
PHYSICAL REVIEW B 95, 224104 (2017)

Shock-adiabatic to quasi-isentropic compression of warm dense helium up to 150 GPa
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Multiple reverberation compression can achieve higher pressure, higher temperature, but lower entropy. It
is available to provide an important validation for the elaborate and wider planetary models and simulate the
inertial confinement fusion capsule implosion process. In the work, we have developed the thermodynamic
and optical properties of helium from shock-adiabatic to quasi-isentropic compression by means of a multiple
reverberation technique. By this technique, the initial dense gaseous helium was compressed to high pressure
and high temperature and entered the warm dense matter (WDM) region. The experimental equation of state
(EOS) of WDM helium in the pressure-density-temperature (P-ρ-T) range of 1–150 GPa, 0.1–1.1 g cm−3, and
4600–24 000 K were measured. The optical radiations emanating from the WDM helium were recorded, and
the particle velocity profiles detecting from the sample/window interface were obtained successfully up to 10
times compression. The optical radiation results imply that dense He has become rather opaque after the 2nd
compression with a density of about 0.3 g cm−3 and a temperature of about 1 eV. The opaque states of helium under
multiple compression were analyzed by the particle velocity measurements. The multiple compression technique
could efficiently enhanced the density and the compressibility, and our multiple compression ratios (ηi =
ρi/ρ0, i = 1–10) of helium are greatly improved from 3.5 to 43 based on initial precompressed density (ρ0). For
the relative compression ratio (η′

i = ρi/ρi−1), it increases with pressure in the lower density regime and reversely
decreases in the higher density regime, and a turning point occurs at the 3rd and 4th compression states under
the different loading conditions. This nonmonotonic evolution of the compression is controlled by two factors,
where the excitation of internal degrees of freedom results in the increasing compressibility and the repulsive
interactions between the particles results in the decreasing compressibility at the onset of electron excitation and
ionization. In the P-ρ-T contour with the experiments and the calculations, our multiple compression states from
insulating to semiconducting fluid (from transparent to opaque fluid) are illustrated. Our results give an elaborate
validation of EOS models and have applications for planetary and stellar opaque atmospheres.

DOI: 10.1103/PhysRevB.95.224104

I. INTRODUCTION

Warm dense matter (WDM) has played an important role
in the planetary and stellar evolvement of astrophysics [1–3],
the interior structure of the earth [4,5], and processing of the
inertial confinement fusion (ICF) action [6]. It prompts the
development of the experiments and theories of WDM [7–9],
especially for noble gas helium (He), widely existing in the
universe. Until now, the thermodynamics [10–12], opacity
[13,14], and conductivity [14,15] of He have been studied.
The experimental equation of state (EOS) in a pressure range
of 2 Mbar has been performed by combining the laser with a
diamond-anvil-cell precompression technique [11,12]. By this
technique, the reflectivity of dense fluid He was measured by an
optical method, which would deduce the electronic conduction
results [13]. By means of high explosives, dense gaseous He
was quasi-isentropically compressed up to 50 Mbar [16], but
the pressure was determined by the calculation. Several theo-
retical models from Saumon-Chabrier-Van Horn (SCVH) [17],
activity expansion (ACTEX) [18], density functional theory
(DFT) [19], and path-integral Monte Carlo (PIMC) [19] have
predicted rather a discrepancy of compressibility at the onset
of ionization in warm dense regimes, where He is strongly
coupled, mostly degenerate, and nonideal. This resulted in the
controversy about the interior structure and evolution of the
giant planet, such as the hydrogen-helium demixing and the
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cooling time of Saturn and Jupiter [20,21]. The key factor is
that available experimental data with higher precision are very
limited and urgently required to constrain the EOS model.

The phase transition of fluid He such as metallization and
plasma phase transition (PPT) is an open question. An earlier
free-energy model predicted that a first-order PPT from neutral
atom to singly charged ion would happen in a density range
of ∼2.5 g cm−3 [22]. The nonmetal-to-metal (insulator-to-
conducting) transition of fluid He at about 1 g cm−3 was found
by electrical conductivity measurements [15] and quantum
molecular dynamics (QMD) calculations [23], while the
reflectivity measurements with mobility gas closure predicted
that dense He became metallic at above ∼1.9 g cm−3 [13],
maybe at much higher density of around 10 g cm−3 [9]. The
metallization densities of He are unexpectedly lower or higher
than the PPT state by the free-energy model. Taking into
account the lack of the polarization interactions and the correc-
tions to the ionization energy in the earlier free-energy model,
the calculated PPT state might be debatable and there is no
experimental evidence for the existence of the PPT in helium.

In current work, we employ the multiple reverberation
compression to generate WDM He from a shock-adiabatic
to a quasi-isentropic path. This successive course is very
useful to increase the compressibility and reduce the entropy
change. By means of the optical diagnostics, the integrated
EOS results of WDM He were determined in the pressure-
density-temperature range up to ∼150 GPa, ∼1.1 g cm−3, and
∼24 kK from 1st to 10th compression, and the multiple
compressibility has been discussed. The optical radiance
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FIG. 1. Sketch of the experimental target and diagnostic devices
for warm dense He (drawing not to scale).

measurement implies that dense He has become rather opaque
after the 2nd compression. This opaque phenomenon would
appear in an amorphous semiconductor with the electrons of
low mobility, rather than free electrons [14]. The opacity of He
has a reference value for white dwarf stars with unexpectedly
opaque He atmospheres.

II. EXPERIMENTS AND DATA ANALYSIS

A sketch of the experimental target is shown in Fig. 1.
Before the experiment, a gaseous helium sample is initially
precompressed to 20–40 MPa at room temperature, which is
enclosed within the sandwich structure between a driveplate
ahead (304 stainless steel, ∼5.0 mm thick) and a window
back (sapphire, ∼2.0 mm thick). Before the window, an
anvil (lithium fluoride, LiF, ∼4.0 mm thick) with a glued
foil (aluminum, ∼0.13 mm thick) is used for the interface
particle velocity measurement. This thickness of the foil is
non-negligible in the data processing. The central area of the
foil is hollow to transmit the optical radiance of shocked He.
The similar multicompressed target has been shown in our
previous work for argon [24], where the double-layer LiF
is used to protect the foil from thermal ablation. Compared
with argon, the current specimen of He should be shocked to
lower temperature, and it is not sufficient to ablate the foil. In
addition, the design with a single-layer LiF anvil can efficiently
avoid the influence of a catch-up wave under multicompres-
sion. Also, the distortion of the driveplate in the precompressed
states was recorded by a displacement-measuring instrument.

By means of a two-stage light gas-gun facility, the flyer (tan-
talum, ∼3.2 mm thick and ∼28 mm diameter) is accelerated
to impact the driveplate, and then the shock wave is generated
and transmits into the sample of He. The shock wave in He will
propagate and reverberate repeatedly between the driveplate
and the anvil due to the higher shock impedance. Compared
with the laser and magnetically driven facility, the gas gun
could accelerate a large-scale flyer and avoid the influence
of rarefaction and catch-up waves under multicompression
EOS measurement. Usually, the ratio of the diameter to the
thickness is larger than 2. Under multiple shock compression,
the transmission time in the He chamber is longer and this

FIG. 2. Typical experimental signals of multiple compressed He
for the shot of No. GHe-6: (a) the spectral radiance history from
MCOP and (b) the interface particle velocity history from DPS.

ratio should be much larger. Throughout all the diagnostic
signals the edge release waves do not affect the experimental
results. By the reverberating technique, the He gas would be
multicompressed into a warm dense regime.

The EOS of warm dense He was obtained by measured
the spectral radiance history from a multichannel optical
pyrometer (MCOP) [25] and the interface particle velocity
history from a Doppler-pins system (DPS) [26] shown in
Figs. 2(a) and 2(b) for the shot of GHe-6. When the shock
wave entered and passed through the He sample chamber
for the first time, the nearly flat regime (between t0 and t1)
indicates that the shock-compressed He with good uniformity
was generated. The 1st shock velocity (Us1) was directly
obtained from the crossing time and the He chamber thickness,
where the distortion of the chamber thickness was recorded by
a displacement-measuring instrument in the current precom-
pressed state. The 1st pressure (P1) and density (ρ1) of He
were determined by the impedance matching method [24] to
solve the Rankine-Hugoniot equations. The material Hugoniot
parameters [27] for our experimental target were used.

Subsequently, when the shock impacted the LiF anvil,
firstly (t1) a reflected shock wave was generated back to
the He sample and a transmitted shock wave entered the
LiF anvil simultaneously. The sample was reshocked to a
state with higher density and temperature, which leads to an
abrupt increase of optical radiance intensity from He. This
increasing radiance is observed from the 2nd step signal of
MCOP shown in Fig. 2(a). Along with the optical absorption
of the compressed He sample, the 2nd step intensity would
decrease gradually. Until the shock reverberated and impacted
the LiF for the second time (t2), the 2nd step (between t1
and t2) shows the process including the 2nd and 3rd shock-
compressed He. Therefore, the 2nd and the following multiple
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TABLE I. Single-shock velocities (Us,1) of He measured by MCOP and multishock particle velocities (Upi,LiF, i = 1,2,3,4,5) of LiF
measured by DPS. The initial density (ρ0) is measured by a method of draining with a pressure vessel with the initial pressure (P0) at room
temperature. The uncertainty of US,1 is determined by the He chamber thickness and the crossing time uncertainty. The uncertainties of Upi,LiF

are determined by the DPS uncertainty and the multiple channels average uncertainty. W is the flyer impact velocity.

P0 ρ0 W Us,1 Up1,LiF Up2,LiF Up3,LiF Up4,LiF Up5,LiF

Shot No. (MPa) (g cm−3) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

GHe-1 20.5 ± 0.1 0.030 ± 0.001 5.024 ± 0.025 8.29 ± 0.03 0.51 ± 0.01 1.92 ± 0.02 3.20 ± 0.03 3.69 ± 0.04 3.92 ± 0.04
GHe-2 20.6 ± 0.1 0.030 ± 0.001 5.540 ± 0.028 9.10 ± 0.03 0.62 ± 0.01 2.21 ± 0.02 3.50 ± 0.04 4.25 ± 0.04
GHe-3 20.5 ± 0.1 0.030 ± 0.001 6.171 ± 0.031 10.08 ± 0.04 0.75 ± 0.01 2.64 ± 0.05 4.06 ± 0.04 4.72 ± 0.05
GHe-4 40.2 ± 0.1 0.051 ± 0.001 4.693 ± 0.023 7.88 ± 0.05 0.71 ± 0.02 2.20 ± 0.04 3.13 ± 0.03 3.50 ± 0.05 3.66 ± 0.05
GHe-5 40.2 ± 0.1 0.051 ± 0.001 5.529 ± 0.028 9.29 ± 0.07 0.92 ± 0.02 2.70 ± 0.04 3.67 ± 0.06 4.17 ± 0.05
GHe-6 40.0 ± 0.1 0.051 ± 0.001 5.648 ± 0.028 9.45 ± 0.07 0.94 ± 0.02 2.76 ± 0.05 3.80 ± 0.06 4.25 ± 0.08

compressed states could not be determined by only optical
radiance from MCOP. In our experiments, the DPS application
allowed for the measurement of the particle velocity at the
He/LiF interface. The directly measured velocity by DPS is
an apparent velocity, and the actual particle velocity should
be corrected via the refractive index of the compressed LiF
[28]. The corrected results are shown in Fig. 2(b), where
the 1st step signal of DPS was analyzed to obtain the 1st
shock particle velocity of LiF (Up1,LiF). By the continuity
condition at the He/LiF interface, the 2nd shock particle
velocity (Up2 = Up1,LiF) and the pressure (P2 = P1,LiF) of He
could be deduced. In the data processing, the shock impedance
of the foil approximately matched with that of LiF.

Successively, the multiple reverberation shock wave in the
He chamber would transmit and impact the anvil again and
again, where the shock breakout time at the He/LiF interface
is shown in Fig. 2. In fact, the DPS signal reflects the multiple
reverberation shock in the Al foil/LiF anvil interface. Due to
the different shock velocity in the He chamber and Al foil,
the deviation between the shock transmit time in He and the
measured results by DPS have been considered. The time t2, t3,
and t4 mean the 2nd, 3rd, and 4th shock LiF anvil, respectively.
So from the 2nd to the 4th step by DPS technique [see Fig. 2(b)]
we can obtain the particle velocities of LiF including the
2nd, 3rd, and 4th shock compression. The multishock particle
velocities of LiF are listed in Table I. In the continuity condition
at the He/LiF interface, the corresponding particle velocity and
the pressure of the 4th, 6th, and 8th shock He were determined.
In order to obtain the whole multicompressed EOS of He, the
shock states with odd numbers (i = 3,5,7) should be deduced
by the shock transmitting time and the impedance matching
at the He/driveplate interface. The similar detailed processing
was illustrated in our previous work for argon [24]. After the
8th shock compression (partially 10th compression when the
flyer impact velocity is slower, see Fig. 3), dense He would be
compressed and approach the final equilibrium state. This can
be observed from the highest steady flat of MCOP and DPS
signal until the shock reached the sapphire interface.

Considering the EOS uncertainties under multiple com-
pression, the main source of the uncertainty comes from the
measurement error. Along with the multicompressed process,
the uncertainty states of He could increase. From the 1st to the
final compression, the pressure accuracy within 1% ∼ 10%
and density accuracy within 2% ∼ 20% can be achieved. The
integrated multiple compression states of He with different ini-

tial precompressed pressures of 20 MPa and 40 MPa are listed
in Table II, where the experimental pressure-density ranges of
1–150 GPa and 0.1–1.1 g cm−3 are presented. The typical re-
sults by the impedance matching solution are shown in Fig. 4.

In our work, multiple shock temperatures of He were
extracted from the absolute spectral radiance of shock front
[Fig. 2(a)] by using a gray body Planck radiation spectrum,

I (λ,T ) = ε(T )
2πhc2

λ5

[
exp

(
hc

λkBT

)
− 1

]−1

, (1)

where T and λ are the radiation temperature and the wave-
length, c, h, and kB represent the speed of light, the Planck
constant, and the Boltzmann constant, respectively, and ε is
the emissivity. Considering that current ionization degree is
lower, the emissivity in our experimental state is regarded as a
wavelength-independent function [13].

From the first nearly flat range of MCOP, the 1st shock
spectral radiance was measured and the temperature (T1)
of single-shock He was obtained. Between the time t1 and
t2, the reverberation shock passes through 2nd and 3rd
compressed He sample, but the breakout between the 2nd
and 3rd compression could not be distinguished by spectral
radiance. This implies that dense He has become rather opaque
after the 2nd compression. Though dense He under multiple

FIG. 3. The experimental signals of the He/LiF interface particle
velocity history up to 10 times compression (the shot of No. GHe-4).
The results are measured by a multichannel DPS technique. The signal
amplitudes correspond to the particle velocities of the compressed
sample He.
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FIG. 4. Impedance matching solution to determine multiple
compressed pressure and particle velocity for the shot of No. GHe-6.
The solid red square symbols indicate the compressed states of current
dense He.

compression becomes opaque, the radiance from the He/LiF
interface could be received by MCOP. For instance, the maxi-
mum intensity in the 2nd step range of MCOP reflects the 2nd
shock spectral radiance. Subsequently, the He/LiF interface
would be slightly destroyed due to the thermal ablation of LiF
at high temperature, which results in an optical absorption and
a decreasing radiance measurement. Along with the increase
of the ablation layer thickness, the radiance would decrease
gradually until the following shock anvil. In our data analysis,
the absorption intensity is assumed independent with the
wavelength, and this absorption effect would give no influence
for the fitted temperature results. Successively, the 4th shock
radiance and the 6th shock radiance could be determined from
the maximum intensities in the 3rd and 4th steps separately.
Therefore, the 2nd, 4th, and 6th shock temperatures could be
obtained. By the interpolation and extrapolation method, the
3rd, 5th, 7th, and 8th shock temperatures were also deduced.
Between the 3rd and 4th shock anvil the radiance increases,
as shown in Fig. 2(a). In this region, the shock temperature
changes very little and the shock transmission time is very
short. Again, the shock thermal ablation in the He/LiF interface
and the thermal conduction within the LiF anvil would have
little influence on the radiance results. Figure 5 shows the
typical experimental radiance fit for a shot of No. GHe-6,
as well as the interpolation and extrapolation results in the
temperature-density plane. Multishock temperature data in the
range of 4600–24 000 K are listed in Table II.

III. RESULTS AND DISCUSSION

In order to illustrate thermodynamic properties under mul-
tiple compression, the experimental P-ρ data of dense He in
our work are presented in Fig. 6. The cryogenic liquid He [10]
and precompressed fluid He [29] both by gas gun, the corrected
fluid He by laser and diamond anvil cell (DAC) [12], dense
gaseous He quasi-isentropic [30], and the solid He isotherm
[31] are also shown. As a whole, our experiments spread a
wider P-ρ regime of 1–150 GPa and 0.1–1.1 g cm−3 with better
uniformity. The data give an efficient offset in the pressure
range of 20–50 GPa between the gas-gun and laser results. The

FIG. 5. Planck radiation fitting temperatures from the experi-
mental spectral radiance under multiple shock compression for shot
of No. GHe-6. The 1st (pink), 2nd (olive), 4th (violet), and 6th
(orange) shocked radiances are listed. The colored solid curves are the
corresponding Planck fitting results. Inset: The fitting temperatures
(open squares) for the 1st, 2nd, 4th, and 6th shock compression
are presented in the temperature-density plane. The 3rd, 5th, 7th,
and 8th shock temperatures (red solid squares) were deduced by the
interpolation and extrapolation method.

wider compression ratio (ηi = ρi/ρ0, i = 1–8 and partially
i = 1–10, which are from the 1st to the 10th compressed states,
respectively) were greatly improved from 3.5 to 43 based on
the initial density (ρ0). This can provide an important valida-
tion for the theoretical models. Different theoretical calcula-
tions for He by SVCH [17], ACTEX [18], DFT/PIMC [19],
and Saha-He [30] are also shown in Fig. 6, where the former
three models provided the principal Hugoniots of liquid He and
the last one calculated the isentropic compression of gaseous
He. The deviation among different Hugoniot calculations at
higher pressure is obviously observed, and high-precision
experiments are urgently required to constrain the EOS.

In our work, the experiments under multicompression pass
through the Hugoniot curves and accord with the isentropic
calculations by SAHA-He in higher pressure ranges. The
partial results can be seen in Fig. 6 (inset) for one shot
of No. GHe-6. The multiple compression curves from the
corresponding states were calculated by self-consistent fluid
variational theory (SFVT) [32,33]. In this shot the former
three shocks belong to shock-adiabatic compression with the
entropic addition (S/R is from 12.9 to 13.4), and after that
multicompression from the 4th to 8th compression is close
to a quasi-isentropic process. This indicates what current
multicompression would experience from shock-adiabatic to
quasi-isentropic compression. Compared with the isentropic
and isotherm results, multicompression technique can simul-
taneously achieve higher pressure and temperature in the same
loading condition for the validation of EOS models.

Generally, the temperature data of He are indispensable in
the phase diagram. It can provide an important validation for
the theoretical models. Our experimental temperatures of He
are presented in Fig. 7 to compare with previous experiments
[13] and calculations [19,23,33–35] in the P-ρ-T region, where
the coupling parameter (�) is added to illustrate the WDM
range. In the wider region, our experimental data from dense
gaseous He give an efficient supplement for the EOS models. It
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FIG. 6. Comparison of experimental and calculated EOS of
He for different initial states. The colored symbols represent our
experimental data from the 1st to 10th compression. The same color
and symbol is for one shot. Our six-shots data are described as
the olive triangles (GHe-1), olive squares (GHe-2), olive diamonds
(GHe-3), orange triangles (GHe-4), orange squares (GHe-5), and
orange diamonds (GHe-6), respectively. In comparison, the cryogenic
liquid He [10] (open circles) and precompressed fluid He [29] (open
squares) by gas gun, the corrected fluid He by laser and DAC
[12] (open diamonds), dense gaseous He quasi-isentropic [30] (open
triangles), and the solid He isotherm [31] (open inverted triangles) are
also shown. Different models for liquid He by SVCH [17] (dash-dot
olive), ACTEX [18] (blue dotted), DFT/PIMC [19] (dash-magenta),
and SAHA-He [30] (solid black) are presented. Inset: Adiabatic to
quasi-isentropic compression of dense He in our work is represented
for the shot of GHe-6. The curves are calculated by SFVT.

shows a good consistency with calculations by the free-energy
model [35] and the DFT-MD model [19]. In higher density
ranges, our multicompressed temperatures are lower than the
results from the reflectivity experiments [13] and the DFT-MD
calculations [34] in the approximate P and ρ range. The
reflectivity results and the DFT-MD calculations were deduced
from the laser-driven shocks [11]. The sample He was statically
precompressed by DAC to higher pressure, which was much
higher than our initial states. By shock compression technique,
our compression ratio and electron excitation and ionization
would increase due to the decrease of the precompression
density. The increased excitation and ionization would absorb
the thermal energy in the system, which results in a lower tem-
perature. In our multiple compression experiments, the cou-
pling parameter in the range of � > 1 is obtained after the 4th
compression, where our temperature-density range is beyond
to ∼18 kK and ∼0.8 g cm−3. That is to say, our experimental
states above the 4th compression enter the WDM region.

In order to illustrate the successive compressibility of He
under multiple compression, a comparison between the relative
compression ratio (η′

i = ρi/ρi−1, i = 1–10) and the pressure
is presented in Fig. 8. In general, the shock compression ratio
will become smaller if the sample is precompressed to higher
density statically, which can be verified by our dense He with
different initial pressures of 20 MPa and 40 MPa. For one shot
under multiple compression, η′

i gradually decreases with the
increasing pressure due to the stronger repulsion interactions.

FIG. 7. Temperature-density plot of compressed He with exper-
iments and calculations. Colors indicate pressure (inset scale). The
experimental data: solid diamonds (our work) and open diamonds [13]
with error bars. The calculated data: open squares [33], open triangles
[35], open inverted triangles [19], open hexagons [23], and open
circles [34]. The solid Hugoniot curves were calculated by DFT-MD
[34] from the initially precompressed fluid He (precompression ratios
are from 1 to 4). The coupling parameter (�) of He is added (dashed
curves) to illustrate WDM range.

For different shots with the same compression number, η′
i in-

creases with pressure in the lower density regime and reversely
decreases in the higher density regime. The turning points
with a nonmonotonous relationship occur during the 3rd shock
states for the initial precompressed pressure P0 = 20 MPa and
the 4th shock states for P0 = 40 MPa, respectively. In this
region the dense He was compressed to the pressure-density
range of 30–70 GPa and 0.5–0.8 g cm−3. The corresponding

FIG. 8. Compressibility of multiple compressed dense He with
different initial pressures of 20 MPa (solid) and 40 MPa (open).
The same symbol is for one shot, and the same color means
the same multicompression frequency. The solid curves are fitted
from experimental data to describe the turning points at the same
compression time. The ionization degrees (α) of He were calculated
by SFVT. The yellow region is shown for the turning points of relative
compressibility. Inset: Multiple compression data of dense argon [24]
is represented to illustrate the multishock compressibility.
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FIG. 9. Temperature-pressure-density contour of He fitted from
the experiments and calculations. (The fitting data are from Fig. 7.)
The phase boundary (dash-black curve) for fluid insulator–conductor
He transformation [14] is presented. It indicates that our dense He
(open squares, GHe-1) enters the semiconducting fluid region after
the 2nd compression. For comparison, we show the interior isentropic
conditions: the white dwarfs for effective temperatures of 6500 K by
Saumon et al. [36] (solid olive); Jupiter by Saumon et al. [17] (solid
blue), by Nettelmann et al. [21] (blue short-dotted), and by Militzer
and Hubbard [3] (blue dash-dot); and Saturn by Militzer and Hubbard
[3] (wine dash-dot).

ionization degree calculated by the SFVT model is from hardly
any to 1%. This nonmonotonic evolution of the compression
is controlled by two factors, where the excitation of internal
degrees of freedom results in the increasing compressibility,
and the repulsive interactions between the particles results
in the decreasing compressibility at the onset of electron
excitation and ionization. A similar phenomenon has been
also observed in multicompressed argon [24]. In Fig. 8 with
the increasing pressure and density, dense He would be
compressed and approach the final equilibrium state with
η′

i ≈ 1 and the ionization is up to ∼9% in our work.
Generally, the planetary and stellar interiors and atmo-

spheres are described by the isentropic and homogeneous
models, where Jupiter [3,17,21], Saturn [3], and white dwarf
[36] isentropes are shown in Fig. 9. As the crucial component,
dense He results are plotted in the T-P-ρ contour of Fig. 9,
which combines all the existing data of He EOS experiments
and calculations. In the lower pressure and density range,
the decrease of the density affects the sharp increase of
the temperature. The temperature of He rises fast and the
EOS results are mainly influenced by the thermal effect. In
a higher pressure and density range, the rising temperature
slows down and the compressed density increases gradually.
This would strengthen the interaction of the particles and the
density effect is dominant. In order to illustrate the conducting
and optical properties under high pressure and temperature,

Fig. 9 shows the insulating–conducting fluid transformation
boundary of He [14], compared with our experimental results.
It indicates that current warm dense He enters the partially
conducting fluid region after the 2nd shock compression with
a density-temperature of about 0.3 g cm−3 and 1 eV. This
is consistent with the opaque properties of dense helium
and the strong absorption appearance after 2nd compression
experiments. In these T and ρ regions, the conductivity (σ )
was calculated by the simple semiconducting Drude model
[13]. The estimated results show that our experiments enter a
region with weak ionization (α < 1%) and semiconducting
fluid [σDC ≈ 104 (
 m)−1]. The ionization degree and the
free electron are poor, and the optical transformation was
explained by the electrons of low mobility in an amorphous
semiconductor [14]. Therefore the experimental results of
dense He can provide the reference validation for white dwarf
atmospheres with opaque dense He and the planetary interior
structure and evolution models.

IV. CONCLUSION

In our work, dense gaseous He has been compressed to a
warm dense region from shock-adiabatic to quasi-isentropic
compression paths. By means of an elaborate target design,
the multicompressed experimental P-ρ-T states in the 1-Mbar
range were measured to constrain the EOS models. The
optical radiance measurement shows that dense He becomes
opaque after the 2nd compression. It implies that dense He
transforms from optically transparent insulators to opaque
semiconducting fluid under multiple compression. This has
a reference value for the white dwarf stars with unexpectedly
opaque He atmospheres. Under multiple compression, ther-
modynamic properties and compressibility of warm dense He
was developed. Current experimental results and the opacity
of dense He can provide the reference proof for the structure
and evolution of planetary models. Our experimental target
design and the diagnostic techniques can be applied to other
warm dense matter, such as mixtures of hydrogen and helium,
and detonation products.
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