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Results are presented for a Krypton Tagging Velocimetry (KTV) investigation of the
freestream flow of the T5 reflected shock tunnel at Caltech. This KTV scheme utilizes
two-photon excitation at 216.67 nm with a pulsed dye laser, followed by re-excitation
at 769.4547 nm with a continuous laser diode. Results are presented for experiments
performed in 97% N2/3% Kr and 99% N2/1% Kr gas mixtures at a unit Reynolds number of
approximately 4×106 m−1 and a reservoir mass-specific enthalpy of approximately 5 MJ/kg.
Agreement between the KTV derived velocity measurement and the computational results
is excellent, within the uncertainty of the experiment.

Nomenclature

λair = Transition wavelength measured in air, (nm)
Aki = Einstein coefficient for transition from level k to i, (s−1)
Ei = Energy of level i, (cm−1)
M = Mach number, (-)
Reunit = Unit Reynolds number, (m−1)
P = Pressure, (Pa)
T = Temperature, (K)
ρ = Density, (kgm−3)
h = Specific enthalpy, (MJ kg−1)
t = Time, (s)
U = Streamwise velocity, (ms−1)
x = Streamwise coordinate, (m)
r = radial coordinate, (mm)

Subscripts
s = Shock wave
∞ = Nozzle freestream
1 = Region 1 (upstream of shock)
R = Nozzle reservoir

I. Introduction

High-speed flow is characterized by complex phenomena such as shock waves, turbulence, and non-equilibrium
thermochemistry. These phenomena and their interactions have implications for the fundamental behavior
of high-speed flow, and consequently, design implications for high-speed vehicles. To study high-speed flows
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and optimize the design of high-speed vehicles, it is necessary to characterize performance in ground test;
however, no single ground-test facility can recreate all high-speed flow conditions for free flight.1–3

One high-speed facility type is the impulse facility which aims to recreate free-flight enthalpy in ground test.
Measurements in impulse facilities are notoriously difficult to make. Challenges include timing, frequency
response, influence of the probe on the flow, harsh measurement environment, vibrational environment, and,
in the case of particle-based techniques, particle injection. Non-intrusive optical diagnostics can address
some of these challenges. In this work, we focus on velocity measurements.

There are two ubiquitous velocimetry techniques: Laser Doppler Velocimetry (LDV) and Particle Image
Velocimetry (PIV).4 These particle-based measurements rely on the assumption that the tracer particles
travel identically with the flow. However, the particle response time can be inadequate in low-density flows
with short time scales. Researchers have found that at low densities the Knudsen number of a particle
can become large.5 This represents a fundamental limitation of particle-based techniques because the slip
condition at the particle surface culminates in reduced response time making critical quantities difficult to
measure.6–8

Tagging velocimetry (TV) is an attractive alternative to particle-based techniques because TV is not limited
by timing issues associated with tracer injection or reduced particle response at Knudsen and Reynolds
numbers characteristic of high-speed wind tunnels. Methods of tagging velocimetry include KTV,9–18

VENOM,19–23 APART,24–26 RELIEF,27–31 FLEET,32,33 STARFLEET,34 PLEET,35 argon,36 iodine,37,38

sodium,39 acetone,40–42 NH43 and the hydroxyl group techniques,44–47 among others.48–53

Researchers have applied various velocimetry techniques to impulse facilities. McIntosh54 used spark tracer
and magnetohydrodynamic methods to measure the velocity of the gas in the free stream of a high-enthalpy
shock tunnel; the measurements appear to have large uncertainty with a somewhat complicated experimental
setup. Wagner et al.55 used PIV to measure the impulsively started flow over a cylinder in a shock tube.
Haertig et al.56 and Havermann et al.57use PIV to measure the flow of a cylinder and a jet in a shock tunnel
at modest enthalpy. Parker et al.58 used a line-of-sight-integrating method to measure freestream velocity
via nitric oxide (NO) in the CUBRC LENS I facility. Danehy et al.59 used NO as a tracer to measure shear
flows in the T2 and T3 reflected-shock tunnels; those measurements used a mixture of approximately 97-99%
N2 and 1-3% O2 in the driven section to “produce an amount of NO sufficient to produce good fluorescence
but that would minimize the amount of the gases (O2, O, and NO) that are efficient quenchers.” de S.
Matos et al.60 made velocity measurements in unseeded hypersonic air flows in a reflected-shock tunnel at
approximately 6 MJ/kg; that work presents a strategy where a reference image was taken before the test,
which is not possible in some impulse facilities due to vibration.

In this work, we focus on applying Krypton Tagging Velocimetry (KTV) to measure a velocity profile in
the freestream of the T5 Reflected-Shock Tunnel61 at the California Institute of Technology. Preliminary
experiments include two N2 shots at 5 MJ/kg and a unit Reynolds number of approximately 4 × 106 m−1.
We describe the experiment, the experimental results, and comparison to computation, and discuss future
plans.

II. Krypton Tagging Velocimetry

In this work, we focus on the use of Kr as a tracer for tagging velocimetry. The use of a metastable noble
gas as a tagging velocimetry tracer was first suggested by Mills et al.62 and Balla and Everheart.63 To date,
krypton tagging velocimetry (KTV) has been demonstrated by globally seeding high-speed N2 flows with 1%
Kr and air flows with 5% Kr. Applications include: 1) an underexpanded jet (first KTV demonstration);9

2) mean and fluctuating turbulent boundary-layer profiles in a Mach 2.7 flow;10 3) twenty simultaneous
profiles over a 20 mm field-of-view of streamwise velocity and velocity fluctuations in a Mach 2.8 shock-
wave/turbulent boundary-layer interaction;16 and 4) the freestream of the large-scale AEDC Hypervelocity
Tunnel 9 at Mach 10 and Mach 14.13 In these experiments, the researchers used a pulsed dye-laser to
perform the write step at 214.77 nm to form a write line and photosynthesize the metastable Kr tracer; after
a prescribed delay, an additional pulsed dye-laser was used to re-excite the metastable Kr tracer to track
displacement. Recently, simplified KTV schemes were developed and demonstrated in an underexpanded
jet configuration15 and in the flow following the incident shock in a shock tube.17 These simplified schemes
utilized either a dye-laser and a laser diode or a single dye laser to create the fluorescence lines.

2 of 12

D
ow

nl
oa

de
d 

by
 1

55
.2

46
.1

51
.3

8 
on

 J
an

ua
ry

 7
, 2

02
1 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

1-
13

02
 



In this work, we build upon the simplified schemes by utilizing a dye-laser and laser diode and demonstrate
the use of two-photon excitation at 216.67 nm. This is in comparison to the 212.56 and 214.77 nm wavelengths
used in previous KTV works. This change in two-photon wavelength to 216.67 nm is born out of the need
to maximize the signal-to-noise ratio (SNR) of the fluorescence images. Details on the experimental and
theoretical work justifying the use of 216.67 nm can be found in Shekhtman et al.64

Following the transitions in the energy level diagram in Figure 1 along with the relevant transition data in
Table 1 (labeled as A, B, C), the KTV scheme is performed as follows:

Figure 1: Energy diagram with Racah nl[K]J notation. Blue lines indicate stimulated (laser induced) tran-
sitions and red lines indicate spontaneous transitions. States 5p and 5s represent the numerous 5p and
5s states that are created by the recombination process. Transitions J, K and L represent the numerous
transitions in the 5p-5s band. 14.0 eV marks ionization limit of Kr. Transition details in Table 1.

1. Write Step: A pulsed tunable laser excites krypton atoms to form two tagged tracers, metastable Kr
and Kr+, through (2+1) photoionization. Two-photon excitation of 4p6(1S0) → 5p[5/2]2 (216.67 nm,
transition A) and subsequent one-photon ionization65 to Kr+ (216.67 nm, transition B) occur. This
is followed by transitions to metastable 5p[5/2]2 → 5s[3/2]o2 (transition D) and resonance states
5p[5/2]2 → 5s[3/2]o1 (transition C), as well as transitions (J, K and L) to states resulting from the
recombination process,66,67 I. The position of the write line is marked by gated imaging of the laser-
induced-fluorescence (LIF) from these transitions (C, D, J, K, L), recorded with a camera positioned
normal to the flow.

2. Read Step: After a prescribed delay, the displacement of the tagged metastable krypton and Kr+

is recorded. An additional tunable laser excites 5p[3/2]1 level by 5s[3/2]o2 → 5p[3/2]1 transition
(769.454 nm, E). This is followed by decay to metastable 5p[3/2]1 → 5s[3/2]o1 (829.81 nm, G) and
resonance 5p[3/2]1 → 5s[3/2]o2 (769.454 nm, F) states. The position of the read line is marked by gated
imaging of the LIF from transitions F and G, and the residual fluorescence from transitions J, K and
L that result from the recombination process, I.

III. Facility and Experimental Setup

All measurements were made in T5, the free-piston driven reflected-shock tunnel at the California Institute
of Technology (Fig. 2). It is the fifth in a series of shock tunnels designed to simulate high-enthalpy, real
gas effects on the aerodynamics of vehicles flying at hypervelocity speeds through the atmosphere. More
information regarding the capabilities of T5 can be found in Hornung.61

An experiment in T5 is conducted as follows: a 120 kg aluminum piston is loaded into the compression
tube/secondary reservoir junction. A secondary diaphragm (mylar, 127 µm thick) is inserted at the nozzle
throat at the end of the shock tube near the test section and a primary diaphragm (stainless steel, 7-
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Table 1: Relevant NIST Atomic Spectra Database Lines Data, labels match Figure 1. Racah nl[K]J notation.
Transition I is not listed because it represents the recombination process. Entries in the J/K/L row represent
ranges and order of magnitude estimates for transitions that involve excited Kr species in the 5p-5s band,
as shown in Fig. 1.

Transition λair (nm) Nature Aki (1/s) Ei (cm−1) Ek (cm−1) Lower Level Upper Level

A 216.670 Two-Photon (-) 0 92307.3786 4s24p6, 1S0 5p[5/2]2

B 216.670 Single-Photon (-) 92307.3786 112917.62 5p[5/2]2 Kr+

C 877.675 Single-Photon 2.2×107 80916.7680 92307.3786 5s[3/2]1 5p[5/2]2

D 810.436 Single-Photon 8.9×106 79971.7417 92307.3786 5s[3/2]2 5p[5/2]2

E/F 769.454 Single-Photon 4.3×106 79971.7417 92964.3943 5s[3/2]2 5p[3/2]1

G 829.811 Single-Photon 2.9×107 80916.7680 92964.3943 5s[3/2]1 5p[3/2]1

H 123.584 Single-Photon 3.0×108 0 80916.7680 4s24p6, 1S0 5s[3/2]1

J/K/L 750-830 Single-Photon 106 − 107 80000.0000 90000.0000 5s 5p

Figure 2: Schematic of the T5 reflected shock tunnel.

10 mm thick) is inserted at the compression tube/shock tube junction. The test section, shock tube, and
compression tube are evacuated. The shock tube is filled with the test gas, the compression tube is filled
with a He/Ar mixture to ≈ 45-150 kPa and the secondary reservoir is filled with air to ≈ 2-11 MPa. The
air in the secondary reservoir is released, driving the piston into the compression tube. This piston motion
adiabatically compresses the driver gas of the shock tunnel to the rupture pressure of the primary diaphragm
(≈ 20-120 MPa). Following the primary diaphragm rupture, a shock wave propagates in the shock tube, is
reflected off the end wall, breaking the secondary diaphragm and re-processing the test gas. The test gas is
then at high temperature (≈ 2000-9000 K) and pressure (≈ 15-80 MPa) with negligible velocity and is then
expanded through a converging-diverging contoured nozzle to hypersonic Mach number in the test section.

To calculate the run conditions, the initial shock tube pressure, P1, measured incident shock speed Us, and
reservoir pressure PR are used. P1 and Us are used to evaluate the conditions in region 5, when the test gas
has been processed by both the incident and reflected shocks. The thermodynamic state of the gas in region
5 is then isentropically changed to PR. This accounts for the weak expansion or compression waves that
are reflected between the contact surface and the shock tube end wall. These calculations were performed
using Cantera68 with the Shock and Detonation Toolbox.69 The appropriate thermodynamic data are found
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Figure 3: Shot 2909. a) PR trace, red dashed line indicates time of write-laser pulse. b) x − t diagram.
ST1−4 indicate the four stations where shock speed is measured.

Table 2: Experimental Conditions.

Shot Gas PR TR hR P∞ T∞ ρ∞ M∞ U∞ Reunit∞
(-) (-) (MPa) (K) (MJ/kg) (kPa) (K) (kg m−3) (-) (ms−1) (m−1)

2909 97% N2/3% Kr 19.9 4483 4.94 4.07 443.5 0.032 7.16 2983 4.61×106

2910 99% N2/1% Kr 20.4 4489 5.18 4.44 460.9 0.033 7.02 3039 4.03×106

in the literature.70,71 Following the evaluation of the reservoir condition, the steady expansion through the
contoured nozzle from the reservoir to the freestream is computed by the University of Minnesota Nozzle
Code which modeled the flow as axisymmetric and solved reacting Navier-Stokes equations.72–75

In this work, two test gases were used, 97% N2/3% Kr and 99% N2/1% Kr. These Kr doped mixtures are
intended to simulate N2 flows with KTV. One shot was performed with each gas mixture at nominally same
reservoir enthalpy of 5 MJ/kg. Fig. 3 shows the reservoir pressure trace and x − t diagram for shots 2909
(97% N2/3% Kr). The results for shot 2910 (99% N2/1% Kr) are nominally the same. The dashed red line
indicates the time when the write laser was pulsed for the KTV measurement. In the x − t diagram, the
pressure traces of the four stations in the shock tube and the reservoir are plotted at their spatial locations.
The shock speed is calculated by dividing the transit distance by the transit time. The shock speed between
station 4 and the reservoir transducer is not reported because the reservoir pressure tap is not designed for
accurate time of arrival measurements. The shock speed between stations 3 and 4 is used for the thermo-
chemical equilibrium calculations because it is estimated by x− t diagram that this location corresponds to
the steady portion of the test gas slug.76

The write-laser system for this KTV scheme is a frequency-doubled Quanta Ray Pro-350 Nd:YAG laser and
a frequency tripled Sirah PrecisionScan Dye Laser (DCM dye, DMSO solvent). A schematic of the optical
setup is shown in Fig. 4. The Nd:YAG laser pumps the dye laser with 1000 mJ/pulse at a wavelength of
532 nm. The dye laser is tuned to output a 650.01 nm beam and frequency tripling (Sirah THU 205) of
the dye-laser output results in a 216.67 nm beam, with 4 mJ energy entering the test section, 1350 MHz
linewidth, and 7 ns pulsewidth at a repetition rate of 10 Hz. The write beam was focused into the test
section with a 1000 mm focal-length, fused-silica lens. The beam fluence and spectral intensity at the waist
were 1.67 × 103 J/cm2 and 1.77 × 102 W/(cm2 Hz), respectively. Additionally, we will present data with
sufficient SNR 35 mm away from the focal point where the beam fluence and spectral intensity are quite a
bit lower at 202.8 J/cm2 and 21.5 W/(cm2 Hz), respectively.

The laser diode used in this work is a Topica TA Pro Laser diode. It provided the 769.45470 nm laser
excitation of metastable Kr (4p5(2P o

3/25s 2[3/2]o2) ) with a nominal, output laser power of 2.6 W. Although
not as simple as a single-laser setup, the laser diode is much easier to manage than a second pulsed dye
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laser, as was used previously. A feedback loop for wavelength reference tracking was implemented to lock
the diode on the desired wavelength. The Topica TA Pro Laser diode was treated as the plant. The
Topica DCL Pro Controller was the actuator, sending piezoelectric control voltages into the laser diode.
The DCL Pro was set on Analog Remote Control PC for external piezoelectric control. Of the three diode
parameters—temperature, current, and piezoelectric voltage—that the Topica DCL Pro Controller regulated,
piezoelectric control was selected to minimize the response time, the effect of hysteresis, and the effect of
changing operational conditions. The gain on the DCL Pro was set to 8. The Wavelength Meter WS7-4150
measured the wavelength in air of the laser diode. This measurement served as the feedback signal for the
control law stored on the wavemeter software. The proportional-integral (PI) control law was

u(t) = kp (λdiode − λdes) +
ki
wi

∫ t

0

(λdiode − λdes)dt, (1)

where kp is the control gain; ki is the integral gain; ta is the weight on the integral gain controlling sensitivity;
λdiode is the laser diode wavelength; λdes is the desired wavelength to be tracked; t is time. The control
parameters for the PI controller are shown in Table 3, which were experimentally obtained. Note that the
derivative gain kd is set to zero; constant timestep dt is checked; and the sensitivity was set either to 5V/10pm
or 5V/1pm for sensitivity. The exposure time was minimized to 90-100 ms to maximize the sampling rate
of the wavemeter. The low sampling rate required a large weight ta = 10 on the integral controller to ensure
stability. In order to prevent saturation of the piezoelectric voltage (actuator saturation), manual tuning of
the diode diffraction grating via a 2.5 mm Allen key was used to bring the diode within ±0.02 nm from the
desired operating wavelength.

Table 3: Control Parameters for PI Controller.

Parameter Value

kp 0.5-0.6

ki 0.5-0.6

wi 10

The intensified CCD camera used for all experiments is a Princeton Instruments PIMAX-4 (PM4-1024i-
HR-FG-18-P46-CM) with an AF-S NIKKOR 200mm f/2G ED-VR-II prime lens positioned approximately
18 in from the write/read location. The camera gate opens twice: once for 5 ns immediately following the
write-laser pulse and again at a prescribed delay time of 500 ns for 50 ns to capture the transitions from the
read step. The inherent luminosity of the flow in the T5 tunnel has the deleterious effect of obscuring the
fluorescence signal. To mitigate this, three 800 nm high pass and two 850 nm low pass filters were placed in
front of the camera. The filters also decrease the KTV signal; however, this does not outweigh the benefit
of reducing the effect of the flow luminosity.

A technical issue associated with using laser diagnostics in impulse facilities is timing. In this work, the
lasers need to be maintained at operating temperature by being continuously pulsed at 10 Hz while also
pulsing at a set instant for the measurement. Here, the probe time was chosen to be 1.5 ms after PR has
been established, see red dashed line in Fig. 3. The delay of 1.5 ms accounts for the nozzle start-up and flow
establishment time in the test section.

Fig. 4 shows the optical setup and timing circuit associated with these experiments. The timing is a three-
step process. First, pulse the laser continuously at 10 Hz to maintain the operating temperature. Second,
pause the laser system when the tunnel starts, and third, trigger a single laser pulse at the desired time to
make the measurement. The pause is necessary as otherwise the measurement pulse could occur at a rate
higher than 10 Hz, which is undesirable. The steps are detailed below, following the schematic in Fig. 4:

1. The pump laser is set up to operate at 10 Hz. This pulse rate is controlled by a pulse delay generator
(PDG 1 in Fig. 4). PDG 1 is triggered by the signal from an amplifier/signal comparator, Amp 3. The
output of Amp 3 is the signal from PDG 2 minus the signal from Amp 2. At this stage, the output of
Amp 2 is 0 V. Therefore, the output of Amp 3 is the same as that of PDG 2. PDG 2 is triggered at a
continuous 10 Hz from the function generator.
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2. An accelerometer (Accel) is installed at the upstream end of the driver tube. When the tunnel recoils
from the piston being fired at the start of a run, this accelerometer is triggered, and its signal is
amplified by Amp 1. This signal subsequently triggers PDG 4. PDG 4 then outputs a long (10 s) pulse
that inhibits PDG 2 and stops the laser from pulsing. In short, the accelerometer pauses the laser
operation when triggered.

3. After the laser system has been paused, the reservoir pressure transducer is used to trigger a pulse from
the write laser at the desired time. This occurs when the reservoir pressure exceeds a certain threshold
(indicative of the pressure jump following the reflected shock), which causes the scope to output a TTL
signal. The signal from the scope is then used to trigger PDG 3, with a 1.5 ms delay. Hence, PDG 3
outputs a single pulse 1.5 ms after the reservoir pressure is established. Finally, the signal from PDG
3 is first inverted by Amp 2 and fed into Amp 3. The output of Amp 3 is (PDG 2 - Amp 2), or (PDG
2 + PDG 3) since Amp 2 is the inverse of PDG 3. At this point, PDG 2 has an output of 0 V (since it
is being inhibited) and the output of Amp 3 is simply the output of PDG 3. Amp 3 then triggers PDG
1 (a single pulse, the same as the PDG 3), which forms the ‘write pulse.’ Before the tunnel starts,
the reservoir pressure is not high enough to trigger the scope, hence, the output of Amp 2 is zero (as
stated in step 1) until both incident and reflected shocks process the test gas, increasing the reservoir
pressure above the trigger threshold.

The length of the pause the laser system experiences, which is the time between the accelerometer inhibiting
the laser and the reservoir pressure re-triggering it to make the measurement, is approximately 200 ms,
which is a property of the facility itself (it is essentially the time between the piston starting to move and
the reservoir pressure is established by the incident and reflected shocks). This is longer than the 10 Hz
operating frequency, but it was observed that there was not a significant loss of power from the laser during
the ’write pulse’. It is also possible to manually pause the laser right before the tunnel is run (without the
need for an accelerometer), and then use the reservoir pressure to re-trigger the ‘write pulse.’ However, this
approach introduces a pause on the order of seconds, as opposed to the 200 ms using the accelerometer. A
seconds-long pause was observed to significantly reduce the laser power at the write step, with the lasers
used in this work. Therefore, the accelerometer was used to maintain the pause length as close to 100 ms as
possible. It is possible to reduce the 200 ms pause even further by introducing a delay in PDG 4, causing it
to output the inhibit signal 100 ms after the accelerometer. This would bring the pause down to 200-100 =
100 ms (which is the 10 Hz operating frequency).

Figure 4: Laser setup for T5 experiments. PDG refers to pulse delay generator, Amp refers to ampli-
fier/comparator and Accel refers to accelerometer.
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IV. Results

In this section the results for the experiments in N2 are shown. Corresponding flow conditions are listed in
tables 2. To process the KTV exposures, the line centers were found in the following way:
1) Crop the image to an appropriate field of view.
2) Apply a two-dimensional Wiener adaptive-noise removal filter.
3) Convert the images to double precision numbers and normalize the intensity to fall in the range of 0-1.
4) Apply the Gaussian peak finding algorithm from O’Haver77 to find the line centers for the top row using
the read lines in the top row of each image as a first guess.
5) Proceeding from the top-down, apply the Gaussian peak finding algorithm from O’Haver77 to find the
line centers for each row using the line center location immediately above as the guess.
Error bars for the KTV measurements are calculated in the same fashion as Zahradka et al.10 as

ŨKTV =

[(
∆̃x

∂U

∂∆x

)2

+

(
∆̃t

∂U

∂∆t

)2

+

(
v′RMS

∂U

∂y
∆t

)2
] 1

2

, (2)

where uncertainty estimates of a variable are indicated with a tilde. The uncertainty in the measured
displacement distance, ∆̃x, of the metastable tracer is estimated as the 95% confidence bound on the write
and read locations from the Gaussian fits, ≈10 microns. The uncertainty in time, ∆̃t, is estimated to be
the camera gate width, 50 ns, causing fluorescence blurring.78 The third term in Eq. 2 is uncertainty in
streamwise velocity due to wall-normal fluctuations in the xy-plane,78,79 where v′RMS is estimated as the
mean of the wall-normal velocity at the nozzle exit, ≈40 ms−1.

The results for shots 2909 and 2910 are shown in Figs. 5 and 6. For each experiment, the plot on the left is
the superposition of the write and read KTV images on which the Gaussian fits (in red) are superimposed.
The plot on the right shows the derived KTV velocity profile in blue, the uncertainty estimate as black
bars, and the computational results in red. The field of view of the KTV measurements is 40 mm and the
uncertainty is estimated as 10% of the freestream value.

There is good agreement between the computational results and the KTV derived velocity, which brings
confidence in the ability to use KTV for test and evaluation. There is no apparent flow luminosity in the
raw KTV images, the result of a relatively low enthalpy and the use of filters. The SNR in shot 2910 is
lower, as expected from a lower concentration of Kr.

Figure 5: Shot 2909. Left: Superposition of raw write and read KTV images (inverted Scale). Right: KTV
obtained velocity profile in blue, error bars in black, and computational results in red.
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Figure 6: Shot 2910. Left: Superposition of raw write and read KTV images (inverted Scale). Right: KTV
obtained velocity profile in blue, error bars in black, and computational results in red.

V. Conclusions

KTV was applied to a high-enthalpy impulse facility, the T5 reflected shock tunnel at Caltech. Velocity
measurements were made in the freestream at M∞ ≈ 7 and Reunit∞ ≈ 4×106. The results from the KTV
measurements are in good agreement with the DPLR Nozzle code results.

A new variation of KTV was demonstrated, which uses two-photon excitation at 216.67 nm, as opposed to
the 212.56 and 214.77 nm use in previous works. This change in wavelength was experimentally determined
to provide the highest SNR when used with a laser diode.

Two gas mixtures were used, 97% N2/3% Kr and 99% N2/1% Kr at a reservoir enthalpy of ≈ 5 MJ/kg. A
new timing circuit was developed to maintain the laser system at operating temperature and also allow for
control over the measurement time.

Future work in T5 includes the use of a 75% N2/20% O2/5% Kr gas mixture to simulate air, higher enthalpy
shots, and making measurements over a test article such as a cone or double wedge. We anticipate that
with higher enthalpies and pressures, flow luminosity and low SNR will present a challenge and/or possible
limitations.
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