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Motivated by the poor understanding of the applicability of new exchange-correlation (XC) functionals to
warm dense matter (WDM), we designed and performed multiple-shock reverberation compression experiments
on dense krypton to evaluate explicitly the implications of recently derived XC functionals. The equation of states
of krypton up to 155 GPa and 45 000 K, which ranges from an initial dense gaseous state up to the insulator-
metal transition regime, were determined accurately. It is found that the experimental data are better reproduced
by the strongly constrained and appropriately normed (SCAN) XC functional compared to the conventional
Perdew-Burke-Ernzerhof and Van der Waals (vdW) DF1 functionals, elucidating that the introduction of the
kinetic energy density and the intermediate-range vdW interaction is decisive. However, the incorporation of
long-range interactions into the SCAN (SCAN + rVV10 XC functional) results in a noticeably stiffer prediction
due to an overestimation of the density and internal energy of the system at low densities and temperatures.
Our evaluation of the Karasiev-Sjostrom-Dufty-Trickey free-energy functional experimentally validates the XC
thermal effect in the WDM regime, verifies the previous predictions, and sheds light on a direction for future
theoretical efforts. Finally, a phase diagram of krypton is given, which provides a clear picture for understanding

the thermophysical behavior of krypton in a wider temperature-pressure range.
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I. INTRODUCTION

Understanding how matter behaves under extreme condi-
tions, such as in a warm or hot dense state, is the purview
of high-energy-density physics, inertial confinement fusion
[1], planetary science [2,3], and laboratory astrophysics [4].
Under such dense conditions, noble gases (NGs) are often
used as a model system to explore the processes above due
to their chemical inertness and importance in the astrophysics
[3,5,6]. Of all the NGs, the high-temperature (7)) and pressure
(P) responses of helium, neon, argon, and xenon have been
measured extensively [7-12], whereas that of krypton has
received relatively less attention. Moreover, most diamond-
anvil cell experiments on solid krypton have been focused
on confirming the martensitic transformation [13—15] and de-
termining the equation of state (EOS) at room temperature
[13,15-19] and the melting line [5,20], without considering
the impact of the high 7-P conditions on its thermophysical
behavior. Experimental realizations of liquid krypton are also
incomplete, and there is a pressure gap between previous
high-explosive shock experiments (P < 90 GPa) [21] and
recent Z machine experiments (P > 344 GPa) [22]. Actually,
krypton is a decay product of nuclear fission [23] and a unique
geochemical tracer of the origins of the degassing history
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of the mantle [3,5,24], describing the thermophysical behav-
ior of krypton accurately in the warm dense matter (WDM)
region is essential for modeling the processes in a nuclear
reactor and for resolving the structure and dynamics of the
planet.

Theoretically, ab initio molecular dynamics (AIMD) is an
efficient approach for predicting and elucidating the thermo-
physical behavior of condensed materials [25-27], but in prac-
tice approximations must be adopted to describe many effects.
These approximations included in the exchange-correlation
(XC) functional, are exact for the ground-state calculation, but
sometimes will encounter difficulties in describing the WDM.
A prominent example is that the Perdew-Burke-Ernzerhof
(PBE) and other XC functionals struggle to describe well
the compression behavior of neon [12] and argon [28] in
the WDM regime and give stiffer results. Reliable prediction
requires accurate XC functional adequate to the WDM con-
ditions. Recent advances in density functional theory (DFT),
including the strongly constrained and appropriately normed
(SCAN) metageneralized-gradient approximation functional
[29,30], and the Karasiev-Sjostrom-Dufty-Trickey (KSDT)
finite-temperature free-energy functional [31-33], make the
incorporation of the van der Waals (vdW) interactions and the
XC thermal effects feasible. Although these XC functionals
can achieve remarkable accuracy when describing the ther-
mophysical behavior of some materials compared to the PBE
functional, their applicability to heavier elements in the WDM
regime remains to be explored and verified.
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FIG. 1. Experimental concept (not to scale). (a) Sketch of the experimental target used to obtain the multishock states of dense krypton.
(b) The velocity history of the shock front monitored by the DPS. (c) The velocity profiles of sample/LiF interfaces measured by the DLHV.
(d) The cross-check of the first-shock transmit time recorded by the MCOP and LPSBO system. (e) The time-resolved self-emission of the
shocked krypton measured by MCOP at wavelength ranging from 404.5 to 702.7 nm, and the voltage signal amplitude (#;) shifting to these
numbers in parentheses. The other detailed description and the arrangement of diagnostic probes can be seen in the SM [34].

The dynamic compression of materials through shock
wave experiments has been paramount in guiding our un-
derstanding of the high 7-P responses of materials and in
evaluating the emerging computational techniques, such as
AIMD techniques [12,25,27,33,35,36] and various chemical
models [37,38]. Therefore, in this paper, we design and per-
form a series of shock experiments on dense krypton using a
shock reverberation technique, and present the experimental
EOSs of dynamically compressed dense krypton in the WDM
regime. The achievable wide-range EOS, which ranges from
an initial dense gas up to the insulator-metal transition regime,
not only bridges the pressure gap between high-explosive
shock experiments and the Z machine experiments, but also
provides a useful assessment for new XC functionals and
other existing models.

II. EXPERIMENTAL METHODS

Our experimental system builds on advanced multiple-
shock reverberation compression experiments to generate
much-longer time scales and much-larger sizes of WDM,
thereby allowing high-precision EOS measurements [12,39].
Figure 1(a) and Figs. S1-S5 in the Supplemental Material
(SM) [34] are sketches of the experimental target and analysis
of the shock compression processes. All the design parameters
of experimental target have been simulated and checked by
our one-dimensional hydrodynamic code (see Fig. S4 [34]).
Before shock compression, the dense gaseous krypton was
enclosed within the sandwich structure between two high
shock impedance materials including a 304 steel baseplate
and a composite window, and it was precompressed up to
~40 MPa at room temperature. The composite window con-
sisted of a ~0.13-mm-thick aluminum (Al) reflecting foil,
a ~4.0-mm-thick lithium fluoride (LiF) anvil, and a ~2.0-
mm-thick sapphire sheet, and it was used to monitor the
shock wave transit time and the shock-induced spectral ra-
diation for the compressed sample. The tantalum flyer, with
a dimension of ~28 mm in diameter and ~3.2 mm in thick-
ness, was accelerated by a two-stage light-gas gun with a
bore diameter of ~30mm up to 5.12 ~ 6.20km/s, which

was measured via a magnetic velocity induction system with
uncertainties about 0.5%. Then the strong planar shock waves
were generated when the tantalum flyer impacted on the front
surface of the baseplate at high velocity. Once the shock
wave transmitted into the sample across the baseplate, the
multiple-shock reverberation compression will be achieved
between the baseplate and the composite window due to their
higher shock impedance than that of the sample. During the
repeated propagation and reverberation of the shock wave,
the thermophysical parameters of dense krypton, including
densities (p), T, and P, gradually increased, and finally the
sample entered into the WDM regime.

The relevant signal collection systems are as follows. The
Doppler pins system (DPS) and dual laser heterodyne ve-
locimetry (DLHV) system with an operating wavelength of
1550 nm were designed to measure the velocity profiles of
the shock front and sample/LiF interfaces, respectively, as
displayed in Figs. 1(b) and 1(c). The laser photomultiplier
shock breakout (LPSBO) system was selected to record the
first-shock transmit time with higher accuracy because the
jump time of light reflection signals (~1 ns) monitored by it is
smaller than that of multichannel optical pyrometer (MCOP).
The cross-check of the first-shock transmit time measured
by the MCOP and LPSBO systems is shown in Fig. 1(d).
The MCOP, carefully calibrated through a standard bromine-
tungsten lamp, was used to record the spectral radiance history
of the shocked krypton within a wavelength ranging from
404.5 to 702.7 nm. The flat region of the MCOP between
to and #; [see Fig. 1(e)] indicates that the shock wave trans-
mitted across the sample with good uniformity. The refractive
index of the unshocked samples and the thickness of the sam-
ple chamber under pre-compression condition were measured
accurately by our-designed optical-fiber frequency domain
interferometer device [40]. For each shot, the shock states of
krypton were determined using the Monte Carlo impedance
matching [41-44]. This approach ensures the propagation of
all random measurement errors and systematic errors in the
baseplate and composite window [35,45—47]. Further details
of the experimental target, representative signals, refractive
index [40], Rankine-Hugoniot relations, uncertainty analysis,
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experimental data, and computational method [48-50] can be
found in the SM [34].

III. RESULTS AND DISCUSSIONS

In our experiments, a total of four measurements of dense
krypton were performed over the density, temperature, and
pressure ranging from 0.206 to 6.62 g/cm?, 300 to 45 000 K,
and 5.44 MPa to 155 GPa, respectively, as illustrated in Tables
S3 and S4 [34]. The principal- and off-Hugoniot of krypton
were successfully obtained from each shot, and a higher com-
pression ratio (~28-fold; Fig. S11 [34]) was achieved. These
data cover a wide p-P regime and provide a good platform
for discriminating the subtle differences between DFT mod-
els, especially for the new DFT XC functionals. Therefore,
we employed the PBE [51], vdW-DF1 [52], SCAN [29],
and the SCAN in combination with the revised Vydrov-Van
Voorhis (SCAN + rVV10 [53]) functionals to describe the
high 7-P response of the dense krypton. Calculations were
performed with the VASP code [54]. We also compared the
results with those for the KSDT [31] free-energy functional
(implemented via the Profess@Quantum-Espresso interface
[55,56]) and for the existing EOS models (self-consistent fluid
variational theory (SFVT) [37] and SESAME [38]). Results
for shots GKr180604 and GKr180605 which had the same
initial states except for the flyer’s velocity (V¢), and the shot
GKr180705 which had a higher initial density, are displayed
in Fig. 2. The results of other shots are shown in Figs. S10
and S12 [34]. The shot-to-shot reproducibility of our dynamic
experiments was confirmed well by shots GKr180604 and
GKr180605, as illustrated in Fig. 2(a) and Fig. S9 [34]. Note
that the subsequent shock states predicted by the different
models depend on the initial state of the dense krypton and
on the impedance-matching method, which can significantly
magnify the differences in the observable quantities.

The various XC functionals were evaluated quantitatively
by comparing the fitting between the DFT and experimental
results. For the AIMD results, as shown in Fig. 2 and its insets,
the PBE, vdW-DF1, and SCAN functionals can reliably repro-
duce the experimental p-P data within the uncertainties up to
155 GPa. Moreover, the predictions by the SCAN, especially
for shot GKr180705, as displayed in Fig. 2(b), are slightly
softer than those of PBE and vdW-DF1, showing considerable
improvement of its predictive capability for EOS over a wide
p-P region. This elucidates that including contributions of
both the kinetic energy density and the intermediate-range
vdW to the internal energy of dense krypton is more im-
portant than previously recognized. However, the results for
SCAN + rVV10 differ noticeably from the experimental data
and other DFT predictions. It appears that the treatment of
the long-range vdW interactions by incorporating rVV10 into
SCAN does not lead to any performance improvement for
dense krypton. Therefore, we examined further the internal
energy, pressure, and pair correlation function (PCF) of the
initial states of krypton using these functionals. As seen in
Table. S2 [34], the PBE, vdW-DF1, and SCAN functionals
yield positive pressures and larger positions of the first peak
of the PCF. However, the SCAN + rVV10 simulation yields
negative pressures and smaller positions of the first peak
of the PCF, indicating that the interactions are excessively
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FIG. 2. The measured shock experimental p-P data for shots
(a) GKr180604 and GKr180605, and (b) GKr180705 [for which the
legend is the same as that in (a)]. The insets show the first-shock state
(principal Hugoniot) of dense krypton. Our experimental data (solid
ball and square) were compared with AIMD calculations obtained
by using five different XC functionals (PBE [51], vdW-DF1 [52],
SCAN [29], SCAN + rVV10 [53], and KSDT [31]) and the existing
EOS models (SFVT [37], SESAME 5180, and SESAME 5181 [38]).
Error bars represent standard deviations at the 1o level and include
random and systematic uncertainties.

attractive under low p-T conditions. This inconsistency is also
evidenced in the liquid water [36], where the overstructured
PCF and negative pressure obtained by the SCAN + rVV10
calculation lead to a significant overestimation of the density
and internal energy of the system. This insight into the short-
comings of the latter should aid in future theoretical efforts.
For the KSDT functional, we can clearly see that the
p-P data calculated by this functional is lower than those
of ground-state functionals. The results deviate significantly
from the lower shock states, especially for lower densities and
temperatures. This is because this functional is derived via
a thermodynamic analysis of restricted-path-integral Monte
Carlo data with the Wigner-Seitz radius r, = (3/47n)'3ay’
ranging from 1.0 to 40 and the reduced temperature 6 = T /T¢
ranging from 0.0625 to 8.0 [57], which is far below our
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experimental initial state of gaseous krypton with 6 >> 8. With
the elevation of temperature, our experimental states approach
to the regime mentioned above, thereby the deviation de-
creases and the predictions yield an improved agreement with
the higher shock state. This implies that the inclusion of the
XC thermal effects may provide a better description of our ex-
perimental results at high temperatures. Note that the present
comparisons between the experimental data and the AIMD
simulation for krypton are a narrow test of these function-
als. The applicability of these functionals in a wider regime
may need to be confirmed by more comparisons between the
theoretical simulations and the experimental data for differ-
ent kinds of materials under various conditions. For other
existing EOS models, the results from SFVT and SESAME
5181 models are consistent with the experimental data, espe-
cially for the SFVT. Its accuracy is comparable to that of the
DFT calculations considered here. However, SESAME 5180
obviously overestimates the pressure and gives stiffer results
deviating from the experimental data. This may be due to the
high P-T nature of the ionization and the high-temperature
radiation effect, which have been taken into account in our
SFVT model. The difference between SESAME 5180 and
SESAME 5181 is possibly related to the different treatments
of the electronic contributions in the Helmholtz free energy
[22].

Temperature is fundamental to thermodynamics and is an
important constraint to benchmark EOS models, but 7 is no
part of the Rankine-Hugoniot relation typically and must be
measured separately from shock p and P. Here, we used a
set of MCOP to record the time-resolved spectral radiance
histories of the shocked samples [see Fig. 1(e)]. Then, the
shock temperature 7" was extracted by fitting the absolute
spectral radiance to a gray-body Planck spectrum multiplied
by the emissivity, €(}), which was estimated from the re-
flectivity of the shock front within the Smith-Drude model
[58]. The applicability of this model in the WDM regime
has been confirmed for the liquid krypton (Fig. S7 [34]) and
other liquid materials, such as hydrogen [59], argon [I11],
mercury, and tellurium [58]. The experimental spectral radi-
ance and the Planck radiation fitting are shown in Fig. S8
[34], and the obtained first-shock temperatures are listed in
Table S5 [34]. Note that the second- to fourth-shock temper-
atures could not be obtained in our experiments because the
LiF was ablated by the shock-generated high temperatures
at the krypton/LiF interface [see Fig. 1(e)]. Therefore, the
research of the high-T resistant materials capable of recording
the optical radiation for the shock states remains an ongo-
ing challenge. Figure 3 shows the experimental data and
the results for different theoretical models of the first-shock
temperature. As can be seen, the PBE, vdW-DF1, SCAN,
SFVT, and SESAME 5181 results agree reasonably with
the experiments, whereas the KSDT, SCAN + rVV10, and
SESAME 5180 deviate significantly from the experiments,
which are consistent with the previous p-P comparisons.
The insight gained from these high 7-P measurements and
calculations may provide an effective way to discriminate
the present XC functionals and to evaluate future theoretical
developments.

Considering the importance of krypton in astrophysics [61]
and geophysics [5,24], our experimental data and those from
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FIG. 3. The measured first-shock temperatures. Comparisons be-
tween the experimental data and different theoretical results for
shots: (a) GKr180604 and GKr180605, and (b) GKr180705 [for
which the legend is the same as that in (a)]. (c) Relative differences
between the experimental data and the theoretical results for four
shots. The experimental uncertainties at the 1o level are shown as the
central bright color region around 0. The experimental temperatures
were extracted from MCOP signals using the Smith-Drude model
[58] and the gray-body Planck function.

Refs. [5,20,21] make it possible to obtain the high 7-P phase
diagram of krypton to understand its thermophysical behavior
in a wider regime of physical environments, as shown in
Fig. 4. Accordingly, the compression states of dense kryp-
ton are characterized by the coupling parameter and optical
conductivity, which were estimated using the SFVT model
and DFT calculations, respectively. The resultant coupling

(Ze 1/

parameter ' = —(“T”n) ’ ranges from 1.0 to 3.4, and the

0T
degeneracy parameter © = %(371%6)_2/ : ranges from
1.2 to 4.9, attesting that the shock states of krypton are mostly
degenerate, strongly coupled, and nonideal, thereby they enter
into the WDM regime. Further analysis of the conduction
reveals that the shocked krypton has reached the metallic fluid
state due to the high temperature. Besides, the comparisons
between the geotherm of deep Earth and the shock states show

014109-4



EQUATION OF STATE MEASUREMENTS OF DENSE ...

PHYSICAL REVIEW B 103, 014109 (2021)

FUo ™
I pper Outer core |
o HH

70 ' mantle
o L o (S/m)

Metallic fluid 54E+05
4.8E+05

42E+05

3.6E+05

3.08+05

10F 24E+05_|
1.8E+05
12E+05 |

Insulating fluid 6.0E+04 1

Temperature (kK)

1st shock (this work) i
multi-shock (this work)
Jephcoat ef al. (1998)
Glukhodedov et al. (1999)]
1 ) L ; | : | ] ; _ Boehleretal (20Q1) o

0 25 50 75 100 125 150
Pressure (GPa)

Solid phase

FIG. 4. The distribution of our shock states in the 7-P phase dia-
gram. The first-shock temperatures were determined experimentally
(solid ball) and the second- to fourth-shock temperatures (square)
were estimated with the SFVT model. The conductivities were ob-
tained from the DFT calculations, and the values are indicated by
the color bar. The solid-fluid phase boundaries were derived from
the melting curve of solid krypton [5,20] using the laser heated
diamond-anvil cell method. The predicted lower (10* S/m) and up-
per (10°S/m) insulator-metallic fluid boundaries are taken from
Ref. [25]. The Hugoniot of liquid krypton [21] and the mantle
geotherm of Earth’s interior [5,60] are also shown for comparison.

that our experimental pressure has reached the zone of Earth’s
outer core. However, there is insufficient information to con-
strain the state of krypton along the mantle geotherm due to
the fact that our shock temperature is far beyond the range
of the geotherm. This will be the direction for our follow-up
efforts.

IV. CONCLUSION

The EOS of dense krypton has been determined up to
155 GPa and 45000 K via multiple-shock reverberation com-
pression experiments. This work fills partially the research
void in pressure between high-explosive shock experiments
and Z machine experiments and allows for high fidelity com-
parison with the present DFT theories and chemical models
in the WDM regime. Examination of the EOS reveals that
the consideration of both the kinetic energy density and the
intermediate-range vdW contributions to the fluid krypton is
required over a wide p-P region, compared with the conven-
tional PBE and vdW-DF1 XC functionals. The long-range
vdW interactions in the SCAN formwork should be treated
with caution. The evaluation of the KSDT functional shows
that the XC thermal effect will dominate at high temperatures,
softening the off-Hugoniot of the dense krypton and improv-
ing the agreement with the experimental data. The discussion
of the incompleteness of the KSDT functional at lower p-P
condition is beyond the scope of this work and it will call
for follow-up relevant studies. Finally, combining our data
with the previous results, a phase diagram of krypton is given,
which may be helpful for understanding the thermophysical
behavior of krypton at higher 7-P condition.
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