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A nonperturbative theoretical study of four-wave-mixing processes in four-level systems is
presented. Using the density-matrix formalism, numerical results are obtained for two arbitrarily
intense pump fields with the third field a weak probe. The fourth wave, radiated by the system, is
obtained analytically for some special cases. We find, for different frequency detunings, Rabi fre-
quencies, and relaxation rates that the line shapes exhibit: (i) dynamic Stark splitting and shifting,
and merging of resonances; (ii) power broadening with two-photon antiresonance behavior resulting
from a destructive interference between different contributions to the optical polarization; and (iii)
extra resonances induced by field intensities and saturation processes.

I. INTRODUCTION

Four-wave mixing (FWM) is a nonlinear optical
phenomenon that describes the combination of three
propagating light waves in a medium, generating a fourth
wave.. Among the several Fourier components of the
nonlinear optical polarization created, one particular
component has the frequency w,=w,—w,+w®; which
generates a new field at the same frequency.

After the first observation of the FWM phenomenon
by Maker and Terhune,? several nonlinear techniques
such as coherent anti-Stokes Raman ‘spectroscopy’
(CARS), Raman-induced Kerr effect’ (RIKE) and oth-
ers*~® have been developed. Investigations in this area
have provided a variety of new information on the non-
linear properties of matter. Using tunable laser sources
from the ultraviolet to the infrared, line spectra of elec-
tronic, vibrational, and rotational transitions have been
studied.” Since many of these interactions are enhanced
on—or very near—resonance, saturation effects must be
considered in order to understand the FWM spectra,
whenever large Rabi frequencies'® are used, to account
for power broadening, line splitting and shift, and even
new resonances due to higher-order effects.

As a consequence, wave-mixing studies in strongly
driven systems have been of great interest in recent
years.>”® Degenerate FWM in homogeneously and
Doppler broadened media under a high-intensity pump
has been investigated in atomic vapors.!""!? Phase conju-
gation,13 oscillation, and amplification of Stokes and
anti-Stokes emission at the Rabi regime,'“® extra reso-
nances induced by saturation effects,'*®’ and bistability
phenomena'® have also been reported. In a recent pa-
per,'® FWM by four-level systems was treated under con-
ditions where relaxation processes could be ignored. Sat-
uration effects in CARS (Ref. 17) and degenerate FWM
(Ref. 18) by three-level systems have also been studied.
Double-sided diagrams have been used to calculate per-
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turbatively the FWM susceptibility.!>?® However, al-
though a considerable amount of work has been done,
most of the studies of saturation effects in degenerate or
near-degenerate four-wave mixing do not consider in de-
tail the two-photon coherence, with the exception of Ref.
17 where some cases have been studied.

In this paper, we analyze intensity effects influencing a
four-wave mixing process in which the generated field is
proportional to the two-photon or Raman coherence be-
tween two levels of a four-level system. The calculation
of the resonant susceptibility is made by using the optical
Bloch equations.'®?! Analytical and numerical results
are presented. A solution is given, which is valid for two
fields of arbitrary intensity and the third field considered
as a weak probe and treated only to first order in the am-
plitude. An analysis is made for several values of the in-
tensities of the pump fields, detunings, and features like
line broadening, resonance shift and splitting, and other
saturation effects are investigated. The role of the dy-
namic Stark effect is analyzed in detail. Destructive in-
terferences between saturated optical coherences, leading
to the total cancellation of the FWM polarization are
studied in the presence of one- and two-photon (Raman
or Zeeman) resonances. This effect is very interesting by
itself and is complementary to the population trapping
phenomenon.?> The present steady-state theory is ap-
propriate for homogeneously broadened systems, such as
atomic beams. The analysis of the transient regime, its
connection to transient saturated spectroscopy,>’ and the
study of Doppler broadened systems, appropriate for
gases in a cell, will be published elsewhere.

The paper is divided as follows. In Sec. II we present
the four-level system and the interaction with the elec-
tromagnetic (e.m.) field. We show that with a suitable
choice of the weak-field frequency, the four-wave-mixing
polarization becomes proportional to a two-photon
coherence between two atomic levels of the same parity,
and the problem is reduced to the interaction of a three-
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level system with two e.m. fields. The Bloch equations
are presented and solved. Two limits are discussed in
Sec. III.

(i) Only one intense field. In this case, the results are
shown to be asymmetrical: they depend on which one of
the pump fields is the more intense one. A destructive in-
terference is predicted at the onset of the Rabi regime.

(ii) Two strong fields. Here, we show that the line
shapes obtained in Sec. III A change drastically, when
both pump fields have comparable saturating intensities.
The destructive interference predicted in Sec. III A is
shown to extend also to the fully saturated regime for
large values of the two strong field amplitudes.

Finally we make a summary of the principal results in
Sec. IV.

II. DENSITY-MATRIX EQUATIONS

We consider a material system consisting of four-level
atoms (see Fig. 1). Three laser fields E, (), E,(t),
and E,(t) couple to dipole transitions |a)—|c),
|b)—|c), and |b)— |d), respectively. The electric
fields are given by

E,(t)=Ee Tty e , (1)

where w;,E; are the frequency and amplitude of field i
(i=1,2,3). States |a) and |b) (|c) and |d)) are as-
sumed to have the same parity. The electric-dipole ma-
trix elements are denoted by u;;; the resonance frequen-
cies are w;; =#"UE; —E;), where E; is the energy of level
i. The atomic density operator p satisfies the equation'

dp

dp _ 1

dt

rel

where H includes the free-atom Hamiltonian and
electric-dipole interaction, which is given by V = —pukE;
the relaxation is described by
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FIG. 1. Four-level system used to calculate X(w,). E, is the
field generated by four-wave mixing.

+A, 2).
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where the relaxation rates are denoted by T

(i,j=a,b,c,d); the incoherent pumping of population to
the levels is represented by the diagonal matrix
A;=T;p’8,;. In order to describe optical transitions we
assume that the dipole transition frequencies are of the
order of 10 Hz, the Raman transition frequency is
< 10'2 Hz, and all the relaxations rates characterizing the
system are small (I';; < 10® Hz) compared to the Raman
frequency. The nonlinear optical mixing generates a po-
larlization which has, among others, one component given
by

P(wg)=poapaa =X(w4)E \ESE; , (3a)
with
w4=w1—w2+w3 N (3b)

where X(w,) is the nonlinear susceptibility at frequency
4. The direction of propagation for the FWM signal can
be determined by the phase-matching condition
k,~k,—k,+k;, where k; is the wave vector of field i
(i =1,2,3,4). Under the experimental conditions of an
optically thin sample of length L, AkL <<1, where
Ak = |k;—k;+k,—k; |, when pump depletion is negli-
gible, and in the slowly varying envelope approximation,
the intensity of the generated wave is proportional to
| X(w,) | % (see, e.g., Bloch and Ducloy in Ref. 12, and
references therein).

In order to have each laser interacting with only one
transition, as assumed above, one can adjust the beam po-
larizations!!!2 or assume that each laser is much closer to
one particular resonance than to the other ones. Hence,
lwl_wca 1 << |w2_wca | ’ |w3—ww | ’ |a’4_wca l ’ with
similar relations for |w,—w., | and |w;—wy | and
| wg—wy, | (see Fig. 1). Nevertheless, the detuning A of
field E; with respect to g, is assumed to be much larger
than the relaxation rates of the atomic system, the detun-
ings of the other fields to their respective resonances, and
the Rabi frequency of the field E;, defined by
Q3=p4 E; /%, so that the field E; can be treated pertur-
batively. Therefore the four-wave-mixing polarization at
frequency w, can be calculated up to first order of the
field E;. From Eq. (3a), P(w,) is proportional to the
density-matrix element p,,. This can be calculated using
Eq. (2), and in steady state is given by

LapE3pp,

i
=2 4)
Pda i Wgq _w4_irda (

By Eq. (3b) (see Fig. 1), and because o, is far from a reso-
nance frequency of the atom, we can neglect 'y, in the
denominator of this equation, and consider w,, —w, as
approximately constant, so that the dominant frequency
behavior of X(w,) as a function of », and w, is described
by py,- Therefore, with the help of Egs. (3) and (4), the
four-wave-mixing susceptibility can be written as
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iloqtap
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X(wy) = (5)

This susceptibility X(w,) is independent of the field ampli-
tude E;, and so hereafter we can concentrate in the re-
duced three-level system interacting with two fields of ar-
bitrary intensity. The equations of motion for the
density-matrix elements related to levels |a), |b), and
|c) are obtained from Eq. (2). The rotating-wave ap-
proximation gives the optical Bloch equations for the
slowly varying quantities p;; (e.g., Refs. 10 and 21):

Poa=—1BpaPpa —iQ1ppe +iQ3peq (6a)
Pea=—iBaPea +iQ1(Pog—Pcc)+iQ2Ppq (6b)
Poe=+iB%pp —iQ3 (Ppy—Pec) —iQ TP (6c)
Paa=—To(poa —p)+i(Q}p., —c.c.), (6d)
Pos=—Tu(pp, —P ) —i(Q, p,. —c.C.) , (6e)

Pec= _Fc(pcc _ng))“i(ﬂfpca —c.c.)
+i(Qypp. —c.C.) , (6f)

where A, =w,—0,—il,, Ay=0,4,—w,—il,, and
Ay =0y, — (0, —w,)—il,, are the complex detunings
and Q,=u E,/#%, Q,=p,E,/# are the Rabi frequen-
cies. Equations similar to Egs. (6a)—-(6f) have been stud-
ied before, with different relaxation models and in-
coherent pumping, in connection with various phenome-
na, such as free-induction decay,23 three-level laser
theory,?* laser-induced line narrowing,?> double optical
resonance,’® phase conjugation,'"'? population trap-
ping,?? and squeezing in resonance fluorescence,?’ among
others.!®2:28 In the present paper, the relaxation rates
are assumed to be independent of each other: T
(i =a,b,c) are the population relaxations, I',, and T,
are the optical coherence dephasing rates, and I', is the
two-photon (Zeeman or Raman) relaxation rate. They
must satisfy I';; > (I'; +T';)/2 (for a discussion of relaxa-
tions, see, e.g., Cohen-Tannoudji in Ref. 29).

We are interested in the steady-state regime, obtained
by dropping all time derivatives in Eq. (6). From Egs.
(6a)—(6¢c), one obtains the Raman coherence

Pra = QIQ;[AZb(paa —Pec )_Aca(pbb —Pec )]
ba =
AbaAcaA:b+ | Ql i 2Aca - | Q’Z I ZA:b

)]

In Eq. (7) the lowest-order terms contributing in the per-
turbation limit are the second-order terms (proportional
to ©,023). The denominator of Eq. (7) is associated with
the dynamic Stark effect and has been studied in the con-
text of two-photon absorption, saturated absorption spec-

*

(A:bA:a +2 | Q'1 | 2FcaFcaFc_l)
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troscopy,*®~** and phase conjugation by FWM.!"!2 The
closed solution for p,, is obtained if the values for p,,,
Poy> and p.. are determined. The calculation is lengthy,
but straightforward, and we just quote the results in the
Appendix. The equations developed in this section, par-
ticularly Eq. (7), contain the essential results of this pa-
per. They can be applied for arbitrary intensities of the
fields E, and E,. In Sec. III we discuss two particularly
relevant limits which enable us to obtain a clearer physi-
cal understanding of Eq. (7).

II1. DISCUSSION

A. Limit of one strong pump field

In this section the behavior of the four-wave mixing is
examined under the conditions of only one arbitrary in-
tense field. (Some results of this section have been dis-
cussed before by the authors.?%3%) We anticipate that by
choosing either E, or E, as the dominant field, very
different behaviors are predicted for the four-wave-
mixing signal. In the rest of this paper, we will assume

(0) 0
that Pbb =pcc) =0.

1. 9,-0

First we consider the high-intensity effects produced by
field E,. In the limit Q,—0, Egs. (A11)-(A13) lead to

Wca=2 [ Q'l/Ar:a | 2Fca ’ (8)
ch, Wba —0. (9)

From Egs. (8) and (9), one sees that E, induces transi-
tions between |a ) and |c ), but the rate of transitions to
state | b) is negligible. We define the one-photon detun-
ings §,=w, —o,; and 8,=w,, —w,. The rate of transi-
tions induced by E, increases near resonance (8;~0).
The populations can be calculated substituting Egs. (8)
and (9) into the expressions given in the Appendix. The
result is

aa 21Q,|r, ;!
pm)z - 2 ] 2 - a—l - > (10
paa |Aca| +2IQ’1| I-‘ca(r‘c +ra )
Pob
aa
Pec 2‘“‘1 l 21-‘mrc_l
o 2 2 -1 1y (12)
Paa |Aca| +2|Q‘1' rca(rc +Fa )
Using Egs. (10) and (12) in Eq. (7), we obtain
(13)

Pba =PL?:)919~

2 (ApeAl+ | Q) || A | 242] Q| T (T +T7 D]
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For the saturation parameter 2|, | X'+ H)rz!
> 1, the terms in the denominator of Eq. (13) containing
(F7'4+T 1) are responsible for power broadening. On
the other hand, the intensity effects due to the first term
in parentheses in the denominator of Eq. (13) are respon-
sible for the ac Stark effect on the coupled transition.

The first term inside the parentheses in the numerator
of Eq. (13) results from the coupling of the field E, to the
saturated optical polarization (p,, coherence) induced by
E, on the two-level |a)-|c) subsystem. This term is in-
dependent of the population relaxation rates only at the
lowest order in the power expansion described above.
Saturation effects introduce nonparametric, yet coherent
contributions.

The second term inside the parentheses in the numera-
tor of Eq. (13) is due to the coupling of the field E, to the
optical polarization (p,, coherence) induced by E, on the
| b)-|c) transition. The population involved here is the
change in the common level (p.. ) population due to the
E, field saturation of the two-level |a)-|c) subsystem.
Thus this term is not of parametric character (T, is expli-
cit there). It is, though, coherent and leads to an interest-
ing interference feature capable of total signal cancella-
tion at detuning §,=0.

If one takes the strong laser on resonance (§,=0), the
susceptibility will be a function of two variables—the
weak laser detuning 8, and the strong laser Rabi frequen-
cy Q,. Figure 2 shows the behavior of |X(w,)|? as a
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FIG. 2. |X|? as a function of the weak pump laser normal-
ized detuning 8,/I",, and strong pump laser Rabi frequency
| Q,|. Parameters are I',, =T, ['p=I,=T,=T.=0.1T",,

| QZ [ =O'001Fca’ Beg =Wy, p‘a?:)= le(b%)=Pf:2)=0-

function of these variables. At low intensity, one has a
single peak centered at ,=0. This signal is due to the
first contribution in Eq. (13) and is purely parametric. It
has a Lorentzian line shape of width I'y,. As saturation
effects become important, the first factor of the denomi-

(PEAK AMPLITUDE POSITION)/ Fea

(PEAK AMPLITUDE POSITION)/ca

-20

T

FIG. 3. Peak amplitude position of |p,, /Q,Q5 |2 as a func-
tion of the pump laser amplitude. Line splitting is indicated by
the curve bifurcation. Parameters are (a) as in Fig. 2; (b) all re-
laxation rates are set equal to I, .
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nator of Eq. (13) begins to split the single line obtained at
low intensity. For this condition, the term resulting from
population saturation becomes significant and coherently
adds to the parametric one. The sign of the second term
is negative while the saturated population term is posi-
tive. Thus for §,=0 there will be a value of the strong
laser intensity for which the numerator of Eq. (13) com-
pletely cancels. With the value of the Rabi frequency
| Q| =(T,../2)!"2, the signal appears as a power
broadened line with a hole of width

[(Tpg + T2 +4T, Ty +20 Ty 12— (Tpy +Tp)

at its center [Fig. 2(c)]. This antiresonance behavior
arises from a destructive interference between the contri-
butions of p., and p;, to the element p,,, and has been re-
ported before.?”3* The interference occurs because
Im(p,, /Q,;) and Im(p,. /Q3) as functions of |Q,| for
8,=86,=0 have the same value at the critical value
| Q§| =(I',. T, /2)!/? and contribute with opposite sign
to pp,- At the value Qf, the relative importance of these
contributions changes and, in consequence, Re(p,,)
changes sign. The values of Re(p.,) and Re(p,, ) are null
in this doubly resonant case. The cancellation of p,, cor-
responding to the interference of two dipole coherences
is, in a sense, the complementary phenomena to popula-
tion trapping,???’ because in the latter the population of
level |c) and the dipole coherences vanish, p,, is max-
imized; while in the former p,, is zero but the other
terms are nonvanishing.

For larger values of | Q,|, an important contribution
to the generated signal comes from p,. which is strongly
affected by the population of level |c). The behavior of
the FWM signal for | Q| > | Qf| is illustrated in Fig.

J
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2(d), and the line shape becomes single peaked again.

In the high-power limit (i.e., the Rabi regime) with
8,=0, the signal has two peaks at §,==%|Q;| with
linewidth equal to (I";,)/2. This is due to the dynamic
Stark effect induced by E,,'° and was previously studied
in connection with other nonlinear phenomena in three-
level systems.!42)23-26,30,32,35,36 The dominant term in
the numerator of Eq. (13) is still the saturated population
one, and dominates the observed line shape, showing that
in the Rabi regime the wave mixing is not a pure para-
metric phenomenon.

In Figs. 3(a) and 3(b), the peak position of |p,, | is
shown as a function of | Q, |, for §,=0. In Fig. 3(a) we
make the same choice for the relaxation rates as in Fig. 2.
In Fig. 3(b) all the relaxations are equal to I' ;. In the
low-power regime, the splitting has a nonlinear depen-
dence on |, ]|, contrary to the result obtained at high
intensity. It should be emphasized that this effect is
physically different from other line splittings observed in
degenerate four-wave mixing, because here there is a true
destructive interference, while in Refs. 11 and 12 the
line-center signal only vanishes asymptotically, for
infinite values of the Rabi frequencies. The position of
the antiresonance is dependent on the values of the relax-
ation rates, so it could occur in the Rabi regime, as
shown in Fig. 3(b), in which case the single-peak regime
is obtained only for small values of | Q,|. This behavior
implies that in general a model neglecting the relaxation
of the system works only in the limit of very high intensi-
ties.

From Eq. (13), it can also be shown that for Rabi fre-
quencies greater than |Qf|, the value of |X(w,)|” at
line center increases until a maximum occurs at the value

Iﬂl | =[%Fcrbc+%[l6rgrgc +2(ra—l+rc-’)_lrcarcb(rc +2Fba)+4rgbrcrba]]/2}l/2 .

For larger amplitudes, the central line signal at §,=0 de-
creases monotonically, as expected.

Figure 4 displays the behavior of |X(w,)|? for the
nonresonant case |8;| >>I'. The same parameters as in
Fig. 2 were wused except for §6,=-—40I,, and

| Q,| =0.001T,,. The higher peak at §,=38,;
+ | Q,]%/8, has width T, and is due to the Raman res-
onance. The  one-photon peak  appears at
8,=— | Q,|2/8, and has linewidth T'.,. The Raman res-
onance appears even for small values of | Q, |, while the
one-photon peak is induced by saturation effects and ap-

-

pears only if an appreciable amount of population is
transferred to level |c ).

2. 01—90

In the preceding discussion only saturation effects in-
duced by E,| were considered. Another case of interest is
the one with saturation induced by the field E, with a
weak field E,. Taking this limit in the equations of the
Appendix, the expression for p,, reduces to the following
simple equations:

Q,03p0
Pra=T oI
AbaAca - | 92 | 2
90,05 L
Be, Q, [ o,
8,— 8,48, |— | +ily, |1+ == |—
2 1 1 Aca ba rba Acg

2] . (15)
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FIG. 4. |X|? as a function of 8,/T,. Laser E, is supposed
to have small amplitude (| Q,| =0.001T,). The detuning of
the strong laser E, is fixed at §,=—40I',,. Notice the one-
photon peak at §,= — | Q,|%/8,=2.5T., and the Raman peak
at 8,=8,+ | Q,|2/8,= —42.5T,.

Equations (14) and (15) show that the saturation effect
due to E, appears only in the denominator
(ApgA— | Q,]%). Saturation of population does not
occur in this case and the spectrum of p,, as a function of
6, shows a Lorentzian peak centered at 8§,=0 with
linewidth given by T, (1+T2'T;.'|Q,|?), for §,=0.
On the other hand, if E, is not on-resonance with the
transition |a)-|c), the broadening is small and can be
neglected although the resonance appears shifted to
8,=8,—|Q,]|2/5,.

The line-shape behavior of p,, as a function of 8, can
also be obtained from Eq. (14) (see Fig. 5). When E, is
on-resonance (8,=0) and |Q,| >>T, the Stark effect
splits the line into two Lorentzian peaks at §; =% | Q, |
with linewidth (I', + T, )/2 [see Fig. 5(a)]. When E, is
off-resonance (|38,| > |Q,| >TI'), the spectrum has
two peaks at 8{1=8,+ | Q,|2/6, and 8% =— | Q,|%/5,
[see Fig. 5(b), where Iy, =T, ]. The first peak at 8 is
due to the Raman resonance that is Stark shifted and has
width ~T,,. The second resonance at 8% corresponds to
the one-photon resonance between |a) and |c). In the
present case the one-photon peak appears in the FWM
spectrum, even for small E,, because p,, 0.

B. Limit of two strong fields

When both laser fields are strong, the expressions be-
come more complex and higher-order saturation effects
appear. Therefore a numerical analysis of Eq. (7) is ap-
propriate in order to study the various effects. The
steady-state saturated populations are given in the Ap-
pendix.

1. 81=0

First, the resonant E, field case is considered (§,=0)
and the study of | X |? as a function of 8, is presented.
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For increasing values of |, |, line broadening and new
structures appear as illustrated in Fig. 6 for | Q|
=4.0I'_,. In Fig. 6(a), the two Stark peaks which were
discussed in the Sec. III A are shown, the individual
peaks saturate, broaden, and shift toward line center, as
| Q,| increases. At |Q,|=0.25T,, a small structure
appears in each individual peak, and for increasing values
of | Q,|, the line shape has four peaks. In Fig. 6(b) we
see that the inside peaks merge into only one structure,
and at |Q,|=0.7T, the line shape has three peaks.
For |Q,| >2.5T,, the central peak decreases [see Fig.
6(c)] and there is a particular value of |Q,| ~2.8T, in
which | X |? is zero at line center [see Fig. 6(c)]. This
occurs due to a competition between the contributions of
the two coherences p,,. and p,,, [see Eq. (7)]. At higher
values of |, |, all the structures are merged together
and only one peak appears [Fig. 6(d)], because the
broadening due to the field E, is of the same order as the
Stark splitting due to the field E,. We will now derive an
analytical expression giving the relationship between the
intensities of E; and E, which induce, in steady state, the
cancellation in Fig. 6(c). We assume as before that
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FIG. 5. |X|? as a function of 8, /T, for strong E, field. Pa-
rameters as in Fig. 2, except for | Q| =0.01T, | Q,| =10T,,.
(a) Resonant case (8,=0). (b) Nonresonant case 6,=—40I",,.
[Note that 'y, =T, in (b).]
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FIG. 6. Evolution of |X |? with | Q,| as a function of §,/T,, for 8,=0, and | Q| =4.0T.,. Other parameters the same as in

Fig. 2.

p\=0 (i =b,c), and the two fields E, and E, are on-

resonance. The condition for cancellation is given for-
mally by

pba=0 . (16)

With the extra condition Eq. (16), Eqgs. (6) can be divided
into two sets of equations: (6a)—(6e) and (6b)—(6f). For
each set, one solution is obtained for each element of the

density matrix, e.g., for p... In order to have both solu- -

tions corresponding to the same physical situation, we
compare them, obtaining, therefore, the following condi-
tion:

(Fb+rc)l-ﬂz|2=rb|01|2——Fcrbrcb . (17)

Thus, the intensities of the two fields needed to obtain the
destructive interference are linearly related. Equation
(17) is a generalization of the result given in Sec. III A 1,
showing that the destructive interference is not restricted
to a point, but occurs along a semi-infinite interval, begin-
ning from the threshold value | Q|2 Ina plot of | Q,|?
versus |, |2, the intersection with the horizontal axis

gives the threshold value of | Q|2 obtained in Sec.
II1 A 1. This gives the value of the saturating field induc-
ing a destructive interference for negligible E,. There-
fore, for |Q,| >(T'.T,/2)"?, there is always one value
of |Q,|, given by Eq. (17), that destroys the Raman
coherence. As an example, using the value | Q| =4I,
in Eq. (17), we obtain | Q,| ~2.824T,, for the destruc-
tive interference to occur, with the values of the relaxa-
tion rates as in Fig. 2.

2. 8,%40

Finally, the evolution with increasing | Q,| of the Ra-
man (or Zeeman) peak as a function of §, is illustrated in
Fig. 7, for §,=—40T, and |Q,| =10T,. In Fig. 7(a)
we see that for | Q,| =4I, the two-photon resonance
splits into two peaks. This is because the absorptive com-
ponent saturates faster than the dispersive one. This fas-
ter saturation of the absorption has been reported in oth-
er studies of saturation phenomena of nonlinear spectros-
copy (see, for example, Refs. 11 and 12). The dispersive
behavior is clearly seen in Fig. 7(b).
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IV. SUMMARY

In this paper, steady-state four-wave mixing has been
analyzed for homogeneously broadened four-level sys-
tems coupled to three laser fields (E,| and E, of arbitrary
intensity and E;, weak and nonresonant). The relaxation
of the system is included phenomenologically in the
Bloch equations. The four-wave-mixing signal was
shown to be proportional to p,, —the coherence between
two levels of the same parity. The behavior of X(w,)—
the saturated nonlinear susceptibility—has been studied
in detail through an analysis of p,,. The present study
applies to the whole range of E, and E, laser intensities
extending from the small-intensity regime to the high-
intensity Rabi regime.

The dynamic Stark effect due to two of the pump fields
and its consequences on the FWM spectrum have been
studied in detail. For only one field with increasing in-
tensity, antiresonance behavior resulting from a destruc-
tive interference between two one-photon coherences was
obtained. This effect leads to a total cancellation of the
FWM signal and to a power broadened line shape with a
narrow dip in its center. For an even stronger resonant
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field, the line shape as a function of the detuning of the
weak field is Stark split and Stark shifted for a non-
resonant excitation. In the case of a nonresonant strong
field interacting with an initially nonpopulated transition,
the one-photon peak appears at the same order as the
two-photon peak does, whereas for the initially populated
transition case, the two-photon peak appears for lower
intensities of the strong field than the one-photon peak
does.

Cases when two fields have saturating intensities were
also analyzed. For a resonant interaction, the line shape
has a complicated behavior which may show from one up
to four resonance peaks. The study of the cancellation of
the susceptibility at line center was extended to the re-
gime of two saturating fields. An analytical expression
was given relating the intensities of the two fields, for
which the destructive interference occurs, to the atomic
relaxation rates. For a resonant excitation, we have
shown that the Raman resonance is split due to the satu-
ration of the absorptive component of the nonlinear sus-
ceptibility. All the predicted spectral lineshapes should
be observable in atomic beam experiments or in narrow
lines of rare-earth impurities in solids. In both cases,
available cw or long-pulse dye lasers are capable of induc-
ing steady-state saturation effects in four-wave-mixing ex-
periments.!* Further extensions of this work for the case
of inhomogeneously broadened systems as well as the
transient FWM behavior will be reported in the future.
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APPENDIX

We give here the expressions for the populations p;
(i =a,b,c), used in Eq. (7), which are obtained by solving
Eq. (6) in steady state:

A3B,— A,B,
= Al
Pas="4,B,— A,B, Ay
A,B;— A;B
oy = 183 302 (A2)
4,B,— 4,B,
chZP_Fc_I(Fapaa"'rbpbb) ’ (A3)

where the parameter P is related to the incoherent pump
of population, and given by the conservation law

L P=T,p5 +Tspsy + TP

=T ypa + I-\bpbb + Fcpcc ’ (A4)
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and the other coefficients are

A =T, [1+W_ (T;'4+T - H]+W,, , (AS5)
A, =W, T, ,T;'—w,, , (A6)
A;=T,p 0+ WP, (A7)
B, =T,[1+ W, (T;'+T D] w,, , (A8)
B,=W,T ,I'-w,,, (A9)
By=T,p%+ WP . (A10)

In Egs. (A5)-(A10), W;; are transitions rates between lev-
els | i) and |j) (ij=ca,ch,ba), given by
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— (A A+ Q12— | Q,?)
Wca=|01l2 bt IDII 2. +c.c. |,
(A11)
(DA + Q2= QD)
ch=|02|2 ba“ca l 1| | 2[ +cec |,
D
(A12)
Wy=|0,0,|2 -—5—+c.c. , (A13)

where the generalized Stark denominator is

D=AcaA:bAba +Aca l Ql | Z_A:b | 9‘2 | 2 .
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