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SUMMARY

Laser Reman scattering techniques for combustion diagnosis have undergone

considerable development in the past several years and are now being employed in a

number of fundamental flame investigations . However , from an instrumentation viewpoint ,

practical combustion environments can differ greatly from the f lames typically employed

in fundamental studies. In particular , pulsed laser Reman thermometry experiments

have shown laser modulated particulate (soot ) incandescence to be an especially

severe problem. Particles in the measurement volume , which, at flame temperatures,

are already incandescent and contribute significantly to the total luminous emission ,

absorb the incident Reman Inducing laser radiation, heat to temperatures far above

ambient, and emit great ly Increased amounts of gray/b].ackbody radiation which can

exceed the sought-for Raman signal levels by several orders of magnitude . Under

Project SQUID sponsorship , a detailed study of this phenomenon has been conducted,

the results of which are reported herein. Laser irradiated particulate temperatures

were determined in a laminar propane diffusion flame as a function of focal flux level

and found to agree fairly well with a simple analytical model. In addition to incan-

descence , laser induced C2 Swan emissions were also found to be present. The laser

induced particulate incandescent noise was found to saturate with increasing laser

energy and to decrease in magnitude with shorter focussing lens focal length . Extrapo-

lated Improvements in signal to noise ratio with increasing flux levels from 2(lO~ ) to

~~~ W/cim
2 were on the order of a few h~zndred The effect of signal averaging Reman

data obtained from harsh (luminous, sooty) fluctuating media was analyzed . Ensemble

1.
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averaging pulsed Reman data leads to quantities dependent not only on average

temperature but also on the magnitude and correlations of fluctuat ions in density

and temperature, which can af fect measurement accuracy. Temperature measurements

were made on a clean flame and a temperature measurement demonstration was performed

on a soot seeded laboratory burner us ing a noise sampling and subtraction approach .

2 
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INTRODUCTION

With the development of high power , visible laser sources , Raman scattering

diagnostic techniques have received considerable attention for combustion diagnostics

in the peat several years ( Ref. 1). Laser Reman approaches have been advanced to

the point where they are now being routinely employed for fundamental flame investi-

gations (Refs . 2, 3). However, widespread application of laser Raman techniques to

practical combustion devices such as gas turbines, hydrocarbon combustors , furnaces ,

etc., is yet to be achieved. From an instrumentation standpoint, flames of practical

interest differ markedly from the flames typically examined in fundamental laboratory

studies . Environments of practical interest contain f lames which are generally tur-

bulent , h ighly luminous and particulate laden. These conditions lead to a variety of

problems, all of which can adversely affect the successful applicat ion of a particular

laser Reman technique . These problems arise due to the extremely low cross sections

for spontaneous Reman scattering , typically in the range of l_lO( 10 31) cm2
/sr. As a

result , spontaneous Reman signals are extremely weak and are easily masked by extraneous

light emissions from a variety of sources such as: Background Laminosi~~r The turbulent

diffusion flames utilized in practical devices are extremely luminous due to a c•3mbi-

nat ion of chemi].uminee cent and particulate radiations. Using the instrument and

coabustor described in Bets. li , 5 the radiative power density with propane fue l at

52OO~ was on tne order of 100 (io~~) Watts /cm3 
~ sr depend ing on stoichiometry . Such

power levels rule out the use of cv laser sources for Reman work in these env ironm ents

and can lead to low 8/N even for powerful pulsed laser sources . Laser Induced Particulate

Effe cts In situations where the bac kground luminosity is tolerab le or adequate ly

3
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suppressed by filtering or geometric design, the pulsed laser-particulate interaction

can lead to a variety of noise effects such as fluorescence , incandescenc e (due to

laser absorption and~ heat ing ), and molecular emission which mask detection of the

Reman data. In the Becondary zone of the aforementioned combustor burning methane ,

laser induced particulate incandescence was found to be especially severe (Ref.  5 ) .

There the (Reman signal)/( laser induced particulate inc andescence noise ) ratio f o r

a 25 kW pe ak power dye laser pulse was as low as 0.05 . In the laminar propane dif-

fusion flames studied herein , S/N ratios below l0~~ have been observed for 1~OO kW

laser power levels as will be discussed subsequent ly. Further study reported herein

has revealed that laser induced Swan emission ( from vaporiz ing c2 ) can be present In

addition to incandescence. Severe laser induced hydrocarbon fluorescence has been

encountered by Leonard (Ref.  6) in Eaman expe riments on a T53-L13A gas turbine engine

exhaust. Turbulence can also be a source of problems. For the small combustor (12 cm

dia ) studied , little laser beam steering or defocussing was measured, but such effects

could be problematical in larger devices . Since signal averaging is required in most

3ituations, turbulent f luctuations can lead to averaging errors when band intensities

need be averaged separately (Ref. 3).

Although the research under the subject contract has concentrated on the laser

modulated particulate incandescence problem , solutions to this problem are applicable

to those aris ing from background luminos ity as well. In addition the effects of tur-

bulent fluctuations on s ignal averag ing are also treated , so that in a sense , all of

the three major problem areas for spontaneous Reman scattering described above are

addressed herein . The next section of this report briefly reviews the laser modulated
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particulate incanden acence problem and presents an ana lysis of laser irradiated

particle heat ing. More details on laser particulate interaction physics are presented

in Ref.  5. Several potential solutions to this problem are described , two of which

have been investigated under the contract. A third approach , investigated under

corporate sponsorship (Ref .  7) is briefly described for completeness. Exper iments

on laser Irradiated particle “noise ” scaling are then described inc]~ding discussions

f appropriate particle seeding techniques. The problem of signal averaging pulsed

F~aman data from a turbulent medium is then addressed. Temperature measurements in a

“noisy” flame are then presented employing one of the previously discussed techniques.

The report ends with a series of conclusions and recommendations based upon the

experimental and analytical investigations conducteci . Appendix I includes a brief

tutorial review of Reman scattering together with a discussion of the theoretical

bas is underlying its use for thermonietry . Appendix II summarizes the computer code

used. to calculate Reman rat ios as a function of’ temperature .

5
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LASER MODULATED PARTICULATE INCANDESCENCE

4
Review of Laser Reman Thermometric Technique

Befo re proceeding to discuss the laser modulated part iculate incandescence

problem, the laser Reman thermometry approach employed in these studies will be

briefly reviewed . For the reader unfamiliar with Reman scattering, a brief review is

presented in Appendix I together with a discussion explaining its use for thermometry.

The approa ’h followed here is described In detail in Ref. i~ and depicted schematically

in Fig . i. The output from a dye laser ( tuned to 5877~) is introduced into the

medium tinder study coaxially to the main light collecting optics by the series of

mirrors , M. The spectrometer is arranged to detect vibrational Reman scattering

from N2, since N2 is the dominant constituent in an airfed combuator . Scattering at

right angles to the laser beam is also possible us ing a different optical routing

not shown . The small lens, L, focuses the dye laser beam down in the region from

which scattering Is to be observed . Baffles and light tubes are employed to prevent

the detection of any spurious scattering from within the spectrometer. Scattered light

Is collected at the focal length of the forward lens (10 cm diem, f/2.9), the colli-

mator , which is translatable so that different sample volumes can be probed. The

:~ liimated output is focused down by a similar lens and recollimated to produce a

2.5 cm diem beam after the recollimator. The aperture, 5, and obscuration disk, 0,

determine the spatial resolution ( for backseattering) in the sample volume as described

in Ref. Z1~ Beyond the recolllmator , the scattered light passes through a trlchroic ,

which passes the N2 Stokes (68io~) and anti-Stokes (5l69~) components and attenuates

7
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by 1O~~ light centered about the dye laser wavelength, e.g., Rayleigh, Mie scattering.

Spectral separation of the signals is achieved by the dlchroic, D. The Stokes signal

then passes through 12 mm of Schott RG 630 glass which has an attenuat ion, based upon

bulk absorption, of lO 2
~
) 
at the dye laser wavelength. Mounted directly in front of

the 3l000A photomult iplier tube is a narrowband , lO~ or 50~ wide , interference fIlt~ r.

The anti-Stokes passes through several cut-off filters with an estimated 108 rejection

at the laser wave length , through a lO~. wide narrowband filter to a 8575 photomulti-

plier. The PMT signals are amplified and sent to an oscilloscope (subsequent to

some smoothing) for viewing or to an averager. Temperature is obtained from the ratio

of the vibrational anti-Stokes to Stokes Reman intensities . Appendix II contains a

description of the computer code used to determine the temperature dependence of the

anti-Stokes to Stokes rat io for the experimental conditions pertaining .

The dye laser used for the combustor tests to be described subsequently is

similar in design to that described In Ref. 8. After spectrally condens ing and

tuning with a low finesse mu].tilayer dielectric etalon, the laser typically produced

25 millijoules in the Reman sample volume . The laser width ( FWHM ) was about 1 ~sec.

That laser has since been replaced with a Phase-R Co. Model DL-2 lOOC which was employed

in the experimental studies conducted under the contract .

Thermometry Experiments in Model Combustors

Laser Reman thermometry experiments were conducted tn a hydrocarbon-fueled ,

axisymmetric model combustor employing coax ial inj ection of fuel and heated air

shown in Fig. 2. The device was designed to display the essential features of many

8
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practical combustors such as jet engines , industrial gas turbines, etc • More

complete details in regard to the characteristics of this combustor are to be found

in Ref. 9. In the tests to be described , the cotnbustor was operated at 1 atm pressure

with methane fuel and a mass flow rate of 0. 3)10 k~ n/8ec. Measurements were attempted

at window location 6.

The nature of the major problem encountered during these exper iments is displayed

in Fig. 3. The top trace displays the Stokes Reman signature obtained from ambient

air at 300°K in the combustor prior to ignition. For reference, If af ter ignition,

the combustor operated at 1500°K, the Stokes and anti-Stokes Reman signals would be

approximately lL1~ percent and 21 percent , respectively of the 3000K Stokes signal .

Note , however , that with the combustor operating, the signals actually obtained on

the Reman channels are cons iderably larger than the 300°K Stokes signal and clearly

do not arise from Reman scattering . The largest of these noise signals is about

20 times larger than the anticipated Reman signals . Although Mie scattering was

initially suspected to be a possible cause of these spurious signals, it is the unlikely

explanation for several reasons . Mie scattering would occur at the same wavelength

as the incident laser light and, hence , reside outside the pasabands of the spectrometer.

Despite large Mie cross sections , the Reman spectrometer possesses more than enough

rejection to suppress detecting even strong Mie scattering. Furthermore , the magnitude

of the noise was sensitive to the spectrometer passband-width indicative of noise

within the spectrometer paasbande, not in the rejection zone . Lastly, Mie scattering

is instantaneous and would exhibit the same temporal behavior as the laser end Reman

signals. Examination of Fig. 3 reveals that the spurious signals exhibit a lag of

approximately 0.5 I~eec in peaking and about a 1-2 ~aec tail.

9
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The effect being seen is believed to be laser modulated particulate incandescence .

Particulates (soot) in the measurement volume absorb the incident laser radiation,

heat up and emit great ly increased amounts of broadband blackbody radiation. The

plaus ibility of this mechanism is supported by comparing the amount of radiation a

s ingle particle can emit into the Reman passbands with the Reman scattering produced

pri~ ented in Tables I and II respectively .

TABLE I

Particulate Blackbody Radiation Levels ( Joules)

Signal Channel/Diameter (~&) 0.01 0.1 ] . 10

Anti-Stokes 3.13 (-21) 3.13 (-19) 3.13 (-17 ) 3.13 (-15 )
Stokes 3.67 (-21) 3.67 (-19) 3.67 (-17) 3.67 (-15 )

TABLE II

Collected Reman Energies ( Joules )
25 mJ laser input ener~~r

Signal Channe l/Temperature 1500°K 2000°K

Anti-Stokes 1.63 (-16) 2.00 (-16)
Stokes 3.70 (-1.6) 2 .75 (-i6)

Lamer Irradiated Part iculate Heating

In Ref. 5 it is shown that except for low laser flux levels and the smallest

particle sizes (<0 .l~i) ,  that heat conduction to the surrounding gaseous medium is

insufficient to restrain the particle surface temperature from reaching the vaporization

ID
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temperature. Also, it can easily be shown that blackbody radiation is unimportant

via-a-via the part icle thermodynamics although it is a major problem to the Reman

diagnostician. Consequently, only vaporization physics need be included in the

particle heating analysis for the laser flux levels of interest here.

The analys is is similar to that employed by Chang , et al ( Ref • 10). The

continuity equation at the particle surface-gas interface is

da
P5~~~ = p v  (1)

where a is the particle radius ; p8, particle dens ity; p.,,, the vapor density; and

v , the vapor velocity. Equating the ener~~r absorbed from the incident laser flux,

q, to that consumed in vaporization yields

d14 2L~~~~=~~~qTia (2)

wher ’~ L is the latent heat of vaporization; M, the particle mass; ~~, the particle

absorptivity, and ~ , 
a refractive index dependent term which accounts for reflection

from the particles, assumed to be spherical for simplicity . Since

M = ~~~rvp8a , ( 3)

Eq. (2) may be rewritten

(4
dt -

The vapor velocity is assumed to be given by the L~r~g~iiir eva oration rate

whe re MA is the atomic mass of the vapor; k , Boltzm~nn ‘a constant , and T8, the

particle surface temper ature . It has been assumed here as in Ref. U that the vap or

U.
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at the surface is In the rmal equilibrium with the surface temperature . For the

velocities calculated from Eq. (5), it can be shown that the streaming energy term

(Ret .  12) of the vapor can be neglected relative to the IRS of Eq. 2. The vapor

pressure , ~~~ dependence on surface temperature is obtained from the Clausius-

Clapeyron equat ion

t im *
* ________

= 

~~ 
exp 

~ T T
~v s  v

wli :re p is the vapor pressure at reference temperature Tv
*, and R

~, 
the gas

~~x istant .  In the temperature range from 2000°K to 4000°K, C
3 
is the major carbon

vapor species, and together with the thermodynamic properties of carbon (Ref. 13)

permits evaluation of Eq. (6). Combining the foregoing equations, the incident

laser flux can be solved for explicitly as a function of particle surface temperature,

viz.

= exp L~Ts
_Ty*)MA

~~ \~kT5 kT9T~*

Ix. FIg. 4 , surface temperature is displayed as a function of laser flux us ing

Eq. (7) for an atmospheric pressure combustor operating at 1500°K. As can be seen

f ~~r laser fluxes In excess of ~o6 Watts/cm2 , superheating of’ the part icles Is

predicted , i.e., the surface temperature exceeds the 1 atm vaporization temperature.

k~.though superheating of the particulates is predicted , the surface temperature exhibits

a relatively week dependence on laser flux as shown .

Also shown in the figure are the surface temperatures predicted for conductive

heat transfer to the gas balancing the incident laser radiation (Ref. i~)

12
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T - T  ~~~~~~~~~
~ ~~~

- (8)

where T0 is the initial particle surface temperature and ka the the rmal conductivity

Potent ial Solutions

~~i relevance of the foregoing analysis resides in the suggestion of solutions

to  the par’ i~ u1ate noise problem and the evaluation it can provide of’ these possible

solutions .

Qptlmal Laser Flux

The predicted variation of particle surface temperature with laser f lux ,

Fig. ~~~, ind1cat~ s that particulate emission will increase with increasing laser flux

clu. t o the ~n~reased particle surface temperatures which result . It might appear

desirabi’ then to operate at low laser flux levels . However , S/N cons iderations

indL- it ’ Just the opposite to be true . The Reman signal power , 
~r ’ scales with

inc Ident laser power , P~ , in the well known manner (Ref. 1)

( 9)

where n Is the number density of molecules in the initial scattering state ; ~~~~~~, the

Reman cross section ; ~
), the collection solid angle ; L, the sampling extent; and € ,

the collection efficiency. Alternately, the Reman power scales with flux , thasly,

S qA Z (io)

where A is the focal spot size of the inc ident laser beam.

13

_ _ _ _ _ _ _ _ _ _ _ _ _



R76-952296-2

The total amount of lacer enhanced blackbody noise , N, emitted by a dispersion

with a particle radius, a, distribution function n(a) is

2r~(10
4)bc2c2AxsA2 •~2 a

2n(a)
N = 

~ hc/kT X da (ii)
a1 e ~ - l

where h is Planck’s constant; c, the speed of’ light; and ~X, the spectrometer

bandwidth at wavelength X. The noise Is of course flux dependent through the

temperature appearing in the exponential term of the Planck blackbody relation.

The noise thus scales as

N — f(q) AL ( 12)

where f(q) represents the flux dependent temperature term in Eq. (ii), name ly the

integral of (e~~ /’kT A _ 1)
_ J~ The S/N

- - -  
S/N — q/f(q) (13)

and is solely flux dependent. Because of the relatively weak variation of particle

surface temperature with laser flux (Fig. 4), the 3/N will increase with increasing

laser flux. For example, the Fig. 3 data were obtained at a flux level of approxi-

mately 2(10~) W/cm2 . From Eq. (13) the Improvement In the S/N ratio, SM, can be

calculated for various levels of increased laser flux. The results are shown below

in Table III for both the anti-Stokes and Stokes channels . The noise levels at

the 2( io~) W/cm2 level were assigned a relative ma~ iitude of unity.

14
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TABlE III

SNI With Increasing Laser Flux

Flux(w/cm2) T5(°K) N~~ SNIAB SNIg

:(io~) 3500 1.0 -- 1.0 --
2(106) 4100 3.2 3.1 2.11
2(10~) 4500 5.9 17.0 3.8 26.0
2(108) 5100 12.9 78.0 6.9 145.0
2(109) 5700 21.7 46i.o 10.2 980.0

These SNI would lr ad to S/N in the range from 10-100 for the conditions previously

stud I~’I at th’ highest laser flux levels assuming that the combustor gas breakdown

threshold is not excced d. For wavelengths in the visible and unclean air, breakdown

is estimated to occur in the 1O9 to 1010 W/cm
2 
flux range (Refs . 15, 16). Investi-

~ jt1On~ 01 t h -  scaling and magnitude of laser modulated particulate incandescence

r.oi~ . we re a major focus of the experimental program conducted under the contract

and will be described subsequent ly.

Noise Subtraction

Another possible solution to the particulate noise problem Is to sample the

noise in a spectra]. region adjacent to the Reman band simultaneously with the signal

and to subtract the noise from the “Reman ” signal . In the following analysis, the

accuracy of this approach will be examined for shot noise limited detector s such as

photomultipliers which are c~~~ only employed In Reman work . It is assumed that both

the signal and noise channels can be accurately calibrated relative to one another

and that no error results from this consideration. The signals and typical relative

15
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errors (due to photomultiplier shot noise) on both the “signal” and “noise ’ channels ,

assuming Poisson statistics (Ref.  17), can be written

S = T~(n~ + n~ ) *~~T~(n~ + n~ ) ( 14)

= 1~~ ±44~~~

where ~ is the detector quantum efficiency; n5 , the number of signal photons , and

th e— number of noise photons . Subtracting the “noise ” channel from the “signal ”

r harinel leads to the true signal , 7~i~ with a relative error of

~~~~~ l + 4 i + f  
( 1)-

where I is the average single shot S/N ratio, i.e., fls/tin •

FIgure 5 dIsplays the relative error or subtraction accuracy as a function of’

signal photon level for 20 percent quantum ~fficiency detectors and various S/N

values. As can be seen , only for fairly large signal levels (> iou) can small

relative errors be obtained even for S/N values of 10. For single pulse thermometry

where two signals (e.g., anti-Stokes, Stokes) are ratioed to obtain temperature

information, the relative error would approximately double. The actual error in

temperature would be somewhat less generally due to the slope behavior of the ratio

a ~‘~~~ ti3r. of temperature . With a laser possessing both high flux levels (to

increase r) and high pulse energy (~~ i Joule), a subtraction approach would offer

Improved temperature measurement accuracy. For example , with 1’ ~ 10 which would

lead to single pulse temperature measurement accuracies of 15-20 percent , a subtraction
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approach with a l0~ photon signal level would lead to a measurement accuracy on

the orde r of 5 percent . For single pulse thermometry and low f (<  i) subtraction

approaches appear to be of marginal utility, however. A more detailed analysis of

noise subtraction and the implicat ions of’ signal averaging Reman data will be

presented later in this report .

Reman Amplitude Modulation

From the previous discussion of laser Irradiated particle heat ing (Ref. 5),

it is cle ar that no significant phase beha iior is exhibited by the particle surface

t~ rnp~ rature , which could be exploited In some manner to suppress the noise . Con-

sequently phase behavior must be externally introduced into the exper iment , either

ir.to th~ &.man s ignal or Into the noise which can then be used in some manner to

separate the signal from the noise. One such approach , investigated under corporate

sponsorship (Ref .  7) and inc luded here for completeness , is illus trated in Fig. 6.

The technique involves rapid rotation of a polarized laser beam to amplitude modu-

late the Reman scattering. Most importantly, the technique avoids amplitude modu-

lation of the incident laser beam which would lead to amplitude modulation of

particulate incandescence and f luorescences and, thus, diminish the effectiveness

ox Reman a.m. detection .

The approach takes advantage of the polarization properties of’ vibrational

Reman scattering exhibited by molecules with near vibrat ion symaetry, e.g. , N2,

namely, small depolarization ratios. In Fig. 6, the technique is illustrated for

a right angle viewing geometry . It can also be implemented in other geometries ,

such as backacattering, by insertion or a polarization filter In the spectrometer.
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The polarized laser pulse is passed through a Pocke ls cell driven to half wave

voltage at high frequency. This rotates the polarization between 00 and 90° at

a rate equal to twice the drive frequency. In Fig. 6, only the vertical component

gives rise to significant Reman scattering leading to nearly complete amplitude

modu1atiox~ of the Reman scattering. For a dispersion of r andomly oriented particles ,

laser Induced incandescences and, possibly fluorescences as well, are not modulated

since the absorption of radiation by the dispersion would not be expected to b”

polarization sensitive. Thus the noise would smoothly follow the laser pulse

envelope exhibiting little or no phase behavior (Fig. 3). The drive frequency to

the cell is chosen to be suff ic iently ~ ‘eater than the characteristic high frequency

components of the laser pulse spectrum. In the simplest embodiment of this approach ,

the modulated Ram an signal riding on the smooth noise is separated from the latter

by passage through a high frequency bandpass filter.

Under corporate sponsored programs, this approach has been experimentally

evaluated . Amplitude modulated Reman scattering was produced and the laser induced

particulate incandescence noise was found not to be amplitude modulated as initially

hypothesized. However, upon bandpass filtering, very modest (<10) improvement.3

in S/N were obtained due to the photomultiplier shot noise on the laser induced

partl:ulate incandescence signal. Photomultiplier shot noise Is essentially the

variation in the photomultiplier outpu t s ignal arising from the statistical nature

of the photon detection process at the photocathode (Ref. 17). The shot noise is

near ly spectrally white in character extending to the upper frequency response limit

of the photoinult iplier (Ref.  18). The improvement in S/N through filtering can be

18
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crudely estimated us ing the following scheme . The initial S/N may be written as

~~~~ a5 and riB are the total number of signal and background photons incident

on th’ tube during the pulse time 1. Due to the 50% duty factor , the number of

signal photoelectrons generated during a characteristic response time tr of the

photomultlplie r Is ~Tki8
-
~~, where TI is the tube quantum efficiency. The response

time, t r ,  is the width of the photoelectron output resulting from a light impulse

and arises due to the photoelectron transit time spread through the dynode chain.

It is related to the upper frequency response of the PMT, f’r~ 
roughly as 

~
‘r = 4tr •

t r I t rLikewise the number of noise photoelectrons is TInB~~ , and the shot noise 
~
T
~
nBT.

The amount of shot noise, assumed spectrally white, passing through the filter is

then ~j11nB~~ M1fr where t~f is the bandwidth of’ the filter. Hence the SNI (S/N

improv me~ t )  through filtering is

SNI = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (16a)

or SNI = ( 16b)

For the conditions examined, namely ~f = 1OT Hz , ~ = O.O~4 , ~B ~ l0~ , tr ~ 15( 10 9)

see and r = 8O0( lo ’
~~), the SNI is predicted to be only about 5, approx imately that

experimentally determined. The~ large filter bandwidth, ~f , is necessitated by the

3rlo r t laser puls e duration. Note also that the SNI is dependent on the absolute

noise level. For large r 
~B’ the FWT shot noise is correspond ingly a smalle r fraction

of the absolute noise signal and is better suppressed by the filtering. In Reman

work where the photon yields are small , typically 103_lOll 
photons per pulse , low

S/N ratios still engender low noise photon levels . T~’e aforementioned technique
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would be quite useful for polarization sensitive processes where the photon yields

are much greater. For example , if n5 = lO~ and = io
8, an initial S/N of .1, the

SNI us ing the modulation technique would be 500, resulting in a S/N after filte rIng

of 50. Although the SNI could be further increased via phase sens itive dr tectlon

with a long time constant and subsequent averaging, this approach with Its mo re

complicated apparatus does not offe r any advantage over the simpler noise sampling

and subtraction schemes previous ly discussed.
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LASER IRRAD IATED PARTICULATE N0]BE SCALThG

The goal of this portion of the experimental program is aimed at investigating

the validity of’ the previous ly described analysis which predicted a relatively weak

dependence of particle surface temperature with laser flux level. This , In turn ,

led to the predicted S/N improvements with Increas ing focal flux displayed In

Table III. In the following portions of this section , the interaction of particu-

lates with laser radiation will be discussed, various seeding approaches will be

reviewed , those chosen described and the experimental results obtained will be

presented.

Interaction of Particulates with Laser Radiation

The absorption of laser radiation by the particulates will be considered

following the treatment developed in Ref. 19 concerning the effects of aerosol

p4rtlcle heating on laser beam pro~.~gation.

The absorptici. cross-section, Cia, of particles with radius a is assumed to

behave as

a > 6  C7a = B( r1)~~~~~ a < 6  (17)

‘~.‘here ~ is an absorption length parameter to be evaluated subsequently. ~(n )  Is a

function of the index of refraction which accounts for radiation reflection off the

particle surface , and for carbon, Is about 0.9. More exactly 6 is given by the

express ion

2. 22n~B
1(n). 2kn ‘1 2 2  2 2 2 (18)

~11.no ~1 
+ 

~~~ 
_
~ 1 +2)
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where n = no - in1 is the complex index of refraction, and k, the wave vector,

2n/X . The optical constants of soot have been measured (Ref. 20) and are not

critically dependent on the hydrogen/carbon ratio . At 550 rim ( the laser “line” is

approx imately 587 rim),  n0 = 1.56 and n1 = o.!~6. Inserting these values in Eq. ( 6 )

gives a value for 6 of 0.].i&. For carbon particulates ( soot ) larger than O.l4 .i~, laser

absorption is essentially geometric while for smalle r part ic les the absorption is

less than geometric by the factor a/6. In the previously displayed (Fig. 1~) laser

irradiated particle heating results, the dependence of the absorption cross section

with particle size was taken into account in preparing the heat conduction curves .

Although simulations of laser induced combustor noise had been performed with

Arizona natural dust (Ref .  21), it is clear from Eq. 18 that attention be directed

to the refractive index constants of any proposed seed . For example , alumina

particles come in well controlled size ranges and might appear attractive for

seeding purposes. However, alumina possesses an imaginary refractive index component

of 10 6 in the visible (6 very large in Eq. (18)) so that the visible absorption

coefficient varies from l0~~ to l0~~ times the geometric cross section for particles

in the 0.1 t~ 1.0~,i range respectively (Ref.  22).  Consequently, very little incident

ener~~’ Is absorbed by an alumina particle, and little heating occurs unlike the

situation with carbonacious particles . Furthermore , the emissivlty of alumina is

a factor of two to three lower than that for carbon (Ref.  23), leading to reduced

rad iative output for whatever heating does occur . Hence , it is not surprising that

the purposive int roduction of alumina particles has had little effect on laser Reman

diagnostic accuracy (Ref.  24). In fact, alumina particles are sri excellent seed f ~ r
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simultaneous WV - laser Reman work since laser induced , alumina incandescent

noise should be quite small.

Seeding Approaches

It is clear from the foregoing discussion that if one wishes to study laser

induced particulate noise from combustion generated soot , then carbonaclous seeds

should be employed. Preliminary tests with simple , air convective seeders proved

the m to be temporally Irreproduclble and unsteady. Discussions with colleagi~~s

experir need in seeding indicated this could be a ve~~ t ime consuming avenue of

approach . A soot generator similar to that of Ref. 25 but without a heated chimney

was fabricated and also found to be temporally unsteady due to nozzle unclogging

and logging. To avoid these difficulties and in an attempt to obtain reproducible

data , It was decided to irradiate singly suspended particles in an already existing

particle suspension apparatus available in the laboratory . With this apparatus

which will be described subsequently, particles 5~& in diameter and larger could be

suspended . During the course of these experiments , partic le sizing measurements

( R e f .  26) made on the previous ly described combustor (Fig. 2) approximately 1.5 in

downstream from the fuel injection location revealed an average particle size of

approx imate ly O.O4~ at a number density of 7 x 108 cm 3. Due to the size sensitivity

of particle surf ace temperature at modest flux levels , these particle suspension

exper iments were terminated due to the large particle constraint of the apparatus .

Since laminar, hydrocarbon-fueled , diffusion f lames are known (Ref.  27, 28) to

produce soot in the size and density ranges measured above , It was decided to study
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the scaling of laser induced particulate noise in such flames. Before proceeding

4 to dlscusa the results of these studies , the s ingly suspe nded, laser irradiated

particle studies will be briefly reviewed .

Singly Suspended Particle Studies

Figure 7 schematIcally depicts the arrangement employed for the laser irradi-

ated , singly suspended particle studies . The individual particles were suspended

electrodynamically in a cubical electrode array in a manner detailed in Refs . 29,

30. Copper electrodes , 5 cm in diem with a 2 .5 cm aperture, arranged In a cube

6 .3  cm on a side were housed in a plexiglas container fixed with pyrex viewing

and irradiat ion windows . Carbon particles placed in a reservoir drop through a

L~00 mesh screen and pass through a positive corona discharge apparatus atop the

plexiglas container. The electrically charged particles then enter into the

cubical electrode volume and orbit in the fields . Minimum orbit diameters are on

the order of lOQa • The particles are viewed by a lOx microscope and positioned in

the focus of a helium-neon laser beam of approximately 150i.~ diameter by appropriate

d.c voltage adjustment . The minimum dye laser focal diameter is about 7OO~ and,

hence , the above procedure permits accurate centering of the focussed, dye laser beam

the particle . The laser induced particle radiation is monitored on the two

channel Reman spectrometer which for these studies functions as a two color

pyrometer. For these studies the spectrometer was calibrated against a blackbody

source at 1258°K.
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Initial. studies employed Union Carbide graphite #38, guaranteed at 98.5* less
44

than 200 mesh. The graphite was further sieved through 400 mesh prior to placing

It in the reservoir. Absolute particle radiation levels tended to be irreproducible

presumably due to lack of particle size control from shot to shot , i.e., the

particles were s imply less than 4O~,i. Much more reproduc ible behavior was obtained

us ing a “ 5~.i. ” graphite powder from Consolidated Astronautics.

Quite Interestingly, the relative radiation levels at 5l69~ and 68ii~ ( the

filters used for detecting the vibrational Reman from N2 for excitation at 5877~)

~i id not correspond to the Planck radiation law at any temperature , except for the

smallest flux levels studied (< 106 W/cm
2
). Even when “temperatures” were obtained,

they were far above those predicted In Fig . 4. Assuming an excess amount of radiation

at 5l69~ , it appears Swan band emission from C2, a major vaporization product (Ref.  31),

is being detected in addition to incandescence. The Reman anti-Stokes N2 filter at

5l69~ would Include the (o,o) Swan band head at 5165g. There are numerous cases in

the literature (Re t’s. 32, 33, 34) where C2 Swan band radiation has been excited In

ruby laser irradiated graphite studies . In Fig. 8, the Swan spectrum produced from

a 0.3 cm dia graphite rod irradiated with dye laser radiation at 595O9~ is shown.

Note the strong (o,o) band at 5l65~ .

With the advantage of tunability, the Swan bands can be avo ided with a dye

laser appropriately tuned . For the diffusion flame data to be reported subsequently,

the laser was retuned to 5917k placing the N.2 Reman Q branches at 520O~ and 6861i~ .

Note that around 520C~ , there is a Swan band “window.” Unfortunately, fixed frequency
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lasers are not so f lexible . Table IV shows that Swan interferences from laser

irradiated soot may be present for N2 Reman studies using either ruby or fr~quen~~ -

doubled YAG lasers.

TABLE IV

Potential Laser Reman Swan Interferences

Q Branch N2 Reman
Laser, Wavelengt h Wavelength , Angatroms Swan Band

Ruby , 6943 8284
5976 6004.9 (3,~ )

5958.7 (4 ,6)
2x Nd : YAC , 5320 6073 6322.1 (1,3)

6059.7 (2 ,4)
4733 4737.1 (1,0)

Laser induced Swan band emissions have also been produced from combustion

generated soot as will be seen in the next section.

Laminar Diffus ion Flame Studies

To simulate the soot sizes measured in the Fig. 2 combustor, the majority of

the laser irradiated particulate “noise ” studies were conducted on laminar propane

or methane diffusion flames. These were stabilized on a stainless steel tube

0.64 cm in outer diameter with a 0.48 cm bore . These tubular diffus ion flames are

very similar in appearance to candle flames as seen in Fig. 9. To ensure spatial

stability of the flame , the tube was housed in a 6 armed glass cross. The four

horizontal arms were fitted with pyrex windows for laser Irradiation and viewing.

The upper arm was open; the lower arm elevated slightly off of the base support
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to avoid oxygen starvation. The data from these flames are quite re~ ’oducible as

shown in Fig. 10 where a triple trace overlay is displayed of the laser modulated

particulate incandescence In an —‘ LL~ bandwidth centered at 5230k and 68641. The

laser induced noise leve is in these flames are very high; the ( Razaan signal) /
( laser induced particulate no ise) Is typically below l0~~ when propane is used.

Neutral dens ity filters were used to attenuate the laser induced noise prior

to detection by the Reman spectrometer.

The spectral radiant emittance ( radiant power per unit area per unit wavelength

interval) is given by the Planck radiation formula

2
= ,.,~~~

,,, ( 19)
“ X~(e

”
~
’”
~~ - i) ‘

~

whu re h is Planck’s constant; c, the speed of light ; k , Boitzmann ’s constant; T,

temperature , and e
>~ 

the emissivity, which Is assumed to be roughly constant between

~000 and 70001 (Re f .  35). If the laser induced incandescence is monitored at the

anti-Stokes , X A, and Stokes, ~~ wavelengths , then particle surface temperature may

be obtained from the relation

?S 1,~ ~ \
k ~~~~~~ (20)

5 +
wS

::a~~ rally one monitors the photomult iplier tube output which is related to ener~~’

received via the collection efficiency of the Reman spectrometer, the tube sensi-

tivity and gain . Actually only the r~~io of these factors for the two spectra]. regions

of interest is required and this is readily obtained from a blackbody calibration.

In the present experiments, the spectrometer was calibrated against a tungsten
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filament whose brightness temperature was measured with a calibrated optical

pyrometer. The spectral variation of the emissivity of tungsten is well known

(Ref .  23) permItting the actual filament temperature to be ascertained . Thus from

data similar to that of Fig. 10, particulate tempe ratures can be ascertained as a

function of laser flux level.

In Fig . 11, the me asured particle surface temperatures as a function of peak

laser focal f lux level are shown. The particulate incandescence was monitored at

52 301 and 68641 to avoid Swan band radiations. The data were generated by varying

both the focal length of the focussing lens and the laser pulse energy as shown by

the varying symbols . The focal fluxes were experimentally determined by measuring

the n~ rgy transmitted through varying size apertures at the lens focus . The

flame was irradiated about 1.3 cm above the tube end , approximately half of the

flame he ight . The spre ad In the data points at any given focal f lux is indicative

of the apparent measurement error , approximately ± 10*. Also shown is the temperature--

focal flux dependence (dotted) predicted by the quasi-steady laser irradiated

partIcle heating analys is . The agreement between the analysis and the experiment

Is fairly good . The data point at the lowest focal f lux would be expected to be at

a considerably lover temperature as seen since , for particle sizes prevailing in

the flame , heat conduction should be Important at the lover f3i~ix level (Fig . 4 ) .

Particle sizes and number densities were determined for the flame us ing a Mie

scattering/absorption technique. To increase the absorption path length, a specially

constructed burner consisting of eight aligned tubes was constructed. These measure-
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ments Indicated an average particle diameter of about o.o4~ and a soot dens ity of

4(1010) cm 3. Recall that similar measurements in the Fig. 2 combustor indicated

roughly the same particle size and a density of 7 x 108 cm 3; hence , good size simu-

lation was obtained . The absolute number density level affects only the magnitude of

the laser induced noise generated .

A series of flame temperature measurements shown in Fig. 22 was made us ing the

5169, b8lll filters. Not surprising with this filter set , the me asured “temperatures”

are quite high at the higher laser f luxes , due presumably to Swan emissions from C2

contributing to the radiation under the 51691 filter, leading to abnormally high WA/Us
ratios . At the flux levels above 10’T W/cm2 , WA/WS is so high that Eq. (20) yIelds

~ativ~ temperatures .

UI’ rn~ re imsediate importance, of course , is the scaling of the absolute noise

level. In Fj ~~~• 13, the absolute noise level (arbitrary units ) is shown as a function

~V laser pulse energy with focussing lens focal length shown parametrically. Recall

hat the R azn an scattering is sole ly energy ( not flux ) dependent. As can be seen , the

r4oise after rising sharply in the 1-60 mJ energy range , becomes near ly constant there-

after , and decreases with decreasing focal length. The highest energy data points,

wh~re the noise is somewhat lover (by 15-30% ) than that at lover energies , were obtained

~i~f f ”~rent experimental run and ref lect the difficulty of reproducing accurately

the absolute noise levels. Since there is no obvious physical reason for the noise to

decrease with increasing energy, the curves have been drawn fiat . Aperture losses

prevented obtainment of the higher energies with the shortest focal length lens.
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The behavior shown in FIg. 13 arises for two reasons: Firstly, the smaller

focal length lenses lead to smaller focal diameters resulting in fever particulates

being irradiated by the Raman inducing laser pulse. Secondly, for focal fluxes above

a few megawatts/em2 vaporization dominates the heat transfer for the small particles

in the flame ( Fig . 4) leading to the fairly flat temperature behavior shown in

Fig . 11. As the energy increases , the particulate temperatures increase only gradutJly

leading to the fairly flat variations of noise with energy seen. Despite the higher

surface temperatures at low energies, which result from the smaller focal length

lenses , the absolute noise levels for the various focal lengths are comparable at low

energy due to the decrease in the number of particles irradiated with shorter focal

lengths .

From Fig. 13, the SNI (signal/noise improvement ) for the varying focal length

lenses can be determined . For example, for the 40 cm focal length lens the Stokes

noise increases from 3 to 10 for an energy increase from 6 mJ ( corresponding to a flux

c~ ~(i0~ )W/ cm2 ) to 300 mJ, a SM of about 15. A comparable SNI results by switching

from the 1e0 cm lens to the 10 cm lens , but for a smaller increase in energy, i.e. ,

to 90 mJ. Assuming the noise continues to exhibit the flat behavior for the 10 cm

focal length lens, for slightly over an order of magnitude increase in energy to

1.8 J (a focal flux of -~ ~Q9 W/cm
2 ), the SNI would be on the order of 300. This is

less than that predicted in Table III , and probably results from the fact that experi-

mentally one does not have a uniform focal flsx distribution. About 20% of the laser

energy at the focal point resides in poorly focussed wings . Consequently, the outer
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regions of the focal spot, possessing considerably lover flux levels , do not heat the

particles as strongly as the central region leading to a washing out of the stronger

scaling predicted. Nevertheless, the results clearly indicate the S/N advantages to

be gained from operation at high focal flux levels . In general then , in sooting

flames one should operate at the highest f lux levels possible, short of the gas

breakdown threshold, of course.

High Focal Flux Problems

~)the r than the obvious problem of gas breakdown, operation at high focal fluxes

~~ r1 l ad to other , perhaps less apparent problems . For small scale research combustors,

r~i~-h Vocal flux levels generally lead to high flux levels passing through the optical

ports ef the device. In Raman tr sts on the Fig. 2 combustor with a ruby laser

:~tt 1r~g at about half a joule in 30 nanoseconds, window breakdown c~curred for

focussing focal lengths less than 70 cm even in schlieren grade quartz windows .

Another problem encountered on the Fig. 2 combustor using a dye laser was window

fluur ’~~c’~nce which led to noise interferences on the Stokes Rainan channel. This

oc’urred for flux levels through the window on the order of io6 watts/cm2. Although

the fluorescent noise was easily circumvented by observing the Raman scattering at

-
~~~~

-:
~~ ar ;l~ s , right angle viewing usually leads to higher luminous background noise

levels for the optical collection system shown in Fig. 1. This arises due to the

larger sampling volume that right angle viewing engenders relative to coaxial viewing.

ThIs is illustrated in FIg. 14. With unity ma~iIfication in the primary collection

lens system, the Raman sampling extent at right angles is determined by and is equal
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to the aperture opening A. However, all background light within the depth of fiel’:

of the optical system will be seen by the spectrometer. The depth of field is

approximately 2fA/D, where f and D are, respectively, the focal length and diameter

of the collection lens. The total sampling volume is (n/2)f’A3, where f’ is the f

number of the lens system, i.e., r/D. With coaxial collection, i.e., backscatteriri~
:,

the aperture A can be significantly reduced since the Raman sampling extent is allgne

with the depth of field. For equivalent Raman sampling extents and an f/3 lens ~yster

the aperture opening A for coaxial scattering can be made a factor of six smaller thai

that for right angle viewing, leading to a reduction in sampling volume of 216.

This is an extremely important cons ideration particularly when attempting measuri a~nt~

in the luminous envIronments characteristic of many practical combustion situations.

With right angle viewing, the (Raman signal)/(natural background luminosity noise)

ratio In the primary zone of the Fig. 2 combustor burning propane was below lO
_2

precluding Rwnan measurements. Special window desIgns may prevent detection of the

fluorescence and permit use of coaxial viewing schemes. Designs involving compound

windows with opaque barriers may not be trivial to implement , however , for work in

combustors where the window temperature may well exceed 10000K.
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SIGNAL AVERAGING C0NS~~ERATI0NS

In Ref. 3, Setchell has examined the consequences of time-averaging Raman

data generated by a cv laser from a turbulent medium. In this section we will

consider the case when pulsed laser Rarnan data needs to be ensemble-averaged In a

fluctuating environment and the consequences of such averaging. Ideally with a

pulsed laser of sufficiently short duration, “instantaneous” temperature measurements

can be made. Realistically, however, the Raman S/N is often limited by shot n~1se

and background noise (naturally occurring or laser induced) and signal averaging

is required prior to further treatment of the data. The question naturally arises

hen a.~ to what one has actually “measured” after such averaging operations . First ,

v bee -in in an introductory ~ein with the case of ensemble averaging Raman dat a with

no ~not or background noise. This will be followed by extensions of the analysis

incorporating these effects .

No Background, No Shot Noise

In the following, the laser pulse energy will be assumed to be constant from

p i.lse to pulse and will not be explicitly considered . If desired it can be treated

in a manner analogous to the shot noise treatment of the next section. The number of

Raman photons n~ (s, Stokes band; later the superscript a will be used to denote the

anti-Stokes region) generated by the ith pulse Is given by

= k
8
nif

8
(Ti) (21)

where n1 is the number dens ity of the scattering species at instant i and f 9(T~ ),
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the bandwidth factor , a temperature dependent term which accounts for the frac t ion

of the scattering species In the appropriate Initial quantum states for scatterIn~ ~

be observed. I’5(T1) is bandwidth sensitive and depends on the spectral location an’:

bandwidth of the spectrometer or interference filters employed; this depende r~e is

not explicitly denoted In the analysis. k5 is a factor dependent on ~eo.netry ,

coll’ction efficiency of the optical system and laser pulse ene r~~,r , a& Is assum d

c ox4 ~-tant . The number or ’ Stokes photoelectrons, S1,, generated by t~~ 5t~ k~ s phnto-

multiplier tube is

= T~
5n~ •n SkS f S( T )  (22 )

whe re i~; the tube quantum efficiency at the Stoke s wave length. I~ is assumed here

that the shot noise variation, ‘-44J~
, on the signal ~s tolerably small . Th~ a~alys~~

in the following section will treat the case when this is not so. Similar relation:

apply to the anti-Stokes scattering. The anti-Stokes to Stokes ratio at any Instant

I: solely temperature dependent

a s a
R ±~~~~1]kf(TI)I s~, 

— 

i~t
5t5(T1)

permitting T1 to be measured . In Fig. 15, f a
, f S f.a/f

s are displayed as a function

of’ temperature for condItions typical of those ~‘sed for temperature measurements .

The average temperature ‘1’ ( where burg are used here to denote ensemble and not time

averages ) is obtained from

~~~~~~~~~~ ETI (2~#)

where N represents a statisti”aI].y significant sample size . It should be noted that
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In general T is not obtained from R. Expanding R1 is a power series about T ,

= R(T 1) = R(~~) + 
dR(~’) T1

’ + ~1 d
2
~~,~~) T1’ ( 25)

where T1 T + Ti ’ , where T1’ is the deviation of temperature at any instant from the

mean, we see upon averaging that

= R(~~) + ~ d2
~~~ 1 T1’

2 
(26)

Only in those cases where B is a linear function of T does R = R(T). In some

temper a ’ ure regions and with proper choice of bandwidth, R can be made to behave

n~arly linear with temperature (Refs. 1, 3, ~.) as seen in Fig. 15, permitting the

ave r’a~ temperature to be obtained f rom R if the temperature fluctuations are not too

large. The error In mean temperature using B can be determined by expanding T in a

series about R0, where B0 = R(T)

di ) l d 2T( ) 2
T(R) = T(R 3) + (

~ 
- B0) + 2 dI~ 

(
~ - B0) + ... ( 27)

where T(B0) ‘~ ~~ . Insert ing B - B0 from (26), one obtains

T(~~) - = ‘~~ !~.L(J~Q1 d
2R~~ ) T1’

2 
+ ~ d2T(R 0) (d

2
~~~ ))

2
T , 2 ( 27)

Using Eq. (28) one can estimate the error in mean temperature resulting from using

B in a fluctuating medium wIth mean square temperature fluctuations of a given magni-

tude since all of the derivatives in Eq. (28) are calculable .

It is also important to note that one does not obtain the average temperature

from a measurement of A/S, i.e., the case where the anti-Stokes and Stnkes signals

are separately averaged, then ratioed. The average Stokes signal Is
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= 
N 

1=1 
N 

~~l 
n1f

6
(T1) ( 29)

Expressing n1 and f5(T1) in terms of mean ar id fluctuating quantities

01 = n n1’ f 8(T 1) f~ (T) + f
S
(T1) where f~(T) ~ f S

(~~~) (30)

where flj’ = 0, and f~ 
‘(T1) = 0, and expandin g f’°(Ti) aboit T

f3(T.) f
S

(~~~) + 
df

S
(~~) T1’ + 

1 d2 f~~~~) T1’
2 (31)

sw can show that Eq. (29 ) becomes

= fl
9k5 

~r5(~ ) + n ’T’ dr S(T~ + 
1 ã2 r~~ ) 

~~ + fl .T 12)j  (~ 2 )

A similar relation pertains to the anti-Stokes photoelectrons . Hence , A/~ is not

a function solely of T, but also of rì , n ’T ’ , n ’T ’
2
, and T ’~ , the magnit~ci~s and

correlatIons of the fluctuations.

If the Stokes filter is made sufficiently broad (on the order of 5C~. for

and laser exc itat ion at 5900~ ), then the bandwidth factor, f
S
(T) = constant, and

A/ S become s

= 
1~ k~f (T) I f a(:) n ’T’ df 

aLT) 
+ 

1 d2f
a
(T) (

~ 
+ 

n h T
~~)1 ~~~

where generall~’ > 0, and —~~~ <0 due to the exponential growth of vibrational

antI-Stokes scattering with temperature . The last two terms in Eq. ( 33) tend to

cancel, the degree to which depends on the magnitude and zorrelation of the dens it:~’

and temperature fluctuations. It is well to point out that the fluctuations in a

primary turbulent combustion zone could be quite large . At various time inst ant s
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one could be probing a spectrum of conditions ranging from cool unreacted gases to hot

reacting combustion products. The analysis Just presented, however, is restricted ~o

small and moderate fluctuations, since very large fluctuations in density and temperatur’~

would invalidate the limited series expansions employed.

J~o Background, Shot Noise

As mentioned, Eq. (22) pertains only to the case where the photomultiplier shot

noise is sufficiently small to permit S~ to be acquired to some desired precision

Independent of the shot noise variat ions . This, of course, Is not often the care

with Reman diagnostics. For example, if 1000 Haman photons are detected with a tube

possessing a 10* quantum efficiency, the signal would typically exhibit variations

about the mean of ± 10*. Since the photon detection process is statistical, the

number of photoelectrons generated. by any one pulse is indeterminate, and is accounted

ror In the previous analysis by insert ing a factor m1 into Eq. (22)

S
1 

= k
sl)Sm1

S
njf

S(T 1) (3t~)

luctuations in laser pulse ene rgy from shot to shot could also be accounted for

us ing such a factor . m1
5 will vary about unity with a Poisson distribution (Ref .  17)

and can be written as

mi
5 

= 1 + m
1

5 ( 35)

One now proceeds in a manner analogous to that of the last section . Since the medium

fluctuations (n ’ , T ’)  are statistically independent ( i .e. ,  uncorre lated ) of the

phøtoinultiplier shot noise variations, terms such as m1
5 n1 are separable (Refs . 3t)
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to m1
8
n
1 

and vanish. If the Stokes and antI-Stokes chamels ar’ separat’ l y

averaged all of’ the shot noise terms go to zero for suitably loni~ averaçr j .n~ axi~i

Eq. 32 again results. As before A/~ depends on the magnitude and correlation of ~L~’

fluctu~i tIons and not solely on average temperature.

If the A1/S1 ratio Is formed first, numbe r dens ity again cancels and one m ak ~:

a “ t - r n p rature ” measurement from th ratio

a a a  ak~~~ f ( T j )mj ‘ 6ksT~ fs(Ti)mi
s

with some e rror due to the shot noise term, mi
a
/mj

s
. Intuitively one might suspect

the-se temperature me asurement errors to cancel out over a large sample of measurements.

~. • will show that in general this is not the case. Consider the case of a laminar

~lame with constant (in time) temperature T at the measurement location. The ratio

~rr pond1ng to this temperature is denoted by R~, T(R0) T, as before. The

~i a;ured catio B1 will va ry from R0 on each shot due to the shot noise fluctuations

(
~~~

)

Turbulent flame situations can be handled by adding another multiplicative factor to

the B0 m j
a

/mi
s 
term to account for temperature fluctuations about the me an . For

simplicity w~ will examine the laminar flame case only . The error In measured

temperature frasi the true temperature can be obtained by expanding T about B0

T(R 1) = T(B0) + R~ ’ + 1 d~~~
R0) B1’

2 (38)

Expressing m1a, mi
8 as in Eq. (35), and expanding m1

a
/mj

s
, R1’ can be shown to be

= Ro(m j
a 

— m1
9 - m1

8 m1~~~) ( 39)
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Substituting Eq. (39 ) into (38) and averaging, we obtain

T(R) = + 
i a~~~~) ~~2 (

~ 
+ m~~

’
2 

+ m
a~
2
m
s~2) (no)

showing that the shot noise fluctuations (or fluctuations in laser energy) do not

average out but lead to an error in mean temperature for a non-zero second derivative.

For Poisson distributed shot noise, the rn ’
2 

terms can be shown to be

(t ~i)

wht i~ n Is thc average number of photons collected per pulse. The third term In

the br ’*ekets In Eq. (t~o) Is separable due to the statistical independence of the shot

n~ Ise on d i f fe ren t  photomultiplier tubes .

Background Subtraction

Consider now the situation where, In addition to the Raman signal, there are

sources of noIse, either naturally occurring or laser induced, present in the “signal.”

The number of Stokes photoelectrons Is then

S~ = T15(n~ + ~~~fl
) m~ (112)

whe “e r1j~ are the number of noise photone in the Stokes bandpass. If another channel

~: p~a:e-ii in a spectral region adjacent to the Reman spectrum, the noise can be

sampled assuming that It Is fairly smooth spectrally. This is generally the case for

laser induced or naturally occurring soot Incandescence. The noise channel will

deliver SN~ photoelectrons

s an anSN1 = 11 n~ m~ ( 113)
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where for simplicity the quantum efficiency is considered to be the sam e for each

tube . The desired “signal” is obtained by subtracting the Stokes noise channel from

th~ Stokes channel wIth the result

= S1-SN1 
= T1

8n1
8m1

8 
+ 1)5n1

8’
~’(m 1

5 
- m1

sr
~) (44 )

tht~ subtraction being imperfect 
due to the accompanying shot noise on each tube .

~~~~~ 5 displays typical subtraction accurac ies pertaining on the average ; as

Z4~ shows on any one shot the situation could be better or worse depending on the

~xa’t nature of the shot noise fluctuations . Upon suffic ient signal averaging, Eq. (1~~)

becomes

= 
.~S 

n1~ m~~ 
~~~ 
(i~i

an
mi~ - ni

an
m
i
an) (45)

Due tc the statistical independence of the shot noise and the signal or noise photorts

~he mm tu rms are separable , and recalling that m = 1, we obtain

= 1~
8
k
5 

Fnr
s
(T) + ~~~~~ df~~~1 + ~~ a

2r~~~ (—

~~~~~ 

+ fl IT 2)] (46)

as before . In the above we have assumed that the variations in n1~~ from shot to

shot are not large enough to cause m1
5
~ and to be correlated. Although .49

(where.il1 = A
1~

AN~) is independent of background and shot noise effects , the

previously described situat ion pertains, name ly that .d/é/’is not dependent on average

temperature alone but also on the ma~~itudes and correlations of the fluctuations.

If the~~~ /.S”j ratio is first formed, one obtaIns

.dj  ~
a
k
a
ni f

a
(Ti)mi

a 
+ ~fl

a
nian(mi

a - mj
an)

= 
1~~k

8njf5(T j )mj0 + fls njBn(m 1
5 - m1

51
~)
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somewhat intractable to further analys is . The situation can be handled by expressing

~~~~ 
•l~ as

= 113n1
8m 1

5 
+ RE 

~~~~~~~~~ 
mj~’~) (48)

where RE denotes the relative error which can be positive or negative depending on

the sign of m1
8 - mi

an . Thus .4/.S~ may be written

a a a a a a / an a an sn S sn
R 

.‘ij  11 n j  mj T~ n j  mj  I nj  (mj  -rnj ) n .j (mj  -mj )
j  = flS fl1S~~ S + 

T~
Sn1

SmjS njamj
a n~

3m1
8

The s i t u T ~f i ~~n Is still Intractable except to note that Eq. (49) after some manipulation

~~ b. i~~~ .i to define an B1 ’ as In Eq. (37). There it wan shown that the errors in a

;. t of “in’tan taneuus” “temperature ” measurements would not average out and that an

‘~rror~•ous average temperat ure would result , Eq. (4o), for a nonzero second derivative

rf R with temperature . Here an erroneous temperature measurement will result with

~ch laser pu1~ i except for the rare Instance when the shot noise fluctuations on the

I ur tubes are the same. The average measured temperature will depart from the time

avera~’e (averaging Eq. 38))

T(R1) - = 
dT(R0) 1 d2T(R0) (50)

~~
. pu ri dinr upon the magnitudes of R.1 ’ and B1’

2
. The latter in turn will be dependent

on the signal and noise levels in a particular situat ion.
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Implications of Signal Averaging

There are a number of conclusions which can be drawn from the foregoing analyses.

First, in measurement situations where the anti-Stokes to Stokes rat io cannot be

determined to a high level of accuracy, the temperature measured at each instant ~tll,

of course , be erroneous. Quite importantly, the average of these erroneous measurements

will not yield the true average temperature , but will depart from it depending on the

n’.agnltude of’ the gae&ynamlc and shot noise fluctuations. Second , these errors can be

eliminated or reduced if’, by manipulation of spectral bandwidths and center frequencies,

the anti-Stokes/Stokes ratio is made a linear function of’ temperature over the

“ temperature ” range of interest. By “ temperature” range is meant the temperature

inferred from the measured anti-Stokes to Stokes ratio; this range may well be

cons iderably larger than the actual physical temperature range. The linearity in the

rat io variation with temperature will cause the second derivative terms d2T(R0)/dB
2

and d2R(T)/dT
2 

to vanish or be negligibly small in many of the previous expressions .

Third, when the anti-Stokes and Stokes data are separately averaged, background can be

subtracted on average and shot noise terms will average to zero . However , the tempera-

ture inferred from the ratio of averaged anti-Stokes to averaged Stokes will also not

be the average temperature , but will vary depending upon the magnitude and correlations

of the fluctuations .
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SEEDED FLAME T~.ff’ERATUBE MEASUR~ 4EN~~

Although the advantaues (in terms of S/N) of operating at high focal f lux l~vels

have been demonstrated in an earlier sectlon ,measurement situations are likely to

be encountered , where , despite the use of high focal fluxes , the S/N will be low

enough to preclude accurate Rama.n measurements • For example , in the previously

•j . ’sc ribed propane diffusion flame studies, the S/N at moderate focal flux , io6 W/cm2 ,

was 1t.~; tha n lO~~. Operation at flux leve ls near l0~ W/cm~ would lead to extrapo-

latrd improvements in S/N to somewhat above i0
2
, a still intractable measurement

situation. In those instances where the noise cannot simply be overpowered by signal,

additional steps need be taken to account for or eliminate the noise. The inadequacy

~‘i~ the Raman amplitude modulation approach for noise suppression was previously des-

cribed . Hence, noise sampling and subtraction appears to be the only alternative

for spontaneous Raman work in high “noise” environments . As seen previous ly , due t~,

the shot noise behavior of photomultipliers , subtraction cannot be performed accurately

for an individual pulse,but only on average for a large number of pulses. Averaging ,

1z~ t~ rn , leads to a situation where the rat io of the averaged anti-Stokes to averaged

Stokes r ignals depend not on average temperature alone, but also on the magnitude

and correlation of the medium fluctuations as well. Further study is required to

ascertain the severity of these effects on Reman measurement accuracy.

To investigate the feasibility of noise sampling and subtraction, a f lat flame

burner was constructed with provision to introduce a controlled amount of laser

induced particulate incandescent noise. The Raanari spectrometer was operated in a
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four channel mode ( two noise and two signal) and “ temperature” measurements were

performed with and without the seed in a manner to be described shortly. Before

proceeding to that, some clean f lame temperature measurements will be descr ibed

together with a short discussion of Reman temperature measurement accuracy with narrow

(j —  jQ
~) filter bandwidths .

Clean Flame Temperature Measurements

haman temperature measurements were performed with the Reman spectrometer in the

two channel mode (Fig. 1) but at right angles to the laser beam. Measurements were

pe rforuird on a 7.6 cm dia. flat flame burner operating on air and methane at an

equivalence ratio of about 0.7. The measurement volume was cylindrical in shape with

an axial extent of 5 mm and a diameter of 1.5 mm. Because the spectrometer was very

polarizat ion sens itive due to the dichroic , measurements and calibrations were

performed with a polarization filter in the spectrometer after the small collimating

lens. The Reman signals were recorded on an oscilloscope and, averaged on fiim .

Leakage Curreflt8 on our signal averager were too high to permit accurate utilization

of the instrtmient at the low pulse rate , 1 pps , of our dye laser. Typical. dat a are

shown in Fig. 16 where the Reman scattering in room air and in the flame is displayed .

The flame data represents about 20 pulses overlaid . Variations from shot to shot are

primarily due to shot noise . These were minimized by integrat ing the signals with a

time constant comparable to the laser pulse duration , thus sampling in essence the

total number of photoelectrons produced. For example , based on an absolute photo-
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mult iplier tube calibration made with a tungsten filament lamp , the f lame Stokes

signal corresponds to about 500 photons , which for the 4% quantum efficiency of the

tube at the Stokes wavelength , results in a predicted shot noise fluctuation of ± 25%,

approximately that seen.

Temperature can be extracted from the Fig. 16 data in two ways as shown in

Fig. 17, either from the anti-Stokes to Stokes ratio or Stokes to Stoke s ( 300°K)

ratio. To relate the voltage ratio exper imentally measured to the energy ratio derived

as a func t ion  of temperature from the computer code (Appendix II) a calibration is

performed with a tungsten filament whose brightness temperature is me asured with an

optical pyrometer. The brightness temperature is then corrected to actual filament

temper ’~iture based on the transmissivity of the glass enve lope on the filament lamp

~.nd the known emissivity of tungsten as a function of temperature and wavelength

(Ref .  23).  The anti-Stokes to Stokes ratio shown in Fig. 16 resulted in a temperature

~i’ 1675°K. Other trials resulted in temperatures of l620°K, l660°K and 16l5°K. The

Stukt c to 3tokes rat io gave a temperature of 1650°K. The average of the AS/S ratio

data is 164 3°K; us ing this procedure it appears temperature can be measured with a

precis ion of ± 2%.

A 0.005 diameter wire Pt-Pt 10% Rh thermocouple with a bead diameter of 0.015”

after coating with a protective 3102 overcoat , read ).Ji 86°K. The radiation correction

for the thermocouple was determined on a burner well characterized in temperature via

sodium level reversal. At a gas temperature of 1650°K the radiation correction was

185°K ± lO°K, resulting in a corrected thermocouple reading of l67l°K ± l0°K. The
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avcraged temperature from AS/S of l643°K and temperature from Stokes to Stokes ( 300°K)

~;i it 50°K are low by about 2% indicative of the accuracy possible with the procedur ’

employed.

Although the tunability inherent In dye lasers i ~ highly advantageous for ~amari

work in regard to checking for spurious signals, it can limit temperature mearur~m~iA t

accur ac y If the laser is not precisely tuned to the proper wavelength. This Is pa~ I...

cularly t : - i e  when using extremely narrow bandwidth interference filters to suppress

: 3 ~ W’tcction as shown in Fig . 18. There the computed behavior of the AS/S ratio

is displayed for varying bandwidth filters for three different laser line center

wavelengths. The 5917~ wave length centers the room air Reman signals at the centr r

~ f’ the filter pessbanda; also shown is the effect of’ a 5~ shift in laser frequency.

As s en , the Reman ratios are extremely laser wavelength sensitive due to the large

-branch shifts arising from the vibrational-rotational interaction effect  and the

anh arrnonicity of the molecule . Even well calibrated grating wavelength meters may be

off by a few Angstroms as the grating is tuned from a He-Ne laser alignment setting

of 6328g. It is also tedious to have to measure linecenter wavelength everytime one

wishes to make a temperature measurement. In the experiments just described , the

gratlx,g r adout on the laser was used only as a rough guide . The grating was set by

tuning the laser to maximize the room air Stokes signal. In addition, because Inter-

l’erence filters are extremely angle sensitive, the photomult iplier tubes which housed

the filters, were spring mounted, amenable to “mirror-like” adjustment . This permitted

the interference filters to be aligned normal to the collected scattering obviat ing

any shifting of the filter ’s center paseband wavelength. This procedure apparently



R76-952296-2

works fairly well judging from the accuracy to which the temperature measurements

were made. Clearly though , in low noise situations, it would be most ad iantageous

to use the widest bandwidth filters tolerable.

Seeded Flame Measu,rement .~

Laser induced particulate noise was introduced Into the experiment us ing the

apparatus shown In FIg. 19. A 0.6)4 cm OD, 0.2)4 cm ID stainless tube was insrr~~d

along the axis of the 7.6 cm dia. premixed flat flame burner previously used for the

clean flamf measurements. The tube was butted against the bottom surface of the

stainless steel honeycomb mesh used to stabilize the premixed flat flame . Methane or

a mrthaxie/rLltrogen combination was flowed through the tube to produce a diffuse

uiffus ion f’lame on the centerline of the burner as seen in Fig. 19. By varying the

mnthane and nitrogen flowrates, the laser induced particulr.te noise could be adjust~ ~i

as desired . The spectrometer was arranged in a four channel fashion as seen in

~~~ 20. The anti-Stokes and Stokes filters were at 520C) and 6864~ respectively;

anti-Stokes and Stokes “noise ’ filters were placed at 5230 and 68ii~ to sample the

r r ’ise .  The spectrometer was set up to detect backscatterlng and purposely arranged

for low spatial resolution, 3 cm. The idea was to Introduce noise into the

•-z :t’~~r’~ r’~ment experiment, but in a manner so as not to alter the temperature

field greatly. This would then permit comparison of measurements with and without the

noise.
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In Fig. 21, noise sampling and subtraction are displayed. The CH)4/N2 seed

flourates were adjusted to proth~ce an anti-Stokes S/N near unity. The Stokes G/N

turned out to be higher, on the order of fivt~. The noise photom~1tIplier t’ioe

voltages were adjusted to produce on average good subtraction. In Fig. 21 the nois’

produced on both the anti~.~ tokes and Stokes signal channels is shown. The laser was

tuned to 5980~ so that no Reman signals were presant In any of the four filter

passbands . Thre is an interesting ~idel1rht to the noise displayed. With a pure

n ’ thanc seed , laser Induced particulate temperatures could h~ ascertained in the

usual manner. With N2 diluent, however, artificIally high temperatures were obtained.

A1t.hou~h the exact reason for this is unclear , we suspect possible laser induc~:d

ir . te r i e r I n L ~ emissions (or absorptlons) from NO2 which ha~. a strong thermal and

r,?combination continuum from 5000~ to the near infrared (Ref .  3?’). Also shown in

Fig. 21 is the subtraction between the signal and noise channels . Good subtraction

required adjustment of the noise photomultiplier voltages In ten volt; increments.

Due to shot noise, subtraction Is not perfect on any one shot as previously mentioned

and one attempts to adjust the voltages so that the subtraction error fluctuates on

either side of zero.

In Fig. 22, the results of tne seeded “temperature” measurement are shown.

After adjusting the noise tube voltages for good subtraction on average , the laser

was tuned to 59l7~ plac ing the N2 Reman scattering within the signal tube passbands.

After observing the Reman scattering with the seed on, the seed was turned off and

the two signals compared. For these demonstrations, the polarization filter was
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removed from the spectrometer to increase the photon level reaching the tubes , and no

attempt was made to extract temperature information from the rat ios in the manner

previously described. As seen the ratio8 (“temperatures”) are very close with and

without the seed on. The ratio with the seed on is actually somewhat higher and the

absolute signal levels somewhat lover due to the additional ener~~
r release from the

diffusion flame. This was verified by thermocouple probing the flame every 2 mm

which showed the central two centimeters of the burner to be about 150°K hotter

with the diffusion flame present.

Subtraction In lower S/N situations was not attempted since shot noise would

obscure the situation photographically. As previously mentioned, leakage currents on

our signal averager prevented its usage at low laser pulse rates . Nevertheless , the

fore~ oin~j  expe r Iment demonstrates the feas ibility of noise sampling and subtract ion

and practical implementation is straightforward .
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C0NCILEI0I~~ M~D REC0~04ENDATI~NS

It Is difficult to be categorical in regard to the utility of spontaneous Reman

scattering for practical combustion diagnostics since conditions can vary widely from

device to device and within a given device depending on location and operat ing para-

meters. Primary zone diagnostics in a diffusion flame apparatus operating on hydro-

carbon fuels appears highly doubtful based on both background luminosity considerations

and laser Induced particulate noise effects. Secondary and exhaust region probing may

be possible (Ref. 6 )  since luminosity levels tend to be lower, but particulate effects

could be problematical if the particles are present in sufficient quantity or size.

High focal flux levels appear optimal for enhancing Reman S/N in regard to laser

induced particulate noise but may lead to problems with window breakdown and fluorescence.

Th.• ~~~~~ may be sufficiently strong to preclude the use ~f preferred background

luminos ity suppression geometries. Noise sampling and subtraction is feasible as has

beer, demonstrated. However, shot noise effects dictate that Reman data be separatEly

avez aged to permit accurate determination of average signal levels. Ensemble averaging,

however, leads to band intensity ratios which, in fluctuating environments, depend not

only on average temperature, but on average density and on the magnitude and correlations

of fluctuations In density and temperature. These effects may result in large measure-

ment errors rendering the extracted Reman data of little utility. Based on this

perception of the situation, we believe spontaneous Reman scattering to be of limited

utility for many practical applications. However, due to Its relative simplicity
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and high level of present day understanding it certainly merits first consideration

in environments where the aforementioned noise effects are not overwhelming.

For most practical applications, the feasibility of stronger Reman processes

such as CABS ( coherent anti-Stokes Ramav scattering) or near-resonant Reman scatterir~~

needs to be investigated . In particular CABS has shown great potential to date but Is

not without problems due to Its sophistication . It is not completely clear at this

point what the impact of practical device characteristics such as high turbulence and

particulate levels will be on CABS generation. In part icular since nonresonant

susceptibIlity contributions are often problematical in CABS experiments , potentIal

particulate ( soot ) noise effects should be examined in a controlled manner.
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APPENDDC I

LASER RAMP.N T}JERNOMEThY

Raxnan Scattering

Rarnaxi scatterin 1~ is th~ ph~n~~er~~n of Inelastic collision processes between

photons of light and mole- u~~s be they in the solid, liquid or gaseous phase.  The

c f fec t  wa~ theoretically p r n d t c ~ ed by Smekal in 1923, but was subsequently named in

honor ~f its experimental d:LT ’overer. Raman scattering has been physically understood

for somE time (Refs . 1-1, 2 )  and, with the advent of lasers , has come into wide use

and application (Refs . 1-3, Ii ) .

When photons of light collide with molecules , the photons may either lose

-~z:er~~ to or gain energy from the target molecules as seen in Fig. A-l. In the

former’ ~-v&nt , termed Stokes scattering, the molecule b~ comes excited , and, In the

lat.t~ r L~-rrned anti-Stokes, the molecule Is deexcited providing, of course , that it was

~xc it .r.d prior to the collision. The energy exchanges which occur are quantized iii

a cor~iance with the allowable ene rgy levels of the molecule . The scattering processes

nay be expressed symbolically as follows:

Stokes hv + N(m) - h v ’ + N( n )  (I-i)

h ( v  - ‘u ’ )  = E(n) - E(m) ( 1-2)

Anti-Stoke s hv + N(n) - h v ” + N (m) (1-3)

h( ‘~~“ - v) = E(n) - E(m) ( I_LL )

• ‘~ is Plan-k’s constant; v, the frequency of the incident photons ; V ’, v”~ the

,f th. Stoke~ and ant i~Stokea scattered photons; E(n), E(m) the energIes

I-].
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of the quantum states n and m, where ii Is assumed the more energetic of the two

states. Since each molecular species possesses a characteristic set of energy states,

the spectral distribution of Raxnan scattering will be uniquely determined by the

Incident laser wavelength and the species from which scattering occurs . This is th~

princ iple underlying the use of the Ram an technique for species identification. When

n and m represent different rotational states within a given vibrational energy le-.~~l,

the scattering is termed , naturally, rotatIonal Ram an scattering. When a change of

molecular vibrational energy occurs , vibrational Raman scattering OCCjfS often acc~n-

panied by a change in rotational energy as well. When no energy exchange occurs , i-
~~~~~~

scattering process is elastic and Is termed Rayleigh scatte:ing. Examples of all

these processes can be seen in Fig. 1-1 which displays the possible scattering

processes for a d.iatomic molecule.

Raman Thermometry

To make temperature measurements, use is made of the fact that the intensity of

scattering scales directly with the number of molecules in the initial 3catterinr

state and directly ‘dth the fourth power of the scattered frequency, thusly

. ! iI(m) (1—5)

~~ 
u”) “~~ 

~~~ (I-i)

where ~~ ‘A are the Stokes and anti-Stokes scattered intensities respectively . 7nder

conditions of thermal eq~x 1librium , the populations in the various quantun states ar~

distributed In a Boltzmann fashion , namely,

1-2
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- e
_ _ m)

~~~
T

N(m)

where k is Boltzmann ’s constant arid T the temperature . Since the energy levels of

most molecules are well known, the frequencies ‘v’ and. v” are accurately calculable

and temperature can be obtained from a measurement of the anti-Stokes to Stoke s

thtLnsity ratio

T -  E(n) - E(m) 
8- k In IA (V ”)/IS(V ’) + ~k Lii v’!’)’1 

I-

Of special i. te is the absence of any pressure or density dependent terms in the above

expressio n , so that Vluctuations in these parameters do not directly affect  the

measurement of temperature . The temperature and density indirectly affect the measure-

rnent, however , s ince the accuracy to which ‘A and I~ can be measured depends on their

absolut I
~ 

magnitude and , hence , from equat ions (i-~~) and ( 1-6) on the magnitude of these

two par~irv-t~’r - . Also , of note , is the fact that the static or translational temperature

Is rneac~ rei and not the stagnation temperature typically measured by physical probes ,

.g. , thermocouples .

The foregoing analys is for simplification merely treats two individual energy

states . In actuality one typically observed scattering contributions from a vast

aggregate of molecular energy states . In Appendix II , a computer code is described

‘.:~‘.~~ h ~r’ ats the more complicated situation that generally pertains experimentally .

1-3
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APPENDDC II

C0~ ’UTER CODE FOR N2 RAMAN SCA~2ERING

Summary of Code

The analysis focusses on vibrational Ramtn scattering from N2 which Is generally

the major constituent in most combustor and gas turbine situations . With vibrat ional

Ramari scattering, the Raznan Intensities are well displaced spectrally from the exciting

line p rmitting the use of narrowband interfe rence filters. In N2, all Raman transi-

tions as illustrated In Figure I-i satisfying the selection rules Av = ± 1, ~.J = 0 ± 2

are possible . The LiJ = 0 transitions are termed the Q branch , the M = ± 2 are

termed the S and 0 branches respectively for Stokes scattering and vice-versa for

anti-Stokes. The analysis considers all possible transitions appropriately weighting

each by the population in each initial Btate , line strength factors , scattered wave-

length , f i l ter  bandpass , ct c .  The analysis Is capable of treating the broadband

emissions typical of dye laser sources. The analysis provides as output the relative

intensities of the fundamental Stokes Q-brarich , total Stokes and anti-Stokes inten-

s it ie -3 , and AS/S rat io as the function of temperature. Since the absolute intensity

of th’~ i undamental Stokes Q-branch is calculable, absolute values of Intensities can

be obtained for the total Stokes and anti-Stokes signals .

k 11-1
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Wavelength of Scattering

For a diatomic molecule such as N2, the internal energy of’ the molecule in

vibrational, state v and rotational, state J can be expressed analytically (Ref. li-i)

as

E(v1J) 
= %(v+~) - u~Xe(v4~)

2 
+ ~ Ye(v~~)3 B0J( J4’l) - 

~e’~~:J+~~ 
(11-1)

where c is the speed of light and %~ 
U~~e~ We~

Te~ ~e 
and B0 are fundamental constants

of the molecule . For N2, these quantities have the following values (Ref. il-i), in

units of cm
______ _____ 

“bye B0 
_____

2359.61 lZi..II56 0.00751 2.001 0.0187

For Raman scattering from an initial state v, J to a final state v’, J’, the energy

exchange which occurs with the incident photon may be expressed as

= we(v_v ’) + %Xe(v ’ _v) ( v ’ +v+l) - B0(J’_J)(J’4’J1’l) -
(11-2)

subject to the selection rules

v - v  = ± 1, J’-J = * 2, 0 (11-3)

From energy conservation , the wavelengths of the scattered light can be calculated ,

B’ B ± ~~~~~~~ ( II..4 )

where B Is the photon energy, and primes denote the scattered light . Defining

).‘-). where A)~ may be positive or negative, it can be shown

/ ~~ v,J \
X ( 1 - “ “  1 (11-5)

v ’,J’

11-2
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Scattered Intensity

The Intensity of scattering events into )‘  may be written as (Ref. 11-i)

-~ 

~~ 
~~~~~~ + b~ ,) d

V
, (11-6)

where n(v,J) Is the population of the unitlai state (v,J) and X’4 reflects the scaling

of the differential cross section with the scattered wavelength. d”, reflects the

scaling by the square of the dipole matrix elements for the vibrational Raman transi-

tion from the Initial state v and. is given by (Ref. 11-2)

d” = 
v+1 for V . < v’

v ’ v for v > v ’

The terms b~~, are the rotational counterpart of the above (i.e., the scaling of the

square of the matrix elements with J) and are termed the Placzek-Tel],er coefficients

and are as follows (Ref. 11-3)

- 
j (~ +i) ,] . , ,~

.
( (2J- 1)(23÷3) - = 0

b’1 - 3(J+].)(J+21 
~ 8- 

2(2J÷l)(2J-s3) 
-J = 2 (I -

J’ 3’ - 2
2(2J+1X2J-l) - - -

a0 Is the so-called trace scattering constant (Ref. li-i) and can be shown to be

= ~‘~~i’ (11-9)
° fPp

where Pp is the depolarization ratio and f an intege r dependent on the polarizat ion

• states of the laser and detecting apparatus. f Is sumearized In Table 11-1

11-3
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Table II-].

f values

detector analysis

laser Input polarized unpolarized

polarized 4 7
unpolarized 7 13

1~ pulation Distribut ion

The population in state v, 3’ may be written as

n(v ,J) = n(v)F3 (11-10)

where n(v) Is the total population of the vth quantum state and F3’ is that fraction

of the v state with quantum number J. F
3’ 
can be expressed as

g ~~~~~~~~~~~~~~~~~~~F3’ = (ri-n)
~T0t

where g1 is the nuclear spin degeneracy which, for N2~ 
equals 6 for even J values and

3 for odd 3’ values. %~ot Is the rotational partition function

Q = E g1(2J+l)e~~~
o3’~~~~ 1~

’kT L21÷i)2kT 
(11-12)

where I is the nuclear spin, equal to 1 for the ground state of N2. The total popu-

lation of the vth vibrational level is

n(v) = -‘i—— ~~~~~~~~~ (11-13)
~vib

where is the vibrational part ition function given by

II-~4

- k

_ _ _ _ _ _ _ _ _  -- - - -- ---- —--— _ _ _ _ _ _ _ _  ------ ---- ---- .
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Q = £ e~~~~ 0)/ ’
~~ ( ii-i4)$ vib

For purposes of evaluating 
~~ib ’ the molecule can be assumed to be harmonic with

little loss of accuracy. This leads to an analytic expression for 
~~ib’ 

namely

e
_
~~~

0
~

0
~~

’1
~
T

~~ib 
= 

1 - e E
~~~

0)_E
~~~

0)j1’
~~ 

(11-15)

Combining Equations 11-10 through 11-15 permIts 11-16 to be reexpressed in the form

5
v,J g~(2J+1) ..‘E(v,J)/1~T d

V’
, (a0ö

3’, + b
3

1 ) (11-16)
X Q Q V J J

rot vib

Laser Bandwidth

To this point, it has been tacitly assumed that the exciting “line” Is

infinitesimally narrow . In actuality dye lasers exhibit a broad bandwidth , 50-100~;

in the exper iments described here , a low finesse multilayer dielectric etalon or a

grating were used to spectrally condense the dye laser emission and to tune the laser

to som e desired line center wavelength . The grating produced a nearly-Lorentzian

shap~- d line with full spectral width of about 6~ at half he ight . In the analysis, the

laser line is subdivided mathematically into a number of’ thin spectral se~~ients of

width, LIX , and Equation (11-5) evaluated separately for each se~~nent . The contribution

ea:~ se~uent is then suzTvned, appropriately weighted by the line shape factor,

~~~~ For the total relative anti-Stokes and Stokes intensities, the contr ibution

from each se~ uent is further weighed by the transmission of the narrowband interference

filters at the specified scattered wavelength interval, hence,

11-5
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$ ~~~~ g1(2J+1) 
e
_
~~

1
~~~

’kT 
d~ ,(a06~ , + b~ ,) 

)~ +6 g(~ )f~~t)~~ 
(11-17)

~ot~Vib ~~ ~
where f(X’) Is the filter transmission function and &~. the thlclaiess of the spectral

se~~nent . The suzmnatlon is over Incident wavelength and extends over an appropriate

wavelength range 26 centered about line center )..

Output

The code was written to perform the calculations with appropriate tests to limit

the number of transitions considered. At high temperatures, several hundred transitions

are included . Inputs to the program are the interference filter profiles, dye laser

line center and bandwidth, and temperature range ~f interest. The outputs include

I
the total relative intensities of’ the anti-Stokes, Stokes, and fundamental Stokes

Q branch, the latter with no narrow band filtering. Since absolute intensity estimates

can be made of the latter as seen previously, absolute intensity estimates can then

be made for the total antI-Stokes and Stokes s ignals , e.g.,

= Q~ e~~
’ (11-18)

where tildes indicate relat ive Intensities , and Qq is the calculated absolute Stokes

Q branch intensity without Including the collection efficiency. g~~ is the collection

effic iency of the Stokes detector excluding the narrowband interference filter which

is already accounted for in Equat ion (11.15). Separate efficiencies are necessitated

by the fact that s~ ’ end CA ’ are not equal because of’ the spectral characteristics of

the various optical elements in the spectrometer, e.g., dlchroics, mirrors , etc .

11-6
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incandescence to be an especially severe problem. Part icles in the measurement
volume , which , at flame temperatures , are already incandescent and contribute
significant ly to the total luminous emission, absorb the incident Raman
Inducing laser radiation , heat to temperatures far above ambient , and emit
greatly increased amounts of gray/blackbody radiation which can exceed the
sou~~it-for Reman signal levels by several orders of magnitude. Under Project
SQUID sponsorship, a detailed study of this phenomenon has been conducted ,
the results of which are reported here in .&Laser irradiated particulate
temperatures were determined in a laminar pr~~ ane diffusion flame as a function
of focal flux level and found to agree fairly well with a simple analytical
model. In addition to incandescence, laser induced C2 Swan emissions were
also found to be present . The laser induced part iculate incandescent noise
was found to saturate with increasing laser energy and to decrease in magnitude
with shorter focussing lens focal length. Extrapolated improvements in signal
to noise ratio with increasing flux levels from 2( 105) to l0~ W/cm2 were on the
order of a few hundred. The effect of signal averaging Roman data obtained
from harsh ( luminous , sooty) fluctuating media was analyzed. Ensemble
averaging pulsed Reman data leads to quantities dependent not only on average
temperature but also on the magnitude and correlations of fluctuations in
density and temperature, which can affect measurement accuracy. Temperature
measurements were mode on a clean flame and a temperature measurement demon-
stration was performed on a soot seeded laboratory burner us ing a noise
sampling and subtraction approach.
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