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Gas Temperature Measurements Using a Dual-Line Detection
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A new laser-induced Rayleigh scattering method is presented for the improved temperature diagnostics of gas
flows. In the present technique, the two lines of a copper vapor laser are used to obtain spatially resolved temper-
ature. A single set of optics is used to form the optical probe and to collect the signal simultaneously from both the
510 nm and the 578 nm lines. The dual-line detection allows for the determination and removal of surface-scat-
tered laser light from the Rayleigh signal, thereby improving the applicability of Rayleigh scattering to near-wall
flows with a high degree of glare. An optical system using the dual-line detection technique was built, calibrated,
and tested in a hot air jet under various levels of background contamination. The results indicate that accurate
temperature measurements are possible even when the laser-line background intensity, captured by the collect-

ing optics, is twice that of the Rayleigh signal.

Nomenclature
C = optical system calibration constant
C’ = surface scattering parameter
= detected surface scattered background energy
= laser light energy
= Rayleigh signal energy

= total detected energy

= incident light energy

= irradiated length of sample volume
= photon count

= gas number density

= gas pressure

= temperature

= ratio of surface scattering constants
= efficiency factor

= scaftering angle

= Boltzmann’s constant

= wavelength of laser light

= index of refraction of gas

= Rayleigh scattering differential cross-section
= standard deviation

= solid angle of collecting optics
=mean value
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Subscripts
1,2 =510 and 578 nm lines, respectively

Introduction
AYLEIGH scattering is an optical technique that has been
successfully used as a temperature and concentration mea-
surement tool in fluid dynamics and combustion research. For
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example, various researchers used this technique to measure tracer
concentration in nonreacting binary gas jets!™ and temperature in
nonisothermal air jets.” The technique has also been applied to
simple reacting flows to measure total gas density®’ and flame
temperatures®® in premixed external flames. Temperature mea-
surements have also been attempted in combustors,'® but in gen-
eral these have had limited success due to signal contamination by
laser glare. During the last few years, there have been attempts to
use Rayleigh scattering for two-dimensional imaging of density
and concentration both in subsonic jets'! and supersonic wind tun-
nel testing.'>!* However, high-speed wind tunnel applications for
density diagnostics have remained mostly qualitative due to the
unwanted scattering of laser light from ice clusters and surround-
ing surfaces. On the other hand, the application of spectrally
resolved Rayleigh scattering as supersonic flow anemometry has
been quite successful when the flow velocities are high enough to
produce a clearly detectable Doppler shift in scattered signal.*

A commonly encountered difficulty associated with the Ray-
leigh scattering technique is the contamination of the relatively
low level of the Rayleigh signal by the background noise. The two
major sources of background noise are the contribution of light
from the test environment, which is usually broadband, and the
surface scattered laser glare captured by the collecting optics along
with the Rayleigh signal. Because the Rayleigh line scattered from
the gas molecules in the probe volume has approximately the same
central frequency as the laser beam, surface scattered light cannot
be easily discriminated from Rayleigh scattering, especially in
low-speed flows. In certain applications, particularly in enclosed
flows with limited optical access such as combustors, surface scat-
tered glare can become a formidable obstacle. The problem be-
comes most severe when near forward or near backward collecting
angles have to be used, because scattering from surfaces and opti-
cal elements are larger at these angles.

In the present study, different methods are used to minimize the
effects of both types of background contamination. A pulsed cop-
per-vapor laser with a repetition rate of 6 kHz and a continuous
output power of 20 W is used as the light source. The use of a
pulsed source provides a comparatively high level of Rayleigh sig-
nal due to the high energy densities at each pulse and greatly sup-
presses the effect of environmental noise. However, the improved
pulse energy does not help increase the ratio of signal-to-back-
ground due to laser glare. A new dual-line detection technique is
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developed to address this problem. The signal is collected from
both the 510 nm (green) and the 578 nm (yellow) lines of the cop-
per-vapor laser using one set of collecting optics. The information
obtained from both lines is analyzed together at each shot of the
laser to determine the laser line background level and to decouple
it from the Rayleigh signal. The dual-line detection method elimi-
nates the need for the guesswork in background determination and
offsetting and significantly improves the potential of Rayleigh
scattering as a reliable quantitative diagnostic tool in high-temper-
ature gas flows including combustion.

An optical system at NASA Lewis Research Center is used to
test the dual-line detection technique. The dual-line detection Ray-
leigh (DLDR) system uses a copper-vapor laser as the light source.
Optical fibers are used to transmit the laser beam to the probe
region and the signal to collecting optics. Extensive calibration
tests have been performed to characterize the various system para-
meters. Finally, temperature measurements have been performed
successfully in a heated air jet. Results indicate that accurate tem-
perature measurements are possible using the dual-line detection
in the presence of high-level background glare. The method for
background determination is described in the following section.

Dual-Line Background Detection

Rayleigh scattering involves the elastic interaction of the inci-
dent laser light with the gas molecules.' The scattered light energy
is proportional to the incident laser light energy, the scattering
cross-section of the gas, as well as the number density of the gas.
Therefore, the technique can be used to measure density directly or
temperature by invoking the ideal gas law. The energy of Rayleigh
scattered light is given by'®

Er=EynLcQe 1

For the sampled gas o is a function of 9, A, and p. For an isotro-
pic molecule irradiated by unpolarized light, the Rayleigh cross-
section is!’

2
on? u2—1

6=22k4 i, (1+cos’0) )
n B+

where 7 is the molecular number density and 6 is defined as the
angle between the scattering direction and the propagation direc-
tion of the incident light. The value of u for a gas is typically very
close to unity (e.g., u = 1.000293 for air at A = 550 nm at STP).
Furthermore, the refractive index term p?— 1 is proportional o
number density n of the gas. Therefore, the Rayleigh scattering
cross-section can be considered independent of the gas density.
For a multispecies gas volume the equivalent (average) cross-sec-
tion can be found by the weighted average using the mole fraction
of each species. Because the Rayleigh cross-section is proportional
to A, laser lines with smaller wavelengths result in a stronger sig-
nal for unit incident energy. For a given experimental condition
with a fixed collecting angle and laser line, the Rayleigh scattered
light intensity can be written as

Ex=ECon 3)

The coefficient C absorbs all of the parameters that are fixed for a
given setup. These parameters include the efficiency of the trans-
mitting and collections optics, quantum efficiency of the photo-
multiplier, and the solid angle over which the signal is collected.
However, as discussed in the introduction, the observed signal
contains background due to surface scattered laser glare as well as
the Rayleigh signal so that

Er=FEp+Eg=E,Con+ECC’ 4)

Thus, the relative signal normalized by laser energy is

E P
I - co—+cC’ (5)
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In that equation, the perfect gas law is used. For two-line opera-
tion, Eq. (§) can be written for lines A, and A, (with A; = 510 nm
and A, = 578 nm, in the present case) as

P
Il =6, +C,C] ©6)
EL‘1 xT
and
Er, P
—~ =C,0,—+C,C; 7
EL’Z 2 ZKT 22 ()

For a given optical geometry and electronics setting, the system
can be calibrated to obtain the values for C,, C{, C,, and C;. This
calibration can be accomplished by taking measurements under
conditions where the values of o, P, and T are known, and either
one or a combination these known quantities is varied. Therefore,
a least squares fit of the data with a sufficient number of conditions
determines the constants C, and C,. Furthermore, the ratio B =
C{/C; is also obtained through the calibration process. It is rea-
sonable to expect that the scattering process of light from solid sur-
faces at different wavelengths may be different. However, because
the two beams (lines) from the laser are colinear, B should be a
constant for a given system. As discussed later, this point is con-
firmed through experiments using the present DLDR system. Of
course, =1 would indicate that the surface scattering is indepen-
dent of the incident wavelength. With C’ = C; and C{ =BC’, the
following is obtained:

E C.Po.\1
T ( ! ‘)_+Bclc’ ®)
E, x /T
E C,Po,\1
%= ( 2 2)—+CZC' ©)
EL,2 K T

Therefore, this linear system of two equations with unknowns 1/T
and C’ yields

(P/x) (6,-PBo,)
T = (10)
(E;/E, ) (1/C) = (Ep ,/E, ;) (B/C))

and

o = (Ep,/E; ) (6,/C) — (Ep /E, ) (0,/C)) a1
(61 _BGQ)

Equation (10) provides the temperature, decoupled from the back-
ground contamination. Obviously, this equation can be rearranged
for gas density if that property is desired in place of temperature.
Equation (11) indicates the normalized background due to surface
scattering at the laser lines for each measurement. This informa-
tion is not related to flow physics; however, in practice, it is im-
portant because its magnitude determines if a particular measure-
ment is reliable once a critical threshold value of signal-to-noise
ratio is established from preliminary testing. Although Egs. (10)
and (11) completely decouple background from temperature, due
to optical and electronic considerations, there is a limiting signal-
to-background ratio below which an accurate measurement of tem-
perature is not possible. The present DLDR system was calibrated
and tests have been performed to obtain such critical signal-to-
noise values.

Uncertainty Analysis

The dual-line Rayleigh scattering technique uses the difference
in wavelength dependence between the Rayleigh scattering and the
background scattering. The Rayleigh scattering has a A~* depen-
dence, whereas the background scattering is generally close to
wavelength independent. In this section, the uncertainty in gas
temperature measurements for each pulse of the laser is analyzed,
first for the conventional method based on a single wavelength
(line) measurement, and then for the dual-line technique. Because
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the main concern is to evaluate the technique as a time resolved
temperature probe, only uncertainties due to photon statistics of
the measured light are considered. The uncertainty in the measured
temperature at each pulse of the laser is expected to be dominated
by the photon statistical noise (or photon shot noise) due to low
incident light levels.'?

Single-Line Temperature Measurements

For each of the two wavelengths A, and A, the expected energy
of the detected light is given by Eqgs. (8) and (9). Assuming the
constants C,, C,, C’, and B are known, each equation can be
solved for temperature to yield

Co,P
T = - (12)
K(ET,I/EL,l_CIC B)
and
C,0.P
T = 22 (13)

K(E; JE, ,—C,C")

Uncertainty in the temperature measurement is caused by the pho-
ton shot noise of £r | and Er ;. The number of detected photons
for the two wavelengths are given by

1

N = (:—)EN (14)

}“2
(N,) = (—)E” (15)
he ’

where & is Planck’s constant and c is the velocity of light. Because
the counts have Poisson statistics, the variance in the number of
counts is equal to the expected number of counts.'® Thus the uncer-
tainties in the counts are

(N Y2 (16)

1

6Nl

It
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On the other hand, the temperature uncertainties are

, AT \ .
o) = (aT“)GET’l (18)
and
, aT N\ .
o, = (8_15;)6"'2 (19)

where the energy uncertainties are related to the count uncertain-
ties by o, = (hc/A) 6. Therefore, the relative uncertainties in tem-
perature for each of the two lines are
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Dual-Line Temperature Measurements
In this case, the temperature is described by Eq. (10). If it is
assumed that the only source of uncertainty is due to the photon

shot noise, then the overall uncertainty in the measured tempera-
ture can be written as

aT oT ?
2= |— |02 + i] o2 22)
4 (BE“) L (aEn2 K2 (

and the relative uncertainty is

Sr _ 1
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Numerical Example

The following example is presented to illustrate the lower limit
of the uncertainty to be expected using the dual-line technique.
This uncertainty is compared with the uncertainty of the single
wavelength measurements. The parameters used correspond to the
calibration data shown in Fig. 7. The detection efficiencies are cal-
culated using the quantum efficiency values provided by the pho-
tomultiplier tube (PMT) manufacturer (18% at 510 nm and 15% at
578 nm) and an estimated loss of 50% in the receiving optics. The
Rayleigh scattering cross-sections used are those for nitrogen. Cal-
culations are done for two gas temperatures, 300 and 1000 K, with
the following values for the parameters used:

A; =510 nm; 0,=7.28 X 102 m? - sr!
Xp=578 nm; 6, =437 X 10732 m? — sr™!
E;, = 0.14 mJ; E;,=0.09 mJ

g, = 0.09; g, =0.075

T =300K (and 1000 K); P=1atm

fHE=2(Q=0.19 sr)
L=02mm

Thus, C, = 0.338 X 10° m — st, C, = 0.281 X 10° m —sr, and C’' =
0.54 x 1075 (m — sr)~%. In Fig. 1, the uncertainties in the measure-
ment of gas temperature based on a single laser pulse are plotted as
a function of B for the two gas temperatures considered. The
effects of signal contamination due to background noise are not
included in the single line measurements. Note that the uncertainty
for the A, single wavelength is constant, whereas the uncertainty
for the A, single wavelength measurement increases with increas-
ing B. This result is a consequence of the way in which the back-
ground scattering is defined in Eqgs. (8) and (9). The uncertainty of
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Fig. 1 Relative uncertainty in time-resolved temperature using single
wavelength (without background) and dual wavelength techniques.
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the single shot dual-line technique has a strong dependence on 8,
reaching a maximum around f§ = 1.65. This condition is where the
wavelength dependence of the background surface scattering
matches the A wavelength dependence of Rayleigh scattering. In
general, it is desirable to have the wavelength dependence of the
background scattering differ as much as possible from A~*. As one
would expect, the uncertainties are larger for T = 1000 K than
those for T = 300 K, due to the reduced Rayleigh scattered signal
energy obtained at higher temperatures.

The previous analysis is based on the assumption that the pho-
ton statistical noise (shot noise) is the dominant source of uncer-
tainty in the temperature measurement. This assumption is gener-
ally true when the scattered light levels are low, such as would be
the case when measurements are desired for each pulse of the cop-
per-vapor laser. When the scattered light from a large number of
laser pulses is averaged, as was done in the experimental work
described later, the uncertainty due to photon statistics may no
longer be the dominant error source. With averaged data, the rela-
tive uncertainty in the mean temperature is reduced by a factor
equal to the square root of the number of individual (assumed
independent) measurements. In fact, other factors, such as drift in
the calibration constants, are the dominant sources of uncertainty
when the temperature is obtained by averaging a large number of
individual measurements.

Experimental System

The optical arrangement for the dual-line detection Rayleigh
scattering system is shown in Fig. 2. Central to the system is a
pulsed copper-vapor laser with a continuous power output of about
20 W. The laser is normally operated at a pulse rate of 6 kHz with
a pulse duration of approximately 36 ns. The output beam contains
both 510 nm (green) and the 578 nm (yellow) lines. The relative
power of the 510 nm and the 578 nm lines are approximately 60
and 40%, respectively. The optical probe and the signal collecting
optics are situated on an optical bench with a three-axis traverse
capability. The laser is placed on a separate optical table, and the
output beam is transmitted to the probe bench through an optical
fiber. The beam is coupled into the 400-um fiber by focusing it
with a 150-mm focal length lens. The focused beam first passes
through a 0.6-mm pinhole for spatial filtering before reaching the
cleaved fiber end. The fiber end is placed slightly beyond the min-
imum waist diameter location so that the fiber end is protected
from burning under high incident laser energies. The transmitting
optics are composed of two achromatic lenses producing a probe
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Fig.2 Optical arrangement for the DLDR system.

waist of about 400 um. The incident power at the probe is approxi-
mately 1.4 W, although variations did occur on a day-to-day basis.
The laser light is captured by a beam trap on the opposite side of
the Rayleigh probe. Another light trap is situated directly behind
the collecting optics to reduce the broadband background captured
by the collecting optics. The collecting optics consist of two achro-
mat lenses, each with a 160-mm focal length and a 80-mm aper-
ture. Therefore, the magnification factor of the collecting optics is
unity. The collected signal is coupled into a 200-um core diam
optical fiber and delivered into a sealed signal box. In the signal
box, the total collected signal is collimated and subsequently color
separated by a dichroic beam splitter. The green (510 nm) and the
yellow (578 nm) signals are directed onto two PMTs.

Because the copper-vapor laser used has a significant pulse-to-
pulse energy variation (up to 5%), the intensity of the laser from
two lines is monitored at each pulse, and the signal is normalized
by these values as required by Egs. (8) and (9). This normalization
is accomplished by placing a thin glass plate at a small angle in
front of the laser beam as shown in Fig. 2 and reflecting approxi-
mately 10% of the beam energy. Some of the reflected laser light is
then captured by the open end of a 200-pm core diam fiber. At the
other end of the fiber, this reference intensity is delivered to
another box configured very similarly to the signal box. The only
difference is that the signal in the reference box is sensed by pho-
todiodes instead of PMTs.

The electronic arrangement for the DLDR system is shown in
Fig. 3. The set of four sensor outputs for the two lines, the two sig-
nals from the PMTs, and the two laser reference intensities from
the photodiodes are fed into linear sample and hold units on a box-
car averager system, as shown. The signal from the PMTs is fed
directly to the gated integrators without any need for preamplifica-
tion because a fairly strong Rayleigh signal is observed at each
pulse of the laser. The timing for the gate generators is provided by
a timing module. The timing module, which is a function generator
with a TTL output, also provides the trigger pulses for the copper
vapor laser and a 16-bit analog-to-digital converter. The trigger
pulses to the gate generators and to the A/D converter are appro-
priately delayed to capture the Rayleigh scattering signal from the
probe. The A/D converter is interfaced with an 80486 personal
computer. At each pulse of the laser, all four signals are gated,
integrated, digitized, and stored on the hard disk of the computer.
Therefore, the system can obtain data at a rate of 6 kHz with a time
resolution of about 36 ns. Data is postprocessed after each experi-
ment or calibration on the same personal computer.

Experimental Results
Preliminary tests were performed first to ensure proper opera-
tion of the optical and the electronic components of the DLDR sys-
tem for both the green A, and the yellow %, lines. Temperature was
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Fig. 3 Electronic arrangement for the DLDR system.
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measured in a particulate free, heated air jet. For these measure-
ments the dual-line detection feature was not implemented, and
temperature, independently measured from each laser line, was
compared to a thermocouple measurement. Both the environmen-
tal background and the laser glare were kept to a minimum. For
these measurements, the knowledge of the Rayleigh cross-section
was not needed a priori. Each line was calibrated using a reference
condition (free air jet at room condition), which is the usual
method in the more conventional applications of Rayleigh scatter-
ing.2* The optical probe was situated on the axis of a jet approxi-
mately 1 mm above the nozzle (10 mm diam). A chromel-alumel
thermocouple with a nominal bead diameter of 1 mm was placed
directly above the Rayleigh probe. Readings from both the Ray-
leigh scattering system and the thermocouple were obtained at var-
ious jet temperatures. Figure 4 shows a typical set of results. In the
figure, a straight line with slope of one is also drawn for better
comparison. There is good agreement between the thermocouple
and the Rayleigh scattering measurements. The slightly higher
temperature readings independently obtained by both lines of the
Rayleigh system are possibly due to the positioning of the thermo-
couple relative to the optical probe: the optical probe was slightly
closer to the jet exit. (The jet did not have a potential core, and
mixing on jet axis started almost immediately downstream of the
exit.)

Two separate software routines were developed for the DLDR
system: one for calibration and another for actual temperature
measurements. The system has to be calibrated each time an exper-
iment is performed because the constants in Egs. (8) and (9) are
highly dependent on optical alignment and electronic settings
(laser power, PMT sensitivity, electronic gain, gate width on signal
integration, etc). Once the calibration procedure is completed, the
relevant constants are put in the data acquisition software. At this
point, any change on the electronics setting, including significant
electronic drift, would invalidate the calibration.

System Calibration

To qualify the DLDR system, a large set of calibration tests was
performed under a diverse set of conditions related to both the
optics and the electronics, including the laser power, PMT sensi-
tivities, signal gain, etc. Also, different levels of background were
allowed to contaminate the signal during these tests to study the
behavior of 8. The calibration software essentially acquires data
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Fig. 4 Temperature obtained by Rayleigh scattering and thermo-
couple.
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Fig. 5 Calibration curves with various levels of background contami-
nation.

Table 1 Summary of calibration study

C1(X104) C,(X10-5) C{(X107) C3(X107) B

Calibration 1 4.472 1.096 2.929 3.300 0.887
Calibration 2 4481 0.994 14.24 16.20 0.880
Calibration 3 4.566 1.030 15.24 18.93 0.810
Calibration 4 4.441 1.022 18.19 18.98 0.958
Average 4.425 1.048 — — 0.885
Standard deviation  0.154 0.036 — — 0.060
Percent deviation 3.5 34 _— — 6.78

from both lines and performs a least squares fit to Eqgs. (8) and (9).
Values of ¢, P, and T are provided to the program and depending
on the experimental conditions, either one or a number of these
parameters can be varied. In the present calibration studies, the
heated air jet previously described was used. The Rayleigh scatter-
ing cross-sections and pressure (atmospheric) were provided to the
software code as fixed values and the air temperature was the cali-
bration variable. The optical probe was placed at the exit of the jet,
and the jet temperature was varied. The temperature was moni-
tored by a small-bead, chromel-alumel thermocouple, which was
placed adjacent to the optical probe.

Four sets of calibration graphs were obtained during a day with
various laser line contamination levels. Two such calibrations are
shown in Fig. 5. The background contaminations were obtained by
placing painted (with flat black paint) and nonpainted aluminum
plates near the Rayleigh optical probe, directly opposite from the
collecting optics (Fig. 2). Different levels of background were
obtained by moving the small, flat aluminum plates toward and
away from the probe location on a traverse mechanism and allow-
ing the diffuse laser light around the probe location to shine on the
plates. The diffuse laser light, surrounding the high intensity beam
waist (at the probe) is generated by the focusing lens. The coeffi-
cients obtained for each of the four calibrations performed are
summarized in Table 1. The plots for both laser lines are linear,
confirming Egs. (8) and (9). Also, for a given laser line, the slope
of the plot is fixed for various background levels (Table 1). The
two sets of calibrations presented in Fig. 5 show two quite distinct
background levels. Higher levels of background contamination
simply lead to larger offset (y-intercept) in the plots. Furthermore,
the values of C, and C, essentially remain constant throughout the
experiments. The amount of fluctuation in these values is a mea-
sure of the accuracy of the calibration process. As the surface scat-
tered background noise is increased, the values for the constants
C{ and C; progressively increase. However, the most significant
result here is the fact that, as postulated, 3 = C{/C; remains nearly
constant throughout the calibrations, although higher signal con-
tamination by the surface scattered background leads to larger val-
ues of both C{ and C}. The comparatively high value of B for cal-
ibration 4 on Table 1, which represents the calibration with the
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largest background contamination level, is believed to be related to
the photomultiplier noise levels. A slightly higher background
value than that corresponding to this background level led to the
saturation of both photomultiplier tubes. This set a limit on the
total acceptable signal. The average values for the calibration con-
stants for the same day are also summarized in Table 1. The aver-
age value of B is 0.885 with a standard deviation of about 0.06.
Note that these calibration results are obtained with nine data
points on each calibration curve. A larger number of data points is
likely to lead to a lower standard deviation on the constants.

Temperature Measurements .

Next, temperature was measured in a clean (particulate free
heated air jet with a coflow. Figure 6 shows the coflow jet appara-
tus. The coflow was added to the inner jet to prevent the entrain-
ment of particulates from the laboratory environment. Excessive
amounts of particulates in the probe region can prevent accurate
measurements by contaminating the Rayleigh signal by Mie scat-
tering from those large particles. Only the central jet is heated, and
jet exit temperatures in excess of 800 K could be obtained with this
apparatus. Again, a thermocouple was situated adjacent to the
Rayleigh probe on the downstream side. The thermocouple read-
ings provide a comparison to the DLDR measurements.

Figure 7 shows the calibration results for the experiment. This
time, the calibration is performed using 16 points. Because C, and
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Fig. 6 Heated jet setup with coflow.
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Fig. 7 Calibration curve for the temperature measurements.
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Fig. 9 Temperature measurements under various background levels
(Ter = 805 K).

C, depend on the electronic and optical settings, the current values
are different than those previously obtained (shown in Table 1).
However, as expected, the value for B is almost identical to the
average value previously obtained. In the figure, estimated error
margins are also included at selected points.

The temperature obtained by the DLDR system approximately 2
mm above the exit plane is shown in Figs. 8 and 9 for jet tempera-
tures of 380 and 805 K. The solid line indicates the reading from
the thermocouple. For a given heating level of the jet, DLDR mea-
surements are obtained in the presence of various background lev-
els. The background levels were created using the method de-
scribed earlier. For each background level, the mean temperatures
were obtained by averaging readings obtained from 15,384 shots
of the laser. This value corresponds to a total sampling duration of
about 2.6 s. Data is presented in terms of signal-to-background
ratio obtained from both A ; and A, lines. E/Ep ratios are obtained
in the following manner: Ej is calculated from Eqgs. (8) and (9),
including only the first term on the right-hand side and using the
temperature reading from the thermocouple. Ej is obtained directly
from the measurements using Eq. (11). The agreement between the
DLDR and the thermocouple results is quite good. Particularly
encouraging is the fact that even with signal-to-background levels
as low as Ep/Ep | = 0.5 (or Eg ,/Ep, = 0.2), reliable temperature
measurements are possible. Note that the lower limit on the signal-
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to-noise ratio that appears in Figs. 8 and 9 was determined by a
practical consideration: beyond a certain position of the scattering
surface, the background level increases sharply and saturates either
the sensors or the electronic integrators, rendering measurements
impossible beyond that point.

Also included in Figs. 8 and 9 are the standard deviations for
each measurement. Because the measurements are made at the jet
centerline and close to the exit plane, the turbulent fluctuations of
temperature are small, and thus their contribution to the standard
deviation is minimal (estimated to be less than 3%). Therefore, as
discussed earlier, the bulk of the contribution to the relative uncer-
tainty comes from the photon shot noise. There is essentially no
systematic dependence of measurement uncertainty on the back-
ground level Egz. However, larger standard deviations are observed
for the higher measured temperature (T = 805 K). The averaged,
relative standard deviation values obtained for jet temperatures of
380 and 805 K are 6 and 18%, respectively. These compare favor-
ably with the previously estimated uncertainties due to shot noise
with B = 0.88 (Fig. 1). Because the relative uncertainty due to shot
noise is inversely proportional to the square root of detected
energy, these uncertainty limits on the shot-to-shot temperature
measurements would significantly improve with the use of higher
pulse energy lasers such as Nd:YAG lasers. With such lasers,
pulse energies of 500 mJ are possible as compared to the 0.23 mJ
of total pulse energy obtained at the probe location of the current
system.

Conclusions

A laser-induced Rayleigh scattering system is developed for gas
temperature measurements. A dual-line detection technique is used
for the effective detection and removal of the laser line glare from
the Rayleigh signal. The technique involves the collection of sig-
nals from two lines of a laser. The two linear equations thus
obtained are solved simultaneously to give temperature (or den-
sity) and the background level. The robustness of the system
depends on the difference in wavelength dependence between the
Rayleigh scattering and the background scattering. In the present
work, a pulsed copper-vapor laser is used as the light source. The
510 nm and the 578 nm lines intrinsic to the laser provide the nec-
essary two lines. The use of a pulsed laser with relatively high
pulse energies significantly reduces the effect of broadband back-
ground from the surroundings. An analysis based on the photon
arrival statistics shows that uncertainty limits in the time-resolved
temperature measurement depend on the parameter B. The relative
error margins estimated by the analysis for the system agree fairly
well with the measurements. Time-averaged results, on the other
hand, indicate a high degree of accuracy in temperature measure-
ments. Calibration tests and actual temperature measurements also
indicate that the dual-line detection technique can improve the
capability of the Rayleigh scattering method by significantly re-
ducing the effect of signal contamination due to laser glare. It
eliminates the need for background mapping and the associated
guesswork typical of Rayleigh scattering measurements in opti-
cally nonideal situations. Accurate temperature measurements
were obtained in a heated air jet even when the background level
was twice the Rayleigh signal based on the green (510 nm) line.
Using the dual-line detection technique, it is hoped that effective
Rayleigh scattering measurements in enclosed test sections (such
as in combustors with limited optical access) as well as near walls

(such as in boundary-layer studies) will be possible. Currently, a
second DLDR system, similar to the one discussed here, is being
developed that uses an Nd:YAG laser. In this new system, second
and fourth harmonics of the laser output will be used as the two
detection lines.
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