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ABSTRACT 

Calculations of the performance, in terms of the signal-

to-noise ratio, for vibrational Raman and Rayle~gh scattering 

measurements ~nder combustion tonditions are made. The as-

sumed conditions are 1) a hydrogen-air flame at ·a temperature 

of 2000° K, 2) a 1 watt argon-ion laser, and 3) f/S scattered 

radiation collection optics. Based on photo-electron counting 

statistics, the Rayleigh scattering technique has much larger 

signal-to-noise ratio than Raman scattering, but either technique 

will give good results for mean temperature and density. How-

ever, for the measurement of a nominal 10% rms turbulent in-

tensity, only Rayleigh scattering is capable of a satisfactory 

measurement. It is noted that by use of higher powered lasers 

and lower f/number,light collection optics, Raman scattering 

should give some information on turbulent fluctuations, es-

pecially in the case of turbulent diffusion flames where the 

fluctuations are of a very large amplitude. 
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. Introduct ion 

The us7 of Raman scattering for species concentration 

and temperature determination in gases, in particular during the 

combustion process, has been developed and tested by several 

investigators(1-3). The principal difficulty of the technique is 

the.low scattered signal intensity, which requires (1) relatively 

long integration times for an adequate signal-to-noise ratio, (2) very 

low background flame radiation, and (3) low fluorescence from either 

gases or particulates. 

Rayleigh scattering offers a competing technique for 

measurement of the temperature and the density of gases(4). The 

Rayle~gh scattering cross section is about 1000 times larger than 

the vibrational Raman cross section, resulting in a much larger 

intensity. This considerably alleviates the first 2 problems 

mentioned above. HOwever, scattering from particulates, if present 

in the gas, is a very serious problem with Rayleigh scattering mea-

surements. 

In this discussion, a comparison of the expected signal-

to-noise ratios for vibrational Raman and Rayleigh scattering mea-

surements of density and temperature in a premixed combustion zone, 

without either background radiation· or particulates, isma"de. As 

has already been shown, satisfactory time averaged measurements 

under these conditions can be obtained with either technique. 

OUr cpnclusions are that (1) satisfactory turbulent 

density measurements, and marginally satisfactory turbulent tem-
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perature measurements, can be ()bta:i,ned wHh R~yleigh scattering, 

and (2) satisfactory turbulent density and temperature measure~ 

ments are not possible with Raman scattering unless much larger 

laser powers are used, or the turbulence intensity is much larger 

than assumed. It is possible that either of these latter re~ 

quirements may be satisfied, so we do not by any means rule out 

the possibility of obtaining significant information on the tur

bulent properties of combust~on by use of Raman scattering. How~ 

ever, Rayleigh scattering may offer significant advantages for 

combustion measurements in certain cases. 

Raman Density and Temperature Measurements 

Figure 1 is intended as a reminder of the principles 

of Rayleigh and Raman scattering. Incident photons (from a laser 

in this case) excite the ~olecule to a virtual state which es~ 

sentially instantaneously decays back either to the original 

state or to a state with different vibrational and rotational 

quantum numbers. Decay to the original state results in Rayleigh 

scattering, where the only change in wavelength is due to the 

Doppler shift associated with scattering from a moving target 

(molecule). Decay to a state of higher vibrational energy 

results in a longer wavelength, called Stokes Raman scattering, 

while decay to a lower vibrational energy results in a shorter 

wavelength, called anti-Stokes Raman scattering. The cross section 

for Rayleigh scattering is typically 103 times larger than that 

for vibrational Raman scattering. 

Figure 2 shows schematically the measurement of scat-
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, 
tering at right angles from B_ focussed laser beam. Our evaluation 

of scattering takes place in the post-combustion region of a 

hydrogen-air mixture at atmospheric pressure and 2000 0 K tem-

perature. The parameters which are common to both Raman and 

Rayleigh scattering are listed below the figure. The'lmm 

length scattering volume is fixed by the requirement of tur-

bulent measurements, as larger lengths would certainly average 

the turbulent fluctuations spatially. (Due to the optical 

properties of grating and Fabry-Perot spectrometers, longer 

lengths can be used to increase the Raman signal, but not the 

Rayleigh signal for temperature measurements.) 

All signal strengths will be calculated in photo-

electron counts per second, as this represents the optimum de

tection system and also leads to simple estimation of the noise(5). 

The Raman counting rate for the nitrogen Stokes vibrational band 

is given by 

(1) 

where: 

eN = photoelectron counts for nitrogen, integrated for 1 second 

P 
18 

= 2.5 x 10 photons/sec (1 watt) 

laser power 

NS 3.7 x 1018 molecules/cm 3 = 
density of molecules in the flame 

fN = 0.67 

fraction of nitrogen molecules 

5.4 x 10-31 2 
oR = cm /sr 

vibratiOnal Raman cross section for nitrogen 
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n = 0.03 sr 

solid angle of collection for scattered light 

t ~·O.l cm 

length of laser beam observed 

£ = 0.15 

photomultiplier quantum efficiency 

n = 0.35 

optics and filter (or spectrometer) transmission 

From Eq. (1) we find that the average number of photo-

electron counts in 1 sec will be 

< C > = 520 counts N (2) 

These counts will have a Poisson error distribution, with the 

variance equal to the average, 

(3) 

and thus the relative standard deviation of the measurement, for 

1 second integration time, will be 

= 0.044 (4) 

Several methods of determining the temperature from 

Raman scattering have been discussed and evaluated by Lapp et. a1. (4) 

In this temperature range the measurement of the ratio of the 

Stokes to the anti-Stokes vibrational intensities is within a 

factor of 2 of being optimum, and is a good, practical technique. 
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As seen from Fig. 1, it is simply a measurement of the ground 

and first vibrational densities, and thus gives the vibrational 

temperature: If we let R = CS/CA, where Cs is the Stokes 

intensity and CA is the anti-Stokes intensity, then we find 

that the temperature is a function of R which is easily cal-

culated. At T = 2000 0 K we find that an error in the ratio R 

results in a temperature error given by 

l\~ = 0.6 l\: (5) 

The standard deviations of Cs and CA are found as discussed pre

viously, and for a 1 second integration time, the relative stand-

ard deviation of a temperature measurement is given by 

aCT) 1.7 = < T > < C
N 

>1/2 

= 0.072 (6) 

Rayleigh Density and Temperature Measurements 

Unlike Raman scattering, where the density of a single 

constituent such as nitrogen could be measured, Rayleigh scat-

tering sums the scattered radiation from all the constituents. 

For isotropic molecules, the Rayleigh scattering cross-section 

aRi for species i can be obtained from the index of refraction 

N. for sp~cies i by(6) 
1 

. 26 S1n (7) 
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where n. is the corresponding number density and e is the direction 
1 . 

of scattering as measured from the E vector of :the incident radia-

tion. Here we assume that the incident radiation is polarized 

and that e = 90°. 

The total scattered signal is then given by 

C Ray = K n L}..1. oR. s 1 1 

where ~. is the mole fraction of species i, n is the total number 
1 s 

density, and K is a constant. Thus it appears that one needs 

to know the actual composition of the gas in order to interpret 

the results. However, it turns out that the contribution of 

each atom to the Rayleigh scattering is roughly independent of 

the molecular bonds (7) , which means that the scattered inten-

sity will be approximately independent of the degree of reaction 

and, in premixed combustion, approximately proportional to the 

mass density. Further, since nitrogen accounts for some 60% of 

the mixture, this approximation is quite good. 

The scattered Rayleigh signal CR can be calculated ay 

from Eq. (1), using an average Rayleigh cross section 

-28 2 a = 8 x 10 cm /sr Ray (9) 

We find that 

< C > = 1.2 x 106 counts/sec (10) Ray 
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and for a 1 sec integration time, 

o (p) 
< P > 

= 1/< C >1/2 
Ray . 

= 0.001 

The measurement of temperature from Rayleigh scat~ 

(11) 

tering is more complex than from Raman scattering, and will be 

described briefly. The technique consists of measuring the Dop-

pIer broadening of the scattered radiation with a Fabry-Perot 

interferometer. The spectrum of the scattered radiation has a 

Gaussian distribution as shown in Fig. 3a. The spectral in-

tensity is given by 

I ( u) = K E ~. oR . f . (v) 
ill 1 

(12) 

where f.(v) is the molecular velocity distribution for species i, 
1 

f. (v) = (' mi \ 1/2 e 
1 2iTkT) 

2 m.v 
1 

2kT (13) 

The light frequency u is obtained from the molecular 

velocity v by the Doppler shift relation 

u-u 
__ 0 == 

u 
° 

(v) 2 sin (CP/2) 
c 

(14) 

where u is the laser frequency, c is the velocity of light, and 
° 

cP is the angle of scattering, measured from the incident radia-

tion direction. The composition of the gas must be known in order 
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to interpret the Doppler broadening and obtain the temperature; 

however. for most combustion species the line width does not 

depend too strongly on the degree of reaction. further. nitrogen 

is the principle constituent. 

The line width at 1/2 the peak density, for a hydrogen

air flame at 2000o K, is approximately 0.13 cm- l , or 3.9 GHz. We 

have shown that this line width can be measured to a high degree 

of' accuracy with a Fabry-Perot interferometer and that tempera

tures in a hydrogen-air flame can be measured satisfactorily(4,8). 

The measured line profile S(u) is a convolution of the instrument 

function g(u-u ), shown in Fig. 3b, with the scattered radiation 
o 

I (u) from Eq. (12), 

S(u) = K~ J I(u~)g(u-u~)du~ (15) 

The width at 1/2 maximum of the instrument function, ~u , is deter-. a 

mined, among other things, by the solid angle of light accepted 

by the Fabry-"Perot interferometer (9) . The ~tendue E, the product 

of the area of the interferometer mirrors ~ and the solid angle 

of acceptance at the mirrors. is related to ~ua by the equation 

E = 21TA.. ~u /u 
.~ a 0 

(16) 

This approximation to the instrument function width 

based on the aperture (or ~tendue) is valid when it is larger 

than the width determined by the reflectivity and roughness of 

the mirrors. Since the ~tendue is a constant of the interferometer 

optical system, the area of the entrance aperture of the inter-

- - ~ 
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ferometer as imaged at the laser beam is given by 

(17) 

where Qb = 0.03sr as determined by the f/S light collection 

optics. Thus we want Au to be large to give good intensity. a . 

but at the same time small so that the de-convolution of Eq. 

(IS) will not introduce large errors into the Doppler line width. 

A somewhat conservative compromise is to let 

and using this value with 5 cm diameter interferometer mirrors 

in Eqs. (16) and (17) gives a laser beam length of 0.1 cm from 

which scattering will be measured. 

The fraction of light transmitted at the peak of the 

line is estimated as follows. Filter transmission, 0.4; optics 

transmission, 0.6; Fabry-Perot transmission as determined by 

the bandpass, AUa/AUD = 0.3; and Fabry-Perot transmission as 

determined by the losses in the mirror coatings, 0.6. This gives 

an overall light transmission of 0.05. The peak photoelectron 

counting rate given by Eq. (1) is 

4 
CRT = 8 x 10 counts/sec (18) 

with 

P 
18 . 

= 1.25 x 10 photons/sec 

(1/2 watt power for single mode of laser) 

= 1.0 



a Ray 

n 

10 

= 0.05 . 

The other parameters in Eq. (1) are unchanged from the values 

used for Raman scatterin'g. 

To measure the width, and hence the temperature, of 

the scattered radiation in an optimum manner a line tracking 

feedback technique has been used. The scattered radiation is 

split into 3 parts of equal intensity (by time division in our 

previous experiments) and these parts are used to track the 

half intensity points on the left and right sides of the line 

and the peak intensity. Under these conditions we have shown 

that the standard deviation in the line width measurements is 

given byes) 

o(W) 
< W > = 

2k c 
< C >1/2 

P 
(19) 

where W is the measured line width, k is a constant of the line 
c 

shape and equal to 0.36 for a Gaussian line, and C is the total p 

number of photoelectron counts measured at the line peak. Since 

the temperature is proportional to the line width squared, we 

have 

oCT) - 4 x 0.36 
< T > 

< 0.3 x CRT >1/2 

(20) 
~ 

2.6 

< CRT 
>1/2 

- - . ./ 
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Using the previous value for CRT' we find for a 1. sec, integration 

time, 

<T > 
(J (T) 

= 0.01 

The relative standard deviations for density and tempera-

ture measurements with 1 second integration times are summarized 

in Table 1. 

Turbulence Measurements 

In order to evaluate the feasability of turbulence 

measurements, estimations are based on Gaussian turbulence with 

parameters typical for free shear and boundary layers. The 

turbulence will be assumed to have simple statistical properties. 

Let ~(t) represent a parameter of the fluid. The frac-

tional rms turbulence f t of ~ is defined by 

f 2 = < ~2 > / < ~ >2 (21) 
t 

where the brackets indicate time averaged values. .The frequency 

2 spectrum of ~ , the turbulent power spectrum Gt(w), is shown ap-

proximately in Fig. 4 and is normalized so that 

(22) 

As shown in Fig. 3, Gt(w) has a maximum value at low fre-

quencies equal to Gto ' and a width at 1/2 maximum of ~Wt. Reason

able values for the parameters are as follows: 



12 

f = 0.1 
t 

t.w
t = 1000 rad/sec 

Gto 
==' f 2/t. t wt (23) -5 ==' 10 sec 

In a measurement of the turbulent power, or spectrum, 

we will assume that the only important additional fluctuations 

will come from the Poisson counting statistics of the photo-

electrons, which may be called "shot noise". The photoelectron 

counting power spectrum Gp is a constant, independent of fre

quency(5) (white noise), and is given by 

G = 
P 

1 
1fr 

where r is the average counting rate. 

(24) 

The measured power spectrum G(w) is just the sum of 

these two sources, 

(25) 

In order to determine if we can make a satisfactory measurement 

of Gt(w) , we will compare the expected standard deviation in G(w) 

with the maximum of the turbulence, Gto . 

The standard deviation in G(w) , o(G), when measured 

with an ideal spectrum analyzer, (10) is independent of wand is 

given by 

o(G) 
<G>" = l;;) 1/2 (26) 

~ 

',., 

. - .' 
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where n is the bandpass of the analyzer and T is the measurement 

time. If we let 

then we find that 

n = 300 rad/sec 

T = 200 sec 

o(G) 
< G > 

= 0.01 (27) 

This value. based on rather coarse resolution and, long measurement 

time, represents about the minimum practical standard deviation 

of G. 

Let us now consider the measurement of the turbulence 

power Gt (w), usingEq. (25). Since G is independent of fre-
p , 

quency, it can be determined from the asymptotic value of G(w) 

at high frequencies, where Gt(w) approaches zero. This value 

must then be subtracted from G(w). If for simplicity we let 

the error in Gp be negligible, then o(Gt ) will be equal to o(G). 

Thus o(G)/Gto ' the standard deviation divided by the maximum 

value, will give a measure of the signa1-to-noiser~tio for 

the detection of 10% rms turbulence in the combustion zone. 

Turbulence in Density by Rayleigh Scattering 

find that 

Using Eq. (24) and the counting rate from (10), we 

G 
P 

-7 
= 3 x 10 sec (28) 
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G /G
t 

= 0.03 P 0 
(29) 

indicating that the photomultiplier shot noise is negligible for 

low frequency turbulence measurement. Thus a(Gt )/< Gt > will be 

limited to 1% by (27) at low frequencies. At high frequencies 

where Gt(w) becomes small compared to Gp ' we find that 

and thus that 

a (G) 

-4 a(G)/Gto = 3 x 10 (30) 

for high frequencies. We conclude that very satisfactory measure-

ment of the turbulence in density can be made by Rayleigh scattering. 

Turbulence in Density by Raman Scattering 

Using Eq. (24) and the counting rate from (2), we find 

that 

and, from (23), that 

G = 6 x 10-4 sec 
p 

G /G
t 

= 60 P 0 

(31) 

(32) 

Thus the photomultiplier shot noise is .dominant even at low fre-

quencies. In this case a(G) is obtained from Eq. (27) using the 

average value of G • and we find that 
p 
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a(G)/Gto = 0.6 (33) 

which is too large for a satisfactory measurement. We conclude 

that the detection of 10% rms turbulence level by Raman scat-

tering is not possible unless a more powerful laser is used. Since 

we have neglected all background radiation, a pulsed laser is 

limited by the same general considerations. 

Turbulence in Temperature by Rayleigh Scattering 

For the temperature measurement a more complex analysis 

of the photon counting signal is required, as described previously, 

and Eq. (24) cannot be used directly to find the photon noise con-

tribution to the noise power spectrum of the temperature. How-

ever, the photon noise contribution will still be independeIit of 

frequency, and from (20) results in a relative standard deviation 

of 1% for 1 sec measurement time. This corresponds to the standard 

4 -1 deviation of a cpunting rate of 10 sec , which can be used in 

Eq. (24) to find 

G = 3 x 10- 5 sec 
p 

(34) 

for the photon noise'power contribution to the temperature power 

spectrum. This gives us 

G /G
t 

= 3 
P 0 

(35) 

and the photon noise is dominant even at low frequencies. As in 

the case of Raman scattering just considered, 

a(G)/G = 0.03 to (36) 
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from which we conclude that 10% rms turbulence in temperature is 

marginally measurable by the method of Rayleigh scattering. 

Turbulence in Temperature by Raman Scattering 

The photon noise results in relative standard deviation 

of 7.2% for 1 second measurement time, as given by (6). This 

corresponds to the standard deviation of a counting rate of 190 

-1 .. sec , g1v1ng 

and 

G = 1.7 x 10-3 sec 
p 

G /G
t 

= 170 
P 0 

(37) 

(38) 

Thus the photon noise power is much larger than the turbulent power. 

The spectrum analyzer will have a relative standard deviation given 

by 

a(G)/G = 1.7 to 

much too large for the measurement of turbulence. 

(39) 

The relative standard deviations for turbulence mea-

surements are summarized in Table II. 
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Conclusions and Discussion 

The conclusions of this analysis, which are apparent 

from Tables land II, are that both Raman and Rayleigh scatter

ing can be used for satisfactori time averaged measurements of 

density and temperature, but that only Rayleigh scattering can 

be used for measurement of the turbulence intensity. These con

clusions apply to the rather restricted case of a pr.emixed hy

drogen-air flame with 10% rms turbulence intensity, a 1 watt 

argon-ion laser, and f/5light collection optics. The follow

ing speculations on other conditions are offered. 

Flame: The conclusions are probably applicable to most premixed 

combust~on systems, as there will be essentially no particulates, 

and proper choice of the laser frequency will. at least for Rayleigh 

scattering, keep the background radiation from the combustion 

region small. We have found that it is not difficult to 

eliminate particulates from the air. 

For diffusion flames the situation is quite different. 

The interpretation of Rayleigh scattering is complicated because 

of the mixing of the fuel and oxidizer, which in general will 

have different mean scattering cross sections and molecular weights. 

It may be possible to prepare special fuel and oxidizer mixtures 

with the same mean cross sections by addition of various inert 

gases. Any formation of free carbon in the flame zone would 

greatly increase the Rayleigh scattering, which actually could 

be the basis of interesting measurements. 

Diffusion flames are normally non-steady and turbulent 
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in nature. Raman scattering, while unaffected by the mixing 

phenomena and relatively insensitive to particulates, is general-

ly not capable of following the real time fluctuations. However, 

since the turbulence levels are very large (~IOO%), powerful 

pulsed lasers should be capable of providing meaningful in-

stantaneous Raman measurements. However, it will be quite, 

difficUlt to obtain accurate temperature measurements. 

For particulate-free diffusion flames Rayleigh scat-

tering may give more accurate instantaneous temperature measure-

ments than Raman scattering. The uncertainty in molecular weight 

may not be a serious source of error, depending on the fuel com-

position, as one will also have the total scattering intensity 

at the same time. Further, Raman measurements could be com-

bined with the Rayleigh measurement. However, the Rayleigh 

scattering would be complex to apply, both in experimental in-

strumentation and in analysis. 

Laser: More powerful continous laser, approaching 10 watts, are 

available and can be used. Pulsed lasers with average powers of 

1 watt or more are also available, and are particularly important 

for Raman measurements where background radiation is a problem. 

The turbulent frequency spectrum can in principle be 

measured with low pulse rate lasers by using them in a double-

pulse mode, so that the auto-correlation function can be measured. 

Light Collection Optics: We have ,assumed f/5 optics in order to 
~ 

minimize the access problem to an experimental combustor. Lower 
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f/number optics require quite large windows and other special con-

sideratj.ons. By going to an f/1.2 system, the solid angle of light 

collection is increased about 16 times to 0.5 sr. This results 

in 16 times improvement in the Raman int'ensity. However, the 

signal for temperature measurement by Rayleigh scattering would 

be increased only a factor 4, because of the limitation on the 

aperture size of the Fabry-Perot interferometer. Thus, larger 

light collection optics is particularly advantageous for Raman 

scattering measurements. 

At this time both Raman and Rayleigh scattering should 

be useful instrumentation techniques for basic research in 

combustion phenomena. Their application to some forms of model 

combustors should also be possible, but'will require careful 

consideration of the operating conditions. 
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Density Temperature 

Raman 
Scattering 0.044 0.072 

Rayleigh 
Scattering 0.001 0.01 

Table 1. Comparison of the relative standard deviations for 
temperature and density using Raman and Rayleigh 
scattering. Assumed conditions: 1 sec integration 
time; 1 watt argon-ion laser; atmospheric pressure 
hydrogen-air flame at 2000oK. 
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Density 

0.6 

3 x 10-4 

9 

Temperature 

1.7 

0.03 

Table 2. Comparison of the expected sta!1dard deviations of 
the turbulent Fower sFectrum to the maximum-of the 
turbulent Fower spectrum. Assumed conditions: 
atmosFheric pressure hydrogen-air flame at 2000oK; 
1 watt argon-ion laser; 10% rms turbulent intensity; 
Gaussian turbulent spectrum with width (at 1/2 in
tensity) of 160 Hz; spectrum analyzer resolution 
of 48 Hz and 200 sec integration time • 
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SCATTERING 
6V = 0 

STOKES RAMAN SCATTERING 
6v = +1 

.... ~ __ ANTI-STOKES RAMAN SCATTERING 
--~~--~~~-- 6V = -1 

FIGURE 1. Schematic energy level diagram of a molecule indicating the 

low vibrational levels and Raman and Rayleigh scattering by 

excitation to a virtual state. 
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FIGURE 2. Schematic diagram for the measurement of Raman and Rayleigh 

scattering from the combustion zone of a hydrogen-air flame. 

The parameters common for both Raman and Rayleigh scattering 
, 0 

are: Laser: Argon-ion, 1 watt continuous power at 4880 A. 

Combustion: Premixed hydrogen-air, near stoichiometric 
with I = 20000 K, P = 1 atm, no background radiation, 
fluorescence, or particles. 

Scattering volume and detector optics: Scattering at 
900 of a 1 mm length of laser beam is collected by f/5 
optics (0.03 steradian). 



-26-

I 

a 

v 

b 

Figure 3. a) Intensity of Rayleigh scattered light plotted versus 

frequency v, showing Doppler broadening by random mole

cular velocities with half-intensity width 6vD• 

Instrument function g(v-v ) with half-height width 
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FIGURE 4. Assumed turbulent power spectrum Gt(w) with half-intensity 

width ~ • 
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.-________ LEGAL NOTICE--_--.....;-----. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their em'ployees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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