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Gas Concentration Measurement by Coherent Raman
Anti-Stokes Scattering

P. R. REGNIER,* F. MOYA,* AND J. P. E. TARAN|
Office National d'Etudes et de Recherches Aerospatiales (ONERA), Chatillon, France

A novel method for gas concentration measurement is described. This method is based on a four wave mixing
process: two collinear light beams of frequencies o>1 and a>2 generate a collinear (anti-Stokes) wave at frequency
2(Dl—co2 when traversing a gas containing a Raman active molecular species with vibrational frequency wv = coj — co2.
The intensity of the new wave is proportional to the square of the number density of resonant molecules. This
scattering is much more intense than spontaneous Raman scattering. Possible experimental set-ups are reviewed.
Typical results obtained with H2 gas are also presented: the concentration in a hydrocarbon flame was mapped,
and small jets through the atmosphere were photographed in anti-Stokes light. The limitations of the method are
discussed, and its field of application is assessed.

1. Introduction
PONTANEOUS Raman scattering is a very attractive tool

r point gas concentration measurements in aerodynamic
flows.1"6 In particular, it does not perturb the flow and does
not interfere with any chemical reaction that could take place
within. Furthermore, its sensitivity is sufficient for the probing
of gas mixtures with pressures ranging from a few atmospheres
down to a few torrs.1 To this end, one generally makes use of
pulsed ruby1 or N2 lasers2'5 for the illumination of the gas, and
monochromators1"6 or interference filters for the separation of
the Raman lines; cw argon-ion lasers are also used by a number
of workers.3'4'6 Detection is often achieved with gated photo-
multipliers and pulse counting electronics.

Similar equipment is required for the remote detection of
atmospheric pollutants.7'8 Detectivities approaching a few ppm
at ranges up to 1 km have recently been obtained.8'9

Both types of measurements require low ambient light levels
and drastic rejection of the pump laser radiation. In particular,
night-time operation is preferable,7 although this may be not
necessary for short wavelength excitation.8
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Fig. 1 Coherent Raman anti-Stokes scattering. Level 1 is the ground
state; level 2 is any Raman active level (in the experiments described, 2
is a vibrational level). The scattering process is instantaneous.
Resonance enhancement can take place if either of the virtual levels V

and 2' is close to an absorption.
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The purpose of this study was to investigate whether the
process called "three wave mixing"10 or "coherent Raman anti-
Stokes scattering"11 (CRAS) can lead to improved sensitivity and
operational simplicity. Experimentally, CRAS is observed when
intense collinear light beams at CDI and a)2 are sent simultaneously
into the gas sample to analyze. If some molecular species with a
Raman active vibrational mode at frequency cov = co1 — o}2 is
present, light is generated at co3 = Iw^ — co2 with an intensity
proportional to the square of the Raman nonlinear susceptibility
of the gas mixture. The generation of this wave proceeds from
two distinct mechanisms, as pointed out by Bloembergen12:

1) a parametric process is associated with the real part of the
Raman susceptibility /, two laser quanta at CDI scattering into
a Stokes quantum at a)2 and an anti-Stokes quantum at co3
(Fig. la), or vice versa depending on the relative phases of the
waves;

2) a Raman process is associated with the imaginary part of
/; two simultaneous transitions between the same initial and
the same final states are involved (Fig. Ib), resulting in an
absorption at co2 and a generation at co3 or vice versa, also
depending on the phases of the waves.

A number of authors have used this technique for the
measurement of the nonresonant part of the Raman susceptibility
in gases,13'14 the study of anharmonic scattering in H2

n and
the plotting of line profiles.10'15 It is shown here that it can also
be used for concentration measurements in gases, since the
Raman susceptibility is proportional to the number density of
the molecules.

The theory of the effect is well known and will only be briefly
outlined; important parameters are: a) the linear dispersion of
the medium; b) the vibrational frequency and line width of the
Raman nonlinear susceptibility, which depend on foreign gases,
pressure, and temperature; c) the pump beam intensities and
geometries; and d) the occupation of the various energy levels of
the molecules, with temperature measurement as a possible
application.

Experimental investigations demonstrated the feasibility of
detecting molecular gases with the now standard equip-
ment10'11'13"15 composed of a ruby laser and a stimulated
Raman scattering (SRS) oscillator. Promising results could be
obtained in the mapping of the distribution of H2 in a natural
gas flame. The difficult problems of the probing of flows between
rotor blades on compressors, and of the analysis of combustions
and explosions in very short times, will readily be solved by
this technique. The remote sensing of pollution is also possible;
however, the instrument is double-ended and the detectivity is
inherently limited to 10-100 ppm (but the latter will improve
with resonance excitation). Finally, we were also able to photo-
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Fig. 2 Fields and wave
vectors for the anti-Stokes
generation in a gas sample.

iE

graph a 1-mm-diam supersonic jet of H2 in anti-Stokes light,
which opens the field of flow and mixing layer visualization
by direct photography.

2. Wave Interaction

2.1. Basic Equations
The problem of the generation of the anti-Stokes sidebands

in the course of the stimulated Raman interaction has long ago
been given careful attention ; in particular, excellent presentations
have been given by Bloembergen J 2 and by Yariv. * 6 The treatment
followed here parallels the one given by Bloembergen.

Take two intense plane light waves of frequencies co^ and oj2
(with co 2 < coj, with parallel field vectors, and with parallel
propagation vectors /ct and k2 aligned along the z axis in a
Cartesian coordinate system (Fig. 2). Let these waves traverse a
pure molecular gas located between plane boundaries at z = 0
and z = L; the gas will be assumed to possess an anharmonic
Raman active, vibrational mode with 0 -» 1 transition of
frequency cov ~ a)1 — <x>2, and to further present no absorption
at frequencies cot, co2 and co3 = 2ojl — co2, while the index of
refraction will be taken as unity. Under the assumption of
quasi-stationarity, one expands the electric fields in terms of their
envelopes as

One may then write the third-order nonlinear polarization in
the gas at frequency co3 which results from the presence of fields
El and E2

with k' = 2k i — k2. Here, the appropriate component of the (third
order) Raman susceptibility tensor % is taken to be a function of
position; one thus allows for the local inhomogeneities in
pressure and temperature in the gas sample which would result
from aerodynamic instabilities. Polarization P3 is responsible for
the generation of an electromagnetic wave E3, with wave vector
k3 parallel with k1 and /c2; the corresponding electric field
envelope <f 3 can be written at the exit boundary :

2c
P 2& *
' 1 62 (V***

Jo
(1)

where A/c = k — /c3; the integration was carried out with the
additional assumption that &19 $2 and x are not perturbed by
the interaction and that the diffraction of the anti-Stokes wave
is negligible, which holds if

dx,dy

1/2

(2)

The intensity distribution across the exit plane follows from
/. =

yielding:
'47T2C03\2A2 fL

J 1 2 X J o * X ' * Z e (3)

One can see readily that Eq. (3) gives the integral of the
susceptibility along lines of constant x and y, in terms of the
distribution of intensity /3 (x, y, L), and provided the phase factor
A/cz is small.

The next step is to express x in terms of the number density
of the gas to be detected. For any gas, x can be given the well
known12 expansion

The real and imaginary parts x' and /' of the resonant
susceptibility arise from the motion of the nuclei.

The nonresonant susceptibility j f R is contributed by the
electron cloud and the wings of remote resonances. It is real
and independent of a>1 and co2 if CDI and co2 are far from an
electronic absorption; furthermore, it is proportional to the
number density N of the molecules

/* = No?R

On the other hand, the resonant part can be expressed in terms
of the differential Raman scattering cross section per molecule
da/d£l. A derivation similar to that of Shen and Bloembergen
or Maier et al.17 leads to the following formula, neglecting
dispersion in the nonlinearity :

a)v
2-(col- co2)2 - iy(a>i - co2)

M\

with y damping constant, and /? = (2c4/ftco2
4)(d<7/dQ). The factory

A, assumed constant by virtue of our stationarity condition on
X, is the difference in probability of finding the molecule in the
ground and first vibrational states: NA is thus the population
difference density between the two states. One has in general
A = [1 — exp( — hcov/kT)~]/Q where T is the temperature and Q
the vibrational partition function Q = [1 — exp( — hcoJkT)']'1.
Introducing the detuning Aco = cov — (col — co2), and assuming
|Aeo| <^ cov, Eq. (4) becomes

2Aco — ty
The terms x' and — /" as given by Eq. (4) satisfy the Kramers-
Kronig relations.12 Note also that /", imaginary part of the
anti-Stokes susceptibility, corresponds to — x" in Bloembergen's
notation.12

With the exception of gases like H2 whose Q lines do not
overlap, A can be taken unity over the temperature range
0 < T < hcov/2k (for H2, A is picked equal to the fractional
occupation of the rotational level J corresponding to the
particular Q(J) line being probed, e.g., A = 0.67 for Q(l) at
T = 300°K). One thus sees that over a large temperature
domain, provided the Raman cross section dv/d£l, the Raman
linewidth y and the detuning are known, Eq. (3) offers a means
of measuring the number density N. The problem further
simplifies if the excitation is done exactly on resonance (Aco = 0),
or far off resonance (|Aco| > y). The implications and merits of
these two experimental situations will be discussed in Sec. 2.3.

We shall now review the properties of the main parameters
in Eqs. (3) and (4).

2.2. Phase Mismatch
The exponential in Eq. (3) can be taken as unity provided

z < lc, where lc is given by Afc/c = n. The mismatch A/c for parallel
propagation vectors is a function of the medium's dispersion and
of the frequency difference o^ — co2 ^ cov. One has14

lc = (nc/a>v
2) [2 dn/dco + coj d2n/dco2~\ ~ 1

where n is the index of refraction. For air under standard
temperature and pressure conditions, lc is given in Table 1 ; one
can see that lc is in general comparable to or larger than the
thickness of the samples or wind-tunnel flows one has to probe.
However, lc is inversely proportional to the number density, and
care must be taken with high pressure gases.

2.3. Spectral Properties of 7— Detection of Gases in Mixtures
Far from an electronic absorption, / does not depend strongly

on laser frequency, thus one has not the same advantage going
to shorter wavelengths one had with spontaneous Raman
scattering (with the w4 dependance of the scattering cross
section). But in the vicinity of an electronic absorption x niay
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Table 1 Frequency shifts of some gases, with corresponding spontaneous
Raman scattering cross sections and coherence lengths for four wave

mixing in air

gas coy (cm /c(cm)

03
S02
N2O
C02

02
NO
CO
N2
H2S
CH4

H2O
H2 [Q(l)]

1103
1151
1287

J1286
{1388

1556
1877
2143
2331
2611

(2914
{3020
3652
4155

(dcr/dCl)^ =(4.4+1.
^2

4.0
5.5
2.7
1.0
1.5
1.2
0.55
1.2
1.0
6.6
8.0
0.79

2.2
.7 )x lO~ 3 1 cm2/sr

325
260
210
210
180
140
98
75
63
51
38.5
38
26
20

a After Chang and Fouche.9

increase by several orders of magnitude, with a resultant increase
in /3.

The variations of 7 vs detuning as given by Eq. (4) are plotted
in Fig. 3. The profile of /" is similar to that of the spontaneous
Raman line, whereas /' has a Aco~ J dependance in the vicinity of
the center frequency. Note also that for co j— co2 ^ 0, one has
/' ~ N/3/a>v, which is in general on the same order of magnitude
as ^R in a pure gas; on the other side of the line, one has
%' — Np(ov/(Q}l — a}2)2, which decays more rapidly. The real
components of the susceptibility, namely ^R which extends
over the whole spectral range, and %' which decays slower than
the spontaneous Raman line away from resonance, may render
the detection of a constituent in a mixture less selective than
spontaneous Raman scattering, due to line overlap.

Assume that a gas characterized by its Raman parameters
Xi> Pi> tow and 7i, and its number density N^ is to be detected
in a buffer gas (number density N0) with nonresonant
susceptibility %0

NR = N0u0
NR. This can be done best on

resonance (Aco = 0), and provided one has Xi" > XoNR'-> hence
the condition N^ ^ N^0 with

Ni° = (yi*oNR/Pl)NQ (5)
One should point out that :

a) NI°/NQ is the minimum concentration that can be detected
in a mixture. N^ is not the minimum mensurable number
density (e.g., for a pure gas), which depends only on the available
laser and Stokes powers and the sensitivity of the anti-Stokes
detecting equipment (see next section) ;

b) for simple molecules, dcr/dQ. and o?** vary little with gas
species.9'14 The ratio N^/NQ therefore depends primarily on the
linewidth y1 ;

c) one can give a crude estimate of N^/NQ. For H2, taking
dajdtl = 1(T30 cm2/sr and yJ2nc = 3 x 1(T2 cm'1 (Refs. 18
and 19), one gets Q ~ 10~5 assuming the buffer gas causes

X'+X NR
Fig. 3 Profile of the anti-
Stokes Raman susceptibility
for a pure gas in the vicinity
of a vibrational line. %NR is
not to scale, being 4 to 5
orders of magnitude smaller

than x" at Aco = 0.

no line broadening. For other gases, the Raman frequencies and
cross sections are well known; but little experimental data has
been published so far on their linewidths, with the exception of
N2 (Ref. 18). In general, the Q transitions constitute one broad
line, the width of which is determined by the variation of the
rotational constant B with vibrational quantum number and by
the temperature; these widths range from 10-1 to 1 cm"1,
resulting in N*/NQ = KT5 to 1(T4.

The advantage of tuning the excitation exactly on resonance
is obvious for the detection of weak concentrations. Un-
fortunately, both cov and y depend to a limited extent on tem-
perature, pressure, and buffer gas. For experimental situations
where these variations are encountered, one may prefer to detune
the excitation as was suggested in Ref. 14. For .|Aco| > y, the
response of the medium is independent of y and of the small
shifts of cov, which are generally comparable to y. The measure-
ment then depends only on the detuning, which can be set or
determined quite accurately; but one suffers a loss in the
detectivity.

2.4. Beam Geometries and Intensities
Two classes of problems are encountered experimentally,

namely visualization of a gas distribution across a whole aero-
dynamic field such as in a wind tunnel (in a fashion similar to
interferometric or Schlieren methods), and point gas concentra-
tion measurements.

Visualization
For the first type of application, parallel beams are to be used,

both for the laser and Stokes radiations. Equation (3) then applies.
Crude estimates can be calculated for the anti-Stokes intensity
obtained; for laser and Stokes beam intensities on the order of
1 Mw/cm2 traversing a 1 cm thick sample of 10% H2 in ambient
air, /3 = 1 Mw/cm2. This is sufficient for exposing a high-speed
photographic plate in 20 nsec. Should the sample contain only
0.1% of H2, the same /3 would be maintained with a 100 Mw/cm2

laser beam and a 1 Mw/cm2 Stokes beam. These figures indicate
how the system scales with power. Some improvements in the
sensitivity could also be obtained with an image intensifier.

Point measurements
For point gas concentration measurements, the collinear pump

beams are focused into the sample through the same lens. The
power collected is generated from the diffraction limited focal
volume (the other regions before and after the focus giving
negligible contributions), and in the same solid angle as the pump
beams. This power is crudely independent of /-number10

2p
1 "2 (6)

where X = 2nc/a> (with CD ~ co^ ^ co2 — o}3), and where P1 and
P2 are the laser and Stokes powers, respectively. The focal
volume is a cylinder with diameter c/> = 4Af/Ttd (where/is the focal
length and d the common gaussian beam waist in the plane of
the lens) and length / = 7r</>2/21 (we assume / < lc).

More accurate calculations were done; a derivation similar to
that of Ward and New20 gives a formula which can be integrated
numerically.21 We found that 75% of the anti-Stokes power was
generated from a volume of length 6 /. This was verified
experimentally.21 The study also showed that P3 diminishes when
/ increases (a factor of 3 is found from /= 3 cm to /= 50 cm).

Crude estimates can be made for a typical case. Assume
P1 = p2 — 10 kw, /= 10 cm, d = 6 mm; with a sample con-
taining 100 ppm of H2 in air, one obtains 1 juw of anti-Stokes
power, scattered from a volume which does not exceed 20 /mi in
diameter and 500 /mi in length. Spontaneous Raman scattering
from the same focal volume with Pl = 10 kw would yield only
10"12 w/sr in the Stokes sideband.

Focusing yields the largest anti-Stokes signal for given laser
and Stokes powers. We can estimate the ultimate number density
which can be measured for a gas, whether pure or to a dilution
not exceeding that given by Eq. (5). Assuming a single anti-Stokes
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photon is generated in a 20 nsec period, with P1 = P2 = 1 Mw,
we get N = 1010 cm"3 for H2, corresponding to a partial
pressure of 10" 9 atm (10~8 atm for other gases, with larger y).
Experimentally P1 and P2 could be raised by 1 to 3 orders of
magnitude, permitting further gains in detectivity.

2.5. Vibrational Population— Temperature Measurement
Equation (3) holds provided the interaction does not perturb

the vibrational population. Therefore A must remain constant
so that the measurements are meaningful ; its equation, as given
by Maier et al.,17 is transcribed in our notation :

LASER

dt P.

Take A(r = 0) = 1, da/dto = 10" 30 cm2/sr, Aco = 0, y/2nc =
1 cm" *, co2/27ic — 104 cm" 1 ; assume further / j = I2 = 1 Gw/cm2

(such intensities are obtained at the focus of a lens with/= 10 cm
for a 10 kw, d = 3 mm, beam). The initial slump rate of A is
|dA/dt| ̂  107 sec" l. An appreciable vibrational population of the
v = 1 level is thus built up in a few nanoseconds : this property
has been used for the investigation of vibrational relaxation in
gases.22

It is therefore clear that care should be taken with point
density measurements. Note also that an additional constraint is
imposed if N is large (N > 1019 cm"3) due to SRS gain of the
Stokes wave.10 The condition that the Stokes wave passing
through the focus undergoes less than 10% growth is given by
2gfP1/A<0.1, where g is the gain17 {g = [(4nc)2/hco2

3y] x
(dff/dQ) NA for Ao> = 0} ; that condition is geometry independent,
as Eq. (6).

If the conditions on A and P1 are met, the population in the
various levels, and therefore the vibrational temperature, can be
measured. To this end, one can probe simultaneously the
population difference density between the ground and first
vibrational levels labeled here NAl instead of NA and that
between the first and second levels (AfA2). This can be done
with a set of appropriate laser and Stokes frequencies. Sufficient
anharmonicity in the vibration is needed for clear separation of
the corresponding Stokes Q-branches. Note that the method is
equivalent to probing the Stokes band series near the first two
maxima of its sawtooth structure, as discussed in Ref. 4.

Temperature T and number density N are then uniquely
determined from the set of relations

Some inaccuracy is seen in the measurement of N^l and NA2
as it must be done on resonance. Fortunately, the various bands
have similar shapes and widths.4 Therefore, the temperature
measurement which is most conveniently obtained from the ratio
N A j_ /N A 2 will not be strongly affected.

3. Experimental Results

3.1. Set Up
The high power radiation at frequency cot can be produced by a

Q-switched laser (ruby or Nd-glass). The most elegant way to
produce the pulse at the appropriate frequency co2 is through
SRS conversion of a fraction of the pump pulse at o>1 ; this is
done in a high pressure cell containing the same gas to be
detected. However, the technique does not work for a majority
of gases because of the competition of the Stimulated Brillouin
Scattering (SBS) with SRS23: only H2, D2, CH4, N2 and CO2
have been found capable of producing SRS with nanosecond
excitation. On the contrary SBS is ruled out with picosecond
pulses, so that SRS can then build up in a larger number of
gases; but the radiation line width (1 to 10 cm"1) is large com-
pared with the Raman linewidths (1 cm"1 or less). The Stokes
frequency co2 can also be produced by a tunable dye laser which
is itself pumped by part of the Q-switched laser pulse; this
technique was used by Reinhold and Maier for SRS gain measure-
ments in liquid methanol.24 However, fine spectral tuning of the

Fig. 4 Experimental arrangement (see text).

dye laser and single mode operation of both Q-switched and
dye lasers are required to match the narrow vibrational Raman
lines in gases (at least for Aco = 0).

The experimental investigation presented herein was carried
out with H2; H2 was selected because one can easily generate
the Stokes sideband co2 by SRS. The set up is presented in Fig. 4.
The single mode ruby laser is composed of a 10 cm long ruby
rod, resonant reflector, cryptocyanine dye cell and 2.5-mm-diam
pinhole for transverse mode selection; it delivers 40 nsec, 2 Mw
pulses. The beam is focused into the SRS cell by a 20 cm focal
length lens, the focal length of which was selected for nearly
equal divergence of the laser and Stokes beams at the exit. The
SRS cell is filled with a mixture of 80% H2, 20% He at a total
pressure of 30 atm (He is added to compensate for the pressure
shift of the H2 Raman spectrum19). The spectrum of the radiation
emerging from the SRS cell contains a large number of sidebands
corresponding to successive shifts by the Q(l) vibrational
transition in H2. All but the laser and first Stokes radiations
must be retained. The anti-Stokes lines are absorbed by a
6-mm-thick OG590 filter; this type of filter does not produce
fluorescence in the green following multiphoton absorption of
laser and Stokes light; the second Stokes component, which can
combine with laser and first Stokes to produce also the first anti-
Stokes component,10 is eliminated by a 1 cm thick water cell.
Spatial filtering through a 50 //m pinhole is necessary for smooth
intensity profiles and excellent spatial overlap of the laser and
Stokes beams. Additional color filtering after the spatial filter
removes the parasitic spectral content added by the breakdown
plasma at the pinhole. The beams emerging from the pinhole
are either rendered parallel or refocused by lenses corrected for
chromatism between 0.7 and 1 /*m, depending on the application
envisioned. The anti-Stokes signal P3 from the sample (here, a
flame) is separated from the laser and Stokes by several mm of
Schott VG 14 glass and an interference filter centered at 5388 A
(filters F2). Part of the pump beams can also be focused into a
reference cell RC, giving the anti-Stokes reference signal P3'
and permitting normalization of P3 (the ratio P3/P3' is thus
independent of the fluctuations of P1 and P2).

In the alternate arrangement at the bottom of the figure, the
signal scattered from a gas cloud or a jet is received on a high-
speed photographic plate PP; lens L is not necessary, but
improves the optical quality since diffraction spoils the anti-
Stokes beam which would otherwise remain parallel.

3.2. Experimental Results
Coherence length

The coherence length in air was measured for the shift of H2
(4150 cm"1); we used parallel beams traversing two short cells
filled with H2. The spacing of the cells was varied, producing a
sinusoidal variation of the anti-Stokes power. The period of the
sine wave was 42 cm, in excellent agreement with the value
calculated in Table 1.

Concentration measurements
In order to illustrate the detection capability of the equipment

with the focused configuration, measurements were performed25
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Fig. 5 Normalized anti-Stokes signal vs H2 concentration in N2.

on H2 diluted in N2, at concentrations ranging from 10 ppm to
100%. The resultant curve (Fig. 5), is a plot on a Log-Log scale
of the ratio P3/P3' vs concentration: it exhibits a slope of 2,
as expected. It departs from this behavior for both high and low
concentrations.

a) For high concentrations, the combined effect of line shift
and line broadening by growing concentrations of N2 causes the
observed curvature. This effect was investigated more carefully,
and in particular, we found that the exciting Stokes line used
for the measurements of Fig. 5 was upshifted by 2 x 10 ~ 2 cm~1

from the pure H2 line. We also verified that the addition of N2
resulted in an upshift of +1.0x 10~2 cm"1 for the line, while
the linewidth increased from a value of 2 x 10 ~2 cm~1 for pure
H2 (which is in agreement with the results of Lallemand and
coworkers19) to a maximum of about 8 x 10~2 cm"1 for a 10:1
dilution in N2. These results were obtained by simply scanning
the line profiles by temperature tuning the SRS Stokes line
(from 15° to 150°C, an almost linear frequency sweep of
— 6 x l O ~ 2 c m ~ 1 could be obtained).

These findings illustrate the interest of off-resonance excitation
for concentration measurements as discussed in Sec. 2.3: the
curvature then vanishes.

b) For low concentrations, the background contribution from
the real electronic polarizability of N2 (/* ~ 4 x KT18 esu)13'14

gives a constant signal below 10 ppm.
This calibration curve was subsequently used to map H2

number density profiles in a flame of natural gas premixed with

w
Q

_8 _4 0
A- BURNER WIDTH

8 R (mm)

Fig. 7 Image of a supersonic H2 jet
recorded in anti-Stokes light. The streak
on the upper right corner was caused

by stray light.

air. The gas contained 75% methane and 25% ethane by volume,
with traces of other gases (including H2). The flame was
horizontal, which explains the asymmetry in the H2 distribution
(Fig. 6). The temperature at the tip of the flame was in the
vicinity of 1500°K. Scans vs radial position R were made at
various distances z from the burner; the experimental points
represent averages over 5 to 10 shots. No attempts were made
to correct for the influence of the temperature and of the other
gaseous constituents on the line shift and broadening; the
experimental uncertainty associated with the latter effect can be
removed, as mentioned previously, by detuning the exciting
Stokes line a few linewidths. We made such measurements off
resonance on our flame but failed to detect any appreciable
change in distribution. This was because of the large fluctuations
from shot to shot (2 + 1) which result from the instability of the
combustion. The influence of the temperature on rotational and
vibrational population has not been accounted for either. The
v = 0, J = 1 rotational level population drops by a factor of 3
from 300°K to 1500°K, while the v = 1 population remains
insignificant.

Flow visualization
With the parallel configuration of the bottom of Fig. 4 and

an additional 10 cm long ruby amplifier stage inserted between
the laser and the SRS cell, we were able to photograph small
H2 supersonic jets through the atmosphere, with a beam cross-
section of 1 cm2. Figure 7 gives an example of the picture
recorded on 3000 ASA Polaroid film. The nozzle has a 0.8 mm
internal diameter. The shock pattern in the stream can be
distinguished. The N2 dependence of the anti-Stokes intensity
and the nonlinear response of the film and successive reproduc-
tions are responsible for the high contrast.

Using the high power single mode systems presently available,
beam cross sections up to 10 cm in diameter can be photographed
with the same sensitivity. This is of great interest for the study
of combustions, explosions, and flow mixing.

4. Discussion
A new technique for gas concentration measurements has been

developed and tested successfully on H2 gas. Its detectivity
(10-100 ppm) is adequate for a number of problems in aero-
dynamics; only moderate powers (100 kw) are needed; in
addition, a capability exists for vibration temperature measure-
ments with a more extensive range (~ hcov/lQk and up) than in
spontaneous Raman scattering.4

The method applies readily to all molecular gases besides H2
by use of tunable lasers. A set-up using a ruby laser and a dye
laser is presently working in our lab and the combustion products
of kerosene droplets are being studied. Measuring vibration
temperatures will also tell us about the distribution of reaction
energy among vibrational and translational degrees of freedom.

A possibility also exists for the remote detection of pollutants,
in spite of two experimental drawbacks. First, the instrument is
double ended. This reflects the need to match the wave vectors, a
constraint which does not exist in SRS (where the Stokes wave

Fig. 6 H2 distribution in a horizontal gas flame. R is the distance from
the burner axis z the distance along the axis; coordinate R is vertical

pointing downward.

a)
Ki
b)

Fig. 8 Wave vector matching in CRAS: a) forward scattering;
b) backward scattering.
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can be generated in any direction12). Assuming negligible
dispersion in the medium and a collinear arrangement, two
configurations are possible for the k-vectors (Fig. 8). Figure 8a
corresponds to our scheme, Fig. 8b to one in which both Stokes
and anti-Stokes waves travel in the backward direction; in that
case the detector is at close range, but the Stokes source must
be remotely located, and pulse timing and beam overlap problems
become severe.

Second, the detectivity is limited and should be improved by
2 or 3 orders of magnitude for practical purposes. To this end,
resonant enhancement by tuning cot to a discrete or a continuum
absorption state would yield the same gains in detectivity as
resonance excitation does in spontaneous Raman scattering,26

with little trouble anticipated from fluorescence and quenching.
Therefore, ultimate detectivities as low as 10 ~ 1 to 10 ~4 ppm
should be achieved.
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