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Shock-induced melting of [100] lithium fluoride:
Sound speed and Hugoniot measurements to 230 GPa
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Although [100] lithium flouride (LiF) is the most widely used optical window material in dynamic com-
pression experiments, its high stress (>100 GPa) shock compression response, including melting, is not well
understood. To address this need, we measured wave profiles in plate impact experiments to determine the Hugo-
niot states and longitudinal sound speeds in [100] LiF crystals shock compressed to 231 GPa. The measured peak
states are fitted well by a linear shock velocity–particle velocity relation, providing an accurate determination
of the LiF Hugoniot curve to significantly higher stresses than previous experiments. The longitudinal sound
speeds show a near linear increase with density compression to 182 GPa. Between 182 GPa and 195 GPa,
the sound speed and the longitudinal modulus decrease abruptly, due to shock-induced melting. The increasing
sound speeds and moduli at higher stresses suggest that shock compressed LiF is fully liquid at 195 GPa and
above, allowing determination of the Grüneisen parameter for liquid LiF. The melt stress determined here differs
from that predicted by current multiphase equations of state for LiF. Our results provide important insight into
the high stress solid and liquid states of shock compressed LiF and point to the need for an improved multiphase
equation of state at high pressures and high temperatures.
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I. INTRODUCTION

High purity lithium flouride (LiF) single crystals oriented
along the [100] direction constitute the most commonly used
optical windows in dynamic compression experiments. [100]
LiF maintains transparency at 532 nm up to 210 GPa [1–3]
in shock compression experiments and up to 900 GPa under
shockless or ramp compression [4,5]. Due to its optical trans-
parency, the high pressure response of LiF has been a subject
of extensive research in theoretical [6–11] and experimental
[2–5,12–24] studies.

Despite the strong interest in the high stress response of
LiF, questions remain regarding its structural stability under
shock compression above 100 GPa. Although the Hugoniot
curves show no discontinuities to 150 GPa [14,18], a drop
in the longitudinal sound speed for shocked LiF, attributed to
melting, was reported at ∼140 GPa [18]. However, subsequent
measurements [20] showed no drop in the longitudinal sound
speed up to ∼170 GPa. Previous theoretical work [7,8] sug-
gested that the reported loss of transparency above 210 GPa
[1–3] was due to melting because of absorption differences
between solid and liquid LiF.

For static compression experiments, LiF’s optical trans-
parency, low thermal conductivity, chemical inertness, and
low x-ray absorption and scattering make it a poten-
tial pressure-transmitting medium and a pressure standard
[21–23]. Using laser heating in diamond anvil cell experi-
ments, the melt curve for LiF has been reported to 100 GPa
[24]. Combining these results with quantum molecular dy-
namics calculations, melting on the Hugoniot was predicted

to occur at ∼140 GPa [11]. A theoretical study [9] has even
suggested a solid-solid phase transformation at ∼140 GPa.

In addition to the conflicting results regarding the LiF
structural response above 100 GPa, we note that the most
widely used LiF Hugoniot [2] is based on experimental data to
∼100 GPa. Since LiF is used as a window material to stresses
> 200 GPa, shock compression data at higher stresses are
desirable.

Using wave profile measurements in well characterized
plate impact experiments, we present Hugoniot states and
sound speed results in [100] LiF shock compressed to
231 GPa. The experimental results presented here are intended
to address the issues summarized above regarding the high
stress LiF response.

The paper is organized as follows. Experimental methods
and results are presented in Secs. II and III, respectively.
Analysis of the results and determination of the Hugoniot
curve, sound speeds, and Grüneisen paramenter in the liquid
state are given in Sec. IV. Equation of state implications are
also discussed in Sec. IV. The main findings from the present
work are summarized in Sec. V.

II. EXPERIMENTAL METHODS

[100] LiF single crystals in the present work were cut from
UV grade ultrapure rods and polished to an optical finish
by Asphera Incorporated. The crystals were within 1o of the
specified orientation, as verified by Laue x-ray diffraction.
The average measured density and longitudinal sound speed
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TABLE I. Experimental Parameters

Flyer Sample Shock Rarefaction
Experiment Velocity thickness transit time transit time
No. Configurationa (km/s) (mm) (ns) (ns)

1 (22-2sh16)b DI 6.905 ± 0.006 1.543 ± 0.002 124.0 ± 0.8 62.7 ± 1.0
2 (21-2sh25)c DI 6.920 ± 0.016 1.435 ± 0.002 114.0 ± 0.3 59.1 ± 0.5
3 (21-2sh17)c DI 7.237 ± 0.002 1.517 ± 0.002 117.0 ± 0.3 71.3 ± 0.5
4 (21-2sh21)c DI 7.275 ± 0.012 1.524 ± 0.002 118.0 ± 0.6 72.3 ± 0.5
5 (21-2sh46)c DI 7.543 ± 0.010 1.512 ± 0.002 115.0 ± 0.3 69.8 ± 0.5
6 (21-2sh43)c DI 7.543 ± 0.005 1.530 ± 0.002 116.0 ± 0.3 72.7 ± 0.5
7 (21-2sh22)cd DI 7.683 ± 0.006 1.470 ± 0.002 110.0 ± 0.3 −
8 (22-2sh14)b CuB 7.299 ± 0.009 1.406 ± 0.002 102.0 ± 0.2 64.8 ± 1.0
9 (22-2sh15)b CuB 7.304 ± 0.017 1.327 ± 0.002 96.3 ± 0.2 61.2 ± 1.0

aDirect Impact (DI) or use of copper buffer (CuB).
bMeasurements made with PDV.
cMeasurements made with VISAR.
dSignal lost from Sample/Window interface after shock arrival.

(2.64 g/cm3 and 6.60 km/s, respectively) were in good agree-
ment with the published values [2,25–27].

Plate impact experiments were conducted using the two-
stage gas gun facility at the Institute for Shock Physics at
Washington State University and the experimental parameters
for all nine experiments are listed in Table I. The experimental
configuration, shown in Fig. 1, was similar to that reported
recently [20]. The target assembly consisted of two stacked

(a) Direct Impact (DI)

(b) Copper Buffer (CuB)

(c)

LiF

Cu

Pt
VISAR/PDV

LiF

VISAR/PDV

VISAR/PDV

LiFPt
VISAR/PDV

LiF

VISAR/PDV

VISAR/PDV

FIG. 1. Experimental configuration utilizing (a) direct impact
(DI) and (b) a copper buffer (CuB). All experiments used a platinum
impactor. (c) Rear view of the target showing the VISAR/PDV probe
arrangement. The blue circles denote probes at the LiF front surface
and the red circle indicates the probe at the LiF sample/window
interface.

[100] LiF disks, with the first disk acting as the sample and the
second disk acting as the window. Prior to bonding, aluminum
mirrors were vapor-deposited onto the impact side of the LiF
sample and onto the central region of the sample/window
interface; for experiments 5, 6, 8, and 9, gold mirrors were
used. For most of the experiments, the LiF target assembly
was impacted directly by a platinum flyer [Fig. 1(a)]. For ex-
periments 8 and 9, the platinum flyer impacted a copper buffer
which was bonded to the LiF target assembly [Fig. 1(b)].

Particle velocity histories were measured at the
impactor/sample interface (or buffer/sample interface) and
at the sample/window interface using laser interferometry
(velocity interferometer system for any reflector (VISAR)
[28] and/or photon doppler velocimetry (PDV) [29]). The
three probes at the impactor/sample interface [Fig. 1(b)]
were positioned at 120o intervals to determine the impact tilt
and to provide an accurate fiducial for shock wave entry into
the sample. The probe at the sample/window interface used
a dual velocity-per-fringe (VPF) configuration to ensure an
unambiguous particle velocity measurement.

Due to the transparency of the LiF sample and window, the
experimental configuration used in this work (Fig. 1) provided
an absolute determination of both the shock velocity and the
release wave speed, discussed further in Section IV.

III. EXPERIMENTAL RESULTS

The measured wave profiles were corrected for shock-
induced changes in the LiF refractive index [2] and the
corrected profiles are shown in Fig. 2. The wave profiles
measured at the front surface of the LiF samples are shown in
Fig. 2(a). Of the three profiles measured for each experiment,
only one is shown; the other two are similar. As shown in the
figure, the measured particle velocity was maintained until the
arrival of the release wave originating at the back of the plat-
inum impactor. Figure 2(b) shows the wave profiles measured
at the LiF sample/window interface; all profiles show a single
sharp jump to the peak state, which is maintained until the
arrival of the release wave.

In experiments 3 - 9, a very small decay in the particle
velocity was observed after the arrival of the shock wave.
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FIG. 2. Wave profiles measured at the (a) LiF front surface and
(b) LiF sample-window interface. The profiles are color coded and
labeled by experiment. The asterisk denotes profiles measured using
PDV, while the remaining profiles were measured using VISAR. The
velocity profile for experiment 7 is dashed since only the wave profile
at the LiF front surface was measured in this experiment.

Furthermore, the peak particle velocity at the LiF
sample/window interface was very slightly larger than
the particle velocity measured at the front of the LiF sample.
Although these effects were reproducible, their magnitudes
are within the experimental uncertainties. Hence, they are not
discussed in the remainder of the paper.

IV. ANALYSIS AND DISCUSSION

To facilitate the data analysis, Figs. 3(a) and 3(b) show
Lagrangian position-time diagrams for wave propagation
through the platinum impactor, buffer, sample, and window
for both target configurations (see Fig. 1). The shock and
rarefaction waves are denoted by solid and dot-dashed lines
respectively. For the buffer configuration, the thickness of the
impactor and buffer are such that the rarefaction wave from
the back surface of the platinum reaches the platinum-copper
interface before the rarefaction wave originating at the Cu/LiF
interface.

FIG. 3. Lagrangian distance-time diagrams for wave propagation
in (a) direct impact and (b) copper buffer configurations. Solid and
dot-dashed lines denote the shock and rarefaction waves, respec-
tively. (c) Representative results from experiment 4 for the probes
at the LiF front surface (blue) and the LiF sample/window interface
(red), with identifying markers to signify tS1, tS2, tR1, and tR2. The
inset shows the approach for determining the release wave arrival
times.

For both configurations, the experimental observables are
the same: shock arrival time at the front of the LiF sample
(tS1), shock arrival time at the sample/window interface (tS2),
rarefaction arrival time at the front of the LiF sample (tR1), and
rarefaction arrival time at the sample/window interface (tR2).

The measured arrival times for a representative experiment
(experiment 4) are shown in Fig. 3(c). The arrival times at the
LiF front surface are the averages for all three front surface
probes. Figure 3(c) inset shows how the rarefaction wave
arrival time tR1 was determined (intersection of linear fits to
the peak velocity and the initial release). The same technique
was used to determine tR2 at the sample/window interface.
The wave transit times, listed in Table I, provided a direct
determination of the shock speed (US) and the Lagrangian
longitudinal sound speed (cL) in the LiF using

US = dS

tS2 − tS1
, (1)
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TABLE II. Hugoniot Results.

Shock Particle Volume
Experiment Velocity Velocity Stress Density Compression
No. US (km/s) uP (km/s) Px (GPa) ρ (g/cm3) V/V0

1 12.57 ± 0.05 5.462 ± 0.011 181.3 ± 0.7 4.67 ± 0.02 0.565 ± 0.002
2 12.59 ± 0.05 5.474 ± 0.017 181.9 ± 0.8 4.67 ± 0.02 0.565 ± 0.002
3 12.93 ± 0.05 5.715 ± 0.011 195.1 ± 0.7 4.73 ± 0.02 0.558 ± 0.002
4 12.92 ± 0.08 5.749 ± 0.016 196.0 ± 1.2 4.76 ± 0.03 0.555 ± 0.004
5 13.18 ± 0.05 5.955 ± 0.014 207.2 ± 0.8 4.82 ± 0.02 0.548 ± 0.002
6 13.18 ± 0.05 5.955 ± 0.012 207.2 ± 0.8 4.82 ± 0.02 0.548 ± 0.002
7 13.37 ± 0.05 6.058 ± 0.012 213.9 ± 0.9 4.83 ± 0.02 0.547 ± 0.002
8 13.82 ± 0.03 6.328 ± 0.054 230.9 ± 2.0 4.87 ± 0.05 0.542 ± 0.006
9 13.82 ± 0.03 6.333 ± 0.054 231.1 ± 2.0 4.88 ± 0.05 0.542 ± 0.006
W1a 10.77 ± 0.04 4.153 ± 0.009 118.1 ± 0.4 4.30 ± 0.01 0.614 ± 0.002
W2a 11.45 ± 0.04 4.642 ± 0.010 140.3 ± 0.5 4.44 ± 0.02 0.594 ± 0.002
W3a 11.85 ± 0.05 4.966 ± 0.012 155.4 ± 0.6 4.54 ± 0.02 0.581 ± 0.002
W4a 12.24 ± 0.05 5.241 ± 0.011 169.0 ± 0.6 4.62 ± 0.02 0.571 ± 0.002

aRedetermined from Ref. [20] using impedance matching.

cL = dS

tR2 − tR1
, (2)

where dS is the sample thickness.

A. Determination of Hugoniot states

Using the measured shock velocities and flyer velocities,
the Hugoniot states for each experiment were determined
using impedance matching [30] and are listed in Table II.
Table II also includes the Hugoniot states from Wallace et al.
[20] that were redetermined using impedance matching, to
ensure consistency between Ref. [20] and the present results.
The uncertainties in Table II were calculated using a Monte
Carlo method with 105 points.

Figure 4(a) shows the shock velocity–particle velocity plot
for the results from Table II, including the reanalyzed results
from Ref. [20]. For most of the data in Fig. 4(a), the uncer-
tainties are smaller than the symbols used on the plot. All the
US−uP states from Table II are fitted well using a straight line

US = (5.144 ± 0.010)km/s + (1.355 ± 0.004)uP, (3)

arising from a global fit to the current results and previously
published data, as discussed in Appendix A. Details regard-
ing the impedance matching calculations are summarized in
Appendix B.

Figure 4(b) shows the stress–volume compression results
corresponding to the results and the linear fit [Eq. (3)] in
Fig. 4(a); the grey region indicates the uncertainty in the fit.
The results in Fig. 4 provide an accurate determination of
the LiF Hugoniot curve to 230 GPa, significantly extending
the experimental range of previous Hugoniot determinations
[2,14,18]. We note that the LiF shock response is described
well by a single smooth Hugoniot curve with no discontinu-
ities.

B. Sound speeds and longitudinal Moduli

From the Lagrangian sound speeds obtain using Eq. (2), the
Eulerian sound speeds (which account for the compression of

the shocked sample) cE can be determined using

cE = ρ0

ρ
cL, (4)

where ρ is the density in the shocked state (Table II) and ρ0

is the ambient density. The sound speeds from the present
work and from Ref. [20] are listed in Table III. The Eulerian

FIG. 4. Hugoniot states from the present work and the reana-
lyzed results from Wallace et al. [20]. (a) Shock velocity - particle
velocity results and the global fit from Eq. (3). (b) Stress - volume
compression results corresponding to (a). The grey region indicates
the uncertainty in the fit.
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TABLE III. Sound speeds, longitudinal moduli, and the calculated Grüneisen parameter.

Lagrangian Eulerian Longitudinal Grüneisen
Experiment Sound Speed Sound Speed Modulus Parameter
No. cL (km/s) cE (km/s) L (GPa) � �/V (g/cm3)

1 24.6 ± 0.6 13.9 ± 0.4 902 ± 55 − −
2 24.3 ± 0.2 13.7 ± 0.2 878 ± 29 − −
3 21.3 ± 0.2 11.9 ± 0.1 666 ± 19 1.10 ± 0.04 5.2 ± 0.2
4 21.1 ± 0.2 11.7 ± 0.2 650 ± 23 1.19 ± 0.06 5.6 ± 0.3
5 21.7 ± 0.2 11.9 ± 0.2 679 ± 20 1.11 ± 0.04 5.3 ± 0.2
6 21.0 ± 0.2 11.5 ± 0.1 641 ± 18 1.23 ± 0.04 5.9 ± 0.2
7 − − − − −
8 22.4 ± 0.6 12.1 ± 0.5 718 ± 60 1.21 ± 0.10 5.9 ± 0.5
9 22.4 ± 0.6 12.2 ± 0.5 726 ± 60 1.20 ± 0.10 5.8 ± 0.5
W1 20.6 ± 0.2a 12.7 ± 0.1b 684 ± 17 − −
W2 22.4 ± 0.2a 13.3 ± 0.2b 785 ± 22 − −
W3 23.7 ± 0.2a 13.8 ± 0.2b 864 ± 26 − −
W4 24.1 ± 0.2a 13.8 ± 0.2b 880 ± 28 − −
aFrom Ref. [20].
bRedetermined from Ref. [20] using Hugoniot density from Table II.

sound speeds from Table III, along with those from Ref. [18],
are plotted as a function of stress in Fig. 5(a), and density
compression (μ = ρ/ρ0 − 1) in Fig. 5(b). As discussed in
Ref. [20], the low sound speed datum at 150 GPa reported in
Ref. [18] is likely an experimental error and is not considered
further in the remainder of the present work. Although vari-
ations in the rate of sound speed increase with compression
cannot be ruled out, Fig. 5(b) shows that the longitudinal
sound speeds from Table III and from Ref. [18] are fitted well
by a straight line up to 182 GPa (μ = 0.77):

csolid
E [km/s] = (6.57 ± 0.04) + (9.69 ± 0.11)μ. (5)

Equation (5) was obtained by using a linear weighted fit [31]
that included the ambient longitudinal sound speed for [100]
LiF [25]. Between 182 GPa and 195 GPa (μ ≈ 0.775), there
is a significant drop in the sound speed before increasing again
at higher stresses.

The isentropic longitudinal elastic moduli in the shocked
state were determined from the Eulerian sound speeds using

L = ρc2
E . (6)

The results shown in Fig. 5(c) and in Table III demonstrate
the strong increase in the longitudinal incompressibility (8-
fold at 182 GPa) for solid LiF under uniaxial strain, despite
the temperature increase due to shock compression. Similar
to the Eulerian sound speed, the longitudinal modulus drops
significantly between 182 GPa and 195 GPa. Despite some
scatter in the results at 207 GPa, there is an overall increasing
trend for the moduli at 195 GPa and above.

The rapid decrease in the longitudinal sound speed (and
the associated modulus) between 182 and 195 GPa is a well-
established [32–35] signature of the melting transition in
shock compression experiments. Above 195 GPa, the increas-
ing trend in sound speeds and moduli makes a good case that
LiF is fully liquid at 195 GPa. Furthermore, the liquid phase
response at and above 195 GPa is fully consistent with the
thermodynamic requirement for the propagation of a stable
shock in a liquid [36,37]: the slope of the Hugoniot curve
must be steeper than the slope of the isentrope, which in turn

must be steeper than the Rayleigh line. This requirement is
expressed as(

− ∂P

∂V

)
RH

>

(
− ∂P

∂V

)
S

>
PH − P0

V0 − V
, (7)

where PH and V are the pressure and volume on the Hugoniot,
and the derivatives are obtained in the shock compressed
state. The measured LiF response at 182 GPa and below does
not meet this requirement, indicating that shocked LiF is not
liquid at these stresses.

We note that the stress threshold for melting determined
here is lower than that suggested previously (> 210 GPa)
based on the loss of optical transparency for shocked LiF
[1–3,7,8]. In view of the present results, the suggested link
[7,8] between loss of transparency and melting needs to be
reevaluated.

C. Grüneisen parameter

The results shown in Tables II and III are sufficient to
determine the Grüneisen parameter (�) for shock compressed
liquid LiF (195 GPa and above) using the following relation
[38,39]:

�

V
=

(
2

V0 − V

) (
∂P
∂V

)
RH − (

∂P
∂V

)
S(

∂P
∂V

)
RH − (PH −P0

V0−V

) . (8)

The slopes of the Hugoniot curve and the isentrope were
determined using Eq. (3) and the sound speeds from Table III,
respectively. We note that the above approach for determining
�/V is valid only for the liquid phase.

Table III lists both � and �/V for liquid LiF, and �/V
values are plotted in Fig. 6. Due to the scatter in the results
and the limited density range, we cannot infer the precise
functional form for �(V ). Both constant �/V [Fig. 6(a)] and
constant � [Fig. 6(b)] provide a reasonable match to the data.
However, we note that the �/V values for liquid LiF, shown
in Fig. 6(a), are significantly larger than the ambient value for
solid LiF (�/V = 4.30 g/cm3 [14]).
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FIG. 5. (a) Eulerian sound speeds versus pressure, (b) Eulerian
sound speeds versus density compression, (c) longitudinal elastic
moduli versus density compression. In all three plots, the red circles
are the current results, the blue circles are from Ref. [20], and the
black open circles are from Ref. [18]. The black dashed line in (b) is
a linear fit [31] to the sound speeds in the solid phase, including the
ambient value [25]. The gray band shows the 1σ uncertainty bounds
for the fit.

D. EOS comparisons

Despite the lack of temperature measurements in shock
compressed LiF, useful insights can be gained by comparing
T-P predictions of current equation of state (EOS) models
with our experimental results. Since three of the EOS models
(Myint et al. [11], LEOS 2240, and SESAME 7271v3; the lat-
ter two models were presented in Ref. [11]) provide a similar
T-P curve for the solid phase LiF Hugoniot, we have focused
on these three EOS models.

The T-P plot in Fig. 7 provides the following: solid-liquid
phase boundaries from the three EOS models; static pressure
measurements and MD simulations from Ref. [24]; the solid
phase Hugoniot curve (consistent with all three EOS models);

FIG. 6. The calculated Grüneisen parameter �, plotted as �/V
versus ρ, for LiF in the liquid phase. (a) The green dashed line is the
fit assuming �/V is constant. (b) The black dot-dashed line is the
fit assuming � is constant. In both cases, the uncertainty in the fit is
expressed by the shaded region.

and the stress range for melting (onset to completion) in
the present work. The melt curve calculated by Myint et al.
predicts a very low stress (∼140 GPa) for the onset of shock
melting. The LEOS 2240 and MD simulations also underpre-
dict the stress for shock melting, but predict a higher melting
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 Solid Hugoniot from Ref[11] 
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 Myint et al. from Ref[11]     
 SESAME 7271v3 from Ref[11]
 LEOS 2240 from Ref[11]

 

FIG. 7. Temperature versus pressure for LiF. The black solid
curve is the Hugoniot curve for solid LiF that is consistent with
the Myint et al. EOS [11], Sesame 7271v3, and LEOS 2240. The
gray shaded region indicates the stress range over which melting
was observed in Fig. 5(a). The dashed curves are the melt curves
determined by the different EOS models [11] or calculated using MD
simulations [24].
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stress than the Myint et al. EOS. The SESAME 7271v3 over-
predicts the melting stress.

In addition to the melting stress threshold, sound speed
measurements in the solid and liquid phases and the liquid
state Grüneisen parameter provide important constraints for
future improvements in multiphase EOS models for LiF.

Although Smirnov [9] has developed a multiphase LiF
EOS, we chose not to include that in Fig. 7 for the follow-
ing reasons. Unlike the three EOS models shown in Fig. 7,
the EOS model in Ref. [9] predicted a B1-B2 structural
phase transformation at ∼140 GPa in shock compressed LiF.
Furthermore, the predicted B1-B2 transformation was accom-
panied by a considerable drop in the calculated longitudinal
sound speed and a significant volume collapse. Because our
experimental results contradict these calculated predictions,
the solid phase EOS in Ref. [9] will need to be revised.

V. SUMMARY AND CONCLUSION

The high stress (>100 GPa) response of [100] LiF single
crystals, the most widely used optical window material in dy-
namic compression experiments, was determined using wave
profile measurements in high velocity, plate impact experi-
ments. Hugoniot states and sound speeds were determined to
231 GPa. The main findings from our work follow:

(1) Combining our results with previously published re-
sults (at lower stresses), an accurate LiF Hugoniot was
established to 231 GPa. A linear US−up fit provides an ex-
cellent representation for the Hugoniot curve.

(2) Longitudinal sound speeds in shock compressed states
show a continuous increase to 182 GPa (∼44% volume com-
pression), resulting in an 8-fold increase in the longitudinal
modulus (at 182 GPa) compared to the ambient value.

(3) Between 182 GPa and 195 GPa, the longitudinal sound
speed drops significantly, providing a good signature of the
shock-induced melting transition. Increasing sound speeds at
higher stresses provide evidence that melting is completed at
195 GPa. Sound speeds at and above 195 GPa also meet the
thermodynamic requirements for a stable shock in a fluid.

(4) The melting stress determined here differs from predic-
tions of multiphase equations of state (Myint et al. [11], LEOS
2240, and SESAME 7271v3) and from previously suggested
values based on the loss of optical transparency in shock
compressed LiF [1,2,7,8].

(5) The Grüneisen parameter for liquid LiF was determined
to 231 GPa and �/V for liquid LiF differs significantly from
the solid value at ambient conditions.

The LiF Hugoniot determined in this work has extended
previous experimental results to significantly higher stresses
and provided the first accurate determination of the LiF Hugo-
niot through the melt transition and in the liquid phase. We
note that the upper bound for optical transmission in shock
compressed LiF was not established in our work and [100]
LiF may continue to function well as an optical window in
the liquid phase at pressures higher than those achieved in this
work.

Similar to previous shock wave experiments on silver [40]
and soda lime glass [39], the Hugoniot curve for LiF shows
no features indicative of the melt transition, suggesting little
change in volume between the solid and liquid phases. These

findings emphasize the importance of sound speed measure-
ments for understanding the high stress shock response of
solids.

Experimental determination of the Hugoniot curve, sound
speeds, shock melting stress, and liquid phase Grüneisen
parameter presented here point to the need for improved
multiphase equations of state for LiF at high pressures and
temperatures, and provide useful constraints for EOS devel-
opments. Due to the extensive use of [100] LiF as an optical
window in dynamic compression experiments, an accurate
multiphase LiF EOS would constitute an important contribu-
tion to the field.
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APPENDIX A: GLOBAL HUGONIOT FIT FOR LiF

Figure 8(a) shows a plot of US−uP results from Table II,
along with the results reported previously [3,12–20]. The re-
sults from Carter et al. [14] were reanalyzed using the 2024
Aluminum Hugoniot [27].

The experimental results in Fig. 8(a) were fitted using a
weighted orthogonal distance regression method [41,42] and
the best linear fit is given by Eq. (3). We did not include the
data from Refs. [12] and [13] as the uncertainties in the results
are unknown, and the Ref. [13] results are significant outliers
from the other results. Because it is difficult to visually resolve
the uncertainties in Fig. 8(a), Figs. 8(b) and (c) show the shock
speed and particle speed residuals, respectively, for all the
data. The grey region in Figs. 8(b) and 8(c) represents the
uncertainty in the linear fit [Eq. (3)]. In Figs. 8(a) and 8(b) we
have also plotted the published linear fit from Rigg et al. [2].
We emphasize that all the data are fitted well by a single linear
US−uP relation over the entire range of shock speeds; and the
uncertainties in the fit parameters [Eq. (3)] are significantly
smaller than those reported previously for the LiF Hugoniot
[2,18].

Figure 9 shows the Px − V/V0 Hugoniot for the results
shown in Fig. 8(a). The dashed curve is the Px − V/V0 curve
corresponding to the linear Us − up fit [Eq. (3)]; the grey
region corresponds to the uncertainty in the fit. To summarize,
Figs. 8 and 9 provide an accurate determination of the LiF
Hugoniot curve to over 230 GPa.

APPENDIX B: IMPEDANCE MATCHING

The impedance matching calculations used for our two ex-
perimental configurations are summarized below. The buffer
configuration [Fig. 1(b)] required a determination of the cop-
per release isentrope.

1. Direct impact

Figure 10(a) shows a graphical representation of the
impedance matching [30] for experiment 2. The pressure and
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FIG. 8. US-uP Hugoniot data for LiF from current study and from
Refs. [3,12–20]. (a) US versus uP for all available data, together
with the linear fit from Eq. (3). (b) and (c) show the residuals of
the fits in both shock velocity and particle velocity, respectively;
the uncertainty in the fit is shown in grey. The symbol legend in
(a) applies also to (b) and (c).

particle velocity upon impact are obtained from the following
equations.

PLiF(uP ) = ρ0LiFUSLiF uP (B1)

PPt(uP ) = ρ0Pt (C0Pt + SPt (uF − uP ))(uF − uP ), (B2)

where ρ0LiF is the initial density of the LiF sample, USLiF is the
measured shock velocity, uF is the flyer velocity, uP is the par-
ticle velocity, and the coefficients for the platinum Hugoniot
curve are given in Table IV [43]. The inset in Fig. 10(a) shows
the associated uncertainties calculated using a Monte Carlo
method of uncertainty propagation.

2. Buffer configuration

In the buffer configuration, the copper buffer introduces
additional wave interactions which need to be considered in
the impedance matching analysis. Due to the shock impedance
differences between the platinum, copper, and LiF, a peak
stress of 231 GPa was attained in the LiF. In contrast, direct
impact of the platinum onto LiF would provide less than
200 GPa at the same impact velocity.
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Present Work
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 Global Fit 
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 Kormer et al. Ref [13]

Davies et al. Ref [3]

Carter. Ref [14]

Liu et al. Ref [18]
Seagle et al. Ref [19]

FIG. 9. Stress versus volume compression Hugoniot states for
LiF from the current study and from Refs. [3,12–20].

Figure 10(b) shows a graphical representation of the
impedance matching for experiment 8. The impact stress
(state 1) corresponds to the intersection of the copper and
platinum Hugoniot curves. PPt(uP ) is expressed by Eq. (B2)

FIG. 10. Graphical representation of impedance matching in the
P − uP plane for (a) Experiment 2 (DI configuration) and (b) Exper-
iment 8 (CuB configuration). (a) State 1 corresponds to the impact
state for Pt and LiF. (b) State 1 corresponds to the impact state for Pt
and Cu, and state 2 is the state at the Cu/LiF interface.
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TABLE IV. Parameters for the linear US (uP ) fits used for plat-
inum and copper in the impedance matching calculations.

ρ0 c0

Material (g/cm3) (km/s) S

Pt [43] 21.43 ± 0.03 3.64 ± 0.05 1.54 ± 0.03
Cu [44] 8.930 ± 0.003 4.27 ± 0.08 1.413 ± 0.015

and PCu(uP ) is expressed using

PCu(uP ) = ρ0Cu (C0Cu + SCu uP )uP, (B3)

where the coefficients for the copper Hugoniot are given in
the Table IV [44]. We note that the impact stresses reached
in the copper buffer in experiments 8 and 9 are sufficient to
melt the copper [44,45].

The stress in the LiF (state 2) is determined by the inter-
section of the LiF Rayleigh line and the copper release curve
from state 1 (copper liquid state) discussed next.

3. Copper release isentrope

To determine the release isentrope for liquid copper, we
used the Mie-Grüeisen EOS,

E − EH (V ) = 1

�V (V )
(P(E ,V ) − PH (V )), (B4)

where �V (V ) = �(V )/V = (∂P/∂E )V , and PH (V ) and EH (V )
are the pressure and energy on the Hugoniot respectively.
Using an isentrope, PS (V ) = −( dE

dV )S , for P(E ,V ) in Eq. (B4)
yields an ordinary differential equation

q(V ) = d

dV
y(V ) + p(V )y(V ), (B5)

where

y(V ) = PS (V ) − PH (V )

p(V ) = �V (V ) − �′
V (V )

�V (V )

q(V ) = −�V (V )

(
PH (V ) + d

dV
EH (V )

)
. (B6)

Two approximations are used to simplify Eq. (B5): �(V )
is a linear function of V and the copper Hugoniot data are

FIG. 11. Impedance matching at the copper/LiF interface using
the copper release isentrope (yellow dashed curve). For comparison,
the copper reflected Hugoniot curve (yellow solid curve) is also
shown.

represented by a linear Us − up relation. These approxima-
tions result in:

�(V ) = �1V + �0, (B7)

p(V ) = �0

�1V 2 + �0V
+ �0

V
− �1, (B8)

q(V ) = �V (V )
c2

0Cu
SCu (V0 − V )2

(V0 − SCu (V0 − V ))3 , (B9)

where the linear fit coefficients for copper are given in Ta-
ble IV.

For experiments 8 and 9, the impact stress in the copper
buffer (state 1) is sufficient to melt it [44,45]. Therefore, we
fitted the published Grüneisen parameter for liquid copper
[44,45] with a linear equation

�(V ) = (33.6 ± 0.8)
[ g

cm3

]
V − 0.94 ± 0.05. (B10)

4. Impedance matching using copper release isentrope

In Fig. 11, we show the LiF peak pressures calculated
from two different approaches: use of the release isentrope
discussed above and use of the reflected copper Hugoniot.
As shown in the Fig. 11 inset, impedance matching using
the reflected copper Hugoniot curve (less accurate approach)
results in lower stress and lower particle velocity compared
to the values (Table II) determined using the copper release
isentrope analysis presented above.
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