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A compact fiber optics-based heterodyne combined normal
and transverse displacement interferometer
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While Photonic Doppler Velocimetry (PDV) has become a common diagnostic tool for the measure-
ment of normal component of particle motion in shock wave experiments, this technique has not yet
been modified for the measurement of combined normal and transverse motion, as needed in oblique
plate impact experiments. In this paper, we discuss the design and implementation of a compact
fiber-optics-based heterodyne combined normal and transverse displacement interferometer. Like the
standard PDV, this diagnostic tool is assembled using commercially available telecommunications
hardware and uses a 1550 nm wavelength 2 W fiber-coupled laser, an optical focuser, and single mode
fibers to transport light to and from the target. Two additional optical probes capture first-order beams
diffracted from a reflective grating at the target free-surface and deliver the beams past circulators
and a coupler where the signal is combined to form a beat frequency. The combined signal is then
digitized and analyzed to determine the transverse component of the particle motion. The maximum
normal velocity that can be measured by this system is limited by the equivalent transmission band-
width (3.795 GHz) of the combined detector, amplifier, and digitizer and is estimated to be ~2.9 km/s.
Sample symmetric oblique plate-impact experiments are performed to demonstrate the capability of
this diagnostic tool in the measurement of the combined normal and transverse displacement particle
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. INTRODUCTION

Optical interferometry has become one of the most widely
used diagnostic tools for shockwave experiments. Over the
years, the conventional Normal Displacement Interferome-
ter (NDI),! the Velocity Interferometer System for Any
Reflector (VISAR),%” and more recently, the Photonic Doppler
Velocimeter (PDV)®? have become some of the well accepted
non-contact optical methods to measure the normal component
of the free surface particle motion in shock wave experiments.

In the case of oblique plate-impact experiments, it is vital
to monitor the combined motion of the free surface of the tar-
get plate resulting from the generation of both longitudinal
and transverse waves at impact. In this regard, the normal and
transverse displacement interferometer (NDI/TDI)!%!! uses an
array of mirrors and related optics along with a high frequency
holographic diffraction grating to record fringes related to the
normal and transverse motion of the free surface of the target
plate. Other researchers have utilized the shear wave veloc-
ity interferometer'>!3 that involves the use of two VISAR
channels to measure particle velocity motion along two beams
diffracted off the same point on a diffuse target to obtain the
combined normal and transverse particle velocity history.

Recent studies by Dolan'® and Wu et al.!” have shown
that an all fiber-optics-based PDV is inexpensive, compact,
and yet a robust system which can be applicable wherever the
VISAR can be used. The system is relatively simple to assem-
ble and requires little calibration post assembly, making it less
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time consuming to use with respect to the conventional dis-
placement interferometry techniques. Moreover, fiber-coupled
components enable the PDV to be robust and insensitive to
experimental variation.'® Conventional optical components
such as those used in the NDI/TDI may result in low fringe
contrast if proper care is not taken to prevent misalignment.
These components are also sensitive to rotation of the target
reflective surface due to non-planar impact and the relatively
long optical legs used in conventional interferometry setups.'®
PDV is able to measure a broad range of particle velocities
(several m/s up to km/s), with high accuracy (£0.1%) which
is comparable to or even superior to that of a VISAR.? Addi-
tionally, the 1550 nm wavelength laser source used in PDV, in
contrast to the visible light used in other interferometry tech-
niques, results in a lower beat frequency and enables the use of
lower frequency digitizers than required for the conventional
NDI/TDI or VISAR.

The present paper describes the design and implementa-
tion of a compact all fiber-optic-based heterodyne displace-
ment interferometer to measure the combined normal and
transverse displacement particle motion of the free surface
of the target plate. This fiber-optics-based interferometer has
many of the advantages of both the conventional NDI/TDI and
VISAR, while avoiding major disadvantages of the individual
systems such as set-up time, cost, maintenance, and size. A
brief description of the conventional PDV and the combined
normal and transverse displacement interferometer is provided
in Section II. Section III presents the design and implementa-
tion of the new all-fiber-optic-based NDI/TDI developed in the
present study, followed by an analysis of the performance and
performance-limits of the system. Finally, experimental data

Published by AIP Publishing.
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and results from a series of two symmetric oblique plate impact
experiments are presented in Section IV, to demonstrate the
ability of the new fiber-optic-based combined NDI/TDI.

Il. BACKGROUND

A. The conventional photonic Doppler
velocimeter (PDV)

The conventional PDV, also known as heterodyne
velocimetry, is fundamentally a fiber-based Michelson inter-
ferometer. In essence, the technique involves combining a
reference beam with a Doppler shifted beam to create beat
frequency variations, which are analyzed to obtain the particle
velocity time-history of a point in shock-wave experiments.
The original PDV, developed by Strand er al.,} was built
using off-the-shelf components used by the telecommunica-
tion industry; this design is shown schematically in Fig. 1. A
1550 nm fiber laser is used to illuminate the target, and sin-
gle mode fibers are chosen to transport the laser light through
each component of the system. The interferometer also makes
use of an optical component called a three-port circulator. The
circulator allows light emitted from Port 1 to exit from Port 2
and light from Port 2 to exit from Port 3 while preventing back
reflection. Using these three main optical components, the sys-
tem functions as follows: laser-light from a fiber-coupled laser
is made to pass through a circulator onto a focusing probe via
single mode optical fibers. The probe serves as both a source
and collector of light and directs the laser beam onto a point
on the target surface. The Doppler shifted light from the tar-
get surface is transported back into the optical fiber; the beam
enters the circulator through Port 2 and leaves the circulator
through Port 3, where they are combined to form a beat signal,
attenuated, and then sent to the detector.

The resultant time dependent intensity, /(¢), measured by
the detector is given by®

I(0)=1, + Iz + Iy sin [ f, (1) + ¢], (1)

where Iy and I; are the intensities of the non-Doppler shifted
light and Doppler shifted light, respectively, and ¢ is the rela-
tive phase between the two. The frequency of the beat signal
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fp(t) is given by the absolute difference between the reference

and Doppler shifted (target) beams and can be expressed as

vy (1)

c

fo)=2 [ ]fo, @)

where v,(¢) is the normal velocity of the target reflective sur-
face, and c is the speed of light. Using the relationship between
the speed and wavelength of light, Equation (2) can be written
as

Ao
v (1) = jfh (), (3)

where A, is the wavelength of the fiber laser. Equation (3) is
used to determine the velocity of the target surface from the
frequency of the beat signal. As stated above, the frequency
of the beat signal is determined by the absolute value of the
difference between the reference and Doppler shifted beams,
so PDV does not respond differently to forward or backward
motion of the target plate and can only sense normal motion.

B. Combined normal and transverse displacement
interferometry (NDI/TDI)

The TDI/NDI was developed by Kim et al.'° to monitor
the combined normal and transverse displacement motion of
a target surface from oblique plate impact experiments. The
interferometer utilizes an array of mirrors, beam splitters, and
photodiodes along with an optical table in order to manipulate
the target and the reference beams. The system makes use of
two m-th order diffraction beams from a holographic grating
on the surface of the target. A schematic of the conventional
combined NDI/TDI is shown in Fig. 2. The diagnostics related
to transverse displacements is a result of intensity variations
caused by the superposition of the two symmetric +m order
diffraction laser beams making an angle 6,, with the incident
beam, satisfying the equation

dsing,, =mA, “4)

where d is the pitch of the grating, and m is the order of the
diffracted beams.'?

v(t)

FIG. 1. Shows a schematic of the original fiber-optics
based Photonic Doppler Velocimeter (PDV) developed by
Strand et al. In this configuration, the fiber-coupled probe
is used to deliver a reference beam to a moving target
and also capture the Doppler shifted beam reflected from
the rear surface of the target. The Doppler shifted beam
is combined with a reference beam which is provided by
back reflection from the rear surface of the probe and
creates a beat frequency.
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FIG. 2. Shows a schematic of the con-
ventional transverse displacement inter-
ferometer developed by Kim et al.'®
Here a pair of m-th order diffracted
beams generated from a holographic
grating fabricated on the surface of the
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The electric field associated with the two +m order diffrac-
tion laser beams reflected from a moving target surface can be
represented as

E} (O, 1) = A}, [explikv, (£) (1 + cosBy,)
+ kv, (£)sind,, — wt — 7)) 1], 5)

E, (Om,t)=A,, [exp{i(kv, () (1 + cosby,)
— kv, (t)sind,, — wt — ;) 1], (6)

where k is the wave number of the laser light being used, w
is the wave frequency, and v,(¢) and v,(¢) represent the nor-
mal and transverse components of motion, respectively. The
time dependent intensity to which a detector responds to the
superimposed beam is given by

I(t)=I" +1" +2VI*I-cosfBcose (1), (7

where S is a constant angle between the direction of polar-
izations of the beams and ¢ (¢) is the time dependent phase
difference. Given that the phase change of the beams caused
by the components of motion is symmetric, the absolute dif-
ference in phase between the two diffracted beams can be
expressed as

|Ag (1)] = 2kv, (1) sin G, ®)

Using Egs. (4) and (8), the transverse displacement per fringe
can be expressed as
V[(t) _ d

F(t) 2m’ ©)

Source Laser

Circulator

Varlable Ratio Coupler: st Order +

BS: .,
—
V
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frequency.

where F(t) refers to the number of fringes. Equation (9) can
then be used to determine the complete transverse displace-
ment history of the target free surface under oblique plate
impact loading conditions.

lll. DESIGN AND IMPLEMENTATION
OF THE ALL-FIBER-OPTICS HETERODYNE
COMBINED NDI/TDI

The all fiber-optics NDI/TDI described in the present
paper incorporates the principles from those developed by
Strand et al.® in their original PDV design and those devel-
oped by Kim et al.'” in the conventional NDI/TDI. This
implementation is shown schematically in Figure 3; shown
in blue is the channel for the normal motion diagnostics
and in red is the channel representing the transverse motion
diagnostics. The various optical components of the system
are described in Subsections III A and III B on normal
displacement motion and the transverse displacement
motion.

A. Normal displacement motion

In order to monitor the normal component of the particle
displacement motion, a beat signal is formed by the superpo-
sition of a reference beam from a stationary optical reflector
and a Doppler shifted beam reflected from the surface of the
target plate. A 2W Erbium fiber coupled laser (IPG Model
ELR-2-1550-LP-SF) is used to transport light through a cir-
culator (Thorlabs 6015-3-APC), which allows the passage of

Moving Target
l FIG. 3. Schematic of the all fiber-optics combined nor-

£ Diffracted mal and transverse displacement interferometer system.
I \\I This design takes advantage of the all-fiber-optics normal
/Reference displacement interferometer leg (shown in blue) to both
l deliver the reference beam to rear surface of the target and
Circulator U(t)T create first order diffracted beams. These diffracted beams
OPM Anenuator 1st Order - .. .
Circulator Diffracted are then captured via fiber coupled collimators and travel

Attenuator | | Attenuator

Reﬂector

through the all-fiber-optics transverse displacement inter-
ferometer leg (shown in red) where they are combined
to create a beat frequency proportional to the transverse
displacement history.
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light to and from the target while preventing any back reflection
of stray light. The light transported through the circulator is
split by a variable ratio coupler (Newport F-CPL-1550-N-FA)
to illuminate an optical focuser probe (PM Optics, ~70 um
beam size, ~9 mm working distance) and an optical reflec-
tor (EigenLight R-15). The optical probe focuses light to a
spot on the target plate and also captures the Doppler shifted
light beam reflected from the surface of the target during its
normal motion. This Doppler shifted beam is combined with
the reference beam to form a beat signal. This phase mod-
ulated beam travels through Port 2 of the circulator and out
through Port 3, where it is attenuated (Eigenlight IS08-01-15-
15) and monitored via an optical power monitor (OPM) model
(Eigenlight M520-20XX0-15-15) to ensure that the beam
does not exceed the power threshold of the detector (New-
port 1554-B). The signal is then sent to a high sampling rate
and wide-bandwidth digitizer. Finally, after data manipulation,
Eq. (3) is used to determine the normal component of the com-
bined normal and transverse displacement motion of the target
plate.

B. Transverse displacement motion

The transverse component of the displacement motion is
monitored by capturing the first order beams, diffracted from
a high frequency holographic diffraction grating fabricated
on the target free surface, and superimposing the diffracted
beams to form a beat frequency. The optical focuser probe,
which is illuminated by a 2 W erbium fiber coupled laser,
focuses a spot on the grating at the target free surface. The
holographic grating diffracts the incoming beam into multi-
ple symmetric higher order beams according to the diffraction
law (Eq. (4)). Since first-order beams are of the highest inten-
sity, these are captured and collimated into fibers using two
fiber optic collimators (PM Optics, ~240 um beam size, ~20
mm working distance). Symmetrically diffracted beams from
the collimator travel through a pair of circulators which share
a port. This allows for the individual beams to be combined
via a fiber coupler without creating any backwards reflection,
which could result in loss of contrast as well as generation of
ghost fringes due to multiple beam reflections in the optical
fibers. The beams are combined using a 50/50 coupler (OZ
optics FUSED-12-1550-9/125-50/50-3A3A3A-1-1) and form
a beat signal which can be attenuated and then detected. The
frequency of the beat signal here is directly related to the
transverse component of the motion of the target by half of
the pitch of the reflective grating. This signal is then stored
and monitored with a digitizer and later analyzed to determine
the transverse motion. Finally, after signal processing, Eq. (9)
can be used to determine the transverse component of parti-
cle velocity of a point on the target surface from the digitized
fringe data.

IV. SYSTEM SPECIFICATIONS AND LIMITATIONS

In the implementation of the all-fiber-optics NDI/TDI
interferometer, a continuous 1550 nm wavelength infrared
laser is utilized. The line widths of the infra-red laser are as
narrow as 50 kHz, which corresponds to a coherence length of
6000 m. The other critical optical component is a three-port

Rev. Sci. Instrum. 88, 033108 (2017)

circulator, which has a high efficiency (0.85) for transport-
ing light from Port 1 to Port 2 and Port 2 to Port 3, while a
very low efficiency (<107°) for transporting light in any other
direction.® By using single-mode optical fibers (Corning SMF-
28), the system described here is a complete fiber-coupled
design without any air-transport of the laser beam, except from
the fiber-optic probe to the target surface. These components
are connected by the FC/APC (fiber channel/angled physi-
cal contact) or FC/UPC (fiber channel/ultra-polished physical
contact) connectors, which give low back-reflection and inser-
tion loss, so that the overall efficiency of the system is high.
The input power from laser is limited by the maximum power
limit of the circulators at about 0.5 W. For the experiments
conducted in the present study, a laser power of ~0.3 W is
used to avoid overdriving the circulators. To improve the sig-
nal to noise ratio of the transverse displacement fringes, we
utilize an external digital DC amplifier to provide approxi-
mately 25 uW of light power at the detector, which results in
fringes with ~160 mV amplitude at the digitizer. For the case
of the normal displacement interferometer, the variable ratio
coupler is optimized to yield a high fringe signal to noise ratio
without exceeding the saturation limit of the detectors, i.e.,
700 puW.

The Tektronix DPO70404C digitizer used in the present
experiments has an ultra-wide bandwidth of 4 GHz with a
record length of 1.25 ms at 25 GS/s sampling rate. Moreover,
the maximum particle velocity that can be measured by each
individual channel in this system is limited by the combined
bandwidth of the 12 GHz detector (with built in amplification)
and 4 GHz digitizer used in the system, resulting in an equiva-
lent transmission bandwidth of 3.795 GHz, which corresponds
to ~2900 m/s measurable particle velocity limit for normal
motion diagnostics, and ~3800 m/s for transverse motion diag-
nostics.® Digitizing a 3.795 GHz signal of a moving target at
2900 m/s in the normal direction, or 3800 m/s in the transverse
direction, and sampling at 25 GS/s provides over 6 data points
per fringe, which is sufficient to carry out the data analysis to
obtain the free surface displacement versus time history with
the desired accuracy.

V. PROOF OF PRINCIPLE EXPERIMENTS

To demonstrate the working capabilities of the all-fiber-
optic NDI/TDI diagnostic system, a series of two symmetric
oblique plate-impact experiments are conducted using the 82.5
mm bore single-stage gas gun?!~2° at the Case Western Reserve
University. The schematic of the experimental configuration is
shown in Fig. 4. This configuration, which is a modification of
the experiments conducted previously for studying dynamic
frictional slip resistance of metals,''?’~> involves the oblique
impact of a flyer plate, carried by a sabot and accelerated with
compressed nitrogen gas, with a stationary target plate. The
two impacting plates are flat and parallel and inclined at an
angle of 22° relative to the direction of approach. The impact
is made to occur in the target chamber evacuated to a pressure
of less than 100 mTorr. The inclination of the flyer and target
plates ensures the generation of both the normal and transverse
components of particle motion at the rear (free) surface of
the target plate. This motion is monitored using all-fiber-optics
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FIG. 4. Schematic of the symmetric
oblique plate impact experimental con-
figuration used in the present study.

Normal and Transverse
motion diagnostics
with Heterodyne Techniques

TABLE I. Selected physical, mechanical, and thermal properties of annealed (as received) AISI H13 tool steel.

Compressive Longitudinal wave  Shear wave
Density  Elastic modulus strength Shear modulus speed speed
Material (Kg/m3) (GPa) (GPa) (GPa) (m/s) (m/s)
AISI HI3
tool steel 7760 215 0.75 84 6025 3290
(annealed)

NDI/TDI diagnostic interferometer; it should be noted that
an additional amplifier (Stanford Research SR445A Quad
350 MHz RF preamplifier) was utilized for 5X gain in the
transverse motion diagnostic channel prior to recording. This
limited the equivalent transmission bandwidth of the trans-
verse motion diagnostics channel to 349 MHz, which corre-
sponds to ~349 m/s measurable transverse particle velocity
limit. The measured displacement versus time history can be
time-differentiated to yield the particle velocity versus time
profile using an in-house developed data analysis program in
conjunction with the commercial package MATLAB.

In the two symmetric oblique plate impact experiments
reported in the present study, the impact velocity of the flyer
plate is controlled to be approximately 69 m/s and 126 m/s,
while the skew angle is maintained at 22°. The flyer and tar-
get plates are flat disks with diameters of 76.2 mm and 41.3
mm, respectively, and are machined from a 76 mm diameter
annealed H13 tool-steel rod. Selected physical and mechan-
ical properties of annealed H13 tool-steel are provided in
Table I.

To ensure the generation of plane-waves with a wave front
parallel to the impact interface, both sides of the flyer and tar-
get disks were ground flat to within 12 pym and then lapped
to within 2-3 Newton’s rings across the diameter. Lapping is
performed on a Lapmaster 15 machine using 15 ym alumina
powder in mineral oil. Moreover, the flyer and target plates are
aligned to a parallelism of within 5 x 107 rad, using a preci-
sion optical prism in conjunction with an auto-collimator.’*-3!
A 500 lines/mm holographic diffraction grating is fabricated
on the rear surface of target plate via photolithography using
Shipley’s 1805 series photoresist and CD-26 developer; the
grating enables generation of first order diffracted beams at

~50.8°, which are used for transverse motion diagnostics. All
measurements of the normal and transverse components of
particle velocity at the rear surface of the target plate are
made before the arrival of the unloading waves from the lat-
eral boundaries at the monitoring point. In view of this, and
during the time interval of interest, the impacting plates can be
considered to be essentially infinite in their spatial dimensions.

To estimate the arrival times of the longitudinal, trans-
verse, and the unloading waves (generated during impact), at
the monitoring point on the free surface of the target plate,
a time versus distance diagram for elastic wave propagation
in both the flyer and the target plates is used; the diagram
is shown schematically in Figure 5. The elastic longitudi-
nal wave arrives at the free surface of the H13 tool-steel
target plate at approximately 1 us after impact and is fol-
lowed by the transverse wave at ~1.82 us. The unloading
waves from the lateral boundary of the target plate arrive at
the monitoring point at ~3 us. The arrival times of these
waves allow for a window time of ~2 us for recording the
longitudinal motion and ~1.16 us for recording transverse
motion.

VI. RESULTS AND DISCUSSION

Figure 6 shows the raw digitized fringes corresponding to
the normal and transverse particle displacement motion of the
free surface of the target plate measured by using the newly
implemented all-fiber-optics-based NDI/TDI. The experiment
was conducted at an impact velocity of 69 m/s, which is just
over the limit for fully elastic response of the annealed H13
tool-steel. The solid black line shows the fringe record corre-
sponding to the recorded normal particle displacement motion,
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FIG. 5. Time versus distance diagram showing wave propagation in the flyer
and target plates as a result of symmetric oblique plate impact assuming
perfectly an elastic material behavior.

while the data in red show fringe data corresponding to the
transverse component of the particle displacement history.

At the arrival of the longitudinal wave, which occurs at
~1.016 us, the beat signal variations in the normal particle
displacement channel correspond to the normal motion of the
free surface of the target. After the arrival of the longitudinal
wave, a slowly varying region can be seen in the transverse
displacement fringe record, which corresponds to a relatively
low transverse motion caused by flyer-target plate misalign-
ment (tilt) at impact; this also demonstrates the insensitivity of
the transverse motion diagnostics to normal motion. Only at
the arrival of the transverse wave, which occurs at ~1.838 s,
high frequency beat variations are observed in the trans-
verse displacement fringe record. These fast beat frequency

14

| | Symmetric Oblique Plate Impact
Flyer/Target Material: H13 Tool Steel (annealed)
Impact Velocity: ~ 69 m/s; Angle of Impact: 22°

Normal motion diagnostics

Arrival of longitudinal
[~ wave at free surface
~1.016us ‘ ‘
‘ |

N
N

Beat Amplitude (V)

Arrival of shear wave
at free surface
08} ~1.838us

i

Transverse motion diagnostics

e s
0 0.5 1 1.5 2 25 3 35

Time after Impact (us)

FIG. 6. Shows the beat signal variation at the arrival of the longitudinal and
shear waves at the free surface of the target plate monitored via the new imple-
mented all-fiber-optics heterodyne combined NDI/TDI. The figure shows that
the all-fiber-optics transverse displacement diagnostics is insensitive to normal
motion, as seen by the slowly varying region in the all-fiber-optics transverse
displacement fringe signal before the arrival of the shear wave at the target
free surface.
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variations are sustained throughout the entire time window
(duration) of the experiment, which corresponds to a normal
motion of ~200 um of the target surface.

It is to be noted that the beat frequency variation in the
normal displacement fringe record is much greater than for the
transverse displacements fringe record; this is to be expected
since the beat frequency due to the normal displacement inter-
ferometer is a factor of d/A ~ 29% greater than that for the
transverse displacement interferometer for the same particle
velocity, and because for this particular experiment, the nor-
mal component of the particle velocity is ~92.7% of the sabot
velocity while the transverse component is only ~37.5%. Also,
as observed in Figure 6, the fringe contrast (i.e., amplitude) of
the transverse displacement fringes attenuates with time; this
attenuation can be attributed to the limited depth of field of
the dispensable fiber-optics probes used in the present experi-
ments. From the fringe data, a maximum measurement depth
of field can be estimated as ~350 um, which is the product of
the longitudinal particle velocity (65 m/s) and the time from
the arrival of the longitudinal wave at the target free surface
to where the signal amplitude is unrecognizable from noise
(5.385 us).

Figures 7 and 8 show the normal and transverse compo-
nents of the free-surface particle-velocity versus time profiles
measured on the rear surface of the target plate for the two sym-
metric oblique (22°) plate impact experiments conducted in the
present study. In both experiments, annealed H13 tool steel was
utilized for the flyer and target plates. The impact velocity of
the experiment shown in Fig. 7 was 69 m/s while for the one
shown in Fig. 8 was 126 m/s. Under these impact conditions, in
both experiments, the annealed H13 tool-steel flyer and target
plates are expected to become elastic-plastic during impact.
The longitudinal and transverse wave fronts are observed to
arrive at the target free surface at 1.016 us and 1.838 us,
respectively, for experiment Shot 1 and at 0.95 us and 1.87 us
in experiment Shot 2. The dashed lines show the expected
normal and transverse particle velocity levels assuming that
both the H13 tool-steel flyer and target plates remain perfectly
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FIG. 7. Normal and transverse components of the free surface particle veloc-
ity measured at the free surface (rear) of the target plate using the all-fiber-
optics combined NDI/TDI diagnostic system for the symmetric oblique plate
impact experiment conducted at 69 m/s impact velocity.
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FIG. 8. Normal and transverse components of the free surface particle veloc-
ity measured at the free surface (rear) of the target plate using the all-fiber-
optics combined NDI/TDI diagnostic system for the symmetric oblique plate
impact experiment conducted at 126 m/s impact velocity.

elastic during impact; these are 65 m/s and 26 m/s, respectively,
for Shot 1, and 117 m/s and 47 m/s, respectively, for Shot
2. In both experiments, the measured normal particle veloc-
ity profiles are observed to approach their respective elastic
prediction levels during the window time of the experiments.
Moreover, the normal particle velocity profiles show a distinct
knee at approximately 58 m/s. This knee in particle velocity
profile corresponds to a stress level of 1.35 GPa and repre-
sents the dynamic strength of annealed H13 tool steel under
the applied multiaxial combined pressure and shear loading
conditions. In both experiments, the transverse waves trail the
longitudinal wave front in the target. Since the H13 tool-steel
target is in its elastic-plastic state, these trailing transverse
waves essentially probe the elastic-plastic state of the shocked
material. As expected, the amplitude of the transverse wave at
the wave front is higher for the case of the lower impact veloc-
ity (69 m/s) experiment when compared to the amplitude in
the higher impact velocity experiment (126 m/s) because of the
much higher levels of inelasticity present in the H13 tool-steel
target in the higher impact velocity experiment. Also, from the
transverse particle velocity profiles, considerable shear strain
hardening can be observed.

VIl. SUMMARY

In the present study, a compact fiber-optics-based hetero-
dyne combined NDI/TDI is developed to monitor combined
normal and transverse particle motion in shock wave experi-
ments. This diagnostic tool utilizes similar principles to those
of the conventional PDV and transverse displacement inter-
ferometer to capture symmetric diffracted beams from a holo-
graphic grating at the target surface and deliver them past
circulators where they are combined to form distinguish-
able beat frequency variations. Similar to the PDV, this new
fiber-optic-based combined NDI/TDI system has many of the

Rev. Sci. Instrum. 88, 033108 (2017)

advantages of both the traditional NDI/TDI and VISAR, while
avoiding major disadvantages of the individual systems such
as cost, maintenance, and size. The limiting bandwidth of
this all-fiber-optics heterodyne combined NDI/TDI system is
3.795 GHz, which corresponds to a maximum measurable
velocity of 2900 m/s for normal motion and 3800 m/s for
transverse motion. A series of two proof-of-principle sym-
metric oblique plate impact experiments were performed to
demonstrate the feasibility of this newly implemented diagnos-
tic tool in the measurement of combined normal and transverse
displacement motion.
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