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Engineering Application of Oxygen Laser-Induced Fluorescence
Temperature Measurements in Aerodynamic Flows

Ismail Ceyhan and Alan H. Epstein†

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Oxygen laser-induced � uorescence was studied experimentally to quantify signi� cant error and uncertainty
sources and to evaluate the technique feasibility for gas temperature measurements in the 1–6-atm, 300–500-K
regime. The dominant uncertainty source is quantum noise. For low-speed � ows, the dominant error source is
nonlinear process errors originating from oxygen ion � uorescence and saturation. For � ows where the pressure
is unknown or variable, collisional quenching may introduce an additional error up to 3 K/atm. For high-speed
� ows above 300 K, the dominant error source is the slow vibrational relaxation time of oxygen molecules. The
optimum experimental conditions are determined by budgeting the allowable temperature inaccuracy to various
uncertainty and error sources. In general, the nonlinear process errors limit the laser � uence that may be used,
and the quantum noise determines the minimum number of laser shots per measurement.

Nomenclature
E = laser � uence, J/cm2

M = Mach number
N = number of laser shots per measurement
P = pressure (total), atm
PO2 = partial pressure of oxygen, atm
R = temperature diagnostic ratio (TDR)
SD = denominator signal for TDR, counts
SN = numerator signal for TDR, counts
T = temperature, K
V = measurement volume, mm3

v = vibrational level of the upper electronic state
v = vibrational level of the lower electronic state
W C

2 = collisional quenching rate of the upper
electronic state, s 1

x = distance from shock, cm
g c = collection ef� ciency
r T = temperature uncertainty due to quantum noise, K
s v = vibrational relaxation time, s
X = collection solid angle, sr

Superscript

ref = reference conditions for Fig. 5

Introduction

T HE objectiveof thecurrent study is to evaluatethe feasibilityof
oxygen laser-induced � uorescence (LIF) for gas temperature

measurements in aerodynamic � ows by quantifying the signi� cant
erroranduncertaintysources.Future investigatorsmay use the infor-
mation developed in this study to design temperature measurement
experiments.

One potential aerodynamic application for the oxygen LIF tech-
nique is gas temperature measurements in turbomachinery.Intraro-
tor temperature measurements in turbines may be used to study
heat transferto turbineblades.Interstagetemperaturemeasurements
may also be taken in compressors to calculate stage ef� ciencies
accurately. Finally, intrarotor temperature measurements may be
combined with optical velocity measurements, for example, laser
Doppler anemometry (LDA) or particle image velocimetry (PIV),
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to calculate the Mach number � eld that characterizes the intrarotor
� ow� eld.

Oxygen LIF technique has several advantages for aerodynamic
applications.Limited only by the 20-ns laser pulseduration,its tem-
poral resolution is much better than the blade passing period in tur-
bomachinery.The techniquerequiresno seedingor cleanupbecause
it uses the oxygen molecules present in ambient air. The technique
providesan inherentwavelengthshift so that the re� ected laser light
does not obscure the temperature-sensitivesignals.Finally, the tech-
niquecan be implementedusingcommerciallyavailableequipment.

The oxygen LIF technique was � rst proposed by Massey and
Lemon in 1984 shortly after the development of the � rst excimer
laser.1 In 1986, Lee and Hanson developed a spectral model for
calculating the temperature dependenceof LIF signals.2 Additional
theoretical studies were published by Laufer et al. in 1988 (Ref. 3),
Miles et al. in 1988 (Ref. 4), and Smith et al. in 1993 (Ref. 5).
Between 1986 and 1996, qualitative results were obtained on high-
temperature methane–air � ames,6 supersonic freejets,7 and hyper-
sonic wind-tunnel � ows.8,9 Of these studies, Refs. 1, 4, 5, 7, and
8 examine an ArF laser operating in narrowband mode, whereas
Refs. 2, 3, 6, and 9 look at the laser operating in broadband mode.

Previous studies have claimed, but have not demonstrated, that
less than 1-K temperature accuracy is feasible. This study experi-
mentally quanti� es the constraints on accuracy and precision.

Oxygen LIF Temperature Measurement Theory
Oxygen LIF technique measures gas temperature by probing

the distribution of oxygen molecules among quantum states of
the ground electronic state. Because the distribution of molecules
among quantum states is a strong function of temperature, the LIF
signal magnitude also depends on temperature.The technique uses
this temperature dependence to determine the gas temperature.

A broadbandArF excimer laser is used to excite transitionsin the
B3 R u X 3 R g Schumann–Rungeband.Onlythosetransitionsthat
are overlapped by the ArF spectrum at 193 nm are excited. Each
excited molecule absorbs a single photon from the incident laser
light. The excited transitions originate from the v 0, 1, and 2
vibrationallevelsof the groundelectronicstate and � ll, respectively,
the v 4, 7, and 10 vibrational levels of the upper electronic state.

LIF emission is generatedas some of the excitedmoleculesspon-
taneously decay back to the ground electronic state. Each decaying
moleculeemits a single photon.The wavelengthof the emitted pho-
ton is related to the energy separation between the upper and lower
states of the � uorescence transition.

The LIF signal magnitude is a strong function of temperature.
Only those molecules that are in the quantum states accessed by
the ArF laser are excited to the upper electronic state and may
later � uoresce. Therefore, the LIF signal magnitude is proportional
to the number of molecules in the accessed quantum states. The
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Fig. 1 Experimental apparatus schematic.

distribution of molecules among quantum states is an exponential
functionof temperatureas givenby the Boltzmanndistribution.The
LIF temperature measurement technique uses this temperature de-
pendence of the LIF signal to determine the gas temperature.

More details about the LIF temperaturemeasurementtheory may
be found by Lee and Hanson2 and by Ceyhan.10

Experimental Apparatus
The experimental apparatus was designed for intrarotor temper-

ature measurement in turbomachinery rigs. Figure 1 presents a
schematic of the experimetalapparatus.An oblique-scatterarrange-
ment was chosen because of the limited access to the � ow� eld in
turbomachinery.

A Lambda–Physik EMG160MSC excimer laser operating in
broadband mode at 193 nm with an ArF gas � ll was used. The
laser was capable of operating in either narrowband or broadband
mode; however, all data presented in this paper were acquired with
the laser in broadband mode. A cryogenic puri� cation system was
implemented to increase the life of the gas � ll.

The laser beam was steered to the measurement point using six
turningmirrors. A fused silica, plano-convexlens was used to focus
the laser beam through a fused silica casing window to the mea-
surement point. The focal length of the lens was 127 mm at 587 nm
(104.3 mm at 193 nm).

The LIF signals were collected using a cassegrain telescope lens
(Lyman Alpha I manufactured by NYE Optical Co.) operating at
a paraxial magni� cation of 0.78. The collected light was dispersed
usingan Acton ResearchSpectraPro275 spectrometer.A potassium
bromide (KBr) disk was placedat the entranceof the spectrometerto
� lter contaminatingsignalsdue to re� ectionfrom thecasingwindow
and internal surfaces, as well as the signals due to Rayleigh scat-
tering. The spectrometer slit width was 140 l m, and a 1200 mm 1

grating centered at 234 nm was used. The resulting range and reso-
lution were 200–270 nm and 0.68 nm (full width at half maximum),
respectively.

The dispersed signals were recorded using a Princeton Instru-
ments IDPA-1024 intensi� ed photodiode array. The detector con-
tained 1024 diodes, each of which was 25 l m wide and 25 mm
high. To minimize dark charge, the detector was thermoelectrically
cooled to 20 C. Signals from multiple laser shots were accumu-
lated on the diodes, and the overall counts were read, digitized, and
recorded using a personal computer.

To eliminate loss of signaldue to absorptionby oxygenmolecules
in the ambient atmosphere, the entire apparatus (including laser op-
tics) was enclosed in an acrylic box, which was purged with ni-
trogen. A three-table positioning system was designed so that the
measurement point could be relocated along two axes without hav-
ing to realign the optics. (The position along the third axis could be
chosen by adjusting the delay between each laser pulse and blade
passage.)

Data for calibration and error analysis were obtained with the
measurement apparatus located in front of a heated air test cell. The
test cell temperature and pressure were regulated and measured.
The temperaturemeasurement was performed with a thermocouple
probe, which was retracted from the measurement point just before
the LIF measurement process was initiated. The test cell was de-
signedfor300–600-Ktemperatureand 1.3–6.5-atmpressureranges.

Although the experimental apparatus was designed for tempera-
ture measurements in experimental turbomachineryrigs, the results
discussed are applicable to the oxygen LIF temperature measure-
ment technique in general.

Data Reduction Procedure
Spectral normalization was determined to be the most accurate

method for calculating gas temperature from the recorded oxygen
LIF spectrum. The spectral normalization method accounts for the
linear dependenceof the � uorescencesignals on laser � uence, mea-
surementvolume,gaspressure,collectionsolidangle,andcollection
ef� ciency. Rayleigh, Raman, and two-line normalizations were ei-
ther not feasible or less accurate than spectral normalization for the
300–550-K temperature range of interest in this study.

In addition to temperature, the oxygen LIF emission depends on
laser � uence (de� ned as the laser beam energy divided by the beam
area), measurementvolume,gaspressure,collectionsolid angle,and
collection ef� ciency. Theoretically, the LIF signal dependencieson
these extraneousparametersare linear. It is necessary to account for
these dependenciesto extract temperature informationfrom the LIF
signals.

Over the 300–550-K temperaturerangeof interest,the most accu-
rate methodwas determinedto be spectralnormalization.In spectral
normalization, temperature-insensitiveLIF signals are used to nor-
malize temperature-sensitiveLIF signals.The temperature-sensitive
signals originate from the molecules excited from the v 1 and
2 vibrational levels. The relatively temperature-insensitive signals
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originate from the molecules excited from the v 0 vibrational
level.

Temperature-sensitive and temperature-insensitive signals are
spectrally separated because the molecules excited from different
vibrational levels exhibit different � uorescence signatures. For ex-
ample, the temperature-sensitivev 1 and 2 signals are strongest
around 220 and 207 nm, respectively. The temperature-insensitive
v 0 signals are strongest between 232–234 and 240–242 nm.
Consequently, the LIF spectrum strength shifts toward the shorter
wavelengths as temperature increases both within each peak region
and overall (Fig. 2). In Fig. 2, the feature at 202.5 nm is the nitrogen
Raman signal, which is partiallyobscuredby the KBr spectral � lter.

In a normalization scheme, the temperature is obtained from a
temperature diagnostic ratio (TDR):

R(T ) SN / SD (1)

For quantum-noise-limitedmeasurements,the resultingtemperature
uncertainty is given by the following expression:

r T
R / SN

dR /dT
(1 R)

1
2 (2)

Temperature-sensitivesignals are assignedto the numerator to max-
imize TDR sensitivity. In addition, the magnitudes of the numera-
tor and denominator are kept of equal order, that is, R 1. Other-
wise, the temperatureuncertaintywouldbedominatedby theweaker
signal.

In this study, the data reduction proceeded as follows.
1) A background was subtracted from the oxygen LIF spectrum.

The background was recorded under the same experimental condi-
tions as the oxygenLIF spectrumexcept that the laserwas not � ring.
The background primarily represents the dark counts collected on
the detector diodes due to random thermal processes.

2) The remainingoxygenLIF signal was divided into 13 regions.
The regionsare shown in Fig. 3, where the total signal in each region

Fig. 2 Oxygen LIF spectra recorded at 301, 425, and 557 K.

Table 1 Regional signal boundaries and assignments

Wavelength Number of Main emission
Region range, nm channelsa Assignment features (v , v )

1 201.76–202.77 14 Denominator N2 Raman
2 203.70–206.08 33 Numerator (4,2) (7,3) (10,4)
3 209.89–212.41 35 Numerator (7,4) (10,5)
4 216.36–219.60 45 Numerator (7,5)
5 222.98–227.37 61 Numerator (7,6)
6 231.25–232.76 21 Numerator (7,7) (10,8)
7 232.76–234.56 25 Denominator (4,6) (10,8)
8 237.97–240.46 35 Numerator (10,9)
9 240.46–242.69 31 Denominator (4,7)
10 249.09–250.60 21 Denominator (4,8) (7,9)
11 253.91–257.51 50 Numerator (7,10) (10,11)
12 257.51–260.31 39 Denominator (4,9) (7,10) (10,11)
13 263.48–265.99 35 Denominator (4,10) (10,12)

aThere is a 1024-channeldiodearray located at the 25-mm-wide focal plane of 275-mm-focal-length spectrometer
with 1200 mm 1 grating centered at 234 nm.

is calculated by summing the counts from appropriate diodes. The
regionalsignals are assigned to the numeratoror denominatorof the
temperature diagnostic ratio based on their temperature sensitivity.
Their boundariesare listed in Table 1. Table 1 shows initial (v ) and
� nal (v ) vibrational levels for the emission transition: v 4 levels
are � lled by absorptiontransitionsoriginatingfrom the v 0 level,
v 7 levels are � lled from the v 1 level, and v 10 levels are
� lled from the v 2 level. Only the dominant transitions in each
region are listed.

3) The signal in each region was calculatedby summing the count
readings from the member diodes.

4) The numerator and denominator were computed by summing
the appropriateregionalsignals.Table 1 indicateswhethera regional
signal belongs to the numerator or denominator.

5) TDR was computed using Eq. (1).
6) Temperature was then determined from a T (R) function. The

T (R) functionwas calibratedagainst thermocouplesin a calibration
cell. Figure 4 shows the T (R) calibrationfunctionused in this study.
The temperature sensitivity is highest between 400 and 525 K.

Other normalization methods were found to be either not feasi-
ble or less accurate than spectral normalization. Normalization by
the oxygen Raman signals is not feasible because the Rayleigh sig-
nals are obscured by the KBr spectral � lter, which is necessary to
eliminate re� ected laser light. The fundamental oxygen Raman sig-
nal at 199.4 nm is completely obscured by the spectral � lter, and
the second-order oxygen Raman signal at 205.7 nm is obscured at
higher temperatures by the underlying v 2 LIF signals. In addi-
tion, normalization by the nitrogen Raman signal was determined
to be less accurate than spectral normalization,especially at higher
temperatures. The KBr � lter transmits only 36% of the nitrogen
Raman signal at 202.5 nm, and the transmittednitrogen Raman sig-
nal ranges between 10% (at 300 K) and 1.3% (at 500 K) of the
oxygen LIF signal.

Curve � tting using nonlinear optimization techniques was also
found to be less accurate than spectral normalization. Curve � tting

Fig. 3 Oxygen LIF spectra divided into 13 regions for data reduction.
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Fig. 4 Temperature diagnostic ratio calibration curve.

uses the analytical signal shape information to reduce the mea-
surement uncertainty.11 However, the oxygen LIF signals consist
of many closely spaced peaks that are not resolved under the mea-
surement conditions. It is not possible to describe the composite
signal shape with analytical functions.

Error and Uncertainty Sources
For low-speed measurements, the dominant error source is non-

linear processes.Collisionalquenchingmay also be signi� cant. For
high-speed measurements, the dominant error source is vibrational
relaxation.The uncertaintyand error sources are discussed individ-
ually next.

Quantum Noise
For both low-speed and high-speedmeasurements, the dominant

uncertainty source is quantum noise. Measurement uncertainty due
to quantum noise may be reduced by increasing laser � uence, mea-
surement volume, collection solid angle, and collection ef� ciency,
as well as by integrating LIF signals from multiple laser shots.

Quantum noise is the statistical variation introduced to the ra-
diative signals due to the discrete (quantum) nature of light. Any
interaction between light and matter is a source of quantum noise.
In the oxygen LIF technique,such light–matter interactions include
the production of laser radiation, the absorption of laser light by
oxygen molecules, the � uorescence by oxygen molecules, and the
detection of LIF signals.

Quantum noise is governed by the Poisson distribution.12 For 10
or more counts, the Poissondistributionapproachesthe normal error
(Gaussian) distribution.13 The standard deviation of the quantum
noise distribution is proportional to the square root of the signal
level.

Figure 5 shows the single-shot quantum uncertainty for the par-
ticular apparatus used in this study. Quantum uncertainty may be
reduced by increasing laser � uence, measurement volume, collec-
tion solid angle, and collection ef� ciency. In addition, quantum
uncertainty may be reduced by integrating LIF signals resulting
from multiple laser shots. The following equation may be used to
scale uncertainty values obtained from Fig. 5 to other experimental
conditions:

r T r ref
T

E ref

E

P ref
O2

PO2

V ref

V

X ref

X

g ref
c

g c

N ref

N

(3)

For Fig. 5, E ref 10 J/cm2, P ref
O2

1 atm, V ref 1 mm3 , X ref 0.1 sr,
g ref

c 0.01, and N ref 1 shot. With the normal distribution, 68.3%
of the temperature readings may be expected to fall within r T of
the mean value.

If the LIF signal levels are too low, the uncertaintywill be domi-
nated by the detector noise. Detector noise originates from readout
uncertainty as well as thermal charges accumulating on the diodes.

Fig. 5 Single-shot quantum-noise-limited temperature measurement
uncertainty as a function of temperature at the indicated reference
conditions.

Signi� cance of detector noise may be lowered by on-detector inte-
gration of LIF signals from multiple laser shots before readout.
If an intensi� ed detector is used, increasing the intensi� er gain
will also reduce the contribution of detector noise to measurement
uncertainty.

Nonlinear Process Errors
For low-speed � ow measurements, the nonlinear processes are

the dominant error source, namely, oxygen ion (O2 ) � uorescence
and saturation. Nonlinear processes introduce laser � uence depen-
dencies to the TDR. The laser � uence needs to be limited to reduce
the resulting error in the measured temperature.

Oxygen ion LIF signals exhibit a cubic dependence on laser � u-
ence and do not depend on temperature (except through density).
Oxygenion LIF signalsare concentratedin the samespectralregions
as the temperature-sensitiveoxygenLIF signals.Consequently,oxy-
gen ion LIF process robs the TDR of its temperature sensitivity at
lower temperatures.At higher temperatures,the oxygenion LIF sig-
nals are weaker compared to the oxygen LIF signals, and oxygen
ion LIF is of lesser importance as an error source.

Saturation results from the ArF laser depleting the ground states
of the absorption transitions.In general,v 1 and 2 transitionsare
more sensitive to saturationdue to their higher transition probabili-
ties. Consequently, saturation results in a � uence-dependentreduc-
tion in the temperature-sensitiveLIF signals. The saturation error
increases with increasing temperature as v 1 and 2 transitions
become stronger.

Temperatureerror due to nonlinearphenomena is shown in Fig. 6
as a function of temperature and laser � uence. Figure 6 is based on
experimental data obtained at nine different temperatures between
297 and 507 K. Oxygen ion LIF is the dominant error source for
temperatures less than 430–460 K. Saturation is the dominant error
source for temperatures above 430–460 K. Around 430–460 K, the
two error sources balance. The upper and lower laser � uence limits
for the experimental data are also shown (dashed lines).

The laser � uence at which nonlinear process errors become sig-
ni� cant is determinedby the accuracyrequiredand the experimental
conditions. The ideal laser � uence is determined by balancing the
uncertainty and error sources. An example is provided later.

Collisional Quenching
Collisional quenching may be a secondary but signi� cant error

source. Collisional quenching results from the excited molecules
being moved out of the upper electronic state before � uorescencing
as a result of collisions with other molecules. This quenching ef-
fect introduces pressure dependency to the TDR and the measured
temperature. Previous studies had neglected collisional quenching
as an error source based on the argument that the predissociation
rate was signi� cantly higher than the collisionalquenchingrate.1,2,8

This study indicates that the pressure-dependenttemperature er-
ror introduced through collisional quenching may be as large as
3 K/atm. Figure 7 shows thecollisionalquenchingerror as a function
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Fig. 6 Experimentally determined temperature measurement error
due to nonlinear phenomena.

Fig. 7 Temperature measurement error due to collisional quenching.

of temperature. Collisional quenching error is signi� cant for � ows
where the pressure is unknown, variable (e.g., compressible � ows),
or different from the calibrationpressure. For measurements where
the pressure is known, collisional quenching error may be avoided
by calibrating the TDR at the � ow pressure.

The data obtained during this study indicate that the following
correlation may be used for collisional quenching rate of oxygen
molecules in spectroscopicmodels:

W C
2 (5.3 109 s 1 )(300 K/ T )0.7 PO2 0.2 atm (4)

This correlationwas derivedfromanempiricalmodelgivenby Cann
et al.14 for pressure broadening linewidths of oxygen absorption
transitions. The data suggest that only oxygen–oxygen collisions
are effective in quenching the upper electronic state.

The data used for collisional quenching study were obtained in
the heated air test cell with regulated pressureand temperature.The
test cell temperaturewas separatelymeasuredusinga thermocouple
probe. Data were taken with the test cell pressure set at 1.4, 2.7, 3.8,
4.8, and 6.1 atm. At each pressure, LIF spectra were obtained at 11
temperatures between 301 and 557 K. The TDR was computed for
each temperature–pressure pair and plotted on Fig. 7. The results
were then compared to the two collisions rate models found in the
literature.4,14

Vibrational Relaxation
For high-speed � ow measurements, the dominant error source is

the slow vibrational relaxation rate for oxygen molecules. Above
300 K, this slow vibrational relaxation rate results in the LIF-
measured temperature deviating from the true gas temperature of
the � ow.

Above 300 K, the LIF process measures the vibrational tempera-
ture that characterizes the molecule distribution among vibrational
levels. However, the thermodynamicproperties of the � ow are gov-

erned by the rotational temperature that characterizes the molecule
distribution among rotational levels. The LIF technique measures
vibrational temperature because its temperature sensitivity origi-
nates from the v 1 and 2 upper vibrational levels being � lled.
Although the population of the upper vibrational levels are small,
their contributionsto the total LIF signal are large due to their large
transition probabilities.For example, at 425 K, the v 1 and 2 vi-
brationallevels, respectively,accountfor only 0.5 and 0.002%of the
total number of molecules, but 51 and 13% of the total LIF signal.

If the � ow undergoes a temperature change, both the vibrational
and the rotationaldistributionsmust adjust, that is, relax, to the new
temperature.Temperature changes in � ows may originate from heat
transfer or compressibility effects, for example, supersonic shocks.
The rotationalredistributionoccurs much faster than the vibrational
relaxationrate (within several molecular collisions). As a result, the
LIF-measured temperature is not an accurate indicator of the true
gas temperature during the period of vibrational relaxation.

The vibrational relaxation time for oxygen molecules may be
estimated using the following correlation developed from the data
given by Billing and Kolesnick15:

s v (15 ms atm/ P)(300 K/ T )4.8 (5)

After one vibrational relaxation time period, approximately 63%
of the molecules will have been redistributed. It is necessary to
wait � ve periods until less than 1% of the molecules remain to be
redistributed.

For the LIF temperature measurement to be useful, the distance
coveredby themoleculesduringvibrationalrelaxationmust besmall
compared to the spatial resolution requirement. The spatial resolu-
tion capability of the LIF technique in air is shown in Fig. 8 as a
function of temperature. Figure 8 shows that the spatial resolution
capability is limited by the vibrational relaxation rate of oxygen
molecules. The minimum spatial resolution capability is taken as
� ve times the distance covered by the � ow over a characteristic
relaxation time period.

The vibrational relaxation error source can be illustrated by con-
sidering the example shown in Fig. 9. Here, a supersonic � ow un-
dergoes a normal shock located at x 0. Upstream of the shock,
M 1.500, P 2.44 atm, and T 379 K. Downstream of the
shock, M 0.701, P 6.00 atm, and T 500 K (The � ow con-
ditions were chosen to yield the fastest vibrational relaxation time
downstreamof the shockwithin the temperatureandpressureranges
of interest.) The � ow speeddownstreamof the shock is 314 m/s, and
the vibrational relaxation time is 0.22 ms. The � ow covers 6.8 cm
over one vibrational relaxation time period.

Just downstream of the shock, the LIF temperature measures the
vibrational temperature,which is 379 K (the static temperature up-
stream of the shock). The error between LIF-measured and true
temperaturesis 121 K. After 6.8 cm (one vibrationalrelaxationtime
period), the error is reduced to 44 K (37% of the original error). It
takes the � ow 33 cm, or � ve vibrational relaxation time periods,
before the error is reduced to less than 1 K. Consequently, the LIF

Fig. 8 Spatial resolution capability of the LIF technique as a function
of temperature and � ow speed.
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Fig. 9 Temperature error due to vibrationalrelaxation downstream of
a normal shock.

techniquecannotbe used if the spatial resolutionrequirement is less
than about 33 cm.

Vibrationalrelaxationerrororiginatesfrom� ow speedrather than
compressibility effects. Vibrational relaxation error will be signif-
icant unless the � ow speed times the vibrational relaxation time
is small compared to the spatial resolution requirement. Although
compressible � ows are typical examples of high-speed � ows, vi-
brational relaxation may be a signi� cant error source even when
compressibility effects are negligible.

Above 300 K, the only conceptual technique known to the au-
thors for avoiding the vibrational relaxationproblem is to probe the
rotational distribution of the v 0 vibrational level. This may be
accomplished in two ways.

1) A narrowband laser may be used to excite a v 0 transition
isolated from any v 1 and 2 transitions. Only two transitions,
namely, P(15) and P(19), satisfy this requirement.To avoid contam-
inationby the v 1 and 2 signals, the laser emissionwill have to re-
main perfectlynarrowbandfrom calibrationuntil the measurements
are completed. Also, only the nitrogen Raman signal is available to
normalize the LIF signals.

2) An isolated emission line originating from the v 4 level
(which is � lled by molecules excited from the v 0 level) may be
measured.However, there are no isolatedv 4 emission transitions
within the 200–270 nm band for which the experimental apparatus
was designed.

Below 300 K, vibrationalrelaxationdoes not introducea temper-
ature error because all LIF signals originate from the v 0 level.

If only the rotational temperatures are probed, the achieavable
temperature precision decreases due to several factors. First, the
number of moleculesbeing excited is reducedbecauseonly a single
rotational level is being probed. Second, because of the lower en-
ergy associatedwith the v 0 vibrational level, the rotationallevel
being probed is mostly populated and its temperature sensitivity is
low. Also, the signals must be normalized by the nitrogen Raman
peak (theonly uncontaminatedsignal that is temperatureinsensitive,
except through density), whose strength decreases with increasing
temperature (due to decreasing density). Finally, the laser � uence
is much lower because the narrowband ArF radiation is produced
by selective ampli� cation of a small region of the ArF emission
spectrum. The reduction in precision is enough that the required
measurement duration must be increased by several orders of mag-
nitude. As illustrated by the subsequent example, this makes the
rotationalmeasurement technique impractical for most engineering
applications.

Other Error Sources
Following error sources were also quanti� ed in our study: beam

path absorption between the observation window and the measure-

ment location, temperature variation across the measurement vol-
ume, and � ow rate effects at the measurement location. Analytical
models and experimental observations indicate that error sources
account for less than 1-K error for beam path distances of 3–4 cm
over the temperature and pressure ranges of interest (300–550 K,
1–6 atm). Therefore, for the experimentalconditionsof interest, the
signi� cant uncertainty and error sources are quantum noise, non-
linear process errors (O2 � uorescence and saturation), collisional
quenching, and vibrational relaxation.

Practical Considerations for
Aerodynamic Measurements

Provided that the vibrational relaxation error is negligible, the
remaining error and uncertainty sources need to be balanced to ob-
tain the desired accuracy. In general, the laser � uence is limited by
the nonlinear process errors. The number of shots can then be cho-
sen to reduce the quantum noise uncertainty to an acceptable level.
Collisional quenching error will not be affected by experimental
conditions. Measurement volume will be chosen to satisfy the de-
sired spatial resolution,and collectionsolid angle and collectionef-
� ciency will be maximized within the limits of availableequipment.

The error balancingprocess may be illustratedusing an example.
Consider a gas temperature measurement where a 3-K accuracy is
desired, that is, 99% of the measured values must fall within 1.5 K
of the true temperature.The approximate temperature is 400 K, and
the � ow pressure is 2.0 0.2 atm (PO2 0.4 0.004 atm). The
measurement volume is 0.01 mm3. The collection solid angle is
0.1 sr, and the collection ef� ciency is 0.01 (same as the reference
values for Fig. 5).

First, the allowed accuracy is budgeted equally between error
and uncertainty sources as shown in Fig. 10. From Fig. 7, the
pressure-dependenterror due to collisional quenching is calculated
as 0.26 K (1.3 K/atm 0.2 atm). The allowable error due to non-
linear sources is then 0.49 K. Figure 6 indicates that the laser � uence
must be limited to 20 J/cm2 to achieve this accuracy.

For normal error distribution, 99% of the readings fall below the
mean value plus 2.33r . The desired r is then 0.32 K (0.75 K/2.33),
and r ref may be read from Fig. 5 as 3.07 K. The number of shots
neededto achievethedesireduncertaintylimitcan thenbe calculated
using Eq. (3) as follows:

N
r ref

T

r T

2
E ref

E

P ref
O2

PO2

V ref

V

X ref

X

g ref
c

g c
N ref

3.07 K

0.32 K

2
10 J/cm2

20 J/cm2

1 atm

0.4 atm

1 mm3

0.01 mm3

0.1 sr

0.1 sr

0.01

0.01
1 shot 12,000 shots (6)

Fig. 10 To determine optimum measurement conditions, the allowable
temperature inaccuracy (3) is budgeted between collisional quenching
error (4), nonlinearprocess error (5), and quantum noise (6); only1% of
the temperature readings have greater than 1.5 K temperature error (7).
Here (1) is the true temperature and (2) is the probability distribution
of the temperature measurements.
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In general, the optical temperature measurement technique is
about 2000 times slower than corresponding optical velocity mea-
surement techniquessuch as LDA and PIV. The optical temperature
measurementtechniqueis limited by quantumnoiseuncertaintyand
nonlinear process errors. The velocity measurement technique, on
the other hand, is limited by seeding and data acquision.At the typ-
ical ArF laser frequency of 100 Hz, it would require 2 min to make
a 12,000-shot measurement at a given point. If an automated posi-
tioning system is used, 1000 point measurements (correspondingto
a 103 grid) can be taken in 33.3 h. By comparison, the laser Doppler
anemometry system at NASA John H. Glenn Research Center at
Lewis Field makes velocity measurements at 1000 points in less
than 1 min.

Conclusions
The objectiveof this study is to quantify experimentallythe error

and uncertainty sources for the oxygen LIF gas temperature mea-
surement technique. The information presented in this study may
be used to determine experimental conditions for gas temperature
measurements.

The optimum data reduction scheme is spectral normalization.
This scheme accounts for the dependence of oxygen LIF signals
on extraneous parameters such as laser � uence, measurement vol-
ume, collection solid angle, and gas pressure. Spectral normaliza-
tion divides the oxygenLIF spectrum between 200 and 270 nm into
temperature-sensitiveand temperature-insensitive signals. The ra-
tio of the total signals in the two region types is then used as the
temperature diagnostic.

The dominant uncertainty source is quantum noise originating
from the discrete nature of light. The dominant error source is
nonlinear process errors for low-speed � ows. However, collisional
quenching may also be signi� cant for � ows where the pressure is
unknown or variable.

For high-speed measurements above 300 K, the dominant error
source is the slow vibrational relaxation time of oxygen molecules.
The spatial resolution requirement must be large compared to the
distance covered by the � ow over the vibrational relaxation period.

The optimum experimentalconditionsare chosen by dividing the
allowable temperatureinaccuracybetween the error and uncertainty
sources. In general, nonlinear process errors will limit the laser � u-
ence.The numberof shots per measurementwill then be determined
by the remaining uncertainty allowance.
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