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Abstract. Laser Raman scattering data for nitrogen, oxygen, and water vapor
have been obtained from hydrogen-air and hydrogen-oxygen flames. The resulting
ground-state and upper-state vibrational bands exhibit strong asymmetrical broad-
ening. Experimental spectral profiles have been fitted theoretically to give a new
measurement technique for the determination of rotational and vibrational ex-

citation temperatures.

We report here observations of vi-
brational Raman scattering from flame
gases. One motivation for these obser-
vations is that Raman scattering can
provide spatially resolved measurements
of the concentration and the vibration-
al and rotational excitation tempera-
tures of flame constituents. This capa-
bility should prove to be of substantial
use in the diagnostics of nonequilib-
rium as well as equilibrium phenomena.

The work presented here is focused
upon the observation of temperature-
dependent effects in the spectral distri-
bution of the Stokes Q-branch vibra-
tional scattering. These effects arise
predominantly from the vibration-ro-
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tation interaction and from significant
populations of excited vibrational lev-
els. From these excited levels originate
upper-state bands (/) which are us-
ually shifted toward the blue region
of the spectrum. )

In Fig. 1 we show the types of fun-
damental vibrational Raman scattering
events that may be observed in flames.
Earlier Raman scattering experiments
at elevated temperatures have dealt
with laser heating of a vapor (2),
with studies of species in ovens at
temperatures up to 1000°C (3), and
with a low-pressure electric discharge
(4). We have been unable to find any
earlier publications concerning Raman

scattering in flames or in any systems
at temperatures in excess of 1000°C.

Our initial observations were con-
fined to Stokes bands arising from
4880-A incident radiation from an ar-
gon ion laser (Coherent Radiation
model 52B) operated for most data at
1.5 watts. The scattered light was ana-
lyzed by a double monochromator (Spex
1400-II) with 5000-A blazed gratings.
The detector was a cooled photomulti-
plier (RCA C31000E Quantacon) op-
erated in the pulse-counting mode with
dark current levels of about 18 counts
per second for this work.

The overall experimental arrange-
ment was designed to have the laser
beam traveling along the direction of
the entrance slits (that is, vertically)
and focused at a position about 0.3 m
from the entrance slits. The Raman-
scattered radiation was collected by a
multielement lens with a focal length
of 75 mm. The width of the laser beam
in the scattering zone was about 100
um, and the height from which the
scattered radiation was accepted (as de-
termined by the 1-cm slit height and the
image magnification factor of 2) was
about 5 mm. The monochromator en-
trance and exit slits were set to 300
wm, for which the spectral slit width
was measured to be in very close agree-
ment with the value calculated from
the instrument dispersion curve. The
{Rayleigh and Mie scattering) image
of the laser beam at the entrance slits
(as viewed by a periscope attachment
behind the slits) showed no change
when the flame was ignited.

The flames studied were produced
on a water-cooled porous plug burner
(diameter, 2.5 cm) (5) operated hori-
zontally and burned into another water-
cooled porous plug (of larger diameter)
placed about 1.5 cm away which was,
in turn, connected to a rough vacuum
line. In this fashion, a stable horizontal
flame at atmospheric pressure was
produced which 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. Scattering data for
H,O and O, were obtained from lean
H,-O, flames, whereas data for N,
was obtained from a lean H,-air flame.
Because of the low luminosity of these
flames in the spectral regions of in-
terest, no increase in background was
observed when the flames were ignited.
Precise flow data were not taken, nor
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were accurate independent temperature
measurements made, since the major
goal of this portion of our flame Raman
scattering investigation was the ex-
ploration of general temperature-sensi-
tive features of scattered bands. The
temperatures actually determined from
the scattering data are reasonable values
for the flames used.

Although vibrational temperatures
have been determined from the Stokes/
anti-Stokes ratios of vibrational scat-
tering (2, 6), the same information is
accessible from the Stokes scattering
alone. Our initial attention to the lat-
ter is due in part to the greater sensi-
“tivity of our spectrometer and detector
to the Stokes scattering. However,
there is also a potential advantage to
this approach which arises from the
fact that temperature measurements
from Stokes (or anti-Stokes) scattering

Stokes (av=+1)

alone involve a much smaller spectral
range than with the corresponding
measurements of Stokes/anti-Stokes
ratios. Thus, in the former case it is
easier to correct for the spectral varia-
tion of background, absorption, and
spectrometer response.

The asymmetry of the vibrational
bands is evident even at room tempera-
ture for the molecules considered here,
and particularly so for H,O. In Fig.
2B the H,O vibrational ground-state
band is shown for scattering from room
temperature ambient H,O. The greatly
increased broadening toward the -blue
region of the spectrum under flame
conditions is shown in Fig. 2A. The
strong asymmetry of the N, and O,
vibrational bands under flame condi-
tions can be seen in Figs. 3 and 4. This
“blue asymmetry” is explained by the
fact that all the AJ=0 rotational lines

eVl 1) =BT+ 1)° 4 . . .

corresponding to the Q-branch do not
overlap each other exactly. There is a
progressive shift to shorter wavelengths
caused by the vibration-rotation inter-
action term 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 contribu-
tions from harmonic and anharmonic
oscillator terms, rigid and anharmonic
rotor terms, and vibration-rotation in-
teraction terms (8).

GWwJ) = EvJ)/hc = we(v + ¥2) —
weXo(V + ¥2)* + weye(v + 12)° +
(Be — @e/2)J(J + 1) —
(Do + Be/2)T*(J + 1)°—
1)

Here E(v,J) is the energy of the level
(v,J); h is Planck’s constant; ¢ is the
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Fig. 1 (left). Schematic of some molecular transitions which contribute to fundamental vibrational Raman scattering (Av=x=1).
The Stokes upper-state band (circled numeral “one,” at right) is associated with the molecular vibrational transition v =1 to v =2.
For this transition the scattered photon energy is slightly greater than that for the ground state (that is, v=0 to v=1)
Q-branch (circled letter “G”) because of molecular vibrational anharmonicity. Thus, the upper-state band appears at a slightly

shorter wavelength.

Fig. 2 (right). (A) The H:O Raman vibrational ground-state band for a lean H.-O. flame. The partial

segment above the full trace is a portion of another measurement shown to indicate the reproducibility of the gross features at
positions (a) and (b). The latter is an upper-state band and is discussed at the end of this report. Although feature (a) approxi-
mately coincides with a weak Ar line at 5929 A, experimental measurements failed to show sufficient scattering of this radiation
to cause the observed signal. (B) The same H,O Raman band taken in the laboratory atmosphere (295°K, 8 torr). The dashed
curve is the spectrometer slit function. These curves correspond to 300-um entrance and exit slits, for which the slit width A is
1.62 A at this wavelength. The wavelength axes of these curves are indicated in a relative fashion only, since wavelength calibration
lines were not included in the experiments and theoretical profiles have not yet been calculated. The wavelength Az ~ 5934.5 A
is slightly to the right of the peak of (B) (that is, at slightly longer wavelength). As an example of a case for which exact cal-
culations are not complicated, the peak of the 295°K slit-convoluted profile for N: is at a wavelength about 0.3 A less than the

corresponding value of Az.
10 MARCH 1972
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Fig. 3 (left). Raman scattering from Np in a lean H.-air flame. (A) The experimental recording onto which has been superim-
posed the spectrometer slit function for the 300-um entrance and exit slits used. The spectral slit width A is 1.63 A. The labeling G,
1, and 2 corresponds, respectively, to the ground-state Stokes vibrational Q-branch, the upper-state Q-branch (v =1 to v = 2), and
the upper-state Q-branch (v =2 to v = 3). (B) The solid line is a tracing of the experimental curve (A), to facilitate comparison -
with the intensity calculated at discrete wavelengths from Eq. 3 at temperatures of 1400° (A), 1600° (@), and 1800°K (X).

The fit of the theoretically calculated points for 1600°K with the experimental curve is quite close.

Fig. 4 (right). (A) Raman

scattering from O. in a lean H.-O. flame. The general comments for Fig. 3 also apply here. However, in this case an additional up-
per-state band (labeled 3) is seen. Furthermore, a tracing of a subsequent measurement under identical conditions is shown as
the dashed curve in (B). These two curves give an estimate of the spread in the O data, and are to be compared with the theo-
retically predicted shapes. An estimate of roughly 1700°K is obtained from these data.

speed of light; o, wX,, and oy, are
vibrational constants such that .y, <
wXe € 0we; B, and D, are, respectively,
the rotational constants for rigid and
nonrigid rotation in the equilibrium
internuclear position; and &, and B,
(ee < B, and B,< D) represent Vvi-
bration-rotation interactions.

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

AG(v + 1Jv,]) = we — 2wexe(v 4 1) -+
weye(3v* 4 6v 4 13/4) — adJ(J + 1) —
BJ°(J 4+ 1)* + 2)

where the vibration-rotation interac-
tion, corresponding to the last two
terms of Eq. 2, leads to the blue asym-
metry for the bands. Here, 8, may be
neglected, since B, € D, € a,.

The radiant flux S for a rotational
line of the fundamental series (v+1<v)
Stokes Raman-scattered Q-branch is
given by (9, 10)

(27 4+ 1) (v + 1) wr'C
Qrot Qvlh

exp [-— G (v ])] 3)

S(,J)
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where k is Boltzmann’s constant and
og is the wave number of the Raman
fundamental line (I1):

WR =

wo — AG(v 4 1, J <~ vJ)

for which o, is the wave number of the

incoming (laser) radiation. Here, the
depolarized contribution has been neg-
lected, and the factors associated with
the cross section which are not ex-
plicitly written out are denoted by c,.
The rotational (I2) and vibrational
partition functions Q,,; and Q. are,
respectively,

Qrot ~ kT/2hcB.
Qvin =~ [1 —exp ( — hewe/kTT

and the factor 5 accounts for the effect
of nuclear spin 1. For N, (I=1), the
parity of the rotational levels is such
that the symmetric levels correspond
to even values of J, for which n=1,
whereas the antisymmetric levels cor-
respond to odd values of J, for which
n="%2. For O, (I=0), the symmetric
levels correspond to odd values of J, for
which =1, whereas the antisymmetric
levels correspond to even values of J,

.shape of this band "(that is,

for which n=0 (that is, the lines
corresponding to even values of J are
missing).

It is evident from Eq. 3 that the
shape of each particular band (that is,
a given v) of the fundamental series
will be dependent upon the rotational
temperature, and that a proper fit to
an experimental profile can then serve
to determine this temperature. All of
the bands of the fundamental series
will have somewhat similar shapes.
Here, for the purposes of illustration,
we consider the ground-state band. The
the S
versus o profile) may be calculated
from Eq. 3 which, for a fixed tempera-
ture, becomes

S(0,J) oc (27 + 1) wr* X
exp [—heBJ (J + 1)/kT]
with
WR =~ Wo = we+2wexe + Ole](]+ 1)

where only those terms of quantitative
significance which contribute to the
relative band shape have been retained.
The partition functions provide only a
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temperature-dependent scale factor for
Eq. 3, and so are not of concern for
profile fitting. ;

The experiments reported here cor-
responded with reasonable certainty to
equilibrium populations for the vibra-
tional and rotational energy levels.
However, for situations in which equi-
librium is not expected, the tempera-
ture factors appearing in the exponent
of Eq. 3 can be denoted as values of
T, or T, associated with particu-
lar energy levels, and the vibrational
and rotational excitation temperatures
corresponding to these degrees of free-
dom can therefore be determined. In
general, the relative peak value or inte-
grated intensity of each successive band
indicates the vibrational temperature,
whereas the shape (that is, blue asym-
metry) of each band determines the
rotational temperature. Thus, if non-
equilibrium is suspected, separate fits
to the shape of each band should be
made. In this fashion, different vibra-
tional and rotational excitation tem-
peratures can be associated with each
internal mode. This method should
complement the well-studied OH emis-
sion and absorption techniques for the
measurement of excitation tempera-
tures, which have been applied to
flames with success (I3); conversely,
this method might serve to determine
anharmonic terms for species that have
not yet been well studied (14).

For the case where equilibrium ex-
ists, relative values of S(v,J) can be
calculated as a function of wavelength
over the entire spectral extent of the
scattered bands for various tempera-
tures and the results fitted to experi-
mental curves. This has been done (15)
for N, and O, in Figs. 3 and 4, with
the result that the N, data closely fit
1600°K and the O, data roughly fit
1700°K. These values are reasonable
for the flames used. We believe that
these results demonstrate the utility of
this Raman scattering method for the

determination of flame temperatures, as

well as for temperatures in a variety
of other experimental and practical
areas.

For H,0, the analytical results are

considerably . more complicated since

the calculations involve asymmetric top
energy levels (16). However, if we
consider only the purely vibrational
contributions to the energy levels for
an anharmonic nonlinear triatomic
~ molecule (/7), we can investigate in a
qualitative fashion the lowest possible
upper-state bands, where we use the

10 MARCH 1972

notation (v4,v,,v3) to denote the vibra-
tional quantum numbers for the three
fundamental vibrational modes. The

band corresponding to the transition

(1,1,0)<(0,1,0) is the most likely to be
observed, since it arises from the popu-
lation of the lowest excited vibrational
level (vo=1, 0.20 ev above the ground
state). The separation A between this
upper-state band and the ground-state
band (for no rotation) is — x;5, Where
x19 is the coefficient of the (v;+12)
(vo+%2) term in the energy level ex-
pression. For H,0, x5 is —20.0 cm—1
and 8\ corresponds to a blue shift of
7.05 A for incident 4880-A radiation.
This shift closely coincides with the
position of feature (b) in Fig. 2A (since
Ag is located slightly to the right of the
peak of the Raman scattering curve in
Fig. 2B). Thus, we have evidence of an
appreciable population of the HyO vy =
1 level for the flame studied. More im-
portantly, this result demonstrates the
potential ability of Raman scattering
measurements for polyatomic molecules.

In this report we have concentrated
on temperature measurements. How-
ever, there is also ‘substantial interest
in the use of Raman scattering as a
constituency probe in flames and other
systems. One important point concern-
ing such measurements is illustrated by
the foregoing results. For systems
wherein significant vibrational and ro-
tational excitation occurs, temperature-
dependent calculations, such as the ones
we have discussed, are necessary (in

‘addition to the basic cross section) in

order to relate the scattering intensity
over any specified bandwidth to the
concentration of a particular constitu-
ent. Otherwise, significant errors in con-
centration analyses may be made, par-
ticularly in view of the fact that the
total Q-branch scattering increases with
vibrational “excitation because of the
factor v+1 in the upper-state band
scattering.
M. Larp
L. M. GOLDMAN
C. M. PENNEY
General Electric Company
Corporate Research and Development,
Schenectady, New York 12301
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