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Abstract. We report a theoretical and experimental inves-
tigation of the effects of collisional quenching on resonant
degenerate four-wave mixing (DFWM). Using single-mode
laser radiation, peak signal intensity measurements were per-
formed on an isolated line in the A — X transition of NO. By
using appropriate mixtures of N, and CO, as buffer gases,
we varied the collisional quenching rate over several or-
ders of magnitude while maintaining a fixed total collisional
dephasing rate. The mixtures had approximately 100 Torr
total pressure and were at room temperature. For I /I ap-
proximately equal to 0.02, DFWM intensities were found
to be less affected by variations in quench rate than were
laser-induced fluorescence (LIF) intensities (I and I, are
the pump laser and one-photon saturation intensities, respec-
tively). Moreover, for /I, roughly equal to 0.5, DFWM
intensities were observed to be nearly independent of quench
rate. The results are compared to two theoretical predictions,
with good agreement observed. Both theories indicate that
the minimum sensitivity of DFWM to quenching occurs near
I/Isa[ ~ 1'

PACS: 34.30.+h, 42.65.—k, 33.50.—j

Collisional quenching is a non-radiative process which com-
petes directly with spontaneous emission, or fluorescence,
during the relaxation of electronically excited molecules. In
general, the efficiency of collisional quenching can depend
on collision partner, pressure, temperature, and rotational
quantum number. These dependencies can complicate the
use of laser-induced fluorescence (LIF) to obtain quantita-
tive measurements in reactive environments. Several meth-
ods attempting to account for the effects of quenching on LIF
measurements have met with some success [1]. However,
a technique that is inherently less dependent on quenching
would be potentially more quantitative as it would depend
less critically on knowledge of the collisional environment
and the quench rates.

Degenerate four-wave mixing (DFWM) has recently been
shown to hold considerable potential as a quantitative probe

of gaseous media. Capabilities have been demonstrated for
concentration mapping [2], temperature mapping [3] single-
shot temperature measurement [4, 5}, and concentration and
temperature measurements in a plasma [6].

Evidence that DFWM intensities are relatively insensi-
tive to collisional quenching has been reported by Dreier
and Rakestraw [7]. They compared flame temperature mea-
surements obtained from Boltzmann analyses of OH ro-
tational DFWM intensities to coherent anti-Stokes Raman
spectroscopy (CARS) of N,. Excellent agreement between
the two techniques was achieved without applying rotational-
level (V) dependent quenching corrections to the DFWM
intensities, even though such corrections are necessary to
obtain accurate temperatures from unsaturated LIF measure-
ments.

Here we report an investigation of the dependence of
DFWM intensities on the collisional depopulation rates re-
sulting from electronic quenching and rotational energy
transfer (RET). DFWM intensity measurements were per-
formed on trace quantities of NO in various mixtures of N,
and CO,, with compositions prepared to maintain a constant
coherence dephasing rate (vy;,) and NO partial pressure. The
CO, quench rate of the excited A state of NO is known to
be roughly 10* times that of N, at room temperature [8]. To
the extent that RET rates of NO are similar for collisions
with N, and CO,, relative infensity measurements in the
different mixtures mainly probe the influence of the varying
quench rate. We compare results obtained using nearly non-
saturating and saturating laser intensities with a steady-state
theory for stationary atoms [9] and with a time-dependent
calculation obtained by numerically integrating the velocity-
dependent density-matrix equations [10]. We also compare
LIF and DFWM intensities measured under the same con-
ditions.

1 Theory

Theoretical treatments of DFWM that include collisional
effects have addressed collision-broadened stationary ab-
sorbers, and Doppler- and collision-broadened moving ab-
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sorbers [9]. Stationary-absorber theory was derived for two-
level saturable absorbers and arbitrarily high pump-laser
intensities. For moving absorbers, exact analytic solutions
for two-level systems have been obtained only for low
laser intensity using perturbation theory. However, high-
intensity effects in moving absorbers can be calculated by
direct numerical integration (DNI) of the velocity-dependent
density matrix equations, yielding results applicable over a
wide range of laser intensities and relaxation rates. Both
approaches include relaxation effects via the population and
coherence decay rates, [}, and -y,,, respectively.

According to the stationary-absorber theory, for very low
laser intensities (I/I, < 1, where I is the pump intensity
and [, is the one-photon saturation intensity) the line-center

DFWM signal intensity [y, depends on Ij, and v;, as

I, Fo_271~24> (1)
where

Yy = % (Y1 +72) + Ypure Dephasing » @
= +mh. ©

7y, and -y, refer to population transfer rates for the lower and
upper levels, respectively, and Vp, . pephasing Tefers to the rate
of elastic dephasing collisions [9, 11]. For the NO molecule
we assume

Y1 = Yreri T WETI > “)
Y2 = TRET2 + YVET2 + Natural + FVQuench : (5 )

Here, Yy tefers to the spontaneous emission rate, Vger
refers to the rotational energy transfer rate, g is the
vibrational energy transfer (VET) rate and ~queq 18 the
quenching rate. The VET contributions are neglected in
(4) and (5) because we excite only the lowest vibrational
levels of NO, which have long vibrational lifetimes [12].
Furthermore, in this experiment Yy, 1S much smaller than
Yrer 204 Youenchs SO that 7, is dominated by collisional
broadening. Thus, quenching enters into the DFWM signal
equation as a contribution added to the RET rate rather
than as a multiplicative factor. This quenching dependence
contrasts with typical unsaturated LIF experiments where
I < 1/%Youenen [1]- In writing (2), (4), and (5) in this form
we have implicitly assumed statistical independence of the
collisional processes.

2 Experiment

The experimental setup used a phase-conjugate geometry
and was similar to that described in Reference 13. The laser
source was a single-longitudinal-mode, pulse-amplified ring-
dye laser, frequency-doubled and mixed with the Nd: YAG
fundamental to obtain ~ 1.0 mJ pulses tunable near 226 nm.
The pulses had a bandwidth of 0.004 cm~! and a duration of
10 ns. We typically used 12-300 pJ per pulse for each pump
beam and one-fourth as much energy for the probe beam.
All beams were collimated to a diameter of ~ 2.5 mm and
had vertical polarization. Measurements were performed on
~ 30 mTorr of NO in approximately 100 Torr of N,, CO,,
or a mixture of these two gases, contained in static cell
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with windows spaced 13 cm apart. This concentration of NO
resulted in a line-center absorption of 6—7% in one pass.
The operating pressure of 100 Torr was chosen to minimize
thermal-grating contributions, and corresponds to a collision
rate roughly one-half that of atmospheric-pressure flames.
DFWM and LIF signal intensities were simultaneously
detected using photomultiplier tubes. Interference fil-
ters were placed in front of the DFWM detector (A =

I
220 nm, Adpgpass = 230m) and LIF detector (Ape =
250 nm, A)\bandpass

center
= 10nm). In all measurements, we
probed a well-isolated O,,(2) satellite line of the A2X+ (v =
0) «+— X2II(v"" = 0) band. The LIF resulted from rotational
transitions in the A2X+t@ = 0) — X2IT("" = 2) band near
247 nm.

Mixtures were prepared by evacuating the cell to a
pressure less than 2 mTorr and filling with NO to a pressure
of 30 &+ 5 mTorr (the uncertainty in pressure resulted mainly
from outgassing and wall-adsorption effects), and filling with
buffer gases to the desired total pressure (15— 100+0.1 Torr).
We measured DFWM, LIF, and absorption spectra in each
mixture using two different pump-beam intensities. Line-
center DFWM intensities were obtained by fitting the data
with the moving-absorber line-shape expression [9] and
taking the peak value of the fitted curve. To correct for
the small variations in NO pressure among the mixtures we
normalized the DFWM intensities by A%/(1 — A/2)*, where
A is the absorptivity. The numerator accounts for number
density variations and the denominator accounts for beam
absorption.

To obtain an experimental measure of the saturation
intensity, we recorded the DFWM signal strength as a
function of laser pulse energy on a pulse-by-pulse basis,
as shown in Fig. 1. To determine I, we fitted the data to
the equation for the saturation dependence of the stationary-
absorber model [9]:

372
. o I / Isat . (6)
& X U+ 4l/1,)7

The effective [, obtained in this way accounts for non-
uniformities in the laser beam profile, and for the real

multi-level structure of the NO molecule. The best-fit I,
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Fig. 1. Single-pulse DFWM intensity measurements of 30 mTorr of
NO in 100 Torr of N, plotted against laser intensity. The smooth curve
through the data is a fit to (6), which yields I,. These 1000 data points
were aquired in 100 s
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values were consistently within a factor of two of the
theoretical saturation intensity calculated using the one-
photon transition dipole moment 1, [14], the 7, and I,
values discussed below, and the relation {9]

Ly = 3 20705 T/ Il ™
For example, we obtained I, = 0.77 & 0.3 MW/cm?* for
NO in 100 Torr of N,, while the theoretical value was
0.58 +£0.1 MW/cm?. In view of the simplicity of the theory
and the experimental uncertainty in inferring laser intensity
from measured pulse energy and estimated beam area, we
consider this agreement to be excellent.

As seen in (1), DFWM intensities are strongly dependent
on 7y,. To isolate the effect of varying I}, via the changing
quench rate, we chose relative pressures of N, and CO,
that resulted in y;, = 0.0386 cm™! for all mixtures. (Even
though quenching contributes to <y;,, the latter is dominated
at room temperature by contributions from pure dephasing
and RET processes). We computed ~y,, from the relation

Y12 = P, Y12(N2) + Do, 712(CO;), ®)

where p,; and y,,(¢) refer to the partial pressure and broad-
ening coefficient for species i, respectively, 7v,(CO,) =
0.303 4 0.01 cm™!/atm, and ~,,(N,) = 0.293 £ 0.02 cm™!/
atm. Broadening coefficients were obtained from high-re-
solution absorption and LIF line-shape measurements, ana-
lyzed using Voigt profiles. (The second value is in excellent
agreement with the coefficient reported by Chang et al. for
N, broadening of the .S,;-branch, with no reported N de-
pendence [15].) Due to the similarity of the two broadening
coefficients, the rotal pressures of the mixtures were varied
by less than 4% in order to keep -, constant.

3 Results and Analysis

Shown in Fig.?2 are the results of DFWM intensity mea-
surements (filled symbols) for various mixtures and for two
different pump-beam intensities, corresponding to I/, =
0.02 (upper panel) and [/, = 0.5 (lower panel). Both
saturation values are quoted for the 1:1 mixture, since [,
increases by approximately 50% from left to right in the
figure. The measurements at the left-most side of the plot
correspond to 100 Torr of pure N, while those at the right-
most side correspond to 96.6 Torr of pure CO,. For both
values of I/, the signal intensity is observed to fall with
increasing CO, mole fraction, i.e., with increasing quench-
ing. However, the signal decrease is significantly smaller for
the more strongly saturated case, approximately 15% com-
pared to 50%. This result confirms previous indications that
strongly saturated DFWM intensities are relatively insensi-
tive to quench rate [7].

By considering the role of saturation in determining
grating amplitude, we can arrive at an intuitive explana-
tion of the effect observed in Fig.2. According the grat-
ing description of DFWM, the probe beam and one of the
pump beams interfere in the medium to form an intensity
grating. If the laser is tuned to an allowed transition, an
excited-state population grating is “written” in the medium,
corresponding to a finite saturation of the absorption in
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Fig. 2. Experimental and theoretical DFWM intensities of NO plotted
against mole fraction of CO, in an N,/CO, mixture, for a fixed laser
intensity. The NO quench rate increases by a factor of 10* from lefi to
right, while the collisional broadening -, is held constant. DNI refers
to direct numerical integration of the velocity-dependent density matrix
equations

the grating fringes. The other pump beam diffracts from
this saturation grating, generating the signal. As the degree
of saturation (ratio of I/I,) increases from a low value,
the amplitude of the grating initially grows, improving its
diffraction efficiency. This explains the increase of the nearly
unsaturated intensities with decreasing quenching (from right
to left in the upper panel of Fig.2). However, with strong
saturation the grating contrast (peak-to-valley difference in
excited-state population) is nearly bleached out, so that
increasing I/I,, acts to increase the grating contrast and
generate greater signal intensity. This tendency opposes the
previous one, so we expect that for some strong saturation
condition (I /I, of order 1) that the signal will be insensitive
to small changes in I, as in the lower panel of Fig. 2. It
should be noted that this insensitivity also holds for other
collisional processes affecting the signal via I, including
RET, VET, and elastic dephasing, as illustrated in recent
DFWM intensity measurements versus buffer gas pressure
[13].

To compare the experimental results of Fig. 2 with the-
ory, it is necessary to compute [}, as a function of mixture
composition, which requires the RET and quench rates of
NO in CO, and in N,. State-to-state RET rates for the A
state of NO in N, have been measured by Ebata et al. [16].
Based on the removal rate reported for N = 11 and an
observed weak dependence on NN, we took Ygpr(N,) =
1.06 x 109 s~ atm™'. The weak N-dependence is con-
sistent with X -state linewidths measured by infrared spec-
troscopy for NO perturbed by N, [17]. Moreover, the in-
frared linewidths yield upper bounds for the X-state re-
moval rates that compare well with removal rates measured
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in pump/probe experiments by Sudbg and Loy [18]. Both
sets of X-state rates agree within experimental uncertain-
ties with the A-state rates of Ebata et al., leading us to
assume Yppy; = Vrgre. Unfortunately, there appear to be
no reliable RET measurements for NO perturbed by CO,.
Broida et al. [12] report RET rates for NO colliding with
CO, and N,, but their N, rates are approximately a factor
of four lower than those of [16-18]. Assuming that an er-
ror in absolute magnitude caused the discrepancy, we used
a ratio of the Broida et al. RET rates for CO, relative to
N, to scale the N, rate of Ebata et al. This resulted in a
CO, rate that was 28% larger than the corresponding N,
rate, and a factor of two larger than gas kinetic [19]. Ex-
tensive measurements of the NO A-state quenching cross-
sections by CO, and N, have been recently reported [8].
At room temperature N, is found to be an extremely ineffi-
cient quencher (Youenen(Np) = 1.14 x 10° 57! atm™!) com-
pared 0 CO, (Youenen(CO,) = 9.1 x 10° s7!atm™!). Us-
ing these results together with the above RET rates, using
(2), (4), and (5), and computing the net YQuench Similarly to
(8), we find that I, (half width at half maximum) varies
from 0.0075 cm ™! in the NO-N, mixture to 0.0116 cm~! in
the NO-CO, mixture. Thus, the effect on I, by the enor-
mous change in quench rate across these mixtures is largely
masked by RET. '

Similarly, the effect on <, by the large change in
quench rate is largely masked by pure dephasing. From
(2), we see that up to 80% of v, result§ from elastic
dephasing collisions (recall that in this experiment, 7y,
is constant and equal to 0.0386cm™!, corresponding to
7.27x10° s71). Since we have intentionally kept 7y, constant
in this experiment, the effects of quenching on the total
dephasing rate are not investigated here.

The dashed lines in Fig. 2 indicate predictions of the
stationary-absorber theory based on experimental values of
I/I, and the previously discussed values of Ij,. A best-
fit scaling factor has been applied for comparison with the
data. In the limit of weak saturation the theoretical signal
varies according to 1/ FOZ [see (1)], and therefore decreases
moderately with quenching, in good agreement with exper-
iment. For the saturated case, the theory is essentially flat
and does not capture the downward trend of the data with
increasing quenching. The solid lines in Fig. 2 are the results
of the DNI calculations. In the upper panel, the DNI curve is
nearly identical to the stationary-absorber theory since both
models approach (1) in the limit of low saturation. However,
the saturated measurements are better described by the DNI
calculation, which indicates a slight downward trend with in-
creasing quenching. This improved agreement is likely the
result of accounting for the use of pulsed lasers and in-
cluding the inhomogeneous broadening of the NO absorbers
(0.1 cm™ FWHM).

Compared to DFWM, simultaneously measured LIF in-
tensities were observed to vary much more dramatically
with quench rate. The symbols in Fig.3 indicate unsatu-
rated DFWM and LIF measurements for several mixtures
of CO, and N,. The experimental conditions are identical to
those previously discussed, with v,, held constant. Note that
the DFWM measurements appear nearly constant on this log
plot, while the LIF measurements are severely attenuated as
quenching increases from left to right. In fact, the LIF in-
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Fig. 3. Nearly unsaturated experimental DFWM (circles) and LIF
(triangles) signal intensities versus mole fraction of CO, in an N,/CO,
mixture. The data are normalized to 1.0 at the left axis and are
connected by straight lines to guide the eye

tensity is attenuated by a factor of 370, while the DFWM
intensity decreases by a factor of 2. DFWM is clearly less
sensitive to quench rate than LIF under these conditions.

Figure 4 shows a theoretical comparison of the sensitivity
of both LIF and DFWM to quenching in typical combustion
environments. For simplicity, the stationary-absorber model
[9] was chosen to analyze DFWM'’s sensitivity to quenching.
Likewise, a simple two-level model including saturation [1]
was used to illustrate the sensitivity of LIF. In this study,
sensitivity is defined as:

Sensitivity = OLsg / Lse
a’\Y/Quench “YQuench ’yQuench
~ AIsig/A’YQuench (9)
Isig ’yQuench

where I, is the LIF or DFWM signal intensity. Thus, the
sensitivity is the fractional change in signal intensity per
fractional change in quench rate. The parameters chosen
for study are typical for an atmospheric pressure, methane-

i ——LIF
08 N DFWM 3:1
i ---- DFWM 6:1
B — — DFWM 12:1
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Fig. 4. Sensitivity of DFWM and LIF to quenching. The LIF curve
was calculated assuming the ratio Youench * YNaturat = 1:1/150. DFWM
curves were calculated assuming the ratios of Yrpr:Youencsh = 3: 1
6:1, and 12:1, as indicated. The conditions roughly correspond to
the maximum quench rate in a methane-air diffusion flame at 2150 K,
which ObCyS YRET: “YQuench *INatural = 6:1: 1/ 150
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air diffusion flame. We estimated that for NO, the ratio
VRET * VQuench - TNanral 15 @PpTOXimately 6:1:1/150 in regions
of maximum quenching [8, 17, 20]. As shown in the figure,
for /1, < 1, a 1.0% increase in quenching causes nearly
the same decrease in LIF intensity, while for DFWM the
same change in quenching results only in a 0.13% decrease
in intensity. DFWM curves calculated using gt Yquench
equal to 3:1 and 12:1, respectively, are also shown to
illustrate the sensitivity of the signal intensity to RET
variations.

As the laser intensity increases, the signal intensities
of both techniques become less sensitive to quenching
as shown in Fig.4. According to the stationary absorber
model, the DFWM signal achieves complete independence
of quenching at [/I, = 0.50. DNI calculations, which
include the Doppler effect and the effects of the finite laser
pulse length, predict a similar independence of quenching at
I/I, =~ 1.0 [10]. Note that LIF requires I /I, > 1 for the
signal to become independent of quenching. It is even more
difficult to reach complete saturation using LIF because of
the relative contribution to the fluorescence from the low-
intensity wings of the spatial profile of the laser beam.
This contribution increases compared to the contribution
from the center of the spatial profile as the laser intensity
increases [21]. For similar reasons, it is necessary also to
resolve the saturated LIF signal temporally and to measure
the signal at the peak of the laser pulse [22]. It is especially
difficult to reach the fully saturated limit for the case of
two-dimensional imaging in atmospheric pressure flames.
The fact that DFWM signals are nearly independent of
collision rates at I/I, =~ 1 is a great advantage because
the bulk of the signal still comes from the center of the
laser beam spatial and temporal profiles at these intensities.
Thus, so-called “wing” effects should be much less important
for saturated DFWM measurements than for saturated LIF
measurements.

The fact that the effects of collisional transfer rates on the
DFWM signal is minimized for /1, = 1 is advantageous
for several other reasons. Assuming that the main source
of noise is due to scattered light from the probe beam,
Williams et al. have shown that the optimum signal-to-
noise ratio occurs for /I, =~ 1 [23]. Lucht et al. have
shown that the effects of the total dephasing rate, vy,,, in
(1) and (2), are minimized near I/I, ~ 1 [10]. Finally, at
I/I, =~ 1 and higher intensities, the DFWM signal has a
reduced dependence on laser intensity, reducing the effects
of shot-to-shot fluctuations and laser-sheet profile variations
for point and/or imaging measurements [14].

Collisional quenching can also result in a second im-
portant effect in DFWM not described above. Quenching
of the molecules excited in a population grating can lead
to spatially modulated deposition of heat, forming a “ther-
mal grating”. The resulting temperature, pressure and den-
sity perturbations cause a refractive index modulation that
can diffract the pump beams and generate a DFWM signal.
In some circumstances, these thermal gratings can have very
large diffraction efficiencies which dominate those of popu-
lation gratings. We are currently investigating these effects
in more detail [24]. For the gas pressures used in this ex-
periment, the effects of thermal gratings were found to be
negligible.
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4 Conclusions

In conclusion, DFWM intensities have been shown to be
significantly less sensitive to quench-rate variations than
LIF, under conditions where homogeneous broadening is
insensitive to quench rate. Such conditions are encountered
to a great extent in flames, where homogeneous broadening
is usually dominated by rotational relaxation [1] or pure
dephasing, and occasionally by predissociation [25]. For
small molecules of combustion interest, quenching usually
proceeds more slowly than gas-kinetic collision rates, while
rotational transfer rates are typically comparable to gas
kinetic rates [26]. The effects of quenching variations will
thus be largely masked by rotational relaxation. Rotational
relaxation rates can still vary with collision partner, but such
variations will generally be less severe than those of quench
rates. For example, at flame temperatures Thoman et al. [§]
have measured NO quench rates that vary by nearly two
orders of magnitude for species such as N, and H,O, while
NO rotational transfer rates vary by less than a factor of two
for a variety of perturbers [13].

Intensity measurements performed with [/, <« 1 are
in excellent agreement with a steady-state, two-level theory
for stationary absorbers and with numerical solutions of
the time-dependent density matrix equations for moving
absorbers. Measurements obtained with saturating intensities
are better described by the time-dependent calculations, as a
result of including absorber motion and transient effects of
the 10 ns laser pulse. Furthermore, the calculations showed
that sensitivity to quenching is minimized for I/I, ~ 1,
an intensity which additionally optimizes other properties of
DFWM.
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