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Abstract. Impedance matching of a velocity interferometer for any reflector (VISAR) window to a
material under study helps simplify a shock experiment by effectively allowing one to measure an in
situ particle velocity.  The shock impedance of magnesium oxide (MgO) falls roughly midway
between those of sapphire and LiF, two of the most frequently used VISAR window materials. A
series of symmetric impact experiments was performed to characterize the suitability of single crystal,
(100) oriented magnesium oxide as a VISAR window material. These experiments yielded good
results and show the viability of MgO as a VISAR window up to 23 GPa. Results were used to
determine window correction factors and, subsequently, to estimate the pressure induced change in
index of refraction. In many of the shots in this work we exceeded the Hugoniot elastic limit (HEL) of
MgO, and both elastic and plastic waves are evident in the velocity profiles. The presence of both
waves within the VISAR window complicates the typical VISAR window correction analysis.
Preliminary analysis of the elastic and plastic contributions to the window correction is presented.
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INTRODUCTION

We have performed a study of shock effects on
single-crystal MgO to characterize it for possible
use as a window in shock-wave experiments. A
transparent window on the back of a shocked
sample can allow measurements of its properties,
such as wave profiles, with greatly-reduced shock
reflection and unloading effects if the window
impedance is closely matched to that of the sample.
The shock wave impedance (density times sound
speed) of MgO is roughly midway between those of
sapphire and LiF, two of the most important
window materials.  Consequently, if its other
properties are suitable, MgO also could be a very
useful window because its shock impedance more-
closely matches some sample materials.

To make a good interferometer window, a
material must remain transparent up to at least the

shock pressures of interest in the sample being
studied. The window material should not have
phase-change-induced problems over the pressure
range of interest, it should not fracture, and it
should be chemically and physically stable and easy
to handle. In addition, it is important to understand
how its refractive index behaves when the crystal is
compressed by a shock because if the refractive
index changes, the wavelength of the light in the
crystal also changes, thereby affecting the VISAR
signal.

In this experiment we used a VISAR [1,2] to
measure material velocities. In a VISAR
experiment laser light is reflected from a moving
surface. A window between the sample and the
light collection system changes the properties of the
Doppler-shifted, reflected light [3]. A shock in the
window can change its refractive index,
complicating the data interpretation. This change,



which must be accounted for and corrected, is
described either as a change in the apparent
velocity, Au = u, — ug, or a multiplicative factor,
lla/l,I() =1+ AV/V().

Here u, is the apparent velocity of the sample-
window interface measured by the VISAR; uy is its
actual velocity, the particle velocity at the interface;
vo is the Doppler-shifted frequency of light
scattered from the moving interface; and Av
represents the change in frequency of the reflected
light because of the shock in the window.

In this paper we report measurements of
apparent window velocities from shock waves in
MgO windows. For most of our measurements a
VISAR measured the velocity of the interface
between a MgO sample and a MgO window
following impact of a MgO flyer onto the sample.
The technique is similar to that of Jones et. al [4].
For a symmetric-impact experiment like this, the
particle velocity of the shock wave in the sample is
exactly half that of the flyer at impact. The flyer
velocity and tilt are measured with a set of about
12 electrical shorting pins around the sample. The
ratio of the interface velocity measured with the
VISAR to the particle velocity deduced from the
pins is the window correction factor, u,/uy,
described in the preceding paragraph.

EXPERIMENTAL PROCEDURE

Fig. 1 shows a schematic of the experimental
setup. Five symmetric-impact MgO gun experi-
ments, where the window was also of MgO, were
performed. The two lower-pressure measurements
were made at the Los Alamos National Laboratory
TA-39 Popgun, and the three higher-pressure
measurements were made at the powder gun at
TA-40. Having a wide range of gun velocities
available allowed us to avoid using higher-
impedance flyers or samples to reach the highest
pressures. By using MgO for flyer, sample, and
window, we avoid mixing effects in MgO with
those of other materials and thus make the
experiment easier to analyze and understand. The
MgO flyers, samples, and windows were single
crystal material oriented along the [100] direction.
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The samples were obtained from MTI Corporation,
and were 99.95% pure with average densities of
3.58 g/lem’. The interface between the sample and
the window had a thin reflective aluminum layer to
reflect light from a frequency-doubled YAG laser
(532 nm wavelength) for velocity measurement in a
pair of VISARs. The VISARs measured the

Shorting Pins
Sabot \

—_

— — i
—

VISAR

Foam Flyer Sample  Window
apparent interface velocity to between 1 and 2%.

Figure 1. Experimental arrangement in which the flyer
was accelerated by a gun. The flyer, sample, and window
were all of MgO. The center of the interface between the
sample and window has a thin coating of aluminum to
allow reflection of laser light into a VISAR. A ring of
11 shorting pins and one piezoelectric trigger pin around
the sample surface give a measurement of the flyer
velocity and tilt at impact.

In addition to the gun shots, we performed two
explosively-driven experiments. Each consisted of
a 12-mm-thick, 12.7-mm-diameter Detasheet high-
explosive (HE) driver and a 2-mm-thick, 20-mm-
diameter copper sample backed by a 5-mm-thick,
20-mm-diameter (100)-oriented MgO window.
Measurements were made of the copper-window
interface and, in separate experiments, of the same
driver and copper sample without a window and
with a LiF window. This arrangement is not planar,
the shock wave is not flat-topped, and the sample is
not of MgO, but we believe that the results are
relevant and we include them here for
completeness. Table 1 summarizes the nominal
geometrical dimensions, velocities, and stresses of
all the measurements.



TABLE 1. Experimental configurations
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Experiment, Usabot Stress Diameter Flyer Sample Window
Facility (km/s) (GPa) (mm) (mm) (mm) (mm)
a) powder gun 1.6474 22.9 32 3 3 12
b ) powder gun 1.4537 19.9 32 3 3 12
¢) powder gun 1.2360 16.6 32 3 3 12
d) gas gun ~0.6 (est.) ~7.6 38 3 3 4.5
e) gas gun 0.2193 2.7 38 3 3 4.5
RESULTS decrease,[4] and we see an apparent velocity drop.

The results from the gun experiments are
shown in Fig. 2. Only one of the two VISAR
measurements is presented for each curve, since
agreement between the two measured curves is
very good. Curves a), b), and c) are for the powder
gun experiments. Each exhibited a small but well-
defined elastic precursor followed by a jump to a
maximum apparent velocity. When the rarefaction
from the back of the flyer arrives at the sample-
window interface, it slows the interface. At these
high stresses the reflected precursor and the
reflected main shock are partially merged by this
time, so the rarefaction curves have lost most of the
distinction between the precursor and the main
shock, and the velocity decreases slowly at first.
The final velocity is somewhat above zero because
the foam backing on the flyer partially reflects the
shock. Again, the maximum apparent velocity is
larger than the particle velocity because of the
shock in the window.

Results for the two low-velocity gas gun shots
are also shown in Fig. 2 (traces d and e). The
curves are the apparent velocities measured by the
VISARs. Experiment d) was slightly above the
elastic limit and e) was below. Both had relatively
thin, 4.5-mm windows to allow the elastic shocks
to pass completely through them before the
rarefactions from the foam backing behind the flyer
reached the sample-window interfaces viewed by
the VISARs. For experiments d) and e), the elastic
shocks unload at around 1.7 ps and 1.9 ps
respectively. The changes in VISAR signals at
these times are not caused by an actual interface-
velocity change but by a window-correction
change. When the elastic shock unloads, its
reflection reduces the stress and increases the
particle velocity in the window. This change
causes the window correction, Au = u, — up, to

The decrease in u, is nearly as large as the window
correction at early times, and the resulting window
correction is approximately the negative of what it
was previously. Knowing the magnitude of the
window-correction change gives a useful check on
the measurement of its value and confirms that the
window correction for this shot is not the same as
the correction at pressures above the HEL. Notice
also that for experiment ¢) in Fig. 2, the velocity
after shock release appears to become negative at
some point; this, too, is caused by the window
correction, which at this time has Au <0.
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Figure 2. Apparent velocities of the sample-window
interface for all five gun experiments. Impact velocities
and relevant shot parameters are in Tables 1 and 2. The
apparent velocities shown have not been corrected for
the effects of the shock in the window. Relative timing
of the five traces has been adjusted for figure clarity.

The results for two separate explosive-driven
experiments are shown in Fig. 3, along with a third,
similar shot using a LiF window instead of the
MgO. The MgO apparent-velocity data are divided
by 1.978, which is approximately its window
correction. To make the two curves easy to



compare, the particle-velocity data for the LiF
window are divided by 1.18, which is the ratio of
the interface velocities for the two window types as
calculated from their equations-of-state. From this
representation, it appears that that the release is
much smoother for the LiF anvil than the release
into MgO. Effects of this type may call for caution
in choosing MgO windows for some experimental
configurations. The sudden drops in velocity at
0.52 and 0.54 ps are from changes in the window
correction when the elastic precursor releases into
air. The reason why there are two such pulses is
not known at this time.
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Figure 3. The two solid curves are measurements of a
Cu-MgO interface velocity with an explosive drive. The
top dashed curve is a Cu-LiF interface velocity with a
similar explosive drive. Curves have been normalized as
described in text.

The reproducibility of the shock parameters
for copper in this HE-driven system was checked
by doing numerous such shots, as well as shots
without a window. Without a window, the peak
copper velocity at the back surface is 1.00 km/s.
Putting a LiF window on the back drops the
interface velocity to 0.708 km/s. Replacing the LiF
window with MgO, which has a higher shock
impedance, makes the peak interface velocity
0.602 km/s.

ANALYSIS

For pressures exceeding the HEL, MgO
exhibits clear two-wave structure. In LiF the HEL
is only about 0.2 GPa, so experiments are often
overdriven and have only a plastic wave structure.
For MgO, the HEL is much higher. Duffy and
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Ahrens [5] report a value of 1.6 GPa; our shot at
2.7 GPA shows no sign of a plastic wave. Because
of the high HEL, a strong elastic precursor is
present in all of our gun-based, symmetric-impact
experiments, which extend up to 23 GPa. To
model our complete data set adequately, we found
it necessary to treat the elastic- and plastic-wave-
induced index changes separately, using a different
index of refraction relation for each wave. Both
indices were assumed to be linear with density.

If ny is the index of refraction of a window at
532 nm and L is the window thickness (Fig. 4),
then a two-wave, elastic-plastic shock traveling
from the left with velocities D, and D,, has an
optical thickness, Z, which changes with time t as,

Z=ny(L-Det) +n,(Det—D,t) +n, (Dt —upt) (1)
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Figure 4. Schematic showing how to calculate the
optical thickness of the window. The shock enters from
the left. The left edge moves with velocity uy, the
particle velocity, while the elastic precursor and the
plastic shock travel through the crystal with speeds D,
and D,, respectively. The optical thickness, Z, is given
in the text.

The index of refraction of the window has
three distinct values in such a situation, ny, n., and
n,. For a symmetric impact experiment where the
flyer, sample, and window are of the same material,
the particle velocity, vy, behind the main shock is
half the impact velocity. The apparent velocity, u,,



of the interface (the left edge of the window) for
this two-wave structure is

u, =—dZ/dt = (ng —n¢)De +(n, —n,)Dy +n,u, (2)

The actual interface velocity is ug, and the
difference is:

Aup =ug Uy

®)

=(nyp —Ng)De +(Ng =)Dy, + (N — DUy

For the index of refraction we assume a
density dependence of the form n = A + Bp where
B = (ng - A)/py and py is the density of the
unshocked window. We allow for different values
of A for elastic and plastic waves. Then the indices
are, respectively,

n, = A, +(ng —Ac)pe/Po> 4
n, =Ap+(M,—Ap)Py/Po-

Neglecting the effects of shear components of
stress on the compressed volume, the densities in
the two regions behind the elastic and plastic
waves are given by

Pe =PoDe /(D —Uge), (5)
Pp =pPoDp/(Dp —Ug).
Here uy, is the particle velocity behind the elastic
precursor. For a simple elastic wave with no
plastic wave, A, = u,/ug.. We only performed one
experiment below the HEL, the low velocity pop-
gun shot e), which gives A.=0.172/0.1096=1.57.
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Using this value we calculate v, and n, for the
elastic precursors seen in the higher pressure shots
(see Table 2).

We obtained D, for each shot from the
Hugoniot equation of state, D, = 6.64+1.35 u, [9].
The D.-values are obtained from the two gas gun
experiments, which both gave D, = 9.34 km/s. Due
to scatter in the data, u,. was chosen as the average
apparent elastic precursor velocity, u, = 0.261.
Using these values and Equations (4) and (5), we
determined A, by fitting it to the experimentally-
determined Au,-values for each shot. This fit gives
A, =1.978(1). Table 2 lists the results of the fit,
and a graph of the fit is shown in Fig. 5.

Hayes [6] reports that the VISAR window
correction ratio, u,/u,, is constant whenever the
index of refraction in the shocked medium, n(p), is
well described by a linear function of the density,
p. That is, u,/u, is a constant if n(p) = A + Bp.
Hayes also shows for general n(p) that

du, /duy =n—p(dn/dp) (6)

For a single shock wave propagating in a
medium with a refractive index that is linear in
density, it follows that A = u,/uy and B = (ny —
A)/po. Since in this particular case u,/uy is a
constant, it follows that du,/du, = A. Using this
relation, and evaluating the above expression at a
specific wavelength,

A=n- p(dn/dp). @)

TABLE 2. Shot parameters and results. uy is one half of the impactor velocity ugpy. U is the apparent elastic precursor
velocity, and u,, is the apparent plastic wave velocity. D, and D,, are the average elastic wave velocity and the calculated
plastic shock wave velocities. n. and n, are the indicies of refraction of the regions behind the elastic and plastic waves
respectively. Au = Ugp-Up.

Expt Uo (mléa;s.) (k%/s) Me (mueags.) (k%p/s) Mo (mAegs.) (calcﬁrated)
a) 0.825 0.285 9.37 1.745 1.616 7.770 1.713 0.795 0.802
b) 0.725 0.220 9.37 1.745 1.440 7.633 1.717 0.715 0.705
) 0620 0328 9.37 1745 1215 7.489 1720 0.600 0.600
d) 0.3 0.210 9.37 1745 0.58 7.051 1.731 0.27 0.287
& 0109 0172 9.37 1.744 ; - ; 0.062 0.062
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Figure 5. MgO window-correction measurements. The
data above the HEL were fit using A, = 1.57, and D, =
9.34, giving A, = 1.978(1). The point at uy, = 0.3
(experiment d) has a large velocity uncertainty and was
weighted accordingly.

It is possible to estimate the window
correction for MgQO, as well as other materials with
an index that is linear in density, from this equation
by evaluating it for unshocked material at the
wavelength of interest. The refractive index is well
known, and the second term is commonly
measured for optical materials [7],[8]. Table 3
gives values of this “window correction factor” for
a variety of VISAR windows, along with the
correction measured by other means, such as that
presented in this work. It is interesting to note that
the simple method of estimating A gives
reasonably good agreement with experimentally
determined window correction factors for windows
shocked above their HEL. The estimation fails,
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however, for windows such as sapphire and quartz
that are used within their elastic limits.

Vedam [7] has made hydrostatic compression
measurements below 0.7 GPa, which interpolate to
pdn/dp = —0.267 at A = 532 nm. Consequently for
Vedam’s data A =n, - pdn/dp = 2.007, close to our
value from our measurements above the HEL.
Above the HEL, stress is isotropic, and thus the
hydrostatic measurements of Vedam may apply in
this regime. Below the HEL, stress is uniaxial, and
one might expect to find different values of pdn/dp
under these conditions.

Our lowest-pressure gun experiment, e), which
was the only measurement with a purely elastic
shock, gave A = 1.56. This lower value of A is
interesting because it implies that pdn/dp is
positive for uniaxial, elastic compression, while it
is negative for hydrostatic, isotropic compression.
Alternately, this may indicate that the index of
refraction is not simply linear in density for elastic
shocks in MgO.

CONCLUSIONS

We have measured the window correction for
single-crystal MgO at stresses up to 23 GPa. The
correction factor appears to be approximately
constant with particle velocity except for a single
point below the elastic limit. MgO remains
transparent at these pressures, and may be used
effectively on gas-gun experiments. The wave
profiles are not smooth however, for two
dimensional shocks generated by explosives.

Table 3. VISAR window corrections, A, calculated from tabulated values of p(dn/dp) versus values determined by gas-
gun experiments. Note that the values obtained from hydrostatic measurements contained in references [8], [11], and
[12] are at 589 nm, where A5 is measured at 532 nm. The value of p(dn/dp) given in [7] is at 546 nm. Notice that the
simple estimate for A,.,s. gives reasonable agreement with experimentally determined values above the HEL.

Material ngy p(dn/dp) Acac= 1y - p(dn/dp) Ameas. = Ua/ Ug Above / Below HEL?
ALO; 1.768 (04r) -0.245 1121 2.013 1.787 110 below
LiF 1.393 0.13 ® 1.26 1.286 19 above
MgO 1.742 -0.267 2.007 1.560 below
MgO 1.742 -0.267 2.007 1.978 above
Quartz 1.544 (ngra) -0.392 111 1.936 1.081 ¥ below
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