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Abstract. The results of the experiments on the precision With hydrogen as a probe molecule, only a few narrow
of two-wavelength rotational CARS thermometry{€ARS  lines are detectable in the CARS spectrum even at tempera-
thermometry) of hydrogen are presented. The temperatutares as high a8000-3000 K|[3, 5] and averaging over transi-
was determined in a heatable sample cell in the ranggons is not so efficient for single-shot broadband CARS ther-
300-1100K and at pressure$-25 barwas determined by mometry. In this case the two-wavelength CARS (PARS),
using the measured values of single-shot and averaged CARfBeviously proposed in [6, 7], is preferable to the conventional
energies for the rotational transitions of the S branch. CAR®roadband CARS. In2CARS only two transitions are si-
beams were generated by using in turn three types of Stokesultaneously excited by using two Stokes lasers and the pulse
laser, with different spectral properties. A second cell, als@nergies in each of the CARS beams are measured. Here, av-
filled with hydrogen, was established to obtain the refereraging over the spectra of laser radiation can provide the
ence signals. Relative standard deviation$.5% at296 K improvement in the precision of the temperature measure-
and ~ 8% at 1000 K were achieved for temperature valuesments.

measured in single laser shots. The precision of the measure- Some problems in the application of CARS for thermom-
ments at different spectral characteristics of the pump laserstry of hydrogen were discussed in our previous paper [8],
linewidths of the probed Raman transitions, and referencindevoted to the development bi-based CARS temperature
conditions, with variations in pressure and temperature in thdiagnostics of high-pressure hydrogen—oxygen combustors,
sample volume, is analyzed and possibilities for its enhancesharacterized by strong temperature and density fluctuations.

ment are discussed. The present study continues the preliminary work report-
ed in [8]. Its aim is to investigate the precision of single-
PACS: 33.20.Fb; 82.40.Py shot rotational 2-CARS thermometry oH, under steady-

state conditions in relation to the spectral characteristics of

various Stokes lasers used in the CARS spectrometer, the
Gas-temperature measurements based on rovibrational CARiSewidths of the probed Raman transitions, and the condi-
(coherent anti-Stokes Raman scattering) spectroscopy atiens of signal referencing at different pressures and temper-
widely used in many applications [1]. Two aspects are thatures in the sample volume. The transitidhsand Sz of
most important: the acquisition time in the recording of thethe rotational S-branch spectrum of hydrogen (with Raman
spectra and the precision of the values obtained temperahifts 0f587 cnm! and1035 cnt?l, respectively) were excit-
ture. In general, amplitude and phase fluctuations in the lased. Single-shot and averaged temperature measurements were
fields lead to significant noise in the spectral shape and irperformed in a heatable high-pressure cell with neat hydrogen
tegral energy of CARS, so that conditions of spectral (oveat pressures up 5 barand temperatures up 1400 K
spectra of the lasers employed and molecular transitions) or
temporal averaging should be provided to achieve the de-
sirable precision of temperature evaluation. For temperature Experimental set-up
measurements under non-stationary conditions, temporal av-
eraging is not applicable, and pulsed CARS employing afhe scheme for the 22CARS spectrometer employed in
least one broadband pump laser to record a significant poour experiments has been described in detail elsewhere [8].
tion of the spectrum during one laser shot should be usedBriefly, it consists of a repetitively pulsed Q-switchéu:
This provides efficient spectral averaging and good precisioWAG pump laser with frequency doublingl@ Hz, band-
in the temperature measurements if a large number of transividth ~ 0.7 cm1, mode spacing- 0.005cnT!) and a dye
tions of the probe molecules are involved, as in the exampli&ser module providing Stokes radiation at two wavelengths
of nitrogen [2—4]. adjustable near- 549 nmand ~ 563 nm Along with the
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narrowband € 0.3 cm1) distributed feedback dye lasers used for simultaneous excitation of the two molecular tran-

(DFDL) used previously [8], two other configurations of the sitions, a reference channel, with a cell containing the same

dye laser module were tested in a comparative study of thgas at fixed temperatuilg and pressuré&;, is installed to nor-

influence of spectral characteristics of the laser system on thealize the CARS signals. As a result, the normalized ratio

CARS signal noise. R(T) = [IiS(T)/Ijs('l')]/[l{(Tr)/Ijr(Tr)] has to be used for the
evaluation of the unknown temperaturén the sample chan-

(a) Amplified spontaneous emission dye lasers (ASEDLpel. The random error of this ratio (and the corresponding

To provide modeless laser radiation a pair of longitudinallyerror of the temperature) is expected to be reduced even in a

pumped dye oscillators was used, based on two-pass amplifingle-shot measurement, because the fluctuatioms amd

cation of spontaneous emission, with a grating in the Littrowi" in both the sample and the reference channels of the 2

configuration [9] for narrowing of an ASE spectrum. This CARS thermometer are supposed to be well correlated when

method of generation of modeless radiation is similar to thad reasonably adequate beam-interaction geometry is provided

proposed in [10]. A slightly saturated amplifier stage wasn the reference cell with the same resonant gas at stationary

added to decrease fluctuations in the intensity. The spectrebnditions.

width of both the ASE lasers was30-50 cnt 1, with a pulse In the assumption that lasing can be described as a sta-

energy of~ 23 mJ tionary stochastic process with the Gaussian statistics of the
fields, the spectrally integrated energy of the CARS pulse can

(b) Broadband dye lasersTwo broadband dye lasers to- be expressed as follows [12]:

gether with the second harmonic of tNel: YAG laser were

used to realize dual-broadband, nondegenerate scheme jof constf |X(3)(a)1—a)2)|2|1(a)1)|2(a)2)|1(w3) x

CARS [11] on $; transition. For each of the dye lasers a

two-mirror resonator configuration was used. Both lasers had  §(w; + w3 — w2 — w4) dw1 dwr dwszdws , (1)

similar pulse energies of aboBimJ The total spectral width

was~ 150-180 cnt! with a mode spacing of 0.03cnTt.  Whereli(w) andl2(w) are spectral distributions of the energy

The central wavelengths were shifted towards the maxima of the pump and the Stokes laser puls¢s) = Xff) + Xf\ﬁ)Q is

the fluorescence of the dye solutions in use563 nmand  the nonlinear susceptibility,

~ 567 nm respectively). Note that only the lirf§ was excit-

ed by the dual-broadband-pump scheme in the course of the(R’*) (w1 —wp) = Z & —, (2)
studies of the CARS noise characteristics. Sk — (01— wp) — 1Tk
A high-pressure heatable sample cell (with a heated gas N do
volume of 10 mmin diameter andLOO mmin length) was ax = —7 Aok [—} ,
used. In the experiments at stationary conditions reported hw3 dsz i

here hydrogen was heated uplfbO0 Kat pressures not €x- nare N s the number density of the gas moleculegi
ceeding?5 bar The gas temperature inside the cell was MeASs the population difference between the initial and the final

ured by a standard industrial-type thermocoupldlibCr-Ni. states of a transitiok, 2, (ds/d2)x and Ik are the fre-

The thermocouple, which is protrudes into the gas volume, ;o the Raman scattering cross section and the linewidth

is chemically stable in a hot hydfog‘?” atmospherg. The the HWHM) of this transition, respectively. In our experiments

mocouple wires are shlelde_d from dl_rect contact with the ho he partiy of the energy of the CARS pulse that is confined

hzdrog?n. Thi h){dr(t)gent—)ﬂlle? tcell n t?me re;egrgr}z:eTﬁARSWithin the spectral bandwidth of the resonantly scattered ra-

channet was Kept at ambient temperatiye= € diation around the transition frequengy is measured sep-

Is by th I hich has3a0 focal lenath n&‘Pately for each of the two probed transitions. In the case of

CNeor%a)Iq aeusggg CEX]RS’SWulrz cc?nfi urrgtin(])nov(\:/gs grr:]g o edneat hydrogen the contribution from the nonresonant suscep-
“ pump g oY ibility Xf\ﬁ)? to this integral CARS energlk can be ignored.

. . . ' |
g Atgg g)ép;er;rlsrréear;tss ec;r &?Oi%i“:l% 0?]2%hsr%?gtilrl);tp;iw:ﬂe%_ecause of the large line spacings in the rotational S branch,

gle to each other and were detected by a diode array, either JJ€ Contribution of the wings of the neighbouring lines can
a single shot or with accumulation. e neglected as well. Thus, for a given transition k the value

of Ik depends on the spectral overlap integral (SOI), which is
defined as follows:

2 Results and discussion .
S(Fk)=/|19k—(w1—w2)—IFk|2|1(w1)|2(w2)|1(w3)><

2.1 Temperature measurements and the systematic errors 8(w1 + w3 — w2 — wa) dwy dwp dws dwy .

The version of the 2CARS thermometry realized in our ex- 3)
periments is based on the simultaneous measurement of spéw the ratio of the CARS pulse energies in the sample and
trally integrated energiels andlj of CARS on two separated the reference channels can be expressed as:

transitions and j, that are excited over the whole linewidth

via lasers with a relatively broad output spectrum. The temd? Ng Aoy 2 S
peratureT is then evaluated from the ratip(T)/1;(T). This ~ 7r — CO"Stg2 [Agr} S
ratio is primarily determined by the population distribution k ' k k
function among the molecular levels, which is Boltzmann att should be pointed out that for precise temperature deter-
equilibrium conditions. Since two different Stokes lasers arenination, the overlap between the spectra of the lasers and

=~

(4)
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the line of the Raman transition must be so efficient that SOl T (CARS) K
should represent the integral intensity of the transition line
in the CARS spectrum. In the limiting case of a smooth and®® [ ' ” P
wide spectral profile of lasers in use (with linewidth I") '
perfect overlapping takes place and the integral (3) is inverse8oo
ly proportional toI". However, in the real experiment with

the stochastic spectral characteristics of lasers the dependenge, |
of the SOI on the molecular transition linewidth may differ
from this simple relation. To study this problem experimen-
tally the dependence of the SOI on the transition linewidth 400
for S; and S lines has been investigated with various pres- =
sures in the sample cell in the range frdms to 25 barat 200 k= ‘ ‘
room temperature and steady-state conditions in the reference 2qg 400 600 800 1000
cell (see Fig. 1). All the above-mentioned types of dye lasers,
with different structures of the radiation spectrum (but always
with the SpeCtra}l.Wldth much larger than that OT the prObeq:er and the thermocouples — values of the temperature corrected for the
molecular trans_|t|on) were tried. In all cases a "”e?‘r deper_]Fy(T) temperature dependendg.— the results of the temperature evalua-
dence of the ratio (4) on pressure was observed. This behavigin if the assumptiorF, (T) = const is made

means thaB~ 1/1", since in the range of hydrogen pressures

used in our experiments the spectral lines are homogeneously

broadened and” = yN, wherey is the collisional broaden- During the measurements of the temperature the value
ing coefficient [13]. The results obtained show that the goodRy,, m=1, 2, ... was determined for each laser shot in a se-
overlap of the spectra of the lasers and a Raman transitiames. Then (5) was solved to provide an estimateof the
was achieved and experimentally measured CARS energiésmperature. The dependence of Revalue on the actual
correctly represent the integral intensitiesafand Sz lines.  gas temperature is determined not only by that of the popula-
Thus, for the normalized ratio of CARS signals for the transition differences ratio for a pair of Raman transitions, but also

T
N

T (thermocouple), K

ig. 2. Comparison of temperatures measured by theCARS thermome-

tions S; andSg one obtains: by J-dependent variations of the linewidths with temperature.
s s < ; Thus, for correct temperature measurements it is necessary to
_ ey Aoz | [ 4oy know how the linewidths or — in case of a linear dependence
R= —+— =const S - F, (M, (5) . : o .
I3/11 Ap7 ] | Aoy of linewidths upon the pressure — the collisional broadening
coefficients vary with temperature.
where Since at present, to our knowledge, there are no pub-
or lished data on the broadening coefficients for the S branch
Aoy X =3, T - X(I=5 T of hydrogen at temperatures higher th@d0 K, the meas-
Aol" X(A=1TsH-XJ=3, TSN’ ured dependences of the ratios of the integral CARS energies

_ 2 2 [3(T)/1} andI5(T)/1% on pressure and temperature were used
X3, = eXSFi—s(Bg(J ;|- 1) - DJI*(I+ D)) /KkTI, té _estin%late' tﬁe cor?esponding relative variations of the tran-
F,(T) = Ip(T>) I3(TY sition linewidthsr'1(T) andI'3(T). These measurements have
v I3(TS) r{(mn’ been carried out in the ran@®0K < T < 1000K at pres-
suresb.5 and 11 barin the sample and the reference cells.
B andD are the rotational constants, akés the Boltzmann The gas temperature in the sample cell was measured with the
constant. thermocouple. Equation (4) was used afterwards, in the as-
sumptionthaS(I ~ 1/I", to derivel"S(T)/I'" for each of the
transitions on the basis of calculations of the population dif-
ferences of the rotational levels and the number densities at
a given temperature. Taking into account the temperature de-
pendence of, (T) obtained in this way provided satisfactory
agreement between the temperature values measured in the
independent experiments by the-ZARS thermometer and
the thermocouple. In Fig. 2 the corrected values of the tem-
peratures measured by CARS with averaging @@ laser
shots are plotted versus the thermocouple temperatures in the
range of300-1000 K For comparison, the results of tempera-
ture evaluation based on the assump#9KiT) = constin (5)
are also presented in Fig. 2.

¥, a.u.
5

o L ‘ , ;. ; 2.2 Noise characteristics of single-shot measurements
[0} 5 10 16 20 25
P, bar Single-shot values oRy, (and hence the estimat@ég, of the
Fig. 1. Example of the dependence of the CARS signals retjd" for the gas temperature) are random Va”abk.as' If. thg e\{aluﬁted
S, transition on the hydrogen pressure in the sample del: 296 K, the valpes are assumed to have a Gaussuarj distribution, the pre-
reference cell pressure 55 bar cision of the temperature measurement in each laser shot can
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be characterized by the relative standard deviation (RS$D) tive derivatives of the ratio of squared population differ-
of the values obtained, which has been estimated on the baseces (population contribution) and of the functibp(T)
of the statistical analysis of tHey, and T, values in the series (linewidth contribution). The experimentally obtained values
of 300— 500 measurements. The valueSgfis determined by  of S(T) = §r/d1, together with the calculated temperature de-
the RSD of the normalized ratio of CARS signals for a cho-pendence of the two contributions to the sensitivity for the
sen pair of transitionsjr, and by the dependence 8 on transitionsS; and Sz, are presented in Fig. 4. The meas-
temperature: ured values of, (T) have been used for the estimate of the
linewidth contribution to thes(T). It is clearly seen that the
T dRMT™_ k(D ) linewidth contribution, as estimated from the experimental
R(T dT O ®) data, is much smaller than the population contribution.

With the increase in the temperature, the sensitivity of
where S(T) denotes the temperature sensitivity of the 2 the 2.-CARS thermometry, as follows from our estimates,
CARS thermometry. Experimentally the increaseinwith  decreases for all the pairs of the S-branch transitions, the
temperature has been observed for different configurations gtrongest decrease being observed for the®iair Sz, which
the laser system (see Fig. 3a,b). It follows from (6) that thavas used in our experiments. However, the reason for the
increase irbt with temperature can be caused both by the dechoice of this pair is the use of the non-heatable cell in the
crease irs(T) and by the increase k. Each contributionto reference channel, and at room temperature CARS signals

8(T) = 8r(T) [

thedr will be considered separately. at Ss and Sy transitions are very weak and practically not
As itis seen from (5) and (6), detectable. The installation of a heatable reference cell will
1 allow another pair of transitions to be used, which is assumed
T dR(T) T Aol d [A0d T dF,(T to provide a 2- 4 times increase in the precision of tempera-
R dT | Ag?| dT[AgZ] F,(M dT ture measurements. . o
(7) The experimentally observed increasesin with tem-

perature exceeds, as shown in Fig. 3, that expected from the
so that the temperature sensitivity of the dpproach decrease in the sensitivity. The additional contributiodo
is determined, for a given pair of transitions, by the reladis supposed to be caused by the increase in the fagtdy
in (6). The value ofR is determined mainly by shot-to-shot
fluctuations of the two pairs of statistically correlated random
. values of CARS energids andl', depending on the spectral
14 or% profiles of the pump lasers, the laser intensities and their dis-
tribution across the beam, and a spatial overlap of the interact-
ing beams. If we assume that the contributions to the CARS
energies determined by spatial parameters (SPAT) and spec-
tral parameters (SPEC) are multiplicative=£ |spatlsped
and statistically independent, the RSD of the measured CARS
signals can be written as follows:

2 2 2
8cARs = 85paTt d5pEC (8)

‘ ‘ ; ‘ where §spar and dspec are determined by fluctuations of
200 400 600 800 1000 spatial characteristics of the CARS process and spectral pa-

or.% ‘ SENS(T)

14

12

4
1
2 0
2
0 T T T T T T T T '1 T T T
200 400 600 800 1000 200 400 600 800 1000
b T.K T. K

Fig. 3a,b. Experimentally estimated relative standard deviatdégnof the Fig. 4. Experimentally measured values of the sensitivity) @nd estimated
temperature values measured with the DFR). énd the SLDL K) con- different contributions to the sensitivity for thg; — Sz pair of transitions
figurations. Dashed lines represent the calculated behaviéf afue to (solid lineg. 1 — relative derivative of the ratio of the squared population
variation of the sensitivity factor alone, solid lines are guides for the eye differences; 2 — relative derivative of the functi®i (T)
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rameters (SOI), respectively. The small noise of the detectaignal generation. In the case of the SLDL configuration,
sensitivity (RSD~ 3%) is neglected in this consideration.  a decrease mspEchas a weaker dependence on the linewidth
The ratio of the CARS signals in the sample and the8spec~ 1/I°%7).
reference channels for a given transition also has a random The variation inos; with the ratio I’ = Irs/r' for the
noise contribution. The RSB, of the sample-to-reference linewidths of theS; transition in the sample and the reference
ratio (4), if similar laser-beam interaction conditions in thecells, measured in the pressure rang&.6f25 bar is shown
sample and the reference cells are assumed, is mainly deté@n-Fig. 6. All three curves, obtained for different configura-
mined by the correlation of the random values of SPEC:  tions of the dye laser module, have similar general features:
a minimum, corresponding to equal transition linewidths in
82 = (83pEd® + (B5pea® — 288 pedSpE (9)  both cells; a steep growth, when the linewidth in the sample
cell is decreasing relative to that in the reference cell, and a
wheresgpecandsgpecdenote the RSD fof® andl”, accord-  slow growth in the opposite case. The observed behavior of
mglg ando is the correlat|0n coefﬂmenteﬂ <1). Thevalue g could be reasonably well described on the basis of (9). If
of 85, can vary from(§2 F,EC) +(8 pEC) (total independence, the difference between the transition linewidths in the sample
o= O) down to(83pgc— PE& (perfect correlationg = 1).  and the reference cells is large, the numbers of spectral com-
In order to understand the behavioursgf with tempera-  ponents of the laser radiation contributing to the formation of
ture the dependences of the contributdgpecto the RSD of  the CARS signals are also different, so that uncorrelated com-
the CARS signal$cars and of the RSD of the sample-to- ponents of anti-Stokes radiation appear in the channel with
reference ratids, on the molecular transition linewidth were the larger transition linewidth. This results in the reduction of
studied for bothS; and Sz lines by using pump lasers with the correlation coefficiend and the corresponding growth of
different spectral characteristics. The transition linewidthsss,. At the same time, the value éngCincreases with the
varied by increasing the hydrogen pressure in the sample calecrease of the transition linewidth (see Fig. 5). Thus, when
from 1.5 to 25 barat room temperature, the widths being lin- I < 1, both factors lead to an increasesi resulting in its
early related to pressure in this range [13]. As an examplestrong dependence dn whereas wheii" > 1 the two factors
Fig. 5 shows the dependencedgbecon the linewidth of the  contribute in the opposite directions and the dependends of
$; transition for three configurations of the dye laser moduleon I becomes weaker.
DFDL, dual broadband (two broadband dye lasers), and AS- For all the dye laser configurations the dependences of
EDL. For all the conflguratlonsthe common tendency to a dedgon the ratio of the transition linewidthg are found to be
crease indspec with an increase in the transition linewidth similar to each other if the values; in each of the three da-
is observed, which can be explained by the increase in thta sets are reduced by the corresponding minimal value. The
number of spectral components of the laser radiation beinminimal values oBs; characterize the best correlation of the
averaged in the CARS process. The DFDL configuration isandom valuess andl, and are mainly determined not by the
characterized by larger values &fpec and the dual broad- dye laser configuration, but by the provided similarity of the
band is characterized by smaller ones. In these two cases tlaser-beam interaction conditions in the sample and the ref-
approximation by a power law shows simil&spec depen-  erence channels, as well as by the noise of the detector. The
dence on the transition linewidtldpec~ 1/I"), which is  lower limit of 85, for our set-up was about-34% as estimat-
supposed to be explained by the same mode structure of dgel by measurings, for two parts of the same pump beam
laser radiation (with a mode spacing of ab@®3cntl).  after it passed simultaneously through the sample and through
The decrease in the absolute valuesgbecin the case of the reference channels. The minimal valuégfs rather crit-
a dual broadband configuration should then be ascribed toal to the adjustment of the CARS system and may vary
a larger number of dye laser modes contributing to CARSrom experiment to experiment. So it is worth mentioning that

Usrx%
Gepecs %o 50
80 specy /0 ‘ _
‘ L. —DFDL
o0 L : — DFDL 40 | -~ : %7 —Dual broadband
./~ Dual broadband 4 - Superluminescence
¢ — Superluminescence
40 |-
30 b\
20
10 |-
0 0 T T
0 1 2
0 20 40 60 80 3 ¢ °
Transition linewidth, 10 cm™ Ratio of the linewidths, T

Fig. 5. The dependence of a spectral contribution to the RSD of CARS sigFig. 6. The dependence of RSD for the sample-to-reference ratio from the
nal on the linewidth of theS; transition for different configurations of the ratio of the linewidths of theS; transitions in the sample and the reference
dye laser module. Symbols mark the experimental data, solid lines show theells for different configurations of the dye laser module. Symbols mark the
approximation by a power law experimental data, solid lines show their approximation by smooth curves
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in experiments not presented in Fig. 6 the minimal value obe noted that the RSB, of the sample-to-reference ratio is
3sr ~ 5% was achievable also for the DFDL configuration.  not so critical to the spectral characteristics of the dye laser
Our experiments showed thebl- 2.5 times enhancement module.

of 3R, as well as ofg, for each of the transitions, during heat- The reduction ofésy was found when the transition

ing of the gas. The evaluation of the temperature dependentisewidths in the sample and the reference channels were

of the broadening coefficients for tf& and Sz lines, based equal. It means that in the course of-ZARS thermome-

on the published data [14, 15] and our measurements, leadstty in a real combustor the pressure in the reference channel

the conclusion that the linewidths of both transitions decreasghould be chosen so that in the sample channel the conditions

at isobaric heating. This brings, in accordance with Fig. 6, usf broadening of the transitions employed were in average

to the observed increasedg for each of the transitions and, identical.

as a result, to the corresponding increaségin On the base of the data analyzed in the present paper, the
ASEDL configuration has been chosen for future QARS
single-shot temperature measurements in the technical com-

3 Conclusions bustor. In this case the precision of abéu6% at tempera-
tures1000-2000 Kis expected to be reached.

The analysis of the precision is presented of a single-shot 2
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