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[Abstract] The Fabry-Perot interferometer is a commonly employed instrument for
resolving the spectrum of molecular Rayleigh scattered light for the purpose of evaluating
flow properties such as gas velocity and temperature. Rayleigh scattered light from a
focused laser beam can be directly imaged through a solid Fabry-Perot etalon onto a CCD
detector to provide the spectral content of the scattered light. The spatial resolution of the
measurements is governed by the locations of interference fringes. The location of the fringes
can be changed by altering the etalon’s physical characteristics, such as thickness and index
of refraction. For a fused silica solid etalon the physical properties can be adjusted by
changing the etalon temperature; hence changing the order of the interference pattern and
the physical fringe locations. Controlling the temperature of the etalon can provide for a
slow time-response spatial scanning method for this type of etalon system. A custom
designed liquid crystal Fabry-Perot (LCFP) can provide for a fast time-response method of
scanning the etalon system. Voltage applied to the liquid crystal interface sets the etalon’s
properties allowing Rayleigh measurements to be acquired at varying spatial locations
across the image of the laser beam over a very short time period. A standard fused silica
etalon and a tunable LCFP etalon are characterized to select the system that is best suited
for Rayleigh scattering measurements in subsonic and supersonic flow regimes. A
frequency-stabilized laser is used to investigate the apparent frequency stability and
temperature sensitivity of the etalon systems. Frequency stability and temperature
sensitivity data of the fused silica and LCFP etalon systems are presented in this paper,
along with measurements of the LCFP etalon’s tuning capabilities. Rayleigh scattering
velocity measurements with both etalon systems are presented, in an effort to determine
which etalon is better suited to provide optical flow measurements of velocity, temperature,
and density.

Nomenclature

AL = amplitude of reference signal (CCD graylevels)

AR = amplitude of Rayleigh signal (CCD graylevels)

Ag = amplitude of the broadband signal (CCD graylevels)
a = most probable molecular speed (m s™)

c = speed of light in air (= 2.998x10° m s™)

d = Fabry-Perot etalon thickness or plate spacing (m)

E = incident electric field vector (V m™)

F = Fabry-Perot instrument function contrast

f = focal length of a lens (m)
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collimating lens focal length (m)

fringe forming lens focal length (m)

gain factor representing ratio of photoelectrons to CCD output counts
height of laser beam image (m)

Planck’s constant (= 6.626x10** N m s)
Fabry-Perot instrument function

interaction wave vector (m™)

magnitude of K (m™)

incident light wave vector (m™)

scattered light wave vector (m™)

probe volume length (m)

length of laser beam image (m)

mean free path between molecular collisions (m)
molecular mass (kg)

integer values representing the order of interference
effective etalon finesse

photoelectron counts detected by g™ pixel

Rayleigh scattered photoelectrons collected into solid angle Q
molecular number density (m™)

interference fringe order

power of incident laser beam (J s

static pressure (N m?)

radial position in image plane (m)

normalized Rayleigh scattering spectrum

static temperature (K)

axial velocity component (m s™)

velocity vector (m s™)

horizontal position in image plane (m)
horizontal position of the q™ pixel center (m)
vertical position in image plane (m)

vertical position of g™ pixel center (m)
y-parameter

angle between E and scattering plane (rad)
camera exposure time (s)

optical system efficiency factor

width of square CCD pixel (m)

dynamic viscosity (N's m?)

angle of the light ray passing through etalon (rad)
Boltzmann’s constant (= 1.381 x 10 J K™)
wavelength corresponding to wave vector K (m)
illumination wavelength (m)

etalon cavity refractive index

gas density (kg m™)

differential scattering cross-section (m?sr)

frequency of scattered light (s™)

frequency of incident laser light (s™)

measured velocity component along K direction (m s™)
scattering angle (rad)

phase change between successive reflections in etalon
solid angle (sr)
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I. Introduction

Rayleigh scattering is an optical diagnostic technique that uses elastically scattered light from gas molecules
to provide density, velocity, and temperature measurements™®. One way to determine these properties from
the scattered light is to analyze the signal strength, Doppler frequency shift, and spectral linewidth of the scattered
light, which directly relate to density, velocity, and temperature, respectively. The Fabry-Perot interferometer (FPI)
is one type of instrument that can be used to evaluate these spectral properties. A planar FPI consists of two parallel
planar reflective surfaces. The cavity between the two surfaces can be either air or a solid transparent material, such
as fused silica. When the spacing is fixed the instrument is often referred to as a Fabry-Perot etalon. When laser
light is directed through the Fabry-Perot etalon the resulting interference pattern consists of an unequally-spaced
concentric ring pattern that contains the spectrum of the light. The radial position of the interference fringes is a
function of the frequency of the light and the etalon’s plate thickness and index of refraction.

Past work has involved using an air-spaced FPI to resolve the Rayleigh scattering spectrum®*. However, in harsh
conditions and environments it is advantageous to use a solid etalon, since vibrations can change the plate spacing of
an air-spaced interferometer and corrupt the spectral measurements. Some recent studies concerning Rayleigh
scattering have utilized the solid etalon in place of the air-spaced interferometer®”’. It is often desirable to adjust the
positions of the interference fringes or to maintain a fixed radial position of the fringes for various reasons. For
spatially-resolved measurements, the measurement locations at the probe volume are dependent on the interference
fringe positions in the detection plane. Therefore, tuning or scanning of the fringe positions is important to setting
the measurement locations in the flow field. Also, maintaining stability of the fringe positions during data
acquisition is critical to the velocity measurement accuracy®. The fringe positions can be changed by adjusting the
etalon spacing or the index of refraction of the medium in the cavity. In the case of a solid etalon, both of these
properties can be changed by adjusting the temperature of the etalon, however standard fused silica etalons lack the
fast tunability that is available with air-spaced interferometers equipped with piezoelectric transducers that quickly
change the mirror spacing. Liquid crystal Fabry-Perot (LCFP) etalons are now available which contain a thin liquid
crystal layer in conjunction with glass layers to form the solid etalon cavity. Historically, LCFP’s have been used as
tunable optical filters in the infrared region for communications purposes***?, however for the work presented in this
paper, the LCFP is characterized and used in a Rayleigh scattering experiment. A custom designed LCFP was built
by Scientific Solutions in which the liquid crystal index of refraction could be varied from 1.5 to 1.75 by adjusting
the voltage applied to the liquid crystal allowing the etalon properties to be rapidly changed.

Both a fused silica solid etalon and a LCFP etalon are tested to determine which can provide the most stable
interferometry and desired temperature sensitivity system for use in Rayleigh scattering experiments. In addition,
the tuning capabilities of the LCFP etalon are presented as well as sample Rayleigh scattering data from a free jet
flow, acquired with both the fused silica and LCFP etalon systems.

I1. 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. Fig. 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. The frequency shift between the laser peak
and the Rayleigh peak is proportional to the bulk flow velocity. The width of the spectrum is related to the gas
temperature.

The shape of the spectrum is dependent on gas pressure p and temperature T, and the scattering angle x*>. A non-

xs

. . . . . . A
dimensional parameter yg, which represents the ratio of the wavelength of the scattering grating (A = ZJ to the
mean free path between molecular collisions (Im = %) is used to establish spectral shape regimes:
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where

a= ZLT (2
m

The measured velocity component, vy, is in the same direction as the interaction wave vector K, which is the bisector
of the incident and scattered light wave vectors, kg and ks, respectively (Fig. 2). The interaction wave vector and its
magnitude K are given by:

K =k, kg ®)
K :|K|:47”{sin%} 4)

The geometry of the optical arrangement in an experiment is designed such that the desired component of the
velocity vector v is measured:

Vo = K-v ©)
“TTK
Frequency
| shift K.
; Rayleigh
©
o
2 K-.
o
E
<
Frequency X
Fig.1 Rayleigh scattering spectrum. Fig. 2 Light scattering from a moving particle.

A planar Fabry-Perot etalon can be used to analyze the spectrum of Rayleigh scattered light®. A solid FP etalon
consists of a solid optical material with parallel planar reflective surfaces having a fixed thickness. The interference
created between the reflective plates creates standing waves, which generate constructive interference when the
wavelength matches the optical path length. Therefore, maximum transmission occurs when the optical path-length
difference (OPD) between each transmitted beam is equal to an integer multiple of the wavelength, or

OPD =2ud cosd =mjA (6)
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where m; are integer values representing the order of interference. The maximum reflectivity, or minimum
transmission occurs when the OPD is equal to half of an odd multiple of the wavelength. By varying either the
etalon thickness (d), the index of refraction (x) of the optical medium in the cavity between the reflective surfaces,
or the angle of the incoming light ray (6), transmission of different frequencies will occur and recreate the Rayleigh
spectrum. When the etalon thickness and the medium refractive index are held constant, while the incoming light
ray @is varied by imaging points off-axis, the etalon is said to be operated in the static “imaging mode”. A lens at
the etalon output images the light source at the image plane where a detector is located, as shown in Fig. 3. If the
incoming light has a very narrow line width, the imaged intensity pattern is essentially a delta function convolved
with the Fabry-Perot instrument function defined as:

1

lgp =———— %
1+ Fsin? L4
2
where F is the contrast:
F= _ (8)
sin®
2N,

N, is the effective etalon finesse and  is the phase change of light between successive reflections:

W= %COS 0 9)

Fig. 4 shows a typical fringe interference pattern resulting from a planar single-frequency light source being passed
through the solid etalon. For spectrally broadened light, such as Rayleigh scattered light, the spectrum of the light is
convolved with the Fabry-Perot instrument function and the fringes broaden accordingly; the line width of the
fringes provides a measure of temperature from Rayleigh scattered light. In this work, the light source is molecular
scattered light from a focused laser beam, which provides a linear interference pattern, such as that shown in Fig. 5.
The frequency shift of the light associated with the bulk flow velocity is determined by a spatial shift in the fringe
positions in the image.

The fringes generated by the FP etalon have unequal spacing that is directly related to the free spectral range (FSR)
of the instrument, which is the change in frequency needed to shift the system by one fringe and can be evaluated by
the following relation:

FSR = ﬁu (10)

where c is the speed of light. Adjusting the etalon thickness or the index of refraction changes the FSR, thus shifting
the fringe spacing and locations. In the case of the standard solid etalon, a change in the material temperature results
in a change of etalon FSR due to the fact that d and g are both a function of temperature. In this work the fringe
positions are monitored as the room temperature is changed to evaluate the stability of the system in a harsh
environment with unstable temperature. Fig. 6 shows a linear profile of a FP interference pattern like the one shown
in Fig. 4 for several values of etalon thickness, d. The thickness only has to change by a fraction of a wavelength to
produce a noticeable shift in the fringe locations; therefore it only takes a very small temperature change on the
order of 0.01°C to produce a noticeable shift in fringe location. In the case of the LCFP, the supplied voltage is
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adjusted to change the etalon properties. Voltage adjustments can be used to tune the fringes to the desired
measurement locations. Both the solid etalon and the LCFP etalon are studied and characterized in this work to
assess which is best suited for acquiring Rayleigh scattering measurements in wind tunnels and other test facilities at
NASA Glenn Research Center.

In the experiments using both etalon systems Rayleigh scattered light is collected from a finite length L of the
laser beam and imaged at the CCD detector. The expected number of Rayleigh photoelectron counts incident on the
detector plane without the FP etalon in the optical path can be expressed as:

0o . 2
ePRynLAAt_Zsin® B
(NR>:I x aQ (11)
AQ hc

where ¢ is the overall system efficiency including detector quantum efficiency and other losses. With the
interferometer in the optical path, the amount of energy, in terms of CCD gray level counts, collected on the g™ pixel
of the detector centered at position (xq,y,) including light scattered from gas molecules (Rayleigh scattering), and
broadband background light is expressed as:

& &
Yoty Xgt7 +oo
A
(Noswran) =25 [ [ [satvuotestvyiavaxey + ag 12)
P y . X %~
g 2 q 2

where Ag is the amplitude of the broadband background light and the amplitude of the Rayleigh scattered light is
defined as:

Aq :((NR>5$,)/(GLiHi) (13)

The Rayleigh spectrum Sg is evaluated using the TENTI S6 kinetic theory model™®**. A reference image containing
the interference pattern associated with light at the incident laser frequency is recorded within seconds of the
Rayleigh image to provide the reference fringe radius, which is needed to obtain an accurate velocity estimate from
the Doppler frequency shift between the incident and molecularly scattered light. The model function for the energy
collected on the g™ pixel of the detector including scattered light at the laser frequency and background light is
expressed by the following equation:
Sp Sp
yq +to Xq +to

A
<Nq,Reference>:_|2_ J‘ J.IFP(VO’X’y)dXdy + AB (14)
&

The imaged fringe patterns are analyzed by maximum likelihood estimation (MLE) analysis™ using the model
functions described in Eq. (12) and Eq. (14) to extract the velocity and temperature information at multiple spatial
points in the flow field simultaneously.
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Fig. 3 Basic optical arrangement for spectrally-analyzing a uniform
light source using a solid Fabry-Perot etalon.

Fig. 4 Concentric ring interference Fig. 5 Rayleigh light scattering from
pattern from a planar single- a focused single-frequency laser beam
frequency light source imaged imaged through a Fabry-Perot etalon.

through a Fabry-Perot etalon.
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Fig. 6 One-dimensional Fabry-Perot instrument function profiles for several etalon thickness values, where d
=10.22 mmand A =532 nm.
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I11. Experimental Setup
A. Etalon stability and temperature sensitivity testing

Testing of both the fused silica etalon and the LCFP in terms of effective frequency stability and temperature
change sensitivity under various room temperature conditions was performed. A 200 mW frequency-stabilized 532
nm laser source was used to provide the light source for the optical system. This light source had frequency stability
of approximately + 3 MHz. A diagram of this system is shown in Fig. 7. A 20 mm lens (Lens 1) was placed
directly in front the laser output to defocus the light onto a diffuser screen. The surface of the diffuser acted as the
object plane of the optical system. A 150 mm achromatic focal length lens (Lens 2) collimated the scattered light
from the diffuser surface and directed it through the specified etalon. The 25 mm diameter fused silica etalon had a
refractive index of approximately 1.46 and 90% reflectivity coating that provided a reflective finesse of 30. The
etalon was approximately 11.3 mm thick giving a FSR of 9 GHz. The 25 mm diameter LCFP etalon also had 90%
reflectivity coatings giving a reflective finesse of 30. The index of refraction of the LCFP system was variable from
1.5 to 1.75 and the total etalon thickness was about 40 mm giving a FSR that ranged from 2.1 to 2.5 GHz. A 400
mm focal length Nikon lens (Lens 3) focused the image of the diffuser plane at the camera detector plane. The
image of the illuminated diffuser had been modified by the transmission properties of the etalon resulting in a
circular interference fringe pattern. A type K thermocouple was used to monitor the temperature in the fused silica
etalon chamber. Due to the housing of the LCFP etalon, the thermocouple was not able to be placed in the etalon
chamber, therefore it was placed on the outside of the housing measuring the room temperature. A program for data
acquisition and analysis was developed using LabVIEW. Images were acquired from the camera and least-squares
analysis was used to fit the instrument function described in Eq. (14) to the interference pattern. The motion of the
fringes over time was used to provide a measure of apparent frequency stability and temperature change sensitivity
of the system; for a perfectly stable system the fringes would remain at a fixed location at all times. Data was
acquired for both etalon systems: a fused silica etalon and a LCFP etalon, both using the 200 mW frequency-
stabilized 532 nm laser as the light source.

Object plane

1.7mm x 1.3 mm Hitachi KP-MU1
Lens 1 \ Lens 2 Etalon CCD Camera
(g D — I | I iy
Laser Diffuser Linear Lens 3 8.5\mm x 6.4 mm

(532nm, 200mW) Polarizer detector

Lens 1: 20 mm focal length
Lens 2: 150 mm focal length
Lens 3: 400 mm focal length Nikon camera lens

Fig. 7 Diagram of optical system to study the effective frequency stability and temperature change sensitivity
of two etalon systems.

The instability of the etalon in terms of apparent frequency change was monitored by tracking the radius (r) of a
fringe of the interference pattern with initial radius ro and order no. The apparent frequency change (Av) is related to
the radius change of the fringe by the following analysis:

2
Av = (Lj ~1|ny FSR (15)
o
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2
no =i r_o (16)
uAL T

where f_ is the focal length of lens that focuses the fringe pattern at the image plane (i.e., Lens 3 in Fig. 7). The
apparent frequency change was monitored for 90 minute periods, at three different temperature conditions (stable,
increasing, and decreasing room temperature), for the two etalon systems.

B. Rayleigh scattering measurements in a free jet

Rayleigh scattering data from a free jet flow was separately acquired using the fused silica and LCFP etalon
systems. A schematic of this set up can be seen in Fig. 8. A Coherent Verdi 18 W continuous-wave 532 nm laser
with a 2.25 mm diameter output beam provided the incident light for the system. The vertically polarized laser
beam was focused with a 200 mm focal length lens (Lens 1) to a diameter of 60 um at the probe volume. The beam
was oriented at a 45° angle to the primary flow direction, while the scattered light was collected at a 90° scattering
angle. The incident and scattering wave vectors were arranged such that the axial component of the jet velocity u
was measured, as indicated by the red K vector in Fig. 8. A 12 mm length of the laser beam was imaged through the
etalon by a pair of 300 mm focal length lenses. An /6 achromat lens (Lens 2) collimated the light and directed it
through the etalon system. A f/4 300 mm focal length Nikon camera lens (Lens 3) then focused the image of the
laser beam onto the detector of a Princeton Instruments VersArray back-illuminated, scientific-grade CCD camera.
The image of the laser beam had been modified by the transmission properties of the etalon, resulting in Rayleigh
scattered light at the location of the interference fringes. Stray light provided by placing a white sheet behind the
probe volume was imaged through the etalon within seconds of acquiring the Rayleigh image. The imaged stray
light provided reference laser image data for use in the frequency shift analysis of the acquired Rayleigh scattering
images. Due to the ordinary and extraordinary states of the birefringent liquid crystal there are two sets of
interference patterns that are transmitted simultaneously by the LCFP. One set is static while the other is tunable
with voltage. The transmission of these two states is polarization sensitive. Therefore, a linear polarizer was placed
in front of the LCFP etalon to block the non-tunable state from passing through the system. During both
experiments, images of the Rayleigh light and reference light were acquired with 500 ms exposure time.

Lens 1: 200 mm focal length Verdi Laser
Lens 2: 300 mm focal length (532nm, 18W)
Lens 3: 300 mm focal length Nikon camera lens

—— N2 Waveplate

Filtered
Air < > lens
™

Translation
stage

12.288 mm x 0.085 mm
Probe Volume

e T

12.288 mm
square detector Etalon Lens 2

[ o)

; h ko
VersA Linear Polarizer Black Hole
Carare  Lomei (Added when noted).
Beam Dump
Fig. 8 Schematic of Rayleigh scattering system arranged to measure the axial velocity component of a free
jet flow.
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IV. Results and Discussion
A. Etalon stability and temperature sensitivity

Testing of etalon stability and temperature change sensitivity was performed using both the fused silica etalon
and the LCFP etalon systems with the 200 mW frequency-stabilized 532 nm laser as the light source. Changing the
etalon characteristics, such as the etalon thickness or the index of refraction, alters the location of the interference
fringes. Due to the fact that the etalon thickness and the index of refraction are both related to the temperature of the
etalon medium, changing the room temperature was changed to modified these characteristics. In order to tune or
stabilize the etalon by temperature control, the sensitivity of the etalon to temperature change must be characterized.
The location or radius of the innermost fringe of the interference pattern was used to provide a measure of the
apparent frequency change of the etalon systems. Data was acquired separately for each etalon system over three
different periods of room temperature control.

The first test was performed at a stable room temperature for a period of 90 minutes where the etalon
temperature was stable to within approximately + 0.1°C. This was the baseline test to see how stable the etalons
were in a moderately stable temperature environment. Figs. 9(a) and 9(b) show the etalon or room temperature (right
vertical axis) and apparent frequency change in MHz (left vertical axis) over a 90-minute time period for moderately
stable room temperature conditions for both the fused silica and the LCFP etalons. The apparent frequency change is
measured relative to an arbitrary reference frequency. Although the temperature was considered to be “stable” the
thermocouple measurements indicate that the temperature actually drifted up or down over these 90-minute
assessment periods. This temperature change, although small, produced a noticeable effect in the apparent frequency
of the etalon. It is important to note that due to physical constraints it was difficult to place the thermocouple within
the LCFP housing as it was for the fused silica etalon. Therefore room temperature data, representative of the LCFP
etalon temperature, is presented for the LCFP data. During the 90-minute stability assessment, the data shows the
fused silica etalon demonstrated a total apparent frequency shift of approximately 300 MHz while the etalon
temperature drifted by about 0.1°C. Alternatively, the LCFP etalon demonstrated apparent frequency drift of about
70 MHz while the room temperature drifted downward by about 0.1°C.
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Fig. 9 Apparent frequency stability of the fused silica (a) and LCFP (b) etalon systems based on a
frequency-stabilized laser source at a moderately stable etalon temperature.

The method often taken for Rayleigh data acquisition involves acquiring an image of Rayleigh scattered light
and then acquiring a reference laser image approximately 15-30 seconds later. Therefore, it is important to know the
short-term stability of the etalon system being used in the experiment because any instability of the etalon system
(i.e. apparent frequency change) will result in an error in the velocity measurement. In order to assess the short-term
stability of each etalon system a 1 minute period of the data collected in this first experiment is shown in Fig. 10.
The short-term apparent frequency stability of the LCFP is + 2 MHz and the short-term apparent frequency stability
of the fused silica etalon is + 4 MHz. In a Rayleigh scattering experiment the velocity is calculated from the
measured frequency change between the incident laser light and the Rayleigh scattered light, which is a function of
the fringe shift of the laser and Rayleigh signal peaks, as illustrated in Fig. 11. A change in the etalon characteristics
between the acquisition of each signal can bias the relative shift between the two signal peaks. The radii of the laser
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and Rayleigh fringe are used to calculate the relative frequency change via Egs. (15) and (16). The relationship
between the frequency change and velocity vy is:

2m Af
‘|] =
LY

(17)

The LCFP etalon short-term instability of £ 2 MHz could result in velocity bias error of as much as 1.5 m/s and the
fused silica etalon with instability of + 4 MHz could result in errors of as much as 3.0 m/s. However, Rayleigh
scattering is typically used to measure high velocity flows where these errors would not be very significant.
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Fig. 10  Short-term apparent frequency stability of the fused silica etalon and LCFP etalon systems
based on frequency-stabilized laser source at a stable room temperature.

= - fringe shift ~ velocity

Laser signal

\

\ Rayleigh signal

Fig. 11 Linear profile through the first-order fringe in a circular interference pattern obtained from
imaging Rayleigh scattered light and single frequency reference light through the etalon system.

In the second test the room temperature was increased and data was acquired for approximately 90 minutes. The
temperature and resulting apparent frequency change over the time period are shown in Figs.12(a) and 12(b) for the
fused silica and LCFP etalons, respectively. The temperature of the etalon systems increased by approximately
0.5°C over the 90-minute period. The data shows that the apparent frequency change of the fused silica etalon
follows a very similar trend as the temperature change of the etalon. The apparent frequency change of the LCFP
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etalon does not follow as closely with the LCFP etalon temperature trend due to the fact that the temperature
presented is the room temperature. The LCFP approaches frequency stability after 65 minutes, whereas the
temperature stabilizes after 20 minutes. In both etalon systems the apparent frequency increases with increasing
etalon temperature. The apparent frequency change was much greater for the fused silica etalon over approximately
the same temperature change for both systems. The fused silica etalon demonstrated a total apparent frequency
change of approximately 1685 MHz over an increase of temperature of nearly 0.46 °C, characterizing the etalon to
have a temperature sensitivity of 3663 MHz/ °C. The LCFP had a total apparent change in frequency of 265 MHz
over an increase of 0.5°C, giving the etalon a temperature sensitivity of 530 MHz/°C.

In the third test the room temperature was decreased and data was collected separately for each etalon system for
90 minutes. The temperature and resulting apparent frequency change over the time period are shown in Figs. 13(a)
and 13(b) for the fused silica and LCFP etalons, respectively. The apparent frequency change of both etalon
systems decreased as the etalon temperature decreased. The fused silica etalon demonstrated an overall apparent
frequency change of 1408 MHz over a temperature change of 0.4°C; thus temperature sensitivity of the etalon was
3520 MHz/°C. The LCFP etalon demonstrated a total apparent frequency change of 350.3 MHz over a temperature
change of 0.6 °C; giving a temperature sensitivity of 583 MHz/ °C for the LCFP etalon. Overall, whether the
temperature is increasing or decreasing, the fused silica etalon has an average temperature sensitivity of
approximately 3600 MHz/ °C while the LCFP etalon has an average temperature sensitivity of approximately 550
MHz/°C.
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Fig. 12  Effective frequency stability of the fused silica etalon (a) and LCFP etalon (b) systems based on

frequency-stabilized laser source at an increasing etalon temperature.

The apparent frequency stability of the fused silica etalon was measured to be + 4 MHz and the temperature
sensitivity was measured to be 3600 MHz/°C. This means that in order to make the fused silica etalon stable to
within + 4 MHz or better in a harsh environment with large temperature fluctuations the etalon temperature needs to
be controlled to = 0.001 °C. Typical temperature controllers are accurate within 0.1 °C, making tuning of the
etalon’s physical characteristics (thickness and index of refraction) via temperature control very impractical. The
same is true for the LCFP; its measured apparent frequency stability was + 2 MHz and its temperature sensitivity
was 550 MHz/°C. To hold the apparent frequency stable within + 2 MHz it is necessary to control the temperature
within = 0.003 °C, which again is not practical.
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Fig. 13  Effective frequency stability of the fused silica etalon (a) and LCFP etalon (b) systems based on
frequency-stabilized laser source at a decreasing etalon temperature.

B. Liquid Crystal Tunability

Due to its liquid crystal composition, the LCFP etalon has the capability of rapid tuning in order to adjust the
location of the interference fringes, providing a fast time-response spatial scanning method for the etalon system. A
voltage applied to the liquid crystal interface sets the etalon characteristics. The liquid crystal response time to a
voltage change is on the order of milliseconds. In theory, the voltage can be scanned rapidly to provide Rayleigh
measurements at varying spatial locations across the image of the laser beam over a short period of time, although
this was not implemented in the Rayleigh measurements presented in this paper. In an effort to characterize the
tuning capabilities, the voltage of the LCFP etalon was increased while the radius of one of the fringes was tracked
using the same experiment setup as the etalon stability testing. Figure 14 shows the radius of the tracked fringe in
terms of camera pixels (left vertical axis) and the corresponding apparent frequency change (right vertical axis) as a
function of the voltage applied to the liquid crystal. As the voltage level of the LCFP was increased from 5.1 V to
9.7 V, the radius of the tracked fringe decreased continuously as it cycled through more than one fringe order. The
points labeled (a) through (f) in Fig. 14 refer to the images in Fig. 15 that correspond to those data points. The fringe
that is being tracked is indicated by a yellow arrow in each image. At 9.7V the radius of that fringe became too
small to accurately track and it became necessary to begin tracking the next order fringe for data points (g) through
(j) (corresponding fringe images not shown). Figure 14 shows that as the LCFP voltage is further increased from
10.1 V to 12.4 V, the radius of the tracked fringe does not decrease as rapidly as it did while the LCFP voltage was
increased from 5.1 V to 9.7 V due to the nonlinearity of the response of the liquid crystal. The slope for data points
(a) through (f) is approximately 29 pixels/V while the slope for data points (g) through (j) is about 15 pixels/V. The
tuning capability of the LCFP etalon will be utilized in future Rayleigh scattering work at NASA GRC. There are
various reasons that one would want to tune the interference fringes. It is often necessary in Rayleigh experiments to
set the diameter of the innermost fringe to a specific location such that it falls within the illuminated image region at
the detector or to set the fringe diameter to a value that minimizes the measurement uncertainty®. The tuning feature
may also be used in multiple-point Rayleigh measurement systems to change the physical locations of the
measurements in the flow field, which are set by the interference fringe locations in the image’. This feature could
also be used to stabilize the etalon system in a non-thermally-controlled testing environment where controlling the
etalon temperature cannot provide the required stability, as mentioned earlier.
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Fig. 15 Interference fringe images corresponding to data points (a) through (f) in Fig. 14 where the
fringe indicated by the arrow was tracked as the LCFP voltage was changed from (a) 5.1 VV to (f) 9.7 V.
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C. Rayleigh scattering measurements in a free jet

Rayleigh scattering data from a free jet flow was acquired using the two different etalon systems. The jet exit
velocity for the test involving the fused silica etalon was 193 m/s and the exit velocity for the test using the LCFP
etalon system was 187 m/s. In both tests, one image was acquired with pure Rayleigh signal followed closely by
acquisition of an image where reference laser signal was scattered into the collection system by placing a white
sheet behind the probe volume. The image data from the fused silica test is presented in Fig. 16 where Fig. 16(a)
contains the pure Rayleigh signal and Fig. 16(b) contains both Rayleigh and reference laser signal. The image data
from the LCFP etalon test is shown in Fig. 17 where the pure Rayleigh signal and the combined Rayleigh and
reference signals are presented in Figs. 17(a) and 17(b), respectively. The Rayleigh signal is only present across a
few horizontal rows of pixels since the signal comes from imaging the focused laser beam through the etalon; the
fringes are only imaged in the locations where there is imaged signal. If a planar region of the flow was imaged the
Rayleigh fringes would be circular just like the reference laser fringes in Figs. 16(b) and 17(b). The difference in
FSR of the two systems is clearly evident by the large difference in the number of interference fringes between the
images in Figs. 16(b) and 17(b) even though the systems were used in identical optical arrangements. The lower
FSR of the LCFP etalon (2.5 GHz) caused the fringes to be spaced more closely together than in the case of the
fused silica etalon, which had a FSR of 9 GHz. The low FSR of the LCFP does not present a problem when
resolving the narrow linewidth laser light; however the much broader Rayleigh spectrum, which is on the order of 1-
2 GHz wide, fills nearly the entire gap between fringes, making it difficult to differentiate between the individual
Rayleigh fringes in Fig. 17(a). The overlap of each Rayleigh fringe with the adjacent orders made the analysis of
the data very difficult and resulted in high measurement error. When analyzing the reference image from the LCFP
test it was observed that some dust particles had been entrained in the flow during the process of holding a white
sheet near the probe volume resulting in some particle scattering signal. Particle or Mie scattering results in a
Doppler shifted signal associated with the motion of the particles in the flow just like Rayleigh scattering; however
due to the larger size of the particles compared to molecules, the scattered light spectrum is not thermally broadened.
The narrow Mie scattering peaks in the reference image were used to measure flow velocities in the LCFP data
instead of using the Rayleigh signal in Fig. 17(a).

a . b .
Fig. 16 Sample images of Rayleigh scattered light (a) and Rayleigh scattered light combined with
reference light (b) for the fused silica etalon system.

a . b .
Fig. 17 Sample images of Rayleigh scattered light (a) and Rayleigh scattered light combined with
reference light (b) for the LCFP etalon system.
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Figure 18 shows a linear profile across a 300 pixel region of the fused silica image data. The CCD values at
those pixels are shown as black circles. The model function that was fit to the reference laser signal data by MLE
analysis is shown by the blue curve and the model function that was fit to the Rayleigh signal is shown by the red
curve. The radial shift between the reference and Rayleigh fringes is used to provide a measure of flow velocity at
each fringe location. Almost the entire jet profile was mapped with a single snapshot in this experiment. Figure 19
shows similar data for the LCFP reference image data only. The combined reference laser and Mie signals are
shown by the black circles and dashed line while the model function that was fit to the combined laser and Mie data
is shown by the red curve. Only half of the LCFP fringes were analyzed since every other fringe order appeared to
be wider than the adjacent fringes, which is evident in Fig. 17(b) and the line profile shown in Fig. 19. The increased
fringe width made it difficult to differentiate between the laser and Mie signal peaks. The reason for the increased
fringe width will be investigated further in the future.

The resulting velocity estimates from the image data are shown in Fig. 20 for both etalon systems. The jet exit
velocity is indicated for each test case. The actual velocities at the measurement plane, which was approximately 2
jet diameters downstream of the 1 cm diameter nozzle exit, are expected to be slightly lower than the velocity at the
exit. Both etalon velocity profiles exhibit a parabolic flow profile and exhibit reasonable velocity estimates. The
error bars in the figure represent the lower bound on the measurement uncertainty based on a Cramer-Rao lower
bound uncertainty analysis'. The uncertainty in the measurements from the higher order fringes (further away from
the center of the fringe pattern) is higher than the lower order fringes since there are less pixels spanning those
fringes due to the nonlinear nature of the FP interference pattern in the image space.
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Fig. 20  Radial profile of the axial velocity component in the free jet at an axial plane approximately
2 cm from the jet exit. The jet exit velocity of the two test cases is indicated in the figure.
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V. Conclusions and Future Work

Two etalon systems were characterized to evaluate their usefulness in Rayleigh scattering studies. One etalon
was a fused silica solid etalon and the other was a liquid crystal Fabry-Perot (LCFP) etalon, which contained a thin
liquid crystal layer in conjunction with glass layers to form a solid etalon cavity. The LCFP etalon demonstrated
better short-term apparent frequency stability than the fused silica etalon. The apparent frequency stability of the
etalons was of interest since drift in the etalon characteristics can lead to errors in the measured frequency shift, and
hence velocity measurements, in Rayleigh scattering experiments. The LCFP exhibited apparent frequency stability
of £2 MHz over a 60 second time period compared to +4 MHz for the fused silica etalon, corresponding to an error
in the calculated velocity of as much as 1.5 m/s and 3.0 m/s, respectively. The temperature sensitivity of the fused
silica etalon was measured to be approximately 3600 MHz/ °C whereas the temperature sensitivity of the LCFP
etalon was measured to be approximately 550 MHz/°C. To control the frequency stability of the fused silica etalon
in a non-thermally-controlled environment, as is commonly encountered in many test facilities, to +4 MHz and the
LCFP to =2 MHz would require controlling the etalon temperature to within 0.001 °C and 0.003 °C respectively.
This proves to be unrealistic since standard temperature controllers are only capable of controlling the temperature
within 0.1 °C. It is often useful to control the etalon’s physical properties to set the interference fringes to desired
locations. For the fused silica etalon this can only be achieved by controlling the etalon temperature, which is
cumbersome and has a slow time response. The LCFP can be tuned rapidly by adjusting the voltage applied to the
liquid crystal layer, which changes the index of refraction of the medium. This can be done very rapidly (on the
order of milliseconds) compared to the slow time response of temperature tuning (~minutes). A plot of fringe
location as a function of liquid crystal voltage was presented to show the capability of tuning the LCFP. This
capability may be very useful in future work for setting the interference fringes to desired locations or stabilizing the
etalon system to reduce velocity measurement error due to changes in the etalon refractive index in environments
with significant temperature fluctuations. Finally, both etalon systems were used to acquire Rayleigh scattering data
in a free jet with an exit velocity of approximately 190 m/s. By directly imaging the laser beam in the flow field
through each solid etalon system nearly the entire radial profile of the jet flow was acquired in a single image
snapshot. The fused silica etalon produced reasonable velocity estimates from the Rayleigh data; however the low
free spectral range of the LCFP etalon made analysis of the Rayleigh signal difficult due to overlap between
adjacent Rayleigh fringe signals. It was fortunate that some particle (Mie) scattering was recorded in the LCFP
experiment that was used to obtain reasonably accurate velocity estimates.

The use of the LCFP in Rayleigh experiments will be investigated further to determine if there are modifications
that can be made to the system to make it useable for this purpose. The characteristics of the LCFP will be analyzed
further to determine if the fringe quality can be improved by operating the device at different temperature and
voltage settings. A LCFP with a larger FSR may be designed for future work.
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