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Abstract. Multiplex coherent anti-Stokes Raman scattering (CARS) spectroscopy is used for thermometry
in H2 radio-frequency capacitive discharge plasma at low gas temperature of 300−400 K, pressure of
0.4−4 Torr and power of 100 W. Results of the investigation of population densities of rotational levels
in the ground electronic state of the hydrogen molecule and measurements of rotational temperature
by multiplex H2 CARS spectroscopy in H2 radio-frequency capacitive discharge plasma are reported.
Computational codes have been realized to determine the rotational and vibrational temperature and to
analyze H2 CARS spectrum for equilibrium and non-equilibrium conditions. To ensure the reliability of the
rotational temperature measurements, we also apply method of scanning narrow-band CARS spectroscopy
in our investigations.

PACS. 52.70.-m Plasma diagnostic techniques and instrumentation – 52.50.Dg Plasma sources –
42.62.Fi Laser spectroscopy

1 Introduction

R.F. capacitive discharge plasmas in molecular hydrogen
at low pressure and gas temperature is a subject of inten-
sive experimental and theoretical study as a consequence
of their wide applications in technological processes [1,2].

It is well-known [3] that in such media temperatures
corresponding to different degrees of freedom of the hy-
drogen molecule can differ considerably. The knowledge
of the gas temperature in nonequilibrium conditions rep-
resents significant interest for plasma chemistry and study
of plasma interaction with a surface, since rate constants
of gas phase and heterogeneous reactions strongly depend
on the gas temperature. For optimization of the technolog-
ical processes it is urgent to develop diagnostic techniques
for fast monitoring of gas temperature in such media.

Methods for gas temperature monitoring include
pyrometry, thermocouple and spectral methods, inter-
ferometry [4] and laser spectroscopy techniques [5].
Time-resolved optical emission spectroscopy [6,7] and
laser-induced fluorescence spectroscopy [8] are becoming
increasingly popular for such measurements.

Moreover, vibrational-rotational distributions in the
ground state of homonuclear molecules in discharges al-
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low determining gas temperature. The rotational temper-
ature deduced by measuring the relative intensities of the
Q-branches of the homonuclear molecules within a par-
ticular vibrational manifold matches in fact the gas one
due to the high rate constants of rotational-translational
relaxation [2,3]. The study of the distributions can be
carried out most effectively by methods of laser Raman-
scattering spectroscopy, particularly by Coherent Anti-
Stokes Raman Scattering (CARS) technique [9–11]. The
CARS technique has a number of advantages, which
greatly extend the possibilities of plasma diagnostics: the
high spatial-temporal resolution (100 × 100 × 1000 µm,
10 ns) and the high spectral brilliance of the anti-Stokes
signal, with a divergence close to that of the laser beam,
make it possible to study objects and media with low den-
sities down to 1014 cm−3.

As far as concerns the studies on homonuclear diatomic
molecules in various types of discharge [12–34], many pa-
pers [12–22] were devoted to the systematic study of the
rotational and vibrational distributions of molecular ni-
trogen, definition of rate constants for VV (Vibration
Vibration) energy exchange rates in nitrogen glow and
pulsed discharges. These investigations have shown that
the vibrational temperature can be higher than the rota-
tional one. Under these conditions, the vibrational distri-
bution strongly deviates from Boltzmann law, while the
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rotational temperature is practically equal to the gas tem-
perature.

The first use of CARS spectroscopy for the investi-
gation of the rotational and vibrational distributions of
molecular deuterium in a glow discharge was reported by
Nibler et al. [23]. From these experiments, they estimated
a vibrational temperature of about 1050 K with a rota-
tional temperature of about 400 K. Soon after, Shirley
et al. [24] reported measurements of vibrational excita-
tion of molecular deuterium and hydrogen by spontaneous
Raman scattering technique in a low pressure dc glow dis-
charge. It was found that the vibrational temperature can
reach values up to 1900. H2−CARS technique has been
successfully applied for gas temperature measurements in
the reactive zone of a plasma arc test reactor for hy-
drocarbon synthesis [25], in hot-filament chemical-vapor
deposition of diamond [26,27], in a microwave assisted
diamond CVD plasma [28], in stagnation-flow diamond-
forming flames [29], during the deposition of silicon car-
bide from methyltrichlorosilane [30] and in magnetic mul-
tiscusp H2 and D2 discharges [31]. It should be noted that
the paper [26] is the only that, to our knowledge, has
investigated the rotational distribution in H2 r.f. induc-
tive discharge plasma (at pressure of 5 Torr and power
of 100−300 W). Measured values of the rotational tem-
perature fall in the range between 300 and 400 K. Using
CARS, Ochkin and co-workers [32,33] have measured the
rotational populations of H2(X1Σ+

g ) molecules in a low
pressure (0.5−5 Torr) hydrogen discharge plasma cooled
by liquid nitrogen. It has been observed that the rota-
tional distribution deviates from the Boltzmann law for
rotational levels with J = 0−3. An analogous result but
for high rotational levels J > 4 was reported by Pealat
et al. [31] and Lefebvre et al. [34] in magnetic multipolar-
confined H2 discharge. The behaviour of rotational dis-
tribution of hydrogen seems very different from nitrogen
ones. A critical review of the experimental results reported
in reference [35] shows that measurement of gas tempera-
ture in various types of discharges in molecular hydrogen is
not trivial. A careful approach is necessary for an estima-
tion of gas temperature. Therefore, carrying out a study
with the purpose of new data acquisition or development
of new techniques for gas temperature measurement in a
hydrogen discharges are potentially interesting.

Traditionally, CARS spectra are recorded by the meth-
ods of scanning narrow-band [12–16,18–20,22–24,26,27,
30–34] and multiplex [25,28,29] CARS spectroscopy. A
considerable time is needed to record spectra through
scanning narrow-band, so that its use is limited to those
cases when the investigated parameters do not change
during the measurements. In the multiplex CARS spec-
troscopy method, involving the use of an optical multi-
channel analyzer, a considerable part of the CARS spec-
trum is recorded in a single laser shot thus reducing gas
temperature evaluation times and, as a consequence, this
method is more preferable for fast monitoring of gas tem-
perature.

In the present study, the application of multiplex
coherent anti-Stokes Raman scattering (CARS) spec-

Fig. 1. Schematic diagram of the experimental set-up.

troscopy is shown for thermometry in H2 radio-frequency
capacitive discharge plasma at low gas temperature of
300−400 K, pressure of 0.4−4 Torr and power of 100 W.
Similarly to the results reported in reference [6], we do not
expect that gas temperature exhibits time dependence on
a time scale of r.f. period (about 37 ns). An investigation of
population densities of the rotational levels J = 0−3 in the
ground electronic state X1Σ+

g of the hydrogen molecule
and measurements of the rotational temperature by mul-
tiplex H2 CARS spectroscopy in the r.f. capacitive dis-
charge plasma are reported for the first time. Computa-
tional codes have been set-up to determine the rotational
and vibrational temperatures and to analyze H2 CARS
spectrum under non-equilibrium conditions. To ensure the
reliability of the rotational temperature measurements, we
also apply the method of scanning narrow-band CARS
spectroscopy in our investigations.

2 Experimental set-up

A schematic diagram of the experimental set-up is pre-
sented in Figure 1. It consists of the CARS system with
optics to recombine and focus the pump laser beams for
generating the CARS spectrum, a r.f. discharge reactor, a
system for gas feeding and pumping out, and a pressure
controlling system.

The r.f. discharge reactor is a typical stainless steel vac-
uum chamber of cylindrical geometry. It is equipped with
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ports for the pump laser beams, gas pumping out and feed-
ing and pressure gauging. The r.f. discharge geometry is a
simple parallel plate design. The diameter of the parallel-
plate electrodes is 10 cm with 2.0 cm inter-electrode dis-
tance, r.f. power typically 100 W at 27 MHz applied
to the lower electrode (powered electrode) through an
impedance-matching network. The upper electrode serves
as grounded electrode. For most of the experiments, tem-
perature of the upper-grounded electrode is floating and
estimated close to room temperature. In some experi-
ments, the upper electrode was heated and its temperature
was controlled by a thermocouple.

The vacuum chamber is pumped up to 10−6 Torr by
Balzers rotary and turbo-molecular pumps. Pressure is
measured by Balzers total pressure gauge controller. Ar-
gon, at pressure 750 Torr, is used to record non-resonant
CARS signal. The measurements of the rotational tem-
perature are carried out under non-excited hydrogen flow
or under hydrogen r.f. discharge plasma. The molecular
hydrogen is produced by a generator (H2 FLO 300-220
hydrogen generator). The total gas pressure is varied from
0.4 to 4 Torr. The gas flow and pressure into the chamber
are regulated by gas dosing valve.

The CARS system allows realizing acquisition of spec-
tra by the methods of scanning narrow-band or multiplex
CARS spectroscopy. The CARS system includes also an
automatic system for data acquisition and processing. Its
laser system consists of an Nd–YAG laser with frequency
doubling, and a narrow-band dye laser or a broadband dye
laser depending on the method of acquisition of CARS
spectra.

The Nd–YAG laser is formed of an oscillator, a parallel
amplifier stage and second harmonic generation, with the
pulse rate varying between 1 and 10 Hz, pulse width 25 ns,
line-width 0.5 cm−1, output energy as high as 100 mJ at
532 nm, where about 30% of the energy is used to pump
the dye laser, while the remaining part is sent to the CARS
combining optics.

The broadband dye laser is based on a very simple de-
sign, using an oscillator and an amplifier stage in a longi-
tudinal pumping scheme, the bandwidth is approximately
600−615 cm−1.

The narrowband dye laser contains an oscillator in
combination with two amplifier stages. The oscillator con-
sists of a 600 lines/mm grating used from the 3rd to the
8th order and an achromatic prism beam expander for
narrowing the line-width and a dye cell. The grating is
tilted by a high precision sine drive mechanism controlled
by computer. Transversal pumping of the active medium
of the oscillator and the amplifier with one-dimensional fo-
cusing of the pump beam by cylindrical lenses is applied.
The line-width of the output beam is 0.8 cm−1. The spec-
tral resolution of the scanning narrow-band CARS spec-
trometer is estimated about 1 cm−1.

To excite and observe rotational structure of the
Q-branches of vibrational-rotational transitions v = 0 →
v = 1 and v = 1 → v = 2 (v is the vibrational quan-
tum number) in the electronic ground state of the hydro-

gen molecule, a mixture of the DCM and LDS 698 are
adjusted to reach maximum efficiency at 680 nm. CARS
spectrum covers the interval approximately between 3600
and 4325 cm−1. An output energy of dye lasers is typi-
cally 1.0 mJ. The laser energy fluctuations of the dye and
ND–YAG lasers are controlled during the experiments by
an energy meter.

The CARS signal intensity is generated at high con-
version efficiency under optimum phase matching condi-
tions [9–11]. Both collinear and planar BOXCARS ar-
rangements are employed in the experiments (see Fig. 1).
The spatial resolution is defined by the CARS probe vol-
ume, i.e. the volume where the CARS signal is generated.
Its size, in the crossbeam direction, was estimated to be
the diameter of an aperture burned by the laser radiation
in a thin aluminum foil, located in the focusing area of
the primary laser radiation. In both the geometrical mix-
ing scheme of the pump laser beams, the diameter of the
CARS probe volume was approximately equal and was
about 150−200 µm. The length of the CARS probe vol-
ume, in the beam direction, was appreciably different. In
the collinear beam arrangement, for a Gaussian distribu-
tion of the radiation intensity of the pump lasers I1 and Is,
75% of the energy of the CARS signal Ias is generated in a
focal region equal to a cylinder of diameter D = 4λ(f/π)d
and length S = 3πD2/λ [10], where d is the diameter
of the laser beams in the plane of the lens, f is the fo-
cal length of the lens focusing the laser beams into the
r.f. discharge chamber, and the value of S approximately
estimates the spatial resolution in the direction of beam
propagation. In our case d = 0.7 cm and f = 25 cm, hence
S = 10 mm. The spatial resolution, in the beam direction,
for the planar BOXCARS arrangement was better than
in collinear beam arrangement, the length S was about
2 mm.

The useful CARS signal is separated from both the
background radiation of the lasers and plasma by means
of a dispersing prism and wide-band filters. To detect in-
tensity distribution of H2 CARS spectra, a high-resolution
monochromator (HR640, Instruments S.A., division Jobin
Yvon) equipped with a holographic grating 2400 gr/mm
and an intensified optical simultaneous multichannel ana-
lyzer (OSMA) placed at the exit slit, is used.

During the experiments, the Nd–YAG laser control
electronics triggers a pulse generator, which provides gat-
ing of the OSMA. The pulse generator is connected to
the control electronics, a detector head and a controller
for data acquisition accomplish the detection of CARS
spectrum by OSMA. To control Nd–YAG laser timing jit-
ter, a portion of the laser beam is split off by a glass
wedge and detected by a fast photodiode. An oscilloscope
is used to monitor laser pulse, gate width and time de-
lay after laser irradiation. A gate width of 1.2 µs is used
to maximize CARS line intensity. To optimize signal-to-
noise ratio, monitoring of CARS signals is carried out in
accumulation mode. Accumulation number is varied up
to 100.
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Fig. 2. Schematic diagram of the experimental data acquisi-
tion and processing.

3 Experimental data processing

The rotational temperature and distribution are deduced
by two approaches. By the first approach, when we use
the multiplex CARS spectroscopy method, the rotational
temperature is evaluated by comparison of the experimen-
tal CARS spectrum with that predicted by theory [28,29].
Computational codes have been developed to determine
the rotational and vibrational temperatures and to an-
alyze H2 CARS spectrum in nonequilibrium conditions,
in the r.f. discharge plasma. By the second approach,
when we apply the scanning narrow-band CARS spec-
troscopy method, the rotational temperature and dis-
tribution are deduced from measurements of rotational
line amplitudes in the fundamental vibrational transition
v = 0−v = 1 [12–16,18–20,22–24,26,27,30–34].

Figure 2 shows a schematic block diagram of exper-
imental data processing, which we implemented to eval-
uate the rotational temperature and distribution by the
first approach. In order to determine the average tempera-
ture with its standard deviation, single-shot CARS spectra
(100 up to 300 acquisitions) are recorded and stored in the
laboratory computer. Then, the experimental data pro-
cessing involves: background subtraction, CARS spectra
smoothing, CARS spectra normalizing by a non-resonant
CARS spectrum generated in argon. Temperature is de-
termined by comparing spectral contours of experimental
and theoretical CARS spectra. The latter is directly fit-
ted to the experimental data by using a least square mini-
mization routine. With this in mind to speed up process of
the experimental data processing, these theoretical CARS
spectra were calculated in 10-degree steps over the rota-
tional and vibrational temperature range between 200 and
2000 K and stored in a library file.

Numerical modelling of the CARS spectra of differ-
ent homonuclear molecules is based on theory and al-
gorithms presented in detail [9–11,36,37] (see also pa-

pers quoted in Refs. [9–11,36,37] for further details).
To create a theoretical spectra library a nonlinear third-
order susceptibility is calculated. It is a complex function
of quantum-mechanical parameters of hydrogen molecule
and macroscopic parameters of gas media such as: pres-
sure, gas temperature and population densities of vibra-
tional and rotational levels, etc. The numerical simulation
of the nonlinear third-order susceptibility includes consec-
utive calculation of Raman resonances, line-strength pa-
rameters, Raman cross-sections and linewidths. Besides,
we correct this quantity to take into account Doppler
broadening. The population densities of the vibrational
and rotational levels are assumed to follow the Boltzmann
law at the vibrational and rotational temperatures. This
approximation is justified since we evaluate low rotational
and vibrational states. Note also that the Raman cross-
sections are strongly dependent on the rotational level
number J and vibrational level number v, electronic spin
statistical weight, polarizabilities and are calculated for O,
Q and S transitions according to the relevant selection
rules.

To define an apparatus function the following proce-
dure has been used: first, we calculate convolution with
the module square of the nonlinear third-order suscep-
tibility with the pump laser lineshapes; then, results of
this calculation are convolved with a detection system
apparatus function. The apparatus function is deduced
and parametered by comparison of theoretical and ex-
perimental H2 CARS spectrum recorded at low pressures
of 0.4−4 Torr and room temperature. It contains strong
Q01(1) line at a small width (0.005−0.01 cm−1) broad-
ened by the Doppler effect [38,39]. It was well fitted by
a Voigt profile and was characterized by a spectral width
3.0 cm−1 (FWHM). The largest contribution to the over-
all lineshape was given by the detection system apparatus
function. Besides, this experimental spectrum is also used
to determine dispersing grating law. To compare theoret-
ical and experimental CARS spectra, the latter are trans-
formed to the same scale of the theoretical spectra by us-
ing polynomial functions of the second order, describing
dispersing grating law.

Finally, the theoretical spectra from the library are
fitted to the experimental spectra to build temperature
histograms and to calculate the average temperature and
its standard deviation.

The validity of the second approach is due to the small
Q-line spectral width compared with the distance between
lines and does not depend on the rotational quantum
number J under our experimental conditions. Therefore,
the observable partial line superposition for the rotational
lines with J = 0 and J = 1 is caused by the low spectral
resolution of our apparatus. In this approach, for each
selected spectral CARS line of Q-branch, computer code
calculates the area from the fit of the spectral CARS line
shapes with an automatic baseline correction. Since the Q-
line shapes for the rotational number J = 0 and J = 1 par-
tially overlap, multiple profile fitting is performed. Such
multi-profile fitting is necessary to obtain the correct area
from overlapping the Q-lines. The experimental CARS
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Fig. 3. Variation of the rotational temperature in the r.f. dis-
charge plasma as function of the total pressure. The tempera-
ture surface of the grounded electrode is floating. Points indi-
cate experimental data. Solid line is the result of experimental
data fitting. Solid squares (�) denote values of the rotational
temperature evaluated by processing CARS spectra data, as
has been illustrated in Figure 2. Solid circles (•) indicate values
of the rotational temperature deduced from rotational Q-line
amplitudes.

spectra are smoothed and normalized by a non-resonant
CARS spectrum generated in argon and averaged over
laser shots. The square root of these quantities is propor-
tional to population densities of the rotational levels at
low rotational temperature Trot < 400 K [23] and, thus,
determines the rotational distribution. They were further
normalized by the rotational degeneracy, nuclear spin de-
generacy and Raman linestrength of each transition of the
Q-branch [27]. In addition, we have determined the ro-
tational temperature by using the Boltzmann plot tech-
nique.

4 Results and discussion

Capability of multiplex H2 CARS technique is demon-
strated in Figure 3.

The plot shows variation of the rotational tempera-
ture with the total pressure in the r.f. discharge plasma,
determined by the different approaches. The CARS spec-
tra were taken from the central part of the r.f. discharge
plasma at a distance of 8 mm from the powered electrode
surface. The solid circles indicate values of the rotational
temperature deduced from the rotational line amplitudes.
The solid squares denote values of the average tempera-
ture evaluated as a result of the CARS spectra process-
ing, as illustrated in Figure 2. It is seen that the val-
ues obtained by the different approaches are in agreement
within the experimental error. These values are close to
room temperature and fall in the range between 300 and
360 K. Note that the obtained results regarding the values
of temperature are quantitatively consistent with results
reported in references [6,23,26]. Small differences between
observed temperatures are a consequence of the high ther-
mal gas conductivity of hydrogen molecules and of the
small energy release power in the r.f. discharge plasma.

The observable spread in values of temperature is
caused, first, by a small width of spectral lines of hydrogen
molecule and fluctuations of radiation spectrum of pump
lasers, and, second, by an instability of reproducibility of
the r.f. discharge plasma parameters from experiment to
experiment.

With increasing pressure the rotational temperature
decreases (see Fig. 3). The temperature-pressure relation-
ship is atypical of r.f. power mode operation, resulting
in a poor quality discharge in a range of total pressure
higher than 2.5 Torr. The fall-off in temperature is possi-
bly caused by the limited amount of r.f. power available,
which cannot support stable plasma at higher pressure.
This observation is qualitatively consistent with the ex-
perimental results reported in reference [28].

It is common knowledge that to maintain high spatial
resolution, at temperature CARS monitoring in combus-
tion systems and discharges, it is preferably to use the
BOXCARS arrangement [9–11]. Its application is mainly
limited by poor signal-to-noise ratio as number density
decreases and temperature increases. To improve multi-
plex H2 CARS system detectability at temperature mea-
surements, we used the collinear beam arrangement. How-
ever, it should be employed with care, since it results in a
number of disadvantages [15,27,31]. Among them, as men-
tioned above, the size of the CARS probe volume is not
well defined. Because of this, we also detected some CARS
signals generated far from the local spot, i.e. from the gas
volumes at different temperatures and number densities.
If strong gradients are present along the beam axis, it
can lead to erroneous temperature and number density
measurements. It must be added that the fluctuations of
the non-resonant signal created by the windows of the r.f.
discharge reactor, by the remote resonance and electronic
non-linearities of hydrogen and atmospheric nitrogen on
way to the chamber, can also markedly affect the accuracy
of the CARS measurements.

To be sure that the result of the temperature mea-
surement is unaffected by the above-listed disadvantages
arising from the use of the collinear beam arrangement,
we have carried out a number of experiments with the
purpose of comparing the rotational temperatures mea-
sured in both geometrical schemes of the pump laser beam
mixing. Furthermore, these measurements were useful as
calibration means for CARS technique. In these experi-
ments the molecular hydrogen was heated to several hun-
dreds Kelvin under equilibrium conditions, when the r.f.
discharge plasma is off. The temperature measurements
were performed at a distance of about 1 mm from the
surface of the heated grounded electrode. Its temperature
varied from 300 up to 650 K at a hydrogen pressure of
30 Torr. Under these conditions, an excellent signal-to-
noise ratio for the BOXCARS arrangement was reached.
Figure 4 gives the rotational temperature comparison.
Here, solid squares and triangles indicate results of the
temperature measurements as a function of electrode tem-
perature, in both the collinear beam and the planar BOX-
CARS arrangements, respectively. As it is evident from
Figure 4, these values are in good agreement within the
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Fig. 4. Variation of the rotational temperature as function of
the grounded electrode temperature. Solid squares (�) and tri-
angles (�) denote values of the rotational temperatures mea-
sured in both the collinear and planar BOXCARS arrange-
ments, respectively, at hydrogen pressure 30 Torr.

experimental error with temperature measurements. The
interelectrode distance, small compared to the size of the
electrodes, causes homogeneous spatial distribution of the
gas temperature and number density over the length of
the CARS probe volume in both the beam arrangements.
Quantitative agreement between values of the tempera-
tures proves the suitability of the collinear beam arrange-
ment for the r.f. discharge geometry used. It should be
noted that the rotational temperature coincides with that
of the grounded electrode in a range of temperatures from
300 to 450 K, thus testifying the reliability of the used
technique. The lower limit of detection for hydrogen in
the r.f. discharge plasma, i.e. when it is still possible to
evaluate the rotational temperature from the CARS spec-
trum with the use of the collinear beam arrangement, is
approximately around 0.4−0.6 Torr.

The coincidence of the rotational temperature with the
translational one is a key question from the standpoint of
the gas temperature determination in H2 r.f. discharge
plasma. It was recognized [31–34] that, in presence of a
Boltzmann rotational distribution, the rotational temper-
ature deduced by measuring the ratio of population den-
sities for rotational levels with J = 0 and J = 1 was in
good agreement with the translational ones.

Figures 5a and 5b show typical recorded CARS spectra
by using the method of narrow-band CARS spectroscopy,
which were taken from an equilibrium heated gas and in
the r.f. discharge plasma, respectively. Figure 6 reports
the corresponding rotational distribution CARS spectra.
The points indicate the natural logarithm of the popu-
lation density NJ normalized with the statistical weight
J(J + 1) times the nuclear spin σJ . In contrast to results
described in references [32,33], no deviations of the rota-
tional distribution from the Boltzmann law is observed for
low rotational levels with J = 0−3. As can be seen from
Figure 6, the experimental population densities of the hy-
drogen molecules with J = 0−3 can be represented, to
a good approximation, according to Boltzmann law. The
obtained result is consistent with that reported [7,31,34].
The observed distribution behaviour implies that the val-
ues of the measured rotational temperatures presented in

(a)

(b)

Fig. 5. CARS spectrum of the Q-branch of the vibrational
transition from v = 0 to v = 1 of the hydrogen molecule
recorded by using narrow-band CARS spectroscopy at total
gas pressure 2.0 Torr. Points are experimental data. Solid lines
are result of experimental data fitting. (a) CARS spectrum
of heated hydrogen up to 490 K under equilibrium conditions
(i.e. without RF discharge). (b) CARS spectrum of hydrogen in
the r.f. discharge plasma at the rotational temperature about
330 K. This plot is presented on an enlarged scale.

references [31,34], as well as our findings (see Fig. 3),
are higher than those reported in references [32,33]. The
enhancement of temperature and pressure tends to in-
crease rate constants of the rotational-translational relax-
ation [2,3] and destroys deviation of the rotational distri-
bution from Boltzmann law, occurring within the limits
of specific spin modifications of hydrogen molecule (para-
hydrogen and ortho-hydrogen) [32,33].

Table 1 presents the temperatures, which were derived
from the slope of a least–squares fit to a Boltzmann dis-
tribution (solid lines). It was found that the effective rota-
tional temperatures Trot, corresponding to measured rota-
tional distribution, are in a good agreement in the limits of
standard deviation, with temperature values, correspond-
ing to a pair of levels J = 0, 2 (para-hydrogen) T02 and
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Fig. 6. The rotational distribution functions deduced from the
Q-line amplitudes at the total pressure 2.0 Torr. Solid lines are
a least-squares fit to Boltzmann’s plot; (+) rotational distri-
bution function at room temperature, (◦) rotational distribu-
tion function in the r.f. discharge at rotational temperature of
330 K, (�) rotational distribution function of heated hydrogen
up to 490 K at equilibrium condition.

Table 1. Comparison among temperatures.

Trot, K T13, K T02, K T01, K Tterm, K

300 ± 20 290 ± 20 280 ± 20 290 ± 20 300 ± 20

480 ± 20 480 ± 20 490 ± 20 490 ± 20 490 ± 20

330 ± 20 330 ± 20 340 ± 20 330 ± 20 —

a pair of levels with J = 1, 3 (ortho-hydrogen) T13, as
well as, the rotational temperature T01 deduced by mea-
suring population density ratio for rotational levels with
J = 0 and J = 1. Note that the measured temperatures
by CARS spectroscopy at equilibrium conditions and by
thermocouple Tterm are also in good agreement. Thus, we
can conclude, that the measured rotational temperature
under our experimental conditions can be considered to be
equal to the gas temperature in the investigated range of
the total pressure. Therefore, the rotational temperature
can be taken equal to the gas one.

To analyse the experimental multiplex CARS spec-
tra and to evaluate the rotational temperature, numerical
modelling of multiplex CARS spectra were carried out in
a range of wave numbers, which correspond to the spec-
tral positions of the rotational structure of the Q-branch
of the vibrational-rotational transitions v = 0 → v = 1
and v = 1 → v = 2 of the hydrogen molecule.

Figures 7a and 7b show theoretical multiplex CARS
spectra of the hydrogen molecule obtained as a result of
the numerical modelling versus the rotational tempera-
ture under equilibrium conditions. Note that for reasons of
convenience, when comparing calculated and experimen-
tal spectra, the pixel position of the detector is plotted.
As can be drawn from Figure 7a, simple structure of the
Q-branch with the partially resolved rotational structure
of the vibrational-rotational transition v = 0 → v = 1
is observed due to low values of the rotational tempera-

(a)

(b)

Fig. 7. Calculated multiplex H2 CARS spectra at the equilib-
rium conditions and at gas pressure 2.0 Torr for the rotational
temperatures: (a) Trot = 280, 340 and 520 K; (b) Trot = 2260,
2440 and 2560 K. Q-lines are labeled by their J-numbers.

ture. It mainly consists of the Q-lines, corresponding to
rotational numbers J = 0−3. Here, Q01(0− 3) denote the
Raman transitions from v = 0, J → v = 1, J , which
are assigned to the fundamental band, the so-called “cold
band”. For higher temperatures T > 2000 K (see Fig. 7b),
as population densities of rotational levels with J = 5−7
increase, it is also possible to observe strong Q-lines, cor-
responding to Q01(5 − 7) transitions. Population density
on the vibrational level v = 1 is no longer small so that
besides the Q-lines of the fundamental band, Q12(1) tran-
sition (v = 1 → v = 2) of weak intensity, the so-called
“hot band”, appears.
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(a)

(b)

Fig. 8. (a) Room temperature CARS spectrum of hydrogen.
(b) Single shot CARS spectrum of hydrogen at the equilibrium
conditions, open diamonds, and theoretical fit, solid line. The
best fit theoretical spectrum corresponds to a temperature of
490 K. The gas pressure is equal to 30 Torr.

Figure 8 illustrates, as an example, theoretical mul-
tiplex CARS spectra fitting to experimental ones under
equilibrium conditions, when discharge is off. The points
indicate experimental data obtained by using BOXCARS
arrangement, in single laser shot, normalized to the non-
resonance CARS signal generated from argon. The solid
line refers to results of the numerical simulation of CARS
spectrum. As consistency check of the room temperature
spectrum, Figure 8a demonstrates a correlation of the typ-
ically measured and calculated CARS spectra at room
temperature. Figure 8b also presents a comparison be-
tween experimental H2 CARS spectrum, which was taken
from the molecular hydrogen heated at 510 K at the equi-
librium conditions, and calculated ones. The best fitting
between calculated and experimental CARS spectra is
reached for the rotational temperature, which is equal to
490 K. The calculated and measured CARS spectra under

 

 

 

Fig. 9. Calculated multiplex H2 CARS spectra as function of
the vibrational temperature at the nonequilibrium conditions
and at the total pressure 2.0 Torr. The rotational temperature
is equal to 340 K. Q-lines are labeled by their J-numbers.

equilibrium conditions are in good agreement with corre-
sponding spectra reported in literature [9,25,28,36].

Figure 9 shows the calculated multiplex CARS spec-
tra as function of the vibrational temperature in a range
from 340 to 5000 K for a rotational temperature of 340 K.
The Q-lines with rotational numbers J = 1 and 2 of the
“hot band” occur at values of the vibrational temper-
ature higher than 1600−2000 K. Vibrational-rotational
transition, corresponding to the “hot band”, has poorly
expressed rotational structure due to low value of the ro-
tational temperature. For the experimental CARS spectra
recorded in the r.f. discharge plasma, no strong lines at-
tributable to excited vibrational states were observed, ap-
parently because signal intensities did not exceed the noise
level at low values of vibrational temperatures. In fact, cal-
culated ratios Q21(1) over Q10(1) are equal to 0.01 at a
vibrational temperature of 2000 K. It was approximately
coincident with typical values of ratio of noise to ampli-
tude of CARS signal Q10(1) recorded in experiment. This
experimental observation points out that the sensitivity
of our multiplex H2 CARS system is not sufficient for de-
tection of the Q-lines relative to the vibrational-rotational
transition v = 1 → v = 2 at both low pressures and vibra-
tional temperatures. The obtained results are consistent
with those reported in reference [26]. Besides, the numeri-
cal modelling of vibrational kinetics of molecular hydrogen
in both low pressure dc glow [40] and radio frequency [41]
discharges also confirms that the value of vibrational tem-
perature does not exceed 2000 K.

Numerical simulation shows that the variation of the
vibrational temperature from 340 to 2000 K does not es-
sentially affect the result of the rotational temperature
evaluation. Figures 10a and 10b illustrate a comparison
between calculated and experimental CARS spectra taken
from the r.f. discharge plasma by using the collinear beam
arrangement at total gas pressure 2.0 Torr. Figure 10a
indicates that the amplitudes of CARS signals appropri-
ate to vibrational-rotational transitions Q01(0), Q01(2)
and Q01(3) are much lower than the amplitude Q01(1)
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(a)

 

 

(b)

Fig. 10. (a) Single shot CARS spectrum of hydrogen in the r.f.
discharge plasma, open diamonds, and theoretical fit, solid line.
The best fit theoretical spectrum corresponds to a temperature
of 340 K. The total pressure is equal to 2.0 Torr. The plot (b)
is presented on an enlarged scale (see text).

owing to the low value of the rotational temperature. As
a consequence, this representation does not adequately
describe the result of fitting (solid line) for these tran-
sitions. To avoid this disadvantage, Figure 10b demon-
strates results of fitting for vibrational-rotational transi-
tions Q01(0), Q01(2) and Q01(3) on an enlarged scale. As
indicated in Figures 10a and 10b, the best agreement be-
tween them is attained when the rotational temperature
is 340 K. During experimental data processing, it was
observed that values of temperature, recovered from sin-
gle shot CARS spectrum, exhibit fluctuations. For this

(a) (b)

Fig. 11. (a) Histogram of the rotational temperature values
deduced from 170 single-shot CARS spectra taken from the
molecular hydrogen heated to 510 K at pressure 30 Torr and
at the equilibrium conditions. (b) Histogram of the rotational
temperature values deduced from 300 single-shot CARS spec-
tra obtained in the r.f. discharge plasma at the total pressure
2.0 Torr. The solid line is the normal distribution function fit
to the data.

reason, we recorded up to 300 single-shot CARS spec-
tra at a given position of the probe CARS volume inside
the r.f. discharge reactor chamber to determine the aver-
age temperature and its standard deviation. Figures 11a
and 11b present typical rotational temperature histograms
obtained under thermally excited hydrogen flow and un-
der hydrogen r.f. discharge plasma, respectively. The solid
line denotes the probability distribution function. In both
cases, it is characterized by a Gaussian distribution having
the relative standard deviation of about 5−7%. There-
fore we believe that no instabilities of the r.f. discharge
plasma contribute significantly to the relative standard
deviation during temperature measurement. Temperature
fluctuations are directly connected to instability of the
spectral shape and amplitude of the CARS spectrum,
which change shot by shot. According to results reported
by reference [44], instability in CARS spectra is due to
the small width of spectral lines of the hydrogen molecule
and fluctuations of radiation spectrum of broadband dye
laser. It is necessary also to add fluctuations of fre-
quency, phase and distribution of energy in a beam of
Nd–YAG laser, detector noise and experimental equip-
ment mechanical vibrations [21,43]. The obtained stan-
dard deviation of 7% is appreciably lower than those
previously achieved by H2 CARS thermometry [42] and
two-wavelength CARS thermometry based on S-branch
rotational transitions in the hydrogen molecule [43],
which are typically 15% and 11%, respectively. But, it
is comparable with results reported in reference [28] and
larger than those achieved by fast two-wavelength CARS
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Fig. 12. Control of the saturation behavior as a function of
the product of the square of the pump intensity I1 of the Nd–
YAG laser and of the pump intensity Is of the broadband dye
laser at gas pressure 2 Torr.

thermometry of nitrogen discharges [21], in conventional
scanning narrow-band or single shot N2 CARS spec-
troscopy [12–16,18–20,22–24,26,27,30–34,44] (around
3−5%) because of the high spectral density of the tran-
sitions in the nitrogen molecule. However, in spite of the
large error, the presented multiplex H2 CARS thermom-
etry reduces the time needed to measure the gas tem-
perature down to several tens of seconds, as opposite to
the method of scanning narrow-band CARS spectroscopy,
where acquisition of a scanned CARS spectrum requires
several ten of minutes. The amplitude, spectral shape and
positions of lines in the CARS spectrum generated in in-
tense pump laser fields at a low density can appreciably be
distorted. This makes an analysis of an observable CARS
spectrum more difficult and results in errors of temper-
ature and concentration measurements. According to re-
sults reported by [45,46], at a low density, in the intense
pump laser fields, shift of molecule energy levels due to dy-
namic Stark’s effect is observed. A negative displacement
of the Raman resonance positions results. Besides, the
strong laser fields can cause significant redistribution of
populations on energy levels. The saturation behaviour in
CARS spectrum results. As it was shown in references [28,
46], under our experimental conditions, the saturation be-
havior is dominated by velocity changing collisions which
effectively couple all velocity groups within the Doppler
broadened line. To check up presence of the saturation
behaviour and dynamic Stark’s effect in the CARS spec-
tra the study of dependence of the Q01(1) line intensity
on the product of the squared Nd–YAG laser radiation in-
tensity by the intensity of the broadband dye laser Is × I2

1

was carried out. Figure 12 presents results of this mea-
surement. The points, solid square in Figure 12, indicate

values of the CARS intensities versus Is × I2
1 recorded at

room temperature in the planar BOXCARS arrangement.
Each point on the graph corresponds to the average of
300 laser shots. This dependence shows good linear re-
lations, as predicted by CARS theory [9–11]. Thus, it is
possible to assume, that the saturation behaviour and dy-
namic Stark’s effect in the CARS spectra are insignificant
and slightly influence results of the gas temperature mea-
surement.

5 Conclusions

In the present study, we have shown the capability of mul-
tiplex CARS spectroscopy for thermometry in the radio-
frequency capacitive discharge plasma in molecular hydro-
gen at low gas temperatures (300−400 K), pressure in the
range 0.4−4 Torr and power 100 W. Population densi-
ties of rotational levels with J = 0−3 in the ground elec-
tronic state of hydrogen molecules and measurements of
the rotational temperature by multiplex H2 CARS spec-
troscopy in the r.f. capacitive discharge plasma have been
reported. Computational codes have been developed to
determine the rotational and vibrational temperature and
to analyze H2 CARS spectra under thermal and discharge
conditions. The experimental population densities of the
hydrogen molecule can be reproduced, to a good approx-
imation, by Boltzmann laws. The values of the rotational
temperature deduced from the measured rotational distri-
bution function agree well within the experimental uncer-
tainty with those determined from the ratio of populations
in rotational states J = 1 and J = 3 (ortho-hydrogen),
J = 0 and J = 2 (para-hydrogen), as well as, from the
ratio of populations in rotational states J = 0 and J = 1.
Under our experimental conditions, the measured rota-
tional temperature can be considered to be equal to the
gas ones in the investigated range of the total pressure.
The developed multiplex H2 CARS apparatus and com-
puter codes reduce the time needed to measure the ro-
tational temperature down to several tens of seconds, as
opposite to the method of scanning narrow-band CARS
spectroscopy, where acquisition of a scanned CARS spec-
trum requires several tens of minutes. The lower limit of
detection for hydrogen in the r.f. discharge plasma was
around 0.4−0.6 Torr with our apparatus. Temperatures
were obtained with an accuracy given by a standard de-
viation of 7%. The experimental CARS spectra recorded
in the r.f. capacitive discharge plasma show no Q-lines of
the vibrational-rotational transition v = 1–v = 2. A num-
ber of improvements in the apparatus are planned which
should markedly improve the detection capability.
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