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Abstract

A millimeter-wave remote sensing technique is used here as a noninvasive and
continuous approach for the real-time measurement of shock wave velocity as well
as the velocity of the shocked dielectric material during an impact. Experimental
results obtained from planar symmetric impacts on PolyMethyl MethAcrylate (PMMA)
cylinders are discussed and demonstrate that the proposed millimeter-wave remote
sensing technique is highly convenient for deriving both the velocity of the shock
wave and velocity of the shocked PMMA material. The proposed approach is
applicable to any dielectric material subject to an impact and is an excellent candidate
for deriving the equation of state of shocked materials.

1 Introduction

During an high speed mechanical impact on a dielectric material, two velocities are
representative of the mechanical behavior of the material: the velocity of the shock
wave and the particle velocity, that is, the velocity of the material behind the shock
wave [1]. The measure of these quantities allows the determination of behavior laws
for shocked materials for simulation purposes. Fiber Bragg Gratings [2] and shorting
pins [3] are commonly used to measure the shock wave velocity, but such measurements
are invasive. The particle velocity after an impact is classically derived from laser
interferometry techniques [4], but the shocked material must be optically transparent.
The simultaneous measurement of the shock wave and particle velocities can be achieved
from X radiography [5], impedance matching [6] or electromagnetic particle velocity
gauges [7]. However, these techniques can probe only optically transparent materials,
may be invasive and/or require the knowledge of the dynamic properties of shocked
materials (see, e.g., [1]). Since the early 1950s, radio-interferometry techniques have
been applied to remotely investigate the shock wave velocity in dielectric materials
subject to an impact [8]. They consist of probing shocked materials with a radio-frequency
electromagnetic (EM) wave. The shock wave in such material acts as a semi-transparent
dielectric interface and causes the reflection of the incident EM wave. From the analysis
of the Doppler effect on the reflected wave, the shock wavefront velocity can be derived.
This remote sensing technique is non-invasive and may be advantageously used for
investigating physical or chemical phenomena in shocked materials during, for example,
the shock-to-detonation transition [9]. Such remote derivation of the shock wave velocity
is actually a well-known technique, but we show here that it is possible to extend
the technique for the simultaneous derivation of both the particle and shock wave
velocities without assumptions on the shocked materials permittivity. Indeed, as the
shock wave creates a moving semi-transparent dielectric interface in the materials, a
part of the incident EM wave is transmitted through this interface. This transmission
allows sensing the shocked material behind the shock wave and consequently, may be
used for measuring the particle velocity from Doppler effect on the reflected wave.
Using such EM sensing approach, first attempts for deriving both the particle and



Figure 1: Photo of the experimental setup (detail) showing the PMMA cylindrical
sample under test, the conical Teflon applicator and the rectangular Teflon waveguide
(1.2mmx2.4mm). The applicator is used here to inject into the PMMA sample a
continuous millimeter-wave (94 GHz).

shock wave velocities have been reported in [10]-[12], but they required assumptions

on the permittivity of the shocked material. In this paper, the proposed millimeter-wave
sensing technique does not require the prior knowledge of the shocked materials permittivity
for estimating the particle and shock wave velocities in these materials. Experimental
results obtained from plane symmetric impacts on PolyMethyl MethAcrylate (PMMA)
cylinders are given for demonstrating that the proposed technique is highly convenient

for simultaneously deriving the two velocities in the shocked PMMA material.

2 Experimental setup and measurement results

The experimental setup consists of a PolyMethyl MethAcrylate (PMMA) target with an
aluminum coating at one side and a Teflon applicator at the center of the other side. The
aluminum coating is used here to ensure the total reflection of the EM wave transmitted
through the shock wavefront. The target is a PMMA dielectric cylinder of 30 mm in
diameter and 15 mm in thickness. The applicator is a dielectric (Teflon) cone of 80 mm
in length and 16 mm in diameter at its base. This cone is in contact with a dielectric
(Teflon) waveguide (1.2 mm x2.4 mm) of 5m in length. The waveguide is connected
to a millimeter-wave interferometer operating at 94 GHz. The setup is placed at the
muzzle of a light gas gun. At a time £3, a PMMA impactor (30 mm of diameter
and 15 mm of thickness) is propelled by using the expansion of a pressurized tank
of helium towards the dielectric material under test, with an impact velocity denoted
by Vimp. To the impact, a shock wave is generated in the dielectric material. The
physics of dielectric materials under shock loading is out of the scope of this paper and
is detailed, e.g., in [1]. The main phenomenon of interest here is the change in mass
density occurring when the generated shock wave propagates along the material. This
changes the permittivity and as a result, creates a moving dielectric interface inside the
material. When an electromagnetic wave (generated here by millimeter-wave source)
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Figure 2: Sketch of the experimental setup configuration—a: Impactor, b: Aluminum
coating, c¢: Target, d: Unshocked material, e: Shocked material, f: Shock wavefront,
g: Applicator, h: Rectangular dielectric waveguide of 5m in length, i: Rectangular
metallic waveguide, j: 94 GHz source, k: Laser interferometer, ‘Zmp: Impact velocity,

Vi: Shock wave velocity, Vy: Particle velocity

is incident upon this interface, the wave is partially reflected while the transmitted
wave propagates behind the shock wavefront and is reflected by the aluminum coating
deposited on the dielectric material under test. The dielectric applicator collects the
reflected EM wave, which reaches the millimeter-wave source after a propagation
along a dielectric waveguide. The mixing of the received signal with the transmitted
millimeter-wave signal is then performed to derive the baseband signal. This signal is
recorded with a sampling period of 0.4 ns. As the PMMA is optically transparent, a
laser interferometer with a collimating lens is placed on the same side as the dielectric
applicator, and is used to measure the particle velocity for comparison purposes. The
impact velocity Viyp is determined from recording the time of arrival of the projectile at
different points in the gun barrel by using optical barriers. The setup allows addressing
many impact velocities from 458 ms~! to 658 ms~! with applied pressure at the
impact ranging from 8 kbar to 12 kbar. Figures 1 is a photograph of the setup (the
gun barrel is at the right of the picture). The Teflon applicator and optical lens are
placed on one side of the dielectric material under test. The waveguide is embedded in
an insulating foam. Fig. 2 shows a sketch of the setup. In this figure, the dashed line
represents the shock front. The shock wave is generated at the impact of the impactor
on the aluminum coating. Fig. 3 shows the typical baseband signal reflected by PMMA
samples with Vi, = 520 ms~!. The impact time is ¢; ~ 218 us. The shock reaches
the rear of the sample at ¢ty ~ 222.5us. Two oscillations at frequencies f; and f,
(< f1) are clearly apparent in the measured baseband signal. These two frequencies
are estimated here using the Fast Fourier Transform (FFT) and curve fitting based on
the following profile:

U(t) = Ay sin (27 f1t + ¢1) + Aq sin (27 fat + 2) (1)

where A; and A, denotes (unknown) magnitudes, and o1 and 5 designates (unknown)
phases in the reflected signal. The unique step of FFT is not sufficient here to determine
these unknowns because of the very short measurement durations. Indeed, the transit
time of the shock wave in the dielectric material under test is shorter than the period of
the low frequency signal. Note that all experiments did not provide the two oscillations
reported in Fig. 3. Only one observation is observed when the amplitude of the EM
wave reflected by the shock wavefront is too weak to be detectable. We derived
empirically that two oscillations are apparent only if the mass density contrast, and



Figure 3: Amplitude of the signal reflected at 94 GHz by a PMMA sample subjected
to a shock loading with an impact velocity Vi, of 520ms~!. Two oscillations at
different frequencies are clearly apparent and allow deriving the particle and shock

wave velocities.

therefore the permittivity contrast, between the unshocked and shocked PMMA material
is at least 7.8%, corresponding to an impact velocity of, at least 520 m s~*. Moreover,
for impacts on an aluminum coating with a thickness of 200 nm, an oscillation is
observed before the impact. Assuming that this oscillation is related to the electromagnetic
reflection on the impactor surface, the velocity of the projectile in the gun barrel can
be estimated. As the aluminum thickness is smaller than the skin depth of 270 nm at
94 GHz, the incident EM wave is partially transmitted through the aluminum coating.
With a thicker coating of 600 nm, this oscillation is no more observable. Table 1 reports
the impact velocities derived from the analysis of the baseband signal. An excellent
agreement is obtained between the velocity estimated from optical barriers and one
derived from the proposed millimeter-wave remote sensing technique (the difference
does not exceed 3% for a measurement time of 10 ps). The larger uncertainty associated
with the Doppler measurement is due to the very short time measurement duration.
In addition, the particle velocity and the velocity of the shock wave can be derived.
As a matter of fact, from the FFT applied to the reflected signal and curve fitting
using eq. (1), the frequencies f; and f> of the two oscillations as well as the magnitude
ratio R, = As/A; can be computed. The results are reported in Table 2. As expected,
due to skin depth effect, the shots N°4 and N°5 obtained from two different thicknesses
of aluminum coating provide different magnitude ratios R,. In the next section, the
shock wavefront and the particle velocities are derived from these measurement results.



Table 1: Impactor Velocity derived from Optical Barriers and from Millimeter-Wave

Remote Sensing.

Shot’s Optical Barriers Doppler Coating
rank Measurement Measuremeflthickness
(ms™h) (ms™h) (um)
1 458 + 6 452 + 0.2
34.7
2 520 + 8 528 + 0.2
13.3
3 562 + 8 565 + 0.2
9.40
4 663+ 9 667 + 0.2
13.3
5 667 +9 not 0.6
measured

Table 2: The Computed Frequencies embedded in the Measured Baseband Signal and
Amplitude Ratio R,, for different Impact Conditions.

Shot’s f1(kHz)  fo(kHz) R, Mass
rank Density
Gradient
(%)
1 328045 183+0.3 29+1 6.7
2 328045 183+£0.3 29+1 7.8
3 3340414 179+2 2741 8.8
4 3330+16.8 22142  26+1 10.0
5 3290%17.8 2344+0.8 4741 10.0




3 Derivation of the shock wavefront and the particle
velocities from millimeter-wave remote sensing

The millimeter-wave electric field reflected by the dielectric materials under shock
loading combines mainly two contributions: the first contribution Eshock (z,t)is due to
the reflection on the shock front moving interface and, assuming that multiple reflections
inside the shocked sample are negligible, the second contribution Eparticle (z,t) originates
in the reflection from the impactor-dielectric material moving interface. The total
electromagnetic reflected field can then be approximated as follows:

E»,»(Z, t) = Eshock(27 t) + Eparticle (Z7 t) (2)
where the electric field reflected by the shock front interface is given by:
Espoct(z,1) = Ry Ee/*T/1t47¢1 3)

in which R; denotes the reflection coefficient on the shock wavefront moving interface,
and f; and o7 are respectively the frequency and the phase shift of the field reflected
by the moving shock wavefront. The second contribution to the total reflected field is
as follows:

Eparticle (Z7 t) ~ T1R2T2E‘ej2ﬂf2t+j¢2 (4)

where T and 75 are the transmission coefficients through the moving shock wavefront,
Rj is the reflection coefficient on the impactor-dielectric material interface, and f5 and
(o are respectively the frequency and the phase shift of the reflected electric field on the
moving impactor-dielectric material interface. The detailed computation of Doppler
frequency shifts and magnitude ratio R, allows the straightforward derivation of the
shock wave velocity Vj, the particle velocity V5 and the refractive index ny of the
shocked material, as follows:

_ ¢ h
o= ®)
_ ¢ fa—h
Vo= Vitg-To 6)
—4ny (1 - D2l2) 4 /A
ny = (1= 272) (7)

2R,

where c is the light velocity in vacuum, ni(= 1.64) is the known refractive index of
the unshocked material, 75 is the unknown refractive index of the shocked material, f,
is the frequency of the incident millimeter-wave field and A is given as follows:

2
A = 4n? (4 [1—f1;f2] +R§> (8)

The shock wave velocity Vi, the particle velocity V5 and the refractive index no
of PMMA under shock loading can then be derived from egs. (5)-(8) and from the
measurement of fi, fo and R,. As it can be observed from Table 3, the difference
between the shock wave velocities obtained from the proposed millimiter-wave sensing
technique and from 1D eulerian hydrocode simulation does not exceed 3 %. The




Table 3: Shock Wave Velocity V) derived from Millimeter-Wave Remote Sensing and
from 1D Hydrocode Simulation.

Shot’srank  V; (ms™1) 1D Hydrocode
Simulation results

(ms™1)
2 312845 312446
3 3185+13 3155+6
4 3176116 3225+7
5 3138+17 3228+7

Table 4: Comparison of the Measured Particle Velocity V> with Laser Interferometer
Measurement.

Shot’s rank V5 (ms™1) Laser Interferometer
measurement (ms~')

2 27843 263

3 28443 281

4 326+3 326

5 34543 334

uncertainties are computed by propagating the error of the curve fitting for the remote
sensing method. For the hydrocode computation, the uncertainty depends on the mesh
size, which is here of 420 pm. Table 4 reports the estimation of particle velocities from
the millimeter-wave remote sensing technique and from laser interferometer measurement.
Again, the agreement is very good and the difference between these two velocity
measurement techniques does not exceed 6 %. Moreover, from eq. (7), the refractive
index ny of the PMMA subjected to an impact can be estimated and compared with
the results derived from available theoretical models (see, e.g., [13]). The comparison
between the available theoretical models and the obtained data is reported in Table 5.
It can be observed that the Lorentz Lorenz model predicts results very close to our
estimations with a maximum deviation of 1 %. This conclusion is consistent with the
studies of the refractive index of PMMA under shock loading at visible frequencies
reported in [14], where the authors conclude that the Lorentz Lorenz model is the most
appropriate.

4 Conclusion

In this work, a millimeter-wave remote sensing technique is applied for deriving shock
wave velocity, particle velocity and refractive index of shocked PMMA during plane
mechanical impacts. This new technique brings many advantages as it does not require
the prior knowledge of the permittivity of the shocked dielectric material under test.
Experimental results on PMMA cylinders are reported. The shock wave and particle
velocities are remotely derived and the results are found in very good agreement with
1D eulerian hydrocode simulations. Moreover, the derived particle velocity agrees very
well with measurement provided by an optical interferometer. Finally, the refractive
index of the shocked material is estimated and compared with available theoretical



Table 5: Refractive Index ny of Shocked PMMA Samples
derived from Millimeter-Wave Remote Sensing Technique
and from Theoretical Models!.

Shot’s rank  This work  GladstoneClausius Lorentz
Dale Mossotti Lorenz
model model model

2 3.01 297 3.09 3.01
3 3.02 2.98 3.10 3.03
4 3.03 2.99 3.14 3.06
5 3.05 2.99 3.14 3.06

I See [13] for the detailed description of the theoretical
models considered here.

predictions. The results reported here demonstrate that millimeter-wave remote sensing
technique can be advantageously applied to investigate physical phenomena at heart of
shocked material samples. To investigate more complex cases such as the rarefaction
waves, a model with a refractive index gradient should be developed.
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