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Abstract. Photon Doppler velocimetry (PDV) has become a standard diagnostic in impact and shock experiments, due to its
relative flexibility and ease in alignment compared to other optical diagnostics. The conventional approach to fielding PDV
in plate-impact experiments is to place probes directly down-range from the projectile and target. In experiments such as
these, probes are almost certainly destroyed, resulting in significant replacement cost particularly when multiple probes are
used. To overcome these shortcomings, a free-space optical relay system has been developed to focus multiple channels of
PDV from outside an experimental tank onto a target of reduced size than the probe array. This system has been successfully
tested on plate-impact experiments measuring a Hugoniot state of polycrystal tin, and the peak elastic stress and spall strength in
6082 aluminium alloy, in both cases adding information about the shock tilt to the experimental data generated.

INTRODUCTION

First proposed by Strand et al. [1, 2], photon Doppler velocimetry (PDV) has become a standard diagnostic fielded in
high-rate and shock experiments to measure the motion of a surface in a time-resolved fashion. Based on the Doppler
shift of laser light reflected from a moving surface, PDV has been shown to provide a robust and flexible method
of measuring velocity in the direction of the probe on a range of surface types, with tailorable velocity sensitivities,
and across various timescales depending upon the limiting sampling rate of recording systems [3, 4].

Despite a wide range of configurations, PDV is typically fielded using optical probes or bare fibres to
convey laser light to, and collect said light from, the measurement surface over relatively short stand-off distance
[3]. While this is a convenient and reliable method of fielding PDV, it can prove costly when fielding multiple
probes that are often destroyed in impact tests. Additionally, the size of the probe body used can place physical
limits on the spatial arrangement of measurement points on the diagnosed surface.

Optical methods can be used to direct and focus multiple channels of PDV, improving the capabilities of the system
at the expense of simplicity. For instance, a significant body of literature [5-10] has been devoted to
developing fish-eye lenses to focus multiple channels from a single fibre bundle onto the inner surface of a curved
bowl. As the surface implodes under an explosive driver, the collapse can then be measured at a number of points
on the surface. In other examples, lens pair systems have be used to extend the distance between probes and the
target. In work by Kaufman ez al. [11], a 1:1 magnification double lens relay is used to remove the probes from
the impact axis in gas-gun driven experiments by reflecting the lasers onto the measured surface using a pellicle
beamsplitter. This helped avoid a secondary impact with the probes and their mounts, thereby facilitating clean
recovery of the target for post-shock analysis. A lens pair system has also recently been used by Yang et al. [12] to
focus eight channels of PDV onto a line along a target. This system scales-up (magnifies) the array meaning the
points on the target are less tightly-packed than at the originating probes. Thus the probes are aligned as a group
bundle.

In this paper, we describe an optical relay to focus the output for multiple PDV probes from outside an experimental
tank onto a target smaller than the probe array. This means not only are the optical components reused in multiple
experiments, but also that the probes can be kinematically mounted and fine-tuned with relative ease compared to
an array of the same size as the target. By exploiting a simple 4f double-telecentric design to focus the array of
probes, the cost of fielding PDV is reduced, with only a single mirror lost in each experiment. The use of the double-
telecentric design also ensures the magnification is unchanged with target stand-off or motion. This array has been
demonstrated on two plate-impact experiments, to gather surface velocities from an array of target points of interest,
and to simultaneously diagnose impact tilt from differences in shock break-out time.
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FIGURE 1. Schematic representation of rays in the double-lens PDV relay. By placing the components on their
focal lengths, a central region with parallel rays is created between two regions with parallel beams. Symmetry can
then be exploited to focus a large array of probes onto a small target. In the real design, mirrors are placed at the
marked locations M1 and M2 to remove the components from the path of debris created in the gas-gun experiment.

DOUBLE TELECENTRIC LENS DESIGN

The principle behind a double telecentric lens is relatively simple. By placing lenses and other optical elements spaced
by their respective focal lengths (f), a robust relay is produced, shown in Figure 1. Note the parallel beams between
the probes and lens 1 and between lens 2 and the target, while between the two lenses the rays in each beam are
parallel and unfocused. Due to the symmetry of this central region, using lenses of different focal lengths results in
a magnification (target PDV point spacing to probe spacing ratio) given by the ratio of the focal lengths of the two
lenses. This design is relatively robust, with an image plane formed reliably in the desired location. The optical axes of
the parallel beams are also perpendicular to the target meaning the system is optimally configured to collect sufficient
return signal with only minor adjustments. Importantly, the parallelism of probe optical axes minimise relative shifts
in measurement location throughout rear surface motion, an issue often associated with non telecentric imaging relays.

Practical setup

The practical setup of this telecentric lens system is shown in Figure 2 prepared for use in a plate-impact experiment
on a single-stage gas gun. As shown, a mirror is used behind the target to remove most of the costly components from
the path of the gas gun (M2 position in Figure 1). This mirror is mounted on a kinematic mount and a manual linear
stage to align the beam path to the target. Due to the dimensions of the array, the second lens and probes can therefore
be mounted outside the target tank, requiring a wedged window into the tank to remove back-reflections from the
primary beam path. The wedged window and both lenses are all anti-reflective coated for the 1550 nm laser used
by the PDV system. A second mirror (M1 position in Figure 1) is used outside the tank so the external components
run parallel to the wall of the tank. Cage systems are used to ensure the lenses and probes can easily be moved
parallel to the beam path. The probes are mounted in kinematic mounts on a 3D-printed block designed to fit the cage
system. This gives a fine degree of angular and spatial positioning. To improve the economy of the design, pigtailed
collimators are used instead of focusing probes, with half their ideal coupling length used as the focal length of the
probe in Figure 1.

Aligning and visualising the array

Due to the requirement for the optical path to be formed perpendicular and central to the target, aligning the system
requires two main steps. Firstly, the cages and mirrors are aligned to a laser shone centrally down the barrel from the
breech end. The spacing of the lenses and probes are taken along this laser path. After this the lenses and target are
mounted, and the radial probes fine-tuned to ensure a return path.
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FIGURE 2. Picture of practical setup mounted onto a single-stage gas gun target tank.

By following these steps, the probes are reliably aligned to the centre of the target. However to ensure the PDV
probes are correctly positioned, and in order to measure the spacing for the tilt analysis, the position can be visualised.
To do this, two methods can be used. The simplest method to visualise the laser points is to use a visible-light laser,
rather than the 1550 nm wavelength of standard PDV. However, the refractive index of the fused silica lenses varies
with wavelength, meaning the paths are different for each wavelength. Alternatively, a pellicle beamsplitter can be
inserted into the beam path, and a camera sensitive to both visible and infrared light used. While the beamsplitter will
perturb the beam path slightly, this system allows for head-on visualisation as shown in Figure 3b. From this image
the pitch circle diameter of the radial probes can be measured, with the result of 13.5 mm in the example shown,
corresponding to the probe pitch circle diameter multiplied by the magnification.

EXPERIMENTAL APPLICATION

Plate impact experiment to measure a Hugoniot state of tin

The telecentric PDV imaging system has been demonstrated on two separate plate impact experiments showcasing its
utility in measuring impact tilt and shock state, as well as detecting the onset of radial release. A “top hat” geometry
with a C101 copper driver and 5N tin sample is shown in Figure 3a. The three radial probes have been used to quantify
the arrival time in the tin, as well as the arrival tilt, while the central probe was used on the rear surface of the tin
to measure break out, with the resulting velocity histories calculated using the short-time Fourier transform approach
and plotted in Figure 4a. From this, the shock wave speed and particle velocities can be determined, enabling other
state information including the density and pressure to be calculated using the Rankine-Hugoniot jump conditions
[13]. Assuming the isentrope does not significantly deviate from the Hugoniot, the internal particle velocity is half
the peak release velocity on the free surface, with Figure 4a giving an internal particle velocity of 543 ms~!. Taking
arrival times from the 50 % threshold of each wave, and taking the mean arrival time of the radial copper probes gives
a shock wave speed of 3330ms~!. An initial density of 7.29 gcm™ results in a pressure of 13.2 GPa and a relative
volume of 0.837. This pressure-volume pair is plotted alongside literature values in Figure 4b. Similarly, the shock
arrival times can be found on the copper driver using the radial probes. These can be directly used to determine the
tilt of the shock wave as it enters the sample [14], which in this case is found to be 3.1 mrad.
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(a) Schematic geometry of the top hat experiments, show-
ing the copper flyer striking a copper impact plate to enable
a Hugoniot state measurement in the tin sample

FIGURE 3. A top hat experiment can be used to measure the shock wave speed and magnitude in order to determine

(b) A composite image visualising the PDV points (recoloured
red) on a “top-hat” sample using a camera sensitive to vis-
ible light and 1550nm. The central probe on the sample
(#11.00mm) and three radial probes focused on the driver
plate can be seen. An image of the target on the barrel-interface
plate is inset.

Hugoniot state information. Knowing the spacing of the PDV points is key to measuring the impact tilt.
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(a) PDV velocity traces, with Ch1, the central channel, show-
ing the breakout on rear surface of the tin sample, and channels
2-4 showing the radial breakout on a copper transmission plate.
The impact tilt can be determined from the relative timing be-
tween these radial channels.
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(b) Pressure vs. relative volume data determined experimen-
tally using the PDV relay compared to literature values [15-18].
The Hugoniot shown is calculated from Birch-Murnighan pa-
rameters published by Mabirre and Héreil [19].

FIGURE 4. Experimental data from a “top-hat” plate-impact experiment of a polycrystal tin sample.
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Plate impact experiment to measure the shock properties of an aluminium alloy

In order to further demonstrate the viability of the telecentric PDV image relay, we also present velocity histories
obtained during a typical spall experiment. The relative dimensions were chosen to cause radial release of the outer
radial array of 3 probes and hence challenge the optical efficiency. The spall experiment employed a symmetric impact
of Al 6082-T6 aluminium alloy, and the impact speed is 353 ms~!. From the PDV data, the peak elastic stress O,
initial plastic strain rate of shock &, [20], spall strength G, and spall pullback strain rate & can be calculated based
on the rear surface velocity [21-23] .
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FIGURE 5. PDV velocity traces, with Ch1-4 showing the velocity of rear surface of Al6082-T6. The Chl shows
the central channel. Due to lateral release from the edge of the sample, the three radial probes, Ch2-4, detect release
earlier than the center signal Chl.

The rear surface velocity is shown in Figure 5. Due to the tilt of the impact, the four probes detect the arrival time
in sequence, with the tilt found to be 0.75 mrad. Taking a literature value of density for AI6082 alloy of 2.70 gcm ™3
and longitudinal sound speed of 6400 ms~! [28], gives a Hugoniot elastic limit of 0.68 GPa. The time taken for the
change of particle velocity from u g min to 2u gmin during the main shock wave gives an initial plastic strain rate of
4.98 x 10° s~! following the approach of Smith et al. [20]. These results are plotted against literature values in Figure
6a.

In addition to the differences in the arrival time of the elastic precursor, it is also noted that the release from the
peak shock state is different between all four probes, due to the three radial probes detecting the lateral release at
different times. This serves to demonstrate the robustness of the optical relay to non-planar motion, where despite
the lengthened optical path, adequate signal collection was maintained. The central channel, channel one, was in
the centre of the sample where lateral release would arrive the latest at ~1.81 ps, long after the signature of spall
following longitudinal release has arrived at the free surface. Analysing the spall pull back, the initial rear-surface
velocity is 336 ms~!, dropping to a minimum of 150 ms~', giving a spall strength [29, 30] of 1.75 GPa and a spall
pullback strain rate [22, 23] of 4.56 x 10*s~! . Due to a lack of literature data of A16082-T6 spall, these results are
compared to spall data for A16061-T6, an aluminium alloy with a very similar composition and therefore mechanical
properties to Al6082-T6, calculated by Grady [27]. The definition of strain rate used by Grady is determined by the
approximate pulse duration at the flyer-sample interface, which in the case of the experimental results presented here,
is found to be 8.4 x 10*s~!, shown in Figure 6b. It is found that the AI6082-T6 material has a higher spall strength
than A16061-T6 at the same strain rate.
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sured by Jonsson [14].

FIGURE 6. Data from plate-impact spall experiments with an aluminium alloy sample.

CONCLUSION

A powerful but economical method of fielding multiple channels of PDV on small targets in gas gun-driven experi-
ments has been demonstrated. This system uses a pair of lenses in a double-telecentric style design to relay and focus
an array of probes onto the target, enabling multiple probes to be kinematically mounted outside the experimental
tank. This enables the measurement of surface velocity on multiple points on the target, giving a wealth of data,
including impact tilt, surface and shock speed velocities. By demonstrating these capabilities on a “top-hat” plate
impact, a Hugoniot state measurement was made, while spall experiments using this system measured the peak elastic
stress and spall strength. As a result, this approach has the capacity to be a beneficial development for conventional
PDV systems in a wide range high-velocity experiments beyond the plate impact equation of state measurement and
spall strength determination demonstrated here.
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