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Accurate equation of state of H2-He binary mixtures up to 5.4 GPa
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Brillouin scattering spectroscopy has been used to obtain an accurate (<1%) ρ-P equation of state (EOS)
of 1:1 and 9:1 H2-He molar mixtures from 0.5 to 5.4 GPa at 296 K. Our calculated equations of state indicate
close agreement with the experimental data right to the freezing pressure of hydrogen at 5.4 GPa. The measured
velocities agree on average, within 0.5%, of an ideal mixing model. The ρ-P EOSs presented have a standard
deviation of under 0.3% from the measured densities and under 1% deviation from ideal mixing. A detailed
discussion of the accuracy, precision, and sources of error in the measurement and analyses of our equations of
state is presented.

DOI: 10.1103/PhysRevB.108.224112

I. INTRODUCTION

The properties of fluid hydrogen-helium (H2-He) mixtures
as a function of density are of broad importance in condensed
matter physics and chemistry [1] and planetary science [2].
As the most abundant and electronically simplest elements
with strong nuclear quantum properties, hydrogen and helium
represent ideal candidates for studying the intermolecular and
interatomic interactions in mixtures under pressure. Contin-
ued developments in dynamic compression techniques have
greatly increased the pressure-temperature (P-T) ranges over
which H2 and He have been investigated in the laboratory
[3–16]. Specifically, studies of H2 [3–5], D2 [5–8], He [9–13],
and H2-He [14–16] mixtures have been conducted using
various combinations of shock and ramp compression with
cryogenic or precompressed samples. Dynamic compression
experiments on precompressed samples require a highly ac-
curate equation of state (EOS) to set the initial conditions of
the measurement. This technique enables the measurement
of higher final-density states [17]. For hydrogen and helium
mixtures, such an EOS is not yet in hand, yet it is essential for
the analysis of recent dynamic compression measurements to
megabar (>100 GPa) pressures.

A method to increase the final-density state in dynamic
compression involves precompressing the sample [17]. The
effect of precompressing samples is easily seen in the Hugo-
niot EOS,

E − E0 = 1

2
M(P + P0)

(
1

ρ
− 1

ρ0

)
. (1)

The accuracy of shock-state variables are highly dependent
on the accuracy of precompression; an error of 2–3% of the
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initial density state can propagate to uncertainty in the final
shock state of 7–10% [15].

There is a significant body of literature on the thermody-
namic properties of fluid H2 from fractions of a bar to its
ambient-temperature freezing pressure and temperatures to
1000 K [18]. Thermodynamic data for helium extend from
fractions of a bar to its ambient-temperature freezing pres-
sure. Lower-pressure studies on helium have reached 1500 K
[19]. There have also been studies in the 100 MPa to GPa
ranges using ultrasonic [20,21] and Brillouin spectroscopy for
sound-velocity measurements [22–27], and volumetric mea-
surements [28]. Equations of state have been developed for
helium from ambient pressure to helium freezing (11.6 GPa)
using Brillouin [29–31] spectroscopy, ultrasonic spectroscopy
[32], and volumetric measurements [28]. The density of a
material is directly related to the measured sound velocity,(

∂ρ

∂P

)
S

= 1

U 2
l

. (2)

Through integration, one obtains the ρ-P EOS:

ρ − ρ0 =
∫ P

P0

dP
γ

U 2
l

, (3)

where ρ0 is a reference density, γ = Cp/CV , and Ul is the
longitudinal sound velocity of the material.

Hydrogen and helium are supercritical fluids over the range
of temperatures and pressures studied here, with the critical
pressure P* and temperature T* of 1.3 MPa and 33.2 K and
227 kPa and 5.3 K [33] for hydrogen and helium, respec-
tively. Assuming no phase separation (changing miscibility),
the supercritical fluid nature of the system results in a con-
tinuous ρ-P relation without volume discontinuities from
condensation.

There is currently no experimental fluid H2-He ρ-P EOS;
therefore, the ideality of mixing is unknown. An ideal
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mixture will have its physical properties scale in proportion
to its constituents. Interaction and size effects will affect the
(non)ideality of the mixture, so direct measurement is neces-
sary to determine the effect nonideal mixing will have on the
EOS. The calculated energy of interaction indicates that the
interaction between H2 and He is significantly less than the
self-interaction of their pure constituents [34], and H2 and He
appear to have ∼1% excess volume of mixing up to 1 GPa
at 100 K [35]; the excess volume at 300 K will decrease as
thermal energy will increasingly dominate repulsive H2 and
He interactions with increasing temperature. It will also be
important to note possible discontinuities due to demixing of
H2 and He, meaning possible nonidealities at certain mixing
ratios resulting in a miscibility gap. Several studies indicate
possible fluid-fluid separation near the freezing of pure hy-
drogen [36–38]. If nonideal mixing occurs anywhere in H2:He
mixtures, it will be near the fluid-fluid demixing pressures and
compositions.

This study seeks to develop an accurate EOS to address
possible nonideality of mixing in the ρ-P EOS using mea-
surements of the sound velocity of the mixtures by Brillouin
scattering. Armed with an accurate EOS, the initial (ρ0, P0)
precompression measurements allow an accurate calculation
of the final (ρ,P) dynamic compression state of the system.

II. EXPERIMENTAL METHODS

Our samples were prepared inside BX-90 diamond-anvil
cells (DACs) with 600-µm culets. The DACs were gas loaded
with ultrahigh-purity (99.95%) premixed H2-He (Matheson
Gas) into 350–400-µm beryllium copper (BeCu) gaskets. The
hydrogen-helium mixtures were loaded by pressuring the gas
mixtures to supercriticality inside the sample chamber before
clamping the cell. Five-µm rubies were used as a pressure
calibration [39,40]. The direct measurement of the ruby in a
low-density fluid medium may have the ruby’s luminescence
heat the sample, which may overestimate the pressure [41].
To ensure the reference ruby wavelength is measured from
ambient temperature, the R1 ruby line was measured at at-
mospheric pressure (0.1 MPa) with decreasing power down
to <1 mW and then extrapolated to 0 mW. Cells were then
pressurized to 0.5–1 GPa to seal the mixture inside the cell
before measurements.

The Brillouin scattering measurements were performed
at GSECARS (Sector 13) at the Advanced Photon Source.
The instrument is an online Brillouin system that allows
for simultaneous x-ray and Brillouin measurements [42]. X-
ray measurements were performed on the gasket material to
identify possible hydrogen diffusion into the gasket and sub-
sequent hydride formation. We used a scattering angle of θi

50◦ and an excitation laser wavelength of λl = 532 nm.
Brillouin scattering spectroscopy measures the transfer

momentum
−→
ksc = −→

ki ± �q and provides the inelastic scattering
frequency shift, �ν = �q. The Brillouin shift, �ν, may be
expressed in terms of acoustic velocity Ul , excitation laser
wavelength λl , and θ , the angle between the incident and
scattered wave vectors:

�ν = 2Ulk sin

(
θ

2

)
= 2Ul

λl
nH2:He sin

(
θ

2

)
. (4)

FIG. 1. H2 [20–23,27] and He [19,29,31,32] Ul-P EOS from
ambient to freezing pressures at 293–300 K.

All cells were measured using a symmetric scattering
geometry (Fig. 2), which is independent of the index of re-
fraction n. Using Snell’s law and nair

∼= 1, nH2:He sin( θ
2 ) =

sin( θsc
2 ). The sound velocity is a function of the scattering

angle θsc, the incident laser wavelength λl , and the Brillouin
shift:

Ul,sym = λ�ν

2 sin
(

θsc
2

) . (5)

The backscattering peaks represented by θi = 180◦ can be
used to directly calculate the index of refraction:

n = Ul, sym

sin
(

θsc
2

)
Ul,bs

. (6)

The backscattering measurements were limited to lower pres-
sures due to limitations of the range of frequencies measured
by the Brillouin system.

III. RESULTS

Brillouin spectra for 1:1 and 9:1 mixtures were measured
from 0.5 to 5.4 GPa between 294–298 K. The frequency shifts
were converted into sound velocity with Eq. (5) (Fig. 3).

FIG. 2. A sidereal view of a sample inside the gasket of a DAC
in a symmetric scattering geometry.
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FIG. 3. Representative Brillouin spectra converted to sound ve-
locities. The symmetric longitudinal acoustic (LA) and backscattered
(BS) peaks from the 9:1 H2:He sample, and the transverse acous-
tic (TA) mode of the diamond are measured within the frequency
range available to the spectrometer. The ghost peak is a result of
the Brillouin spectrometer’s limit of the free spectral range, limiting
higher-frequency measurements [43].

In order to compare the 1:1 and 9:1 mixtures to an ideal
mixing model, reference curves were established using data
in Fig. 1. These were fit to a modified power-law equation
of state Ul = APBe−CP, which will be discussed in a later
section. This region matches well with a liquidlike H2 and He.
The 1:1 and 9:1 ideal reference curves were calculated using
the adiabatic ideal sound-velocity mixing equation [44]:

UH2:He = xH2

√
MH2UH2 + xHe

√
MHeUHe

xH2

√
MH2 + xHe

√
MHe

. (7)

Our measured velocity indicates very close agreement with
the ideal mixing references used, with our data deviating less
than 1% over the pressure range measured (Fig. 4). This indi-
cates very little interaction from 0.5 GPa through H2 freezing
pressure at 5.4 GPa. This allows us to assume low interactions
between the H2 and He specimens. We use this observation to
assume the ideality of the γ factor in Eq. (3), as well as assume
the ideal mixing of the H2:He mixtures above the 1-GPa 300 K
mixing studied by Ree et al. [35]. This assumption may break
down above 1 GPa. The initial pressure of the 1:1 H2:He EOS
is 1.58 GPa, which may introduce an error in this assumption.
Duwal et al. indicate approximately up to a 2% nonideality at
higher pressures [15].

FIG. 4. Velocity measurements compared to reference ideal mix-
ing curves for 1:1 and 9:1 mixtures. Residuals of the ideal mixing
curve with the measured velocity data. There is very little deviation
over the range measured, with no indication of a trend of increasing
or decreasing deviation, with an average deviation of −0.4 and 0.3%
for 9:1 and 1:1, respectively.

Density was calculated with a trapezoidal integration
scheme on Eq. (3):

ρ − ρ0 =
∫ P

P0

dP
γ

U 2
l

∼=
N∑

i=1

1

2

[
γ (Pi )

Ul (Pi )2 + γ (Pi+1)

Ul (Pi+1)2

]
�P .

(8)
Due to low interaction between the species at 1:1 and 9:1

ratio, the γ factor and initial density ρo were assumed to mix
ideally to 1.5 GPa. The mixed gamma factors were calculated
by fitting previous gamma-factor measurements for the H2

[22,45] and He [19,31,46] end members. The initial density
at 1:1 and 9:1 was calculated with linear mixing of the EOS
determined by Mills et al. [32] for He and Matsuishi et al. [22]
for H2.

The power-law [24,27] and Benedict EOSs [22] were em-
ployed to represent the densities as a function of pressure. The
number of variables used in the Benedict EOS was varied to
determine the best fit with the least mutual dependency on the
coefficients. A least-squares regression algorithm was used
to determine the parameters and their respective errors; this
process has been outlined in detail for the H2 system [22]. A
power-law EOS,

ρPL = APB, (9)

is valid over a range of pressures for fluid H2 and He but fails
as the low-pressure gas. The Benedict EOS,

ρBene = MH2:He

AP−(1/3) + BP−(2/3) + CP−1
, (10)

compensates for this failure with higher-order terms to allow
for lower-pressure corrections. The coefficients and statistical
analysis of Eq. (9) and (10) are provided in Table I.

The ideal mixing reference curves were calculated by in-
tegrating the ideal mixing velocity Eq. (7) with Eq. (8). The
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TABLE I. Comparison of 1:1 and 9:1 EOS, their uncertainties, goodness of fit, and standard deviation of the calculated density with the
equations of state.

Power law Benedict A, B,C �= 0 Benedict A, B �= 0
9:1 H2:He ρ = APB 2.22

AP−(1/3)+BP−(2/3)+CP−1
2.22

AP−(1/3)+BP−(2/3)

A 0.1572(±0.002) 15.5(±0.3) 14.46(±0.05)
B 0.327(±0.001) −3.3(±0.6) −0.34(±0.07)
C 0 1.9(±0.4) 0
Pearson R2a 0.9997 0.9998 0.999 7
σρ(%)* 0.198 0.230 0.229

1:1 H2:He Power law Benedict A, B,C �= 0 Benedict A, B �= 0
ρ = APB 3.01

AP−(1/3)+BP−(2/3)+CP−1
3.01

AP−(1/3)+BP−(2/3)

A 0.2495(±0.005) 15.2(±0.3) 12.95(±0.07)
B 0.315(±0.007) −7.4(±0.6) −0.9(±0.1)
C 0 4.6(±0.6) 0
Pearson R2a 0.9996 0.9999 0.998 91
σρ(%)a 0.174 0.277 0.276

aThe high-accuracy EOS requires both an r2 near unity and little variability of the data compared to the EOS model. The standard deviations
for both pressure and density for all fitting equations are less than 0.3%.

ideal reference densities were fitted to Eq. (10). We therefore
define the nonideality ϒ as

ϒ = 1

ρid (P)

(∫ P

P0

dP
γ

U 2
l

− (ρid (P) − ρid (P0))

)
+ δρ(P0)

ρid (P)
,

(11)
which includes both the nonideality of the density as a func-
tion of pressure and of the reference density ρ(P0) (Fig. 5).

The power-law and Benedict EOSs accurately represent the
calculated density over the pressure range. To determine the
relative deficiencies, if any, for the Benedict EOS, we set the
C and B parameters equal to zero, respectively; an issue with

FIG. 5. A comparison of the measured densities, the three-
parameter Benedict EOS, and reference densities. Residuals and
nonideality are also compared.

a higher number of free-fitting parameters is the increased
uncertainty of the values of the fitted coefficients. We report
the value of the coefficients, the Pearson r2 goodness-of-fit
value in Table I. Errors in parameters are provided to show un-
certainties generated by mutual dependencies and uncertainty
from the fits.

With the two-parameter Benedict EOS, the deviation of
the measured data from the fit is within 0.3%. The trends do
indicate that there is an increased deviation of the density by
pressure; however, it is still well constrained over the whole
range of interest here. The nonideality of velocity does not
quite carry over to the density: the assumptions of ideal mix-
ing of the γ factor and the initial density seem well founded;
however, the greater nonideality at higher pressures for the 1:1
mixture is above mathematical and experimental uncertainty.

FIG. 6. Pressure dependence of the index of refraction calculated
by Eq. (6) [28] and that used in Ref. [15]. The orange and blue lines
show the ideal mixing result.
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TABLE II. Coefficients for power-law relation for pressure de-
pendence of the index of refraction assuming ideal mixing.

Composition a b c

9:1 0.951 ± 0.001 0.255 ± 0.001 0.284 ± 0.001
1:1 0.927 ± 0.003 0.231 ± 0.003 0.250 ± 0.003

Figure 6 depicts the indices of refraction calculated by
Eq. (6). This method has limitations due to the resolution of
the Brillouin symmetric and backscattering peaks; however,
it still is useful in developing a picture of its behavior. The
calculated index of refraction measurements was compared
against the ideal mixing scenario.

Using the fact that hydrogen and helium indicate ideal
mixing, a well-known equation relating the index of refrac-
tion to the polarizability and its density, the Lorentz-Lorenz
relationship, may be used [47]:

n2 − 1

n2 + 2
= 4π

3
NAα , (12)

where NA is Avogadro’s number and α is the polarizability.
This may be rearranged in terms of density as

1

ρ

(n2 − 1)

n2 + 2
= 4π

3

(
V

M

)
NAα . (13)

Assuming ideal mixing, the term V
M NA may be broken up

into weight fractions of the hydrogen and helium components
of the mixture, wH2 , wHe:

1

ρ

(
n2

H2:He − 1
)

n2
H2:He + 2

= wH2

(
4π

3
NA αH2

)
+ wHe

(
4π

3
NAαHe

)
.

(14)

Reapplying the Lorenz-Lorentz relation,

1

ρ

(
n2

H2:He − 1
)

(
n2

H2:He + 2
) = wH2

(
1

ρ

(
n2

H2
− 1

)
(
n2

H2
+ 2

)
)

+ wHe

(
1

ρ

(
n2

He − 1
)

(
n2

He + 2
)
)

. (15)

We used the indices of refraction nH2 , nHe reported by De-
waele et al. [28] and the densities ρH2 , ρHe, ρH2:He were taken
from the EOS determined here and are represented as the ideal
curves in Fig. 6. The measured index of refraction differs from
the prediction of ideal mixing by <2% for 9:1 H2:He, whereas
the measured values for 1:1 H2:He are significantly lower than
the ideal mixing curve. The discrepancy may be due to loss
of H2 to the stainless-steel gaskets that were used in those
experiments. We suggest that ideal mixing may be assumed
for these in future dynamic compression experiments using a
power law of the form with coefficients provided in Table II

n(P) = a + b(1 + P)c . (16)

IV. DISCUSSION

A. Equations of state

Several high-pressure fluid equations of state have been
successfully applied to the H2 and He up to several gigapas-
cals, specifically the power-law (H2 [20,24]) and Benedict-
(H2 [21,22,26] and He [32]) EOSs. The power-law EOS has
been used to describe the relationship between the sound
velocity and pressure for liquids and modestly compressed
fluids [48,49] and is based on the observation that d ln(Ul )

d ln(P) is
close to constant over a range of pressures. Integration leads
to Rao’s law [49]:

U = APB, (17)

where A reflects an initial condition and B is the constant of
proportionality, which has been measured to be about 1/3.
[24,49] Due to the broad application to many different liquids
and liquidlike fluids, this EOS represents H2 and He supercrit-
ical fluids at higher pressures.

The Benedict-type EOS [50] is a P-V-T EOS that has been
used for compressible fluids over a wide range of pressures
and temperatures,

V (P, T ) =
3∑

j=1

2∑
i=−2

Ai, jP
(− j/3)T i/2 . (18)

The usefulness of the Benedict EOS arises from it contain-
ing the two independent variable system with highly tunable
coefficients to allow for a range of P-T conditions [32]. We
focus on the room-temperature (296 K) isotherm in this study;
however, this EOS has been used extensively for H2 up to
5.4-GPa 600 K [22]. Fewer studies have applied the Benedict-
type equation of state on helium at the relevant pressures
and temperatures to this study [29,32]. The applicability of
the Benedict EOS can be assessed from its limiting cases.
At high pressure, we expect Eq. (18) to have A2P−(2/3) and
A3P−1 become negligible compared to A1P−(1/3). This reflects
the power-law EOS, which ρPL, UPL,l ∼ P−(1/3), P1/3. At
low pressures, the A3P−1 term dominates, which reproduces
the ideal-gas law, highlighting the origin of the low-pressure
deviations seen in the power-law equation of state in Fig. 7.

B. Reference EOS

Three equations of state were employed to fit sound-
velocity data for H2 [20–23,26] and He [29,31,32] to establish
a reference density using Eq. (3) at our reference tempera-
ture of 296 K. Low dependence of temperature on density
enables us to use several different studies on H2 and He
to establish end-member velocity equation. A Benedict-type,
U = ∑3

i=1 AiPi/3, power law, U = APB, and a modified expo-
nential power-law, U = APBeCP, EOS were fit to the velocity
data to determine the best fit. Each equation was analyzed
for the overall deviation of the experimental values from our
reference curve.

The modified power-law EOS had the lowest deviation for
both H2 and He (0.47 and 0.35%, respectively); then, the
Benedict-type velocity EOS (0.58 and 0.36%, respectively),
followed by the power-law model (0.52 and 0.70%, respec-
tively). The power-law EOS deviated the most from the data in
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FIG. 7. Comparison of the U-P relations determined here with previous results for H2 [20–24] and He [29,31,32].

the lower-pressure region, which still preserves nonliquidlike
behavior. This deviation is accounted for in the higher-
order terms in the Benedict-type and the modified power-law
equations.

The densities of the H2 and He were calculated with the
determined reference acoustic velocities using Eq. (3). These
are compared against previous ρ-P EOS for H2 [20–23,26,27]
and He [29,31,32]. The hydrogen reference density used
here and by Matsuishi et al. [22] work very well over the
whole range analyzed, with a deviation at the highest pres-
sures of 0.8%. The ρ-P EOS of Pratesi et al. [20] and
Shimizu et al. [27] overestimate the density at lower pres-
sures but show better agreement with the present work at
higher pressures; notably, a power law was used to represent
the EOS in these studies [20,27]. The Mills et al. [21]
EOS agrees well with Matsuishi et al. [26] and that ob-
tained here over the 0.2- to 2.0-GPa pressure range, with a
∼1.5% density deviation between the studies at H2 freez-
ing. Mills et al. [32] used a Benedict EOS to accurately
model He from 0.2 to 2.0 GPa. All ρ-P results for He
are in good agreement (δρ < 0.5%) with the exception of
the data of Polian et al. [31] (δρ ∼ 1.5%) this discrep-
ancy is due to the approximate γ factor used in this early
study [29].

We now compare the experimental results with various
simulations. Ree [35] examined the EOS and other properties
of fluid H2, He, and H2-He mixtures up to 1 GPa using an
exp-6 potentials for all interactions, i.e.,

φE6(r) = ε

α − 6

[
eα(1− r

r∗ ) − α

(
r∗

r

)6
]
. (19)

The H2-He interaction used ε/kb = 36.4 K, r∗ = 3.43 Å
and α = 11.1. For He-He, we used ε/kb = 10.57 K, r∗ =
2.97 Å, and α = 13.6. Finally, for H2-He we used ε/kb =
15.5 K, r∗ = 3.37 Å, and α = 12.7 [15,35]. This parametriza-
tion of the exp-6 potential starts to exhibit noticeable
departures from the experimentally determined H2 and He
isotherms around the highest pressures of the present study.
To establish a rough order of magnitude for the size of the
nuclear quantum corrections in H2 and H2+He, we performed
path integral molecular dynamics simulations using the afore-
mentioned classical potentials at densities of 0.035, 0.075,
and 0.0145 mol/cc, which correspond to the pressure range
0.1–3 GPa. These data were used to interpolate nuclear quan-
tum corrections to the energy and pressure within the same
pressure range for our isotherm. We find that the effect on the
300 K isotherm is roughly a 3% reduction in the density, thus
accounting for a large part of the discrepancy. Such details
are of course extremely important to construct an accurate
equation of state, but for future discussions of nonideality of
mix, we will ignore nuclear quantum effects for simplicity.
In any case, below 3 GPa, the classical molecular dynamics
does a very good job matching the experimentally measured
equations of state and will serve as a reasonable model for
assessing nonideal mixing effects.

To complement the classical potential molecular dynam-
ics simulations, we also ran some density-functional theory
(DFT) molecular dynamics calculations using the Perdew-
Burke-Ernzerhof (PBE) functional. We find that hydrogen
is in very good agreement with previous experimental data,
whereas helium is systematically softer than experiment
across all considered densities. This amounts to a roughly
4% higher density than experiment over all pressures. Some
of this could be due to the choice of functional—PBE was
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FIG. 8. Comparison of H2 and He ρ-P at room temperature
(293–300 K) from 0.5 to 5.4 GPa. These densities were determined
experimentally in this and previous [20–22] studies, as well as an
MD simulation without a nuclear quantum effect (NQE) correc-
tion [15]. The solid lines correspond to the EOS relations from
Refs. [20–22,24,26,32].

chosen for its transferability to more extreme pressure and
temperature regimes, rather than as an a posteriori choice to
match our experimental data. Most likely, however, the same
neglect of nuclear quantum effects observed in the classical
potential equations of state are carrying over to the DFT
calculations.

C. Ideality of mixing

We now examine more quantitatively the nonideality of
mixing on various properties obtained from the experiment
and simulations for the H2:He system. Nonideality is defined
as the excess density of mixing as seen in Eq. (11), where
the term δρ/ρid represents the excess initial density term.
This study’s assumption of ideally mixed reference densities
was compared against computational results also found in
Ref. [15] The exponential-6 potential defined in Eq. (19) was
used for classical potential molecular dynamics simulations
(exp6-MD) of the H2-He system. These simulations indicate
approximately a 4% nonideality and 1% at the starting pres-
sures for 1:1 and 9:1 H2:He, respectively.

Overall, the classical potential simulations [15,35] agree
well with the experimental results for 1:1 H2:He values. On
the other hand, the H2:He DFT-PBE MD calculation (Fig. 8)
agrees well at higher pressures; however, the nonideality
raises substantially at lower pressures. Below 2.0 GPa, the
nonideality is larger than the range of Fig. 9. The jump
in nonideality below 2.5 GPa can be attributed to several
things—lack of dispersion interactions in the PBE functional
which become more important (in a relative sense) as the
density is decreased, or poor sampling at lower pressures
that might bias the fit, but neither of these facts is especially
surprising.

As an estimation of the importance of the δρ/ρid term in
Eq. (11), the nonideality of the 1:1 and 9:1 H2:He exp6-MD

FIG. 9. Comparison of the experimentally and computationally
determined non-ideality using Eq. (11). Reported computational
EOS used DFT-PBE (blue diamonds) and exponential-6 Eq. (19)
classical potential molecular dynamics simulations (gold squares)
are compared against this study’s 1:1 and 9:1 non-ideality calculated
through Eq. (11). Details of the simulations are provided in Ref. [15]
Also plotted are the non-idealities for 1:1 and 9:1 mixtures calculated
using a non-zero δρ/ρid obtained through exp6-MD simulations (red
and gold dashed lines).

simulations were used. The 1:1 H2:He simulation indicates
a nonideality of 3–4%, while the 9:1 H2:He exp6-MD sim-
ulation indicates a smaller nonideality of approximately 1%.
The computational result thus suggests that non-ideality in the
initial density of the mixture is greater than the contribution
from the integral in Eq. (11); see also Fig. 9. The contribution
of nonideality from the deviation in density is comparatively
small relative to the nonidealities due to nonideal initial den-
sity based on the exp6-MD simulations. The EOS relations
of the H2 and He systems are notoriously difficult to model
accurately at the few percent level [1]. Careful volumetric
measurements will likely be needed on H2:He mixtures to
resolve small nonideal effects in the initial pressure range of
this experiment.

D. Gasket effects

Finally, we consider the possibility of changing the bulk
composition of the mixture by diffusion or reaction of the
fluid samples with the gasket. The Brillouin scattering shift as
well as the Q1(1) H2 vibron are both highly dependent on the
relative concentration of H2 in the system [36,37,51–53]. The
strong dependence of the Q1(1) vibron on helium composition
can be used as a gauge of the concentration of the hydrogen
relative to the initial composition. Higher concentrations of
helium decrease the interaction of hydrogen molecules with
respect to one another, causing a blueshift in the Q1(1) vibron.
Figure 10 shows that greater viability in the Q1(1) vibron
frequencies was measured with the stainless steel gaskets than
with this effect is notable: A pure H2 mixture has an ambient
vibron frequency of 4150 cm−1 at 0.1 MPa, increasing to
4200 cm−1 at 5.4 GPa at 300 K, whereas the vibron of an
isolated H2 molecule in fluid He can shift up to 4300 cm−1

at 5.4 GPa at 300 K [51,53].
The acoustic sound velocity is highly dependent on the

relative concentration of He in the mixture. A higher concen-
tration of helium will result in a mixture with a lower acoustic
velocity. Figure 11 compares the acoustic velocity measured
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FIG. 10. Pressure dependence of the Q1 vibron Raman frequency
for H2:He mixtures measured at room temperature using differ-
ent gasket materials in DACs. The previous results are from Refs.
[36,53,54]. Dashed lines are guides to the eye.

in BeCu gaskets with stainless-steel gaskets, BeCu gaskets
indicate a more accurate fit relative to the ideal mixing case
compared to stainless-steel. On the other hand, stainless-steel
gaskets show an overall decrease in the velocity relative to
ideal mixing. This is likely due to H2 diffusing much more
rapidly into stainless steel compared to BeCu. Due to variable
times between loading and measuring (1–3 days), the BeCu
shows less deviation over the whole pressure range measured.
The observed decrease in the sound velocities of all stainless-
steel runs after approximately 3.0–3.5 GPa is attributed to
reaction of hydrogen with gasket to form iron hydride [55],
which is known to occur in DAC experiments [27]. Similar
effects would occur with the use of other metals as gaskets
such as Re [56] and W [57].

FIG. 11. Sound velocities of mixtures measured using stainless
steel and BeCu gaskets, together with the deviation from that deter-
mined for the BeCu experiments assuming ideal mixing.

V. CONCLUSIONS

Two ρ-P EOSs have been developed for H2:He mixtures to
within 0.3% accuracy in density up to 5 GPa at room temper-
ature through the use of Brillouin scattering. Sound-velocity
measurements indicate ideal mixing for 1:1 and 9:1 H2:He
samples analyzed within an average of −0.4% for 9:1 and
0.3% for 1:1. The ρ-P EOS of the mixtures are close to that
expected for ideal mixing, but there is evidence of systematic
nonideality reaching 1.1% for 1:1 H2:He. The results are
consistent with early simulations using classical effective po-
tentials. The comparison of the experimental results with DFT
calculations provides tests of both the use of such techniques
for low-pressure mixtures of these fundamental elements as
well as of assumption made in obtaining the EOS from the
Brillouin measurements. The EOS developed provides a set of
initial conditions for dynamic compression experiments using
precompressed H2:He mixtures. Further studies include the
effect of temperature to determine full P-ρ-T-X EOS, includ-
ing higher pressures possible using these static compression
techniques.
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APPENDIX: ERROR DETERMINATION
AND PROPAGATION

The principal sources of error in the measurement of
the pressure arise from the spectrometer resolution and the
drift in pressure that results from relaxation after increasing
the pressure. The 0.01 nm resolution of the spectrometer
and uncertainty in spectrometer calibration correspond to a
pressure uncertainty δPinst of 0.03 GPa. Pressure drift is the
result of the relaxation of the DAC after an increase in pres-
sure. We allowed for a 10-min relaxation after reaching our
desired pressure; further relaxation during measurement is
found to decrease exponentially [58]. The pressure drift un-
certainty, δ�P, was modeled as half the difference between the
pressures measured before and after the Brillouin scattering
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measurement.

δ�P = Pbefore − Pafter

2
. (A1)

The relaxation typically was on the order of 0.1 GPa over 10
min. There were a few points that had a larger uncertainty for
measurements taken overnight, where the relaxation could be
as high as 0.2 GPa.

A final source of pressure uncertainty could arise from
laser-induced heating of the ruby. A drawback of using
ruby as a pressure calibrant is that both pressure and tem-
perature cause a redshift in the fluorescence, suggesting a
higher than actual pressure [27]. To obtain an accurate ref-
erence R1 wavelength, an identical ruby to that used in our
experiments was placed in an empty gasket at ambient pres-
sure. The R1 ruby wavelength was measured as a function of
laser power starting at 100 mW and extrapolated back to 0
mW. We found that the change in the R1 wavelength with re-
spect to power varied over 1 mW as �λ = −4.15 × 10−3 nm.
Alternatively, one degree of heating would give an R1 wave-
length shift of �λ ∼= +7.4 × 10−3 nm [39]. Were the shift
in the R1 line only due to heating effects from the laser, our
data would indicate that the laser cooled the ruby by half a
degree at 100 mW. We take this to mean that the reference
rubies were not heated to a physically significant extent.

We calculate the uncertainty in pressure using Gaussian
quadrature, as given by

σP =
√

(δ�P )2 + (δPisnt )
2. (A2)

The primary source of experimental uncertainty in the den-
sity arises from uncertainties in the alignment of the DAC and
the Brillouin scattering geometry; small errors in the setup
will have a noticeable effect on the Brillouin shift and the
resulting sound velocity. Quantification of possible sources of
error in sound-velocity measurements obtained from Brillouin
scattering in DACs has been outlined in detail previously
[59–61]. To summarize, there are four main possible sources
of error in the setup of the DAC and the alignment of the
Brillouin system for a fluid sample.

The first alignment error that may occur is vignetting
[Fig. 12(d)], where the laser is clipped or obstructed by the
experimental setup. This will not occur with a well-focused
laser with this experiment’s 90◦ DAC seat openings in the
50◦ scattering geometry used in the Brillouin measurement.
Asymmetric scattering angles [Fig. 12(c)] produce an error
in velocity of approximately 0.01% for every 1◦ error [60].
Figures 12(a) and 12(b) provide most of the error in the mea-
sured Brillouin scattering shift. Further, both of these provide
a symmetric error measurement, allowing one to measure the
sample twice: one turned 180◦, and averaging the measured
velocities to obtain the true velocity. This method was tested
multiple times over the course of the experiment giving a
difference between 20–60 m/s, amounting to approximately
a 0.4% error in velocity based on pressure. Another source of
experimental uncertainty came from the resolution of the an-
gle used, which was reported to one decimal point, providing
a ±0.04◦ uncertainty in the nominal value for the scattering
angle. This corresponds to an uncertainty, based on the scat-
tering angle, of 0.3%. Both the experimental uncertainty and

FIG. 12. An outline of possible errors in DAC alignment and
setup. (a) Two parallel-cut diamonds are not parallel with respect
to one another. (b) A diamond whose back plate is not parallel to its
culet. (c) The incident angle is different from the scattered angle. (d)
Vignetting of the beam by the DAC. Single and double dashed lines
along the diamond interfaces indicate parallelism. All examples are
exaggerated relative to what one would expect in a real experiment.

resolution of the scattering angle provide an upper limit of
0.7% of the error in the velocity.

Another source of ρ uncertainty we considered is that
associated with temperature. The reported room tempera-
tures in previous H2 and He experiments range from 293 to
300 K. P-V-T EOS developed for H2 [21,22] and He [32]
indicate very little deviation across this temperature range.
Matsuishi et al. indicate a maximum temperature difference
of 0.617% at 0.5 GPa and a minimum difference of 0.038%
at 5.4 GPa. Mills et al.’s H2 similarly indicates a difference
in density between 293and 300 K of 0.62% over the same
pressure range. Mills et al.’s He P-V-T EOS indicates a maxi-
mum temperature-dependent difference of density of 0.869%
at 0.5 GPa and a minimum of 0.415% at 2 GPa. Extrapolating
Mills’s He results to 5.4 GPa, the temperature-dependent dif-
ference in density is 0.269%. These deviations from the ρ-P
EOS are within the desired accuracy of 1%. The acceptable
tolerance of the density with respect to temperature will allow
us to use the average temperature of this range of 296 K
without loss of the accuracy we seek. This temperature is
also consistent with temperature of 24-h periods over which
the measurements were taken at Brillouin scattering hutch at
296(±1) K.

The main density uncertainty comes from the uncertainty
in pressure over the range of numerical integration, which
arises due to the assumption of constant density over the
interval of integration. This error is roughly on the same
order of magnitude as the error in density associated with
the uncertainty in velocity. Using Gaussian quadrature again,
the uncertainty in density is given by

σρ =
√(

∂ρ

∂Ul
δρUl

)2

+
(

∂ρ

∂P
δP

)2

. (A3)
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