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Abstract. We demonstrate a new velocimetry technique
for gas flows based on Nearly Degenerate Four-Wave
Mixing (NDFWM). Measurements were performed on
nitric oxide in a free-jet expansion using helium and argon
as carrier gases, at flow velocities on the order of 1000 m/s.
We obtained velocities by analyzing experimental spectra
from the jet using a perturbative treatment of NDFWM
that we extended to include an arbitrary bulk velocity.
The results agreed with independent velocity measure-
ments based on Laser-Induced Fluorescence (LIF), as well
as with theoretical flow-field velocities, to better than 5%
in all cases studied.

PACS: 06.30Gv; 42.65. — k; 42.62.Fi

Flow velocity is a critical parameter in many scientific and
technological applications. Velocimetry has developed
from the early use of intrusive physical probes such as
pitot tubes and hot-wire anemometers [1] to non-intru-
sive optical techniques such as Laser-Doppler
Velocimetry (LDV) [1] and Particle Image Velocimetry
(PIV) [2]. LDV is capable of precise measurements from
a small probe volume ( < 10™? ¢cm™3) while PIV provides
two-dimensional velocity maps. However, both methods
require seeding of the flow with particles, leading to the
possibilities of particles perturbing the flow or failing to
follow the flow with sufficient accuracy. Optical tech-
niques based on molecular tracers (either present in the
flow or added in low concentrations) are often preferable
to LDV and PIV for these reasons. Some of these tech-
niques “tag” molecules with a laser and map the convected
distribution after a fixed time delay [3,4]. Using a differ-
ent approach, spectroscopic velocimetry techniques ex-
ploit the Doppler shifts of atomic or molecular spectral
features. For example, spectral shifts in absorption have
been used for path-integrated velocimetry [4]. Laser-In-
duced Fluorescence (LIF) has been used to perform
velocimetry simultaneously with temperature and pres-
sure measurements in a small volume [ 5]. Flow fields have

been mapped using Doppler shifts in planar LIF [6] and
Rayleigh scattering [7].

Velocimetry based on coherent, nonlinear optical pro-
cesses has recently been reported [8,9]. Such techniques
offer several advantages compared to conventional (non-
coherent) methods. The collimated, spectrally bright sig-
nal beams obtained with coherent techniques are useful in
harsh environments: spectral and spatial filtering of the
signals to attenuate luminosity and spurious scattered
light can be performed with minimal losses. The ability to
remotely detect the collimated signal beam is advantage-
ous when heat, electrical interference, or other hostile
conditions are present at the sample region [10]. Lefebvre
et al [8] have demonstrated four-wave mixing
velocimetry based on Coherent Anti-Stokes Raman Spec-
troscopy (CARS). This method provides instantaneous
gas velocity and temperature within a focused beam vol-
ume =30 mm in length, oriented approximately parallel
to the flow. Williams et al. [9] recently demonstrated
gas-phase velocimetry using Degenerate Four-Wave Mix-
ing (DFWM). Using a forward-beam phase-matching ge-
ometry, Williams et al. similarly obtained an extended
probe volume (=20 mm) oriented along the flow direc-
tion. In principle this method can provide velocities from
single laser pulses, using broadband DFWM techniques
[11].

In this paper we report a velocimetry method based on
Nearly Degenerate Four-Wave-Mixing (NDFWM). The
method contrasts with the previously described FWM
techniques in that the crossed laser beams are directed
mostly perpendicular to the flow. This geometry may be
advantageous in applications where optical accessibility
along the flow direction is limited. A relatively large beam-
crossing angle is employed to gain velocity sensitivity,
resulting in improved spatial resolution (~2 mm interac-
tion length). The NDFWM technique will be shown to
have potentially greater spectral sensitivity to velocity
than LIF. The velocity sensitivity, as defined by a spectral
shift-to-width ratio, is greater for NDFWM as it has
a sub-Doppler spectral linewidth at small beam angles. In
addition, NDFWM is applicable to non-fluorescing spe-
cies since it relies on absorption rather than emission.
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We have experimentally demonstrated the NDFWM
technique in a simple, well-understood flow: a free jet
expanding into a vacuum. We have also performed velo-
city measurements using LIF at the same conditions as
NDFWM and have compared the results to theoretical
predictions of the flow field.
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where the Maxwellian velocity distribution, p(vy), is
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and the velocity-dependent nonlinear coupling coefficient,
K(vy, U), 18 given by
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1 Approach

Two laser beams of nearly the same frequency are crossed
in a flowing absorbing medium, resulting in a sinusoidal
interference pattern in the total optical field. The fringes
are not stationary but move with a velocity proportional
to the relative spectral detuning. If the medium has a non-
linear susceptibility, the fringes induce a sinusoidal per-
turbation in the index of refraction and absorption coeffic-
ient of the flowing gas. The amplitude of the perturbation
is enhanced when the flow velocity, projected onto the
propagation direction of the fringes, matches the fringe
velocity. (In this case the flow does not wash out the
fringes.) A third incident laser beam partially diffracts
from the grating to produce the signal beam. The flow
velocity is determined from the frequency detuning that
produces the maximum diffracted signal. This effect is
observed in the NDFWM detuning spectrum as a shift in
peak position proportional to velocity. An expression
involving the beam-crossing angle and laser frequency
relates the shift to the velocity. It is possible to direct
additional beams into the sample region to obtain new
beam interference patterns and thus different fringe vel-
ocities and propagation directions. With the correct
phase-matching, these additional gratings can be used to
measure different projections of the flow velocity.

The analysis of NDFWM spectra of a flowing gas is
based on the perturbative treatment of NDFWM by Nil-
sen and Yariv [12]. We extended the treatment to include
arbitrary bulk velocities, Voux = {Vbuic.x Voutie,ys Voulk, z)-
Figure 1a shows the beam geometry used in the calcu-
lation (and experiment) relative to the free-jet expansion.
The forward- and backward-pump frequencies are fixed to
the center of the (stationary molecule) absorption line
[12]. We computed NDFWM signal intensities for this
case as a function of probe detuning using
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where

w, = center frequency of resonance (stationary molecules)
w; = frequency of beam i

v1, = homogeneous linewidth (hwhm)

v = (W, — Wo)/y1, = normalized detuning of probe from
line center

VN = 0oV/(cy;,) = normalized velocity

Vibute = @g Viun/€y12) = normalized bulk flow velocity
Un = Wo Umy/(CY1,) = normalized most probable thermal
velocity

#; = k;/(2nwe) = normalized wave vector for beam

a = y1,/T (where I'y is the population decay rate)

oo = line-center absorption coefficient

E, = line-center saturation field

A; = field amplitude of beam i

¢ = speed of light.

The subscripts f,b,p, and s on the terms A4;, w;, and
#i; correspond to the forward-pump, backward-pump,
probe, and signal beams, respectively. The parameter uy is
exactly the inverse of the “a” parameter used in the Voigt
spectral profile [13]. Note that this treatment is valid for
low incident laser intensities only; to our knowledge,
a non-perturbative theory of NDFWM that simulta-
neously includes collisional and Doppler broadening and
saturation is not presently available.

By combining and directly integrating (1) —(3) as
a function of detuning for the geometry of Fig. 1, we
obtained theoretical NDFWM spectra for arbitrary
values of V.. We investigated the variation of the reson-
ance peak position with the magnitude and direction of
Viue as well as with the beam-crossing angle, ®, and
found that the spectral shift of the resonance was given to
within one percent by

Wo Viulk.- 51N ©
AW = —_c > “



Fig. 1a—d. Beam geometry and velocity-group selection by the
pump beams. a The forward-pump (f.p.), backward-pump (b.p.) and
probe beams intersect in the jet, b Shows the Maxwellian distribu-
tion in velocity space for the case of Vigp, - = Viui, x = 0. € Shows
shifted distribution for the case of Vi, - # 0, Vi, » = 0.d Shows
the case of Vyuue » # 0, Vi x # 0. In each case, the disk-shaped
region highlights the pump-selected velocity group, and Vi, , =0

for the following range of conditions

0.8 2 2
Un \/VNbulk,x + Vibuik, 2

lVNbulk, xl

> 60 (5

Thus, if the direction of the flow is orthogonal to the pump
beams (Vypuu.x = 0), then (4) gives the observed shift,
regardless of the dominant broadening mechanism. On
the other hand, if the system is Doppler broadened
(ux>> 1), then (4) applies for Vypuy,« # 0 as long as (5) is
obeyed.

Figure 2 shows a sample calculation for two values of
Voo With helium as the carrier gas. We estimated the
properties in the effusive jet by calculating temperature,
velocity, and number density according to well-known
gasdynamic relations [14]. The calculation corresponds
to conditions on the jet axis, at x/D = 15 (where D is the
diameter of the nozzle) where T = 2.27 K, P = 11.9 Torr,
Vi = {0,0,1744 m/s},  up, =353 m/s,  Avpopprer =
0.0087 cm %, and 2y,, = 0.00015 cm ™~ * (the latter is dom-
inated by radiative decay from the NO A state and from
time-of-flight broadening). These conditions correspond
t0 Vpue = {0, 0, 3493}, upy = 71, and a = 1 in the dimen-
sionless parameters introduced above. A small measure-
ment volume was assumed.

The narrow peak centered on zero in Fig. 2 shows the
spectrum calculated by scanning the probe frequency with
Vioue = {0,0,0}. The narrow peak on the left corres-
ponds to the calculation for Vypu = {0, 0, 3493}. Note
that the spacing between the peaks agrees with (4).
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Fig. 2. Theoretical NDFWM spectra with Vypu = 0 (solid line,
right) and Vi = {0, 0, 3493} (solid line, left). The dashed line
corresponds to Vypu = 0 with the frequency scale expanded by
a factor of 10 to clarify the line shape. The probe detuning is given in
the normalized frequency units described in the text

Furthermore, the linewidth is dominated by residual Dop-
pler broadening: the width (hwhm) is ~20 normalized
units. (Since the units are normalized by 7, ,, the observed
width is ~20 times greater than the homogeneous
broadening.) The dashed peak centered on zero is the
same calculation expanded by a factor of ten to reveal the
Gaussian shape of the spectral feature.

Considering the interaction of the three laser beams
with particular velocity groups in the flow helps to form
a physical interpretation of these results. As mentioned
above, the forward- and backward-pump beams (derived
from the same laser) are tuned to the center of an absorp-
tion transition for mon-Doppler shifted molecules. In
a Doppler-broadened medium, the pump beams will be
resonant only with molecules having near-zero velocity in
the x-direction (the disk-shaped region in velocity space
shown in Fig. 1b). We neglect interactions with other
velocity classes since they can resonate with one beam at
most (the probe). Because the probe crosses the pump
beams at a non-zero angle @, molecules resonant with the
pumps can have a non-zero velocity projection on the
probe beam. The probe can resonate with these molecules
when its frequency is detuned by the appropriate Doppler
shift. Thus, the resonance peak obtained by tuning the
probe is Doppler shifted according to the velocity of the
selected molecules as projected on the probe team.

For example, if the gas has zero bulk velocity (Fig. 1b),
then the selected Maxwellian (for instance) distribution is
centered on zero and the peak signal will be observed at
zero detuning (consistent with (4)). On the other hand, if
the gas has a component of bulk velocity in the z-direc-
tion, then the Maxwellian distribution is centered at
v, = Voun.. (Fig. 1c) and the signal intensity will have
a peak at a frequency given by (4). This spectral shift
corresponds to the Doppler shift of pump-selected mol-
ecules with velocity projected on the probe beam. In the
case of a component of the bulk velocity in the x-direction
(Fig. 1d), the pump beams again select the molecules (now
in the wings of the distribution) which have near-zero
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x-velocity. Again, the signal has a peak resonance accord-
ing to (4). The pump beams isolate the z-component of the
velocity vector, and the probe determines the magnitude
of this vector by observing the Doppler shift as the probe
frequency is tuned. Thus, the technique measures the
component of the gas velocity orthogonal to the pump
beams. This optical configuration allows velocity measure-
ments without optical access along the flow direction.

A description of the technique based on the concept of
laser-induced gratings provides additional insight. The
forward-pump and probe beams cross, generating inter-
ference fringes in the free-jet expansion. Since these two
beams have different frequencies, the fringes move in the
z-direction with a velocity given by the following equation:

(w; — wy)c
|4 ringes, z — . 1 1 6
fringes, e SIn® (6)

where w; and w, are the frequencies of the two laser
beams and ® is the angle between the forward-pump and
probe beams. This expression is equivalent to (4) with the
substitutions: Viui.: = Viringes,z» dWsniss = W, — @y and
with wg, equal to the average frequency of the two lasers
instead of the molecular resonance frequency. When the
velocity of the fringes matches the velocity of the absorb-
ing medium, a moving grating will be most efficiently
written into the flow. (In the molecular frame of reference
the grating is stationary, leading to the longest lifetime
and consequently the greatest amplitude.) As this absorp-
tion perturbation convects with the flow, it diffracts
a small portion of the backward-pump beam in the direc-
tion of the probe beam, generating a collimated, coherent
signal beam. Again, the frequency shift, and hence the
velocity, is found by measuring the signal intensity while
scanning the frequency of the probe beam.

Performing the experiment as described above results
in a single-peaked spectrum. Accurate measurements of
the probe frequency relative to that of the pumps are
necessary to obtain the resonance shift needed to compute
the velocity. Such measurements can be performed using
a precise wavemeter or by calibrating against low-pres-
sure LIF spectra of molecules in a static cell. However,
with only slightly more experimental effort, we made the
NDFWM velocimetry technique described above self-
calibrating. We precisely retro-reflected both the probe
and forward-pump beams so that they passed through the
flow a second time in a counter-propagating direction.
This generated a new grating which moved at the same
speed as, but in the opposite direction from, the original
grating. In this geometry, the backward-pump beam is
properly phase-matched to diffract from the new grating,
generating an NDFWM signal beam collinear with the
original one and allowing the use of a single detector for
both beams. By tuning the probe, we obtained a two-
peaked spectrum, in which the observed peak separation
was exactly twice that predicted by (4).

In principle, when the NDFWM line shape is domin-
ated by (residual) Doppler broadening, the technique can
be used to measure the velocity and kinetic temperature of
the gas simultaneously. Doppler broadening dominates
the NDFWM line shape when all three of the following
conditions are satisfied: the medium is Doppler-

30 L ] ] 1 I i 1 i
< L N e ——
i 25: / //,,
= -7 .
] P _
_E 20‘./ / C
3 A [
~ l / =T L
£ 157 r
5 [ / ——LIF Theory
5 10/ — -uy=71 E
a 1 I — = -Uy=7.1
o ] P, -
o 5_I e uy = 0.71
Q " . LFExpt. |
Ny +  NDFWM Expt. [
o] — T 1 * T ‘' T Y f T 1 T T * T °

0 10 20 30 40 50 60 70 80 90
Angle (degrees)

Fig. 3. Ratio of Doppler shift to observed spectral width vs forward-
pump/probe beam angle. The solid line is the calculated ratio of LIF
velocimetry, where zero degrees corresponds to the laser beam
oriented orthogonally to the flow direction. The long, intermediate,
and short dashes are for the NDFWM technique, calculated for
uy = 71, 7.1, and 0.71 respectively. Experimental LIF (diamond) and
NDFWM (triangle) ratios are also shown

broadened, the beam-crossing angle @ is large, and satu-
ration broadening is small. In the present experiment,
temperature could not be measured since saturation
broadening and the laser linewidth masked the residual
Doppler broadening (calculated to be ~0.003cm™* for
the conditions of Fig. 2).

As an indication of the potential precision of spectro-
scopic velocimetry, we consider the ratio of Doppler shift
to the observed linewidth; a large ratio facilitates measure-
ments of the line shift. (The quality of the experimental
spectra is also an important factor.) In Fig. 3, we have
plotted the shift-to-width ratio for both LIF and
NDFWM as a function of observation angle for the con-
ditions of this experiment, again using helium as the
carrier gas. Calculation of the shift-to-width ratio for LIF
is based on a Voigt profile for the absorption line. The
spectral width of the feature is constant with respect to
observation angle. The Doppler shift simply increases as
sin(®) from © = 0° (flow perpendicular to laser beam) to
90° (flow parallel to beam). For the same conditions,
labeled in Fig. 3 an uy = 71, we have calculated the shift-
to-width ratio for the NDFWM velocimetry technique
using (1)+3). For large observation angles, the shift-to-
width ratio is comparable to that of LIF. However,
NDFWM exhibits a much larger sensitivity at small
angles. While the shift in the NDFWM spectra scales as
sin(®) according to (4), so does the spectral width at large
angles. Thus, shift-to-width ratio is roughly constant ex-
pect at very small angles, where the linewidth is deter-
mined by homogeneous broadening. The persistence of
the large shift-to-width ratio at small angles is particularly
advantageous where optical access is limited. But, the
corresponding small shifts can require very accurate fre-
quency measurement and high-resolution lasers. The sub-
Doppler linewidth at small beam-crossing angles is often
exploited for high-resolution spectroscopy using DFWM

[15].
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The curves in Fig. 3 labeled with larger values of
uy represent calculations performed for the same bulk
velocity and temperature as for uy = 71, but with different
values of homogeneous broadening. Values of uxy = 7.1
and uy = 0.71 correspond to homogeneous broadening 10
and 100 times higher than that of the experiment. Clearly,
the velocity precision will be reduced in these cases. Recall
that the theoretical development outlined above does not
include the effects of saturation of the molecular
transition. But, qualitatively, saturation is similar to pres-
sure broadening in that both processes result in homo-
geneous broadening. Thus, smaller values of uy indicate
the trends expected from saturation: a reduction of the
shift-to-width ratio and a corresponding decrease in the
sensitivity to velocity.

2 Experiment

Figure 4 is a schematic diagram of the experiment. A tur-
bo-molecular pump evacuated an eight-inch, six-way
Conflat cross to a pressure of less than 1 m Torr. We used
a piezo-clectric pulsed nozzle with a diameter of 1 mm
(Lasertechnics, model LPV) to generate pulses of 1% NO
in carrier gases of He and Ar at 20 Hz. The nozzle was
suspended horizontally from an x, y, z translation stage
(shown in Fig. 4) with vacuum feed-throughs to allow
accurate positioning of the jet. To generate an effusive jet
with little velocity structure, we used a high backing
pressure of 2200 torr. The gas velocity reached 98% of
terminal velocity (Viem = +/2¢,T) by x/D = 5. We per-
formed measurements on the centerline-axis at x/D = 15
in the jet. For these conditions, gas velocities were cal-
culated from gasdynamic theory [14] and they appear in
Table 1.

We obtained the laser radiation used for the measure-
ments by frequency doubling and mixing the outputs of
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Vacuum Chamber

Fig. 4. Schematic diagram of the experiment.
DFWM is performed in the reference cell by
using an uncoated, wedged, quartz beam splitter
(not drawn to scale) to generate the DFWM
forward-pump and probe beams. NDFWM
velocimetry is performed in the vacuum
chamber. In the figure, “probe laser” and “pump
laser” refer to the pulse-dye amplified laser
systems described in the text

Table 1. Summary of results.

Gas Theory LIF % diff. =~NDFWM % diff.
Argon 551.9 557 +09 534 —31
Helium  1744.2 1663 —4.7 1723 —1.2

Note: All velocities are given in m/s. The percentage difference
between theoretical and measured velocities is given by “% diff.”

two pulse-amplified ring lasers. For the probe laser, a cw
single-mode ring-dye laser (Coherent 699-29) operating
near 575 nm was amplified using three visible-dye cells
pumped by a frequency-doubled Nd: YAG laser. We fre-
quency-doubled the amplified light and mixed it with
residual Nd:YAG laser fundamental to obtain single-
mode pulses near 226 nm. For the lump laser, we used
a cw single-mode Ti:Sapphire ring laser (Coherent 899-
29) pulse-amplified using three near-IR-dye cells. The out-
put was frequency-doubled and mixed with residual Nd:
YAG second-harmonic to obtain radiation near 226 nm
for the pump beams. The maximum pulse energies from
the two systems were 1.25 and 0.25 mJ, respectively; both
had pulse durations of 810 ns and FWHM bandwidths
of ~0.0035 cm™!. For each spectral data point, the probe
laser frequency was stepped 0.0007 cm ™! and the results
of 20-60 pulses were measured and averaged. We calib-
rated the frequency scan using a visible confocal etalon
with a free-spectral range of 0.025 cm ™.

We apertured the beams to 0.3 mm x 2.0 mm immedi-
ately adjacent to the test chamber. They crossed at an
angle of 18.3° in the cell, resulting in a probe volume of
1.9 mm x 2.0 mm x 0.3 mm for the x, y, and z dimensions,
respectively. Thus, the spatial resolution in the flow direc-
tion was 0.3 mm. All beams had vertical polarizations. We
used ~ 1 pJin the pump beams and ~0.1 wJ in the probe
beam. The forward-pump and probe beams propagated in
a horizontal plane. The backward-pump beam was angled
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downward slightly, causing the signal beam to propagate
at a slight downward angle with respect to the incident
probe. We aligned the beams by placing a thin (2 mm) dye
cell containing Coumarin 450 dye in ethanol in the beam
intersection region, directly in front of the nozzle. When
the lasers were tuned to precisely the same frequency,
a DFWM signal was visible on a fluorescent card. We
folded the signal beam with a prism and directed it
through a 25 pm spatial filter onto a photomulitplier tube.
As described above, we retro-reflected the forward-pump
and probe beams in the horizontal plane to generate the
second moving grating. An interference filter was placed
in front of the NDFWM detector (Aener = 220 nm,
Alpandpass = 23 nm).  We  performed measurements
on the well-isolated R;(0) line of the A?X (v =0)
—X2H(v" =0) band of NO. This relatively weak
transition was chosen to reduce saturation (EZocl/o,
where ¢ is the transition absorption cross section) and to
ensure interaction with a well-populated state.

As an independent measurement of the velocity of the
jet, LIF was collected through a window above the sample
region using a 0.3 mm slit aperture aligned with the axis of
the jet. We generated self-calibrated LIF spectra by ob-
serving LIF from both the incident probe beam and the
retro-reflected probe beam. By placing an interference
filter in front of the LIF detector (Aeepier = 250 nm,
Alpandpass = 10 nm) we selected emission from rotational
transitions in the 42X *(v' = 0) — X*II(v" = 2) band near
247 nm. The LIF and NDFWM measurements were not
performed simultaneously.

To ensure that the NDFWM pump frequency was
accurately tuned to the absorption line center for station-
ary molecules, we split off a fraction of the pump beam to
perform DFWM in a small reference cell (Fig. 4). The cell
had opposing fused-silica windows spaced 13 cm apart
and was filled with 30 m Torr of NO and 3 Torr of He.
The forward-pump and probe beams for DFWM were
obtained from front- and back-square reflections from the
single, wedged beam splitter. The latter also served to
separate the phase-conjugate signal from the probe beam.
By observing the signal in real time on an oscilloscope we
were able to repeatably tune the pump frequency to within
~0.005cm ™! of the NO line center. This method of
molecular-frequency referencing is attractive compared to
other sub-Doppler techniques such as Lamb-dip fluores-
cence, intermodulated fluorescence and saturated absorp-
tion since it provides an easily observed null-background
signal. In addition, DFWM is applicable to non-fluoresc-
ing molecules.

3 Results

Sample experimental spectra, along with fits, appear in
Fig. 5. The measurement location was on the jet centerline
at x/D = 15, where essentially a single velocity class was
probed satisfying (5). As expected, each spectral scan
shows two distinct peaks. The splitting of the peaks is
expected to be twice the Doppler shift, or twice Adwspie
calculated from (4). We extracted the best-fit peak separ-
ation by fitting Voigt profiles to the features. (The experi-
mental line shapes were dominated by saturation so that
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Fig. 5. Experimental NDFWM and LIF spectra of the R,(0)
transition of NO measured in a pulsed jet. The data are indicated by
symbols. Best-fit Voigt profiles are shown as solid lines. The splitting
between the peaks is a measure of the flow velocity

fitting the spectra using (1)+3) above was not feasible.) As
Table 1 shows, the results of both LIF and DFWM agree
with the theoretical velocities to better than 5% in all
cases studied.

The precision of the measurements was limited both
by experimental constraints and intentional trade-offs. To
minimize saturation broadening in the NDFWM spectra,
we used the lowest practical laser intensities. We used
small beam diameters to improve the spatial resolution,
resulting in a small sample volume. Furthermore, a large
angle was used between the forward-pump and probe
beams to maximize the observed Doppler shift, again
reducing the sample volume. Thus, we traded off signal
strength to gain velocimetric and spatial precision. Des-
pite these precautions the observed spectral linewidths
were larger than expected, limiting both precision and
accuracy. In the case of NDFWM the observed widths
were 5.3 times larger than predicted for the case of helium
and 2.6 times larger for the case of argon. The LIF widths
were also broader than expected: 1.7 times larger for
helium and 1.3 times larger for argon. As a result, the
experimental shift-to-width ratios achieved with both
techniques were comparable, and were smaller than the
predicted values (sec data points in Fig. 3). The extra
width resulted mainly from the laser linewidth and satura-
tion broadening. The laser linewidth (~0.0035 cm ') ac-
counted for approximately 40% of the broadening in the
case of the narrowest observed linewidth (NDFWM in
argon carrier). Thus, saturation was a significant limita-
tion in this experiment, not surprising, considering the
near-absence of collisional relaxation. (In applications in-
volving higher pressures, saturation may be less impor-
tant.) The discrepancy between theoretical and experi-
mental values for LIF could have also resulted from
misalignment of the viewing aperture relative to the
centerline of the jet. This could have caused the LIF



detector to observe emission from an off-axis velocity
group corresponding to a different Doppler shift.

For a fixed beam-crossing angle and/or flow direction,
the minimum detectable velocity v, is proportional to
the observed linewidth for both LIF and NDFWM. Esti-
mating our minimum detectable line shift to be 0.2
linewidths, we calculate v,;,,~90 m/s in our NDFWM
setup with He carrier gas. From (1) «(3) the linewidth for
NDFWM with a non-zero crossing angle should vary as
a Voigt profile: oc P°T"? in the Doppler-broadened limit
and approximately oc PT~*/? in the pressure-broadened
limit. Thus, at room temperature but at low pressures,
Umin Would be 11.5 times larger, or 1000 m/s. Obviously,
higher pressure flows would also be impractical. It is
evident that flows at low densities and/or low temper-
atures are most suitable for velocimetry using NDFWM.

The current experimental setup is obviously too com-
plex and expensive for practical applications, mainly due
to the laser sources required. However, the development
of inexpensive, compact, solid-state laser sources with
output in the uv could alleviate this problem in the future.
Such sources are currently applicable for tracer species
absorbing in the visible and near-ir, e.g., certain rare-earth
or halogenic atoms and molecules. In principle, the cur-
rent technique could be extended to single-laser-pulse
velocity measurements by substituting a spectrally
smooth broadband laser for the probe laser and perform-
ing multiplex NDFWM by dispersing the signal beam
with a high-resolution interferometer. A similar technique
has been demonstrated and analyzed for DFWM, where
spectra of OH were obtained with a single laser pulse [11].

4 Conclusion

We have demonstrated a new technique for gas-phase
velocimetry based on NDFWM. Our experimental results
compare well with theoretically calculated velocities and
are consistent with measurements based on laser-induced
fluorescence. While LIF velocimetry is simpler and
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capable of providing instantaneous velocity flow-fields,
NDFWM may be attractive for applications involving
limited optical access, luminous or harsh environments, or
non-fluorescing molecules.
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