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Understanding the aero-optical properties of gases is important for the study of hypersonic
flows, plasmas, and other complex compressible gas phenomena. At high temperatures, the index
of refraction is expected to deviate significantly from linear Gladstone-Dale constant predictions.
Due to challenges associated with achieving high temperature conditions at moderate pressures
and a lack of optical techniques capable of capturing changes across a discrete shock, current
Gladstone-Dale estimates above 6000 K are either from theory or extrapolated from less extreme
conditions. In previous work, we developed a novel quadrature fringe imaging interferometer
that utilizes a narrowband and broadband source to capture large fringe changes across a
discrete boundary. In this paper, we discuss improvements made to adapt and calibrate the
diagnostic in shock tube environments. Then, the system is demonstrated in a diaphragm shock
tube at a Mach number of 2.92. The index of refraction measured using the quadrature fringe
imaging interferometer is then compared to theoretical calculations.

L. Introduction

DERSTANDING complex non-equilibrium flow fields requires the characterization of high-temperature aero-optical
Uproperties in gases. The index of refraction properties are particularly important for estimating, validating,
and correcting measurements made through hypersonic boundary layers or plasmas [1]. At low temperatures, the
wavelength-dependent relationship between the index of refraction and density is captured using the Gladstone-Dale
constant, also referred to as the specific refractivity [2-4]. At temperatures above 6000 K, however, theoretical
calculations predict strong dependencies on pressure, temperature, and molecular polarizability due to dissociation and
ionization [3]]. Since these conditions are difficult to replicate and can only be achieved uniformly in high-enthalpy
facilities like shock tubes, very few experiments have been attempted and no accurate validation data currently exist.

In addition, optical techniques capable of tracking large index of refraction changes across a discrete shock front at
moderate to high pressures are rare. Existing experiments for making these measurements in shock tubes include 2D
fringe counting [6H11], point diffraction interferometry (PDI) [[12], common path interferometry [[13]], and angled beam
refraction [[14]. The sudden shift in index of refraction across a shock front can correspond to the motion of hundreds of
fringes on an optical interferometer, making fringe counting challenging. Fringe counting and PDI are also limited in
range, since no directional information is present for sudden discrete jumps. Common path interferometry requires an
in-frame reference and cannot be used if the shock-wave is not in the field-of-view. Finally, angled beam refraction
methods often require custom angled window ports as well as long beam paths.

In order to overcome the limitations of existing diagnostic methods, we developed a novel quadrature fringe imaging
interferometer (QFII) [[15]] method to accurately identify large changes in index of refraction across a discrete shock front.
Some related phase quadrature interferometer techniques exist [16H18]] for making measurements of index-of-refraction
changes around models in shock tubes, but have not been implemented to study dynamic shock conditions for high
enthalpy flows. The QFII method combines a narrowband quadrature and finite broadband fringes to automatically track
fine fringe movements, fringe movement direction, and large fringe shifts across a discrete jump. The resolution and
feasibility of this technique was explored [[15[19], but experimental shock tube measurements have not been previously
reported. In this paper, we first describe the diagnostic method for utilizing quadrature and finite broadband fringes for
index of refraction measurements. Then we describe the two-camera calibration technique and the inversion method for
calculating index of refraction from discrete images. Finally, this method is demonstrated in a single diaphragm shock
tube and the experimental index of refraction is compared to theoretical calculations.
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I1. Quadrature Fringe Imaging Interferometer Diagnostic
At moderate to low temperatures, the relation between index of refraction n and density p for a gas is described by,

n-1=KQp, ()

where K () is the wavelength dependent specific refractivity. For a mixture of gases, the effect of each species is
summed together. Below 6000 K, the specific refractivity is largely independent of temperature and pressure and is often
referred to as the Gladstone-Dale constant. At extreme conditions, however, the presence of ionized and dissociated
species cause the specific refractivity to change with temperature and pressure [S)]. In our previous work, we identified
the shock tube conditions where the theoretical Gladstone-Dale would deviate from linear assumptions [[15]]. These
shock tube simulations showed that regions with low driven gas pressures and high Mach numbers exhibit the largest
deviations from linear theory and are easiest to achieve using conventional shock tube facilities. Therefore, these regions
are of particular interest for initial experimental investigations. To reach higher temperatures and driven gas pressures,
alternative topologies like free-piston shocktubes are needed.

To measure index of refraction, the QFII system utilizes two distinct interference fringe patterns from two types
of sources: a narrowband source and a broadband source. In this scheme, the narrowband laser generates infinite
interference fringes which functions as an analog quadrature to automatically track movement direction. The electric
field interference calculations and index of refraction equations for the narrowband source are described in detail in [[15].
In general, for two sinusoidal fringe signals « and § offset by a phase shift ¢, the change in index of refraction can be
calculated for a single pass Mach-Zehnder interferometer from,

Ay (B(An) +a(An)sin(dap)

An=—t
" W an a(An)cos(dap)

where W is the internal window-to-window width of the shock tube and A is the wavelength of the laser source. For
this equation, the inverse tangent function must be unwrapped in order to accurately estimate larger index of refraction
changes.

Since the quadrature equations rely on fringe movement to calculate the change in index of refraction, a reference
index of refraction is necessary. Through the Ciddor equations [20], the wavelength dependent index of standard dry air,
ngs, (15°C, 101.325 kPa, 0% relative humidity) is,
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Fig. 1 (a) The narrowband 405 nm laser spectrum and (b) the nearly infinite interference fringes are shown. (c)
In contrast, the SuperK EVO spectrum and (d) finite interference fringes with a strong center fringe are also
illustrated.



Here, o is the vacuum wave number (1/1¢), ko = 238.0185 um™2, ki = 5792105 um™2, ko = 57.362 um™2, and
ky = 167917 um™2. Similarly, the index of pure standard water vapor (20 °C, 1.333 kPa) is,

108 (s — 1) = 1.022(wo + w102 + waot + w3o®), 4)

where wg = 295.235 um™2, w| = 2.6433 um™2, wy = —0.032380 um=2, and w3 = 0.004028 um=2. The combined
temperature and pressure dependent group index of moist air is then,

n-1=2% (ngy — 1)+ 2
Pas pws

(nws = 1), (&)

where p, and p,, are the densities of the dry air component and water vapor respectively (found from the BIPM
equation [21]])), pas is the density of standard dry air, and p,, is the density of pure standard water vapor. These
calculations are valid for -40 to 100 °C, 80 to 120 kPa, and 0 to 100% relative humidity. At ambient conditions in
the laboratory (294 K, 97.73 kPa, 0% humidity, 450 ppm CO,, A = 405 nm), the reference index of refraction is
Namp = 1.00026702.

In contrast to narrowband sources, broadband source interference patterns create multi-color, finite fringe patterns
with a strong black or white center fringe. Since these finite fringes only appear at the center of the interferometer,
the center fringe functions as an absolute reference value. Sources with wide spectra will generate fewer finite fringes
and stronger center fringes. Common broadband sources include LEDs, halogen bulbs, and flash lamps. However,
these sources do not provide sufficient light for sampling rates greater than 200 kHz (2us exposure) using a Shimadzu
HPV-X2 ultra-high-speed camera. For ultra-high-speed shock tube experiments at sampling rates up to 5 MHz, we used
a SuperK EVO supercontinuum white laser capable of emitting wavelengths from 400-2400 nm in a single spatially
coherent beam. Figure[I]shows spectra and interference patterns for both the narrowband 405 nm laser source and the
broadband SuperK EVO supercontinuum source.
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Fig.2 The Mach-Zehnder configuration of the QFII diagnostic shows how narrowband and broadband sources
can be combined to determine index of refraction changes inside a shock tube. A photo of the diagnostic setup is
shown along with a color image and a black and white image of the fringe patterns. 1) 405 nm laser, 2) broadband
source, 3) lenses, 4) 425 nm long pass dichroic, 5) 50/50 beam splitter, 6) windows to match delay, 7) broadband
mirrors, 8) adjustable leg, 9) glass delay plates, 10) 420 nm long pass filter, 11) 425 nm short pass dichroic,
12) calibration camera, 13) ultra-high-speed camera.



I1I. Experimental Setup

The QFII diagnostic shown in Fig. 2] consists of a Mach-Zehnder interferometer with a continuous A = 405 nm laser
source and a 20 MHz pulsed Super K EVO HP EU-4 supercontinuum broadband source (410 to 2400 nm). The QFII
can also be implemented as a double-pass Michelson interferometer for higher resolution; however, the Mach-Zehnder
topology has more degrees of freedom enabling more parameters to be adjusted independently.

In Fig.[2] the two sources are first expanded with lenses and then combined with a longpass dichroic mirror. After
passing through the 50/50 plate beam splitter, one leg travels through the shock tube. The free-space leg passes through
two windows of identical thickness to the shock tube windows to match beam delay. For broadband light, inserting
identical windows produces better fringe profiles than physically shortening the leg; this effect occurs due to differences
in beam divergence through free space versus through the windows. The free-space leg also consists of mirrors on a
micrometer stage, which is used to balance the lengths of the two interferometer legs. Additional glass plates can be
inserted at tilted angles to split the broadband fringes into columns with different delays. With no tilted plates, the
pressure range is dependent on the mirror tilt alone. With tilted plates, the range of pressures over which the center
fringe is visible can be greatly increased. Depending on the expected fringe movement, the fringe spacing can be
decreased by tilting the mirrors and delay plates. The interferometer center can also be set outside of the field of view to
ensure that the center is visible after the shock-wave passes. Finally, the two legs are recombined with another matching
50/50 plate beam splitter and the sources are separated using a 420 nm long-pass colored glass filter and a shortpass
425 nm dichroic mirror. The fringe patterns are then imaged using an ultra-high-speed Shimadzu HPV-X2 camera (250
X 400 pixels, 10-bit monochrome, 128 or 256 frames) capable of capturing video up to 5 MHz (million frames per
second) at full frame.

This QFII diagnostic is implemented on the Georgia Tech shock tube [22]], which is a single diaphragm tube with an
adjustable 6 or 10 m long driver section and 10 m long driven section. The tube is constructed out of 316 stainless
steel and has a 15.24 cm inner diameter with a 5.08 cm wall thickness. The QFII diagnostic is passed through two
circumferential ports located 1.24 cm away from the endwall. The sapphire windows of the ports are 12.7 mm in
diameter and 3 mm thick with an optically clear opening that is approximately 10 mm in diameter. Four pressure
transducers spaced un-equally along ports preceding the optical windows identify wave speed. The camera acquisition
is triggered off a fifth pressure transducer immediately above the optical window.

IV. Calibration

To calibrate the diagnostic in situ, vacuum is first applied in the driven section of the shock tube. Because the
Shimadzu HPV-X2 can only save batches of data once every few seconds, it is not well-suited for continuous calibrations.
Therefore, a Blackfly monochrome camera (Blackfly S, BFS-U3-32S4M-C, 2048 x 1536 pixels, 12-bit, max 118 fps) is
placed at the second output of the interferometer for calibration purposes. While pressure decreases in the driven section,
the Blackfly camera runs continuously while the Shimadzu camera runs periodically every ~10 seconds to capture data.
After collection, the data is recombined in order to calibrate the Shimadzu against the Blackfly. To monitor pressure,
readings from a pressure gauge (Omega DPG4000, 0-300 psi, + 0.25% vacuum accuracy) are collected with another
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Fig. 3 (a) The experimental Gladstone-Dale calibration matches well with the quadrature signal. (b) The center
fringe travels along each column at different frames, therefore covering a wider range of index values.
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Fig.4 The incident shock passes from left to right over a series of frames on the ultra-high-speed camera during
a Mach 2.92 experiment. Center fringes are clearly visible in Column 2 after the shock passes.
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Fig. 5 (a) The high-speed camera is triggered off the pressure transducer above the window. (b) Signals from
the tranducers preceding the window indicate wave speed.

Blackfly camera. Calibrations taken with the narrowband laser source show excellent agreement with the theoretical
Gladstone-Dale value, as illustrated in Fig. [B(a). The basis of the inversion algorithm required to calculate index of
refraction from discrete images is described in detail in [15]. However, the Blackfly and Shimadzu HPV-X2 cameras
have different quantum efficiencies as a function of wavelength across the visible spectrum, so accurately comparing
and automatically calculating fringe pattern across the cameras requires additional future consideration.

V. Results

Results from one shock tube experiment are shown in Fig.[d] In this experiment, the driven section was filled with
air to 10.66 kPa and the driver was pressurized with helium. The scored aluminum diaphragm burst at 685 kPa, which
generated an initial shock wave traveling at Mach 2.92. In Fig.[d(a), the shock wave can be clearly seen passing from
left to right. Initially, no distinct center fringes are seen in either of the broadband columns. Once the wave front passes,
dark fringes appear in the right column, indicating that a sudden change in index of refraction has occurred. This fringe
pattern remains stable for the remainder of the video acquisition on the ultra-high-speed camera, indicating that the
post-shock condition is constant. Fig[5]shows the pressure transducer signals used to trigger the camera and calculate
wave speed. From normal shock relations, the theoretical temperature and pressure behind the initial shock are 794 K
and 106.4 kPa, respectively.
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Fig. 6 (a) Index of refraction values from the QFII measurement and normal shock relations are shown,
illustrating close agreement. (b) The broadband fringe profiles from the frame acquired after the incident shock
wave and the frame acquired during calibration are also shown in close agreement.

To calculate the index of refraction, the post-incident shock frame is compared to the calibration maps. By comparing
the broadband fringe profiles of each column, we find an estimated index of refraction from the nearest high-speed
calibration frame. The fringe pattern can then be interpolated using the Blackfly frames or even between frames to
increase accuracy. Compared to the theoretical index of refraction calculated from normal shock relations and the Ciddor
equations, the QFII underestimates the index of refraction. The slight difference of 4.804 x 107° may be attributed
to complex boundary layer effects within the tube. Additional uncertainties may arise from differences between the
calibration camera and high-speed camera. Since the cameras are placed on either side of the final beam splitter, the
fringe profile for one camera is the inverse of the other. The profiles are also not directly comparable due to the dissimilar
sensor quantum efficiencies over the range of wavelengths. The accuracy and uncertainty of the QFII diagnostic are
still unknown at this time. In the future, we plan to collect more data points and refine calibration techniques and
post-processing algorithms to fully characterize the system.

VI. Conclusions and Future Work

The rapid change in index of refraction across a shock front is difficult to track since fringes can move on the order
of tens to hundreds at extreme hypersonic conditions. In this paper, we demonstrate the QFII system that is capable
of resolving large jumps in index of refraction with a modified Mach-Zehnder interferometer and two sources. The
narrowband source provides high resolution and automated tracking while the broadband source acts as an absolute
reference. If calibration maps are generated during the evacuation of the driven side, sudden changes in index of
refraction can be resolved. Initial results from a shock tube experiment demonstrate that the broadband reference can be
used to determine index of refraction, which closely matches the theoretical calculations. Further experiments will be
conducted in order to determine the resolution and uncertainty of this diagnostic technique.

In future work, we also plan to collaborate with Sandia National Laboratories and their high-enthalpy free-piston
shock tube capable of reaching high temperatures above 6000 K at moderate pressures [23} 24]. Measurements taken at
the Sandia free-piston shock tube will be the first high-resolution index of refraction validation data above 6000 K, and
will help create a validation database for index of refraction in non-equilibrium, compressible flows.
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