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Introduction

EFLECTED shock tunnels have been used to provide high-

enthalpy hypersonic flowfields for ground-testingapplications
for about40 years.! High-velocity flow in these tunnels is generated
from the conversionof the enthalpyin the tunnelreservoirto directed
motion (kinetic energy) of the gas through a steady expansion pro-
cess via a nozzle. The freestream conditions for the expanded flow
are typically calculated from nonequilibriummultidimensionalnoz-
zle codes >3 generally based on input from side-wall pressure and
shock-speed measurements near the shock tube end wall. Experi-
mental determinations of the freestream conditions and the steady-
state test time have been very limited and generally indirect, and
there have apparently been no previous diagnostics capable of time-
resolved velocity measurements. This Note describes the develop-
ment and implementation of a compact sensor, based on absorption
spectroscopy techniques and comprising tunable diode lasers and
fiber optics, that capitalizes on the natural presence of chemi-
cally frozen atomic potassium (K) for the direct determination of
gas velocity from measurements of Doppler-shifted absorption line
shapes. The large line strength of the probed potassium transition
(251/2 — 2P1/2) near 770 nm allows the determination of velocity
from absorption measurements of trace concentrations(either natu-
rally presentorintentionallyseeded) over pathlengths of a few centi-
meters. The compact sensor (containing the optoelectronics for
direct absorption measurements) was inserted into the flowfield
to provide velocity measurements with relatively high spatial
resolution.
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Diagnostic Description

The diode laser sensor was applied to measure velocity in the
Calspan 96-in. hypersonic shock tunnel. The operational details
and capabilities of the facility have been published previously?
The design of this second-generation sensor is conceptually sim-
ilar to that of a larger probe developed previously for simultaneous
near-infrared (1.3-1.4 um) H,O absorption measurements of tem-
perature, species concentration,and velocity in hypersonic flows.>:6
Figure 1 shows the layout of the optoelectronics within the probe.
The probe was installed directly into the flowfield, 25 cm below the
nozzle centerline,to minimize complicationsdue to boundarylayers
and facility vibration. The nozzle exit diameteris 121 cm. The probe
walls were constructed with 1.6-mm thick stainless steel for struc-
tural integrity. No cooling was required due to the short flow times.

The wavelengthof the (AlGaAs) diodelaser was currenttunedat a
10-kHz repetitionrate over the potassium D, (251/2 — 2P1/2) transi-
tions near 770 nm to record a Doppler-shiftedabsorptionfeature ev-
ery 0.1 ms. The laser linewidth (Avy,., = 150 £ 10 MHz) was mea-
sured with a high finesse (F =50 and free spectral range =2 GHz
at 770 nm) confocal Fabry-Perot interferometer. The optical output
(nominal power=9mW) of the laser was split (60:40) by a cube
beam splitter (with a near-infrared antireflection coating) into two
beams. The higher intensity beam was coupled into a single-mode
(4.5-pum core diameter) fiber and directed 30 m through a hardened
conduitto the probe. The lower intensity beam was directed through
the confocal interferometer. The transmission through the interfer-
ometer was recorded with a silicon photodetector (10-MHz band-
width) and was used to convert the signal from the time domain to
the laser frequency domain. All of the voltage signals were acquired
at a sampling rate of 5 MHz (0.2 us/point) with 12-bit resolution.

Inside the probe, the laser light was divided by a cube beam split-
ter into two beams that were directed from one probe finger to the
otherat a43.8-degangle (Doppler-shiftedbeam) and a 90-deg angle
(non-Doppler-shifted beam) with respect to the bulk gas velocity.
Wedged (1 deg) windows were mounted in the probe to minimize
etalon effects. The laser transmission intensities (~0.3 mW/mm?)
were monitored with silicon photodetectors (2.3-MHz bandwidth)
inside the probe. A number 29 Wratten filter (long-pass cutoff
wavelength= 630 nm) was affixed to the inside of the upper win-
dow, that is, on the receiving finger of the probe in Fig. 1, served to
exclude detection of background emission.

Gas velocity was determined from the measured absorption line
shapes using the Doppler relation, which relates the measured spec-
tral shift Av (in gigahertz), at laser frequency v, to the gas velocity
Vias (in meters per second):

Av/v = Vg (cosb/c) (1)

where c is the speed of light in meters per second and 6 is the
angle between the beam and the bulk gas velocity. The absorption
measurementrecorded in situ over a path perpendicularto the bulk-
flow direction affords a simple means of nulling the possible effect
of pressure shift in the recorded line shapes.

The theoretical basis for determining species concentration from
measured absorption spectra is well established”® The K concen-
tration was determined from the application of Beer’s law:
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Fig.1 Schematic diagram of the sensor probe used for potassium ab-
sorption measurements in the Calspan 96-in. hypersonic shock tunnel.
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Fig.2 Single-sweep potassium absorption line shapes (Ao =770.108 nm) obtained during a 9.53-MJ/kg test. The left-hand trace was obtained from a
beam directed at a 43.8-deg angle with respect to the bulk gas flow. The right-hand trace was obtained from a beam directed at a 90.0-deg angle with

respect to the bulk gas flow.

where I, and are I? the measured transmitted and incident intensi-
ties, respectively, S is the line strength (per square centimeter per
atmosphere) of the probed transition, P; is the partial pressure (atm)
of the absorbing species, L is the known path length (centimeter),
and the quantity S P; L is the absorbance. For the temperature range
of currentinterest, the line strength at the test condition temperature
S(T) may be expressed as

S(T) = So(To/T) (3)
where T, =296 K and S, is the line strength (at 7;) =7.28 x
10 cm~2 atm™! (Ref. 9). Calculated values of freestream pressure
and temperature for the steady-state test condition were 3 torr and
485 K in the experiment reported here.

Itis assumed that potassiumis presentin natural isotopic propor-
tions (*K=93.1%, “*K=11.8 ppm, and *' K =6.0%) (Ref. 10);
thus, the contribution of “°K in the analysis was neglected. The *'K
contribution to the measured absorption yields lines shifted to the
blue by an amountcomparableto the hyperfine splittingand is easily
included in the line shape analyses.'!

Discussion of Results

Figure 2 presents representative absorption line shapes recorded
from a single laser scan (0.1 ms in duration) during a tunnel run
(9.5-MJ/kg total enthalpy) with air as the test gas. The left-hand
panel of Fig. 2 is a measured spectrum for the probe beam that
propagated at an angle to the flow. Three key absorption features
can be seen. The smallest amplitude feature (near 0.68 cm™) is
due to absorption by nearly stationary hot gas adjoining the wall in
the probe window boundary layer. The larger amplitude feature has
been shown (by numerical solutions of the boundary-layer equa-
tions along with equilibrium chemistry calculations) to include the
combined absorption of cold freestream potassium and that of rel-
atively hot potassium atoms in the outer portion of the boundary
layer, that is, the thermal recovery zone. This combined absorption
results in an asymmetric overall line shape for the large absorp-
tion feature, with greater width on the right of the peak (labeled
freestream absorption) than on the left. Although the length scales
in the boundarylayer are small compared to the total absorptionpath
length, the concentrations present due to the elevated temperature
can be much larger than the freestream. The velocity is determined
from the distinct freestream absorption peak present in each laser
sweep, as this narrow peak is associated with the potassium in the
fast moving freestream.

The right panel of Fig. 2 shows a typical absorbance line shape
for the beam propagated orthogonallyto the bulk gas velocity. Note
that the location of the peak absorbance agrees well with that of the
right-hand peak in the left panel of Fig. 2. The measured Doppler
shift for this spectral scan corresponds to a freestream velocity of
4.45 km/s, which is in relatively good agreement with the calculated
(steady-state) value of 4.16 km/s determined from Calspan compu-
tations. The measurement uncertainty in velocity is 200 m/s, due
predominantly to boundary layer absorption.

Figure 3 presents measurements of the temporal variations of gas
velocity during a test with a total enthalpy of 9.53 MJ/kg and a
freestream temperature of 485 K. The total pressure measurements
were recorded at a 100-kHz rate using a nearby pitot probe. Both
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Fig. 3 Measurements of the facility pressure (recorded using a pitot
probe) and velocity (recorded using the diode-laser sensor) during
a 9.53-MJ/kg test.

ordinate axes share the same abscissa. Note that a period of nearly
constant pressure and velocity is observed over a period of about
1.9 ms (from # = 1.7 to 3.6 ms in Fig. 3).

The freestream concentration cannot be determined directly, be-
cause of the influence of boundary-layerabsorption,but an approxi-
mate analysisbasedon a simple model for the boundarylayer yields
an estimate of 100 parts per billion (freestream).

Conclusion

The characterizationof steady-flow test time in hypersonic facil-
ities is often based on pressure or electron number density measure-
ments using pitot probes or microwave interferometry, respectively.
The diode-laser measurements of velocity provide an independent
and complementary means of determining this flow characteristicin
hypersonic test facilities. In addition, diode-laser absorption mea-
surements may also be used to determine the temperature in the test
gas from the measured Doppler-broadened line shape or from the
ratio of measured absorption lines and species concentrations from
the measured absorbance and the gas temperature 7

This unique and relatively simple and economical probe demon-
strated that trace quantities of potassium atoms, naturally presentin
reflected shock tunnels, can be used to measure velocity. Probes of
this type should prove useful for measurements in both small-scale
and large-scale facilities. For example, the sensor could be located
near a test model for measurements in large-scale hypersonic test
facilities. Currently, the probeis being modified to includetranspira-
tion cooling to ameliorate the masking of the freestream absorption
by the hotboundary-layergas, and techniquesfor seeding controlled
low levels of potassiuminto the shock tube are being evaluated. The
new probe will subsequently be utilized for velocity measurements
in hypersonic flow generated in the Stanford expansion tube.
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UV Raman and Fluorescence Flame
Spectroscopy Using a Sheridon
Grating Spectrograph
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Introduction

LTRAVIOLET (UV) Raman and predissociative fluorescence

spectroscopyhave become well-establishedtechniquesfor ob-
taining major and minor species concentration and temperature
measurements in flames.! Advantages of UV over visible excita-
tion include increased scattering cross sections and high laser pulse
energy. However, experimental complexity is also increased, espe-
cially with respect to optical filtering. Interference bandpass filters,
centered around a particular Raman wavelength, have been used
successfully for two-dimensional visible Raman imaging of a sin-
gle molecular species,>? but such filters degrade in performance
moving from visible to UV wavelengths. Typical UV interference
bandpass filter specifications include passband transmittances of
20% for bandwidths of 26 nm, with transmittance dropping to 12%
for 12-nm bandwidths* As a result, a spectrometer is used almost
exclusively with UV Raman to provide spectral separation while
still offering adequate detection efficiency. An additional benefit of
the spectrometer is that it offers the capability of simultaneously
measuring the Raman signals from several molecular species.
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By the use of spectrometers, instantaneous multispecies UV
Raman measurements, containing one dimensionally resolved
(linewise) spatial information, have been demonstrated>® The
linewise UV Raman technique, using the 248-nm KrF excimer laser,
has been extensively used to probe diluted, swirled,? or lifted’
hydrogen jet diffusion flames and has even been used in inves-
tigations of an oil-fired furnace burner,'® an optically accessible
spark ignition engine,'® and an optically accessible rocket engine.'!
In general these research efforts use some form of filtering to re-
duce the intensity of Rayleigh and Mie scattered light entering the
spectrometer, and hence, stray light interference with the relatively
weak Raman signals is reduced. Such filtering consists of either
a liquid butyl acetate filter,>!*!! with a 10-mm path length pro-
viding about three orders of magnitude attenuation at 248 nm, or
one or more interference negative-bandpass(notch) filters,”'* each
one attenuating the Rayleigh and Mie scattering by approximately
two orders of magnitude. Both the liquid and notch filters attenu-
ate the Raman signals lying close in wavelength to the Rayleigh
line, i.e., the O, and CO, vibrational Q branches and the H, ro-
tational O and S branches. The liquid filter also absorbs all wave-
lengths shorter than 248 nm, which includes the Raman anti-Stokes
signals.

If the stray light performance of the imaging spectrographusedin
a UV Raman system were improved, then less filtering would be re-
quired, thereby allowing better detection efficiency at wavelengths
close to the Rayleigh wavelength and even allowing anti-Stokes
wavelength detection for systems where butyl acetate filters would
no longer be required. One way to improve the stray light perfor-
mance of a spectrograph is to use holographically ruled gratings.
Overall stray light of a holographic grating is up to a factor of 10
less than for a mechanicallyruled gratingand has no preferred direc-
tion; it radiatesdiffusely through 2 sr,rather than being highernear
the diffraction orders as for mechanically ruled gratings.!*!> How-
ever, holographicallyruled gratings have relatively poor diffraction
efficiency, especially in the UV, compared to mechanically ruled
gratings. By ion etching a holographically ruled grating’s curved
grooves into triangular grooves, efficiency is greatly improved, but
the etching process roughens the grooves’ surface, thereby degrad-
ing stray light performance.In general all of the previous UV Raman
investigations have used either mechanically ruled or ion-etched
holographicallyruled gratings, but there exists an attractive grating
alternative.

Holographicallyruled gratings can receivenear-triangulargroove
shapes without ion etching through the Sheridon recording
method.'*!* Thus high efficiency and low stray light are simultane-
ously obtained in a Sheridon holographically ruled grating. These
gratings are not widespread because the typical visible wavelengths
used in their creation, coupled with the index of refraction of the
photoresistused to create the grooves, limits the optimum efficiency
wavelength, or blaze wavelength, to a maximum of 250 nm. Yet
for 248-nm KrF excimer laser spectroscopy this is an ideal blaze
wavelength. This Technical Note shows an experimental compar-
ison, using UV Raman and fluorescence spectroscopy, between a
mechanically ruled and a Sheridon holographicallyruled grating to
demonstratethe superiorstray light performance of the latter grating

type.

Experimental

The multispecies, linewise Raman/fluorescenceimages shown in
Fig. 1 are obtained from a slightly lean, propane-O, flame produced
overa Hencken burner. The output from a Lambda-Physik COMPex
150T narrowband, tunable KrF excimer laser is focused into the
flame using a 2-m focal length lens, producing a beam waist of
~1 mm diameter. The laser is tuned to 248.395 nm to minimize the
production of either OH or O, fluorescence!>!® Several O, and OH
transitions are within the tuning range of the KrF laser, and 248.395
nm does not fall directly on any of these transitions. However, about
5% of the laser’s output ranges from 248 to 249 nm, resulting in
broadband O, or OH excitation and subsequent fluorescence.

Raman and Rayleighscattering are collectedat right angles to the
laser beam using a 50-mm-diam, 250-mm-focal-length (f/5) fused
silica air-spaced doublet, and a second identical lens set focuses the



