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Saturation effects in coherent anti-Stokes Raman scattering (CARS) spectroscopy are discussed. The discussion is
limited to Raman-resonant CARS (0, — w, ~,,, where o, are the frequencies of the pump fields with powers P, ,
and w,, is the frequency of the Raman transition |1) —|2)) with the possible addition of a one-photon resonance
(@, ~w 3 is the frequency of the electronic transition |1) —|3)). For these cases we show that the CARS polarization
®cars is proportional to the off-diagonal density-matrix element p,,. In order to determine P21, We use Laplace
transforms to solve the Bloch equations for the effective two-level system |1> and |2) when w, is far from resonance,
or for the three-level system 1), |2), and |3), when w, ~w ;. The steady-state expression for ®c4gs in the former
case gives Pcupsx PP)'? at low powers and @ cags < PPP,”'? at high powers. In the three-level system, we show that
when the pressure is low and at least one field is weak, the slow time dependence of P, must be considered. When
one field is strong and the other weak, the CARS spectrum is Stark split. When P, is high, for example,
®cars < PLP" for o, ~w 3, and @czps o< (P,P,)'"? when w, ~w ;, % V', where V', is the one-photon Rabi frequency for
the |1> —|3) transition. The Wilcox-Lamb approximation is used to reduce the three-level Bloch equations to rate
equations containing one- and two-photon terms. When the fields are so weak that both one- and two-photon terms
are small compared to the decay terms, the usual expression for ® s is reproduced. If only the direct two-photon
processes are important, the effective-two-level-system results are reproduced. When both fields are intense and
nearly resonant, the steady state is rapidly achieved. The results for the case where one field is much stronger than
the other are essentially the same as those for one strong and one weak field. When the fields are of comparable
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strength, @ caps « P//?P) for w,~w ;, and », ~w 1,, and the CARS spectrum is split into five components.

I. INTRODUCTION

Many techniques'™ have been devised to enhance
the Raman-resonant contribution to CARS® (co-
herent anti-Stokes Raman scattering) with respect
to the nonresonant background contribution. One
of the most popular methods is resonance enhance-
ment®* in which one or more of the incident fre-
quencies is tuned near to electronic resonances of
the atom or molecule being studied. In most CARS
experiments, saturation is deliberately avoided by
decreasing the intensity of the incident lasers.
Saturation effects® have, however, been reported
but only for complicated systems which do not per-
mit easy interpretation of the results obtained. To
our knowledge, only one detailed analysis’ of satur
ation effects in CARS exists, although there are
several treatments of saturation effects in the re-
lated phenomena of two-photon resonant third-har -
monic generation® and stimulated Raman.® The
theory of intensity effects in CARS presented here
differs from the treatment of Druet et al.,” in that
it is based on the full solution of the appropriate
Bloch equations, rather than a simple extension
of the traditional approach® involving the third-
order nonlinear susceptibility X'® to higher -order
susceptibilities.!® Our approach also allows trans-
ient and relaxation effects to be discussed in an ob-
vious manner.

In order to simplify the discussion, we consider
only Raman-resonant contributions to the CARS
process in which the two pump frequencies w, and
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ws (see Fig. 1) are such that
W = Ws™ Wy - (1.1)

In addition, we limit our discussion to the case
where either w, is nearly resonant with the molec-
ular -electronic-transition frequency w,,, so that
the Bloch equations for the three-level system

[1), |2), and |3) must be solved! (this is a par-
ticular case of doubly resonant CARS® and is analo-
gous to resonance fluorescence), or where w, is
sufficiently far from resonance with w;, so that the
three-level Bloch equations can be reduced to those
of an effective two-level system'®!? (singly reso-
nant CARS,? which is analogous to resonance Raman
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FIG. 1. Energy-level scheme for Raman-resonant
CARS (w;— wg= wy) with additional one-photon resonance
(w;~w3). The pump frequencies are w; and w, and the
coherent light is emitted at the anti-Stokes frequency
W =2w;— Wwg.
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scattering). We do not consider the case where
w,=2w, -ws, the coherent anti-Stokes frequency,
is in near resonance with an electronic-transition
frequency (another example of doubly resonant
CARS®). This case could be treated by a straight-
forward modification of the theory presented here.
Nor do we consider the case where both w, and

w, are in near resonance with molecular -transition
frequencies (triply resonant CARS®) which would
require the solution of the four-level Bloch equa-
tions.

In Sec. IT A we derive, for the cases we wish to
discuss, a general expression for the CARS po-
larization ®c,zs using projection-operator tech-
niques™ and show that it is proportional to the off-
diagonal element of the density matrix p,,. In Sec.
II1 B, we write the three-level Bloch equations'?
which must be solved in order to obtain p,, and
hence ®Pcars for the case of doubly resonant CARS
outlined above (Fig. 1). We include phenomenolo-
gical decay terms in the equations which express
both decay to lower levels of the three-level sys-
tem and to a set of states { |I)} whose populations
are assumed to remain in thermal equilibrium. In
addition we derive the Bloch equations for the ef-
fective two-level system'?'® from which p,, and
hence ® 45 can be obtained for the case of singly
resonant CARS. In Sec. IIC, we briefly discuss
some of the techniques to be used in Sec. III to
solve the Bloch equations: the Wilcox-Lamb ap-
proximation,'® Laplace transforms, and an exten-
sion of the perturbation theory devised by Schenzle
and Brewer.'®

The Bloch equations for the effective two-level
system are solved in Sec. III A in both the transient
and steady-state regimes. We show that whereas
at low intensities, the steady-state ®cagscc P, PL%
where P, . are the powers of the pump fields at
frequencies w;,s, at high values of P,, ®cags be-
comes independent of P,, and at high values of
P, ®cups < P52

In the remaining subsections of Sec. III we solve
the three-level Bloch equations for various limit-
ing cases. In general we are interested in only
the slowest-decaying and steady-state contributions
to ®Pcars- The existence of these slowly decaying
contributions to ®c,gs, for example, in low-pres-
sure molecular CARS, has not been pointed out be-
fore. In order to obtain simple analytical expres-
sions for these terms, we shall assume that
(1/T,)s;, the rate of decay of population from level
|3) to the reservoir {|I)}, is the fastest decay rate
in the system.

In Sec. III B, we consider the case where the
|1) = |3) transition is saturated by the w, field,
whereas the |2) ~ |3) transition is only weakly
coupled to the w; field. We find that for time

£>(T\)3;, ®Peaps 1S independent of P, and propor-
tional to P1”? when ws™ wy, and ®c e x (P,Ps)l/2
when ws= w,, +V,;, where V, is the one-photon
Rabi frequency for the |1)— |3) transition. The
existence of Stark splitting in the CARS excitation
spectrum is also demonstrated. In addition we
discuss the analogous case where the |3) - ]2)
transition is saturated by the ws field and the

]1) g |3> is weakly coupled to the w, field. There
we expect Pcaps <P, P32 when w,~ w,, and @ ¢ ps
o P, and independent of Ps when w,~ wg; + V.

In Sec. IIC, we employ the Wilcox-Lamb ap-
proximation in order to reduce the three-level
Bloch equations to rate equations which contain
both one-photon terms relating to the |1) = |3) and
]2) - I3) transitions and two-photon terms relating
to the |1) - |2) transition. We show that when
the intensity is sufficiently low so that the two-
photon terms can be neglected, there are two slow-
ly decaying contributions to @,.. In addition, we
show that the usual low-intensity assumption
[ =p‘:‘;, where p:} is the population of level |i> at
thermal equilibrium, is reproduced when the one-
photon terms are small compared to the decay
rates in the equations. On the other hand, when the
intermediate level is sufficiently far from reson-
ance and the intensity sufficiently high so that the
one-photon terms can be dropped in favor of the
two-photon terms, the effective two-level system
steady-state result is reproduced. The slowly de-
caying contribution to p,, for this case is also
evaluated.

In Sec. IID, we give the steady-state solutions
for the case where both fields saturate and are
near resonance with the appropriate transitions.
In this case, all time-dependent contributions to
p,; can be assumed to decay rapidly. We find that
when V ;> V,, or V,,> V., the results are also
almost identical to those of Sec. III B where we con-
sidered the case of one saturated transition and
one weakly excited transition. When, however,
Vi3~ V,3= V, the CARS spectrum splits into five
Stark split peaks. For example, when w; is var-
ied, peaks are predicted at w,=w,,, w,,+V, and
w,,+2V. When w,~ w,, and w,~ w,,‘we find that
@cars < P}’? and independent of P,.

We assume throughout that even in the presence
of saturating fields, the CARS intensity® is still
proportional to the absolute value squared of the
coefficient of exp(—iw,t) in the expression for
@Pcagse* In the absence of saturation this coefficient
is proportional to X P Pi/? Where X,z i the
usual intensity-independent CARS susceptibility.

II. THE MODEL
A. General expression for CARS polarization

We begin by extracting from the total polariza-

tion vector (expressed in the interaction picture)
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o= N(\If, “Iz I‘I'z) (2.1) Thus P refers to those levels which are nearly reso-
nant with some combination of the pump frequencies

Fhose terms which derive from the processes shown w, and w; (see Fig. 1) whereas Q refers to those
in Fig. 1. In order to do this we define the projec- levels which are far from resonance with the in-
tion operators P and @'° where cident frequencies. In a previous publication,'*®

2, we showed that the formal equations of motion for
P=Zl |’>(’l» Q=MZS lk><k|, P+Q=1. (2.2) the P and Q levels are given by

i= 22y

I .
. dP| ¥, (t i ¢ it ” '
i dt’( )>'=PV1P [ ,(2)) -5 PVe f T exp (—g/‘- QV,Qdt )QV,P ¥, (¢ )t , (2.3)
i ¢ i ¢ ” ’

Q |~1f,(t)>=_}7f Texp(—%j‘-' QV,Qdt )QV,P v, (). (2.4)

In Egs. (2.3) and (2.4), the “chronologically ordered exponential”
i rt i t i\2 pt t”
Tex (’;? f.eva ‘”") o ('% )f QTR AL (‘Fz) [ [, eveevumearar+--- (2.5)
' ¢’ e e

V= exp(H t/K)V exp(-iHt/7) (2.6)
where H, is the Hamiltonian of the unperturbed molecular system with eigenstates |n):

Hy|n)=hw,|n), (2.7

and V is the matter -field interaction Hamiltonian which we write in the electric -dipole-moment approxima-
tion, assuming for simplicity that both the pump fields are linearly polarized with unit polarization vector
X,

V=VI+ VS, Vis= 4l %(8,, e nst +c.c.) (2.8)
with
gx,sz Ié)l.slexP[_i(¢l,s'kl.sz)]- (2.9)

We further assume that [8,,,| and ¢, are slowly varying functions of time.
It can be shown by integration by parts that if

dé(t) dP 1, (¢))
dt dt
280 | <Y |y <Y (2.10)

where A is the frequency offset of a typical far-from-resonance transition, we can write Eqs. (2.3) and
(2.4) as

e 1y (t))

TRt (02 [w, @) (2.11)

and
S t i t
Q ¥, ()= -ﬁi [f T exp (—;?-[ QV.Q dt")QV,(t')P dt’]P [, (), (2.12)
where the effective Hamiltonian 3¢(¢) is given by
; t 3 t
50(t) =PV P —;z_z-PVIQ f ‘Texp(—;l_zjt: QVR dt')QV,P ar’ . (2.13)
We note that the second condition of Eq. (2.10) can be written in the rotating-wave approximation (RWA) as

la]> |aw], (2.14)

where Aw is the frequency offset of a typical near-resonance transition.

This method of calculating the effective Hamiltonian 3(t) has two distinct advantages over other meth-
ods': first, it is applicable to any number of levels resonant with the incident fields and second, it de-
scribes the evolution of the nonresonant levels as well as the resonant ones. It is currently being used as
the basis of a general theory of nonlinear coherent processes.!’
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Using Eqgs. (2.1) and (2.2) we can now rewrite the total polarization vector as

=N, |(P+Q),(P+Q)|¥,).

(2.15)

In order to extract those terms that correspond to Fig. 1, we employ Egs. (2.2), (2.6)-(2.9), and (2.12) to

first order in §; or 8¥. Thus

. ; t ,
‘PCARs=x"PCARs:N; (‘I’,Il)(ll#,lk)(ég,f (e |my[2)etert dt’)(2|\ltl>+c.C.

) : )
+N; @, |2eu, |k)(§%6;‘f G |1, [1)et et dt’)(l [¥,)+c.c.

b S 5 )
where the density operator p is given by
p= ¥, (), (2.17)
and
Ry =Gl -z, (2.18)

We note that the sum over the states |) in Eq. (2.16) includes the state |3). Now invoking the Raman

resonance condition of Eq. (1.1) and defining

Aw=w; —Ws =W, , (2.19)
P31 =P, eXpliAwt) , (2.20)
Eq. (2.16) becomes
N 1 1
®Peirs == ! 8 “tedtrce.. .21
CARS 2)‘1’; [sz“'lk“‘kz x((wkz —w1)+(wk1+w1))e @+c c] (2.21)

Equation (2.21) is the fundamental result of this section. In Sec. III, we shall derive expressions for
ps, for several different cases. For example, for the simplest case where level [3) is far from resonance
with the pump fields and the |1>- |2) two-photon transition is unsaturated, we find that in the steady-state
regime

1 8,8 1
(L S b L S— TR (028 — pg 2.22
Pl "0 B+ i1/ Ty & Haw b 2((wk,1_<,,,)+((,,,,1+ws)) 2 -eit), (2.22)

where p$l and pgd are the populations of levels |1) and |2) at thermal equilibrium and (1/7,),, is the relaxa-
tion rate of the off-diagonal density-matrix element p,,. Substitution of Eq. (2.22) into Eq. (2.21) gives the
traditional expression for the polarization of Raman-resonant (singly resonant) CARS.*7

We note that the approximation introduced on going from Eq. (2.4) to Eq. (2.12) excludes possible modi-
fications of w, in Eq. (2.21) due to the Stark effect. Since the CARS signal is measured as a function of the
input frequencies (excitation spectrum) rather than the scattered frequency, this does not limit the validity
of Eq. (2.21).

I
the following Bloch equations are obtained:

fsn =iV 5003, =pis) + (1/T1)21(P22 -pg)
+(1/T)s1 (035 =059 = (1/T1), (01, —p5),  (2.24)

Baz = V3032 —P33) + (1/T )35 (P33 ~ P33)

B. Bloch equations

1. Three-level system

In this section, we write the Bloch equations for
the three-level system® [1), |2), |3) assuming
that w, is near resonance with the [1) ~ |3> transi-
tion frequency ws. The von Neumann equation for

the density-matrix operator defined in Eq. (2.17) is —(1/T, )05 —p%3) , (2.25)
given by . . .
& B3 = =tV 15(04, —P1s) —iV,5(P32 —P3s) = (1/T1)3(P33 -p%),
i —=1\V 2.23
in=Vy,e] (2.23) (2.26)

and on including phenomenological relaxationterms,

Pzr= =iV 3055+ 1V 5505, — [(1/T2)21 -iAw]ps, , (2.27)
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P31 ==tV 3(Psg =P 1)) +iV o505 = ((1/Ty)5 +i8g11031
(2.28)

ﬁéz = 'ivzs(pss 'pzz) + ianpfz - [(I/Tz)sz + iAaz]ps’z ’
(2.29)

where the rapidly oscillating terms have been
eliminated by the substitutions

p31=P§1(8,/|5, |)em31‘, p32=p3’2(8s/|83|)e“’32' )

(2.30)
P2 =PL(828./ |8, ]|8s|)e 9t =pjetbet (2.31)
and
Vie=bys |8, 1/27, Vyg=p,|8s|/2%, (2.32)
A =wyy —wy, Ay =ws, ~ws,
(2.33)

Aw=48,, -8, =w; —Ws =Wy -

Following Schenzle and Brewer,'® we have as-
sumed that the molecules relax via spontaneous
decay or collisions out of the states |1), [2), and
|3) into lower levels or into a reservoir (labeled 1)
which remains in thermal equilibrium. The total
decay rate for levels |1), |2), and |3) are given
by

(1/T1)1 = (l/Tl)ll ’
(1/T1)2 = (1/T1)21 + (l/Tx)zl ’
(1/T1)3 = (1/T1)31 +(1/T1)3z +(1/T1)3x )

where (1/T1)” (Ref. 18) is the rate of transitions
from level |i) = |j). By redefining (1/7,), we can
include the case of excited-state CARS.!® In writ-
ing Egs. (2.24)-(2.26), we have assumed levels

[1), |2), and |3) to be repopulated by the reservoir
at the constant rates (1/ Tl),p;’,". The dephasing
rates (1/ Tz)” for the off-diagonal density-matrix
elements p,; are given by

(1/T,),,=2[(1/T,), +(1/T,),]+(1/T}),,,

where (1/T%),, is the rate of phase-interrupting
collisions.

Since population is not conserved in the three-
level system, a full solution of Eqs. (2.24)-(2.29)
requires the solution of nine equations. Before
proceeding to solve these equations, we give the
effective-two-level Bloch equations for the case
where w,; is far from resonance with w,,.

(2.34)

(2.35)

2. Effective-two-level system

When w, is sufficiently far from resonance with
any of the molecular-transition frequencies so that
Eq. (2.14) holds, we can redefine the projection
operator P of Eq. (2.2) such that

2
P=P'+qQ', P'=3 ||, @ =2 [k)G|. (2.36)
§=1 R’
The effective Hamiltonian for the |1), |2) two-
level system can then be obtained by replacing
P and @ by P’ and @’ in Eq. (2.13) and invoking
Egs. (2.5)-(2.9), (2.14), and the RWA. We find that

1
K=-m ; T

2wey . |2, _ 2Wey 2
X (e 16,1 22 6]

whey - i
=AE,, i=1,2 (2.37)
and
3, = HQUE, 8%/ 8,]18)e 4 !, Fe,=5, (2.38)

where AE, is the ac Stark shift of the level |z‘) and
the two-photon Rabi frequency § is given by'?

Q=Ié"“gs|2uwuklz< 1, 1 )
I'g w

4ﬁ2 1 Wy wk:1+ws

(2.39)

We note that in order for Q to be sufficiently large
so that saturation of the two-level system can take
place for reasonable powers of the pumping fields,?®
there must be at least one |1)—~{|%’)} transition
that is near resonance with w, while, of course,
still maintaining the condition of Eq. (2.14):

|Ak'1 | > lA‘U | ’ (2.40)
where A,/ =w,, —w, and Ayw is defined in Eq.
(2.33). Then £ can be reexpressed in the notation
of the previous section as

9=y VigVsy

k' Ak'l
Using Eqgs. (2.11), (2.17), (2.31), (2.37), and
(2.38) and including relaxation terms as in the

previous section, we obtain the following Bloch
equations for the effective two-level system:

(2.41)

B, =iQ(p5, —p1r) + (1/T,)x(05, - P29

- (I/Tx)x(pu "pﬂ) ) (2.42)
Pre= =iQ05 —piy) = (1/T1)y(o2o —p3),  (2.43)
By = iRy, —Pz) = [(1/To)yy —i83)07, , (2.44)

where rapidly oscillating terms have been elim-
inated using the transformation of Eq. (2.31) and

A is defined as
AG=Aw+ (AE, —AE,)/k. (2.45)

These equations are identical in form to the Bloch
equations for the ordinary two-level system.*
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C. Methods used in solving Bloch equations
1. Wilcox-Lamb approximation

This approximation'® involves setting the time
derivatives of the off-diagonal elements of the
density matrix equal to zero. In this way, the »?
n-level Bloch equations can be reduced to n n-
level rate equations. A number of comparisons
between the numerical solutions of the Bloch equa-
tions (or Schrodinger equations) and the rate equa-
tions have been made for multiphoton ionization
of atoms®* and multiphoton absorption and dis-
sociation of molecules.*®‘®+23 The general rule
which emerges from these studies and which has
recently been demonstated theoretically?* is that
rate equations are appropriate for those cases
where coherent pumping processes are much slow-
er than incoherent decay processes. Great care
must be exercised in interpreting the results ob-
tained using the Wilcox-Lamb approximation as it
involves the assumption that the off-diagonal ele-
ments of the density matrix p;, relax very rapidly
to their steady-state values p$j. In fact, the time
dependence of all the elements of the density ma-
trix can be expressed as

Py = Zp exp(Z ) +p%3 (2.46)

and so the assumption g,, =0 for i#j implies the
reliability of only the slowest-decaying contribu-
tions to p,; obtained from the rate equations.

A number of authors have shown numerically®?
(but without presenting justification) that in the
opposite limit (thatis, whencoherent pumping pro-
cesses are much faster than incoherent relaxation
processes) the rate equations give the time average
of the populations obtained from the Bloch equa-
tions. We point out that in this limit all the states
are so strongly coupled that all the real parts of
Z,in Eq. (2.46) are approximately equal and all
the density-matrix elements achieve their steady-
state values at the same rate as the fastest-decay-
ing state. A critical discussion of the validity of
the Wilcox-Lamb approximation in this regime has
been given by Stone and Goodman.!8(®

2. Laplace transforms

We shall solve the Bloch equations of Sec. III
(or the rate equations derived from them) by ap-
plying the Laplace transform

p,,(Z)=fﬁp,,(t)e‘z‘dt,

° . (2.47)

20,2 -0, 0= [ 6,0 at,
o

assuming that at time #=0, the system is in ther-
mal equilibrium so that p,,(0)= p$38,;. The inverse
Laplace transform is given by

$o4r
Py )=5 = f Z‘p‘,(Z)dZ. (2.48)

3. Perturbation theory

In order to find the poles of the Laplace trans-
formation, one must solve an nth-order equation
inZ:

F(Z)=0. (2.49)

For n> 2, there is often no simple analytical solu-
tion of this equation and so one must resort to nu-
merical solutions or to approximate zeroth-order
solutions which can be improved by first- or sec-
ond-order perturbation theory. We improve on the
distinct zeroth-order solutions Z{’ by using the
first-order solutions'® (that is, solutions which are
correct up to first order) obtained from the Taylor
expansion

zZP =z~ Pz /F'(2) (2.50)

and on pairs of identical zeroth-order solutions
Z(z?)m by using the second-order solutions derived
from the Taylor expansion

Z(£2)h1 _Z(‘o) —F'(Z(‘O))/F"(Z(lm)
i{[z(‘o) +F:(Z(‘o))/Fn(Z(‘o))]2
_ [ZF(Z(“’))/F"(Z(“’))+Z(‘°)2]}1/2 .
(2.51)
In Egs. (2.50) and (2.51), F’ and F” are the first
and second derivatives of F with respect to Z. In
all cases where these approximations were made,

the results were compared with the numerical
solution of Eq. (2.49).

III. PARTICULAR SOLUTIONS OF THE BLOCH EQUATIONS

A. Effective two-level system

The solutions of Egs. (2.42)—(2.44), for pulses which are sufficiently short so that decay can be neglected,

16921,

are well known'®*?!; pJ is given by

P21 =20(pf - (497 + A%?)

2 ~2\1/2 2 ~2\1/2 2 ~2\1/2
p89) (A_sm [3(49% +AG%) 2] ism[z(4ﬂ + A% %t] cos[3(492 + AG?) t]) (3.1)

(492 + Ad-)z)l 2
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For systems prepared under steady-state condi-
tions or after all the transients have decayed, the
solutions of Eqs. (2.42)-(2.44) are obtained by
setting all the time derivatives equal to zero. Thus
we find that

Qg -pY) [ag® +(1/T,)3,]

P Tag+il1/ 1), A6+ /T, v 2] &P
where
f= [(1/T1)1 + (1/T1)2 - (1/T1)21](1/T2)21 (3.3)

(1/1,),(1/T,), ’

For molecular systems in which |1) and |2) are
vibrational-rotational states and collisional pro-
cesses are significant, it is often true'® that
(1/T)a < (1/T)),= (1/T,),> (1/T,),,, so that fe2.
For excited-state atoms whose CARS spectra are
of current experimental interest,*® (1/7,),,
<(1/T)),= (1/Ty),# (1/T,),,, so that f= 2(1/T,),,/
(1/T,),; a typical system might be |1)=Na(3%P, ;)
and |2)=Na(3?P,,). For atoms with a single
|2) = |1) decay channel, (1/7,),=0, (1/T,),=(1/
T.)a, and one can show using Eqs. (2.42)—(2.44)
that £=2(1/T,),,/(1/Ty)y,.

We note that when 2Q% < Ag? +(1/T,)%,, Eq. (3.2)
reduces to the expression obtained by trivially set-
ting py, =p%Y, P, =pgY, and A® = Aw in Eq. (2.44).
When this expression is combined with Eqgs. (2.31)
and (2.39), Eq. (2.22) is obtained. We pointed out
in Sec. IT A that the traditional expression for the
polarization of Raman-resonant CARS*7 can be
derived by substituting Eq. (2.22) into Eq. (2.21).
Substituting the expression for p3 obtained from
Egs. (3.2), (2.31), and (2.39) into Eq. (2.21), we
see that ®c,gs is proportional to |8, |? when the in-
tensity of the w, pumping field is low, and inde-
pendent of |é’ ,I when the intensity of the w, pumping
field is so high that the |1)~ |2) two-photon transi-
tion is completely saturated. However, as the
intensity of the ws pumping field is raised, ®.,gs
goes from being proportional to |€,l at low inten-
sities to being inversely proportional to |8 s| at

high intensities.
|
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B. Three-level system: V3>V

In this section, we solve the three-level Bloch
equations, Eqs. (2.24)-(2.29), for the case where
the |1) - [3) transition is saturated by the field
at frequency w, whereas the [2) - |3) transition is
only weakly coupled to the field at frequency w,.*
In addition, we assume for simplicity that the
fastest decay process is the transfer of population
from level |3) to the reservoir |I). This assump-
tion is mainly true for molecular CARS at low
pressures. When collisions are important, the
steady state is quickly achieved [see Eq. (3.25) and
the Appendix]. Thus

Vs> (I/Tl)sn IA31 l ’ IAaz l (3.4)

and
(I/Tl)al > V23’ (1/T1)21’ (I/Tl)ﬁl) (1/T1)32’ (I/Tl)ll,
(l/Tl)Zl’ (I/T;)zu (I/T;)SI’ (I/T;)SZ .
(3.5)
These assumptions allow us to solve Egs. (2.24),
(2.26), and (2.28) neglecting all terms that relate
to level |2). Following Schenzle and Brewer’s!®
treatment of the two-level system, we solve their
Eq. (2.16) in the limit of Eq. (3.4) using the per-
turbation theory described in Sec. IIC 3. We find

that the time development of p,,, P33, and pg, is
given by Eq. (2.46) with
21%=0,
Z$2) = —3(1/T))s, [1 £8,,(4V2, + 42)2]
230, =4V, + a3,

Z = =31/ Ty)g, +i(4V5 + az )
FiVi4(1/T,)5,(4V35 + Agl)_S/Z .

(3.6)

Thus, as expecfed for strong coupling, all the con-
tributions to the density-matrix elements decay
according to the fastest-decay rate, namely,
(1/T,)s;- Thus for t> (T,);; we can safely assume
that p,,, ps3, and p;, have achieved their steady-
state values

s _P8/T) [0+ (1/T))s ] +p358x [(1/T)s = (1/T)s)] 3.7
P el 1), ¥ (/T =/ T+ W/ T,0/T,)s
s =x13(1/TL)1Pfl“+P§§{x13 [(1/T))s = (/7)) ]+ (1/T),(1/T))s} (3.8)
Fss was[(/ Ty + (/T = /T + /T, A/T)s
88 — Vm(l/T1)1(1/T1)a ( Pl —p33 ) (3.9)
s Ay, + i(l/Tz):u x13[(1/T1)1 + (I/Tx)s - (1/T1)31] +(1/T1)1(1/T1)3 ’
where the pumping rate for the |1) ~|3) transition is given by
%15 = 2V3s(1/ T,)sy/ (83, + (1/T,)3,] - (3.10)

We now replace p,,, Ps5, and p}, by their steady-state values in Egs. (2.25), (2.27), and (2.29) and solve

for pJ;.

No great simplification is obtained by assuming g3, =0, thereby reducing the number of equations
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to be solved from five to three, and so we proceed with the solution of all five equations which we write in

the form
P=UP+V,
where
0s
P12
P=1pn| »
P33
P32
/1), 0 0 —iV,, iV, )
0 —iAw = (1/Ty)s 0 0 iV
U= 0 0 iAw = (1/Ty)y =iV, 0 ’
-V, 0 -V, i8g, = (1/T,)se 0
\ iV iVy, 0 0 —ilg, = (1/T,)ss )
(1/7,)52 033 - 039+ (1/T,),038 |
'1vzsp1’;a
V= iV, pht®
iV,3033
-iV,303
L J

Applying the Laplace transform of Eq. (2.47) to Eq. (3.11) we obtain
(Z-U)PZ)=V",
where
V'=V/Z+06,p%.
Thus,
p4(2)=Py(2)= 2 (Z -0V},
]
where
(Z - U);} = am/det(Z -U).
The cofactors a;, are given by

ys= =V Vol 22+ [(1/ To)yy + (1/Ty)sp +i(Aw + Agy)] + Vi + [(1/T,)5, + 580 [(1/ T, )g + i85,]}
@z =V3sVas
Qgy =24+ Z((1/Ty)yy + 2(1/ To)ga + (1/ T)), +iBw)
+ZH{ V3 + 2V + (1/T) 2% + [(1/Ty)s + 201/ Tp)go) [(1/ Ty)ay + i8w] + 21/ Ty)p(1 To)so}
+Z([2VZ, + A2, + (1/ T2 ){(1/ Tp)yy + 8 w) + 2VE(1/T,)gp + Vis[(1/Tp)sz — i85, ]
+(1/T)AVE+ (1 Ty)% + 83, + 201/ To)5[(1/ To)ay + i8w]P) + VsV
+2V2,(1/Ty) 5o [(1/ T,) 0 +i8w] + 1/ T)AVZ L/ Ty)gn = 8551 +[(1/T2)2 + 8%,1[(1/ Tp)y +iAw]},

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)
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Q= =iV AZ3 + Z2[(1/Ty) g + (1/Ty)py +(1/Ty), +iB0 +iAg,]
+Z{V2, +VE +(1/T,),[(1/ Ty) gy + (1/ Ty)py + iAw +iAg,)
+[(1/ Tp)sy + 584, )[(1/T5)sy +ibw]}
+(U/T)AVE + [(1/Ty)5 + i85, ][(1/T,)p, +i8w] + VE [(1/T,),, +i8w]})
gy = =iV VE[Z +(1/T,), +iAW],
and det(Z - U) can be written

n
det(Z -U)=)_ c,Z!, n=5 (3.20)
$=0
with
¢=1,

€y=(1/T)),+2[(1/Tp)yy + (1/Ty)se]

C3=2(VZ + V) + Aw? + AZ, + 2(1/T,),[(1/Ty)ay + (1/T5)ss)
+[(U/T,)5 + (1/To)5, +4(1/ T3)2s (1/T5)se)

€= (1/ T, (80 + A2, + (1/T,)3 + (1/Tp)3 +4(1/ T (1/ Ty)s, + 2Vs]
+ 2 AW/ Ty)gy + 821/ Ty)ay + [(1/Ty)as + (1/T3)01 ] [(1/ Ty)as(1/ To)ay + V]

+VE[2(1/T,)y, + (1/ Ty},

€, =201/ TR/ To)py + (1/ T o) [Vis + (1/T3) 0y (1/ Tp) gl + (1/ Tp)5p8w® + (1/T),, A%}
+[AZ, + (1/T,)% ][00 + (1/ T3] + 2VE[(1/T,)50(1/To)s, — Awlg, ]+ Vi (Vi +2V)
+2V2[2(1/Ty)5 (1/Ty) g + (1/T,)%, + Aw?]

co=(1/TPA[42, + (1/T,)% |[Aw? + (1/ T2, ] + 2VE[(1/T,)51 (1/Ty)ss — Awly, [+ Vigt
+2(1/T,)5,Vas[ 80 + (1/T,)5 ]+ 2(1/Ty)y ViV,

The denominators of Eq. (3.17) are either of the form Z det(Z —U) or det(Z - U) and thus the poles of the
transformation are given by the solutions of the equations Z det(Z — U) =0 or det(Z —U)=0. We see from
the inverse Laplace transform of Eq. (2.48) that the terms in pJ,(#) that derive from the pole at Z =0 give
rise to p;°. Within the context of Eqs. (3.4) and (3.5), it can be shown that the other poles are given by

z\?=0, Z=-cy/c,~(1/T)),, (3.22)

© _1 iol/la 1 1
Zys=3Cytic e 'Z(I/Tz)az +iVyg,

(3.21)

. ) 3.23
ZS:?; =1C, _wihu =3(1/T,)gs =iV s, ( )
with the first- and second-order corrections to Z‘z‘,’;,4,5 being much smaller than the leading terms given in
Eq. (3.23). Since we are only interested in ¢> (T,);; we need only consider those contributions to pj, that
decay according to the rate constant ([1/ T,), or that contribute to p;°. We note that since HfﬂZ ;= —Co and
|Z,,5,4,5| > |2, | we can use the approximation

(2,-2,)2y =2 )Z,-2,)25-2Z)~ —co/Z,~c, (3.24)

in evaluating the inverse Laplace transform.
Combining Eqs. (2.48), (3.16)-(3.19), (3.21), (3.22), and (3.24) and considering only leading terms, we
find that for £> (T),,:

p2(8) =Flwy, w0 (e-u/n)zt L0/ Ti)f/-rf)lz/ Tl g -e'“”l’Z‘)) , (3.25)

where

V,.V.
H 1, 908) = TR 71/ Ty [y + AL/ T)a)?

which on ignoring line-broadening effects reduces to

(3.26)
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f(wu ws) =— T 1 ) B Y/éavza T 1 2 \1/2
[ws = 2(wgy + Wy = Way) +3(4V3 + A%)) #)[ws — 2(ws + wy — wyy) — 2(4Vig +43) ]
Vv
[ 13V23 (for wlﬁ’ w31) . (3.27)

(CUs = W3z + sz)(‘-'-’s ~ W3z — V13)

An analogous Stark splitting effect®® should be obtained in the case where V,;> V,,: there we expect
[Aw;, w) | = | VigVaa/[(w; = wyy + V 55) (@, = wg, = V)] | When w, ~ws,,

Substituting the expression for p;,(¢) obtained from Egs. (2.31), (2.32), (3.8), and (3.25) into Eq. (2.21),
we see that for very high intensities of the field at frequency w,, ®¢,gs is independent of |8,| and propor-
tional to |§,| when w,~w,,. If, however, w,~ w,+ V,;, we find that @, ps |§,||8,|. Similarly, for the
case V,;>> V,,, we expect to obtain @, |8,[?|8,|™ when w,~ w, and @, g5 | §,|* and independent of
l‘gsl when w, = wy; + Vys.

We note that the steady-state expression for pj; given in Eq. (3.25) is generally valid provided that the
|1) = |3) transition is saturated by the w, field while the |2) = |3) transition is only weakly coupled to the
ws field. Its validity does not depend on the relative magnitudes of the decay constants.

C. Three-level system: Wilcox-Lamb approximation

The rate equations obtained from Egs. (2.24)-(2.29) by setting the time derivatives of the off-diagonal
elements of the density matrix equal to zero can be expressed as in Eq. (3.11) of the previous section with

P: p22 N (3.28)
p33

B -(1/T,), A+(1/T)), -@A +B)+(1/T)),

U= A C-(1/T), -A+C)+(1/T,),, s (3.29)
—(A +B) -@A+C) 24+B+C —(1/T,),
(1/T)pss - (1/T))21088 = (1/T1)s188
V= (1/T,),08. = (1/T,)gop% . (3.30)
(1/Ty)4p88
Here
A = 2ViaVE (A@[Aal(l/Tz)az -Aai(l/Ti)a,l+(1/%2)2,[A“Au+(1/Tz)3,(l/Tz),z]) (3.31)
[a&% +(1/T,),] a5 + (/T2 [8%, + (1/T,)3,] ’ '
B= 2V5, Ve (ZAG)A;U(J/Tz):u — (l/f‘z)zx[Agl - (1/Tz g!l)__x (3.32)
o+ (/105 AL+ (1/ T, 5] 5
C - _ ZVEBV%L (ZAG)Aaz(l/Tz)ag + (l/iz)zl[Agz - (I/Tz)gz])_x (3 33)
aa*+(1/T,)3, (a3, + (1/T,)%,)° =7 '
r
with x,,, the pumping rate for the |2)~ |3) transi- ol = VisVos
tion defined analogously to x,, [Eq. (3.10)] and 217 [AG +3(1/Tp)p )
- VZ(1/T,) Vi (1/T,) P2z ~Pss Py =Ps;
- 23\ 12/31 . Tis\"/Z2/33 — 2z - - . 3.36
(/7)1 = (1/ o) +A§1 +(1/T,)%, * Az +(1/T,)% ° X (A32 +i(1/T,)y, By, - 1(1/T2)31> ( )
(3.34) In order for the Wilcox-Lamb approximation to be

V§3A31 - Vf3A32 5
A v (1/T,)% A%+ (/TS
Once p;,, Py, and py; are known one can calculate

p;, using the following expression derived from
Egs. (2.24)-(2.29):

Ap=Aw+ (3.35)

valid, we require (see the discussion in Sec. IIC 1)
X135 X3 << (1/Ty)3 (1/T)s, - (3.37)

Of course, the steady-state solutions of the rate
equations will still be valid even when Eq. (3.37)
does not hold.
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On examining the above rate equations, we first
note that the term A contains only contributions
from the [1) =~ |3) = |2) two-photon process where-
as B and C contain contributions from both one-
and two-photon processes. In Sec. IIIC 1 we shall
consider the special case where the intensity is so
low that direct two-photon processes can be dis-
regarded and we can write

B~ _xls’C! —Xag >A. (3.38)

We shall see that the usual assumption p,; =p}} is
recovered when in addition x,, and «x,, are small
compared to the decay terms in the rate equations.
When the intermediate level is either near reso-
nance such that

|8y | < (U/T,)s, 185] <1/ Ty, (3.39)
or far from resonance such that
[ag = [ag | > [aw], (1/T)y, (1/T,)s,,  (3.40)

Eq. (3.38) can be rewritten as

ﬁa(l/i‘z)zl sza( l/f‘z)zl
A +(1/T,)%,° A% +(1/T,)%,

<A/Tysr, /Ty, (3.41)

respectively.

In Sec. IIIC 2 we shall consider the special case
where the intermediate level is far from resonance
[Eq. (3.40)] and the intensity is sufficiently high so
that two-photon processes must be taken into ac-
count. If in addition, we assume that (1/7T,),,
~ (1/7T,)s;, We can write

Ay, B> —xpp =%y, C —xpy =2y, (3.42)
where
2y A
_Mlm_ (3_43)

Y2 AT+ (1/T,)E

is the pumping rate of the |1)— |2) two-photon
]

transition and £ is defined by Eq. (2.41) with 2’ =3.
We shall show that the effective two-level expres-
sion for p,$* is recovered whenever x,, and x,; can
be dropped from the rate equations, that is when

(3.44)
Equations (3.40) and (3.44) together imply that

Vi (1/T,) Vi(L/T,) -
o (/T Bar (/T M Tn™ (/T

X122 X135 Xos -

(3.45)

We note that this condition is consistent with the
Wilcox-Lamb condition of Eq. (3.37).

In order to simplify the evaluation of the slow
time development of p,,(¢), we shall assume as in
Sec. IIIB [Eq. (3.5)] that (T), is the shortest
decay time in the system. When this assumption
is invalid, we expect the steady state to be
achieved rapidly (see the discussion in Sec. III B).

In Sec. IIID, we discuss the steady-state solution
of the rate equations for the case of saturating
near -resonant fields, that is, where

VIS >> (1/T2)31 > |A3l l ’

3.46
Vo> (1/T,)e> |85, (8.46)

Here the intensity dependence of A¢ and (1/7,),,
becomes important and both the one- and two-pho-
ton contributions to A, B, and C must be taken into
account.

In order to solve the rate equations, we apply
the Laplace transform of Eq. (2.47) to Eq. (3.11)
and obtain Eq. (3.15) with

Vi= V‘/Z +pgl. (3.47)
Thus,
ayV)
p,(2)=P,2)= ;Eét_(zﬂ_—jﬁ’ (3.48)

where the cofactors a;; are given by

@, =2 =Z[2A +B +C - (1/T)), = (1/T))s] +[24 +B +C = (1/T,),][C - (1/T,),] -4 +C)A +C = (1/T))ss] ,
@,,=ZA -A[2A +B +C - (1/T));] + A +B)A +C - (1/T,)3,),

a,=-ZA+B)+@A +B)[C -(1/T)),]-AA+C),

a, =Z[A+(1/T, )] -[A +(1/T1)21][2A +B+C = (1/T)s] + A +OA+B - (1/T),]
w,, =22 —=Z[2A +2B +C - (1/T,), - 1/T,)s)+[B -(1/T.),][2A +B+C = (1/T,),]

- (A +B)[A+B ~(1/T))s],

(3.49)

@y ==Z(A+C) = (A+C)[B =(1/T,),] - (A+B)[A+(1/T)a],
@y, = =Z[A+B - (1/T)),)) +[A+B - (1/T)y][C - (1/T))]

- [A+ (1/T1)21][A+C - (1/T1)32] ’

0= =Z[A+C = (1/T,)5] +[A+C = (1/T)3][B - (1/T,),] ~A[A+B —=(1/T,),],
@4y =2% -Z[B+C - (1/Ty), - (1/T,),]+[B~ (1/T.),][C - (1/T)),] —A[A+(1/T)),],
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and det(Z - U) is expanded as in Eq. (3.20) with n=3 and

Ca=1:

—[2(A+B +C) - (1/T1)1 - (1/T1)2 - (1/T1)3] ’

Ca

¢

[24+B +C - (1/T,),][B +C - (1/Ty), = (1/T)),]+[B = (1/T,),J[C = (1/T,),] = A[A +(1/T)),,)
~(A+C)[A+C = (1/T))y,] -(A+B)[A+B = (1/T))s,] ,

(3.50)

Co= (24+B+C - (I/Tx)a]{A [A+ (1/T1)21] -[B- (I/TI)I][C - (I/Tl)z]}
+ (A + C){[B - (I/T]_)l] [A+ C - (1/T1)32] -A [A+B - (1/T1)31]}
- (A+B){[A+(1/T))o)[A+C = (1/T))s, ] - [C = (1/T1)][A+B - (1/T )y}

1. Very low intensity: two-photon processes negligible

When the substitutions of Eq. (3.38) are made in
Eq. (3.50) and it is assumed that (1/7),),, is the
largest decay rate, we obtain the following poles
of the Laplace transform:

Z = —(1/T)),,

ZP = ~(1/T))s - (1/Ty), = (1/T), = %45 = %ps
ZP=0, ZP =-(1/T)), - %y, .50
Z9=0, Z{? = —(1/T,), = %ps-

In keeping with the discussion of Sec. IC1, we
consider only those poles that give the slowest
decaying terms of p,,. We therefore conclude
from Eqgs. (2.48), (3.38), (3.48), and (3.51) that
for > (T,)g,;:

1 Z2) (2
Py —p33=(z(22 -Z; )(a‘e 2 ‘_b‘eza )
z42¢ z{2)¢

ez e
+f¢<'(7{2§_zgz))z(22) “@P -Z)ZP

+7¢2;,17(:2,-), i=1,2 (3.52)
a; = [x55 = %35+ (1/T1),) (055 - 022
= (1/Ty).p38
b,=(1/T), (03 - p33) = (1/T1)uip33, (3.53)

fi= (1/T1)1[x23 +(1/7T,),) (38 - [4))
"xzs(l/Tl)zx(p;g» -p33),

a,=(1/T,),(p38 - %) ,
J

by =[%15 = %05 + (1/T,),](pS2 -pSY) , (3.54)
F2= (/T ), [%,5+ (1/Ty), ) (053 - p2Y) .
It is interesting to note that if
(Ty)sy <t << [y5+ (1/Ty), )", s +(1/T),]", (3.55)
then
Py —P3s =P35 — P33 (3.56)
and if

> (x5 + (1/ T, )7, x5+ (1/T))] 7, (3.57)
which is the case in many CARS experiments

Pys —P33=P3; —P33 =f‘/Z(22)Z§2)
=p3s -p33, (3.58)

provided the intensity is so low that terms con-
taining x,, and x,; can be neglected. That this con-
clusion is quite general and does not depend on
the relative magnitude of the decay rates can be
checked by substituting A=B=C=0 in Eqs. (A2),
(A4), and (A5) of the Appendix. Similarly a more
general expression of pj; —p3; at low intensities
can be found by substituting Eq. (3.38) into Egs.
(A2), (A4), and (A5).

The usual steady-state formula for ®c,zs (Refs.
3 and 7) for the case where the pump fields are
weak and w,; is nearly resonant with an electronic
transition can be obtained by replacing p,; — P,
by p§3 —ps33 in Egs. (3.36) and substituting the re-
sulting expression for p;, in Eq. (2.21). The above
discussion shows that even for weak fields this
expression may require modification.

2. Intermediate level far from resonance: inclusion of two-photon terms

When the substitutions of Eq. (3.42) are made in Eq. (3.50) and it is assumed that(T),),, is the fastest decay
time, we find that simple (similar) analytical expressions can be found for the poles of the transformation

for the two extreme cases
X12 >> (I/Tx)a >> X135 Xa3

(1/T1)s > %15 %15, %5

(3.59)
(3.60)
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When Eq. (3.59) holds,
Z(IO) =0, Z(xl) = _%[(I/Tl)l + (I/Tl)zx + %15+ Xp] +O((1/T1);1) ’
o = —(1/T1)3 - %[(I/Tl)l + (I/Tl)zl +3x13 +3x23] ) Z(zl) = _(1/T1)3 = X313 — Xa3 +O((1/T1 3:1 ’ (3'61)
Z;m ==2%, - %[(1/T1)1 + (1/T1)21 + 215+ %], Z(an =Z;°) +O(1/x12) ’
and when Eq. (3.60) holds,
Z(lo) =0, Z(12) = —%[(I/Tl)l + (1/T1)21 +X3 +x23] +O(1/x12) )
Z(O) =0, Z(Z) = =2x,, - z[(1/Ty), + (I/TI)ZI + %13 + %3] +O(1/x,5) (3.62)
Z(O) = ‘(1/T1)3 ’ l) = _(I/TI)S —[2%, + x5 + %23 +(1/T1)1 +(1/T1)2] +0(( I/Tl)!;l)

Thus in both cases, the slowest decay time is |Z,| and we find that for ¢> (1/T,)s, (1/x,;) the leading
terms are given by

” = Q -2y eq eq [(1/T1)1 +(1/T1)2+ (1/T1)21]
pal - [A(:) +i(1/T2)21] € ‘ ‘((pzz _pll) 4x12
pgzz((lT//TTL))z-+ (os3+p3 )(—"1§Ix—l"=1)-)+(1 eZityprs (3.63)
where

[ e =[_A'5;—i:—z]7m{[pz.g(l/T1)zl -pfg(l/Tx)J[xzs + (I/Tl)z] +p§§(1/T1)2 [x13+ (1/T1)1 = (I/T,)m]}

[og + %03+ (1/T))gy +(1/T))s; ]
[xla +Xp3 + (1/T1)3]

+[y5 + (1/ )] (%25 + (I/TI)Z])-I . (3.64)

X (xlz[xxs + X3t (1/T1)1 + (1/T1)2 - (I/Tl)m] = X12%X23

The above steady-state expression reduces to that of the effective two-level system [Eq. (3.2)] when
terms containing x,; and x,; can be neglected. This conclusion is valid even when 1/ T,)s; is not the larg-
est-decay rate as can be checked by substituting A = -B = -C =y, in Eqs. (A2), (A4), and (A5) and the re-
sulting expressions in Eq. (3.36). We note that A®—~ A® and (1/7,),~ (1/T,),, for the case where k'=3
and level IS) is not too far from resonance with w,.

D. Both fields strong and near resonance

We now consider the case where both transitions are saturated by near-resonant fields,? that is, where
g. (3.46) holds. In this regime, the Wilcox-Lamb approximation is invalid and pJ,(¢) can only be obtamed

by solvmg the Bloch equations numerically. However, in this strong-coupling situation, we expect the
steady state to be achieved at a rate determined by the fastest decay rate. Thus the steady-state solution
should be valid for low-pressure ground-state CARS at times ¢> (T,),, for low-pressure excited -state
CARS at times ¢>(T,),~ (T,),~ (T,);, and for high-pressure CARS at times > (T,),,~ (T3)s; (T3)sq-

An expression for p,#® for the present case can be obtained from Eqs. (3.36), (A2), (A4), and (A5) by
noting that when Eq. (3.46) holds,

A=~ 2Vf3 23/(1/T )21(1/T )31(1/T2)32 ’ (3.65)
2V2

B ~ 7 (17 (V/ Ta)a + Vi 1/ T (3.66)
2V2, ,

C~ —(1/7‘2)21(1/7‘2)32[(I/Tz)zl+ st/(l/T2)3l] ’ (3.67)

A2 _BC=~ -2A(1/T,),, - (3.68)

We shall consider three limiting cases: (i) V3> V,5, (ii) Vo3> V5, and (iii) V,;= V,;=~ V. For case (i), we
find on combining Eqgs. (3.34)—(3.36), (3.65)—(3.68), and (A2)-(A5) that the leading term of pJ?® is given by

res = VisVas (1/7)p33((A/T)), = (1/T))g,)
Pay Vi -[Aw H(l/Tz 21][Asz +i(1/Ty)s J} 1/ T, + (1/Ty)s - (1/T1)31] [(1/T1)21(1/T1)32/(1/T1)2]} ’

(3.69)
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which is identical to the expression of Eq. (3.25) provided [(1/7,)5:(1/T1)se/(1/T1),] < [(1/Ty), +(1/T,),
~(1/T,)s,] which is usually the case. Similarly, for case (i), we find that

V13 V23p ﬁ

"88 ~y _
P IV e i1/ Tl (A — KL/ T ] (3.70)
which on ignoring line-broadening effects reduces to the result predicted in Sec. IIIC 2.
For case (iii) we obtain
nss — pje_lq(l/Tl)l[(l/Tl)z 1/T1)3 - (I/Tl) ]
P8 S 7T 30/ T A/ T, + (/T ]+ 20/ T T} 1)
where
f(w W Vz[Aw +Z(1/T2)31+1(1/T2) ] (3 72)
b @s) {[Aw +i(1/Ty)p (84, “1(1/T2)31][A32 ’”(I/Tz)sz] +V? [Aw+1(1/T2)31 +i(1/T,)s, ]}’ '
which on ignoring line-broadening effects reduces to
V2
Flwy, ws) = Va8,
= 8V2[4 (J), - wm)(ws - Q’32) + (wx - W3 — V)(ws = W3y ~ 2V) + (wl —ws t V)(ws —Wg + 2V)
+ (wl - Wy — ZV)(ws - W3z ~ V) + (wx —Wwg t ZV)(ws - Wzt V)]-l . (3.73)

Thus we expect to obtain five Stark split peaks in the CARS spectrum at the frequencies w; =w;,, ws, £V,
and w,, +2V with relative intensities of 1; V2/(V + 4,,)%; V¥/(V £24,,)* if w, is kept constant, and five peaks
at the frequencies ws=ws,, Wy, +V, and w,, +2V with relative intensities of 1; V2/(V £4,,)?%; V2/(V £24,,)
if w, is kept constant. Similar effects have been analyzed in the absorption and fluorescence spectra of two
simultaneously saturated transitions using a dressed-atom?*®’ or quasilevel approach.?®® On substituting
the expression for pj,(#) obtained from Eqgs. (2.31), (3.71) and (3.72) into Eq. (2.21), we find that ®cags

o |&,| and independent of |&,]

IV. DISCUSSION

We have discussed saturation in CARS spectro-
scopy, limiting ourselves to Raman-resonant
CARS (w, — ws™ w,,) with the possible addition of
the one-photon resonance w,;~ w,, (see Fig. 1). We
have derived a general expression for the CARS
polarization ®c,gs for these cases which shows
that ®cars is proportional to the off-diagonal ele-
ment of the density matrix p,,. For the case where
the Raman resonance is the only resonance, p,,
can be determined by solving the Bloch equations
for the effective two-level system formed by the
levels |1> and |2>. However, when the one-photon
resonance is also present, the three-level Bloch
equations must be solved. In both the two- and
three-level Bloch equations, we have included
terms describing decay both to the lower levels of
the system and to a set of levels |{l}) whose popu-
lations are assumed to remain in thermal equili-
brium.

The Bloch equations, and the rate equations de-
rived from the three-level Bloch equations by
means of the Wilcox-Lamb approximation, were
solved using Laplace transform techniques. In
order to obtain simple analytical solutions, the
poles of the transforms were determined using

first- and second-order perturbation theory. The
general approach was to neglect fast decaying con-
tributions to p,;, and to consider only slowly decay-
ing contributions (where they exist) and the steady
state. Such slowly decaying contributions are of
great importance in the low-pressure regime when
at least one pumping field is weak. However, when
the pressure is high, collisions ensure that the
steady state is rapidly achieved and when both
fields are intense, all the states are strongly
coupled and, therefore, decay at the rate of the
fastest decaying state.

When the effective two-level model is appropriate,
that is, when sequential one-photon processes can
be neglected in favor of the direct two-photon pro-
cess and the fields are weak, we have reproduced
the usual expression for ®cars in which ®cygs
o« P,Pl/? where P, are the powers of the pump
fields at frequencies w,;, ws. However, when the
two-level system is saturated, we found that ®c,gs
is /‘mdependent of P, and inversely proportional to
pL/z

Several special cases of the three-level model
have been treated. We found that when the
[1)~|3) (|2) = |3)) transition is strongly coupled
to the w, (ws) field, while the other one-photon
transition is only weakly coupled to the ws (w,)
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field, ®cspsand, hence, the CARS excitations spec-
trum is split into two Stark split (or shifted) peaks.
When w; is the weak (probe) field, ®c,gzsPOPL/?
for ws™ wy, whereas @,z Pi/2PL/? when the

probe field is tuned to one of the components of the
Stark split level |3), that is, ws™ wy,+ V,, where
V)5 is the one-photon Rabi frequency for the

|1> - |3> transition. On the other hand, when w,

is the weak field, @ ps< P Ps!/? for w,~ w,, and
Pears L1 PS for > wy, + V.

The Wilcox-Lamb approximation was employed
in order to reduce the three-level Bloch equations
to rate equations which contain terms which derive
from both one- and two-photon processes. We
showed that when the intensity is so low so that
both one- and two-photon processes are small com-
pared to the decay terms in the rate equations, we
can reproduce the usual expression for one-photon
resonant ®Pcars. Expressions were also derived for
®cars When the one-photon terms are significant.
When the one-photon terms can be neglected in
favor of the two-photon terms, we showed that the
expressions for the effective two-level system

could be obtained.

Finally, we discussed the case where both fields
are saturating and near resonance. Here both one-
and two-photon processes must be considered on
the same footing and only the steady-state solution
need be considered since strong coupling will en-
sure that it is rapidly achieved. We discussed
three special cases: V ;> V,,, V,;>»>V,,, and
V5= V3= V. In the first two cases, the results
were essentially the same as those obtained for
the case of one strong and one weak field. When,
however, both fields are of comparable strengths,
we found that the CARS spectrum splits into five
Stark split components at w, = w,;, w,;~ ws, +V,
and w,, +2V if w; is held constant, and at ws= w,,,
Wy, +V, and w,, +2V if w, is held constant. When
W~ W, and ws™ w,, we found that @cagsoc P1/2PY,
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APPENDIX: GENERAL EXPRESSION FOR p;/fs

Using Egs. (2.48), (3.47), and (3.48), we find that

V
=2 au2=0)4,
] o

(A1)

where V,, a,;, and ¢, are given by Eqgs. (3.47), (3.49), and (3.50), respectively. The expression for ¢, can

be rewritten

¢o=(BC =A2)[(1/T,), +(1/T))y + (1/T))3;) +d,A +d,B +d,C +(1/T,),(1/T,),(1/T,)s , (A2)

with

d1 = (1/T1)2(1/T1)31 + (1/T1)21(1/T1)32 + (1/T1)1(1/T1)32 - (1/T1)21(1/T1)3 = 2(1/T1)1(1/T1)2 )
dy = =(1/Ty),[(1/T)), + (1/T)); = (1/Ty)sy ]+ (1/ T1)es (1/ T )ss (A3)

d3 = (1/T1)1[(1/T1)32 - (I/Tl)s - (I/TI)Z] .

From Eq. (Al) we find that

co(P3} = p33) = [(1/T)p3t = (1/T),,088 = (1/T)s1pg{A + C)N(1/T))gy = (1/T1),] = C(1/Ty)s + (1/T1)5(1/Ty)s}
+[(1/7,)088 - (1/T))ep@SI{A+C)(1/Ty), = 1/ Ty = (1/T sy )+ A/ Ty)s + (/T ), 1/ T,)5}
+(1/T1)5p8{[(1/ T))se = (1/T,)5)A + [(1/T), = (1/T)oy =(1/T)s,)C
+(1/T,)5y(1/T))sp + (1/T),(1/Ty)gy = (1/T,),(1/ T}, (A4)
o038 = 033) = [(1/T,).088 = (1/T,)51038 = (1/Ty) 1038 { —A +B)[(1/T,)s, - (1/T,), ]+ A(1/T,)5}
+[(1/T1)op88 = (1/T)sup B {-A+B)(1/T)), = (1/T))sy - (1/Tp)5,] =B/ Ty)s +(1/T,),(1/Ty)5}
+ (/T3 {-[(1/T))s, - (1/T)),)B = [(1/T)), =(1/T ),y - 1/ T))5, 1A
+(1/T,),(1/ T3, = (1/T),(1/T)),}. (A5)

A general expression for p;?* can now be obtained by inserting Eqs. (A4) and (A5) into Eq. (3.36).
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