1 (dotted
curve); the phase angle .42 in coexisting Raman, Rayleigh, and Brillouin-enhanced
FWNMs versus Ay /vy for (¢) xar/xr = 0.05 (solid curve), 0.1 (dashed curve), and
0.3 (dotted curve), and for (f) a1 /ym = a2/vym = asz/ym = 0.1 (solid curve), 0.5
(dashed curve), and 1 (dotted curve).

Rayleigh and Brillouin-enhanced FWM processes by the detuning A; and As,.
Similarly, we can obtain the phase angle of x a1, x a2, and x g, respectively. If
Aq or Ay is large enough, the value of 042 or O will equal zero, respectively,
and coexisting Raman, Rayleigh, and Brillouin ASPBs will convert into the
pure Raman or Rayleigh and Brillouin ASPB.

The experiment can be done by using three nanosecond dye lasers (color-
locking) or femtosecond ultrashort lasers (phase-locking) D1, D2, and D3.
The carbon disulfide (CS2) with Qr = 655.7 cm™! vibrational mode was
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contained in a sample cell with thickness 10 mm. The laser had linewidth
0.01 nm and pulse width 5ns. Here the Brillouin frequency is 0.3 cm™!. The
thickness of the sample in this experiment is thicker than the sample of the
pre-experiment of the Raman and Rayleigh. D1 and D2 are used to generate
frequencies at wy and ws, respectively. A beam splitter is used to combine
w1 and wg components for the pump beams. Beam 1 and beam 2 intersected
in the sample with a small angle between them. The relative time delay
between beams 1 and 2 can be varied by an optical delay line controlled by
a stepping motor. Beam 3, used as the probe beam and originating from D3
with frequency ws, propagating along the direction opposite that of beam 1.

More specifically, (i) for the coexisting Rayleigh and Brillouin ASPB, D1,
D2, and D3 have the wavelengths \; = 561 nm, Ao = 565 nm and A3 =
561 nm, respectively. Thus only Rayleigh and Brillouin-enhanced FWMs are
generated due to the interaction of beam 3 and w; component of beam 2,
while FWM due to the interaction of beam 3 and wy component of beam 2 is
generated used as a reference signal. The w; frequency can be varied. (ii) For
the coexisting of Raman, Rayleigh, and Brillouin ASPBs, D1, D2, and D3
have the wavelength \; = 561 nm, Ay = 532 nm and A3 = 561 nm, respec-
tively. Thus, the Raman-enhanced mode (Raman resonant moving grating
GR) is excited by the interaction of beam 3 and ws component of beam 2.
On the other hand, the Rayleigh and Brillouin-enhanced mode (two Rayleigh
non-resonant moving gratings G gy and G g, and Brillouin resonant moving
grating GpRr) is generated due to the interaction of beam 3 and wy component
of beam 2. As a result, Raman, Rayleigh, and Brillouin-enhanced FWMs are
generated by the diffractions of the wy component, and wy component of beam
1 by Raman grating G, and the Rayleigh and Brillouin gratings G ras, Grr
and GppR, respectively.

In summary, based on three stochastic models, coexisting Raman,
Rayleigh, and Brillouin-enhanced ASPBs is detected by homodyne and het-
erodyne methods, respectively. The subtle Markovian field correlation effects
in three stochastic models have been investigated.The heterodyne detected
signal of ASPB potentially offers rich dynamic information about the homo-
geneous broadening material phase of the third-order nonlinear susceptibility.
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4 Multi-Dressing Four-Wave Mixing Processes
in Confined and Non-confined Atomic
System

Other than generating various four-wave mixing (FWM) processes, multi-
level atomic system can also be used to generate co-existing FWM and six-
wave mixing (SWM) processes with specially-designed spatial patterns and
phase-watching conditions for laser beams. Making use of electro magneti-
cally induced transparency (EIT) windows, and induced atomic coherence,
the FWM and SWM signals can be made to be very efficient and pass through
the dense atomic medium. When the relative phase between different multi-
wave mixing processes is tuned, frequency, spatial, and temporal interferences
can occur between two different wave-mixing processes. In such cases, FWM
and SWM signals are modulated with the phase difference. In this chapter,
using phase-control between FWM and SWM channels in a four-level atomic
system, we describe temporal and spatial interference between these two high-
order nonlinear optical processes. Efficient and co-existing FWM and SWM
signals are produced in the same EIT window via atomic coherence. On the
other hand, we present the interplay between FWM, SWM, and eight-wave
mixing (EWM) resulting from atomic coherence in multi-level atomic sys-
tems. FWM with three kinds of dual-dressed schemes (nested, sequential,
and parallel schemes), SWM with the quadruply nested dressed, and EWM
with the parallel combination of two nested dressed schemes coexisting syn-
chronously in a multi-dressed EIT system were well described. At last, we also
investigated the coexisting FWM, SWM and EWM in ultra-thin, micrometer
and long cells. Investigations of these multi-dressing schemes and interactions
are very useful to understand and control the generated high-order nonlinear
optical signals.

4.1 Temporal and Spatial Interference Between Four-
Wave Mixing and Six-Wave Mixing Channels

For more than two decades, the interaction of coherent light with matter, and
the “control” of matter using light, has been a prominent scientific theme.
When two transition paths exist between an initial state and a final state,



4 Multi-Dressing Four-Wave Mixing Processes in Confined and Non-confined
170 Atomic System

the total transition probability can be either enhanced or suppressed, de-
pending on the relative phase between two transition amplitudes [1—6]. Such
the quantum coherent control technique has been used to control the transi-
tion probability in atoms [1], photo-electron angular distribution [6], phase-
controlled current in semiconductors [2], and various chemical reactions [4,
7, 8]. Recently, destructive interference due to two intrinsic four-wave mix-
ing (FWM) processes was used to understand the bi-photon generation in a
two-level atomic system [9].

Here, we experimentally demonstrate a new type of phase-controlled,
spatial-temporal coherent interference between two different high-order non-
linear wave-mixing [i.e., FWM and six-wave mixing (SWM)] processes in a
four-level, inverted-Y system in rubidium atoms. By making use of atomic
coherence induced by laser fields among different energy levels, SWM signals
can be greatly enhanced and even made to be in the same order of magnitude
as co-existing FWM signals [10, 11]. With a specially-designed spatial config-
uration for laser beams for phase matching and an appropriate optical delay
introduced in one of the pump laser beams, we can have a controllable phase
difference between dominant FWM and SWM processes. When this relative
phase is varied, temporal, as well as spatial, interference can be observed. One
of the interesting features is that the interference in the time domain is in
the femtosecond time scale, corresponding to the optical transition frequency
excited by the delayed pump laser beam. Understanding the mechanism for
efficient generations of high-order nonlinear optical processes and interplays
between them, especially with the ability to control these processes with a
controllable phase difference, can have broad impacts in many fields of science
including coherent control for chemical reactions [4, 7, 8], stable 2D-soliton
generation for optical communications [12], high-precision spectroscopy [13],
nonlinear spectroscopy, and quantum information processing [9, 14— 16]

Let us consider a four-level inverted Y-type atomic system as shown in
Fig. 4.1(b). The four relevant energy levels are 554 5, F = 2(|0)), 5512, F =
3(13)),5P32(|1)), and 5D5 /5(]2)) in ®°Rb. In the three-level ladder-type sub-
system (]0) —|1) —|2)), as shown in Fig. 4.1 (a), if a strong coupling beam FE,
(frequency wo, ko, and Rabi frequency Gs) couples to the upper transition and
a weak probe beam E; (frequency ki, and Rabi frequency G1) interacts with
the lower transition, and they propagate in the opposite direction through the
atomic medium, an electromagnetically induced transparency (EIT) window
will be created for the probe field due to two-photon, Doppler-free configu-
ration in the Doppler-broadened medium [17]. When another coupling laser
beam F) (frequency wo, kb, and GY5) is also applied to the upper transition
[Fig. 4.1 (a)], a FWM signal will be generated with frequency wy in the cre-

ated EIT window of the ladder subsystem. Such a FWM (Er) process can be

described by using a perturbative the chain: p{) < p{t) 22, p2) Z«2, ,(3)

[10]. If we align coupling and probe laser beams in a spatial pattern, as
shown in Fig. 4.1 (c), the generated FWM signal (w3 Er) will have a small
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angle 0 from k1, satisfying the phase-matching condition kr = ki + ko — k.
The FWM efficiency depends on the intensities of all the laser beams in-
volved. Next, let us turn our attention to Fig. 4.1 (b), where coupling beam
E}, is blocked and two pump beams Fs(ws, ks, and G3) and E(ws, k4, and
GY%) are applied on transition |3)—|1). The laser beams are carefully aligned
in the square-box pattern [10], as shown in Fig. 4.1 (c). In this case, the
FWM channel in the ladder subsystem is turned off (without EY), and the
FWM process in the A-type subsystem (|0) — |1) — [3)) is not efficient (not
observable in the experiment) since no EIT window exists for this configura-
tion (probe and pump beams counter-propagate) [17]. From phase-matching
condition (ks = k1 + ks — kb + ko — k2), efficient SWM signals can be

generated via either pfy < p) < pff = pfY) =2 plf) 22 p0)

or phy < plg =2 pl < pff) 2 ply) = pff), which are both in

the direction of 6 angle from k; [denoted as ks and Es with frequency wy
in Figs. 4.1 (b) and (c)], and these SWM signals also fall into the same
EIT window as the FWM signal in the ladder subsystem. In the gener-
ated FWM and SWM signal beams, the coherence lengths are given by
Ir = 2¢/[n(wz/wy) |we — w1|0?] and s = 2¢/[n(wz/w1) |ws — w1 | 6?], respec-
tively, with n being the refractive index at the frequency wi. In the exper-
iment, 0 is very small (0.3") so that [r and lg are much larger than the
interaction length L, so the phase-mismatch effect can be neglected.

FWM SWM 2)
5Dy, 12)
E, Eé £,
5Py 1) I 1)
| | '
E, | By E| £ L3 E3| >
3
5S1/2__‘V_|0> __L|()>
Ey  E&E
(@ (b) R )

Fig.4.1. Atomic levels and laser beam arrangements for generating co-existing
FWM (a) and SWM (b) processes in the same EIT window. The dash-dotted lines
are the generated FWM (Er) and SWM (Es) signals. (c) Spatial beam (square-box)
geometry used in the experiment, 7 is a time delay through a precision translation
stage for beam FEj5. The probe beam F; propagates in the opposite direction from
the coupling and pump beams with small angles.

Now, we add the coupling beam FE’ back into the upper transition, but
keep its power to be adjustable. When the power of Ej is same as the power
of F5, the FWM process in the ladder subsystem is very efficient, and it
dominates over the SWM processes, so only this FWM signal can be observed.
Typically, the lower-order nonlinear optical processes always overpower the
higher-order ones (normally by several orders of magnitude [18]), which is
the reason why co-existing FWM and SWM processes were not well studied
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in the atomic systems previously. However, in the current case as the power
of E} decreases, the FWM signal reduces rapidly and the relative strengths
of the SWM signal increases, until the SWM signal dominates when F} is
reduced to zero. By carefully adjusting the power of EJ relative toFEs, the
SWM signals are made to be in the same strength as the FWM signal, as
shown in Fig .4.2 (a), and both fall in the same EIT window [Fig. 4.2 (b)].
Since G% << G2 when SWM signals get to be the same order as the FWM,
the SWM processes with Ef replacing Es in Fig. 4.1 (b) can be negligible.
Notice that Ef only involves in the FWM process, so it can be used to tune
not only the relative strength of the FWM and SWM processes, but also
the relative phase between these two nonlinear wave-mixing processes, since
E! is split from the Es laser beam and delayed with a precision (nanometer
resolution) computer-controlled translation stage.
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Fig. 4.2. Measured EIT-assisted FWM [solid line of (a)] and SWM [dashed line
of (a)] signal intensities, and the corresponding probe beam transmission (b) for
selected atomic density (0.2 x 1012 cm™?) versus probe detuning A1. The experi-
mental parameters are G1 = 2 x 15 MHz, G2 = 2r x 60 MHz, G5 = 27 x 19 MHz,
Gs = G5 = 25 x 87 MHz, A3 = 0, and Az = 170 MHz. Adopted from Ref. [16].

The experiment was done with ®*Rb atoms in an atomic vapor cell of 5 cm
long, which is wrapped in p-metal for magnetic shielding and heated to 60°C.
The probe beam Fj is from an extended-cavity diode laser (ECDL) at 780.23
nm. The coupling beams Fs and E are split from another ECDL at 775.98
nm. The beam FE) is delayed by an amount 7 using a computer-controlled
stage. The pump beams E3 and F} are split from a cw Ti: Sapphire laser at
780.24 nm. The CCD and an avalanche photodiode (APD) are set at an angle
6 from the probe beam (with a beam splitter) to measure the dominant FWM
and SWM signals. The transmitted probe beam is simultaneously monitored
by a silicon photodiode. The powers and frequency detunings of the coupling
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beams Fy(FE}) are 40 mW (4 mW) and 170 MHz, and those of the pump
beams E3(= E%) are 67 mW and 0 MHz, respectively. Since the angles be-
tween the laser beams in the square-box pattern are very small (0.3°) the
optical alignments of the laser beams are quite tedious and challenging

Under the current conditions of Gz, G4 > Gy >> G, G1, and neglecting
other multi-wave mixing processes either very weak or propagating in other
directions, the total detected intensity at anglef is given by the co-existing
FWM (EFr) and SWM (Eg) signal as

I(7,r) o< X2 + [ @12 + 20[x @ [[x®] cos(ps — @5 + @), (4.1)

where n = eseseh/eh, x® = —ipd 3N/ {eohPdids [di + (G5 + G4)?/ds]} =
X3 | exp(ips), g, x®) = 2ipfu3p3 N/ (eoh®didads) = x| exp(ivs),dr =
o +iA1,ds = T30 +i(A1 — Ag) with A; = Q; —w;, ¢ = Ak -1 — woer and
Ak =kp—kg = (ko —kb) — (ks — k5). p1, p2 and pg are the dipole moments
of the transitions |0) —|1), |1) —|2) and |3) — |1), respectively, and €9, €5, €3, €5
are the respective amplitudes of the fields.

From Eq. (4.1), it is clear that the total signal has not been only spatial
interference with a period of 2m/Ak, but also an ultrafast time oscillation
with a period of 2mt/ws, which form a spatial-temporal interferogram. With
a plane-wave approximation and the square-box configuration for the laser
beams with small angles [Fig. 4.1(c)], the spatial interference occurs in the
plane perpendicular to the propagation direction.

Figure 4.3 depicts a typical three-dimensional interferogram pattern [Fig.
4.3 (a)] and their projections on time [Fig. 4.3 (c)] and space [Fig. 4.3 (d)]
planes. Figure 4.3 (b) presents a theoretical simulation for the total intensity
with appropriate parameters. The temporal oscillation period is 2w/wy =
2.588 fs, which corresponds to the 5P5/5 to 5D5 /5 transition frequency of
0y = 2.427 fs~1 in ®Rb. Such measurement of atomic transition frequency
in optical wavelength range is Doppler free and can be used as a tool for
precision frequency measurement. If this technique is used on a transition
with the larger energy difference, sub-femtosecond time resolution can be
achieved by scanning translation stage in nanometer precision. The spatial
interference is determined by the value of Ak ~ 2w |y — A3|0/A2A3. In our
experimental situation, we have 2x/Ak = 3.3 mm along the direction of Ak,
which gives a little more than one interference fringe, as shown in Fig. 4.3
(d). When the phase delay is varied on F) beam, the spatial interference
pattern can be changed from destructive to constructive at the center of the
beam profile (r = 0) [19]. The solid curves in Fig. 4.3 (c¢) and Fig. 4.3 (d) are
theoretical calculations from the full density-matrix equations, which fit well
with the experimentally measured results.

To see how well the transition frequency (23 can be determined from
such time interference fringe, we need to consider two cases. When the laser
linewidths are much narrower than the homogeneous linewidths of the tran-
sitions, the phase fluctuations of the laser fields will limit the range of the
time delay, which puts an upper bound on the accuracy of the modulation

3)|2
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() (d)
Fig. 4.3. (a) A three-dimensional spatial-temporal interferogram of the FWM and
SWM signal intensity I(7,r) versus time-delay 7 and transverse position r. (b)
The theoretically simulated result from Eq. (6.1). (c) Cross section of the spatial-
temporal interferogram on time plane (r = 0) (square points are experimental data,
and the solid curve is the theoretically simulated result). (d) Measured (square
points) and calculated (solid curve) cross section of the spatial-temporal interfero-
gram on a space plane (7 = 0), respectively. The signal intensity is normalized to
1. The parameters are 0y = 2.427 fs™', Ak =1. 9 mm~', and n = 1.5.

frequency measurement. In such case, the accuracy of measuring modulation
frequency is determined by the laser linewidths. This measurement depends
on how well wy can be tuned to the transition frequency §29, and is Doppler-
free, which can be useful in optical spectroscopy and precision measurements.
In the other case, when the laser bandwidths are larger than the atomic de-
cay rates, the modulation frequency corresponds directly to the resonant fre-
quency €25. The accuracy in the modulation frequency measurement will then
be determined by the homogeneous linewidths of the atomic transitions, even
in the Doppler-broadened atomic medium, which is applicable to transitions
between metastable states.

Figure 4.4 (a) shows the temporal interference with a much longer time
delay in beam FE}, which makes the spatial-temporal interferogram to be
dominated by the temporal component. By fitting the interference fringe [Fig.
4.4 (b)], the period is determined to be 2.588 fs. Using Fourier transformation
of the interferogram data (with a time delay change of 50 ps), as shown in
Fig. 4.4 (c), the modulation frequency is determined to be 2.427 £0.004 fs™1,
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which corresponds to the resonant frequency of the transition from 5P5/5 to
5Ds /5 in 85Rb. Of course, what we present here is simply a proof of principle
demonstration with laser linewidths of about 1 MHz and such measurement
technique can surely be further improved.
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Fig. 4.4. The spatial-temporal interferogram (a) versus 7 and r, Qg = 2.427 fs™ ',
Ak =1. 9 mm™', and n = 1.5. The theoretically simulated results from Eq. (4.1)
are plotted in (b) (solid line) together with the measured data (dots). (c) Fourier
spectrum of the beat signal.

A few points are worth mentioning here. First, our experimental results
indicate that we cannot only enhance SWM to be in the same order of in-
tensity as the co-existing FWM signal, but also manipulate their spatial and
temporal behaviors by controlling the phase delay in one of the laser beams.
Such spatial-temporal interferogram between FWM and SWM signals was
generated with three independent laser sources. Second, by adjusting the
power of the FY beam, the relative strengths of the FWM and SWM signals
can be easily adjusted. In the case of making Fg << Ep (letting ) — F»
in power), Eq. (4.1) can serve as a heterodyne detection method to deter-
mine the ratio of high-order nonlinear susceptibilities (x(®)/x®)). Since x®)
can be easily measured [20], the x®) coefficient in such an atomic medium
can then be determined. Third, the technique used here can be easily trans-
ferred to solid materials, on which EIT and FWM processes can be easily
obtained. Fourth, with controlled FWM and SWM processes and enhanced
efficiency via atomic coherence, and the opened EIT window, three-photon
entanglement or correlated triplet photons [14] can be generated for testing
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fundamental quantum mechanics and quantum information processing [14,
15].

Efficient FWM and SWM processes have been shown to co-exist in the
four-level inverted-Y atomic system. By adjusting the intensity and time
delay of one of the coupling beams (EY), the relative strength and spatial-
temporal interferences between the FWM and SWM channels can be con-
trolled. The generated spatial-temporal interferogram in femtosecond time
scale can be used to determine the optical transition frequency with a Doppl
er-free precision. Such manipulations of high-order nonlinear optical processes
and their interplays in multi-level atomic systems can have potential applica-
tions in coherence quantum control, nonlinear optical spectroscopy, precision
measurements, and quantum information processing.

4.2 Intermixing Between Four-Wave Mixing and
Six-Wave Mixing in a Four-level Atomic System

Multiwave mixing due to atomic coherence and polarization beat (PB) in
multi-level atomic systems has attracted a lot of attention recently [20—25].
PB originates from the interference between the macroscopic polarizations
that are excited simultaneously in the medium [23-25]. An important ap-
plication of electromagnetically induced transparency (EIT) [20, 21] is its
ability to enhance the efficiencies of nonlinear optical processes. Two of
the interesting nonlinear optical processes are FWM and six-wave mixing
(SWM), which normally have high efficiencies in closely-cycled four-level sys-
tems such as double-A system [26—28]. Recently, SWM processes were ob-
served in closed four-level atomic systems [27]. Such high-order SWM process
is often obscured by sequential or parallel cascade third-order FWM processes
that compete with the direct process and give similar time domain behavior,
though they probe different overtone vibration dynamics [29]. Garrett et al.
also explored the two-photon plus three-photon resonant FWM and SWM
involving stimulated hyper Raman generation as opposed to pause cognate
generation [30].

Although triple resonance spectroscopy has been reported previously by
fluorescence detection [31], the current method is a coherence phenomenon,
where atomic coherence is induced among different energy levels. Due to the
parametric nature of this process, the signal is coherent radiation. Compar-
ing with the earlier FWM [24, 25] or SWM work [27], our system has some
substantial advantages as following: (i) the coherent interplay between the
SWM and FWM processes through the EIT windows has been considered
(EIT window-opened or enhanced nonlinear optical processes, which are oth-
erwise closed); (ii) the evolution pathways of the dressed FWM have also
been identified and studied [32]; (iii) quantum interference (QI) between two
FWM channels, or between one FWM and one SWM channels leads to sub-
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stantial suppression and enhancement of the dressed FWM signals; (iv) PB
of coexisting FWM and SWM results in the acquirement of the fifth-order
nonlinear response.

4.2.1 Interplay Between FWM and SWM

In order to understand such interplay between FWM and SWM in a folded
four-level system, we present both the steady state analysis without time
delay and the non-steady state analysis with time delay.

We consider a folded four-level system (Fig. 4.5), in which states be-
tween |0) and |1),]1) and |2), and |2) and |3) are dipole allowed transitions
with resonant frequencies €21,y and Q3 and dipole moments p1, o and s,
respectively. As shown in Fig. 4.5 (d), beam 2 includes three color-locked
fields, Es(we, ke, and Rabi frequency G2), E5(ws, ks, and Rabi frequency
G3), and E} (ws, k%, and Rabi frequency G%), and beam 3 has one locked
field, E%(wa, K}, and Rabi frequency G5). A small angle exists between these
two beams. Beam 1 is a monochromatic field F;(wy, k1, and Rabi frequency
(1) which propagates along the opposite direction of beam 2. Assuming near
resonance so that Fy drives the transition from |0) to |1) while Ey drives the
transition from |1) to |2) simultaneously, which induce atomic coherence be-
tween |0) and |2) through two-photon excitation [30]. This established atomic
coherence is probed by F} in beam 3 and, as a result, a FWM signal of fre-
quency wi (beam 4) is generated almost opposite to the direction of beam

3, i péo) N p(l) 22, pg) 2, pﬁ’)) (I). Next, we apply two coupling

laser fields with same frequency ws(/ Q3), both of which propagate along
beam 2, to drive the transition |2) to |3). The strong coupling fields E5 and
E’ create dressed atomic states |[+) and |—) from the level |2) [Fig. 4.5 (¢)],
which are the coherent superpositions of the states |2) and |3). Physically,
in the dressed-state picture, suppression and enhancement of the dressed
FWM signals are due to destructive and constructive interference between

the two FWM channels: (0) L p%) 22 pg_) —2, pg?(’)) (FWM™) and
p(%) 2 p(lé) =22, p(f) (3) (FWM™), respectively. On the other hand,

in the bare-state picture, the sunultaneous interactions of atoms with E; of
beam 1, as well as F5 and E4 of beam 2, can induce atomic coherence between
|0) and |3) through resonant two-photon or resonant three-photon transition
[30] under particular conditions [Fig. 4.5 (b)]. This induced atomic coherence
is then probed by E3 of beam 2 and F} of beam 3 and, as a result, a SWM
signal of frequency wy (beam 4) is generated almost opposite to the direction

of beam 3, i.e., P(()o) p%) 22 é%) s, pg?’) Y3 pg) pi%) (IT) [Fig.

4.5 (e)]. The phase evolution is illustrated by the Feynman diagram shown in
Fig. 4.5 (e). Such Feynman diagram provides a convenient approach to keep
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track of possible quantum mechanical path to a given order of electric field
in a perturbative expansion of the optical Bloch equations. QI and PB lead
to interplay between these SWM and FWM processes. The specific evolution
pathways of the dressed FWM can be controlled by the coupling field.
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Fig. 4.5. Ladder diagrams representing the dressed FWM evolution pathways, and
the interplay between SWM and FWM via atomic coherence: (a) the dressed FWM,
(b) FWM-+SWM, (c) FWMT+FWM™, (d) Phase-conjugation geometry, () SWM
double-sided Feynman diagram. The solid and dashed vertical arrows represent ket-
side interactions. The dash-dotted arrows are the emitted FWM or SWM signal.
The primed vectors are with time delay 7.

The Rabi frequencies are defined as G; = e;u;/h, G, = eipi/h,a =
G1G2(Gh)* and § = G1G2(G%)*G3(G4)* (G ~ G4 ~ G); while the noisy
fields are E; = eyu;(t)e® r=wit and B! = elu,;(t — 7)elkir—wittwin) (7 ig o
time delay). e;, k; (e}, k.) are the constant field amplitude and the wave vec-
tor. u;(t)(u1 ~ 1) is a dimensionless statistical factor that contains phase
and amplitude fluctuations (i.e., w;(t) = €;(t)exp[if;(t)], here €;(t) con-
tains pure amplitude fluctuation, while Qg6;(t) contains pure phase fluc-
tuation). The u;(t) is taken to be a complex ergodic stochastic function
of t, which obeys complex circular Gaussian statistics in the chaotic field.
T'10,T20 and T'sp are the transverse relaxation rates between states |0) and
[1),]0) and |2),|0) and |3), respectively. The detuning factors are defined as
A =0 —wi, Ag = Qo—wz, Ag = Q3—w3, Ay = A1 +A9, Ay = Ay —Ag,dy =
Tio+iAq1,do =Ty +iAg,ds = I'zg+iA,. The FWM and SWM phase match-
ing conditions are ky = ki + ko — k and ks, = ki + ko — ki + ks — k),
respectively.

The nonlinear polarization responsible for the dressed FWM signal is
proportional to the off-diagonal density matrix element p,. We will assume,
as usual, that G1,Gs, and G are weak, whereas the coupling field G can
be of arbitrary magnitude. Thus p), needs to be calculated to the order
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G1G2GY, but to all orders in G. Without the coupling field G, by virtue of
the Liouville pathway (I), we obtain p%%) = —iae'®s T /(d3dy), here P(1?6) is the
density-matrix element of the pure FWM. In the presence of the coupling
field G, the two-photon atomic coherence pg%) can be obtained by solving the
coupling equations:

aply)

_ 7d2p(2) + iGQQikgmp(l) + iG?,eik:"rpgo,
8at 20 10 (42)
gio = —dszp30 + i(Gé)*e_iks'rP%)-

In the steady-state case apé%) /Ot = Op3o/0t = 0 and zero time delay
7 = 0, we can obtain pg%) = iGgeikTrdgp%)/[deg + |G[’] from Eq. (4.2).
We can also get p%) = iG1e*1 7 /d; and P(1?6) = i(G’Q)*e’iké'rpé%)/dl via
the FWM the chain (I). Thus, the dressed FWM density-matrix element is
, —ladgelkrT
P10 ™ B(dads + G2)
(pg‘é)), instead it denotes the dressed FWM, including fifth-order nonlinear
responses.

Under assumption ¢ >> 1(¢ = G%/9,1 = Taol'30, I = T'a9 + I'30), the

2
dressed FWM intensity becomes sum of two separate FWMs | p'10|2 A ‘ pf ) ‘ +

. Note that pf, is not a purely third-order nonlinearity

(3) —iaelksrT 3 —ioe

-
|p(3)|27 here pf o

B+ A TP T A+ Ay ) 4T
= Ay £ Aur/2 = Ay £ [G(G? + 2T'30I") /2 — F§0]1/2 and A4t is the three-
photon resonant Autler-Townes (AT) splitting. In the limit of G >> TI'yp &
T's0, Aar = 2G and the linewidths of these two separate FWMSs are approx-
imately to be IV. When the coupling field becomes large enough (G — c0),
two FWM peaks will diminish and disappear completely pf’) ~ pB ~ 0.
There exists QI between FWM™ and FWM™ channels which leads to the
suppression and enhancement of the dressed FWM signal
Under condition ¢ << 1, p}, becomes sum of FWM and SWM

s oalkser 2
, (3) (5) —1ae'™f G
= + = 1-— . 4.3
P10 P10 P10 d%dg ( d2d3) ( )

The dressed FWM process converts to a coherent superposition of sig-
nals from FWM and SWM in the weak coupling field limit. The first term
in the above equation corresponds to the two-photon resonant FWM (third-
order response, linewidth 2I'g9) described by the perturbation the chain (I),
while the second term corresponds to a three-photon resonant SWM (fifth-
order response, linewidth 2I'5g) described by the perturbation the chain (IT).
The indistinguishable FWM and SWM processes lead to QI between them.

. 2
The interference signal of FWM and SWM is ‘pg‘é) + pi%) x 1—2G*(y —
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Aaly)/(Thols)(Thg = AZ + T3, % = A + T3, T%, = A3 +T%,). At
exact two-photon resonance (i.e., A, = 0), the signal intensity becomes
1 — 2G%)/(T3,'%y), which shows the absorption-like effect, related to the
imaginary part of the dressed FWM (Fig. 4.6). Due to the multiple reso-

nance and the reduced linear absorption by double EIT (standard |0) -2

1) 225 12) ladder-type EIT and [1) <25 [2) —2 |3) A-type EIT with condi-

tion A; = —Ay = —Aj3), the generation of the SWM signal is quite efficient.
Such reduced linear absorption can open the nonlinear window, which is gen-
erally closed due to strong absorption [32]. It can be proven easily that the
ratio between the SWM and FWM signal intensities at resonance is approx-
imately Is/Ir ~ ¢? (Fig. 4.6, right inset). When the coupling field is weak
enough (¢ ~ 0), p}, completely evolves into pi%) (i.e., plp = pg?(’))). On the
other hand, we can also obtain the atomic coherence pi%) with three-photon
resonance via SWM Liouville pathway (1) pg‘z) = ifgelk=T /(d2d3d3). At the
)

value ¢ ~ 1.6 (A1 = Ay = Az =0), we have pjy = pg% .

1.0

0.5

Dressed FWM Evolution

0.0

A3/Ty

Fig.4.6. The dressed FWM signal intensity evolution (normalized by no coupling
field case) at exact two-photon resonance with parameters A, = 0, I'oo = I'sp for
G/T'y0 = 0 (solid curve, FWM), 0.6 (dashed curve, FWM+SWM ), 1.6 (dotted
curve, SWM ) and 3 (dotted-dashed curve, FWMT+FWM™ ). The suppression
depth versus ¢ (left insert plot shows the specific evolution pathways: two FWM
and SWM turning points, and two FWM+SWM and FWMT+FWM ™ interference
regions). The right inset shows a comparison of FWM and SWM of the dashed
curve.

Next, we discuss competition between FWM and SWM in the dressed
FWM spectrum. The dressed FWM evolution pathways can be controlled
by the coupling field: FWMT+FWM~({ >> 1) < SWM (¢ =~ 1.6) <
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FWM+SWM (( << 1) < FWM (¢ ~ 0). When state |2) is coupled to
state |3) by the coupling field, QI between two dressed FWM channels via
the common state, or FWM and SWM channels, leads to suppression and
enhancement of the dressed FWM signal. The physical origin of this beat
is an interference between indistinguishable quantum-mechanical pathways,
and such QI can lead to the cancellation of spontaneous emission [22, 33].
Specifically, the |[4+) and |—) dressed states are very close (small than the
linewidth) and can be excited simultaneously. The spontaneous emission from
the pair of dressed states (]4) and |—)) to lower state (|1)) can be reduced
or even cancelled under certain condition. The dressed FWM signal inten-
sity is suppressed when the frequency of the coupling field is scanned across
the resonance (Fig. 4.6). There exists the maximum suppression at double
EIT condition Ay = —As = —Aj3. We can easily obtain the suppressed
depth of the dip and linewidth in the spectrum as D = 1 — (¢ + 1)72 and
w = 2T'30(1 + (), respectively, which in the limit of ( << 1 become D = 0
and w = 2I'3g. Since I'yp can be obtained directly from the FWM spectrum
of Ir, both G and I'syp can be deduced through D and w. In the limit of
G >> T'y9 & T'sg, G can also be obtained by the AT splitting 2G. So the
transition dipole moment between two highly-excited states can finally be
obtained via G = esugz/h. Recently, the power-dependent AT splitting of
lines in the upper-level fluorescence excitation spectrum has been used as
a spectroscopic tool for the measurement of transition dipole moments [31].
Compared to their method, our technique has the following advantages: (i)
Due to the drive-back prime beams (including two-color —ws and —ws), our
signal is a well directed and strong coherent light beam; (ii) the coupling field
in our scheme can be below saturation, so that transitions with small dipole
moments can be studied; (iii) our method can measure the transition dipole
moment between |2) and [3), which has such long radiative lifetime that a
direct detection of the fluorescence is difficult.

Now, we consider the competition of the dispersion and absorption con-
tributions to the dressed signal intensity (The suppression and enhancement
mainly originate from the absorption and dispersion of the dressed FWM,
respectively). The intensity of light is proportional to |x’|?> (the nonlinear
response of noise-free dressed FWM: Re x' = (A,G? — A T%0)/A, Im ¥/ =
—(T20%9+T30|G?) /A, R = Re X' /Im x/, here A = Th T4 +2(1h—AuAp) G2+
G*). We discuss R under ( << 1 condition (Re ¥’ ~ Re xr + Re xs ~
Re xpand Im x/ = Im xp + Im xs =~ Im xr): (i) In the limit of A, = 0,
the simplified ratio is R ~ A3G?/(T'2ol'%,) << 1, which means that the con-
tributions of the real parts of FWM and SWM are negligible, most of the
signal intensity comes from the contribution of the imaginary part of FWM
[the dotted curve of Fig. 4.7 (a)]; (ii) Under A, >> T'g9, the ratio becomes
R =~ A,/T9 >> 1. It means that contributions of the imaginary parts of
FWM and SWM are neglectable. The signal intensity mostly comes from the
contribution of the real part of FWM [the solid curve of Fig. 4.7 (a)].

The suppression and enhancement of the dressed FWM mainly originate
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from the absorption and dispersion of FWM, respectively. When we increase
the coupling field G, the contribution of SWM then becomes dominant (Re g
and Im xg present same order of contribution) [Fig. 4.7 (b)]. Figure 4.7 (a)
shows dramatic suppression from Im y g, while Fig. 4.7 (b) shows dramatic
enhancement from Re xg. Therefore, there exists a strong competition be-
tween FWM and SWM in the dressed FWM spectrum. Multidimensional
solitons and light condensates have been predicted in a double-A EIT system
with competitive and giant xr and xg of opposite signs [12].

—
(=]

SWM and FWM Competiton

0.5

A}/ FZO A3/ FZO
(@) (b)

Fig.4.7. The competition between absorption and dispersion of FWM and SWM
(normalized by no coupling field case) with parameters I'z9 = I'sp for A, /T'20 = 0
(dotted curve), —1.5 (dashed curve), —6 (solid curve). (a) G/T'20 = 0.6 and (b) 3
for FWM+SWM and FWMT4+FWM ™ interference regions, respectively. The insert
plots show a comparison of (Re x')? = Re and (Imy’)? = Im. The dotted Re curve
and solid Im curve have been scaled by a factor 10 and 100, respectively.

We now discuss the controllable intra- or inter-atomic polarization in-
terference (PI). In a Doppler broadened system, the induced polarization is
sensitive to the atomic velocity, and interference exists between nonlinear po-
larizations of atoms with different velocity motions. This interference can have
a strong impact on the FWM or SWM spectra. To investigate it, instead of
calculating <|P(”) |2> with inter-atomic PI and correlation, we can sum up the

—+oo
signal intensity of each atom motion, i.e., Ny / duw(u)(‘pgg) (v)‘Q) with-

out inter-atomic PT and correlation. The role of induced PI can be clarified by

studying the real and imaginary parts of p%) (v). The imaginary part Im p%)

“+oo

shows a dispersion lineshape, which leads to / drvw(v) Im pgg) =0,

— 0o
therefore only the real part Re p§3> contributes to the FWM and SWM sig-
nals. Since Re p%) changes sign on the wings of both the v < 0 and v > 0
sides, destructive PI occurs between atoms, thereby suppressing the total
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polarization of the dressed FWM. The degree of destructive interference de-
pends on ko /k;. Specifically, the destructive interference between polariza-
tions of atoms with different velocities causes broadening of the dressed FWM
linewidth. The coupling field G35 can control the degree of destructive inter-
ference, thus reducing the linewidth. Furthermore, PB originates from the
interference between the macroscopic polarizations simultaneously excited in
at least two distinct resonances [22 - 25]. In contrast, the induced PI originates
from the interference between polarizations induced in the same transition
with a Doppler-shift frequency, also can be controlled by the coupling field
(Fig. 4.6).

4.2.2 Discussion

Higher-order time-resolved nonlinear optical processes can often be obscured
by sequential or parallel cascade lower order processes that compete with the
direct event and give similar time domain behaviors [29]. Unlike the direct
fifth-order case, cascade third-order processes must simultaneously satisfy
two related phase-matching conditions. There exist sequential cascade FWM
processes in our folded four-level system [28], which can obscure the direct

SWM process, i.e., (a) p(()%) =, p(%)) 22, pg%) s, p(?’) —m, p(()%)(km =

ki + k2 — k5 and w,,, = w1 + ws — ws), and (b) p(()%) “m pg)) 2 pgz) 2,

pg?’) Wse, pé%) (kse = km + k3 — kb and wge = wyy + w3 — wa = wy). The

direct three-photon SWM signal with frequency wy will be emitted along the
direction ki + ko — k5 + ks — kY, while two sequential cascade FWM signals
propagate along the directions of k,, and k., respectively. Due to the weak
population of state |3) and the optical pumping of the strong coupling field
('3, the direct fifth-order process shows the much stronger behavior than the

cascade third-order processes in our folded four-state system In principle,
(0) (1) w2, (2) w2

there also exist other possible SWM pathways: pgq 2, Pio Py —
3) w 4 5 0 1) - 2 3) - 4) w
pio <2 phy = plg and piy < g =2 piy) <l = pfy)

pgo) However, these SWM processes have much smaller contributions and

will not be discussed here.

4.3 Coexistence of Four-Wave, Six-Wave and Eight-Wave
Mixing Processes in Multi-dressed Atomic Systems

Highly efficient multi-wave mixing processes with coherently prepared states
have been the subjects of intensive research activities in the past few decades.
Efficient four-wave mixing (FWM) [26, 34 - 36], six-wave mixing (SWM) [27
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37], and eight-wave mixing (EWM) [27] have been individually studied in
multi-level atomic systems. By choosing appropriate atomic level schemes
and driving fields, one can generate controllable nonlinearities with very in-
teresting applications in designing novel nonlinear optical devices. This moti-
vates the studies of enhanced higher-order nonlinear wave-mixing processes.
Since higher-order nonlinear optical processes are usually much smaller in
amplitude than lower-order ones [18], the interplay between nonlinear opti-
cal processes of different orders, if exists, is usually very difficult to observe
experimentally. However, co-existing higher-order processes can become com-
parable or even greater in amplitude than the lower-order wave-mixing pro-
cesses by means of atomic coherence and multi-photon interference [37]. As
already proposed in the literature, the co-existing third- and fifth-order non-
linearities have important applications in 2D soliton formation and liquid-like
surface tension [12, 38|, so the co-existing third-, fifth-, and seventh-order
nonlinearities will have applications in similar physical situations, or at least
be important to such applications.

A phenomenon that has attracted much attention in recent years is elec-
tromagnetically induced transparency (EIT) [17, 21]. The existence of a dark
state is the basis of EIT which reduces linear absorption and enhances FWM
processes [26, 34, 35] via atomic coherence in multi-level atomic systems.
Dark resonances arise from the quantum superposition states that are de-
coupled from coherent and dissipative interactions. Lukin et al. [17] studied
interaction of dark resonances and predicted the splitting of dark states by
changing the strength of the dressing laser beam in a four-level atomic sys-
tem. Later the doubly-dressed states were observed in cold atoms, and the
triple-peak absorption spectrum exhibits a constructive interference between
the excitation paths of the two closely spaced, doubly dressed states [39].
In this study, we present two kinds of doubly-dressing schemes, in which
constructive interference occurs between two FWM excitation paths of the
doubly-dressed states in an open five-level system. The high-order multi-
photon interference and light-induced atomic coherence are very important
in nonlinear wave-mixing processes and might be used to open and optimize
multi-channel nonlinear optical processes in multi-level atomic systems that
are otherwise prohibited by the strong absorption [37]. As a simple example,
in the conventional EIT-based FWM, a strong coupling laser beam induces
transparency for the generated FWM signal [26, 34, 35]. By contrast, in the
doubly-dressed FWM and singly-dressed SWM the dressing fields do not di-
rectly create an EIT window at the frequency w; of the FWM and SWM
signals.

Several features in this work are distinctly different and advantageous over
the previously reported multi-wave mixing processes [26, 27, 34—37]. First,
there exist co-existing FWM, SWM and EWM processes in an open five-level
system, which is good for studying the interplay between nonlinear optical
processes of different orders. In most of the previously studied multi-level
atomic systems, especially the close-cycled ones [26, 27, 34, 35], the FWM,
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SWM, and EWM processes cannot coexist, and different order nonlineari-
ties can only be observed individually under different laser configurations,
which is fundamentally different from the current study. Second, two kinds
of doubly-dressing schemes (parallel and nested types) are considered to gen-
erate co-existing FWM, SWM, and EWM signals. The coherent interactions
of doubly-dressed states created by two dressing fields have been studied in
detail, which can result in dramatic enhancements of multi-wave mixing sig-
nals. Moreover, such coherent interactions between two dressing processes in
nested type are much stronger than that in parallel type. Thus, by virtue of
controlling the singly- or doubly-dressed multi-wave mixing signal, one can
obtain the nonlinear susceptibilities of desired order, which can be very im-
portant for certain applications. Third, large third-, fifth-and seventh-order
nonlinear responses can be obtained by controlling the coherent phases of the
polarization beats between these FWM, SWM, and EWM signals. Investiga-
tions of such intermixing and interplay between different types of nonlinear
wave-mixing processes will help us to understand and optimize the generated
high-order multi-channel nonlinear optical signals.

4.3.1 Parallel and Nested Dressing Schemes

With the basic system [see Fig. 4.8 (a)] of three energy levels (|0),|1), and
|2)) and three laser fields (eq,e5, and 1), a FWM signal at frequency wq
will be generated [37]. By adding another energy level (either |3) or |4)) and
another laser field (e3 or €% for level |3), or €4 or &) for level |4)), the original
energy level (|1) or |2)) will be dressed to produce two dressed states. Such
four-level system with a dressing field will modify the original FWM process
(called singly-dressed FWM with notation pg;g’l) g j) and generate SWM signals

(pgi-)). If two energy levels (|3) and |4)) are both added with two additional
fields, the original FWM system is said to be doubly dressed (denoted as
pg’gj), which can generate not only SWM signals (p(S‘?), but also EWM (pgl) ).
One can consider such system first as a four-level system (]0), |1), |2) and |3))
which generates SWM, and then by adding another level (]4)) and a field 4,
this four-level atomic system is (singly) dressed again to give a singly-dressed

SWM signal (pgi)]), which will have contributions from EWM under certain

conditions. Note that pgi)j and pg)j are not purely third-order and fifth-order
nonlinearities, instead they are the doubly-dressed FWM and singly-dressed
SWM, respectively, including higher-order nonlinear responses. The main
purpose of using such doubly-dressed schemes is to generate efficient EWM
and, at the same time, to allow us to control the relative strengths of various
wave-mixing processes. So the high-order nonlinear optical processes can be
enhanced, manipulated, and studied in detail.

For a five-level atomic system as shown in Fig. 4.8 (a), states |[i — 1) to
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Fig. 4.8. (a) The energy-level diagram for co-existing FWM, SWM, and EWM in an
open five-level system. (b) Phase-conjugate schematic diagram of phase-matched
multi-wave mixing. (cl) Five-level atomic system with blocking fields €5 and &},
doubly-dressed FWM (parallel type) (c2) and singly-dressed SWM (c3, c4) in the
dressed-state picture. (d1) and (d2) Two five-level atomic systems for EWM. (el)
Five-level at omic system with blocking fields 5, and &}, doubly-dressed FWM
(nested type) (e2) and singly-dressed SWM (e3) in the dressed-state picture. (f1)
Five-level atomic system with blocking fields ¢5 and &), singly-dressed SWM (f2)
in the dressed-state picture. The |+) and |—) correspond to the primarily-dressed
states, the |++) and |+ —) are the secondarily-dressed states around the primarily-
dressed state |+).
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liY(i = 1, 2, 3, 4) are coupled by laser fields ¢; and &}(w;, k;(k}) with Rabi
frequency G;(G})). The Rabi frequencies are defined as G; = &;u;;/h and
G}, = €} pi; [k, respectively, where p;; is the transition dipole moment between
level ¢ and level j. Fields €; and €} with the same frequency and different time
delays (g is delayed by time 7) propagate along beams 2 and 3 with a small
angle [Fig. 4.8 (b)], while a weak probe field &1 (beam 1) propagates along
the opposite direction of beam 2. There exist three cases of blocking fields,
i.e., blocking ¢4 and ¢} [Fig. 4.8 (cl)], blocking &5 and &} [Fig. 4.8 (el)],
or blocking €}, and & [Fig. 4.8 (f1)] as given in Table 4.1. Table 4.1 gives
all possible phase-matched Liouville pathways for coexisting FWM, SWM,
and EWM processes under certain conditions. Specifically, we consider two
types of doubly-dressed FWM schemes involved in this system, as shown in
Fig. 4.8 (¢2, €2), we refer to them as parallel and nested dressing schemes, re-
spectively. The FWM process will be dressed by either two synchronous fields
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Table 4.1 Phase-matching conditions and the perturbation chains of co-existing
EWM, dressed SWM and doubly dressed FWM.

Blocked Doubly dressed Dressed SWM S;; EWM E;
beams FWM F;;
ks, k) kri =ki+ka— kfgll) =k +ko— Kb+ kgiz = ki + ko — kb +
k5 (Fh1, Fi2) ks — k3(S11, S12) ks — ks + ks — ka(E1, E»)
k(sl2),3 =ki+ko—kr+
k4 — ka(S21, S32)
k/27ké kpo = ki+ks— k_(5‘22)73 =ki1+ko—ko+ kg;,Q = ki + ko — ko +

kil(FQLFQQ) k4—k2(521,532) k3—k3+k4—k11(E17E2)
ky ki, None kS =ki+ha—kat+ ki, = ki + ko — ko +
!
ks —k3(5117512) ks — kb + ks — ka(Er, E)
FWM F,SWM S; and ~ Fy : pl0 23, p(b) w2, @) —w2 (3)
EWM FE; chains Fy: p(%) =, p%) — Pﬁ)) — P(lf))
Sitopld B oo ok = gy
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Sy o oply o) 2 ) = ) 2
4) —w 5
po =5 oY)
Ss o oply) o ooy ) = o) 2

(4) —w2_ (5)
P20 — P10

B

P30 —
4 - 5 — 7
Py =2 p§) 2 plS) =2, pl)
0 w 1 w 2 —w 3 w
By @ oply) b pfy) 2 o) = )0 22,
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[parallel type as shown in Fig. 4.8 (¢2)] or two in-series fields [nested type as
shown in Fig. 4.8 (e2)]. There exist coherent interactions of doubly dressed
states created by two dressing fields. Moreover, both dressing schemes lead to
multiple quantum superposition states that interact coherently, and can be
used to mitigate decoherence effects [37, 39, 40]. Furthermore, such coherent
interactions of doubly-dressed processes result in dramatic enhancements of
multi-wave mixing signals.

The nonlinear polarizations, responsible for multi-wave mixing signals, are

proportional to the off-diagonal density matrix elements p§’5>. We will assume,

as usual, that Gy is weak, whereas the laser fields G3, Gb, G3, G5, G4, and G

can be of arbitrary magnitudes. Thus, p%) needs to be calculated to the

lowest-order in G, but to all orders in other fields under various conditions.

When fields €4 and €/ are blocked, the simultaneous interactions of atoms
with fields 1 and e will induce a substantial atomic coherence between |0)
and |2) through resonant two-photon transition. This coherently prepared
two-photon coherence is then probed by field € and, as a result, a FWM
(pg;?) signal of frequency w; in beams 4 is generated almost opposite to the
direction of beams 3, satisfying phase-matching condition kp; = k1 + ko — K.
When two strong dressing fields €3 and &4 are used to drive the transitions
|2) to |3) and |1) to |4), respectively, as shown in Fig. 4.8 (c1), there coexist

two doubly-dressed FWM [pg?l of the chain F}; and pg?Q of the chain Fjo
depicted in Fig. 4.8 (c2)], as well as four singly—dressed SWM [ps5110f S11 and
pS12 of S12 depicted in Fig. 4.8 (c3) Pszl of Sy and pS32 of S3o depicted

in Flg. 4.8 (c4)], and two EWM [pElof E; and pE2 of Ey depicted in Fig.

.8 (d1—d2)] processes, satisfying the phase-matching directions for kp1, kgl)

and kf912) 3 kgl 2 respectively. Fjj, Sij, and E; represent doubly-dressed FWM,
smgly—dressed SWM and EWM processes, respectlvely, as given in Table 4.1
Moreover, we have EV =kp = k:gl k:( 523 = kEl 5 in this interaction case
(Table 4.1).

Specifically, the FWM process F; is generated by interactions of three
fields €1, €2, and €}, which is parallelly dressed by 3 and ¢4 [Fig. 4.8 (c2)].
The SWM process S is generated by interactions with one photon each from
€1,€9,&h, and two photons from the same field 3, which is dressed by e4
[Fig. 4.8 (c3)]. The SWM processes S2 and S3 are generated by interactions
with one photon each from ey, e9,¢), and two photons from the same field
€4, which is dressed by e3 [Fig. 4.8 (c4)]. Similarly, EWM processes E1 and
E2 can also exist at the same time with one photon each from &1, €9, €}, two
photons from the same field €3, and two photons from the same field ¢4, as
shown in Fig. 4.8 (d1)—(d2).

To better understand such phenomenon of interplay between coexisting
EWM, dressed SWM and doubly-dressed FWM (parallel type) processes, we
use the perturbation the chain expressions involving pgi, 0(51) ; Pfs?z) (p(sg) ) and

(7) (pgg) nonlinear wave-mixing processes for this case of blocking fields €%
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and £). Although, such perturbative approach makes significant approxima-
tions it shows a simple picture of the leading contributions from the compli-

cated nonlinear optical processes. The simple FWM (pg?) via Liouville path-

way Fy gives p%l = —G./d3dy, where G, = iG1G2(GS)* exp(ik™) - r),d; =
T'i0 +1A; and dy = T'gg + lAa with A; = Q; — w;, A = Aq + As. Fij is
the decoherence rate between two relevant states. Similarly, we can easily
obtain three SWM processes, pS51 = G, |Gs|® /(d2d3ds) via the chain S; and
pg%) = (853) =G, |G4)? /(d3d2d4) via the chains Sy and Ss, as well as EWM
pgi = pg% = —G,|Gs|’ |G4|?/(d3d2dsdy) via the chains E; and E,, where
d3 = F30 + ZA3 and d4 = F40 + IAZ with Ag = Ag — Ag, AZ = A1 + A4

Two separate sub—processes for the dressing fields €3 and g4, pg%) s,
p(%) 3 p(;(l))” and (5) p(6) pg )”, are parallelly existing in the

EWM the Chain Fj. Such the mechanism can be called the parallel-dressing
interaction. It means that the fields e3 and €4 dress the states |2) and |1)

[Fig 4.8 (c2)], and affect the atomic coherences pQ%) between |0) and |2),

and P(lo) between |0) and |1), respectively. So we have pgcg 1) and p(Gg +)0

in the doubly-dressed FWM the Chain Fy; (Table 4.1). Specifically, in this
interaction, due to parallel-dressing fields e3 and &4, the FWM (F}) process
will be dressed synchronously by both fields and a perturbative approach
for such parallel-type, doubly-dressed interaction can be described by the
following coupled equations:

0 . . : .
gio = —dapao +1Gap1o exp(iks - ) + iG3p30 exp(iks - )
5 (4.4)
gzo = —dsp3o +1G5pag exp(—iks - 1),
0 . . : .
gio = —dip10 + 1G5 p2o exp(—iky - 7) +iGfpao exp(—ikq - 7)
(4.5)
0 . .
gzo = —dypao +1Gaproexp(iky - 7).

Equations (4.4) and (4.5) correspond to G3 and G4 dressing equations,
respectively. The energy levels |1) and |2) of the chain F are created as two
parallel groups of dressed states |[+) and |—), as shown in Fig. 4.8 (¢2). In the
steady state, Eqgs. (4.4) and (4.5) can be solved together with the perturbation
the chains F; and FE; to give the strength of the parallel-dressing FWM of
the chain Fll;

3) —Ga

PN 4y (dy + G2 da)(da + |Gal? /ds) (4.6)

In a special limit of |G4|? << T3040 and |G3]? << TaT's0, pg’il can be
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expanded to the lowest order to give

@ _ —Ga | GalGs|® | GalGa>  —Gal|Gs|*|Gal?
PFI1™ o, T 1009 3 + 3 12
dids didsds didady didsdsdy

_(3) (5) (5) (7)
=pr1tPs1 t P52 T PEL

= Pgim + p(S52)1 = Pgisz + P(S51)17 (4.7)
where pils, = ~Ga(1=|Ga|* /dsda) /(d3d2) = pid) + 05}, 9 = GalGal2(1 -
(G /dads) /(didada) = p§3 + P51 Pl = —Ca(l = |Gal* /drda)/(dda) =
Pt + 9§53 and pl)) = GalGs[2(1 = |Gal? /dida) /(d3d3ds) = p) + pif]. Note
again that p%)j, p(Si)J are not pure third- and fifth-order nonlinear responses.
These symbols are used here denote the dressed FWM and SWM, respec-
tively. Expansions of Eq. (4.7) indicate that the doubly-dressed FWM process
converts to a coherent superposition of signals from FWM (F7), SWM (S1),
SWM (S3), and EWM (Ey) (pg + pg)l) + pgg + pgi), or dressed FWM and
dressed SWM (pg? g1t pggl) or (pg? ot pg)l)l) in this weak dressing field limit.
That is to say, pgil includes third-, fifth- and seventh-order nonlinear optical

responses. Hence, the dressed SWM response of 9(551)1(pg)2)1) can be obtained

by homodyne beat detection with the dressed FWM signal pg;? 52 (pgi 51) as

the strong local oscillator [25]. Similarly, we can get doubly-dressed FWM of

. 3 3 5 5 7 3 5 3 5
the chain Fio, piy & p&) + p) + pSa + plag = Piotst + pSa = Pirss + P51
in Table 4.1.

When the fields 5 and ¢4 are blocked [as shown in Fig. 4.8 (el)], there
coexist two doubly-dressed FWM [p%)1 of the chain F5; and p?& of the
chain Fy depicted in Fig. 4.8 (€2)], two singly-dressed SWM [pgg)l of So1
and pls(gg of Ssz depicted in Fig. 4.8 (e3)] and two EWM [p'gl)of E; and P/b(jz)
of Fy depicted in Fig. 4.8 (d1—-d2)] processes, satisfying the phase-matching
conditions kra, ki 5 and ki) , (additionally, k®) = kpy = kiy , = ki) ).
More specifically, the FWM process F; is generated by interactions of three
fields 1, €4 and €/, which is sequentially dressed by 5 and 3 [Fig. 4.8 (e2)].
The SWM processes S and S3 are generated by interactions with one photon
each from &1, g4, €}y, and two photons from the same field 2, which is dressed
by €3 [Fig. 4.8 (e3)]. Similarly, EWM processes F; and E» can also exist at
the same time with one photon each from e1, €4, €/, two photons from the
same field €9, and two photons from the same field 3, as shown in Fig. 4.8
(d1-d2).

The sub-chain “p%) — pg%) —= P(g?)) =2 p(;(l)) -2, pﬁ?” of the
EWM the chain E; shows that the dressing process of the field 3, “pé%)

s, pé%) B, p(;))”, is nested in the dressing process of the field e5. More-

over, the dressing field €3 is based on the dressing field eo. If ¢5 = 0, the
dressing effect of field e3 will disappear in expression p%l. This doubly-



4.3 Coexistence of Four-Wave, Six-Wave and Eight-Wave Mixing Processes in
Multi-dressed Atomic Systems 191

dressed mechanism is called the nested-dressing interaction. Both of fields e
and e3 dress the same state |1) [Fig. 4.8 (¢2)], and affect the atomic coherence
p%) between |0) and |1). So we have pE&iGzi)o in the doubly-dressed FWM
the chain Fy; (Table 4.1).

In this case, the coherently prepared two-photon coherence between |0)
and |4) created by fields £; and &4 is probed by field € and, as a consequence,
a FWM (p%) signal is generated. Such an FWM process will be dressed by
two fields €5 and €3 in sequence, a perturbative approach for such the doubly-
dressed interaction, which is termed as nested dressing interaction, can be
described by Eq. (4.4) and the following equation:

8p10/8t = —dip1o + iG;pgo exp(—ik2 . 7‘) +1iGy. (4.8)

The FWM (F; process given in Table 4.1) is doubly dressed by fields Go
and G3. When one of dressing fields is tuned close to one of the primarily-
dressed states |+) (or |—)), the energy levels at level |1) of the chain Fj
are created as the secondarily-dressed states | + +) and | + —) around the
primarily-dressed state |+) [Fig. 4.8 (€2)] [39]. Coupling Eqs. (4.4) and (4.8)
can be solved together with the perturbation chain F» and FE; to give the
doubly-dressed FWM of the chain Fyq,

(3) -Gy
- , 49
PFr21 |G| (4.9)

dydy |di +
T (do + 1G5 2 ds)
with G = iG1(G,)*Gyexp(ik® - 7). Consequently, under the conditions

|G2|? << T1oT20 and |G3|? << T'yl'30, we can expand p%)l (to the lowest
orders) into

—Gy  GplGal* =Gy |Gal*|Gsl?
@ o G b |G2| n b|G2"|Gsl® 3y ), )

PR & &2d, By, Bd3dsd, = ppy t Pso” + PE1
3 7 3
= P gs + P = Py + pan (4.10)
where pi) = —Gy/(d3da), 0S5 = 3 = Gu|Gal* /(didada), o) = plyy

= ~Gy|Gal’ |G/ (A3 dsda). plrgy = ~Go(1~|Gal” /i) /(d3da) = piy +
Py, and p5) = Gu|Gal> (1 — |Gsl” /dads) /(d3dads) = p'§) + pli). It should
be pointed out that the nested-dressing FWM process converts to a coher-
ent superposition of signals from FWM (Fy), SWM (S2), and EWM (E;)
(p%) + pls(g) + p/b(]l)), or dressed FWM and EWM (p% g9+ p/b(jl)), or FWM and
dressed SWM (pg% + pgg)l) in the weak dressing field limit. Here, the prime
indicates that such multi-wave mixing process is with the different phase-
matched condition. Correspondingly, we can get doubly-dressed FWM of the
Chain Foo, gy & pii + 953 + Py = Pirass + Piss = Pia + Pz in Table
4.1. Note that p%)l and p%)Q are not purely third-order nonlinearities, in-
stead it denotes the doubly-dressed FWM, including fifth- and seventh-order



4 Multi-Dressing Four-Wave Mixing Processes in Confined and Non-confined
192 Atomic System

nonlinear optical responses. Thus, the EWM response of p'gl) (pé?) can be

obtained by homodyne beat detection with the dressed FWM signal Pgsz
(pg%) as the strong local oscillator [25]. Note again that pgg)l and pggg are
not pure fifth-order nonlinear responses, and they are used to denote the
dressed SWM processes, including seventh-order nonlinear optical response.
Except parallel and nested interaction types of doubly dressing FWM mech-
anisms, the sequential dressing interaction scheme will be considered in our
future work.

From Egs. (4.6) and (4.9), we easily realize that there exist the dramatic
difference between parallel-dressing and nested-dressing interactions. The co-
herent interaction between two dressing processes in nested type is much
stronger than that in parallel type. On the other hand, the three-photon
FWM and seven-photon EWM have the same sign, which is opposite with
that of the five-photon SWM. In weak dressing field limit, Eqgs. (4.7) and
(4.10) clearly show the destructive interferences among these multi-photon
processes.

When the fields €}, and &) are blocked [as shown in Fig. 4.8 (f1)], there
coexist two singly-dressed SWM [pls(f)lof S11 and pg?% of S12 depicted in Fig.
4.8 (2)] and two EWM [p/];(f)of E; and p;;(;) of By depicted in Fig. 4.8 (d1 -
d2)] processes, satisfying the phase-matching directions k:g?l) and kgl)g(k:(?’) =
kg) = kg’l)Q) Here, the prime and double prime also indicate that such multi-
wave mixing processes are with different phase-matched directions. The SWM
process S7 (see Table 4.1) is generated by interactions with one photon each
from €1, €3, €%, and two photons from the same field Qges, which is dressed
by field g4 [Fig. 4.8 (£2)]. Similarly, EWM processes E; and Es can also exist
at the same time with one photon each from €4, €3, €%, two photons from the
same field 9, and two photons from the same field 4, as shown in Figs. 4.8
(d1) - (d2).

The sub-process for the dressing field ey, “pg%) 24, pi%) s, p%)”, is
existing in the EWM the chain F;. It means that the field 4 dress the state
|1) [Fig. 4.8 (c3)], and affect the atomic coherences pg‘z) between |0) and |1).
So we have pgai)o in the dressed SWM the chain S;; (Table 4.1).

The high-order atomic coherence plays a significant role for the enhance-
ment of multi-wave mixing processes. In coherent SWM processes, the si-
multaneous interactions of atoms with fields 1, e2 and &} generate atomic
coherence between |0) and |3) through resonant three-photon interaction.
Such coherently prepared three-photon coherence with wave vector kg3 =
ki +ko— k4 is then probed by fields €3 and €5 and, as a result, a SWM process
p's(?) = G, |Gs|? /(d2d3ds) is generated with G, = iG1(G%)* G exp(ik®) - 7).
Such SWM process is then perturbed by field 4. A perturbative approach
for such interaction can be described by the following coupled equations:
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8/)10 d <Y . <Y .
5 =~ 1010 + 1G5 pap exp(—ika - 7) 4+ iG pag exp(—iky - )
(4.11)
6040 d . .
ot 4P +1iGap1o exp(iks - 7).

We can get pg%) = iGﬁpgé)/(dl + |G4|?/d4) from the coupling Eq. (4.11)
of the Chain F; for £4 interaction terms. p(lt) = iGy exp(iky - 7r)/dy, p(22) =
iGo exp(ikz -r)p%)/dg, pg?(’)) = i(G%)* exp(—ik} -r)pé%)/dg, and pg(l)) = iG3zexp

(iks - r)p:(%) /ds are also obtained from the chain S;. Thus, we can get

i(5) _ (5) Gel Gal”
_ _ ) 4.12
Psi1 = P1o dvd3ds(dy + |Gal?/dy) e

Assuming |G4|? << T'10T 40, then through power expansion, we obtain

2
i5) _ GelGof? [en
= 1- : 413
Psi = 2g3a, dydy (4.13)

The dressed SWM process approximately converts to a coherent superpo-

sition of signals from SWM (pls(i’)) and EWM (|G4|? term). Note again that
pls(‘ﬂ include both fifth- and seventh-order nonlinear optical responses.

This open five-level atomic system with co-existing FWM, SWM and
EWM is consist of four conventional EIT subsystems, i.e., [0) — |1) — |2)
(ladder-type) with two counter-propagation beams €2 (or €4) and €1, |0) —
|1) — |4) (ladder-type) with two counter-propagation beams 4 (or €}) and
€1, ]1) — |2) — |3) (A-type) with two co-propagation beams eo (or £5) and 3
(or €%), and |2) — |1) — |4) (V-type) with two co-propagation beams &2 (or
e4) and &4 (or €}). More explicitly, the two ladder-type EIT, one A-type EIT
and one V-type EIT configurations all satisfy the two-photon Doppler-free
condition in the Fig. 4.8 (b) [17].

4.3.2 Interplay Among Coexisting FWM, SWM and EWM
Processes

One possible experimental candidate for the proposed system is 8”Rb atoms
with states |0> = |5S1/2>, |1> = |5P3/2>, |2> = |5D3/2>, |3> = |5P1/2> and |4> =
|5D5/9) [Fig. 4.8 (a)]. The respective transitions are [0) — |1) at 780.2 nm
(710 = 5.89 MHz, where ~;; is term due to spontaneous emission (longitudinal
relaxation rate) between states |i) and |j)), |1) — |2) at 776.2 nm (721 ~
0.77 MHz), |2) — |3) at 762.1 nm (y23 ~ 0.98 MHz), |0) — |3) at 795.0
nm (y3p ~ 5.40 MHz) and [1) — [4) at 776.0 nm (y41 ~ 0.79 MHz). The
transverse relaxation rate I';; between states |¢) and |j) can be obtained
by I'y; = (I's +T5)/2 (To = 0, I't = 710, I'2 = 721 + 723, I's = 730 and
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I'y = ’)/41). ie, I'yg = ’710/2 = 2.94 MHz, I'y = (’)/21 + ’)/23)/2 = 0.88 MHz,
Pgo = ’)/30/2 = 2.70 MHz and F40 = ’)/41/2 = 0.40 MHz. Thus, 1“10/1“20 ~ 33,
1“30/1“20 ~ 3.0, F40/F20 ~ 0.5, F30/F10 ~ 0.9, and F40/F10 ~ 0.1.

We consider the interaction of the dual dressings and the interplay among
coexisting FWM, SWM, and EWM processes. First, we consider the doubly-
dressed FWM (parallel-dressing interaction) spectra versus Aj /Ty for the
case with blocking fields €4 and &) [Fig. 4.8 (c1, ¢2)]. In this type of doubly-
dressed FWM, a dressing field G4 creates dressed atomic states |[+) and |—)
from the unperturbed state |1) [the Autler-Townes (AT) splitting Ags =~
2{G4[G? + 2T4o(T'10 + T40)]"/% — T'2,}'/2 mainly results from Gy, i.e., outer
peak pair of Fig. 4.9 (a) and inner peak pair of Fig. 4.9 (b)]. When the
dressing field G35 is tuned close to the unperturbed state |2), the AT splitting
created by field G5 can be approximated to be Ags ~ 2{G3[G3 + 2T'39(I'a0 +
T'30)]1/2 —T3,}/2 [i.e., inner peak pair of Fig. 4.9 (a) and outer peak pair of
Fig. 4.9 (b)]. More specifically, Fig. 4.9 (a) presents the dependence of the
doubly-dressed FWM (parallel-dressing interaction) signal intensity at exact
resonance Ay = A = Ay = 0, and the separation Agsz between the two inner
peaks increases versus increase of G3 (G4 > G3). For further identifying this
parallel dressing interaction, we change the laser detunings to different values
[Fig. 4.9 (b) for G3 > G4]. Compared with the solid curve of Fig. 4.9 (b),
the dashed and dotted curves of Fig. 4.9 (b) present left shift of inner peak
pair and right shift of outer peak pair due to the two-photon A; + Ay factor
of G4 dressing term and three-photon A; + As — Ajs factor of G3 dressing
term in Eq. (4.6), respectively. Two AT shift processes due to the G5 and
G4 dressings are independent, so the interaction between them is weak at
the larger Az and A4 values. When Az and Ay are close to zero, two AT
shift processes depend each other and start to interact with each other [Fig.

9 (c—1f)]. On the other hand, when the doubly-dressed FWM (parallel-
dressing interaction) signal intensity versus both Az and Ay, is normalized
by no dressing field (G3 = G4 = 0) case (i.e., pg’fl/pg;?), the controllable
enhancement and suppression of the doubly-dressed FWM can be obtained
by adjusting laser frequencies and two dressing field intensities [Fig. 4.9 (c)
with both weak enhancements, (d) with one weak enhancement and one weak
suppression, (e) with one weak suppression and one strong suppression, (f)
with both strong enhancements]. Notice that Fig. 4.9 (¢) presents anomalous
and normal dispersion-like effects along A3 and A4, which are determined
by the factors ds and ds of G3 and G4 in the Eq. (4.6), respectively. Due
to the induced resonances of two-photon A; + As + Ags/2 = 0 [Fig. 4.10
(a)] and one-photon Ay + Agy/2 = 0 [Fig. 4.10 (b)], Fig. 4.9(f) shows strong
enhancements of FWM versus A3 and Ay.

Next, we consider the doubly-dressed FWM (nested-dressing interaction)
spectra versus Ay /T'yg for blocking fields €f and ¢4 [Fig. 4.8 (el, €2)]. There
exists strong coherent interaction between inner Go and outer G3 dressing

processes. When Gy = 0 or Ay = oo,p%1 (or p%)Q) becomes purely third-
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Fig. 4.9. (a) Doubly-dressed FWM (parallel type) signal intensities versus A;/I'2g
(Flo/rgo = 3.3,F30/F20 = 3,F40/F20 = 0.5,A2 = A3 = A4 = 0, G4/F20 = 10) fOI‘
G3/T'20 = 0 (solid curve), 1.2 (dashed curve), and 3 (dotted curve); (b) [Gs/T'20 =
15,G4/T20 = 5,A2 = 0, Ag/T'50 = 0 and A4 /T30 = 0 (solid curve), 0 and 5 (dashed
curve), 2 and 0 (dotted curve)]. Doubly-dressed FWM signal intensity (normalized
by the case with Gs = G4 = 0, i.e., [r = p%sil/p%si) versus As/I'zo and Ay /T
at (C) G3/F20 = G4/F20 = 0.7, Al/rzo = —4, AQ = 0; (d) G3/F20 = G4/F20 =
0.5,A1 = O, AQ/FQO = 2; (e), G4/F20 = O.S,Al = AQ = O; (f) G3/F20 = G4/F20 =
5, Al/rgo = —47 AQ =0. Adopted from Ref. [36]

order nonlinearities. The primarily dressing field Gy [G2 > G5 (where G3
is the secondarily dressing field)] creates dressed atomic states |[+) and |—)
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Fig. 4.10. Energy-level diagrams for induced enhancements of (a) two-photon res-
onant A; + Az + Agz/2 = 0 FWM, (b) one-photon resonant A; + Ags/2 = 0
FWM, (c) two-photon resonant |0) — |G2+) — |4) FWM, and (d) three-photon
resonant |0) — |—) — |2) — |3) SWM, respectively.

from the unperturbed states |1) and |2) [solid curve in Fig. 4.11 (a)]. When
the secondarily dressing field G is tuned close to one of the primarily-
dressed states |+) (or |—)), basically the dressing field only couples the
dressed state |+) (or |—)) to the state |3) and leaves the other dressed
state |—) (or |4)) unperturbed [39]. Thus, when A3 &~ Ag2/2, there ex-
ist the secondarily-dressed states | — +) and | + —) around the primarily-
dressed state |—) [dashed curve in Fig. 4.11 (a)]; when As ~ —Ag2/2 the
secondarily-dressed states | + +) and | — —) (around the primarily-dressed
state |[4+)) can be generated (dotted curve in [Fig. 4.11 (a)]. Here, the sepa-
ration between the two outer peaks [solid curve in Fig. 4.11 (a)] created by
G is given by Ags = Q{Gg [G% + 2F20(F10 + on)]l/Q — F%O}l/Q), while the
change of the AT splitting between two inner peaks weakly depends on field
G4. More importantly, three FWM Liouville pathways for Az ~ —Aga/2

0 1 1 - 3 0 1 1 -
(P9 <25 0 <2 P50 =25 030 ple < Pl <2 o5y = ),

and p(o) s p(l) =2, p( ) w2, p( )) interfere constructively (coherent in-
teraction), leading to an enhanced FWM signal. Due to the decoherence of
the Raman coherence psg, the doubly-dressed four-level system also exhibits
a constructive interference [39]. By contrast, the doubly-dressed system with
a metastable excited state shows sharp dark resonance due to destructive
interference between the secondarily-dressed states [17].

In Fig. 4.11 (b, ¢) the FWM (nested-dressing interaction) signal intensity
with no dressing field (G = G3 = 0) is normalized to 1 (i.e., PF21/P )
There are two groups (channels) of suppression and enhancement curves due
to the primarily-dressed states |Gs+) created by Gs (G3 > Gs). Based on
the same secondarily-dressed state |Gao+) created by G, the two-photon
{|0) — |G2+) — |4) [Fig. 4.10 (¢)]} resonant FWM signals (corresponding
to each group of curves) are enhanced [Fig. 4.11 (c¢)]. Specifically, at exact
resonance A; = 0 we see that the FWM signal intensity is suppressed when
the frequency of the dressing field G4 is scanned across As = +Ag3/2 [Fig.
4.11 (b)]. If G increases, FWM signal has been strongly suppressed through
two channels created by Gs [Fig. 4.11 (b)]. On the other hand, the presence
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Fig.4.11. (a) The doubly-dressed FWM (nested type) signal intensity versus
Al/rlo (Fgo/rlo = 0.3,F30/F10 = 0.9,F40/F10 = 0.1,G2/F10 = 15,G3/F10 =
1.5,Ay = Ay = 0) for Az/T';o = 10000 (solid curve), 14.5 (dashed curve),
and —14.5 (dotted curve), respectively. (b) Doubly-dressed FWM signal inten-
sity (normalized by the signal with G3 = G4 = 0 case, i.e., pgl/p%)) Versus
As/T0 (A1 = Az = Ay = 0,G3/T10 = 5) for G2/T'10 = 0.2 (solid curve),
0.5 (dashed curve), 1 (dotted curve), 2 (dash-dotted curve), respectively; (c) at
G2/F10 = 0.5,G3/F10 = 10, A3/F10 = 710, A4 = 0, fOI“ Al/l“m =0 (SOlid curve),
-0.5 (dashed curve), -2 (dotted curve), -6 (dash-dotted curve), respectively.

Normalized Doubly Nested Dressed FWM

of the weak dressing field G5 can either suppress or enhance the FWM signal
when A; # 0 [Fig. 4.11 (¢)]. Due to Az < 0, the amplitudes of enhancement
and suppression of FWM’s right channel for the dressed state |Gs—) are
obviously larger than that of FWM’s left channel for the dressed state |Gs+)
[Fig. 4.11(c)]. Furthermore, the strongly enhanced dual-FWM channels can
be opened simultaneously by the two strong dressing fields, which provide
the energy for such large enhancement.

Finally, we investigate the dressed SWM spectrum versus Ay/T'sg. Fig-
ure. 4.12 presents the enhancement of the dressed SWM signal intensity at
different probe detunings. The SWM signal intensity with no dressing field
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is normalized to 1 (i.e., Pis('?)l pls(f)). When G4/I'sp = 50 the SWM signal is
strongly enhanced by a factor of 700 in the presence of the dressing field
when A;/T3p = 50 (the dotted curve in Fig. 4.12), which mainly results
from the three-photon {|0) — |—) — |2) — |3) [Fig. 4.10 (d)]} resonance. In
other words, such huge enhancement of the signal is due to induced resonance
by the strong coupling field. In general, the constructive and destructive in-
terferences between the |+) and |—) SWM channels (Table 4.1) result in the
enhancement and suppression of SWM signal, respectively. However, such en-
hancement mainly originates from the dispersion of SWM and EWM signals
and their interference under the weak dressing field limit [21].

600 |-

300 - M

0
-100  -50

Normalized Dressed SWM Signal

I ——

100 150

Ad/T

Fig. 4.12. The dressed SWM signal intensity (normalized by no dressing field case)
versus A4/F10(F20/F10 = 0.3, Fgo/rlo = 0.9, F40/F10 = 0.1, AQ = Ag = 0,
G4/T10 = 50) for Ay/T'1o = 20 (solid curve), A;/T'1p = 30 (dashed curve),
Al/rlo = 50 (dotted CU.I'VG), Al/Flo = 70 (dash—dotted curve), Al/rlo = 100
(dash-dot-dotted curve), respectively.

4.4 Controlled Multi-Wave Mixing via Interacting Dark
States in a Five-level System

Recently a great deal of attention has been paid to observe and understand
the phenomenon of EIT and related effects in multi-level atomic systems
[41] interacting with two or more electromagnetic fields. Investigations about
interactions of doubly dressed states and corresponding effects on atomic
systems have also attracted many researchers. The doubly dressed states
were obtained in the inverted Y system [42] and double-A system [43]. In this
work, we go further to theoretically study, in a five-level system with three
possible dressing fields, three types of dual-dressing (nested and sequential)
schemes and precisely predicted the splitting of dark states resulting in five
absorption peaks.

On the other hand, highly efficient multi-wave mixing (MWM) processes
with coherently prepared states have also been intensively studied in the
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past few decades [44, 45]. Enhanced four-wave mixing (FWM) and efficient
six-wave mixing (SWM) processes have been experimentally demonstrated
in optically dressed systems [44, 45]. Moreover, eight-wave mixing (EWM)
in a folded five-level atomic system has been observed recently [27]. In pre-
viously studied close-cycled (ladder-type, N-type, double-A-type and folded)
systems, FWM, SWM, and EWM processes cannot coexist in a given config-
uration and different order nonlinearities can only be observed individually.
In our recent studies, the third-order and fifth-order nonlinear processes co-
exist in an open (such as V-type, Y-type and inverted Y-type) atomic system
were demonstrated, in which the coexisting SWM signal can become compa-
rable or even greater than the companion FWM by manipulating the atomic
coherence [16, 37]. After that, three kinds of doubly dressed FWM processes
(in nested, parallel and sequential dressing schemes) were investigated [46].
Here, we present controlled MWM (FWM, SWM, and EWM) via interacting
dark states in a five-level system [Fig. 4.13 (a)]. Specifically, there exists the
intermixture among three dressing schemes (nested, parallel, and sequential
dressing schemes) in FWM, the quadruple nested scheme in SWM, and the
parallel combination of two nested schemes in EWM.

Several features of this work are distinctly different and gain an advan-
tage over the previously reported MWM processes [46]. Firstly, multi-dressed
FWM, SWM, and EWM processes coexist and compete in a five-level system
because FWM is suppressed while SWM and EWM are enhanced by con-
trolling the offsets of fields. Secondly, various multi-dressed types in FWM,
SWM, EWM, and EIT are viewed as the combination of three basic dual-
dressing types (nested, parallel and sequential dressing schemes) which is also
separately investigated for better explanation of multi-dressing. Thirdly, we
obtain triple Aulter-Townes (AT) splitting in the spectra of FWM signal,
quadruple AT splitting in SWM signal, and two triply splitting in EIT. The
spectra of AT splitting, suppression and enhancement of FWM and EWM
signals are the superposition of two groups of the different AT splitting peaks.
The interaction of multi-dressed states created by three dressing fields has
been studied, which can result in the dramatic enhancement of MWM sig-
nals. Thus, by virtue of controlling the multi-dressed MWM signal, we can
obtain the nonlinear susceptibility of the desired order.

4.4.1 Basic Theory

With the basic system [in Fig. 4.13 (a)] of three energy levels (|0) — 1) — |2))
and three laser fields (the pumping beams Eo (with frequency we, wave vector
ko, and Rabi frequency Gs), Eb(w2, k5, G%) and the probe beam FEj (w1, k1,
G1)), a FWM signal at frequency w; will be generated and propagates in
the ks = k1 + ko — kf direction depending on the phase-matching condition.
By adding another energy level (|4)) and another laser field F4(ws, k4, G4),
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system [|4) — [0) — |1) — |2) is formed [37] and a small-angle grating in the
atomic medium is established. E4 interacts with the FWM process in the
ladder system and generate SWM signals propagating along with the k(=
ki + ko — kb, + k4 — k4) direction owing to the phase-matching condition.
When the pumping beams E3(ws, k3, G3) is turned on, this five-level system
also can generate EWM signal, which propagate in the same direction due
to the phase-matching condition k. = ki + ko — kb + ks — ks + ky — ky.
Simultaneously, there exists another SWM signal which satisfies the phase-
matching condition ks1 = ki + k2 — ki + ks — k3. However, only SWM
ks(= ki + ko — ki + k4 — ky4) is discussed in the paper.

According to the description above, the Hamiltonian of this system can
be written as

Hipe = = BALL A+ (A1 + A2)[2) (2] + (A1 = A3)[3) (3] + Aal4)(4]] —
R(G1[1){0] + G4l4)(0] + (G2 + G5)|2) (1] + Gs[3)(1| + H.c.).

Then the density-matrix equations which determine the evolution of the
whole system can be obtained. As to a five-level system, there are 15 inde-
pendent density-matrix equations without considering that pog + p11 + po2 +
p33 + paa = 1. However, if we consider the probe field being weak enough,
the number of the required equations will be reduced because some weak
terms will be omitted in further derivation. Moreover, the perturbation the
chain method, a suitable method for our special case and can remove density-
matrixes which contribute little to MWM generation, is employed to calculate
density-matrix related to MWM process. Finally only six equations can be
useful for derivation is as follows:

pio = —dioply —iGae™ "ol H(Gh) e ) +iGae™s T pl) G e T ol
(4.14a
Pé r) __ _ —dgop 50 lGlelkl T ( ) 1G4elk4 T ( ) 4 1G261k2 T (7") (414b

pé r) _ —d30p 1G1elk1 r ( ) 1G4elk4 r ( ) + IG* 1k3'Tp(17(;)’ (4 14c

P = —duaply) +iGe™ ™ pl) 4+ iGae®a ) —iGieT Tl (4.14d

Py = —daapll) +iGae™e ™ pll) — iGrem kT ), 4.14e

)
)
)
)
)
)

(
pii = —daap) +iGie ™7l —iGReT R ), (4.14f

where d1g = I'1g +1A1,dog = Tog + i(A1 + AQ), d3g =T'30+ i(A1 — Ag), digs =
P14 —i(Al —A4), d24 = F24 —i(Al +A2 —A4) and d34 = P34 —i(Al —Ag —A4)
with the frequency detuning A; = §; — w;. I'y; is the transverse relaxation
rate between states |i) and |j). Q; is the atomic resonance frequency. The
Rabi frequencies are defined as G; = &;u;;/h, where p;jare the transition
dipole moments between level |i) and level |j). Next we will apply modified
density-matrix equations via perturbation chains to analyze the coexisting
multi-dressed FWM, SWM, and EWM, respectively.
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To better understand the interplay among coexisting FWM, SWM, and
EWM processes, we use the perturbation the chain method to derive expres-
sions of high-order density-matrix elements standing for FWM, SWM, and
EWM processes. Although such approach makes significant approximations,
it shows a simple but clear picture of which give leading contributions in
the complicated nonlinear optical processes. Moreover, we approach the final
complicated expressions by inserting the dressing field step by step. So the
expression of the pure FWM without any dressing field of a ladder sub-system
contained in the system we showed above are given clear derivation process
using perturbation the chain method in the following.

Considering a sub-system consisting of states |0), |1}, |2) and three laser

beams Ey, Fa, and E}, there are a simple FWM (p F1) eXpressed as the FWM

perturbation the chain (F1) p{&) <2 p{b) 22, 5@ =2, 58 Density-matrix

elements in the chain denote the initial, intermediary and final states of the
transition process of generating FWM. According to the physics of the per-
turbation the chain, as to certain element denoting a state, only the higher-
order element in the chain can contribute to it, the other weak term can

be neglected then Consequently, simplified density matrix equations about

Pgo)a on ; and P10 are

plO lG'lelkg1 T/dlo, (4.15&)
p20 iGaelk Tp /dgo, (4.15b)
plO Gl* —ik;r 0)/d10- (4.15C)

Substitute Eq. (4.15a) into Eq. (4.15b), and then the result substitute to
Eq. (4.15¢), we get

Pr1 = p(l?(’)) = —iGAeikf'T/d%Odgo. (4.16)

where G4 = G1G2GY . Let us talk about the case that an additional strong
dressing field E5 (connecting transition |1) and |3)) are added in system
|0) — [1) — |2). E3 dresses level |1) and created two new states |Gs+) and
|G3—), and then the dressed FWM is denoted as the dressed perturbation
the chain: (F2) p(%) 2, p%) 2z, p(z) T p(GéiO, where the sub-script “1”
(3) -

is replaced by “Gs=£”. In the following we will see that the

dressed state is actual the interference between the polarizations pi%) and pi%)

which is generated by Fs combining with FWM (F1). This lead us expanding

p((;;io as sub-chain p(3) E— p(4) = p(150) and then the dressed FWM the

of element py;

chain transform into the SWM the chain (S1) Po(())) L, p%) 2, pg%) —2,

pi%) % (4) “3, pgo) which stand for the one which interfere with FWM

(F1) and ﬁnally cause dressing states |Gs=£). In the weak field approximation,
terms containing weak field GG; are all neglect in density matrix equation,
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while terms containing strong field G5 are saved. We do this also is guided by
sub-chain pg?(’)) s, pgé) 2, p%), then the coupling equations are as follows
Pg%) = —d1oP(1?6) +1G§eik;'TPé%) +iet*a T G pso, p3o = —d3op3o+iG§efik3'TP(1?(’))'
Solve the above equations, we get
: * ikl -r
3) iGyet™ @)
PG3+o = P20 - (4.17)
dio + |Gs|* /dso

Combining Eqgs. (4.15a) and (4.15b) with Eq. (4.17), the dressed FWM is
finally obtained as
iky-r 1

dio + |Gs|? /dso

r . (3) —iGAe
PF1 = P10 = dyodap (4.18)
We can see the factor dig in pf, is modified by the G5 dressing term
in this singly dressed FWM [45]. More interesting, under the weak field
limit (|G3|2 << T'19I'30), Eq. (4.18) can be expanded to be pp; = pp1 +
iGa|Gs|?e*=" [(dFydaodso) = pr1 + ps1, here psi is the SWM expression
which can be deduced via the chain S1. This means that the density-matrix
element of the singly dressed FWM can be considered as a coherent super-
position of one pure FWM (pg1) process and one pure SWM (pg1) process
under the weak field limit. The enhancement and suppression of the FWM
process consequently can be viewed as resulting from the constructive and
destructive interference between these two processes, respectively. In addi-
tion, such the coherent superposition can be investigated the autoionization
state of atoms by optics heterodyne between FWM and SWM. However,
when the dressing field Fs5 is strong enough, Eq. (4.17) cannot be series
expanded. Here we believe the dressing field splits the level |1), and the en-
hancement and suppression of FWM process result from the constructive and
destructive interferences between two dressed paths (]0) — |G3+) — |1) and
|0) — |Gs—) — |1)), respectively.

Next let us discuss the dual-dressed scheme. It generally has three different
types, namely the nested, sequential and parallel dressed schemes. Detailed
analyses are as follows.

Here, besides the dressing field E3, another strong field E, is turned on
too, then a dual-dressed FWM is generating in this five-level system. The
dressing fields E5 and E4 dress the levels |0) and |1), respectively. So they
can act on two different transition processes, namely two different matrix
density elements in perturbation the chain. For example, dual-dressed FWM

expressed by (F3) pé%) 2, p(124 L = pg%) 2, pg’g 4o- Taking two sub-
chains of dressing fields (D1) plf) =24 p2 1, ) and (D2) o) =22

p:g%) 23, p%) to displace two matrix density elements p(124 . and pg’g 1o» the

EWM perturbation the chain (E1) p(()%) 2, p%) =, pﬁ) 2, pg?(’)) 22,
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pS) =z, pB) Zws, 6) @8, 5T is obtained. This doubly dressing scheme is

called as a parallel dressing scheme for the two dressing field are influence this
process parallelly. According to the chain D1, we solve the coupling equations

/.)%) = —de%) —iGetkeT oy + igleilcyrp(()(()))7

P1a = —diapia — iGZe_i’%"‘p%)
and obtain .
(1) iGet®rT ©)
Proas = Po0 - (4.19)
le + |C1'4|2 /d14
According to the chain D2, we solve coupling equations
PO = —diop®) +iG3e*5m o2 +iG5e™o T pso,
ps0 = —dsopso +iGie~*3 7).
and obtain y
3 iGlre~ikar 5
p(G:Z,iO = 2 pgo). (4.20)

dio + |Gal* /dso

From the chain (F3) and combining Eqgs. (4.15b), (4.17) and (4.18), we
can obtain

3y —iGelkrT 1 1
Pr1 = Pgo) = d 2 2 : (4.21)
20 dio + |G4|” /dia dro + |G3|” /d3o

where dyg in two terms are modified parallelly. Under the weak limit (|G4|>
<< T'1oI'14), Equation (4.21) can be expanded as p/p; + G a|G4|?/[d10d14d20
(dio+|Gs|* /ds)] = Py + p's. This means that the density-matrix element of
the dual-dressed FWM can be considered as a coherent superposition of one
single dressed FWM process and single dressed SWM process under the weak
field limit. We can see that the dual-dressed FWM is actual the interference
between the polarizations p, and p’. In addition, under the weak field limit
(|G3|2 << TI'1gI'3p and |G4|2 << T'1oT'14), the parallel dual-dressed FWM
(DDFWM) can be considered as a coherent superposition of signals from one
FWM, two SWM and one EWM processes [46] according to its expression
expansion.

In this part, we will talk about the dressing mechanism contained five-
dressing fields based on the three basic dual-dressing types. We focus on
investigating the two portions of the expression: one is the two dressing term
which is a simply nested dressing scheme, the other contain three dressing
fields of which the outer dressing terms of the nested dressing scheme is a
sequential dressing scheme.

At first, let us consider the nested dressing scheme, which the dressing
fields F3 and E4 perform their dressing effect in another manner denoted
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as sub-chain (D3) p%) T p3g =5 pay — pgy = p(lo), in which the

)

sub-chain “p3y —5 p3s —— p3o” induced by dressing field E4 is nested

into the sub-chains “p%) 5 p3o” and “p3g =2 Plo)” induced by dress-

ing field F5. That is why it is called as the nested-dressing scheme [37,

46] and pﬁ’)) in the chain (F1) can be modified as pg’g,ic4i. Similarly, from

the chain D3, we choose the following equations as the coupling equations:

Pgo) = —dm/’(f?))+1G367ik;'71pé6)+iG3eik3'TP3oaP30 = —d30p30 —iG4e*1 T p3y +

iGse _ik“’pgg),pg‘l = —dgyp3s + iGe *4 " 3. Solving above equations, we
get
: —ikh-r
¢ iGyre (2)
PG3tGat = |G3|2 P - (4.22)
dio +

dso + |Gal? /dsy
So, the single-photon term dy is modified by G3 which is called the inner
dressing field) and then dsg is modified by the outer G4 which is called the
outer dressing field). From the expression we can see that G4 term depend
on (G5 term, they interact tightly.

Next we investigate the three dressing fields term. Here we assume FEo

is also strong enough to be a dressing field. It can dress the same level |1)

and act on element p§4) together with E3, which is denoted as p§22G3 g I8

expand as the sub-chain (D4) pﬁ) 225 pos —25 prg —=2 pgy =2 p§4) which

is the adhesion of two sub-chains of the dressing fields p( ) 2, pos —2»

2)

p14 and pigq s, P34 s, pis - Here, the subscript “1”7 of “p ()” is re-

placed by GoG3+. By virtue of the sub-chain D4, we take couphng equa-
tions: p( ) — —d14p @ iGge’iké' p2s + iG3ei*e T pgy — iGEelFe ’“p(lt)aﬂgi) =
—daapay + iGoelF Tp§4) P31 = —dzapsa + iG5elks ™ (2)

Under the dipole moment approximation, we have

sk kg
) —iGje (1)
p = p (4.23)
e |G2|2 /doa + |G3|2 /d34 o

Here, term dy4 is modified by G2 and G3 terms sequentially. From the ex-
pression we can see that these two dressing terms can interact, but not firm
as the nested scheme.

Here, we have known that the interaction between two dressing fields of
the nested dressing scheme is strongest while the parallel dressing scheme is
weakest and the sequential dressing scheme intermediate between them [36].

Based on the discussion above, let us talk about the five-dressing scheme
in FWM process which can be viewed as the multiplication of two dress-
ing term and three dressing term. When the dressing fields Es, E3 and FEy
are all turned on and strong enough, they dress the FWM process simulta-
neously and the created multi-dark states are interacting with each other.



4.4 Controlled Multi-Wave Mixing via Interacting Dark States in a Five-level
System 205

Actually, it is denoted as the five-dressing FWM the chain (F4) pé%)

pfj) “2, pé%) 2, pgg, L4, Where pfql) represents the dressed sub-chain

(D5) p%) -, P(G2G3+)4 R Pgo) In D5, the sub-chain D4 (represented by

P(G2G3+)a) shows the sequential scheme, and then it is nested between sub-

“ (1) 2 (1)”

chains “pj —= p14” and “piy —> pi”. In addition, P " and pG3iG4i

lie parallelly in the chain F4. We have kwon the expressions of p(Gé L qay and
P(G2G3+)4, according to the sub-chain D5, we can obtain

iGqelkrm
o0 = 1 , o). (4.24)

|Gl
dio + 9 5
dia + |Ga|” /das + |G3|” /d3a

So the “w;” single-photon term diqg is modified directly by G4 term, while
G2 and G5 terms synchronously modify the “w; + w4” two-photon term dy4.
The outer dressing terms of the nested dressing scheme in Eq. (4.24) is a
sequential combination of G2 and Gj dressing term. Three dressing fields
FE5, E3, and F, in this combining form can induce second or triple AT splitting
in spectra numerical simulation.
The density matrix elements for the five-dressing FWM, based on the
discussion above, can be written as
" 3) —iGAeik'f'r 1

Pr1 = P10 = dao |G3|2

dio +
dso + |Gal? /dus

1
|Gal?
dy1 + |G2|2 /das + |G3|2 /das

(4.25)
dio +

Apparently, nested, parallel and sequential dressing schemes coexist in
this five-dressing FWM process. Since the spectra of parallel dressing scheme
can be considered as a superposition of two groups of the different peaks, we
separately investigate the two dressing terms: pay = 1/[d1o + |Gs|*/(dso +
|G4|? /da3)] (two dressing fields term) and pas = 1/[d1o + |Gal’/(das +
|Ga|? /das + |Gs|? /das)] ( three dressing fields term). After then, p/Z,, which
is proportional to the multiplication of p4; and p4s terms, is investigated.
More interesting, in the weak fields limit (|G3|2 << 1434, |G4|2 << T4
and |G2|2 << T'14T24), p¥; can be expanded as

2 2 2 2 2

® _ ia, |Gl |Ga 2 |G4? |Gs)” |Gyl y
Pro 1 ( diodis " d1od3 4 daa - d1od?,d3a paz/(drodzo)-

(4.26)
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We can see that the density matrix element representing the five-dressing
FWM is the summation of one FWM (first term), one SWM (second term)
and two EWM (third and fourth terms). Hence, under the weak-dressing
field condition, the polarization state of generating five-dressing FWM can be
viewed as the coherent superposition state of these states generating FWM,
SWM and EWM. The relative FWM signal intensity is given by Ir oc |p/; |2

There also exists four-dressing SWM in the five-level system, as shown in
Fig. 4.13 (a). when Ej is blocked, by means of the SWM perturbation the

chain (S) pl) <L pll) =1, p&) w1, 8 w2 )0 <2, 5) e can obtain

the expression of pure SWM without any dressing field:
ps = p10 IGBelk' r/d od20d14, (4.27)

where Gp = G4G4G};. When the strong dressing fields Es, E5, and E4 dress
the levels |1) and |0) they affect the atomic coherence pg?(’)) in the form of sub-
chain (D6) pg%) =55 D30 5 pag = poots —> P3g —n pag — Pgo) In
D6, paots induced by the dressing field Fy is nested in psy — paots —

ps4 induced by the dressing field Fs, which are then nested into “psg 4, p34”

and “pss —= p3o”, and all are finally nested into “pi%) 23, pao” and
“p3g —2» P(f?))”- Thus we can obtain
5 iGBeik:s~'r‘ 1
S = p(lo) = 2 2 (428)
d10d20d14 |G3|
dyo + 5
|G
dzo + Gl
d3q + X

dis + |G2|2 /daa

Here, term d;y which represents wy single-photon process is dressed directly
by the inner dressing field E3 which involves in a two-photon term dsq,
and then it is modified by the first outer dressing field E; which shows
that two dressing fields entangle with each other in such a nested scheme.
Again, the second outer dressing field E3 affects the |G4|2 term, and fi-
nally |Gs|® term is modified by the third outer dressing field E,. Hence,
the chain D6 and the expression p show that four-dressing fields are entan-
gled with each other in such a quadruple nested scheme. The inner dressing
field E3 controls the SWM signal directly, while three outer dressing fields
E4, E3 and E5 affect the SWM signal indirectly. In the weak dressing fields

limit (|G3|2 << T'oT'30), p’§ can be expanded to p¥§ = p1(05) + P(J))v where

p/1(05) = ieikS'TGB/(d%OdgodMBl) P(lo) = 1e‘k TGB |G3| /(d%odgodMBl) and
By = dso+|Gul® /{dss+]|Gs|* /(d1a+]|G2|? /d24)]}. Under the weak field con-
dition, the four-dressing SWM can be considered as a coherent superposition
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of the signals from one SWM process and one triple nested EWM process, in
other words, the four-dressing SWM is actual the interference between the
polarizations pll((? ) and p%). The relative SWM signal intensity is given by

Is o< 2.
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- 2 1
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|4) k3 D
3 e Xf 57
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4 i

0} _L 13) kpy ks ke

(a) (b)
Fig.4.13. (a) The energy-level diagram of a five-level system for EWM. (b) phase-
conjugation geometry.

Therefore, the four-dressing SWM is a quadruply nested dressing scheme
which can induce quadruple AT splitting. To clearly analyze the spectra of
the four-dressing SWM, we plot the figures by adding dressing field into pure
SWM expression step by step.

The four-dressing EWM process coexists with multi-dressed FWM and
SWM processes in the five-level system. When all five laser beams are turned
on simultaneously, as shown in Fig. 4.13 (b), the EWM signal generating,
which is denoted as the EWM perturbation the chain E1, and the pure EWM
expression is

PE1 = pg? = —iGCelkE'T/d%0d20d30d14. (429)
where Go = GpG3Gy5. With strong dressing fields Ey, Ea, and Eg,p%) and
pg‘é) in the chain E1 can be modified as p(cgicmi and p%ic‘li, respectively,
where pg% Lcqr can be extended into the sub-chain of the nested scheme

(D7) p§0> 225 oo~ pos —2 pog —2 pgo) As a result, the four-dressing

EWM the chain can be written as (E2) p{0) <% pggi@li e, pd) e,
p(G;iCMi Lo, ) ez, p0) Zes, S0 @s, 5T According to the sub-chains

D3, D7, and E2, we can easily obtain the four-dressing EWM expression

o —iexp(ike 'T)Gc 1
Per = P diod20d30da1 dio + Gy |?
10
dao + |G4|2 /daa
1
(4.30)
G|

dio +
dso + |G4|® /dsa

Two multiplying terms of Eq. (4.30) both contain nested dressing schemes
(F2 and Ey4, E3, and Ey). It means, the dressing effect occurs in two different



4 Multi-Dressing Four-Wave Mixing Processes in Confined and Non-confined
208 Atomic System

transitions process and therefore they are independent with each other and to
each dressing part, there are a nested dressing terms: inner dressing field G
or (G5 act on the state of EWM transitions while outer dressing filed G4, act on
the states of their transition, respectively. In all, the understanding of these
two basic dual-dressing scheme will enable us easily analyze this complicated
expression. The relative EWM signal intensity is given by Ix  |pg3|.

The EIT displayed in the probe field absorption spectrum is a single-
photon transition process which is dressed by the fields Go, FE3, and Fy.
Under the weak probe field approximation, the density matrix for probe filed
absorption pyg is

B iG1
P10 dlo N |G2|2 N |G3|2
doo + |Ga|?/das  dso + |G4l?/d3za

(4.31)

Equation (4.31) gives the four-dressing EIT case, which shows the se-
quential combination of two nested schemes (E; and Ey, F3, and E4). Two
sequentially dressing field act on the state |1) together and then they are both
but respectively dressed by field G4. Three dressing fields (F2, E5, and Ej)
can induce two triple EIT splitting. By changing the offsets and intensities
of the dressing fields, we can obtain the different multi-EIT spectra.

When five laser beams are turned on, the five-dressing FWM, four-dressing
SWM, four-dressing EWM, and four-dressing EIT as discussed above can ex-
ist simultaneously in the five-level system. Such FWM, SWM, and EWM
signal beams are in the same direction for the reason of equivalent phase-
matching conditions (k¢, ks, and k.). By controlling the offsets and intensi-
ties of dressing fields, the coexisting MWMs fall into different EIT windows
which can be clearly separated and distinguished.

4.4.2 Numerical Results

Coexisting FWM and SWM processes have been observed in the Cd(S, Se)
semiconductor doped glasses [23]. The advantages of solids include high den-
sity of atoms, compactness, and absence of atomic diffusion, except rela-
tively broad optical linewidths and fast decoherence rate. However, there is
a narrow linewidth in an atomic vapor. In addition, FWM and SWM pro-
cesses can coexist in the inverted-Y atomic sub-system [|0) = |55 2)(F =
2),[1) = |5P3)2),12) = [5D3)2),13) = [551/2), as shown in Fig. 4.13 (a)],
there exists a ladder-type EIT window with a linewidth of 50 MHz in trans-
mission Doppler broadening profile (about 500 MHz) [37]. In this paper, we
add an additional beam E; (connecting transition [4) = [5P;/5) (F' = 3)
to [0) = |551/2)) into such inverted-Y system, as shown in Fig. 4.13 (a),
where the transverse relaxation rate I';; between states |i) and |j) is given
by Fij = (Fz + F])/Q(FO = v30 = 0.1 MHz, T'y = 710 + 713 = 5.9 MHz,
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I's = Yo1 + Yoqa = 1.77 MHz, I's = v30 = 0.1 MHz and T'y = ~y409 + Y43 = 5.4
MHz, where 7;; describes decay rates of coherences between |i) and [j). In
Fig. 4.13 (b), nonlinear susceptibility x(3) for FWM signal, x®) for SWM
signal and x(7) for EWM signal in this five-level system interact with up to
five laser fields, and we assume that the intensity of probe field G; is small
while G2, G, G3, and G4 can be arbitrary magnitudes.

We have simply discussed multi-dressing schemes and the interaction of
dressing fields in the coexisting multi-dressed MWM by their calculated ex-
pressions. In this section, we will investigate the normalized MWM spectra
based on the above analytic expressions.

For simplicity, Fig. 4.14 presents the suppression of the SWM signal inten-
sity. In Fig. 4.14, the parallel-cascade p},; DDFWM signal intensity without
dressing field (G3 = G4 = 0) is normalized to 1. Hence, the solid curve above
or below “1” means enhancement or suppression of the DDFWM signal in-
tensity, respectively. Though the suppression of the DDFWM signal intensity
is collectively induced by two coupling fields, the effect of field G5 is inde-
pendent of that of field G4. On the exact resonance condition, the splitting
of level is induced by the strong coupling field Gz, which results in the off-
resonance of FWM. Furthermore, the DDFWM signal intensity is reduced
within the whole range of Ay (with a shifted constant background). When
satisfying resonance (A4 = 0), signal intensity is suppressed again by the
coupling field G4. We can apprehend this further in Fig. 4.14.
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Fig. 4.14. |p/%,|* (solid) and [Im (p'%1)|*(dash), [Im (ps1)|? (dot) versus Ay /T1o
when Al/rlo = Ag/rlo = Ag/rlo = 0,G3/F10 = 0.5, G4/F10 = 0.5. The FWM
signal intensity with no coupling field is normalized to 1.

Then the spectra of five-dressing FWM (|p%, |?) are investigated by plot-
ting and analyzing its two portions (|pa1]|? and |pa2|?), respectively. The
characteristics of spectra of the AT splitting, suppression and enhancement
of the FWM signal are generally equivalent to the superposition of the two
portions. This method is just a proof of concept theory, and will help us well
understand the effects of each dressing terms and their interactions.
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At first, let us consider the spectrum of |pa2|? versus Aq, as Fig. 4.15 (a—
d) shows, in which primary, secondary and triple AT splitting corresponding
to the dressed states in Fig. 4.15 (el —e3) are presented, respectively. We
approach the final spectrum by adding the dressing fields one by one. The
first step, as Fig. 4.15 (a) shows, the inner dressing field F4 dressed and
splits single-photon resonant peak of the pure FWM into two peaks located
at Ay = +Aqq/2 = £G4 = £100 MHz, where Agy is the separation between
two AT splitting peaks. It is the primary AT splitting corresponding to,
in the dressed-states picture, primary dressed states |G4+) [Fig. 4.15 (el)]
generated by Fj dressing the ground level |0), which corresponds to the left
and right peaks in Fig. 4.15 (a), respectively. The second step, by setting
a proper offset, the outer dressing field Es can exactly hit on one of the
primary dressed state, for example Ay = 100 MHz, and create the secondary
dressed states |G4 + %) [Fig. 4.15 (e2)]. Reflecting on the spectra, the left
peak in Fig. 4.15 (a) splits into two peaks, and then three peaks locate at
Ay = —Aga/2F Aga/2 = —140 MHz and —60 MHz, and A; = Agy/2 = 100
MHz (whereAg2is the separation induced by Fs) will appear in Fig. 4.15 (b).
It is the so-called secondary splitting. The third step, the other outer dressing
field E3 is tuned close to Ag = —140 MHz and then the triply dressed states
|G4 + +=) are generated around the secondarily dressed states |G4 + +)
[Fig. 4.15 (e3)]. And in the spectra, the left peak of the secondary peaks
will be split into two peaks, as Fig. 4.15 (c¢) shows. Finally, four peaks which
illustrate the triple dressing effect appears in Fig. 4.15 (c), which is located
at Al = —Ag4/2 — AGQ/Q + AG$/2 = —160 MHz and —120 MHZ, Al =
—Ag4/2+ Aga/2 = —60 MHz and Ay = Ags/2 = 100 MHz, respectively.
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Fig. 4.15. |paz|® in [p/%1|* spectra versus A; for G4 = 100 MHz and A4 = 0 MHz,
when (a) G2 = G3 = 0 MHz, (b) G2 = 40 MHz, A; = 100 MHz, G3 = 0 MHz,
(¢) G2 = 40 MHz, A, = 100 MHz, G3 = 20 MHz and Az = —140 MHz, (d) Gs =
40 MHz, As = —100 MHz, G2 = 20 MHz, A2 = 140 MHz. The maximum of the
intensity is normalized to be 1. (el —e3) the dressed-state pictures.

Similarly, the dressed state |G4—) can also be secondary dressed by outer
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dressing field E3 (by setting Az ~ —100 MHz) and the secondary dressed
states |G4 — %) is created. Furthermore, the other outer dressing field Es
(As = 140 MHz) creates the triple AT splitting, as shown in Fig. 4.15 (d).
The triple AT splitting spectra in Fig. 4.15 (c¢) and Fig. 4.15 (d) are identical,
which prove that the outer dressing fields Fy and FEj3 are interchangeable
for the reason of their equivalent status in expression. Three dressing term
(|pA2|2) can obtain the secondary or triple AT splitting by changing the
offsets of the dressing fields (F2 and Fs3) and the results show that the AT
splitting of sequential dressing scheme is similar to one of the nested dressing
scheme.

On the other hand, the spectra of expression |pA2|2 in |p%, % can also
present two secondary-dressed AT splitting. As Fig. 4.16 (a) shows, two peaks
induced by the inner dressing field E4 corresponding to |G4+) splits are split
again by two outer dressing fields Es and E3 (Ay = Az = G4 = 50 MHz) into
two pairs secondary dressed AT splitting peaks [secondary splits |G4+=+) and
|G4 — £) as is shown in Fig. 4.16 (d)]. In addition, Fig. 4.16( b) shows two
peaks induced by |pa1|? in |p/f, |?

So, we can see that the five-dressing FWM (|p/Z,|*) spectra [Fig. 4.16 (c)]
is the superposition of the spectra of Fig. 4.16 (a) and Fig. 4.16 (b). |p/¥, 2
is proportional to the multiplication of |p,41|2 and |p,42|27 and so its spectra
of AT splitting caused by five dressing field is the superposition of these two

portions (|PA1|2 and |PA2|2)-
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Fig. 4.16. The five-dressing FWM signal intensity versus A; (a) for |pa2|? in [p¥:]?,
(b) |par|? in |p¥4 %, (c) for Five-dressing FWM with G2 = G3 = 20 MHz, G4 = 50
MHz, Az = Az =50 MHz, Ay = 0. (d) the dressed-state pictures.

Next let us investigate the spectra of the suppression and enhancement of
the five-dressing FWM signal. Firstly |p ,42|2 intensity versus Ay is discussed.
Here, the dressed FWM signal intensity is normalized by rating pure FWM
which is no dressing fields. The intensity above or below “1” means enhance-
ment or suppression of the FWM signal, respectively. We employ the same
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method as above to clear understand the detailed process of the five-dressing
FWM. Firstly, the inner dressing field Ey drives the transition from |4) to |0)
and creates the dressed states |G4=), which leads to single-photon transition
|0) — |1) off-resonance [Fig. 4.17 (b1)]. So, at exact single-photon resonance
A1 = 0, the FWM signal intensity is greatly suppressed when scanning the
dressing field Ej across the resonance (A, = 0), as Fig. 4.17 (al) shows,
one suppressed dip at the line center. Secondly, the outer dressing field F5 is
added and under the condition of A; +Ay,— Ay = 0, the single suppressed dip
is split into two small suppressed dips, i.e., G = 50 MHz, as Fig. 4.17 (a2)
shows. Further calculation give that it has Ags ~ 2G4, under the condition
of Gy >> T'1g. It means that the outer dressing field F, dresses the state
|4) to create two new state |G2=£) [Fig. 4.17 (b2)], then the inner dressing
field E, suppresses the resonant FWM signal directly from |Go=). Thirdly,
when the other outer dressing field E3 is tuned close to As = A; — Aga/2,
e.g., Az = —50 MHz, the left suppressed dip splits into two suppressed dips
[Fig. 4.17 (a3)] due to the secondary dressed state |Gy + +) created by Gfs.
Therefore, a plot reflected the outer dressing fields Fo and E3 comprehen-
sive dressing effect are given in Fig. 4.17 (b3). However, it is not the unique
manner. Figure 4.17 (a4) shows another: two outer dressing fields Fy and
E;5 (Ay = A = 0 MHz) separate synchronously the suppressed dip in Fig.
4.17 (al) into two suppressed dips at Ay = Ay + Ago g3/2 = £70 MHz. Un-
der the condition of \/G3 + G2 >> Ty, it has Aga a3 ~ 21/G3% + G2, where
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Fig.4.17. |paz|® spectra versus Ay for Ay = 0, G4 = 5 MHz, (al) Go=G3= 0;
(32) G2 =50 N[HZ7 AQ = 07 G3 = 0; (33) G2 =50 MHZ, AQ = 0,A3 =50 MHz and
G3 =50 MHz, (a4) Az = A3 =0, G2 = G3 = 50 MHz. (bl —b4) the corresponding
dressed-state pictures.
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Ag2,¢3 is the separation between the dressed states |G2Gs=£) induced by two
dressing fields together [Fig. 4.17 (b4)]. Hence, the inner dressing field (Ey)
suppresses FWM directly, while the outer dressing fields (F2 and Ej3) affect
on the dressed states and influence FWM indirectly.

Next, let us discuss |,o,42|2 versus Ay with G3 = 0. Here the FWM signal
intensity is also normalized for observing its suppression and enhancement.
As Fig. 4.18 (a) shows, a suppressed dip of which the height increases as G
increasing appears. In fact, it induced by the outer dressing field F5 which can
largely weaken the suppression effect of the inner dressing field £y on FWM
signal, as is shown in Fig. 4.18 (b). Furthermore, we plot |,o,42|2 versus Ay and
As in Fig. 4.18 (c¢) and the results show that suppression of the sequential
dressing scheme is like the one of parallel dressing scheme [36]. Specially, two
independent suppressed peaks exist at Ao = Az = 0, which means that these
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Fig. 4.18. |pa2|” spectra (a) versus As for Ay = 0 and (b) versus Ay for Az = 0
with G2 = 2 MHz (solid curve), G2 = 8 MHz (dashed curve), Gs = 0, G4 = 0.5
MHz, and A1 = Az = 0; (¢) |,0,42|2 spectrum versus Az and As for Ay = Ay =0,
G2 = G3 = 2 MHz, and G4 = 0.5 MHz. The signal intensity with no dressing fields
is normalized to be 1. Adopted from Ref. [41].
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two outer dressing fields (E2 and E3) are indeed interchangeable.

Next we investigate the spectra of the suppression and enhancement of the
five-dressing FWM signal (|p%; %) based on the analysis about |pas|® (e.g.,
Fig. 4.17). Figure. 4.19 shows the spectra of the suppression and enhancement
of the five-dressing FWM signal (|p/%; %) versus Ay and Ag. Under the reso-
nance condition (A; = 0), three dressing fields only can suppress the FWM
signal in Fig. 4.19 (a). Figures 4.20 (a), (b) is the cross sections of Fig. 4.19
(a) versus Ay and Ag, respectively. For Fig. 4.20 (a), when the outer dressing
field is off-resonance (A3 = 200 MHz), one small enhanced suppression dip
at Ay = 200 MHz via the “ws +w,” two-photon resonance [see the inset plot
in Fig. 4.20 (a)] and two big suppressed dips induced by the dressing fields
E, and Es of the nested scheme in |p42|? appears simultaneously. Specially,
when Az = 50 MHz, Fig. 4.20 (b) shows three suppressed dips which are
caused by the same inducement as in Fig. 4.16 (b3). Finally, when As = 0,
lpa1|? in |p¥; * dominates in the FWM signal and the outer dressing field Ey
in |pa1|? creates a suppressed peak at Ay = 0 [Fig. 4.20 (c)]. Figure 4.20 (d)
shows the five-dressing FWM spectra versus As. Two suppressed dips are in-
duced by the dressing fields F5 and Ey4 in terms of nested scheme [see the left
insert plot of Figure 4.20 (d)] in which shows the |pa1]2 in [p,|* as Ay = 0.
When A4 = 200 MHz, the dressing field E3 creates one suppressed dip near
Az = 0 and the dressing field Fy creates a small enhanced suppression dip
via the “ws + wy” two-photon resonance at Az = 200 MHz [the right inset
plot in Fig. 4.20 (d)].

(a) (b)

Fig.4.19. The five-dressing FWM signal intensity versus the dressing field detun-
ings A4 and Ags for (a) A1 = Ay = 0,G2 = 50 MHz and G3 = G4 = 10 MHz, (b)
A1 =2 MHz, Ay =0, G2 = 100 MHz, and G3 = G4 = 20 MHz. The FWM signal
intensity with no dressing fields is normalized to be 1.

Under the off-resonant condition (A; # 0), three dressing fields can either
suppress or enhance the FWM, as is shown in Fig. 4.19 (b). The enhancement
effect is specially dramatic in the area of Ay < 0 and A3 < 0 because three
dressing fields can reinforce their suppression and enhancement effect each
other with the proper offsets.

Previous works [36] certify that the AT splitting of sequential dressing
scheme is like the nested dressing scheme, while suppression and enhancement
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Fig.4.20. The five-dressing FWM signal intensity versus Ay for (a) Az = 200
MHz. The inserted plot: the corresponding dressed-state picture; (b) As = 50
MHz; (¢) Az = 0. (d) The five-dressing FWM signal intensity versus As for
A4 = 0, the right insert plot Ay = 200 MHz.The left insert plot is the corre-
sponding dressed-state picture. The FWM signal intensity with no dressing fields
is normalized to be 1. The other parameters are A1 = Az = 0, G2 = 50 MHz,
G3 = G4 = 10 MHz.

spectra of the sequential dressing scheme is like the one of parallel dressing
scheme.

Therefore, in the AT splitting spectra of five-dressing FWM, three dress-
ing fields (Eq, F3 and E4) entangle tightly with each other. It generally is
equivalent to the superposition of the two portions (|pai|” and |paz|?). For
the suppression and enhancement in the nested dressing scheme, the inner
dressing field suppresses FWM directly, while the outer dressing fields create
the dressed states to influence FWM indirectly. Moreover, the suppression
and enhancement spectra of the sequential dressing scheme are like the one
of parallel dressing scheme.

The spectra of the quadruple nested dressed SWM signal are investigated
in this section. Also, we plot the spectra of the AT splitting by adding dressing
field into pure SWM expression one by one. At this stage this method is just
a proof of concept theory.

Figure 4.21 presents the SWM signal intensity versus A; and the dressed-
states picture for quadruple dressing. Firstly, as Fig. 4.21 (b) shows, the in-
ner dressing field E3 splits the energy level |1) into two primarily dressed
states |G3+) corresponding to two peaks from left to right in Fig. 4.21 (al).
Then, the outer dressing field E4 (when Ay = 200 MHz,) splits state |Gs—)
level into secondarily-dressed levels |Gs — +) corresponding to two right
peaks from left to right in Fig. 4.21 (a2). After that, the outer dressing
fields E3 splits secondary dressing state |Gz — +) into triple dressed levels
|G3—++) corresponding to the second and the third peaks from left to right in
Fig. 4.21 (a3). At last, as the outer dressing field Es is tuning close to one
of the triply dressed state |G3 — +—) (A2 = —90 MHz), it dress to generate
the separated quadruple dressed states |G's — + — £) correspond to the third
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and fourth peaks in Fig. 4.21 (a4). Hence, the quadruple AT splitting spectra
of the SWM signal is obtained, where three dressing fields (Es, F3, and Ey)
interact tightly.

Next, we investigate the normalized SWM spectra versus the dressing
field’s offset A4. Under the resonant condition A; = Az = 0, as Fig. 4.21
(c1) shows, a suppressed peak created by E, appears at the line center.
The outer dressing field E3, however, splits such suppressed peak into a
pair of suppressed peaks, as is shown in Fig. 4.21 (c¢2). Under the condition
Gs >> I'sg, 43, we can obtain Ags = 2G3 = 100 MHz, where Agg is the
separation induced by FEs. Finally, as is shown in Fig. 4.21 (c3), when the
outer dressing field Fs is tuned close to Ay = Ags/2, the right suppressed
peak generated by F3 split again into two new small suppressed peaks.

03F
Z A 1 @) z A &)
o 172]
z g 00— —
= @) = 007F
& A . g
= 2 (c2)
E h \ A @) 3 0.00E
N N
Té A = 0.07F
g
3 A \ @ £ M (c3)
—— AN A 0.00F
-300 —200 -100 0 100 200 300 -100 =50 0 50 100
A (MHz) A4(MHz)
— IGsH)  — IG5h) — IGsH — IG3#)
Iy L E4 Ey E,
— |Gy —— IG5+
— |G - ——
3 — Gty T
T — |G3—+——>
— 16 == —- —
—|G3—) — |G3—) — Gs—)

(b)

Fig.4.21. The four-dressing SWM signal intensity versus A; for (al) Gs = 120
MHz, G4 = 0, A = 60 MHz. (a2) G4 = 100 MHz, Ay = 20 MHz, we assume
G3 = 0 under the outer dressing field F4. (a3) Gz = 120 MHz, G2 = 0, (ad) G2 = 30
MHz, Ay = —90 MHz. (b) The dressed states picture. The four-dressing SWM
signal intensity versus the outer dressing field detuning Ay for (cl1) G3 = G4 = 50
MHz, A1 = Az = 0, we assume G3 = 0 below the outer dressing field F4. (c2)
G3 = G4 =50 MHZ, Al = Ag = 07 GQ = 07 (CS) Gg =10 MHZ, Ag = 50 MHz. The
SWM signal intensity with no dressing fields is normalized to be 1.

In this section, we focus on the spectra of AT splitting, suppression, and
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enhancement of the four-dressing EWM signal.

To clearly understand the AT splitting spectra of the EWM signal, we
consider the spectra of two dressing terms separately, as the method applied
in analyzing FWM spectra. Figure 4.22 (a), (b) shows the spectra of the
second and third multiplying terms of Eq. (4.30), respectively. Figure 4.22
(¢) which is the superposition of the two portions (Es, F4 nested dressing
term and E3 and Ey nested dressing term) show the spectra of AT splitting
of the EWM signal. So, as to the spectra of the parallel dressing scheme, it
can be viewed as the superposition of the two portions.
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Fig. 4.22. The four-dressing EWM signal intensity versus A, for (a) the spectra of

the second multiplying term of Eq. (4.30), (b) the spectra of the third multiplying
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In addition, Fig. 4.23 (a) shows the symmetrical full-suppression spectrum
of the resonant (A; = 0) EWM versus As and As. Two suppressed dips
in the Ay side are induced by the inner dressing field Fs and the outer
dressing field Fy, while dips in the Ag side are induced by the inner dressing
field E3 and the outer dressing field E4. Under the off-resonant condition
(A1 #0), any dressing fields can either suppress or enhance the EWM signal
intensity. More interesting, when the dressing fields are strong enough and
|A1] >> 0, a significant full-enhancement with an amplitude of about 100
can be obtained, as is shown in Fig. 4.23 (b). The reason is that the parallel
combination nested dressing scheme multiply the enhanced effect. Further
calculation based on the dressed-state theory gives the resonant enhanced
peaks location which is at Ay = —Ay + Aga/2 + Ay + Agy/2 = +£50 MHz
and Az = Ay — Ags/2 — Ay + Agy/2 = £50 MHz, respectively. It means
that these dressing fields can enhance the EWM signal constructively with
proper offsets. Therefore, whether the AT splitting, or the suppression and
enhancement of the EWM signal are generally equivalent to the superposition
of the two portions (Es, E4 nested dressing term and Fs and Ej nested
dressing term). Moreover, as to the nest dressed structure, the inner dressing
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fields (F> and FEs) suppress the EWM signal, while the outer dressing field
(E4) affects the EWM signal indirectly.

(b)

Fig. 4.23. The four-dressing EMW suppression and enhancement (a) G2 = G = 2
MHz, G4 = 20 MHz, A; = Ay = 0. (b) G2 = G5 = 20 MHz, G4 = 40 MHz,
A; =15 MHz. The EWM signal intensity with no dressing fields is normalized to
be 1.

The four-dressing EIT windows induced by interacting dark states are
used to transmit the coexisting FWM, SWM, and EWM signals. It is valu-
able to examine the coherence term p1g [Eq. (4.31)] in terms of its real and
imaginary parts as a function of A; because the imaginary (real) part of p1g
versus A represents the probe absorption (dispersion) spectrum.

Also, we plot the spectra of EIT by adding dressing fields one by one.
Firstly, Fig. 4.24 (al) shows the spectra of the primary EIT splitting, which
is induced by the dressing field Fs. Secondly, Fig. 4.24 (a2) presents the
spectra of the secondary EIT splitting, which is induced by the dressing field
Es5. Thirdly, Figs. 4.24 (a3) and 4.24 (a4) show the spectra of two triple EIT
splitting, the former is induced by dressing field F4 under Fs, and the latter
is induced by dressing field E4 under E3. When all the dressing fields are
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acted, we can obtain the probe absorption spectra as shown in Fig. 4.24 (a5)
and corresponding dressed states picture is shown in Fig. 4.24 (b). Figure
4.24 (ab) shows two triple EIT splitting and totally gives four EIT windows.
As to the dispersion curve, as Fig. 4.24 (c1)—(c5) shows, the spectra of
EIT dispersion [Re (p19)] with the same parameters in Fig. 4.24 (al)—(a5).
Figure 4.24 (c1) shows the typical EIT dispersion curve in the |0) — |1) —|2)
subsystem and Fig. 4.24 (c2) represents the EIT dispersion in the four-level
system with the inverted-Y configuration [42]. It displays a secondary EIT
splitting. Figure 4.24 (c3) and 24 (c4), which show the dispersion spectra of
triple EIT splitting, the most prominent change appears due to three EIT
conditions. We can see that the absorption spectrum exhibits four absorptive
peaks in Fig. 4.24 (a3) and (a4), while the corresponding dispersion profile
exhibits three steep pure slopes, which should be useful for supporting slow
light pulses with different frequencies. Figure 4.24 (c5) presents the dispersion
spectra of two triple EIT splitting and exhibits four steep pure slopes.
Next, we discuss the EIT absorption and dispersion curves by changing
the offsets of dressing fields. Firstly, as is shown in Fig. 4.25(a), as setting
A4 = 150 MHz; the secondarily dressed absorptive peak [the right peak
in Fig. 4.24 (a2)] is separated into two triple dressed peaks [the third and
the forth peaks in Fig. 4.25 (a) from left to right] by one dressing field Fy,
while the other dressing field E4 [under G3 in Eq. (4.30)] induces the three-
photons absorption peak appearing at A; = Az + Ay = 250 MHz [Fig.

D G G
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Fig.4.24. Im(p1o) as a function of A; (al) G2 = 100 MHz and A, = 0 MHz,
when G3 = 0 MHz, G4 = 0 MHz, (a2) Gs = 50 MHz, As = 100 MHz, when
G4 = 0; (a3) G4 = 30 MHz (G4 under G2) and Ay = 50 MHz, when the other
G4 =0; (ad4) G4 = 30 MHz (G4 under G3), Ay = 50 MHz, when G4 = 0 under Go;
(ab) G4 = 30 MHz, Ay = 0 MHz. (b) the dressed-state picture for EIT system.
Re (p10) as a function of Ay show in (c1)-(c5) with all other conditions same as in
Figs. 4.17(al)-(ab), respectively.

Re(p10)

4.24 (a)]. Secondary, when Ay = Age/2 = —100 MHz, the left absorp-
tive peak in Fig. 4.25(a) is separated into two peaks in Fig. 4.25 (b), while
the dressing field F4 [under G3 in Eq. (4.30)] generate a very small three-
photon absorption peak at A; = Az + Ay = 0 [Fig. 4.25 (b)]. Finally, as
Fig. 4.25 (c¢) shows, when A, = —200 MHz, the left absorption peak in

(b)

Probe response (arb.units)
[
L ] L

-200 -100 0 100 200 300

Ay(MHz)
Fig. 4.25. Im(p10) as a function of the probe frequency detuning (a) Ay = 150
MHz, (b) Ay = —100 MHz, and (c) Ay = —200 MHz, Other parameters are

G» = 100 MHz, G5 = 50 MHz, G4 = 50 MHz, Ay = 0 and A3 = 100 MHz. The
dashed lines are dispersion profiles.
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Fig. 4.25 (a) splits into two peaks by the dressing field E, [under G5 in Eq.
(4.30)], and the three-photons absorption peak is generated by the dressing
field E4 [under G2 in Eq. (4.30)] at Ay = —As+A, = —200 MHz. The dashed
curves in Fig. 4.25 also show the quadruple dressed dispersion corresponding
to the solid absorption. So, the different multi-EIT phenomenon is obtained
by changing the offsets of the dressing fields and moreover, the locations can
be controled as well as shape/height of EIT profile of Im (p19) and Re (p10)
in other ways in this four-dressing EIT system.

4.4.3 Discussion

We investigate the multi-dressed FWM, SWM, and EWM in the paper, which
can coexist in different EIT windows. In the five-level system we investi-
gated, when the five laser beams (E, EY, E2, Esand Ej) are on, there exist
three different EIT windows, i.e., [0) — |1) — [2) (ladder-type) with two
counter-propagation beams FEy (and Ej) and FEi,]0) — [1) — |3) (A-type)
with two counter propagation beams E3 and Ej, and |0) — |1) — [4) (V-
type) with two counter propagation beams E4 and F;. Moreover, there also
exists one multi-dressed FWM (k¢ = kq + ko — k), two multi-dressed SWM
(ks =k1+k2—k/2+k4—k4 and kg =k1+k2—k/2+k3—k3) and one
multi-dressed EWM (ko = k1 + ko — k), + k3 — k3 + k4 — k4) in the five-level
system. They are in the same direction determined by the phase-matching
conditions, as shown in Fig. 4.22 (b), which enable us to investigate the coex-
isting, intermixing and temporal and spatial interference between FWM and
SWM, or even to EWM. We accomplish this by controlling the offsets and
intensities of dressing fields for the aim of MWM coexisting in different EIT
windows, which could be individually controlled and the generated MWM
signals can be clearly separated and distinguished or pulled together (by fre-
quency offsets) to observe interferences and competitions between them. The
relative strengths of the FWM, SWM, and EWM can be adjusted freely by
controlling the intensities of the dressed fields (via dressed states). Therefore,
the SWM or EWM signal can be enhanced to the same order as the FWM
signal [16, 37]. To investigate the efficient energy transfer between FWM
(ki = k1 + ko — k5) and SWM (k = ki + ko — k5 + ks — k5), or EWM
(k. = k1 + ko — kb + ks — ki + ks — k), we can set the different spatial beam
geometry, and then the MWM signal propagate different directions due to
the phase-matching condition [47].

4.5 Polarization Interference of Multi-Wave Mixing in a
Confined Five-level System

High-resolution spectroscopy of atoms confined in an ultra-thin cell is promis-
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ing for investigation of the complex spectra of atoms and molecules [48]. Con-
siderable attention is given to the utilization of miniaturized atomic cells in
practical metrological standards. An anisotropy, which refers to atoms flying
parallel to the windows interact with light during a much longer time than
those flying perpendicular to the windows, is responsible for the observation
of sub-Doppler features in the spectrum [49]. Recently, the long-range dipole
attraction between atomic systems and metallic or dielectric bodies has be-
come a subject of renewed interest because of its fundamental importance
in the field of cavity Quantum Electrodynamics (QED) [50]. Nanometer cell
has been used to observe the enhancement of the coherent transient atomic
response due to Dicke-narrowing features, and to study long-range atom-wall
interaction, which is dominated by the universal van der Waals (vdW) at-
traction between a fluctuating atom dipole and its image. This attractive
potential, whose strength grows with the atomic excitation, induces a spec-
tral red-shift [51].

Recently, electromagnetically induced transparency (EIT) has led dark
resonances in free space [21, 52], micrometric cell [53], and even in ultra-
thin cell [54]. The interaction between double-dark states and splitting of
a dark state (the secondarily dressed states) was studied theoretically [42],
subsequently, the triple-peak absorption spectrum was observed in the four-
level atomic system [39]. After that, three kinds of doubly dressed four-wave
mixing (DDFWM) (in nested-, parallel-, and sequential-cascade schemes)
were reported in a five-level atomic system [55]. Comparing with previous
works, we represented the DDFWM in the five-level confined atomic system
in this section [Fig. 4.26 (b)], which exists the competition between Dicke-
narrowing and polarization interference [56] in micrometer cell.

In previously studied close-cycled (ladder-, N-, double-A, and folded-type)
systems, the four-wave mixing (FWM), six-wave mixing (SWM), and eight-
wave mixing (EWM) processes cannot coexist in a given configuration, and
different order nonlinearities can only be observed individually [26-28, 34].
In our recent studies, we demonstrated that the third-order and fifth-order
nonlinear processes can coexist in the open (such as V-, Y- and inverted
Y-type) atomic systems [37], and the coexisting FWM, SWM, and EWM
processes were studied theoretically under certain conditions in the five-level
atomic system [36, 46, 55]. The FWM, SWM, and EWM processes have been
proven to be able to coexist in the five-level confined atomic system in this
section.

The purpose of this section is to theoretically analyze the main spec-
troscopic feature of MWM in ultra-thin, micrometer and long cells, with an
emphasis on line shape, intensity, AT splitting, suppression and enhancement
of the MWM signal. We also demonstrated that several features are differ-
ent and also have the advantage of the previously reported MWM processes
mentioned in this section. First, DDFWM, singly dressed SWM (DSWM),
and EWM are coexisting in the five-level confined atomic system, which is a
good system for studying the interplay between nonlinear optical processes



4.5 Polarization Interference of Multi-Wave Mixing in a Confined Five-level
System 223

at different orders. Second, the degree of destructive interference can be mod-
ified by the wave vector, dressing field and cell length. Third, there exists the
destructive interference in ultra-thin, micrometer and long cells. The oscil-
lation behavior of MWM signal intensities and linewidths results from the
destructive interference in thin cell. With a larger destructive interference,
the MWM signal shows the narrow spectra and weak intensity in thin cell. On
the other hand, the intensity and linewidth of the MWM signal are increas-
ing as decreasing of the destructive interference in long cell. Fourth, we study
the interaction between two dressing fields in nested-cascade DDFWM. The
inner dressing field cannot only suppress the destructive polarization interfer-
ence but also induce resonance enhancement, and decrease the contribution
of “thin cell terms”. On the other hand, the outer dressing field enhances
destructive interference, resulted in FWM signal intensity decreases. Specif-
ically, when inner dressing field is a strong field, the FWM signal intensity
can be hugely enhanced in Doppler broadened system due to the polarization
interference.

The MWM processes in multi-level confined atomic systems can help us
to understand the underlying cavity Quantum Electrodynamics (QED) and
to effectively optimize the generated multi-channel nonlinear optical signals.
Moreover, the MWM narrow spectra in thin cell can be used for high precision
measurements and metrological standards.

4.5.1 Basic Theory

In the basic system [see Fig 4.26 (b)] of three energy levels (]0),|1) and |2))
and three laser fields (Ey or E) and E;), a FWM signal at frequency w; will
be generated. Adding another energy level (either |3) or |4)) and another
laser field (F3 for level |3) and Ejy for level |4)), the original energy level (|1)
or |0)) will be dressed to produce two dressed states. Such four-level system
with a dressing field will modify the original FWM process (call singly dressed
FWM) and generate SWM signals. If two energy level |3) and |4)) are both
added in two additional fields, then the original FWM system is called to
be doubly dressed, which generate not only SWM signal, but also EWM.
One can consider such system first as four-level system (|0),]1),]2), and |3))
which generates SWM, and then by adding another level (|4)), this four-level
atomic system is dressed again to give a singly dressed SWM signal, which
will have contributions for EWM under certain conditions.

In a five-level atomic system as shown in Fig. 4.26 (b), states |[i — 1)
to |i)(i = 1,2,3,4) are coupled by laser fields E; and Efw;, k;(k]) with a
Rabi frequency G;(G})]. The Rabi frequencies are defined as G; = E;u;;/h
and G} = Eu;;/h respectively, where p;; is the transition dipole moment
between level i and level j. Fields E; and E! with the same frequency and
different time delays (E/ is delayed by time 7) propagate along beams 2 and
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Fig. 4.26. (a) phase-conjugation geometry. (b) Energy-level diagram of five-level
confined atomic system. (c1) Energy-level diagram for nested-cascade DDFWM and
(c2—c4) the dressed-state pictures. (d1) Energy-level diagram for dressed DSWM
and (d2) Dressed-state picture.

3 with a small angle [Fig. 4.26 (a)], while a weak probe field E, (beam 1)
propagates along the opposite direction of the beam 2.

The nonlinear polarizations, which are responsible for multi-wave mixing
signals, are proportional to the off-diagonal density matrix elements p%).
We still assume that G is weak, whereas the laser fields G, G%, G3, and

G4 become arbitrary magnitudes. Thus, p§3> needs to be calculated to the
lowest-order in G1, but to all orders in other fields under various conditions.

Let us consider a five-level confined atomic system with five laser beams as
shown in Fig. 4.26 (b). Three energy levels (]0) —|1) —|2)) constitute a ladder
type system when the pump beams E3 and Ej4 are blocked. Simultaneously
the probe beam (F1), together with one of the pump beams (Fs or Ej) is
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shown as an electromagnetically induced transparency (EIT) window, since
the probe beam F4 and the pump beam FE5 are in the two-photon Doppler-free
(first order) configuration (counter-propagating) [17]. When both beams Es
and E are tuned on, an efficient FWM process can be generated to produce
a conjugate signal at frequency wi. The generated FWM signal propagates
in the k¢ = ky + ko — kb, direction due to the phase—matching condition, via

the perturbation the chain (F1) (o) <& p{t) 22, p2) =2, ,(3)y
When Ey (w4, ks, G4) and E3(ws, ks, G3) are tuned on, the pumping beams

Es will link the transition |3) to |0), and another pumping beams E, will

link the transition |3) to |4) [Fig. 4.26 (b1)] via a segment (sub-chain) of the
EWM perturbation chain (E1) pé%) @1 p%) w2 é%) ) (‘3) w4 pé ) Zwa,
pé‘? s, pé%) 2, p%). In detail, the sub-chain (DF1) p(;;) kN p(? =2 Pég)

(related to the dressing field E,) is nested between the sub-chains “pg%) -,

pg)’)” and “ pé%)” due to the dressing field Es. By virtue of the

perturbatlon chain we can modify the FWM chain to give the DDFWM
chain (F2) p<%) 2, p%) 22 p;2()6‘4iG3i) —2, pgo) Here the subscript “0” of

pé%) in FWM the chain is replaced by “G4 £ G3%” in DDFWM the chain,
which indicates that the two dressing fields dress the level |0) and influence
the identical coherence between states |0) and |2).

Firstly, p%) can be expressed as (here we only consider the connected
matrix elements in the chain (F2) and neglect other matrix elements):

(5) ws

iG4

L{pe} = s(s 4 Arg)’ (4.32)

where L is the Laplace transform operator defined by L{ f(t)}= / f(t)e stde,

0
Doppler shifted detuning is defined as A1g = T'10 + (A1 — k1v).
Secondly, from the sub-chain DF1, using Laplace transformation, we ob-
tain the coupling equations,

(s+ AQO)L{PéQ(g4iG3i)} = iGaL{pg } — iG3L{pas}, (4.33a)
(s + Aog) L{pas} = 1G3L{p2(G4iG3i)} —1G L{p2s}, (4.33b)
(s + Aoa) L{p2a} = —iGaL{pas}, (4.33¢)

where Ayg = I’y + i[Al + Ay — k1(1 — fg)v],Agg =T34+ i[Al + Ay — Az —
ki(1—&—&)v], Aoa =Toa +i[A1+ Do —Az+ Ay —k1(1—&— &3 —&a)v], & =
ko/k1,& = kg/k1,&4 = ka/k1.
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Then we have,

2) iGy (1)
L{pz } L{p2 G4:tG3:t)} GG L{plo }

(S 820)F (g4 poy)+G1Ga /(S +Asa)

(4.34a)

Thirdly, using the same method, we can also obtain pi%)

L{p{3)} = iGLL{p55 } /(S + Aso). (4.34b)
Finally, using Egs. (4.32), (4.33a) and (4.33b), we obtain:

—iG 4 exp(iks - 7)[(S + A23)(S + A2s) + G7

S(S+A10)2{(S+M20)[(S+A23)(S+A24) + G| + G%(S+A2(4)} ’ )
4.35

L{pi} =

where G4 = G1G2(Gh)*.

Since the item “Asg” representing the “w;4+ws” two-photon process of pi%)
is modified directly by the term |G3|?, then such modified result is affected
by the term |G4|?, Equation (4.35) shows that the two dressing fields are
entangled with each other for such nested-cascade scheme. The inner dressing
field E3 controls FWM directly, while the outer dressing field F4 affects FWM
indirectly [46].

In a weak-field limit |G3|? << Taol'a3 and |G4|? << TasTay, L{p\D} can
be expanded to the lowest order, which gives

LIV = —iG /A1 +iGp/As — G/ As

= L{p{3} + L{pi5 } + L{piG }- (4.36)
where A1 = S(S+ A10)?(S + Ago), Az = A1 (S + Ago) (S + Aas), As = Ax(S +
M25)(S + At), G = GalGal? and Go = GG

This expansion shows that the doubly-dressed FWM process can be con-
verted into a coherent superposition from FWM, SWM and EWM. Where
L{pP} = —iGa /A1, L{pD)} = iGp /Ay and L{p{})} = —iG./As. These ex-
pressions represent, processes for FWM, SWM and EWM respectively.

After the normalization of Eq. (4.35), we have

1[(5 + Agg)(s + A24) + GZ]

S(S+M10)2{(S+A20)[(S+A23)(S+A24) + G + G§(S+A2(4)} ' )
4.37
The inverse-Laplace transformed solution of Eq. (4.37) can be expressed

3
L{p3) =

as
4 4
pio (1) = A+ Y Dilo] /X + Y Diexp(=Ait), (4.38)
i=1 =1
where D; and \; are two tedious expressions, and

i(A2zA2g + G7)

A= .
A2 [A20(A23Aog + G2) + GZA24]

(4.39)
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Take the atomic thermal motion into account, which is assumed to obey
the Maxwell distribution W (v) = (uy/m) "' exp(—v?/u?), where u=/2KT/m
and m is the mass of an atom, K is Boltzmann’s constant, and 1" the absolute
temperature. Then the nonlinear polarization in Eq. (4.38) is given by

L (e’
P(2) = N / dz / expl— (v/w)2[0(0) %) + O(—v)pf3 |dv, (4.40)

where L is the cell length, ©(v) and O(—v) are Heaviside functions, Nis the
density of atoms in the vapor, p(lgﬂ and p%_) are density matrix elements
for v > 0 and v < 0, respectively. As usual in ultra-thin cell, initial conditions
for the system differ for arriving (v < 0) and departing (v > 0) atoms. One
has indeed poo(L) = 1, ps;(L) = 0 for v < 0; and poo(0) =1, p;;(0) = 0(4,j =
0,1,2,3,4) for v > 0 [51]. Atoms, after inelastic collisions with the walls, lose
their optical excitation and all memory about the previous state. Then it
is justified to assume that atoms get de-excited at a collision with the wall,
and are in the ground states at the instant that they leave the wall after a
collision. Thus, we use t = z/v forv > 0 and t = (z— L) /v for v < 0, equation
(4.40) change the integrate orders of v and z, one gets

oo

P(z) = Nulo/ exp[—(v/u)?| Br(v)dv, (4.41)

— 00

where Bp(v) = AL + D; |v| /Ai + D; |v| exp(LA;/ |v])/Ai. We assume

Sr1 = /00 exp[—(v/u)*]ALdv,

Sea= [ expl=(o/uP)(Dilol )

Sk3 = /oo exp[—(v/u)*(Di [v] exp(LA/ [v])/i)dv,

Sp = Sp1+ Sr2 + Srs.

When cell length is short enough, the first term (“Doppler broadened
terms”) of Bp(v) provides the usual steady-state Doppler broadened spectra
expected in a confined cell. It can be seen that the second term of Bp(v)
originates from the buildup of the atomic response to excitation fields. It
illustrates that the integration of all possible interactions inside the medium,
while the third term of Bp(v) reflects the finiteness of the interaction time
L/v, which is limited by the cell length. Both latter terms in Bp(v) are
defined as the thin cell terms, When L is long enough, the Spo and Sp3 can
be neglected (i.e., S &~ Sp1). Only the polarization interference needs to be
considered in this case.
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The FWM signal intensity is given by

+oo 2
rocs =| [ el-to/ufiBrtar

From above equation, we can see that there exists polarization interference,
the destructive or constructive interference can cause significant modifica-
tion of line shape and intensity of FWM signal. To investigate it, instead
2 . . . . .
of (|Sp|”), we can sum up the signal intensity of each atom motion, i.e.,

—+oo
/ dv exp[—(v/u)?|(|Bp(v)|*) without inter-atomic polarization interfer-

— 00
ence.

When L is long enough, we will get the nonlinear polarization

P x /00 doW (v) Fp(v),

— 00

i(A2sA24 + G7)
where Fir(v) A3o[A20(A2sAos + G3) + GEA2]

Specifically, we can see that the expression Fr(v) is equal to Eq. (4.39)
in the confined cell, this means that the “Doppler broadened term” A in thin
cell is expected to be the same as the long cell term Fp(v). So when L is
long enough, FWM signal spectra in the long cell equals to the case of the
Doppler broadened cases in free space.

For the homogeneous broadened cases, we will get the following equation
[46]

3) _ 71GA eXp(ikf . ’I’)
Pio = , G52 ’
dio (d20 * das + |G4|2/d24)
where d1g = I'1g + 1A1, dog = Tao + i(Al + AQ), dig = T'i3 + i(Al — Ag),
daz = Tag +i(A1 + Ag — Ag), dog = Tog +i(A1 + Ap — Az + Ay).

We have deduced the DDFWM expression in ultra-thin and long cells. As
the cell length is increasing, the contribution of the Doppler broadened terms
in Bp(v) increases, and the effect of the thin cell terms in Bp(v) decreases.
Since the cell length is long enough, the thin cell terms in Bp(v) can be
neglected, and only the Doppler-broadened terms in Bg(v) are considered.

Next, let us consider coexisting DSWM and EWM in five-level confined
atomic system.

When the field E5 and E} are tuned on, there coexist the singly dressed
SWM and EWM processes, satisfying the phase-matching directions ks =
ki+ko— Kk, + ks —ks and ko = k1 + ko — kb + ks — ks + kg — k4, respectively.

The SWM process is generated by interaction with one photon each from
Ey, E3, E} and two photons from FEj, which is dressed by field E, [Fig.
4.26 (c1)]. Similarly, EWM process can also exist at the same time with one
photon each from E;, Es, E}, two photons from the same field E5 and two
photons from the same field Ey as shown in Fig. 4.26 (b).

(4.42)
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The sub-process for the dressing field E4 (DS1), “p(l) -, p(2) 2, p:g%)”

exists in the EWM the chain (E2) p(()%) pg)) et Pz(j)) kI pé%) vs,
p(%) =t §5) 2, p<6) 2, p%) It means that the field F, dresses the state

|3) and affects the atomic coherences p3%)) between |0) and |3). So we have

p(G)j:O in the dressed SWM the chain (S1) péo 22, pgzio s, p(2)

3) w 5
ply <2 ply) =2 pff).

The high-order atomic coherence plays a significant role in the enhance-
ment of multi-wave mixing processes. From the sub- Chaln DS1, we can have
coupling equations (S + A30)L{pG}4i0} = 1G3L{p } + 1G4 L{pso}, (S +

Aso)L{pao} = 1G4L{PG 1o} Where Azg = T'sp +i[Ag — k1&30], Ayo = T'ao +

i[Asz — Ay — k1 (&5 + &4)v]. We can obtain
A
L{ply)} =Gy 0

S(AsoAao + |G4|?)

from the coupling equation for E, interaction terms. L{pO%)} = iGgL{péé)} /
(84 o). L{plg } = iG1pte /(S +An0). L{piy} = 1GoL{pio}/ (5 + Asp). and
L{p10 } = G'*L{p }/(S + Ajp) are also obtained from the chain S;. Thus,
we have

iG g expliksr](S + As0)

Lipiy} =
S(S +T00)(S + A10)2(S + Ago)[(S + Aso)(S + Ago) + |Gal2]

Assuming |G4]? << T'30l40, then through power expansion, we obtain
L{p(5)} . iGp exp[ (Ifl + ko — K ) ] |: B |G4|2

S(S4+T00)(S+A10)?(S+A20)(S+A30) (S4+A30)(S+A40)

L{p§5)} + L{pg)}. The dressed SWM process approximately converts to a

coherent superposition from SWM L{p§5)} and EWM L{pg)}. uminate

that L{p§5)} include both fifth- and seventh-order nonlinear optical responses.
Finally, similar to DDFWM, we can get the nonlinear polarization:

P = N,UIO/ W (v)Bg(v)dv,

where
Bs(v) = AsL + D; |v| /\i + D; |v|exp(LA;/ |v])/ i,
iA4o
Ag = ) o -
TooAfgA20(Az0A40) + [G4l?)
The SWM signal intensity is given by I |SS|2 = |Ss1 + Ssg|2, where
Se1 = / exp|—(v/u)2]AsLdv, Sgs — / expl—(v/w)2)(D; [v] /Xs +
D; |v|exp(LA;/ |v])dv
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Similarly, when L is long enough, we can obtain the SWM signal intensity
I / exp[—(v/u)? Fsdv, where Fg(v) = Ag and I |p(150)|2 for the

5) —iGpdao
homogeneous broadened cases, where p;; Tood2,dao (dsoda) + |Gal?”
dzo = I'30 + 1Az, dyo = Ty +i(Az — Ay).

When all five laser beams are all tuned on simultaneously, the EWM signal
will be generated k., = k1 + ko — kb, + ks — k3 + k4 — k4, via the EWM per-

turbation the chain P(()o) - p%) 2 ) (2) 2, p(3) 0 (4) L, pﬁ) v,

p(g) 22, p(7) We can obtain the seventh-order nonlinear processes in the ho-

and

mogeneous broadened cases and micrometer cell, p = —iG¢/d3ydaodisdys,

4
Bg(v) AL+ZD v] /s +ZDF /Ai+ZDiLF(L)/>\i+CF(L)L2/

(2|v| A1p), respectlvely, where A13 =T3+ 1[A1 As — k(1 = &)v),dis =
T3 + i(Al — A3),A14 = T4 + I[Al — As + Ay — /€1(1 — & — 54)1)] and
dia =T1a +1(A1 — Ag + Ay).

On the other hand, when cell length L is long enough, time-domain cor-
respondence of EWM is given by

1 : Foo 2
Pr = J S(r)eﬂ“’lt/ dve= (/%7 %

foo e e e e e

*Alo(t1+t3+t7)e Azotze*Ala(MHe —A1ats

1 : oo 2
= J S(r)eﬂ“’lt/ dve= (/W7 x

/ t7/ tﬁ/ t5/ t4/ t3/ t2/ e~ do(titta+ir)

*d20t2 e*dla t4+t6)e*d14t5 %
elkw[(tl +t3+t7)+(1*52)t2+(1*53)(t4+t6)+(1*§3*§4)t5].

We assume
L= eXp{ikl’U[(tl+t3+t7)+(1—€2)t2+(1—€3)(t4+t6)—|—(1—€3—€4)t5]}. (443)

Since L involves integration over the velocity distribution function, it
reflects the degree of coherence between polarizations of atoms which have
different velocities. When L = 1, there is no the destructive interference, a
Doppler-free EWM spectrum can be obtained. By contrast, L. << 1, there
exists the destructive interference, so, EWM spectra are broadened.

This five-level atomic system with co-existing FWM, SWM and EWM
consists of four conventional EIT subsystems, i.e. |0) —|1) —|2) (ladder-type)



4.5 Polarization Interference of Multi-Wave Mixing in a Confined Five-level
System 231

with two counter-propagation beams Es (or Ef) and Fy, |0)—|1)—|3) (A-type)
with two propagation beams Es (or Ef) and Eq, and |0) — [1) — |4) (V-type)
with two propagation beams E4 (or Ej) and E;. More explicitly, the ladder-
type and A-type EIT configurations all satisfy the two-photon Doppler-free
condition in Fig 4.26 (b). We have investigated the coexisting FWM, SWM
and EWM in the five-level system. With the phase-conjugation geometry
shown in Fig. 4.26 (a) for pump and probe laser beams, the coexisting FWM
(kt), SWM (ks) and EWM (k) beams have not only the same frequency
(w1) but also propagate in the same direction (ke||ks||ke).

As we know, the real part Bj(v) shows a dispersive line shape, which

leads to / dv exp*(”/“)QB'S(’u) = 0 [56], therefore, only the imaginary part

of MWM cgfltributes to the signal. So, we only investigate the imaginary part
of MWM. There exists the destructive polarization interference in ultra-thin
cell, which can modify the intensities and linewidths (with Dicke narrowing
features) via the multi-photon terms of MWM.

(i) When G4 = 0, the imaginary part Bg(v) of SWM can be expressed by
Euler transformation (the real part does not contribute to the signal):

AsL + B[1 — cos(2nL/\)] + C[1 — cos(2&3nL/N)], (4.44)

where B and C are coefficients of single-photon and two-photon terms re-
spectively. When L = \/2, the SWM signal results from the “thin cell term”
(including single-photon and two-photon terms), and the Doppler broadened
terms can be neglected. While L = A, “thin-cell terms” are non-zero due to
the two-photon term (contrary to the probe absorption in two-level system
[51]), which contributes to the SWM signal with the “Doppler broadened
terms”. We demonstrate that there exists the polarization interference in
thin cell, which also have a strong impact on the line shape and intensity of
SWM signal. With a larger destructive interference, the SWM signal shows
narrow spectra (on the contrary the case of long cell).

(ii) For EWM signal, the imaginary part of Bg(v) can be written as by
Euler transformation:

AL+ B[1—cos(2ntn)]4+C[1—cos(2k1 (1—E&3)nmt) |+ D[1—cos(2k1 (1—E3—E&4)mn)],
(4.45)
where n = L/A. Single-photon, two-photon and three-photon terms are all
defined as “thin cell terms”. Compared with Eq. (4.44), Eq. (4.45) adds a
three-photon term, which leads to the periodic behaviors of EWM signal
intensity and the line shape is changed drastically. When L = 1.5\, the
EWM signal intensity shows a maximal value and it is minimum as L = 3.
Similarly, the linewidth of EWM spectrum has also been modified.
(iii) So, high-order nonlinear process adds more multi-photon terms, which
could change the oscillation behavior of MWM signal intensity and line shape,
and leads to the shift of the maximum value of MWM signal intensity.
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4.5.2 MWDM in Long Cells

We have discussed coexisting FWM, SWM and EWM in ultra-thin, microme-
ter, and long vapor cells, and the interaction of dressing fields in the five-level
atomic system. In this section, we investigate that the wave vector (laser fre-
quency and direction) [56, 57] and dressing field can control the degree of
polarization interference in long cell, which can significantly modify the in-
tensity and linewidth of MWM signal.

The polarization interference (destructive or constructive) is the key is-
sue for the line shape and intensity of SWM signal. And the polarization
interference can be controlled by the wave vector. In Fig. 4.27 (a), linewidths
of SWM signal become much broader when &3 >0. Correspondingly, the
SWM signal intensity also decreases drastically due to increasing of the de-
structive interference [56, 57]. To investigate polarization interference how to

00 ) 2
/ dve= (/W) Fg(v)
—o0

, We sum up
o0 5 9
SWM signal intensities of individual atoms (i.e., / dve= /W7 | Fg(v)[?). Tt

o0
has found that in Fig. 4.27 (a) that the linewidth of SWM signal is narrow
and basically independent of the value &3 when polarization interference is
neglected. Figures 4.27 (b) and 4.27 (c) present the real part F§(v) (dashed
curves), imaginary part Fg(v) (solid curves), and absolute value |Fs(v)| (dot-
ted curves) of Fg(v) for &5 = 0.2 and &5 = 0.6, respectively. Obviously, the

affect SWM signal spectrum, instead of

real part shows a dispersive line shape, with / dve*(v/“)QFé (v) = 0. So,

only the imaginary parts F¢(v) contribute to the SWM signal. Since F¢(v)
changes the sign on wings of both v < 0 and v > 0 sides, the destructive inter-
ference occurs between atoms, thereby suppressing the total polarization P.
So, the increase and decrease of destructive interferences lead to the increase
and decrease of linewidths of SWM spectra, respectively (on the contrary the
SWM signal intensity).

Similarly, Fig. 4.28 (a), (b) presents the EWM signal intensity versus Ay.
The EWM signal shows a narrow spectra due to no polarization interference
as shown in Fig. 4.28 (a). In addition, from Eq. (4.43), the condition for
L=1is(t1+ts+t7)+ (1 —E)ta+ (1 —E&)(ta +ts) + (1 — & — &a)t5 = 0.

Since all values of ¢; (i = 1 to 7) are positive, the above equation can
be satisfied only if 1 — & > 0. For example, when &5 = 0.8, there is no
the destructive interference [the inset plot in Fig. 4.28 (b)], the EWM signal
shows a narrow spectrum [Fig. 4.28 (b)]. On the other hand, when & = 1.2,
the EWM signal spectrum is broadened as shown in Fig. 4.28 (a).

Next, we consider how the weak dressing field affects the line shape of
SWM signal spectrum. When the dressing field is very weak, a narrow dip
of SWM signal appears first at the centre of the profile due to reduction
of destructive interference, as shown by dotted curve in Fig. 4.29. The line
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Fig.4.27. (a) SWM spectra for Ay1/T'20 = 0. T'io/kiu = Tao/kiu = Tso/kiu =
0.02,&2=1, and value of £=0 (solid curve), 0.2 (dashed curve) and 0.6 (dot-
ted curve). The corresponding SWM signal intensity p1ol, relative to the one for
As/T'sg = 0,Ip = 1,1p.2 = 7.6 X 1072, Ip.s = 2.4 x 1072, (b) The real part F§(v)
(dashed curves), the imaginary part F§(v) (solid curves), and the absolute value
|Fs(v)| (dotted curves) for (b) £3 = 0.2, and (c) &3 = 0.6(m = 2).

shape of the spectrum then converts to a single line of homogeneous linewidth
with the completely suppressed broad background when G3/T'sp = 0.2 (solid
curve). If we further increase the dressing field intensity, the SWM signal
spectra will exhibit a Dopller-free AT splitting, which will be discussed in
the next section.

The dressing field can control the degree of the destructive interference.
As G4 /T4 increases, the linewidth of SWM becomes narrower, and exhibits
Doppler-free AT splitting due to reduction of the destructive interference. The
distance between two splitting peaks can be approximated as Ag, ~ 2G4
under the condition of |G4|?> >> T'30T'49. However, the linewidth of SWM
spectra is much larger than the homogeneous linewidth without the dressing
field [solid curve in Fig. 4.30 (a)].

Figure 4.30 (b) presents the DDFWM spectrum versus As. The inner
dressing field F5 in DDFWM first suppresses the destructive interference,
and then creates dressed states |Gs+) and |G3—) from the state |0) [dotted
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Fig.4.28. The EWM signal intensity versus A4/T'14 for (a) &5 =1.2, (b) & =0.8.
The insert plot: (a) &3 =1.2, (b) & =0.8, Real part Fg(v) (solid curves), imagi-
nary part Fg(v) (dashed curves), and absolute value| Fg(v)| (dotted curves). Other
parameters are Ay /kiu =10 and Ag/kiu = 10, Az /kiu = 0,T10/k1u = Tao/k1u =
Flg/k‘lu = F14/k1u = 0.02, 52 = 1,54 =1.2.
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Fig.4.29. The SWM signal intensity spectra for G4/T40 = 0 (dot-dashed curve),
G4/T40 = 0.05 (dashed curve), G4/T'4o = 0.15 (dotted curve), G4/T40 = 0.2 (solid
curve). When Al = AQ = Ag = A4 = 0 and Flo/k‘lu = on/klu = Fgo/k‘lu =
F40/k1u = 0.02, 53 = 0.2, §4 = 0.8.

curve in Fig. 4.30 (b)] (the separation between two peaks located at Ay =
+Ag3/2 &~ £G3, here Ags is the separation induced by the dressing field Es).
When the outer dressing field Ey4 dresses the primarily dressed state |G4+)
(A4 = —G3) and creates the secondarily dressed states |Gs+)|Ga=£) [Fig. 4.26
(c2)], three peaks will locate at Ay = —Ags/2 F Aga/2 and As = Ags/2,
respectively.

(1) We next investigate the polarization interference, which affects in-
tensity and line shape the SWM signal. The SWM signal intensity with no
dressing field is normalized to be “1” and the intensity above or below “1”
baseline means enhancement or suppression of the SWM signal. At the ex-
act resonance (As = 0), it is found that the SWM signal intensity is sup-
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Fig.4.30. (a) The SWM signal intensity versus As/I'sp for G4/T40 = 0 (solid
curve), G4/T'40 = 1 (dashed curve), G4/T'40 = 5 (dotted curve) and G4/T'40=10
(dot-dashed curve). when & = 0.2,&4 = 0.8, and I'1o/k1u = I'ao/k1u = I'so /k1u =
T40/kiu = 0.02. (b) The DDFWM signal intensity versus Ag/T'ao for G3/I'ag = 1
(dotted curve), G3/T'23 = 5 (dashed curve), G3/T'23 = 10 (solid curve), when
G3/Ta3 = 25, Ay/Tas = G3/Ta3, A1/Ti0 = Ag/Ta0 = A3/Ta3 = 0 and & =
0.8753 = 1.2,54 = 1.2. Other parameters are Flo/k‘lu = on/k‘lu = Fzg/k‘lu =
T4 /k1u =Tso/kiu = T'a0/k1u = 0.02.

pressed when the frequency of the dressing field is scanned across the reso-
nance (A4 = 0) in the homogeneously broadened cases, as shown by the solid
curve in Fig. 4.31 (a). From the dressed model viewpoint [Fig. 4.26 (d2)], the
suppression of SWM signal is due to the splitting induced by the dressing
field, leading to offset of the single-photon (]0) to |3) resonance. When the
polarization interference is considered, Fig. 4.31 (b) shows the sharp contrast
with that of the homogeneously broadened cases. To study the anomalous
behavior, we neglect the polarization interference [dashed curve in Fig. 4.31
(a)], which are consistent with those of the homogeneously broadened cases,
proving that the anomalous behavior is due to the polarization interference.
This can be understood that the dressing field can suppress the polarization
of atoms with v = 0 [the inset plot in Fig. 4.31 (b)], leading to a reduction
of the degree of the destructive interference. As a result, the SWM signal
intensity is enhanced.

Similarly, Fig. 4.32 (a) presents the FWM signal intensity in the homo-
geneously broadened cases, here the FWM signal intensity with no dressing
fields (G5 = G4 = 0) is normalized to “1”. At the exact resonance (Ag = 0),
the solid curve in Fig. 4.31 (a) shows that there is suppressed dip at the line
center of the profile. Under the suppression condition A; +As—Ag+ Ay =0,
such suppressed dip is separated into two small suppressed dips by the outer
dressing field F4. As G4 is increased, this dip becomes shallow and then splits
into two dips. Under the condition G4 >> I's3, we have Agy ~ 2G4. This
means that the outer dressing field E4 dresses the state |3) to create the sec-
ondary dressed states |Gat) [Fig. 4.26 (c3)], then the inner dressing field Es
suppresses the resonant FWM signal directly from |G4=), and induces two
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Fig.4.31. The SWM signal intensity versus A4/I'4o for (a) the homogeneously
broadened cases (solid curve) (G4/T'40 is given near the curves) and when polar-
ization interference is neglected (dashed curves), when G4/T'40=0.5 (solid curve),
G4/T10=1 (dotted curve), G4/T'1s0=2 (dashed curve), G4/T's0= 4 (dot-dashed
curve), and Asz=0. (b) Doppler broaden cases in long cell. The inset plot show
F§(v) for G4/T40=0 (solid curve), G4/T40=0.5(dashed curve), G4/T1 =1 (dotted
curve) when A3=0. The SWM signal intensity with no dressing field is normalized
to be 1. Other parameters are A1 = As=0, & = 0.2, = 1,§& = 0.8 and
Flo/klu = Fgo/klu = F30/k1u = F40//€1u :0.02.

suppressed dips [Fig. 4.32 (a)]. For the Doppler broadened cases, the inner
dressing field F3 suppresses the polarization interference, and enhances the
FWM signal intensity [the solid curve in Fig. 4.32 (b)], on the other hand,
the outer dressing field Ej increases the destructive interference [the inset
plot in Fig. 4.32 (b)], and results in decreasing of the FWM signal intensity
[Fig. 4.32 (b)].

(2) Let us consider the A4 dependence of the SWM spectra for strong
dressing fields and large offset. In this case, the SWM signal is enhanced
in the homogeneously broadened cases [the solid curves in Fig. 4.33 (a)],
which is mainly due to the single-photon (|0) — |G4+)) resonance [Fig 4.26
(d2)]. In general, the constructive and destructive interferences between the
|0) — |G4+) and |0) — |G4—) SWM channels result in the enhancement
of SWM signal. However, such enhancement mainly originates from the dis-
persion of dressed SWM in the weak dressing field limit [17]. The resonant
condition is given by A4/F4Q = [(G4/F40)2 — (A3/F40)2]/(A3/F40). Figure
4.33 (b) presents the result in Doppler broadened cases in long cell, and
the solid curve in Fig. 4.33 (a) shows the corresponding results when the
polarization interference is neglected. We can see that the polarization inter-
ference significantly increases the resonant enhancement, so the SWM signal
is hugely enhanced, comparing Fig. 4.33 (a) and Fig. 4.33 (b). The significant
enhancement of SWM signal in the former is due to the fact that the strong
dressing field can not only induce resonance enhancement but also suppress
the destructive polarization interference.

Figure 4.34 (a) presents the DDFWM signal intensity versus Ag for the
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Fig. 4.32. The DDFWM signal intensity versus Az (a) the homogeneously broad-
ened cases for G4/T'24 = 0 (solid curve), G4/T'24 = 1 (dashed curve) and
G4/T2s = 5 (dotted curve). (b) the Doppler broadened cases in long cell
for G4/T'24 = 0 (thin solid curve), G4/T'24 = 0.5 (dashed curve), G4/T24=1
(dot-dashed curve), G4/T'24 = 2.5 (dotted curve), G4/T'24 = 5 (solid curve).
When G5/T23 = 0.5, Ay = Ay = Ay = 0. The insert plot presents Fj(v)
for G4/T24 = 0 (solid curve), G4/T'24 = 0.5 (dashed curve), G4/T2s = 1
(dotted curve) when G3/T'23 = 1, As = Ay = 0. Other parameters are
Flo/k‘lu = on/k‘lu = Fzg/k‘lu = F24//€1u = 0.027 52 = 0.8, £3 = 1.2, 54 = 1.2. The
FWM signal intensity with no dressing fields is normalized to be 1.
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Fig. 4.33. The DSWM signal intensity versus A4/ for (a) homogeneous broad-
ened cases (solid curve), and when the polarization interference is neglected
(dashed curve). (b) the Doppler broadened cases in long cell. When G4/T'40 = 50,
§3 = 0.2, 54 = 1.2 and Flo/klu = Fgo/klu = F40/k1u = 0.02, Al/rlo =0 and the
values of Az/T'3o are shown above the peaks. The SWM signal intensity with no
dressing field is normalized to be 1.

homogeneously broadened cases. As G4 is quite large, the outer dressing field
E,4 dresses the level [3) and creates the primarily dressed states |Ga£) [Fig.
4.26 (c3)]. The inner dressing field E3, driving the transitions from |G4=)
to the ground level |0), creates the secondarily states |G3)|G4%) from the
level |0) [Fig. 4.26 (c4)] to cause the two-photon (|G4+) — |1) — |2)) reso-
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nant, which can cause resonant excitations corresponding to the two enhanced
peaks [Fig. 4.33 (a)] if w1 +wo —ws +ws =~ Q1 + Qs — (Q3 — Ags/2) + (Qu £
Aca/2) (le. Az = Ay + Ay — Ags/2 + Ay £ Agy/2. Specially, when the
polarization interference is considered, we find that the most profound effect
of polarization interference significantly increases the resonant enhancement.
For example, when As/T'3g = —70, the FWM signal is enhanced by a factor
of 180000 in the Doppler-broadened system [Fig. 4.34 (b)], instead of 350 in
the homogeneously broadened cases.
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Fig.4.34. The DDFWM signal intensity versus detuning As for (a) the Doppler
broadened cases in long cell when & = 0.8 (solid curve) and & = 1.2 (dashed
curve). (b) the homogeneous broadened cases. When G3/T'23 = 50, G4/T"24 = 100,
Al/rlo = A3/F23 = A4/F24 = 07 and Flo/k‘lu = on/klu = Fzg/k‘lu = F24/k1u =
0.02, &3 = 1.2, & = 1.2. The values of Ay /T'50 are shown above the peaks. Here,
the FWM signal intensity with no dressing fields is normalized to be 1.

We have discussed the narrow spectra, AT splitting, suppression and en-
hancement of MWM in long cell. The MWM signal intensities change drasti-
cally due to the polarization interference. And the dressing field can suppress
the degree of destructive interference, and result in the enhancement of the
MWM signal intensities. In the next Section, we will investigate the degree
of polarization interference can be controlled by the cell length. And MWM
spectra are modified by the destructive interference in ultra-thin and microm-
eter cells.

4.5.3 MWDM in Ultra-thin and Micrometer Cells

The SWM signal intensity spectra versus n(L/A) is shown in Fig. 4.35 (a).
First, we can see that SWM signal intensity varies with A\ period, the value
of |S’S|2 equals approximately to the value of |552|2 when cell length L is
short (i.e., L < 20), corresponding to ultra-thin cell), correspondingly, the
“Doppler-broadened term” of Bg(v) can be neglected. When the cell length
is increasing, we can see that the oscillation behavior gradually disappears
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(corresponding to micrometer cell), and the SWM signal intensity is increas-
ing. When the cell length is long enough, the thin cell terms can be absolutely
neglected, |Ss|? can be approximated to [Sgi|* [the inset plot in Fig. 4.35
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Fig.4.35. (a) The SWM signal intensity spectra versus n(L/\), |Ss|* (dashed
curve), |Ssi|® (dotted curve), |Ssz2|® (solid curve), when polarization interference
is neglected (dot-dashed). (b), (¢) The imaginary and the real parts when the
“Doppler broadened term” is neglected, respectively. L/A = 0.5 (solid curves),
L/X = 1 (dashed curves), L/A = 1.5 (dotted curves). Other parameters are
Al/rlo = AQ/FQO = Ag/rgo = 07 Flo/k‘lu = on/k‘lu = Fgo/klu = 002, £3 = 06,
G4/F43 =0.

To investigate the oscillation behavior of the SWM signal intensity, we can
calculate the imaginary part B (v), real part By(v) of Bg(v), respectively.
From Fig. 4.35 (a), since the contribution of “Doppler-broadened term” could
be neglected, compared to “thin-cell term”, only the latter one is considered
in ultra-thin cell. Figure 4.35 (b, ¢) present the imaginary part B¢(v) and
real part Big(v) of Bg(v), respectively. The real part Bg(v) shows a dis-

persive line shape, which leads to / dvW (v)Bg(v) = 0; therefore, only
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the imaginary part B¢ (v) contributes to the SWM signal. In Fig. 4.35 (b),
we can see that there exists the destructive interference in ultra-thin cell.
When L = A\/2, destructive interference is minimum, so the SWM signal
intensity shows a maximum value, with periodic revivals at (2n + 1)\/2.
When L = ), destructive interference is maximum, so the SWM signal in-
tensity is minimum. If the polarization interference is neglected (instead of

o0
/ dv exp~(/w)* |Bs(v)|?), the oscillation behavior of SWM signal inten-
(o)

sity vanishes [dot-dashed curve in Fig. 4.35 (a)]. So the oscillation behavior
of SWM signal intensity results from the destructive interference.

From Eq. (4.44), the Dicke-narrowing features are determined by both
the single-photon and two-photon terms. The single-photon term contributes
mainly to the SWM signal intensity, which shows oscillation behavior with
a A period [Fig. 4.35 (a)]. Specifically, when L = A, both two-photon and
“Doppler broadened term” contribute to the SWM signal.

Similarly, we can obtain the oscillation behavior of the EWM signal inten-
sity (Fig. 4.36). From Eq. (4.45), the single-photon, two-photon, and three-
photon terms are all defined as “thin cell terms”, which influence the oscilla-
tion behavior in common. When L = 1.5\, the EWM signal intensity shows
a maximum value, with periodic revivals at (6n + 3)A/2. While for L = 3,
it becomes minimum in ultra-thin cell, as shown in Fig. 4.36. When the cell
length L is increasing, the “Doppler-broadened terms” in Eq. (4.45) cannot
be neglected. The EWM signal intensity is determined by both the “Doppler
broadened terms” and “thin cell terms”. And when the cell length is long
enough, the EWM signal intensity is determined absolutely by the “Doppler
broadened term”, as shown in the inserted plot of Fig. 4.36.

=l

Normalizaed Signal Intensity

0 I 5 ‘ 10 I 15 ‘ 20
n(LIA)
Fig.4.36. The EWM signal intensity versus L/X, when A4/I'y4 = 0. Other pa-
rameters are Al/klu =10 and Ag/k‘lu = 10,A2/l€1u = O,Flo/klu = on/klu =
Flg/klu = F14/k1u = 0.027 §2 = 1,54 =1.2.

We have analyzed the linewidth of the MWM signal spectra in long cell,
which are changed due to the destructive interference. In this section, let
us compare the line shape of the MWM signal spectra dependence on cell
length in ultra-thin and micrometer cells. From Fig. 4.37, we can see that the
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minimum values of SWM spectra linewidth are acquired at the cell length
L/X =1 and 2. While for L/X = 0.5 and 1.5, the linewidth is broadened. In
ultra-thin cell, destructive interference is minimum when L/ = 0.5 [Fig. 4.35
(c)], the SWM signal linewidth is maximum. But the destructive interference
is maximum for L/A = 1, so the SWM signal linewidth is minimum. The
destructive interference is decreasing at L/A = 1.5 while the linewidth is
increasing.

0.5

14

Normalizaed Signal Intensity

1012

0 8
4 6
43/130 20 0 2 . wm

Fig.4.37. The SWM spectra for L/ = 0.5, 1, 1.5, 2, 10, 100, 1000 from 0 to 14,

respectively. Other parameters are Ay /T'1o = 0,T'10/kiu = T'ag/kiu = I'so/kiu =
0.02, €5 = 0.6.

When L/X > 20, corresponding to micrometer cell, the destructive inter-
ference becomes bigger as the cell length is increasing. So, the linewidth of the
SWM signal as the cell length is keeping increasing. When L is long enough,
the “thin cell terms” can be neglected, only “Doppler- broadened term” is
considered, so the SWM spectrum is broadened hugely due to the destruc-
tive interference, i.e., L/A = 1000 (Fig. 4.37). So, with a larger destructive
interference, the SWM signal shows a narrow spectrum, on the contrary the
case of long cell.

Similarly, Fig. 4.38 presents the line shape of the EWM signal intensity in
ultra-thin, micrometer and long cells. When the cell length L is long enough,
only the Doppler-broadened terms in expression Bg(v) are considered, so,
the linewidth of EWM spectra is broadened due to the destructive inter-
ference in long cell [Figs 4.38 (a) and (b)]. And when L/A = 10 and 100,
EWM signal spectra show Lorentzian line shape, as shown in Figs. 4.38 (c)
and (d), respectively. When L/A = 1, corresponding to the ultra-thin cell,
the linewidth of EWM spectra is narrow due to Dicke-narrowing features
[Fig. 4.38 (e)].

In addition, Figure 4.39 presents the intensity and line shape of the SWM
signal in ultra-thin and micrometer cells. As discussed in the previous section,
the degree of destructive interference can be controlled by applying a weak
dressing field. From Fig. 4.39 (a), when G5 /T30 = 0.2, the SWM signal inten-
sity |Ss|? is approximated to |Sg;|* in ultra-thin cell; the “thin cell terms”
can be neglected. More specifically, when the dressing field is increasing, the
linewidth of the SWM spectra becomes narrower [Fig. 4.39 (b)], and then
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Fig. 4.38. The EWM signal intensity versus A4/I'14 for (a) the Doppler broadened
cases in long cell, (b) L/A = 1000, (c) L/X = 100, (d) L/A = 100, (e) L/X = 10,
(f) L/)\ = 1, When 53 = 1.2, Al/klu = 10 and A3/k1u = 10, Ag/klu = O,
Flo/k‘lu = on/klu = Flg/klu = F14/I€1u = 0.02, 52 = 1, §4 =1.2.

converts to a single line of homogeneous linewidth in micrometer cell when
G3 /T30 = 0.2 [the solid curve in Fig. 4.39 (b)]. So, the weak dressing field
cannot only control the degree of destructive interference in long cell, but
also that in micrometer cell. On the other hand, when L/A = 0.5, the weak
dressing field cannot change the linewidth of the SWM signal spectra [the
inserted plot in Fig. 4.32 (b)] without the destructive interference [Fig. 4.32
(©)

Next, we investigate the AT splitting of the DSWM signal in ultra-thin
and micrometer cells. Due to the polarization interference discussed in pre-
vious section, the linewidth of the SWM signal spectrum is much larger than
that of the homogeneously broadened cases [solid curve in Fig. 4.40 (a)].
The dressing field can control the degree of destructive interference, so, the
linewidth first becomes narrower, and then exhibits Doppler-free AT split-
ting as the dressing field intensity increases,. And when L/\ =0.5, the SWM
spectrum shows Doppler-free AT splitting due to no destructive interference
[Fig. 4.40 (b)]. The dressing field can suppress the destructive interference
in micrometer cell, and the SWM signal show a Doppler-free AT splitting
spectra.

We next investigate suppression and enhancement of the SWM signal in-
tensity in ultra-thin and micrometer cells. At the exact resonance (Ag = 0), it
is found that the SWM signal intensity is suppressed [Fig. 4.41 (f)] when the
frequency of the dressing field is scanned across the resonance (A4 = 0) in the
homogeneously broadened cases in previous section. When L/ = 0.5, Fig.
4.41 (e) show the suppressed line shape due to no polarization interference,
which is similar to that of the homogeneously broadened cases. On the other
hand, we have discussed that the SWM signal intensity is enhanced hugely
due to the polarization interference in long cell, and when the cell length is in-
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Fig. 4.39. (a) The SWM signal intensity versus n(L/\) for |Ss|® (dashed curve),
|Ss1]? (dotted curve), |Ssa|?> (solid curve), when G4/Ts0 = 0.1. (b) the SWM
signal intensity spectra versus As for L/X = 100, when G4/T'40 = 0 (dot-dashed
curve), G4/T'40 = 0.05 (dashed curve), G4/I's0 = 0.15 (dotted curve), G4/T'40 = 0.2
(solid curve). The insert plot shows SWM spectra versus Az for L/X = 0.5, when
G4/T40 = 0 (solid curve) and G4/T4 =0.1 (dotted curve) in ultra-thin cell. (c)
The real part Fg(v) (dashed curves), the imaginary part F§(v) (solid curves),
and the absolute value |Fs(v)| (dotted curves) in ultra-thin cell, when L/X = 0.5.
Other parameters are Al/rlo = AQ/FQO = A3/F30 = A4/F40 =0 and Flo/klu =
on/k‘lu = F30/k1u = F40/k1u = 0.027 53 = 0.2, 54 = 0.8.

creasing, the contribution of the thin cell terms in expression Bg(v) becomes
weaker, so, the SWM signal intensity is enhanced due to the destructive inter-
ference in long cell. So, Figure 4.41 (d)—(b) shows the SWM signal intensity
changed from suppression, to semi-suppression and semi-enhancement, and
to enhancement, as the cell length keeps increasing.

Similarly, when there is no outer dressing field E4, the FWM spectra show
an enhanced peak due to the polarization interference in long cell, and a sup-
pressed dip in ultra-thin cell. When the outer dressing field E, is considered,
such enhanced peak or suppressed dip can be separated into two enhanced
peaks [Fig. 4.42 (a)] or two suppressed dips [Fig. 4.42 (d)], respectively. When
the cell length is increasing, the FWM spectra changes from suppression, to
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Fig. 4.40. The SWM signal intensity versus A3z /I'sg for the dressing field G4 /T'40 =
0 (solid curve), G4/T'so = 1 (dashed curve), G4/T'so = 5 (dotted curve) and
G4/T40 = 10 (dot- dashed curve). (a) L/A = 100, (b) L/A = 1. Other param-
eters are 53 = 0.2,54 = 0.87 and Flo/klu = Fgo/klu = F30/k1u = F4o/k1u = 0.02.

half-suppression and half-enhancement, and to enhancement.

We discuss the controllable polarization interference in the five-level con-
fined atomic system, the induced polarization is sensitive to the atomic ve-
locity, and interference exists between nonlinear polarizations of atoms with
different velocity motions. This interference can have strong impact on the
FWM or SWM and EWM spectra. We can sum up the signal intensity of
each atom motion [12]. For the former case, there exists polarization interfer-
ence of atoms with different velocities, while the polarization interference is
neglected for the latter case. It is found in Fig. 4.43 that the SWM spectrum
is superposition between the case of cold atom sample and the polarization
interference neglected in long cell. This indicates that the linewidth of the
SWM spectra are due to the polarization interference. We consider interfer-
ence between the kinds of different velocities in thin cell. The dotted and
dot-dashed curves in Fig. 4.43 show that interference between two different
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Fig. 4.41. The SWM signal intensity versus A4 /T4o for G4/T's0 = 0.5 (solid curve),
G4/T40 = 1 (dotted curve), G4/T40 = 2 (dashed curve), G4/T40 = 4 (dot-dashed
curve). (a) L/ = 1000, (b) L/X = 100, (c) L/ =10, (d) L/ = 1.5, () L/ = 0.5,
(f) homogeneous broadened cases. Other parameters are A; = Ay = A3z=0, {5 =
O~27 54 - 0.87 Flo/klu - FQO/klu = F30/k1u = F40/k1u = 0.02. The SWM signal
intensity with no dressing field is normalized to be 1.
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Fig.4.42. The DDFWM signal intensity versus As/T'zs for (a) long cell, (b)
L/X = 100, (c) L/A = 50, (d) L/Xx = 0.5, (e) homogeneous broadened cases,
When G3/F23 = 0.5, G4/F24 = 5, Al/l“m = Ag/rzo = Ag/rgg = A4/F24:0 and
Flo/klu = Fgo/klu = Fgg/klu = F24/k1u = 0.02, §2 = 0.87 53 = 1.2, §4 = 1.2. The
FWM signal intensity with no dressing fields is normalized to be 1.

velocities is tiny. Specially, when L/\ = 1, the linewidth of MWM spectrum
is narrower due to the enhancement of the coherent transient atomic response
[25] than the homogeneous linewidth, as shown by the dashed curve in Fig.
43, this narrow spectral can be used for high precision measurements and
metrological standards.
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Fig. 4.43. The SWM spectra for As/I'sp, L/A=1 (dashed curve), cold atom sample
and the polarization interference is neglected in long cell (solid curves), polariza-
tion interference is neglected in ultra-thin cell (dotted curve), and polarization
interference is neglected between two kinds of different velocity in thin ultra-cell.
Other parameters are A /T'1o = Ag/T20 = A3/T'so = 0, T'o/kiu = Tao/kiu =
Fgo/klu: 0.02, & = 0.6, G4/F43 =0.

4.5.4 Discussion

We have investigated the coexisting FWM, SWM, and EWM in the ultra-
thin, micrometer and long cell. Finally, let us compare the line shape of
the SWM spectra in several kinds of cases (the homogeneously broadened
cases, ultra-thin cell, micrometer cell, long cell and when the polarization
interference is neglected in long cell). We can see in Fig. 4.44, that the min-
imum values of linewidth of the SWM spectrum is achieved at the point of
cell length L/X\ = 1 (short dashed curve), and the following case is the ho-
mogeneously broadened cases and the neglected polarization interference in
long cell (solid curve), and then cell length L = 0.5X (dashed curve). When
L = 100\, the SWM spectra shows Lorentzian line shape (dotted curve).
When L is long enough, the SWM spectrum changes Gaussian line shape
(dot-dashed curve). In ultra-thin cell, comparing with the “thin cell terms”,
the “Doppler-broadened term” is neglected. The linewidth of SWM signal
spectra decreases as the destructive interference increasing. When the cell
length is increasing, the contribution of the thin cell terms in Bg(v) becomes
weaker, and the linewidth of the SWM signal spectra is monotonously in-
creasing. Specifically, when the cell length is long enough, the linewidth of
the SWM signal spectra is broadened due to the destructive interference in
long cell. In addition, when Bg(v) = 1, the linewidth of SWM spectrum is
narrower than the homogeneous linewidth, as shown by the dashed curve in
Fig. 4.44, such narrow spectrum can be used for high precision measurements
and metrological standards.
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Fig. 4.44. The SWM spectra for As/I'so, long cell (dot-dashed curve), L/ = 100
(dotted curve), L/A = 0.5 (dashed curve), homogeneous broadened cases (solid
curve), L/X =1 (short dashed curve), when polarization interference is neglected,
the thin solid curves is superposition with the solid curve.

In conclusion, we presented two types of doubly-dressing schemes (i.e.,
parallel and nested configurations) which can generate co-existing FWM,
SWM, and EWM processes in an open five-level system. QI between two
FWM, or one FWM and one SWM channels, leads to signal suppression
and enhancement. We obtain triple AT splitting in the spectra of FWM sig-
nal, quadruple AT splitting in the SWM signal, and two triply splitting in
EIT. The spectra of AT splitting, suppression and enhancement of FWM
and EWM signals are the superposition of two groups of the different AT
splitting peaks. By controlling intensities and frequency offsets of laser fields,
these higher-order nonlinear wave-mixing processes can be enhanced and sup-
pressed to obtain desired magnitude of nonlinearities. We also investigate
coexisting MWM processes in ultra-thin, micrometer and long cells. The de-
gree of destructive interference can be controlled by the wave vector, dressing
field and cell length. Understanding the higher-order multi-channel nonlinear
optical processes can help in optimizing these higher-order nonlinear opti-
cal processes, which have potential applications in achieving better nonlinear
optical materials and opt-electronic devices.
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5 Enhancement and Suppression in Four-Wave
Mixing Processes

Interplays between four-wave mixing (FWM) processes in multi-dressed multi-
level atomic systems are quite interesting. The generated FWM signal can
be selectively enhanced and suppressed via an EIT window. The evolution
of dressed effects can be from pure enhancement into pure suppression in
the degenerate-FWM processes. On the other hand, since the atomic tran-
sitions are very sensitive to the polarization states of the pump and probe
beams in multi-Zeeman sub-level atomic systems, the enhancement and sup-
pression of FWM signals are also dependent on the polarization states of the
laser beams on real atomic systems (with Zeeman sub-levels). The FWM pro-
cesses in a multi-Zeeman level atomic system can be enhanced and suppressed
by changing the polarization of the pump and probe beams. Different polar-
ization states of the pump and probe beams will act on different transition
pathways among the multi-Zeeman levels with different transition strengths,
which affect the FWM efficiencies. Understanding the efficiencies of nonlinear
wave-mixing processes via laser intensities, frequency detunings, and polar-
ization states in multi-level atomic systems can be very useful in controlling
them for various applications, such as coherent quantum control, nonlinear
optical spectroscopy, precision measurements, and quantum information pro-
cessing.

5.1 Interplay Among Multi-dressed Four-Wave Mixing
Processes

Under the electromagnetically induced transparency (EIT) condition [1, 2],
not only the third-order nonlinear susceptibilities can be resonantly enhanced,
but the generated FWM signals can also be allowed to transmit through the
resonant atomic medium with little absorption. Enhanced FWM processes
due to atomic coherence have been experimentally demonstrated in several
multi-level atomic systems [3 —5]. Interesting effects, such as entangled images
in the probe and signal beams in the FWM process [6], phase-controlled light
switching at low light level [7], quantum destructive interference in inelastic
two-wave mixing [8], and generation of correlated photon pairs [9, 10], have
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been experimentally investigated in various coherently-prepared multi-level
atomic systems.

Recently, destructive and constructive interferences in a two-level atomic
system [9] and competition via atomic coherence in a four-level atomic system
[11] with two co-existing FWM processes were studied. In the presence of
additional coupling laser fields, more multi-FWM processes are generated,
which can be selectively suppressed or enhanced via quantum interference.
Also, the Autler-Townes (AT) splitting in triple resonance spectroscopy was
reported previously by fluorescence detection [12, 13]. Due to the parametric
nature of the FWM process, the generated signal is a coherent radiation.

In this section, experiment of the interplays between different FWM pro-
cesses in the multi-dressed two-level and V-type three-level atomic systems
will be described, as shown in Fig. 5.1 (a), (b). Interesting results, such as
mutual suppressing of the two FWM signals, AT splitting of the FWM sig-
nal, as well as “inner-dressed” FWM and “outer-dressed” FWM processes,
are experimentally investigated. Moreover, a simple method to determine the
effective dipole moments of the transitions is shown.
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Fig. 5.1. Relevant energy-level schemes in Na atom. (a) “Inner-dressing” case; (b)
“Outer-dressing” case; (c) and (d) are the FWM processes in the dressed-state
picture.

The two relevant experimental systems are shown in Fig. 5.1 (a), (b).
and the pulse laser beams are aligned spatially as shown in Fig. 5.2. Three
laser beams come from the same near-transform-limited dye laser (10 Hz
rate, 5 ns pulse-width and 0.04 cm™! linewidth) with the same frequency
detuning A;. Three energy levels from Na atoms (in heat pipe oven) are in-
volved in the experimental schemes. In Fig. 5.1 (a), energy levels |0) (351 2)
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and [1) (3P;/2) form the two-level atomic system. Coupling laser beams k;
and kj (connecting the transition between [0) to |1)) propagate in the op-
posite direction of the weak probe field ks (also connecting the transition
beween |0) to |1)), as shown in Fig. 5.2. The frequency components k; and
Kk} (w1) in beam 1 and beam 2 induce a population grating between states
|0) to |1), which is probed by beam 3 with the same frequency w;. This is
an degenerated-FWM (DFWM) process [Fig. 5.1 (a)] satisfying the phase-
matching condition of ks = ks + k1 — k}. The signal is detected by a pho-
tomultiplier tube (PMT) and a fast gated integrator (gate width of 50 ns).
Next, we apply two additional coupling fields ko and k% (one each added onto
beam 1 and beam 2, respectively, as shown in Fig. 5.2) with the same fre-
quency detuning As, which are from another similar dye laser with frequency
set at wy to dress the energy levels |0) and |1). We define such energy-level
dressing as “inner-dressing”. In the presence of the ks and k) frequency com-
ponents, other three FWM signals are generated with same frequency to have
kso = ks +ko— ki/2, ko = ks+ko —ké, and kgy = ks + k1 — ki/2 Therefore, the
total signal has contributions from four FWM processes when the five light
beams are all turned on, but kg1 and kg are the dominant ones as shown in
the inset of Fig. 5.2 (detected by CCD). When the coupling field frequencies
of ko and kf are tuned to the |0) — |2) transition (at wy), which only dress
the energy level |0) for the probe transition of |0) —|1) (and therefore named
“outer-dressing”), it forms a V-type three-level system [Fig. 5.1 (b)]. When
k1, k], ko, Kl and k3 are all turned on simultaneously, a non-DFWM (ND-
FWM) process k., = ks + ko — k) is generated together with the DFWM
ks1. These generated FWM signals have the same frequency wy(= w1) and
propagate in the same direction.
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Fig. 5.2. Experimental setup. Inset : measured relative strengths of various FWM
signals in the two energy-level systems.

The propagation equation of FWM signals in the oven with Doppler effect
is

I=1Ip—1I4

v=+00

— ONY2 / (=70 |3 ()2 uy/m)dv — To(1 — e~F)

V=—00
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v=-+00
= N2y / {e= @/ (|p®) ()2 — KIm[F(v)])/uy/n}dv, (5.1)

=—00

where I is the total intensity of generated FWM signals; p(®) is the density-
matrix element of the total FWM signal including pure-FWM P(1?6) and multi-
dressed FWM signals; I 4 is the absorption of the FWM signals in the medium.
« is the absorption coefficient; K = IgLk1/C Npheg and F = hegx/Naopi3. Np
is the effective atom number and C is a constant; u is the dipole moment. v
is the velocity of the atom due to Doppler effect and u is the most probable
velocity. In the presence of I4, the theory can well explain the interaction
and propagation behaviors of FWM signals.

In the experiment, the coupling fields k; and k] (diameter 0.8 mm and
power 3 uW) and the probe field ks (diameter 0.8 mm and power 5 uW) are
scanned from 589.3 nm to 589.9 nm (]0) to |1) transition) to generate the
DFWM signal k1. The coupling fields ko2 and kb (diameter 1.1 mm and power
90 uW) are tuned to the line center (589.0 nm) of the |0) to |2) transition,
which generate the NDFWM signal k., at frequency wy by using one photon
each from fields ks, k2 and k. There exist interplay and mutual suppressing
between these two FWM signals (k1 and k.,) when five light beams are all
on. As can be seen from Fig. 5.3 (a), in the presence of the stronger coupling
field ko or kb, the DFWM signal kg1 (using one photon each from fields ks, k1
and k) is suppressed dramatically [the pentacle and pentagon points in Fig.
5.3 (a)]. Figure 5.3 (b) shows the single-dressing effect of the NDFWM signal
k., by field k; or ki, which is too weak (with Rabi frequencies G; = G| =
0.33 cm™1) to affect the NDFWM signal k., [the triangle and hexagon points
in Fig. 5.3 (b)]. When five laser beams are all on, the individual DFWM signal
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Fig.5.3. (a) Pure-FWM signal k1 and singly-dressed ks1 with Go = Gy =
1.80 cm™%; (b) Pure-FWM signal ks> and singly-dressed ks2 with G; = G} =
0.33 cmfl; (c) Pure-FWM signals ks1, ks2 and the mutual-dressed signals when all
five light beams are on. The scattered points are the experimental results and the
solid lines are theoretical results. Adopted from Ref. [13].
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kg1 [the top curve in Fig. 5.3(c)] and the NDFWM signal [the middle curve in
Fig. 5.3(c)] are both significantly suppressed [the lower curve in Fig. 5.3(c)].

One way to explain these effects is by using the dressed-state picture.
Both of these mutual dressing processes exist at the same time in the ex-
periment and the two generated FWM signals co-propagate in the same
direction, so the total detected FWM signal is proportional to the mod
square of p® where p® = pg) + pg). The dressed FWM signals can

be written as pg) = —iadye®r " /d?(Tooda + |Go + G5[?) and similar re-
sult for pg), where G; = —u;E;/h (i = 1,2,3) is the Rabi frequency;
T'19,T20, and T'gg are the transverse relaxation rates of the respective en-
ergy levels; A; (i = 1,2) is the frequency detuning; a = 2G3G'1G1,dy =
A1 +Ti0v/1+ (4/G1|? + 2|G3]2) /T3, and do = iAs + T'agy/1 + 4G2|?/T,
(

(power broadening is considered). Detail calculations of ps?i) and pg) indicate
that several interesting physical processes exist in this composite system to
show the interplay between these two FWM processes. When the two gener-
ated FWM signals overlap in frequency, constructive or destructive interfer-
ence can result due to the sign change either in pg?i) or pg) under certain fre-
quency detuning conditions. However, in the current system the competition
between the two coexisting FWM channels is dominated by the contributions
from the mutual dressing effect, which can be an order of magnitude lager
than the interference effect. After calculating p® under our experimental
conditions and substituting it into Eq. (5.1), excellent agreements are ob-
tained between the theoretical calculations and the experimental data [Fig.
5.3 (¢)].

By inserting a tunable attenuation-plate in the path of the coupling beam
k), we measured the intensities of the generated DEWM signal in ks under
different powers of the dress field k5 (k2 blocked), as shown in Fig. 5.4 (a). It
is clear that the DEFWM (ks1) intensity is further suppressed as the power
of the dress field (k) increases [Fig. 5.4 (a)]. At high dress field (k}) power,
the DFWM signal k,; splits within the EIT window with Ay, = 1.44 cm ™!,
which is the AT splitting of about 0.9 cm™1!, as shown in Fig. 5.4 (b) (circle
points). The FWM signal intensity is suppressed when the frequency of the
coupling field is scanned across the resonance [see the solid lines in Fig.
5.3 (a), (b)]. Moreover, at the larger power of field kg or k5(Ag # 0), the AT
splitting of the DFWM (k1) signal that can be used for measuring the dipole
moment12 is observed during scanning the detuning A; [the solid line of
Fig. 5.4 (b)].

Next, let us consider the correlation between the atomic coherence and
the conversion efficiency of the NDFWM process k., with both k; and k|
blocked. Figure 5.4 (c¢) shows the NDFWM signal k., versus the power of the

coupling field k5. As one can see that the perturbation chains of the NDFWM
ional k(0 Zw2, ) @1 (2) w2 3) g 0 w1 (1) —wa o (2) wa
signal ky(pgg — pog — Pia — pio and pyg — pig — Pia —

p%)) correlate to the two-photon atomic coherence. As one can see in Fig.
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Fig. 5.4. (a) The power dependence of the singly-dressed (k5) DFWM (k1) signal
intensity with Az = 1.44 cm ™' ; (b) AT-splitting of the DFWM (k51 ) signal intensity
with EIT. I(7,A) with G5 = 1.89 cm ™' Ay = 1.44 cm™}; (c) Relation between the
calculated atomic coherence (solid curve) and the measured conversion efficiency
of the NDFWM signal (data points) under the power change of field k5 with Ay =
1.44 cm™".

5.4 (c¢), there exists a maximum for the calculated atomic coherence (solid
curve), which corresponds well to the maximum of the conversion efficiency
for the NDFWM signal (dot points). Such comparison indicates that the
atomic coherences play a significant role in the enhancements of the FWM
processes.

Now, we concentrate on the relation between the “inner-dressing” and
“outer-dressing” cases for the DFWM signal kg;. First, the dress fields ko
and k) (90 uW) are tuned to |0) — |1) transition (“inner-dressing” case). The
singly-dressed (k5) DFWM ks, is obtained (the data points in Fig. 5.5 (a),
with ko blocked). Then, the dress fields ko and k) are tuned to |0) — |2)
transition (“outer-dressing” case) with the same experimental conditions and
the experiment is repeated [the data points in Fig. 5.5 (b)]. We find that
the suppression in the “inner-dressing” case is smaller than in the “outer-
dressing” case.

We can analyze this in the dressed-state picture. The perturbed DFWM

process can be described by p{) <5 p{) =<4 ) 21, 5B (e the ground

level |0) is split into |+) and |—)). The energy-level splitting of the “inner-
dressing” case is smaller than the “outer-dressing” case [see Figs. 5.1 (c)
and 5.1 (d)]. From Eq. (5.1), the suppression or enhancement of the DEWM
signal is induced by the factor |G5|? in the denominator. In the experimental
system, only the effective dipole moment p can affect the magnitude of the
Rabi frequency, which causes the difference in dressing strength. There are
twelve degenerate transitions with different Clebseh-Gordan coefficients in
|0) — |1) due to Zeeman levels and eighteen in |0) — |2). Since we cannot
distinguish then in our experiment, we can only determine the effective (or
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Fig. 5.5. (a) and (b) Comparisons of the “inner-dressed” and the “outer-dressed”
DFWM signals (ks1) at 589.6 nm (|0) — |1) transition). The curves are fits to the
experimental data; (c) and (d) Comparisons of the “inner-dressed” and the “outer-
dressed” DFWM signals (ks1) at 589.0 nm (]0) — |2) transition). The points are
the experimental data and the solid lines are the theoretical results. (a) and (d)
G4 =1.27 cm™! with Ay = 1.44 cm™*; (b) and (c) G5 = 1.80 cm™".

macroscopic) dipole moments for these transitions.

In order to verify this idea, the coupling fields ki, k] and the probe field
ks (for generating the DFWM signal ks ) are tuned from |0) — [1) to |0) —|2)
transition. So, the roles of the “inner-dressing” and “outer-dressing” are ex-
changed. We repeated the experiment and obtained the results as shown in
Fig. 5.5 (¢), (d). In this case, the suppression effect for the “inner-dressing”
case should be larger than for the “outer-dressing” case. Comparing the re-
sults in Fig. 5.5 (¢), (d), the observations agree well with the theoretical
prediction.

In order to obtain agreements with the experimental spectra in Figs.
5.5 (¢) and 5.5 (d), the Rabi frequency of the dress field (G%) is adjusted un-
til the peak-to-peak value matches the experimental data. From such fitting
to the experimental data, the relative p values can be determined experimen-
tally from the fitted Rabi frequencies. From the above experiment, the dipole
moments are determined to be: pag = 2.99(24) x 10729C - m (for the |0) — |2)
transition) and p19 = 2.11(24) x 1072°C - m (for the |0) — |1) transition),
which agree well with their real values [14]. Such, this method can be used
to measure the unknown effective dipole moments of atoms and molecules.
Compared to the method used in Ref. [12], the FWM process is a coherence
phenomenon, and the generated signal is a coherent radiation and therefore
can be detected easily. More importantly, under the same experimental condi-
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tions in different energy level systems, the dressing effects strongly depend on
the dipole moments of the transitions, which provides an easy and qualitative
way to determine the effective dipole moments of different transitions.

5.2 Observation of Enhancement and Suppression of
Four-Wave Mixing Processes

In this section, the experimental studies of enhancement and suppression be-
tween two FWM processes in a multi-dressed ladder-type three-level atomic
system are described, as shown in Fig. 5.6 (a). The experimental data clearly
show the evolutions of the enhancement and suppression, from pure enhance-
ment to partial enhancement/suppression, and then to pure suppression at
resonance, which are in good agreement with theoretically calculated results.
There also exist interesting interplays between these two FWM processes due
to induced atomic coherence in this system. In addition, the power depen-
dences of enhancement and suppression are experimentally studied.
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Fig.5.6. (a) The diagram of relevant Na energy levels. (b) and (¢) The dressed-
state pictures of the suppression and enhancement of FWM FE; for the two-level
system, respectively. (d) The dressed-state picture of the suppression of FWM Ey,
for the ladder system.

The experiment is carried out involving three energy levels [Fig. 5.6 (a)].
The pulse laser beams are aligned spatially, as shown in Fig. 5.7. For the tran-
sition between [0)(35:/2) to [1)(3Py/2), the coupling laser beam FE1 (w1, k1,
and G1) together with E’(wq, k}, G}) having a small angle (0.3°) propagates
in the opposite direction of the weak probe field E3(wq, k3, G3). These three
laser beams are with the same frequency detuning A; = w9 — w1, where wig
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is the transition frequency between |0) and |1). The frequency components of
E; and E{(wi) in beam 1 and beam 2 induce a population grating between
states |0) to |1), which is probed by beam 3 (Es5) with the same frequency
w1. This interaction generates a degenerate-FWM (DFWM) signal E;q [Fig.
5.6 (a)] satisfying the phase-matching condition of ks = k3 + ki — k7. Then,
two additional coupling fields Fa(wa, k2, G2) and Fj(ws, k', GS) are applied
as scanning fields connecting the transition between |1) and a third level |2)
(4Ds3/5 5/2) with the same frequency detuning As(= w1 —ws). The laser field
Es is added onto beam 1 and E’s propagates in another plane (xz) perpen-
dicular to the yz plane with a small angle from Fj, as shown in the inset
of Fig. 5.7. 5 and E} are from another similar dye laser with its frequency
set at wy to dress the energy level |1) [Fig. 5.6 (b)]. The interaction between
E,,F), and E3 generates a non-DFWM (NDFWM) signal Eys satisfying
ko = k3 + ko — k' (for the subsystem [0) — |1) — |2)).

Computer

Fig.5.7. The scheme of the experiment. Inset gives the spatial alignments of the
incident beams.

If when Fi, E{, Es, F), and E5 are all turned on simultaneously, the
DFWM process Ey; and NDFWM process Eyy are generated simultaneously
and there exist interplays between these two FWM signals [13, 15]. In addi-
tion, both of these two generated FWM signals are in the same EIT window
formed by the ladder system (|0) — |1) — |2)) in the two-photon Doppler-free
configuration [2, 5]. These generated FWM signals have the same frequency
ws(= w1) and propagate in two directions (i.e., strictly counter-propagating
E{ and approximately counter-propagating Ej, respectively) detected by a
photomultiplier tube and a fast gated integrator (gate width of 200 ns), re-
spectively.

In order to better understand the experimental results, we calculate the
two interacting FWM processes. First, we consider the DEWM process Ef;
dressed (or perturbed) by the coupling laser beams Es, F) [Fig. 5.6 (c)]. There
are two transition paths for generating FWM, which are described by the
dressed perturbation chains [15—22]:

0) (E1)~ 1) (B)* 2) E 3
sy plly S ple) 2o )0, (5.2)
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0) (BN Vs E 2) E 3

o s ()T 2 ple) B o, (5.3)
0) E 1) (ED*  (2) E 3

sy 2 pily s p) 22 pQ), (5.4)
0) (BN s E 2) E 3

oo — (o) =5 oL = o, (5.5)

The solved expressions of the corresponding FWM processes are: pg?’) =

~Ga/(CoC}), pi” = =Ga/(ToC}), py” = =Ga/(TooCiCY), pt” = —Gla/
(C2Cy), and p<3> = —G4/(C1CFCy), where G4 = GiG1G3,Cy = di +
A1, Cy = T+ Ay + A5, Ay = [Gof*/dy, Ay = |Gaf* /(D2 + Tar)dy =
iAy + I'yg,do = i(AQ + Al) + Ty, G; = —/LiEi/h(i = 1,2,3) is the Rabi
frequency; I'1p,1'90 and T'gg are the transverse relaxation rates. The total
contribution is from the sum of the four chains:

3 3 3
Pk =08 + oy + p + o). (5.6)

Similarly, for the ladder-type three-level system [Fig. 5.6 (d)], the dressed

perturbation chain is: (e) poo B, pP+0 N P20 & p+o- The third-order
nonlinear process of the NDFWM Ey, can be described by

P pwar = —GG2Gs/[da(dy + Bs)?, (5.7)

where B3 = |G1|?/T'11. From Egs. (5.6) and (5.7), one can see that the two
FWM processes are closely connected by dressed effects. By adjusting the
frequency detuning A; and scanning the dressed field detuning Ay, many
interesting phenomena can be obtained.

We first set A; at one point and scan A,. Evolution from suppression
to enhancement is observed as shown in Fig. 5.8. The probe field is changed
from high to low frequency side. As frequency detuning goes from A; < 0
to zero, the DFWM signal Ef; is enhanced gradually to the maximum value
[right side of Fig. 5.8 (a)], which is an enhanced process. Then, it undergoes
a partial enhancement/suppression [Fig. 5.8 (b)], until the FWM signal is
purely suppressed at the resonant point [Fig. 5.9 (b) and the upper curves of
Fig. 5.9 (a)]. When A; changes to be positive, it shows a symmetric process
[i.e., a partial suppression/enhancement in Fig. 5.8 (¢), and a pure enhanced
process in the left side of Fig. 5.8 (a)]. In fact, we observed the evolution
figures of theoretical plots of suppression and enhancement showing in inset
of Fig. 5.8 (a), (d), (e). The probe field is changed from high frequency to low
frequency. As detuning parameter A; < 0 trends to zero, DFWM signal is
enhanced gradually to the maximum [inset of Fig. 5.8 (a)] and then experience
a half enhancement and half suppression, until purely suppressed at resonant
point [Fig. 5.8 (d)]. Then we have the detuning parameter A; > 0 which is a
symmetric process to above [Fig. 5.8 (e)].

One can explain these observed effects by using the dressed-state picture.
Let us first consider the case of large G2 (e.g., 15.7 GHz). The dressing field
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Fig.5.8. The evolution of the dressed effects for different A; values: (a) A1 =
—101 GHz (squares), —84.3 GHz (circles), —67 GHz (triangles), 71.3 GHz (reverse
triangles), 88.6 GHz (pentagons), 105 GHz (hexagons) from right to left. Inset:
theoretical plots corresponding to the experimental parameters. (b) A; = —30.3
GHz (squares), —21.6 GHz (triangles) and —13 GHz (circles) with (d) theoretical
plots. (¢) A1 = 29.3 GHz (squares), 38 GHz (triangles) and 42.2 GHz (circles) with
(e) theoretical plots.

couples the transition |2) to |1) and creates the dressed states |Got) [Fig.
5.5 (¢)]. Therefore, the DEFWM signal Ep for a large one-photon detuning is
extremely small when Go = 0, the strong dressing field can cause resonant
excitation for one of the dressed states if the condition wy +ws = wig+ (w21 £
Ag2) (ie., A1 + As £ Ago = 0) is satisfied [16], where Ags is the splitting
level relative to the original position of the state |1) by the dressing field Es
or B}, so that Ay = (G — A?)/A;. For example, the DFWM signal F
is strongly enhanced in the presence of dressing field when A; = —67 GHz
[Fig. 5.8 (a)], which is mainly due to the one-photon (|0) — |G2+)) resonance.
Thus, initially, Ay for Ef; is very large, so the dressed effect only gives the
enhancement. As A; goes towards zero, the suppression effect gets into play
gradually due to the dressed states |Go=£) [Fig. 5.5 (b)]. In this case, when
the frequency changes from high to low values it results in a suppression
for the DFWM signal first and then an enhancement. From the data, we
can deduce the condition for the suppressed-dip to be w1 + ws = wig + wor,
(i.e. Ay + Ay =0). At the Ay = 0 point (resonant case), only suppression
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effect exists [Fig. 5.5 (b)]. For the Ay > 0 part, it has a symmetric evolution
between the enhancement and suppression effects, as shown in Fig. 5.8 (c).

Next, an appropriate A; value is chosen at the position of either enhanced
or suppressed DEFWM process Ff; (i.e., the peak or dip in Fig. 5.8). The
dressing field F is applied to create the dressed state |Go=£). First, we set Ej 3
at a large detuning (A; = —55.8 GHz), which leads to the one-photon (|0) —
|G24)) resonance [Fig. 5.6 (c)] resulting in an enhanced DFWM Ep signal.
Under this condition, we measure the power dependence of the enhanced
DFWM process by scanning Ao [Fig. 5.9 (a)]. The enhancement effect gets
bigger and bigger as the dressing field power increases, until it saturates
at certain point, as shown in the inset of Fig. 5.9 (a). Figure 5.9 (b) shows
that there is a suppressed dip at the line center, which indicates that at
exact one-photon resonance (A; = 0), the DFWM signal intensity is greatly
suppressed when scanning the dressing field F across its resonance (Ag = 0).
As expected, the DFWM signal intensity decreases gradually as the coupling
intensity increases due to the dressed effect [the inset plot in Fig. 5.9 (b)],
which is well described by the theoretical curve (solid line).

1.5 =

Relative Intensity of DFWM signals

100 =100 -50 0 50
A(GNz) A (GNz)

(@ (®)

Fig.5.9. (a) Measured enhanced DFWM signal spectra for different coupling field
(E2) intensities, 17.4 uW (squares), 34.2 uW (circles) and 64.3 uW (triangles). In-
set: the experimental data and theoretical curve of the power dependence of the
enhanced FWM signal, E,1 Ay = —55.8 GHz. (b) Measured suppressed DFWM sig-
nal spectra for different coupling field (F3) intensities, 81.8 uW (squares), 72.7 uW
(circles) and 54.6 uW (triangles). Inset: the experimental data and theoretical curve
of the power dependence of the suppressed FWM signal, E,1A; = 0 GHz.

Finally, we concentrate on the interactions between these two FWM pro-
cesses. Figure 5.10 (a) shows mutual suppression, where the upper curves are
the DFWM signal Ef, while the lower curves are the NDFWM signal Fys.
Figure 5.10 (bl) depicts the relevant DFWM signal Ep and Fig. 5.10 (b2)
plots the NDFWM signal Eg. As shown in Fig. 5.10 (a), different suppressed
FWM signals can be seen by blocking different laser beams. The square points
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Fig. 5.10. Mutual suppression between the DFWM signal Ef; and the NDFWM
signal Ef. (a) Upper curves: pure-DFWM signal (squares), singly-dressed DFWM
signal (triangles), doubly-dressed DFWM (circles). Lower curves: pure-NDFWM
signal (squares), singly-dressed NDFWM signal (triangles), and doubly-dressed ND-
FWM signal (circles), A; = 0 GHz. (b) Interplays between (bl) DEFWM (E¢ ) and
(b2) NDFWM (E¢2) processes. The conditions are the same as in (a), Ay = —45.5
GHz. Adopted from Ref. [15].

are pure DFWM signal case. When the additional laser beam E; or E} is
turned on, suppressed DFWM signals are obtained (triangle points in up-
per curves). Using the same procedure, we obtain the suppressed NDFWM
signals (triangle points in lower curves) comparing to the pure NDFWM
signal [square points in lower group]. When all five laser beams are turned
on, the two FWM processes couple to each other with mutual suppressions,
as shown by the circle points both in upper and lower groups of curves in
Fig. 5.10 (a). Then, we set A; at a point with enhanced DFWM and ob-
tain a group of curves showing interplays between these two FWM processes,
where the DFWM signal Fy is enhanced while the NDFWM signal Efy is
suppressed by scanning A,. Similarly, comparing to the pure DFWM signal
Eg [square points in Fig. 5.10 (b1)], the dressed DFWM signal F; is en-
hanced by blocking different laser beams [triangle points and circle points in
Fig. 5.10 (b1)]. Other than the DFWM process, the NDFWM process [square
points in Fig. 5.10 (b2)] is suppressed by the coupling fields Ej, F} [triangle
points and circle points in Fig. 5.10 (b2)]. One can explain these observed
phenomena by using dressed-state picture [see Figs. 5.6 (¢) and 5.5 (d)]. For
DFWM signal F;, the one-photon (]0) — |G2+)) resonant condition is sat-
isfied in enhancing Ep in Fig. 5.6 (¢). At the same time, for the NDFWM
signal Ep in Fig. 5.6 (d), the state |1) is dressed by the coupling fields F;
and E}, and separated into the dressed states |G1=£), which always suppress
Ep1 due to destructive interference.
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5.3 Controlling Enhancement and Suppression of
Four-Wave Mixing via Polarized Light

Polarizations of the involved laser beams can play important roles in electro-
magnetically induced transparency (EIT) [23] and four-wave mixing (FWM)
processes [24, 25] when multi-Zeeman energy levels are involved in the atomic
systems [26, 27]. Several previous experimental and theoretical studies have
shown that EIT and FWM processes can be effectively controlled by selecting
different transitions among Zeeman sublevels via the polarization states of
the laser beams [23, 25, 26]. Also, additional dressing laser beams can modify
FWM efficiencies in multi-level atomic systems. In our previous experiments,
we have shown the enhancement and suppression of FWM by controlling the
dressing laser beams in the multi-level atomic systems [15].

In this section, we describe an experimental demonstration that the de-
generate FWM (DFWM) caused by two strong pumping beams and a weak
probe beam in a two-level Zeeman-degenerate atomic system can be modified
by the polarization states of the two pumping beams, and by an additional
dressing beam interacting with an adjacent atomic transition, as shown in
Fig. 5.11 (a). The DFWM process is enhanced or suppressed due to the com-
bined polarization and dressing effects. The polarizations of the pumping
beams select the transitions among different Zeeman levels, which usually
have different transition strengths [25], and the dressing beam determines the
effective frequency detunings of the probe beam from the multi-Zeeman lev-
els. The experimental observations clearly show the evolution of the DFWM
enhancement and suppression versus pump field polarizations.

5.3.1 Theoretical Model and Analysis

Three energy levels are shown in Fig. 5.11 (a). The pulse laser beams are spa-
tially aligned as shown in Fig. 5.11 (b). The pumping laser beams F; (w1, k1,
and Rabi frequency Gg ) and Ej(w1, k7, Gy 5) (having a small angle of

0.3°) are tuned to the transition |0)(3S;/2) to |1)(3P3/2), and E; propagates

in the opposite direction of the weak probe field Es(wi, ks, Gy ar), where
M denotes the magnetic quantum number of the lower state in transition.
This interaction generates a DEWM signal Ef [Fig. 5.11 (a)] satisfying the
phase-matching condition [11]: ky = ks + k1 — k.

Then, an additional dressing field Ea(ws, k2, Ga,ar) is applied to the tran-
sition between |1) and the third level |2)(4 D35 5/2) with a frequency detuning
Ay (= wa1—wa). Es is from another similar dye laser. Two quarter-wave plates
(QWP) are used for changing the polarizations of the pumping fields k1, k7.
The generated DFWM signal is split into two equal components by a 50%
beam splitter before detection, one is detected directly (denoted as I) and
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Fig.5.11. (a) Zeeman structure of the three-level ladder-type atomic system in
the experiment and various transition pathways in it. Solid line: dressing field
G4; Short-dashed lines: when the pumping fields are linearly-polarized, Gg, Gy,
long-dashed lines: when the pumping fields are circularly- polarized; dotted line:
the probe field G,. (b) The schematic diagram of the experiment. (c) and (d)
Schematic diagrams for suppression and enhancement of the DFWM in the dressed-
state picture.

the other is further decomposed into P and S polarized components by a
polarized beam splitter (PBS), which are denoted as Ip and Ig, respectively.

Figure 5.11(c) depicts the dressed-state picture with split 3P3/, Zeeman
sublevels, which corresponds to the DFWM suppression case when fields
ks, k1, Kk} are on resonance with transition [0) — |1). Figure 5.11 (d) shows
the enhancement case when these fields are tuned to near the dressed energy
level. For most cases in this work, only one QWP is used to modify the
polarization state of k1, so it can be decomposed into linearly- and circularly-
polarized components while all other fields are kept as linearly polarized [Fig.
5.11 (a)]. In fact, we assume P polarization direction as the quantization
axis and the component perpendicular to it (S polarization) is decomposed
into balanced left- and right-circularly-polarized parts, while the component
parallel to it (P polarization) keeps linearly polarized. Then the generated
FWM signals will also contain linearly and circularly polarized components
denoted as I, and Io, and they associate the detected intensities in the
P and S polarizations with the equations, namely the detected intensities
of Ip,Is and total intensity I7 in the real experiment can be written as:
Ip = Ipcos?a+ Ic/2,1s = Ipsin®a+ Ic/2 and Iy = Is + Ip = I, + I¢,
where « is the angle between the P-polarization and the direction of the
linearly-polarized signal. The transition pathways in the FWM generation
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can be described as following [3]:
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We take the transition passage [0_1/2) — [1_1/2) ——— [01/2) —
oy

111/2) -~ |0_1/2) for an example to explain the transition process. The

first step, is that a ground state particle [0_; /o) absorbs a coupling photon Gg

0
and transits to the dressed state [1_ /), expressed as [0_1/2) —= [1_1,2). In

*

the second step, the particle emits a coupling photon (G’ )* and transits to

O\

the dressed state |0y/5), expressed as |1_; /9 (;> 01/9) in the transition
/ / /

passage. Thirdly, the particle absorbs a probe photon Gg and transits to the

0
dressed state |11/2), expressed as [01/2) —> [11/2) in the transition passage.

The fourth step is, the particle stimulated transits back to state [0_; /o) and
GH)”
emits a pumping photon (G}")*, expressed as |11 /2) L 10_1/2)-

Since the CG coefficients may be different for different transitions between
Zeeman sublevels, the Rabi frequencies are different even with the same laser
field [25]. For example, considering CG coefficients values [28, 29], we can ob-
tain |G j[3/2| /|G il/2|2 = 3, which indicates that the circularly-polarized
DFWM signal is mainly dressed by Gdd:3/27 not by Gd¢1/2 And also from
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CG coefficients, we can obtain that [GY i3/2|2 =9|GY, il/2|2, which indicates

that the dressing effects in the circularly-polarized subsystems are far greater
than in the linearly-polarized subsystems.

Based on the discussion above, we can get the expressions for I; and
Ic. As Fig. 5.11 (a) shows, there are two linearly polarized subsystems

0
(|0ar) [1pr) (M = +£1/2)) which can generate linearly

Gg,]\/f’(Gg,]\/I)* ’Gg,]\/l
polarized DFWM, and is dressed by the linearly-polarized dressing transi-
tion with |Gg 1 /2|2. By simply substituting the corresponding dressing terms

into Eq. (5.11) of Ref. [21], we can obtain an expression of density-matrix
element which induces the FWM signal of linearly polarized component.
To simplify the expression, the symmetry of CG coefficients is considered,

namely |Gp(gd ul = |Gp(gd .| and |Gp(cd L= |G;(C’d)7M|. Moreover,
if Gg(ic D To(1,2),0(1,2), we can have the conditions of I'g(1 2)0(1,2) ~

Conr(1ar,20), OM(lM,gM) Consequently, the simplified expression is given by:
Pt = 2 \G a] GO (A +242)[1/(Ar 4+ A5)2 + 1/ (A2 4 T2+ |Gane* /As+
2As5 |GdM| /QAG)], Where A = ]./Foo + 1/P11,A2 = P21|GdM| /(A% + P21)7
Az = |Gam|” /(A1 + Ag) +To1], Ay = (A1 + A3)* + T3, A5 = —A1Ay —
A} 4+ T10l20, A = (A1 + Ag)? + T3, and A7 = iA; + T'y.

On the other hand, the circularly-polarized subsystems are more compli-

2
cated [21,25]. In addition, besides being dressed by ‘Gg il/Q‘ , they are also

2
dressed by ’GgAi3/2‘ . Also, by inserting the dressing terms into Eq. (5.13)

of Ref. [21] and under the same simplified conditions, we can obtain the ex-
pression of the density-matrix element which induces the FWM signal of the
circularly-polarized component as

p&) = —2B,/[Too(A7 + Ba)?] —

2
> 2By/[Moo(A7 + |G, | /As) (A7 +|GY,,., [ /As)],
M=+1/2
where Ag :1(A1+A2) + F207 B1 ng 1/2G;_ 1/2 (Gg 1/2) 5 B2 = |G(C)l,1/2 |2/A87
and Bz =iGY (GY )*G . Therefore, the intensities of the FWM in the P

pM gm gm
(3) |2 (3) |2

and S polarization directions are: Iy, o |p;’|* and I o |pi’|*, respectively.

5.3.2 Experimental Results

The suppression and enhancement of DFWM processes happen as the probe
field is set at different frequency detuning conditions. In Fig. 5.11 (a), the
pumping fields F; and E{ (with diameter of 0.8 mm and power of 3 W) and
the probe field E3 (with a diameter of 0.8 mm and power of 5 uW) are tuned
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to the line center (589.0 nm) of the lower |0) to |1) transition, which generate
the DFWM signal E at frequency wi by using one photon each from fields
Ey, Ef and E5. When Ay = 0 [Fig. 5.11 (¢)], the DFWM signal is suppressed
by the dressing field. For clearly understanding the influences of the incident
beams to suppression and enhancement of FWM processes, we investigate
the signals in P and S polarizations separately while the total intensity is the
sum of intensities of these two polarizations components, as shown in Fig.
5.12 (al) - (a3), (b1) — (b3). The background represents the signal strength of
the pure DFWM with no dressing field while the dips represent that the signal
was suppressed at different polarizations of the pumping beam. The dressing
field B (with a diameter of 1.1 mm and power of 100 uW) scans from 568.5
nm to 569.1 nm (a crossing the upper |1) to |2) transition) to dress the DEFWM
process. When A; gets large enough [as in Fig. 5.11 (d)], the DFWM signal is
enhanced by the dressing field, as shown in Fig. 5.13 (al)—(a3), (d1)—(d3).
When A; is set at a proper position which is not too far from the resonant
position, both suppression (dips lower than background) and enhancement
(peaks higher than background) can occur at the same time, as shown in
Fig. 5.13 (al)—(a3). The linewidths of the measured suppressed dips and
enhanced peaks of FWM spectra are about 20 GHz.

Let us first consider the experimental results of the DFWM suppression.
Figure 5.12 (al)—(a3) presents the DFWM spectra (with scanned dressing
field Ag) from 6 = 0 to = 90° per 5°, which is the polarization angle of the
pumping field F; The dips below the background represent the suppressed
DFWM by the dressing field. Figure 5.12 (b1) — (b3) present the -dependence
curves of the background, the minimum of the suppressed dips, and depth
of the suppressed dips (background minus minimum) in Fig. 5.12 (al)—(a3),
respectively. The dressing effect is clearly revealed by Fig. 5.12 (b3) which
shows that the suppression depths in P and S polarizations are both as-
cending as the QWP is rotated from 0 to 45°. This can be explained by
changing the DEFWM subsystems from linearly-polarized ones to circularly-
polarized ones, and then calculating the intensities Ip, s and Ir. In fact,
as Fig. 5.12 (al)—(a3) shows, DFWM signals are mainly generated in the
linearly-polarized subsystems which are dressed by G& +1/2 when k£ is lin-
early polarized (0 = 0). As QWP is rotated, the linearly-polarized transi-
tions gradually transform into circularly-polarized ones which then involve
the dressing transitions Gg,ﬂ/Q partly instead of Gg,i1/2' Consequently, the
dressing effect gets larger and the suppression dips become deeper as QWP is
rotated form 0 to 45°. Furthermore, the suppression condition (A; + Ay = 0)
for DEFWM in all the subsystems is uniform because it contains no term relat-
ing to the Zeeman structure, which results in the similar dependence curves
for S and P polarizations, as well as the total intensity, as shown in Fig. 5.12
(al)—(a3).

Figure 5.12 (bl) presents the polarization dependence of the background
as well as the pure DEFWM. The shapes of the curves for the P & S polar-
izations and the total intensity basically follow the well-expected classical
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polarization spectroscopy [17, 18]. Figure 5.12 (b2) shows the polarization
dependence of the dressed DFWM signal peak values, which include the pure
DFWM and the suppression dips.
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Fig.5.12. The polarization dependence of the suppressed DFWM signals. (al)—
(a3) variations of I, Ip and Is (by scanning As) versus rotation angle 6 (0°-90°
per 5°), respectively. (b1)—(b3) Dependence curves of the background, minimums
of the dips, and suppression depths for I+ (squares), Ip (circles) and Is (triangles)
and, respectively. The solid curves in (b1)—(b3) are the corresponding theory results.
Ay = 0. Adopted from Ref. [28].

For DFWM enhancement when kg, k1, k] are far detuned [Fig. 5.11 (d)],
as shown in Figs. 5.13 and 5.14, the polarization dependence of the enhanced
peak heights (maximum minus background) for the S polarization is different
[Fig. 5.13 (b3) triangle points]: it descends as QWP is rotated from 0 to 45°.
Comparing expressions of I, and I above, we can see that at far detuning
condition for ks, k1, k}, the polarization variation of ki enlarges «. It means
that S polarized components projecting from linearly polarized FWM are in-
creasing while P polarization components are decreasing gradually as rotating
QWP. Consequently, the dressing efficiency of the S polarization is relatively
reduced as compared with the condition when k; is linearly polarized. On
the other side, the P polarization component is relatively enhanced.

As discussed above, the dressing field Rabi frequencies for different Zee-
man sublevels may be different (e.g., |GY 130> = 9|GY 1, »|*), which will

induce different splitting distances for different sublevels. The exact expres-

sion of the split sublevel positions are dp = (Ag + \/A% +4|Ganml?)/2.
The enhanced peaks appear when the splitting sublevels are on resonance
with the generating fields G, Gf, and the probe field G,. This then sat-
isfies the enhancement condition A; 4 dpr = 0 [16]. Combining it with
o = (Ag £ \/A% +4|Gan)?)/2, we can obtain the positions of the en-
hanced peaks in the plotted figure: Oy = (A% — |G3}M|2)/A1. There should
be two distinct enhanced peaks O43/5 and O44/9, which are covered in the
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Fig. 5.13. The polarization dependence of the DFWM enhancement versus 6. (al) —
(a3) and (bl)—(b3) DFWM enhancement with conditions parallel to Fig. 5.12 ex-
cept at Ay = —67 GHz. (c) Ip with scanning A, for § = 0 (squares), 45° (circles)
and 90° (triangles), when A; = 67 GHz.
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Fig. 5.14. The polarization dependence of the DFWM enhancement versus 6. (al) —
(a3) and (bl)—(b3) are for Ir,Ip and Is polarization dependences, respectively,

when both polarizations of the k; and k} beams are rotated simultaneously, with
A1 = —67 GHz.

wide power-broadened profile. However, when k; is linearly (§ = 0) and
circularly (6 = 45°) polarized, the enhanced peaks are primarily created
by M = £1/2 and M = +3/2 which are at Oy, and Oi3/2, respec-
tively, as shown in Fig. 5.13 (c¢). By using Oj expression and the CG coef-
ficients, we can calculate the shift distance between the enhanced peaks as
A =03/,-01/5 = (|G2}3/2|2 — |G271/2|2)/A1 ~ 8.8 GHz. The measured shift
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distance between the enhanced peaks in Fig. 5.13 (c) is about 7.5 GHz.

When two QWPs are used to change the polarizations of the k; and k
beams simultaneously, as shown in Fig. 5.14 (al—a3) and Fig. 5.14 (b1 -Db3).
The variation period is reduced to half of the case with changing k; only.
Also, the enhancement peak gets close to 0 at about 6 = 22.5°.

Finally, the frequency detuning of ks, ki, k] is set at an intermediate
position (about 30 GHz, smaller than the value in the enhancement case), half
enhancement and half suppression appear when the frequency of the dressing
field is scanned [11], which is also modified by the polarization variation of
k1, as shown in Fig. 5.15. The variation rules also follow the ones discussed
above: the background obeys traditional laws [17, 18], the dependences of
the suppression and enhancement curves on the polarization are similar to
the results in suppression (Fig. 5.12) and enhancement (Figs. 5.13 and 5.14)
parts, respectively.
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Fig. 5.15. Polarization dependence of DFWM versus the rotation angle 6. (al)—
(a3) Half enhancement and half suppression with the condition parallel to Fig. 5.12
(al-a3) except A1 = —30 GHz. (bl) and (b2) dependences of the minimum and
maximum of each part on 6, (b3) depths of the suppressed dips and (b4) heights
of the enhanced peak for It (squares), Ip (circles) and Is (triangles), respectively.
(c) Ip as scanning A, for 0° (squares), 45° (circles) and 90° (triangles).

5.4 Enhancing and Suppressing Four-Wave Mixing in
Electroma-Genetically Induce Transparency Window

The electromagnetically induce transparency (EIT) [1, 23] can reduce linear
absorption of a probe beam with strong “coupling beams” resonant with
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the up-level transition. The generated four-wave-mixing (FWM) and six-
wave-mixing in four-level atomic system can coexist in two ladder-type EIT
windows. [22] Recently, the competition between two coexisting FWMs via
atomic coherence is studied, and the FWM can be selectively suppressed.
[11] On the other hand, when EIT and FWM processes are modulated by the
different polarization of the strong coupling fields, it has been demonstrated
that selective transitions among polarization dark states of degenerate Zee-
man sublevels can be obtain.

In this section, we show the enhancement and suppression of the FWM
signal are demonstrated in EIT window for different probe beam detuning
and polarizations in the Y-type 8°Rb atomic system. The generated FWM
signal can be selectively enhanced and suppressed via an EIT window.

The laser beams are aligned spatially as shown in Fig. 5.16 (a). A weak
probe beam FEj (w1, k1 and frequency detuning A1) is modulated by a quarter
wave plate (QWP) and propagates through the atomic medium, and two
pump beams Fs(wq, ks and Ay) and Fj(we, ky and As) propagate in the
opposite direction with small angle (0.3°) between them to generate one
FWM signal beam Er with phase matching condition kr = ki + ko — kj. At
the same time, the strong dressing laser beam Fs5(ws, ks and Ag) propagates
in the same direction as beam Fs to influence on this FWM signal. Here we
define detuning A; = w; — ;. For a simple four-level Y-type atomic system,
as shown in Fig. Fig. 5.16 (b), E2 and Ej drive the upper transition |1) to
|2) and E3 drives the transition |1) to |3). The laser Fj probes the lower
transition |0) to |1).

In a ®Rb vapor cell, the energy levels 55 /2 (F = 3),5P35(F = 3),5D3 5
and 5D5/9(F = 2,3,4) form such Y-type system. The four laser beams are
aligned spatially as in Fig. 5.16 (a). The probe laser beam F; with wavelength
of 12821 em™! is from an external cavity diode laser (ECDL) of Co. Toptica
Photonics AG, connecting transition 55 /5 — 5P;/5. It has a power of 3 mW
(corresponding to Rabi frequency G = 0.0025 cm~1). The other laser beams
Es, By (wavelength of 12887 cm ™, connecting transition 5Ps /5 — 5D59) are
from the second ECDL split with equal power of 16 mW corresponding to
Gy = G4 = 0.0075 cm~! and E3 (wavelength of 12884 cm™!, connecting
transition 5P3/5 — 5D3,5) are from the third ECDL with power of 108 mW
corresponding to Gz = 0.0509 cm~!. The generated FWM signal Ip in the
direction kr emerging from the “P” polarization direction and the trans-
mitted probe beam are detected by an avalanche photodiode detector and
a photodiode, respectively. In Fig. 5.17 (a), the up-curve is the probe trans-
mission with EIT windows [12] and the down-curve is the measured FWM
signal. The up-curve gives four apparent spectra lines. From the left to right,
there are four absorption dips corresponding to hyperfine-level transitions
from 87Rb |5S1/2,F = 2> to |5P3/2,F/ = 1,2,3>,87Rb |5S1/2,F = 3> to
5P 5, F = 2,3,4),% Rb |58 /5, F = 2) to [5P3/5, F' = 1,2,3), and from
8TRb [5S1/2, F = 1) to |5Py/0, F' = 0,1,2), respectively. In the down-curve
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Fig.5.16. (a) The schematic diagram of the experiment. D denotes the photodiode,
APD denotes the avalanche diode detector and PBS denotes the polarized beam
splitter. Inset: the spatial alignment of the laser beams. (b1) Relevant 8°Rb energy
levels and (b2) the corresponding Zeeman sublevels with various transition path-
ways. Solid line: dressing field E's; Linearly (dot lines, ¢ = 0), left (dash-dot lines,
g = —1) and right (dash lines, ¢ = +1) circularly polarized probe fields; Long-dash
lines: the pump fields F> and Ej.

of Fig. 5.17(a), there are two peaks on the absorption dips in the up-curve.
The right one of the two peaks is EIT window created by the pump fields Eo
and EY in system |0) — |1) — |2), which satisfies the condition A; + Ay =0
and corresponds to double-peak FWM signal. While the left one is created
by the dressing field E5 in system |0) — |1) — |3) and satisfies condition
A1 + Az = 0. Also, each peak of the pure FWM signal corresponding to
the right |0) —|1) —|2) EIT window is split into two peaks due to the dressing
effect of Fy and E}.

With the dressing field E3, the suppression peak satisfies the condition
A; + Az = 0 and the enhancement condition is A; + Ag + Gs = 0 [15, 16].
Figures 5.17 (b1) — (b3) present evolution of the FWM signal intensity versus
the probe field detuning A, for different A values. In Figs. 5.17 (b1) —(b3),
the up-curve is the probe transmission with two ladder-type EIT windows,
and the down-curve is the measured FWM signal. With E3 dressing, the

. ..o G Gs (2) (Go)x (3)
perturbation chain is poy — pgiig — Pg —— P+ (11, 22| and
the modified third-order nonlinear susceptibility is pi%) = g/da[d + G3%/ds)?,
where di = iA1 + ', dy = i(Al + Az) + I'yg,ds = i(Al + A3) + T30, 9 =
—iG1G2G'5. In Fig. 5.17 (b1), the left [0) — |1) — |2) (satisfying A + Ay = 0)
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Fig.5.17. (a) The probe beam transmission with two EIT windows versus the
probe detuning A; and the corresponding measured FWM signals. (b1) — (b3) Mea-
sured double-peak FWM signal and the corresponding EIT window induced by the
dressing field E3 versus A; for Ay = 0, Az = —0.0027 cm™* (b1), Az = 0 (b2),
Az = 0.0023 cm™' (b3). (c) The enhanced and suppressed FWM signal (down
curves) and the corresponding EIT windows (up curves) versus As for different Ay
increasing from A; = —0.002 em™! to 0.002 ecm™! with the step of 0.0004 em™ !,
The dash curve is the double-peak FWM signal versus A;. The insert is a zoom
onto curve 4.

EIT window created by the pump fields Es and E), corresponds to the double-
peak FWM signal and the right one is |0) — |1) — |3) (satisfying Ay + A3 = 0)
EIT window created by the dressing field E3. This right EIT window moves
to left when the dressing field detuning Ags gets larger. In Fig. 5.17 (b2,
b3), we can see that when two EIT windows get close and overlap, due
to satisfying the enhancement or suppression condition, the right peak of
FWM is suppressed and separated into two-peaks while the left FWM peak
is enhanced, then the left peak of FWM is suppressed and separated into
two-peaks while the right FWM peak is enhanced.

In Fig. 5.17 (¢) we experimentally study the enhancement and suppression
of FWM spectra versus the dressing field detuning Ag for different probe
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detuning A;. The up-curves in Fig. 5.17 (¢) are the probe transmission versus
Ags. The down-curves are the enhancement and suppression of FWM signals.
The constant background (two sides of down-curves) represents the signal
intensity of the FWM without dressing field, the dips lower than background
(we call them as suppression peaks, e.g., the curves 2-6) and the peaks higher
than background (enhancement peaks, e.g., the peaks of curves 1 and 7)
represent the FWM signal is suppressed and enhanced, respectively. The
dashed curve in Fig. 5.17 (c) is the profile of the double-peak FWM signal
versus Aj.

Specifically, we can see that all the curves in Fig. 5.17 (c) almost show
axial symmetric evolution behavior by A; = 0. Specifically, in the Ay < 0
region, with A; increasing, the FWM signals change from all-enhanced to
half-suppressed and half-enhanced, and finally all-suppressed around reso-
nant point. By contrast, in the A; > 0 region, the FWM signals change
oppositely. Moreover, we find that the FWM signals show left enhancement
and right suppression shapes in half-suppression and half-enhancement re-
gion (from A; = —0.00067 cm~! to —0.0017 cm™1!), but left suppression and
right enhancement in A; > 0 region.

There exist typical structure of two enhancement and two suppression
peaks in the FWM spectra versus As [e.g., curves 2 and 6 in Fig. 5.17 (¢)]
which are resulted from the modification of the double-peak FWM signal.
Moreover, the dressing field F3 and the pump field Fs interact with each
other strongly in all-enhancement [19] and all-suppression region, and create
triple-peaks of the enhancement (curves 1 and 7) and suppression (curves
3-5) spectra. In the insert of Fig. 5.17 (c), two left suppression peaks might
be induced by the sequential-cascade double dressing effect [20] of F3 and
E5 described by the perturbation chain p(()%) o, pggz £G34)0 Gz, pé%) (G,

pg’s) 1o and the modified third-order nonlinear susceptibility. By solving the

following coupled equations: Op19/0t = —d1p10 +1G5p20 +1GEpso0, Op2o /0t =
—dapao + 1G2p10, and Opso/0t = —dspso + 1G3p10 with weak probe field, we
can finally obtain p\3) = g/[da(dy + |Ga|* /do + |Gs|* /ds)(dy + |Gs|* /ds)].

Similarly, we can consider the probe transmission versus Asz. The height
of up-curve represents the transparent degree of probe field F; in Fig. 5.17
(¢c). When the pump field F3 is blocked, the pure E3 EIT (]0) —|1) —|3)) peak
is higher at A; = 0 than that at large detuning |A;|. However, with Es on,
since the Fs field destroys the E3 EIT condition when A; = —Az = —As = 0,
we can see the F3 EIT peak is strongly suppressed at Ay = 0 in Fig. 5.17
(c).

We have shown the enhancement and suppression of the FWM signal in
EIT window for different probe beam detuning above. Next we will consider
the influence of different probe laser polarization configurations on the en-
hancement and suppression of the FWM spectra. We use one QWP with a
rotation angle 6 to change F polarization state to decompose it into linearly-
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or circularly-polarized components. Thus the Zeeman sublevels in Fig. 5.16
(b2) need be considered in the FWM process. Figure 5.18 (a), (b) arranges
the FWM spectra when scanning the dressing field from 6 = 0° ~ 90° with
the variation step of 5° when A; = 0.000 723 cm~! and A; = 0.002 3 cm ™1,
respectively. The background represents the signal intensity of the FWM with
no dressing field while the dips and the peaks represent that the signal was
suppressed or enhanced, respectively.

r Y W,
“\lwmﬂ.’ﬁ‘\‘fw\qu'\lj "‘h’\.‘i 'fﬁ\'! t VIP‘\JM\{\}”\V"’\“’W'P

0.15
(2)

0.00
0.10

Cob A

Al MU LM
AL N e LA S B (V)
S b UL AN
o S N e

0.05 - - - - . . . .
0 10 20 30 40 50 60 70 80 90

0 (degree)
0.15 0o0 0.1 5

FWM Signal Intensity/Arbitr.Units

0004 45 90 0'00 45 90" 25 20 -1.5
0 /degree 6 /degree As1073 X em!
(©) (d (e)
Fig.5.18. The polarization dependence of (a) the suppression (with A; =
0.00072 cm™*) and (b) the enhancement (with Ay = 0.002 3 cm™') of FWM signal
Ip (by scanning Ags) versus rotation angle 6 (increases from 0° to 90° with the
variation step of 5°) at Az = 0. Variation of the (¢, d) background (square), (c)
minimums of the suppression peaks (circle) and suppression depths (triangle), (d)
maximums of the peaks (circle) and enhanced height (triangle) of the dependence
curves. The solid curves in (c) are the corresponding theory results. (e) Normalized
Ip versus Ag for § = 0° (square), 45° (circle), and 90° (triangle).

Square points in Fig. 5.18 (¢) show the variation of the FWM with no
dressing fields [background in Fig. 5.18 (a)] which accord with the classical
polarization spectroscopy (sinusoidal law). [17, 18] Triangle points gives the
dependence of the max depth of suppression peaks versus 6, which denotes
that the dressing strength is increasing as changing F4 from linearly to cir-
cularly polarized state. It is because the polarization variation transforms
the energy distribution among various transition paths, for example, linearly
polarized transitions to circular ones. Since different FWM transition paths
are dressed by different transition dressing fields, the total dressing strength
is generally different [Fig. 5.16 (b2)]. The FWM transition paths and their
expressions for linearly and circularly polarized sub-systems in Fig. 5.16 (b2)
can be written as

G4 ’
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q _ 2 2
p1M+q0M = E : gM+q/d2]VI+q (d1M+q + G3M+q/d3M+q) ;
M=—3,-2...3
— : * q — 3 —
where gyryq = —1G2M+4G2M+4G1M+q, dlMJrq = iA; + P1M+40M,d2M+q =

I(Al + AQ) + F2M+q0M7d3M+q = 1(A1 + Ag) + 1131\/1_*_(10]%7 and q = 0, +1. The
theoretical curves are fit well with the experimentally measured results [Fig.
5.18 (¢)].

Triangle points in Fig. 5.18 (d) give the dependence of the max height
of enhancement peaks versus #, which denotes that the dressing strength is
decreasing as change F; from linearly to circularly polarized state. We can
see that the variation is fairly stable as rotating QWP compared with Fig.
5.18 (c¢). It discloses that the far detuning condition homogenizes the differ-
ence of the transition strengths induced by the CG coefficients [28]. Square
points show the variation of the FWM with no dressing fields [background
in Fig. 5.18 (b)] which accord with the traditional polarization rules [17, 18].
Moreover, the enhancement peaks are shifting as rotating QWP. The shift
distance dA between the enhancement peaks is about 5 MHz, as shown in
Fig 5.18 (e). It is because that the enhancement conditions are different for
different Zeeman sublevels (Ay + Ag + G3 ar = 0).

When the frequencies of the probe field set at a proper position (A;
0.001 81 em™1!) which is not too far from the resonant position, both sup-
pression and enhancement appear simultaneously, as shown in Fig. 5.19 (a).
The polarization rules for suppression [Fig. 5.19 (b)] and enhancement Fig.
5.19 (c) are both similar to the above results when they appear singly (Fig.
5.18). Also, the positions of the enhanced peaks are shifting with rotating
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Fig.5.19. (a) The polarization dependence of the FWM signal Ip (by scanning
Ag) versus rotation angle 6 ( increases from 0° to 90° with the variation step
of 5°). (b) and (c) Variation of the background (square), (b) minimums of the
suppression peaks (circle) and suppressed depth (triangle), (¢) maximums of the
peaks (circle) and enhanced height (triangle) of the dependence curves. (d) Ip
versus Ag for 8 = 0° (square), 45° (circle), and 90° (triangle). The other parameters
are Ay = 0.0018 cm™", Az = 0. Adopted from Ref. [29)].
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QWP, as shown in Fig. 5.19 (d). More importantly, we find that in Fig.
5.19 (a) the enhanced triple-peaks transform into two enhancement and two
suppression peaks as 6 changes from 0° to 45°. It results from the frequency
shift dA [Fig. 5.19 (d)] due to the different polarization states (i.e., the en-
hancement condition Ay + Az + (G5 + 0A) = 0).
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6 Multi-Wave Mixing Processes in Multi-level
Atomic System

Since real atomic systems have multiple Zeeman sublevels, one can use po-
larization states of the coupled laser beams to modulate the strength of the
multi-wave mixing processes. By manipulating the dark-state or electromag-
netically induced transparency (EIT) windows with the polarization states of
the laser beams, the multi-wave mixing (MWM) processes can be modified
and controlled. Such studies of controllable intermixing between different-
order nonlinear optical processes with phase or polarization states of the
laver beams can be very important in high-precision measurements, cohere-
nt quantum control, and quantum information processing. In the following,
some examples of phase or polarization controlled multi-wave mixing pro-
cesses in multi-level atomic systems will be described. The degenerate Zeeman
sublevels and their dressed-state effects are responsible for these observed
phenomena. The relative intensities and polarization characteristics of four-
wave mixing (FWM) signals in different laser polarization configurations and
different level systems are experimentally investigated and compared. Also
the results are theoretically explained by different transition path combina-
tions. In the dressed-FWM processes, the dependence of dressing effect on
the incident field’s polarization is shown. The FWM signal generated by a
linearly-polarized pumping field is suppressed more by the dressing field than
the one generated by a circularly-polarized pumping field. However, an oppo-
site effect was observed when the probe field’s polarization is changed. The
multi-dressing mechanisms are used to explain these effects. In addition, the
interference and polarization dependence of the coexisting FWM signals in
the same atomic system are discussed. Polarizable dark states are used to
describe the multi-level dressed states. The dually-dressed EIT and multi-
dressed FWM and SWM processes with Zeeman sublevels are also presented
theoretically. Such studies of intermixing between different order nonlinear
optical processes with controllable phase delay can have important applica-
tions in high-precision measurements, coherence quantum control, and quan-
tum information processing.
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6.1 Modulating Multi-Wave Mixing Processes via
Polarizable Dark States

The generated MWM signals in multi-level systems can transmit through
resonant atomic medium with little absorption under the EIT conditions [1,
2]. Enhanced MWM processes due to laser-induced atomic coherence have
been experimentally demonstrated in several multi-level atomic systems [3—
5]. Interesting effects, such as quantum destructive interference in inelastic
two-wave mixing [6], phase-controlled light switching at the low light level
[7], entangled images in the probe and signal beams in the FWM process (8],
and generation of correlated photon pairs [9, 10], have been experimentally
studied in various coherently-prepared multi-level atomic systems. When a
strong light field interacts with an atomic transition, the light-atom system
can be considered as coupled harmonic oscillators with split normal modes,
called dressed states. When more than one light field interacts with the same
or connected atomic transitions, multi-dressed states can be formed [11].
Recently, interplay among multi-dressed FWM processes [12], competition
via atomic coherence in a four-level atomic system with two co-existing FWM
processes [13] and destructive/constructive interferences in a two-level atomic
system [9] were studied. In recent years, many schemes have been developed
to enhance higher-order nonlinear wave-mixing processes. More importantly,
with induced atomic coherence and interference, the higher-order processes
can become comparable or even greater in amplitude than the lower order
wave-mixing processes [14].

In this section, combined theoretical and experimental studies on the
polarization dependence of MWM processes and EIT profile are presented,
using rubidium atoms as the nonlinear medium. The results obtained for
the intensities of the MWM signals as a function of the polarization of the
incident laser beams are shown. The relations between the high-order (e.g.,
third- and fifth-order) nonlinear susceptibilities and the polarizations of the
incident beams are shown. To explain the observed EIT profiles and different
rules for MWM signal peaks with different incident beam polarizations, the
degenerate Zeeman sublevels and their dressed effects are taken into account.
The changes in the spectrum of the MWM processes can be attributed to
the modulation in the probe field variation. Theoretically, calculation that
takes into account all the 16 relevant Zeeman sublevels in the reversed-Y
(RY) system and in good agreements with experimentally measured data is
also presented.

The relevant experimental energy-level diagram is shown in Fig. 6.1. Four
energy levels from the 3"Rb atoms are involved in the experimental schemes
used in this work. The laser beams are spatially aligned as shown in Fig. 6.2.
In Fig. 6.1, energy levels E(0) (557 /2, F' = 2), [1) (5P5,9, F' = 2), 2) (5D35,
F" =1) and |3) (55;/2, ' = 1) form the RY-type four-level atomic system.
Strong coupling laser beam Es (wa, k2, and Rabi frequency G2) together with
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E} (wq, kb, and Rabi frequency G%) with small angle (0.5°) and the same
frequency detuning Ay (= wa1 —w2), connecting the transition between |1) to
|2), propagate in the opposite direction of the weak probe beam F; (w1, k1,
and Rabi frequency G1), which has the frequency detuning Ay (= wig — w1)
and connects the transition between |0) to |1), as shown in the inset of Fig.
6.2. Two additional coupling beams E3 (ws, ks, and Rabi frequency G3) and
Es3 (w3, k%, and Rabi frequency G%), with the same frequency detuning A
(= wi3 — ws3) connecting the transition between |3) to |1), also propagate
in the opposite direction of the weak probe beam FE; (Fig. 6.2) with small
angles. When all five laser beams (E1, Es, F}, E3, and Ej) are turned on
simultaneously, only one ladder-type EIT subsystem will form due to the
two-photon Doppler-free configuration [1] and an EIT window opens, whose
position in the frequency domain depends on the frequency detuning of the
wy laser beams. Meanwhile, there will be co-existing MWM processes that
generate signal beams at frequency wys (wp = wi) in such a multi-level
system. First, without the coupling beams F3 and Ej, one pure FWM Ep
process will be generated in the ladder system (]0) — |1) — |2)) satisfying
the phase-matching condition of kr = ki + ko — kb. The signal emerging
from the “P” polarization direction is detected by an avalanche photodiode
detector (APD). Second, when all beams (except with EY blocked) are turned
on, the strong coupling beam FEs will dress the energy level [1) to create
the dressed states |[4+) and |—). In such a case, there exist a dressed FWM
process ki = ki1 + ks — kf and a coexisting SWM process, in which two
photons from FEs and one photon each from FEj, Fjs, and E} participate
in the SWM process to generate Fg with the phase-matching condition of
kszkl—ﬁ-kz—kg—f—kg—ké.
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Fig. 6.1. The energy level diagram of relevant 3’Rb energy levels.

Although only four energy levels are explicitly shown in Fig. 6.1, there are
Zeeman sublevels for each of these energy levels. There are multiple quan-
tum paths for each step of the nonlinear optical processes. The probability
amplitudes for these paths depend on the Clebsch-Gordan coefficients, which
are intimately related to the polarizations of the input laser beams. There-
fore, one can easily manipulate the contributions of the interference terms to
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Fig. 6.2. The schematic diagram of the experiment. D denotes the photodiode and
APD denotes the avalanche diode detector; PBS denotes the polarized beam splitter
and WP denotes the wave plate. Inset: the spatial alignment of the laser beams.

MWM signals by controlling the polarizations of the input laser beams.

To quantitatively investigate the polarization dependence of MWM sig-
nals, a theoretical model is developed to treat the polarization-dependent
nonlinear processes. The observed MWM signal intensities in the experiments
are proportional to the square of the polarizations induced in Rb vapor at
frequency wy. First, for the FWM signal Er (by blocking laser beams Fj
and E%), the nonlinear atomic polarization P(®)(w;) along the i(i = x,y)
direction, from first-order perturbation theory, is given by [15]

PP (wr) = g0 Y xS (@1) By (w2) B (w2), (6.1)
ki

where the third-order susceptibility contains the microscopic information
about the atomic system. The susceptibility of the nonlinear tensor XE?,)CZ (wrs;
w1, —wa,ws) is also related to the polarization components of the incident
and generated fields. For an isotropic medium, as in the rubidium vapor,
only four elements are not zero, and they are related to each other by
Xzaze = Xzwyy + Xyzaey + Xyeye- According to the experimental arrangement,
it is assumed that the coupling beams Fs, F), F3, and E} have fixed polari-
zation along the y-axis (S polarization), while the probe beam E; can have
polarization in any direction in the XY plane. In this case, the polarization
of the generated FWM signal beam Er will have two components, i.e., P and
S polarizations,

P®) (w1) = eoxa | E2|?| Erl,
)

P w1) = eoxy|EB2|?| B, (6.2)

where X, and x, are the effective susceptibilities. If there is a half-wave plate
placed on the path of the probe beam E, then

X;(f) = Xayya COS 20,

X§/3) = Xyyyy Sin 26. (6.3)
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For a quarter-wave plate in the probe beam,
X = Xawaa \/ sin® ¢ + cos? ¢,

X = wa\/ 2 [sin ¢ cos | (6.4)

Here 6 and ¢ are the rotated angles of the half-wave plate and quarter-wave
plate, respectively, relative to the X-axis.

Similarly, for the generated SWM signal Es (when blocking the coupling
laser beam E}), the fifth-order nonlinear polarization P®)(w;) along the i(i =
x,y) direction is then given by

POW) =0 > X nBri(@1) By (w2) Bat (w02) By, (w3) Esn (w3), (6.5
Jklmn

where XE?,llmn is the fifth-order nonlinear susceptibility. For an isotropic

medium, as in the Rb vapor, there are sixteen nonzero components and only
fifteen of them are independent because they are related to each other by

Xzzyyzr T Xzzyzyr T Xezyzzy T Xezzyzy + Xezzzyy- (66)

Under the same condition as mentioned above for the FWM case, the

generated SWM polarization will have two components, parallel and perpen-

dicular to the beam’s polarization,

PO (w1) = eoxa| Ba|*| B3| Enl,

) (w1) = coxy | Bl | Ba’ | Eul. (6.7)

According to the experimental arrangement, it is assumed that the probe

field can have linear polarization in any direction in the XY plane deter-

mined by the wave-plate, while the other coupling fields have fixed polari-

zation along the same Y-axis (S polarization). In this case, the polarization

of the generated SWM signal beam will have two components, i.e., parallel

and perpendicular to the coupling beams’ polarization. For a half-wave plate

placed in front of the probe beam, the polarizations of the SWM signal beam
become

Xz = Xazyyyyx COS 20,

Xy = Xyyyyyy Sin 20. (6.8)

In addition, for a quarter-wave plate, these fifth-order nonlinear suscep-
tibility components are

Xz = Xzyyyyx \/Sin4 ¢ + cost ¢,

Xy = nyyyyy\/2 |sin ¢ cos ¢|2~ (6.9)
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In the experimental (Fig. 6.2), a half-wave plate is used to horizontally
polarize the probe beam (P polarization). Then the beam passes through a
half-wave plate (or a quarter-wave plate) that is rotated by an angle 6 (or ¢)
before going into the 8"Rb atomic vapor cell. By blocking different incident
beams, the probe beam and the generated FWM signal (or SWM signal) [13]
both pass through a polarized beam splitter (PBS) before being detected.
The detector D receives the P polarization component of the transmitted
probe beam, Ej(wi), whereas the APD receives the horizontally polarized
component of the generated MWM signal Ens(way).

The experiment is done with hot 8"Rb atoms by three external cavity
diode lasers (ECDL) and linewidths of less than or equal to 1 MHz. Each
output power is as follow: 0.7 mW of probe field Fy; 65 mW of coupling
beams Fs, F}, and 15 mW of coupling laser beams FE3, E%. The cell whose
length is 5 cm is heated up to 60°C and the density is 2.5 x 10! cm™3.

Figure 6.3 shows the EIT spectra (lower curves) and the SWM spectra
(upper curves) of the 8"Rb atoms, by blocking laser beam E}, for probe field
with different polarizations rotated by a half-wave plate. The coupling beams
are linearly polarized in the S polarizations direction and the probe beam is
linearly polarized in the P polarization direction initially (defined as § = 0°).

As shown in Fig. 6.3, various polarized configurations of the coupling and
probe beams, by rotating the half-wave plate, result in the quite different
spectra. The absorption curve of the probe beam changes from EIT to a
dispersion-like curve, and then back to EIT again while the polarization of the
input probe beam changes one period. Meanwhile, the rules of the two SWM
signal peaks change quite differently. These observed experimental results
reveal that the degenerate Zeeman sublevels [16, 17] and the dressed-state
effects play crucial roles in the EIT and SWM spectra.
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Fig. 6.3. The polarization dependence of the transmitted probe and SWM signal
beams versus the rotating angle of the half-wave plate. (al—a6) EIT (lower curves)
and SWM (upper curves) spectra versus the rotating angle. The experimental pa-
rameters are G1 = 2x x 5 MHz, G2 = G5 = 2r x 80 MHz, G35 = G5 = 21 x 35 MHz,
and Az = Az = 0. Adopted from Ref. [17].

To understand the above experimental results, the theoretical calculation
of the probe absorption spectrum considers all the 16 relevant Zeeman sub-
levels [18] in the RY system. The calculations are limited to the cases that
the coupling fields are linearly polarized, and the magnetic field is absent.
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Three examples of the excitations of the coupling and the probe beams are
illustrated in Fig. 6.4. Figure 6.4 (a) shows the case with the probe beam
polarization to be orthogonal to the coupling beams and Fig. 6.4 (c) corre-
sponds to the case with parallel polarization. Figure 6.4 (b) gives the results
with probe input polarization in between those two cases. For simplicity, the
cascade three-level system is considered (by blocking coupling fields F5 and
E!), which forms an EIT configuration. For the case as given in Fig. 6.4
(a), the density-matrix p considering all the Zeeman levels is solved with the
following equations:

= (1/1h) [Hatom + Hcoupling + Hprobe; P] + {dp/dt}, (610)
10 13
Hapom = hwio ¥ _ i) (i|+hwar > [i){il, (6.11)
i=6 =11

Heoupting = — expliwet] [(AQ%1/2)(|7)(11] + 9)(13]) +
(h2e2/2)|8)(12]] + c.c., (6.12)

Hyrove = — expliwpt][(7€21 /2)(J1)(7] + [5)(9]) +

(7€2p2/2)(12) (8] + |4)(8]) +

(7€2p3/2)(13)(9] + I3)(7] +

(7€24/2)([2)(6] + |4)(10])] + c.c., (6.13)

13 10
{dp/dty = =T1 > puli)(i| = Ta ZPM|Z’><Z +

i=11
10 13 5
Z eri/’jj |+Z Zrﬂpﬂ l9){i| —
i=1 \j=11 i=1 \ j=6
1 1310 10 5
9 I'y Z ZP”|Z><3| +FQZZPij|i><j| +cc | —
i=11 j=1 i=6 j=1
13 10 10 5
'S ol GHHT DD piglid G+
=11 j=6 =6 j=1
" Z Zp” Yl +ee| (6.14)
=11 j=1
where wig is the FF = 2 — F’ = 2 transition frequency and wo; is the

F' =2 — F” =1 transition frequency. w,. is the frequency of the coupling
field, and w,, is frequency of the probe laser. Q2 is the Rabi frequency for the
transition indicated by its subscripts. The expression of {dp/dt} describes all
the relaxation processes in the system. I'y and I's are the spontaneous decay
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rates of the 5D3,9, F”" = 1 and 5P5,5, F' = 2 excited states, respectively.
I'j; is the spontaneous emission rate from an excited state |j) to a ground
state |i). TV, T” and """ are the decoherence rates for the relaxation processes
other than the spontaneous decay. To obtain linear susceptibility, the density-
matrix Eq. (6.11) under the steady-state condition need to be solved. Under
the weak probe field approximation [1], the expressions of the first-order
matrix elements can be easily calculated.
For the right-hand-circularly (RHC) polarized sub-ladder systems:

{0+
St — i1 0
b iA + T - |ch|2 b
Pt b i(A?ﬁ +Aa)+ T
. 18255 0)
P28 = 0 |2 P2.85
iA T c2
1A2p2 + 2,8 + I(Ag_Q + ACQ) + 1‘\1272 (615)
. 182 )
P39 = 0 |2 P3.95
iAy3 + a0+ . ot
s 59 i(Aps +Ac1) + 33
it
pT 0 = p4 p(O) )
110 T AL 4Ty 0 10

For the left-hand-circularly (LHC) polarized sub-ladder systems:

i
- p4 (0)
P26 iApy + Tag P2.6>
9.
- P3 (0)
P37 AT |ch|2 P37
? ’ i(Aps+Ac)+T113
12, 6.16)
— p2 (0) (
P48 AT |ch|2 P48
2 4,8 1 .
? T i(Ape +Ar) + T2
10
- pl (0)
P59 A |ch|2 P5.9
Pl o9 i(Apt + A1) + T35

where frequency detuning parameters A;; are the differences between the
laser frequency and the corresponding atomic transition frequency. For the
level configuration shown in Fig. 6.4 (c), the probe Hamiltonian is changed
to

Hprove = — expliwpt][(h€2,1/2)(|1)(6] + [5){10]) +
(RS /2)(12)(7] + [4)(9]) + c.c., (6.17)
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Fig. 6.4. The eXCita.thnb of the coupling and probe fields among the Zeeman levels
in the RY system. (a), (b), and (c¢) correspond to the case with a half-wave plate
in the probe beam; (d) (e), and (f) correspond to a quarter-wave plate.

|

and the remaining calculations are similar. The expressions of the matrix
elements for the linearly polarized sub-ladder systems can be obtained as

iy

0 _ pl (0)
P16 iA;l +F1,6p1767
e
0= 12 o0
5,10 IA;ﬂ + F5710 5,100
i), 0
P97 = P ol P5, (6.18)
AL, +Ta7+ . ¢
27 ( ?2+Acl)+]~_‘112
0
pg,g = |Q 1|2 pSLE))
AL, +Tao+ ©
49 i(Aly +Act) + T34

The case in Fig. 6.4 (b) is an integration of the results from Fig. 6.4 (a,
c¢). All the theoretical results of the different polarization configurations are
obtained in the same way.
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When all the Zeeman sublevels in the RY system are taken into account,
the unexpected profiles of the EIT spectra and different changing rules of the
two SWM signal peaks can then be easily explained. For instance, initially,
the polarizations of the probe beam and coupling beams are perpendicular
[Fig. 6.4 (a)]. There exist three RHC and three LHC EIT subsystems with
one RHC and one LHC probe transitions without the interference of the cou-
pling fields. The observed transmission spectrum is the combination of the
Lorentzian absorption profile and the EIT profile for the probe beam. Howe-
ver, in the Fig. 6.4 (a), the intensity of the Lorentzian absorption profile is
much smaller than that of the EIT profile, which is the result of different
dipole momentums between the Zeeman sublevels [19]. In the case of Fig.
6.4 (b), as the half-wave plate rotating, there are two linearly polarized EIT
subsystems with the RHC and LHC EIT subsystems decreasing. Also, there
are two additional linear probe transitions. The intensity of the Lorentzian
absorption profile is comparable to that of the EIT subspectrums. Therefore,
a narrower Lorentzian shape peak can be seen clearly on top of the broader
EIT profile as shown in Fig. 6.3 (a3). Due to the detuning of the coupling
field, the curve appears to be dispersion-like. When all the laser beams have
the same polarization [Fig. 6.4 (c)], there are only two linearly-polarized EIT
subsystems and two linear probe transitions. Because of the different dipole
momentums among different Zeeman sublevels, the Lorentzian absorption
profile is much larger than that of the EIT profile, so the probe transmis-
sion has an absorption-type shape with subnatural linewidth [20]. This effect
doesn’t present in Fig. 6.3 due to our current experimental configuration, i.e.,
the signal is detected only in the P polarization.

In addition, if the coupling fields E5 and Ef are open, there are doubly-
dressed effects for the EIT curve. The analytical solutions will be changed as
following.

For the RHC-polarized sub-RY systems:

O+
. 192, ©
Pi7 = I8 1|2 |Qd1|2 P17
iAp + T 7+ . ¢ + .
Pt 7 (Apt +Act) + 111 1(Apr — Ag1) + T4
(6.19)
O+
L i€ (0)
P28 = 2 2 P28
iApg +T98+ [€2c2] [£2a2|
b T i(Ape + Ace) + T2 1(Ape — Aga) +Tis0
(6.20)
Q7 0
Pio = 8 P

' . Q0|2 Q|
T (A +A) + 133 1(Apz — Agr) + 163
(6.21)
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For the LHC-polarized sub-RY systems:

_ i 0
P37 = 2 P 2 pg,;a
iAps + a7+ [{ler| Kol
pame T i(Aps +Ac1) + 113 1(Aps — Ag1) +Tags
(6.22)
_ 10, 0
Pa8 = 2 P 2 Pi,g;
iAoy Tus i |Qea] Qa2
P T i(Ape + Ace) +T2a 1(Ape —Ag2) +Tis.4
(6.23)
_ 1095 0
P59 = 2 b 2 pé,s))-
AL 4 oot |21 Qa1 |
P T i(Apr +Ac) + T35 W(Ap —Agr) +Ti6,5
(6.24)
For the linearly-polarized sub-RY systems:
i, 0
pg,? = 2 i 2 pé,;a
A Tyt |21 Qa1
»2 (A Act) + T2 (AL — Adr) +Thae
(6.25)
i, 0
92,9 = 2 ! 2 pé(l,s))'
A 4 Tye t |21 Qa1
P2 (A +Ac) Tz (AL — Adr) + T
(6.26)

These expressions indicate that the additional coupling fields will modu-
late the EIT profiles. Different frequency detuning configurations of the three
stronger coupling fields will affect the EIT spectral shape. By controlling the
frequency detuning of the coupling fields, either EIT or electromagnetic in-
duced absorption (EIA) spectrum will appear.

In order to quantitatively compare with the observed changes of the SWM
signal peaks as probe polarization changes, the calculation of the area of the
spectrum under the peak [see Fig. 6.5 (b1)] and the height of each peak
[see Fig. 6.5 (b2)] is chosen. As a comparison, the area curve of the EIT
[Fig. 6.5 (al)] and the absorption height of each peak are also presented.
From Figs. 6.5, the changes of the SWM spectrum, as well as for the EIT
peaks, are well described by the function cos? 26, as calculated above. It is
interesting to see the polarization dependence of the SWM emission signal
following the polarization of the probe field. The theoretical curves (the solid
lines) are in good agreement with the experimental data. The different change
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Fig.6.5. (a) Measured (dots) and calculated (solid curves) areas and heights of
the two transmitted EIT peaks. (b) Measured (dots) and calculated (solid curves)
areas and heights of the SWM signal peaks.

rules of the two SWM signal peaks can be attributed to the modulation of the
modified EIT spectral profile. The dotted lines of Fig. 6.5 (a2, a3) represent
the absorption peak heights of the probe field at different polarization states.
The dotted lines of Fig. 6.6 (al, a2) depict the EIT depths which show dif-
ferent coupling processes of the total EIT effect via the different polarization
dark states. As we can be seen from the figures, the rule of change in the pos-
itive part of the EIT dispersion-like curve [Fig 6.6 (al)] is dominated by the
polarization property. However, in the negative part [Fig. 6.6 (a2)], it gradu-
ally changes from EIT to absorption in a half period. After the absorption is
larger than the EIT dip, the increase of absorption is faster than the polar-
ized attenuation, and then the roles of them are switched. Figure 6.5 (b2, b3)
illustrate the measured dependence of the relative SWM signal intensity on
the rotation angle 6 (half-wave plate) when the diode laser (probe) is tuned
to the 552, F' = 2 — 5P3/5, F' = 2 one-photon transition. Besides its direct
dependence on the polarization of the probe beam, the SWM signal spectrum
is also modulated by the EIT effect since it transmits through the medium
in the EIT window. Figures 6.6 (bl) and 6.9 (b2) show the corresponding
differences of the experiment data and theoretically calculated curves, which
represent different coupling paths of the total SWM processes via different
polarization configurations. The left peak is always in the positive part of
the dispersion-like EIT curve which gets dramatically modulated effect due
to EIT. This means that the fifth-order susceptibility ngl)dmn must be taken
into account due to dressed effect, which affects the evolution of the peak to-
gether with the polarization dependence of cos® 26. The right peak is in the
negative region of the dispersion-like EIT shape, where it is dominated by the
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polarization property due to the increase in absorption. It can be concluded
that the evolution of the SWM spectrum is modulated by the modified EIT
spectrum.
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Fig. 6.6. (a) Peak depths for the two EIT transmission peaks. (b) Differences be-
tween the theoretical results and experimental data.

Next, the experimentally measured and theoretically calculated probe
transmission and FWM spectra are presented by rotating the quarter-wave
plate (in front of the input probe beam) whose period is 180° as can be seen
in Fig. 6.7. Here, the MWM process is the FWM by blocking laser beams
E3 and EY while other beams are turned on. The theoretical results can be
obtained from the same procedure as above by eliminating the absent items,
that is, LHC subsystems in the RY system. The EIT spectrum also shows the
same profile, including the dispersion-like curve. However, the positive peak
changes from a single peak into two peaks. Although the way of polarization
with a quarter-wave plate is different from with a half-wave plate, its rules
of evolution can be explained by the same method as for the half-wave plate.
Schemes (d), (e), and (f) in Fig. 6.4 show the ways of coupling in different
polarization configurations. Differ from using a half-wave plate whose period
is 90°, the right-hand elliptically polarized beam is present during 0° ~ 45°
and 45° ~ 90° [Fig. 6.4 (e)], and a pure RHC-polarized beam at 45° [Fig.
6.4 (f)]. However, within 0° ~ 45°, the RHC component increases gradually
while the linear component decreases. In the region of 45° ~ 90° the opposite
process is true. Taking the case of 0° ~ 45° as an example, we can take the
right-hand elliptically-polarized beam being composed of a vertical, linearly-
polarized beam and a RHC-polarized beam. Therefore, in our experiment,
the original symmetric EIT configurations [Fig. 6.4 (d)] are replaced by two
linear EIT and three RHC EIT subsystems [Fig. 6.4 (e)] that are asymmetric
due to the difference in the dipole moments among different Zeeman sub-



296 6 Multi-Wave Mixing Processes in Multi-level Atomic System

levels. The destruction of this symmetry results in different polarizable dark
states leading to the modified EIT spectrum. It is different from the case with
half-wave plate, which does not destroy the symmetry in the EIT spectral
shape. The situation in the rest of the period (45° ~ 90°) can be discussed in
the same way. So, the spectrum by rotating a quarter-wave plate is different
from the case of using a half-wave plate.
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Fig. 6.7. Polarization dependence of the transmitted probe and FWM signal beams
versus the rotation angle of the quarter-wave plate. (al)—(a7) The EIT (lower

curves) and FWM (upper curves) spectra versus the rotation angle. The experi-
mental parameters are G1 = 2n X 5 MHz, G2 = G5 = 2 x 80 MHz, and As = 0.

The FWM spectra is modulated by the EIT spectra as shown in
Fig. 6.7. As the quarter-wave plate rotates, the FWM spectrum changes
from a two-peak structure to a three-peak one. The rule of evolution for each
peak includes not only the polarized property, but also effects of dark-state
modulation due to the asymmetric coupling structure in EIT spectrum. Simi-
lar to the analysis used for the half-wave plate, the rule of evolution in the
height of each absorption peak in the EIT profile follows the polarization ef-
fect of the probe beam. Although each peak [Fig. 6.8 (al—a3)] is significantly
modulated, the general trend in its evolution is not destroyed. Moreover, in
studying the detail dark-state coupling configuration for each peak, the peak
depths of the EIT curves have been investigated [Fig. 6.9 (al—a3)]. All of
them undergo the combined interactions of the selectively-polarized probe
beam and the polarized dark-state modulation. The two peaks in the posi-
tive part of the dispersion-like curve can be attributed to the asymmetric EIT
configuration, RHC polarization and vertical linearly-polarized EIT subsys-
tems. Due to the increase in absorption [Fig. 6.4 (e)], the right peak in the
probe transmission spectrum changes from EIT to EIA [Fig. 6.9 (a3)]. There-
fore, based on the above analysis of the EIT spectrum, the rule of change
in FWM spectrum can be understood easily. The left FWM peak [Figs. 6.8
(b1)], corresponding to the left EIT peak [Fig. 6.9 (al)] dominated by the
polarized dark-state component, is dramatically modulated and the contri-
bution from polarization change of the probe beam is suppressed. As men-
tioned above, there could be combined contributions from the third-order

nonlinear susceptibility XE?;)CZ (wpjw1, —wa2,ws) and the polarization effect of

the probe field in the form of \/ sin® ¢ + cos? ¢. Although it is affected by
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the polarized dark-state modulation, the trend of change for the middle peak
[Fig. 6.9 (a2)] follows the polarization change of the probe beam. As a re-
sult, the polarization property of the middle FWM peak survives [Fig. 6.8
(b2)]. The right FWM peak is modulated and its height increases gradually
due to the increased absorption of the right peak in the probe transmission
spectrum. Meanwhile, the middle FWM peak decreases gradually. These two
peaks have a competitive relationship, which can explain their opposite phase
evolutions [Fig. 6.8 (b3)].

1.0
I a2 3
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Fig. 6.8. (a) Measured (dots) and calculated (solid curves) heights of the trans-
mitted EIT peaks. (b) Measured (dots) and calculated (solid curves) heights of the
FWM signal peaks.

On the other hand, by considering the quantum interference effects, it can
be considered that the FWM process and absorption process of probe field af-
fected by the interference among sub-dark states. Three dark states are iden-
tified, or noncoupled states for three subsystems of the RY-type system, that

are decoupled from the state |1): |D1) = (Q2|0) — |2>)/\/|Ql|2 + |Q)? ~
[0) — Q1]2) /Q2, where Qo >> Q) is used; |[D2) = (Q3]0) — Q13))/

V19[4 191 2 [0) — 04 [3) /S, where Q5 >> Q4 is used; |D3) = (2 12) -
0y |3))/\/|Qg|2+|(23|2 =cosf|2)—sinf|3), where cosf = Qg/\/|Qg|2+|Q3|2,

sinf = Qg/\/|§22|2 +|Q5/%. The total dark state is then given by: |D) =
|D1) + |D2) +|D3) = 2|0) + (cosf — Q1 /Q2) [2) — (21/Q3 +sinb) |3).

The population of the atoms in dark state |(D | 1)|* would like to be
found out when the three dark states interfere with each other, where |¢)) =
¢ |0) 4+ ¢1|1) + ¢2|2) + ¢3|3) is the wave function of the system in the bare-
state basis. Therefore, by considering the interference between dark states
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0.0

from subsystems, the intensity of the FWM signal is obtained as following:
2
1= ‘N’,up(l‘?)) , where N' = N (1 — (D] ¢>|2), and N is the particle num-

ber density, namely, it is believed that the particles in the dark state do not
interact with outer fields and so do not participate the FWM process. Simi-
larly, for absorption of probe field we have linear x' = N’ up%) /e0E7 and the

transmission intensity of probe field is 7" = exp [2nIm[x’]z/]].

6.2 Polarization Spectroscopy of Dressed Four-Wave
Mixing in a Three-level Atomic System

The parametric FWM is a useful process for generating coherent radiations
from the vacuum ultraviolet to infrared wavelengths. The polarization chara-
cteristics of two-photon resonant FWM processes have been investigated in
several types of metal vapors gases. Tsukiyama [17] described polarization
properties of the near-infrared FWM signal produced in Kr vapor; Museur et
al. [18] studied the polarization dependence of the vacuum ultra-violet light
generated by a four-wave sum-frequency generation process in Hg; and Ishii
et al [15] investigated polarization characteristics of FWM in NO gas. Besides
of producing coherent emissions, parametric FWM processes can also be used
to study interference effects. Previous studies have used FWM processes to
observe interference effects between different atomic polarizations [21—25].
Studies of interference effects in multilevel atomic systems have become an
active field of research in recent years, which made it possible to coherently
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control the optical properties of atomic media [26, 27]. In parametric FWM
processes, there are multiple quantum paths for each step of the nonlinear
processes, and the probability amplitudes for these different transition paths
are intimately related to the polarizations of the input laser fields. Therefore,
it is possible to coherently control the nonlinear processes by manipulating
the polarization states of incident laser beams.

In this section, both theoretical and experimental studies are given on
the polarization dependence of FWM signals generated in Na atomic vapor.
Both two-level and three-level systems in Na atoms are used in these studies.
The classical, as well as quantum, theoretical models have been developed
to explain the dependence of FWM signals on the polarization states of the
incident laser beams. By comparing the FWM spectra for different laser po-
larization configurations, different contributions from third-order nonlinear
susceptibility elements under different conditions can be identified. Further-
more, the different contributions by the difference from combinations of tran-
sition paths for three incident beam polarization schemes are explained. More-
over, the polarization characteristics of the singly-dressed and doubly-dressed
FWM processes in either a two-level or a three-level atomic system in Na va-
por are shown. In the three-level atomic system, the FWM signal generated
by a linearly-polarized pumping field is greatly suppressed by the dressing
field while the one generated by a circularly-polarized pumping field is only
slightly influenced by the dressing field. Also, different change rules are ob-
served when the polarization of the probe field is changed. Different dressing
effects of two dressing schemes are used to explain this phenomenon. The
dressing effects, as well as the interference between the two coexisting FWM
signals, have been discussed in different laser polarization configurations. In-
vestigations of the interactions between different FWM processes and their
polarization properties can help us to understand the underlying physical
mechanisms and to optimize effectively the generated nonlinear optical sig-
nals. Controlling nonlinear optical processes can have many potential applica-
tions, such as in all-optical switches [28] and quantum-information processing
[29, 30].

The experiments are carried out in Na vapor (in a heat pipe oven), which
is heated up to a temperature of about 235°C. Three energy levels from Na
atoms are involved in the experimental schemes. As shown in Fig. 6.10, energy
levels [0) (351/2) and [1) (3P5/2) form the two-level atomic system. Two laser
beams Eq (wp, kq, and Rabi frequency G4) and E); (wp, k), and Rabi fre-
quency G, connecting the transition between |0) and [1), propagate in the
opposite direction of the weak probe beam E, (wp, kp, and Rabi frequency
Gp), which also connects the transition between |0) and |1). The three laser
beams come from the same dye laser DL1 (wavelength of 589.0 nm, 10 Hz rep-
etition rate, 5 ns pulse width, and 0.04 cm™! linewidth) with the frequency
detuning A, pumped by the second harmonic beam of a Nd:YAG laser.
These three laser fields generate a degenerate-FWM (DFWM) process satis-
fying the phase-matching condition of ks1 = kj, + kq — k. The energy levels
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0) (351/2) — |1) (3P5)2) — |2) (4D3/3) form the cascade three-level atomic sys-
tem. Two additional coupling laser beams E,. (w., k., and Rabi frequency G.)
and E! (w., k., and Rabi frequency G), connecting the transition between
|1) to |2) are from another dye laser DL2 (which has the same characteristics
as the DL1) with a frequency detuning As. E., E. and E, fields interact
with each other and generate a nondegenerate FWM (NDFWM) signal, sat-
isfying the phase-matching condition of ks = k, + k. — k.. The generated
DFWM and NDFWM signals propagate along slightly different directions
due to their different spatial phase-matching conditions. Two photomultiplier
tube (PMT) detectors are used to receive the horizontally-polarized compo-
nent (P polarization) and the vertically-polarized component (S polarization)
for one of the signal beams, or horizontally-polarized components of both sig-
nal beams, respectively. A half-wave plate (HWP) and a quarter-wave plate
(QWP) are selectively used (in different experiments, respectively) to control
the polarization states of the incident fields. The generated FWM signals may
pass through another HWP and a polarization beam splitter (PBS) before
being detected by the two PMTs.

6.2.1 Various Nonlinear Susceptibilities for Different Polarization
Schemes

The polarization dependence of FWM signals can be explained using either
classical or quantum mechanical description [31]. Classically, the FWM signal
intensity is proportional to the square of the atomic polarization induced in
the medium. For example, as for phase-conjugated FWM generation in the
cascade atomic system at the frequency ws = w. — w. + w, (as shown in
Fig. 6.10, with beams k4 and k!, blocked), the nonlinear polarization along
i(i = x,y) direction is given by

Pi(B) (ws) =<0 Z X'Ejl)cl (—wsiwe, —we, wp) Eej(we) Egy (we) Epi(wp),  (6.27)
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Fig. 6.10. Schematic diagrams of the experimental arrangement and the relevant
energy levels in Na atom.
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where Xg’,)d (—ws; We, —we, wp) is the tensor component of the third-order non-
linear susceptibility. For an isotropic medium like Na atomic vapor and con-
sidering that all the incident beams and signals are transverse waves, only
four nonzero tensor elements are involved in this system which are denoted
as Xzazazr Xyzzys Xyyze, Xyzyz- Different polarization configurations of the in-
cident fields can involve different nonlinear susceptibility elements. For exa-
mple, when a HWP is used to change the polarization of the E, field while
the other two beams are originally polarized in the horizontal direction, the
probe field will have two perpendicular components: E,, = E,cos20 and
E,, = E,sin20 (0 is the rotated angle of the HWP’s axis from the x axis).
Consequently, the polarization has two corresponding components, i.e. hori-
zontal component P;£3)(w5) = e0Xzazz|Ee|?|Epz| and perpendicular compo-

nent Py(?’) (ws) = €0Xyzay|Ec|?| Epy|- Then the effective susceptibility elements
Xz and x, are defined as: Xz = Xazas €05 20 and xy = Xyzay sin 20. As for the
other two cases with k. and k! modulated by a HWP. Xyyze aNd Xyzyz be-
come dominant on generating FWM signals polarized in the S direction (the
signals in the P direction for the three cases are all generated by Xzzzx). The
microscopic mechanism of nonlinear different susceptibilities will be discussed
in Section 6.2.2.

If a QWP is used to modulate the incident beams, the effective nonlinear
susceptibilities will be different while the excited susceptibilities are the same
as in the corresponding cases with HWP modulation. Table 6.1 presents all
the effective susceptibilities for the three field polarization schemes.

Table 6.1 The effective nonlinear susceptibilities for different laser polarization
configurations.

kP7 kC7 ké, P XIkTM S Xa?k07 S XzT < klc, S

HWP xo = Xazae 0820 Xy = Xyzey SIN20 Xy = Xyyaee SIN20 Xy = Xyzya sin 20

Xz = Xazzz Xy = Xyzawy Xy = Xyyzz Xy = Xyazyz

WP .
Q xv/sin® 0 + cost 0 X\/2|sin00059|2 x1/2|sinfcos B> x4/2]|sin 6 cos 0|

In order to measure the polarization states of FWM signals, a HWP
and a PBS are placed in the path of the signal beam (as shown in Fig. 6.10).

When an arbitrarily-polarized field xi s
e

combination, the detected intensities are

) passes through the HWP+PBS

I, = cos? 20 | E, | + |Ey|2 sin® 2a + | E,| | B, | sin4a cos d, (6.28)
I, = sin?2a|E,|” + |B,|” cos® 2a — | E, | | B, | sin 4a cos 8, (6.29)

respectively, where « is the rotation angle of the HWP from the z-axis and
7 < 0 is the phase difference between the two polarization [horizontal () and
vertical (y)] components of the signal beam.
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6.2.2 Nonlinear Susceptibilities for Zeeman-degenerate System
Interacting with Polarized Fields

The polarization dependence of FWM signals can also be described by the
semi classical treatment. It is based on the fact that there are different tran-
sition paths combinations consisting of various transitions between Zeeman
sublevels for different polarization schemes (as shown in Fig. 6.11). According

M=3/2 -1/2 1/2  3/2

(2) (h)

Fig.6.11. Energy level diagrams and transition paths at different laser polarization
configurations. (a) and (e) Schematic diagrams of the P polarization generation in
two-level and three-level systems when the waveplates change k,,, k4, and k. (b—d)
and (f—h) Schematic diagrams of S polarization generation in two-level and three-
level systems when the waveplates change k,,kq, and k[, respectively. Dotted,
long-dashed, solid and short-dashed lines are transitions for the probe, coupling,
dressing, and FWM signal fields, respectively.
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to the experimental setup, the X-axis is the original polarization direction of
all the incident fields, and it is also the quantization axis. Then the arbitrary
field is decomposed into two components: parallel to and perpendicular to
the x axis, respectively. When this field interacts with atoms, the perpen-
dicular component can be decomposed into equally left-circularly- and right-
circularly-polarized components. Different polarization schemes can excite
different transition paths in the Zeeman-degenerate atomic systems, and so
it is necessary to take into account the Clebsch-Gordan coefficients associated
with the various transitions between Zeeman sub-levels in all pathways when
calculating the FWM intensities. Figure 6.11 shows the transition schematic
configurations for the Zeeman-degenerate two-level and three-level cascade
systems interacting with one arbitrarily-polarized and two horizontally-
polarized fields. Table 6.2 and Table 6.3 list all the perturbation chains for

Table 6.2 Perturbation chains of the two-level system for different laser polariza-
tion configurations.
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different cases, respectively. By considering the schematic figures and the ta-
bles, the expressions of various density matrices corresponding to nonlinear
susceptibilities for different polarization schemes can be obtained.

Table 6.3 Perturbation chains of the cascade system for different laser polarization
configurations.

el G, Gin)"
ZVP(OCTthg‘i;’) Partars — Parbrs — 0 Parsens % Parsbrrs (M = £1/2)
P cy K¢
P polarization
G a0 o)
ZVP change (D) Parran 5 Panrbyr—1 —L Papren—1 % Panrbar—1, (M = £1/2)
4 G 0 0 )
PR M G, (GCM) .
(SXpolaglzatlon (D) Parrar —2 Parrbarer —— Panserssr ——— Parsbrross (M = £1/2)
yazy
a9 G Gou)”
WP change D) panran 2 Panrbar — Panrerr—1 ﬂ’ Parrbar_qs (M = £1/2)
kc 0 *
o & G, (%)
(SXpolalglzatlon (1) parran; —2o Parrons M, Parrerrar ——— Payrbpreqs (M = £1/2)
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Figure 6.11 (a) shows the configuration of generating FWM signals in P-
polarization (represented as Xzgzoz) in the two-level system. It contains two
sub-two-level systems: |a — 1/2)—|b —1/2) and |al/2)—|b1/2). The respective
perturbation chains are listed in Table 6.2, and the total contribution of these
chains to the density-matrix element which induces the FWM signal in the
P-polarization direction is

1 1
= 3 (el e )
P ! aM M| . o T ) X

! M=%+1/2 ? (IAP + FbMaM) A127 + FbMaM

(Fomer " T
FaMaM FbeM .

Then from Xz = N,upx(,B)/Eo |EC|2 E,, we can get Xzzzz-

Figure 6.11 (b) presents the configuration for generating the S-polarized
FWM signals when the wave-plate (WP) changes k,, (corresponds to suscep-
tibility Xyzzy). It contains: two right-circularly-polarized V-type subsystems
(la —1/2) — |b1/2) — |b—1/2) and |al/2)-|b3/2)-|b1/2)), two left-circularly-
polarized V-type subsystems (Ja—1/2)-|b—3/2)~-|b—1/2) and |al/2)-|b—1/2)—
|b1/2)), one right-circularly-polarized reversed V-type subsystem (Ja — 1/2)—
|b1/2)—|al/2)) and one left-circularly-polarized RV-type subsystem (|al/2)—
|b —1/2)—|a — 1/2)). Their perturbation chains are listed in Table 6.2, and
the total density-matrix element including contributions from all the pertur-
bation chains can be written as:

(6.30)
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(6.31)

When the polarization of the ky field is changed by the WP, the sub-
systems generating FWM signals in the P-polarization direction and their
expressions are the same as the ones for changing the k, field. However, the
configuration of generating the S-polarized FWM signal, as shown in Fig.
6.11(c), contains two left-circularly-polarized V-type subsystems (ja — 1/2)—
|b—1/2)—|b—3/2) and |al/2)—|b1/2)—|b—1/2)), two right-circularly-polarized
V-type subsystems (Ja—1/2)-|b—1/2)-|b1/2) and |al/2)-|b1/2)-|a3/2)), one
right-circularly-polarized RV-type subsystem (|a — 1/2)—|al/2)-|b1/2}), and
one left-circularly-polarized RV-type subsystem (la — 1/2)—-|al/2)-|b1/2)).
The total contribution to the third-order nonlinear density-matrix element is

0 + 0 -
ﬁ(r) . IG:D 1/2G —1/2 (Gd—1/2>
2 — . -
° 11f171/21171/2 (1A10 + Fb 1/20— 1/2) (1AZD + F111/2071/2)

1G21/2G;1/2 (Gd1/2) B
I‘111/2a1/2 (iA + Fb1/2a1/2) (1A;D + Fb—1/2a1/2)
1G0 (GdM)* [ GC?M
(

pm
M=+1/2 Larran (IAP + Doaran) 1A, + FbM—lalw)

Gy, ]
(iAP + FbM+1a1W)

+

(6.32)

Then the nonlinear susceptibility element Xy, can be obtained.

When changing the polarization of k/, field, as shown in Fig. 6.11 (d), there
are four perturbation chains as listed in Table 6.2. The total contribution
from all the perturbation chains to the third-order nonlinear density-matrix
element can be written as

¥
o 4ay .68, ()

Fa—1/2a1/2 (IAI) + F171/2&71/2) (IAI) + F1?71/2&71/2)

This expression is simpler due to the symmetry of the configuration rela-
tive to M = 0. Then, the element ),y can be obtained.

For the three-level cascade-type (C3-type) system, the schematic charts
are shown in Fig. 6.11(e)—(h) [with dressing fields k4 and k!, blocked], which
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change k,, k., and k fields. The corresponding perturbation chains are
listed in Table 6.3. The expressions of the corresponding third-order non-
linear density-matrix elements are

o (GG (G2
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N 2
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(6.34)

+

X

6.2.3 Third-order Density-matrix Elements in Presence of
Dressing Fields

For the case with a singly-dressing by the kq filed (with k/, blocked), the
density-matrix elements of the dressed FWM signals (generated in the C3
system) are given by

. 2
P(3) = _ IGSM |G2M} X
baran (j(Ac + Ap) + FC}\/ICL]\/I)

1

|Ganl? |G2M|2
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i (AI) _Ad)_'_FaMCLM +

]‘_‘QIWQIW

<M _ i;) (6.35)
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For the case of the doubly-dressing (with k4 and K/, both on), the third-
order nonlinear density-matrix elements can be written as

. 2

baran 1(Ac + Ap) + FCMCLM
1
29
2|GdM|2 |GOM|2
TN T )
P baran - }G2M|2 I(AC+AP)+FCJMGIW
1 (Ap_Ad)"’_FaMO«M + T
an apng

(M _ i;) (6.36)

One can easily see that the multi-dressed fields appear in the denominator
and the dressing effect is mainly caused by the strong dressing field G4. The
other two fields, however, can enhance or suppress such dressing effect. In fact,
the coupling field G, which is denoted as in sequential with G4, generally
enhances the dressed effect induced by Gg4, while the probe field G, which
is denoted as in nested with G4, generally suppresses the dressing effect [32,
33]

First, a HWP is used to modulate the polarization of one of the incident
beams, while the other two beams are kept being in horizontally polariza-
tion. In this case, the incident beams are all linearly polarized. Figure 6.12(a,
b) show the relative FWM intensities in the P and S polarizations, respec-
tively, in the cascade three-level atomic system with respect to the rotation
angle 0 of the HWP. From Table 6.1 it can be seen that, for the horizontally-
polarized component [Fig. 6.12 (a)], the dependence of the FWM intensity on
6 follows (cos260)? while the vertically-polarized component obeys (sin 26)?
(represented by the solid curves in Fig. 6.12). This means that the FWM sig-
nals are linearly polarized. Similar results have been shown in other systems
[22]. From Fig. 6.12 (b), the signal amplitudes are different for the three laser
polarization configurations, which can be attributed to different contributions
from the third-order nonlinear susceptibility elements under different condi-
tions. As discussed in Section 6.2.3, different polarization schemes of incident
fields can excite different nonlinear susceptibilities, and they can have differ-
ent quantum transition paths. When the k,, field is modulated by the HWP,
Xyzay 15 excited, which generates FWM signal in the S-polarization direc-
tion. In the other two cases, both the k. and k., fields are modulated, so both
Xyyze aNd Xyzyz are respectively stimulated. The signal amplitudes indicate
different contributions from third-order nonlinear susceptibility elements for
three different laser polarization schemes.

Figures 6.12 (c) and 6.12 (d) depict the polarization dependences of the
FWM signals on the rotation angle of the QWP in the two-level DFWM
process. First, the probe beam k,, is elliptically polarized and the ellipticity
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Fig. 6.12. Variations of the relative FWM intensities versus the rotation angle of
the waveplate. (a) and (b) The FWM signals of the cascade three-level system with
the HWP. (¢)—(d) The FWM signals of the two-level system with the QWP. The
scattered points are the experimental data and the solid curves are the theoretical
results Adopted from Ref. [33].

is controlled by the QWP, while the other beams have linear polarization
along the x-axis [the square points in Fig. 6.12 (c—d)]. In Fig. 6.12 (c, d), the
experimental results are well described by the functions sin* ¢ + cos? ¢ and
2(sin g cos )? (the solid curves), respectively. If one of the incident beams is
elliptically polarized, the generated FWM signal is also elliptically polarized,
which is in good agreement with the theoretical prediction. Comparing the
vertically-polarized intensities of the signal beams [Fig. 6.11 (b, d)], there
are different ratios of oscillation amplitudes. It indicates that the ratios of
the third-order nonlinear susceptibility elements are different for the cascade
three-level system and the two-level system, which are well described by Eq.
(6.34).

To detect the polarization states of FWM signals, one place a HWP-+
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PBS combination as a polarization analyzer in the generated FWM signal
beam (as shown in Fig. 6.10). In fact, when a QWP is used to modulate the
k. field’s polarization (or ellipticity € ), the polarizations of the FWM signals
are also changed. Besides, the excitednonlinear susceptibilities of the P and
S polarizations greatly modify the signal’s polarization states, which can be
detected by the HWP-+PBS combination. Figure 6.13 presents the detected
results. Each curve is obtained by rotating the HWP while keeping the QWP
in the path of the k. field fixed. In this case, |Fy| X Xzzoz \/Sin4 0 + cos* 0
and |E,| o nym\/sin2 6 cos? 0. According to Eqgs. (6.28)—(6.29), the detected
intensities should be

Lo =X200n (cos4 6 + sin’ 9) cos? 200 + Xiym (2 sin? § cos? 9) sin? 2a +
Xmmxyyg,;g,;\/(cos4 0 + sin* 9) (2 sin? 0 cos? 9) sin 4 cos d,

I, = Xi;c;c;c (cos4 0 + sin* 9) sin? 2a + Xf;ym (2 sin? 0 cos? 9) cos® 2a —
XzzzzXyyzz \/(Cos4 0 + sin* 9) (2 sin? 0 cos? 9) sin 4a cos 9. (6.37)

If the k. field is linearly polarized (6 = 0°, e=1, the square points in
Fig. 6.13), the NDFWM signal is also linearly polarized, and the horizontal
(x) and vertical (y) signal intensities obey the relations of x2,,. cos? 2a and
X2 sin? 2o, respectively. When the polarization of the k. field is changed,
the other nonlinear susceptibility components are excited, and the FWM sig-
nal is then elliptically polarized. From Fig. 6.13 we can see that, if the k.
field is either elliptically (6 = 30°, e=0.5, the triangle points) or circularly
(6 = 45°, e=0, asterisk points) polarized, the NDFWM signals are also el-
liptically polarized. This can be confirmed by Eq. (6.37). When the input k.
field is circularly polarized, the FWM signal can be circularly polarized once
the condition is satisfied Xzzze = Xyyza-

FWM intensity (ard.units)
(=]

0 15 30 45 60 75 90 0 15 30 45 60 75 90

0.0 b——ru—a—

a(®) o(*)
Fig.6.13. Dependence of the relative NDFWM signal intensity on a for three
values of the coupling laser’s ellipticity.

Figure 6.14 shows the dependence of the dressed FWM signal on the po-
larization of the k. field. Figures 6.14 (a) and 6.14 (b) depict the results for
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the kg singly-dressed and kg and k!, doubly-dressed FWM signals, respec-
tively, for three different ellipticities of the k. field. The dressing fields k; and
k), are both linearly polarized along the x-axis. Comparing to Fig. 6.13 (a),
the reduction of the signal intensity is more than 50%. More interestingly, the
FWM signals generated by the linearly-polarized k. field [the square points
in Fig. 6.13 (a) and Fig. 6.14 (a)] are greatly suppressed by the k; dressing
field while the FWM signals generated by the circularly-polarized k. field
[the asterisk points in Fig. 6.13 (a) and Fig. 6.14 (a)] are only slightly sup-
pressed by the k4 dressing field. So, in Fig. 6.14 (a) the square points are
lower than the other curves, which is opposite to the case in Fig. 6.13 (a).
Figure 6.13 (c) presents the dependences of the pure FWM and dressed FWM
signal intensities on the ellipticity of the k. field. The square points repre-

Lot —==o0° !
—a— 30°
—h— 45°

FWM intensity(arb-units)

0 15 30 45 60 75 90

—m— nondress
—a— fydress
—e— jkidress

0 15 30 45

(c)
Fig. 6.14. Variations of the dressed NDFWM signal intensities versus «. (a) Singly-
dressed FWM signals when the coupling beam k. is modulated by the QWP.
(b) Doubly-dressed FWM signals when the coupling beam k. is modulated by
the QWP. (c) Variation of the relative FWM intensity versus the rotation angle 6
of the QWP.
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sent pure FWM case, which decreases as the k.’s ellipticity reduces (from
1 to 0 when the QWP is rotated from 0° to 45°). The dot points represent
the singly-dressed FWM case, which shows an opposite variation from the
pure FWM. This result can be explained by the expression [Eq. (6.35)] for
the dressed FWM case. In the denominator of Eq. (6.35), G4’s sequential
dressing field G, can enhance the dressing effect. When the coupling field is
linearly polarized, its Rabi frequency G, in the denominator is at its maxi-
mum, so the dressing effect is strongest [square points in Fig. 6.14 (a)] and
the FWM signal is lowest.

Moreover, comparing the singly-dressed and doubly-dressed FWM signals,
they have been similar suppressed intensities when the signals are linearly po-
larized. However, when the signals are elliptically polarized, the suppression
in the doubly-dressed case is stronger than in the singly-dressed case. In
order to explain this effect, mutual-dressing processes and constructive or
destructive interference between the two coexisting FWM channels should
be considered [13]. According to Egs. (6.35) and (6.36), if one only conside-
rs the dressing effect, the FWM intensity should be further suppressed in
the doubly-dressed configuration. However, as can be seen from Fig. 6.10,
when five laser beams are all on, the DFWM signal ks; and the NDFWM
signal kgo coexist in the experiment, and these two FWM signals overlap in
frequency and the angle between their propagation directions is very small.
As mentioned above, if the incident beams are all linearly polarized, the
generated FWM signals are linearly polarized also, so constructive or de-
structive interference can occur in this system. Such interferences between
two FWM processes in the two-level and three-level atomic systems can gen-
erate entangled photon pairs [9]. Constructive or destructive interference can
be controlled by the phase difference between the two FWM processes, which
can be varied by adjusting the detuning difference A (A = A — As) between
the incident laser beams. By varying the detuning difference A from 0 to
very certain values, the phase difference between the two FWM processes
alters from in-phase to out-phase, so the interference can switch back and
forth between constructive and destructive values [34—36]. In this case, the
observed experimental data include two contributions: the dressing effect
and the interference effect. However, when the k. field is elliptically or cir-
cularly polarized, the NDFWM signal kg is elliptically polarized, but the
DFWM signal kg is still linearly polarized. In this case, the doubly-dressed
effect plays a dominant role to further suppress the intensity of the generated
FWM signal.

The dependences of the dressing effects on the polarization of the probe
field are shown in Fig. 6.15. Compared to Fig. 6.14 (a), the linearly-polarized
signal (square points) is higher than the other curves even though it is also
dressed. Such opposite behaviors in changing the pumping field k. and the
probe field k,, can be accounted for by Eq. (6.35). In the denominator of the
equation, the dressing field Gd and the coupling field Gc are in summation
form, which is called as sequential-dressing scheme, and Gd and Gp are in
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the nest-dressing scheme [32]. According to the interaction properties of the
two dressing schemes, the sequentially dressing Gc field controls the FWM
process directly, which can enhance the Gd dressing effect. When the coupling
field is linearly polarized, the Rabi frequency Gc in the denominator is at its
maximum, so the dressing effect is strongest [square points in Fig. 6.14 (a)].
As Gp nested with Gd, it controls the FWM process only indirectly, and it
often suppresses the Gd dressing effect, so for the linearly-polarized k, field,
the signal [square points in Fig. 6.15(b)] is higher than the other curves.

FWM intensity (arb- units)

"0 15 30 45 60 75 9 0 15 30 45 60 75 90

al®) a(®)

(a) (b)
Fig.6.15. Dependence of the relative NDFWM signal intensity on « for three
values of probe laser’s ellipticity. (a) and (b) Pure and singly-dressed FWM signals,
respectively, of the cascade three-level system as the probe beam is modulated by
the QWP.

Figure 6.16 (a) depicts the dependence of the horizontal intensity of the
FWM signal on « generated in the two-level system when the probe beam
k, is modulated by the HWP. In this case, the generated FWM signals are
linearly polarized (6 = 0), with |Ey| & Xzaze 0520 and |Ey,| X Xyzzy Sin 26.
From Fig. 6.16 (a), with a rotating HWP, the maximal values of the curves
are shifted, which indicates that the polarization of the FWM signal changes
with that of the probe beam. Previous experiment [23] in the rubidium vapor
has shown that the polarizations of the driving field and the signal wave are
identical and collinear.

If the signal and the probe beams are polarized along the same direction,
a maximum signal intensity is observed when the two HWPs are rotated
to be at the same angle [that is @ = 6, the solid line in Fig. 6.16 (c)].
The experimental results (the scattered points) in Fig. 6.16 (c) present a
big difference from the solid theoretical line, which suggests that the signal
and the probe beams have different polarization directions. According to
Eqgs. (6.28) and (6.29), the polarization of the FWM signal is dependent on
the ratio Xywzwy/Xzeze- If Xyzoy = Xazws, the signal and the probe beams
would have polarization along the same direction. However, our theoretical
expressions [Eq. (6.30) and Eq. (6.31)], indicate that Xyzzy # Xazws, SO the
signal and the probe beams have different polarization directions.
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Fig. 6.16. Variations of the DFWM signal intensities versus the rotation angle a.
(a) Pure FWM signal of the two-level system versus « for several different rotation
angles 0 of the HWP. (b) Singly-dressed and doubly-dressed FWM signals when the
input beams are all horizontally polarized. (c) The rotation angle « of the polar-
ization analyzer when the maximum intensity is observed. The scattered points are
the experimental results, and the solid line represents the case with the polarization

analyzer and polarizer rotating the same angle (a = 6).

Figure 6.16 (b) presents the k. singly-dressed (the square points) and k.
and k., doubly-dressed (the dot points) DFWM signals when the input beams
(ka, k), kp, k. and k) are all horizontally polarized. Comparing with the
pure-FWM signal [the square points in Fig. 6.16 (a)], the two FWM signals
dressed by either k. or k. and k., are both significantly suppressed and have
been similar suppressed intensities. As discussed above, for k. and k!, doubly-
dressed FWM process, mutual-dressing effect and constructive or destructive
interference should also be considered simultaneously.
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6.3 Controlling FWM and SWM in Multi-Zeeman
Atomic System with Electromagnetically Induced
Transparency

The effects of efficient high-order multi-wave mixing processes have attracted
many interests in recent years [4]. Under the EIT condition, not only the
FWM processes can be resonantly enhanced but also the generated FWM
signals can be allowed to transmit through the atomic medium with little
absorption [2]. Enhanced SWM via induced atomic coherence was experi-
mentally observed in a four-level inverted-Y (RY) atomic system. Such SWM
signal can be made to even coexist, compete and spatially interfere with the
FWM signal in the same system [35] by the assistance of EIT. Moreover,
theoretical investigation on coexisting FWM, SWM and EWM processes in a
five-level system was also carried out [31]. The experimental demonstrations
of these phenomena were often carried out in atomic systems, such as sodium
and rubidium atomic vapors, in which each energy level actually consisting
of several Zeeman sublevels interacting with different polarized light fields.
However, for simplicity most theoretical analyses have been based on ideal
level schemes which generally neglect Zeeman sublevels. Nevertheless, these
analyses are reasonable in most cases because the differences will often be
offset by the Doppler broadening when the sample is the hot atoms in a va-
por cell. However, in certain cases, especially in the cold atomic samples, the
effects of the multi-Zeeman sublevels cannot be simply neglected.

For example, the investigations on the interactions of double EIT and the
corresponding effects of atomic systems were done in recent years [37, 38].
Effects due to dual-EIT windows with enhanced Kerr nonlinearity in a RY
configuration considering no Zeeman sublevels were theoretically explored.
On the other hand, interesting effects with singly-dressed EIT in a three-level
atomic system considering of multi-Zeeman sublevels have been investigated
both theoretically [16] and experimentally [18]. Furthermore, doubly-dressed
EIT in a tripod atomic system was demonstrated recently [39]. These works
were carried out either in the cold atomic system or in vapor cells but with
the atomic systems in the two-photon Doppler-free configuration [40]. In this
section, the double-EIT dark states and their interactions in a realistic RY-
type system with full consideration of the involved multi-Zeeman sublevels
are investigated. The stronger dressing field generates multi-Zeeman-dark-
states by inducing different spectral splits. The weaker coupling field can
selectively create the secondarily-dressed dark states on the generated multi-
Zeeman-dark-states by changing its frequency detuning.

Doubly-dressed multi-wave mixing and its three (i.e., nested, parallel,
and sequential) dressed configurations have been theoretically investigated
recently [31]. However, these previous works have only studied the ideal level
systems without considering the multi-dressed multi-wave mixing with multi-
Zeeman sublevels. Here, the FWM processes with multi-dressing fields in
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the RY system with multi-Zeeman sublevel structures are presented. Autler-
Townes (AT) splitting spectrum shows several peak pairs, which are from
two different types of dark states generated in different transition processes.
The enhanced transmission spectra clearly shows Zeeman characteristic fea-
ture, which is induced by the multiple resonances due to the split Zeeman
sublevels. An analytical expression is developed to determine the positions
of the enhanced multiple peaks. The results confirm that one can selectively
resonate from the arbitrary transition paths of the FWM channels by tuning
the frequency detuning of the dressing field. Finally, the coexistence of the
enhancement and suppression in the dually-dressed SWM spectrum will be
discussed. Besides three enhanced peaks, one suppressed dip is also obtained
simultaneously.

6.3.1 Basic Theory

This work refers to the real atomic system of 8°Rb, as shown in Fig. 6.17.
One denote states 5251/2(F = 2), 52P3/2(F = 3), 52D5/2 (F = 2,3,4, since
the frequency differences between these three hyperfine levels are less than
10 MHz, we consider them all together as degenerate.), and 525 jo(F = 3) as
lanr), [bar), |ear) and |dar), respectively. M indicates the magnetic quan-
tum number. To emphasize the effects of the Zeeman sublevels, we con-
sider a special setup for the polarized laser beams similar to the one used
in Ref. [41]. A linearly-polarized probe field reduces to the two eigenstates
of the polarization by a weak magnetic field which is in the vertical di-
rection. Namely, the right- and left-circularly polarized beams connect the
transition from |ap/) to |bas) with wave-vectors k;t, frequencies w?*, and
Rabi frequencies Gi Two linearly polarized coupling beams G, (k., w.) and
G, (K., w) link |bps) to |car), while one dressing beam Gy (kq4, wq) drives
the transition from |bys) to |das), respectively. As shown in Fig. 6.17, this
system consists of five right-circularly-polarized sub-RY systems (which are
a—2) — b-1) — le—1) — [d—1), [a—1) — [bo) — |co)  Ido), lao) — [bx} — |ex) — |da),
|a1) — |b2) —|c2) — |d2), and |az) — |bs) — |c3) — |d3), respectively) and five left-
circularly-polarized sub-RY systems (which are |a_2) — |b_3) —|c_3) — |d_3),
la—1) = [b—2) —|c—2) —|d—2), |ag) — |b—1) —[c—1) = |d—1), [a1) — |bo) —[co) — |do),
and |ag) —|b1) —|c1) —|d1), respectively). Since the transition from |bg) to |co)
is forbidden, |a—_1) — |bo) — |co) — |do) and |a1) — |bo) — |co) — |do) are actually
sub-ladder systems. The probe beams with EIT, generated FWM and SWM
signals at the frequency w, can coexist in this composite system [35].
Figure 6.18 shows the generation processes of dressed FWM and SWM
signals and their beam geometry. Figure 6.18 (a) gives the FWM process gene-
rated by the probe beam E, and two coupling beams (E, and E!) with the

phase-matching condition of kr = k, + k. — k[, via the perturbation channel

of pg%) Lr, pl()(ll) e, pg) e, pl()i) [35]. The probe polarization direction is
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Fig.6.17. The RY-type system formed by the linearly-polarized probe, coupling
fields and dressing fields for *Rb atom. Solid, dotted, dashed-dotted and dashed
lines are transitions for linearly-polarized dressing beams, left-circularly-polarized
probe beam, right-circularly-polarized probe beam, and linearly-polarized beam,
respectively.

orthogonal to the dressing and coupling fields’ polarization, namely the quan-
tization axis direction. In fact, this FWM generation process can be viewed
as a series of transitions: The first step is from |a) to |b) with absorption
of a probe photon E,, and the final state of this process can be dressed by
the fields Eq (G4) and E. (G¢). The second step is the transition from |b) to
|c), and the final state can not be dressed by any field. The third step is the
transition from |c) to |b) with the emission of a coupling photon E, and the
final state of this process can be dressed by Fy (G4). Then, the last transition
is from |b) to |a), which emits a FWM photon at the frequency wp. Thus,

one can obtain the dressed perturbation the chain: p(o) — pgziGdia ey

p((fl) p(G3 ) 4, This comprehension and dressed perturbation the chain will

be helpful for deriving the FWM expression from the density-matrix equa-
tions below. Other than this FWM process, two possible SWM processes,
via either the channel of p(o) RN p(l) e, 2 v, p<3) 2d, pl(;;) N pgi)

or pg(()z) — p,()i) 2l pgfl) p,()i) — p.(;‘} BN p,() ), exist in this laser

beam configuration, as shown in Fig. 6.18 (b). Both of them use one pho-
ton from the probe beam FE),, two photons from the dressing beam E;, and
one photon each from E. and E! with the same phase-matching condition of
kr =ky,+ ke — k. + kg — kq. These FWM and SWM processes can coexist
and be phase-matched to travel in the same direction, as shown in Fig. 6.18
(c).

The evolution of the atomic variables in the interaction representation is
governed by the master equation:

op i ap
ot - _h [H1nt7p] + (at)inc7 (638)

where the first term results from the coherent interaction and the second
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Fig.6.18. (a), (b) Energy diagrams for generating FWM and SWM signals. (c)
Beam geometry used for the system.

term represents dampings due to decay with or without emission, dephasing,
and other irreversible processes. In the interaction representation and under
the dipole and rotating-wave approximation, the Hamiltonian for this system
can be described as

3 3
Hint__h< Z Ap|bM> <bM|+ Z (AP+AC) |CM>><

M=-3 M=-3

(eml+ ) (Ap—Ad)|dM><dM|> -

M=-3

2 2
h [ Z G;M |aM) <bM71| + Z G;:M |aM> <bM+1| + c.c.

M=-2 M=-2

3 3
h [ Z Gam |dM> <bM| + Z Gem |bM> <CM| +c.c.|, (6.39)

M=-3 M=-3

where A, = wqp —wp, Ac = wpe —we and Ay = wqp —wy are the frequency oft-
sets of the probe, coupling, and dressing fields, respectively. wap, Wpe, Wap are
the transition frequencies from |a) to |b), |b) to |c) and |d) to |b), respectively.
G;_M = /J/aM,bM-i-lE;_/h and G;M = ,UaM,bM—lEp_/h(M = —-2,—-1,-- ~2),
GcM = MbM,cMEc/h and GdM = NbM,dMEd/h (M = —3,—2, < 3) are the
Rabi frequencies of the right-, left-circularly-polarized probe, coupling and
dressing beams for various transitions between different Zeeman sublevels,
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respectively. pinr ja (4,7 = a,b,c,d) are the transition dipole moments be-
tween various Zeeman sublevels, which can be calculated by the following
expression [42]:

pine,jm = pggCij (M, M")
= gy (1) I JOp £ 1) (20 + 1) (2F +1) %

{J J 1}<F’ 1 F)

) (6.40)
FF I M q —M
where p7 is the reduced dipole matrix element, C;; (M, M’) are the Clebsch-
Gordan (CG) coefficients. J, I, F are the quantum numbers of the total
electron angular momentum, the total nuclear angular momentum and the
total atomic angular momentum, respectively. The standard Rabi frequen-
cies are defined as G;Jt = uabEpi/h, G. = wpeEe/h, Gqg = ppaEa/h, so the
Rabi frequencies for the Zeeman sublevels can be easily expressed as G;tM =
Cab (M,Mi 1) X G;, GcM = Cbc (M,M) X GC, GdM = de (M,M) X Gd,
which indicate that the Rabi frequencies for various transitions among dif-
ferent Zeeman sublevels are generally different.

The condition is considered that the probe beams connecting different
sub-RY systems are very weak, so these sub-systems are basically independent
of each other. Under this condition, as to each sub-system, there are sixteen
density-matrix elements but only ten of them are independent. One write
down few density-matrix equations from Egs. (6.38) and (6.39), which are
useful for the derivations below:

8prilaM

_ A r .Gi ikg:Mm
ot = —[iAp + ba]prj:laM +1iGpy,e Papran +
o —ikoy g T o Kaye, ™
Gy, © Pepryran T1Gay, e Pdyr1an —
ot ilﬁ RS
5 IGp e "M Py by
Peprtian . . ike r
ot = —[i(Ap + Ac) + Tealpersirans +1Geprzre ™M1 " Poyyiyan — (6.41)
ot ilﬁ RS
5 iGppe ™M pepyibasars
Pdnrt1an . . —ikg -
ot = —[i(Ap — Aa) + Pdalpapssrap + 1G2Mile MEL Dy ran
.Gi ikg:M r
1Gpy, € Pdpr+1bar+1
(M:727717"'72)7

where p;; (i,7 = a, b, ¢,d) are the density-matrix elements, I';; (¢, j=a,b, ¢, d)
are the decay rates describing decays of populations and coherences mainly
due to the spontaneous transitions. Decay rates between the same hyper-
fine levels but different Zeeman sublevels (i.e., I';ar jar) are generally dif-
ferent from each other. In this work, since the Rabi frequencies are always
far greater than the decay rates, the difference in the decay rates between
different Zeeman sublevels is neglected, which is now denoted as I';; on the
hyperfine levels to simplify our calculations. Otherwise, in the derivation be-
low, the last term of each equation which contains the probe Rabi frequency
will be neglected since the probe field is far weaker than the other two fields.
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6.3.2 Dual-dressed EIT

From the density-matrix equations (6.41), and under the weak probe fields
and the steady-state approximations, one obtains the expressions for the
matrix elements of the probe beams:

.~
+ _ G (0)
priulM - 2 2 Panran
ATy & |Genr+1] . |Ganr+1]
P CH(AFA) + T (A, — Ag) + T
(M =-2,-1,...,2), (6.42)

where pg(za w 1s the population of the ground state |aps). So the linear sus-
ceptibility containing the dressing effect of such 3Rb atomic vapor can be
written as

2
— — + —
X = Z (XbelaM + XbM+1aM> -

M=-2
2

2 1)+ 2 (1)—
Z (Mb]\/1+1a1\/fpb1\/f+1a]\/1 +ubNI—1aNIprI—1aNI)] ’ (6'43)
M=-2

N
Eofle

where N is the atom density. Then, the probe transmissivity T is given by
T = exp [—2nLIm (x) /A]. (6.44)

Figure 6.19 (a) depicts the calculated transmissivity of the probe beam
versus the probe frequency detuning A,/2x and the Rabi frequency of the
dressing field G4/2n. One can see that the EIT windows gradually emerge
as increasing Gg4. Figure 6.19 (b)—(f) shows several cross sections of Fig.
6.19 (a). When the dressing field is weak (G4 = 10 MHz), as shown in Fig.
6.19 (b), only one EIT window appears, which indicates that all the splitting
Zeeman sublevels are almost degenerate. However, as the dressing field inten-
sity increases, more EIT windows appear and become clear in the spectrum,
which probe the multi-dark-state structure of this system [36].

This phenomenon from Eq. (6.44) can be easily explained. In the de-
nominator, the dressing field G4 and the coupling field G, are related in a
summation, which is considered as in the sequentially-dressed scheme [31].
In such case, the two fields are intermixed and cannot be divided at the
resonant condition of A, = Ay = 0. They split one energy level into two
dressed states, giving only two absorption peaks in the spectrum. In the
limit of |G0Mi1|2 + |GdMi1|2 >> T'¢ql4a, positions of the split peaks (or

1/2
equally, split levels) are at Apyr = + <|GC]\/[:|:1|2 + |GdMi1|2) . Different

CG coefficients give different Rabi frequencies, and therefore different split-
ting distances, so multiple absorption peaks emerge [36]. For the linearly-
polarized dressing field, CG coefficients are symmetric with respect to M=0,
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Fig. 6.19. (a) Calculated transmissivity of the probe field versus A, /2n and G4/2n
when G./2n = 10 MHz, A./2n = A4/2n = 0. (b) — (f) Several cross sections of (a)
versus A, /2n for G4/2n = 10, 25, 40, 80 and 100 MHz, respectively. (g) Gq4/2n =
80 MHz, G./2n = 0 and A./2n = A4/2n = 0. The other parameters are I'y, /271 =
2.998 MHz, I'co /2t = 0.396 MHz, I'q, /2%t = 0.1 MHz, A = 780.2 nm, N = 1.5 X
10" /em?®, pups = 3.5843 x 1072?C - m. The unit of the abscissa is MHz. Adopted
from Ref.[39].

namely C;; (M, M) = C;; (—M, —M). Hence, the symmetrical Zeeman sub-
levels must always be degenerate. Furthermore, from the values of CG coef-
ficients, one can conclude that the absorption peak pairs from inner to outer
frequencies in the spectrum are caused by Zeeman sublevels M = 0, M = +1,
M = £2, M = £3 respectively. These results are consistent with the ones
obtained in Ref. [36] which used singly-dressed EIT scheme in multi-type sub-
systems involving Zeeman sublevels. Note that the sublevel M = 0 is split
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only by the weak coupling field (G./2n = 10 MHz) because of Gg pr—=o = 0
(transition forbidden). Comparisons of Figs. 6.19 (e), (f) and (g) can confirm
this conclusion, i.e. as G4 (in Figs. 6.19 (e) and (f)) increases, the inner peak
pair does not move; however when the coupling field is blocked (Fig. 6.19 (g)
and comparing to Fig. 6.19 (e)), the inner peaks fuse together.

Figure 6.19 shows the variations of the probe spectrum as the dressing filed
intensity is increased when it is on resonant and the dark states induced by
the two fields are completely overlapped. Now, the coupling field (A./2w = 0,
17, 33, 45 MHz) is tuned under the same conditions as in Fig. 6.19 (f). As
Fig. 6.20 (a) shows, the coupling field splits each absorption peak generated
by the dressing field. The peaks (probing the shifted Zeeman sublevels) are
split again by the coupling field, as shown in Fig. 6.20 (b) (only the positive
split levels are shown.). The small peak in each secondary EIT window is
the two-photon-enhanced absorption peaks, which is generated by the two-
photon (the detuned coupling and probe fields which hit the same position)
resonance-enhanced absorption with the other split Zeeman sublevels which
are not secondarily split by the coupling field.

Therefore, under resonant condition, the dark states with multi-Zeeman
sublevels are lifted by the strong dressing field because of the differences
in the CG coefficients. The coupling and dressing fields are intermixed and
enhanced with each other. When it is frequency detuned, the coupling field
can selectively create secondary dark states on the split levels generated by
the dressing field.

The discussions above are all under the condition of not considering the
other hyperfine levels. However, for the real > Rb atomic systems in exper-
iments related to narrow spectra, the multi-hyperfine levels should be con-
sidered. Figure 6.21 gives the comparison of the probe transmissivity with
and without the hyperfine level F' = 2, which is the nearest hyperfine level
of FF = 3 (63.4 MHz below F' = 3). Figure 6.21 (a), (b) is the comparison
corresponding to Fig. 6.19 (f) while Figure 6.21 (c), (d) is the comparison at
the similar condition as the fourth figure of Fig. 6.20 (a) (with just an oppo-
site detuning of A./2n = —45 MHz). It can be seen that the peaks induced
by the hyperfine level ' = 2 do not mix with F' = 3 when proper dressing
beam intensity and frequency offset are used. So, if one wishes to distinguish
peaks from different hyperfine levels or to avoid the contributions from other
hyperfine levels, the frequency offset and detuning of the laser beams have
to be carefully controlled.

Fully simulating the spectra with all hyperfine levels can be done by
simply summing over all the hyperfine levels’ contributions for the permitting
transitions. However, since such spectra will be too complicated to see the
physics behind, the contribution from other hyperfine levels is avoided and
their impacts are minimized.
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Fig.6.20. (a) Calculated transmissivity of the probe beam versus A,/2n for
Ac/2rn = 0,17, 33,45 MHz, respectively when G4/2n = 100 MHz, G /2 = 10 MHz
and Agz/21 = 0. (b) Diagram of positive levels (including secondary-splitting) of
52P3/2, F = 3 corresponding to (a). Other parameters are the same as in Fig. 6.19.
The unit of the abscissa is MHz.
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Fig.6.21. (a), (b) Comparison of the cases of whether to consider the hyperfine

level F = 2 or not at the same condition of Fig. 6.19 (f). (c¢), (d) Comparison of

the cases of whether to consider the hyperfine level ' = 2 or not at the similar

condition (with just an opposite detuning of A./2x = —45 MHz) of the fourth

figure of Fig. 6.20 (a). The unit of the abscissa is MHz.

6.3.3 Four-Wave Mixing

By using the dressed perturbation the chain pé?l) L, pgz £Gata Le, pgz) s,

pgg 1> One can obtain the expressions for FWM from the density-matrix

equations under similar approximations as for EIT:

Pz(j\ilaM Fa = — 1G§M |(56Mi1|2 9 X
’ iA, + Ty + |G enrs1] n |Ganr+1]
(A +A)+Te (A, —Ay) + Ty,
1 1
A, 4Ty g |Gawsal B+ A+ Te
1(Ap — Ad) + 4o
(M =-2,-1,...,2). (6.45)

The signal intensity is proportional to |Npuip|?, so the relative FWM
signal intensity is given by

2 2

3)+ 3)—
Z (;L"bnf+1a1»1pl()1\/)1+1aM + MbelaMpl(Hvz—laM)
M=-2

Ir (6.46)

In order to clearly understand the simulation results, let us analyze the
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complex expressions as given by Eq. (6.45). For each expression, there are
three production terms. In the denominator of the first term, the Rabi fre-
quencies of the two fields (G.p+1 and Ggap41) are in sequential-dressing
scheme like the expressions for EIT. G4p7+1 in the denominator of the sec-
ond term multiply the sequential term, which can be denoted as a parallel-
dressing scheme [31]. Therefore, the expression of FWM is a combination
of a sequentially-dressed scheme and a singly-dressed scheme. As to the
parallel scheme, which is different from the entanglement of two sequen-
tial fields, its two multiplying parts do not necessarily interact with each
other. So, the two parallel terms may give two independent groups of peaks.
Peaks in one group induced by the sequentially-dressed term are located at
Apy = £(|Gepr41]? + |GdMi1|2)1/2, and the peaks from the other group
induced by the singly-dressed term are at A,y = £Ganr+1-

Figure 6.22 is the calculated relative intensity of FWM signal for dif-
ferent Rabi frequencies of the dressing and coupling fields. Seven irregular
peak pairs (which are denoted as 1, 2, ---,7 from lower to higher offset, re-
spectively.) are obtained (the single peak in the centre is generated by the
two-photon term of the expression which is not our focus of discussion here).
However, from comparing the three curves in Fig. 6.22, the complex peak
structures can be well understood. For curves (a) and (b), as G. is changed
but not G4, peaks (pairs) 2, 3, 5, 7 shift, while peaks 1, 4, 6 are stable.
So, peaks 2, 3, 5, 7 are generated by the sequential-dressing term (G. and
G4) which probes the group of multi-Zeeman dark states generated in the
first transition of the FWM process. Peaks 1, 4 and 6, however, are split by
the singly-dressed parallel G4, which probes the other group of dark states

(a)

(b)

Relative intensity

Gy/2n=110,G/2n=39 ©

-60 =30 0 30 60
Ay2m

Fig. 6.22. Intensity of the FWM signal versus A,/2x for (a) G./2n = 43 MHz,

Ga/2n = 115 MHz; (b) G./2n = 39 MHz, G4/2n = 115 MHz; (c¢) G./2n =

39 MHz, G4/2n = 110 MHz.The parameters are A./2n = Ag/2n = 0, Gp/2n =

2 MHz, and the others are the same as in Fig. 6.19. The unit of the abscissa is

MHz.
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generated in the third transition of the FWM process. For curves (b) and
(c), as G4 is changed but not G, the peak 2 is stable while the other peaks
move. Similar to EIT, peak 2 must be split only by G., since G4 = 0 for Zee-
man sublevel M = 0. Looking at the values of CG coefficients, which peaks
of the two groups are induced by which Zeeman sublevels can be decided.
By using the expressions of the peak positions, the positions of the peaks
for curve (b) can be calculated as: Apegrr = £Gg.11/2n = £17.5 MHz,
Apeak:Q = ZEGC’()/QJ'IZ =+24.3 MHZ, ApeakB - :l:(|Gc,:t1|2 + |Gd}i1|2)1/2/2ﬂi =
+29.6 MHz, Apears = £|Ga2|/2n = £35 MHz, Apears = £(|Gea2|* +
|Ga12?)/? /28 = +41.6 MHz, Apears = +Ga+3/2m = £52.5 MHz, and
Apearr = £(|Gex3* + |Gd,i3|2)1/2/2n = 456.2 MHz. The numerically cal-
culated maxima in curve (b) are at £17.9496, 423.2243, +29.837, £35.1064,
+41.3738, +£53.2318, and £55.4742 MHz, respectively, which agree very well
with the analytically calculated results, confirming that the expressions are
reasonable. Properly intensity of the dressing and coupling fields were con-
trolled for avoiding bringing hyperfine levels F' = 2 and F' = 1 in our discus-
sion.

As discussed above, the sequentially-dressed scheme induces one group
of multi-Zeeman dark states and the parallel singly-dressed field induces the
other group which does not interact with the first group. The basic reason for
such phenomenon is that the parallel dressing scheme represents two tran-
sition processes in FWM. The two groups of multi-Zeeman dark states gen-
erated in different processes are distinguishable because the weaker coupling
field enhances the dressed effect of the dressing field in the first transition
process.

For better understanding the enhancement and suppression effects of the
signals, Eq. (6.47) is divided by the original FWM expression which has no
dressing fields (i.e. let G. and G4 in the denominator of Eq. (6.47) equal to
0). In such case, when the signal intensity is below one, it means suppression
of FWM, while above one means enhancement of FWM signal intensity. The
expression for normalized FWM signal with dressing fields reduces to

-t
+ _ G (0)
prilaM - 2 2 Payran
A 4T, 4 |Genrtt] n |Ganr+1]
P T AL+ A) +Tee (A, — Ag) 4+ Taa
(M =-2,—-1,...,2). (6.47)

The normalized FWM signal intensity is given by

2 2

~(3)+ ~(3)—
Z (ubM+1aMpl(m3+laM + Mwa—laJvfpl()A;,IQM)
M=-2

Ir (6.48)

Figure 6.23 (a) depicts the intensity of the dressed FWM signal versus
Ac/2n and Ag/2n with A,/2n = —60 MHz (To avoid the hyperfine level
F = 2, one choose A,/2n < 0, Since for the probe field, the hyperfine level
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F =4 over F' = 3 is forbidden transition level (transition 559, F' =2 —
5P/, ' = 4 is forbidden), it can not involve other hyperfine levels other
than the F' = 3 while the intensity is not strong enough. The field strengths
are G4/2n = 100 MHz, G./2n = 15 MHz, G,/2n = 3 MHz and the other
parameters are the same as in Fig. 6.19. A cross section of Fig. 6.23 (a) versus
Ag4/2n when A./2n = 0, as shown in Fig. 6.23 (b), shows three enhanced
peaks, which is different from the case with only one enhanced peak in each
curve in Ref. [31]. Surely, the multi-Zeeman splitting sublevels induced by the
dressing fields are responsible for this phenomenon. As for the first transition
process, the enhancement condition is A, — A,y = 0, where Apps is the
frequency shift of the given Zeeman sublevel (M). This represents the new
resonant condition between the probe field and the splitting levels in the
dressed-state picture. As shown in Fig. 6.23 (c¢) (the coupling beam is omitted
because of its less contribution in this case), the probe detuning is fixed at
A,/2n = —60 MHz, the split Zeeman sublevels move as the dressing field
is scanned. Only three positive splitting levels can get through the resonant
position (A, /2w = —60 MHz). If any of them are set at this position [dashed
line in Fig. 6.23 (c¢)], it will satisfy the enhancement condition and greatly
enhance the FWM signal. So the three negative splitting levels generate three
enhanced FWM peaks when the dressing field is scanned [as shown in Fig.
6.23 (c) (I-I)]. The huge values in the y-axis are caused by the parallel-
dressing scheme since the two simultaneously enhanced terms are multiplied.

Now let us derive the analytical expressions for the enhancement posi-
tions. By using Eq. (6.47) and under the approximations of Gg, Ag, A, >>
G > Tpq, the locations of the splitting levels relative to the original position
of the state |b) can be obtained as

1
Ay =, <Ad - \/A3 +4 |GdM|2> . (6.49)

Combining this with the enhancement condition of A, — A,y = 0, the
detuning values for the dressing field, when the FWM is enhanced, can be
determined to be

Agnr = (A,% - |GdM|2) /A, (6.50)

According to Fig. 6.23 (b), the three enhanced peaks are located at
Ag/2n = —25.278,—44.568, and —56.142 MHz. The calculated positions
for the three maxima are —24.968, —44.392, and —56.083 MHz, respectively,
which show very good agreements.

Figure 6.23 (d) presents several cross sections of Fig. 6.23 (a) versus
A./2m. for Ay/2n = —25,—45,—56 MHz. These three curves all give the
same dip at A./2n = 60 MHz on the enhancement background. This means
that the coupling field greatly suppresses the FWM signals which have been
enhanced by the dressing field, as shown in Fig. 6.23 (b). In fact, this obeys
the suppression condition: A, + A, = 0, at which the coupling and probe
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Fig.6.23. (a) Intensity of FWM signal versus A,/2n and Aq/2n with Ay /2n =
—60 MHz. The parameters are Gq/2n = 100 MHz, G./2n = 15 MHz and G, /2n =
3 MHz, the other parameters are the same as in Fig. 6.19 (b) Cross section of (a)
versus Aq/2mn for Ac/2m = 0. (¢) Schematic dressed-state diagram for the enhance-
ment corresponding to (b). (d) Cross sections of (a) versus A./2n for Aq/2n =
—25 MHz (solid line), —45 MHz (dash-dotted line), —56 MHz (dash-dotted line),
respectively. (e) Schematic dressed-state diagram for the suppression of FWM sig-
nal, corresponding to (d) (the solid line with Aq/2mw = —25 MHz). The unit of the
abscissa is MHz.
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fields hit the same position in frequency. So the probability for the probe
photon transition at A, = —A. has been greatly reduced because of the
dressing effect of the coupling field, even when the enhancement condition
is also satisfied. Figure 6.23 (e) shows the diagram for the split levels when
A./2n = 60 MHz and A;/2n = —25 MHz. The split sublevels | & 3+) are
further split into | £ 3 + 4) and | & 3 + —), respectively, by the coupling
field, similar to the secondary dressing in EIT case, so the FWM signal is
suppressed.

Therefore, the spectrum of the FWM signal versus the dressing field de-
tuning can also reveal the Zeeman structure in the atomic system. These are
triple single-photon resonance (A, = 0) enhancements of FWM processes in
split Zeeman sublevels. The analytical expressions for the positions of the
dressing field fixed show that one can selectively enhance each FWM path
consisting of different split Zeeman sublevels. At the same time, secondary
dressing effects, induced by the coupling field like in the EIT case, also exist
in the FWM spectrum and can greatly suppress the FWM signal.

6.3.4 Six-Wave Mixing

Using similar derivation procedure as for FWM processes in the last section,
by means of the density-matrix equations and two SWM perturbation chains
and under similar approximation, the expressions for dressed SWM processes
can be obtained as [31]

. 2 2
O 1G;,tM |Genra1]” |Ganr+1]
Porrsran = |G Mi1|2
iA, +T ¢
1 ? + b + I(AP + Ac) + Pca
1 1 y
. G 2 (A, — Ag) + T
iA, +Tho + |Ganr+1] p

I(Ap — Ad) + 4o
1 1

M=-2-1,---,2). (651
1A, +Tha i(Ap + Ap) + Tgq ( )- ( )

The normalized expressions for the dressed SWM signals (by dividing
the original SWM expression without the dressing fields) with multi-Zeeman
sublevels are

(5t (1A, + Tha)? 1

bvtiam |G |2 |G |2
iA T cM=+1 iA r dM=+1
o Tl 1(A;D + Ac) + Fca o et 1(A;D - Ad) + Fda
(MZ —2,—1,--- ,2). (6.52)

Since the signal intensity I is proportional to |N u1p|2, the relative SWM
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signal intensities (normalized) are given by

2

2
~(5)+ ~(5)—
Z (MbM+1a1y{p£]\/)I+1a]\/1 +:u‘b1W—1aMpl()]\;_1a]\/j)
M=-2

Is = (6.53)

Since the basic analyses and major results of AT splitting in the SWM
case are similar to the case of FWM, as discussed in the last section, it is no
need to repeat the discussions here.

Figure 6.24(a) is the normalized SWM intensity according to Eq. (6.52)
versus Ag/2m. when the probe beam is slightly detuned (A, /2m = —10 MHz.
Other parameters are G4/2n = 50 MHz, G./2n = 10 MHz and A./2n =
100 MHz. Similar to the FWM enhancement spectrum, three enhanced peaks
(from left to right) are induced by the single-photon resonances of the probe
beam with the dressed states |+£34) , |£2+), and |£1+4), respectively. The
curves of Figure 6.24 (b) are respective singly-induced by |£3+) (dashed
line), |£2+) (dotted line) and |+1+) (solid line) under the same condition as
in Fig. 6.24 (a), which show different enhanced peaks (different positions).
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) . I.\D}Q‘.IT:-\d;QT[:—]O

5P32, F=3 ——r—-11-)

——+2-)

—_t3-)

2_(*” |£1+)

Gy | Gu

Normalized Intensity

525‘] 2, F=3

. ! 52810, F=2—
50 100 150 ©
Agf2n

Fig. 6.24. (a) Intensity of SWM signal versus Ag/2n with A,/2n = —10 MHz.
The parameters are Gq/2n = 50 MHz, G./2x = 10 MHz and G,/2n = 3 MHz,
A./2n = 100 MHz, the other parameters are the same as in Fig. 6.19 (b) The
curves show structures as singly-induced by |+3+) (dashed line), |+2+) (dotted
line) and |+14) (solid line), respectively, under the same condition as in (a). (c)
Schematic dressed-state diagram for the signal enhancement corresponding to (a).
The unit of the abscissa is MHz.

Also, one suppression dip exists. Because of the suppression condition
of A, — Ay = 0, only one suppression dip can exist at Ag/2n = A, /21 =
—10 MHz for all the split Zeeman sublevels. Figures 6.24 (a) and 6.24 (b) both
confirm this conclusion. Figure 6.24 (c) is the schematic dressed-state diagram
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to show the condition for suppression. One can see that as the dressing field
hits the position of the probe field, it effectively suppresses its transition, and
therefore, reduces the SWM process.

Therefore, as the dressing field is scanned in frequency, the SWM signal
gets not only multiple enhancement peaks, but also suppression dips when
the probe field is slightly detuned. The mechanism for enhancement is similar
to the one as in FWM. The suppressed dips, however, represent the dressed
effects of the dressing field, which cannot reveal the Zeeman structure in the
system.
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7 Controlling Spatial Shift and Spltting of
Four-Wave Mixing

When multiple laser beams interact with multi-level atomic systems, inter-
esting spatial effects for the probe beam, such as the pattern formation,
spatial displacement, and spatial soliton, can occur, controlled by stronger
coupling or pumping laser beams. In this chapter, spatial dispersion prop-
erties of the probe and generated four-waving mixing (FWM) beams are
presented, which can lead to spatial shift and splitting of these weak laser
beams. Such beam displacement and splitting can be controlled by the story
coupling/pumping laser beams via enhanced cross-Kerr nonlinearity in the
multi-level atomic systems near electromagnetically induced transparency
(EIT) resonance. Such enhanced spatial dispersion behaviors follow closely
to the traditional linear and nonlinear dispersion properties in a frequency
domain for multi-level EIT systems. By controlling the spatial displacements
of the weak probe and FWM beams with coupling/pumping beams, spatial
optical switching and routing of one beam or multiple optical beams can be
achieved. Such controllable spatial beam displacement and splitting effects
are illustrated in two- and three-level atomic system.

Additional story dressing beams can also affect the spatial splitting and
intensity of the FWM beam. Studies of such a controlled beam shift and
spatial splitting can be very useful in understanding image storage, spatial
soliton formation and dynamics, and in device applications for spatial signal
processing inducing switches and routers.

7.1 Basic Theory

The self-Kerr nonlinear index of refraction for rubidium atoms has been the-
oretically calculated and experimentally measured by Wang [1]. In this sec-
tion, we will present a simple theoretical treatment of the dressed cross-Kerr
nonlinear index of refraction for a two-level atomic system, a V-type and a
ladder-type three-level atomic system.

First we consider a two-level system, as shown in Fig. 7.1(a), where the
weak probe field F; and the strong coupling fields F{ come from the same
laser and both couple levels |0) and |1). They have the same frequency de-
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Fig. 7.1. Sketches of the (a) and (b) two-level atomic system, (c) a V-type and (d)
a ladder-type three-level atomic systems. F; is the weak probe field, E] and E» are

the strong coupling fields.

tuning Ay = Q1 — wy, where €Q; is the resonant frequency and w; is the laser
frequency. For this system the following equations are derived for the slowly

varying density matrix elements:

o (r) ) e

g(;o = —Toopy; —iG1pty +iGiply,
apiy D e () e

gifl - —angl) - 1G1P§o) + 1G1p(()1),
oty _ . ") _ e ) s ()
or —[iA1 +Tolp1g —1G1p1) +1G1pgg

(7.1)

where G; is the Rabi frequency, I'gg and I'1; are the longitudinal relaxation,
and T'jo is the transverse relaxation from |1) to |0). A cross-Kerr process of
the weak probe field F; induced by the strong coupling field F5 can be simply

presented via the four perturbation chains:
0 Eif () EY (2) E 3
Péo) — Pgo) — P((Jo) — ng)v

0 EY ) EI (2 E 3
P(()o) B P(()l) — P(()o) — Pgo)v
0) E! 1) By 2) E 3
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0) B 1) Ej 2) E 3
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(7.2)

If we consider the dressing effect of the strong coupling field Ef, both the
energy levels |0) and |1) are dressed to create dressed states |[+) and |—),
respectively. The dressed cross-Kerr nonlinear processes can be described as

0 BT ) EY (2 Ei (3
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where p14o+ represents dressing the chain pjg —— poo — p1o — p11 —
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P10, Po+1+ represents dressing the chain pg; — p11 —— po1 — pPoo ——
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Po1, Po+o+ represents dressing the chain pgg —— po1 —= Poo — P10 ——
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poo and p141+ represents dressing the chain p1; —— pg1 — p11 — p1o ——

p11- Under the condition that the coupling field is much stronger than the
probe field and pé%) ~ 1, equations can be solve together with the chain to

give
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Thus we can obtam X o P(f?)) and the dressed cross-Kerr nonlinear index
of refraction ng o Rex®).
In this two-level system, when the weak probe field F; and the strong coupling
fields E2 come from the different lasers but both couple levels |0) and |1),
as shown in Fig. 7.1(a). They have the different frequency detunings A; and
As = Q1 — wg, respectively. The cross-Kerr process of the weak probe field
FE; induced by the strong coupling field F5 can be simply presented via the
four perturbation chains:

E1 E;
p&) B ply) =5 ) B2 ). (7.6)

If we consider the dressing effect of the strong coupling field Es, the energy
level |1) is dressed to create dressed states |+) and |—). The dressed cross-
Kerr nonlinear processes can be described as

0) E 1) B3 2) E 3
Péo) - P(m)o . péo)—apﬁﬁm (7.7)

where p14¢ represents the dressing chain pig — poo E2R p1o0- Under the

same condition as before, equations can be solve together with the chain to
give

3 —iG4|Ga|?
Pgo) = 2" (7.8)
Too {T10 +iA1 + G%/[Too + (A1 — A2)]}
Similarly, for a V-type three-level system, as shown in Fig. 7.1 (c), the
weak probe field E; couples levels |0) and |1) with the frequency detuning A,
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and the strong coupling fields Ey couples levels |0) and |2) with the frequency
detuning As = Q9 — wo. For this system, the following equations are

aply) .
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Ty is the transverse relaxation from |2) to |0). A cross-Kerr process of the
weak probe field E; induced by the strong coupling field F5 can be simply
presented via the four perturbation chains:
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If we consider the dressing effect of the strong coupling field Fs, the energy
levels |0) is dressed to create dressed states |[+) and |—), respectively. The
dressed cross-Kerr nonlinear processes can be described as

0) E 1) E3 2 E 3
P(o) = Pgo)i —= p(()i)Oi — Pgo)iv
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Under the condition that the coupling field is much stronger than the probe
field and Poo ~ 1, equations can be solved together with chains to give
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At last, for a ladder-type three-level system, as shown in Fig. 7.1 (d), the
weak probe field E; couples levels |0) and |1) with the frequency detuning A,
and the strong coupling fields Ey couples levels |1) and |2) with the frequency
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detuning As. For this system, the following equations are

9 (r) . -
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A cross-Kerr process of the weak probe field E; induced by the strong cou-
pling field E5 can be simply presented via the four perturbation chains:

E; E E3 :
&) B pl) B2 ol 22 o), (7.15)

If we consider the dressing effect of the strong coupling field Fs, the energy
levels |1) is dressed to create dressed states |[+) and |—), respectively. The
dressed cross-Kerr nonlinear processes can be described as
0) E 2) E 2) B3 (3
P(()o) — P(uzo —= Péo) — ngzo' (7.16)
Under the condition that the coupling field is much stronger than the probe
field and p(()%) ~ 1, equations can be solved together with chains to give
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7.2 Electromagnetically-induced Spatial Nonlinear
Dispersion of Four-Wave Mixing Beams

As two or more laser beams propagate through an atomic medium, the
cross-phase modulation (XPM), as well as the modified self-phase modu-
lation (SPM), can significantly affect the propagations and spatial patterns
of the traveling laser beams. Laser beam self-focusing [2], deflection [3], beam
breaking [4], and pattern formation [5, 6] have been extensively studied with
two laser beams propagating in two-level atomic vapors. The previous chap-
ters have shown that the self- and cross-Kerr nonlinearities can significantly
enhance and modify the linear and nonlinear optical properties in three-level
atomic systems due to laser-induced atomic coherence (or EIT) [7—9]. EIT-
induced waveguide effect [9], elimination of beam filamentation [10, 11] by
atomic coherence, and spatial all-optical switching of laser beams [12] were
reported in the past few years. At the same time, FWM processes have been
shown to be significantly enhanced in three-level EIT systems [13—15].
There are several features in this section that are distinctly different and
advantageous over the previously studied spatial shifts of laser beams in
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atomic systems. One of the distinct features in multi-level EIT systems is
the sharp linear [16], as well as nonlinear [2], dispersions in frequency near
the EIT resonance. By arranging the laser beams in certain spatial configu-
rations, such sharp dispersive features in the frequency domain for the probe
beam can be converted into spatial beam displacement controlled by the
strong coupling laser beam. For a three-level V-type system, as shown in
Fig. 7.2 (a), the control (coupling) beam FEs in one transition can spatially
deflect the probe beam FE, in another transition when these two laser beams
propagate through the atomic medium with a small angle. As the probe fre-
quency is detuned, the spatial deflection shows a dispersion-like change in
its displacement, which exactly mimics the dispersion curve as observed for
the Kerr-nonlinear index of refraction in the EIT system [2]. Also, when two
additional pump laser beams (E; and E{) are applied to the probe transi-
tion, as shown in Fig. 7.2 (b), to generate a FWM signal Epy, this FWM
signal beam can also be spatially displaced by the control beam E5. Again,
a dispersion-like spatial deflection curve for the FWM signal is seen with
respect to the probe frequency detuning. Such electromagnetically-induced
spatial dispersion (EISD) can be used for spatial switching and routing, and
as an easy way to measure the Kerr-nonlinear indices of refraction for the
multi-level atomic media. When the control beam FEs is tuned to the same
transition as the probe and pump beams, as shown in Fig. 7.2(c), it becomes
an effective two-level system.

The three-level V-type atomic system is shown in Fig. 2 (a). Three energy
levels (10)(3S1/2), [1)(3P1/2) and [2) (3P;/2)) from Na atoms (in a heat pipe
oven) are involved in the experiments. The pulse laser beams are aligned
spatially as shown in Fig. 7.2(d) with the control beam Es (frequency wo,
k2) and pumping beams E; (frequency w1, k1) and Ef (w1, k}) propagating
through the atomic medium in the same direction (E; and E» are collinear)
with a small angle (0.3°) between them in a square-box pattern. The probe
beam E, (w1, kp) propagates in the opposite direction with a small angle as
shown in Fig. 7.2 (d). The laser beams Eq, Ef, and E, (with Rabi frequencies
G1, G} and G, respectively, connecting the transition from |0) to |1)) are
from the same near-transform-limited dye laser with frequency w; (10 Hz
repetition rate, 5 ns pulse-width and 0.04 cm™! linewidth), which generate
a one-photon resonant FWM process [17]. The generated FWM beam Ep;
(with Rabi frequency G 1) sampled by a CCD satisfies the phase-matching
condition kp1 = k1 — k{ + k,. The control field Es (with Rabi frequency G»)
drives the transition from |0) to |2)), as shown in Fig. 7.2 (b), which is from
another dye laser of the frequency w- with the same characteristics as the first
dye laser. When the beams E;, E{ and E, are also tuned to the transition
|0) — |2), the system becomes an effective two-level one, as shown in Fig. 7.2
(¢). When the four laser beams are all on, two one-photon resonant FWM
processes, kp1 and kro = ko — ki + k,, can be generated simultaneously.
However, since Ep is always the dominant one [17, 18], we will only consider
this FWM process in this work.
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Fig.7.2. (a) Three-level V-type EIT system. (b) Three-level V-type system with
FWM signal Er; generated by the pump beams (E1, E7) and the probe beam (E,)
in the transition of |0) —|1). The FWM process can be modified by the control beam
E;. (cl) Two-level system with four laser beams tuned to the same transition. (c2)
Dressed-state picture corresponding to the two-level system in (c1). (d) Spatial
beam geometry used in the experiments.

Under our experimental conditions, the sodium vapor is an EIT-enhanced
Kerr medium for the propagating laser beams. The laser beam E5 (or E4) is
approximately 102 times stronger than the beam E;, and 10* times stronger
than the weak probe beam E,,, so Eq and E3 beams can control the weaker
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E, and Ep; beams. At the same time, the field E{ can also slightly affect
the displacement of the Er; beam. The mathematical description of the
propagation properties of the weak beams E,, and Er; due to self- and cross-
Kerr nonlinearities of the control and pump beams can be obtained through
numerically solving the following coupled equations:

94, iViIA, ik,
0z 2k,  no

OAp1  iViAp  ikpi [ g 2 2
- = A 2ny3 |A
95 o ne U2 [Ap1|” + 205 ° [Au|” +

205t | Aof® + 205° |41 ] Ay,

(n5" [Apl” + 2057 | AL + 2052 [ As]*) A,

(7.18)

where z is the longitudinal coordinate in the propagation direction, A} and
A2 are the slowly varying envelope amplitudes of the fields E{ and E 2,
respectively. k, = kp1 = wing/c and ng is the linear refractive index at w;.
n5 ! are the self-Kerr nonlinear coefficients of the fields E, and n5? is the self-
Kerr nonlinear coefficients of the fields Eg;. ng( L is the cross-Kerr nonlinear
coefficient of the weak field E, induced by the strong coupling field E;. nj? is
the cross-Kerr nonlinear coefficient of the weak field E, induced by the strong
coupling field Ey. n? is the cross-Kerr nonlinear coefficient of the weak field
Epr induced by the strong coupling field E;. n5# is the cross-Kerr nonlinear
coefficient of the weak field Er; induced by the strong coupling field Fs.
n§5 is the cross-Kerr nonlinear coefficient of the weak field Er; induced by
the strong coupling field Ef. The Kerr nonlinear coefficient can be defined as
no = Rex® /(gocng), where the third-order nonlinear susceptibility is given
by ¥ = ng:(a)) with D = Npu2us, /(BPe0GpG3). pp (wio) is the dipole matrix
element between the states coupled by the probe beam E, (between [|i) and
|0)). Since high-power pulsed dye lasers are used in the experiment, Doppler
effect and the power broadening effect are considered in the calculation using
Eq. (7.18). By assuming Gaussian profiles for the input fields, Eqgs. (7.18a)
and (7.18b) are solved using the split-step method [2].

The first feature in this section that is distinctly different and advan-
tageous over the previously studied spatial shifts of laser beams in atomic
systems is that the EISD of both the probe beam and the generated FWM
beam can be directly observed and controlled by another strong (control) laser
beam. Figure 7.3 shows spatial displacements of the probe field E, and the
FWM beam Er1, respectively, versus frequency detuning Ay (A = Q1 —w;
for the three-level system or 5 — w; for the two-level system) with a fixed
control beam (As = Q9 — wy = 0). When the pump beams E; and Ef are
blocked [Fig. 7.2 (a)], it is the simple three-level V-type EIT system. For the
fixed control (coupling) beam Es, the measured probe beam displacements
show a spatial dispersion-like displacement curve as depicted in Fig. 7.3 (a)
(the triangle points). The data points can be fitted well with the calculated
cross-Kerr nonlinear coefficient ng vs A;. The inset in Fig. 7.3 (a) shows the
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images of the measured probe beam spots versus A; in the two-level sys-
tem. In the region with A; < 0, the smaller beam spots are an indication
of self-focusing effect for the probe beam due to positive self-Kerr nonlinear
index, while the larger beam spots in A; > 0 region are due to self-defocusing
because of the sign change in the self-Kerr nonlinear coefficient. When the
probe beam E, is tuned to the transition between |0) and |2), the system
becomes an effective two-level one. Similarly, with the control beam FEs fixed,
the spatial displacements (squares) also show the same dispersion-like curve,
as shown in Fig. 7.3 (a). Again the solid line is the calculated cross-Kerr
nonlinear coefficients as a function of Ay, which fits perfectly well with the
measured EISD. When the pump beams (E; and E}) are on [Fig. 7.2 (b)],
an efficient FWM signal Ep; is generated by the pump beams together with
the probe beam, which propagates in a different direction as shown in Fig.
7.2 (d). With a fixed control beam FEs, the generated FWM signal beam
Er; (in either the three-level or the two-level system) is deflected differently
when the frequency detuning of the probe beam (A;) is scanned, as shown
in Fig. 7.3 (b). The dispersion-like curves are narrower than for the cases
of the probe beam deflections, but the general behaviors are very similar to
the ones as in Fig. 7.3 (a). The spatial deflection curves are well fitted with
the calculated cross-Kerr nonlinear indices of refraction for the three-level
V-type and two-level systems (solid curves), respectively. The inset in Fig.
7.3 (b) shows the images of the measured FWM beam spots versus A; in
the three-level system. Hence, the second feature that is distinctly different
and advantageous over the previously studied spatial shifts of laser beams in
atomic systems is that the cross-Kerr nonlinear index of refraction ns can be
directly measured by such simple EISD technique.

The observed spatial displacements of probe (E,) and FWM (Er;) beams
are caused by the non-colinear propagations of the laser beams and the
enhanced cross-Kerr nonlinear indices of refraction due to the strong laser
beams FE5 and Ej. For simplicity, let us only consider the strong control
beam Fs. During its propagation through the vapor cell, the wing of the
beam FEj; interacts with the intensity profile of either E, or Er;, and dis-
torts its phase profile to induce an optical waveguide through XPM. The
nonlinear phase shift can be written as ¢y = 2kpine |A2|22/n0 and the
additional transverse propagation wave-vector is 0k, = ¢y, [2]. In this case,
when no > 0, the direction of 6k, is to the beam center of Es, and, therefore,
E, r is deflected closer to Ey; when ny < 0, the direction of 6k is outward
from the beam center of Ey, thus E, p1 is deflected away from the strong
control beam Fs. According to the expression for ¢y, the amount of spatial
shift is proportional to the cross-Kerr nonlinear coefficient, the field intensity
and the propagation distance. Hence, the spatial displacements of the probe
and FWM beams results from the cross-Kerr nonlinear coefficient induced by
the strong control field, therefore, can be controlled by it.

The spatial displacements of the probe and FWM signal beams can be
controlled by the intensity of the control beam (Gs), as well as by the atomic
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Fig. 7.3. (a) EISD shift of the beam E, and the fitted cross-Kerr nonlinear coeffi-
cient nz versus A; at 200 °C in the two-level system (squares) and the three-level
system (triangles), respectively. Inset: EISD spots of E, versus A; in the two-level
system. (b) EISD shift of the beam Eri and the fitted cross-Kerr nonlinear coef-
ficient versus A; at 200 °C in the two-level system (squares) and the three-level
system (triangles), respectively. Inset: EISD spots of Ep; versus A; in the three-
level V-type system. The parameters are G, = 0.2 GHz, G; = G} = 1.1 GHz and
A. Adopted from Ref. [19].

density N. As the Rabi frequency of the control field increases, not only
the spatial displacement gets bigger, but also an additional contribution,
independent of the frequency detuning A;, appears, as shown in Fig. 7.4
(a), (c). This constant spatial displacement depends on G5 and N, and adds
a constant shift to the dispersion-like displacement curve, as seen in the
two curves with larger G values in Fig. 7.4 (a). Figure 7.4 (a) presents the
temperature (atomic density) effects on the spatial displacement with bigger
spatial displacements at the higher atomic density. A similar constant shift in
the spatial displacement curve also appears at the higher atomic density. The
solid curves are the theoretically simulated spatial displacements of the FWM
beam based on the coupled equations (7.18). The differences in the maximum
spatial displacements for the three-level system [Fig. 7.2 (b)] and effective
two-level system [Fig. 7.2 (c)] as functions of the control beam Rabi frequency
(G2) and the atomic density (N) are plotted in Fig. 7.4 (b), (d), respectively.
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As one can see that the trends of changes as G and N increase are different
for the three-level and two-level systems, which can be better understood
in the dressed-state pictures. At low G2 values, the three-level system has a
bigger maximum shift than the two-level one, however, the FWM signal in the
two-level system has larger spatial shift when G5 is increased to certain value
[as shown in Fig. 7.4 (b)]. The opposite trend happens as the atomic density
increases [Fig. 7.4 (d)]. Hence, the third feature that is distinctly different
and advantageous over the previously studied spatial shifts of laser beams in
atomic systems is that enhanced cross-Kerr nonlinearity in the spatial domain
can be achieved by increasing atomic density (cell temperature) or the power
of the strong control beam.
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Fig. 7.4. (a) Spatial dispersion curves of Ep1 in the two-level system versus Aj
with G2 = 19.1 (squares), 18.3 (triangles) and 11.7 GHz (reverse triangles) at
260 °C. (b) the maximum spatial displacements of Ep; versus G2 in two-level
system (squares) and three-level V-type system (triangles). (c) Spatial dispersion
curves of Ep; in the two-level system versus A; with G2 = 9.7 GHz at 330
(squares), 280 (triangles), 230°C (reverse triangles). (d) the maximum spatial
displacements of Er1 versus atom density N in the two-level system (squares) and
three-level V-type system (triangles). The other parameters are G, = 0.8 GHz and
G1 = G} = 3.8 GHz. The scattered points are the experimental results, and the
solid lines are theoretically calculated spatial shifts.
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The last feature that is distinctly different and advantageous over the
previously studied spatial shifts of laser beams in atomic systems is that the
effects of different dressing schemes on spatial deflection of the FWM beam
have been carefully considered and compared. Let us consider the spatial
displacements of the probe and generated FWM beams with all the control
and pump beams on, but with different intensities. Other than the case of
having a strong control beam as discussed above (i.e., Go >> G1,G| >>
G, > Gp1), one can also let one of the pump beams (say E;) to be very
strong (i.e., G >> G2,G} >> G, > Gp1), which is ¢ is the doubly-dressing
scheme [18, 19]. Under these different conditions, the strong laser fields dress
the energy levels differently, and modify the degree of spatial deflections for
the probe [Fig. 7.5 (a)], as well as the FWM beams [Fig. 7.5 (c)], under
different conditions.

First, when FEs is the only strong field, it dresses the level |0) to create
the dressed states |Go=), as shown in the left side of Fig. 7.2 (¢2). Under
this condition, we have [18] pé%) = —iG,/[d1d2(d1 + G%/d3)] for the two-level
system and pi%) = —iG,/|d3ds(d3 + G3/dy)] for the three-level system, where
Gy = Gp,plG%, dy = 1A + Tog, do =T + I(Al — AQ), ds = iA; +T'19 and
dy = i(A1 —Ag)+T2. Second, the pump field E; is the only strong field (G
>> (,GY). Since E; and E, have the same frequency detuning A, the
upper-level (]2) for the two-level system and |1) for the three-level system)
and the lower-level (i.e., u;(t)) are always on resonance with and are dressed
by E;. In this case, two pairs of dressed states |G1+£) are created [right side of
Fig. 7.2 (c2)], from which we can write [18] pé%) = —iGy/[d1T2(d1 + G3/To +
G2 /T3)] and pi%) = —iGy/[d3ds(d3 + G2 /T + G2/T1)]. These expressions
indicate that the strong E; field induces a larger XPM than the strong E5
can do, so the spatial displacements of E,, and Er1, controlled by the stronger
E4, is larger than that by the stronger Es field [as seen for the probe beam
E, in Fig. 7.5 (a) and the FWM beam Ep; in Fig. 7.5 (c)]. Third, when
both E; and E> beams are the strong ones (doubly-dressing case), they
share the common level |0) and interact with each other [18]. Under this
situation, we have [18] pé?(’)) = —iG,/(d1d2d,) and pi%) = —iG,/(d3dsdy) for
the cross-Kerr nonlinear coefficients of Es, and pé%) = —iGy/(T2d1d,) and
pi%) = —iGy/(T'1d1dp) for the cross-Kerr nonlinear coefficients of E;, where
d, = dq +G%/F2+G%/(d2+G%/d5), dp = d3+G%/F1+G%/(d4+G%/d5) FE,
(the second G in d, or dp, dressing the state|0)) suppresses the dressing effect
of the “inner” dressing field E5 and contribute to the cross-Kerr nonlinear
coefficient indirectly. As a result, the XPM induced by the doubly-dressing
fields is weaker than the sum of the effects due to singly-dressing by E; and
E5 alone.

Figure 7.5 (b) depicts the spatial displacements of E, induced by two
dressing fields (strong E; and Es). The spatial displacement for two-level
system (squares) is larger than the one for the three-level system (triangles).
That is mainly due to the larger dipole moment pop (comparing to pig),
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Fig. 7.5. (a) Spatial displacements of E, versus A; in the two-level system con-
trolled by E» (squares), E; (triangles) and both Es and E; (reverse triangles)
at 260 °C. (b) spatial dispersion curves of E, versus A; in the two-level system
(reverse triangles) and V-type system (circles) dressed by both E» and E: beams.
(c) Spatial dispersion curves of Epy versus Ay dressed by Es (squares), Ei (trian-
gles) and both E» and E; (reverse triangles) at 270 °C. The scattered points are the
experimental results, and the solid lines are the theoretically calculated spatial dis-
placements. (d) Temperature dependences of the maximum spatial displacements
of Ep1 dressed by E> (squares), E: (triangles) and both E3 and E; (reverse trian-
gles) in the two-level system. The other parameters are G1 = G2 = 17.6 GHz and
G} = 3.8 GHz, G, = 0.8 GHz. Adopted from Ref. [19].

which makes ny of the two-level system be larger than that of the three-
level system [17]. Figure 7.5 (d) shows the temperature dependences of the
spatial displacements of Er; in the two-level system with different dressing
fields. The spatial displacements are proportional to the temperature, and
the spatial displacement with the Fs singly-dressing scheme is the smallest,
while that of the doubly-dressing scheme gives a closer but smaller spatial
displacement than that with the F; singly-dressing scheme.

The spatial displacements of the probe and FWM beams are mainly de-
termined and controlled by the large cross-Kerr nonlinear coefficients of the
strong laser fields. However, the cross-Kerr effects induced by the relatively
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weaker pump beam(s) can also exist. Since each of the pump and probe beams
can be spatially displaced by the strong control beam (and by each other),
the final spatial displacement of the generated FWM beam can be affected
by such secondary displacement effects. In the above discussion and calcula-
tions, we have only considered the leading contributions from the strongest
fields, which explained the observed spatial displacements quite well. Also,
when the fields of E, and Ep; get stronger (with higher probe and more
efficient FWM process), incoherently coupled soliton pairs can be formed by
these E, and Er; beams due to the interplays between the diffraction ef-
fect and self-Kerr nonlinear effect [4]. Under such conditions, we can obtain
the solutions of A, p1(x) = Apsech(Apz) for the bright-bright soliton pair
in the self-focusing EIT media and A, p1(z) = Ap[l — sech?(Agz)]'/? for
the dark-dark soliton pair in self-defocusing EIT media [20]. Here A is the
initial envelope amplitude. The enhanced self-Kerr and cross-Kerr nonlinear
coefficients due to induced atomic coherence or EISD enable the formations
of such spatial soliton pairs with much lower input laser powers, which can
be very important for their applications in optical communications.

7.3 Spatial Dispersion Induced by Cross-phase
Modulation

In this section, we demonstrate the spatial beam displacement which results
from distinct dispersive features in the frequency domain. By arranging the
laser beams in a certain spatial configuration, the spatial displacement of the
probe beam can be controlled by the strong coupling laser beam.

We put three pulse lasers (E;, Es and Ej3) into sodium vapor (in heat
pipe oven) which is a Kerr medium. Incident lasers are aligned spatially as
shown in Fig. 7.6(a). Beams E5 (frequency ws, k2) and E3 (ws, k3) propagate
in the opposite direction of the probe E; (frequency wi, k1). There is a small
angle ¢, (about 0.3°) between Es and E; as well as F5 and FE; in a square-
box pattern. Three energy levels (|0)(351/2), [1)(3P;/2) and |2) (3P5/)) from
Na atoms form three-level V-type atomic system. As shown in Fig. 7.6(b),
laser beams E5 (Rabi frequencies G3) and E; (G1) connect transitions from
|0) to |2) and from |0) to |1), respectively. The strong control beam FEs
can spatially deflect the weak probe beam E; when these two laser beams
propagate through the atomic medium. As the probe frequency is detuned,
light bias shows a dispersion-like curve in the section plane of the propagating
direction, which exactly mimics the dispersion curve of the Kerr-nonlinear
index of refraction in the EIT system [18]. When the beams E; is also tuned to
the same transition as Fs, the system becomes an effective two-level one [Fig.
7.6 (c)]. Later, we compare the spatial displacement in these two different
atomic systems. Such electromagnetically-induced spatial dispersion (EISD)
can be used for spatial switching and routing, and as an easy way to measure
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the Kerr-nonlinear indices of refraction for the multi-level atomic media.
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Fig.7.6. (a) Spatial beam geometry used in the experiments. (b) Three-level V-
type EIT system with the strong pump beam E5 in the same transition of |0) —|2)
and the probe beam FE; in the transition of |0) —|1). (c¢) Two-level subsystem with
the probe beam E; and the strong pump beam Ej in the same transition of |0) —|2).

(d) Three-level system with two pump beams F» and E3 as well as the probe beam
E;.

In our experiment, the lasers F; and Fs5 are from the same near-transform-
limited dye laser (10 Hz repetition rate, 5 ns pulse-width and 0.04 cm ™! line
width), while E5 are from another dye laser with the same characteristics as
the first dye laser. The strong pumping beams FE» and E3 are approximately
10* times larger than the weak probe beam E; which is sampled by CCD and
a fast gated integrator (gate width of 50 ns). Thus, beams Fs 3 are strong
enough to affect the spatial displacement of beam FE;. The spatial displace-
ment of beam E; that is affected by beams E3 and E5 respectively can be
described by coupled equations:

0A;  i0%A;

— _ ks X142
0z 2k1022  mo (n5 141 + 2037 |43 A1, (7.19)

0A i0%A ik

0: " 2D o (n5 141" + 203 |45) A1, (7.20)
where z is the longitudinal coordinate; ng is the linear refractive index at
w1; n*g are the self-Kerr coefficient of Fq; ng( L is the cross-Kerr nonlinear
coefficient of the weak field E; induced by the strong coupling field E3 and
na 2 is the cross-Kerr nonlinear coefficient of the weak field E; induced by the
strong coupling field Es, A;_3 are the slowly varying envelope amplitudes
of beams F;_3, respectively. The Kerr coefficient can be defined as no =
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CRex®, where C' = (socno)fl; the susceptibility is (3 = Dp(l?(’)), where
D = Nuiy/(he0G1|G1|?) for n§, D = Nuiy/(h3e0G1|G3|?) for n¥! and
D = Npdoudy/(hPe0G1|Ga|?) for n¥2. N is the atomic density in the cell,
and p1o (p20) is the dipole matrix element between |0) and |1) (|2)). Assuming
that input lasers are Gaussian profiles, Eqgs. (7.19) and (7.20) can be solved
with the split-step method [2].

The spatial displacement of the weak beam is caused by the non-colinear
propagations of the strong laser beams and the enhanced cross-Kerr nonlinear
indices of refraction. First, let us only consider the case that the strong control
beam E, affects the weak probe beam FE;. During its propagation through the
vapor cell, the beam E5 distorts the phase profile of E; to induce an optical
waveguide through cross-phase modulation (XPM). The nonlinear phase shift
can be written as ¢np = 2kzny |A2|22/n0 and the additional transverse
propagation wave-vector is 0k = ¢y, [3]. The change of phase (¢n1) in the
laser propagating expression is represented as the spatial displacement of the
laser beam. According to the expression for ¢y, the amount of spatial shift
is proportional to the cross-Kerr nonlinear coefficient, the field intensity and
the propagation distance.

Figure 7.7 shows the spatial displacement of the probe field E; versus
frequency detuning A, where A; = 1 — w1 in the three-level system and is
A1 = Q9 — wi in the two-level system, with a fixed control beam FEo (Ag =
Q2—ws = 0). Tuning E; and E5 respectively to the transition between |0) and
|1) and between |0) and |2) as in Fig. 7.6 (b), the probe beam displacement
shows an EISD curve (the triangles in Fig. 7.7.) in the three-level V-type
EIT system. When the probe beam E; is tuned on the transition between
|0) and |2) as dress beam FEj, the spatial displacement (squares) also shows
the same dispersion-like curve. Since the dipole moment pg is larger than
the dipole moment p19, we can deduce that cross-Kerr coefficient ns in the
two-level system is larger than that in the three-level system [21]. Apparently,
the spatial displacement of beam FE; in the two-level system is larger than
that in the three-level system. The inset in Fig. 7.7 shows the images of the
measured probe beam spots versus A; in the three-level system.

Figure 7.8 (a) shows the spatial displacement of the probe beam E; versus
A; in the three-level system. The probe beam moves up (A; < 0) and down
(A1 > 0) with a dispersion-like displacement curve at millimeter order of
magnitude. When increasing the Rabi frequency of FEs5 gradually, i.e. the
intensity of Es increases, the spatial displacement becomes distinct. Here, the
scattered points are the experimental results; the solid lines are theoretical
shift. They fit each other well. According to the expression of ¢ ., the spatial
displacement of the probe beam E3 can be affected by not only the intensity
of the control beam (G3) but also the atomic density N. Figure 7.8 (b)
presents the temperature (atomic density) effects on the spatial displacement.
A similar constant shift in the spatial displacement curve also appears at the
high atomic density. As we all know, the temperature influences the atomic
density N in the vapor cell. Based on the formula of ny [18], it is proportional
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Fig. 7.7. EISD shift of the beam E; and the fitted cross-Kerr nonlinear coefficient
ng versus A; at 230 °C in the two-level system (squares) and the three-level system
(triangles), respectively. Upper and lower insets: EISD spots of E; versus A; in

the three- and two-level system. The parameters are G1 = 0.2 GHz and G2 =
9.7 GHz.

to N. According to theoretical calculation, we can see spatial shift increases
along with the thicken atomic density N.

We consider the spatial displacements of the probe with different control
beams on. We can let both two pump beams Es and Ej3 to be strong (i.e.,
G2,G3 >> (1) to control the probe beam shown in Figs. 7.6 (a) and 7.6 (d),
which is the doubly-dressing scheme [12], or control the probe beam with
the only one pump beam (FEs or E3), which is the singly-dressing scheme.
Under these different conditions, the strong laser fields dress the energy levels
differently, and modify the degree of spatial deflections for the probe (Fig.
7.9).

In Fig. 7.9, we can see that the spatial displacement of E;, controlled by
E; is the largest (square) and displacement induced by both the stronger
E; and FEj is larger than that of E5. Actually, when we block F3 and leave
the strong field E5 to control E;, Es dresses the level |0) to create the
dressed states |Gat). Under this condition, we have pg? = —iG,/[(d1 +
G3/d3)%ds] for the three-level system, where G, = G1G%, di = iA; + T,
dy =T12+i(A1—As). Second, Es is blocked and the pump field Ej3 is the only
strong field. Since E; and FEs5 excite the same transition (from |0) to [1)) and
have the same frequency detuning A; (generated from the same laser), the
upper-level and the lower-level of E; induced transition are always dressed
by Es. In this case, two pairs of dressed states |G3+) are created, from which
we can write pi%) = —iGy/[(d1 + G%/T¢ + G3/T1)?T'1] with G, = G1G3.
As a result, the corresponding cross-Kerr coefficient ns induced by Fj is
larger than that of E5. The strong Ej3 field induces a larger XPM than
E,. Third, when both E3 and Es beams are on (doubly-dressing case), they
share the common level |0) and interact with each other [18]. In this situation,

we have pﬁ’)) = —iGy/{[d1 + G3/T1 + G3/(d2 + G%/d3)]*T'1} for Ey, where
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Fig. 7.8. (a) Spatial dispersion curves of E1 in the three-level system versus A; with
G2 = 11.7 GHz (squares), 16.3 GHz (circles), and 19.1 GHz (triangles) at 260 °C.
Right inset: the maximum spatial displacements of E; versus G2 in the three-level
V-type system (circles) and two-level system (squares). Left inset: EISD spots of Ey
in the three-level system versus A; correspondingly. (b) Spatial dispersion curves
of E1 in the three-level system versus A1 with G2 = 9.7 GHz at 230 °C (squares),
250 °C (circles), 300 °C (triangles). Right inset: the maximum spatial displacements
of E1 versus atom density N in the three-level V-type system (circles) and two-level
system (squares). Left inset: EISD spots of E1 in the three-level system versus Ay
correspondingly. The other parameters are G1 = 0.8 GHz and G2 = 15 GHz. The
scattered points are the experimental results, and the solid lines are theoretically
calculated spatial shifts.

d3 = I'go — iA5. From these expressions one can see that the dressing field
E5 (the first G5 dressing the upper-level) and the “inner” dressing field Es
(dressing the state |0)) contribute to the cross-Kerr coefficient directly, while
the “outer” dressing field E3 (the second G5 dressing the state |0)) suppresses
the dressing effect of the “inner” dressing field E5 to influence the cross-
Kerr nonlinear coefficient indirectly. Thus, the XPM induced by the doubly-
dressing fields is weaker than the sum of the effects due to singly-dressing by
E;3 and E; alone (Fig. 7.9).
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Fig. 7.9. Spatial displacements of E; versus A; in the three-level system controlled
by E; (triangles), E3 (squares) and both E3 and E3 (reverse triangles) at 250 °C.
The parameters are G1 = 0.8 GHz, G2 = G3 = 13 GHz, A2 = Az = 0. The
scattered points are the experimental results and the solid lines are theoretically
calculated spatial displacements.

7.4 Experimental Demonstration of Optical Switching
and Routing via Four-Wave Mixing Spatial Shift

In order to develop the next generation of all-optical communication and com-
puting, certain optical elements are essential, such as all-optical switches and
routers. There have been several new schemes to demonstrate, in principle,
such all-optically controlled switching and routing functions [12, 22, 23]. A
weak beam was used to turn on/off selectively the spots in the spatial pattern
of a stronger laser beam via XPM in a two-level atomic medium [12], showing
a spatial switching effect. Also, controlling the linear [22] and nonlinear [23,
24] optical absorptions of one laser beam by another in coherently-prepared
atomic media were exploited to show all-optically controlled beam switching.
Recently, it was shown that a FWM signal beam can be spatially shifted
easily by frequency detunings and intensities of the dressing laser beams fol-
lowing a dispersion-like behavior [19]. Such EISD is greatly enhanced same
as for the frequency (linear and nonlinear) dispersions in the EIT systems [7,
16], which can give large and sensitive spatial displacements for FWM and
probe beams. Also, if one carefully chooses the parametric regime, the probe
and FWM beams can have been focusing effects in a self-defocusing medium
due to the strong XPM [1, 3], which compensate the beam diffraction when
propagating through the long atomic medium.

In this section, we show that by making use of the EISD effect in a three-
level ladder-type atomic system [19], all-optical switching/routing effects can
be experimentally demonstrated. The FWM signals are generated by two
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coupling beams in the three- or two-level system, with an additional dressing
field to shift the spatial location of the generated FWM beams. The intensities
of the initial (before shifting) and final (after shifting) spots of FWM signals
correspond to the “off” and “on” states of the switch. Different shift directions
and spot locations are studied as functions of experimental parameters. Since
there are two FWM beams and each beam has more than one final states
(spatial locations), it is possible to construct switching arrays in the current
system.

7.4.1 Theoretical Model and Experimental Scheme

The relevant experimental system is shown in Fig. 7.10 (a), (b). Three energy
levels from sodium atoms (in a heat-pipe oven of length 18 cm) are involved
in the experimental schemes. The pulse laser beams are aligned spatially as
shown in Fig. 7.10 (c). In Fig. 7.10 (a), energy levels |0) (3S1/2), |1)(3Ps/2)
and [2) (4D3/2) form a ladder-type three-level atomic system. Coupling field
E5 (wavelength of 568.8 nm, angular frequency ws, detuning As = 0, wave
vector ke, and Rabi frequency G2 = 5.1 GHz) and F) (wq, Ay =0, kb, G =
15.5 GHz) connecting the transition between level |1) and level |2), which are
from the same near-transform-limited dye laser (10 Hz repetition rate, 5 ns
pulse-width and 0.04 cm~! linewidth). The field E> in beam 1 propagates in
the opposite direction of the weak probe field F3 (wavelength of 589.0 nm, wy,
Ay, k3, G5 = 4.8 GHz) in beam 4, as shown in Fig. 7.10 (c), connecting the
transition between |0) to |1). EY in beam 3 propagates in the plane (yz) having
a small angle (0.3°) with F5. With the phase-matching condition, it generates
a non-degenerated FWM (NDFWM) process satisfying kpo = k3 + ko — k)
(called Epy for the subsystem |0) — |[1) — |2)). Then, additional fields E;
(w1, Ay, k1, Gy = 5.1 GHz) and E{ (w1, A1, k}, G}) are added, which are
from the other dye laser with similar characteristics as the first one, also
connecting the transition between |0) to |1). E; adds onto beam 1 and Ej
(beam 2) propagates in another plane (zz) which is perpendicular to the yz
plane with a small angle relative to F4, as shown in the inset of Fig. 7.10
(c). When FEj, E] and Ej3 are turned on simultaneously with blocking Fs,
El, a DEWM process is generated satisfying the phase-matching condition
kr1 = ki1 —k|+ks (called Ep for the subsystem |0)—|1)) [Fig. 7.10 (b)]. Here
we define detuning A; = €; — w; with the atomic resonant frequency €2;. The
average powers of the laser beams F, E{, E2, F) and E3 are 3, 100, 5, 95,
and 0.14 uW, respectively. The laser beams E;(EY), Eo(ES) and E3 (with
diameters of about 0.59, 0.82, and 0.59 mm, respectively) are horizontally
polarized.

When E,, B, E2, E}, and E3 are all turned on simultaneously, the
NDFWM process Ers and DFWM process Er; are generated simultaneously.
These two generated FWM signals have the same frequency wpi 2(= wi),
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but propagate in two different directions, which are monitored by a charge
coupled device (CCD) camera [Fig. 7.10 (c)]. In the experiment, the intensity
of laser beams F{ is about 5 times stronger than the beam FY, and about 100
times stronger than the beams Ej o 3. According to the insert of Fig. 7.10 (c),
with cross-Kerr effect, such horizontal alignment of strong dressing field E;
and E} beams induce the horizontal shift of NDFWM Epoand DFWM Epq,
respectively [19]. The probe Esbeam is influenced by the combined effect of
Ej and F) beams but mainly shifted horizontally by £ beam. Thus, a pair
of E5 and Ery beams can be switched on and off by E] beam, while one Fry
beam can be switched on and off by E} beam at the same time.
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Fig.7.10. (a), (b) The diagrams of Na energy levels with different coupling
schemes. The bold arrows refer to the dressing fields. (¢) The experimental scheme
and arrangements (Inset: the spatial alignments of the incident beams).

The theoretical description of the spatial properties of the beams Fs3 p1,r2
due to self- and cross-Kerr nonlinearities can be given through numerically
solving the following propagation equations:

OE; i 0B
9z ks O
ik
=% (0" |Baf? + 20" |1 + 203 B3l B, (r.21)

8EF1 _ 1 aQEFl
0z 2kpm 02

ik
= nFl (52| Ep1)? + 203 |E1” + 205 |E§|2 +2n)° |E1|2)EF17 (7.22)
0

8EF2 . i aQEFQ

8z 2kpy O€2

ik
= 05 |Epaf + 205 |BY 4 2057 | Bof + 203° | B3 Bpa, (7.23)
0

where ks = kp1 = kpa = wino/c, z and € are the longitudinal and transverse
coordinates, respectively, ng is the linear refractive index, ng 1=53 are the
self-Kerr coefficients of E3 p1, p2, respectively. ng" 1 is the cross-Kerr nonlinear
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coefficient of the weak field E3 induced by the strong coupling field E}, na 2
the cross-Kerr nonlinear coefficient of the weak field F5 induced by the Strong
coupling field Ej, n¥? is the cross-Kerr nonlinear coefficient of the weak field
Er; induced by the strong coupling field Ey, ny* is the cross-Kerr nonlinear
coefficient of the weak field Ep; induced by the strong coupling field Ej,
X5 is the cross-Kerr nonlinear coefﬁcient of the weak field EFr; induced
by the strong coupling field E, ny% is the cross-Kerr nonlinear coefficient
of the weak field Ery induced by the strong coupling field Ej, ny" is the
cross-Kerr nonlinear coefficient of the weak field Ero induced by the strong
coupling field E,, na® is the cross-Kerr nonlinear coefficient of the weak field
Ers induced by the strong coupling field EY. Generally, the Kerr coefficient
can be defined by ny = Rex®)/(eocng), with the nonlinear susceptibility

X® = Dpfy), where D = Npdu3, /Pe0GsG2, piy) (Ep1) = —iGp1|Gal*/n,

P50 (Epa) = —iGpa|Gi|2/n, p\§) (Bs) = —iGs|Gi[2/n and n = D3Ds. Di s
are the parameters related to the Rabi frequency of the dressing field, the
frequency detuning, and the atomic coherence rate. ps (u;;) is the dipole
matrix element between the states coupled by the probe beam E3 (between
|i) and |7)). By assuming Gaussian profiles for the input fields, Egs. (7.21)-
(7.23) are solved by the split-step method.

7.4.2 Optical Switching and Routing via Spatial Shift

When four laser beams (E}, E2, F}, and E3) are on, in the presence of the
dressing beam F1, the spatial shift of Ery beam spot versus probe laser
frequency detuning ws is shown in Fig. 7.11 (a). The moving trace of the
light spot is dispersion-like as frequency scans [19]. It means Ero beam can
have right or left shift. There are two maximal displacements corresponding
to the positive maximum nonlinear refraction coefficient and the negative
maximum coefficient. Without Ej] beam, the probe field E3 and Epy are
single strong spots, as shown in Fig. 7.12 (a). When the dressing field E] is
on, the intensities of the probe and EFrs beams become weaker [21] and are
shifted (one to the right and another to the left of the original position). Since
we use one more mirror in the probe beam scheme than that of Eps, they
have opposite direction of the shift on CCD screen [Fig. 7.12(a)]. In fact, in
the heated pipe both two beams have a right shift, as shown in Fig. 7.12 (b,
c¢). Larger spatial shift occurs with an increasing F1{ intensity, which can be
understood from the expression: oy (2,&) = 2ks ranal] exp(—&2)z/ng. The
nonlinear phase shift ¢y, is directly proportional to the dressing intensity
I{. The component of the wave vector of the ws spot dke (which we use to
measure the shif ¢ effect of the optical switch) is the derivative of pny, i.e.,
Oke = Opnr/OE, so the beam spots also move more as the dressing laser
intensity increases.

Figure 7.11 (b) shows the dressing field dependences of the spatial shifts
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based on the numerical calculation and the experimental measurements. Fig-
ure 7.11 (c) presents the temperature dependence (atomic density N) of the
shift curves for the theoretical and the experimental results, respectively.
We see that increasing the atomic density equals to increasing propagation
distance z, and the shift of the spot becomes larger.
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Fig. 7.11. (a) Spatial dispersion curves of Ers in the ladder-type three-level system
versus A1 with Gf = 52 GHz at 250°C. (b) The spatial displacement of Ep2
versus G} in the ladder-type three-level system at A; = —18 GHz and 250°C. (c)
The spatial displacement of Ery versus atomic density N with G} = 52 GHz at
A1 = —18 GHz. The solid lines are theoretically calculated spatial shifts, and the
scattered points are the experimental results. Adopted from Ref. [24].

So, as shown above the beam spots can have different spatial shifts with
different experimental parameters (such as frequency, intensity, and atomic
density), which can correspond to different on-off combinations. The switch-
ing or routing time is the rising and falling times of the switch-in and switch-
out signal. The cross-Kerr refractive index change (ng o« Re(p(l‘z’)))) limited by
the overall spin dephasing time determines the response time of the switch
[23, 25, 26]. The estimated switching times of Ery and Epy are about 32 ns
and 400 ns, respectively. Here, it should be noted that the overall spin de-
phasing times of the two-level [Fig. 7.10 (b)] and ladder-type three-level [Fig.
7.10 (a)] atomic systems in sodium are determined by the transverse relax-
ation rates: 1/(27'1p) and 1/(2nl'yg), where I'1g = 4.85 MHz and I'yg = 398
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kHz for transitions |0) —|1) and |0) — |2}, respectively. However, the switching
speed in Fig. 7.12 is limited to a microsecond time scale by the speed of the
CCD used to take the image.
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Fig. 7.12. (a) Results of the optical switches and the spot shifts of the probe (lower)
and Er2 (upper) beams obtained from the CCD at A; = —18 GHz. The arrows
are the initial position in the x direction. The spatial shift of (b) the probe and
(¢) EF2 beams in the ladder-type three-level atomic system with G| = 34 GHz at
A1 = —18 GHz and 250 °C.

Figure 7.12 (a) shows the two states of the probe and Epy beams by
switching the strong laser beam FE1 off and on as the laser frequency detuning
is tuned to get the maximal spatial displacement. When a spot stays at its
initial position, it means that the switch is in the “off” state. When the
frequencies of the probe and Ers beams are set at their peak shift positions,
the light spots will have their largest shifts, so the switch stands at its “on”-
state. Such two states form two ports of the optical switch. The upper spot
is the Epy beam, and the lower spot is the probe beam. Initially, two spots
are set at same vertical line without the dressing laser beam. As the dressing
beam Ej turns on, the upper spot moves to the left side and the lower spot
moves to the right side, both of which leave their initial positions completely.
The switching contrast can be defined as C' = (Iosf —Ion)/(Zon+Losy), where
Io55 is the light intensity at the “off”-state and I,, is the light intensity
at the “on”-state. The contrast derived from the experiment is about C' =
92%. This experiment provides a physical mechanism to realize an all-optical
switching/routing by controlling the dressing laser beam.

A chopper is used to control the dressing field, subtracting the laser pulse
repetition time of 0.1 s, which is considered as an idle load state. The laser
pulse width is 5 ns. The detected switching time is limited by the response
time of the CCD, which is about 3 us, far larger than the laser pulse width.
Thus, the switching speed in the current experiment is greatly constrained
as shown in Fig. 7.12 (b, ¢). The on-state just lasts 5 ns, followed by a 3 ps
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rising time, and then a 5 ns off-state, followed by a 3 us falling time, and so
on. Since the spatial displacements of the probe and Eps beams are mainly
determined and controlled by the large cross-Kerr nonlinear coefficients of the
strong laser field F1, the switching speed should be much faster and limited
by the atomic coherence time in nanosecond time scale.

Next, when five laser beams (E1, E{, Eq, F), and E3) are all on, there are
interplays between the generated Epq po signals [21] and we can control the
shifts of the probe, EFr; and Eps beams, to achieve a triple binary optical
switch. The initial locations of the spots are the “off” states and the switches
are considered to come to their “on” states when the spots shift away to new
locations. The repetition frequency of the chopper is much longer than 5 ns
pulse-width of the dressing laser, so the “on”-state lasts several 5ns intervals
and then turns to the “off”-state. In Fig. 7.13, at A; = —18 GHz for the self-
focusing side and temperature 250 °C, when Ej] is on, the probe and Epo
beams have right shifted due to the £ beam via the cross-Kerr nonlinear co-
efficients. At the same time, the Fr; beam is shifted to the left by the dressing
field Ef. When FE is off, all the beams come back to their original position
(“off”-state). Since the cross-Kerr nonlinear coefficients ny* and na® (ny!)
of the Ep1 and Epo (probe) beams induced by the dressing fields Ef and Ff
are all positive, respectively, the spots of Ep1 and Epo (E3) beams are shifted
to the opposite directions, as shown in Fig. 7.13. According to the nonlin-
car phase shifts ppy = 2kp1nd® |AL]? 20/no and ppy = 2kpand 6 |AL|? 20 /0o
(3 = 2ksn¥!|AY|* 20/n0) induced by the dressing fields E} and E}, re-
spectively, we can use two controllable parameters, i.e., the frequency and
intensity of the laser, to control the different shifts of the three spots. Such
simultaneous optical switching for three beams can perform the functions of
choosing different addresses in data transmissions and can be used as the
optical routings, the multiplexer or all-optical switching arrays for all-optical
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Fig. 7.13. The switching processes of the dressing beam FE} (square), Er; (trian-
gle), Era (circle), and the probe beam (diamond) in the ladder-type three-level
system with G4 = 21 GHz at A; = —18 GHz and 250 °C.
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networks.

In the above discussion, we have controlled the probe, Ery and Eps by
two dressing fields E) and Ff, respectively. In that case, Fp; and Epg are
shifted towards the opposite directions (Fig. 7.13). Actually, such three beams
can also be shifted to the same direction when the sign of the cross Kerr-
nonlinear coefficient of the Fr signal is opposite to those of the EFry (probe)
beams at the proper laser detuning. So, each spot can have left and right
locations. Including the initial position, every spot has three possible spatial
locations. Totally there are 3x3 controllable spatial positions. It can such
achieve a switch array.

7.5 Controlled Spatial Beamsplitter Using Four-Wave
Mixing Images

Spatially shifting and splitting one weak laser beam by another stronger
beam in Kerr nonlinear optical media were predicted and experimentally
demonstrated in early 1990s [2, 4]. These interesting beam coupling effects
are governed by the cross-phase modulation (XPM) between the two laser
beams in the Kerr nonlinear medium [16]. Also, degenerate and nondegen-
erate four-wave mixing (FWM) processes in two-level atomic systems have
been investigated previously [27—29]. Here, we experimentally demonstrate
that by arranging the pump and coupling laser beams in a specially-designed
spatial configuration (to satisfy phase-matching for the FWM processes),
the generated FWM signals from the degenerate and nondegenerate FWM
processes can be spatially split easily. Both the spatial separation and the
number of the split beams of FWM signals can be well controlled by the
additional dressing laser beams via XPM. The enhanced self- and cross-Kerr
nonlinearities due to induced atomic coherence in the system [1] are essen-
tial in generating the efficient FWM processes, and in the spatial splitting of
the FWM signal beams. Full theoretical simulations are carried out and used
to provide good matches to the observed phenomena. Studies of the spatial
beam shift and splitting can be very useful in understanding the formation
and interactions of spatial solitons [30], gap solitons [31, 32], vortex solitons
[33], as well as their dynamics [32], in the Kerr nonlinear systems. Also, such
spatial beam controls can be very useful for signal processing applications,
such as spatial beam splitter [34, 35], routing [19], and switching [12].

Let us consider a two-level atomic system, as shown in Fig. 7.14(a). Five
laser beams (with diameters of 0.2 mm) are applied to the atomic system
with the spatial configuration given in Fig.1(b). E; (k1, and the Rabi fre-
quency G1) and Ef (kj, and G}) are the pump beams propagating in one
direction with a small angle (0.3°) between them. E3 (k3, G3) is the probe
beam propagating in the opposite direction with a small angle (0.05°) from
beam E;. These three beams (E;, Ej, and Es3) have the same frequency wy
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(from the same laser), and generate an efficient degenerate FWM signal Fpq
(kp1 = k1 — K} + k3) in the direction shown at the lower right corner of Fig.
7.14(b). Another pair of beams, Ey (ko, G2) and E} (kb, G%), are the cou-
pling beams with E5 propagating in the same direction as E; and E) having
a small angle (0.3°) from Es. Es and EY have the same frequency we (from
the same laser) and they interact with the probe beam E3 to generate an
efficient nondegenerate FWM signal Epo (kpa = ko — kb + k3) in the direc-
tion of the upper left corner in Fig. 7.14 (b) due to the given phase-matching
condition.

(a) (b)
Fig. 7.14. (a) Two FWM processes to generate Er; and Ep2 in a two-level atomic
system. (b) Spatial geometry for the laser beams used in the experiment.

The experiment was done with Na vapor in a 18 cm long heat pipe. The
ground state of the two-level system (|0)) is the 35; /5 energy level and the
excited state (|1)) is the 3P3/, level. Both lasers (with frequencies w; and
wa, respectively) are near-transform-limited dye lasers with 10 Hz repetition
rate, 3.5 ns pulse width, pulse-by-pulse stability of 3%, and energy per pulse
of 0.1 mJ. One laser is split to produce beams E1, Ef, and E3 with frequency
w1, and another laser is used for beams Fs and ws. These laser beams are
carefully aligned in the spatial configuration as shown in Fig. 7.14 (b). In
order to optimize the beam shift and splitting effects, Ej beam is made to be
the strongest, approximately 5 times larger than Ef beam, 100 times larger
than the beam E;, 1000 times larger than the beam E5, and 10* times larger
than the weak probe beam FEj3, as well as the two generated FWM signal
beams (Ep1 and Eps). These weak beams are recorded by a CCD and a fast
gated integrator (gate width of 50 ns).

As shown in the insets of Fig. 7.15 (a), (b) (lower panels), the probe
and FWM signal (Er;) beams are displaced and split as the frequency of
the probe beam (frequency detuning is defined as Ay = Q; — wy, where
Q is the atomic transition frequency) is scanned through resonance. The
displacements of the probe and FWM beams follow the shape of nonlinear
dispersion [7, 19]. Here, we concentrate only on the beam splitting effect.
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Figure 7.15 (a) gives the splitting distance of the probe beam for different
probe frequency detunings. The solid curve is a fit to the cross-Kerr nonlinear
index ng for the probe beam [1, 7, 16]. The splitting distance of the FWM
signal Ep; is given in Fig. 7.15 (b) as a function of Ay, which is also fitted
to ng, as will be discussed later.

The Kerr nonlinear index is always zero at the exact resonant condition
[1]. The temperature dependence of the FWM beam splitting distance is given
in Fig. 7.15 (c), which shows a quick increase as temperature rises and then a
slow decrease as the temperature further increases. Double-beam profiles are
clearly shown in the figure. The intensity dependence of the FWM beam shift
as a function of the pump beam (E]) intensity is depicted in Fig. 7.15 (d),
which gives a continued increase as G gets larger. It is interesting to notice
that when A; < 0 the beam splitting occurs in the y (vertical) direction,
but becomes in the x (horizontal) direction when A; > 0 in Fig. 7.15 (a),
(b). This phenomenon can be explained by the relative positions between
the weak beams and the strong dressing (controlling) beams shown in Fig.
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Fig.7.15. (a) Measured probe beam splitting versus A; (square) and the fitted
na curve (solid) with G} = 20.6 GHz at 250 °C. Inset: spots of the probe beam
versus A;. (b) Measured Er1 beam splitting versus A; = —30 GHz (triangle),
A1 = —22 GHz (square), Ay = —17 GHz (circle) in top right corner; and spots of
the Ep1 beam versus A; in bottom. (c) Er1 beam profiles at 230 °C (triangle),
240 °C (square), 260 °C (circle) and 280 °C (reverse triangle), respectively, with
G =20.6 GHz at A; = —10 GHz. Inset: Er1 beam splitting versus atomic density
N. Spots of Er1 beam versus N. (d) Er; beam splitting versus G} with A; = —10
GHz at 265 °C. The other parameters are Ay = 0, G2 = 0, G1 = 1.5 GHz, and
G5 = 10.8 GHz. Adopted from Ref. [35].

7.14 (b). For the weak probe beam FEs5 [Fig. 15 (a)], in the A; < 0 region,
the beam shift in the y direction results from the attraction (ng > 0) of the
strong EY beam. This makes it get closer to the E) beam, which also splits
the probe beam in y direction. In the A; > 0 region, the probe beam shifts
to the down-right direction due to the repulsion (ny < 0) of the strong E}
beam (which is slightly misaligned to the left side) and gets closer to the Ej
beam, which can split the probe beam in the x direction. Also, for the weak
FWM beam Ep; [Fig. 7.15 (b)], in the A; < 0 region, it shifts above the
E/ beam in the y direction induced by the E) beam, and such E{ beam can
split Epy in y direction. While in the A; > 0 region, the FWM Ep; beam
shifts in the down-right direction due to the repulsion (nz < 0) of the E}
beam and, therefore, splits in the x direction induced by the Ej] beam.
Figure 7.16 depicts the beam profiles of the FWM beam Eps as functions
of various parameters. Figure 7.16 (a) presents the FWM beam (Ep2) profiles
for different probe frequency detunings. As one can see that the beam breaks
up into two beams at certain value of A;. For A; < 0, the atomic system is
a focusing medium due to self-Kerr nonlinearity. For fixed parameters (A; =
-3 GHz, Ay = 0, G5 = 0.1 GHz, G; = G} = 0), as the temperature of
the atomic medium (atomic density N) increases, the FWM beam changes
from one into four pieces as shown in Fig. 7.16 (b). Similarly, in the Ay > 0
region, the atomic system is a defocusing medium, and the beam profile
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becomes wider. Under the similar experimental parameters (except A; = 3
GHz), the single FWM beam also breaks up into four as the temperature gets
higher [Fig. 7.16 (c)]. The insets in Fig. 7.16 show the spatial beam images.

[230°C | 240C | 250C

1.0 30 | 260C
o [l
=2 = 1
= g I
=1 B
r:.E. § : .','I
2os :
= = I
= z [
£ I
1
0.0 -
0.00 025 0.50 0.75 1.00
¥ (mm)
(a) (b)
250°C

[ 230T | 240C

FWM Beam Profile
(=]
L

0.00 025 0.50 0.75 1.00
¥ (mm)
(c)

Fig.7.16. (a) Er2 beam profiles versus Ay at 250 °C. Er2 beam profiles at (b)
A1 = —3 GHz and (c) A1 = 3 GHz at 230 °C, 240 °C, 250 °C and 260 °C. The
other parameters are G1 = G} = 0, G2 = 1.9 GHz, and G5 = 20.8 GHz. The solid
lines are the experimental results, and the dotted lines are the calculated Er2 beam
profiles.

Figure 7.17 presents the effects due to the doubly-dressing fields. The
images in Fig. 7.17 (a) show (i) the FWM Eps beam at different probe
detunings; (ii) the FWM Eps beam shifts with Ef dressing; and (iii) splitting
into three or four parts with the Ej dressing. So, with both the E] and E}
dressing fields on, the FWM Epy beam not only shifts, but also splits, as
shown in (iv) of Fig. 7.17 (a). These phenomena are evident in Fig. 7.17 (b),
which presents the FWM beam profiles of Fig. 7.17 (a) at A; = 25 GHz.
With stronger EY dressing beam, the Epy beam changes from two into five
split peaks. The inset of Fig. 7.17 (b) shows that the shift of Epy beam is
mainly caused by Ef, since Ef is at the down-right corner of the Eps beam
while EY almost overlaps with Eps. Thus, Ers is shifted by E{ and split by
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Fig.7.17. Spots (a) and profiles (b) of the Ers beam versus A; at 250 °C with
G1 = 0 and G4 = 1.5 GHz (i), G} = 20.6 GHz and G5 = 1.5 GHz (i), G} = 0
& G5 = 20.6 GHz (iii), and G; = G5 = 20.6 GHz (iv). The solid lines are the
experimental results, and the dotted lines are the calculated Ers beam profiles.
Inset of (b): spatial shift of the Ers beam versus A; with E7 dressing (square),
E; dressing (reverse triangle), Ei and Ej5 dressing (triangle), respectively. The
scattered points are the measured results, and the solid lines are theoretical ns
curves. The other parameters are G1 = G2 = 1.5 GHz.

To understand the observed beam splitting and spatial shift of the probe
and FWM beams, we need to consider various self-phase modulation (SPM)
and XPM processes. The spatial beam breaking is mainly due to the over-
lap between the weak probe and/or FWM beams and the strong coupling or
pump beams [2]. Due to XPM, the nonlinear phase can have more than one
minimum when the cross-Kerr index no increases, which generates several in-
tensity minima in the profiles of the FWM beams. The propagation equations
for the probe and FWM beams with only the most relevant coupling/pump
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beams for beam splitting are
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Here, z is the longitudinal coordinate; k3 = kp1 = kpa = wini/c; ny is

the linear refractive index; nj'%

ni!

are the self-Kerr coefficients of Fs5 p1 2;
is the cross-Kerr nonlinear coefficient of the weak field E3 induced by
the strong coupling field Ef, ny? is the cross-Kerr nonlinear coefficient of
the weak field E3 induced by the strong coupling field E}, ny? is the cross-
Kerr nonlinear coefficient of the weak field Er; induced by the strong cou-
pling field Ef, and n* is the cross-Kerr nonlinear coefficient of the weak
field Epe induced by the strong coupling field E). Using Gaussian pro-
files for the input fields, Eq. (7.24) are solved by using the commonly em-
ployed split-step method. Note that the linear and FWM coupling terms
(5] = —iGsG1GY exp(ikpy - )P [(F7) ™ + FU(F ! + Fy ), pf) =
—iG3GaGY explikps - 7)F5 ' Fy Y Fy 4 (Ff)~Y) are neglected [19], where
F; factors are the parameters related to the dressing field, the frequency
detuning, and the atomic coherence rate.

The Kerr nonlinear coefficient is negative for a self-defocusing medium
and positive for a self-focusing one, which is given by ny ~ Rep%) /(g0cng).
One can solve the coupled density-matrix equations to obtain all pg?)), ie.,
P = —iGp1 G2 /[di T (d1+G2 /To+G2/T1)] for na? (induced by the strong
E} field), p\*) = —iG poG22 /[dida(dy + G2 /dy)] for n3* (induced by Ej) and
p¥) = —iG3G2, ) (didads) for ny ? (induced by both Ef and Ej fields) with
di =T10+iA1, do =T1 +i(A1 — Az), d3s = dy + G2 /T1 + GZ /(da + G2 /dy),
dq =T1—iAq. Here, Gp1 po are the Rabi frequencies of Ep po and Ay (Ag)
is the detuning of the fields E; 3 and E{(E2 and EY). In addition, these three
weak beams can be spatially shifted by the other coupling/pump beams that
do not have total overlaps with them [19].

The solid curves in Fig. 7.15 (a), (b) are the calculated cross-Kerr non-
linear coefficients, which show good fits to the measured data. So, the mea-
surements of spatial splitting can be used to determine the cross-Kerr non-
linear index. With fixed experimental parameters (such as atomic density,
frequency detunings, spot sizes, and atomic decay rates), the measured beam
profiles are fitted to the calculated results (from the propagation equations)
with adjustable signal amplitudes and constant background, which show ex-
cellent agreements, as shown in Figs. 7.16 and 7.17. Such direct compar-
isons indicate the validity of Eq. (7.24) in describing the spatial splitting of
FWM beams by other laser beams. The nonlinear phase for the split beams is
given by onp(2,£) = 2I<;37F1,2n212,1e’522/n0 and the transverse wave-vector
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is 0k, = Opn1/O0&. So the amounts of the splitting for the probe and FWM
beams are proportional to the dressing beam intensities I 1, the nonlinear
dispersion ns, and the propagation distance z (or equivalently atomic den-
sity).

The ability to control spatial position and beam profile of one laser beam
(or the FWM signal beam) by another laser beam can be very useful in
understanding nonlinear dynamics between multiple laser beams in nonlinear
media. In the self-defocused nonlinear medium (A; > 0), the XPM due to
the presence of another laser beam can generate a focusing effect [2, 4], which
can be used to generate spatial solitons and other interesting nonlinear effects
in the media.

7.6 Spatial Splitting and Intensity Suppression
of Four-Wave Mixing in V-type Three-level
Atomic System

Recently, we experimentally observe the strong spatial shift and splitting of
the probe and generated FWM beams in a two-level system [35—37]. The
coexisting spatial splitting and intensity suppression of the FWM beam in a
V-type three-level system will be discussed in this work.

In this section, by arranging laser beams as illustrated in Fig. 7.18 (a),
we demonstrate the spatial splitting of the FWM signal owing to the cross-
Kerr effect induced by the control field. Furthermore, the coexisting spatial
splitting and intensity suppression of FWM induced by the proper dressing
field and control field are also achieved. We also compare the spatial splitting
phenomenon in different atomic systems

Three energy levels (|0)(3S;/2), [1)(3P1/2) and [2) (3P5/2)) in Na atoms
form V-type three-level atomic system, as shown in Fig. 7.18 (b). The laser
beams E3 and EY (with Rabi frequencies G2 and GY respectively) can be
scanned to connect either the transition from |0) to |1) in the V-type three-
level or the transition from |0) to |2) in the two-level atomic systems. While
the dressing beam E{ and the probe beam Es3 (with G and G respectively)
connect the transition from |0) to |2) in both the atomic systems. The gen-
erated FWM beam Eps (with Rabi frequency Gpo) connect the transition
from |0) to |2).

The experiment was carried out with Na vapor in a 18-cm-long heat pipe.
The four laser beams come from two dye lasers (10 Hz rate, 5 ns pulse width,
and 0.04 cm™! linewidth), the control beam E} and beam Es with the
frequency wo, the dressing beam E{ and beam Ej3 with w;. As shown in
Fig. 7.18(a), the pulse laser beams (horizontally polarized) with diameters
of about 1 mm are aligned spatially with the control beams E5 (k2) and
E/ (K)) propagating through the atomic medium in the same direction with
small angles (0.3°). The probe beam E3 (ks3) propagates in the opposite di-
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Fig.7.18. (a) Spatial beam geometry used in the experiments with four laser
beams. (b) Energy-level diagram of a V-type three-level and (c) the corresponding
dressed-state picture, (d) energy-level diagram of a two-level atomic system.

rection of F5. Satisfying the phase-matching condition kps = ko — kb + kg,
a generated FWM beam Eps which propagates along the opposite direction
of beam E} is monitored by a charge coupled device (CCD).

As shown in Fig. 7.18 (a), beams Es, E), E5, and Epy are all in the yz
plane. The dressing field E] propagates in the xz plane, and the intensity is
approximately 5 times larger than the control beam Ej, 50 times larger than
E5, 100 times larger than P, and the probe beam FEs. Thus, the dressing
beam Ej can split the resonance levels |0) and |2) into dressed-state |£),
respectively. Since it does not overlap with the FWM beam E o, it only leads
to the suppression of the FWM signal intensity. While E) almost overlaps
with Epo and the induced cross-Kerr nonlinear effect causes the splitting of
the Ers beam spot.

The Epy process is dressed by Ef in a V-type three-level system, we
can easily obtain pre = —iG3G%/[d1d2(dy + G /dz)] for four-wave mixing
(FWM) signal intensity by solving the coupled density-matrix equations un-
der the weak field approximation, here dy = iA; +T1g, d2 = T'1 +1(A1 — Ag).
On the other hand, for cross-Kerr coefficients of the FWM beam E o, we have
P = pa = ~iGa/ [T (d1 + GF/To + G/, P = py = —iGy/[drda(dy +
G%/dy)] and p10 = p. = —iG./(d1dad3), respectively, where G, = Gr2G,
Gy = GpaGR, G. = GFQG’E,Q

The beam splitting can be described by the nonlinear Schrodinger equa-
tion

0A ivVZ A ik

(7.25)
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where z is the longitudinal coordinate, kpa = wing/c, no is the linear re-
fractive index, n3 are the self-Kerr coefficient of Epg, na ! is the cross-Kerr
nonlinear coefficient of the weak field Er, induced by the strong coupling field
E) and ng( 2 is the cross-Kerr nonlinear coefficient of the weak field Epy in-
duced by the strong coupling field E{. Ap2, A}, and A}, are the slowly varying
envelope amplitudes of beams Ero, E;, and FE}, respectively. Assuming that
input lasers are Gaussian profiles, Eq. (7.25) can be numerically solved with
the split-step method. For a self-defocusing medium, the Kerr coefficient is
negative, while for a self-focusing one it is positive. We can obtain the nonlin-
ear phase shift ¢nr (z,2) = QkFQnQIe_(wéx)2Z/n0(F2), where ny = CRex®,
C = (eocng) ", the susceptibility x®) = Dp%) and D = Nuiy/(h*eoGra2G?).
N is the atomic density in the sample cell, and p1¢ is the dipole matrix ele-
ment between |0) and |2).

The nonlinear phase shift ¢y, (z,2) becomes larger with increasing no,
and due to |Ep2|2 o sin? ¢ more spatial splitting appears in the Epy beam
profile. Figure 7.19 shows the spatial splitting evolution of Ers beam versus
the frequency detuning E,;. Since E} is just below the Ers beam, the FWM
signal beam is vertically split by E}, as shown in Fig. 7.18 (a). Correspond-
ingly, the peak separation number in the Epy beam profiles increases from
one to three while the nonlinear refractive index |ns| changes from the mini-
mum to the maximum. There is no peak separation at the resonant frequency
where ny approximates to zero. Apparently, when |ng| reaches the largest,
we can obtain strong peak separation.

FWM Beam Profile

Fig.7.19. Ers beam profiles versus Ay at 250 °C in a V-type three-level system.
The parameters are As = 0, G| = 0 (E1is blocked), G3 = 0.1 GHz, G2 = 1.9 GHz,
G5 = 20.8 GHz.

Figure 7.20 shows the spatial splitting of the Epy beam profile when Ej
increases gradually. In fact, according to ppe = —iG3G%/(d1dads), we can
see that Epg is suppressed when E] becomes stronger. The reason is that
E breaks the resonance levels |0) and |2) into dressed-state |+) respectively,
as shown in Fig. 7.18 (c¢). Moreover, when E} is small and EF, is partly
overlaped with the laser beam EY, the Ers beam splits into two asymmetric
parts (the square, circle, and triangle curves). When Ej is strong enough, the
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Eyry beam has down a shift induced by E] and overlap E. Thus the splitting
of the FWM beam will be more balance, and two splitting parts turn almost
the same at G| = 20.6 GHz (diamond curve).

FWM Beam Profile

20
Al

G

Fig.7.20. Er2 beam profiles with Gi = 6.8 GHz (square), 13.8GHz (circle),

19.7 GHz (triangle) and 20.6 GHz (diamond) at 265 °C in a V-type three-level

system. The other parameters are A; = 17 GHz, Ay = 0, G3 = 0.1 GHz, G2 =

1.5 GHz, G5 = 10 GHz.

As it is known, the temperature influences the atomic density in the vapor
medium which is proportional to the propagation distance z in ¢y, (z,2) =
2]€F2ﬂ2]€_(w6x)22/n0(}7‘2). With increasing temperature, ¢y, becomes larger,
which indicates more spatial splitting in the FWM beam profile. To exam-
ine the temperature effect imposed on the FWM signal, the temperature in
the vapor sample is increased gradually. Figure 7.21 shows intensity curves
of FWM signals under different temperatures. The peak separation number
of the FWM beam profiles increases as temperature rises. There are four
separation peaks of the beam profile at 280 °C.
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Fig. 7.21. Ers beam profiles in a V-type three level system at 230 °C (solid curve),
240 °C (dashed curve), 260 °C (doted curve) and 280 °C (dash doted curve). Inset:
spots of Ers beam profile at 280 °C to 230 °C from top to bottom. The other
parameters are A; = —10 GHz, Ay = 0, G3 = 0.1 GHz, G2 = 1.5 GHz, G5 = 10
GHz.
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The different Kerr nonlinear index of refraction no leads to the change of
¢n in the spatial phase expression which is represented by spatial splitting
of the FWM beam. Since the dipole moment pgg of transition |0) — |2)is
larger than the dipole moment p10 transition |0) —|1) we can deduce that the
cross-Kerr coefficient ns in a two-level system is larger than that in a V-type
three-level system [35—37]. We can see that the peak separation number of
beam profile in a two-level system (solid curve) is more than that in a V-
type three level system (dashed curve) for larger no. The inset in Fig. 7.22
shows the spatial splitting of Eps via no in two different atomic energy-level
systems at 230°C, 240°C, 260°C, and 280°C from top to bottom where all
the spot-splitting in the two-level system is apparently larger than that in
the V-type three-level system.

1.0

FWM Beam Profile
H

|
Y| AN —
00 02 04

y(mm)
Fig.7.22. Ers beam profiles in a two-level (solid) and V-type three-level (dash)
atomic systems at 260°C. Curves: Intensities of Ers beams versus frequency de-
tuning in a two-level (left) and V-type three-level (right) atomic systems at 230°C,
240°C, 260°C, and 280°C from top to bottom. The other parameters are A; = —10
GHz, Az =0, G3 = 0.1 GHz, G2 = 1.5 GHz, G5 = 10 GHz.

Above sections have shown that EISD shifts for the probe and FWM
beams can be induced by the enhanced cross-Kerr nonlinear effects due to
induced atomic coherence in mulit level atomic systems, which can be used
as the “on” and “off” states of the spatial all-optical switch. At the same
time, the opposite-direction shifting has been realized simultaneously for dif-
ferent FWM beams, which could be employed to construct switching/routing
arrays. Also, controllable beam splitting for the degenerate and nondegener-
ate FWM signal beams exist in the two-level and three-level atomic systems.
The spatial shift and splitting of beams can be well controlled by the inten-
sities and frequencies of the laser beams, as well as atomic density. Further,
these observed splitting can be fitted to the calculated cross-Kerr nonlinear
coefficients in the systems, which provide a new and easier way to determine
various cross-Kerr nonlinear coefficients in the multi-level atomic systems.
The current work opens the doors for further studies on formations of spa-
tial soliton pairs [20], spatially correlated (entangled) laser beams [15], and
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storage of images [38] in multi-level coherent atomic systems.
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8 Spatial Modulation of Four-Wave Mixing
Solitons

Since the cross-Kerr and self-Kerr nonlinearities are greatly enhanced in the
multi-level electromagnetically-induced transparency (EIT) systems, the spa-
tial diffractions of the probe, as well as the generated four-waving mixing
(FWM) beams can be the compensated to form spatial solitons during their
propagations. When multiple laser beams are involved, the spatial patterns
can be quite complicated depending on their beam overlaps, frequency detun-
ings, atomic density, and relative intensities. Various novel soliton patterns
can appear in different parametric regions for the probe and the generated
FWM beams, making the multi-level atomic systems good playground to in-
vestigate novel types of solitons, such as gap, dipole, and vortex solitons.
Due to the easy access of experimental parameters in the multi-level EIT
system, the soiton patterns can be easily controlled, so the transition from
one type of solion pattern to another can be experimentally observed. Such
easy controllability provides a platform for comparisons between theoratical
models and experimental observations. Controlling spatial solitons can find
important applications in imaging storage, processing, and communication.

8.1 Basic Theory

In the previous section, we have shown the simple theoretical treatment of
the cross-Kerr nonlinear index of refraction dressed by one strong coupling
field for two- and three-level atomic systems; in this section, the calculation of
the self-Kerr and the cross-Kerr nonlinear index of refractions dressed by two
different strong coupling fields, the inner dressing field and the outer dressing
field, in a two-level atomic system, a V-type and a ladder-type three-level
atomic system. On the other hand, exact analytical solutions of bright and
dark spatial solitons to one-dimensional the nonlinear propagation equation
in Kerr media have been presented.
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8.1.1 Calculation of Double Dressed Cross-Kerr Nonlinear Index
of Refraction

In the two-level atomic system, V-type and ladder-type three-level atomic
systems of Fig. 8.1, there exist two types of strong coupling fields, or dressing
fields, to influence the probe field E;. The first one is the inner dressing field
E{, it comes from the same laser as the probe field E;. They both couple
levels |0) and |1) and have the same frequency detuning Ay = © —wy, where
Q; is the resonant frequency and w; is the laser frequency. The second one
is the outer dressing field Es. It comes from the different laser and has the
different detuning A, from the weak probe field E.

— 12

1)

G 5| & 5| &

i i

|0} l0) [0)

(a) (b) (c)
Fig. 8.1. Sketches of the (a) two-level atomic system, (b) a V-type, and (c) a

ladder-type three-level atomic systems. E; is the weak probe field, E} is the strong
inner dressing field and FE> is the strong outer field corresponding to the probe field.

First we consider a two-level system, as shown in Fig. 8.1 (a). The inner
dressing field £} and the outer dressing field E5 both couple levels |0) and
[1) and the outer dressing field Fs has the frequency detuing Ay = Q5 — wo.
For this system, the following equations are derived for the slowly varying
density matrix elements:

8p(r) T o) i)

. = ooﬂoo —1G1pgy +1Gipig s
o (r) . T

gt = _F11P11 ZGlpm + ZGlp(()l)’ 51
o () . r . I . r

glto = —[iA; + FlO]ng) - ZG1P§1) + zG1p(()0),

where G; is the Rabi frequency, I';; is the longitudinal relaxation, and I';;
is the transverse relaxation from |i) to |j). A self-Kerr process of the probe
field E; can be simply presented via the four perturbation chains:
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Then we consider the dressing effect of the strong inner dressing field Fj
which dresses both the energy levels |0) and |1) to create dressed states |+)
and |—), respectively, and the dressing effect of the strong outer dressing field
E5 which only dresses the energy level |1) to create dressed states |[+) and
|—). The dressed self-Kerr nonlinear processes can be described as

0) E 1 2 E 3
Péo) : ng@ot — p(():EO:I: — Pgﬂiotv
(0) (1) (2) (3)
Poo 4, Pot1+ LN Poto+ 2, P1tots
0) E 1 2 E 3
Péo) - ngzmz — p&i — Pgﬂiotv
(0 Br (1) (2 B (3)
Poo — PoL£1+ o, Piti+ — Pito+s

where p14o+ represents the dressing the chain

E/* E/ E* E E/* E/
P10 —— P00 — P10 — P00 —> P10 —— P11 —> P10, (8.4)

po+1+ represents the dressing the chain

EI E/* E/ E/* E E*
Po1 — P11 —— Po1 — Po0 —— Po1 — PO —= Po1, (8.5)

po+o+ represents the dressing the chain

El* El E/ E/*
P00 — Po1 — £00 — P10 — 00,

p1+1+ represents the dressing the chain

E/* EI E* Es E/ E/* Es E
P11 —— Po1 — P11 —> Po1 —> P11 — P10 —— P11 —> p1o — p11. (8.6)

Under the Condition that the coupling field is much stronger than the probe
field and Poo ~ 1, equations can be solved together with chains to give

3) fiG1|G1|2 1 1 1 1
pPio = P Fr + P P + B (8.7)
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On the other hand, the cross-Kerr process of the probe field E; induced by
the strong coupling field F can be simply presented via the four perturbation
chains:

0 Ei 1) EU (2 E 3
Pc()o) — Pgo) — Pc()o) — Pgo)v

0 E ) Ei (2 E 3
P(()o) — P((n) — P(()o) — ng)v

0 BT () B (2 E 3
PE)O) I P(lo) — P(n) — P(lo)a

0 B ) BT (2) E 3
pS) ol = oY S ).

Then we consider the dressing effect of the strong inner dressing field F} and
the strong outer dressing field E5. The dressed cross-Kerr nonlinear processes
can be described as
o Ef @ BN (2 B (3)
Poo — Pito+ —  Poto+ —  Pifo+>
B ) B2 B (3)
Poo — 7 Po+1+ —  Poto+ —  Pito+>
(0 B 1 B (2 Ei (3)
Poo — Pito+ — 7 P11+ — 7 Pifo+>
0 ET @) EI (2 E_ (3)
Poo — 7 Poxi+ — 7 Pitix — 7 Pitox-

(8.10)

Under the condition that the coupling field is much stronger than the probe
field and pé%) ~ 1, equations can be solved together with chains to give

@ SGIGIE (1 1\ (1 1
= . 11
Pio F e )\nTHR (8.11)

Third, the cross-Kerr process of the probe field F; induced by the strong
coupling field F5 can be simply presented via the four perturbation the chain:

0) E 1) E; 2) E 3
Péo) — Pgo) — P(()o) —= Pgo)~ (8.12)

The dressed cross-Kerr nonlinear processes can be described as

0) E 1 E; 2 E 3
P(()o) — ngZOi — p(()i)oi —= Pgor (8.13)
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We can obtain

3 _ —iG1|Ga]?
= .14
10 F12F4 ) (8 )
where
G/ 2 G/ 2
Fy=Tgo + I(Al — AQ) + | 1| | 1| (815)

. + A -
FlO + 1(2A1 — Ag) FOl — IAQ

Similarly, for a V-type three-level system, as shown in Fig. 8.1 (b), the
strong coupling fields Es couples levels |0) and |2) with the frequency detun-
ing Ay = Qs — wo. For this system the following equations are

o (r) o y )

P00 — —Tooply) — iGanly) +iGsply) +iGiply Gl
apiy) e , e

g? = —Tuply —iGipl —iGaply +iGipf) +iG3ply,
apy) () L

glt —[iA + F10]P10 1G1911 1G2P§2) + 1G1p(()0),

0 (8.16)

0 . o, r

th —[iAs + Taolpy —iG1pSy) — iGaply) +iGaply),
ap(T) )

o —[i(= A1 + Ag) + Dol —iGipSy) +iGaply,
o (r) . (r ) ,

?)2162 = —Taply) —iG3ply) +iGapfy .

The self-Kerr process of the probe field E; is the same as that in the
two-level system. If we consider the dressing effect of the strong coupling
field Ey, the energy levels |0) is dressed to create dressed states |+) and |—),
respectively. In the dressed self-Kerr nonlinear processes, pjto+ represents
the dressing the chain

E/* E’ El* E’ E* E
P10 —— P00 —> P10 —— P11 — P10 —= P12 — P10, (8.17)

po+1+ represents the dressing the chain

E/ E/* E E* E/ E/*
Po1 — P11 —— Po1 —> P21 —= Po1 — Poo —— Po1, (8.18)

po+o+ represents the dressing the chain

El* El E* E El El*
P00 e Po1 — £00 — P02 = £00 — P10 e P00

Es E3
— P20 —= Poo; (8.19)
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p1+1+ represents the dressing the chain

E* E E, B
P11 —— po1 —> P11 —> P10 —— P11- (8.20)

Under the condition that the coupling field is much stronger than the probe
field and p(()%) ~ 1, equations can be solved together with chains to give

(3) —iG1|G1|2 1 1 1 1
= 8.21
Plo Fy rtr)\ntr) (8.21)
where
- G112 Gaf? G712
Fy = (Tyo +iAq) + + . + :
e S SPATE RV e ot
/12 /12 2 a2
Fs =Tqo + Gy | &1 | |G2|. | 2|. , (8.22)
I +iA1  Top —iA7 T —iAy  T'ip +iAy
G112 |G [?
Fr =Ty + . Ca -
! " 4iA, T Doy —iA

On the other hand, the cross-Kerr process of the probe field E; induced by
the strong coupling field E is the same as that in the two-level system, and
the dressed cross-Kerr nonlinear process can be solved to give

(3) fiG1|G/1|2 ( 1 1 > < 1 1 )
= + + . 8.23
plO F5 Fg F5 F6 F7 ( )

A cross-Kerr process of the weak probe field E; induced by the strong cou-
pling field E5 can be simply presented via the two perturbation chains:
0) E 1) E3  (2) E 3
P(()o) = Pgo) — P(()o) — Pgo)a

0) B3 1) E 2) E 3
Péo) — Péz) = Péo) — Pgo)~

(8.24)

The dressed cross-Kerr nonlinear processes can be described as
0 B2 (1) B3 (2) B (3)
Poo — P20+ — 7 Poto+ —  Pl+o+s

(0 B3 (1) Ex2 (2) Ei  (3)
Poo — Pot2 — Potot 7 Pitoks

(8.25)

where poo+ represents the dressing the chain

E/* E/ E* E
P20 —— P21 — P20 —= P22 —= P20, (8.26)

po+2 represents the dressing the chain

JoA ok E B
Poz — P12 —— Po2 — P22 — Po2. (8.27)
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Under the condition that the coupling field is much stronger than the probe
field and pé%) ~ 1, equations can be solved together with chains to give

(3) iGy |G2|2 1 1
= + 2
P10 F5 F6 F8 F§ ) (8 8)

¢ G
oo Tor +i(Ag — Ay)’

where

Fs = (T2 +1A2) + (8.29)

At last, for a ladder-type three-level system, as shown in Fig. 8.1(c),
the strong coupling fields Es couples levels |1) and |2) with the frequency
detuning A,. For this system, the following equations are

9" . )
gt = —Foop(()o 1G2P()2 + 1G2p20 + 1G1p10 1Glp(()1)7
a (7’) ) . . . o
gltl = —F11P11 G1P1o 1G20§2) + 1G1p(()1) + 1G2pgl)
8p(r) B A r Te (r) Yel (r) Te (r)
o —[iA + 10]/’10 1G1pyy — 1621y +1G1pgg s
(8.30)
ap(T) ' .
5 = —[iAs + on]pQO 1G1p 1G2p + 1G2p00 ,
9t . o )
thl = —[i8g + Dan]pfy) = iG7ply) —iGaply) +iGaply,
9,7 o
giz = —Taopy) —iG3pY; +iGaply.

The self-Kerr process of the probe field F; is the same as that in the two-
level system. If we consider the dressing effect of the strong coupling field Es,
the energy levels |1) is dressed to create dressed states |+) and |—), respec-
tively. In the dressed self-Kerr nonlinear processes, where p;io4 represents
the dressing the chain

E/* E’ E E* El* E’
P10 —— P00 — P10 —> P20 —> P10 —— P11 — P10, (8.31)

po+1+ represents the dressing the chain

El El* El El* E* E
Po1 — P11 e Po1 — 00 e Po1 — P02 = P01, (8-32)

po+o+ represents the dressing the chain

El* El Ei E/*
PO —— Po1 — Poo — P10 —— P00, (8.33)
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p1+1+ represents the dressing the chain

E* E] E> EJ E] E* E3 E>
P11 — Po1 — P11 - P21 —= P10 — P10 — P11 —= P12 = P10-

(8.34)

Under the condition that the coupling field is much stronger than the probe
field and Poo ~ 1, equations can be solved together with chains to give

3 —iG1|G1]? < 11 ) ( 1 1 >
- " + , 8.35
Pig Fy Fy Iy Fyo  Fu (8:35)
where
. G117 |G G117
Fy = (T1o +1A1) + + . +
o= Mot IA) T i Ay T T,
G1? G717
Fio = Top + ) T 8.36
10 g +iA; T T —iA (8.36)
G/ 2 G/ 2 G 2 G 2
Fiu =T+ | 1|. | 1|. + | 2|. | 2|. .
Do +iAy Doy —iAy Doy +iAy Tz —iAp

On the other hand, the cross-Kerr process of the probe field E; induced by
the strong coupling field E1 is the same as before, and the dressed cross-Kerr
nonlinear process can be solved to give

3) 71G1|G'1|2 < 1 1 ) ( 1 1 >
= + + . 8.37
Pio Fy Fy Iy Fio  Fu (8:37)

A cross-Kerr process of the probe field F; induced by the strong coupling
field E5 can be simply presented via the perturbation the chain

o) 2 o3 2 o) T o). (8.38)

The dressed cross-Kerr nonlinear processes can be described as

0) E 2 2) B3 (@3
pho 5 pios =2 P = p0s (8.39)
Under the condition that the coupling field is much stronger than the probe
field and Poo ~ 1, equations can be solved together with chains to give

3) —iG1|G2|2

— . 8.40
P17 F2000 + i(Ay + Asg) + G2/ (T +iAs))] (8.40)

8.1.2 Calculation of Analytical Solution of One-dimensional Bright
and Dark Spatial Solitons

The nonlinear Schrodinger equation is the main equation which describes
the evolution of optical fields in a nonlinear medium. We consider the non-
linear Schrodinger equation which governs the evolution for a continuous
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wave beam propagating inside a nonlinear optical medium with Kerr nonlin-
earity. We assume the two copropagating beams propagate along the z-axis
and diffract along the two transverse directions z-and y-axis. In the paraxial
approximation, we take the equation form

0A; i <82A1 0% A;

ik S 2 X
B = A As] A A1
0z 2ky \ 022 * ayQ) ny [n5 A1 +n3 As] Ay, (8.41)

where A1 and A, are the slowly varying envelope amplitude of the probe, and
the copropagating field, k1 = 27n1 /A1 and ny is the linear refractive index at
the wavelength \;. The nonlinearity coefficient n3 is the self-Kerr coefficient
of the probe field and ns is the cross-Kerr coefficient of the probe field
induced by the copropagating field. Since it is hand to solve two-dimension
equations, we allow the probe beam diffract only along the = direction and
introduce the normalized variables

x z A1 AQ

é-: ) Z = U, = UQZIII/Qa

8.42
wo klw(% ) 111/2 ) ( )

where wq is the spot size, and I is the peak intensity of the probe beam.
For simplicity, we consider the cross-Kerr term is constant, i.e., g = ng |Us|?.
Equation 8.42 can be written as

ouy, i0°U;  ikiwil [

o7 — 2652 = n§|U1|2—|-gJ U;. (843)

Let us consider a self-focusing nonlinearity which corresponds to n5 > 0. We
search for the bright soliton solution to Eq. 8.43 with the form
Up=u(f)exp(il'2). (8.44)

where the profile u () is real, symmetric, and exponentially localized, T is
the propagation constant. We substitute Eq. 8.44 into Eq. 8.43 and obtain

2
iru(e) exp(irz) - 0 exp(irz) - I 2061 + glule) explir).
(8.45)
We canceling the common factors iexp(il'Z) and lead to
0? kZwg I
ru©) - s’ = TN u(©? + gluce), (5.46)
ie.,
O*u(€)  [kiwdling gkw?
ru(e) - s = [T g+ S g e

We take the first term of left hand to right hand,

_32u(§) _ [klwofan w(€)? + gkiwil

nq ni

2067 - r] u(f), (8.48)
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ie.,

= ()* | u(€)- (8.49)

Pu(E) _ ofr — gktwgi\ 2k%w§]1n§u
852 n ny

For simplicity, we let

k2 2] 2k2 2] S
a—2(r—91“b1>, p= STz (8.50)
ny ni
Thus Eq. 8.49 can be written as
v’ = (a—bu?)u. (8.51)
Both sides of Eq. 8.51 are multiplied by «’(z) and we obtain
u"v = auu’ — buu'. (8.52)

Then we integrate both sides of Eq. 8.52 and have

‘/}/du’::J/(au-bu3yhh (8.53)

ie.,
1 b
L) = qu - e (8.54)
For the index solution, we have C' = 0, i.e.,
1 b
2mq?+(yﬁ—;)u2—o. (8.55)

The boundary conditions are obvious that at the beam center ¢ = 0 the peak
amplitude is ug, i.e., u(§)|e=0 = wo and Oeule=g = 0. Substitution of these
equations into Eq. 8.55 leads to the relation a = bu/2. Hence, Eq. 8.55 can
be simplified to

b(u? — ud)u?
2

b(ud — u?)u?

N2 __ 0

y = 0

(u/)Q - \/u(Q) —u? )

V2/b

b
\/3/ | du = e, (8.56)

U/ Uy —u

= 0.

The expression of left hand of Eq. 8.56 is integrated as

2
%)

/mmgu%/wvéiﬁ)%/u¢éuw) (8.57)
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Let u/up = sin@ , thus Eq. 8.57 becomes

1 /U0C089d9_ 1 / o1 /sinﬂd@__l/ dcos@
ug ) sinfcos®  wg ) sinf  wug sin?0  wo ) 1—cos28’

Let cosf = t, thus we have

1 / dcosf 1 / dt 1 / 1 1
ug ) 1—cos20 wug ) t2—-1 2uyg t—1 t+1

1
= In|t—1] —Injt + 1]

ZUO
1 t—1 1 cosf —1

= = . 8.58
2u0nt—|—1} 2u0n0059—|—1' ( )

Due to sin 6 = u/ug, we have cos@ = \/u? — u2/ug and Eq. 8.58 becomes

1 | wy — \/uf — u? 1 | uf — (ud — u?)
n = n
2o |ug + \/ud —u?|  2uo <UO+\/u(2)_u2)2
1 U
= In
Uy |ug + /ud — u?
_ 1 I up + \/uf — u? .
() u

Thus, we finally obtain

uo—f—\/u%—uQ
u

. (8.59)

/ du _ 1 n
ur/(u3 — u?) (0

We substitute Eq. 8.59 into Eq. 8.56 and lead to the equations

2 _ .2
_\/2/b1n uo + /U —u _ ¢,
(') (3
2,2
In uo+\/u0 U :in(b/2)1/2£7
u
2 _ .2
uo+/uj —u = exp (j:uo(b/2)1/2£),
u

Vug —u? = uexp (uo (b/2)"? §) — ug,
ug —u? = u®exp (uf (b/2) £) + uf — 2uou exp (Uo (b/2)"* 5) ;
u? + u? exp (uf (b/2) £2) = 2ugu exp (uo (b/2)1/2 §) )

u+ wexp (ud (b/2) £%) = 2ug exp (uo (b/2)1/2 f) .
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Finally, we can obtain the bright soliton solution as

2uqexp (uo (b/2)'/%¢)

1+ exp (ug (b/2)€2)
ug

u =

[exp (—uo (13/2)1/2 E) + exp (uo (b/2)1/2 f)} /2’

ie.,
u = ugsech [uo (b/2)"/? g} . (8.60)
We substitute Eq. 8.50 into Eq. 8.60 and have the bright soliton solution of
Eq. 8.43 as
k2w2InS 1/2
u = ugsech luo ( 1w72 112 ) £l . (8.61)
1

8.2 Novel Spatial Gap Solitons of Four-Wave Mixing

As a laser beam propagates in a Kerr-type nonlinear medium, its spatial
beam profile can become unchanged when the spatial diffraction is balanced
by the self-focusing effect due to the self-phase modulation Kerr nonlinearity,
which is generally called spatial optical solitons [1]. Also, optical solitons can
form in the nonlinear media due to cross-phase modulation (XPM) in the
self-defocusing regime [2, 3], in which the spatial diffraction of the beam is
compensated by the strong XPM nonlinearity [4]. In recent years, many new
spatial soliton effects, such as discrete solitons [5, 6], gap solitons [7], surface
gap solitons [8, 9], and vortex solitons [10], have been investigated (both
theoretically and experimentally) in waveguide arrays [9], fiber Bragg gratings
[11], Bose-Einstein condensates [12], and photorefractive crystals [5, 6]. In
achieving such interesting spatial effects, large refractive index modulations
are needed either by fixed periodic structures (such as waveguide arrays and
fiber Bragg grating) or reconfigurable optical lattices by laser beams as in the
photorefractive crystals [7]. For example, to observe spatial gap solitons in a
photorefractive crystal, two strong laser beams are used to write an optical
lattice in the crystal with refractive index variation of at least 10~*. When
two probe Gaussian laser beams are launched into this optical lattice in the
opposite directions, the two counter-propagating waves are Bragg scattered
and nonlinearly coupled to generate spatial gap solitons at the output [7].
Spatial solitons were observed in atomic media many years ago [1]. In
the following, we can show that by making use of the greatly enhanced Kerr
nonlinearity due to atomic coherence in multi-level atomic systems [13], large
refractive index modulation can be achieved with pulsed laser beams. Also,
due to strongly enhanced four-wave mixing (FWM) processes in such atomic
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media [14—18], the strong nonlinear couplings between propagating waves
can easily generate modulated spatial optical solitons, or gap solitons, in the
probe laser beams, as well as in the generated FWM beams. More impor-
tantly, the spatial Kerr nonlinear index of the atomic medium, and therefore,
the spatial gap soliton patterns, can be easily controlled by the intensities
and frequency detunings of the pump (dressing) laser beams [13, 16].

Two relevant experimental systems are shown in Fig. 8.2 (b, ¢). Three
energy levels from Na atoms (in a heat-pipe oven) are involved in the experi-
mental schemes. In Fig. 8.2 (c), energy levels of [0) (351/2),/1)(3P;/2) and |2)
(3P5)3) form a three-level V-type atomic system. When the energy level |2)
is not used, the system reduces into a two-level one [Fig. 8.2(b)]. The laser
beams are aligned spatially as shown in Fig. 8.2(a), with two dressing beams

[2)

[1)

N R

&\ 8| 5| B £l Eriare
|

(b)

En| Ei| B5) Epar

¥

|0)
(a) (c)

Fig.8.2. (a) Spatial beam geometry used in the experiments. (b) The FWM

processes (to generate Eps or Epi with two beams Es and E) or E; and Ef,

respectively) in a two-level atomic system. (c) The FWM processes (to generate

Eps or Ery with two beams E> and E5 or E1 and Ef, respectively) in the V-type

three-level atomic system.

(E{ and EY) and two pump beams (F; and E5) propagating through the
atomic medium in the same direction with small angles (0.3°) between them
in a square-box pattern. The probe beam (FEj3) propagates in the opposite
direction with a small angle as shown in Fig. 8.2(a). Three laser beams (Ej,
Ef, and E5, with Rabi frequencies Gy, G} and G35, connecting transition
|0) to |1)) have the same frequency w; (from the same laser with a 10 Hz
repetition rate, 5 ns pulse-width and 0.04 cm ™! line-width), and generate an
efficient degenerate FWM signal Epy (k1 = k1 — k| + k3) [Fig. 8.2 (b)] in
the direction shown at the lower right corner of Fig. 8.2 (a). The beams E,
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and EY (with Rabi frequencies G2 and G5, and connecting transition |0) to
|1)) are from another near-transform-limited dye laser of frequency ws and
form a nondegenerate FWM process to generate Epy (kpo = ks + ko — k)
[Fig. 8.2(b)]. When the five laser beams are all on, there also exist other two
one-photon resonant nondegenerate FWM processes kps = k3 + ko — k7 and
kry = ks + k1 — k}. However, the coexisting Er, and Eps are the dominant
ones [14,16].

When the beams E and E) are tuned to |0) —|2), the system becomes the
three-level V-type one [Fig. 8.2 (¢)], which generates a different one-photon
resonant nondegenerate FWM process Eps [14].

In the experiments, the sodium vapor is heated to 255°C (with an atomic
density of 3.6 x 10'3cm~3 approximately) when the typical gap solitons start
to appear. The stronger dressing beams Ej , are approximately 10 times
larger than the pump beams E; 2, and 1000 times larger than the weak probe
beam FEs3 and the two generated FWM beams Er1 2. So, Ei,2 can strongly
influence the signal beams Epj 2. The mathematical description of the self-
and cross-Kerr nonlinearities of the weak beams Er; 2 can be obtained by
numerically solving the following propagation equations:

U i0%u ikZ wil
= et = T S P 20+ 20
(8.62a)
ou i0%u ikZ w2l
o7 " spe = ot ol 2nd A + 20 ul s,
(8.62b)

where Z = 2/Lp (Lp = kjw? has the physical meaning of the Rayleigh
range, and wy is the spot size of the probe beam); £ = x/wy and y/wy are
the longitudinal and transverse coordinates, respectively; up12 = Ap1,2/1 11 /2

and u} , = A’LQ/Ill/2 are the normalized amplitudes of the beams Ery 2 and

. . . . 51,2
ELQ, kr1 = kpa = wini/c, with ny being the linear refractive index. ny

are the self-Kerr indices for the Er; and Eps beams, respectively; na ! is
the cross-Kerr nonlinear coefficient of the weak field Er; induced by the
strong coupling field B, ny? is the cross-Kerr nonlinear coefficient of the
weak field Ery induced by the strong coupling field Ej, n5 3 is the cross-Kerr
nonlinear coefficient of the weak field Ero induced by the strong coupling
field E}, and na* is the cross-Kerr nonlinear coefficient of the weak field Ero
induced by the strong coupling field E5; The FWM signal fields Ep; (from
four perturbation chains) and Eps (from two perturbation chains), dressed
by Ei and E), in Fig. 8.2(b) can be obtained by solving the density-matrix
equations. Similarly, the cross-Kerr nonlinear coefficients [13, 16] are nj! o
G3|G1? /mi, m3? o< G3]G3[* /n2, 3P o< Gs|GY[?/ns and ng™ o< G3]G5[* /na
in this two-level atomic system, where n;_4 represent the complex formulas
with frequency detuning, relaxation rates and Rabi frequency of the dressing
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fields.

The interference pattern from the beams E; and E| (or Es and E))
induces the spatial grating (or the optical “lattice” with a period A) for
generating the gap solitons, which are observed in the images captured by a
CCD camera. The refractive index varies inside the spatial grating. We need
to include both the frequency detuning and intensity dependences of the
refractive index in addition to its one-dimensional periodic variation along
the ¢ axis by using n(A,I,£) = n1(A) + no(A) + dn(§), where I is the
dressing field intensity. dn = ng cos(2n€/A) accounts for the periodic index
variation inside the grating, with the refractive index contrast to be about
n2(A)I = 2.65 x 10~%. The grating period is given by A = \/0 ~ 10 um,
where 6 = 0.3° is the angle between the beams E; and E} (Es and EY).

For simplicity, one can get upi 2 ~ uosech[uo(k%ww%hngl’SQ/nl)l/Qg]

cos ¢ 1., where the nonlinear phase shift ¢z, (2, €)= QkFLgngIe*[wé(ffl)}Qz/nl
and w( is the spot size of the dressing beams. ns is negative for a self-
defocusing medium while positive for a self-focusing medium. We assume
Gaussian profiles for the input beams and solve. (Eg. 8.62) by using the
commonly employed split-step method.

Figure 8.3 shows the splitting in the self-focusing region (A; < 0) and
forming of gap solitons in the self-defocusing region (A; > 0) of the FWM sig-
nal Erq, and the nonlinear refractive index no versus Aj. In the self-focusing
side, while the nonlinear refractive index ns changes from the minimum to
the maximum (left to right), Er; beam breaks up from one to three parts,
with one large and two small pieces. Thus, the Er; beam in the self-focusing
side propagates with discrete diffraction. However, in the self-defocusing side,
where the ns changes from near zero to large negative value, EFr; beam breaks
up into many peaks with an approximate fringe space of A and forms gap
solitons, which is due to the nonlinear coupling between the laser beams
in the Kerr nonlinear medium [4]. There only exists one spot at resonance
where ng is close to zero. The reason is that according to the expression of
nonlinear phase shift ¢, when no is zero, ¢n(y) becomes zero too. With
increasing ng, the oscillation frequency w(nz) (¢nr(y) = w(ng)y?), propor-
tional to ng along &, gets big too. When the XPM-induced focusing [2—4]
exactly compensates the diffraction, the beam becomes trapped and forms
spatial solitons. Here, we have demonstrated a transition from a self-focusing
to a self-defocusing region and from forming discrete to gap solitons solely
by adjusting the nonlinear dispersion with frequency detuning [6].

With the temperature in the heat pipe oven increased gradually, the
temperature effect on the FWM signal can be investigated. Figure 8.4 (a)
presents intensity curves of the FWM signal Ery under different tempera-
tures. The beam profile of the FWM signal is quite irregular at low tempera-
tures (T' = 230 °C and 240 °C), but becomes more vivid at higher tempera-
tures. The atomic density N is determined by the temperature in the atomic
vapor, which is equivalent to the change in the propagation distance z. The
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Fig. 8.3. Images (lower) and cross sections in the y-direction (upper) of Er; signal

versus A; in the two-level system with G; = 1.2 GHz, G} = 15.2 GHz and G3 =

0.5 GHz at 250 °C. The corresponding nonlinear dispersion is illustrated in the

figure at the right side.

Ay (GHz)

periodic refractive index of the medium is modulated by the term cos® ¢nr,
in u%m, which is the reason of forming the gap solitons in such system. Now,
let us consider the influence of the dressing field on of the FWM signal, as
shown in Fig. 8.4 (b). Gap soliton in the Eps beam does not exist when the
dressing field power (G%) is low. When G gets larger, the influence of the
dressing field intensity on gap solitons becomes dramatic, and gap solitons
obviously appear with G, = 14.5 GHz and G = 21.7 GHz. This is due to the
fact that for Epo, the gap solitons are induced by the interference patterns
formed by EY and E> beams. One can also explain this phenomenon with
onr (), i.e., when the dressing field E) becomes stronger, the oscillation fre-
quency w([I) gets larger accordingly. Figure 8.4 (c) shows the difference of the
FWM signal Eps between the two-level and the V-type three-level systems.
Apparently, the gap solitons in the FWM beam profile are more vivid in the
two-level system than in the V-type three-level system. This is because the
gap solitons of Epy are caused by the interference between the E) and FEs
beams, which are the inner dressing fields for the two-level system and have
stronger cross-Kerr effect. However, for the V-type three-level system, these
fields are the outer dressing fields and have a weaker cross-Kerr effect [16].
The dotted curves in Fig. 8.4 are the simulated results from the propaga-
tion equations with practical parameters used in the experiment, which show
excellent agreements with the experimentally measured spatial profiles.

To get the steady gap solitons, the focusing effect due to the XPM should
exactly compensate the spatial diffraction of the generated FWM signal
beam. Figure 8.5 (a, b) show the trapped gap solitons of the Ery and Epoy
beams in the two-level system, respectively. As one can see that with in-
creasing temperature, the spatial profiles of the Er; and Ery beams change
very little (except with a breathing). This indicates that at certain probe
frequency detuning and dressing field intensity, steady propagation of gap
solitons (i.e., no change with increasing temperature) can be achieved.

Figure 8.6 presents an interesting phenomenon: splitting gap solitons.
With E} field dressing, the Ery beam forms gap solitons in the x-direction
[Fig. 8.6 (i)]. Figure 8.6 (iii) shows the gap solitons in the x-direction and
splitting in the y-direction with E and E! dressing, respectively. One can
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Fig. 8.4. (a) Cross-sections (left) and images (right) of Er2 beam in the two-level
system versus Ay with T=230, 240, 250 and 260 °C, respectively (from down to up).
(b) Cross-sections (left) and images (right) of Er2 beam in the two-level system
versus A1 with G5 = 0, 4.8, 9.6, 14.5, 21.7, and 29.7 GHz, respectively (from
down to up). (c) Epz profile in two-level system and three-level V-type system.
Inset: images of Er2 beam in the two-level system (left) and the three-level V-type
system (right). The dotted curves are the theoretical results.

understand the formation of the splitting gap solitons [Fig. 8.6 (iii)] in the
following. The dressing field E} and the signal field Ery overlap partially in
the x-direction [Fig. 8.2 (a)], so the influence of the intensity of the dressing
field EY leads to the formation of gap solitons of Eps in the x-direction. At
the same time, the dressing field Ef and the signal field Epq overlap in the
y-direction, which induces a splitting of the Eps beam in the y-direction.
Similarly, with the E and EY dressings, Er; beam shows the gap solitons in
the y-direction and the splitting in the x-direction [Fig. 8.6 (iv)]. The cross
sections of the Er; and Epry beam images in the y-direction and x-direction
are shown in the right side of Fig. 8.6. Furthermore, interacting FWM gap
soliton pairs of Ep; and Eps beams can coexist in the same self-defocusing
atomic system

Comparing with the gap solitons created in the photorefractive crystals,
the gap solitons formed in the atomic medium are with flexible and easy to
control parameters, such as atomic density, intensities of the dressing fields,
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Fig. 8.5. (a) Images of the Ep2 beam with Ej dressing field in the two-level system
with different temperatures from 230 °C to 260 °C with G5 = 15.2 GHz and A; =
15.3 GHz. (b) Images of the Eri beam with E{ dressing in the two-level system
with different temperatures from 230 °C to 260 °C with G} = 9.6 GHz and A; =
14.2 GHz.
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Fig. 8.6. Images of Eps beam (i) with G5 = 14.5 GHz and Ep; (ii) with G| =
15.2 GHz with different A1 values. Images of Epe (iii) and Er1 (iv) beams with
G4 = 15.2 GHz and G4 = 14.5 GHz with different A; values in the two-level system.
Corresponding cross sections of the Er1 and Er field in the y-direction (left) and
x-direction (right) with A; = 14 GHz, respectively.
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and nonlinear dispersion.
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8.3 Dipole-mode Spatial Solitons of Four-Wave Mixing

If a phase mask is used to introduce a certain phase delay for half of the
soliton beam, the soliton can split into two parts with opposite () phases
between them, called dipole-mode vector soliton with a Hermite-Gaussian
mode structure [19, 20]. In an optically-induced two-dimensional photonic
lattice, the dipole-mode solitons can be created with either opposite phases
or same phase between the two parts [21]. Vector solitons with one nodeless
fundamental component and another dipole-mode component can couple to
each other and be trapped jointly in the photonic lattices [19, 22]. The ra-
dially symmetric vortex-mode solitons can decay into radially asymmetric
dipole-mode solitons that have nonzero angular momentum, which can sur-
vive for very long propagation distances [19]. In the past few years, studying
formations and properties of such novel spatial solitons has become an active
field of research [1, 4, 19—29].

Such dipole-mode solitons can also be created in the FWM beams gen-
erated inside a multi-level atomic medium with greatly enhanced self-Kerr
and cross-Kerr nonlinearities [13]. The key is to create a high enough index
contrast (via Kerr nonlinearity n27) in the atomic medium by laser-induced
index gratings. This can be achieved at high atomic density and large pump
laser powers with certain frequency detunings, so the Kerr nonlinear index ns
is enhanced and at its maximum [16]. Two-component dipole-mode solitons
are generated in two coexisting FWM signal beams in two- and three-level
atomic systems. Interesting phenomena, such as energy exchange or breathing
between soliton components, decays of more complicated vortex solitons into
the dipole-mode ones, and suppression/enhancement of such dipole solitons,
are also observed under various experimental conditions. The easy controls of
the experimental parameters in the multi-level atomic systems make the cur-
rent system ideal to investigate the formations of multi-component solitons
and their nonlinear dynamics [23 - 25].

The laser beams are spatially aligned as shown in Fig. 8.7 (a). Four energy
levels of Na atoms (in a heat-pipe oven) are involved in the three experimental
configurations as shown in Fig. 8.7 (b—d). In Fig. 8.7 (b), energy levels |0)
(381/2), [1)(3Py /2) and [2) (4D3/5) form a cascade three-level atomic system.
Two fields F; and Ej] (with Rabi frequencies G; and G, and frequency wy)
connecting transition |0) to |1), with a small angle 6, ~ 0.3° between them,
propagate in the opposite direction of a weak probe field E3 (with Rabi
frequency G35 and frequency wn), as shown in Fig. 8.7 (a). The three beams
are from the same near-transform-limited dye laser (10 Hz repetition rate,
5 ns pulse-width and 0.04 cm~! linewidth). They generate an efficient one-
photon resonant FWM signal Fr; satisfying the phase-matching condition
of kp1 = k3 + k1 — K, which propagates nearly opposite to the field Ef, and
sampled by a CCD camera. Two additional coupling fields E» and E} (with
Rabi frequencies G2 and GY, and a small angle 02 ~ 0.3° between them) are
applied between the transition |1) and |2), which are from another similar dye
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laser with frequency ws. They, together with the probe beam E3, generate a
two-photon resonant FWM signal Epe with kre = k3 + ko — kb, propagating
nearly opposite to the field E [Fig. 8.7 (a)] [15, 16].

(1) — 1)

G T - i
Ey |E} | At Ay ! &1
Ey |E] |E5 : Ep1, 12 E, | E; Ey | E | :f'-'lv'] F2
| I
* 10) L o)
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Fig. 8.7. (a) Spatial beam geometry used in the experiment. Two FWM processes
Er1 and Eps with five beams E1, E, E>, E5, and E3 on, in (b) cascade three-level,
(¢) V-type three-level, and (d) two-level atomic systems, respectively. Er1 and Fpo
are mainly steered by the horizontally and vertically aligned beams E{ and Ej.

When the two fields Ey and Ej are tuned to the transition |35 /5) —
|3P3/2), they generate another one-photon resonant nondegenerate FWM sig-
nal Fpy in the V-type three-level system [Fig. 8.7 (c¢)]. Also, when they are
changed to the transition |35 /2) —[3 Py /2), another one-photon resonant non-
degenerate FWM signal Epy is generated in the two-level system [Fig. 8.7
(d)]. Two-component dipole solitons are induced by the balanced interactions
between the spatial diffractions and the cross-Kerr nonlinearities of the fields
E; > and Ei,2' To generate dipole-mode solitons, the sodium atomic density
needs to reach 2.9 x 103em =2 (T = 250 °C), which can produce a variation
in the nonlinear index of An = 1.94 x 10™* at high enough laser intensities.
The dipole-like patterns of Er; and Eps are created by the horizontally and
vertically aligned beams Ej and E) in Fig. 8.7 (a), respectively. One of the
advantages of such spatial solitons is that the waveguiding effect is induced by
focusing due to cross-Kerr nonlinearity of the FWM beam, not self-focusing
with a catastrophic absorption [4].
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A radially asymmetric dipole-mode vector soliton includes one nodeless
component (probe beam F3) and two dipole-like components with spatial
structures of Hermite-Gaussian (HG1o for Frq and HGpp for Epg) modes.
We mainly study the two coupled FWM beams Erp; and Epy (with the
same frequency), which have perpendicularly oriented dipole components,
propagating along z direction and diffusing along a transverse direction. We
assume Ep1 = Api(z)exp(ikp12), Era = Apa(x)exp(ikpaz), and Fip =
Er1 4+ Eps. Such the two coupled FWM fields satisfy the evolution equations
in the Kerr medium as

0A i 0%A ik
Or i DA 1 A 2 A 4 20+

203 3| AY%) A1 + mA1(A))" A, (8.63a)

0A i 0%A ik
orr g DA R 4 o 4 27 4 20 4

205 | AL 1?) A2 + m2As(Ab)* Ay (8.63b)

The two-component dipole-mode solitons are natural results from such energy-

. . . 1,52 .
dependent nonlinear propagation equations. n‘; 52 are the self-Kerr nonlinear

coefficients of Er1 and Ersy, and n§ 1=X6 are the cross-Kerr nonlinear coeffi-

cients due to fields E1 » and Ej ,, respectively. The Kerr nonlinear coefficients
are defined as ny = Rex(® /(ggcng). The third-order nonlinear susceptibility
B = Dpﬁ’))7 where D = Npufy/(h3e0gG?) with g = Gp1 2 (the Rabi frequen-
cies of Ep12). N is the atomic density and 19 is the dipole-matrix element
between |0) and |1). For the cross-Kerr nonlinear coefficients of the weak
FWM beams Ep; 2 induced by Ef dressing, we have

pY) = —igGRIFTY + (F) T Y[F  + (B DY,

where F} = d; +G112/[F11 +G/22/d2] +G/12/F00+G/22/d3, Fy=T11 +G/12[d1_1 +
(d )] + GRldy " + (dy')*], F3 = Too + GP/(di + GRd3") + G /[df +
G/22(d§)71], di = I'ig +1A1, do = T'o — 1Ay, d3 = Ty + i(Al + AQ) for
the cascade three-level system. A; and Ay are the frequency detunings be-
tween the fields E1 3 p1,2 and Ef (E» and Ej). Similarly, we can obtain other
Kerr nonlinear coefficients.

The resulting superposition of the two perpendicular dipole soliton com-
ponents, Er; and Ery, can be regarded as a generalization from a two-
component dipole-mode soliton (Fs3, Er) to a three-component one (Fs,
Epi1, Ers). However, in the current case, the total intensity of Ep; and
Eps is approximately constant (two-component FWM dipole soliton |E F|2 =
|Ep1|2 + |Ep2|2, where Epy = Ep costy and Epy = Ersiny with 1 being a
transformation parameter), and the power of the probe beam is close to that
of Ep1 + Epa. The total intensity (I = |E3|2 + |EF1|2 + |EF2|2) of the three
components is quasi-stable in propagation after a long enough propagation
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distance (or high enough atomic density). The three components of the solu-
tion carry topological charges 0, +1, —1, respectively, and the total angular
momentum is zero, which makes the solution stable [24].

The in-phase dipole modes of Ep; and Eps are created (or split) by
the horizontally and vertically aligned beams E} and Ej, respectively. Thus,
the two-component dipole-mode soliton solutions of Er; and Eps can be
written as Ep; o< up sec h[ul(kplngl/no)l/Q(r — 1)) cos(My/2) exp(imip +
ig1) exp(ikp12) and Epy o ugsechlug(kpans?/ne)/2(r — 12)] cos(Myp/2)
exp(imap + ip2) exp(ikpez), where uj o are soliton amplitudes; r; o are ini-
tial peak positions; M is the number of intensity peaks; m; o are topological
charges; and ¢ 2 are the nonlinear phase shifts (¢1,2 = 2k1,2n212,1e_’“2/2z/n0).
Such solutions possess the dipole-soliton characteristics with m; 2 = +1, and
two humps form the two poles of the dipole soliton.

The generated Ers beam is dressed by G, G, or G} & G in the cascade
three-level system (Fig. 8.8). We present the vertical dipole-mode solitons of
Ero with different dressing configurations. The Epo beam splits into two
coherent spots (i.e., dipole pattern, as shown in Fig. 8.8) due to the mod-
ulated transverse nonlinear phase shift ¢o induced by the vertically-aligned
beam F). At low nonlinear dispersion |ns|, Er2 beam only experiences the
linear diffraction. With maximum |ng| at |A;| = 10 GHz vertically-oriented
dipole soliton is generated due to the balanced interaction between the spa-
tial diffraction and the cross-Kerr nonlinearity. In the self-focusing region of
the atomic medium (from A; = —30 GHz to A; = —10 GHz), there exists
energy exchange between the two parts of the Fro dipole mode. At resonance
or large frequency detunings, the dipole-mode soliton of Ere decays into a
nodeless fundamental one. In dressing enhancement case [Fig. 8.8(a)], Fr2
with both G} and G dressing is stronger than with G} or G dressing sepa-
rately, or without dressing field. For stronger G, the dressing effect of G is
larger than that of G. In the suppressed case with dressing fields [Fig. 8.8
(b)] [15, 16], Epg with both G} and G; dressing fields gets weaker than with
G, or G dressing separately, or without dressing field.

When five laser beams are turned on at the same time in the cascade
three-level system, as shown in Fig. 8.9 (a), the probe beam acts as a fun-
damental nodeless soliton and propagates with a stable shape for different
atomic densities (or effective propagation distances [4]). However, the beam
shapes of Fr1 and Eps become quite different at different propagation dis-
tances (or atomic densities) showing rich dynamics. The probe, Ep; and Epy
beams have the same wavelength. Er; beam has the dipole component with
the horizontal orientation (m; = —1) while the Ers beam has the vertical
dipole component (ms = +1), which are induced by the horizontally- and
vertically-aligned beams Fj and FY, respectively. During propagations of the
Epr1 and Epy beams, energy flows back and forth between the two spots,
so the dipole solitons of Ep; and Epy survive with strong oscillation and
breathing in propagation. The superposition of these modes shows intriguing
dynamics, associated with rotation instability in Ep; + Ep2 [24]. The fun-
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Fig. 8.8. Images (left) and profiles (right) of dipole-soliton component Er2 in the
cascade three-level system at different frequency detunings in (a) enhanced or (b)
suppressed case with G| = 55 GHz and G1 = 45 GHz [(i) and square], G| =
55 GHz and G1 = 0 [(ii) and circle], and G} = 0 and G;1 = 45 GHz [(iii) and
triangle], and without dressing fields [(iv) and diamond]

damental probe soliton is stable, which has the stronger contribution to the
total superposition mode.

Moreover, when the propagation distance increases gradually, one can see
energy transfers among the probe, Ep; and Epy beams [30]. The energy
exchanges between the probe and Ery + Ep2 components (start at a certain
propagation distance), as shown in the right side of Fig. 8.9 (a). The total
intensity of the probe, Frq and Epsreaches an equilibrium state (no energy
exchange afterward) after a long interaction distance.

For different frequency detunings, the energy of the dipole soliton can
be concentrated in one part or another. With A; changes from —26 GHz to
—10 GHz in the self-focusing regime, energy flows from the left spot of Epq
(or upper spot of Ers) to the right (or lower) spot. The symmetric behaviors
appear in the positive frequency detuning (self-defocusing) side [Fig. 8.9 (b)].
Since the phase ¢ in the current dipole solution has values 0 < ¢ < @ (the out-
of-phase repelling dipole soliton is more stable than the in-phase attracting
one) [21, 22], energy exchange occurs. Because of the bounding effect induced
by the cross-phase modulation (XPM) of the strong dressing field, energy will
flow between the two parts of the dipole-mode soliton periodically.

Figure 8.9 (¢) presents the discrete dipole soliton [26] of Ep1 beam in the
cascade three-level system, which is induced by periodic nonlinear refraction
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Fig. 8.9. (a) Experimental (left) and numerical (middle) results of three-component
dipole solitons of probe, Er1 and Ers with z = 0, 42, 104 in the cascade three-level
system at Ay = —15 GHz, A, = —10 GHz. Intensity changes (right) of dipole-
soliton components during propagation for the probe (square), Eri (circle), Epa
(triangle), Er1 + Ep2 (reverse triangle), and total (diamond) fields. (b) Breathing
effects of Ep1 (lower) and Er2 (upper) versus A;. (¢) Dipole soliton of Er; only
dressed by G2 versus A; in the cascade three-level system.

due to the interference pattern of the two dressing beams G} and G;. When
A1 is close to zero, the periodic modulation of the nonlinear refraction index
via the interference pattern will disappear, i.e., the discrete dipole soliton
decays into the general dipole soliton at resonance [Fig. 8.9 (c)].

Figure 8.10 (a) shows the evolutions of the three-component solitons (i.e.,
the nodeless probe, horizontal dipole-mode Ep; and vertical dipole-mode
Ers beams) versus A; in the cascade three-level system. The probe beam
is a fundamental soliton, which propagates with a stable Gaussian shape
for different frequency detunings. The Fr; dipole component is horizontally
oriented while Epo is the vertically oriented dipole mode. The dipole solu-
tions can appear at different conditions for Er; and Epo beams. Also, a
fundamental soliton can become a breathing dipole soliton for Er; beam.
Ers beam also shows energy exchange between the dipole parts. Since the
probe component is strong and stable, it dominates in the superimposed total
images.

Since there exist three [Fig. 8.7 (¢)] or five [Fig. 8.7 (d)] waves with the
same frequency in the three-level V-type or two-level system in generating
FWM FEp1, their spatial destructive interference patterns create certain phase
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singularities or optical vortices [31, 32]. Figure 8.10(b) depicts evolutions of
the two vector-soliton components, i.e. vortex-mode Ep; and dipole-mode
Ers beams, versus probe detuning in the three-level V-type system. The
crescent vortex solitons [27] with the horizontal orientation of Epq are ob-
served at large detunings in both the self-focusing and self-defocusing sides,
which decay into the modulated vortex soliton with the peak number M = 3
at A; = —41.5 GHz. In the self-defocusing (positive detuning) side, the Epq
beam first becomes dipole-mode soliton, then breaks and forms the modu-
lated vortex soliton with M = 3. The dipole soliton of Ery rotates in the
self-focusing regime, where energy exchange occurs within the dipole soliton.
While in the self-defocusing case Ers dipole soliton does not rotate, but be-
comes unstable and splits into three spots along the vertical direction, and
finally returns to the stable dipole-mode soliton, as the frequency detuning
changes from A; = 10.9 GHz to A; = 67 GHz.

Figure 8.10 (c) presents the evolutions of the three-component solitons of
the dipole-mode probe (induced by the vertically-aligned beams F; and Es),
the vortex-mode Egy (created by the interference pattern of the five waves
in Fig. 8.7 (d)), and the dipole-mode Ery (induced by the vertically-aligned
beam FEJ) beams versus probe detuning in the two-level system. The attrac-
tion between two in-phase spots in the probe beam leads to the generation of
a fundamental nodeless soliton when |ng| is small. The repulsive interaction
with large |nz2| (A1 = —47.3 GHz) results in an increased relative separation
between the two parts. Under the self-focusing condition (A; < 0), the node-
less probe component first undergoes radial breaking into the dipole soliton.
While for Epq, the beam rotates, then splits into four spots (M = 4) with
energy exchanging circularly, and finally fuses into a modulated vortex soli-
ton induced by the interferences of the five waves [31,32]. However, for Eps,
the beam has the stable dipole spots where the energy current is bounded by
the strong XPM. We also observed crescent vortex soliton (A; = —3.9,—2.1
GHz) in the Ep; beam, and breathing vertical dipole soliton in the Epo
beam. Such bound effects are induced by the asymmetric energy flow in the
transverse direction.

In conclusion, we have experimentally demonstrated controllable dipole-
mode solitons for the generated FWM beams in the three-level cascade, the V-
type, and the two-level atomic systems. These composite spatial solitons with
perpendicularly-oriented dipole components are steady with the propagation
distance variation. Energy exchanges occur between the two parts in the
dipole solution. We also discussed the decays into the dipole soliton from the
discrete dipole soliton of Fr; and vortex soliton, as well as the suppressed and
enhanced dipole solitons under different dressing conditions. Theoretically
simulated results match well with the experimentally observed phenomena.
This study will help us to understand fundamental mechanisms in soliton
formation and dynamics. It exploits new ways in controlling the diffraction
of optical beams and designing new devices of spatial optical switching, and
logic gating for optical communication and all-optical signal processing.
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Fig. 8.10. (a) Families of the three-component dipole solitons of probe, Er1 and
Ep2 versus A; in the cascade three-level system. (b) Two perpendicular dipole
components of Ep1 and Eps versus A; in the V-type three-level system. (c)
Families of the three-component dipole-mode solitons of probe, Fpi and Ep2
versus A; in the two-level system.

8.4 Modulated Vortex Solitons of Four-Wave Mixing

Vortices play important roles in many branches of physics [1]. The first experi-
mental observation of optical vortex soliton was reported in a self-defocusing
medium where the field propagates as a soliton, owing to the counterbal-
anced effects of diffraction and nonlinear refraction at the phase singular-
ity [20]. Such singularity corresponding to vortices can exist in the Bose-
Einstein condensates, which links the physics of superfluidity, phase transi-
tions, and singularities in nonlinear optics [33—36]. The topological states
of a Bose-Einstein condensate can be prepared experimentally [34]. Spatially
modulated vortex solitons (azimuthons) have been theoretically considered
in self-focusing nonlinear media [10]. Transverse energy flow occurs between
the intensity peaks (solitons) associated with the phase structure, which is
a staircase-like nonlinear function of the polar angle ¢. The necklace-ring
solitons can merge into vortex and fundamental solitons in dissipative media
[37].

With the self-phase modulation, spatial bright soliton in self-focusing
medium or dark soliton in the self-defocusing medium can be created [1].
Focusing effect can also be induced by XPM in a self-defocusing nonlinear
medium [2]. In such case, the spatial soliton can form by balancing the spa-
tial diffraction with the XPM-induced focusing [4]. Moreover, when three or
more planewaves overlap in the medium, complete destructive interference
patterns can give rise to phase singularities or optical vortices [31, 32, 38,
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39], which are associated with zeros in the modulated light intensity patterns
and can be recognized by specific helical wavefronts.

In this section, we present experimentally demonstration of the formations
of modulated vortex solitons in two generated FWM waves in a two-level,
as well as a cascade three-level, atomic systems. These vortex solitons are
created by the interference patterns by superposing three or more waves,
and by the greatly enhanced cross-Kerr nonlinear dispersion due to atomic
coherence [13, 40].

Two relevant experimental systems are shown in Figs. 8.11 (a) and 8.11
(b). Three energy levels from Na atoms (the atomic vapor is heated with an
atomic density of 5.6 x 10'3cm ™ and a refractive index contrast of An =
nol = 4.85 x 10~* approximately, where ns is the cross-Kerr nonlinear coeffi-
cient and I is the beam intensity) are involved in the experimental schemes.
In Fig. 8.11 (b), energy levels |0) (351 /2), [1)(3P3/2) and |2) (4D3/2 5/2) form
a three-level cascade atomic system. When the energy level |2) is not used,
the system reduces into a two-level one [Fig. 8.11 (a)]. The laser beams are
aligned spatially as shown in Fig. 8.11 (c¢), with two dressing beams (Ef
and E}) and two pump beams (E; and E;) propagating through the atomic
medium in the same direction with small angles (0.3°) between them in a
square-box pattern. The probe beams (FEs3; and Ef) propagate in the op-
posite direction with a small angle as shown in Fig. 8.11 (c). Three laser
beams (E;, Ef, and E5, with Rabi frequencies G, G, and G35, connecting
transition |0) to |1)) have the same frequency wy (from the same dye laser
with a 10 Hz repetition rate, 5 ns pulse-width and 0.04 cm™! line-width),
and generate an efficient degenerate FWM signal Ep; (kp1 = k1 — K| + k3)
[Fig. 8.11 (a)] in the direction shown at the lower right corner of Fig. 8.11
(c). These beams Es, Ej, and E} (with Rabi frequencies G2, G, and G%,
and connecting the same transition |0) to |1) in the two-level system) are
from another near-transform-limited dye laser of frequency ws, and produce
a nondegenerate FWM signal Eps (kpe = ko — kb, + k3) [Fig. 8.11 (a)]. All
laser beams are horizontally polarized. The diameters of the laser beams are
about 25 um. When the six laser beams are all on, there also exist other two
FWM processes kps = k1 — k} + kf and kpy = ko — k), + k. However, the
coexisting Er; and Eps are the dominant ones in the experiment due to
phase-matching and chosen beam intensities [15, 40].

When E; and E} are tuned to the |1) —|2) transition, the system becomes
a cascade three-level system [Fig. 8.11 (b)], which generates a two-photon
resonant nondegenerate FWM process Epg [15, 40].

The mathematical description of the two generated (dominant) FWM
beams (including the self- and cross-Kerr nonlinearities) can be obtained by
numerically solving the following propagation equations in cylindrical coor-
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Fig. 8.11. Two FWM processes kr1 and kre with five beams k1, k%, ko, kb, k3, and
k3 in (a) two-level and (b) cascade three-level atomic systems, respectively, dressed
by two beams k} and k5. (c) Spatial beam geometry used in the experiment.
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na? |Ei|2 + ny 1o |E§|2 n3'=5? are the self-Kerr nonlinear coefficients of
Eri o, respectively. nx! is the cross-Kerr nonlinear coefficient of the field
Epr induced by the field Es, n¥? is the cross-Kerr nonlinear coefficient of
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the field E; induced by the field Ei, ns? is the cross-Kerr nonlinear coef-
ficient of the field Er; induced by the Eg, na* is the cross-Kerr nonlinear
coefficient of the field Er; induced by the field Ef, n{® is the cross-Kerr
nonlinear coefficient of the field Epy induced by the field Ej, ng(ﬁ is the
cross-Kerr nonlinear coefficient of the field Ery induced by the field Ejs, n2

is the cross—Kerr nonlinear coefficient of the field Ers induced by the field
E;, ny? is the cross-Kerr nonlinear coefficient of the field Ero induced by
the field E, na? is the cross-Kerr nonlinear coefficient of the field Epo in-
duced by the field Ef, and nx'9 is the cross-Kerr nonlinear coefficient of
the field Epy induced by the field Ej. The Kerr nonlinear coefficients are
defined as ny = Rex(® /(g0¢n1). The third-order nonlinear susceptibility is
given by x®) = NOM1@P10)/(5350G3 r1,72G2). Np is the atomic density. p;;
is the dipole matrix element between transition |i) to |7). A; (Ag = 0) is the
detuning of the fields Ey, 3 and E] (Ez and E; 3) from the atomic transition.
We can obtain these Kerr nonlinear coefﬁcients of the FWM beams Er 2 by

calculating the density-matrix element p [13 40]. In addition, the Doppler
effect and power broadening effect are c01151dered in calculating these Kerr
nonlinear coefficients.

Solving the propagation equations in the cylindrical coordinate, we demon-
strate that the modulated vortex solitons with a screw-type dislocation phase
can be characterized by two independent integer numbers [1,10] (i.e., the
topological charge m and the number of intensity peak N), and parametrized
by the rotating angular velocity (i.e., energy flow velocity) w. We can obtain
the stationary transverse solution of the modulated vortex soliton as [10, 37]
Eri o< Esech[E(kpin3t/ni)Y2(r—Ry)] cos(Np/2) exp(imp+ignr) with an
initial radius Ry. Moreover, we have wi = ¢y (1, 2)/z2 = 2kpingloe™" /Q/nl,
wy = ¢np(r,z)/ne = 2kp1[2e_7"2/22/n1 and wy = oénp(r2)/la =
2kp1n2e’r2/22/n1.

The spatial interference patterns are formed by superposing three or more
waves (E1 2 3 and Ej 5 3) in the medium, as shown in Fig. 8.11 (c). The de-
structive interference of two waves with similar intensity can result in spatial
patterns with zero intensities, which create phase singularities or optical vor-
tices [32]. When multi-beam interference occurs, spatial polygon patterns (i.e,
closed triangle from three beams, quadrangle from four beams, which gives
one vortex point [31, 32].) can be formed, with the side lengths being the com-
plex amplitude vectors of the waves. The polygons with more beams will look
like a circular shape, and the phase complexity will be enhanced. The complex
amplitude vectors can be overlaid at the observation plane and give rise to the
total complex amplitude vector (Cx, Cy) of the interfering planewaves [31,
32]. The local structures of the optical vortices are given by the polarization
ellipse relation C% /(T% + T2)sin®(B+ a) + C% /(T% + TE) cos?(8 + ) = 1,
where 0 = arctan(Tx /Ty) and « is the ellipse orientation. The ellipse axes
Tx, Ty are related to the spatial configuration (including the incident beam
directions, phase differences between beams, etc.) and beam intensities.
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The dressing beams Ei o are approximately 10 times stronger than the
beams Ej 5, 10% times stronger than the weak probe beams Es and Ej,
and 10* times stronger than the two generated FWM beams Eri, 2. The
generated weak beam Ep; (or Epg) partly overlaps with the strong beam
E’ (or E}), and other stronger beams (E1 2 3, E%) lie around them [Fig.
8.11 (c)]. As a result, the same frequency waves can interfere to the construct
polarization ellipse, create phase singularity [31, 32], and induce local changes
of the refractive index. The interference induces a vortex pattern with the

5 10
superposed nil = ZAngﬁ and ni? = ZAngﬁ (the center of such a
i=1 1=6
vortex lies in the minimum of n51’2), and the horizontally- and vertically-
aligned dressing fields E{ and E) modulate a circular-type splitting, with
three or four parts around the ellipse. Note that E{ (or E}) is the dominant
dressing field of Er; (or Epg). Such two contributions induce the vortices and
splittings of Ery (or Ep2), and finally form the modulated vortex solitons in
the two- and three-level atomic systems, as shown in Figs. 8.12-8.15 below.

Figure 8.12 (a) presents the effects of spatial dispersion on the FWM sig-
nal Ery in the two-level system, which shows the splitting in the self-focusing
region (A; < 0) and formation of vortex solitons in the self-defocusing region
(A1 > 0). In the self-focusing side, while the nonlinear refractive index nq
increases from left to right, Er; beam breaks up from one to three parts
via ¢nr(n5?), with one large and two small pieces. Thus, the Er; beam
propagates with discrete diffraction in the self-focusing side. By contrast, in
the A; > 0 region, the strong dressing fields Ef , separate the Er; beam
into three spots along a ring (N = 3). Then these spots propagate through
the induced spiral phase polarization ellipse. Such screw dislocations create a
stationary beam structure with a phase singularity. The interference among
the four beams (E; 3 and Ej ,) induced a modulated vortex pattern with

5
ngl = Z Angﬁ. Finally, the Er; beam spot decays into a modulated
i=1,i#3

vortex solitgén due to the balanced interaction between the spatial diffraction
and the cross-Kerr nonlinearity. There are energy exchanges among three the
spots, which rotate around the point of phase singularity. However, when nq
is very small with large detuning or A; = 0, the phase singularity disappears
and the three spots fuse together into a stable fundamental spot.

Figure 8.12 (b) shows the modulated vortex solitons of Ep; for differ-
ent intensities of the dressing field E) in the self-defocusing regime. With
increasing EY intensity, the spiral phase of Er; changes into jumping phase
between two parts, and the modulated vortex soliton of Er; decays into
the dipole-mode soliton at the high intensity, which is created by the hori-
zontally aligned beam Ej. Specifically, Ep is circularly modulated by the
horizontally-aligned E{ and vertically-aligned E) beams. With E) getting
stronger, Ep; is shifted away from E) and then splits into two parts by Ej.
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The dominant phase of Er; is changed gradually from a spiral phase evolu-
tion to a jumping phase (i.e., from interference among four beams F 3, Ei,2
to the dressing of Ej.
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Fig. 8.12. (a) Images of Ery versus Ay with G = 14.7 GHz at 265 °C. (b) Images
of Er1 at Ay = 8 GHz with different values of G5 at 265 °C. Upper and lower
panels are for experimental and simulated results, respectively. (¢) Images of Er
at A; = 8 GHz with different temperatures from 200 °C to 300 °C. G5 = 9.5 GHz.
Top and bottom rows are the cross sections in y and x directions, respectively. The
parameters are G = 12.7 GHz, G1 = 1.8 GHz, and G35 = 0.2 GHz in the two-level
system. Adopted from Ref. [36].

Figure 8.12 (c¢) shows Ep; soliton cluster with different temperatures
between 200 °C and 300 °C in the two-level system. Ep; beam is a single
spot at both low and high temperature sides. The single spot breaks up into
several fragments (soliton cluster) as the temperature increases from 200 °C to
240 °C, the nonlinear phase ¢, gets larger as the temperature (equivalent to
propagation distance z) rises, which leads to several splitting parts with weak
absorption. As the temperature gets higher with an increased absorption,
the beam intensity decreases. ¢y, (proportional to both beam intensity and
propagation distance z) reaches its optimal value at 250 °C. Moreover, the
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soliton cluster of Ery results from two contributions in the two-level system:
(i) the interference among the four waves (E1 3, E] ,) with the same frequency

5
induces an interference pattern with n4! = Z Ans®) and (ii) Ej , induce
i=1,i£3

a beam splitting via ¢y (na?) and ¢nr(ns®). As temperature gets even
higher, the dressing beams are significantly absorbed by the hot atoms, so
their intensities are reduced and the cross Kerr nonlinear effects are gradually
weakened too. Under such condition, the spots merge into a single spot due to
strong absorption. So the ideal temperature for the modulated vortex soliton
is around 265 °C for the given experimental conditions (i.e., the modulated
vortex soliton can be obtained at a certain propagation distance).

In the cascade three-level system with five laser beams (E1 23, E{Q)
on, the frequencies of Ey and E) are different from FE; 3 and Ej. The in-

9
terference (ng2 = Z Angﬁ) among three beams E;, E{, and E3 in-
i=6,i£8

duces a rotating vortex. Figure 8.13 (a, b) show the rotating vortices of the
FWM beams with three spots (N = 3) for different frequency detunings.
Here, the ellipse orientation « approaches to zero and Tx /Ty ~ 1.1. From
I < cos?(Np/2) cos?(me + Qa|nal) with Qy = sgn[ng]ws (Iz = 51 W/cm?,
r = 0.25 mm), Eps circumvolves anticlockwise with ny > 0 and Qs =
1.63 x 103 VV/cm2 > 0 in the self-focusing regime [Fig. 8.13 (a)], while moves
clockwise with no < 0 and Q5 = —1.63x 103 VV/cm2 < 0 in the self-defocusing
regime [Fig. 8.13 (b)].

Figure 8.13 (c) presents the stationary solitons with wy = 0 in the cascade
three-level system. na * can be a positive value with resonant dressing of E.

When n5! and ng 2 have negative values under the self-defocusing condition,
4

the superposed nl! = Z Any® is close to zero (or ¢nr ~ 0). Under
i=1,i#3

this condition, a uniform en:rgy flow exists along the ring, and nonrotating

(we = 0) spatially-localized multihump structures can be obtained.

Comparing to the three-level system, there exist five nearly degenerate fre-
quency waves (Ey, 2 3, Ej ,) in the two-level system. Figure 8.14 (a) shows
the rotating vortices of the FWM beam with four spots (N = 4) for different
frequency detunings in the two-level system. The modulated vortex pattern
(N = 4) of Eps is induced by the interference of five waves, and the non-
resonant dressing field EY induces a splitting via ¢z (ns'°). For Eps, E)
is the nonresonant dressing field, energy flow exists along the ring of spots
unequally, inducing a modulated vortex [Fig. 8.14 (a)].

In Fig. 8.14 (b), there exists a stationary, four-spot modulated vortex soli-
ton with NV = 4 and non-uniform energy distribution for different detunings
in the two-level system. The vortex pattern (horizontally-oriented polariza-
tion ellipse with o = 0 and Tx /Ty = 1.5) is induced by the interference of the
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Fig. 8.13. The rotating Er2 solitons with (a) Q2 > 0 and (b) Q2 < 0 versus A;.
(c) Stationary nonrotating Ep1 solitons (w2 = 0) versus A;. Lower images are the
simulated results (N = 3, m = 1). The parameters are G5 = 19.7 GHz, G} =
12.7 GHz, Gi1 = 1.8 GHz, G2 = 1.1 GHz, and G3 = 0.2 GHz in the cascade
three-level system at 265 °C.

five beams. With the nonresonant dressing of E}, all terms in ni? have the

same negative sign [Fig. 8.14 (a)], but the positive ny* in nk* ZAn
has an opposite sign with the other terms nX1’2’3 ®in nEl due to the resonant
dressing of Ef, so one can get n™" ~ 0. Therefore, there exist four spots in
the stationary (¢nr ~ 0) modulated vortex soliton of Erq with N =4 and
energy is mainly stored in one diagonal pair of spots [Fig. 8.14 (b)], which
results from the resonant dressing of Ej.

The radially symmetric vortex solitons (m = 1) in a self-defocusing
medium are depicted in Fig. 8.15 (a, b), which separately demonstrate vor-
tices and steady crescent FWM vortex solitons under different temperatures
(atomic densities). The effective propagation distance z increases with the
temperature. According to the solution of Eq. (8.3) Ery o< E sec h[E(kpan5?/
n1)Y?(r — Ro)] cos(N/2) exp(imy + iw; 2), the spots rotate with an angular
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Fig. 8.14. (a) Anticlockwise rotating (2 = —1.53 x 10> W /cm?)Ep» solitons and
(b) stationary nonrotating Epi solitons with four spots versus A; at 265 °C in
the two-level system. Lower images are simulated (N = 4, m = 1) results. The
parameters are G5 = 15 GHz, G} = 12.7 GHz, G1 = 1.8 GHz, G2> = 1.1 GHz, and
Gs = 0.2 GHz.

10
velocity wi. In the two-level system with ng 2 = Z Ang(i, the vortex
i=6,i#£T7
pattern of Ers is induced by the interference of Ej 3, E{’Q while the dress-
ing fields Ei,2 generate the circular splittings. Here, Epo forms a crescent
FWM modulated vortex soliton with an anticlockwise rotation [Fig. 8.15
(a)], Moreover, wyz changes 300° from 245 °C to 275 °C. When setting z = 1
at 245 °C, we obtain wy; = —1.1 rad/m, which is close to the theoretical value
of w; = —1.03 rad/m. However, in Fig. 8.15 (b) with the resonant dressing
5
! and nit = Z Any® =~ 0, Ep; beam becomes a stationary vortex
i=1,i#£3

soliton at certain I; and z values.
Last, we let all six beams on, and set the Eq 2 3 and E) beams just
10 times weaker than the dressing beams Ej ,. Figure 8.15 (c) shows the
optical vortices created by the interferences of three, four, five, six waves
(and the dressing fields) in the two-level system, respectively. Initially, there
are three beams FE; 3, Ef on, which create the image 3 in Fig. 8.15 (c) As
fourth interference beam EY is added, the split spots change from two to
three [Image 4 in Fig. 8.15 (c)]. Similarly, as beams E; and Ef are added
gradually, the interference beams increase from four to five (Image 5); and
then to six (Image 6), the split spots in the vortex patterns of Ep; then
change from three to four, and then to six, respectively, along the ring, and
the shape of the vortex ellipse tends to become more circular. The final
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Fig.8.15. Under different temperatures, (a) the rotating Er2 solitons (w; =
—1.1rad/m) with E23 and Ej on, and (b) stationary nonrotating Er1 solitons
(w1 = 0) with E1 5 and E] 5 on. Lower images are simulation (N = 3, m = 1)
results. (c¢) Optical vortices of Ep1 formed by the interferences of three, four, five,
and six waves at 265 °C, respectively. The parameters are G5 = 19.7 GHz, G} =
12.7 GHz, G1 = 1.8 GHz, G2 = 1.1 GHz, G3 = G5 = 0.2 GHz, and A; = 6 GHz in
the two-level system.

X11 ;

2
X1 EL)7, where na ! is

5
superposition nonlinear index is nl™* = Z Anyt4n
i=1
the nonlinear index induced by E%. The FWM modulated vortex solitons are
created jointly by the effects of the complex patterns induced by the multiple
interference waves [31, 32] and the cross-Kerr nonlinear dispersions induced
by the dressing field [4].

In conclusion, we have experimentally demonstrated controllable mod-
ulated vortex solitons of the degenerate and nondegenerate FWM beams
created by the interference patterns via the superposing three or more waves
and the cross-Kerr nonlinear dispersion due to atomic coherence in the two-
level and cascade three-level atomic systems. The vortex angular velocity and
intensity split peaks of the FWM modulated vortex solitons can be controlled
by laser intensities, nonlinear dispersion, as well as atomic density. Our theo-
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retical model can explain the observed FWM modulated vortex solitons very
well. The current study has opened the door to understand better the forma-
tion and dynamics of complex vortex solitons, especially in multi-level atomic
media, in which more parameters can be easily controlled. Understanding the
formation and control of complex solitons can lead to potential applications
in soliton communications and computations.

In this chapter, we have experimentally demonstrated controllable gap
solitons, dipole-mode solitons, and modulated vortex solitons of FWM beams.
The modulated vortex solitons are created by the interference patterns via the
superposing three or more waves and the cross-Kerr nonlinear dispersion due
to atomic coherence. Comparing with the gap, dipole-mode, and modulated
vortex solitons created in the photorefractive crystals, spatial solitons formed
in the atomic medium are with flexible and easy to control parameters, such
as atomic density, intensities of the dressing fields, and nonlinear dispersion.
These studies will help us to understand fundamental mechanisms in soliton
formation and dynamics. It exploits new ways in controlling the diffraction
of optical beams and designing new devices of spatial optical switching, and
logic gating for optical communication and all-optical signal processing.
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