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LASER RAMAN PROBE FOF. FLAME TEMPERATURE

General Electric Co., Corporate Research and Development
Schenectady, New York
Subcontcact No. 4965-38

¥arshail Lapp, Principai Investigatcr

Carl M. Penney, Fhysicist
Richard L. St.Peters, Physicist

Introduction

Thig work is directed toward the seasurement of vibrational
Raman scattering signatures for flame gages, with a primary view
toward temperature measurements and a ccncommitant goal of identifi-
cation and measurement of minor flaxe species. The development of an
optical probe for these purposes is highly desirable, since advanced
combustion systems are utilizing pressures and temperatures such
that physical probes cannot survive. The use of a Raman scattering
probe, in particular, cffars a variety of advantages over other
optical protes, along with gsome limitations which will be explored
during the course of this work.

During this project reporting period, experimental effort has
heen focussed mainly on: ({1} the ohservation and fitting of Faman

Stokas vibrational Q-branch profiles for 82 and Hz obtained through

1
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use of uz-air flames produced on porous plug burners, (2) explora-

tion of the accuracy of temperxature measurement for n2

thrcugh e¢-

and (3) constru~tion and preliminary use of apparatus designed for
use in these and other phascs of this research project.

The theoreticzl effort during this proiect reporting period has
been concentrated upon analytical calculations of Raman Stokes vibra-
tional Q-branch profiles, suitably convoluted by experimentaily-
determined monochromator slit functions or interference filter ba:ud-
passes. The main effort has involved analytical procedures necessary
to determine the temperature, and has included both least-square data
fitting of entire profiles as well as intensity ratios cf suitably

chosen spectral regions.

tended thermocouple calibrations and computer data-fitting techiiques,
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I. Experimental Equipment

The basic double mcnochromator experimental apparatus has been
decscribed previousi‘y.1 (Ref. 1 is included here as Appendix 1.) New
additions have been made tc the comoustion, spectroscopic, temgerature=-
measurement and computer data handling czpabilities in connection with
several parallel programs in our laboratory. Those which pertain
directly to the present research effort are described next in outline
fashion:

{1) A horizontal hydrogen-oxygen burner system utilizing a Meker
burner has been assembled, which will permit flames to be produced
vp to ca. 3000°K. This apparatus does %0t disturb the basic geometry
of our double-monochromator system, since it permits use of a vertical

laser beam passing throujh the flame ir. the same fashion as for our

porous plug burner assembly used at ca. 1300-1700°K. The high~-

i Rl N

temperature burner is designed fur production of “minor” flame species
of high technological interest, such as OH. Preliminary design studies
have also been carried cut for aw ‘liary optics for vtilization with

a vertically burning flame. In thie configuration, a line image

{(i.e., the scattering zone in the flame) must be rotated through 90

UL

degrees. Design studies include both use of two additional mirrors

and use of a Dove prism.

a et Ahn sl

(2) Accurate Flow metering techriques have been installed for
e the production of reproducible and clearly-defined flame conditions.

The flows are now monitored and made steady by criticai flow orifices

4

and regulators, use being made of precision high-pressure gauges for

- (W

accurate control of the flow rates. The critical flow orifices have

heen calibrated in our laboratory through use of basic wolume-displace-

! N sy

ment techniques.
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{3) Fine wire thermocouples have been made in our laboratory

for independent measurements of the flaue temperature by a stzndard

mothod. These thexmoiouples® were made of 0.0005 inch diametsr wires of

Pt -~ Pt 10% Rh, coated with guartz o prevent catalytic heating. The
thermocouples were mnaved throughou! the flame with an accurate vernier
manipulator using, as a refzrenc? position locator; a fineiy-machined
metal cone which could be placed reproducikly on the burner head.
when the burner assembly was then placed in the test position in
front of the spectrometer, the burner could be accurately lsocated in
this same reference positicn by placing it so that the laser heam
just touched the cone tip. (By obscerving slight attenuatioii of the
laser beam with a power meter at the position cf the laser dump,
this positioning could be accomplished with high seasitivity.)

In principle, the theriocouple~-measurement posi-ion and laser

Raman scatteriag position could be made coincident by imaging the

laser becam on the thermonouple junction., However, it is experimentally

diflicult to accomplish this. In addition, the thermocouples are
relatively fragile, and it was therefore found t> be advisable to
calibrate the flame hefore embarking cn the scat tering measurements.
Additicnal temperature measurements have sezen made with a com-
mercially-available 0.001 inch diameter Pt - Pt 10% Rh thermocouple
with a bead-welded end, str ‘tched ocut to the sdane linear geometyy as
was used for the 0.0005 inch diameter therrocouples described above.
tSee 7ig. 1 feor schematics of these two tipus of thermocouples.) This
thermerouple was not guartz-clad, but hac. longer leads. The basic
idea was to test the sensitivity of themmoccuple measurement of tem-

perature to thermocouple geometry, without embarking upon a major
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divarsion of effort. The resualt was that a modast but nor very signifi-

cant difference existed. The smaller thermooounle gave an uncorrected
temperaturz of 1705°K in a carefully controlled stoichiometri< hydrogen-

air flame, while the larger gave 171e°X. These values are the average

of many measurements with only a small variation between nmeasurements.
Since the correction for radiative losses (the largest correctiion herej
to be applied to thermocouple-measured temperatures is ca. 4 times
larger than this difference of values, the difference is not bkelieved
to be highly significant.

{4) bata logging via paper tape for intensity and wavelength
has been installed in the fouhle monochivmator system. This apparatus
permits data to be accumulated in a far more accurate and conveiifnt
fashion, making full use of our computer facilities. In Fig. 2 is
shown the electronic detection schematic for this apparatus. The
wavelength data is obtained through use of an ¢gpticai incremental
ancogder insiallzsd on the double monochromator. This system, now
operational, is currently being improved by location of a new optical
encoder element directly on the waveiength screw (rather than in a
nore remote mechanical localion, as is presentiy thz2 case). The en-
coding of accurate wav.length data is considered important because use
of an inaccurate {aon-linear, etc.) wavelength axis in fitting experi-
xental Raman vibrational Q-kranch profiles to theoretical shapes
resalts in distortion which, in turn, lead to inaccurate computer fits
and therefore inaccurate temperatures.

{5) An interference filter-test cell apparatus has been constructed
which is capablie of operation witn a porous plug kurner. A phctograph

of the apparatus agpears as Fig. 3, while a schematic is shown irn Fig. 4.
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Preliminary operation of this test cell with several hydrogen-oxygen
flamas has identified areas of needed additional deveiopment work.
Particular atteniion is now being given to cooling of the interference
filters, since the filter passbands shift with the temperature, and
do not return to their initial positions when the original temperature

is restored.

II. Experimental Conditio.s

All experiments discussed here utilized the doukle monochromator
and horizontally-burning h&drogen-air flames on a 2.5 cm-diameter waterxr
cooled porous plug burner which was placed 2.0 cm away from ancther
water-cooled porcus piug connected to a vacuum line. A continuous
wavs argon ion laser source of about 1 watt at the flame position at
487 nm was used for all the results reported here. The temperatures
of the flames wexe measured as a fuiction of position by means of
the fine thermccouples described in the previous section.

Two different flames were cstudied. First, €or nitrogen data,

a steady suoichiometric hydrogen-air fiaome was utilized (37.5 cc/sec.
82 and 88.8 cc/ssc. air) for which 65% of the product gases was
nitrogen. The flame was found to be about 1575°K at its center point
(i.2., halfway between the burner head and the vacuum plug), including
a rough 50°K correction for thermocoupie radiative losses. Since the
image of the monochromator entrance slits at the flame scattering
gosition was about 5 mm high, an e¢stimate was made of the temperature

variation aloag this zone. This was found toc be about 16°K. The re-

praducibility of the thermocouple data was about # L%z

10
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Second, for hydrogen data, a less steady fuel-rich (four times

T A

stoichiometyic) hydrogen-air £lame was used (79.3 cc/sec. 82 and

47.0 cc/sec. air) for which about 51% of the product gases was

tem

hyd :ogen. This flame was found to be about 1390°Kk at its center
point, including a rough 40°Kk correction for radiative losses.

Here, the variation of temperature with position along the slit

image was much more sever?, being roughtlv 110°K over a 5 mm
vertical zen/:. Furthermore, the reproducibility was significantly
poorer, l=‘.g roughly % 3%K. This flam., colored red from the
emission of water vapor vibraticn-rotation bands,3 was subiect to
significantly more diffusion by the ambient atmosphere than the pre-
ceeding flame, whkich undoubtedly contributed to its less reproducible

characteristics. It had, however, the virtue of a high hydrogen content.

I1I. Theoretical Predictions of Band Profiles

Feor the diatomic mnlecules considered in these experiments,
Eq. (3} of Ref. 1 {see Appendix 1) can be used for the calculation
of the Stokes {-branch fundamental series ('r+l+v) profiles. This
intensity relation neglects the smail depolarized contributiorn for
our cases. The profiles calculated in Ref. 1 in this fashion were
used to fit experimental profiles in order to determin2 the scatter-
ing-gas temperature. Therefore, als calculated prnfiles were nocr-
malized o the experimental curve veakc. Such normalized profiles
arc alsc used here in computer fiis for temperature determination
(see Fig. 1i3), but for othexr purpsses, it is dexired to calculate
prefilee for a gaven molecule at various temperatures winlie main-

taining the spectral inteneity differcnces at these temperatures

1




(i.e., not normalizing each profile at the peak intensity). This

is the case, for example, if it is desired to calculate the relative
intensities at different temperatures obtained through use of a
moncchromator or filter desianed to iso -@ a spectral portion of
the D~branch. We point out here that Eq. {3) of Ref. 1 can be used
for these calculations if the vibrational paxtition function Qv

given in Ref. 1 following Eq. (3),

. ] .1
Qvib & {l—exp(-ncue/k;)] R

is multiplied by the factor exp [-(hc/k1)G(0,0)], where G(G,0) is

the zero-point energy. Here:

GO0} = 61/2}G=e - (lf‘ﬁwexe + (I’L./!!)é-“.ﬁ!'a

where we. w x , and meye are vibrational constants defined by Eq. (1)
ee

of Ref. 1. The exponential factor compensates for “he fact that the

term walue G(v,J} defined by Eg. (1) of Ref. 1 relates to the enzargy

albove zerc rather than above the zexc-point energy.

Fuyrthersore, substitution of ay for me in Bg. 1) for Qv" , where
io

w RAw ~wg + (345 w
s ¥ e e’e (/’eye

results in a slightly more accurate c2lculation of Qvib' Eere, Wy

is the coefficient of the linear v term in the term value expression

Gotv) = uov - constant x(vz) + eee

finally, if cosparisons of Q-branch Intensities are to be made

between different molecules, acrnount must be taken of the absslute

12
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vaiue of theé nuclear spin statistical weight 9, - This may be acccam

plished by substitution of 9, for the relative factor n in Eq. (3)

of Ref. 1, and, for I states of homonuclear moleciules, multiplication

of the value of Qcot Y kT, 2heB, given in Ref. 1 following Eq. (3),

by the factor (2141)2. Here, I is the naclear spin gquantur number.
In analogy with the previous comment on Qvib' substituticn of

Bo for Be in the relation for Qrot results in a slightly more accurate

calculation of § . Here,
rot

A - 2
BO a, Be (le/._

where R is the coefficient of the vibration-rotation interaction tem
in the term value G(v,J) given xn Lg. (1) of Ref. 1.

In Fig. 5(A) are shown the calculated nitrogen rotaticnalil lines
of the vibrational Q-branch at 1600°k, different symbals denoting

the various fundamental bands. The nitrogen spectrum has alternately

L Wy

“strong” and “weak"” lines Leocause of nuclear spin degeneracy, bub only

the "strcng” iines are shown herz for clarity. Ia Fig. 5(B) is shown

P AR LTI

oy

the spectrometer siit-coanvoluted intensity appropriate for the instru-

"y

ment used in our work, viz., a triangualar si-t function of fall width
at half maximum {F?8M) & = 1.63% corresponding to 300um entrance and
exit :lits on a Spex 1460-11 double spectrumeter. The same type of
calcuiations for 2000°K and 3000°% are shown in Figs. 6 and 7, re-
spectivaly.

Use of the type of 4ata shown in Figs. 5-7 permits estimation of
appropriate spectral regions for measurirg the various rotational and
vibraticnal excitation temperatures possible. In general, vibrational
temperatures are proportional to the jntearal of intensity for partic~
ular bands {i.e., the graundst..: band or any spacific uvpper state

13
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band), while rotational temperatures are proportionzl to the profile

on the short wavelengtli side of each band via the influence of the

vibration-rotation interaction. Thus, in principle, it is posc«ible to
g ‘ determine vibrational escitation temperatures foi any pair of vibratianal
g levels, and rotational excitation temperatures associated with any vibru-
tional lsvel.

For general comparative purvas=s, the nitrcgen profile has been
calculated from 300°k te 3560°K in Fig. 8 for A = 1.5%. Here. the
rziatively broad spectral width at elevated temperatures becomes quite

apparent.

The profiles for hydrogen are very different from those for nitrogen,

since the individual vibration-rctation lines of the Q-branch for light

w.‘ v
s

molecules are spread far apart because of their very large vibkration-

-t
rotation interaction constant, a,- {Foxr hydrecgen, «_ is over G times

-~

larger than the value fer nitrogen.) In Fig. ¢ are shown caiculated

o v L o tad 0

{
e e T e A pnane 4

shapes for hydrogen from 300°K to 1500°K, whiie in Fig. 190 are shown

the profiles for 1966°K to 3500°K. We note that the first vibration-

G L SRR e

rotation line of the first upper state band in hydrogen does not appear .

for a longer spectral interwval [starting from the (C,0) position, where

O At

the parenthetic notation corresponds to the lower level quantum numbers

Y

B {(v,Jd)] than that corresponding to the entire wavelength scale of all

the nitrocen data plotted in Fig. 8. -

IV. Experimental Results for Nitrogen

The profile of nitrogen observed from the stoichiometric flame at
& thermocouple~-measured temrerature of 1575%K {1525k indicated temperature,

plus an estimated 50°K correction for radiative losses) is shown in Fig. 11

17
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as recorded by an analcg x~-y zecorder. The same data as recorded by
paper tape data logging aprears in Fig. 12. Here, the nuzbher of
counts was recorded every ten seconds (i.e., every $.02 mm for the
spectrometer scan speed usad).

In order to theoretically fit the experimental profile and ther o-
by deter=ine the nitrogen temperature, the experizental éata wave-
length axis was first made coiacident with the proper theoretical

wavelength axis by manually overlaying the experiwental datz on a

K

normalized f{i.e., at the ground state band peakj set ¢f theorecical

T

prefiles. (See.Fig. 13) These profiles all have very similar long-
wavelength eds»s, determinzd over cthis temperature rarnge almost entirely

by the monochromator slit function shape. This Jong-wavelengtn edge

IR I PA R IR W LARCT]

was therefore useful in determining the proper absolute wavelength
values fc the experimontal data. In future work, it is contemplated
to perfcym this axis adjustment {required >+ slight hacklash in the

monochrozaiar scanning mechanism) automatically threugh use of a

B vt 8001 AR Dl e

computer-fit of the long-wavelength edge wtilizing am initially’

assured cpproximate temperature.

ETIERETE P

The next step in the determination of femperature 3nvolved a
calculation based upon the ratio of intensities reccréed by the mono-

chromator in the vicinity of the peaks of the first upper state band

a0

and the ground state band. {See Fig. 14) Each of these bhandpasces

was 0.18 nn wide, and contained ten gata points. The theoretical
ratin shown Iin Fig. 14 was stored as a data file in the cosputer, ané
the computer-deternined peak ratio for the experimental datz could
then be compared tc this data file, resultiny in a determination of

temperature. The theoretical ratio of peak handrass intensities is

22
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also shown in Fig. 15 over 2 smaller temperature range applicable to
porous plug burner exveriments. This ratio is almost exactly linear
over this range of temperature. For the flame studied here, the
temperature determined by this procedure was 1546YK.

The final step in temrerature measurement involved a least-sguare
computer curve-fitting treatment of the experimental data. The initial
assumed temperature for this procedure was that determined from the

bané peak ratio method just described. The minimum least-square devia-

tion was then searched for by the computer as a function of temperature,

ey iy mw, I.|I“

and the temperature corresponding to this minimum deviaticn determined

»

g

thereby to the nearest 1%k.

T

This methed of temperature Getermination has a basic shortcoming

in that it is based upon use of raw moncchromator éata, to which the

peak of ecach trial thecretical profile must be normalized. Thus, any

o
G Y

noise “spike”™ of other random inaccuracy in the ground state band peak

o
>

HERLE

intensity can cause a substantial distortion ~f the curve fitting pro-
cedure by producing a “false™ rormalization, with subsequent vertical

stretching or squeezing of the profile. This problem can bz circumvented

Rdirdiishapninm i

by the averaging of 233jacent data pointe, which can be performed by

the computer to produce a new “sioothed" cyperimental data file. A

T L RRPLAT i

program has been written tc acocozplish this smeothing by averaging

Hs i e
i

over any odd numk-~r of date points in an equally-weighted fashion.

v b

i

Thus, for a three-point Qata average at wavelength x, with ¢ egual

[RE

to the spectral interval between data points, the new intemsity at

A correspends to (1/3) times the originally-encoded intensities at

" bt
:.*l‘lu..i; b el

il

A=8, A, and A +¢.
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In turn, this method of data smoothing has a clear shortcuming
in that it also distorts the overall profile in the vicinity o:¢ sharp,
ncrlinear changes of intoensity. THus, a compromise approach :s dictated, ;
in which datz smoothing is accomplished over zn optinized spectral

-

interval. This has been done for the data shown in Fig. 12, for which -

[P

three-point, five-pnint, znd seven-pcint data averages were takea. in
Fig. 16 is shown the three-point averaged data, while the five-point
averaged Gata is shown in Fig. 17 along with a theoretically-calculated
£rofile comprted at T=1545°K (the temperature determined by the peak
ratio method described previously) and normalized to the peak of the
data—-averaged experimental curve.

In the table contained in Fig. 18 is shown the results of the
least square cozputer fitting procedure for the raw monochrozator

data, and the three-point five-point, and seven-point averaged data.

The tezperaturc correspondiny to the minimum deviatior [i.e., T(min),

ccerresponding to the minimoa value of I(deviations)] for each treat-

2ent of the data increasec here as the amount of data averaging in-

creases. It is ecasiiy seen that as the data averaging is increased i
excessively, the spectral profile is "flattened out™, resultiag in an

appeacance closer to that ccrresponding to hicher temperatures.

As a working critericn for determining the optimum amount of data N

averaging, the procedure chosen utilized th2 smallest "minimum value
of I{deviations}™. As may be zeen in the table contained in Fig. 18,
the smallast value occurred for the five-point data average andg,
accoxéingly, this was chosen as the aupropriate treatment for the
data. The graph shown in Tig. 18 illustrates the variatien of

L ({deviations) with temperalturc for the five-point data average, and
indicates resuitant best fit at a value of T(min) = 1538°K.
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Fig. 18 7Table. Sumary cf toperaturas Timin.) corresponding o the
=zinizmn —alve of I({deviations) for the least sgoare trofile-
fitting procedure. coxmuled for the raw nonochromator data and
for three cases of data awua2ging. Figure. vVariation of
I@eviations) as & function of texperatuwre for the five—point
cata-averaged zrofile.
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Sumnmarizing our findings for the accurate determination of f£lame
temperature for nitrogen:

1. Sensitivity for measurement by averaged band peak ratics is
shown in Figs. 14 and 15.

2. Sensitivity for curve fitting is illustrated by the set of
zormaiized curves shown in Fig. 13.

3. The temperature measuied by the band peak ratio was 1546°x.

4. The temperature measured by the best (five-point}! data-
averaged coaputer profile fit was 1533°.-‘:-

5. The temperature indicated by the fize wire thermoccuple wes
1525°K plus an approximate 50°K radiative correctiap, for an
estisated flame te—perature of 25?50"5.‘

Currant agreement between tiz peak iintes’-.sity ratio =ethod angd
the curve fitting method is about %%. it is intended to pur=ue these
techniques to determine their lismiting accurscies, with an esphazis
cn variations of the methods which produte 5ood accuyacy with a mizizus
of woopilexity in the cdata handling. TYhus. the trend is toward orilizing
the 3}l profile fit as 2 "caliloaticrn™ of theo sizgple band rasio method,
This latter method can e sade more accurate by utilizing =ore than the
mesently-used two bandpassts.

The full profile-ficring pwthod will retaln its grility for inwvesti-
gavions of non~-ther=al equeilibrioge signatayes. It will ke sarticule-ly
sseful when neilther vibrationzl mor rotaticnal eguilibrics exisss., In
this case, a docomvoluticn of the Racex scattering profile fesulls in
& drtersisaticn of the ralstive oosmiations of the vari vidriional

ang roatotiznal levels.

Larer
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It is stresssd here that Raman scattering sicnatuces ere direct
reasures of the rslative pepulations of the melecular internzl =modes
4 = ]

and, for eguilibriwes siteations, these ralative pogsulations corresponé

to ‘he frndamontal definition of tepperature. Thus, it is contesplated

> -~ = . F 3 2 7
that this form of tesperatura diagnostics has the octential for becoming

the =ost fundamentally accurate scheme for non-perturbing, three-dirmensional

measuramenss.

V. Experimental Rssults for Hyvérogen

The nitrocgen data discusseg in Section IV were taken with a view
towayd bhigh~accuracy temperature diagnostics, The avdrogen datz dis-
cucsed in this section were taken in order to investicate the &ifferent
tyre of Raman vibrationzl signature prodsced by a very licht mciecule,
and wore not intended far ascurate tesperatore measuvresents,

The profile of bydrcoen chtained from a four-times-stoichicretric
vdrogen—air fiame at 2 thermocorple-oeasured fenrerature of abont
1355°K {corrected rouchiy for radiative losses) is shown ian Fig. 19
as giserved thio oz2 5f an analog x-y retnwinr. ‘Me first foux

™

¢

taticnal lines of the Siokes Tihraticzal O-bi/ i »re idenzified
o ol Nt

g

r purposss of cooparison, see Fig. 3 for 2 theon dically-calczlatsd
curve of the enti 5 500°z Iin Pig. 0 §
oox the entire Q-branch ar 1500 £.) In Fig. I8 is shown the

same Zata as chtained fros the paper tare data logger, where th

hown as the s5lid curve contains the Raran scattering Jata, and
- - z - = -
Eashed carve is & Ichseguentliy-To exission spectron 2f is i=inocus

73 - e d :
FTlamer. The exissicon spectyue his beod sudivesisd fron the exission—

2 e 2 Fun T2
plos-scattering specorwr ixn Tig, 3, and a thworeticaily-caicuiateld

-

{dashod) carve 233e3 for hydrogew at 146072, Zsopinc the I+ 3

.
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calculated peak intensity . ormalized to the experimental peak intensity.
profiles were also calculated for other temperatures. The peak values
for J=0, 1, and 2 at 1300°K, 1400°K, and 1500°K are indicated by the
appropriate horizortal lines in this figure. The accuracy of temperature
measurements for the hydrogen data shown here is not gcod for two main
reasons: (1) the flame is somewhat unsteady and non-isothermal, and

(2) ratios of the vibration-rotation line intensities shown here are

not particularly sensitive to the temperature over this temperature range.
Other ratios utilizing higher rotational lines are more sensitive for
this range. However, the profile presented nhere is indicative of the
type of data and the required treatmen* for temperature estimates
utilizing light mclecules. The relatively wide spectral intervals
beti.een vibration-rotation lines for these molecules suggests that,

with prcper choice of bandpass, interference filters could eventually

be used for temperature determinaticns with greater ease than would

be the case for heavier molecules.

Vi. Conclusion

‘fhe vibraticnal Raman signatr:=s for nitrogen and hydrogen
have been studied for hydrogen-air flames produced on a water-
cooled porous plug burner. Accurate determinations of temperature
have been pe:rformed ntilizing the nitrogen data from a band ratio
method and from a total profile-fitting procedurce. These deter-
minations as well as various other theoretical predictions have
made wide use of computer calculation techniques. The temperatures
found from the Raman methods agreed with ecach other to wirhin % percent,

and agreed with an independently measured temperzture utilizing a fine
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wire thermccouple (only rough! s corrected for radiative losses) to
within 2%.

The hydrogen signature has been fitted to theoretical predictions
for low-lying rotational lines, and exhibits a spread-out structure
which may be particularly useful for temperature diagnostics. Addi-
tional equipment has been assembled foxr improvements in the spectrc-
scopic, combustion, temperaturs-measurement, and data acquisition and
reduction aspects of the experimental program. These will be used in

further study of laser Raman prcbes for combustion diagnostics.
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Abstract. Laser Ramun scattering daote for nitroget, oxygen, and water vapor
have breny obtained from hydrageén-air and hydrogen-cxygen flemes. The resultng
grourd-statc-and upper-state vibrationcl bands exhibit stromg asymmetrical broad-
ening. Experimental spectral profiies have been: fitted theoretically to give a new
measureny 2t technique /or the determination of rotational and vibrasional ex-

citation temperdtures.

We report here observations of wi-
brational Raman scatiering from flame
gases. One motivation for these obser-
vations is that Ramag scattering can

- provide spatially resolved measurements

of the concentration and the vibration-
al and rotaticnal excitation tempera-
tures of flame constituents. This capa-
bility should prove to be of substantial
use in the dizgnostics of nonequilio-
rium as well as equilibrium phenomena.

The work presented here is focused
gpon the observation of temperature-
dependent cifects i the spectral distri-
bution of the Stokes Q-branch vibra-
tional scattering. These cffects arise
predominantly from the vibration-ro-
ation interaction and from significant
populations of excited wvibrztional lev-
¢ls. From these excited Revels ozigincte
upper-state bands () which e us-
vaily shifted toward the blue region
af the spectzum.

In Fig. 1 we show ike types of fun-
dameatal vitrational Ramaa scattering
cvents that may bo oboerved in fames.
Easiier Raman scattering experinents
at eclevated tempratures have deat
with laser heatiny, of a vaper {2).

Copyrigit-

with studies of species ia ovens at
temperatures up to 1000°C (3), aad
with a low-pressure electric discharge
{<). We have be¢n unable te find any
carlier publicaticns concerning Raman
ssattering in flanxs Or in 20y sysicias
at iemperatures is excess of 1000°C.

Our initial ohscrvations were cen-
fined to Stokes bands arising from
4880-A incident radiation irom an ar-
gon ion laser (Colereat Radiation
model 52B; operated for most data at
§.5 waits. The scatiered lighs was ana-
Ivzed vy a double manschromator (Spex
1300-2I) with 5000-A blazed zratings.
The detector was a cooled photomulti-
plier (RCA C31000E Quantacon) op-
crated in the palse-counting made with
dark current levels of about '8 counts
per second for this work.

Tre cverall xperimental arrange-
ment was designed to have the Jaser
beam tizveling along the direction of
the entrance slits (that i, vertially)
and focused at a position about 0.3 m
from the entrance slite. The Raman-
scattered radiaiion was collected by a
snulticlement Jens with a focal length
of 35 mm. The widih of the laser beam

&2

in the scattering zone was about 100
nm, and the height frem shich <he
scatiered radiation was accepted (as G-
termined by the 1-cm slit height «tq; (b2

image magnification fxctor of 2) war -

about 5 mm. The t:-oeochronuzw -La
trance and exit slits wers to 300
am, for which the spec‘r‘( siiy vm..h
was measured 1o be in vers <Jose agres.
ment with the value cafiniited from
the instrument dispersicn curve. The
(Rayleigh ard Mic scatieiing) image
Ot the laser beamn at the ertzance sliis
(as viewed by a periscope- attachment
bzhind the slits) showed 50 change
when the flame was ignited. -
Tne flames stodied were pro. «ded
on a water-cnoled porcus pleg bumer
(diameter, 2.5 cwtj (5) oserated hori-
zontally and burned into asidther water-
cooixd porous plug (of larger diameter)
placed about 1.5 em away which wes,
ip tusn, conpected to a rough vacutn
line. In this fashion, a stable horizontal
fiame at atmospheric pressure was
produced whkich possessed the advan-
tage of offering a scattering test zone
of uniform conditions {(that is, at a
constant distance from the flat flame
front) for a laser beam passing in the
vertical direction. 3cartering data for
H.Q and O. werz oblained from lean
H-O. flames, whcreas data for N,
was oblaincd from a jcan H,-air fame.
Because of the low luminosity of these
flames in the spectral regions of in-
terest, no increase in background was
observed whea the flames were igaited.
Precise fiow data were not faken, nor
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were accurate independent temperature
. measurervents made, since the -major
_ goal of this portion of our flame Raman
i scanenug wvuupuon was the ex-
ploration of general temperature-sensi-
tive features of scaltered bands. The
temperatures actuaily delermined from
the scattering data are reasonable values

for the flames used.

Although vibrationai— temperatures
have been deterzuined from the Stokes/
anti-Siokes ratios of vibrational scat-
tering_(2, €5, the same information is
accessible from the' Siokes scattering
aloge. Our initial atiention o the Jat-
ter is due-in part to the groater sensi-
tivity of our spectrometer and Getector
10 the Stokes scatiering. However.

there is also a potential advantage to
this approach -which criscs from the
fact that temperatute measurements
from Stckes {or anti-Stokes) scalieriag

alone involve a much smallér spectral
range than with the corrépondizg
measurements of  Stokes/anti-Stokes
ratios. Thus, in the former case it is
easier o correct for the spectra] varia-
tioa of background, absorption, aad
‘she asymmetry of the vibrational
bands is evident ¢ven at room tempera-
ture for the molecules considercd -here,
and particularly so for H,O. In Fig.
2B the H,O vibrational groundstate

g : Stokes (av=+1) )
L Vibs. iransitions !
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: —n . -
£ H £s BE 3.
A 2 o 523 s
- 28 £ %3 s §; €
23 s & s 55 ;c <) e
. : IR Z
M 1 L EE Y .
& =4 § P 1 3
. nlinl o | SR W
- - ~-ﬂ-n~..—,,""vh\fpm w
! 2 :
0
] J? ;
s ¢
4
2
2
3:!: Y
£ 1,
2 o
L 4
=
[
©
°
&
1 ::
o
- z —— —
>
3
L 3

metheQ-bnnchdonot
overlap each other exactly. There is a
progressive shift to shorter wavelengths

-caused by the vibration-rciation atker-

action terin of the energy levels for a
molecule. To discuss the spectral shape
and position of each-band, we consider
the term value G(v.J) for a real dia-
tomic molecule (7), including contribsi-
tions from harmonic and anharmosic
osciliator ternw, rigid and anharmonic
rolor. terms, and vibration-rotation in-
teraction terms {8).

Glv]) = ElvJ)/ ke = wfy 4+ Y2) ~
XY 4 K5)? 4 wyolv + ¥5) +
B, — «f2)I(] 4 1) —
(Do + B/2)1%) 4 1)~
avld + 1) —pyPU 417+ . . . (1)

Here E(vJ) is the energy of.the level
(vJ); kis Planck’s constant; ¢ is the

. :
®) \N

Wavelength inl A intervals -~

HyO (~2655-cra™ shift}
Ay#5939.4 A

v 3

-

f;

Raelative intensity

!

-A intervals -

Fig. 1 (kf2). Schematic of some motecular tramitions which contridbute 1o fandarintai vibrational Raman scatiering (dv== 1).
The Stnkes spper-state band (sircled numeral “ore,™ at right) is associzted with ;he molecular vibrational transition v = 1 to ¥v35= 2,
For this transition the scattered photon energy is slightly greater than that for the ground snate (Dt is, v=0C 1o v=1)
Q-branch ;circled Jetter "G") becanse of molecular ~ibrational anharmonicity. Thus, the upper-state band appears at 3 slightly
shoricr wavelength, Fig. 2 iright). m)mupnmnummmnmwammo,mmm
resmtabmtm-fa!ttmaamolmhumm“sbowntomdm = reproducibility of the Zross (catures at
posmm(c)md(b).Tb:uuetuu-ppet-smebﬁd:adudWatmemd&smLMfatm(l)am
mately coinzides with 3 weak Ar line ot 5928 A, experimental meaturements falled to show sufficient scattering of this radiation
to cause the observed sigmal. (B) The sume H/O Raman dand icken in the laboratocy atmosphere (295°K, 8 torr). The dashed
curve is ke speciromecer slit Tuaction. They: cw~ves correspond to 300-um entrance and exit alits, fos which the slit width § is
1.62 A at this wavelength. The wavelength axes of these curves are indicated in 2 relative fashicn only, since wavelength calibration
Eres were nos included in the experiments and theoretical profiles have not vet been cuiculated. The wavekength Ay ~ 53345
& slightly to the right of the peak of (B} (that is, st slightly Jonger wavelezgm). As an ezamele of a case for which exact

g
celation= are not complicatad, the peak of the 295°K s%i-comvoluted pesSie for N. is at & warelength about D3 A less 1han
<corresecading valee of X3,
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Fig. 3 {left). Raman =cattering from N; in 2 Xean H.air flame. (A) The experimental reconding onto which Bag deon superim-
pused the speetrometer slit function for the 300-am entrance and exit shits used. The spectral sdit widh 3 is 1.62 A, The hwling G,
1, and 2 corresponds, respectively, 1o the ground-itate Stokes vibratiomal Q-branch. the wpperstate O-brasch (r = 1 to ¥ = 2). and
the upper-state Q-branch (= 2 to v = 1). (B) The solid Einc is a tracing of the ~~wzimenisl cunve (A). to facilitate compatison
with the intersity calculated 2t Giscrete wavelengths from Eq. 3 at wingenateres o, [135Q° 13), 1605° (@% and 180K (X)
The fit of the theorctically cakulated points for 1600°K witk the crrerimental cunve Is quite close. Fig. & (right). {A) Ranue
scattering from O. in 2 lean H-C: flame. The general commints for Fig. 2 also apply here. However, in his case an adEtionc] sp-
per-state tand {labeled 3) is seen. Funthernmore. a tracing of 2 subscouent measuterest umder identical conditions is shown as
the daded cusve in {B) Theése two curves give an estimate of the spread (n the O, dats, and are 1o be compared with the theo-

retically predicted shapes. An catimate of roupdly-1700°K 1s obtaiscd from these data.

speed of light: e. o.rx,. and 5, are
vibrationa! constants such thst »5, <
arx . <e,: B, and D, are, respectively,
the rotationzl constants for rigid and
ncnrigid sotation in the eguilibrium
internuclear position; and <, and B,
(a, €B, and B.<D,) :cepresent vi-
bration-totation interactions.

The Raman shift for a fundamental
vibrational band (that is, for A/ =0
and Av=1) is. from Eq. 1.

AG(v 4+ 1 J—v]) = w. — Qe X{v 3 1) 4
w§ (307 4 6v + 13/8) —adl + 1) —
BLPG+ 1V 4 2)

where the vibration-rotation interac-
tion, corresponding o the last two
terms of Eq. 2, keads 1o the blue asym-
rectry for the bands. Here, 8, may be
negiected, since B, < D, € ..

The radiant flux § for a rotational
fine of the fundamental series (v 4 1v)
Stokes Raman-scattered Q-branch is
given by (9, 710)
17U Vet D'Ce

Q’oQ Qﬂi
ep [— %‘i-mr:)} 3

Stiv]) @

where &£ ts Boltzmann's comstant and
wp 15 the wace number of the Raman
fundamental line (11):

wr = e, = G+ 1L~ vJ)

for which: «, is the wave number of the
incoming (laser) diation. Here, the
Gepolarized contribution has been neg-
fecled, and the {ictors aswocizted with
the cross section which are not! ex-
plicitly written out are denosed by
The rotational (72) and vibraticnal
partition functioms @,., and Q.5 are,
tespectively,

Qeee =~ T/ 2B,
Cwn =~ [ — exp ( — kew . /&TT

and the factor ¢ accounts for the effect
of nuckear spin 7, For N, (7=1), the
panty of the rotational evels is such
that the symmetric levels oormespond
to cven values of J, for which 5=1.
whereas the antisymmetric leves cor-
respead 19 odd values of J, for which
n=12. For Q. (1=0). the symmeiric
levels cocrespond to cdd vatues of J, for
which y=1, whercas the antisymmetric
¥vek correspond 10 even volues of J,

44

for which »=0 (that 7. the hnes
corresponding 1o even values of J are
missing). '

i i ovident from Eq. 3 shat the
shape of zach particular tand (that »,
a given v) of the fundamenial series
will be dependent upon the rotational
tsmperature. and that 2 proper ¢ 0
an experimental profile can then serve
to determine this tempenatuge. Al of
the bands of the fandamental sedies
will have somewhat similyr shapes.
Here, for the purposes of illustration,
we consider the ground-=ate band, The
shape of this band (that s, the §
versus » profile) may be calculated
from Eq. 3 whick. fer a fined tempera-
tur, bicomes

ST x (U + D'
eapl- &kcBJ (F 4 1VET]
with ’
where cnly those torms of antitative
significance which comuribute o the
relative band shape have boen retained.
The partition funchans provele only 2
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temperatare-dependent scale factor for
£q. 3, aad 50 arc wot of comern for
profils fiting.

The experiments reported here cor-
responded with reasonable ocrtaindy o
equilibrium -pepulations for the sibea-
tional and rotatiomal cnelpy levels
Howerir, for situations in which equi-
librium is mot expecied. the lempera-
ture factors appearing in the cxpoaent
of Eq:- 3 can be denoied as values of
T, or T, awociated with pasticu-
lar encrgy bevels, and the vibratioaal
and rotatioral - excitation te2 Zratures
corresponding 1o these degrees of free-
dom can therefore be determined. In
gencral, the refasive peak value or inte-
grated inteasity of cach succzssive band
indicates the vibratioeal temperatoie,
whereas e shape (that is, bluc asym-
metry) of exch band determines the
toationzl semperature. Thus, if rom-
equilibriuny is suspecied, scparate fits
to the shape of exch band should be
made. In this fashiox. ‘diferent vibra-
ratorez can be associated aith cach
mictaal mode. This mcthod should
complement the wrlistuded OH emis-
sion 57 abkorption techniques for the
mawrerent of exi#tation tempera-
tures, which kavwe been applied ©
fames with success (73); comversoly.
this method might serve to Jetermine
anhanironic. serms for species that have
o yei boen well studied (74).

For the cawe whese equilibrivm exc
B relative valoes of S(vJ) can be
calulated 2 a furction of wardimpth
over the entire spectral extent of the
caticred bassk fer vzidoas tempera-
tures and the rosufis fied {0 experi-
meatal curves. This hax deen done (233
for N. and O. i Figs. 3 and 3, with
the result thet the N. daix closely &
1600°K and the O. data rovgaly 6t
1700°K. Thexe saloss are reasorable
for the fames usod. We believe thut
these sesults denwsstrate the utifity of
this Raman scaltering mcthod for the
deierminalion of Mans Jemperatures, as
weil as for tempenaiures in = varicty
of other experimentsl and practical
areas.

For HO, the amizicai resulls are
cosiderably more complicared siace
1he calcelations involve ssymmetsic Wp
enerey levelr {76). Hewewer, if we
conider oaly the purly vidratonal
contnbuiioas 1o the coerey kvels for
sn anharmonic ronkacar triatomic
molecule (17), we can tavestipaic i a
qualitalive {askion the lowest posihie
ppperslase bands, wmiere we use the

natation (v, v..vy} 10 denote the vidra-
tioaal gquantum nauabers for the three
fundamental vibrational modes. TF

band coeresponding t0 the transitios
(1.1,0)—(0.1.0) is the most likely to be
observed, since it arhes frxe: the popu-
lkevel (o= 1. 0.20 ¢v above the ground
sfate). The scparxtion 3X betweea this
upper-state band aad the pround-state
band {for 20 rotation) is — .z, whers
x;= b5 the coeflicient of the (v;+ %)
02 +33) term in the enesgy kvl &x-
pressios. For HO, x;. is —20.0 em—?
asd 34 corresponds to a blue shift of
7.05 A for incident 4880-A radiation.

This shift closcly coimcides with the

pasiticn of fzatore (8) in Fig. 2A (since
5 1 Jocated shightly o the right of the
peak of the Raman scatwering curve in_
Fig 2B). Thus, we have evidence of an
apzveciable poputation of the H.O v.=
Flevel for the flame studied. Morz im-
portantly, this result demonstrates the
poiential aidlity of Rxwes scoriering
measurements for aivatomic molecules.

In tais report we have ccacestrased

U8 Rmpeminte meaacemests. How-

cver, there is abo substantial imterest
in the uwe of Raman scaturing a< a
constitaency prode in flames and other
syxtens. One important poimt conces-
inz such measurements is Jhestrased by
the forepoivg results. For systenss
<hercin signiScant sibrational and ro-
tationa! excitation occurs, Semperature-
Sepmialent cakulations, suck as the ones
we have discussed, are mecemsarsy (m
additions to the basic craw section) in
or&r to relaie the scatwering intensity
cwer any «pxiSed bandwidth to the

comentiatisz of a partisulzr coastioe

ent. Othernise, signifizamt evrors ia con-
<entration 2nafyses may he made, par-
ticularly in view of the fact that the
toral Q-branck scancring increaves with
vidrational cxcitation becawse of tae
fator v+ i in tbe vpperslate band
scatiening.
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