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In recent years, a-quartz has been used prolifically as an impedance matching stan-
dard in shock wave experiments in the multi-Mbar regime (1 Mbar = 100 GPa = 0.1
TPa). This is due to the fact that above ~90-100 GPa along the principal Hugoniot
a-quartz becomes reflective, and thus shock velocities can be measured to high pre-
cision using velocity interferometry. The Hugoniot and release of a-quartz has been
studied extensively, enabling the development of an analytical release model for use in
impedance matching. However, this analytical release model has only been validated
over a range of 300-1200 GPa (0.3-1.2 TPa). Here we extend the range of validity
of this analytical model to 200-3000 GPa (0.2-3 TPa) through additional a-quartz
Hugoniot and release measurements, as well as first-principles molecular dynamics

calculations.
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7I. INTRODUCTION

s With the advent of high-energy density facilities, such as large lasers or pulsed power
o accelerators, shock wave studies have become routine in the multi-Mbar regime (1 Mbar =
10 100 GPa = 0.1 TPa). The vast majority of these studies rely on an impedance matching
u (IM) technique, where the shock response of the material of interest is determined through
12 comparison of the shock response of that material with the shock response of a known

13 material standard.

1 In recent years a-quartz has been used prolifically as an IM standard. This is due to the
15 fact that above ~90-100 GPa along the principal Hugoniot - the locus of end states achievable
16 through compression by large-amplitude shock waves - a-quartz melts into a conducting
17 fluid with appreciable reflectivity.! This enables the use of velocity interferometry [VISAR
18 (Ref. 4)] techniques to directly measure the shock velocity to high precision, significantly
1 improving the precision of inferred results using the IM method. However, the accuracy
20 of the inferred shock response of the sample depends upon both the Hugoniot and either
21 the release or reshock response of a-quartz, depending upon the sample’s relative shock

» impedance.

»  This paper builds upon previous work® that utilized a-quartz Hugoniot and release mea-
s surements to develop an analytical release model for use in the IM technique. The previous
2 analytical model was validated over a range of 300-1200 GPa (0.3-1.2 TPa). Here we utilize
2 additional a-quartz Hugoniot and release measurements to extend the region of validation
27 to lower pressure (P), and first-principles molecular dynamics (FPMD) calculations to con-

28 strain the extrapolation of the model to higher P.

2 Section II describes the FPMD calculations of the Hugoniot and release in the few TPa
s regime. The results of additional a-quartz Hugoniot and release experiments are described
a1 in Section III. The extension of the Hugoniot and release model for a-quartz is presented

» in Section IV. The main findings are summarized in Section V.



1 II.  FIRST-PRINCIPLES MOLECULAR DYNAMICS CALCULATIONS OF
34 Oé-QUARTZ

5 To extend the Hugoniot and release model of a-quartz to higher P, FPMD calculations
3 were performed using VASP (Vienna ab-initio simulation program), a plane-wave density
3 functional theory code developed at the Technical University of Vienna.® We used the same
;s method that was reported to be in excellent agreement with plate-impact shock wave exper-
% iments on a-quartz using the Z machine,? and that used in the development of the recent
w0 release model.”

s Specifically, the silicon and oxygen atoms were represented with projector augmented
» wave (PAW) potentials™® and exchange and correlation was modeled with the Armiento-
s Mattsson (AMO5) functionals.” A total of 72 atoms were included in the supercell, with
u a plane wave cutoff energy of 600 eV. We note that convergence tests were run with 162
s atoms and plane wave cutoff energy of 900 eV, with markedly similar results. Simulations
s were performed in the canonical ensemble, with simple velocity scaling as a thermostat, and
a typically covered a few to several picoseconds of real time.

s  The Rankine-Hugoniot jump conditions,'® which are derived by considering conservation
s of mass, momentum, and energy across a steady propagating wave, provide a set of equations

so relating the initial energy, volume, and pressure with steady state, post-shock values:

(E—Ey) = (P+Py)(Vo—V)/2 (1)
., (P = Py) = poUsuy (2)
p= pOUs/(Us - up) (3>

ss where B, P, V, p, Us, and u, denote the energy, pressure, volume, density, shock velocity,
s« and particle velocity, respectively, and the subscript 0 denotes initial values. The first
ss of these equations, derived from the conservation of energy, provides a prescription for
ss calculation of the Hugoniot. For a given p, an initial estimate is made for the temperature,
sz 1, or P that would satisfy Eq. 1. A slow T ramp, typically spanning several hundred K
ss about the estimated Hugoniot T, is then applied to the system at a rate of ~1 K/fs. The
so resulting FPMD simulation allows the determination of P and F for which Eq. 1 is satisfied
s at the given p. Furthermore, the T" ramp method also allows for the estimation of both

a ' =V (dP/dE)y and the specific heat, which are very useful in estimating the 7" and P for
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TABLE 1. AIMD Hugoniot data for a-Quartz. Py and pg were taken to be 1 GPa and 2.644 g/cm?,

respectively. U8 and ul"®* were then determined from the jump conditions (Eqs. 1-3).

quartz quartz
P P s Up

(TPa) (g/em?)  (km/s) (km/s)

2.462 8.38 36.87 25.24
3.025 8.70 40.53 28.22

62 subsequent Hugoniot calculations that are performed when approximating a release path.

&3 Hugoniot points at ~2.5 and ~3 TPa calculated in this way are listed in Table I.

sa A release path from high P was calculated by taking advantage of the fact that at the
es initial reference state the isentrope and the Hugoniot have a second order contact,'® which
66 is most easily seen by considering a Taylor series expansion of the entropy as a function of
&7 volume. Thus for small volume changes the isentrope is well approximated by the Hugoniot.
¢ We therefore approximated the release path as a series of small Hugoniot jumps, where each

o calculated Hugoniot state along the approximated release path served as the initial reference

=)

~

o state for the subsequent Hugoniot calculation. Typical volume jumps were of the order of

1 5%, resulting in pressure jumps of ~5-10%, with a total of ~12-15 individual calculations

~

> along the release path.

~

73 A release path calculated in this way from ~3 TPa is shown as the green line in Fig. 1.
7+ Also shown for comparison (black line) is a reflection of the a-quartz principal Hugoniot
s about the particle velocity of the shocked state. Initially the release path drops below
7 the RH, due to the higher sound speed at high P, however at lower pressures the release
77 path crosses above the RH. This is due to the fact that at a given volume, the release
7 path has significantly higher entropy, and therefore increased thermal pressure, than the
70 corresponding state on the RH. For reference, shown as gray lines in Fig. 1, are Hugoniots
g0 for several materials that have recently been studied with a-quartz as a standard. For
s1 moderate impedance materials, such as CO,, GDP, and H,0O, the difference between the
&2 release path and the RH is ~2% to lower u,, while for low impedance materials, such as Do,

ss He, and Hy, the difference can be as large as ~5% to higher w,,.

s« In accordance with the recent release model for a-quartz® we compared the FPMD cal-

ss culated release path with that from a Mie-Griineisen (MG) model holding I" constant, with
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FIG. 1. Comparison of the FPMD release path (green) to the RH (black) and the MGLR release
curves for I' = 0.601 and S = 1.213 (dashed red) and I" = 0.582 and S = 1.197 (dashed black).
Also shown are the Hugoniots of CO (dashed dark gray), GDP (solid dark gray), HoO (dot-dashed
light gray), TPX (dot-dashed blue), 190 mg/cc aerogel (dashed blue), Dy (solid light gray), He
(dashed light gray), 110 mg/cc aerogel (solid blue), and Hy (dotted light gray). The right panel

shows the particle velocity residual of the MGLR release curves with respect to the FPMD.

ss & linear Us — u, Hugoniot response as the reference curve for the MG model; this model
&7 is referred to as the MG, linear reference (MGLR) model. The MGLR model has two pa-
ss rameters; I' and the slope, S, of the linear Uy — u, Hugoniot (Us; = Cy + Su,,) used for the
s reference curve. Note that for a given value of S, there is a unique value of Cj that will

s produce (P, u, ) along the Hugoniot;

Py

Polp1

Co1 = - Suply (4)

a1 where the notation Cy; explicitly denotes that Cj is a function of P along the Hugoniot.

o2 The values of I' and S can be simultaneously optimized to minimize the integral:

/ ' (urel(Pl) . uFPMD(P/))zdP/ (5)

P p p
o3 where u;el and ugPMD are the particle velocities along the MGLR and FPMD release paths,
s respectively.
s The optimal release path for the MGLR model is shown as the dashed red line in Fig. 1,
oo with I' = 0.601 and S = 1.213. The MGLR release path with these values of I' and S agrees
o7 quite well with the calculated FPMD release path, as can be seen by the particle velocity



TABLE II. Values for I' and S for the MGLR model for both cases (i) I', S optimized, and (i) I’

optimized and S fixed.

Py Us I', S optimized I' optimized
(TPa) (km/s) r S r S
0.306  14.492 0.205 1.189 0.220 1.197
0.408 16.48 0.356  1.198 0.355  1.197
0.537  18.508 0.447  1.190 0.457 1.197
0.805 22126 0.578  1.211 0.558  1.197
1.048  25.034 0.592  1.205 0.580 1.197
3.007  40.530 0.601  1.213 0.582 1.197

s residual with respect to the FPMD release path shown in the right panel of Fig. 1. Note
o that the value of S obtained from the optimization is similar to that found at lower P (see
10 Table IT). It was also found that there exists a broad, shallow minimum in the evaluated
1 integral (Eq. 5) along a line in I'-S space, as illustrated in Fig. 2. This broad minimum
102 is what enabled the simplification of the reported MGLR model,® allowing S to be held
103 constant, thereby reducing the model to a single free parameter, I'. Using the value of
104 S = 1.197 (the same as that used in the recent release model®) results in an optimized value
10s of [' = 0.582. The corresponding release curve is shown in Fig. 1 as the dashed black line.
s Note that there is a negligible degradation in agreement between the MGLR and FPMD
107 release paths with S = 1.197 (see also Fig. 2), suggesting that the previous analytical model
s with §' = 1.197 can be suitably extended to P in the few TPa range.

1w III.  EXPERIMENTAL o-QUARTZ MEASUREMENTS

mo A series of planar, plate-impact, shock wave experiments were performed at the Sandia Z
111 machine!! to obtain additional Hugoniot data for a-quartz and to extend the experimental
2 release measurements of a-quartz to lower P. The experimental configuration used is the
13 same as that described in Ref. 5. Silica aerogel with initial density of ~190 mg/cm?® was
us used as a low-impedance standard. The shock response of the aerogel has been previously

115 investigated on the Z machine through plate-impact, shock wave experiments.'?!? Since the



FIG. 2. Integrated difference between the MGLR and the FPMD release path (Eq. 5) from ~3
TPa as a function of both I" and S. Note the shallow minimum along a line in I'-S space. The

black circles on the I'-S plane correspond to both cases (i) I', S optimized, and (i) I' optimized

and S fixed.

TABLE III. Silica aerogel, aluminum, and copper Us — u, coefficients and covariance matrix ele-

Difference (arbitrary units)

i

ments®
Cy S O'%O 0?9 0Cy0S
(km/s) (x1072)  (x107%)  (x1073)
~ 190 mg/cm? aerogel —0.385 1.248  2.631 2.710 —1.493
Aluminum 6.322 1.189 5.358  4.196 —4.605
Copper 4.384 1.382 1.344  6.084 —2.689

ue aerogel is solid, it could be directly impacted by the flyer-plate, and thus the Hugoniot states
uz could be inferred through simple IM with aluminum under compression, to relatively high-
us precision. The linear Us — u, coefficients and covariance matrix elements for the aerogel,

1o which were used in the analysis of the release experiments described here, are listed in

120 Table III.

1 The a-quartz (single-crystal, z-cut, obtained from Argus International) and ~190 mg/cm?
122 silica aerogel (fabricated by General Atomics) samples were all nominally 5 mm in lateral

123 dimension. The thickness of the a-quartz was nominally 300 microns, while the thicknesses of
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124 the silica aerogel was nominally 1000 microns. The aerogel samples were metrologized using
125 & Measuring microscope to determine sample diameters and an interferometer to measure
126 thickness to a precision of ~5 microns and less than 1 micron, respectively. Density of
127 the silica aerogel was inferred from high-precision mass measurements and inferred volume
128 assuming the samples were right-circular cylinders. Slight departure from the right-circular
120 cylinder assumption resulted in density uncertainty of ~2%.

1o The a-quartz samples and silica aerogel were glued together to form experimental “stacks”
1 using the techniques described in Ref. 5. The flyer-plates and experimental “stacks” were

12 diagnosed using a velocity interferometer (VISAR?). Since all of the materials in the “stacks”

w

s are transparent, the 532 nm laser light could pass through the “stack” and reflect off the flyer-

1

w

134 plate surface. This allowed an in-line measurement of the flyer-plate velocity from initial
13s motion to impact. Upon impact a shock wave of several 100 GPa was sent through the
16 a-quartz sample. This shock was of sufficient magnitude that the shocked a-quartz became
137 weakly reflective in the visible range. This immediate onset of reflectivity allowed for direct
138 measurement of the shock velocity within the a-quartz using the VISAR diagnostic. Upon
130 traversal of the a-quartz sample, the shock was transmitted into the silica aerogel and a
1o substantial release wave was reflected back into the a-quartz sample. The resulting 10’s
1 of GPa shock in the silica aerogel was of sufficient magnitude that it also became weakly
12 reflecting, allowing direct measure of the shock velocity in the silica aerogel with the VISAR
13 diagnostic.

s The measured apparent velocity of the shock in the a-quartz and silica aerogel was
1is reduced by a factor equal to the refractive index of the unshocked material: v = v,/ny.
us The values of ng used in this study for a-quartz and silica aerogel was 1.547 and 1.038,
17 respectively. 41 Ambiguity in the fringe shift upon both impact and transition of the shock
us velocity measurement from the a-quartz sample to the silica aerogel was mitigated through
1o the use of three different VISAR sensitivities, or velocity per fringe (vpf) settings at each
150 measurement location, included a high sensitivity vpf setting of 0.2771 km/s/fringe. We

1

o1

1 conservatively estimate the resolution of the VISAR system at one tenth of a fringe, resulting
12 in uncertainty in flyer-plate and shock velocities of a few tenths of a percent.

153 The flyer velocity immediately before impact and the a-quartz shock velocity immediately
1s4 after impact enabled a Hugoniot measurement through the IM method described in Ref. 2.

1

o1

s The linear Us —u,, coefficients and covariance matrix elements for the aluminum and copper,

8



156 which were used in the analysis of the Hugoniot experiments described here, are listed in

157 Table III.

1583 The a-quartz release experiments were analyzed within the framework of the MGLR
150 model. The measured U3"™ and known a-quartz Hugoniot®® defined the initial state in
1o the P — u, plane, (P, u,1). The measured shock velocity and the known Hugoniot of the
1o silica aerogel' defined the release state (P, u,,) along the a-quartz release path. The MGLR
12 model, with S = 1.197, was then used to determine the value of I'e such that the release
163 path emanating from (P, u,;) went through the point (P, u,,). Uncertainties in the inferred
162 quantities were determined using the Monte Carlo method described in Ref. 5. Note that
165 the uncertainty in wu,, that arises from both the uncertainty of the silica aerogel Hugoniot'?
166 and the measured shock velocity is less than 1%, and provides a tight constraint on the
167 value of ey that connects (P, uy) and (P, uy,-). This translates into an uncertainty in
168 Lo Of between 0.05 and 0.1 for the individual measurements. We note that because (i) ng
160 for the aerogel samples is common to both the direct impact experiments and the release
1o experiments, and (4i) the shock impedance of the silica aerogel is so much lower than the
1in shock impedance of a-quartz, I'eg is only weakly dependent on ng and the estimated 1%

12 uncertainty in ng for the aerogel does not contribute significantly to the uncertainty in I'og.

w3 A total of 9 a-quartz Hugoniot points were obtained in this study. The pertinent pa-
17a rameters for these measurements displayed in Table IV. Additionally, four a-quartz release
175 measurements were performed using ~190 mg/ cm® silica aerogel as the standard to extend
e the empirical release model to lower P. The pertinent parameters for these experiments are
177 listed in Table V. Finally, we note that in finalizing the TPX Hugoniot publication'” it was
178 discovered that in the analysis of experiment Z2332 an incorrect number of fringe jumps was
1o used for both the Hugoniot measurement (correct values listed in Ref. 17) and the release
180 measurement (compare Table V in Ref. 5 with Table VI here). Also, a more precise value
o1 for the refractive index of TPX was used (ng = 1.461) resulting in slightly higher inferred
162 values of UITX in the release experiments. The revised values for [eg for TPX are listed in

183 Table VI



TABLE IV. Us; —u, Hugoniot data for a-quartz. The impactor material is listed in the flyer column,

with ‘Al” and ‘Cu’ designating aluminum and copper, respectively. vy and

velocity, pressure, and density in the shocked state, respectively. o , ng,

covariance matrix elements that describe the correlation between the uncertainties in Uy and wu,,.

flyer-plate and quartz shock velocity, respectively. uguartz

2

uartz
Us

are the measured
, P, and p are the inferred quartz particle

and oy, 0y, are the

Expt flyer

vy
(km/s)

quartz

s

uquartz 2

p 9y,

(km/s) (km/s) (x10-3) (x10-%)

2

Oy, OUOu,

(x10™%)

P
(GPa)

P
(g/cm?)

72877
72858
72858
72858
72586
72690
72690
72577
72577

Cu
Al
Al
Al
Al
Al
Al
Al
Al

8.89 £0.05
14.59 £ 0.05
14.77 £ 0.05
15.93 £0.05
16.72 £0.05
26.97£0.05
28.91 +£0.05
31.59 £0.05
31.84 +£0.05

12.01
14.02
14.16
14.96
15.51
22.23
23.52
25.02
25.34

6.16 1.600

7.54 1.600
7.63 1.600
8.19 1.600
8.57 1.600
13.61 1.600
14.56 1.600
15.93 1.600

16.01 1.600

1.586 -1.914

1.424 -3.176
1.411 -3.262
1.367 -3.323
1.343 -3.340
1.437 -3.601
1.564 -3.601
1.835

1.881 -3.782

1959+ 14
280.2£1.5
286.0£1.5
324.7+ 1.5
352.4+1.6
801.8+2.4
907.3 £ 2.7

5.44 +0.04
5.73£0.04
5.74 £0.04
5.86 £0.04
5.93 £0.04
6.84 £0.04
6.95 £0.04

-3.654 1056.0 3.1 7.29 £ 0.04

1075.3 £ 3.2 7.20 £ 0.04

TABLE V. I'eg for the a-quartz release experiments using ~190 mg/ cm® silica aerogel as a standard.

U 3, U §el, and p%el are the measured shock velocities of the a-quartz and aerogel samples, and the

measured aerogel initial density.

U

I
Us®

gel

Expt 70 Lot
(km/s) (km/s) (mg/cm®)

Z2877TN  11.07+£0.03 10.97 +£0.03 194+ 4 —0.182 + 0.097

Z22877S  12.024+0.03 12.20 +£0.03 194 +4 —0.135 £ 0.076

Z2858N  14.024+0.03  15.06 = 0.03 190 £ 4 0.060 £ 0.051

728585  15.10+0.04 16.70 +0.04 190 £ 4 0.175 £ 0.059
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TABLE VI. Updated I'eg for the a-quartz release experiments using TPX as a standard. Ug,

UTPX TPX
]

) and Po

are the measured shock velocities of the a-quartz and TPX samples, and the

measured TPX initial density (Compare this Table with Table V from Ref. 5).

Expt a v 0 Tett
(km/s) (km/s) (g/cm®)

72436 15.69+0.03 17.67+0.03 0.83+0.004 0.264 + 0.085
72450N  16.30+0.03 1847+0.03 0.83+0.004 0.377+0.077
724508 17.45+0.03 19.94+0.03 0.83+0.004  0.476 + 0.068
72345N  20.45+0.03 23.84+0.03 0.83+0.004 0.577 + 0.051
723455 21.69+0.03 2550+0.03 0.83+0.004 0.599 £ 0.046
72333N  22.00+0.03 25.92+0.03 0.83+0.004 0.604 + 0.045
723338 22.97+0.03 27.21+0.03 0.83+0.004 0.595 + 0.041
72375 25.19+0.03 30.12+0.03 0.83+0.004 0.530 =+ 0.039
72332 2545+0.03 30.63+£0.03 0.83+£0.004 0.607 £ 0.040

1z IV,  EXTENSION OF HUGONIOT AND RELEASE MODEL FOR
185 Oé-QUARTZ

s The experimental Hugoniot measurements from this study (red diamonds) are plotted
157 along with the previous experimental results®® (blue crosses) and fit® (dashed black line)
188 in Fig. 3. These results are in good agreement with both the previous published data and
10 fit.  Also plotted in Fig. 3 are the two FPMD calculated Hugoniot points at ~2.5 and
1w ~3 TPa (green diamonds). In contrast, the FPMD results exhibit shock velocities that
1 are systematically higher than the extrapolation of the previous fit, suggesting that the

192 extrapolation is too compressible, with a slope that is slightly too low.

13 Comparison of the FPMD calculations with experiment over the P range of 100-1200
e GPa (0.1-1.2 TPa) demonstrate that the FPMD calculations are within 1% throughout this
105 entire range (see Fig. 2 in Ref. 2), with the largest difference being in the P range where the
16 molecular fluid undergoes dissociation into an atomic fluid. This level of agreement suggests
17 the FPMD calculations accurately describes the hot dense fluid, particularly at higher P

18 where the effects of disorder and dissociation of the molecular fluid become less significant,

11
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FIG. 3. a-quartz Us-u, Hugoniot. Blue crosses, previous experimental results;?® red (green)
diamonds, present experimental (FPMD) results; solid (dashed) black line, present (previous) fit.

The bottom panel shows the residual of the present fit to the previous fit.

19 and that the FPMD results in the few TPa range can be used to constrain the extrapolation
200 of the fit to the experimental Us-u, data.
21 We therefore performed a new least squares, weighted fit using the same functional form
202 as that in Ref. 2:

Us =a+bu, — cu,e (6)

203 A weighting factor of 1/300 (fractional uncertainty of a few tenths of a percent, similar
200 t0 that of the experimental data) was chosen such that the percent uncertainty in the fit
205 at high P was of the same order as that of the previous fit in the P range (below about
206 1 TPa) constrained by the experimental data (see Fig. 4). The coefficients and covariance
207 matrix elements for the new fit are listed in Tables VII and VIII, respectively. The difference
208 between the previous fit and the new fit is less than 0.5% over the particle velocity range
200 for which experimental data exists, as can be seen in the bottom panel of Fig. 3. However,
210 at higher P, in the few TPa range, the difference grows to over 1% due to the difference in
o their asymptotic slopes (1.193 and 1.242 for the previous® and new fit, respectively). When
12 used for IM in the TPa regime, this behavior would tend to result in an inferred response
213 that is systematically too compressible when using the previous fit (the inferred u, would
s be too high for a given Us).

26 The experimental g values from the ~190 mg/cm® aerogel (Table V) and the revised

a7 Lo values from the previous TPX release experiments (Table VI) are plotted along with

12
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FIG. 4. Percent uncertainty in U for a given u, for the previous (dashed line) and current (solid

line) Us-u,, fits.

TABLE VII. Coefficients for the a-quartz Us; — u,, relation displayed in Eq. 6

a b c d

(km/s) (km/s) ™

a-quartz 5477  1.242  2.453 0.4336

2s the previously reported® Ty values for both ~110 and ~190 mg/ cm?® silica aerogel in Fig. 5.
219 Also shown in Fig. 5 are the I'.g values determined from the FPMD release calculations.
220 In general there is good agreement between the FPMD results and experiment, with the
21 possible exception being at low P (~300 GPa) where the FPMD results appear to exhibit
22 a slightly lower slope than experiment. However, this P range corresponds to the region
23 where the effects of disorder and dissociation are the most significant? and where the largest
24 difference is seen between the experimental and FPMD Hugoniots. As was the case for the

225 Hugoniot, at high P the agreement between experiment and FPMD becomes much better.

TABLE VIIIL. Covariance matrix elements for the a-quartz U — u, relation displayed in Eq. 6

0q0h  0g0c 004 O'g oy0.  Opoq 02

2 2
O, c Oc0¢q 04

(x1073) (x107%) (x1073) (x10™%) (x107%) (x107%) (x107®) (x1072) (x1073) (x10~%)

a-quartz 3.028 —1.490 —3.715 —6.275 7.839 1.448 2.752 1.729 1.605 1.907

13



26 In particular, the ['.g value determined from the FPMD release calculation from ~3 TPa
227 suggests a saturation in ey at high P. The experimental data from this study at low P
28 (below 300 GPa) provide a much needed constraint on the dependence of I'eg at lower P in
229 the region of dissociation.

20 The experimental data and the highest P FPMD datum were fit to a piecewise function
2n that was constrained to have a second order contact at the breakpoint; see Eq. 7. These data

2 were adequately fit with a linear function at lower USQ and the same exponential function as

23 in Ref. 5 at higher US:

—1.4545 + 0.1102 US 4 0.036, U < 14.69
Feg = (7)

0.579 (1 — exp [—0.129 (UL — 12.81)%2]) £0.036, U2 > 14.69.
24 We note that the fit was essentially unchanged with and without inclusion of the FPMD
235 value at ~3 TPa. The uncertainty in ['.¢ was determined through an analysis of the standard
236 deviation of the measured values with respect to the value given by Eq. 7; this analysis
237 resulted in an uncertainty in I'eg of 0.036, as shown in Fig. 5. Note that the previous fit for

238 ['op from Ref. 5 (gray line), is within the uncertainty of the new fit.

20 V. CONCLUSION

20 The previously published Hugoniot®° and release model® for a-quartz has been extended,
a1 and is now validated over the P range of 0.2-3 TPa. This was accomplished through exper-
22 imental Hugoniot and release measurements (to extend the release model to lower P) and
23 FPMD calculations of the Hugoniot and release of a-quartz in the few TPa range (to extend
24 the Hugoniot fit to higher P). The FPMD Hugoniot calculations indicated that the asymp-
25 totic slope of the fit to the experimental Us-u, data was too low, and were used to constrain
us the extrapolation of the fit to the few TPa range. The a-quartz release measurements at
27 lower P (between 200-300 GPa) provided a much needed constraint on the dependence of
us Lo at lower P, in the region of dissociation.

29 The extension to the analytical model will result in negligible differences in inferred
250 quantities with respect to the previous model when used for IM in the 0.3-1.2 TPa range.
251 However, when used for IM in the few TPa range the new model will result in lower inferred

252 Uy, for a given U,. This difference is expected to be ~1-2% in u, which corresponds to ~3-8%
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FIG. 5. TI'eg as a function of USQ. Cyan diamonds, TPX standard; blue (red) diamonds, ~190
(~110) mg/cm® silica aerogel standard; green diamonds, FPMD derived values; solid (dashed)
black line, best fit (one o deviation) to the experimental data; solid gray line, best fit from Ref. 5.

Note that the x and y scales of the inset match the main figure.

253 lower inferred p, given that the error in p scales as roughly (p/po — 1) times the error in u,
254 (in this P regime p/pg is ~4-5). While this model is now validated to ~3 TPa, we anticipate
255 that the model can be extrapolated to higher P with some confidence; in this regime the P
26 is sufficiently high that the effects of disordering and dissociation in the shocked fluid are
7 becoming much less significant and the behavior of the system is approaching that of an

258 ideal gas.
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