
High-Precision Shock Wave Measurements of Deuterium:
Evaluation of Exchange-Correlation Functionals

at the Molecular-to-Atomic Transition

M. D. Knudson1,2 and M. P. Desjarlais1
1Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

2Institute for Shock Physics, Washington State University, Pullman, Washington 99164-2814, USA
(Received 12 August 2016; revised manuscript received 3 October 2016; published 20 January 2017)

We present shock compression data for deuterium through the molecular-to-atomic transition along the
principal Hugoniot with unprecedented precision, enabling discrimination between subtle differences in
first-principle theoretical predictions. These observations, supported through reshock measurements,
provide tight constraints in a regime directly relevant to planetary interiors. Our findings are in best
agreement with density functional theory; however, no one exchange-correlation functional describes well
both the onset of dissociation and the maximum compression along the Hugoniot.
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The high-pressure (P) response of hydrogen and its
isotopes remains a problem of broad scientific interest.
The high-P equation of state of this element has significant
implications for inertial confinement fusion, planetary astro-
physics, and our fundamental understanding of warm dense
matter. In particular, hydrogen, as one of the simplest
elemental systems, has been a model system in the develop-
ment of advanced first-principle simulation techniques
including finite temperature density functional theory
(FT-DFT) and quantum Monte Carlo (QMC) methods [1].
Dynamic compression of deuterium through shock wave
experiments has been paramount in guiding our under-
standing of the high-P response of this element, and in the
evaluation of emerging computational techniques.
Previous experimental studies have provided data along

the principal Hugoniot—the locus of end states achievable
through compression by large amplitude shock waves—
through gas-gun [2], laser-driven [3,4], explosively driven
[5], and magnetically driven experiments [6] (see Fig. S-5
of Ref. [7]). However, these difficult experiments have been
limited in accuracy, largely because the relatively low
impedance of deuterium requires accurate knowledge of
the deep release of the experimental standard used in
the measurements. While these measurements have con-
strained the maximum compression on the Hugoniot
through the molecular-to-atomic (MA) transition to be
∼four–to fivefold, to date the precision of these measure-
ments has not been sufficient to confidently distinguish the
fidelity of various first-principle simulation methods.
We present the results of magnetically accelerated flyer

plate experiments on deuterium using α-quartz as an
impedance matching standard, taking advantage of recent
high-precision Hugoniot measurements [11] and an exper-
imentally determined release model [12] for α-quartz.
These results, with an unprecedented precision of
∼1.5%–1.9% in density along the deuterium Hugoniot,

are corroborated through reshock measurements from these
Hugoniot states that provide off-Hugoniot data in the
∼100–200 GPa and ∼5–15 kK regime that are directly
relevant to the interiors of gas giant planets [13].
Combined, the Hugoniot and reshock measurements pro-
vide stringent constraints on the behavior of deuterium in
the vicinity of the MA transition, and allow for high fidelity
comparison with first-principle simulation methods.
These results are found to be in disagreement with recent

computational results using QMC methods [14], and are
currently better described by FT-DFT. Motivated by favor-
able comparisons between nonlocal exchange-correlation
(xc) functionals with the recent observation of the MA
transition of deuterium in the low temperature regime [15],
we compared these experimental results with optB86b [16],
vdW-DF1 [17], and vdW-DF2 [18] in addition to PBE [19].
We found good agreement for the onset of the MA
transition with the vdW xc functionals, and in particular
vdW-DF1. However, peak compression along the Hugoniot
was found to be higher than that predicted by vdW-DF1 and
in better agreement with PBE, suggesting the P range over
which dissociation occurs on the Hugoniot is overestimated
by the vdW xc functionals. These insights into the short-
comings of current first-principle theory should aid in
future theoretical efforts and the development of new xc
functionals.
A series of experiments on deuterium was performed on

the Sandia National Laboratories’ Z machine [20], a pulsed
power accelerator capable of producing extremely large
current (∼20 MA) and magnetic field densities (∼10 MG)
within a short-circuit, coaxial load geometry. These current
and magnetic field densities result in substantial magnetic
pressures (in excess of 400 GPa) produced over time scales
of a few hundred nanoseconds. The resulting impulse
propels the outer anode plates of a coaxial load outward
at high velocity, capable of being used in high-precision
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equation of state measurements in the multimegabar regime
[21,22]. For this study, 17 × 40 mm aluminum flyer plates
were magnetically accelerated to peak velocities between
∼15 and 29 km=s.
The flyer plate impacted a cryocell consisting of α-quartz

front and rear windows (300 and 1500 μm, respectively)
contained within a copper body. A liquid deuterium sample
(∼300 μm) was created by condensing high purity deu-
terium gas (held at 18 psi) in the cryocell using a disposable
cryostat [23]. A resistive heater, controlled by a temperature
sensor in a feedback loop, was used to maintain a temper-
ature of 22.0� 0.1 K, producing a quiescent liquid sample
with a nominal initial density of 0.167 g=cm3 ð�0.4%Þ.
The flyer plates and cryocell were diagnosed using

velocity interferometry; measurements were made using
both the Velocity Interferometer System for Any Reflector
(VISAR [24]) and Photonic Doppler Velocimetry (PDV
[25]). Since all of the materials are transparent, the 532-nm
(VISAR) and 1550-nm (PDV) lasers could pass through the
cryocell and reflect off the flyer plate surface, as illustrated in
the inset of Fig. 1. This allowed measurement of the flyer
plate velocity from initial motion to impact, along with direct
measurement of the shock velocities in α-quartz and
deuterium, both of which become reflective in this P regime.
The measured apparent velocity va must be reduced by

a factor equal to the refractive index of the unshocked
material to obtain the actual velocity: v ¼ va=n0. The values
of n0 used for α-quartz and deuterium were 1.547 (1.528)
and 1.133 (1.124) at 532 (1550) nm, respectively [26,27].
Ambiguity in the fringe shift upon both impact and transition
of the shock velocity measurement from α-quartz to deu-
terium was mitigated through the use of three different
VISAR sensitivities, or velocity per fringe settings, at each
measurement location (including a high-sensitivity velocity

per fringe setting of 0.2771 km=s per fringe). We conserva-
tively estimate the resolution of the VISAR system at one
tenth of a fringe, resulting in uncertainty in flyer plate and
shock velocities of a few tenths of a percent. A representative
velocity profile is shown in Fig. 1.
The shocked state of the deuterium was determined

using the impedance matching technique (see Fig. S-1 of
Ref. [7]) and the Rankine-Hugoniot (RH) jump relations
[28]. Briefly, the shocked state of the α-quartz drive plate
was determined from the known Hugoniot of α-quartz [11]
and the measured shock velocity UQ

s . Upon transmission of
the shock into the deuterium, the state of the drive plate is
constrained to lie on a release adiabat emanating from
pressure and particle velocity (PQ, uQp ); a recently devel-
oped release model [12] was used to determine the release
path [7]. The shocked state of the deuterium is constrained
to lie along a chord with slope given by the product of the
measured shock velocity of deuterium and the known initial
density: ρ0UD

s . The intersection of these two curves
provides P1 and up1; the RH jump relations then provide
the density compression (ρ1=ρ0) in the shocked state.
Uncertainties in all kinematic values were determined
through a Monte Carlo technique [29]. We emphasize that
this approach ensures propagation of all random measure-
ment errors and systematic errors in the α-quartz standard
(both Hugoniot and release). The 1σ uncertainties in up1,
P1, and ρ1=ρ0 were found to be ∼0.5%, ∼0.6%, and
∼1.5%–1.9%, respectively.
A total of five Hugoniot experiments were performed,

one at ∼140 GPa well into the fully dissociated liquid
regime, and four over the range of 35 to 60 GPa in the
vicinity of the MA transition and maximum compression
along the principal Hugoniot. Results of these experiments
are shown as the cyan symbols in Figs. 2 and 3. Also shown
are Hugoniot data of Nellis et al. [2] and the predicted
Hugoniot response from several models: Sesame72 [30],
Kerley03 [31], PW91 as implemented by Lenosky et al.
[32,33], PW91 [32,34], PBE [19], optB86b [16], vdW-DF1
[17], vdW-DF2 [18], and QMC calculations [14]. Note that
a reanalysis [7] of the gas-gun data of Nellis et al., using
improved standards for tantalum and aluminum for imped-
ance matching (including a recent aluminum release model
[35]), resulted in a slight increase in inferred particle
velocity (∼0.5%–0.7%) and decrease in inferred density
compression (∼1%–2%) as compared to the originally
published results. Also shown are reanalyzed results [7]
from plate impact experiments performed at the Z facility
using an aluminum standard [6]; weighted averages of
these data, with up to seven individual experiments per
weighted average point, are shown. Results with the two
standards are found to be consistent (reduced χ-squared of
0.74 for the aluminum standard data set with respect to the
quartz standard fit), lending confidence that all sources of
error have been accounted for. In the subsequent evaluation
of first-principle theory we choose to focus on the fit to the

FIG. 1. Representative experimental data, in this case from
VISAR. Gray line: aluminum flyer plate velocity. Cyan (blue)
line: α-quartz (deuterium) shock velocity. The inset shows a
schematic of the experimental configuration; note the dimensions
are not to scale.
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quartz standard data, as the quartz standard provides a more
constraining measurement [7].
Through the MA transition the effects of dissociation are

manifest by a transient drop in the slope of Us relative to
up, resulting in an increase in ρ1=ρ0 as energy goes into the
breaking of bonds. This is best illustrated in the lower panel
of Fig. 2, which shows the difference in Us with respect to
the extrapolated fit to the gas-gun data of Nellis et al. [2].
The onset of the drop in slope is coincident with the onset
of dissociation, while the magnitude of the difference
dictates the maximum compression along the Hugoniot.
Both the Lenosky et al. [33] and recent QMC [14] results
exhibit too large a drop that begins at much too low P. In
the case of Lenosky et al. this was shown to be due to
inadequate convergence (particularly in P) and omission of
zero-point energy in the initial energy state [34]; increased
energy cutoffs and inclusion of zero-point energy in the
initial state result in an increase in P for the onset of
dissociation and significantly lower density compression
through the MA transition (PW91 in Figs. 2 and 3), in
better agreement with both the gas-gun and the Z results.
The similarity between the Lenosky et al. and QMC results

raises questions concerning the level of convergence and
the small system size in the recent QMC results.
In comparison with these new Hugoniot measurements,

however, PW91 still shows signs of dissociation at too
low P. Recent experimental work on the low-temperature
metallization of deuterium [15] suggests an improved
description of the MA transition by xc functionals that
account for van der Waals interactions. This prompted the
evaluation of several nonlocal xc functionals along the
Hugoniot near the MA transition, including optB86b [16],
vdW-DF1 [17], and vdW-DF2 [18]. Calculations were
performed using version 5.3 of VASP [36]. Coulomb
interactions between the electrons and ions were treated
using projector-augmented wave potentials [37]. For con-
sistency, all calculations performed for this study [7]
(including new PBE [19] calculations) included 128 atoms
in the supercell, plane wave cutoff energies of 1200 eV,
Baldereschi’s mean value point for the k-point spectrum,
and ρ0 of 0.167 g=cm3 (prior PW91 calculations [34] were
at ρ0 of 0.171 g=cm3 and here are corrected for the lower
ρ0). We also investigated the importance of nuclear
quantum effects [7] at the lowest P considered here
(∼20 GPa) through path integral molecular dynamics;
for vdW-DF1 at the same ρ1=ρ0 path integral molecular
dynamics predicted a slightly lower P (0.6 GPa) and T
(208 K). These differences would be even smaller at higher
P and T along the Hugoniot. Additional details, including a
discussion of the uncertainties associated with FT-DFT
calculations, can be found in the Supplemental Material [7].
Evaluation of the various xc functionals were made

quantitative by comparing fits to the various xc functional
results and experiment. As seen in Figs. 2 and 3, the observed
shifts in the drop in slope of Us correspond to P shifts (with
respect to the experimental fit) on the order of∼1 GPa higher

FIG. 2. Deuterium Us − up Hugoniot. Chemical picture mod-
els: red line, Sesame72 [30]; blue line, Kerley03 [31]. FT-DFT:
magenta line, Lenosky et al. [33]; black line, PW91 [32,34]
corrected for ρ0 of 0.167 g=cm3; dark gray circles, PBE, this
work; light gray circles, optB86b, this work; green line, green
circles, vdW-DF1, this work; green triangle, vdW-DF1 with
elevated Te, this work; orange line, orange circles, vdW-DF2, this
work. QMC: purple squares, Tubman et al. [14]. Data: black
circles, gas gun [2]; red diamonds, plate impact with aluminum
standard [6], reanalyzed using the recent aluminum release model
[35] (weighted averages of up to seven individual experiments);
cyan diamonds, plate impact with α-quartz standard, this work.
Dashed black line, extrapolation of the weighted least-squares
linear fit to the gas-gun data [2]; dashed cyan line, weighted least-
squares piecewise fit to the experimental data shown here. The
lower panel plots ΔUs relative to the fit to the gas-gun data
(dashed black line).

FIG. 3. Deuterium P-density compression Hugoniot (all rela-
tive to ρ0 ¼ 0.167 g=cm3Þ. Lines and symbols are as in Fig. 2.
Note that the x and y scales of the inset match the main figure.
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for vdW-DF1 and vdW-DF2,∼3 GPa lower for PW91, PBE,
and optB86b, and ∼10 GPa lower for the recent QMC
calculations. Thus, it appears that the experimentally
observed onset of dissociation is bounded below by
PW91, PBE, and optB86b, and above by vdW-DF1 and
vdW-DF2. Peak compression along the Hugoniot was found
to be overestimated (∼7%) by QMC calculations, under-
estimated (∼2%–4%) by the vdW-DF xc functionals, and
reasonably well described by PW91 and PBE, albeit with
the experimentally observed peak compression occurring at
somewhat higher P (similar to the onset of dissociation).
These conclusions are also supported by the reshock data

from the present experiments. In all five of the Hugoniot
experiments described above, the reflected shock from the
rear α-quartz window drove the deuterium from the
Hugoniot state to a reshocked state at higher P and ρ.
The observables for these reshock experiments, the mea-
sured shock velocity in the deuterium immediately prior to
reflection from the rear α-quartz window, UD

s , and the
measured shock velocity in the rear α-quartz window,
UQ

s , are shown in Fig. 4. Also shown in the figure are
predictions for a subset of the models; impedance matching
was performed to determine the expectedUQ

s for a givenUD
s

for each model [7]. At higher P (∼140 GPa), well into the
fully dissociated liquid regime, the reshock is well described
by vdW-DF1. However, in the vicinity of the MA transition
differences are observed between the various xc functionals
and experiment, with the differences following the trend with
compressibility—the more compressible models on the
principal Hugoniot exhibit a higher reshock P, and thus UQ

s .
This trend with first shock compressibility can be made

quantitative by considering the ratio of the increase in P
upon reshock to the first shock pressure: ΔP=P1 ¼
ðP2 − P1Þ=P1, as shown in Fig. 5. Evaluation of this ratio

with the RH jump relations [7] shows that this quantity is
quite sensitive to density compression along the principal
Hugoniot. As was the case for the principal Hugoniot, the
onset of dissociation (here manifest by a rapid increase
in ΔP=P1) appears to occur at too low P for PW91 and
PBE. The onset of the MA transition is better described by
vdW-DF1; however, the first shock compressibility is too
low. In contrast, the peak compressibility is better described
by PW91 and PBE; in particular the experimental obser-
vations are reasonably reproduced by PW91 with a ∼3 GPa
shift to higher P (dashed black line in Fig. 5), consistent
with conclusions inferred from the principal Hugoniot
comparison.
The difference in the peak compression between

vdW-DF1 and PBE is likely related to the P width over
which dissociation occurs along the principal Hugoniot.
Examination of the peak in the pair correlation function [7]
(as an indicator of the extent of bonding) suggests that in
addition to delaying the onset of dissociation with respect
to PBE, vdW-DF1 also predicts a significantly wider P
range for dissociation to complete (∼30% wider than PBE
[7]). This results in a first shock compressibility that is
too low near peak compression for vdW-DF1. It also results
in a higher reshock compressibility in this P regime [see
Figs. S-2(b) and S-6 of Ref. [7] ], as energy is continuing to
go into the breaking of bonds.
To test this hypothesis we performed vdW-DF1 calcu-

lations at elevated electron temperature (Te) [7]. The effect
of the elevated Te was to weaken the molecular bonds,
resulting in a narrower P range over which dissociation
takes place along the Hugoniot (see Fig. S-7 of Ref. [7]). As
seen in Figs. 2–5, these elevated Te calculations (dark green

FIG. 4. Deuterium reshock experimental observables: UQ
s vs

UD
s . Lines and symbols are as in Fig. 2. Note that the x and y

scales of the inset match the main figure.

FIG. 5. Ratio of the increase in P upon reshock to first shock
pressure (ΔP=P1) as a function of P1 for reshock from an
α-quartz anvil. Lines and symbols are as in Fig. 2. The dashed
black line is the PW91 result shifted ∼3 GPa to higher P. Note
that the x and y scales of the inset match the main figure.
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triangles) also exhibited an increased compressibility along
the Hugoniot, a higher UQ

s for a given UD
s , and a higher

ΔP=P1, all in better agreement with the experimental
observables. The insight gained from these measurements
provides a much needed benchmark for theory and a means
for evaluation of future theoretical developments (i.e.,
QMC calculations) and new xc functionals.
In conclusion, we have performed Hugoniot and reshock

experiments on deuterium in the vicinity of theMA transition
with unprecedented precision. These measurements, which
allow for high fidelity comparison with first-principle theory,
are in disagreement with recent QMC calculations and
suggest the MA transition along the Hugoniot is currently
better described by FT-DFT. However, no one xc functional
completely describes all experimental observables. While the
onset of theMA transition is best described by vdW-DF1, the
P width over which dissociation occurs is likely overesti-
mated by vdW-DF1, and is in better agreement with PBE.
These results provide an important benchmark for first-
principle theory, a means for evaluation of future theoretical
developments and new xc functionals, and stringent con-
straints on the high-P response of hydrogen in a regime that
is directly relevant to planetary interiors.
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