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Hugoniot data for PbF, single crystals were measured for pressures up to 1 TPa through gas gun and laser
shock experiments. Experimental results show that PbF, transforms to a less compressible phase at 29 GPa
and possibly melts at 57 GPa. Quantum molecular-dynamics simulations were also performed to calculated the
liquid Hugoniot for PbF,. The simulated results are in good agreement with the experimental results, supporting
the high-pressure phase is liquid. The current study, combined with previous studies on TiO,, SiO,, and CaF,,
suggests that for AX, compounds, decreasing of Hugoniot slope can be taken as an indication of melting, and the

Hugoniot slope approaches 1.2 at ultrahigh pressure.
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I. INTRODUCTION

Lead fluoride (PbF,) is a technologically important scintil-
lation material, which has also attracted considerable attention
owing to its strong superionic character [1-3]. As a typical
AX, compound, where A and X represent a divalent cation and
halogen atom, or a tetravalent cation and oxygen atom, respec-
tively, the phase-transition sequence of PbF; under static high
pressures has been widely studied [4—7]. The phase transition
of difluorides exhibits a systematic dependence on cation ra-
dius and pressure; the larger the cation radius, the lower the
transition pressure to a specific structure [8]. Under ambient
conditions, PbF, crystallizes in a cubic fluorite structure (8
phase, space group: Fm3m) with a cation coordination num-
ber (CN) = 8. At 0.4 GPa, it transforms into an orthorhombic
cotunnite structure (o phase, space group: Pnma) with CN =
9. The « phase is metastable at zero pressure for temperatures
less than 610 K [9].

Difluorides are also considered as good analogs for the
high-pressure behavior of SiO, owing to their low transi-
tion pressures. First-principles simulations predict that SiO,
adopts the cotunnite structure at pressures greater than
~700 GPa, which corresponds to the conditions of a super-
Earth’s deep interior [10]. Numerous metal oxides such as
TiO,, SnO;, PbO,, ZrO,, HfO,, CeO,, and TeO, also adopt
the cotunnite structure under high pressure [11-17]. A theoret-
ical study predicts that the postcotunnite phase of PbF, adopts
the hexagonal NiyIn-type structure (space group: P63;/mmec,
CN = 11), similar to that of CaF,, BaF,, and SrF, [6].
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However, the Ni,In-type phase was not observed experimen-
tally until a recent work by Stan ef al., where they found
that temperature has a crucial role in phase transition [7].
The NiyIn-type phase can only be observed under condi-
tions of high pressure and temperature. At room temperature,
PbF, transforms into an isosymmetric Co,Si-type structure
(y phase, space group: Pnam, CN = 11) in the range of 10—
22 GPa; this structure is stable up to at least 75 GPa [5,7].

Shock compression is a unique approach to realize both
high pressure and high temperature. The relatively large radius
of the Pb>* ion and high density (resulting in high shock
impedance) of PbF, make it an acceptable candidate for study-
ing the phase transition of AX, compounds. In this study, we
performed Hugoniot measurements on PbF, up to ~1 TPa.
The elastic-plastic transition, phase transition, and equation
of state of PbF, were studied. Quantum molecular-dynamics
(QMD) simulations were also performed for comparison with
experimental results.

II. EXPERIMENTAL METHODS

Initially transparent, plate-shaped S-PbF, single crystals
with purity greater than 99.9% were supplied by Shenzhen
Hongyu Technology Co., Ltd. The density of the samples was
measured to be 7.740 £ 0.004 g/cm? using the Archimedes
method. The sample sizes were roughly 12 x 15 x 2.5 mm.
Both surfaces of the samples were polished in an optical fur-
nace and made parallel within 2 um over the entire area. The
crystal directions were identified by x-ray Laue diffraction.
The basic properties of the samples are listed in Table I.

The Hugoniot data of PbF, were measured using three
different methods. Shots No. 1-4 were measured by the
inclined-mirror method [20] combined with a key-powder gun

©2021 American Physical Society
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TABLE 1. Ultrasonic data and thermodynamic parameters of
PbF, at ambient conditions.

Properties Quantities

7.740 g/cm?

3.513 km/s [100]
3.422 km/s [111]
1.636 km/s [100]
1.728 km/s [111]

Density*
Longitudinal sound velocity ¢;°

Transverse sound velocity ¢,®

Buck sound velocity Cp,° 2.854 km/s
Bulk modulus K° 63.5 GPa
Thermal expansion coefficient o 28.5 x 10°°K!
Specific heat C,° 77.0 J/(mol K)
Debye temperature® 200 K
Griineisen parameter” 2.3

*Measured using Archimedes’ method.
bReference [18].

¢Calculated from the elastic constants in Ref. [18].
dReference [19].

[21] at Kumamoto University. The experimental configuration
is displayed in Fig. 1(a). The measurements were performed
using a rotating mirror-type streak camera with a maximum
writing speed greater than 10 mm/us and a high-intensity
pulsed dye laser. The time resolution was greater than 1 ns
using a 2-mm-wide slit. The tilt angles of the shock wave in
the direction parallel and normal to the slit were determined
by the streak photograph and two electrical pins, respectively.
Details regarding the inclined-mirror method and data analy-
sis procedures can be found in our previous studies [20,22].
A typical inclined-mirror experimental photograph (shot No.
3) is displayed in Fig. 1(a). It indicates a two-wave structure.
The first shock wave arrives at the front surface of the diver
plate and specimen at 7y and #; respectively. The kink at #, is
due to the arrival of the second shock wave. For shock stress
greater than 35 GPa, a single shock wave was observed.

At higher shock pressures (shots No. 5-9), the Hugoniot
data were measured by a displacement interferometer system
for any reflector (DISAR) [23] combined with a two-stage
light gas gun [24] at Wuhan University of Technology. The
experimental configuration is displayed in Fig. 1(b). The
backing surfaces of the samples were vapor deposited with
~100-nm copper films to reflect the laser. The driver/sample
interface and free-surface motions were monitored by a
DISAR with a time resolution of 100 ps. Three electrical
pins were mounted uniformly on the drive plate to determine
the incline angle of the shock wave. Typical optical fringe
patterns (shot No. 6) recorded by DISAR and the deduced
particle velocities are displayed in Fig. 1(b). When a shock
wave arrives at the driver/sample interface (¢, ), several fringes
are generated; however, they soon become indistinct owing to
the loss of transparency in PbF,. The fringes appear again at #,
when the shock wave arrives at the free surface of the sample.
The shock velocities (Uy) can thus be simply calculated by
Us = ﬁ, where H is the sample thickness. In the above
gun experiments, flyer velocities were measured by the elec-
tromagnetic method with an accuracy that is typically within
0.5%. We used copper (Cu), tantalum (Ta), and tungsten (W)
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FIG. 1. Experimental configurations and typical results:

(a) inclined-mirror method (No. 3), (b) DISAR method (No. 6), and
(c) laser shock (No. 12).

as the flyer and driver plates; their Hugoniot parameters are
listed in Table II.

Three laser shock experiments (Shots No. 10-12) were
performed on the GXII laser system at Osaka University
[26,27] with final shock pressures of approximately 300
and 960 GPa. The experimental configuration is displayed
in Fig. 1(c) with a typical velocity interferometer system
for any reflector (VISAR) image. Because both quartz and
PbF, become optically reflective at pressures greater than
~100 GPa, the shock velocities of these were measured di-
rectly by the VISARs [28]. Once the shockwave velocities
were measured, the corresponding particle velocities (Up)

TABLE II. Hugoniot parameters of flyer and driver plates.

Material bo(g/cm?)? Co(km/s)° SP

Cu [25] 8.935 3.933 1.500
Ta [25] 16.654 3.293 1.307
W [22] 19.23 4.137 1.242

#pp is the density at ambient conditions.
°Cp and S are parameters of U, and U, relationship: U; = Cy + SU,,.

094106-2



SHOCK-INDUCED POLYMORPHIC TRANSITIONS ...

PHYSICAL REVIEW B 103, 094106 (2021)

TABLE III. Hugoniot data of PbF,. U, Uy, p, and P are the particle velocity, shock velocity, density, and Hugoniot pressure, respectively.

Flyer/ Flyer speed U, U, P P Tilt angle
No. Method Axis driver (km/s) (km/s) (km/s) (g/cm?) (GPa) ©)
1 m* 111 Cu/Cu 1.187(7) 0.15(1) 3.63(1) 8.08(3) 4.3(2) 0.7
0.75(1) 3.05(1) 10.16(5) 18.1(3)
2 M? 111 W/wW 1.182(6) 0.17(1) 3.63(2) 8.12(3) 4.7(3) 1.0
0.91(1) 3.27(1) 10.67(5) 23.4(3)
3 M 111 W/wW 1.416(7) 0.18(1) 3.64(1) 8.14(3) 5.0(2) 1.8
1.08(1) 3.50(1) 11.17(5) 29.4(3)
4 m* 111 W/wW 1.600(8) 1.20(1) 3.79(2) 11.33(5) 35.3(4) 1.5
5 DISAR® 111 Cu/Cu 2.380(12) 1.41(1) 4.20(1) 11.69(6) 46.1(5)
6 DISAR 100 Cu/Cu 2.707(14) 1.59(2) 4.56(1) 11.87(8) 56.1(7) 1.2
7 DISAR 100 Ta/Ta 2.963(15) 1.96(2) 5.08(1) 12.59(8) 77.1(8) 1.6
8 DISAR 111 Ta/Ta 3.659(18) 2.39(2) 5.69(1) 13.32(8) 105.2(9) 1.9
9 DISAR 111 Ta/Ta 4.428(22) 2.85(3) 6.41(2) 13.93(12) 141.2(16) 1.1
10 Laser Shock 100 None/Al 4.51(9) 8.60(12) 16.28(44) 300.2(73)
11 Laser Shock 100 None/Al 4.52(9) 8.66(12) 16.19(43) 303.0(74)
12 Laser Shock 100 None/Al 9.11(11) 13.66(12) 23.24(69) 963.0(144)

#Inclined-mirror method.
One of the three pin signals failed.

were determined by matching the impedance between driver
and sample plates [29]. We first determined the shock state
in quartz with the measured quartz Us and the known quartz
Hugoniot; Uy = 5.477 + 1.242Up — 2.453U3e~ 433U, [30)].
The Hugoniot state in Al driver was then calculated from the
shocked quartz state, the Al Hugoniot, and its release adia-
bat. The Al Hugoniot; Uy = 6.322 + 1.189Up and the release
model developed by Knudson were used [31]. To perform
the impedance matching analysis between Al and PbF,, the
reshock Hugoniot of Al was calculated based on the Mie-
Griineisen equation of states (EOS) theory;

P 4(3). — PO~ V)
1 - %(\Z/)z(vl —V2)

where V) = 1/py is the specific volume at zero pressure, sub-
script 1 refers to the initial shock state, P> and P, is the shock
and reshock pressures at volume V5, respectively. In Eq. (1),
the Griineisen parameter of Al has the form y/V = »/W
with yp = 2.14 [32]. Although different diagnostic methods
were used in our experiments, the effectiveness of these meth-
ods has been proven in previous studies [22,27,33].

P =

; ey

III. QUANTUM MOLECULAR-DYNAMICS SIMULATIONS

To further explore the properties of PbF, under shock
compression, we calculated the Hugoniot of PbF; in its liquid
phase by QMD using QUANTUM ESPRESSO [34]. The Hugoniot
data were determined by the Rankine-Hugoniot relation

E—Ey=3P+P)Vo—V), 2

where E is the specific internal energy, P is the pressure, and
V = 1/p is the specific volume. The subscript 0 denotes the
reference state. Every Hugoniot point for PbF, was solved
with the second-order Newton’s polynomial interpolation by
several EOS points with the same temperature and different
densities. All the calculations were performed in a periodic
cubic box containing 48 atoms, which has been found to be

sufficient for the EOS simulation [35]. For a given temperature
and density, the time step to move the ions was determined
by a scaling formula that was 1/40 of the distance of the
average atoms divided by the average thermal velocity, and
ranged from 0.1 to 1 fs. The trajectories of the last 3000
steps were used to statistically calculate the required physical
properties after the system had achieved thermal equilibrium
for the first 3000 steps, which made the numerical error of the
total energy and presksure less than 1%. The Perdew-Burke-
Ernzerhof [36] parametrization of the generalized gradient
approximation [37] to the exchange—correlation interaction
was employed. The optimized norm-conserving Vanderbilt
pseudopotentials [38] (with 7 and 14 valence electrons for F
and Pb, respectively) for QUANTUM ESPRESSO in UPF format
were used with a kinetic energy cutoff of 100 Ry. A shifted
2 x 2 x 2 Monkhorst—Pack k-points grid was meshed to sam-
ple the Brillouin zone. The mean-square displacements were
calculated after each MD run to confirm that the structures
were in a liquid phase.

IV. RESULTS AND DISCUSSIONS

A. Phase transitions of PbF, under shock compression

The measured PbF, Hugoniot data are summarized in Ta-
ble III and plotted in Fig. 2. It can be clearly observed that
the PbF, Hugoniot data can be divided into four regions; an
elastic region for 0 < Up < 0.2km/s, a low-pressure (LP)
phase region for 0.6 < Up < 1.1km/s, an intermediate (IM)
phase region for 1.1 < Up < 1.6km/s, and a high-pressure
(HP) phase region for Up > 1.6 km/s. From the linear fits to
the Hugoniot data, the values of Ug = 2.00(2) + 1.41(2)Up
and Ug = 2.22(6) + 1.46(2)Up were obtained for the LP and
HP phases, respectively. For shots No. 1-3, the inclined
mirror results indicate two-wave structures. The wave interac-
tions can influence the determination of the shock velocities,
and in turn, the presence of the phase transition. We cor-
rected the shock velocities following the method presented in
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FIG. 2. Shock velocity (Us)-particle velocity (U,) relation for
PbF,. ¢, is the bulk sound velocity, and c¢;100 and c¢;jy; are the
longitudinal sound velocities along the (100) and (111) directions,
respectively. The solid lines are linear fittings to the Hugoniot data.

previous studies and described in Appendix A. After correc-
tion, the shock velocities decreased marginally, whereas the
particle velocities changed minimally. Therefore, the exis-
tence of the phase transition was not influenced by the data
analysis method.

The pressures and densities at the shock state were cal-
culated from the Hugoniot data with the Rankine-Hugoniot
conservation equations [31]. The shock compression curve
(pressure-density) of PbF; is plotted in Fig. 3, with the room-
temperature static compression data measured by Stan et al.
[7]. The Hugoniot elastic limits (HELs) of PbF, for shocks
along the (111) directions were measured to be 4.3-5.0. GPa;
the HEL increased with the driving force, similar to some
other ceramics [39]. At room temperature, 5-PbF, transforms
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FIG. 3. Hugoniot compression curve of PbF, with static com-
pression data (Ref. [7]).
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FIG. 4. Comparing Hugoniot curve with calculated elastic re-
sponse and static compression data of 8-PbF, (Ref. [39]). The dotted
line is a third-order Birch-Murnaghan fitting to the static compres-
sion data.

to a-PbF, at 0.4 GPa [9]; this transition pressure is consider-
ably less than the HEL determined herein. It is possible that
the aforementioned HEL was not caused by the elastic-plastic
transition; rather, it could have been the 8 — « phase transi-
tion. To identify its property, we calculated the elastic shock
response of PbF, based on the nonlinear elastic theory (see
Appendix B); the results are displayed in Fig. 4. For pressures
less than 5.0 GPa, the Hugoniot compression curve is close
to the calculated elastic response and clearly deviates from
the 300 K isotherm of B-PbF,, supporting the fact that PbF,
is in the elastic region. With increasing pressure, the Hugoniot
compression data are consistent with the static data, except for
the different initial densities of the sample. We started with
B-PbF, with an initial density of 7.740 g/cm?, whereas the
static compression study started from «-PbF, with an initial
density of ~8.450 g/cm? [7]. It is likely that B-PbF, enters
the « phase directly from the elastic state and does not in-
duce a phase-transition wave, similar to the wurtzite-rocksalt
structure transition observed on shocked CdS [40]. Stan et al.
also observed a continuous isosymmetric phase transition to
a postcotunnite Co,Si-type structure in the range 10-22 GPa
[7]. The measured Hugoniot densities in the LP region are
consistent with both the o or postcotunnite structures and the
present data cannot distinguish between these possible phases
or other unknown phases.

The Hugoniot compression curve indicates a phase transi-
tion at ~29 GPa, as indicated in Fig. 5. The shock temperature
at 29 GPa was estimated to be 880 K from thermodynamic
calculations. Under static compression, PbF; partially trans-
formed to a NiIn-type structure phase at or greater than
25.9 GPa with heating greater than 1200 K [7]. Consider-
ing the similar transition pressure-temperature under dynamic
and static compressions, the IM phase (29-57 GPa) ob-
served here may adopt the NiIn-type structure. However,
as the current continuum data cannot provide a direct ev-
idence, the nature of the IM phase needs further study.
The isotherms of 0 K (calculated theoretically) and 300 K
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FIG. 5. Hugoniot curve of PbF, with QMD results. The blue
and green lines are calculated 0-K (Ref. [6]) and experimentally
determined 300 K (Ref. [7]) isotherms of the Ni,In type and y-
phase PbF,, respectively. The black line is the Hugoniot compression
curve.

(determined experimentally) for the NiIn-type and y-phase
PbF, were also plotted in Fig. 5 for comparison. Beyond
57 GPa, PbF, transforms to a more compressible phase. We
calculated the liquid Hugoniot of PbF, by QMD as described
in Sec. III; the results are listed in Table IV and plotted in
Fig. 5. The QMD results are in excellent agreement with the
experimental results, suggesting that the HP phase is liquid.
In one of our laser shock experiments with a pressure of
approximately 75 GPa (not shown here), we observed the
shock front become reflective, which also indicates that the
HP phase is liquid [41].

B. Shock response of PbF, at ultrahigh pressure

The shock responses of AX, compounds at extremely high
pressures have also attracted considerable attention. We mea-
sured the Hugoniot of PbF, up to ~1 TPa with the laser
facilities at Osaka University. These results, along with our
DISAR and QMD results, are plotted in Fig. 6. Only the
Hugoniot data in the liquid region are presented for clarity.
Similar to the observations on quartz [41] and TiO, [35], the
Hugoniot of liquid PbF, has a notable curvature. A modified

TABLE IV. Hugoniot data of liquid PbF, by QMD simulation.

T (K) plg/cm?) P (GPa)
3000 12.63 78.66
6 000 13.83 136.62
9 000 14.61 182.11
12 000 14.93 211.10
15 000 15.32 249.39
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FIG. 6. Hugoniot data of PbF, in liquid-phase region. The
dashed line is the result of fitting to Eq. (2).

version of the universal liquid Hugoniot [41]
Us = A+ BUp — CUpexp(—DUp), 3)

is used here to fit the simulation and experimental results, with
the resulting coefficients: A = 4.34(29), B =1.02(3), C =
3.79(30), and D = 0.91(10). The fitted curve is displayed as
a dashed line in Fig. 6. As described by Duwal et al., Eq. (3)
asymptotically approaches a linear U—U,, relation for a wide
range of U, [35].

C. Universal behavior of AX, compounds at ultrahigh
shock pressure

For metals, melting normally induces no or extremely
small discontinuity on the Hugoniot [42]. In Fig. 7, we plotted
the Us—Up Hugoniots of selected AX, compounds including
quartz [41,43], TiO, [35], CaF, [44], and PbF,. The small
arrows indicate where melting occurs. Unlike metals, the
Hugoniot slope (S) of these compounds decreases clearly on
melting. Ozaki et al. noticed that at sufficiently high pressures,
the Hugoniots of certain metals converge to the universal
Hugoniot of fluid metal (UHFM), e.g., Us =5.8 + 1.2Up
[27]. The Hugoniots of specific strong crystals such as di-
amonds and sapphires lie above the UHFM, whereas the
Hugoniot of a soft material deuterium is under the UHFM,;
however, these Hugoniots have a similar S of ~1.2. For the
AX, compounds, the Hugoniots of CaF, and SiO, approached
the UHFM at Up > ~ 9km/s and ~12 km/s, respectively.
The TiO, Hugoniot is marginally above the UHFM and that
of PbF, is under the UHFM. The Hugoniots of both TiO,
and PbF, can also be approximated by a straight line with
S = 1.2 for Up >~ 7 and ~4 km/s, respectively, as denoted
by the dashed lines in Fig. 6. Therefore, S = 1.2 is not only
the limiting pressure Hugoniot slope for metals, but also for
nonmetals including AX, compounds. The slope S reflects
the compressibility of a material along the Hugoniot. AX;
compounds normally undergo a series of solid-solid phase
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transitions before melting. Because the HP phase is less com-
pressible than the LP phase, S increases with shock pressure.
On melting, the Hugoniot softens and S decreases. At higher
shock pressures, S further decreases and finally approaches
~1.2. The past shock compression studies on CaF, and BaF,
detected a very stiff phase beyond ~100 GPa with S = 1.7 and
2.3, respectively [45,46]. Our study suggests that PbF, does
not undergo such a phase change, consistent with a latest study
on CaF, [44]. The Hugoniot of BaF, should be examined in
the future.

V. CONCLUSIONS

Hugoniot data for PbF, single crystals were measured up to
1 TPa. Two phase transitions at ~29 and ~57 GPa were iden-
tified. Above 57 GPa, PbF; is in the fluid phase. The Hugoniot
slope S of PbF, decreases upon melting and approaches the
limiting pressure slope (S = 1.2) at higher shock pressures.
The current study, combined with those on TiO,, SiO,, and
CaF,, suggest that for AX, compounds: (i) decreasing of S can
be considered as an indication of melting and (ii) S approaches
1.2 at ultrahigh pressure, similar to that of metals. The Hugo-
niot data for AX, compounds at high pressure remain limited,
and more study is required to confirm these conclusions.

One purpose of the present study was to search for a high-
impedance window material that could remain transparent

J

_ UsllUﬂ(Usl - Ufsl) + leUslz(Us2 - fol) - S/IUS/2(U\'1 - USZ)

opaque at comparably low shock pressures. Finding a high-
impedance window material remains a major challenge. The
impedance of PbF, is comparable to that of sapphire, and its
shock temperature is high, which benefits its application as an
optical analyzer for measuring the sound velocity of shocked
metals [47].
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APPENDIX A

In the case of a two-wave structure, when the first shock
wave reaches the free surface, it produces a rarefaction wave
that propagates in the opposite direction. The rarefaction wave
interacts with the oncoming second shock wave, reducing its
intensity, as shown in Fig. 8. The velocity of the first shock
wave is calculated by

X1 — Xo H

U = = s
Hh—1 Hh—1

(AD)

where H is the sample thickness and the corresponding par-
ticle velocity is obtained by the free-surface approximation,
Upi = Uy / 2. If the perturbation is ignored, the apparent
shock velocity of the second wave is calculated by [48]

0., — H + Uz (1 —1‘1)'

2 (A2)

h —1

In the above equations, #y, #;, and #, are arrival times as
indicated in Fig. 1(a). The true second-shock velocity is given
by

52

ljs/z((]xl - Ufsl) + U;/] (UVZ - Ufsl) - Ufsl(l]xl - lsz)

, (A3)
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TABLE V. Hugoniot data of PbF, in two-wave region with and without correction. U, Uy, p, and P are the particle velocity, shock velocity,
density, and Hugoniot pressure, respectively. Subscript 2 represents the second shock wave. The short bars above the symbol mean uncorrected

data.
Uy 02 P, Up Uy P2 P,
No. U, (km/s) (km/s) (g/cm?) (GPa) (km/s) (km/s) (g/cm?) (GPa)
1 0.75(1) 3.05(1) 10.16(5) 18.13) 0.75(1) 2.96(1) 10.27(5) 17.93)
0.91(1) 3.27(1) 10.67(5) 23.4(3) 0.91(1) 3.23(1) 10.72(5) 23.2(3)
3 1.08(1) 3.50(1) 11.17(5) 29.4(3) 1.08(1) 3.49(1) 11.19(5) 29.3(3)

where U;| and U}, are approximated by U;, = Uy, — Uy, and
U/, = Uy + Uys. The particle velocity of the second shock
wave U is then calculated by impedance match between
the driver plate and sample. For shots No. 1-3, the calcu-
lated Hugoniot data with and without corrections are listed in
Table V.

APPENDIX B

Shock compression produces a quasiuniaxial strain state.
The elastic shock response of a material can be calculated

based on the nonlinear elastic theory. The stress along the
shock direction is calculated as in Ref. [49],
__ Po

1 2
- Cxxn + _Cxxxn )
P

7 B

GX
where py is the initial density, p is the density under compres-
sion, n = 0.5[(po / ,o)2 — 1], and is the Lagrangian strain.
C,, and C,,, are the second- and third-order elastic constants
along the shock direction, respectively. For PbF,, the second-
and third-order elastic constants were determined in previous
works [18,50].
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