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ABSTRACT

We determined the shock equation of state of CaF, at pressures of ~0.4-1.5TPa using high-power laser shock techniques. The shock
velocity-particle velocity was approximated by the universal Hugoniot relationship known to metallic fluids. Our results do not support the
incompressible behavior above ~100 GPa claimed previously. Warm dense CaF, is a bonded liquid above the melting point and approaches
an ideal fluid above ~1 TPa. The measured reflectivity change of CaF, at the shock front, similar to the other semiconducting liquids in the
warm dense region, suggests a gradual metallization process due to the presence of delocalized electrons at high shock-front temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135596

Calcium difluoride is a stable mineral called fluorite and has been
studied intensively due to its technological applications in optics and
electronics. Fluorite becomes superionic at high temperatures
(>1430K)" before melting at ambient pressure, and the superionic
phase extends to high pressures of several GPa.” At high pressures,
fluorite undergoes a phase transition to a cotunnite-structure phase at
~10 GPa, which also becomes superionic at high temperatures," and
the phase transition increases the coordination number (CN) from
eight to nine. Another high-pressure phase of an In,Ni structure with
CN =11 has been known experimentally above 72 GPa at room tem-
perature.” Shock Hugoniot data on fluorite indicate that it is uniquely
anisotropic at low shock pressures’ and incompressible at pressures of
100-250 GPa,” respectively. There are no further data available at
higher shock pressures. However, Hugoniot data up to 950 GPa from
flier plate experiments using a two-stage gas gun and Z-machine were
presented recently.’

High-pressure studies and theoretical considerations™ suggest
similar behavior in the AX, compounds represented by SiO, (Ref. 5).
SiO, undergoes a series of phase transitions to coesite (CN=4),
stishovite (CN = 6), CaCl,-type (CN = 6), «-PbO,-type (CN = 6), and
pyrite-type (CN = 8) structures with increasing pressure and has been
predicted to be cotunnite (CN = 9) and Fe,P-type (CN =9) structures

above 650 GPa. Experimental data on CaF, may have implications for
the high-pressure candidates in the AX2 compounds because fluorite
has CN =38 in the ambient state and undergoes phase transitions,
including a cotunnite structure at ~10GPa. These coordination
changes in solids are expected to affect the liquid structures above the
melting point of the corresponding phase, and the density along the
Hugoniot may be associated with such a coordination increase in
liquids.

A one-component plasma model can describe its equilibrium
and near-equilibrium properties by a single parameter called the
Coulomb coupling parameter I', a ratio of the mean potential energy
per particle to the mean kinetic energy.” The mean particle energy per
particle is g*/a, where g and a are the electric charge and Wigner—Seitz
radius, respectively. The mean kinetic energy is kgT, where kg and T
are the Boltzmann constant and temperature, respectively. As I’
increases, the system changes from a nearly collisionless, gaseous state
(I'<1), through increasing correlated, fluid-like media (I" & 50), to a
first-order fluid-like phase (I' > 175). Therefore, it is expected that
metals such as Be, Al, Fe, Cu, and Mo behave like the universal
Hugoniot of fluid metals (UHFM) in the shock velocity (Us km/s)-
particle velocity (Up km/s) plot,'” given by Us = 5.8 -+ 1.2Up. The rela-
tion is extendable to some oxide systems (SiO, and Gd;Gas0;,)"
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above a critical pressure of 300-400 GPa although there are some
exceptions.' It is interesting to check this relation in fluoride systems
at warm dense matter conditions because different interactions
between oxides and fluorides are expected in their warm dense states.
We investigated the principal Hugoniot of fluorite above 400 GPa
where it becomes warm dense matter and is reflective under shock
compression because it is expected to undergo metallization in CaF,
at 210 GPa."” However, recent calculations predicted much higher
metallization pressures.'”'* A region for warm dense matter can be
characterized by materials with densities similar to solids at high tem-
peratures above a few eV, which is generated by shock compressions
at pressures above several hundred GPa.

Our experiments were performed at the National Laboratory on
High Power Laser and Physics using the Shenguang-II (SG-II)
Nd:glass laser. We used four beams bundled in an F/3.5 cone angle
and smoothed by the lens-arrays system at 351 nm (third harmonics
of the SG-II:3w). The temporal behavior of the laser pulse was approx-
imated as a square shape with a full width at half maximum (FWHM)
of 1.0 ns and a rise and fall time of 100 ps each. The laser beams were
focused onto the target with a diameter of ~500 ym.

A single crystal CaF, (density of 3.186 g/cm®)* was cut and pol-
ished into pieces (4 x 2 x 0.2 mm). Quartz (a well calibrated standard)
was used as the reference to determine the Hugoniot and set parallel
on aluminum (30 um thick) foil. CH foil (30 um thick) and thin gold
(1.5 um thick) were used as the ablator and x-ray shield, respectively.
The target assemblage is illustrated schematically in Fig. 1.
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FIG. 1. Schematic illustration of target used in the present laser shock study (a),
typical VISAR (b), calculated shock velocity (c), and streaked optical pyrometer
(SOP) (d).
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We used standard diagnostics to measure the shock velocity and
thermal emission from the shock front simultaneously'™'® because
single crystal CaF, is transparent at ambient condition. Our line-
imaging VISARs consisted of two different constants of velocity per
fringe (3.87 km/s/Fr and 1.85 km/s/Fr for quartz and 3.95 km/s/Fr and
1.88 km/s/Fr for CaF,, respectively) to get a shock velocity at the reflec-
tive surface. The probe laser of the VISAR system was a 50 ns pulse
with a wavelength of 660 nm. In our experiments, the driven pressures
were sufficient to produce optically reflective shock fronts in both
quartz and CaF, samples. This resulted in direct, time-resolved mea-
surements of the shock velocity in both samples of quartz and CaF,.
After determining the shock velocities (Us km/s) of CaF, and SiO,
simultaneously, the impedance match method'” was applied to calcu-
late the particle velocity (Up km/s) of CaF, through the mirror
reflection of the principle Hugoniot of aluminum. We used glue to
assemble the targets. We assumed equilibrium among Al, glue, and
CaF,/SiO, because the VISAR fringes were disturbed in the glue and
subject to significant decay and took the shock velocity at the front
surface to apply the impedance match method. Then, the pressure and
density for CaF, were calculated using the Rankine-Hugoniot rela-
tions. Thermal emission was recorded as a streaked optical pyrometer
(SOP) at a wavelength of 442 nm with a narrow band (FWHM) of
30nm, and reflectivity (r) was estimated through the changes of
VISAR signals relative to that of Al. The method of calibration and
error estimation of the SOP was similar to that described by Miller
et al'® and Gregor et al."”” In shot #3 (Table 1), the emission was
observed without the narrow band filter and the temperature was not
calculated. The emissivity (¢) was estimated using the relation of r+ ¢
=1. The temperature was checked against the quartz temperature
data.”’

The experimental data are summarized in Table I. Figure 2 illus-
trates the relationships between shock velocity (Us km/s) and particle
velocity (Up km/s) and between pressure (P GPa) and density (d g/
cm?) for fluorite. The Us-Up relation is approximated linearly as
Us =8.92(£0.57)+0.98(%0.04) Up and is compared with the results in
the study by Root et al. (marked by the green dotted line) and a model
of the universal Hugoniot Us-Up relation as metallic fluids'*"" marked
by the red broken line. They are all in good agreement with a small
slope variation. Our data indicate a possible connection to an exten-
sion of the data’ in terms of both Us- Up and P-d. In the P-d relation,
the possible trend as an incompressible CaF, behavior at pressures of
~100 GPa-250 GPa’ is not supported by our data although the shock
Hugoniot data up to 950 GPa® and the static compression data at
room temperature’ do not indicate an incompressible behavior. The
present Hugoniot P-d relation, however, is more compressible than
that by Root et al.” and can be extendable from the data points.” If it is
the case, CaF, may maintain almost constant density during the melt-
ing process at pressures of ~100 GPa-~300 GPa and starts to increase
the density after complete melting about 300-400 GPa. This seems to
differ from the results” that indicate a monotonous increase in density
during melting. This difference may occur at different melting kinetics
due to different strain rates. We need further study to explain it.

The reflectivity based on the present VISAR measurements using
a wavelength of 660 nm is determined for quartz and CaF, and listed
in Table I. A comparison with the previous studies on quartz**”’ indi-
cates our data on quartz are very similar, and the reflectivity of CaF, is
similar to that of quartz at pressures below ~1TPa and significantly
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TABLE |. Experimental results on CaF2 referenced by quartz in the present study. The Us(Al)-Us(Qz) relation on the principal Hugoniot was determined by Hicks et al.*” The

quartz Hugoniot is cited from Desjarlais et al.”’

The values in parentheses are errors. There was no narrow band filter in shot #3, and the results in shot #1316 were combined

in two shots at an energy in which VISAR data were obtained for quartz and CaF, separately.

Shot  Energy Us (Qz) Up Pres Density ~ Temp Us (CaF,) Up Pres  Density Temp
No. ) (Km/s)  (km/s) (GPa) (g/cmS) (K) Refl (Km/s) (km/s) (GPa) (g/cm3) (K) Refl
3 1026 28.72 18.73 1426 (53) 7.62 0.48 26.73 18.16 1542 9.89 0.32
(0.37) (0.48) (0.35) (0.06) (0.31) (0.83) (75) (0.34) (0.04)
4 929 24.90 15.67 1034 7.15 64000 0.46 23.30 15.35 1138 9.32 44600  0.27
(043)  (0.47) (48) (0.34)  (11500)  (0.05) (0.32) (0.93)  (71)  (0.39)  (8000) (0.04)
7 875 21.34 12.87 728 6.68 44000 0.24 21.04 12.51 837 7.84 32500 0.23
(0.50)  (0.48) (44) (031)  (7500)  (0.03) (0.46) (1.05)  (72)  (042)  (5900) (0.03)
8 730 16.26 9.03 389 5.96 22500 0.24 16.90 8.70 467 6.55 18900 0.22
(0.54) (0.47) (33) (0.28) (4100)  (0.03) (0.50) (1.09) (60) (0.44)  (3600) (0.03)
1316 893 24.19 15.11 969 6.98 23.07 14.73 1080 8.79
(0.55)  (0.53) (55) (0.33) (0.45) (1.17)  (89)  (0.43)

less than that of quartz at high pressures over ~1 TPa. There seems to
be little difference by two different wavelengths used as the probing
light. The temperature based on the SOP record and the emissivity are
calculated from the emission counts and also listed in Table I. A com-
parison of the quartz temperature agrees with the previous results, and
the shock temperature for CaF, was slightly lower than that for quartz
(Table I) in a shot. These reflectivity and temperature measurements
indicate that CaF, is a warm dense matter under the present shock
conditions. The Coulomb coupling parameters (I') for CaF, and SiO,
were calculated using the measured Hugoniot data when the
Wigner-Seitz radius (a) is approximated by v/Z/(pA) /2. Z, p, and A
are the averaged atomic weight, density, and the Avogadro’s number,
respectively. The estimated a is 0.90A~1.0A for the universal
Hugoniot fluid metals'' and ~0.85 A for Gd;GasO;, (Ref. 11) at ~1

electrons is delocalized in the present experiments, the estimated I'
values are calculated to be 16-44 for CaF, and 7-22 for SiO,, respec-
tively, suggesting considerably strong interparticle interactions over
the present experimental conditions. The difference in reflectivity
between CaF, and SiO, above ~1 TPa may suggest a difference in the
liquid structure as supported by the estimated I values.

In Fig. 3, the calculated reflectivity is shown for comparison. The
shock front reflectivity was calculated by r = [(n-n,)/ (n-n,)]?, where n
and n, are the refractive index at the shock front and 1.43 (ambient
index of CaF,). We used a similar method to Hicks et al.”* and Celliers
et al.” to fit the energy gap in the electron density of state (Eg) and y
= T/Tmin», Where T and 7,,;, are the electron relaxation time and the

Pressure (GPa) for CaF2

TPa. It decreases from 0.94 A to 0.82 A for CaF, and 0.89 A to 0.83 A 0.6 440 800 1100 : 1500
for SiO, with increasing shock pressure in the present experiments at
0.4 TPa-1.5 TPa. Assuming that 5% of the total number of the A #3
O #4
0 #7
g G ec 3 bl RN (CRIERE AU
30 1750 —— > i & sio2 e
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ok ’31250 z)
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FIG. 2. Hugoniot relationships for CaF, between shock velocity (Us km/s) and parti-
cle velocity (Up km/s) (a) and between pressure (GPa) and density (g/cm®) (b).
Present data are black squares with errors. The blue triangles represent Al'tshuler
et al.,” green dotted lines are Root et al.,° red broken line in (a) is the universal Us-
Up relation for fluid metals,"”"" and red circles are Sekine and Kobayashi.” The
brown line at the right top in (a) represents the results for LiF (Ref. 24).

FIG. 3. Measured reflectivity of CaF, as a function of shock velocity (Us km/s) and
pressure in three shots. Solid squares and diamond are reflectivities on the
Hugoniots of CaF, and SiO, in the present study (Table |). The green broken and
brown broken lines represent the calculated reflectivities for CaF, and LiF (Ref. 24),
respectively, based on a model described by Hicks et al.” and Celliers et al.”” The
fitting parameters of Eg and y were obtained to be 4 eV and 0.85 for CaF.
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minimum scattering time, respectively. There is a good agreement, but
the gap closure changes gradually, not suddenly by pressure.

The bandgap of CaF, is known to be ~10 eV”° and smaller than
that of LiF (~14eV""). We compare the Hugoniot and reflectivity
between CaF, and LiF. The three data points for LiF at pressures of
1.1-1.4 TPa™ are compared in Figs. 2 and 3. The Us-Up plot locates
slightly above the universal relation for the fluid metals approximated
by Us=5.90 4 1.22 Up with a few percent variations in Us at a given
Up (Ref. 11). The estimated values of a and I" for LiF are 0.75 Aand s,
respectively. This suggests that LiF may have weaker interactions in
the warm dense matter state and higher metallization pressure than
CaF,. There is no consensus on the estimated metallization pressures,
but the most recent calculations predict them to be 2.25 TPa'* for
CaF, and above 4 TPa” for LiF. Based on the VISAR measurements,
the shock front with elevated temperature produces delocalized elec-
trons and becomes a semiconductor. The thermally activated process
is a gradual change dependent on the shock strength, but it differs
from the sudden metallization by pressure. The gradual reflectivity
change may provide information on the liquid properties. We calcu-
lated reflectivities for CaF, using a simple model described by Hicks
et al”* and Celliers et al.,”” as shown in Fig. 3. If we refer to the results
on shocked quartz, as investigated the most intensively and thought to
be a bonded liquid at 0.25-0.65 TPa, there is a dissociation of molecu-
lar bonds at 0.65-1 TPa, and it is a simple fluid above 1 TPa.”*”’ CaF,
is expected to behave like a simple fluid at pressures above 1.5 TPa
because of a typical ionic crystal and more like molecules such as H,O
in the Us-Up relation'’ (Fig. 2).

The present results on laser-shocked CaF, are summarized as
follows:

(1) The Us-Up relation in the warm dense matter state is approxi-
mated as the universal Hugoniot for fluid metals, but it may be
little affected by different interactions among different
components.

(2) The incompressibility above ~100 GPa, claimed previously, is
not confirmed in the present study.

(3) The melting of CaF, during shock compression needs further
studies to take into account the strain rate.

(4) The shock front above ~0.4 TPa becomes a semiconductor and
displays a similar behavior to quartz.
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