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ABSTRACT:

Imaging diagnostics that utilize coherent light, such as digital in-line holography, are important for
object sizing and tracking applications. However, in explosive, supersonic, or hypersonic environ-
ments, gas-phase shocks impart imaging distortions that obscure internal objects. To circumvent
this problem, some research groups have conducted experiments in vacuum, which inherently
alters the physical behavior. Other groups have utilized single-shot flash x-ray or high-speed syn-
chrotron x-ray sources to image through shock-waves. In this work, we combine digital in-line
holography with a phase conjugate mirror to reduce the phase distortions caused by shock-waves.
The technique operates by first passing coherent light through the shock-wave phase-distortion
and then a phase-conjugate mirror. The phase-conjugate mirror is generated by a four-wave mix-
ing process to produce a return beam that has the exact opposite phase-delay as the forward beam.
Therefore, by passing the return beam back through the phase-distortion, the phase delays picked
up during the initial pass are canceled, thereby producing improved coherent imaging. In this
work, we implement phase conjugate digital in-line holography (PCDIH) for the first time with a
nanosecond pulse-burst laser and ultra-high-speed cameras. This technique enables accurate mea-
surement of the three-dimensional position and velocity of objects through shock-wave distortions
at video rates up to 5 MHz. This technology is applied to improve three-dimensional imaging in a
variety of environments from imaging supersonic shock-waves through turbulence, sizing objects
through laser-spark plasma-generated shock-waves, and tracking explosively generated hypersonic
fragments. Theoretical foundations and additional capabilities of this technique are also discussed.

1 INTRODUCTION:

Many environments from hypersonics to explosives, create imaging challenges plagued by optical
distortions due to shock-waves. Current state-of-the-art experiments conducted by Los Alamos
and Argonne use synchrotron x-rays [1] to overcome shock-waves while capturing a maximum of
four images per experiment at 6.7 million frames-per-second [2]. To construct three-dimensional
pictures, multiple repetitions with different views are required [2]. Ultimately, diagnostics that
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Figure 1: Distortions produced by phase objects, such as a shock-wave, are illustrated for (a) an normal
mirror and (b) a phase conjugate mirror.

operate outside of synchrotron facilities and capture 3D transient information from a single exper-
iment are needed.

Digital in-line holography (DIH) is a single-shot method used for accurately tracking the three-
dimensional (3D) motion of high speed objects in flow [3, 4, 5, 6] and combustion [7, 8, 9, 10, 11]
environments. In addition to the ability to freeze motion, DIH only requires optical access along
a single line of sight to produce 3D position estimates [12, 13]. Since DIH uses coherent inter-
ference of laser light, however, it is susceptible to phase disturbances in the imaging beam path.
For explosive environments [14], shock-waves created by gas-phase density gradients can cause
severe distortions in holograms, making implementation of DIH impractical in these situations. In
addition, ultra-high-speed laser and camera systems are required to obtain video-rate images for
these and other ultra-high-speed applications.

Several new laser systems currently exist that could potentially be used for diagnostics in ex-
plosive environments. Pulse-burst lasers have been recently applied to transonic wind tunnels
for particle image velocimetry [15], turbulent flame environments for laser induced incandes-
cence [16, 17], and time-resolved temperature measurements using coherent anti-Stokes Raman
scattering spectroscopy [18] at rates of tens to hundreds of kilohertz (kHz). High power [19] and
megahertz (MHz) rate [20] pulse-burst laser systems have also been constructed. New ultra-high-
speed camera technologies from Kirana and Shimadzu [21] have also demonstrated frame rates
up to 10 MHz. With these recent camera and laser developments, the last component required for
creating video-rate holograms in explosive environments is a phase distortion canceling technique.

One possible method for eliminating phase distortions is to use a phase conjugate mirror [22] as
illustrated in Fig. 1. The phase disturbance picked up by the imaging beam on its first pass through
the phase object can be sent into a phase conjugate mirror, which produces a backward propagating
beam with a phase that is equal and opposite to the incoming beam. This beam can then be passed
back through the object, effectively canceling the phase distortion while maintaining the ability
to capture holograms from absorptive objects. Phase conjugate techniques have been previously
applied to remove imaging distortions [23, 24, 25, 26] and since phase conjugation is a nonlinear
technique, it also has applications in removing amplified spontaneous emission [27] and modal
dispersion [28]. Phase conjugation has also previously been applied to create holograms using
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film [29] and using spatial light modulators [30, 31, 32]. Unfortunately, these particular holo-
graphic techniques are incompatible with the ultra-high-speed imaging requirements of explosive
environments. Thus alternative optical techniques are required.

In order to meet the ultra-high-speed imaging requirements of explosive environments, we have
combined DIH with a phase conjugate mirror for single-shot optical phase distortion cancellation
with picosecond [33] and nanosecond [34] lasers. In this report, we further incorporate MHz-rate
cameras and MHz-rate pulse-burst lasers to create an ultra-high-speed phase conjugate digital in-
line holography (PCDIH) technique for capturing MHz 3D videos of explosive fragments. Due
to laser power limitations, previous work has only been implemented at 10 to 20 Hz repetition
rates [33, 34]. Operating up to 5 MHz would show more than five orders-of-magnitude increase
in speed. This work is the first to outline a MHz-rate PCDIH instrument capable of producing
quantitative video-rate holograms in explosive, supersonic, and hypersonic environments.

We first begin by describing the theoretical foundations of DIH and PCDIH. Then, the ex-
perimental setup and implementation details for simultaneous DIH and PCDIH imaging is de-
scribed for picosecond and nansecond laser systems. Results illustrating the ability to cancel dis-
tortions from stationary supersonic shock-waves, laser-spark plasma-generated shock-waves, and
explosively-generated hypersonic fragments are then discussed. PCDIH images obtained from a
pulse-burst laser and Shimadzu cameras are illustrated from 500 kHz up to 5 MHz. Additional
features of the PCDIH configuration for shock-wave edge enhancement are also discussed.

2 PHASE CONJUGATE HOLOGRAPHY:
2.1 PHASE-CONJUGATE MIRROR:

Normal reflection with a conventional mirror can be compared with the phase-conjugate mirror in
Fig. 1 by assuming an input wave of the form,

E(x,y,z,0) :AO(X,y,Z)eiszim. (1)

When this input wave passes through the phase disturbance, such as a density gradient, the trans-
mitted wave picks up a phase delay ¢ such that,

E'(x,y,2,0) = Ag(x, y, 7)o ) —ior, o

With the conventional mirror, the reflected wave and output wave after passing through the phase
delay a second time are,

E"(x,y,2,®) = RmAo(x, y, z)eKei9(xya) —ior 5

E"(x,y,2,®) = RuAo(x, y,2)e~ *e+2i9 (xy2)—ior, "
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This illustrates that the phase aberration is doubled. If a phase-conjugate mirror is used, the re-
flected and output waves are then,

E" (xaya <, (D) = RpcAo(x,y, Z)e_ikz_i¢(x7Y7Z)_iw7 (5)

E'"(x,y,z, (1)) _ RpCAO (x7y, Z>efiszi¢(x,y,z)+i¢(x,y,z)fia)z _ RpcAO (x,y,z)eiisziw[. (6)

Thus, the output wave with a phase conjugate mirror cancels the distortions generated by the phase
delay. A phase-conjugate mirror can be generated in several different ways. For this work, phase-
conjugation is created via a degenerate four-wave-mixing process. This phase conjugate beam then
interacts with objects to create interference patterns that can be numerically refocused to determine
the depth at which objects are located in an image, which then enables three-dimensional object
tracking.

2.2 DEGENERATE FOUR-WAVE MIXING:

Backward degenerate four-wave mixing phase-conjugation signal [22, 35] is generated when a
third-order nonlinear medium is illuminated by two planar counter-propagating pump beams and
a separate imaging beam that may contain some phase-delay wavefront distortion. This process
is illustrated in Fig. 2. Note that a shallower angle between the pump beams and the imaging
beam tends to increase the interaction length and generates wider interference fringes inside the
medium [22], hence improving phase-conjugate signal. The three incident beams with frequency
o have electric fields of,

E1(0) = A (r)e (@ ki) (7)
Ex(0) = Ay (r)e (@ —kar) (8)
E3(0) = A3(z)e (@ k), ©)

Nonlinear Medium Pump 1

Ey(w)

Phase Conjugate
Beam E,(w)

[
Imaging Beam E;(w

Pump 2

Eofw) z=0 z=/

Figure 2: A schematic of the degenerate four-wave-mixing process is illustrated.
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where E is the electric field, A is the real amplitude, and k is the wave vector. In this case, k; = —k;
due ot the counter-propagating configuration.

When these beams arrive at the medium simultaneously, a fourth beam with frequency  is
generated. From phase matching, we have k; + k; = k3 + k4 resulting in the relation k3 = —Kky.
The phase-conjugate beam propagates in the opposite direction as the original imaging beam due
to these phase matching conditions. The resulting fourth beam has a third-order nonlinear electric
polarization of,

PP () = o A Ay Ae @1 Hks2) (10)

where xe(3) = x(3) (w,®,— ) is the effective third-order nonlinear susceptibility value. The equa-
tions describing the amplitude variation along the z-axis can be approximated as,

dAjZ(Z) = iy Ay(2) (11)
P8 _ i) (12)
dz
__® .0
Y= 2cn0(a>)"e AlA;. (13)

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

44(0) = —i|—§|tan<|y|z>A§<o>. (14)

The resulting electric field of the phase-conjugate wave assuming small signal gains is then,
E4(0) = A4(0)e (@1 Hk32), (15)

Notice that A4 is proportional to A%, which is the phase conjugate of the imaging beam A3. The
resulting reflectivity of the phase conjugate mirror can be calculated as,

Ry = [A4(0)*/143(0)|* = ran’ (|711). (16)

One additional consideration is the polarization of the three beams. Although many different
configurations can be utilized, the p-, p-, and s-polarizations for the imaging, pump 1, and pump 2
beams respectively produces a phase-conjugate beam with an s-polarization. Since the imaging
beam and phase-conjugate beam are polarized in different orientations, this enables more efficient
separation of the two beams during imaging.
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2.3 DIGITAL IN-LINE HOLOGRAPHY:

Digital holograms are produced from the coherent interference of light that is scattered by objects
(object beam) with light that remains un-scattered (reference beam). For the in-line configura-
tion, the object and reference both come from the same beam, producing two-dimensional (x and
y) interference patterns that are collected at the holography image plane and can be numerically
refocused along the optical depth z using the diffraction-integral equation,

E(x,y,2) = [h(x,y)E; (x,y)] ® g(x,¥,2).- (17)

Here, E is the reconstructed complex amplitude, £ is the recorded hologram, E; is the planar
conjugate reference wave, ® is the convolution operator, and g is the diffraction kernel. The
refocused image at any depth z can be visualized using the amplitude A = |E|. The location of each
amplitude object in the z-direction can be determined using a focus metric that aims to minimize
amplitude and maximize edge sharpness. Additional refinement steps are then used to improve the
z estimates and remove falsely detected or overlapped particles [36, 37, 12]. Once all the frames
are processed, custom tracking software programs are used. These algorithms utilize cost functions
that look for similar object sizes and nearest neighbors in the next frame. Iteration is then used to
combine similar non-overlapping 3D trajectories [6].

A simple example of DIH for three-dimensional object localization is illustrated in Fig. 3. Here,
a single laser beam is passed across a horizontal wire and measured with a camera focused on a
plane that is a specified distance from the wire. The raw DIH image at z = 97 shows the wire with
clear interference patterns. When numerically refocused to z = 0, the edges of the wire become
sharper, indicating the z-location of the wire. Through this process, it is possible to locate multiple
non-overlapping objects in three-dimensions using a single holographic image.

DIH Cam

Figure 3: Raw (at z = 97) and numerically refocused (at z = 0) digital in-line holograms of a fixed wire.
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3 SINGLE-SHOT MEASUREMENTS:
3.1 EXPERIMENTAL APPARATUS:

Phase conjugate digital in-line holography was first implemented using the degenerate four-wave-
mixing topology shown in Fig. 4. This topology was chosen over spontaneous Brillouin scat-
tering due to its compatibility with both picosecond and nanosecond laser excitation [33]. A
low-repetition rate, regeneratively amplified picosecond laser (Ekspla PL2231C-20, 20 Hz, 80 ps,
532 nm, >15 mJ/pulse) is utilized to determine timing and alignment. Next, a modified Spectral
Energies QuasiModo pulse-burst laser [15] is used to generate kHz to MHz rate laser light with
pulse durations of 10 ns. The previous maximum operating rate of this laser was 1 MHz and was
increased to 5 MHz with custom software upgrades. This pulse burst laser contains a pulsed seed
source with 2 GHz bandwidth, two double pass diode-pumped amplifications stages, two double
pass 9 mm diameter flashlamp-pumped amplification stages, and two single pass 12 mm diameter
flashlamp-pumped amplification stages. The burst duration was set to 1.5 ms or lower to maximize
flashlamp voltage and energy per pulse. The amplified 1064 nm is then passed through a tele-
scope and doubled to 532 nm in a 10 mm diameter KTP crystal. The operation of the two lasers is
alternated depending on the application via a flip mirror.

After exiting the lasers, the 532 nm light is first passed through a two-stage attenuator consist-
ing of half-wave plates and thin film polarizers. The light then passes through a 15 mm diameter
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Figure 4: Simplified experimental setup for phase conjugate digital in-line holography implemented using
degenerate four-wave mixing for picosecond and nanosecond lasers. (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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Electro-Optics Technology isolator and a vertical periscope (not shown in the figure). The light
is then split into one imaging beam and two additional pump beams. The imaging beam passes
through a delay stage, a vacuum pinhole spatial filter (300 mm FL lenses, 100 um pinhole), and
a beam expander (2x or 3x) before reaching the PCDIH camera pick-off mirror (5% reflectivity)
and entering the object area. After 5% of the light is directed into the DIH camera via another
pick-off mirror, the remaining light is focused through a heavy fluorocarbon 3M FC-72 fluid cell
(AR coated 1 mm thick windows, 10 mm thick cell).

Two counter-propagating pump beams are also passed through the cell such that all three beams
intersect slightly before the focal point of the imaging beam (to prevent breakdown and damage to
the windows). All three pulses are precisely timed via delay stages to arrive at the cell simultane-
ously. When using the pulse-burst laser, the pump beams utilize additional telescopes to control
beam collimation and to increase the power density of beams within the cell. The angle of the pump
beams with respect to the imaging beam is approximately 23°. Polarization of all three beams are
also precisely controlled (p-, p-, and s-polarizations for the imaging, pump 1, and pump 2 beams
respectively) to maximize the PCDIH signal (dotted green lines, s-polarization). The phase con-
jugate signal generated inside the cell back propagates along the imaging path, through the object
area, and 5% of the light is finally directed into the PCDIH camera. The overlap of the two counter-
propagating pump beams is critical to producing overlap of the incoming imaging beam and the
phase conjugate return signal.

For low repetition rate imaging, LaVision sCMOS (2560 x 2160 pixels, 6.5 um pixel pitch,
16-bit depth) cameras can be used to acquire data through Infinity K2 DistaMax long distance
microscopes (with CF-2 or CF-3 lenses). For MHz-rate imaging, ultra-high-speed cameras are
required. Here, we utilize Shimadzu HPV-X2 cameras capable of operating at 5 MHz rates in full
frame mode (400 x 250 pixels, 32 um pixel pitch, 10-bit depth). The cameras were triggered with
the laser burst signal. Synchronization with respect to the each pulse in the burst was not required
due to the low number of frames (128 frames max). Neutral density filters are added to adjust
the intensity and laserline filters are added to minimize light generated by plasmas or explosive
emissions.

3.2 SUPERSONIC STATIONARY SHOCK-WAVES:

A comparison of measurements taken with a normal mirror versus a phase conjugate mirror is
shown in Fig 5. For this experiment, the focal plane of the PC camera and normal camera are
placed at the image plane at the centerline of a supersonic stationary shock-wave generated by
a Mach 3.4 air jet (6.35 mm nozzle outlet, stagnation pressure 5.5 MPa, atmospheric pressure
84 kPa). The images generated using the high beam-quality, low repetition-rate picosecond laser
show frames taken from the normal camera, the phase-conjugate camera utilizing the lens and
phase conjugate cell, and the phase-conjugate camera where the lens and cell are replaced with a
90° normal mirror.

With the normal camera, the shock-wave edges are sharp and clearly visible due to refraction
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Figure 5: An phase-conjugate and normal imaging setup is illustrated using a picosecond laser to obtain
in-focus images of shock-waves in a Mach 3.4 supersonic jet. The left-most image shows the in-focus jet
from the normal camera, the middle image shows the in-focus jet from the phase conjugate camera, and the
right-most image show the in-focus jet when the phase conjugate cell and lens are removed and replaced
with a 90° normal mirror.

at the shock-wave edges. Small turbulent disturbances in the gases surrounding the shock are also
visible. This can be compared with the phase-conjugate image. Since the illumination source
is a coherent, interference patterns are generated by light that is scattered from the shock-wave
edges. When these interference patterns and other phase distortions enter the phase-conjugate
cell, the phases are reversed and travel back through the shock-wave, thereby correcting much
of the distortion. However, in the phase-conjugate image, the shock-wave edges as well as the
turbulent disturbances are more clearly visible. This is likely due to several effects. First, the phase-
conjugate system double passes light through the same disturbance thereby increasing absorption.
Second, depending on the design of the lenses, a degenerate four-wave-mixing phase-conjugate
system is capable of rejecting light that is slightly refracted by the three-dimensional curvature
of the shock-wave or disturbance, thereby enhancing shock-wave edges. This effect is explored
further in Section 5.

These images can be compared with the image taken where the phase-conjugate camera where
the lens and cell are replaced with a normal mirror. A normal mirror does not correct for phase
disturbances or any of the interference patterns generated during the first pass. Therefore, the
shock-wave disturbance from the first pass are distorted in this case to give very strong interference
patterns. The set of shock-wave edges that are visible in this image are due purely to light refracted
during the second pass through the shock-wave. These images clearly illustrate differences in the
operation of normal versus phase-conjugate imaging in the presence of a phase disturbance.

Next, the focal planes of the two cameras are moved for holographic measurements as illus-
trated in Fig. 6. The focal planes for DIH and PCDIH were both placed ~97 mm from the wire
such that the magnification of the two systems match. The top row illustrates single-shot images
refocused to the centerline of the shock-wave. The shock-wave edges are clearly visible in the
PCDIH images while the DIH images are unable to refocus clearly to shock-wave edges. Com-
paring Fig. 5 and 6, it is clear that imaging degrades significantly when imaged out-of-focus and
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Figure 6: A PCDIH and DIH imaging setup is illustrated using a picosecond laser to obtain holograms
of shock-waves in a Mach 3.4 supersonic jet. The top row shows single-shot holograms refocused to the
centerline of the shock-waves illustrating both the shocks and local turbulence distortions. The bottom row
shows averaged (500 images) holograms refocused to the centerline of the shock-waves.

then numerically refocused for DIH. For PCDIH, imaging quality degradation is also noticeable
but shock-wave edges can still be recovered via numerical refocusing.

The bottom row of images removes the random turbulence effects in the images by averag-
ing 500 different shots. While the averaged PCDIH refocused image shows all the shock-waves
clearly, the traditional DIH is unable to refocus to any of the the shock-wave edges after averag-
ing. The inability to refocus the traditional DIH images is most likely due to the dominance of the
uncorrected time- and spatially-varying phase delays (imparted by the jet density gradients and tur-
bulence) when compared to the interference patterns generated by refraction at shock-wave edges.
In PCDIH, only the refraction losses (which can be treated like absorptive losses) at shock-wave
edges are present and can thus be refocused. These examples illustrates some of the benefits of
using a phase-conjugate configuration for imaging.

3.3 LASER-SPARK PLASMA-GENERATED SHOCK-WAVES:

In order to test distortion correction capabilities of PCDIH in the presence of absorptive objects,
a 200 um diameter fixed wire is imaged with DIH and PCDIH using the picosecond laser as
illustrated in Fig. 7. The focal planes for DIH and PCDIH were both placed ~61 mm from the wire
such that the magnification of the two systems match. A focused nanosecond laser (Continuum
Surelite III, 10 Hz, 1064 nm, 5 ns pulse duration, 400 mJ per pulse) is then used to generate a
spark at a distance of 15 mm from the wire, producing shock-waves that distort the wire profile.
Holograms are captured ~400 ns after the arrival of the laser spark.

The top row of images in Fig. 7 shows a raw hologram of the wire, a raw traditional DIH
image with the shock-wave, and a raw PCDIH image with the shock-wave. The bottom row of
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Figure 7: Holograms of a fixed wire and shock-waves generated by a laser spark are illustrated. The
top row shows the raw holograms of the wire, wire with a spark imagined using traditional DIH, and a
simultaneous image of the wire with a spark imaged with PCDIH. The bottom row shows the same three
holograms refocused to the focal plane of the wire. Images provided courtesy of [33].

images shows the holograms refocused to the plane of the wire. With traditional DIH, the edges
of the wire are completely distorted due to phase variations produced by density gradients which
impose phase delays. With PCDIH, however, the edges of the wire are clearly visible and only
slightly distorted by the shock-wave. On average (over 500 different laser-spark images) the wire
edge in the DIH signal shows ~8x more distortion than the PCDIH signal [33]. When the laser
spark is moved to the opposite side of the wire, the imaging beam interacts with the distortion
before reaching the wire, so more distortion is expected from the perspective of the PCDIH camera.
Measurements confirm that the wire edge distortion increases slightly for this second configuration
for both holography systems (DIH distortion increases by 100%, PCDIH distortion increases by
46%) but the DIH signal still has ~11.7 x more distortion than the PCDIH signal [33].

Two additional features can be noted from this experiment. First, the DIH image has slightly
higher spatial resolution than the PCDIH image. The standard deviation of the wire edge with no
spark is 0.6 um for DIH and 1.9 um for PCDIH [33]. One of the contributors to this effect is
the amplitude shadow generated by the laser beam on its first pass over the wire. This shadow is
designed to overlap the absorption from the second pass but can decrease edge contrast if any of
the three beams (imaging, pump 1, or pump?2) are not perfectly collimated.

Second, the DIH image appears to have more dynamic range than the corresponding PCDIH
image with brighter shock-wave interference fringes. This effect is noted in all subsequent PCDIH
results. The brighter interference pattern fringes in DIH are thought to be caused mostly by the
phase delays and hence cannot be numerically refocused with traditional DIH algorithms. In
PCDIH, the phase delay effects are canceled and only the refractive losses (which can be treated
like absorptive losses) generated by shock-wave edges produce interference patterns that can be
numerically refocused to the shock-wave edge. These images and quantitative results show that
PCDIH can remove the phase-distortion produced by shock-waves on absorptive objects.
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Figure 8: Holograms of a fragmenting detonator (pointing upward) using the picosecond laser are illus-
trated. Refocused images of objects obtained using the traditional DIH camera shows objects obscured
by shock-wave distortions (left). However, the simultaneously obtained PCDIH frame (middle) eliminates
much of the shock-wave distortion making the objects behind shock-waves visible. These objects are tracked
with custom algorithms to show each fragment in their individual focal planes. Images provided courtesy

of [33].

3.4 EXPLOSIVELY-GENERATED HYPERSONIC FRAGMENTS:

Next, the picosecond laser was applied to obtain single-shot images of a small fragmenting ex-
plosive detonator, as illustrated in Fig. 8. For these experiments [33], the optics are protected
using a polycarbonate boom box that is placed inside the object area. The detonator ignites and
fragments from aluminum foil covering the top of the detonator are launched into the imaging
beam at 2 to 2.5 km/s [14]. These hypersonic fragments traveling at Mach 5.8 to 7.2 generate
strong shock-waves surrounding the fragments. From the images, the leading fragments can be
partially visualized with traditional DIH while fragments traveling slightly behind are distorted
by the shock-waves of the leading fragments [14]. The refocused traditional DIH image in Fig. 8
shows this effect. The simultaneously obtained refocused PCDIH image, however, shows signifi-
cantly less distortion. For example, one large fragment in the center of the image that was obscured
in traditional DIH is easily visible in the PCDIH. This data illustrates how this technique can be
used in explosive environments for 3D object tracking [33].

4 TIME-RESOLVED ULTRA-HIGH-SPEED MEASUREMENTS:

While interesting results can be obtained using a low repetition-rate, high beam-quality picosecond
lasers, measurements with a pulse-burst nanosecond laser are required for operation at ultra-high-
speeds in order to obtain videos of objects in transient explosive and supersonic environments.
As illustrated in this work, systems like laser-spark plasma-generated shock-waves and explosives
can vary significantly from test to test. Thus time-resolved measurements can provide additional
information such as object or shock-wave speed for these transient events.
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Figure 9: Simplified experimental setup for phase conjugate digital in-line holography for the nanosecond
pulse-burst laser. An image of the setup with the boombox during an explosive detonator experiment is
shown in the inset. (HWP—half wave plate, QWP—quarter wave plate, TFP—thin-film polarizer, BS—beam
splitter, PBS—polarizing beam splitter, P-polarizer, ND-neutral density filter, LF-laserline filter 0.2 nm
FWHM bandwidth)

4.1 EXPERIMENTAL APPARATUS FOR THE PULSE-BURST LASER:

For a nanosecond laser system with longer pulse durations and coherence lengths, a more efficient
configuration similar to [34] can be utilized to produce more phase-conjugate signal, as illustrated
in Fig. 9. Here, pump 1 is reflected from a 90° mirror and the polarization is rotated with a quarter
wave plate to produce p-, p- and s-polarization at the imaging beam, pump 1 beam and pump 2
beams, respectively. By reusing the same beam for both pumps, more energy can be directed into
the pumps, fewer components are needed, and alignment is simplified. Since bursts from the laser
only occur once every 12 seconds, the overall alignment difficulty increases significantly when
compared to the 10 Hz picosecond laser.

In order to collect more signal from the phase conjugate beam, the 5% beam splitter was re-
placed with a 45° polarizing beam splitter that reflects mostly s-polarized light directed toward to
the PCDIH camera. Since the phase-conjugate signal is s-polarized in this design, this configura-
tion also helps to reject background light and reduce p-polarized reflections from objects. Due to
the high pulse and burst energies of the pulse-burst laser, additional care is taken expanding beams
and shortening the burst duration to prevent damage to optics.
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Figure 10: (a) Second harmonic conversion efficiency, (b) energy per pulse at 532 nm, and (c) 532 nm burst
profiles showing the peak energy of each pulse during the burst.
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Figure 11: Phase conjugate mirror efficiency is illustrated for the picosecond laser [33].

4.2 SYSTEM CHARACTERIZATION:

While pulse-burst lasers have sufficient 532 nm pulse energy to generate phase conjugate signals
at rates of tens or hundreds of kHz, the pulse energy drops significantly at MHz rates. This is
due to two effects. First the increased repetition rate of the 1064 nm light depletes energy from the
flash-lamp-pumped amplification media at a faster rate such that each pulse in the burst has a lower
pulse energy. This lower pulse energy then decreases the nonlinear second harmonic conversion
efficiency, further decreasing the pulse energy at 532 nm as illustrated in Fig. 10(a). The resulting
maximum pulse energy at 532 nm and peak energy of each pulse in the burst are illustrated in
Fig. 10(b) and (c). From these plots, it is clear the maximum pulse energy drops significantly as
the repetition rate is increased.

Since four-wave mixing is a nonlinear process, the phase-conjugate signal conversion effi-
ciency also tends to decrease as the pulse energies decrease. Figure 11 illustrates the decrease in
reflectivity efficiency as a function of the pump energy in the imaging beam (with pump beam
energies fixed). The drop in reflectivity is more pronounced when the energy of all three beams is
decreased. Futhermore, the conversion efficiency of picosecond beams is better than nanosecond
beams due to their relative peak intensities. These characteristics illustrate some of the challenges
encountered when increasing the imaging repetition rates to ultra-fast regimes.
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Figure 12: Holograms of a laser-spark plasma-generated shock-wave using the pulse-burst nanosecond
laser operating at 500 kHz are illustrated. A vertical wire and a separate horizontal wire are placed on
either side of the laser spark. The top row of images shows holograms refocused to the vertical wire and
the bottom row of images shows holograms focused to the horizontal wire. Traditional DIH images on the
left show the vertical wire distorted by the shock-wave. PCDIH images on the right show no distortion of
the refocused wires. Note that the overall image brightness was increased to improve visibility and that the
pixels are not saturated.

4.3 LASER-SPARK PLASMA-GENERATED SHOCK-WAVES:

The laser-spark plasma-generated experiment was repeated utilizing the nanosecond pulse-burst
laser as illustrated in Fig. 12 for a repetition rate of 500 kHz. In this experiment, two crossed
wires are used to illustrate some of the effects of the order of phase distortions and absorptive
objects. A vertical wire is placed ~12 mm to the left of the laser spark and a horizontal wire is
placed ~12 mm to the right of the laser spark. The imaging planes of the two cameras are then
placed 20 to 40 mm from the laser spark. The top row illustrates the data refocused to the vertical
wire while the bottom row illustrates the data refocused to the horizontal wire. The DIH images
(left) show the strong shock-wave phase-distortions on the vertical wire and weak distortions on
the horizontal wire. The corresponding DIH images show significantly reduced distortion to both
wires at the cost of reduced spatial resolution due to the return shadow. The reduced dynamic
range of the PCDIH images are noticeable when compared to the DIH, thus illustrating that the
phase-conjugate system is properly correcting the bright interference patterns from phase-delays
imparted by the shock-waves.

Several additional features can be noted from these images. First, the beam quality of the
nanosecond pulse-burst laser is significantly poorer than the picosecond laser. Because the beam
profile and intensity can change from burst-to-burst (and more slowly during the duration of the
burst), obtaining background images for normalization is also more difficult. Overall, this results
in poorer image quality and additional imaging artifacts. Since an ultra-high-speed camera with
a low number of pixels is used, the resolution is also reduced when compared to the picosecond
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Figure 13: Holograms of a laser-spark plasma-generated shock-wave using the pulse-burst nanosecond
laser operating at 5 MHz are illustrated. The left two columns show traditional DIH images refocused to the
vertical and horizontal wire and the right two columns show PCDIH images. The three rows show images
taken at t = 0 ns, t = 200 ns, and t = 400 ns. Operating at 5 MHz, most of the ND filters must be removed
thus making laser plasma emission visible in the PCDIH images.

laser results. Second, a stronger return shadow is visible near the edges of the shock-wave in the
PCDIH images. This effect is partially caused by the poorer divergence of the pulse-burst laser
beam and partially caused by the the edge enhancement effect described in Section 5.

Operating at 500 kHz, it is only possible to catch a single frame of the laser-spark plasma-
generated shock-wave edges inside the field-of-view. Thus, higher repetition rates are required to
image these the transient events. As the repetition rate is increased to 1 MHz, 2 MHz, and 5 MHz,
the phase conjugate mirror efficiency drops, the signal-to-noise ratio decreases, and the neutral
density filters in front of the cameras need to be reduced in order to measure signal. One example
of a simultaneous PCDIH and DIH at 5 MHz is illustrated in Fig. 13. The two columns on the left
illustrate images taken with the DIH camera refocused to the vertical and horizontal wires. The two
columns on the right illustrate images taken from the PCDIH camera. At 5 MHz, the reduction in
neutral density filters for the PCDIH camera allows the plasma emission at 532 nm to overwhelm
the phase conjugate signal at # = 0. As time progresses to ¢ = 200 ns, the plasma emission begins
to dissipate and by ¢t = 400 ns, the shock-wave can be more clearly seen. Because significantly
more DIH signal is available and more neutral density filters can be used, the plasma emission was
not visible at = 0 for DIH. However, when comparing r = 200 ns and ¢ = 400 ns, distortions of
the wire are visible on the DIH cameras and reduced on the PCDIH cameras.

A time series of the shock-wave expansion recorded via PCDIH is illustrated in Fig. 14. For
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Figure 14: Holograms of a laser-spark plasma-generated shock-wave using the pulse-burst nanosecond
laser operating at 5 MHz are illustrated. For this weaker laser-spark, the plasma is less visible.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-NA-0003525.

U.S. DEPARTMENT OF

Sandia National Laboratories ENERGY



Built on

LDRD

Laboratory Directed Research
and Development

this particular case, the laser plasma is only slightly visible at the left edge of the images at r = 0.
From these images, it is possible to track the growth rate of the shock-wave edge over time as well
as visualize the interaction of multiple shock-waves as they meet.

4.4 EXPLOSIVELY-GENERATED HYPERSONIC FRAGMENTS:

Explosively-generated hypersonic fragments are measured using the ultra-high-speed PCDIH sys-
tem, as illustrated in Fig. 15 at 2 MHz. In this experiment, the detonator (custom RP-80 with a
180 um-thick brass cap) is pointed such that all the fragments travel downward. The left column
shows measurements obtained using the DIH camera and the right column shows measurements
obtained using PCDIH. Note that the overall image brightness was increased to improve visibility
and that the pixels are not saturated. The first frame illustrates sub-millimeter particles ejected
slightly ahead of a group of larger fragments. From the DIH images, the sub-millimeter fragments
are clearly visible and numerically re-focusable. The first group of large particles in DIH, how-
ever, are partially obscured by the bright interference fringes from phase distortions. Subsequent
particles that lag behind the first group are even more severely obscured. As illustrated earlier, the
shock-wave edges and fragments near the interference patterns generated from phase distortions
cannot be numerically refocused.

In the PCDIH images, however, the sub-millimeter particles, first group of large particles, as
well as the subsequent particles are more clearly visible and can be readily refocused to deter-
mine their relative z-positions. With ultra-high-speed video, it is also possible to visualize particle
motions including small particle rotations over time.

Experiments at 5 MHz were also conducted as part of this study, but showed significantly
lower signal-to-noise and increased reflections (even with the use of polarizers) from the brass
fragments generated by the detonator. This is mostly due to the drop in phase-conjugate signal
and corresponding reduction of neutral density filtering. The double-pass configuration of PCDIH
makes it more susceptible to reflections from the first pass of the laser light. In contrast, the back-
lit orientation of the DIH system with respect to the object and laser source makes it much less
susceptible to reflections even with no neutral density filtering.

5 SHOCK-WAVE EDGE ENHANCEMENT:

One interesting feature of the four-wave-mixing phase-conjugate configuration utilized in this
study is the enhancement of shock-wave edges via a shadow-like effect. This is most clearly
illustrated in Fig. 16. This example shows the conventional DIH image of a shock-wave and the
corresponding image with PCDIH where a 300 mm FL lens is used before the phase-conjugate
cell. In the right-most image, however, a 125 mm FL lens is used instead and the shadow intensity
is significantly reduced. This adjustable shock-wave edge enhancement effect is due to the four-
wave-mixing configuration and is schematically illustrated in Fig. 17. As light passes through a
density gradient, such as a semi-spherical plasma-generated shock-wave, light near the edges are
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Figure 15: Holograms of a fragmenting detonator (pointing downward) using the pulse-burst nanosecond
laser are illustrated operating at 2 MHz. Late arriving fragments are obscured in traditional DIH images
(left) by shock-wave interference patterns. However, they are visible in the PCDIH images (right).
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Figure 16: Shock-wave edges can be enhanced using degenerate four-wave-mixing PCDIH. The left col-
umn shows traditional DIH images, the middle column shows PCDIH using a long focal-length lens
(300 mm FL), and the right column shows PCDIH using a shorter focal-length lens (125 mm FL).
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Figure 17: A schematic demonstration of the preferential edge enhancement effect is illustrated. The light
refracted by the density gradient focuses at a different position than the normal un-refracted light. The loca-
tion of the two focal points with respect to the phase-conjugate cell determines the preferential enhancement

effect.

refracted at a small angle. When the refracted and un-refracted light reach the phase-conjugate
cell, the un-refracted light is focused at one position and the slightly refracted light is focused at a
slightly different position. This small difference in focal position is preferentially amplified by the
phase conjugate cell (depending on where the focal points are located with respect to the cell) so
that the normal, un-refracted light is brighter than the slightly refracted light.

If the focal length of the lens is longer, there is more separation between the focal points, thus
enhancing the preferential reflection effects. Similarly, if the density gradient is stronger, the light
is refracted at larger angles, also increasing this effect. Finally, the distance between the density
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gradient source and the lens can also alter the edge enhancement. This effect can be minimized or
removed by using a shorter focal length lens.

This edge enhancement effect bears some similarity to schlieren techniques, due to its the
ability to adjust the relative contrast from density gradients. However, schlieren measures the first
derivative of the density gradient. This effect is also similar to shadowgraphy, which measures
the second derivative of the density gradient. In this case, the preferential measurement of light
refracted by the density gradient is aperture-free, non-linear, and conducted with coherent light.
It has the additional benefit of canceling phase distortions and the ability to numerically refocus
to the shock-wave edge and thus can be used for tracking multiple shock-wave edges in three-
dimensions. Another potentially interesting feature is its ability to encode the refraction not as a
phase delay but as an intensity level. With a model, some information could potentially be gathered
on the three-dimensional shape of the shock-wave rather than simply the z-location of the refracted
edge.

6 ANTICIPATED OUTCOMES AND IMPACTS:

Although we demonstrate that PCDIH successfully removes interference patterns from a variety
of different types of density-driven phase-distortions, some remaining phase-distortion effects are
still visible in the PCDIH images. The interference patterns measured at shock-wave edges are
due mostly to refraction of the imaging beam because this effect is visible in both direct imaging
and holograms of the shock-waves. However, the time-of-flight of light passing through the object,
phase conjugate medium, and back through the object may also be sufficiently long (~2 ns) such
that motion of the shock-wave is captured to produce additional distortions [33]. Some phase
distortions near absorptive objects are also measurable in PCDIH images. This particular effect
is due to the object and phase-delay order, but also due to the fact that phase-conjugation cannot
correct for beam deflection effects [38]. More work is needed to understand, model, and minimize
these remaining optical distortion sources. Additional follow-on research is necessary to help fully
understand the accuracy, precision, and any possible fundamental limitations of this emerging
diagnostic. In particular, it would be interesting to model the effects of density gradients, shock-
wave curvature, and relative object location on the measurement of the remaining distortions noted
in PCDIH using ray tracing techniques. A comparison of this model with experimental results
would improve our understanding of the PCDIH process and would be valuable for determining if
PCDIH would be effective for a given experimental arrangement.

To make this technology a production-level diagnostic, more work is needed to improve the
instrument design to increase portability and overall system stability. Scaling the system for larger
volume experiments is also of interest. Faster repetition rates, better beam-quality, and higher
signal-to-noise ratios can potentially be achieved with existing technologies via additional up-
grades to the pulse-burst laser and further system optimization. More laser energy or slower repe-
tition rates can also lead to a tomographic capability using multiple PCDIH imaging beams. The
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upgrades conducted on the pulse-burst laser during this project will enable a variety of new ultra-
high-speed diagnostic measurements. For example, megahertz spectroscopic methods for deter-
mining temperature, pressure, and chemical species concentrations are now possible. In addition,
there are plans to use the higher-power ultra-high-speed repetition rate upgrades for the study of
high frequency turbulence statistics using particle image velocimetry, for the generation of ultra-
high-speed multi-pulse laser plasmas, and for ultra-fast time-resolved studies of soot generation.

One separate area of future study would be to explore the edge enhancement effect of the
four-wave-mixing topology. More detailed modeling is needed to fully understand the parame-
ters which control the effect as well as determine if shock-wave curvature can be estimated from
measurements. New experiments would also be useful for determining the sensitivity of the en-
hancement effect. These measurements can be directly compared with schlieren and shadowgraphy
to determine their relative sensitivities, especially in low pressure environments. This potentially
has several high-altitude and hypersonic diagnostic applications.

Ultra-high-speed PCDIH has not been previously attempted. Thus, this work [39] has resulted
in a significant technical leap-forward in three-dimensional diagnostics for extreme environments
relevant to the NNSA and DoD mission spaces. Applications at Sandia include hypervelocity im-
pact diagnostics, ejecta characterization, flyer plate characterization, and many other environments
currently hindered by imaging through shock-waves. This diagnostic can be applied to existing
explosives characterization projects for the Joint Munitions Program, Delivery Environments Pro-
gram, and existing Laboratory Directed Research and Development (LDRD) projects focused on
investigating small-scale explosives. Distortion canceling methods can also be applied to mea-
sure through hypersonic shock-waves, which is relevant to A4H LDRD and Strategic Partnership
Programs.

The PCDIH edge-enhancement feature could also be used in the future as a high-sensitivity
shock-wave edge detection method for low-pressure environments such as vacuum or inside San-
dia’s low-pressure Hypersonic Wind Tunnel. Our group is currently working with several facil-
ity owners who are interested in either eliminating shock-wave distortions or enhancing shock-
wave edge sensing capabilities at low pressure. Based on our results, we hope to generate new
LDRD proposals for further fundamental development of our techniques and to apply our new
diagnostic capabilities to existing programs. This work has enabled temporally-resolved 3D mea-
surements inside explosive environments without the need for experimental repetition or multiple
views. Overall, this rapid six-month Exploratory Express LDRD effort has successfully demon-
strated a proof-of-principle of the PCDIH technique at ultra-high-speeds in application-relevant
R&D environments.

7 CONCLUSION:

This work implementing phase-conjugate digital in-line holography for three-dimensional imag-
ing through shock-waves is the first to illustrate the technique at ultra-high-speeds up to 5 MHz.
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Previous demonstrations of this method were limited to 10 to 20 Hz due to the required laser
energies [34, 33]. This work demonstrates up to five orders-of-magnitude increase in measure-
ment speed thus enabling measurements of transient events such has laser-spark plasma-generated
shocks, supersonic shock-waves, and explosively-generated hypersonic fragments.

PCDIH shows several advantages over traditional DIH. First, it reduces the interference pat-
terns caused by phase distortions thus enabling numerical refocusing of shock-wave edges and
removes distortions on absorptive objects such as high-speed fragments. This comes at the cost
of slightly lower spatial resolution and increased measurement complexity. As the repetition rate
of the laser is increased, the energy per pulse and the phase-conjugate mirror reflection efficiency
decrease drastically, making ultra-high-speed measurements more challenging. At the highest
repetition rates the PCDIH signal intensity can be lower than laser-plasma emissions or specular
reflections from objects, thereby decreasing the signal-to-noise ratio. Damage to optical compo-
nents can also occur. Despite these trade-offs, ultra-high-speed PCDIH shows particular promise
for three-dimensional object tracking during transient events such as explosive detonations. Addi-
tionally, we show the capability to numerically refocus the shock-wave edges, which can be used to
track the z-plane location of multiple shock-waves in explosively-generated hypersonic fragments.
Finally, we also demonstrate a density-gradient edge-enhancement feature with this technique that
can potentially be used in the future for high-sensitivity shock-wave detection.
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