Reduction of degenerate four-wave mixing spectra to relative populations

Il. Strong-field limit

Skip Williams® and Richard N. Zare®
Department of Chemistry, Stanford University, Stanford, California 94305

Larry A. Rahn®
Combustion Research Facility (MS 9051), Sandia National Laboratories, Livermore, California 94551

(Received 28 January 1994; accepted 7 April 1994)

The degenerate four-wave-mixing (DFWM) signal is said to be saturated when the population
difference of the two levels involved in the resonant transition oscillates with a rate (Rabi frequency)
greater than the relaxation and dephasing rates. The field intensity at which this occurs is referred
to as the DFWM saturation intensity. We find that the DFWM saturation behavior predicted by
nondegenerate two-level models is in close agreement with the observed power dependence of (0,0)
band transitions of the CH A *A—X *II system. Furthermore, when the linear polarization states of
the excitation fields are varied, the saturation intensity does not change significantly. In contrast,
large differences in the DFWM signals are observed as a function of input field polarization and
rotational branch. These differences are nearly independent of laser intensity. The DFWM signal
differences are rationalized using the diagrammatic perturbation theory (DPT) expressions described
in the preceding paper. We find that the DPT expressions are accurate to 10%-30% at saturating
laser intensities. The important aspects of the reduction of saturated DFWM signals to relative
internal-state distributions are outlined in environments where population relaxation and dephasing
events are dominated by collisions, and a rotational temperature analysis is presented of the CH
radical in an atmospheric-pressure oxyacetylene flame. Rotational temperatures determined using
saturated DFWM are estimated to be accurate to 5%.

I. INTRODUCTION

Abrams and Lind (AL)! have presented a model of de-
generate four-wave mixing (DFWM) which has shown good
agreement with experiments.>™* The AL model considers a
nondegenerate two-level homogeneously broadened system
in the presence of two counterpropagating pump fields of
arbitrary intensity and weak probe and signal fields. The
probe and signal intensities are weak in the sense that they
do not significantly affect the level populations. In this model
all fields are monochromatic, are of the same polarization
state, and are configured in the phase-conjugate geometry
(PC-DFWM) discussed in the preceding paper (hereafter re-
ferred to as WZR1).%

One of the most significant predictions of the AL model
is that the DFWM signal becomes relatively insensitive to
collisions when the intensity of the pump fields is increased
so that the population difference of the two-level system os-
cillates with a rate (Rabi frequency) greater than the relax-
ation and dephasing rates. When the pump field intensity
approaches this value (I%,) the DFWM signal is said to be
saturated. The collisional independence of saturated DFWM
has been verified experimentally for many species including
NO,%7 OH,*"'° NH,!" and CH.'? Note, however, that the AL
model should be viewed only as a qualitative description of
these experiments because in most cases the lasers employed
are not monochromatic, the molecules are moving, and the
probe field intensity is a significant fraction of the pump field
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intensity. In addition, molecules possess polarization-
dependent spectroscopic properties such as those discussed
in WZR1 that are not described by the AL model.

Meacher, Charlton, Ewart, Cooper, and Alber
(MCECA)"®~" have developed a theory for DFWM with
broad-bandwidth lasers that has shown qualitative agreement
with experiments.'> The MCECA model is similar to the AL
model in that intense pump fields and a weak probe field
interact with stationary nondegenerate two-level absorbers in
a PC-DFWM phase matching geometry; however, the pump
bandwidths are assumed to be much larger than the homoge-
neous line width (including power broadening) of the optical
transition. In this model the probe bandwidth can be any
size. The results show that increasing the pump bandwidth
leads to an increased I°, and a slightly different DFWM
power dependence compared to the AL model.

Lucht, Farrow, and Rakestraw (LFR)'® have addressed
the effects of molecular motion and strong (saturating) probe
field intensity. LFR numerically evaluated the time- and
space-dependent density matrix equations directly for a non-
degenerate two-level system with molecular motion in which
any or all of the incident fields can be saturating. LFR cal-
culated DFWM intensities and line shapes for conditions of
interest for flame and plasma diagnostics, and compared the
results of their calculations to experimental results of NO in
100 Torr of helium excited by a narrow-bandwidth (0.004
cm™!) laser. Some of the findings of LFR relevant to our
work are as follows: first the presence of molecular motion
slightly increases 1%, ; second, when the probe field intensity
is one quarter of the pump field intensity the DFWM satura-
tion behavior is very similar to the case where the probe field
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FIG. 1. Experimental configuration for the measurement of DFWM signals. Spectra are recorded with unfocused beams (diameter ~0.5 mm) having energies
of 16 uJ for the pump beams (1 and 3) and 4 uJ for the probe beam (2). The flame consists of a standard welding torch fitted with a 0.94 mm nozzle. The
abbreviations used in the figure are defined as follows: M: mirror, P: polarizer, L: lens, PH: pinhole, PEM: photoelastic modulator, BS: beamsplitter, WP:
half-wave plate, DFR: double Fresnel rhomb, EM: energy meter, PMT: photomultiplier tube.

is held constant at a value much less than 1%, ; and third, the
DFWM signal is nearly independent of collisions when the
pump field intensity is approximately 215,.

LFR discussed their work in the context of previous
saturation treatments'’~2* so further comparisons will not be
made here. The work of AL, MCECA, and LFR greatly en-
hance the understanding of DFWM saturation; however, be-
cause these models assume a nondegenerate two-level sys-
tem, the effect of polarization in saturated DFWM remains
unresolved.

Our aim is to determine the effect of polarization in ap-
plying nondegenerate two-level models to ‘experiments in-
volving molecules; in particular we wish to determine how
polarization affects extracting relative internal-state distribu-
tions from DFWM signals. Qur approach is to measure
DFWM signals as a function field polarization and intensity
and to interpret these data in the framework of the AL and
MCECA models using the ideas developed in WZR1. In Sec.
II we discuss the pertinent experimental details. A brief dis-
cussion of the AL and MCECA models is given in Sec. III
with an emphasis on the key elements required to interpret
DFWM signals. In Sec. IV we present DFWM data of the
CH radical in an atmospheric-pressure flame as a function of
field polarization and intensity, interpret the results, and
present methods for extracting relative population distribu-
tions from saturated DFWM signals. In Sec. V we present
conclusions of our findings.

Il. EXPERIMENTAL DETAILS
A. Experimental apparatus

Figure 1 shows the experimental configuration in which
three fields of the same frequency overlap in the reaction
zone of an atmospheric-pressure oxyacetylene flame to gen-
erate a fourth field (the DFWM signal). The two coaxial and
counterpropagating pump fields, denoted E, (forward pump)
and E, (backward pump), are crossed at a small angle, §=2°,
by a probe field, E,. This configuration is commonly referred
to as the PC-DFWM geometry. The PC-DFWM signal field,
E,, is coherently generated and propagates 6 m to a photo-
multiplier (Hamamatsu R2393P) where it is detected.

Excitation is provided by a KrF excimer-pumped dye
laser system (Lambda Physik EMG 102 MSC and FL 2002)
operated over the wavelength range of 425-450 nm with a
bandwidth of Az, =0.18+0.02 cm™' (FWHM) and a pulse
width of A7; =16.3+1 ns (FWHM). The output beam of the
dye laser is spatially filtered to produce a Gaussian beam
profile. The FWHM diameter of the beams is measured using
the procedure outlined in Ref. 25 and is typically dp,~0.5
mm. The beam diameter can be determined to *+0.02 mm.
The laser energy is computer (PC/XT) controlled using a
photoelastic modulator (Hinds International PEM-CF4) be-
tween two crossed polarizers that allows the laser energy to
be adjusted between 1 and 800 wJ with no beam deviation.
The energy of the probe beam is one quarter of the forward
pump beam, and the energy of the backward pump beam is
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FIG. 2. DFWM spectrum of selected Q- and R-branch transitions of the CH A 2A—X 2I1(0,0) and (1,1) bands recorded using the YYXX polarization
configuration. In the figure only the (0,0) band transitions are labeled. The fine-structure components are indicated on the branch designations by subscript
1="A¢—"M» and subscript 2=2A,,—1,,,. The upper state and lower state A doublets are labeled by e and f; when they are the same for both levels, ee is

abbreviated by e and ff is abreviated by f.

adjusted to the value of the forward pump beam using a
double Fresnel rhomb and a polarization beamsplitter which
reflects S-polarized and transmits P-polarized light. We mea-
sure the beam energy by placing an energy meter (Molectron
J4-09) after the polarization beam splitter which allows the
energy to be measured directly and accurately to a fraction of
a microjoule.

The DFWM signal is amplified (Lecroy VV100BTB) be-
fore being processed by boxcar a averager (SRS SR250). The
laser energy is processed directly by a boxcar averager (SRS
SR250). Up to four channels are read at each wavelength,
digitized, and averaged over 30 laser shots. The data is then
stored on a computer (PC/XT) for further analysis. If not
otherwise stated, the reported errors include statistical and
experimental uncertainties and represent 1o deviation.

B. Flame

The atmospheric-pressure oxyacetylene flame consists of
a standard welding torch fitted with a 0.94 mm diameter
nozzle operated in the open air. The flows of acetylene and
oxygen are maintained with mass flow controllers (MKS) at
380 and 360 cc/min, respectively. This results in an oxygen
to acetylene volumetric flow ratio, O,/C,H,, of 0.947 and an
equivalence ratio, ®, of 2.64 (fuel rich). The temperature is
2774+ 140 K at 0.4 mm above the burner nozzle and the CH

concentration is estimated to be 30 ppm.'? At these concen-
trations (~8%10'! molecules/cm® per quantum state) no CH
absorption (<1%) is observed.

C. CH Spectral features and collisional rates

Figure 2 shows a DFWM spectrum of the CH radical
taken at 0.4 mm above the burner nozzle. The integrated
signal intensities of the well-resolved (0,0) band transitions
of the A A-X II system?® are used in our analysis. The
A-X system is highly diagonal,>’~? and both the X and A
states rapidly approach Hund’s case (b) coupling as rotation
increases. The radiative lifetimes of the »'=0 level of the
A 2A state are nearly independent of rotational level.’*3! In
recent calculations, however, Luque and Crosley29 show that
there is approximately a 4% variation in the radiative life-
times for N’ quantum numbers ranging from N'=2 to
N'=20. Therefore, we use the calculations of Luque and
Crosley and the rotational line strengths of Kovacs*®® to
calculate the Einstein absorption coefficients used in our
analysis.>* Experimental term energies® are used for J”
quantum number values up to 12.5. Term energies for higher
J" values are calculated using the spectroscopic constants of
Ref. 35.

High-temperature collisional data for the A *A(y'=0)
state of the CH radical are shown in Table 134! In Table I,
R refers to rotational energy transfer and Q refers to quench-
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TABLE 1. CH energy transfer rates.
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Ref. CH Source Temperature N’ RIQ Q?
36 Flame 2000 K 11 4° 5.1x04
37 Flame 2040 K 6, 14 2.4%0.1, 4.1+04
38 Pyrolysis 1300 K Average 5.6*+04
39 Flame 1600 K 6 3.6*+05 3. 6+2 4
39 Flame 1600 K 3,12 2.7%+0.5, 3.8+0.5
40 Flame 1800 K Average 4.7+0.3
41 Flame 1700 K Average 1.8+0.4°

*Egtimated for CH at 2774 K in units of 10% s™%.
YError not reported.
“Estimated error.

ing. Electronic and vibrational energy transfer are not in-
cluded because these rates are negligible compared to R and
0.3 When only cross sections are reported, those of CO and
H, are used to calculate the rate coefficient. These two mol—
ecules are considered because Matsui, Yuuki, and Sahara*?

have determined by mass-spectrometric analysis that the re-
action zone of oxyacetylene torch burners consists primarily
of CO and H,. The total collisional transfer rate coefficient
T; (s™") from energy level i to energy level j of species p
due to collisions with several species labeled g is given by

Tij:z Ngvpoif . (1)

where N, is the number density (molecules/cm3) of species
q, off 1s the cross section (cm?), and V,, is the average
relative speed (cmy/s) of species p and g. The average relative

speed is given by

o 8kBT)1/2 )
Vpg™ Thyg! ()

where kjp is the Boltzmann constant, T is the temperature,
and p,, is the reduced mass for species p and q. To our
knowledge the highest temperature data available are at 2000
K. The temperatures of interest in our investigations are ap-
proximately 2774 K. Therefore, the rates are scaled to this
temperature by making a 1/T density correction and a T2
velocity correction. Such a method is accurate if the cross
sections do not change significantly with velocity. Strictly
speaking, the T; (s™!) have units of a first-order chemical
kinetic rate coefficient; however, they are more commonly
referred to as rates in nonlinear optics. Therefore, in what
follows we will refer to the collisional transfer rate coeffi-
cients T; as rates.

D. Saturation measurements

In our previous paper12 saturation measurements were
performed by obtaining spectral scans at specific laser inten-
sities. The line-center signal intensities (peak heights) were
easily distinguished from the baseline noise. Because of the
time required to take a spectral scan at each laser intensity
the data accumulation time was quite long (~2 h). We ob-
serve for our present experimental conditions that the major
source of noise is scattered light. We are not able to observe
a coherent nonresonant background signal in these experi-

ments. Furthermore, the scattered light results primarily from
beam 2 (probe) because it scatters light directly along the
detection axis. A lesser contribution from beam 3 (backward
pump) is also observed due to distortion and refraction of the
beam after passing through the flame. Scattered light from
beam 1 (forward pump) is found to be on the order of the
electronic noise of the detection system, which is much less
than the noise from the scattered light of beams 2 and 3.

In the present paper we vary the laser energy with the
laser frequency held at line center. Specifically, the KrF ex-
cimer laser trigger is phase locked with the 50 kHz oscilla-
tions of the photoelastic modulation crystal. Varying the laser
trigger delay varies the retardation of the light exiting the
crystal, and hence, the amount of light that passes through
the second polarizer. The laser energy is varied under com-
puter control, and the total light intensity reaching the detec-
tor and laser energy are recorded each laser shot. Then in a
separate scan the forward pump beam is blocked, and a scat-
tered light signal is obtained as a function of laser energy.
Both traces are sorted as a function of laser energy (corrects
for shot-to-shot fluctuations) and binned at intervals of 0.5
). The upper and lower solid symbol traces in Fig. 3 are
examples of the total signal and scattered light signal, re-
spectively. The scattered light signal (linear in laser energy)
is subtracted from the total signal to obtain the DFWM sig-
nal as a function of laser energy (open symbols in Fig. 3).
This method allows an entire saturation curve to be obtained
in approximately 5 min with each data point consisting of an
average of 60-90 laser shots.

In calculating the laser spectral intensity from the mea-
sured beam energies, we use Av;=0.18+0.02 cm™!,
A7, =16.3%1 ns, and A=m(dy/2)> where dry is the “top
hat” diameter of a Gaussian beam® (dry equals 1.2d¢um
and typically dpp,=0.5 mm). For example, typical beam
energies employed in these experiments are 16ul for the
forward and backward pump beams and 4ulJ for the probe
beam. These values correspond to 1.93 and 0.48
MW/cm?-cm ™!, respectively. In what follows 12m is the
theoretical line-center saturation intensity, Iy, is the experi-
mental line-center saturation intensity, and (Ioy) is the aver-
age experimental line-center saturation intensity for different
polarization configurations of a single transition.
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FIG, 3. Line-center saturation curve for the YYXX linear polarization con-
figuration of the Q,.(8) transition as a function of saturation intensity (bot-
tom), and pump field spectral intensity (top). The upper and lower solid
symbol traces in the figure are the total signal (-W-) and scattered light (-A-)
signal, respectively. The scattered light signal (linear in laser intensity) is
subtracted from the total signal to obtain the DFWM signal as a function of
laser intensity (-O-),

E. Polarization measurements

The experiment is configured so that any linear polariza-
tion configuration is obtained by rotating the half-wave
plates shown in Fig. 1. After polarization rotation each pump
beam is directed by one additional mirror. Differences in S
and P reflectance for all the mirrors is approximately 3%.
The beam splitter in the probe axis, which is used to collect
the DFWM signal, reflects P-polarized light at 66.4% *+6%
times the efficiency for S-polarized light. The probe mirror,
however, reflects P-polarized light at a higher efficiency than
S-polarized light which results in less than 5% difference in
the probe field intensity at the flame as its polarization is
rotated. The polarization purity of all of the electric fields is
greater than 98%.

Shot-to-shot polarization measurements are performed
by placing the photoelastic modulator in place of one of the
half-wave plates and removing the polarizer from the detec-
tion axis. The laser delay relative to the photoelastic modu-
lator is adjusted on a shot-to-shot basis so that every other
shot corresponds to either 0° or 180° retardation (half-wave
plate). The DFWM signal and laser energy are averaged over
30 laser shots for each polarization configuration and for
each spectral position. The shot-to-shot measurements enable
polarization ratios to be obtained in real time at a single laser
intensity. These measurements are used to check the accu-
racy of polarization measurements taken a few minutes apart.

In what follows ¥ represents the linear polarization state
that corresponds to S-polarized light, i.e., light polarized per-
pendicular to the plane of the laser table, and X represents
P-polarized light. In addition we use the notation established
in WZR1 where a polarization configuration is given as
€,€,€3€, Where ¢; is the polarization vector of the electric

field labeled j. For example the Y¥YXX polarization configu-
ration corresponds to E, and E; being Y polarized and E,
and E, being X polarized.

F. Rotational temperature measurements

In our rotational temperature analysis resolved @, and
Q, transitions of the CH A 2A—X 2II (0,0) band are used.
For CH the Q branch covers a small spectral region and is
sufficiently resolved to allow the analysis of individual
DFWM transitions. Therefore, rotational temperatures are
obtained with minimal scan times. The XXXX and YXYX
polarization configurations have been used in previous
experiments.>®~'? but we chose the YYXX configuration be-
cause it offers many advantages. First the Y YXX polarization
configuration greatly discriminates against thermal grating
contributions because only small-spaced intensity gratings
are present.>** We have not observed any direct evidence to
suggest that thermal gratings are produced in this flame;
however, this polarization configuration assures that their in-
terference is negligible. Second, as stated in Sec. II D, the
primary source of noise in these experiments is scattered
light from the probe beam (~90%) and the backward pump
beam (~10%) with a negligible contribution (on the order of
the electronic noise) from the forward pump beam. In the
YYXX polarization configuration, the signal beam is crossed
polarized to both of the ‘“noisy” beams, and therefore the
YYXX configuration offers true zero background detection
when a linear polarizer is placed in the detection axis. Con-
trary to first impressions, the PC-DFWM signal intensity us-
ing the YYXX polarization configuration is equal to the
YXYX configuration. Both these configurations give ap-
proximately 1/9 the signal intensity of the XXXX configura-
tion (WZR1, Table IN), but the thermal-grating and
scattered-light discrimination make up for the loss of signal.

lll. SATURATION MODELS

The AL model considers a nondegenerate two-level ho-
mogeneously broadened system in the presence of arbitrary
pump field intensities and weak probe and signal intensities.
In this model all fields are assumed to be monochromatic. In
the limit of weak probe and signal intensities a full solution
of the density matrix equation for the interaction of the pump
fields with the two-level system is possible. The density ma-
trix solution for two-level nondegenerate saturable absorbers
in the presence of arbitrary field intensities is well known in
semiclassical laser theory. An excellent discussion of the
topic is given in Ref. 45.

For electric fields defined as

1 .
E;(z,1) =3 Eje i@ k0t cc; E=%¢;

®3)

C€gy

_" 2
2 ’

Ii=—-1%;

where E; is the vector amplitude, &; is the scalar amplitude,
€; is the normalized (€ - €¥ = 1) polarization unit vector,

and /; is the intensity of the]elcctric field labeled j, the den-
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sity matrix solution in the rotating-wave approximation for
the steady-state population (number density) difference
AN=N,—N, is

AN= AIZO = ANo , (4a)
1+n[Q[Qel* 1+,
with
4 cos?(kz)
n =m . (4b)

The Rabi frequency |QJ| associated with the field labeled j is
defined with respect to the field intensity /; as

lge &7 2luge|”
ﬁ2 - Céoﬁz Jje (5)

le|2=

and the saturation Rabi frequency |[Q,|=(ToT ;)" is defined
with respect to the line-center saturation intensity 12, as

2| pgel?
—th_ sat* (6)

|Ql®=
In Egs. (4)-(6) g refers to the lower level, e refers to the
upper level, ANy= N° N? is the population difference of
the two-level system in the absence of applied fields, | ,u.gel2 is
the square of the transition dipole moment connecting levels
g and e, |Q)] is the Rabi frequency associated with the pump
fields (|Q|=|Q,|=]Q4|), I is the intensity of the pump fields
(I=1,=1,), k is the magnitude of the propagation vector of
the fields, A=w— ey is the spectral shift from the resonance
frequency wy, and I'g and T',, are the population relaxation
and coherence dephasing rates, respectively. All of the terms
are in SI units, and the constants €, % and ¢ have their usual
meanings.

In Eq. (4) we see that the result of the interference of the
two counterpropagating pump fields is a sinusoidally varying
electric field intensity that spatially “‘burns holes™ into the
population difference spaced one-half wavelength apart.*
The two-level system is said to be saturated when the popu-
lation difference, AN=N e~ Nes is zero over the entire inter-
action volume. Inspection of Egs. (4) and (6) shows that
saturation occurs when the optical pumping rate denoted by
the Rabi frequency is much faster than the population relax-
ation and coherence dephasing rates.

Having obtained the system response in the presence of
strong pump fields, perturbation theory is used to include the
weak probe and signal fields. The final result is an analytic
model of the DFWM signal. AL solved the slowly varying
envelope approximation (SVEA) equations for the probe and
signal fields. In the limit of no absorption, the SVEA equa-
tions are

4%, %,
-E—O’ ﬁ—lﬂgf, M

where 8 is the nonlinear coupling coefficient defined in Ref.
2, Eq. (16). For the case of equal intensity pumps, the ex-
pression for the DFWM signal**™® is given by

Inpwm=|BIPL* ;=R a5, (®)
with

I 2 r2 3
Ry =4a3L? } 7 r , )
sat
__wOAN0|,u'ge|
“o™ 2cephl,, 7 (10)
and
Ig=T eg(1+41/13m)”2. (11)

In Egs. (8)-(11) R, is the AL modeli reflectivity, ay is the
line-center attenuation coefficient, L is the effective interac-
tion length of the excitation fields, /=1;=1; is the intensity
of the pump fields, and /, is the intensity of the probe field.
Equation (8) defines the cube of a power-broadened Lorent-
zian with an actual half-width given by Fs(23/2 n2.

The formulation of the MCECA model is similar in con-
cept to the AL model with the exception that the excitation
fields are not monochromatic (coherent). The MCECA model
considers a medium of two-level nondegenerate absorbers
transversed by two broad-bandwidth (incoherent) copolar-
ized pump fields of equal and arbitrary intensity and a weak
probe field of any bandwidth. Furthermore MCECA assume
that the fields are statistically independent (chaotic) and un-
correlated (delayed with respect to each other by a distance
much greater than the coherence length).**~>! The band-
widths of the pump fields have a Lorentzian spectral shape
with a FWHM of Aw,=Aw;=2b. Most importantly, this
model assumes that the bandwidths exceed all other rates
that determine the time evolution of the system, i.e.,
b>|Q|,T'y,T,,. In this case the bandwidth-dependent satu-
ration Rabi frequency is given by |Qg|=®Ty"?, and the
average density matrix population terms vary on a time scale
of 1/T; whereas the much shorter correlation time of the
fields varies as 1/b. Under these conditions, all products of
field and population terms may be treated as uncorrelated.
This aspect is the key element of the treatment.

In contrast to the AL model expression of Eq. (4) which
involves coherent fields, the interference of the counter-
propagating pump fields considered by MCECA does not
produce a steady-state standing wave pattern because the
fields are incoherent and uncorrelated. Replacing the
cos’(kz) term of Eq. (4b) with its average value of 1/2 and
assuming that b>I',,, we obtain the expression for the

steady-state population difference AN=N,—N, of the
MCECA model, namely,
AN= ANy AN, (123)
T TE Q0L T T mlT, ’
with
2
(12b)

mETF (A

where 19, is defined by Eq. (6) with |Qg|*=bT,. We see in
Eq. (12) that stronger fields are required to saturate the two-
level system when broad-bandwidth lasers are used because
the Rabi frequency must now exceed (bI'y)"? which is much
larger than (I'gl )2

Analytic expressions14 for the DFWM signal of the
MCECA model are obtained when the bandwidth of the
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probe field, Aw,=2p, is also large in the sense that |Q[*<pb
and p»T'y,T',, . Specifically for p=5 and for small detun-
ings compared to the laser bandwidth (A<b), we have the
simplified MCECA expression for the DFWM signal,
namely,

Iprwm= Rmcecal, (13)
where
RMCECA_EP' apl? 11 ]2

sat
A2+b2 b4 3/2
‘&) (@ e Y

Tsi=b(1+r,d/I%)'"?, 1s)
Po=b(1+21/1°)'72, (16)
and

Ts3=b(1+(2+rp) /1) "2, (17)

In Egs. (13)-(17) ry is the ratio of the population relaxation
rate to the coherence dephasing rate (r,.=I'y/T'j,), and the
remaining terms have been defined prev10usly For I<31%,,
Eq. (13) approximates a power-broadened Lorentzian-cubed
profile like the AL mode] but with a spectral width deter-
mined by the laser bandwidth. For higher laser intensities,
the line shape power broadens more rapidly than a
Lorentzian-cubed profile and develops a dip at line center.
The intensity range over which Eq. (13) applies depends on
the laser bandwidth and the population relaxation rate caused
by the environment. Because b>|Q)| and |Q,[*=bT, we
find that the condition

nd=

sat™

lnlzllﬂsall2<blro (18)

needs to be satisfied for Eq. (13) to be valid.

The collisional relaxation and dephasing rates for our
experimental conditions must be determined in order to ap-
ply the models discussed in this section. We base the discus-
sion on the available relaxation data for the CH radical (Sec.
II C), but the discussion is also applicable to other flame and
plasma species. For molecules in collisionally dominated en-
vironments, the rotational levels involved in the one-photon
transition are effectively coupled by rotational energy trans-
fer (R) collisions to other rotational levels. Furthermore, the
excited rotational levels are coupled to the ground rotational
levels by quenching (@) and spontaneous emission (A.p)-
For this case the relaxation of the molecular levels approxi-
mates a four-level system.>? For such a system the popula-
tion relaxation and coherence dephasing rates are defined®
as

N 1
=T, 4T, (19)

and
¢=HTg+T)+T22, (20)

where I', and T', are the population relaxation rates of levels
g and e, and Fﬁg is the pure dephasing rate of the dipolar
transition.

In our analysis we take R to be the same for the

A *A(v'=0) and X [1(+¥"=0) levels because the rotational

spacings are very similar and define the ground and excited
population relaxation rates as I' =R and I',=R+Q+A,,,
respectively. With these definitions we estlmate an average
population relaxation rate of I'y=2x10° s~} using the values
of Table I. Assuming that the pure dephasing rate is small
compared to R, we have I';=I",, (r,;=0.98 for R/Q=3.5).
Furthermore, because the characteristic collisional relaxation
times are ~32 times shorter than the laser pulse, ie.,
A7 >1/T ,=1/T,, steady-state conditions are assumed, and
we use the AL and MCECA expressions discussed in this
section.” In addition we expect the MCECA model to apply
for laser intensities up to approximately twice the saturation
intensity because b/T'y=9 in Eq. (18). In Egs. (8) and (13)
ANy is replaced with the ground state population because
N0 >N0 for our flame conditions."?

V. RESULTS AND DISCUSSION

A. Polarization ratios as a probe of collisional
dynamics

In WZR1 we discussed how DFWM polarization mea-
surements provide information about the collisional relax-
ation caused by the environment. Line-center saturation
curves like those of Fig. 3 for the R, «(8) and Q.4(8) transi-
tions were obtained for different linear polarization configu-
rations. The line-center saturation curves of the R, f(8) tran-
sition are shown in Fig. 4. The absolute signal intensities
dramatically differ for the four polarization configurations.
To emphasize the differences in signal intensities, polariza-
tion ratios as a function of laser intensity are made from the
saturation curves. Figure 5 shows polarization ratios of the
R4(8) and Q,/(8) transitions as a function of pump field
intensity. The solid symbols in Fig. 5 are experimental data
and dashed lines in Fig. 5 are the predicted polarization ra-
tios using WZR1, Table III.

Figure 5(a) shows the XYYX/XXXX polarization ratio
of the R;(8) transition, and Fig. 5(b) shows the YYXX/
YXYX polarization ratio of the Q,,+(8) transition. The pre-
dicted polarization ratios in Figs. 5(a) and 5(b) are in good
agreement with the data at weak pump field intensity. Spe-
cifically, the average value of the data between 0.1 and 0.4
(I'e) is 0.20%+0.06 in Fig. 5(a) and 0.92+0.14 in Fig. 5(b).
These values are close to the predicted polarization ratios of
0.24 and 1.0, respectively. Recall that the values of WZR1,
Table III were derived assuming that all of the multipole
moments of the total angular momentum distribution, i.e.,
the population, the orientation, and the alignment, relax at
the same rate and that no other process contributes to the
observed signal.

We have observed Q-branch polarization ratios different
from the values of WZR1, Table III for the OH radical in the
burnt gas region of atmospheric-pressure hydrogen—oxygen
flames.>*%° We have attributed this effect to the presence of
thermal gratings. With helium dilution, however, thermal
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Pump Intensity (MW/cm?-cm™)
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FIG. 4. Line-center saturation curves for different linear polarization con-
figurations of the R, {8) transition as a function of average saturation inten-
sity (I%)=1.77 MW/cm?-cm™" (bottom), and pump field spectral intensity
(top). In the figure -W-, -A-, -@- and - 4 - correspond to the XXXX, YXYX,
YYXX, and XYYX polarization configurations, respectively. The absolute
signal intensities dramatically differ for the four polarization configurations,
but the saturation intensities (Table II) obtained from the AL model (dashed
curves) and MCECA model (solid curves) are nearly equal for all polariza-
tion configurations.

gratings are no longer present, but anomalous polarization
ratios are still observed for levels with low J quantum num-
bers. Nearly degenerate four-wave mixing (NDFWM) scans
confirmed that in the helium-diluted flames the rates of re-
laxation of the multipole moments are not equal.’ Therefore
the good agreement between the data at low intensity in Figs.
5(a) and 5(b) with the calculated values implies that the
mutipole moments are relaxing equally and that other laser-
induced phenomena such as a thermal grating are not
present.

In PC-DFWM of Doppler-broadened systems, polariza-
tion ratios of P- and R-branch transitions are dependent on
the relative values of the relaxation rates of ground and ex-
cited levels when the pump fields are cross polarized, i.e.,
when the YYXX and YXYX polarization configurations are
used. We estimate a collisional full width, 2T, ,, of 4% 10°
s7' (0.02 cm™') and a Doppler width, Awp,, of 46x10° 57!
(0.24 cm™") for CH at 2774 K. Our experiment corresponds
to a Doppler-broadened system because Awp>2T",,. For
such a system the YYXX/YXYX polarization ratio of the
R, f(8) transition has a value of 1.4 when I' <", 0.70 when
[,>I',,and 1.0 when I' ,=T,.

Figure 5(c) illustrates the YYXX/YXYX polarization ra-
tio for the R, (8) transition, and the dashed line of Fig. 5(c)
is the prediction of WZR1, Table III which corresponds to
[',=T,. The average value of the data between 0.1 and 0.4
(I is 1.04+0.09 which suggests that the relaxation rates of
the ground and excited levels are approximately equal. This
conclusion is consistent with the energy transfer data avail-
able for the CH radical. The rotational spacings of the »=0
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FIG. 5. The solid points are the experimental polarization ratios and the
dashed lines are the predicted polarization ratios using WZR1, Table III. (a)
XYYX/XXXX polarization ratio for the R, f(8) transition as a function of
average saturation intensity {(/<)=1.77 MW/cm?-cm™". The average value
of the data between 0.1 and 0.4 (I5y) is 0.20+0.06 which is in good agree-
ment with the calculated value of 0.24. (b) YYXX/YXYX polarization ratio
for the Q8) transition as a function of average saturation intensity
{I%)=1.10 MW/cm?~cm™", The average value of the data between 0.1 and
0.4 (IZ) is 0.92+0.14 which is close to the expected value of 1.0. (c)
YYXX/YXYX polarization ratio for the R,4(8) transition as a function of
average saturation intensity (/X)=1.77 MW/cm?—~cm™'. The average value
of the data between 0.1 and 0.4 (%) is 1.04:-0.09 which is close to the
expected value of 1.0.

vibrational levels of the X and A states of CH are nearly the
same, and the rotational energy transfer rate of the »'=0
level of the A state is approximately 3.5 times faster than
quenching. Furthermore, if the quenching collisions do not
trap population in higher vibrational states (rapid energy
transfer to ¥'=0), we expect that I';=T", according to the
four-level model referred to in Sec. IIL

The most significant aspect of Fig. 5 is that the experi-
mental polarization ratios are slowly varying with laser in-
tensity and are within 30% of the perturbative calculations
up to twice the saturation intensity. In the weak-field limit
the DFWM signal is dependent on the spatial anisotropy of
the total angular momentum distribution induced by the three
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TABLE II. Experimentally determined line-center saturation intensities.

AL TS, MCECA I
Transition €€ 66, (MW/cm?~cm ™) (MW/cm?~cm™)
0,./4) YYXX 1.88%1.19 1.76£0.74
Ry (4) YYXX 247+0.83 2.21*+0.54
Q1.4(8) YXyYXx 1.06+0.38 1.12+0.25
0,.,(8) YYXX 1.000.51 1.08+0.32
RV(B) XXXX 1.88+0.33 1.79+0.21
R 4(8) YXYx 2.30+0.43 2.07x0.29
RU(S) YYXX 1.68+0.41 1.72+0.25
Ry /(8) XYrx 1.21+1.34 1.51+0.81

input fields. Therefore, this close agreement implies that the
relative anisotropy of the total angular momentum repre-
sented by the total geometric factors persists to a large de-
gree as the laser intensity increases. This effect is similar to
that expected for saturated laser induced fluorescence mea-
sured with different polarization configurations (Fig. 5 of
Ref. 57).

B. Saturation behavior

The line-center saturation intensities resulting from non-
linear least squares fits of saturation data to the power de-
pendencies of the AL model, Eq. (8) and the MCECA model,
Eq. (13) for A=0 and r,.=0.98 are given in Table II. In
Table II, the total error increases significantly as the ratio of
the DFWM signal to the scattered light intensity decreases.
The AL model and the MCECA model exhibit very similar
saturation behavior for moderately high laser intensities
(I~1I2,). This statement is validated by the fact that the fitted
saturation curves (Fig. 4) and saturation intensities (Table II)
of the two models are very similar. Therefore, it is not sur-
prising that the AL model has been able to qualitatively re-
produce the saturation behavior for experiments employing
broad-bandwidth (multimode) lasers.'? The error associated
with the MCECA saturation intensities, however, is approxi-
mately 30% smaller than the error associated with the AL
saturation intensities, The reduced error results from the fact
that the fits to MCECA model are more sensitive to the value
of the saturation intensity (higher order power dependence)
and are better correlated with the data.

For a single transition, the fitted MCECA saturation in-
tensities of Table II are approximately equal regardless of the
polarization configuration. For instance, the saturation inten-
sities for the four polarization configurations of the R 1£(8)
transition are w1th1n 30% of the average value (I} of 1.77
MW/cm?-cm™". This similarity is more easily seen in Fig. 6
which shows the DFWM reflectivity at line center for the
four polarization configurations of the R, f(8) transition. The
MCECA line-center reflectivity is at a maximum at 0.6 I, ,
and in Fig. 6, the reflectivity for each polarization configu-
ration peaks at approximately the same pump field intensity.
This effect is independent of the fact that the absolute mag-
nitude of the reflectivities differ for the various polarization
configurations.

We suggest the following explanation for the weak sen-
sitivity of the DFWM saturation intensity to polarization. In

Pump Intensity (MW/cmz-cm")
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FIG. 6. Line-center reflectivity curves for different linear polarization con-
figurations of the R, ,(8) transition as a function of average saturation inten-
sity (I5)=1.77 MW/em*~cm™ (bottom), and pump field spectral intensity
(top). In the figure -M-, -A-, -@-, and - ® - correspond to the XXXX, YXYX,
YYXX, and XYYX polarization configurations, respectively. The solid
curves are nonlinear least squares fits of the data to the MCECA model, Eq.
(14). All of the reflectivity curves peak at approximately the same pump
field intensity.

the framework of the MCECA model discussed in Sec. III,
the DFWM signal saturates when the population difference
of Eq. (12) induced by the counterpropagating pump fields
approaches zero over the entire interaction volume. At this
point the probe field cannot perturb the population (make
gratings) and the DFWM reflectivity approaches zero. The
intensity at which the spatial population difference of the
two-level system approaches zero is determined by I2,,. Be-
cause I%,xbT o/ |,u.ge| for the MCECA model, this intensity
is related to the collisional relaxation caused by the environ-
ment and the Einstein  absorption  coefficient
Uttgel* =B egh™ m)B,.]. For a nondegenerate two-level
system this intensity is unambiguous.

The transition probabilities for a molecular (degenerate)
transition, however, are dependent on the magnetic sublevels
involved, the type of transition, and polarization state of the
excitation field. In other words, for a given transition and
field polarization, some magnetic sublevels interact strongly
with the field and others do not. Those sublevels interacting
strongly with the field saturate more rapidly than those that
do not. Therefore, to describe the saturation properties of a
molecular system each magnetic sublevel must be treated
independently, i.e., there is no single Rabi frequency for a
degenerate system. 58 It is common in rate equation models of
molecular processes, however, to use Einstein A and B
coefficients®” which represent an equally weighted average
of the transition probabilities of all the magnetic
sublevels.**8-6 Furthermore, if the initial magnetic sub-
level distribution is isotropic the average optical pumping
rate, i.e., the rms Rabi frequency, is independent of the field
polarization,*®
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Therefore, to a first approximation the average intensity
at which the population difference approaches zero will be
related to the Einstein absorption coefficient. Furthermore,
we expect this intensity to be similar for the different polar-
ization cases provided that the magnetic sublevels relax with
equal rates, i.e., if the population, orientation, and alignment
relax equally.* In Sec. IV A we showed this to be a reason-
able assumption for CH in this flame. The saturation data
presented in Table II validates this expectation because the
saturation intensities for different polarization configurations
involving the same transitions are similar; the values are
within a factor of 2 of one another. In addition the ratio of
the Q.4(4) and R,(4) saturation intensities is 0.800.39,
and the ratio of the Q,/(8) and R/(8) saturation intensities
is 0.63%0.21. These values are close to the inverse ratio of
the B, coefficients for these transitions of 1.01 and 0.71,
respectively. Note that the polarization dependence of the Q-
and R-branch transitions differ sharply. In constructing these
saturation ratios we used the YYXX saturation intensities of
the MCECA model, chose transitions that shared a common
ground level, and assumed that effects arising from differ-
ences in the excited level degeneracies and collisional rates
are small.

C. Numerical comparisons

The calculated AL and MCECA saturation intensities for
the R;(8) transition using [y=I;,=2%x10° s™' and
|#45¢/=0.405 D are 0.0031 and 0.028 MW/cm?, respectively.
The bandwidth-corrected MCECA saturation intensity is ap-
proximately an order of magnitude larger than the AL satu-
ration intensity; however, the MCECA saturation intensity is
still an order of magnitude smaller than our average experi-
mentally determined value of 0.32+0.08 MW/cm?. Order-of-
magnitude agreement was also observed in the MCECA
experiments.' There are several possible reasons for the dis-
crepancy between the calculated and measured saturation in-
tensities, although no single reason appears to be able to
account for such a large difference.

The fact the MCECA model does not include effects
arising from the spatial beam properties could account for
some of the difference (possibly up to a factor of ten). The
LFR calculations discussed in Sec. I, however, showed good
agreement with their experimental results using a narrow-
bandwidth laser even though the calculations neglected the
spatial characteristics of the excitation beams. Therefore, it is
unlikely that the Gaussian nature of the excitation beams is
solely responsible. The LFR calculations did show, however,
that the saturation intensity increases as the ratio 2I',, to
Awp decreases. Therefore, the fact that the molecules are
moving may account for some of the difference (less than a
factor of 2). It is also possible that we have underestimated
the values of the relaxation rates by employing the simple
T'? temperature extrapolation and by neglecting the effects
of velocity changing collisions. Using larger relaxation rates
would increase the calculated saturation intensity (possibly a
factor of 2).

Another indication of saturation is power-broadening of
line shapes. Figure 7 shows the average DFWM line width
(FWHM) of the R,.(8), R,4(8), R,.(8), and R, «8) transi-
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FIG. 7. Average DFWM line width (FWHM) of the R,.(8), R;((8), R,.(8),
and R, ((8) transitions as a function of I//, . Each data point represents a
separate spectral scan from which an average value was obtained. The solid
line is the theoretical MCECA model prediction of Eq. (13) using the laser
bandwidth of A#=0.18 cm™! and no adjustable parameters. The experimen-
tal data is plotted vs I/ and the theoretical curve is plotted vs /1%, where
I and I9, are the experimental and theoretical saturation intensities, re-
spectively.

tions as a function of I/1, . Each data point in Fig. 7 repre-
sents a separate spectral scan from which an average value
was obtained. The solid line is the theoretical MCECA model
prediction of Eq. (13) using the laser bandwidth of Av=0.18
cm ™! and no adjustable parameters. The experimental data is
plotted vs I/IZ and the theoretical curve is plotted vs I/19,
where I and I, are the experimental and theoretical satu-
ration intensities, respectively. The simplified form of the
MCECA model expressed in Eq. (13) is strictly valid for
small detunings (A<b); however, the agreement of the
model with the data is quite good even for laser intensities
outside the range of applicability defined in Eq. (18). In ad-
dition Eq. (13) approximates a power-broadened Lorentzian-
cubed line shape for laser intensities less than 3 I, and this
line shape reproduces the experimental data.'? Therefore, an
estimate of the degree of saturation of any transition can
be determined from the power-broadened linewidth and
Eq. (13).

A comparison can also be made between the calculated
and measured DFWM reflectivities. Steel and Lamb*®! have
empirically modified the AL reflectivity expression for ho-
mogeneously broadened systems to apply to Doppler-
broadened systems, i.e., Awp>2T,, . The resulting expres-
sion also showed good agreement with their experimental
data. Steel and Lamb express the Doppler-broadened reflec-
tivity, Rp, as

= Lea) o (A=0) @1)
PTI6 (ku)? TANT TR

where u is the most probable speed of the Maxwell-
Boltzmann velocity distribution and R,; (A=0) is the line-
center DFWM reflectivity of Eq. (9) for homogeneously
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broadened media. We note that Eq. (21) is consistent with the
ratio of perturbative expressions [WZR1, Egs. (46)—(51)]
evaluated in the Doppler-broadened limit (Aw,>2T,.) and
homogeneously broadened limit (Aw,<€2T,,). 62

MCECA have also presented an approximate expression
for the Doppler-broadened reflectivity [Eq. (22) of Ref. 14).
Comparing that expression to Eq. (14), we find that the
Doppler-broadened DFWM reflectivity using broad-
bandwidth lasers, ie., Awp>2b22T eg» Scales relative to
the homogeneously broadened reflectivity as

\/—bl"

=3 (___)TRMCECA(A 0), (22)

where Rycpca(A=0) is the line-center DFWM reflectivity of
Eq. (14) for homogeneously broadened media.

The calculated Doppler—broadened reflectivity for the
MCECA model at I=1%, and A=0 for the R, #(8) transition
is 1.0X1077 using Egs. (14) and (22). This value is calcu-
lated for T=2774 K, I,=T,,=2x10° s™!, AN=1.1x10"
molecules/cm® [population of the F 17(8) level] 1tge|=0.405
D, and L=1 mm (diameter of the flame). The calculated
reflectivity is close to the reflectivities measured at the ex-
perimental saturation intensity (/=1/g,) which ranged from
0.2t0 1.2%x107° (see Fig. 6). The smallest and largest values
in the range correspond to data taken using the XYY X and
XXXX polarization configurations, respectively. Because of
the numerous calibrations required to evaluate the reflectiv-
ity, the measured values are only accurate within a factor of
three. Based on the agreement between the calculated and
measured reflectivities, Eq. (22) should provide an order-of-
magnitude estimate for the feasibility of detecting molecular
species in Doppler-broadened media with broad-bandwidth
lasers.

D. Relative branch intensities

The spectral scan shown in Fig. 2 was taken using the
YY XX polarization configuration at 1.7 times the experimen-
tal saturation intensity of the Q,,,(8) transition. Using Eq.
(13) we find that the line widths of the transitions shown in
Fig. 2 represent a range of approximately 0.9 to 2.3/5y . By
varying B, by *10% for various 1/12at values and numeri-
cally mtegratmg Eq. (13) we find that the MCECA model
predicts a B,'* to B,,' dependence for the integrated
DFWM s:gnal over the range of 0.9 to 2.37%,. This absorp-
tion coefficient dependence is consistent with the experimen-
tal results of Farrow, Rakestraw, and Dreier.*’ These authors
employed a multimode laser similar to that used here and
found that the integrated DFWM signal exhibits a reduced
absorption coefficient dependence at saturating laser intensi-
ties.

We have plotted in Fig. 8 the ratio of the integrated ,

intensities for Q, and R, transitions that share a common
initial state. In plotting the relative branch intensities as a
function of J, we assume that the population relaxation and
dephasing rates do not differ significantly even though the Q
branch involves J, and J,=J, and the R branch involves J,
and J,=J,+1. The dashed curve in Fig. 8 is the Bge satu-
rated two- level (STL) model prediction for the Q-to-R-
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FIG. 8. Ratio of the integrated intensities for 0, and R, transitions that
share a common initial state as a function of J, . The dashed curve is the B?,
saturated two-level model (STL) prediction for the Q-to-R-branch ratio,
the dotted curve is the Bf,GF(& € 65,6/, .J.) diagrammatic pertur-
bation theory (DPT) prediction, and the solid curve is the
B2,GH &€ ,6,63/, /)" empirical (WZR) prediction.

branch ratio. We have used a simple B;e dependence because
the average degree of saturation of the data shown in Fig. 8
is 1.261%, which corresponds to B.?% according to the inte-
grated MCECA model. The dotted curve in Fig. 8 is the
B4 Gi(e, €636 g )2 dlagrammatrc perturbation
theory (DPT) predlctlon where G F(e4,sl 163,630 ,J ) is the
total geometric factor of WZR1, Table 115 Recall that if
I',=T, these values apply to R-branch PC-DFWM signals.
Inspection of Fig. 8 indicates that neither model is able to
account for the fact that the Q-branch transitions are weaker
than the R-branch transitions for high values of J, even
though the Q-branch absorption coefficients are larger (see
Fig. 9).

The work of Farrow, Rakestraw, and Dreier*’ demon-
strated that there is a reduced absorption coefficient depen-
dence (~B§e) at saturating laser intensities, and our polar-
ization ratio data (Fig. 5) showed that the relative anisotropy
of the total angular momentum distribution represented by
the total geometric factors persists in the presence of saturat-
ing  fields. Therefore, we have also plotted
B2,G (€€ 6,6/, ,J,.)* in Fig. 8 which is the solid curve
(WZR). In Fig. 8 it is apparent that both a reduced absorption
coefficient dependence and a total geometric correction are
necessary to account for the observed Q-to-R-branch ratios.
Note at Jg=4.5 the DPT and WZR curves are equal, and
both curves are in excellent agreement with the observed
ratio. The agreement at J,=4.5 results from the fact the ab-
sorption coefficients for the Q,(4) and R,(4) transitions are
equal, so the ratio is determined exclusively by the geometric
correction. The agreement at other J, values is not as good
because the Q- and R,-branch absorption coefficients are
not equal, and therefore the transitions are not saturated to
the same degree.

Once more the simple introduction of the geometric fac-
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FIG. 9. (a) The Einstein absorption coefficients as a function of J, for the
Ri-, Q-, and P,-branch transitions of CH labeled -[J-, -O-, and -A-, re-
spectively. The absorption coefficients for the R,-, Q,-, and P,-branch tran-
sitions are nearly the same because both the X and A states rapidly approach
Hund’s case (b) coupling as rotation increases. (b) Total geometric factors of
WZR]1, Table II for the Y Y XX polarization configuration as a function of J,
with the same conventions as (a).

tors is able to explain the observed signal ratios with an
accuracy in the range of 10%—-30%. We noted in WZR1 that
at saturating laser intensities higher order moments of the
angular momentum distribution contribute to the DFWM sig-
nal; however, these data suggest that the first three moments
are sufficient nevertheless to predict relative signal strengths
at laser intensities up to approximately twice the saturation
intensity.

E. Relative population distributions

In general DFWM signals must be corrected for differ-
ences in collision rates, absorption coefficients, and geomet-
ric factors before relative population distributions can be de-
termined. Previous saturated DFWM  temperature
determinations employing broad-bandwidth excitation, how-
ever, have shown good agreement with thermocouple® and
coherent anti-Stokes Raman scattering®!! measurements
without applying collisional and geometric corrections; the
only J-dependent corrections made in these determinations
were for relative absorption coefficients (IDFWMOCB;). In
these experiments the laser intensity was in excess of the
saturation intensity, and the analysis only involved DFWM

signals from members of a single branch. We offer the fol-
lowing explanation for the apparent insensitivity of the
DFWM signal to collisions and geometric corrections in
these experiments and present the results of a rotational tem-
perature analysis of the CH radical performed under similar
conditions.

The reduced sensitivity to collisions is discussed first.
The LFR calculations (Sec. I) for narrow-band DFWM of
Doppler-broadened systems predict that the line-center
DFWM signal is nearly independent of collisions at approxi-
mately 21231. This assertion is substantiated by their experi-
mental data (Fig. 5 of Ref. 3 and Fig. 15 of Ref. 16) taken
with a narrow-band excitation source. We can understand
this result by considering the how collisions affect the
DFWM signal for Doppler-broadened systems. Using the to-
tal collisional dependence of the Doppler-broadened reflec-
tivity of Eq. (21), we find that the line-center DFWM signal
of the AL model has a zero-order collisional rate dependence
at approximately 0.5123,. This value is in qualitative agree-
ment with the LFR calculated value of 2%, . Without em-
ploying the additional collisional dependence of Eq. (21) for
Doppler-broadened systems, the line-center DFWM signal of
the AL model is independent of collisions only when /> Igat.
This result is does not qualitatively agree with the LFR cal-
culations.

By comparison we find using the total collisional depen-
dence of the Doppler-broadened reflectivity of Eq. (22) that
the line-center DFWM signal of the MCECA model has a
zero-order collisional rate dependence at approximately
0.612,. The applicability of Eq. (22) to our experiments is
validated by the fact that the Doppler-broadened correction is
necessary to account for the magnitude of our experimentally
measured reflectivities. Hence it is reasonable to assume that
broad-bandwidth DFWM signals of Doppler-broadened sys-
tems exhibit a reduced collisional dependence at laser inten-
sities approximately equal to 2I(s)at.

The independence of DFWM signals to geometric cor-
rections results from that the fact that the total geometric
factors are essentially constant for members of a single
branch. As is shown in Fig. 9, the total geometric factors
differ markedly for different branches, are J dependent for
low J, values, but are constant for each branch for values of
J, greater than three or four. We expect that once the geo-
metric factors approach a high-J limit then the only remain-
ing J-dependent corrections to saturated (I~I,,) DFWM
signal intensities for members of a single branch would arise
from differences in absorption coefficients. We suggest that
this behavior is the primary reason for the remarkable suc-
cess of applying simple absorption coefficient corrections to
determine relative population distributions from saturated
DFWM signals.

We further emphasize this important point by presenting
the results of a saturated DFWM rotational temperature
analysis. In our rotational temperature determination we use
Q-branch transitions recorded using the YYXX PC-DFWM
experimental configuration with the laser intensity main-
tained at approximately 1.7 times the experimental saturation
intensity of the Qlef(S) transition. The average degree of
saturation of all the Q-branch transitions used in the analysis
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FIG. 10. Boltzmann plot of integrated Q-branch transitions for
2.5%J,=<20.5 taken in the YYXX polarization configuration. The power-
broadened line widths of the transitions used in the analysis indicate that the
average degree of saturation of these data is 1.6 IZ%. The lower line (STL)
represents a least-squares linear regression analysis using data corrected for
the B}.%* dependence, and the upper line (WZR) represents data corrected
for the B}’ GJ(€y,€) 65,61/, ,J,)7 dependence. In both linear regression
analyses data corresponding to 3.5<J,<20.5 of resolved Q; and Q, transi-
tions are used and no collisional corrections are applied.

is 1.675, with a range of approximately 0.9 to 2.3/ as
determined from the power-broadened line widths. This av-
erage degree of saturation corresponds to a B ;'885 dependence
for the integrated DFWM signal intensities according to the
MCECA model. A Boltzmann plot of integrated Q-branch
transitions for 2.5<J,=<20.5 is shown in Fig. 10. The lower
line (STL) represents a least-squares linear regression analy-
sis using data corrected for the Béfs dependence, and the
upper line (WZR) represents data corrected for the
B;'CSSG,C(Q,GI ,63,62;Jg,Je)2 dependence. In both linear re-
gression analyses data corresponding to 3.5<J,=<20.5 of re-
solved Q, and Q, transitions are used and no collisional
corrections are applied.

We find that the geometric corrections only change the
fitted temperature by 0.5%. This result is expected since the
total geometric factors of the Q branch are nearly constant
over the range 3.5<J,=<20.5. The data at the smallest term
energies (J,=2.5-4.5), however, deviate significantly from
the data at larger term energies. Inspection of Fig. 9 shows
that the Q branch the absorption coefficients are J dependent
for low values of J,. We showed for the Q-to-R-branch
ratios in Sec. IVD that the applied corrections, i.e.,
Bi,G;(e“,e, 1€3,€23J ,J.)?, are only accurate to 10%-30%
when the relative absorption coefficients and geometric fac-
tors differ. Therefore using DFWM signal from members of
a single branch and J, values greater than three or four
greatly reduces the error in determining the rotational tem-
perature because both the absorption coefficients and total
geometric factors are essentially J independent.

The degree of saturation of the data used in the analysis
ranges from approximately 0.9/, at J,=3.5 to 2.3/3) at
J¢=20.5. This range of saturation intensities corresponds to

approximately a 60% decrease in the population relaxation
rate, Iy, from J,=3.5 to J,=20.5 using IxbI'o/B,,. A
decrease in the relaxation rate with increasing J, is expected
for CH in this flame because I'y~I',~I',~R and R gener-
ally decreases as the spacing between adjacent rotational lev-
els increases.®* Hence if the DFWM signal were sensitive to
collisions, a 60% variation in the collisional rate would sig-
nificantly affect the temperature obtained from the Boltz-
mann analysis. For example the temperature would increase
by approximately 160 K (>5%) if the DFWM signal were
inversely proportional to the collisional rate.

The temperature obtained from the linear regression
analysis of the data corrected for the
B;st;(Q,el,eg,,ez g J,)? dependence is 2774%58 K.
This value is in consistent {within 5%) with our previously
reported'> CH vibrational temperatures of 2642+99 and
2882+123 K obtained by LIF and DFWM, respectively. Be-
cause of the specific characteristics of the X and A states of
CH, vibrational temperatures do not need to be corrected for
relaxation, polarization, or saturation effects. This interesting
aspect of high-pressure CH spectroscopy is discussed in de-
tail in Ref. 12. Therefore the 5% agreement between the
rotational temperature and vibrational temperatures suggests
that the DFWM signal does in fact exhibit a reduced (less
than linear) collisional dependence when /~15,.

Finally, we comment on the rotational temperature error
of 58 K (2%). This error is more indicative of the precision
of these measurements rather than the accuracy because sev-
eral significant assumptions were made in interpreting the
observed DFWM signals using the MCECA model. Based on
these assumptions and the results presented in this paper, a
more realistic estimate of the accuracy of these measure-
ments is 140 K (5%). This conclusion is also supported by
the results of another ongoing project at Stanford which in-
volves the investigation of trace radical species such as CH
and C, in an atmospheric-pressure diamond synthesis
reactor.®>~%7 The reactor consists of an rf inductively coupled
argon plasma seeded with hydrogen and methane. These
studies have focused on measuring CH and C, concentration
profiles and CH vibrational and rotational temperatures using
saturated DFWM. The results of these measurements are
consistent with the results of numerical simulations of the
deposition environment over a temperature range of 2500-
4000 K. Furthermore the agreement between the CH vibra-
tional, rotational, and simulated temperatures has consis-
tently been ~5%.5%-7°

V. CONCLUSIONS

We have experimentally evaluated the effects of polar-
ization in DFWM spectroscopy from the weak- to the strong-
field limit. The effects of polarization were rationalized using
the ideas developed in WZRI1 for the weak-field limit. The
key results are that the saturation intensity is relatively inde-
pendent of polarization and that the DFWM spatial effects
represented by the weak-field geometric factors of WZR1 are
applicable at laser intensities up to twice the saturation in-
tensity. Furthermore we showed that polarization ratios mea-
sured with weak fields can be used to infer important relax-
ation information.
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The error in applying the weak-field geometric factors to
saturated DFWM signals was found to be in the range of
10%-30%. This degree of accuracy may be sufficient for
determining energy transfer rates. In particular the sub-
Doppler resolution offered by PC-DFWM would be advan-
tageous for resolving energy transfer rate differences be-
tween different spin—orbit and A-doublet components that
are difficult to resolve using LIF at these temperatures. In
determining relative population distributions for temperature
measurements, however, 10%-30% accuracy is often not
sufficient.

We showed in Sec. IV that if the absorption coefficients
and the total geometric factors of a set of transitions are
nearly the same, relative population distributions accurate to
5% can be extracted from saturated DFWM signals. Such
behavior is expected for members of a single branch once the
absorption coefficients and the total geometric factors reach a
high-J limit. Therefore, small values of J should be avoided
in the analysis when accuracy is of primary importance. This
result is an important finding because it substantiates a sig-
nificant assumption in using two-level nondegenerate models
to determine relative internal-state distributions of mol-
ecules. We also note that this finding is the same as that of
Altkorn and Zare™ for saturated LIF.

‘We supported this finding by presenting a rotational tem-
perature analysis of the CH radical in an atmospheric-
pressure flame. We employed a novel polarization configura-
tion in this experiment which offered true zero-background
detection and greatly discriminated against other intensity
grating contributions to the DFWM signal. The laser inten-
sity was maintained at approximately 1.7 times the experi-
mental saturation intensity of the Q,,.(8) transition, and a
PC-DFWM spectrum of the @ branch of the CH
A 2A—X 11 (0,0) band was obtained in the Y YXX polariza-
tion configuration. From a Boltzmann analysis a rotational
temperature of 2774140 K was obtained. This rotational
temperature is in good agreement with the average LIF and
DFWM vibrational temperature of 2762+160 K previously
reported by our laboratory.
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