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[Abstract] Spectroscopic Rayleigh scattering is an established flow diagnostic that has the
ability to provide simultaneous velocity, density, and temperature measurements. The
Fabry-Perot interferometer or etalon is a commonly employed instrument for resolving the
spectrum of molecular Rayleigh scattered light for the purpose of evaluating these flow
properties. This paper investigates the use of an acousto-optic frequency shifting device to
improve measurement accuracy in Rayleigh scattering experiments at the NASA Glenn
Research Center. The frequency shifting device is used as a means of shifting the incident or
reference laser frequency by 1100 MHz to avoid overlap of the Rayleigh and reference signal
peaks in the interference pattern used to obtain the velocity, density, and temperature
measurements, and also to calibrate the free spectral range of the Fabry-Perot etalon. The
measurement accuracy improvement is evaluated by comparison of Rayleigh scattering
measurements acquired with and without shifting of the reference signal frequency in a 10
mm diameter subsonic nozzle flow.

Nomenclature

= Fabry-Perot etalon thickness or plate spacing (m)
= incident electric field vector (V m™)

focal length of a lens (m)

collimating lens focal length (m)

fringe forming lens focal length (m)

Fabry-Perot instrument function

interaction wave vector (m™)

incident light wave vector (m™")

scattered light wave vector (m™)

radial position in image plane (m)

static temperature (K)

measured velocity component along K direction (m s
angle between E and scattering plane (rad)
optical system efficiency

= angle of the light ray passing through etalon (rad)
illumination wavelength (m)

etalon cavity refractive index

optical frequency (s™)

optical frequency of laser output (s™)

= gas density (kg m”)

= scattering angle (rad)
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I. Introduction

AYLEIGH scattering is the elastic scattering of light from molecules where the signal strength, Doppler

frequency shift, and spectral linewidth of the scattered light provide measurements of density, velocity, and
temperature, respectively'. Typical Rayleigh linewidths are on the order of 1-2 GHz; hence a very narrow linewidth
laser (~5 MHz) and an extremely high resolution filter are required to resolve the spectrum. These high resolution
filters can be atomic or molecular absorption filters (filtered Rayleigh scattering™) or filters based on interference
phenomena, such as the Fabry-Perot (FP) interferometer (interferometric Rayleigh scattering (IRS)). A FP
interferometer” consists of two parallel planar reflective plates or surfaces and is used in the imaging mode (constant
spacing between reflective surfaces) for this IRS implementation. When the FP interferometer has fixed plate
spacing, it is often called an etalon. An etalon may be air-spaced or consist of a solid transparent optical material.
When light is imaged through the etalon an interference pattern results which is a function of the spectrum of the
light convolved with the instrument function of the FP*, which is the Airy function.

Using an optical fiber to collect the Rayleigh scattered light provides point-wise or spatially-averaged
measurements over a finite distance (on the order of 0.5-1.0 mm) along a focused laser beam. Our research group at
the NASA Glenn Research Center (GRC) has developed several fiber-coupled point-wise Rayleigh scattering
measurement systems that are capable of acquiring data at high sampling rates using high quantum efficiency
detectors®’. Multiple-point, spatially-resolved measurements have also been obtained by imaging scattered light
from a laser line or sheet directly through a FP interferometer®''. A direct imaging type of system requires that the
interferometry equipment be located in or near the facility. An air-spaced Fabry-Perot is usually too delicate to
operate in locations with high vibrations such as experienced in most NASA test facilities; therefore a solid etalon is
typically used. One of the largest sources of velocity measurement error comes from laser frequency drift when a
reference frequency measurement is not acquired at the same instant as the Rayleigh scattering signal. The velocity
measurement error associated with uncertainty in the laser frequency is approximately 0.4 m/s per MHz. Typical
frequency drift observed in the Rayleigh work at NASA GRC is 5 — 20 MHz, giving velocity errors of 2 — 8 m/s. In
many Rayleigh scattering experiments utilizing a CCD camera to detect the interference fringe pattern a small
amount of incident laser light is spectrally analyzed along with the Rayleigh scattered light to provide a
simultaneous reference of the incident laser signal, thereby eliminating the velocity measurement uncertainty
attributable to laser frequency drift'"". However, when this is done there is often significant overlap of the Rayleigh
and reference fringes in the image because the frequency shift between the two signals is not large enough to
distinctly separate the two fringes. In this paper an acousto-optic frequency shifting device is used to artificially shift
the reference laser signal by 1100 MHz in an attempt to overcome this problem and improve the measurement
accuracy. The frequency shifting device is also used as a tool to calibrate the free spectral range (FSR) of the solid
etalon. The proof-of-concept experiment presented in this paper is performed in a small bench top free jet.
Eventually, the improved Rayleigh system is targeted for use in ground test facilities such as the Aero-acoustic
Propulsion Laboratory and the 15 cm x 15 cm Supersonic Wind Tunnel at NASA GRC.

II. Rayleigh Scattering and Fabry-Perot Interferometry

In molecular Rayleigh scattering an incident electric field interacts with an atom or a molecule inducing a dipole
moment that oscillates and radiates at the frequency of the incident field. It is considered an elastic scattering
process because the internal energy of the molecule is unchanged and the frequency of the light is changed only by
the Doppler effect due to the thermal as well as the bulk motion of the molecules'. The frequency spectrum of the
scattered light contains information about the gas density, bulk velocity, and temperature. Figure 1 shows a Rayleigh
scattering spectrum containing the narrow laser line and a typical Rayleigh spectral peak to illustrate how the flow
property measurements are obtained from the spectral information. If the gas composition is fixed, the total intensity
of the Rayleigh scattered light is directly proportional to the gas density p. The frequency shift between the laser
peak and the Rayleigh peak is proportional to the bulk flow velocity u;. The width of the spectrum is related to the
gas temperature 7. The measured velocity component, u, is in the same direction as the interaction wave vector K,
which is the bisector of the incident and scattered light wave vectors, ky and ks, respectively, as shown in Fig. 2. The
scattering angle y; is defined relative to the incident light wave direction. The geometry of the optical arrangement
in an experiment is designed such that the desired component of the velocity vector is measured. Experiments are
typically arranged such that the electric field vector E is perpendicular to the scattering plane defined by the incident
and scattered light wave vectors (= 90°, ‘s’-type or vertical polarization (Fig. 2)). In this configuration the
collected scattering intensity is independent of the scattering angle and maximized.

2
American Institute of Aeronautics and Astronautics



Frequency _ E

shift % N
Rayleigh
% A/ ks
é K e B
< // [
/ / K,
l s
=~
Frequency X
Fig.1 Rayleigh scattering spectrum. Fig. 2 Light scattering from a moving particle.
L Je ., Etalon | WA R
* oo fe ¢ ”
Y]
i : Irp
| u : A image
InCiden . 4 ! ) X diameter
optical fiber L ht ra ! : 7 : /
diameter N ——1 7 l
I == r
Object ' Image
Plane : | Plane

lens forming
lens

Collimating,__ ;" Fringe
d

Fig. 3 Basic optical arrangement for spectrally-analyzing a
uniform light source using a solid Fabry-Perot etalon.

A Fabry-Perot interferometer or etalon is commonly used to resolve the Rayleigh spectrum. A detailed
discussion of the theory on FP interferometry as applied to this type of Rayleigh scattering experiment can be found
in Reference 14. A common arrangement for spectrally-analyzing Rayleigh scattered light using a planar Fabry-
Perot interferometer is shown in Fig. 3 where light from the object plane (an optical fiber output, in this case) is
imaged through the etalon and imaged at the image plane which is typically a CCD detector. A typical interference
fringe pattern that results at the image plane when the object is a planar, uniform, single-frequency light source is
shown in Fig. 4. The resulting interference pattern is the spectrum of the light convolved with the instrument
function of the Fabry-Perot, which is the Airy function. For spectrally broadened light, such as Rayleigh scattered
light, the fringes broaden accordingly; the linewidth of the fringes provides a measure of temperature. The frequency
shift of the light, which is associated with the bulk flow velocity, is determined by a spatial shift in the fringe
positions in the image.

In the current experiment Rayleigh scattered light is collected by an optical fiber from a finite length of the laser
beam and imaged through the solid FP etalon onto a CCD detector. A small amount of incident or reference laser
light is also input into the signal fiber and imaged with the Rayleigh scattered light. An acousto-optic frequency
shifting device is used to induce a known shift in the reference laser frequency to spatially shift the reference fringes
away from the Rayleigh fringes in the interference pattern and improve the accuracy of the measurements since the
reference and Rayleigh fringes will no longer overlap. Figure 5 shows unshifted incident laser light (innermost of
the two fringe sets) and the incident laser light shifted up in frequency by 1100 MHz (outermost of the two fringe
sets). The Rayleigh signal in the experimental configuration implemented here is Doppler shifted from the incident
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laser frequency by a much smaller amount, on the order of 10’s to 100’s of MHz and in the opposite direction.
Figure 6 shows the lowest order interference fringe of a typical Rayleigh signal (velocity=190 m/s) coupled with
unshifted reference laser signal showing that the two fringe peaks overlap one another. A line profile through the
fringe shown to the left of the image demonstrates more clearly how difficult it is to discern the two individual
peaks. Figure 7 shows a Rayleigh fringe having the same flow conditions as in Fig. 6 coupled with reference laser
signal that has been artificially shifted by 1100 MHz using the acousto-optic frequency shifting device. Comparing
the line profile of Fig. 7 with that of Fig. 6 it is obvious to see the benefit of implementing an artificial frequency
shift on the reference signal. The Rayleigh peak can clearly be differentiated from the reference signal peak in Fig.
7, enabling the Rayleigh and shifted reference fringes to be more accurately evaluated in the modeling of the fringe
pattern. The theoretical model of the fringe pattern containing both reference laser light and Rayleigh scattered light
has been developed and presented previously'®. The Rayleigh spectrum in the model is evaluated using the TENTI
S6 kinetic theory model'>'. The imaged fringe patterns are analyzed by maximum likelihood estimation'” using the
developed model function described in Eq. (11) of Ref. 14 to evaluate the density, temperature, and axial velocity at
a single spatial point in the flow field. Data is acquired in the jet core of a subsonic 10 mm diameter nozzle flow to
demonstrate the improvement in measurement accuracy.

Fig. 4 Concentric ring interference pattern Fig. S Concentric ring interference pattern
from a planar single-frequency light source from two single-frequency sources with a
imaged through a Fabry-Perot etalon. frequency difference of 1100 MHz imaged

through a Fabry-Perot etalon.

OO

Fig. 6 Rayleigh signal for 190 m/s flow (inner Fig. 7 Rayleigh signal for 190 m/s flow (inner fringe)
fringe) and unshifted reference laser signal and reference laser signal artificially shifted by 1100
(outer fringe) imaged through a Fabry-Perot MHz (outer fringe) imaged through a Fabry-Perot
etalon. A line profile through the center of the etalon. A line profile through the center of the fringe
fringe is shown to the left of the image. is shown to the left of the image.
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III. Experiment

Rayleigh scattering data is acquired in a subsonic flow exiting a small bench top free jet equipped with a 10 mm
diameter convergent nozzle for this proof-of-concept experiment. A top-view diagram of the Rayleigh scattering
system is shown in Fig. 8. A Coherent Verdi 18 W continuous-wave 532 nm laser with a 2.25 mm diameter output
beam and 5 MHz linewidth provides the incident light for the system. A half-wave plate is used to rotate the
polarization of the beam to orient the electric field vector perpendicular to the scattering plane at the probe volume
in order to maximize the power of the scattered light in the direction of the collection optics. The laser beam is
focused with a 175 mm focal length lens (L1) to a 1/¢* diameter of 50 um at the probe volume. The beam is
oriented at a 45° angle to the primary flow direction, while the scattered light is collected at a 90° angle relative to
the incident laser beam. The incident and scattering wave vectors are arranged such that the negative axial
component of the jet velocity is measured as indicated by the red K vector in Fig. 8. A finite length of the laser
beam is imaged by a pair of f/4 200 mm focal length lenses (L2 and L3) onto the face of a 0.91 mm diameter
multimode optical fiber, shown in blue in Fig. 8. Since the lenses provide one-to-one imaging, the probe volume
length is 0.91 mm along the laser propagation direction and the cylindrical probe volume diameter, which is set by
the focused beam waist, is 50 um. The measurement probe volume is located within the core of the filtered air
nozzle flow along the flow axis at an axial distance of two jet diameters from the nozzle exit.

At the output of the laser a beamsplitter in the optical path sends 10% of the reference laser light to the acousto-
optic frequency shifting device, which shifts the incident laser frequency up by 1100 MHz with absolute accuracy of
0.01%. The acousto-optic device produces two output beams: an unshifted and shifted beam; the beams are
separated by an angle equal to twice the Bragg angle associated with the internal Bragg cell. The unshifted beam is
blocked by a beam dump (BD1). The shifted reference beam is focused and collected into a multimode fiber,
referred to as the reference fiber (indicated in red in Fig. 8), that transmits the shifted reference light to the signal
collection fiber (indicated in blue in Fig. 8). A small amount of the shifted reference laser light is coupled into the
signal fiber by a 50 mm focal length lens (L4). This configuration allows reference and Rayleigh signals to be
imaged and recorded together, providing a simultaneous reference of the incident laser frequency and removing any
uncertainty or bias error due to lack of information about the incident laser frequency at the time of the Rayleigh
signal data acquisition as was observed in previous experiments'®. Image data are also acquired with unshifted
reference light for comparison purposes to evaluate the accuracy improvement gained by inducing an artificial shift
in the reference signal. In this case the unshifted output from the acousto-optic device is collected into the reference
fiber while the shifted beam is directed to the beam dump.

The signal fiber transmits the collected signals to another optical table located in close proximity to the
collection optics. The light exiting the fiber is collimated by a 60 mm focal length lens (L5) and is directed through
the etalon. The 25 mm diameter fused silica etalon has a refractive index of approximately 1.46 at room temperature
and the 90% reflectivity coatings provide a reflective finesse of 30. The actual finesse is about half of the reflective
finesse value due to surface quality and tilt error. The etalon is approximately 11.2 mm thick resulting in a FSR of
approximately 9 GHz. The exact FSR is calibrated using shifted and unshifted reference light imaged
simultaneously through the etalon as shown in Fig. 5. To do this, a third optical fiber (not shown in Fig. 8) replaces
BD1 and is used to collect unshifted reference signal and is simultaneously coupled into the signal fiber along with
the shifted reference signal using another 50 mm focal length lens. The Rayleigh signal is blocked in this case so
that only the two reference signals are transmitted to the Fabry-Perot etalon and imaging equipment. The known
frequency shift between the two signals is used to evaluate the FSR of the etalon. Obtaining an accurate measure of
the FSR of the etalon improves the ability to model the interference pattern and thereby also improves the accuracy
of the measurements. The light exiting the etalon is focused by a Nikon 400 mm focal length lens (L6) onto the
detector of a Princeton Instruments VersArray back-illuminated, scientific-grade CCD camera. The 512x512
imaging array has a 100% fill factor, 24x24 pum pixels, 16-bit dynamic range, and thermoelectric cooling and low-
noise electronics. The images are acquired with a 5 second exposure time. Shorter exposure times are possible by
using higher quantum efficiency detectors (i.e., photomultiplier tubes) and selecting optical components to
maximize the optical throughput of the system. However, in this steady flow a long exposure time is applicable for
demonstrating the technique.
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Fig. 8 Experiment schematic for the Rayleigh scattering experiment in a 10-mm
diameter nozzle free jet flow at NASA GRC.

IV. Results

A. Calibration of Optical System Parameters

Reference laser light at the original laser frequency is imaged along with laser light shifted upward in frequency
by 1100 MHz to calibrate the following optical system parameters: FSR and finesse of the Fabry-Perot etalon and
the effective focal length (f7) of the Nikon camera lens (L6). Several images are acquired with the fringes located
about half-way between the center of the fringe pattern and the edge of the image of the optical fiber face. The 0.91
mm diameter optical fiber is imaged with a magnification factor of 6.4 providing an imaged region of 5.83 mm
diameter on the CCD detector. Beyond the extent of the image of the fiber face there is no light present and
therefore no interference fringes are imaged. An image of the fiber face with white (broadband) light exiting the
fiber is shown in Fig. 9 to illustrate the extent of the illuminated region of the image. A sample image containing
shifted and unshifted reference light is shown in Fig. 10. The innermost interference ring is the unshifted reference
light, the second ring as you move outward from center is the laser light that has been artificially shifted upward by
1100 MHz, the third ring is the illuminated cladding of the optical fiber, and lastly the next order of interference
fringes (shifted and unshifted signals) are visible just beyond the fiber cladding due to the metal fiber holder
reflecting some of the illumination into the system.
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Fig. 9 The optical fiber face illuminated with Fig. 10  Reference laser signal at the original laser

a white light source imaged through the frequency (inner fringe) and laser signal artificially
Fabry-Perot etalon onto the CCD detector. shifted upward in frequency by 1100 MHz (2™
The diameter of the image of the fiber core is fringe) imaged through the Fabry-Perot etalon.
approximately 5.83 mm. Images like this one were used to calibrate the finesse

and free spectral range of the etalon.

A maximum likelihood estimation analysis is performed to fit the image data to a model function consisting of
the addition of two Fabry-Perot instrument functions separated by 1100 MHz and evaluate unknown parameters.
This analysis results in the following values for the calibration constants based on averaging the results of four
images:

FSR =9.19 GHz
Finesse = 16.1
f1 =402 mm

Image data with both Rayleigh and shifted reference light signals combined in the interference pattern (as shown
in Fig. 7) are used to calibrate the optical system efficiency factor (¢). The Rayleigh signal was collected from a
point on the jet centerline at an axial distance of two jet diameters. Data at the two highest flow velocities are used in
this calibration. The efficiency factor is determined by assuming the flow parameters are equal to jet exit conditions
based on isentropic flow and ideal gas law calculations, and fitting for the optical system efficiency by means of
maximum likelihood estimation. Since the measurements are acquired within the jet core, this assumption should be
reasonably accurate. By using the highest flow velocities, the Rayleigh and reference fringe peaks are at the
maximum possible separation and the molecular number density is greatest, giving the maximum possible Rayleigh
signal level. The resulting optical system efficiency factor is:

e=1115%

Now that these optical system factors are determined, the Rayleigh image data with shifted or unshifted reference
light can be analyzed to determine the desired flow parameter estimates by maximum likelihood estimation.

B. Nozzle flow results

Rayleigh scattered light is collected from the measurement probe volume located on the centerline of the jet flow
at an axial distance of two jet diameters downstream of the nozzle exit within the jet core. The flow velocity is
varied from approximately 40 m/s up to 190 m/s over a temperature range of 279 K to 296 K. At each flow
condition Rayleigh image data are recorded first with artificially shifted reference light (v,er = v + 1100 MHz) as in
Fig. 7, and then with unshifted reference light (vif = 1) as in Fig. 6. The flow parameters are evaluated by
maximum likelihood estimation using the model function previously developed (Eq. (11) of Ref. 14). The
parameters that are evaluated in this process are the axial flow velocity, gas density, static temperature, reference
signal amplitude, reference fringe radius, and the centroid of the circular interference pattern. Vertical and horizontal
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velocity of 190 m/s.

cross-sectional profiles through the interference fringes are plotted along with the model function fit to the image
data for the highest flow velocity (190 m/s) in Figs. 11 and 12 with shifted and unshifted reference light,
respectively. These profiles show that the optical efficiency is not equal across the entire image as evidenced by
varying amplitude of the fringe peaks. The varying efficiency is not taken into account in the analysis presented in
this paper, however it will be looked at more closely in future work. If the efficiency at each pixel could be
determined then the measurement accuracy would improve significantly, however this type of calibration is not a
simple task. Another observation to make here is that the amplitude of the unshifted reference signal is much lower
than the amplitude of the up-shifted reference signal. As the reference fringe overlaps the Rayleigh fringe more, less
reference signal can be tolerated to maintain a useable Rayleigh fringe. Therefore the reference signal amplitude is
only about 300 greylevels in the unshifted case, but the amplitude is about 1900 greylevels in the up-shifted case.

Plots of the resulting flow velocity, density, and temperature measurements are shown in Figs. 13-15,
respectively. In each figure the calculated flow values (by way of isentropic flow and ideal gas equations) based on
physical probe measurements of total and static pressure and total temperature are indicated by the blue curves.
Measurements from the data containing artificially shifted reference signal are shown as black triangle symbols and
measurements from data containing unshifted reference signal are shown as red circle symbols. All three flow
parameter measurements are improved by having the reference signal up-shifted in frequency to spatially separate
the Rayleigh and reference fringes. The two lowest velocity cases are unusable in the unshifted reference scenario
because the Rayleigh and reference fringes did not have sufficient separation for the maximum likelihood analysis to
converge on a solution. Even the measurements from the artificially shifted reference data have increased error at
the lower velocities (which correspond to higher temperature and lower density cases) since the fringe separation is
slightly less than in the higher velocity cases. The velocity, density, and temperature measurements are within 4 m/s,
1.5%, and 11 K, respectively, for the data with the reference frequency artificially shifted and velocities greater than
110 m/s. For the data with the unshifted reference signal the velocity measurements are, on average, about 85 m/s
too high, the densities are about 10% too low, and the temperatures are about 65 degrees too low. These errors
would be unacceptable to most researchers attempting to study jet flows. The errors in the measurements where the
reference signal frequency has been up-shifted are within an acceptable range for many situations and could be
improved by shifting the frequency by an even greater amount and optimizing certain experiment parameters such as
the amplitude of the reference signal. A Cramer-Rao lower bound (CRLB) uncertainty analysis was performed to
demonstrate how the lower bound on the uncertainty in the flow measurements changes with the amount of artificial
frequency shift imposed on the reference signal. The details of this type of analysis have been reported previously in
Ref. 7 and Ref. 18. The results of the analysis in terms of velocity, temperature, and density measurement
uncertainty as a function of artificial reference frequency shift are shown in Fig. 16 for a flow with a velocity of 190
m/s and a temperature of 279 K. The uncertainty in all flow parameters decreases as frequency shift increases up to
2 GHz, but the uncertainty levels flatten out beyond 2 GHz and do not continue to improve beyond that point.
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V. Conclusions and Future Work

measurement uncertainty as a function of
artificial reference frequency shift.

An acousto-optic frequency shifting device is evaluated as a tool for use in spectroscopic Rayleigh scattering
experiments. The frequency shifting device provides a means of shifting the incident or reference laser frequency by
1100 MHz to avoid overlap of the Rayleigh and reference signal peaks in the interference pattern used to obtain the
velocity, density, and temperature measurements, and also to calibrate the free spectral range of the Fabry-Perot
etalon used in the spectroscopic measurements. A Rayleigh scattering system using the frequency shifting device to
impose an artificial shift in the reference signal of 1100 MHz is applied in a 10 mm diameter subsonic nozzle flow
to evaluate the measurement accuracy improvement compared to a system utilizing unshifted reference light coupled
with the Rayleigh signal. The improvements in measurement accuracy are significant. The data containing unshifted
light have extremely high and unacceptable measurement errors whereas the data containing artificially frequency-
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shifted reference signal have errors of 4 m/s or better in velocity, 1.5% or better in density, and 11 K or better in
temperature for velocities greater than 110 m/s. At lower velocities the measurement errors are higher because the
spatial shift between the reference and Rayleigh fringe peaks are not sufficient due to the lower Doppler shift
associated with those velocity levels. The measurement accuracy can be improved further by increasing the artificial
shift in the reference frequency. The device used here provides a maximum shift of 1100 MHz; however an acousto-
optic frequency shifter providing a shift of at least 2000 MHz would be optimal since a lower bound uncertainty
analysis demonstrated this as the frequency shift resulting in minimum measurement uncertainty. An additional
improvement for future work is to determine a method for calibrating the optical efficiency across the image to
improve the model function used to estimate the flow parameters. The use of an acousto-optic device for reference
frequency shifting would be especially valuable for Rayleigh experiments using pulsed laser systems where the
frequency can vary significantly from shot-to-shot and must be measured simultaneously with the Rayleigh signal.
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