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Digital in-line holography techniques for coherent imaging are important for object sizing
and tracking applications in multiphase flows and combustion systems. In explosive, supersonic,
or hypersonic environments, however, gas-phase shocks impart phase distortions that obscure
objects. In this work, we implement phase-conjugate digital in-line holography (PCDIH) with
both a picosecond laser and a nanosecond pulse-burst laser for reducing the phase distortions
caused by shock-waves. The technique operates by first passing a forward beam of coherent
light through the shock-wave phase-distortion. The light then enters a phase-conjugate mirror,
created via a degenerate four-wave-mixing process, to produce a return beam with the opposite
phase-delay as the forward beam. By passing the return beam back through the phase-
distortion, phase delays are canceled producing phase-distortion-free images. This technique
enables the measurement of the three-dimensional position and velocity of objects through
shock-wave distortions at rates up to 500 kHz. This method is demonstrated in a variety
of experiments including imaging supersonic shock-waves, sizing objects through laser-spark
plasma-generated shock-waves, and tracking explosively-generated hypersonic fragments.

I. Introduction

D
IGITAL in-line holography (DIH) is a coherent imaging method that can be used for three-dimensional (3D) object
tracking along a single line-of-sight with a single laser-pulse FL 2] . It has various practical applications from studying

high speed objects in flow [3481] and combustion [9—E13] environments. However, because DIH records the interference
pattern of laser light, it is susceptible to phase disturbances generated by shock-waves in supersonic, hypersonic, and
explosive environments. This makes implementation of traditional DIH impractical for these applications.

One method for eliminating phase distortions is to use a phase-conjugate mirror as illustrated in Fig. y. A phase
disturbance picked up by the imaging beam can be reversed in a phase-conjugate mirror to produce a backward
propagating beam with the opposite phase. This beam then passes back through the phase object, which cancels the
phase distortion. Phase conjugate techniques have been applied to remove imaging distortions [LIA—ril] as well as
minimize amplified spontaneous emission and modal dispersion [LIS, 119]. Similar techniques for holography have
also been applied using film [W] and spatial light modulators [21-13]. However, these techniques for generating
phase-conjugate mirrors are slow and cannot be applied in ultra-high-speed environments. Techniques which implement
phase conjugate digital in-line holography (PCDIH) with degenerate four-wave-mixing FM!, In however, are compatible
with ultra-high-speed applications. Previous work, however, has been limited to 10 to 20 Hz repetition rates [N, 25].
For extreme environments, such as explosive tests, this would only enable one frame to be captured per test.

With recent developments in pulse-burst lasers for operation at hundreds of kilohertz (kHz) to megahertz (MHz),
however, more than a single frame can be captured per test. Pulse-burst lasers have been recently applied to transonic
wind tunnels for particle image velocimetry [ao], turbulent flame environments for laser induced incandescence R51, 2S1,
and time-resolved temperature measurements using coherent anti-Stokes Raman scattering spectroscopy [29]. High
power [30] and megahertz rate [13-11] pulse-burst laser systems have also been constructed. New ultra-high-speed camera
technologies have also demonstrated frame rates of 5 MHz or more [32].
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Fig. 1 Distortions produced by phase objects, such as a shock-wave, are illustrated for configurations with
(a) an ordinary mirror and (b) a phase-conjugate mirror.

By combining PCDIH with pulse-burst lasers and ultra-high-speed cameras, it is now possible to capture time-
resolved data from extreme environments. In this work, we describe a new ultra-high-speed PCDIH imaging technique
that operates at up to 500 kHz for recording holograms in explosive, supersonic, and hypersonic environments. We
describe the theoretical foundations and experimental setup required to achieve the measurement. Results illustrating
the ability to cancel distortions from stationary supersonic shock-waves, laser-spark plasma-generated shock-waves, and
explosively-generated hypersonic fragments are then discussed.

II. PCDIH with Degenerate Four-wave Mixing

A. Phase-Conjugate Mirror
The operating principle of a phase-conjugate mirror can be compared with a normal mirror in Fig. by starting with

an input wave of the form, E(x, y, z) = Ao(x, y, z)etkz-1 . When this input wave passes through the phase disturbance
the transmitted wave picks up a phase delay 0 such that, E ' (x, y, z) = Ao(x, y, z)elkz+10(X,y,ziwt With the conventional
mirror with reflectivity Rm, the reflected wave and output wave after passing through the phase delay a second time are,

E"(x, y, z) = RmAo(x,y, z)e-ikz+iox,y,z)-itot (1)

E"' (x, y, z) = RmAo(x, y, z)e-ikz+2i0(x,y,z)-itut (2)

This example shows that the phase distortion is doubled through a conventional mirror and no phase-distortion correction
is achieved. On the other hand, if a phase-conjugate mirror is used, the reflected and output waves are,

E"(x, y, z) = Ao(x, y, z)e-ikz-iox,y,z)-icat (3)

E "' (x, y, z) = Rp, Ao(x, y, z)e-ikz-iox,y,z)+iox,y,z)-iwt (4)

The output wave in this scenario cancels the distortions generated by the=p different.  methods can
be be used to generate a phase-conjugate mirror. Here, a degenerate four-wave mixing process was chosen due to its
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compatibility with both picosecond and nanosecond configurations.

B. Degenerate Four-wave Mixing
The degenerate four-wave mixing phase-conjugate signal [13, M] is generated when a nonlinear medium is pumped

by two planar counter-propagating beams and an imaging beam, as illustrated in Fig. g. The three incident beams with
frequency w have electric fields of E1 = E2 = A2(r)eik2-r—iwt andE3 = A3 (x, y, z)eik3 •z-iwt . When
these three beams interact in the medium, a fourth beam is generated. From phase matching, we have ki + k2 = k3 + k4
which gives k3 = -k4 because the pump beams are counter-propagating (k1 = -k2). Phase matching dictates that the
phase-conjugate beam is propagating in the opposite direction as the E3 with a third-order nonlinear electric polarization
of [13],

P(43) = E0Xe(3)Ai A2A3* eik3.z—iwt (5)

where xP) = x(3)(w, co, -w) is the effective third-order nonlinear susceptibility. The equations describing the amplitude
variation along the z-axis can be approximated as,

dA* (z) * A \ dA4(z) . *
= ty 114(g),

dz
3  •   (3)=
dz 

ryA3(z), and y = 
2cno(w)Xe Al 

A2. (6)
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Fig. 2 A simple diagram of the degenerate four-wave-mixing process is shown.

Assuming that the pump beam amplitudes stay constant, the magnitude of the phase-conjugate signal evaluated at one
end of the media is,

A4(zo) = tan(lyll)13(zo). (7)

Here, A4 is proportional to A3*, which is the complex conjugate of the imaging beam A3. Therefore, the electric field of

the phase-conjugate wave assuming small signal gains is E4 = A4(x, y, z)e—ik3'z—iwt . The resulting reflectivity of the
phase-conjugate mirror is,

Rp, = lA4(0)12 103012 = tan2(lyll), (8)

where l is the interaction length of the pump beams and imaging beam. From this equation, it is clear that the reflectivity
of the phase-conjugate mirror depends heavily on the third-order nonlinear susceptibility value, the interaction length,
and the amplitude of the two pump beams Ai and A2.

C. Digital In-line Holography
In digital in-line holography, holograms are created by the coherent interference of light scattered by objects Es (x, y)

with the co-propagating un-scattered reference beam Er (x, y). The interference patterns are measured at the holography
image plane and can be numerically refocused to the optical depth z using,

Eh(X, y, z) = [h(x, y)4(x, y)] 0 g(x, y, z), (9)

Where Eh(x, y, z) is the reconstructed complex amplitude, h(x, y) = 1E, + Er l 2 is the intensity of the recorded hologram
at the holography image plane, E,.* is the planar conjugate reference wave, 0 is the convolution operator, and g is the
diffraction kernel. The refocused image at any depth z can be visualized using the amplitude Ah = lEh l. Digital in-line
holograms are collected out of focus, with the focal plane placed some distance from the object. In order to determine
the z location of each object, the images are numerically refocused and a hybrid focus metric is applied (that maximizes
the edge sharpness and minimizes the amplitude) 2]. An example DIH measurement with a single horizontal wire is
illustrated in Fig. q. The raw DIH image at z = 97 mm (the hologram is collected out of focus) shows interference
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Fig. 3 Raw (at z = 97 mm) and numerically refocused (at z = 0 mm) DIH images of a fixed wire are shown.
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patterns with no clear wire edges. When the same data is numerically refocused to z = 0 mm, the edges of the wire
become sharper indicating the in-focus z-location.

III. Experimental Apparatus
Initial PCDIH and DIH measurements were conducted with a 20 Hz regeneratively-amplified picosecond laser

(Ekspla PL2231C-20, 20 Hz, 60 ps, 532 nm, >15 mJ/pulse) as shown in Fig. 4. For later ultra-high-speed experiments,
a custom modified Spectral Energies QuasiModo nanosecond pulse-burst laser is used to generate laser light with pulse
durations of <7 ns at 532 nm and burst durations of 1.5 ms or lower (to maximize flashlamp voltage and energy per
pulse). The laser provides one burst every 12 seconds. Custom software upgrades were also implemented to operate the
laser at higher repetition rates. This laser contains a pulsed seed source with a 2 GHz bandwidth, two double-pass
diode-pumped amplification stages, two double-pass 9 mm diameter flashlamp-pumped amplification stages, and two
single-pass 12 mm diameter flashlamp-pumped amplification stages. The 1064 nm light is then passed through a
telescope and doubled to 532 nm through a 30 mm long LBO crystal.

The 532 nm light exiting the lasers is passed through a two-stage attenuator (to control laser intensity) consisting of
half-wave plates and thin film polarizers. Then, the light enters a 15 mm diameter Electro-Optics Technology isolator
and a vertical periscope (not illustrated). The laser light is subsequently split into a imaging beam and two pump
beams. The imaging beam passes through a delay stage, a vacuum pinhole spatial filter (300 mm FL lenses, 100 pm
pinhole), and a 3x beam expander. The light then passes through the PCDIH camera pick-off mirror (5% reflectivity),
the object area, and a second DIH pick-off mirror (5% reflectivity). The remaining light is then focused through a heavy
fluorocarbon 3M FC-72 fluid cell (AR coated, 1 mm thick windows, 10 mm thick cell). The FC-72 liquid is used due to
its low toxicity and high phase-conjugate mirror reflectivity [15].

The two counter-propagating pump beams are also delayed and passed through the cell so that all three beams
intersect just before the focal point of the imaging beam. This configuration prevents breakdown inside the cell
and damage to the cell windows. The pump beams pass through telescopes in order to decrease beam-size, control
divergence, and increase energy density. The angle between the pump beams and the imaging beam is 23°. Inside
the cell, the phase-conjugate signal is generated and is illustrated as dotted green lines. The polarizations of pump 1,
pump 2, imaging beam, and phase-conjugate beam are p-, s-, p-, and s-polarized, respectively. Overlap of the two
counter-propagating pump beams is critical to producing overlap of the imaging beam and phase-conjugate signal.
The phase-conjugate signal then back propagates along the imaging path before it is directed into the PCDIH camera.
Additional neutral density filters and laserline filters are added to control signal intensity and block unwanted emissions
from plasmas and explosives.

Due to the longer pulse durations of nanosecond lasers, a more efficient configuration similar to [25, NA can also be
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Fig. 4 Simplified setup for PCDIH using a picosecond laser or a nanosecond pulse-burst laser. For holography,
the image planes are placed out of focus. (HWP—half wave plate, TFP—thin-film polarizer, BS—beam splitter,
ND—neutral density filter, LF—laserline filter 0.2 nm FWHM bandwidth)
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used. In this design, the laser light is split into a single pump beam and a single imaging beam. The single pump 1
beam passes through the cell and then into a quarter wave plate and 90° mirror, which rotates the polarization to create
the pump 2 beam that passes back through the cell. The same beam is reused for both pumps in order to direct more
energy into the pump beams.

For 20 Hz imaging, LaVision sCMOS (2560 x 2160 pixels, 6.5 pm pixel pitch, 16-bit depth) cameras are used to
acquire data through Infinity K2 DistaMax long distance microscopes. For ultra-high-speed applications, Shimadzu
HPV-X2 cameras were utilized. These cameras are 400 x 250 pixels with a 32 pm pixel pitch. They are capable of
recording up to 128 frames in full-frame mode with a 10-bit depth at up to 5 MHz. Since supersonic, hypersonic, and
explosive events are fast, this number of frames was sufficient for capturing the event. In addition, since these events are
short, laser pulse synchronization with the camera was not required.

IV. Single-shot 20 Hz Measurements with a Picosecond Laser

A. Stationary Supersonic Shock-waves
To better understand the interaction of phase-distortions with and without the phase-conjugate mirror, data was

first collected via normal imaging, as illustrated in the experimental setup shown in Fig. Since this first experiment
explores imaging results rather than holography, the imaging planes of the PC camera and normal camera are placed at
the center of a stationary shock-wave generated by a supersonic air jet (over-expanded jet, design Mach number of 3.7,
6.35 mm nozzle outlet, stagnation pressure 4.8 MPa, atmospheric pressure 84 kPa).

Results from left to right show the view from the normal camera, the view from the phase-conjugate camera, and the
view when the phase-conjugate mirror and lens are replaced with an ordinary mirror. The in-focus images from the
normal camera show sharp and clear shock-waves due to light refraction off the shock-wave edges. Some turbulent
disturbances are also clearly visible. The phase-conjugate image not only shows the edges of the shock-waves and
turbulent disturbances but also shows dark shadows at these edges, making them more clearly visible. This is likely due
to two different effects. First, because the phase-conjugate mirror design double passes light through a disturbance,
absorption is higher for the phase-conjugate image. Second, the phase-conjugate mirror design can be configured to
reject light that is slightly refracted by the curvature of a shock-wave or turbulent disturbance.

These two images can then be compared to the final image taken with the phase-conjugate camera with the lens and
cell replaced with an ordinary mirror. Since an ordinary mirror does not correct for phase delays or interference patterns
generated during the first pass, the image is much more distorted with stronger interference patterns. Additionally, the
angle of incidence and angle of reflection for a phase-conjugate mirror is the same, while the two angles are different
for an ordinary mirror. Thus, the image taken with the ordinary mirror is a combination of the strong out-of-focus
interference patterns with low spatial frequency (due to the light refracted during the first pass through the shock-wave)
and the sharp in-focus shock-wave edges (due to the light refracted during the second pass through the shock-wave).
This example highlights the differences between a phase-conjugate mirror and an ordinary mirror.

To investigate effects from in-line holography, the focal planes of the two cameras are moved back as illustrated in
Fig. to a distance of —97 mm from the wire such that the magnification of the two systems match. The top row of
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Fig. 5 A comparison of phase-conjugate and normal in-focus imaging through a supersonic jet is shown.
Results from left to right show single-shot views from the in-focus normal camera, the phase-conjugate camera,
and the phase-conjugate camera when the phase-conjugate mirror and lens are replaced with a 90° ordinary
mirror.
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Fig. 6 A PCDIH and DIH imaging setup is illustrated to obtain holograms of shock-waves in a supersonic jet.
This experiment is identical to Fig. 5 except for the location of the image planes. The top row shows single-shot
refocused holograms illustrating shock-wave and local turbulence distortions. The bottom row shows averaged
(500 images) refocused holograms where turbulent distortions are removed and only shock-wave edges are
visible.

images shows single-shot holograms that are numerically refocused to the centerline of the shock-wave. The PCDIH
image shows clearly-visible shock-wave edges while the DIH images are unable to be refocused. When Fig. 5 and §
are compared, it is clear that the quality degrades when comparing imaging techniques to holographic techniques that
require numerical refocusing. Some of this image degradation is due to the presence of the virtual image inherent in
DIH techniques and some of the degradation is due to the refocusing of turbulent structures.

The effect of random turbulent structures can be removed by averaging multiple shots through the stationary
shock-waves. The bottom row of images in Fig. § are averaged from 500 different shots. Even without the turbulence
effects, it is clear that the averaged PCDIH refocused image shows all the shock-wave edges clearly and the averaged
traditional DIH refocused image does not show clear shock-wave edges. This experiment illustrates the effect of phase
delays on DIH images. The inability to refocus DIH images is due to the dominance of the phase-delay distortions (from
jet density gradients) over the interference patterns generated by refraction at the shock-wave edges. In PCDIH, only the
refraction effects are present and the phase-delay distortions are canceled, allowing shock-wave edges to be refocused.

B. Laser-spark Plasma-generated Shock-waves
The picosecond PCDIH setup is next tested in a laser-spark plasma-generated shock-wave environment. In this

experiment, the effect of distortions on absorptive objects (in this case a 200 pm diameter fixed wire) is tested, as
illustrated in Fig. 7. For this experiment, the focal planes for the DIH and PCDIH systems were placed —61 mm from
the wire. A focused nanosecond laser (Continuum Surelite III, 10 Hz, 1064 nm, 5 ns pulse duration, 400 mJ per pulse)
was used to generate a spark via laser-induced breakdown of air at a distance of —15 mm from the wire to produce
plasma-generated shock-waves that distort the appearance of the wire. The holograms are then captured —400 ns after
the generation of the laser spark.

In the series of results in Fig. 7, the top row of images show the raw DIH measurement of the wire, the raw PCDIH
image of the wire, the wire and shock-wave imaged by DIH, and wire and shock-wave imaged by PCDIH. The row
directly below shows images numerically refocused to the z-plane of the wire. The traditional DIH images show wire
edges that are completely distorted by phase-delays while the PCDIH images show significantly less distortions. The
effect of phase-delay distortions on DIH and PCDIH images over 500 different laser-spark shots can be quantitatively
compared. When using a metric comparing the standard deviation of the tracked wire edges, results indicate that DIH
images show —8x more distortion than the PCDIH PA!]. When the laser spark is moved to the opposite side of the wire,
results show that DIH is still significantly more distorted than the PCDIH image by —11.7x [24].

When comparing the spatial resolution of DIH with PCDIH, results show that the standard deviation of the wire
edge with no spark is 0.6 pm for DIH and 1.9 pm for PCDIH [24]. This indicates that the DIH image edges have higher
spatial resolution. This effect is most likely due to the shadow generated by the laser beam absorption during the first
pass over the wire. This shadow overlaps with the object during the second pass but can be slightly larger than the
object due to diffraction pattern propagation, non-overlapped imaging and phase-conjugate beams, and beam divergence.
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Fig. 7 Single-shot holograms of a fixed wire and laser-spark plasma-generated shock-wave are illustrated. The
top row of images shows the raw DIH image of the wire, raw PCDIH image of the wire, wire with a spark imaged
with traditional DIH, and wire with a spark imaged with PCDIH. The bottom row shows the same holograms
refocused to the plane of the wire.

Finally, when comparing the dynamic range of shock-waves in the two images, the interference patterns generated by the
shock-waves appear brighter in DIH than PCDIH. This effect is due to phase delays caused by the density gradients and
shape of the shock-wave. These phase effects that cause bright interference patterns are reduced or minimized by the
phase-conjugate mirror for PCDIH images, leading to weaker interference patterns.

C. Explosively-generated Hypersonic Fragments
Single-shot images of a fragmenting explosive detonator are also obtained using the picosecond laser PCDIH setup,

as shown in Fig. g. In these experiments, a polycarbonate boombox is used to protect the optics inside the object area
and to contain the fragments RM. The top of the detonator is covered by an aluminum foil and when the explosive
ignites, fragments of aluminum are launched at approximately 2.5 km/s or Mach 7.2 [171]. These hypersonic fragments
generate strong shock-waves as they travel, which obscure other fragments that are traveling slightly behind the leading
fragments Mt In order to better understand the dynamics of the system, it is important to image and track the leading
fragments, the lagging fragments, and the interaction of the shock-waves.

Results in Fig. g shows a traditional DIH image distorted by shock-wave phase-delay distortions, the PCDIH image
with phase-delay distortions minimized, and the tracked PCDIH image with each fragment refocused to its respective
focal plane. One particularly interesting comparison can be made between the DIH and PCDIH images for a long and
tall fragment near the center of the images. This fragment is completely obscured in the DIH image by shock-wave
distortions but is easily visible and refocusable in the PCDIH image. This example illustrates that the technique can be
utilized for 3D object tracking in explosive environments.
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Fig. 8 Holograms of a fragmenting detonator (pointing upward) are illustrated. Results from left to right show
the refocused traditional DIH image of objects obscured by shock-wave distortions, a simultaneously-obtained
PCDIH image with shock-wave distortions minimized, and tracked PCDIH images showing each fragment in its
respective focal plane. Images provided courtesy of [24].

V. Time-resolved Ultra-high-speed Measurements with a Pulse-burst Laser
The low repetition-rate results from the high-beam-quality picosecond laser show many of the main benefits of the

PCDIH technique. However, a pulse-burst laser is required to obtain images at ultra-high-speeds. For a 20 Hz PCDIH
system, only a single frame can be obtained per experiment. In many extreme environments, there can be significant
variation from test to test. Therefore, time-resolved measurements are essential for gathering data via 3D object or
shock-wave tracking.

For pulse-burst lasers, the energy per pulse drops significantly as ultra-high speeds. This is due, in part, to the
increase in the repetition rate. Since the maximum energy per burst in the amplification stages is fixed, having more
pulses decreases the energy per pulse at 1064 nm. The lower pulse energy at 1064 nm then decreases the nonlinear second
harmonic conversion efficiency, which further decreases the 532 nm pulse energy. In addition, the phase-conjugate
mirror relies on a nonlinear four-wave mixing process. Therefore, the phase-conjugate mirror reflectivity also decreases
as the pulse energies decrease. Finally, the conversion efficiency of nanosecond lasers is lower than picosecond lasers
with comparable pulse energies due to differences in their relative peak intensities. These factors contribute to some of
the challenges associated with implementing PCDIH at ultra-high speeds.

A. Laser-spark Plasma-generated Shock-waves
The nanosecond pulse-burst laser was utilized in the laser-spark plasma-generated shock-wave experiment. A

horizontal wire and a vertical wire were placed on either side of the shock-wave at distances of —12 mm from the laser
spark. The image planes of the cameras are placed —30 mm from the laser spark. Figure 9 illustrates the experiment
conducted at 500 kHz with results refocused to the vertical wire plane and refocused to the horizontal wire plane. The
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Fig. 9 Holograms from the pulse-burst nanosecond laser operating at 500 kHz are illustrated for a laser-spark
plasma-generated shock-wave. The laser spark is place between a vertical and horizontal wire. The tradition
DIH images show the vertical wire distorted by the shock-wave. The PCDIH images shows no distortion of the
refocused wires.

8



DIH images show the vertical wire distorted by the shock-wave. The corresponding PCDIH images, on the other hand,
show significantly reduced distortions.

This dataset also illustrates some differences between the picosecond laser implementation and the nanosecond pulse-
burst implementation. The overall spatial resolution of the nanosecond pulse-burst results is lower than the picosecond
laser data because the ultra-high-speed camera has fewer pixels. The beam quality of the nanosecond pulse-burst is
also poorer than the regeneratively amplified picosecond laser. Despite these drawbacks, the nanosecond pulse-burst
implementation still clearly demonstrates successful numerical refocusing of the hologram and phase-distortion
cancellation.

B. Shock-wave Edge Enhancement
The four-wave-mixing phase-conjugate configuration can be used to remove phase distortions, but can also be

altered to preferentially enhance shock-wave edges. Figure I101 illustrates an example of conventional DIH compared
with PCDIH with a longer focal length lens (300 mm FL) and PCDIH with a shorter focal length lens (125 mm FL).
With the longer focal length lens, a strong shadow is noted near the shock-wave edges. For the shorter focal length lens,
the shadow intensity is significantly reduced.

A possible mechanism for this edge enhancement effect is schematically illustrated in in Fig. Il ll. When light passes
through a density gradient with some curvature, the light is refracted slightly before exiting the density gradient. When
the light is focused through the lens, the refracted light is focused at a slightly different position than the un-refracted
light. Depending on the position of the phase-conjugate mirror cell and size of the pump beams, the refracted light
and un-refracted light are preferentially amplified and reflected to different degrees depending on differences in their
interaction lengths / (see Eq.(g)). By varying the focal length of the lens, the focal point of the refracted light can
fall far outside the phase-conjugate cell, thereby altering the interaction length and creating a darker phase-conjugate
mirror signal in areas of the density gradient that refract light the most. This effect is controlled by the size of the pump
beams, focal length of the lens, the density difference between the gases inside and outside the shock-wave, the size
and curvature of the shock-wave, and the distances between the density gradient, lens, and cell. This effect has some
similarity with schlieren and shadowgraphy techniques except that it utilizes a non-linear effect and is conducted with
coherent light. In addition, it is able to numerically refocus to a shock-wave edge and can be used to determine the
z-location of the shock-wave. Future work modeling this effect can help determine the sensitivity of the technique and if
three-dimensional shock-wave shape can be extracted from gradients in the shadow intensity.

PCDIH Refocuse o V.e 'c•1, ire

12 L
viitrit.,

- ' ''4110 444

' , I *IV r ... 00 or

Reduced
1 m m - 

Shadow

Fig. 10 Density gradient edges are enhanced using degenerate four-wave-mixing PCDIH collected at 500 kHz.
From left to right, images are shown of traditional DIH, PCDIH using a long focal-length lens (300 mm FL),
and PCDIH using a shorter focal-length lens (125 mm FL).
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Fig. 11 A schematic of the edge enhancement mechanism is illustrated. The light refracted by the density
gradient and the un-refracted light focus to different positions. This determines the interaction lengths (red
lines for un-refracted light, dark red lines for refracted light) between the imaging beam and the pump beams,
which determines the amount of phase-conjugate signal generated. The relative location of the focal-points and
the phase-conjugate cell determines the degree of edge enhancement.

VI. Conclusion
Ultra-high-speed PCDIH is essential for making time-resolved measurements of objects distorted by shock-waves

or other types of density gradients. This paper demonstrates the implementation of this technique at up to 500 kHz
with a pulse burst laser and ultra-high-speed cameras. Implementations of PCDIH in this paper demonstrate how the
technique successfully removes interference patterns generated by phase-distortions. However, PCDIH does have a few
drawbacks. Compared to DIH, the PCDIH technique has higher setup complexity. When repetition rates increase, the
signal-to-noise levels drop and the image quality degrades. Due to the back-reflecting configuration, PCDIH is also
more susceptible to specular reflections from objects. Nevertheless, this work demonstrates several applications of the
technique in challenging environments from imaging shock-waves in supersonic jets, correcting phase distortions in
laser-spark plasma-generated shock-waves, and tracking explosively-generated hypersonic fragments.
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