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Simultaneous Water Vapor Concentration and Temperature
Measurements Using 1.31-um Diode Lasers

Mark G. Allen* and William J. Kessler!
Physical Sciences, Inc., Andover, Massachusetts 01810

This paper reports the development of a compact, inexpensive sensor for simultaneous water vapor concentration
and temperature measurements suitable for aeropropulsion exhaust applications. High sensitivity is achieved
with an electronically balanced dual detector strategy that circumvents requirements for custom-fabricated lasers
operating at specific wavelengths or high-frequency modulation techniques. Using widely available, broadly tunable
InGaAsP diode lasers near 1.31 pm, simultaneous measurements are demonstrated in a fiber-coupled, wavelength

multiplexed configuration with a limiting density sensitivity of 10'5 cm—3

in a 50-cm path and an rms standard

deviation of 42 K over a range from 300 to 1300 K. Initial results suggest the possibility of extending this temperature

range to 1900 K and above using other line pairs.

1. Introduction

OMPACT, lightweight, and rugged sensors for in-stream mea-

surements of aeropropulsion flow parameters and desired
for improved testing, engine health or emissions monitoring, and
control applications. In addition to the fundamental gasdynamic
properties, such as density, chemical composition, temperature,
velocity, and pressure, simultaneous multiproperty measurements
are desired for higher order parameters, such as mass flux pV and
thrust pV?2. Significant work during the past decade has demon-
strated in-situ techniques for all of these property measurements
based on laser-induced fluorescence, Rayleigh scattering, and var-
ious coherent laser scattering approaches. These techniques, how-
ever, generally require large and complex multiple laser sources ihat
are incompatible with widespread field or flight applications.

Recently, however, spectroscopic-grade, room-temperature tun-
able diode laser sources have become available in a number of wave-
length regions between about 630 nm and 2.1 ;xm. Many of the laser
sources are engineered for remote installation, high bandwidth com-
munications applications and are characterized by continuously de-
clining price/performance ratios, improved lifetime and stability,
and compatibility with fiber-optic distribution networks. Their ap-
plication to absorption measurements in atmospheric and environ-
mental monitoring is relatively mature, and commercial units are
now available for industrial applications.

As demonstrated in Refs. 1-5 diode laser-based absorption tech-
niques can be used to obtain path-averaged measurements of all of
the gasdynamic parameters mentioned, as well as multiparameter
combinations such as mass flux and thrust. Most aeropropulsion-
related techniques demonstrated to data involve absorption mea-
surements on overtone and combination bands of H,O between 1.3
and 1.4 pmorthe (b < X) electronic system of O, near 763 nm. In
this paper, we describe recent progress toward the development of a
field- and flightworthy sensor for simultaneous water vapor density

and temperature measurements. High sensitivity is obtained usingan

electronically balanced dual-beam technique that offers several po-
tential advantages for practical devices compared to more traditional
frequency-modulation or custom-fabricated laser approaches.®~®

II. Absorption Spectroscopy for
Aerodynamic Parameters

All of the diode laser sensor configurations and based on absorp-
tion of the wavelength-tuned laser intensity as the beam propagates
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across the measurement path. This absorption is described by the
Beer-Lambert relation

I, = 1,0 explSayg (v — w)NE] ey
where [, is the monochromatic laser intensity at frequency v, mea-
sured after propagating a pathlength £ through a medium with an
absorbing species number density N. The strength of the absorp-
tion is determined by the temperature-dependent line strength S,
and the line shape function g(v — vg). The line shape function de-
scribes the temperature- and pressure-dependent broadening mech-
anism of the fundamental line strength. The temperature dependence
of the line strength arises from the Boltzmann population statistics
governing the internal energy level population distribution of the
absorbing species.

The single-mode distributed feedback (DFB) diode lasers used in
this work are sufficiently narrow in frequency that they may be con-
sidered essentially monochromatic with respect to the absorption
line shape. The laser frequency may be tuned over a range that en-
compasses the entire line shape function so that the resultant trans-
mission can be integrated to remove the pressure and temperature
dependence of the line-broadening mechanisms. The recorded ab-
sorbance, then, is proportional only to the temperature-dependent
line strength and the absorbing species number density. It is usu-
ally possible to select an absorbing ground state whose line strength
is relatively constant over some target temperature range so that
the absorbance is a direct measurement of species number density.
Separate temperature measurements may be used to correct for tem-
perature variations, if necessary.

Alternatively, two absorption transitions may be probed (using
one or two lasers, depending on the target transition separation and
the laser tuning range). The ratio of the integrated absorbance of
each transition is a pure function of temperature,?

S heAE [ 1 1
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where S; and S, are the line strength values at some reference
temperature Ty, and AE is the energy separation of the absorb-
ing states expressed in wave number units (reciprocal centimeters).
The temperature sensitivity depends on the values of the reference
line strengths and the energy separation, as will be discussed in more
detail subsequently. With the temperature so determined, either or
both absorbances can be used to determine the number density.

III. Sensor Architecture
High-performance near-IR diode lasers are widely available in
two narrow spectral windows near 1.31 and 1.55 um. For water
vapor measurements, custom fabricated InGaAsP diode lasers are

@



484 ALLEN AND KESSLER

available near 1.39 pm, corresponding to combination-band tran-
sitions with typical line strengths on the order of 1072 cm/mol,
resulting in atmospheric absorbances of a few percent per centime-
ter of pathlength. Near 1.31 um, the wavelength corresponding to
minimum dispersion of fiber optic networks, devices manufactured
for high bandwidth CATV applications are available from a num-
ber of vendors. Laser diodes generating in excess of 10 mW are
available for under $4000 in optically isolated pigtail packages that
can be continuously injection-current tuned over 2.5 cm™!. In this
wavelength region, a mixture of 2v; and v; + v; water transitions
are available, although peak line strengths are at least a factor of 100
weaker than the transitions near 1.39 pm.

For measurement of weak absorbances below about 1073, spe-
cial techniques must be applied to overcome excess laser amplitude
noise. The most common of these techniques imposes of modula-
tion on the diode laser injection current that, in turn, generates an
amplitude and frequency modulation on the laser intensity. The ab-
sorbance is detected at the modulation frequency, or some harmonic,
using bandpass filtered, phase-sensitive techniques to reject the out-
of-band laser amplitude noise. Depending on the depth and fre-
quency of the injection current modulation, this general technique is
known as frequency or wavelength modulation spectroscopy (here-
after both techniques will be referred to as FM spectroscopy).® Using
these techniques, absorbances as low as a few parts in 107 have been
achieved in a 1-Hz bandwidth, and instruments based on FM spec-
troscopy have been fielded in numerous atmospheric monitoring
applications over the last decade.

FM techniques, however, have several potential disadvantages for
some practical applications. Optimum sensitivity is achieved with
modulation bandwidths comparable to the absorption half-widths,
which implies GHz bandwidths for atmospheric-pressure measure-
ments. Lower frequency variants of wavelength modulation spec-
troscopy reduce this requirements to megahertz levels,! but still
require rf-electronics and phase-sensitive amplifiers. With higher
modulation frequencies, the frequency range over which the laser
center frequency may be scanned is reduced. The magnitude of
this reduction is highly device dependent, but factors 2—10 have
been observed on O, and H,O measurements.'®!! This constriction
may inhibit the laser’s ability to fully scan a pressure-broadened line
shape, thereby complicating baseline subtraction procedures and in-
troducing pressure and temperature dependencies in the measured
absorbance due to line shape variations. Furthermore, the additional
f components add to the cost and weight of a stand-alone sensor
system.

The approach for sensitive absorption measurements pursued in
the present water vapor sensor is based on a dual-beam technique
with electronic balancing originally developed by Hobbs!? at IBM
for communications applications and used to demonstrate shoot-
noise-limited absorption measurements of 7, vapor.!® In principle,
dual-beam approaches that divide the signal beam intensity (pass-
ing through the absorbing medium) by a reference beam intensity
(not passing through the absorbing medium) should allow cancel-
lation of common-mode excess laser amplitude noise. In practice,
however, conventional dual-beam measurements are severely lim-
ited by the balancing requirements in the two detection channels.'*
For example, if the target detectivity in 10~ and the laser ampli-
tude noise in the detection bandwidth is 1% of the mean intensity,
then the laser intensity incident on the two detectors must be bal-
anced to less than 1 partin 10*. Even ifthis balance could be achieved
in a laboratory setup, it would be impractical to maintain in a field
instrument. Furthermore, spatial variations in detector responsivity,
drifts in amplifier or other circuit characteristics, changing intensi-
ties in the two beams due to polarization or reflectance variations
during a laser scan, and a lack of high-bandwidth phase coherence
in transimpedance amplifiers all contribute to additional noise on
the voltage ratio.

The measurements reported here were all obtained using an elec-
tronic balancing technique that circumvents these limitations. A
schematic of the basic circuit fragment developed by Hobbs is
shown in Fig. 1 (taken from Ref. 13). The essential innovation of
the balanced ratiometric detector (BRD) is to replace optical balanc-
ing of a conventional dual-beam detection system with electronic
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cancellation of the photodetector currents. Since InGaAs photode-
tectors exhibit wide dynamic range linearity, coherent photocurrent
balancing is possible over the entire frequency band within which
typical diode lasers exhibit significant noise power. Noise cancel-
lation is achieved by balancing the photocurrents at the summing
Jjunction of amplifier A; so that its output is nulled. By arranging
the reference beam photocurrent to exceed the signal beam pho-
tocurrent and splitting the reference beam photocurrent across the
differential bipolar junction transistors Q,; and (5, the currents
at the summing junction can be balanced by adjusting the base-
emitter voltage of the transistor pair, providing an electronic pho-
tocurrent balance as opposed to an optical intensity balance. The
balance is maintained through a feedback loop from the integrating
amplifier A,.
The output of the integrating amplifier is given by

Vi = Glogl(Ler/ Lp) — 11 3

where G is the fixed gain of the integrating amplifier. Substituting
Eq. (1) for the ratio I,¢/ I, we derive the relationship between the
measured voltage and laser absorbance «,,,

Vi = G log[ B exp(a,) — 1] 4
where o, is defined as
oy = S(T)g(u_.,o)NZ (5)

and B is the baseline ratio of It/ I, in the absence of an absorber.
For small absorbances, this feedback voltage is linearly proportional
to the absorbance with a constant of proportionality determined by
the baseline ratio and amplifier gain. Recording the voltage as the
laser frequency is scanned across an absorption line shape provides a
direct measure of the transition line strength that can be absolutely
related to the absorber number density provided that the baseline
ratio is known.

We have assembled several versions of this basic circuit fragment,
including additional amplifiers and circuitry to separately determine
calibration signals. We have used both Si and InGaAs detectors with
equal sensitivity. For practical aeropropulsion applications, this ap-
proach has the advantage that the circuitry may be assembled on
a single printed circuit board. Present models are fabricated using
low-noise assembly techniques into separate enclosures measuring
about 5 x 2 x 10 cm and the output is available for digitization,
additional amplification, or direct oscilloscope display. Absorbance
signals of 1073 are usually observable in a single sweep on an 0s-
cilloscope trace.

Fiber-coupled sensor configurations are often desirable for field
or flight systems and are used in the water vapor measurements re-
ported here. They permit easy optical alignment, interference-free
beam transport, and remote siting to laser sources and detectors. At
1.31 pm, single-longitudinal mode DFB lasers are available from
many vendors inisolated pigtail packages. Inthese devices, the diode
laser, a monitor photodetector, and thermoelectric cooler/heater are
preassembled into a dual-inline or butterfly type circnit package.
The output from the diode laser is collimated using antireflection
coated optics and directed through a monolithic Faraday isolator,
after which it is recoupled into a single-mode fiber. The collimating
optics and isolator are precision aligned by the manufacturer in an



ALLEN AND KESSLER 485

Collimating Fiber
Optics

Ty Control

1; Control

T, Control

I, Control

———l Waveform 1 '

Fig. 2 Layout of dual-laser water vapor concentration and tempera-
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enclosed, laser-welded assembly known as a pigtail. The optical iso-
lator is a critical element in ultrasensitive absorption-based sensors.
The small gain volume and low threshold intensity of diode lasers
makes them particularly sensitive to low levels of back-reflected
light from optical surfaces in the fiber distribution network. Back
reflections of —40 dB are sufficient to induce frequency and am-
plitude oscillations in the laser or to drive additional modes above
threshold.

Figure 2 shows the arrangement of the dual-laser water vapor con-
centration and temperature measurement system. Two fiber pigtailed
InGaAsP diode lasers (Mitsubishi FU-45SDF-38) operating near
1.31 pm are supported in separate temperature-stabilized mounts.
The fiber pigtails are connected to a wavelength-flattened, single-
mode 2 x 2 fiber coupler (Gould Electronics) that couples 50% of
the intensity from each laser into each of the output fibers. One
fiber carries the signal channel to the measurement location, where
antireflection coated optics (Oz Optics) collimate the fiber output
into a 1-mm-diam beam. This beam is recaptured by a matched
set of optics and returned to the signal channel photodetector of
the BRD. The second fiber carries the reference channel directly to
the BRD.

The temperature of each laser is controlled using an ILX model
LDT-5910B temperature controller to adjust the laser wavelength to
the center of the desired scan range. The injection current into each
laser is provided by an ILX model LDX-3620 source, each sepa-
rately controlled using a Hewlett—Packard programmable waveform
generator to sweep the injection current. The injection current ramp
results in a laser intensity and frequency ramp that is adjusted in
amplitude so that the lasers sweep over the selected absorption line
shapes. The programmable waveform generators are slaved together
from a common trigger source and adjusted to be out of phase so
that each laser sequentially scans a line shape and then remains at a
constant frequency while the other laser scans. In this way, the two
wavelengths are time-domain multiplexed into the same detection
channel. The waveforms are typically scanned in a combined pe-
riod of 1-100 ms. At these scan rates, injection current tuning up to
2.5 cm™! has been verified.

Single-mode fiber transport is generally preferred in the diode
laser pigtail and coupler for reliable splitting ratios and good me-
chanical stability. Flow-induced beam steering across the measure-
ment path and mechanical vibrations may result in poor captured
power stability or extreme alignment tolerances using single-mode
fiber transport in the signal beam return fiber. We generally employ a
50- or 100-m core diameter, multimode fiber for this portion of the
sensor layout and have achieved good beam capture stability across
supersonic flowfields with total pathlengths ~8 m. More details of
the fiber components and connectors may be found in Ref. 8.

Although the layout in Fig. 2 shows individual laser control, wave-
form generator, and detector components, it is important to note that
all of these components are also commercially available in printed
circuit board versions, including the diode laser mount. This allows
all of the components shown to be assembled in a standard 19-in.-
wide rack-mountable module with the signal channel fiber optic
cable as the only external element.

IV. Sensor Sensitivity Demonstrations

Figure 3 shows simulated water vapor absorption spectra near
7600 cm™! (1.315 um) at 500 K (solid line) and 2000 K (dotted line).
The spectra were calculated using the HITRAN database assuming

Table1 Summary of water vapor transitions examined

Lower state rational

Transition
frequency, quantum numbers

Line em~! J K, K. Band Energy, cm™!
1 7612.073 3 3 0 002 285
2 7605.7967 9 2 7 101 1202
3 7600.133 12 1 12 002 1558
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Fig.3 HITRAN simulation of water vapor absorption near 7600 cm !,
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Fig.4 Calculated line strength ratio for selected water vapor absorp-
tion pairs; calculations made using the HITRAN database with the
room-temperature corrections of Toth,!¢

air broadening at 1 atm (Ref. 15). Three lines were used from this
portion of the spectrum to evaluate two potential line pairs for their
use in the sensor and they are summarized in Table 1. The strong
low-temperature line at 7612 cm™! originates from a low-energy
level state with 285 cm™! total energy, whereas the lines at 7605.8
and 7600 cm™! originate from high-energy levels with 1202 and
1558 cm™! total energy, respectively, as reported in the HITRAN
database.!> The pairs 7612/7600 and 7612/7605.8 have the largest
energy level separations as tabulated by the HITRAN database for
this spectral region.

Figure 4 plots the line strength ratios for the 7612/7600 pair and
7612/7605.8 pair, as calculated from the HITRAN database, cor-
rected for the room temperature ratio by the recently published val-
ues of Toth.'® For both pairs, the ratio falls rapidly with temperature
up to about 1100 K. Above this temperature, the ratio becomes less
sensitive to temperature as the population in both levels tends to
decrease. The 7600 cm™! transition is more than an order of magni-
tude weaker than the 7605.8 cm™! transition at room temperature,
although the exact ratio remains somewhat in question since the
7600 cm™! transition is not tabulated in Toth’s corrections to the
HITRAN database. This larger ratio leads to an increased tempera-
ture sensitivity, as shown in Fig. 5, where we plot the absolute value
of the derivative of Eq. (2) as a function of temperature for both line
pairs. For a dR/dT of 10~* and a target measurement uncertainty
of dR = 0.01 (which corresponds to 10% uncertainty or less in
the absorbance ratio over the range of temperatures considered), the
7612/7605.8 pair yields an uncertainty of 100 K or less at tempera-
tures up to 900 K, whereas the 7612/7600 pair retains an uncertainty
of 100 K or less to temperatures up to 1700 K.
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Fig. 5 Calculated temperature sensitivity, dR /d7, calculated by dif-
ferentiating the results shown in Fig. 4.
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Fig. 6 Example linearity and sensitivity of water vapor concentration
measurements at room temperature.

Initially, a single-laser version of the setup shown schematically
in Fig. 2 was used to assess the fundamental sensitivity of water
vapor density measurement in a fiber-coupled configuration. These
measurements were obtained by scanning one of the diode lasers
across the 7612-cm™! transition and directing the beam through a
room-temperature, 50-cm absorption cell fitted with antireflection
coated windows. Variable concentrations of water vapor were main-
tained in the cell using a variable temperature water reservoir in a
fixed background nitrogen pressure of 0.13 atm. Figure 6 is an ex-
ample of the linearity and sensitivity of the sensor obtained with
a single pass through the cell. The minimum detectable absorption
signals correspond to a water vapor number density of about 10'
cm™3, which is equivalent to an absorbance of 2 x 1073, The er-
ror bar in the measured absorbance at the lowest concentration is
determined from the signal-to-background ratio of this measure-
ment. The uncertainty in the data points corresponding to water
concentrations greater than 10'® cm™3 is less than 5%. This mini-
mum is determined by systematic errors in the baseline subtraction
that arise from spurious etalon effects and is the typical limitation
to ultrasensitive absorption measurements after the common-mode
laser amplitude noise is eliminated. The uncertainty in the measured
water concentration is determined by the accuracy of the temper-
ature measurement of the water reservoir, along with capacitance
manometry in the cell, and is estimated to be less than 5% over the
entire range. The equivalent absorbance sensitivity is the fundamen-
tal instrumental quantity that can be used to extend these results to
measurements at other temperatures and conditions. For example,
using Fig. 3 as a guide and the 7605.8-cm™! transition in a nominal
1-m path, the detection limit at 2000 K would be about 130 ppm.

Simultaneous temperature and density measurements were ob-
tained in a flat flame burner and a high-temperature, variable pres-
sure cell. The flat flame burner was a 1-in.-square Hencken-type
burner operated with variable H,/O,/N, mixtures. Adjusting the
burner stoichiometry and N, diluent, the gas temperature was var-
ied from 600 to 1900 K. The measurements were made at a fixed
height approximately 1 cm above the burner using a 17-pass Her-
riot cell configuration for a total absorption pathlength of 43 cm.
The gas temperature was determined for each condition using a
radiation-corrected Pt-Pt/Rh thermocouple.
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Fig. 7 Comparison of high-temperature water-concentration mea-
surements obtained with 7612- and 7605.8-cm~! transitions to equi-
librium flame predictions.

For temperatures between 300 and 1300 K, a 167-cm heated
quartz cell was used instead of the flat flame burner. Known wa-
ter vapor and background nitrogen concentrations were introduced
into the cell at room temperature. Surrounding resistive heaters were
used to heat the cell over the majority of its pathlength, with approx-
imately 15-cm total unheated pathlength at the ends of the cell near
the windows. Subsequent data analysis suggested that above about
600 K the absorbance ratios were systematically perturbed by the
unheated end regions of the tube, and these data were generally dis-
carded in favor of the flame data. Temperature uniformity along the
heated portion of the cell was monitored using several thermocou-
ples, whereas variable power supplies were used to control individ-
ual heaters. The heaters and tube were enclosed in a stainless-steel
pressure vessel allowing measurements at up to 5.0 atm. ‘

Absorption measurements were acquired using the time-domain
multiplexing approach already described. Each absorbance trace
was averaged over typically 100 scans with a 1-10 kHz scan rate fora
total measurement time on the order of 0.1-0.01 s. The raw data were
corrected for baseline variations and the resulting line shape inte-
grated to yield a quantity proportional to the integrated transition line
strength. The constant of proportionality depended on the baseline
photocurrent ratio in the reference and signal channels, as derived in
Eq. (4). This ratio varied considerably from day to day and setup to
setup with changes in fiber alignment. Although absolute absorption
measurements are possible if the baseline ratio is known, the results
reported here were calibrated against known or estimated concen-
trations because the baseline ratios were not separately recorded.
Figure 7 compares the water concentration measured in the combus-
tion gases using the 7612 and 7605.8-cm ™! transitions to equilibrium
predictions at the known stoichiometry and flame temperature. The
measured data were calibrated against the equilibrium predictions at
asingle intermediate point corresponding to 9 x 10'7 cm~3. This con-
stant calibration factor is applied to the remainder of the measured
absorbances in order to place the data on a relative scale. The low-
est concentration data points correspond to flame temperature below
1000 K, where both measurements indicate that the mixture stoi-
chiometry is too low to achieve equilibrium at the measurement lo-
cation 1 cm downstream of the burner surface. The typical error bars
shown for these data indicate that the estimated potential deviations
from equilibrium are much larger than the measurement uncertainty.
The 7612-cm ™! transition is very weak at flame temperatures and the
relatively low signal-to-noise data results in poorer agreement with
equilibrium predictions compared to results based on the stronger
7605.8-cm~! transition, although the scatter in the data is within the
estimated measurement uncertainty. For the stronger 7605.8-cm™!
transition measurements, the high-temperature data agree with the
equilibrium predictions to within an rms uncertainty of +£2.5% over
the range.

Figure 8 is a comparison of the measured temperature from the
absorbance ratio of the 7612/7605.8 and 7612/7600.13 pairs with
thermocouple data over the range 300-1900 K, encompassing both
cell and flame data. The absolute values of the absorbance ratio
data sets for a given line pair were calibrated against the thermo-
couple data with a single calibration point giving the minimum
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Fig. 8 Comparison of temperature measurements obtained with
7612/7605.8 line pair and 7612/7600.13 line pair to radiation-corrected
thermocouple measurements.
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Fig.9 Comparison of HITRAN simulation and experimental spectrum
at 1200 K and 30 torr.

least-squares difference. The absolute values of the individual line
strengths and their ratio could be determined if the baseline ratio
signals are separately recorded. Further work is planned to deter-
mine these fundamental line strengths so as to eliminate the need
for a thermocouple calibration.

For the 7612/7605.8 pair at temperatures between 300 and
1300 K, the data determined from the absorbance ratio agree with
the thermocouple data with an rms standard deviation of 42 K over
the range. Above 1300 K the measurement uncertainty of about 10%
in the absorbance ratio corresponds to temperature uncertainties ex-
ceeding several hundred Kelvins, as predicted by the analysis sum-
marized in Fig. 5. The data for this line pair above about 1300 K have
essentially no temperature sensitivity. For the 7612/7600.13 pair, the
overall agreement is somewhat poorer than with the 7612/7605.8
pair, principally due to the larger measurement uncertainty result-
ing from the lower absorbance on the 7600.13-cm™! line, although
temperature sensitivity is retained to higher temperatures, as pre-
dicted in Fig. 5. It is important to note in Fig. 8 that the error bars
are representative of the uncertainty at the condition shown. In fact,
the signal strengths and temperature sensitivity of the measured line
strength ratio varies by orders of magnitude across this temperature
range. Further work is required to develop a statistical analysis of
multiple determinations over a period of several days with changing
optical alignment.

In attempting to extend the 7612/7600 ratio data set to lower tem-
peratures using the variable temperature cell, we discovered several
inconsistencies between the experimental spectra and the HITRAN
simulations used to reduce this data to temperature. Figure 9 shows
a measured absorption spectrum obtained with the cell at 1200 K
and 30 torr compared to a HITRAN simulation. The experimen-
tal spectrum was acquired by adjusting the diode laser tempera-
ture to a setpoint and ramping the injection current so as to scan
the laser over a 2-2.5 cm™! region, adjusting the temperature to a
new value and repeating the process until five overlapping spectra
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Fig. 10 Comparison of measured line shape fragment and calculated
Voigt profiles for the blended features near 7612 cm™1! at 5.0 atm and
473 K.

had been obtained. The overlapping spectra were integrated into a
single continuous spectrum and placed on an absolute frequency
scale by matching the separation between the strong features at
7602.3 and 7605.8-cm™!. The absolute value of HITRAN simula-
tion was scaled to the peak of the 7605.8-cm~! transition. Most of
the major absorption features are predicted by the HITRAN model
in the proper relative strength, with the pronounced exception of the
7600.13-cm~! transition that we were attempting to use for ther-
mometry. Clearly both the frequency and strength of this feature
are not correctly predicted by HITRAN, and the blending of this
feature with the neighboring transition near 7599.7-cm™! renders
this transition problematic at low temperatures. Also notable in the
experimental spectrum are numerous weak transitions not included
in the HITRAN simulation. These features presumably arise from
higher energy level absorbing states that the HITRAN database
does not include. It is likely that they represent superior choices
for high-temperature thermometry and will be further explored in
future work. These results indicate the need for basic spectroscopic
data of high-temperature water vapor transitions in this wavelength
region.

Work is also continuing to extend these techniques to higher pres-
sures for sensor applications within an aeropropulsion system. Initial
cell data at pressures up to 5.0 atm show that partially resolved
transitions may be probed, although only about 80% of the room-
temperature integrated line strength may be captured in a ~2-cm™!
scan. Figure 10 is an example of a partially resolved line shape
obtained at 5 atm and 473 K. The experimental data are plotted
against a calculated profile consisting of the two merged transitions
near 7612 cm™! and illustrate that although the laser scan was over
2 cm™!, only a portion of the collision-broadened line was captured.
The experimental data also indicate that the two transitions are less
blended than is predicted by HITRAN broadening data. Ratiometric
temperature measurements are further complicated by contributions
from the Lorenztian wings of neighboring transitions, resulting in a
complex temperature dependence. Techniques are being developed
to explore the feasibility of quantitative ratiometric thermometry at
elevated pressures using partially resolved transitions and detailed
spectral modeling.

V. Summary and Conclusions

This paper reports results on the progress of development of
aeropropulsion sensors based on near-IR diode laser absorption.
Using a balanced ratiometric detection technique, a compact sen-
sor architecture is demonstrated that allows sensitive measure-
ments of aerodynamic and combustion species without resort to
frequency/wavelength modulation techniques or custom-fabricated
lasers operating at specially chosen wavelengths. Using widely
available, broadly tunable InGaAsP diode lasers near 1.31 wum,
simultaneous water density and temperature measurements are
demonstrated with limiting density sensitivity of 10 cm™ in a
50-cm path and an rms standard deviation of 42 K over a range from
300 to 1300 K. Initial results suggest the possibility of extending
this temperature range to 1900 K and above using other line pairs.
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Initial results at 5.0 atm are presented that imply detailed spectral
modeling will be required to interpret partially resoived spectral at
high pressure.
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