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We analyze the enhancement of the coherent anti-Stokes Raman-scattering (CARS) susceptibility when the
frequencies of the waves involved are tuned into resonance with discrete and continuum one-photon
absorptions, and discuss the applications. We first derive the expression for the susceptibility by means of
the usual iterative treatment of density-matrix perturbations. We then show that this derivation can be done
in a straightforward manner by means of a time-ordered diagrammatic representation, which brings novel
physical insight into CARS mechanisms. This representation can also be used to analyze the transient
behavior of CARS as the pump fields are turned on and off. In addition, we discuss resonant CARS
spectroscopy in the gas phase. The spectrum is composed of the expected enhanced Raman lines and also of
double-electronic-resonance lines. All these lines occur as doublets. We derive their relative intensities based
on detunings, collisional broadening, Franck-Condon overlap integrals, and rotational transition moments.
The line contours are predicted by representing the susceptibility in the complex plane. The problems arising
from saturation and the optical Stark effect are also considered; all should be small below pump densities of
100 MW/cm? in gas mixtures near STP. Fluorescence interference is negligible, except at power densities
high enough for the Stark effect to be large. Beam absorption is also negligible at STP if the resonant
species’ concentration is less than 1000 ppm; phase matching is then satisfied. Finally, an experimental
resonant CARS spectrum of I, at 1 mb in air near STP is presented and interpreted; the susceptibility is
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about 400 times larger than that of O, off resonance and under the same thermodynamic conditions.

I. INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS)
ranks among the most powerful optical tools for
chemical analysis of gases in reactive media and
for high-resolution molecular spectroscopy. CARS
belongs to a family of related third-order optical
mixing techniques such as the Raman induced Kerr
effect'”® (RIKE) or stimulated Raman gain spec-
troscopy* (SRGS) which were proposed recently.
All these techniques offer attractive alternatives
to conventional Raman spectroscopy; their superi-
ority over spontaneous Raman scattering (RS)
comes from their coherent nature. In particular,
the advantage of CARS is particularly striking when
the spontaneous Raman emission is small com-
pared to laser-induced fluorescence or chemi-
luminescence.™® Thus, CARS has been used suc-
cessfully in combustion diagnostics,® instantane-
ous turbulent combustion measurements” and in
discharges in low-pressure gases.*® It can also
be used in plasmas studies for which RIKE was
originally proposed. Using cw lasers, it has been
applied to ultrahigh-resolution Raman spectros-
copy in liquids'® and gases,'™* a task for which
SRGS also appears well suited. It has also per-
mitted fluorescence-free resonant Raman spectra
of biological samples to be obtained.™® With
picosecond lasers, it can be used as a diagnostics
tool in fast relaxation processes,'” reaction dyn-
amics, spectroscopy of transient molecules in
discharges®® and excited-states studies.

CARS is characterized by a third-order nonlinear
susceptibility ¥ *(w,). In general, the pump beams
are focused, so that the anti-Stokes wave gener-
ation takes place near the focus; the anti-Stokes
power P, collected during a measurement is then
independent of the focal length and reads, in the
notation of'®

P, =[47%(w, /c*)F (w /1) PE PsIx®(w, )|, 1)

where P; and Pg are the pump powers at w; and
ws; X®(w,) is the sum of a Raman resonant part
X g contributed by the closest vibration-rotation
resonances of the particular species which is being
probed, and a slowly varying nonresonant contrib-
ution x y from all the species. Delicate problems
are posed in the interpretation of the spectra when
{xzl <|xygl. For that reason, the discrimination
of a trace gas against the dominant species in a
mixture is ultimately poorer in CARS than in RS.
In practice, the detectivity limit is around 1000
ppm for most diatomic gases.'®® There are two
ways of improving it. One is to reduce ¥ yp with
respect to x by provoking destructive interfer-
ences between several contributions to x y5'**°;
this, however, cannot be very useful in gases
where rapid temperature and concentration fluc-
tuations are often encountered. The other one,
which is discussed in this paper, is to enhance ¥
with respect to x yr by tuning one or two of the
three field frequencies to the electronic resonances
of the molecules to be detected (resonant CARS).
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The resonance condition can be achieved either
near discrete absorption lines, or in the vibra-
tional dissociative absorption continuum. The dis-
cussion will be generally restricted to the case of
molecular species in the gas phase. The problems
one encounters in the liquid phase are quite simi-
lar and, in many instances, less severe than in
gases. Some characteristic differences, however,
will be pointed out.

The calculation and physical interpretation of
resonant susceptibility terms have been given
great attention; particular attention has also been
paid to the retrieval and interpretation of resonant
CARS spectra; finally, preliminary experimental
results have been analyzed. The work is divided
as follows:

In Sec. II we derive a quantum-mechanical ex-
pression of ¥®(w,) in order to display the influence
of electronic resonance. For the case of reso-
nances with discrete absorption lines, the calcu-
lation is carried out in the density-matrix formal-
ism by means of the well known iterative treatment
of time-dependent perturbations. The density-
matrix formalism is convenient for the treatment
of line-broadening mechanisms (Sec. ITA).

It is shown in Sec. II B that the time-ordered
diagrams of Yee and coworkers®?? are well suited
for the treatment of resonant CARS. This repre-
sentation brings new insight into the quantum-
mechanical processes that create the anti-Stokes
polarization. In particular, we address the prob-
lem of energy transfer between waves and mole-
cules on resonance, as well as the spectral dis-
tortion resulting from some time-ordered terms
previously included in ¥ yr. Finally, we extend
this analysis to the case of a resonance into a con-
tinuum (Sec. IIC). This type of excitation presents
interesting spectroscopic advantages which may
prove useful for the study of rapidly fluctuating
‘media.

In Sec. III we investigate the essential charac-
teristics of resonant CARS spectra on the basis
of the previous theory and discuss their application
to analytical chemistry. We examine the spectral
content for discrete and continuum resonances
(Sec. IITA). We show in Sec. III B that the line con-
tour can be easily predicted by representing the
susceptibility as a vector in the complex plane.
Recent experimental results in liquids'® are thus
explained without resorting to numerical calcula-
tions. In Sec. IIIC, we consider in turn rotational
selection rules, collisional broadening, population
perturbations and the optical Stark effect, and
discuss their influence upon CARS spectra. All
these effects must be carefully considered when
using resonant CARS in analytical chemistry. The
detectivity improvement is also inferred through

comparison with experimental results in resonant
spontaneous Raman scattering (RRS).

In Sec. IV the diagrammatic representation is
used to analyze the transient behavior of the CARS
power as the pump fields are turned on and off,
This behavior is of particular interest when short
pulses are used. Significant differences from
transients in RRS are predicted.

In Sec. V experimental results obtained in Iodine
vapor are discussed in the light of the preceding
models., Satisfactory agreement is found, notably
with regards to spectral content and susceptibility
enhancement.

II. QUANTUM-MECHANICAL DERIVATION OF x®(w,)
(STATIONARY CASE)

The creation of the anti-Stokes wave is due to a
t_lxird—order coherent nonlinear polarization
P{¥(w,,1) induced in the medium at frequency
w, =2w; — wg by the pump beams. This polariza-
tion is strong whenever w; - wg comes close to a
Raman-active vibrational frequency w,,, and can
be further enhanced if w;, wg, or w, comes close
to some of the absorption frequencies of the mole-
cules. This polarization is capable of generating
a coherent wave at w, subject to growth and propa-
gation as determined by Maxwell’s equations; the
latter problem will not be considered here, and
we shall confine the discussion to the spectral and
temporal properties -of P3(w,,t) and its associ-
ated susceptibility x*(w,).

A. Density matrix

In order to account for the discrete electronic
resonances; a calculation of B3 (w,,f) has been
done using the density-matrix formalism; this
calculation, which follows the approach used in
Refs. 23 and 24, is only outlined here since simi-
lar treatments have been used in the past for the
calculation of nonlinear susceptibilities (Refs.
25-29). The quantum state of the scattering mole-
cules is represented, as is conventional, by the
density operator p(#) with the well-known equation
of motion

0 __ 2 g v, p()]

ot i (2)

op
* g? damp )
H, is the free molecule Hamiltonian with a dis-
crete spectrum of eigenstates |7) corresponding
to eigenenergies 7w, ; the Hamiltonian describing
the interaction of the molecules with the radiation
fields is V(#) = —P+ E(¢) in the dipolar approxima-
tion; P is the dipole moment operator and E(¢) the
instantaneous value of the electric field; 8p/5 ¢| gamp
is the damping term, which is determined by
stochastic processes such as spontaneous emis-
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sion of light and collisions between molecules.
Several approximations are usually made on the
collisional mechanisms, which leads to a simple
expression for the damping terms.?#%"3 These
approximations are (i) the assumption of stationary
stochastic processes, (ii) the impact approxima-
tion, and (iii) the isolated line approximation.
Approximation (ii) is equivalent to assuming that
the time interval between two collisions is larger
than their duration. It is usually valid in gases;

it allows one to replace the fluctuating time-de-
pendent interactions between molecules by an ef-
fective time-independent interaction which is not
Hermitian,®® With approximation (iii) the coupling
by relaxation among the off-diagonal matrix ele-
merits p,, can be neglected. 8p/8%|gmp in (2) is
then written®®2*

op ,
] t’"‘ damp = ~LanPrn+ kzn WoaPas
(3)
9 Ppnt
B—;n- damp Lot Pt 5

with T = 3(T,, + Ty e) + T80 5 T, is related to the
finite lifetime 7/ T, of state |%y due to spontane-
ous emission and inelastic collisions, and 2I'? is
the full broadening of the absorption line between
states | #) and [7') due to phase interrupting elas-
tic collisions; W, is the transition probability via
inelastic collisions between states |k) and [#). It
is seen from (3) that the three approximations
above [hereafter called approximation (3)] result
in Lorentzian line broadening. Note also that ap-
proximation (iii) does not imply that the relaxation
of states |#) (or |»’)) to other states via inelastic
collisions is negligible as can be seen in the first
equation of (3); this approximation is valid if the
condition IT',,,»< w,, is satisfied.3°

Assuming that the perturbation V(#) is weak
enough to validate a solution of (2) expanded in
successive powers of V(¢#), the nonlinear polari-
zation of interest P (3(w,,?) is, in a pure gas

3 (

P (w,,t)=NT,p® (w,,)) P
=N Z p(a)(wa’t)ﬁmn ’ (4)

man
J

Kantlnty

where N is the number density of the molecules
and p{%) (w,, t) is the third-order perturbation term
of p,.(t) proportional to those terms of [V(¢)]® at
frequency w,. In the calculation, the radiation
fields are taken in the form of quasimonochromatic
plane waves traveling along the 2. axis, all with the
same polarization so that the total field can be
written

E(z, t) =8lE (2, t) expi(kyz — w,t)
+Eg(z, t) expi (kgz — wgt)
+E (2, t) expi (b, 2 —w,t)] +c.c. , (5)

where k;, kg, and k, are the usual propagation
vectors at w;, wg, and w,, the field envelopes
E,, Eg, and E, being slowly varying functions of
z and ¢ with |E, | < |E,|,|Eg].

If the rise and fall times of the pump beams are
long conpared to the (I';,%)’s and (T';})’s, one does
not need to take into account the transient solutions
of Eq. (2) (the contribution of transients to the
scattering can be important near resonance and
will be studied in Sec. IV). The field envelopes
E; s(z,t) are_ thus assumed to be independent of
t and z, and P w,, ) is easily expressed in
terms of the CARS susceptibility x®(w,)

Pi(we, 1) =8~ PP(wg, )
=X (w,) E3EY
xexpi[(2hy, —ks) 2 - (20, - wg) ]+ c.c.,
(8)

For simplicity one retains only the terms with the
Raman resonance denominator w,, — w; + wg =0 in
the third-order perturbation expansion of p(#).
These terms give the Raman contribution x, to the
CARS susceptibility, while the others, which are
not calculated here, are small, frequency inde-
pendent, and can be lumped together in the non-
resonant susceptibility xy,. Including several
possible Raman transitions of the molecules one
gets

X w,) =Xnr + 2, X - (7
a,b

Here, y% is the Raman susceptibility associated
with the Raman transition of frequency w,,

N 1
ba _
XR ﬁs (wba—wL+wS —irba) {Z ( wn'a—wa—irn’a

n

xz(p‘” D) (

Eanttn'p
Woty+ Wy +ET

Hon M na

“’bn”‘na )
Wpq + Wg _lrna Wpe — Wy, _Zrna

_ Z( K antt ntp +
Wyt — W, —i].",,:a

xz(p(o) (o) (

K antt ntp
Wyrpy + W +ET ey

Wyp — Ws +ETy,

“’bn“na ’J'bnu‘na > (8)
Wy + Wy, +E ’
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which we write
XZ=(A+B)B+a)-(C+D)y+9d), ®)

with ., =(a| P+ &|n) the matrix component of the
dipole moment operator B; |n), |&, |b) discrete
eigenstates of the molecules (| 7y excited electronic
state, |@) and |b) vibrational states coupled by the
Raman transition of shift w,,); w,, absorption
frequencies with damping T',,; Np‘Q, Np‘Q, Np(%
initial number densities of molecules in states

|a), |8y, and |n). p'%Q is in general negligible with
respect to p{» and p'Y; however it can become
large if the medium is exposed to electrical dis-
charges or resonant radiation. Furthermore,
higher-order corrections may have to be applied
to these initial population factors due to saturation
of some transitions by the pump waves (see Sec.
IIIC3).

In mixtures, Xyz is contributed both by the
probed molecules and by the non-Raman-resonant
molecular species (diluent molecules). It is com-
posed of terms analogous to those of x%, but with
nonresonant two-photon sum or difference de-
nominators in place of the Raman resonance de-
nominator. In the usual case where the number
density N of the probed molecules is small com-
pared to that of the diluent molecules, xyz is
mainly contributed by the latter andisthereforea
frequency-independent real number (provided that
there are no one- or two-photon electronic reso-
nances in the diluent molecules). However, some
of the two-photon nonvibrationally resonant (NVR)
terms contributed by the probed molecules, al-
though small, also depend strongly upon the field
frequencies in resonant CARS; they therefore
should be included in x% rather than left in xyz.
As will be shown in Sec., IIB 3, they can be com-
bined with some of the terms in expression (8) of
x2* under certain assumptions on collisional me-
chanisms, leading to the more widely used ex-
pression found in Refs. 19, 25-27, and 29.

B. Diagrammatic representation

Nonlinear optical susceptibilities have usually
been obtained from density operator calculations
by perturbation theory up to the desired order.

The calculation of any specified order of the den-
sity operator involves the evaluation of a number
of terms, each associated with a specific time
sequence of perturbations to the wave function Iqb)
and its complex conjugate (y|. The time ordering
of the perturbations to |¢) with respect to those to
@l is important in the case of non-negligible homo-
geneous broadening. It arises since the density
operator is then a statistical average of the pro-
duct of the wave function and its complex conjugate,

which undergo different evolutions in general.30-33
Each of these time sequences can be depicted by
means of a Feynman-type time-ordered diagram
as discussed recently in Refs. 21, 22, and 33.
Any diagram is made of two parts, as can be seen
on those of Figs. 1-3 which we shall use below to
visualize and calculate the main contributions to
x®(w,): on the left-hand side is plotted the time
evolution of |§), and on the right-hand side that of
(Y|, so that one can follow the time evolution of the
density operator contribution along the time axis
(vertical axis).

Diagrams have been first utilized by Feynman®*
for the calculation of light scattering cross sec-
tions, in the limit of negligible lifetime and col-
lisional broadening. In this limit the perturbations
occuring on the wave function are strictly de-
coupled from those occuring on its complex con-
jugate and can be calculated independently. Then
it is sufficient to visualize and calculate the time
evolution of |¢) only (Feynman diagrams). Dia-
grams have also been utilized for calculations of
transition rates®*? in spontaneous scattering and
recently for the calculation of TPA contribution to
third-order nonlinear susceptibility.®® There are
several advantages to using the diagrammatic
representation. The calculation of-the density-
matrix elements contributing to P{3{(w,,t) can be
done directly by means of simple rules and without
calculating lower-order terms. The diagrams also
permit one to visualize and interpret the process
associated with each term in P{¥(w,, t) better than

time time

T Wo
t <0l e,
A IRVES
Ib
> N ®
ws @) T
In>\®"1 - /
to 1o
w$ la> Pc%)“” W la>pf<al
(a) ' (b)
time [ time

la> pf,?,‘<ol

(c) (d)

Io>p$:‘<al

FIG. 1. Diagrammatic representation of the main con-
tributions to x®(w,). from molecules initially in state | a)
(a) and (b) Raman resonant contribution; (c) and (d) Ram-
an antiresonant contribution; (a) and (c) parametric dia-
grams; (b) and (d) nonparametric diagrams.
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Ib> p pp <bl

(a) (b)

FIG. 2. Diagrammatic representation of the main con-
tributions to xz proportional to p{J. (a) nonparametric
diagram; (b) parametric diagram.

do energy-level diagrams, which have brought
much confusion concerning the parametric nature
of CARS.

1. Diagrammatic analysis of X®(cw,)

Each term of the CARS susceptibility is depicted
by a time-ordered diagram representing the evo-
lution of a density-matrix element as a function of
time (the main ones are those shown in Figs. 1 and
2), The rules allowing one to specify the time-
ordered diagrams and to directly evaluate the
terms respectively associated with them have been
stated in Refs. 21 and 22 and in Appendix A.

The contribution to x (w,) from the molecules
initially in vibrational state |a) can be ascertained
by considering the four basic diagrams of Fig. 1.
The terms associated with Figs. 1(a) and 1(b) have
a two-photon vibrational resonance (Raman reso-
nance) denominator (w,, — w, + wg —iT';,), whereas
those of Figs. 1(c) and 1(d) are Raman antireso-
nant (w,, + w; - wg +iI,,) and hence are smaller.
We can associate two more time-ordered dia-
grams to each of the two initial diagrams of Figs.
1(b) and 1(d) as vertex 3 can occur before vertex 1
or between vertices 1 and 2; these new possibili-
ties give terms possessing a two-photon sum or

time

wa time Wa

ws we

16> p £2) <bi 1b> pla) <bi

(a) (b)

FIG, 3, Time-ordered diagrams derived from Fig,
2(a) with vertex 3 occuring: '(a) between vertices 1 and
2; (b) before vertex 1.

difference resonance instead of the vibrational
Raman resonance. Each of these resultant eight
fundamental diagrams gives another one by inter-
changing vertices 1 and 2, since emission at wg
can occur before absorption at w,. On the eight
fundamental diagrams, vertices 2 and 3 can also
be interchanged, thus providing the last eight
terms in xyz. The diagrammatic analysis thus
indicates that there are 24 density-matrix terms
proportional to the initial population factor p{%
contributing to x‘®(w,), four of which are vibra-
tionally resonant. If the three pump waves had
distinct frequencies w;, w;, wg (four wave mix-
ing), there would be 48 terms.%® The complete
analysis shows that there are as many terms pro-
portional to p{, and twice as many to p‘% whose
contributions subtract from the p¢Q and p(,,°,,) terms.
Some of the diagrams associated with the terms
proportional to p{9) are shown in Figs. 2 and 3.

2. On the parametric hature of CARS

CARS has frequently been represented by means
of energy level diagrams. Such diagrams
are commonly used in nonlinear optics to depict
the creation of polarization by the applied fields,
i.e., precisely for the role assigned to time-
ordered diagrams in this paper. Energy-level
diagrams can also be used to represent energy
transfer between optical and vibrational modes;
this has been their application to depict spontane-
ous processes like fluorescence or Raman scat-
tering. We have adopted this interpretation for
CARS below electronic resonances.'®® It is es-
tablished that there are two distinct channels of
energy flow®® and thus two distinct types of dia-
grams are needed. The first one [Fig. 4(a)] stands
for a process by which, on the average, two laser
photons are converted into a Stokes and an anti-
Stokes photon (the reverse process also being
possible, depending on phase matching), so that
there is no energy exchange between the fields and
the molecules. The second diagram can be de-
scribed as the interference of the Raman processes
[Fig. 4(b)] operating between states |a) and |b);
here too, the phases of the waves play a key role
in determining the sense and magnitude of energy
exchange.* If phase matching is satisfied and if

A

b J ool

Ib>--q---~ 1b>
la>--t.-- la>

(a) (b)

FIG. 4. Energy levels implied in CARS off resonance,
(a) parametric process; (b) nonparametric process.
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the anti-Stokes field is zero at the input boundary,3¢
then a photon at wg is converted into a photon at w,
and two vibrational quanta are extracted from the
medium by this process, the rate being proportion-
al to [Imx‘®|?; the rate for the process of Fig. 4(a)
is proportional to |Re x®|2 under these conditions
(see Ref. 19 and Appendix B). Both processes are
subject to phase matching; that of Fig. 4(a), which
in addition does not involve energy exchange with
the medium, is truly parametric, whereas the
other is not fully parametric and also possesses
Raman character. When the field frequencies ap-
proach an electronic resonance, this is no longer
valid and these diagrams do not fully represent

the energy exchange involved in CARS.?"

In short, the representation of energy transfers
in CARS by means of energy-level diagrams is far
from accurate, and similarly for the representation
of the CARS polarization which is done usually by
Fig. 4(a). Concerning the creation of the CARS
polarization, time-ordered diagrams are superior.
Each of these diagrams describes a quantum-me-
chanical sequence of interactions contributing to
the creation of this polarization, together with the
population changes subsequent to the interaction
with the field at w,.

These diagrams actually are of two types. In the
first ones [Figs. 1(a) and 2(b)], the interactions
occur solely on one side (that is, either on the wave
function or on its complex conjugate) while the
other side remains unperturbed during the scatter-
ing. As a consequence, these processes cannot be
accounted for by an amplitude squared transition
probability. For simplicity we shall call these
diagrams “parametric” because they describe the
probability for the molecules to be returned to
their initial state after the complete succession
of interactions. The other type of diagram [Figs.
1(b) and 2(a)] gives the probability for the mole-
cule initially in state |@) (or |5)) to attain state |b)
(or |@) and involves two interactions on each side

J

p‘an'“’n'h”‘bnuna 1

of the diagram. We shall therefore call them non-
parametric or Raman-type diagrams. If the wave
function and its complex conjugate both interact
with fields of identical frequencies (as happens in
RS) the processes associated with a nonparametric
diagram can be calculated from an amplitude
squared transition probability. When certain sim-
plifying assumptions on collisions are made (see
Sec. IB3), this calculation leads to Fermi’s
Golden Rule.

In-eonclusion one can readily calculate each term
in x‘®(w,) and associate it with the appropriate
physical process by means of the diagrammatic
representation. In particular, the Raman vibra-
tionally resonant (RVR) terms in expression (8) of
x5¢ are thereby easily visualized. Term Aq is
calculated from Fig. 1(a); it corresponds to a
parametric diagram like term Dy depicted in Fig.
2(b). Terms Ba and Cy are shown, respectively,
in Figs. 1(b) and 2(a) and correspond to a nonpara-
metric diagram. The last four terms AB, BB, C§,
Db are obtained from the diagrams of Figs. 1(a),
1(b) and 2 by interchanging vertices 1 and 2.

3. Spectral distortions due to NVR time-ordered terms

We shall now show that some of the two-photon
NVR terms contributed by the Raman resonant
species are more correctly included in the ex-
pression of x, rather than being left with yy.; they
result indeed in a correction factor in expression
(8) of x, which might be of importance in the case
of resonant CARS. Similar corrections within yyp
were discussed by Lynch et al.?® Let us consider
for instance the diagram of Fig. 2(a) and the two
derived from it and shown in Fig. 3. These dia-
grams correspond in fact to different time order-
ings of the perturbation on the ket with respect to
those on the bra. Combining the three associated
terms, one obtains

1

B= -pl® . [ . -
n,zn' » (wn'a_wa_zrn'a) wbu"wL+wS—Zrba Wy — Ws +21y,

1

/ -1 1

Wyp? + Wp, — W +ET

We now make the following approximation:
rnb +T gt :rna+ran' :rnn' ’ (11)

which we shall refer to as damping approximation
(11); the latter is satisfied if there is no elastic
broadening and if the lifetimes of states |@) and | )
are much longer than those of |) and |»’). Then
(10) simplifies to

Wy — Wg +E2T * Wyry — Wy =2 ey )] - (10

-
B= (0) Kan'tnt b o na 1

Ty P + T T
nn Whe = Wp +Wg =21 g Wyt —Wp =211y

VR S (12)
Wyp — Wg +2T
One can see from (8) and (12) that the contributions
of the two NVR terms depicted in Fig. 3 result in
a shift of the electronic resonance of the RVR term
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Cvy of Fig. 2(a) from (w,r, = w, =i ,) 10 (wyey — wp,
—iT ;). The other two diagrams arising from
Fig. 2(a) as well as the four diagrams from Fig.
1(b) result, respectively, in an identical shift in
term Cd and a shift of the one-photon antireso-
nance denominators of Ba, BB from (w,e, +w,
+3T ) t0 (Wyrg+wy +9T v, ). These shifts become
significant near a single-photon electronic reso-
nance resulting in a change in x, from (8) to the
widely used expression found in Refs. 19, 25-27,
and 29. However, the latter expression is correct
only when the damping approximation (11) is valid.
Thus, one can show that it results from a non-
time-ordered calculation, as obtained by diagram-
matically evaluating the evolution of the wave func-
tion and that of its complex conjugate separately
and multiplying the results together (which assumes
that the time ordering of the vertices on the ket
side with respect to that on the bra side is irrele-
vant). It is only in the case of the damping ap-
proximation (11) above that the three time-ordered
contributions sum to provide a decoupling of the
distinct evolutions of the wave function and of its
complex conjugate.®® When probing a specific
Raman line in a gas mixture at atmospheric pres-
sure, the damping approximation (11) is usually
not valid. In that case, these NVR contributions
of the probed molecules provide correction terms
which cannot simplify and must be added to ex-
pression (8) of xp in order to get a correct inter-
pretation of resonant CARS data.

C. Resonance into a continuum

As will be seen in Sec. III, the distortion in reso-
nant CARS spectra resulting from interfering
nearby resonances and from absorption linewidth
fluctuations can be reduced by tuning the field
frequencies into an absorption continuum. Our
previous density-matrix perturbation calculation
of x‘®(w,) cannot be used here, since the damping
approximation (3) is only valid in the case of
Lorentzian broadening. To extend the analysis to
the continuum case, the density matrix must span
the eigenstates of the Hamiltonian H, lying in the
continuum along with the previous base of discrete
eigenstates |7), so that the closure relationship is

now
1= [ aal el + 1m0, (13)

The calculation of P {$(w,, ) from the density
matrix is ideally suited to a generalization of the
propagator approaches.?®32 This calculation of-
fers a great deal of insight in cases for which the
damping approximations (3) and (11) are not valid.
It is also expected that a better physical under-
standing of these continuum transitions and of the
joint density of states will be obtained by means of
CARS experiments.

P {(w,, t) is thus obtained by expression (4),
where the summation over discrete states |m) and
|#) must be extended to the continuum eigenstates.
The contribution of the molecules lying in their
lower state |a) to P @) (w,,t) can be written

B (w,,t)=NT, P{UNt, t,) @) pQ(al U2, t,) +UO(E, to)la) p{Q (a| U* (¢, to)

where AV denotes an average over the statistical
parameters of the ensemble of molecules, U™(¢, ¢,)
and U*™(t, t,) are, respectively, the time-evolu-
tion operators of the ket and bra, evaluated to the
nth order in the field amplitude. It is readily seen
that the first two terms in (14) correspond to the

" parametri¢ time-ordered diagrams and the last
two to the nonparametric ones. We only consider
here the contributions of interest in resonant CARS
to P {)(w, ,¢) which we write

&~ B Pw,,t)= Np&Q [S,+S,+P1y(S,)

+P,(Sy )] +c.c.; (15)

+U D (t, to)la) ol (al U* (8, t o)

+UD(t, 1) @) pOa U, 1)} 4y » (14)

S, is that depicted in Fig. 1(a); S, corresponds to
the three time-ordered possibilities for vertex 3
in Fig. 1(b); P,, is an operator interchanging ver-
tices 1 and 2 in Figs. 1(a) and 1(b). As was seen
in Sec. II B the question of whether the evolution

of the wave function is decoupled or not from that
of its complex conjugate (depending on the damp-
ing approximation made) arises in the calculations
of S, and P,,(S,). Here we introduce phenomeno-
logically the collisional broadening in the shape of
the absorption continuum (more precisely, in the
joint density of states as will be seen below). This
allows us to eliminate the averaging AV in (14) and
to write U{Q =e"#oT. We have
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S,,+P12(S,,)=ffdn’db(n”| P-elb)<b|2 e'”’O‘f dTetHoTy (1) e tHoT
to

.
<[ arettom y(zr) e 107y (dl
£

0

% f‘ dT"etHoT"V(17) e~ tHo™" gifot n’> , (16)
to
—
where the integration over »’, b is taken over both possibilities is performed precisely as in Sec.
the continuum and discrete states. The two inter- IIB. However, in the more general case when one
actions occuring on the ket |@) at times 7/ and 7 cannot make any hypothesis on the type of broaden-
are time ordered ({,)< "< T< t); >, represents the ing mechanism occuring in the continuum, the
sum of the three time-ordered possibilities for three time-ordered calculations must be performed
time 7: (i) 7'<7<7"; (ii) < 7"<7; (ili) <71’ in terms of joint densities of states. As an ex- .
<. ‘ ample, we shall derive the RVR term S{¢) depicted
For many experimental situations (mostly in in Fig. 1(b) and corresponding to case (i). With
liquids but also in gases) the absorption continuum t,~—= in order to extract the steady-state con-
can be considered as a broad Lorentzian; in that tribution, and using the new set of variables 7, =7
case, the calculation of the three time-ordered -7, T,=T" =7, T,=t-7", we obtain

—

Sgi) = _EiEgke'fwate-i(ZkL-ks)z ff dndn’db(n’l -15°élb>
0 - ~ o
Xf dT,{n| —P'-éla)e-z(wna‘wz,)rlf dT,{d| _ﬁ.élm e i(wp - wptwg)Ty

0
x/ dty{al -~ P« é|n'y et (won'~ wa)3  (17)

-

Changing from the set of independent variables density of states g{w,,) associated with the Raman
n, b, n' to the set of independent variables w,,, vibrational frequency w,,, i.e.,
Wyas Wyrp ONE has dn’ =dw,e, gw,,); dn=dw,, g{w,,);
db=dw,, g(w,,), where g(w,,:) is the joint density 2wpe) =T, /1 [(Wpg = w0y, +ws )2 +T2, 1, (18)
of states associated with the transition frequency
Wy,r. Taking a Lorentzian distribution for the joint one gets

J

" | = 1
S = _gmiuat pitzkr-ks)e f AW,y g(w,e (1| — P+ &l a) <Tr6(w,,a -wp) =i ———— )
Wpe — W,

- . 1 (6| =P+ &|my(n'| B- 2|5y
X f ~P- ’ - .y 2R
dwypglwye){a =P+ E|ln") (né(wb,,: w,) — i@ P > G =w, 0 3T, EZE}
(19)
r
where § is the Dirac function and @ the principal for any k and (or) &’ referring to a continuum state.
value operator. Similarly, S,, S$i), and §§i#) The broadening mechanism is included in the joint
can be evaluated from the associated diagrams or density of states g(wy, ). Thus, if no assumption
can be directly inferred from the terms obtained is made on g(w,,), the three time-ordered possi-
in the discrete case by writing bilities S§), S{##), s{i#%) cannot be summed into a
1 simple non-time-ordered result.®® In fact, we note

that the three contributions S{*), s{i¥), §{###) can be
expressed in terms of joint densities of states, re-
1 spectively, associated with specific transitions only
= fdwkk-‘g(wkk:) <4=i7r6(wkk. - w) +i® —————> R if the interaction V(7”) on the bra is specifically
Wret = @ time-ordered with respect to the set of interactions
(20) V(7), V(') on the ket. Of course, molecules in

; Wypt — w:l:il"kk,
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the upper vibrational state would give an analogous
contribution to P {}(w,,#) but proportional to p{3).
Resonance continuum excitation of RRS has been

studied theoretically and experimentally.**? It is
J

Honk ne

dO' wst \ K on M na
cin? Z { Wy — Wy =2, *

+i"ubaL MoyaP owg) +€@ j]; Iﬁdwocpoc(w
e

W Ws
cin?

|A+B+C+D|?,

where p (w,) is defined as the density of continuum
states of energy 7Zw,, above the initial state |a).
Calculations carried out in Refs. 40 and 41 have
demonstrated that the contribution A (in curly
brackets) of discrete states close to the dissoci-
ative limit D,, the contribution B =imp o, Moy aPol®z)
of state laL) resonant with the laser frequency

wz, the principal value contribution C, and the
antiresonant contribution D can be of equal im-
portance and can interfere with each other. This
is easily understood by visualizing the continuum
as a broad Lorentzian line of width I"; then, as
long as the detunings (v, - w;) and (w,, — w;) of
the off-resonant electronic states are of the order
of T, these states give a contribution equivalent

to that of state |, ). It is apparent from (15)-(19)
that the CARS susceptibility can be expressed in
terms of contributions having the same form as

A, B, C but with slightly different transition mo-
ments and energy denominators. The NVR time-
ordered contributions S§i?), S{ii¥) p  (Sfi1)),
P,,(S{#)) can be written (A, + By +C, +D,; )X (4, +B,
+Cy+D,)X(A;+B,+C,+D,) whereas the RVR time-
ordered contributions S,, S{}), P,,(S,), Py,(S§?)
can be written in the form (4, +B, +C,+D,)X(4,
+B,+C,+D,)X1/(wy, — wy, +wg —iT},) where B,
comes from the integration of the & function, C,
from the principal value integration, and A; cor-
responds to the contribution of discrete eigenstates
close to the dissociative limit which must be added
in (19). In contrast to these expressions, Eq. (21)
involves a squared amplitude resulting from a
non-time-ordered calculation. As discussed above,
this is an approximation and should be replaced,

to be strictly correct, by the three time-ordered
contributions associated with the Raman effect.???
As a consequence p (w,) in (21) is analogous to
joint densities of states in which one state is the
-initial state |@). However, it is expected that the
difference between the non-time-ordered and the
time-ordered calculations will not be as important
in the case of a broad absorption line (continuum)

Wyt =Ty, |

of interest toconsider the analogy of (15)—(19) with
the expression of the RRS cross section, which is
given by*°

dwapa(w ) _E.b_o'JLJ.'L
Wop+ Wy

) U’bap'aa +f°
Del

Wya— WL

- (21)

as for that of an isolated sharp absorption line. In
any case, the basic approach used in Ref. 40 for
the numerical calculation of A, B, C,D is directly
applicable in the present case.

In conclusion, when one can approximate the con-
tinuum as a broad Lorentzian line, a non-time-
ordered calculation seems sufficient to estimate
the main characteristics of resonant CARS by com-
parison with experimental results obtained in RRS;
in particular the variation of x, with the field fre-
quencies should be smoother than in the case of
discrete electronic resonance. It is furthermore
expected that CARS investigations within the con-
tinuum, when interpreted by means of the rigorous
time-ordered calculation, will contribute to an
understanding of continuum transitions.

III. SPECTRA IN RESONANT CARS AND APPLICATIONS

Conventional CARS spectra produce essentially
the same spectral features as those found in nor-
mal RS spectra. In particular, CARS has per-
mitted the observation of the familiar O, @, and S
branches in gaseous H, and N,.5'® There are,
however, two key differences in the spectra ob-
tained from the two techniques. Firstly, the line
strengths differ by a population factor; secondly,
the line contours are markedly different in CARS
as a result of complex interferences between neigh-
boring Raman lines and the nonresonant back-
ground. These interferences also limit the de-
tectivity of CARS.*®

When electronic resonance enhancements are
sought for, two distinct cases must be considered:
resonance with discrete absorption lines or with a
continuum [Figs. 5(a) and 5(b)]. In both cases, the
CARS spectra will present new characteristics,
particularly with regards to spectral content, line
strengths, shifts, and contours. We shall examine
them in turn. We shall also study the influence
upon absorption linewidths of fluctuations in density
and temperature occuring in unstable media. Fin-
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FIG. 5. Spectral configurations for CARS resonance
enhancement: (a) with discrete lines; (b) with a continu-
um,
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ally, the detectivity improvement obtained in each
type of resonant excitation will be estimated. The
discussion will be centered on the gas phase, which
presents a somewhat more complex picture than
liquids. We shall, however, outline some of the
properties of the latter in the light of recent ex-
perimental work.

A. Spectral content

Several authors have examined the selection
rules for conventional CARS and concluded that
they are the same as for normal RS.*** There-
fore, the same Raman resonances are found in
either type of spectra, although they differ in
strength by the population factor. In CARS, when
the light frequencies are all well below the ab-
sorption frequencies, the electronic terms multi-
plying p{9 and p{?’ are nearly equal, so that p{
-p{® factors out. Therefore, the intensity of the
Raman resonance is proportional to p{) —p{), in
contrast to RS for which proportionality to p{2’ is
observed. This difference is minor in general for
vibrational spectra if the temperature is low, but
is always considerable for pure rotational spectra
because the populations in states |a@) and |) are
nearly equal (this property will partially offset the
gains in cross section and detectivity one expects
in going from vibrational to rotational transitions).

1. Resonance with discrete absorption lines

From (8) and (12), one can see that x, shows
resonant enhancement whenever w,, W, Or wg
come close to a discrete absorption frequency.
Thus, the CARS spectrum may present a complex
structure, since any of these three frequencies
may come into resonance with absorption lines as
the vibrational-rotational structure is being anal-
yzed. Only the levels associated with these one-
photon transitions will contribute strongly, so that

the spectrum will be very different from the off-
resonance case. Moreover, the contribution of the
population factor p{?’ in x, is no longer equal to
that of p{9’ and their respective weights vary dif-
ferently as the spectrum is scanned. However,
simplifications will occur, since (i) One of the
three frequencies (w, in general) is usually held
fixed in resonance with an absorption line for in-
strumental convenience. (ii) When the Raman
spectrum is analyzed, w; — wg is varied over a
finite spectral domain and a limited number of
Raman transitions contribute to the susceptibility.
For a given Raman transition 7 from |a?) to |5?),
there are only two types of allowed one-photon
transitions to or from each of the rotational sub-
levels |a'), |b?), i.e., AJ=+1; therefore the num-
ber of absorption lines that wg or w, can reach to
enhance ¥ is finite. (iii) One can often assume

T, < iw,, /k where T, is the vibrational temper-

_ature and % the Boltzmann constant, so that p{2

<pP. similarly, p{< pf?, pf3’. (iv) Then, only
term Aa in Eq. (9) is large, the other electronic
terms containing antiresonance denominators.

For these conditions, disregarding all electronic
terms but Aa, we will show that the dominant
characteristics are provided by double resonances:
these involve combinations of any two of the three
following resonances, i.e., vibrational on w,,,
electronic with w; tuned on w,, or with w, tuned on
wyt,; triple resonances are improbable because
level spacings are different in the ground and ex-
cited electronic states.

As an example, let us consider the case of I, at
low temperature (hence p{3) =0). We shall seek
resonance enhancement from one-photon transi-
tions between the Xlz}‘;,F state, whose vibration-
rotation manifold contains all the |@) sublevels,
and the upper state B}, which contains the |n)
sublevels. If w, is tuned to a particular, isolated,
absorption line w,,:, one selects the particular
and unique initial state, which we label |a?) = (v",J),
among all the possible |a) sublevels. Selection
rules prescribe J7 =J +1 for |#), which shall be
labeled (v/,J’). We shall discuss here the case of
an R transition, i.e., J'=J+1 (Fig. 6). One then
observes, as wg is varied, omitting the ¢ super-
script in the molecular frequencies:

(2) (wpg, wp,) double resonances, i.e., w; = w,, and
Wy —Wg =Wy, [Fig. 6(a)]. These are made up of funda-
mental and overtone Raman doublets with spacings
equal to those of the various vibrational states in the
electronic ground state [Fig. 7(a)]. The doublets are
composed of one @ and one S Raman line if w; is
resonant with an R absorption line (or of an O and
a @ line if the absorption line is a P line). These
resonances obviously correspond to the allowed
Raman transitions originating from level |a').
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Jal n' FIG. 6. Energy level dia-
grams representing the
states contributing to re-
sonance-enhanced CARS in
a diatomic molecule: (a)
fundamental (Av=1) Raman
vibrational resonance en-
hanced by the resonance
condition wy=w,,; (b) dou-
ble electronic resonance
with wy=w,, and w,=w peg;
(c) fundamental vibrational
resonance enhanced by the
resonance condition w,
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b =W e These diagrams

must not be mistaken for

those of Fig. 4, which re-
present the energy flow as~
sociated with CARS off res-
onance,

(a) (b)

Doppler broadening on these lines is small for

the same reason as in any CARS or spontaneous
Raman scattering experiment in the forward di-
rection.!? If collisional broadening dominates, the
strengths of these lines are inversely proportional
to I'yyTpal W, — wprgl . When exact vibrational reso-
nance is obtained (w; — wg = w,,), wg is also auto-
matically resonant with the allowed transition w,,.
This resonance, however, only enters into the Cy
and Dy terms, which possess negligible weight in

Q (a)
|
r; l‘ ] y | T 1 | i
o
R = (b)
[
N
Q (c)
— 1 ? Y —vs
0 we 2w 3we bug

FIG, 7. Break up of the CARS spectrum into the three
types of double resonances: (a) fundamental and overtone
lines resulting from resonances of the type depicted in
Fig. 6(a). Doublet spacing is constant (if anharmonicity
is neglected) and is equal to w¥. (b) doublets associated
with Fig. 6() (spacing is w2). (c) doublets associated
with Fig. 6(c), assuming |5 is in the second excited vi-
brational level, so that only two doublets are seen,

Here, spacing is wg but the lines do not coincide with
those of Fig. 7(a) in general because J is different.

(c)

Xgr because pgg&o. Unless a fortuitous coincidence
takes place, w, will not be simultaneously in exact
resonance with the w,, allowed transitions from
|a') (triple resonance); actually, the detuning w,,
— w, may be as large as 60 cm™! in iodine, since
the spacing between the vibrational sublevels

is about 120 cm™! in the B3m}, state. If a second
pump laser at w;» were used, then the frequency
w,=w; +wzr — wg could be tuned independently to
one of the w,s, resonances, giving additional en-
hancement of the CARS line.

() [@ g, @n+,] double resonances [Fig. 6(b)]. These
are made up of Pand R lines occurring in doublets and
corresponding topossible resonances between w, and
the allowed one-photon transitions from |a'). The
positions of these lines in the spectrum are obtained
from the condition w; — wg =w,r, — w;. The spacing
between the doublets is equal to that between the
vibrational levels in the excited electronic state
[Fig. 7(b)]. The analysis of such lines is a new
spectroscopy which can be of great importance for
the precise study of one-photon absorption. If
collisional broadening dominates, their strengths
are inversely proportional to I',, Iy, | wye — w0 +wg].
Their intensities are comparable to those of the
Raman lines discussed in (a). One can also by this
technique select and analyze any weak w,, reso-
nance buried in a continuum by simply tuning w;
to one of the other allowed but strong w,, absorp-
tions originating from |a?).

(¢) In addition to these two families of double reso-
nances associated withlevel |a’), one also expects an-
other class of double resonances namely [w,, 4, Wp,]
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double resonances pertaining to a different initial
level |a’) [Fig. 6(c)]. The location of these resonances
can easily be obtained if one realizes that for w, and
w; = wg tobe simultaneously resonant, it isneces-
sary for w; toalso be resonant with the w,+, transi-
tions. The latter usually do not appear in the absorp-
tion spectrum because p$ = 0, but would of course be
observed at higher temperatures. Identification of
|a ) immediately gives the doublets to be found
(0+@for w; tuned to an R line, @ +S for a P line)
[Fig. 7(c)]. Doppler broadening is also small
here. If collision broadening dominates, the line
strengths are inversely proportional to Ty, Tye | wpe
- wgl. '

(d) Whenever a resonance in Fig. 7(a) coincides
with one in Fig. 7(b), one then has a triple resonance
and the resulting intensity is strongly enhanced.

In brief, the complete spectrum corresponding
to w; fixed to a given w,, contains the two sets of
doublets predicted in Figs. 7(a) and 7(b). If the
absorption spectrum actually contains several other
lines close to or coincident with w,,, each of these
will also contribute its two associated sets of
doublets. Each one of the possible w,,=w; reso-
nances, if any, will also contribute its associated
set of doublets as depicted in Fig. 7(c). All these
strong lines interfere with one another in the usual
fashion.’® Furthermore, they emerge on top of,
and also interfere with, the rest of the 0, @, and S
lines which are only weakly enhanced. Finally, the
intensities of all these lines also depend on p{% and
on the transition moments (see Sec. IIIC 1),

If the temperature is raised, the resonant CARS
spectrum is complicated due to the contribution of
the pi? terms. The main contribution from Pt
actually comes from term Cy in Eq. (9), which
has one electronic resonance in common with

Aq. In addition, one must take into account

the two NVR terms in xy, which are time-ordered
variations of Cy and are given in Eq. (10). We

have seen that these can change the character of
the expected electronic resonances in Cy. In par-
ticular, if the damping approximation (11) is valid,
the w,, — w, resonance denominator is replaced by
Wyry = wy. If not, a still more complicated situ-
ation occurs since the (w,s, ~ w,) pole in Cy is then
not exactly cancelled by the two NVR terms. Thus
one can expect electronic resonant effects due to
the three poles (w1 — w,), (W, = wy) and (w,, — wg).
As a consequence, the main effects on the spectrum
will be a change in the intensities of all the fea-
tures associated with p{9), together with a slight
distortion of their contours. Consider for instance
the set of Raman doublets corresponding to the
double resonance [w,,, Wy, ] in term Aa. The lines
are modified primarily by corrections from term
Cy, which exhibits the double resonance [ w,,= wg,

Wpe™ Wz — Wg]; one can show that the contribution
of the NVR terms to these lines is negligible com-
pared with that of Cy (typically 1/100th that of Cy
for wy, —w,=10 cm™! and linewidths of 0.1 cm™?).
For the other two sets of doublets, namely vibra-
tional [w,,, w,, ] and double electronic [w,,, w,, ],
Cy and the NVR terms give corrections of com-
parable magnitude. For the vibrational set, the
[Wptq s Wy, ] double resonance in Cy is of similar
amplitude as the [w,/,™ w,, W= w,] double reso-
nance appearing in the NVR terms. For the elec-
tronic set, one has, for a detuning w,, - w,=€
from the line center, w,s, - w; =w,, —ws — € and
Wyt + Wy — Wg =€, S0 that the two NVR terms can
be combined to give a contribution of the form

P (—€ +iT y +iTpry ) [(€ = 4 Tt N(Wprg = W =T pr,)
X (W = wg +2T )
X (wn’b - Wy - 7"l-‘n'l; )]-1' (22)

Obviously, this contribution and that from Cy have
the same pole at w,,. Furthermore, they almost
cancel, and their sum is zero at line center (e =0)
if the damping approximation (11) is valid; the
contribution of p¢% to the electronic lines is there-
fore negligible with respect to that of p{®, which
is doubly resonant.

All these complications resulting from the p‘9
terms can of course be very severe for the funda-
mental band of I, at room temperature, hence the
interest in performing the spectroscopy of the
overtone bands of high rank (e.g., 4 and above),
for which p{3) is negligible. The experiments re-
ported in Sec. V were carried out precisely under
those conditions.

2. Resonance with a dissociative continuum

Tuning the pump frequencies into a continuum
would eliminate the problems due to multiple in--
terfering sharp resonances associated with the p‘?
and p{)) terms. There are indeed many initial
states |d) and intermediate states |a) and |#) giving
interfering equivalent contributions to xp, so that
the dependence of x®)(w,) upon the field frequen-
cies would be smoother. Resonance enhancement
comes simultaneously from w, and w,. Further-
more, we anticipate the CARS spectrum to only
contain the usual vibration-rotation features (and
no longer the double electronic resonance features),
constituting enhanced O, @, and S branches having
relative intensities similar to those encountered
off-resonance.

B. Line contours

In addition to predicting the features in the CARS
spectrum, one can also describe their spectral

‘contour. The first experimental evidence of reso-
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nance CARS has been reported recently for the
liquid phase,'®!¢ leading to the observation of un-
usual dispersive properties. Liquids differ mark-
edly from gases because the molecules cannot
rotate freely, and also because the absorption
lines usually merge into a continuum. Therefore,
the Raman resonance pertaining to a particular
vibrational mode is unique (no rotational splitting)
and is electronically enhanced as a whole,

An interpretation of the results of Ref. 16 was
given recently by means of computer calcula-
tions,?®%+%6 A much simpler discussion can in
fact be given by means of the circle model intro-
duced in Refs. 18 and 19 for nonresonant CARS.
This discussion will be presented in the context
of chemical analysis, where one tries to detect
the Raman resonances of the species of interest
in the presence of a nonresonant background which
is contributed by the diluent. We shall first pre-
sent the circle model for the nonresonant case;
the case of discrete absorption lines will then be
considered. Finally, generalization to absorption
continua will be performed.

The circle model was introduced when it was
realized that the CARS spectrum is just a plot of
the modulus of x‘®*(w,) vs wg, and that X (w,)
can be represented as a vector in the complex
plane. It was then found that the extremity of this
vector X describes a circle during the spectral
scan. As a matter of fact, X is the sum of two
vectors, i.e. )?R whose argument and modulus de-
pend upon w;, wg and w,, and Xy Which is a con-
stant. The equation for the RVR part ¥, associated
with one particular Raman resonance w,, can be
written

Xr =Nag/(wy, = wp +wg =i, ) =X +iY ,  (23)

where N is the number density and oy stands for
electronic terms, population factors, etc. In the
nonresonant case, @y is a real number proportion-
al to the RS cross section do/dQ and to p{Q —p(Q;
it depends little upon field frequencies and can be
taken as a constant. Then the expression for y,
can be interpreted as the parametric equation for
two families of orthogonal circles (Fig. 8). The
main family is described by T(R as wy —wg is varied
about w,, with the linewidth IT',, held fixed. There
is a circle for each value of T'y,. The circle equa-
tion is X*+(Y - 1/2y)®=(1/2y)* with y =T",, /Nay as
a parameter. For each particular experimental
situation, only the circle with the relevant y pa-
rameter needs to be drawn. This circle is tangent
to the X axis at the origin and lies in the upper half
plane. Its diameter is y™. For a given detun-
ing w,, — wy +wg, the position of ¥ on the preced-
ing circle is found at the intersection with the
orthogonal circle whose equation is (X — 1/2x)?2

FIG. 8. Representation
of yr as a vector in the
complex plane. The ex~
.tremity of this vector de-
scribes the circle of para-

x Meter y as the detuning x
is being varied, and is
found at the intersection
with circle of parameter x.
The vector tip is actually
excluded from the small
segment of arc contained
within the circles of para-
meters x; = (wy, — w;)/Nag
and %y = wy,/Nap.

+Y?=(1/2x)% with x = (w,, — w; +wg)/Nay as a pa-
rameter. There is a circle for each value of x,
and these circles constitute the second family.

It is seen readily that X, rotates clockwise as
wg is increased from —« to +; its argument de-
creases from 7 to 0 and is equal to %7 on reso-
nance, i.e., at wg=wg —w,,. In actuality, wg can
only be varied from 0 to w;, so that a small seg-
ment of arc on either side of the origin is not
swept. Adding Xy results in a translation parallel
to the X axis [Fig. 9(a)]. The line contour is then
drawn readily by plotting || as a function of x (or
wg). If only an approximate line shape is to be
rendered, it is sufficient to represent ')ZNR and the
circle of parameter y on the diagram, from which
the whole contour is directly pictured.

The line shape depends upon the relative mag-
nitudes of y and yyz or, in other words, upon the
mixing ratio N/N,; where N, is the diluent density
(xyg <N,). The case depicted in Fig. 9(a) cor-
responds to N/N, large, i.e., N/N,>1 for typical
molecular parameters and near STP, Apart from a
slight asymmetry caused by the interference with
Xwg, the contour of || then closely fits the square
root of a Lorentzian. In the other limit, if the
concentration is small, the line contour approaches
that of Re(x) =xyg +X, since Y gives a higher-order
correction [Fig. 9(b)]. In either case, the differ-
ence between the maximum and the minimum is
strictly equal to the magnitude of the vibrational
resonance, i.e., one circle diameter y"*=Na/T',,.
This discussion describes accurately the case of
isolated lines (e.g., @ lines in H,, O, and S lines
in N,). For overlapping lines producing a non-
Lorentzian contour (e.g., in a @ branch), the pre- *
dictions of this model are still in qualitative agree-
ment with the band shapes actually observed.!®

When enhancement of x, through electronic reso-
nances is produced, a complex situation appears
since several of the terms in a; can become large
simultaneously and can vary as (w, — wg) is varied.
The discussion, however, remains simple for the
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FIG. 9. Circle diagrams and corresponding line con-
tours well below electronic resonances (a, b) and in vi-
cinity of an electronic resonance (c—-f), with
Pgnt bt pHonthng T€al, The circles and their parameters
are defined in the text: (a) strong isolated Raman reso-
nance (N/N,=0.1 typically); the circle described by ¥
is represented, together with an approximate line con-
tour displayed vs wg. (b) weak Raman resonance; only
Yvg and the circle described by Xg are drawn on the dia-
gram. (c) same as (b), but w; has been increased and
tuned close to a one-photon resonance w,,, with w;,
<y, as a result the circle has been rotated and its dia-
meter increased. (d) wy =w,,; the circle diameter is at
its maximum, and 6=37. (e) wy>w,,; the diameter de-
creases again. (f) w;=w,,, with the mixing ratio chosen
such that the circle radius is equal to xyp; the line van-
ishes.

conditions assumed above in the presentation of
the spectral content of x*(w,) (i.e., p{3 negligible,
wy, set near resonance, w, off resonance). Then,
@y is proportional to p{?) and independent of wWg

and w, over the range of interest, and we can write

Qp oc“'an'“’n'b“‘bnu'nu/(wna_wL _irna)=peie- (24)

For w; fixed, it is apparent that % still describes
the two families of circles. The circles are rotated
by argument 6 about theextremity of Xy, and their
diameters scale as p. The rotation of the circles
proceeds counterclockwise as w; increases past
the one-photon resonance w,,. If the product of

" transition moments is real, 9 grows from 0°to
180° and is precisely 90° on resonance. Figures

9(¢)-9(e) illustrate what happens to the circle of
parameter y and the associated vibrational reso-
nance of Fig. 9(b) assuming w; tuned slightly less
than w,,, to exactly w,, and slightly greater than
w,,, respectively. Cases (c) and (e) produce line
shapes which are mirror images of one another
with respect to wg =w; — w,,. Case (d) is inter-
esting: depending on the magnitude of the Raman
resonance with respect to Xy, the line, which
is symmetrical with respect to w; — w,, appears
as a maximum [Fig. 9(d)] or a minimum, or even
vanishes completely [Fig. 9(f)]. In the latter case,
the circle radius is precisely equal to xyz. This
discussion is actually adequate for most types of
double (vibrational +electronic or electronic +elec-
tronic) resonances in gases. The line shapes are
in fact more complicated as there is no reason for
the product of transition moments in @ to be real.
The discussion of absorption continua is gen-
erally difficult because we possess no closed-form
expression for y,. However, good insight can be
provided by assuming a Lorentzian distribution for
the joint density of states g{w,,), with width T’
large compared with w,, (Fig. 10). Then, with the
above assumptions (p{3)~0, w, fixed in resonance
into the continuum), it is legitimate to still express
ap for a given Raman line

Qp F(Wgo=wy —ET) N wye —w, —iT)™?

2wy, —wyp —21)72. . (25)

As in the previous case, X still describes a cir-
cle, but the rotation 6 is actually doubled. This
analysis provides a simple explanation for the
dispersive behavior of weak resonances reported
in Refs. 16 and 45, since a continuous passage
from the minimum at 6 =90° to a maximum at
6=270°[Figs. 11(a)and 11(b)] can be directly visu-
alized (for real u’s, 6 varies from 0 to 360°).

| absorption wg YL o
N

\

\

FIG. 10, Spectral configuration for CARS resonance
enhancement in a continuum with a Lorentzian contour.
The CARS spectrum is supposed to be of limited extent,
so that w; —wg<T.

W

T
T
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C. Parameter space for resonance CARS in analytical chemistry

One of the most important applications of CARS
in gases is the measurement of concentrations and
temperatures, using high-power-pulsed lasers5®!&7
Off resonance, the intensities of the lines are di-
rectly related to the populations of the molecular
levels, so that temperatures can be determined
if a Boltzmannequilibriumis established. Rota-
tional temperatures are therefore obtained from
two or more rotational lines in the same vibration-
al band, vibrational temperatures from two or
more lines pertaining to a fundamental and a hot
band?’; alternately, @-branch envelopes can be
used if the lines are not resolved.'® If the tem-
peratures are known, either through a CARS spec-
tral analysis or from conventional probe mea-
surements, then the number density is obtained
from the intensity of any of the lines. In these
measurements, the major causes of error are the
Raman linewidth 2T",,, which may depend slightly
upon rotational quantum number and vary as a
function of temperature and pressure, and the
vibrational population perturbation which is caused
by stimulated Raman scattering if the pump beams
are too intense.!®

If resonances with discrete absorption lines are
established, these difficulties are aggravated: the
intensities of the lines no longer depend solely on
level populations, but also on the detunings w,,
~w; and w,, —w,, on the linewidths and the tran-
sition moments. Furthermore, the populations of
the levels in resonance with the laser fields may
change as a result of one-photon absorption. Con-
comitantly, these levels are perturbed by the op-
tical Stark effect which causes lineshifts and
broadenings.

1. Influence of selection rules on relative line intensities

Section IIIA was devoted to the positions of the
doubly resonant features found in the CARS spec-
trum, and to the influence of the detunings from
Wpes Wpre, OT Wy, upon their intensities, without
consideration for the strengths of vibrational and
rotational transition moments. Here we wish to
examine how the CARS line intensity scales with
the vibrational and rotational parameters. This
investigation is rendered necessary by the fact
that, although selection rules in off-resonance
CARS are the same as in spontaneous Raman scat-
tering,** resonance enhancement results in quan-
titative differences in the intensities (and even
leads to the appearance of the double-electronic-
resonance features, which are not observed in
Raman scattering).

Several years ago, Barak and Yatsiv had ex-
amined the simpler problem of resonant CARS in
metal vapors.?*° Molecular transitions introduce
added complexity because of the presence of ro-
vibrational degrees of freedom. Here we shall
outline the discussion for homonuclear diatomic
molecules only. The case of other molecules is
more complex, but can be treated along the same
guidelines. We shall also assume the three fields
to be linearly polarized in the X direction (gen-
eralization to all polarization arrangements is
straightforward).

Let us consider, for instance, the vibrational
and rotational transitions impwed in a double reso-
nance when w; is tuned in resonance with a spec-
ific transition w,,. There is only one state |7 in-
volved in the CARS susceptibility, but several |n’)
and |b) states give contributions which interfere
with one another when the summation over »’
(Raman resonance) or b (double electronic reso-
nance) in (8) is performed. Using the transforma-
tion matrix from the fixed frame (X, Y, Z) to the
molecular frame (x, v, z) one has

I on = {0l Py |m) = (a| P, cosbln) (26)

where 0 is the angle between the molecular axis x
and the X axis. The contribution from a particular
set of levels |n’') and | ) to the susceptibility is
then [we only consider the leading term Aa in (9)]

p{

Wpe — Wy, +wg =T,

Xz(®', b) =

x (e, vyl P,le", v,) (e, v Pyle, vy)
Wpe = W, — zrna

X <e7 vllpxle” U4><e’! v4lPx‘e: 7)3>
Whtg = Wy = z’l"",a

X Sy Jz 5 ds). (27)

Here |e, v) stands for the usual vibronic state in
the Born-Oppenheimer approximation; e and e’
are the ground and excited electronic states, re-
spectively, and S(J,,J,,J5,J,) is a rotational fac-
tor. Indices 1,2, 3,4 are assigned to states |a),
|y, |8, and |n’'), respectively. Using (26), we

(a)
900 \/—
0—@5

FIG. 11. Extension of the diagrams of Fig. 9 to speci-
fic situations of resonance with a continuum,
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obtain
S(le er J3’ J4 )
=20 (oMl costlJ,, M,)
My, Mo, M3, My

X<J2’le COSG‘JDM1><J1’M1I COSGIJ4,M4>
X <J4’M4l COSG‘Js, M), (28)

where J;, M, are the usual rotational quantum num-
bers. Operator cosé does not change M, so that
each M contribution adds incoherently in

SWy,J s J5d,). One then has

Sy, 53T 5y T4) = D (T 5y M| cOSO| T, M)
' x (I, M| cosO|dy, M)
X (Jy, M| cos6ld,, M)
x {J,, M| cosb|J,, M), (29)

which can be easily calculated from the properties
of Legendre polynomials.

As an example, let us consider the [R, @] double
resonance depicted in Fig. 6(a). We have, in this
instance, v,=0", v,=v’, v3=v" + 1, J,=d3=d, Jy=J
+1. Furthermore, rotational selectionrulesgive on-
ly two possible values for J,: J,=J +1. The final
susceptibility is now obtained by summing over all
. the possible vibrational levels v,. Introducing the
detunings Aw(vy,J,) = Wy, — w, and assuming
Aw(v,,d,)>» Ty, and T, independent of M, we ob-
tain from (27)-(29)

ipsy a2 () ()
X = < T !Ree’l
Whe = Wy, + Wg = zrba Frm

x [§ d, 4;i1

(V" v,) (v lv" +1)
Aw(vy,d,)

S, J, )J, (30)

where we have written the transition moments in
the Born-Oppenheimer approximation, i.e.,

(e, v"|P,le’, "y =R, {v"|v"); R, is the electronic
transition moment and (v”|v') is the complex
Franck-Condon overlap integral (FCOI) (whose
absolute value only can be determined from one-
photon absorption experiments). The rotational
factor S(J,J,) in (30) is calculated from (29) with
Jy=J and J,=J +1, It is readily seen from (30)
that the [R, @] line intensity depends on the modu-
lus and also on the relative phases of the FCOI's

within the brackets; this is also true for the other
resonant CARS lines (vibrational as well as double
electronic). As a result, it is impossible to pre-
dict the relative intensities of two distinct features
in a resonant CARS spectrum without prior know-
ledge of these phases. Conversely, resonant CARS
experiments could in principle allow one to de-
termine the relative phase of two FCOI’s.

However, the calculation of the [R, @] line
intensity is simpler if there is only one vibrational
state v, contributing to A, the other ones being
too far off resonance. If we further assume that
Aw(,, J,=J +1)>Awl,,J,=J - 1), we obtain for
the susceptibility, in place of (30)

s "+ 11" Yo' lw")

na

ipd)
Wpg = W+ Wg =0,

Aw(, J,)

Xr = IRee‘

with

SWy= Y, SW,J,)

Jy=Jk1

=Y. (J, Mlcos 6| I +1, M)
M

X(J+1, Mlcos 6| J, My(J, M|cos?6|J, M)

J 4J+1

152741 (32)

In that case, the [R, @] line intensity depends only
upon S(J), |R,.| and on the absolute value of the
FCOI’s, which are known. This is true for any
resonant CARS line which receives contributions
from only one Raman transition v, —~v,, one vibra-
tional state v,, and one vibrational state v,; the
susceptibility is then obtained by summing the
two appropriate factors S(Jy, J,, J;,J,) in (27), re-
sulting in a net rotational factor S(J). These
factors S(J) are given in Table I for (a)-type
Raman resonances [(c)-type resonances give
identical results] and double electronic resonan-
ces. The resonance depicted in Fig. 6(a) we

have labeled [Q@'' +1~v"),R@’ - v"'),p
+7(@"+1~v"" ) where v, =v’+1, The first tran-
sition listed is the Raman transition w,,, the
second and third ones are the w,, and w,, transi-
tions, respectively. Upper-case lettering is used

TABLE I. Rotational factors of the double resonances, grouped according to their expressions.

4
[wba’ Wyg OJn'a] J

S J 47+1
“) 15 27+1

[Q. R, (p+n]J-1
[(g+o0),P, Pl J

QP @+N]J [0, P, p]J;lq, P, R]J
[(q +9),R, R] J-1 ISR, r1J;1q, R, P1J
J 4r-1 J 242
15 27-1 15 27+1
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for the transitions which are in exact or near
exact resonance with the field frequencies, lower-
case lettering otherwise. For the latter, de-
pending on rotational selection rules, one or

two transitions are possible and listed accordingly.

Under certain experimental conditions, one of
these two allowed transitions is also in near res-
onance (friple resonance), so that the contribution
of the other one is then negligible. This situation
was encountered experimentally in the resonant
CARS spectrum of iodine, which is discussed
below in Sec. V. In that case the rotational factor
is made up of the one relevant factor S(J,, J,, J;, J,)
in (27). We have not listed these in the table '
because their expression is not as simple as that
of S(J). In Table I the vibrational quantum number
is omitted since we are only interested in the
rotational part of the transition moments.

As in RS,* the relative intensities of the succes-
sive overtones of a given Raman line change
drastically when going from off resonance to
on resonance. In off-resonance CARS (as in RS),
the ratio of intensities of the nth overtone to the
fundamental is rapidly decreasing with z since it
scales as

2

a? 8¢
2 5qe P agaltes @1€710" +m)

q+b=n

2\ =1
2
where @ is the usual vibrational coordinate, On
resonance, on the contrary, the intensities of the
successive overtones depend only on the phases

and magnitudes of the FCOI’s and vary erratical-
ly.%

9
X <|Ree. ;dR,,e. @"|Qv" +1)

2. Collisional broadening

Elastic and inelastic collisions are, under
usual conditions and for an excitation resonant
with discrete absorption lines, the main broaden-
ing mechanisms contributing to I',,, T, Ty,
Ty Ty, and I, appearing in Egs. (8) and (10).
As a matter of fact, since the dominant spectral
characteristics are obtained from terms A« and
Cvy in (9), only T',,, Ty, T,p, and I'y, need to be
considered. In the following, we assume, as in
Sec. III A, that w; is held fixed. In the off-reso-
nance case (|w,, = w;[)T,,), T, and T, then have
little influence on the CARS spectrum and do not
have to be measured. The intensity and width of
a vibrational resonance depend only on I';,, those
of an electronic resonance only on I',,,; both I,
and I',, are easily retrieved from the spectral
contour if the lines are resolved. If strict or
near resonance is achieved on wg, then I',; and
I',, must be determined by an independent mea-

surement (only I',, must be measured if p§‘2=0).
For media with stable composition, pressure

and temperature, these measurements need not
be carried out simultaneously. In unstable
media, however, simultaneity is necessary, which
may render the experiments extremely delicate
to perform. In this case, the spectra will be

best recorded using a multiplex CARS setup’;

Ty, and Iy, can in principle be derived from such
spectra, but not I',, nor I',,. If elastic collisions
dominate, all the I'’s are nearly equal, so that
the analysis is facilitated. Resonance enhance-
ment from a dissociative continuum is, in these
respects, much easier to investigate since all the
Raman resonances are equally enhanced in prac-
tice and since the complication resulting from the
I,.’s is eliminated.

3. Population perturbation

We have discussed in Sec. IIB 2 and in Appendix
B some of the changes in vibrational populations
that occur during CARS measurements. Changes
are actually caused both by CARS and by stimu-
lated Raman scattering (which takes place along
with CARS). Off resonance, the latter domi-
nates.!®!? On resonance, all the rotational-
vibrational perturbations are strongly enhanced;
in addition, saturation of the one-photon transi-
tions also takes place and may become the cause
of a comparable and even larger perturbation.
Unless all these perturbations can be accurately
determined, they must be avoided as they bias
the measurements and distort the spectra.

To proceed, a picture of the various molecular
relaxation mechanisms must be established. Un-
fortunately, no universal model can be presented.
Relaxation rates vary extremely widely from one
species to the other and depend strongly upon
thermodynamic variables. Elastic collisions
may or may not dominate the line-broadening
mechanism. Moreover, rotational relaxation
within a vibrational state is usually orders of
magnitude faster than relaxation between adjacent
vibrational states in the ground electronic state,
and these rates are themselves radically different
in the excited electronic state. The simplest
approach is of course to assume that a single rate
(Tys) is sufficient to describe these processes in
the ground electronic state (and similarly in the.
excited state).

The population perturbations can be represented
as higher-order corrections to the initial popula-
tions p@ and p{ in the expression of xX*). Second-
order corrections pfﬁ,) , p(,,z,,’, pf,z,,) , and p%?,- apply
for one-photon absorption. For instance, we have
for w,, > w,
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reflected in corrections of the form p® and p{.

These corrections can be calculated readily by
means of time-ordered diagrams; they are similar
to, and much larger than, those for CARS, which

8 o2 _ @) = 408 Toglul® B
o " o n? (wna - WL )2 + Ffm

- anpsrzn) + l—‘aa:piza) . (33)

Saturation by stimulated Raman scattering is

are derived in Appendix B. On resonance, the
main corrective term is, assuming pf,",,) =0

9 (0) - 1 1
Z (0@ _ @y _Pag |E,|? 2, [ My beng Hegn Mnp ( , + )]
Bt(p“’ Pa) 7t 2%l Bl {ZIm Wpa = W+ Wg +50p, Wy = wp +60,, \ Wpa— @ +il " w, = w, =il
T Hepp e Hgp (2) (2)
- nat nb bntna antnb -T < LT 4) 34
<4an ) (wnb_ ws)2+rn02 (wrm_ wL)z+F5a bbpbb " aapaa ( )

The first term between brackets is the usual Raman
term, whereas the second one corresponds to the
hot luminescence part of the scattering. If we
ignore elastic collisions (I¥ =0), assume that the
resonant gas is diluted in a buffer gas at STP, and
take realistic values for I and |u| ['/27¢=0.2
em™,%|u,.| =0.1D (Ref. 50)] we arrive at a max-
imum steady-state power density I, =10 MW /cm?
for one-photon saturation [I; =(c/27)E}]. For this
value, the population difference from (33) is 0.45pf,g)
-on resonance (for such a high level of perturbation,
higher-order corrections are actually necessary).
If I, is kept just below the one-photon saturation
level, Raman saturation will begin for about the
same level in Ig, corresponding.to power den-
sities I =10-50 MW /cm? (if |yl =] tpal)-

If elastic collisions are also taken into account,
then larger values of I and I are needed to cause
saturation. If the disparity between rotational
and vibrational relaxation in the ground electronic
state is important, the model canbe refinedto some
extent?” by distinguishing between the rotational rates
I'r andT'},, representing population relaxation within
eachvibrational state, and the vibrational ratesI'?,
andI'},, representingthe relaxation of the total popu-
lation of the rotational manifold into neighboring
vibrational levels.. Typically, 27(I")"1<107° s,
2m(I®)"t<1 ps at STP. Then, depending on the
pulse duration 7,, three regimes can be recog-
nized: (i) 27(T'%,)"'<7,<27(I,)"!, the regime
that usually prevails in pulsed CARS work
(7, 10ns), and for which the above estimates of
power densities were obtained (I, =T'%,; Ty, =I'5,);
(ii) 7,<2@(T'},)7!, the fully transient regime, for
which relaxation during the pulse is unimportant
and higher power densities can actually be tol-
erated; (iii) 7,>27(I";,)"!, the true steady-state
regime, for which the estimate obtained from (33)
remains valid, but that from (34) must be correct-
ed using '), =I"y,-and I',, =T'y,, thus giving a much
lower ceiling on Ig.

4. Optical Stark effect
When w;, is near resonance (w; =~ w,,), and if the

1

power density is high, new equilibrium popula-
tions are established in |a) and |n) as discussed
in Sec. IIIC3. Simultaneously new spectral com-
ponents are found in the resonances of the molec-
ular system (optical Stark effect). For very high
densities, the resonant coupling between field
and molecules must be treated to all orders of
perturbation.

The optical Stark effect in three-level systems
has been studied recently, both in RF and RRS
as well as in resonant two-photon absorp-
tion.®*-5% Although the molecular system has
at least four levels in interaction with the fields
in resonant CARS, we can assume it to be a
three-level system |a) |y, |b) (with no elastic
collisions) for the purpose of a semiquantitative
spectral analysis of the vibrational features
(double resonance on w,, and w,, With wyu, # w,).
We then expect a splitting of the Raman resonance
into two components. The splitting depends upon
the power density and the detuning. Numerous
situations can be found depending on the relative
magnitudes of the Rabi frequency, of the detuning,
and of I';,. For the sake of simplicity, we will
only discuss two representative cases.

Near resonance (|w.,, - wz|> Ty, 2| paol|ELl/7),
the coupling between field and molecules is weak
enough to allow a diagrammatic perturbative ap-
proach. We then expect the polarization at w,
to contain in addition to the usual third-order term
possessing a resonance at wy -~ wg = w,,, a fifth-
order term giving a much weaker resonance at
wg = wg =wy = w,. The latter, however, becomes
large near saturation. It can be calculated by
adding two interactions at w; on the diagrams of
Figs. 1-3 and retaining the time-orderings that
give the largest contributions.

On resonance (|w,, — wy|<T,,), the two compo-
nents are found at wy — wg = wy, £ & with
Q=2|nel|EL| /% and are of comparable intensities.
This result is obtained assuming that the laser
field saturates the w,, transition (2>T,,) whereas
the Stokes field is weak and nonsaturating. Since
Hne depends on the absolute value of the rotational
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quantum number M for P or R transitions, each
component +M of the w,, transition undergoes a
distinct splitting. This effect could in principle be
seen in CARS with high-resolution cw sources.
However, applications in analytical chemistry
require use of pulsed lasers, so that an additional
broadening of the split components will take place
due to temporal as well as spatial nonuniformity
of the laser power density in the focal region.
Therefore, the M components are unlikely to be
resolved.

The amount of splitting (or broadening) under
practical experimental conditions is easily
estimated. Using, as in Sec. IIIC3, |u,,]=0.1D
and a power density of 10 MW /ecm?, we arrive at
Q/21c~0.1 cm”™!, which is comparable to the
linewidth (0.2 cm™!), and is thus the cause of an
appreciable spectral distortion.

Concerning double electronic resonances, ana-
logous splittings are anticipated as w, is swept
across the w,, resonances. The three-level
system under consideration here is then com-
posed of |a), |n) and |n’), w,, being the resonant
transition under saturation.

This analysis should be refined by considering
all four levels interacting with the fields (la), ]n),
|6y and |n’)), by allowing for elastic collisions and
taking a more accurate model for collisional and
radiative damping.

5. Resonant CARS in analytical chemistry

Off resonance, CARS has already been shown
to be a superior tool for the Raman spectroscopy
of gases, Resonance enhancement adds a new
dimension to this technique and considerably
extends the potential of CARS: both resonant
Raman scattering and one-photon spectroscopy
can be handled in an elegant manner, as was
discussed in Sec. IITA. The impact in analytical
chemistry is expected to be just as important.
In conventional CARS, the detectivity is limited
by Xyr interference at mixing ratios of 1073—
1075,'%1° Resonance enhancement can improve
this performance significantly.

The improvement can be estimated readily,
using experimental results on the scattering
cross section (d0/dQ2) in RRS., Assuming pb") =
and wy =~ w,,a, one has

Montng
(wba =Wy +wg _zrba)(wna - Wz —zrna)

Xr
“’g¢ ey
x Z wn'u_'wa—irn'a, (35)

and

2

. (36)

| Wrg = ""L_'z]:1

It is seen readily that x ; scales as (d0/dQ)"2 as
W~ Wpe. Using experimental data on halogen
gases,®® we thus expect gains of two or three
orders of magnitude for x gz, and equivalent im-
provements for the detectivity. In fact, the
circle model which was discussed in Sec. III B
shows that minor modifications must be made on
the theory of Ref. 18 for the lowest concentrations
due to the different line shapes [in particular,
detection is impossible for the situation of Fig.
9(f)]. We thus expect the detectivity to be im-
proved down into the ppm range for typical di-
atomic gases in mixtures at STP. This statement
is supported by the experimental results reported
in Sec. V. On the other hand, when the resonance
is in a dissociative continuum, the three field
frequencies are simultaneously resonant. Then,
the enhancement is the same as for do/dQ, i.e.,
one to three orders of magnitude,® Instrumental-
ly, limitations are imposed by dispersion and by
one-photon attenuation of the light waves, as well
as by population perturbation and the concomitant
Stark broadening.

Using E(z,t)= Eexp(—zwt+zkz)+c c., with
k=Vew/c, €=1+4m? (w), we see that attenuation
is given by IL(z) =1,(0) exp(—a;z), with ay
~47(wg/c)Im[x )(w,,)] at frequency wy if the
medium is homogeneous. Similar equations hold
at wg and w,. Assuming w, is near a resonance
and neglecting the buffer gas contribution,??:35 we
have

(l)(wl,) Np |“a",2/h—(wrm_ wL"'zrna) (37)

Taking |¢|=0.1D, T /rc~0.4 cm} p® =102 and
N=3.10 cm™3 (1000 ppm at STP), we find

a;=0.1 cm™ in the visible on resonance. If oy

= ag = @,, the sample being contained in a 2-cm-
long cell and the beams focused in the center, the
anti-Stokes power is reduced by 30% with respect
to a transparent sample situation. This attenuation
is independent of the total gas pressure p, since

N and T are proportional to p (this is not true for
an absorption continuum).

Dlspersmn (phase matching) is governed by
Re(x )). One can easily demonstrate that the co-
herence length remains large compared to typical
beam confocal parameters for the above experi-
mental conditions; no reduction in signal is thus
anticipated.2”

For large concentrations, attenuation and phase
mismatch become prohibitive. However, off-
resonance measurements then become easy,
eliminating the need for resonance enhancement.
For smaller concentrations (down to those for
which leI =X yr), the sole problems that remain
are those of population perturbations and Stark
broadening.- Given pulse duration 7, x(s), number
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of photons to be collected (hence given P%Pg) and
saturation densities I;,/5, the central question

is that of the limiting F number for the optics.
This problem was discussed in Ref. 18 for the off-
resonance case. We know (see Sec. V) that double
resonances can be found in I, such that the CARS
susceptibility is 4.10% times larger than in usual
nonresonant gases (like O,, N,, etc.) under the
same thermodynamic conditions. Using (1), we
arrive at the conclusion that powers on the order
of 3 kW are necessary to collect 10* photons in

1 ps from 10-ppm L, in air, with [x®|=4.10"18
cm®/erg. Power densities for saturation and
Stark broadening are typically 10 MW /cm? under
those conditions. In fact, one can tolerate about
ten times as much at the focus due to temporal
and spatial nonuniformities, so that the F number
should be on the order of 100 or more. The
longitudinal spatial resolution, which is on the
order of a few times the confocal parameter, is
thus about 1 cm.

IV. TRANSIENTS IN CARS AND FLUORESCENCE
INTERFERENCE

The coherency of the CARS signal and its position
to the anti-Stokes side of the pump allow good
discrimination against interfering spontaneous
emissions such as chemiluminescence and laser-
induced fluorescence. However, radiative de-
excitation of the probed molecules raised into
intermediate states by one-photon absorption may
compete and interfere with the anti-Stokes genera-
tion. The influence of these phenomena on CARS
may be apparent, for instance, during the tran-
sient build up and decay under pulsed excitation.

The transient behavior of CARS is expected
to be quite different from that of RRS, for which
fluorescence interference is a major drawback.
This is important since it may shed light on the
recent controversies concerning the distinction
between the incoherent spontaneous two-step
fluorescence emission (also interpreted as hot
luminescence or redistribution emission) and the
one-step Raman emission in RRS.?3:26:42:62765 We
shall here review some of the transient results
in RRS, and then discuss the behavior of the most
characteristic RVR and NVR terms in CARS by
means of the diagrammatic representation. This
analysis of transient CARS is related to the recent
studies of transients in nonlinear optic such as
Ramsey fringes, photon echo and free induction
decay by Shen,®® Salour, Brewer ef al., Cagnac
et al., Liao ef al., and Loy,% and also to picosec-
ond studies of broadening effects of Raman lines.!”

In RRS it is difficult to establish a precise dis-
tinction between fluorescence and Raman scat-

tering, since both are spontaneous processes with
overlapping spectra. It is nonetheless important
to either isolate one from the other or provide a
correct interpretation of the total response in
order to retrieve meaningful data from the Raman
spectrum. For this reason, there have been
many experimental?:2:%5:68 gnd theoreti-
cal?3:42:6469,70 jnyestigations on RRS and fluores-
cence. The question has been raised as to whether
these are the same physical procesé or two
distinct and almost simultaneous processes.
Shen,? in particular, has interpreted RRS as
composed of both a Raman and a hot luminescence
components that have different spectral contents
and temporal behaviors. He used the density
matrix approach to calculate the nonlinear polari-
zation at frequency wg, _P’(h?}(ws,t), which is
shown to consist of two components: (i) one
arises from the nondiagonal density matrix term
P2 (wg — ws, t) and is identified as Raman scat-
tering, since it represents an excitation of the
vibrational mode of frequency wy,; (ii) the other
comes from the diagonal*terms p?,z,,) (0,%) and is
characterized as hot luminescence since Np2) (0, ¢)
is the population brought into state In) by one-
photon absorption. It is precisely the part of
Np& (0, ¢) which is proportional to I'* that gives
the redistribution radiation of Ref, 42. Hot
luminescence is usually small, but becomes as
important as the Raman component when the pump
frequency comes close to an electronic resonance.
When there is only one excited state |n) involved
in the scattering, the damping of component (ii)
after the laser excitation is turned off is, a priori,
slower than that of component (i) since its decay
time is I';} as compared to I';}; however this is
not always the case, especially for gases with
closely spaced levels. Ithasbeen shown recently by
Brewer et al.%" that, for the transition R59 (15-2)
of the electronic transition ®l;, - 'Z; of L,, the
inelastic and elastic collision cross sections are
of the same order of magnitude, respectively,
530-and 780 A2, Unfortunately, combustion gases
and reactive media present absorption lines which
are broad and closely spaced, so that there are
several near-resonant neighboring states ln}
coupled to one another through several distinct
relaxation mechanisms: radiative and elastic
collisional damping, rotational and vibrational
transfers by inelastic collisions. The equations
of motion (2) for the p2 (0, £)’s are then coupled
to each other through these damping terms [see
Eq. (3)], and the calculation of transients is,
then, rather cumbersome.

The separation of transient RRS into hot lum-
inescence and Raman scattering has also been
discussed by means of the diagrammatic repre-
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sentation.?? One can describe P, (ws,t), as

was done for PY),(w,,t), by means of eight funda-
mental time-ordered diagrams. These can be
easily drawn from the diagrams of Fig. 1 with
the following modifications: (i) vertex 3 is re-
placed by an absorption at w; whenever it is an
emission, and vice versa, (ii) absorption (emis-
sion) at w, is replaced by emission (absorption)
at wg, (iii) each diagram must be reflected with
respect to the time axis in order to depict the
part of ﬁNL(ws,t) oscillating as exp(—iwgt) (one
otherwise obtains its complex conjugate). Both
parametric and nonparametric diagrams give
contributions to ﬁNL(ws,t); this was not correctly
asserted in Ref, 22, However the parametric
diagrams are one-photon antiresonant, so that
their contributions are negligible in RRS. It is
then apparent, from the three time-ordered
possibilities for vertex 3 in the nonparametric
diagrams, that the diagram derived from Fig. 1(b)
provides Shen’s Raman component whereas the
other two describe hot luminescence.

For resonant CARS, in addition to the definition
of the distinct transient components, there is the
added question of their spatial coherency. The
contribution of the probed molecules to _ﬁ,(}},(wa, t)
is easily derived, either directly from the time-
ordered diagrams?! or from the iterative solutions
of (2). As in RRS, it can be separated quite gen-
erally into two parts: (a) an RVR component
calculated from p(,,za)(wL - wg, t) and depicted in

Figs. 1(a), 1(b), and 2 which is analogous to the
above Raman component (i) and provides contri-
bution x¥ in the stationary case; (b) an NVR com-
ponent calculated from p2 (2w;,t), and

p2) (wy - ws, ) which is depicted in Fig. 3 and
corresponds to the hot luminescence component
(ii). Under stationary conditions, the latter gives
precisely the small NVR terms in xyr which can
shift some of the electronic resonances in x % as
discussed in Sec. IIB 3. In contrast to RRS, this
NVR transient remains small compared to the
RVR one if pQ ~0, even in the vicinity of single
photon resonances (this is the reason why there

is no redistribution component in resonant CARS
spectra). We shall also assume that the power
density is low, so that the transients arising from
p2)(0,¢) (which result in Stark splitting of the
CARS resonances in the steady state) are
negligible.

We shall thus consider here the RVR transients
associated with Figs. 1(a) and 2(a) which corre-
spond to the main stationary terms A« dand Cy
of x% in (9).. The pump fields are assumed to be
switched on at £ =0 and off at £ =T, viz.,

: EL.S (z,t) = éEL,s(Z, t) eXP(“iwL,st +ikL.sz)
XVE[1-v¢-T)], (38)
where V() is the unit-step function. Upon carrying

out the time integrations for the specific dia-
grams, one obtains

Pg},(wa; t) =&° -ﬁ(g)L(wu’ t) =h-3(Ei(Z, k)E;‘(Z, t)'U(t)[l - D(t - T)]{PE&KI exp[_i(wna +Wp = Wg _irna)t]

P

(0)

K, exp(—i(wp, + 2wz =i, )t) + K, exp(=i(wp, + wyg = ina)t) +’K‘1 exp(—tw,t)

- (paaKl +p§0b)K2 +K3 +K4) exp(-iwn’a - rr/a)t} + EzL(z’ T)E§(z, T)v(t - T)
{ }l= T exp(—iwn'a = rn'a)(t - T))‘ (39)

Each coefficient K is a sum of terms proportional
to four transition moments and three energy de-
nominators exhibiting one- and two-photon res-
onances (or antiresonances); { }:. r stands for the
value of the terms between brackets for £ =T, We
conclude from (39) that (i) while the excitation

is on, there are five distinct temporal contribu-
tions to P{3)(w,, ). (a) The first two, which con-
tain K, and K,, result from the natural response
of the molecules to the first perturbation, [de-
picted by vertex 1 in Fig. 1(a) (2(a))] at fre-
quency w,, (w,,) with decay rate I' (T',), driven
by the next two interactions with the fields

at wy(wz) and wg(wz). (b) The third one is the
result of the natural response after two perturba-
tions [depicted by vertices 1 and 2 in Figs. 1(a)
and 2(a)] oscillating at w,, with damping I',,, and
driven by the last field interaction at w;. (c) The

fourth one is the stationary solution driven at
frequency w,. (d) The initiation of the excitation
results in a natural response at w,, with damping
T, given by the fifth term. (ii) After the sudden
termination of the excitation, there is only a
natural response at w,, with decay rate I, [terms
proportional to V(¢ ~T) in (39)] and no driven
solution, contrary to the case of spontaneous RRS,
because CARS is a coherent process, (iii) In
addition, expression (39) contains only nondiagonal
damping coefficients, i.e., those containing the
collisional broadening I'°, 1f I',,>T,,, the transi-
ent component of _P(?\,)L(w,,, t) is damped faster than
that of the hot luminescence part of P§) (ws, t).
Under usual experimental conditions, damping
takes place in a time shorter than the pump pulse
duration, so that interpretation of CARS experi-
ments in terms of the CARS susceptibility given

.
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in (8) is justified. (iv) However, in experimental
situations where the Stark effect is strong and
where the transient behavior of the small NVR
components needs to be considered, the calcula-
tion is as cumbersome as for the hot lumines-
cence component of RRS.

V. EXPERIMENTAL RESULTS IN I, AT 1 mb.

Iodine is a good candidate for an experimental
verification of the properties of resonant CARS.
This is because it possesses strong and sharp
absorption lines throughout the visible range so
that efficient laser dyes can be used, and because
most of the characteristic absorption features
have now been assigned.”™ "

Our first I, CARS spectra were presented re-
cently™ and have now been interpreted.” We
here wish to discuss this interpretation as an
illustration of the theory exposed in the preceding
chapters.

Specially developed flash-lamp-pumped dye
lasers are used in this experiment. Their char-
acteristics are the following: (i) pulse duration
1 us, (ii) peak power up to 10 kW, (iii) beam di-
vergence less than 1.5 times the diffraction
limit, (iv) line-width 0.15 em™ or less, and (v)
beam diameter 2.2 mm. Special attention was
paid to dye solvent temperature regulation and
alignment stability. The spectra, in this pre-
liminary work, were recorded without the help
of a reference; this has probably caused an
artificial broadening of the lines, and
possibly some distortion from one end of the
spectra to the other, since dye aging and possible
slight beam wandering were not compensated for.
Other instrumental details on the CARS setup
will be found in Ref. 74. Focusing of the beams
into the I, sample was performed by means of a
12-cm focal length lens. The I, was contained in
a temperature-controled cell to vary the partial
pressure; air at 1 atm was used as a buffer gas.
The spectra reported herein were obtained at
35°C, corresponding to 1 mb of I,.”> The cell
length used for these experiments was 10 cm.
This value is a compromise between the need to
avoid generation of a nonresonant signal by cell
windows and the need to minimize attenuation by
L, at all wave-lengths.

The exciting light was in a spectral region
easily covered by Rhodamines 6 G and 640 and for
which the I, absorption lines are identified. The
vicinity of the Na D line at 16 956.18 cm"~! was
selected for wy;. The latter was tuned as close
as possible to that line, with a precision estimated
at +0.5 em™!, Two different techniques were used
to evaluate beam attenuation. We compared the

1o
S st
=
&m
0 % 6 T T T T T
) o 1260 0, s
7
5;—
g
(<]
383 ¢
0 Il |- 1 .
1250

Fig. 12, CARS spectra of I, in air at 35°C (partial
pressure1 mb), for w; tuned in a region about 16 956
em-! (a), then downshifted by 0.3 cm-! (b)., No reference
cell was used, so that amplitude distortions may be pre-
sent especially between (a) and (b). The positions of the
strongest double resonances are also indicated.

(off-resonance) CARS spectrum of the O, present in
the cell with that of O, in room air (see Fig. 11). The .
latter was twice as strong, whichgives anaverage at-
tenuation of 20% for the full cell length at w;, wg,
and w, after correction for window losses. This
result was verified by placing the cell before and
after the focus and monitoring the resultant re-
ductions in the CARS signal. These experiments
establish that little spectral distortion will take
place and that phase matching is not impaired.

The driving mechanism that tunes wg was then
calibrated relative to w; by recording the CARS
spectrum of the four sharp resonances of the CO,
molecule (v,, v{, 2v,, 2v;) which lie precisely in the
region of interest. The accuracy of this calibra-
tion is about 0.1 ecm™, Then we scanned most of
the fifth vibrational overtone of I, about (1261
cm™) [Fig. 12(a)]. When w; was downshifted by
0.3 cm™!, Fig. 12(b) was obtained. The resonances
in these spectra are very strong, about twice as
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FIG. 13. Absorption spectrum of pure I, at room temperature and 0.4 mb. Only the regions of interest for w; and w,

are given, Horizontal scale is in cm™! (after Ref. 76).

intense as the peak of the @ branch of the O, con-
tained in the cell (and whose partial pressure is
about 180 mb).

Assignment of the most conspicuous features
in Fig. 12 can be done using the high-resolution
absorption spectrum of I, obtained by Gerstenkorn
and Luc™ (Fig. 13). Table II lists the most
probable double resonances responsible for them,
given the uncertainties in w; and wg, and the

smearing of the lines due to collisional broadening
by air. Three rotational sublevels of the v’/ =1
state have been found to give large potential con-
tributions. These levels are J=62, 63,67. We
assumed wz =16995.6 cm™, which is the most
probable value as is justified a posteriori by the
analysis. The strongest features, which are
labeled 1 and 2, correspond to J =67 and benefit
from enhancement by the R67 (13 — 1) one-photon

TABLE II. 1, absorption lines and resonances used for assignment of our CARS spectra, with correspond-
ing detunings w,, - w; . The Raman resonances in the spectrum are found at w; - w; = wy,, the double

electronic pnes at w; - Wy = Wy, - w;."
la> w; =16955.6 wy; =16955.3
J
number Wpa ° Wna Wn'a Wpg — W Wy'g = WL Wpg ~ W Wp'g =W
062(7-1) P62(13-1) P62(27-1)
62 1251.15 - 16 955.7 18 208.4 01 1252.8 04 . 1253.1
Q63(7-1) P63(13-1) P63(27-1) _ _
63 1251.07 16 954.3 18 206.6 13 1251.0 1.0 12513
Q67(7-1) R67(13-1) R67(27-1)
67 1250.72 16 955.8 18 205.6 0.2 12500 0.5 12503

2 All w values given in cm™1,

bCalculated from the spectroscopic constants of Ref. 77.
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absorption in the vicinity of w;. Feature 1 prob-
ably gets its strongest contribution from the
double electronic resonance, which corresponds
to w, sweeping the R67 (27— 1) absorption, and
is therefore found at wy — wg=w,, - w; =1250.0
cm™, For this particular double electronic
resonance, the possible |b) levels in the scheme
of Fig. 6(b) are found from selection rules to be
v =T, J=67 and 69, The strongest contribution
comes from v =7,J =67, which corresponds to
the @67(7 — 1) fifth overtone Raman resonance.
We shall therefore label this resonance
[¢(7=1),R(13 = 1),R(27~1)] 67 in the notation of
of Sec. I'C1. Feature 2 coincides with a @ line,
which we write [Q(7~1), R(13 - 1),7(27-1)]67.
Since features 1 and 2 correspond to the same
|a) and |) states and are very close, they strongly
enhance one another (this case is almost a triple
resonance as discussed in (d) of Sec. IITA1).
Feature 2 furthermore receives a small contri-
bution, which is of the [@,R,p] type, from the
P67(27 - 1) absorption line lying at 18199.26 cm™?,
The latter also produces a weak [g, R, P67 double
electronic resonance at 1243.5 cm™!, outside the
spectral range of Fig. 12, This line constitutes
a doublet in association with [¢,R,R 67, as dis-
cussed in (b) of Sec. IIIA 1. Finally, the Raman
resonance S67(7 - 1) produces a CARS line
[S(7-1),R(13 = 1),7(27-1)]67 at 1260.8 cm™?,
which is the second line of the Raman doublet for
J =67, as discussed in (a) of Sec. IIIA 1. This
probably gives a contribution to feature 5, but
since the detuning between wy, and w, is large
(10 ecm™!), this contribution is small.

Two strong resonances are also contributed by
the v’* =1, J=62|a) level. These are
[(1-1),P(13 - 1),p(27-1)]62 at 1251.15 cm™*
and coinciding with feature 3, and
[g(7-1),P(13 - 1), P(27-1)]62 coinciding with
feature 4. Furthermore, an appreciable fraction
of feature 3 may come from
[Q(T-1),p(13 - 1), P(27-1)]63, which is a reso-
nance of the (c) type in Sec. IIIA 1.

Downshifting w; by 0.3 cm™! does not displace
the vibrational resonances in the spectrum, but
translates all the double electronic ones to the
right by 0.3 em™!, Feature 1 therefore tends to
merge with 2, forming line 6. The resulting
enhancement offsets the loss due to w; moving
away from w,,, and the resonance remains very
strong. The two contributions from J=62 are
reduced appreciably as they move apart and also
as a result of w,, - w; increasing, causing line 4
to disappear. Meanwhile, the [@,p,P]63 reso-
nance is little affected. It undergoes a slight
splitting, thus contributing both to line 6 and to
its weak shoulder 7.

Examination of the absorption spectrum about
wy, suggests possible contributions from v’/ =2,
J=112, 113, 54, 55, 59, and 60. Similarly for
v'"=0, J=117, 118, 123 and v’' =1, J=114, 119.
Most of the corresponding CARS lines either
appear out of the spectral region scanned, or
present large laser, vibrational or anti-Stokes
detunings, or have small Franck-Condon fa¢tors
for their w,, transitions. Nevertheless, many of
these lines, although weak, give contributions
between 1 249 and 1 252 cm™!; and 1 258 and
1 261 cm™, which may explain most of the weaker
features that have been left unaccounted for.

The above discussion can only be semiquantita-
tive at present. A precise analysis would require
a computer simulation, taking into account the
complex character of the various resona‘.nces
(which requires the full evaluation of the complex
transition moments to be carried out), thereby
accurately representing the interference between
the lines, and the resulting spectral distortions.

The measurements were conducted with laser
powers not exceeding 10 kW, but still sufficient
to cause saturation and Stark broadening. How-
ever, we have no evidence that these effects were
present to any great extent. The sharper features
have a linewidth on the order of 0.6 cm™, which
is what we expect on the basis of I'y,, I';s, and
laser bandwidth, Fluctuations due to the absence
of a reference also probably account for a small
fraction of the broadening. Because of transverse
beam nonuniformity, and because the signal is
integrated over a volume large compared to the
focal zone, we expect both Stark broadening and
population perturbations to be difficult to ob~
serve.”®" These phenomena will be investigated
in the near future. It will also be necessary to
adjust wy about the absorption lines with greater
precision than now for an unambiguous interpre-
tation of the spectra. Of great interest too will
be the verification of the predictions on resonant
CARS spectra excited in the continuum,

VI. CONCLUSION

In the present paper, we have considered in
detail the utilization of electronic resonance in
order to provide an enhancement of the CARS non-
linear susceptibility, with an important applica-
tion in mind: improved detection sensitivity of
CARS experiments in analytical chemistry. In
the course of this investigation, we have un-
covered some remarkable properties of resonant
CARS which will have important applications in
resonant Raman scattering studies and one~-photon
spectroscopy.
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We have provided a discussion of the suscepti-
bility based upon the density matrix and have
introduced density-matrix perturbation diagrams
to clearly interpret and classify the terms which
arise in the susceptibility. Such diagrams uniquely
specify the quantum processes involved in the
development of the nonlinear polarization at w,.
We have shown that two types of diagrams, which
we have called parametric and nonparametric,
contribute to the CARS susceptibility, and that
the nonparametric ones occur in groups of three
corresponding to three time-ordered possibilities
of the interactions. Of these three possibilities,
one is dominant due to the presence of a vibra-
tional resonance; the other two, although small,
can produce a shift of the electronic resonances
pertaining to state |b).

In gases, resonant CARS spectroscopy is best
performed by holding the laser frequency wy,
fixed on one of the absorption lines and tuning
wg across the vibrational resonances. Two types
of electronically enhanced Raman resonances are
then observed: one is associated with the molecu-
lar levels responsible for the resonant absorp-~
tion of wz, and one is associated with levels
giving simultaneous vibrational and anti-Stokes
resonances. In addition, double electronic res-
onances are also found.

The line shapes in resonant CARS have been
analyzed by representing the susceptibility as a
vector in the complex plane. We found, as in off-
resonance CARS, that the extremity of this vector
describes a circle when wy is held fixed and wg
varied. The circle position and diameter depend
on the amplitudes and relative phases of the one-
photon resonant terms in the susceptibility. The
circle model gives a simple visualization of the
roles played by yyz, mixing ratio, detuning from
resonance, and transition moments, in determin-
ing the spectral contour. Thus we were able to
give simple interpretations of the results observed
recently in liquids by using this model without
resorting to numerical calculations. Resonant
CARS spectra can be used to determine the rela-
tive magnitudes and phases of the cross products
of transition moments between vibronic levels in
the ground and the excited electronic state. This
information can be retrieved from the contour of
a given isolated line. The analysis of several
lines in a resonant CARS spectrum will provide
several products of transition moments and there-
fore allow one to determine the complex transi-
tion moments relative to one another. Equivalent
experiments were recently proposed based on
RRS.%°

The excitation into dissociative continua was
predicted to yield spectra resembling off-reso-

nance spectra, without the double electronic
resonances, and with enhancements comparable
to or less than those obtained with discrete ab-
sorption lines. For these reasons, and because
the spectral intensities do not depend upon the
widths of the absorption lines, this type of ex-
citation may prove more practical for the study
of rapidly fluctuating media.

We have also discussed the dependence of line
intensities upon rotational transition moments
and collision broadening, and found the behavior
to be appreciably different from the off-resonance
behavior. The perturbation of populations by one-
photon absorption and stimulated Raman scattering
were considered in detail and the magnitude of
the broadening of CARS features by the optical
Stark effect was briefly studied. The experimental
limitations, especially those concerning the max-~
imum pump power densities, were listed. It
appears that 100 MW /cm? constitutes a maximum
in gases at STP.

By means of the diagrammatic analysis, the
transient CARS regime resulting from the turning
on and off the two pump fields are also easily de-
picted. The transient behavior of the most im-
portant contribution to the nonlinear polarization
at w, has been discussed and compared with that
of the polarization at wg which is related to reso-~
nant Raman scattering.

Finally, resonance-enhanced CARS in iodine:
molecules has been observed. The L, was at
a partial pressure of 1 mb in air near STP. The
pump at wz was below the dissociation continuum,
close to the NaD line, and in a region where the
absorption lines have all been identified. Several
CARS resonances in the fifth overtone band were
recorded and assigned. They correspond to the
categories of double resonances predicted by the
theory. One feature was almost a triple reso-
nance. The enhancement in susceptibility was,
for some of these lines, on the order of 400 as
compared with simple diatomics excited off
resonance.

The approach and conclusions of this paper could
be transposed readily to related third-order effects
like RIKE (1-3) and SGRS (4). Some of the aspects
of SRGS have actually been discussed in the course
of our presentation.
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APPENDIX A

Any time-ordered contribution to the density

operator can be precisely defined and readily
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written down by means of the associated diagram.
We list here the rules permitting one to draw
the diagrams and to calculate the associated
terms for the impact and isolated line approxima-
tions in accordance with Refs. 21 and 22. Any
time-ordered contribution to the nth order of
perturbation of the density operator is associated
with a diagram according to the following rules:
(i) The time axis is drawn vertically. (ii) The
time evolution of the wave function (ket) is plotted
vertically to the left of this axis and that of the
complex conjugate (bra) on the right, so that one
can follow the time evolution of the density opera-
tor contribution along the time axis. (iii) The
field interactions are represented in the standard
way by vertices that are specified, respectively,
as the photon creation or annihilation operators.
Note here that each vertex is drawn at 45° to the
tangent to the circle, and not to the time axis
as was done in Refs. 21 and 22. (iv) The number
of interactions (or vertices) on the ket side and
on the bra side are specified, their total number
being equal to the order of the perturbation z. (v)
The time ordering of the interactions on the ket
is specified relative to the interactions on the bra.
We consider the diagram of Fig. 3(a) to illustrate
the utilization of the rules permitting one to cal-
culate the associated steady state contribution
t0 P®),(w,,t). There are three relevant field inter-
actions on this diagram, one of them on the ket
side and the other two on the bra side. The first
interaction occurs at time ¢, and is specified as a
Stokes photon annihilation operator operating on
the bra(b|. The second one occurs at time ¢, and
is specified as a laser photon annihilation opera-
tor operating on the ket lb). The last one at time
t, is specified as a laser photon creation operator
operating on the bra (nl. Beginning at £, and
tracing up the diagram, one introduces factors
as follows: (i) The initial density matrix element
P, (ii) The transition moment associated with
the first perturbation which results in a change
of the molecular complex conjugate wave function
from (b| to (n|:(b| - P 2ln)Efe’ St €5, (iii) The
propagation factor resulting from the sunultaneous
evolution of bra (z| and ket |b) between ¢, and #,:
1/7(=wp, +2T, — wg). (iv) The transition moment
associated with the second perturbation resulting
in a change of the molecular wave function from
[6) to |n’y : n’| = B e2|b)Ey e™*“Lt ¢ L%, (v) The
propagation factor resulting from the simultaneous
evolution of ket |n’) and bra (n| between ¢, and ¢,:
1/f(=wy, +iT,, + wy — wg). (vi) The transition
moment associated with the last perturbation which
brings the molecular state from (x| to (al : (n]
—Peo2layEy e **r™*2%, (vii) The propagation
factor resulting from the evolutions of b7a (al

and ket |n’) between ¢, and ¢: 1/7(=wyq +ET 0, + w,).
(iii) If the number of field interactions on the

"bra side is even (odd) one must put a + (~) sign

in front of the contribution of interest [that is a
+ sign in the case of Fig. 3(a)]. (ix) This gives
the matrix element p‘s’ depicted in the diagram
at time £, In order to obtain the associated con-
tribution to P{*(w,, ) as given by Eq. (4), one
finally has to multlply by (#’'| P*&la). The fourth
vertex in the diagram is of no use in calculating
P,(f,f(w t). It represents the coupling between the
field at w, and P{)(w,, #), which results in either
absorptlon or emission at w,, depending upon the
respective phases of all the fields including E, (see
Sec. IIB 2).

Inclusion of damping in the diagrams implies an
averaging of the corresponding terms over all
the statistical parameters. In the impact and
isolated line approximation?!'22:3%:32 554 with the
assumption of Lorentzian broadening, the dia-
grammatic representation of damping is equivalent
to the damping approximation (3) used in the
density matrix calculation.

APPENDIX B

The rate of change of the vibrational population
resulting from four-wave mixing (such as CARS)
or stimulated Raman scattering can be expressed
quite generally in terms of the fourth order per-
turbation diagonal density matrix terms p (w, #)
and p(’*)(w, t). We write it as:

9
5@, 1) =50 (0,6) = 5 088 (@, (B1)

In order to calculate these terms, all fields
including E,(z,t) must be written down explicitly.
In general E,(z,t) is arbitrary; however, assuming
the medium to be homogeneous, neglecting
homogeneous solutions of the wave equation, and
assuming it to be zero at the input boundary,
E,(z,1) can be given a simple expression as a
function of E;(z,t), Es(z,t), and x® (w,):

Eulz, 1) = Z1%x9 (0)E3 2, DES(e, . (B2)

This particular expression is the basis of the
interpretation of the energy level diagrams of
Fig. 4. Equation (B1) can be calculated either
by iterative integrations of Eq. (2) or from the
time-ordered diagrams depicting the nonlinear
polarizations at w, (Figs. 1-3), w; and ws. We
consider here the stationary nonoscillating zero-
frequency components p{*(0, ¢) and p{¥ (0, t) as
they give the major contribution. One has for
plP(0, 1)



ELECTRONIC RESONANCE E

5 2 @

+03 (ws, )ES expi (wst =

The three terms on the right hand side of (B3)
are, respectively, associated with P§)(w,,?),
P,%)I,(wL,t), and P§)(ws,t); both parametric and
nonparametric time-ordered diagrams contribute
to each of these terms. Each term p)(w,?) arises
from two distinct second order contributions,

i.e., nondiagonal term p?a) at frequency wy - wg
and diagonal terms p,‘,z,,), pff,), pg,_zb) at frequencies
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0,8)= %Zlm Z ,u,,,,[pff,) (wg, 1) EF expi(w,t — ky2) + p(,?a’ (wg,t)E¥expi(wpt —krz)
n

ksz)] =T,y 08 (0,2). (B3)

r

0, 2wz, and wy - ws. The diagonal terms become
important only near electronic resonances. An
analogous expression can be obtained for
(©/3t)03(0, ).

As an example, we give the expression for the
pf,za) contribution to the population changes due to
resonant CARS, discarding the terms possessing
one or more antiresonances

E3EXE} expidkz

9
aA(o’ t)"’raupaa(o t) rbbpb)(o t)_'—{ 2Im

X

Wp = W + Ws =2T,

Mgt Bty

Wpeg = Wy —irn'a

% Z [(p«»

(0)

p,,,, (0)

_._mﬁua___(p

(0)) p'm“ga
- wg =il

- Wg +ZI‘",,

E2 EXEX expidkz ot et

+2Im

Wy = Wr, + Wg +i1",,a 7
x Z [(p(o)
- (p(O) pﬂn )

+2Im

x 22

n'

Z [(p«;)

2

Wytg = Wy, +irn’a

Kot
- w, +i0,,

)

.._M__L_.

- Wy, —11" }
E iEgE:expz dkz

Wpg = Wz +wg +i0,

Pt bt
Wy =

wg =il

_n_nb_._

(o))
- wg+il,,

) (p(o)

p'gn“-gb ]
—wg =i,

E%E$E} expidkz

-2Im

Wy = Wg +wWg =1,

Hoplpp [ © __J.‘.‘_ns___

Wyrp = wg, +E0 (Pm Prn —wp =10y,
- (09 - pf@ __“!m_‘irm___] B4
(P35> = Pnn ) —ws +il,, (B4)

where Ok is the phase mismatch, ie ok =2k, — kg
—Fk,. There are four main terms in (B4), the first
two being (8/9¢)p () (0, x) and the others

(a/at)p(4) (0,2¢). In the former, the contributions
proportional to p(°) can be visualized and calculated
with a parametric time-ordered diagram, while
those proportional to P(b?,) correspond to the non-
parametric time-ordered diagrams; it is the
opposite for the last two terms.

-
Far below electronic resonances, the population

change (8/3t)A(0,¢) resulting from CARS corre-

sponds to the two vibrational quanta exchanged

between the radiation fields and the molecules

in the nonparametric process of Fig. 4(b). In

that case, the one-photon resonance denominators

in (B4) are nearly equal and factor out, so that

the vibrational perturbation can be expressed in

terms of the CARS susceptibility
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o - 2 ibkz P(O) - P(ob)
3780, )= T ImSE B§EF e [ —54__20b

< Imy g (ELESE* ™ +c.c.).

Combining (B2) and (B5) one gets!®3¢ (3/8¢)A(0, ¢)
| Imy 2N, (NsN,)?, where N;, Ng, and N, are
the photon fluxes per unit area per unit time at
wg, wg, and w,, respectively. In that case the

Whg = Wp + wg =20y,

> < Barbyy ua¢u¢b>

Wrrg = Wy Wyep + Wy
x 3 (ke
n

N _umag_) _c.c]
Wpg = Wp,

Wy + Ws

(B5)

I

rate of population change associated with CARS
and depicted in Fig. 4(b) appears as proportional
to |Imy z[2.

*Permanent Address: Department of Electrical Engi-
neering and Computer Sciences and the Electronics
Research Laboratory, University of California, Berke-
ley Calif, 94720 (U. S. A.).

!D. Heiman, R. Hellwarth, M. Levenson, and G. Martin,
Phys. Rev. Lett, 36, 189 (1976).

M. D. Levenson and J. J. Song, J. Opt. Soc. Am. 66,
641 (1976).

3G. L. Eesley, M. D. Levenson, and W. M. Tolles, IEEE
J. Quant. Elec. QE-14, 45 (1978).

‘A. Owyoung and E. D, Jones, Opt. Lett. 1, 152 (1977).

5p. Régnier and J.-P. Taran, Appl. Phys. Lett. 23, 240
(1973). -

M. Péalat, S. Druet, B. Attal, and J.-P. Taran, Tem-
perature and Concentration Measuvements in Reactive
Media by CARS (MIT, Cambridge, Mass., 1976).

"W. B. Roh, P. W. Schreiber, and J.-P, Taran, Appl.
Phys. Lett. 29, 174 (1976).

83. W. Nibler, J. R. McDonald, and A. B. Harvey, Pro-
ceedings of the Fifth Intevnational Confevence on Ra-
man Speétroscopy, edited by E. D. Schmidt (Schulz,
Freiburg in Breisgau, 1976), p. 717.

%J. W. Nibler, J. R. McDonald, and A. B. Harvey, Opt.
Commun. 18, 371 (1976); W. M. Shaub, J. W. Nibler,
and A. B. Harvey, J. Chem. Phys. 67, 1883 (1977).

105, A. Akhmanov, A. F. Bunkin, S. G. Ivanov, N. I. Kor-
oteev, A.I. Kovrigin, and I. K. Shumay, in Tunable
lasers and Applications, edited by A. Mooradian,

T. Jaeger, and P. Stokseth (Springer-Verlag, Berlin
1976), p. 389.

113, 3. Barrett and R. F. Begley, Appl. Phys. Lett. 27,
129 (1975).

12\, A. Henessian, L. Kulevskii, and R. L. Byer, J. of
Chem. Phys. 65, 5530 (1976).

13y, 1. Fabelinsky, B. B. Krynetsky, L. A. Kulevsky,

V. A. Miskin, A. M. Prokhorov, A. D. Savel’Ev, and
V. V. Smirnov, Opt. Commun. 20, 389 (1977); B. B.
Krynetsky, L. A. Kulevsky, V. A. Miskin, A. M. Pro-
khorov, A.D. Savel’Ev, and V. V. Smirnov, ibid. 21,
225 (1977).

14A. Hirth and K. Volrath, Opt. Commun. 18, 213 (1976).

151, Chabay, G. K. Klauminzer, and B. S. Hudson, Appl.
Phys. Lett. 28, 27 (1976).

165, Nestor, T. G. Spiro, and G. Klauminzer, Proc. Nat.
Acad. Sci. U. S. A. 73, 3329 (1976); B. Hudson,

W. Hetherington III, S. Cramer, I. Chabay, and
G. Klauminzer, ibid. 73, 3798 (1976).

174, Laubereau, G. Wochner, and W. Kaiser, Opt. Com-
mun, 17, 91 (1976); Phys. Rev. A 13, 2212 (1976);

A. Penzkofer and W. Kaiser, Opt. Quant. Elect. 9, 315
(1977).

18p Moya, S.Druet, M. Péalat, and J.-P. Taran, in
Experimental Diagnostics in Gas Phase Combustion
Systems, Progress in Astronaut. and Aeronaut. 53,
edited by B. T. Zinn (American Institute of Aeronautics
and Astronautics,Princeton, New Jersey, 1977), p.
549.

195 .~P. Taran, in Tunable Lasers and Applications, ed-
ited by A. Mooradian, T. Jaeger, and P. Stokseth,
(Springer-Verlag, Berlin, 1976), p. 378.

M. D. Levenson and N. Bloembergen, Phys. Rev. B 10,
4447 (1974); R. T. Lynch Jr., S. D. Kramer, H. Lotem,
and N. Bloembergen, Opt. Commun 16, 372 (1976).

213, Y. Yee and T. K. Gustafson, Phys. Rev. A. (to be
published).

223, Y, Yee, T. K. Gustafson, S, Druet, and J,-P. Taran,
Opt. Commun. 23, 1 (1977).

23y, R. Shen, Phys. Rev. B 9, 622 (1974); Y. R, Shen
ibid, 14, 1772 (1976),

UN, Bloembergen Nonlinear Optics (Benjamin, New
York, 1965).,

%P, N, Butcher, in Nonlinear Optical Phenomena (Ohio
State University Engineering, Columbus, (1965).

2R, W, De Witt, A, B, Harvey, and W, M. Tolles, Theo-
retical Development of Third-Order Susceptibility as
Related to Coherent Anti-Stokes Raman Spectroscopy,
NRL Memorandum Report 3260 (1976) (unpublished).

213, Druet, Diffusion Raman Anti-Stokes Cohérente au
voisinage des résonances électroniques, thesis Orsay,
1976. Available as ONERA Technical Note No, 1976-6,
and, in English, as European Space Agency Technical
Translation No, ESA TT 371 (1977) funpublished).

283, Hertz, A, Lau, M, Pfeiffer, and W. Werncke, in
Lasers in Chemistry, Conference Digest, London,
1977 funpublished), p. 399; A, Lau, M, Pfeiffer, and
W, Werncke, Opt. Commun, 23, 59 (1977),

2%y, Lotem, R. T, Lynch, Jr., Tand N. Bloembergen,
Phys, Rev. A 14, 1748 (1976).

30M, Baranger, Phys Rev, 111, 494 (1958).

3y, Fu;.tak and J. Van Kranendonk, C.J. Phys, 40, 1085
(1962

32A. Omont, E. W, Smith, and J, Cooper, Astrophys. J,



18 ELECTRONIC RESONANCE ENHANCEMENT OF COHERENT... 1557

175, 185 (1972)

3¢, J 7. Bordé, C.R. Acad. Sc. Paris, t. 282, Series B,
341 (1976); C. J. Bordé in Laser Spectvoscopy III, Pro-
ceedings of the Thivd Intevnational Conference, edited
by J. L. Hall and J. L. Carlsten (Springer-Verlag,

New York, 1977), p. 121.

3R, P, Feynman, Quantum Electrodynamics (Benjamin,
New York, 1962), p. 19-22,

%R, T. Lynch, Jr., H. Lotem, and N. Bloembergen, in
“Lasers in Chemistry” Conference Digest, London,
1977, p. 1 (unpublished); N. Bloembergen, H. Lotem,
and R, T, Lynch, Jr., “Lineshapes in Coherent Reso-
nant Raman Scattering”in Raman 50th Jubilee Volume
of the Indian Jouvrnal of Pure and Applied Physics .(to be
published). R. T. Lynch, Jr., thesis (Harvard Univer-
sity, 1977) (unpublished)

36F, Moya, Application de la Diffusion Raman Anti-
Stokes Cohérente aux mesures de concentrations ga-
zeuses dans les écoulements, thesis, Orsay, available
as ONERA Technical Note No, 1975-13, and in English,
as European Space Agency Technical Translation No,
ESA TT 331 (1976) (unpublished).

31This was not correctly asserted in Druet’s thesis (Ref,
27), where Fig. 12 does not make sense.

3Tn the case of Raman Scattering, one observes. a simi-
lar decoupling and Fermi’s Golden Rule then applies,

3%1f one takes Lorentzian distributions for the g’s and
makes the damping approximation (11), then one finds
the non-time-ordered result obtained in Sec. II B.

40M, Jacon, in Advances in Raman Spectroscopy (Hey-
den and Son, London, 1973), Vol. 1, p. 325,

4M, Berjot, M, Jacon, and L, Bernard, Opt. Commun,
4, 246 (1971).

4D, L, Rousseau and P, F, Williams, J. Chem, Phys.
64, 3519 (1976).

a8y, W Nibler, W, M, Shaub, J, R. McDonald, and A. B,
Harvey, Vibrvational Spectva and Structuve, 6, edited
by J. R. Durig (Elsevier, New York, 1977).

M, A, Yuratich and D, C. Hanna, Mol, Phys, 33, 671
(1977).

451, A, Carreira, L. P. Goss, and T. B, Malloy Jr.,

J. Chem. Phys, 66, 4360 (1977).

4R, T, Lynch, Jr., H, Lotem, and N, Bloembergen, J.
Chem, Phys, 66, 4250 (1977),

4F, Moya, S. Druet, and J.-P, Taran, Opt. Commun,
13, 169 (1975),

85, Barak and S. Yatsiv, Phys, Rev, A 3, 382 (1971),

4R, L, Brown and W, Klemperer, J. Chem, Phys, 41,
3072 (1964).

50A, Chutjian and T. C. James, J. Chem, Phys, 51, 1242
(1969).

5B, R. Mollow, Phys. Rev. A 5, 1522 (1972); 15, 1023
1977, - -

52C, Cohen Tannoudji and S. Reynaud, J. Phys, B 10,

365 (1977).

533, L. Carlsten, A, Szdke, and M. G. Raymer, Phys,
Rev. A 15, 1029 (1977).

S, Schuda, C. R. Stroud Jr., and M. Hercher, J. Phys,
B 7, L198 (1974).

%R, E. Grove, F.Y.Wu, and S, Ezekiel, Phys, Rev. A

15, 227 (1977),

5N, Skribanowitz, M, J. Kelly, and M, S. Feld, Phys,
Rev, A 6, 2302 (1972)

573, Fenemlle and M. G. Schweighofter, J. Phys. 36, 781
(1975),

583, L. Picqué and J. Pinard, J. Phys. B 9, L77 (1976),

593, E. Bjorkholm and P. F. Liao, Opt. Commun, 21, 132
(1977).

80C. M. Penney, L. M. Goldman, and M. Lapp, Nat.
Phys. Sci., 235, 110 (1972); H. Rosen, P. Robrish, and
0. Chamberlam, Appl. Opt. 14, 2703 (1975).

6w, Holzer, W. F, Murphy, and H, J. Bernstein, J.
Chem, Phys, 52, 339 (1970); 52, 499 (1970); M. Ber-
Berjoth, thesis’ (Umvers1te de Rexms) (unpublished).

62D, G, Fouche and R. K. Chang, Phys, Rev, Lett, 29.
536 (1972); R. L. St Peters, S.D. Silverstein, M. Lapp,
and C. M, Penney, ¢bid, 30, 191 (1973); D. G. Fouche,
A, Herzenberg, and R, K. Chang, J. Appl. Phys. 43,
3846 (1972),

833, D, Silverstein and R. L. St Peters, Phys, Rev, A 9,
2720 (1974); M. Jacon and D, Van Labeke, Mol, Phys.
29, 1241 (1975).

643, R. Solin and S, Merkelo, Phys. Rev. B 12, 624
(1975); 14, 1775 (1976).

6p, RObI‘lSh H. Rosen, and O, Chamberlain, Phys,
Lett, A 51, 434 (1975).

86y, R. Shen, Rev.Mod. Phys, 48, 1-31 (1976),

8 Laser Spectroscopy III, Proceedzngs of the Thivd Inter-
national Conference, edited by J, L, Hall and J, L,
Carlsten (Springer-Verlag, New York, 1977).

8M. Berjot and L. Bernard, in Advances in Raman
Spectroscopy (Heyden and Son, London, 1973), Vol. 1,
p. 343,

898, Mukamel and J, Jortner, J, Chem, Phys. 62, 3609
(1975); S. Mukamel, A, Ben Reuven, and J. Jortner,
Phys. Rev. A 12, 947 1975).

A, Herzenberg a and E. Stryjewski, Phys, Rev. A 15,
234 (1977).

3, D. Simmons and J, T. Hougen, J, Res. Nat, Bur.
Stand. A 81, 25 (1977).

%2, Gerstenkorn and P. Luc, Atlas de la Molécule d’Iode
(unpublished).

J.-P. Taran, in Ref. 67, p. 315.

4B, Attal, O. Schnepp, a.ndJ -P. Taran, Opt. Commun,
24, M (1978)

D, A, Shirley and W, F, Giauque, J. Am, Chem, Soc,
81, 4778 (1959).

63, Gerstenkorn and P. Luc, “Atlas du Spectre d’Ab-
sorption de la Molécule d’lode”, Laboratoire Aimé
Cotton CNRS II, 91405 Orsay, France (unpublished);
line assignments of the spectrum about w; are also
from the same authors (private communication),

"'W. Keifer and H. J, Bernstein, J. Mol. Spectrosc. 43,
366 (1972). -

"8A. B. Rodrigo and R, M, Measures, IEEE J. Quant,
Electron, QE9, 972 (1973).

3, W. Daily (unpublished).

80C, L. Pan, C.Y.She, W. M. Fairbank, Jr., and K. W,
Billman, IEEE J. Quant. Elec. QE13, 763 (1977).




