
Abstract. CARS diagnostics of hydrogen in rareéed gas
mixtures is performed using the biharmonic laser pump based
on the SRS by the vibrational hydrogen transition. The
diagnostics is shown to be substantially affected by collisions,
which result in variations in the linewidth and the frequency of
the Raman-active transition. This inêuence is distinctly
observed at pressures higher than 0.05 atm and depends on
the composition of the buffer gas mixture.

Keywords: stimulated Raman scattering, coherent anti-Stokes
Raman spectroscopy, line shift and broadening, gas mixtures.

1. Introduction

The development of the methods for hydrogen diagnostics
in matter based on the advances of quantum electronics is
of interest both for scientiéc studies and for practical
applications. When studying the effect of hydrogen on the
properties of metal alloys, many researchers estimate its
content in the samples only indirectly, for instance, by time
and current (in the case of electrolytic hydrogen adsorption
[1]), or by using high-vacuum mass spectrometers [2]. In
addition, it is often necessary to analyse rapidly the hyd-
rogen content in dielectric liquids for detecting the electric
and thermal damages in high-voltage oil-élled systems. This
stimulates the further development of the well-known
CARS technique involving SRS [3] for laser diagnostics
of hydrogen in gas mixtures. The aim of our work is to
study the effect of buffer gas pressure on the SRS ëCARS
signal at a constant hydrogen density in rareéed gas
mixtures.

2. Speciéc features of SRS ëCARS diagnostics
of hydrogen

CARS is a four-photon parametric process in which the
mixing of two laser beams with frequencies op and os in a

medium possessing a cubic nonlinear susceptibility w �3�

results in the generation of coherent directional radiation at
the anti-Stokes frequency oa � 2op ÿ os [4]. The principle
of this method, as applied to the diagnostics of H2 in a gas
mixture, is the following. The medium is probed by a
biharmonic laser pump (BLP) at frequencies op and os

which satisfy the condition of approximate resonance:

op ÿ os � Or, (1)

where Or is the frequency of the Q01(1) Raman transition of
hydrogen mixed with gas at a density r (Fig. 1). In this
case, the intensity of radiation Ia at the frequency oa is

Ia �
��w �3�r � w �3�nr

��2I 2
p Is, (2)

where Ip and Is are the intensities of radiation at the
frequencies op and os; w �3�r is the cubic resonance sus-
ceptibility of the molecules of the gas under study; w �3�nr �
nbggnr is the cubic nonresonance susceptibility due to the
electron contribution and related primarily to the partic-
ipation of buffer gas molecules in a scattering event; w �3�r �
nH2

gr; gr and gnr are the cubic hyperpolarisabilities of the
gas under study and the buffer gas, respectively; and nH2

and nbg are the number densities of the hydrogen and buffer
gas molecules.

The cubic resonance susceptibility w �3�r is deéned by the
expression [5]:

w �3�r �
1

3
Dn
k

2pnH2
c 4

hGo 4
s

ds
do

G
Or ÿ �op ÿ os� ÿ iG

, (3)
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Figure 1. Energy level diagram of the Q01(1) vibrational transition of
hydrogen in an SRS oscillator (a) and in a rareéed gas mixture (b), and
also diagrams illustrating SRS (a) and CARS (b) methods.



where G is the line half-width at half maximum (HWHM)
for a Raman-active transition; Dn

k is the difference of level
populations; ds=do is the molecular cross section for spon-
taneous Raman scattering by the above transition. It
follows from expression (3) that jw �3�r j signiécantly decreases
for jOr ÿ (op ÿ os)j4G. This means that under the con-
dition (1), Ia is primarily determined by the scattering by
the impurity molecules to be detected.

Consider the problem of measuring the hydrogen con-
centration nH2

by the CARS method in low-density gas
mixtures satisfying the condition

r5 1 amagat, (4)

where r is the density of the gas mixture [18]. In this case,
when the condition (1) is fulélled it is possible to neglect the
contribution of w �3�nr in expression (2) and write (2) in the
form:�

Ia
I 2
p Is

�1=2
� banH2�

G 2
r � Do2

r
�1=2 , (5)

where ba is the proportionality coefécient; Gr is the line
HWHM of the H2 transition for a buffer gas density r; and
Dor � (op ÿ os)ÿ Or � O

g
ÿ Or (Fig. 1).

From (5), we obtain the expression for nH2
:

nH2
� 1

ba

�
Ia
I 2
p Is

�1=2ÿ
G 2
r � Do2

r
�1=2

. (6)

In low-density gas mixtures subject to the condition (4), the
line HWHM Gr is determined only by Doppler broadening,
which depends on the temperature T [6]. Therefore, for
constant T and Dor under the condition (4), the concentra-
tion nH2

can be determined by measuring the intensity of
radiation at the frequencies oa, op, and os. A BLP simu-
ltaneously satisfying the conditions (1) and Dor � const
can be obtained by SRS in compressed hydrogen, for ins-
tance, by the Q01(1) vibrational transition (Fig. 1a) [3, 7ë9].
In this case, the laser part of the setup becomes signiécantly
simpler.

Consider now the case when the gas mixture density
satisées the condition

r4 1 amagat, (7)

In this case, upon the detection of very low (background)
hydrogen concentrations, the contribution of the non-
resonance susceptibility w �3�nr to the CARS signal may be
signiécant. One way of reducing this nonresonance back-
ground in the stationary CARS spectroscopy involves
employing a complex polarisation technique [4]. In no less
complex technique of transient (picosecond) CARS spec-
troscopy, the nonresonance signal is automatically elimi-
nated owing to the difference in dephasing times of mole-
cular vibrations and the electronic nonlinearity [10, 11].

However, there is no need to use such sophisticated
methods in many cases when the concentration of H2 is
much higher than the background concentration because
experiments show that the nonresonance background is
manifested only when nH2

=nbg < 10ÿ5. This means that
expressions (5) and (6) can be also used in the SRS ë
CARS diagnostics of gas mixtures that satisfy the condition
(7) and contain hydrogen at concentrations signiécantly
higher than the background one. However, the SRS ëCARS

signal measured in this case can signiécantly and nonlinearly
depend on the total density r. Consider this property, which
was not observed in earlier papers [3, 7 ë 9, 12] in the SRS ë
CARS diagnostics of gas mixtures.

3. Effect of collisions on the SRS ëCARS signal

It is well known that the frequency and linewidth of the
Q01(1) Raman transition in a hydrogen molecule depend on
the gas pressure [13, 14]. They also depend on the pressure
of a buffer gas (see, for instance, Ref. [15]). For pure H2 at
room temperature, the Q01(1) linewidth begins to vary even
at pressures above 0.2 atm [6]. Therefore, when low con-
centrations of H2 are measured in a gas mixture at about an
atmospheric total pressure, the SRS ëCARS signal may
depend on the density of the gas mixture even at a constant
concentration of hydrogen. This may be caused by two
mechanisms ë the collisional Dicke narrowing and a change
in the H2 Raman transition frequency with increasing the
total pressure of the gas mixture [13, 16 ë 18] ë which are
responsible for the variations in Gr and Dor in expression
(5).

The Doppler effect is known to be one of the main
causes of spectral line broadening. However, any factor that
limits or decelerates the motion of oscillators should result
in the narrowing of the Doppler line proéle DoD [16]. For
this reason, the collisions that increase the average time
requires for the shift of particles by a distance of the order of
the radiation wavelength cause the narrowing of the
emission spectrum compared to DoD.

This effect is especially signiécant when the relation
l5 1=ke is fulélled, where l is the particle mean free path
and ke is the effective wavenumber. The physical essence of
the Dicke narrowing effect consists in that the collisions of
particles in a medium having the phase memory do not
result in the collisional line broadening, but limit the motion
of particles, thereby eliminating the inhomogeneous Dop-
pler broadening. Therefore, with increasing gas density, the
Doppler width decreases to attain a certain minimum (the
Dicke narrowing). Then the linewidth increases linearly with
the gas density due to collisional broadening.

These features were experimentally observed in pure H2

in the studies of the linewidths of vibrational [17 ë 20] and
rotational [21, 22] Raman transitions. The Dicke narrowing
was demonstrated at rather high concentrations of hydrogen
mixed with CH4 [23], He, and Ar [24]. The line broadening
of the rotational transitions of H2 and D2 in different (He,
Ar, O2, N2, CO, HCl) high-pressure mixtures was inves-
tigated in Ref. [25]. The frequency shift of the vibrational
transition of hydrogen in gas mixtures with increasing pres-
sure was investigated in Refs [26 ë 28].

According to the diffusion model, which describes the
collisional Dicke narrowing, the line HWHM Gr for pure
gas is described by the expression [6, 29]:

Gr �
A

r
� Br, (8)

where A � 4p 2D0=l
2; D0 is the gas diffusion coefécient

under normal conditions; l is the radiation wavelength of
the transition under study; and B is the collisional broa-
dening coefécient for Gr. Note that this formula is invalid
for r! 0. Nevertheless, it follows from (8) that the line-
width is minimal for the optimal gas density
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ropt �
�
A

B

�1=2
. (9)

For the forward spontaneous Raman scattering by the
Q01(1) vibrational transition in H2 at 298 K (D0H2ÿH2

�
1.35 cm2 amagat sÿ1, B � 8:4� 10ÿ4 cmÿ1 amagatÿ1 [19]),
the calculated optimal density is 2.5 amagat, which agrees
well with the experimentally determined value of ropt [6].

It is evident that the half-width of the Q01(1) transition
line of hydrogen molecules mixed with a buffer gas is
described by the same expression (8) with increasing buffer
gas density. However, one should keep in mind that the
diffusion coefécient for hydrogen, for instance, in carbon
dioxide is several times lower and, according to Ref. [30], is
only 0.58 cm2 amagat sÿ1. In addition, the heavier the buffer
gas particles, the greater the collisional broadening coefé-
cient B [26, 28]. This all has the effect that the Dicke
narrowing in hydrogen ë buffer gas mixtures will manifest
itself with increasing buffer gas density for lower r than for
pure hydrogen. Therefore, the SRS ëCARS signal in
rareéed gas mixtures will depend on the composition and
pressure of the buffer gas at a constant concentration of
hydrogen in the measuring cell. In addition, the SRS ë
CARS signal determined by formula (5) will vary with
decreasing or increasing the frequency detuning Dor, caused
by collisions and dependent on the density r and the
composition of the buffer gas:

Dor � Do0 ÿ abgrÿ bbgr
2, (10)

where

Do0 � Og ÿ O0 � aH2
rH2
� bH2

r2H2
; (11)

O0 and Og are the frequencies of the Raman-active
hydrogen transition for a zero density and in the SRS
oscillator, respectively; aH2

, bH2
and abg, bbg are the coefé-

cients that determine the shift of the transition frequency O0

with increasing density in pure hydrogen and in hydrogen
mixed with the buffer gas, respectively; and rH2

is the
hydrogen density in the SRS oscillator.

Note that the CARS signal in the measuring cell can also
depend on the phase mismatch of the interacting waves
caused by a change in the coherent interaction length lcoh
upon variations in the buffer gas density. According to
Ref. [4], for parallel beams, the length lcoh is inversely
proportional to the wave detuning Dk: lcoh � p=Dk, where
Dk � ka ÿ 2kp � ks; kp, ks, and ka are the respective wave-
numbers of the frequency components op, os, and oa,
respectively.

It is well known that Dk is proportional to r1=2.
Estimates show that the coherent interaction length for
an atmospheric pressure of the buffer gas, for instance,
argon, amounts to several tens of centimetres, which is far
greater than the interaction length of focused beams. There-
fore, the CARS signal variation in rareéed gas mixtures
(r < 1 amagat) caused by the phase mismatch of the inte-
racting waves due to variations in the buffer gas density will
not be observed.

4. Experimental

The simpliéed optical scheme of the experiment is shown in
Fig. 2. The pump generator ( 1 ) was a single-mode Nd 3�:
YAG laser with a passive F ÿ2 :LiF-crystal based Q-switching

and a frequency conversion to the second harmonic
employing a KTP crystal [31]. The peak energy of a 532-
nm pulse was 40 mJ, the pulse duration was tp � 7 ns, and
the divergence was about 0.6 mrad. The output laser
radiation was focused with a deêecting mirror ( 2 ) and a
lens ( 3 ) (F1 � 0:66 m) in an SRS cell ( 4 ) (L1 � 0:86 m)
with compressed molecular hydrogen at a density of
2.8 amagat. The BLP generated in the cell ( 4 ) due to
the SRS by the Q01(1) vibrational transition was collimated
by a lens ( 5 ), separated from other SRS components with a
élter set ( 6 ), and focused in a measuring cell ( 10 )
(L2 � 0:21 m) with an objective lens ( 9 ) (F2 � 0:1 m).
The anti-Stokes component excited in the cell ( 10 ) due to
CARS was directed to the entrance slit of a monochro-
mator ( 13 ) with the help of a lens ( 11 ) and a prism ( 12 ).

The signal was detected with a photomultiplier ( 14 ) and
a multichannel system for recording the energy of laser
pulses ( 15 ) coupled to a microcomputer ( 16 ). A part of the
BLP after a beamsplitter ( 7 ) was focused by a lens ( 17 ) at
the centre of a reference cell ( 18 ) with a éxed density of
2.8 amagat. The anti-Stokes scattering component produced
in the reference cell ( 18 ) was directed to the photodiode
( 21 ) with a lens ( 19 ), through a élter set ( 20 ). This
additional optical branch containing elements ( 17 ë 21 )
made it possible to normalise the signal originating in
the measuring cell ( 10 ) and eliminate the effect of intensity
êuctuations of the exciting SRS laser.

Note that the use of the reference optical branch ( 17 ë
21 ) allowed us to measure the SRS ëCARS signal in the
measuring cell, proportional to (Ia=I

2
p Is)

1=2, without the
corresponding measurement of BLP component intensities.
To eliminate the possible saturation effect [8], which is
responsible for the spectral shape distortion of the CARS
signal, the intensity of biharmonic pump at the input of the
measuring cell was attenuated employing neutral density
élters ( 8 ).

Prior to experiments, the air was evacuated from the
measuring cell down to about 0.1 kPa. After that, a portion
of hydrogen was admitted to cell to provide a density of
� 4� 10ÿ3 amagat. A buffer gas was next admitted to the
same cell; as the buffer gas, we used air, helium, argon,
oxygen, nitrogen, carbon dioxide, ethane, and propane. No
care was taken to purify these gases from possible H2

impurity content. The pressure of the above gases in the
measuring cell was smoothly raised with a special bleed-in
system. In this case, measurements were performed no less
than 15 minutes after the admission of each portion of the
buffer gas. The hydrogen contained in the measuring cell
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Figure 2. Scheme of the experiment.
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and the buffer gas admitted to the cell managed to get
evenly mixed up during this time period. All experiments
were performed at room temperature, which was taken into
account in the density calculation of the gas mixture in the
measuring cell.

5. Experimental results and discussion

Fig. 3 shows experimental dependences, which illustrate the
effect of propane gas density on the SRS ëCARS signal.
The experimental dependence ( 1 ) was obtained under the
following conditions: the propane gas was gradually admit-
ted to the measuring cell, from which the air had been
evacuated to a pressure of less than 0.1 kPa, up to atmos-
pheric pressure. Curve ( 1 ) in Fig. 3a shows that the
increase in the propane pressure up to the atmospheric one
in the absence of hydrogen results in only an insigniécant
increase of the signal.

The experimental curve ( 2 ) in Fig. 3a was obtained
under the same conditions, with the only difference that
after the air evacuation a portion of molecular hydrogen
was admitted to the measuring cell to provide a pressure of
0.4 kPa. In this case, a rather intense signal appeared at once
in the measuring cell ( 10 ), whose intensity was taken as

unity. Then, propane was gradually admitted to the meas-
uring cell (see above). One can see that increasing the
propane density in the cell results in a signiécant signal
growth. The SRS ëCARS signal reaches a maximum at
some optimal propane buffer gas density ropt(C3H8) �
0:2ÿ 0:25 amagat and then monotonically desreases with
increasing r.

We performed similar investigations with other gases,
such as, He, Ar, Co2, C2H6, O2, and air. The results of these
experiments are shown in Fig. 4. Note that the dependences
(Ia=I

2
p Is)

1=2(r) obtained for these gases without the admis-
sion of hydrogen (rH2

� 0) are nearly coincident with the
abscissa axis and are therefore not shown.

It is interesting that the experimental dependences pre-
sented in Figs 3a and 4 are similar in character. The signal
érst increases with increasing buffer gas density, then rea-
ches a maximum, and the quantity (Ia=I

2
p Is)

1=2 being
measured tends to become lower as r is further increased.
At the same time, these dependences signiécantly differ from
one another by the peak amplitude and the gas density ropt
at which this peak is observed.

Among the gases considered, helium has the weakest
effect on the signal (Fig. 4, curve 2 ), while propane has the

(Ia=I
2
p Is)

1=2 (rel. units)
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Figure 3. Normalised signal (Ia=I
2
p Is)

1=2, measured for a zero ( 1 ) and
some éxed ( 2 ) concentration of hydrogen in the measuring cell, as fun-
ctions of the propane (a) and propane ë helium mixture (b) buffer-gas
density r (propane for r < 0:2 amagat; 0.2 amagat of propane+helium
for r > 0:2 amagat).
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Figure 4. Normalised signal (Ia=I
2
p Is)

1=2, measured for a éxed concen-
tration of hydrogen in the measuring cell, as functions of the density r of
different buffer gases: carbon dioxide ( 1 ), helium ( 2 ), argon ( 3 ), ethane
( 4 ), oxygen ( 5 ), and air ( 6 ).
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strongest effect (Fig. 3a, curve 2 ). For argon, ropt(Ar) �
0.4 amagat (Fig. 4, curve 3 ). For carbon dioxide, ropt(CO2)
� 0:2 amagat (Fig. 4, curve 1 ). The dependences �Ia�
(I 2

p Is)
ÿ1�1=2(r) obtained for air (Fig. 4, curve 6) and oxygen

(Fig. 4, curve 5) are most close to each other. Furthermore,
the experimental dependences (Ia=I

2
p Is)

1=2(r) obtained for
different gases for a éxed hydrogen concentration differ
from one another for r � 1 amagat. Indeed, for an atmos-
pheric pressure of carbon dioxide (Fig. 4, curve 1 ), propane
(Fig. 3a, curve 2 ), and ethane (Fig. 4, curve 4 ), the nor-
malised SRS ëCARS signal is signiécantly lower than unity.
At the same time, for the gas mixtures of hydrogen with air,
oxygen, helium, and argon it remains greater than unity.

Of some interest is obtaining a high SRS ëCARS signal
at atmospheric pressure. An analysis of the dependences
shown in Fig. 3a (curve 2 ) and Fig. 4 (curve 2 ) suggests
that the use of propane up to densities of 0.2 ë 0.25 amagat
will permit obtaining a high signal. This signal may be also
retained for higher densities of the gas mixture produced
through the addition of helium, which has only a weak effect
on the signal. This is conérmed by the experimental curve
plotted in Fig. 3b. It was obtained under the same con-
ditions as curve 2 in Fig. 3a. The only difference was that
the increase in gas density, subsequent to the admission of
0.2 amagat of propane to the measuring cell, was accom-
plished through the addition of helium. In this case, as is
evident from Fig. 3, the high SRS ëCARS signal is virtually
retained up to the atmospheric pressure. This all is indi-
cation that the SRS ëCARS signal may depend signiécantly
not only on the density and kind of the buffer gas, but also
on its components.

The experimental data presented in Figs 3 and 4 are in
qualitative agreement with expressions (5), (8), and (10).
Indeed, according to expression (5), the experimental
dependence obtained, for instance, for the H2 ëAr gas mix-
ture (Fig. 4, curve 3) can be represented in a different X, Y
coordinate system, where

X � r; Y � k �
ÿ
Ia=I

2
p Is
�1=2
r�0ÿ

Ia=I
2
p Is
�1=2
r

�
�

G 2
r � Do2

r

Do2
D � Do2

0

�1=2
; (12)

Gr and Dor are the line HWHM and the frequency
detuning for an argon density r (Fig. 5).

Then, we determine three étting coefécients for the
calculated k(r) curve. To this end, for simplicity we assume
that the line HWHM Gr is expressed in terms of r by the
formula (8) and in doing this we neglect the experimental

data obtained for r < 0:3 amagat. Furthermore, we take
into account only the érst two terms in expression (10) for
Dor. For T � 298 K we determine DoD (18:15� 10ÿ3 cmÿ1)
and from the data of Ref. [6] we calculate Do0 (ÿ8:9� 10ÿ3

cmÿ1) that corresponds to the gas density in the SRS
oscillator for rH2

� 2:8 amagat. As a result, we énd the
diffusion coefécient DH2ÿAr, the collisional broadening
coefécient for the BH2ÿAr line HWHM, and also the linear
coefécient for the frequency shift of the aH2ÿAr Raman
transition of hydrogen in argon, which were equal to
0.53 cm2 amagat sÿ1, 12:3� 10ÿ3 cmÿ1 amagatÿ1, and
ÿ18:5� 10ÿ3 cmÿ1 amagatÿ1, respectively. The obtained
coefécients DH2ÿAr, BH2ÿAr, and aH2ÿAr by the order of
magnitude agree with those obtained in Refs [24, 25], which
are equal to 0.8 cm2 amagat sÿ1, 4:42� 10ÿ3

cmÿ1 amagatÿ1, and ÿ11:82 �10ÿ3 cmÿ1 amagatÿ1, respec-
tively. It is conceivable that a more precise determination of
the above coefécients from our data would require not the
simple formula of the diffusion model (8) but the use of the
strong-collision model [6, 16], which provides a better
description of the dependence Gr(r) at low gas densities.

6. Conclusions

Therefore, the results outlined above lead to the conclusion
that the SRS ëCARS signal may be substantially dependent
on the composition and density of the buffer gas for a éxed
concentration of hydrogen in a rareéed gas mixture in the
presenceof a weak nonresonance background. This was
experimentally shown by the example of He, Ar, CO2, O2,
air, C2H6, and C3H8. This dependence is due to the effect of
collisions on the linewidth and frequency shift of the
Raman-active transition of hydrogen and is clearly mani-
fested at pressures above 0.05 atm.
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