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Transport properties of mixtures of elements in the dense plasma regime play an important role
in natural astrophysical and experimental systems, e.g. inertial confinement fusion. We present
a series of orbital free molecular dynamics simulations on dense plasma mixtures with comparison
to a global pseudo-ion in jellium model. Hydrogen is mixed with elements of increasingly high
atomic number (lithium, carbon, aluminum, copper, and silver) at fixed temperature of 100 eV and
constant pressure set by pure hydrogen at 2 g/cm3 namely 370 Mbar. We compute ionic transport
coefficients such as self-diffusion, mutual diffusion, and viscosity for various concentrations. Small
concentrations of the heavy atoms significantly change the density of the plasma and decrease the
transport coefficients. The structure of the mixture evidences a strong Coulomb coupling between
heavy ions and the appearance of a broad correlation peak at short distance between hydrogen
atoms. The concept of effective one component plasma is used to quantify the overcorrelation of
the light element induced by the admixture of heavy element.

PACS numbers:

I. INTRODUCTION

Dense plasma mixtures are ubiquitous in the universe.
Young stars, as well as giant planets, mix hydrogen with
helium and traces of heavier elements while white dwarf
stars mix carbon with other high atomic number (Z) ele-
ments. Supernovae are subjected to violent shock waves
creating heavy elements that blend with primordial hy-
drogen. Understanding of ionic transport in mixtures is
required for the investigation of the composition of giant
planets [1] and the sedimentation of heavy elements in
white dwarf stars [2], for example. These systems fall in
the regime of matter under extreme conditions and warm
dense matter (WDM). Mixture properties also play a sig-
nificant role in inertial confinement fusion (ICF). For ex-
ample, mixing of the plastic ablator into the fuel has been
used to partially explain lower than expected yields in ex-
periments [3–6]. Understanding this behavior is crucial,
so much so that experiments are designed to monitor and
control mixing of the ablator into the fuel. Further mo-
tivation comes from the mixing of a gas/metal interface
[7–9] that can trigger hydrodynamic instabilities [10]. In
such cases, interfaces lead to strong concentration gradi-
ents and mixing.

The physics of these systems is driven by the ioniza-
tion state corresponding to dense plasma. When there
are many types of ions, then the ionization properties
will vary between constituents, leading to very differ-
ent Coulomb couplings between species. If direct sim-
ulation is a tool of choice to study mixtures, a global
understanding of the mechanisms is still missing. Efforts
to understand mixtures have typically taken on one of
three approaches: mixing rules; simulations with model
systems (such as the one component plasma (OCP) or
Yukawa); or direct simulations of mixtures. Mixing rules

have proven successful for equation of state by system-
atic comparisons with simulations [11–13]. They have
also been shown to be reasonable for transport coeffi-
cients for LiH [12] and CH [14] mixtures but less has
been done for more asymmetric mixtures. Models used
to estimate transport properties include the OCP and its
extension to binary ionic mixtures (BIM) and Yukawa
potentials. In the OCP and BIM models ions move in a
uniform background of electrons. The Yukawa potential
includes screening effects of the electrons. A shortcom-
ing of these methods is that the ionizations and screening
must be empirically determined. Typical approaches seek
to produce an effective single component result for the
transport properties, via the OCP and Yukawa models.
[15–19]. Large Yukawa molecular dynamics (MD) studies
have explored the behavior of diffusion and viscosity for
a fixed ion density while the concentration is varied by
simply swapping out ion types [20, 21]. This work found
significant changes in both the diffusion and viscosity as
concentration was changed. Other recent work is based
on quantum average atom models that account for cor-
relations of ions via a hypernetted chain approximation
[22, 23] and then by using pseudo-atom molecular dy-
namics [24], the entire equation of state can be obtained.
The third approach is to perform direct simulations from
first principles. This involves a variety of methods, all of
which solve the electronic structure. For example quan-
tum molecular dynamics using Kohn-Sham [25] (KSMD)
or orbital-free (OFMD) [26] density functional theory,
and path integral Monte Carlo (PIMC) [27, 28]. Here we
will focus on the use of OFMD, which has proven accu-
rate for extracting equation-of-state and mass transport
properties for the WDM regime and up to the hot dense
plasmas regime [29–33].

We study series of mixtures of hydrogen with increas-
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ing atomic number elements: lithium (H-Li), carbon (H-
C), aluminum (H-Al), copper (H-Cu) and silver (H-Ag).
To limit our study we have fixed the temperature to
100 eV and imposed isobaric conditions with reference
to hydrogen at 2 g/cm3. We systematically study how
transport properties evolve with varying concentration
for increasingly asymmetric mixtures. In the remaining
paper we will first review OFMD methods and recall the
pseudo ion in jellium (PIJ) model. Transport properties
are compared with PIJ predictions. Structural proper-
ties are investigated through the various pair distribution
functions.

II. METHODOLOGY

A. OFMD simulations of isobaric mixtures

We have performed large OFMD simulations of the
various mixtures. We use the Born-Oppenheimer ap-
proximation and separate the electronic and ionic de-
grees of freedom so for a given ion configuration, the
electronic structure is computed at equilibrium. Then
classical equations of motion for the ions are numerically
integrated within the isokinetic ensemble [34]. The sim-
ulation has a total number N of ions in a volume V
(n = N/V ). N is the sum of all species N =

∑
γ Nγ

where for the γth species, there are Nγ ions with nuclear
charge Zγ and atomic weight Aγ . Concentrations in num-
ber will be denoted by χZ = NZ/N for the heavy element
concentration. Additionally there are Ne =

∑
γ NγZγ

electrons in the volume.
The electronic density is found with a finite-

temperature orbital-free density functional theory [26]
treatment with the gradient correction form of Perrot [35]
and the exchange-correlation as a local density Perdew-
Zunger form [36]. The electron-ion interaction is ob-
tained from a regularization prescription [26] with a small
enough cutoff radius to accommodate high pressures.

Extensive studies were taken to optimize both the time
step and FFT grid required to converge all properties.
The FFT grids range between 1283 and 2563. A short
time step of 0.6 a.u. is used to accurately resolve the
hydrogen dynamics.

For the OFMD simulations, the total pressure of the
system is

P = nkBT + Pconf(V, T ). (1)

This is the sum of the ideal gas pressure of the ions (at a
constant T enforced by the isokinetic thermostat) and the
configurational pressure Pconf , computed via the forces
on ions along trajectories and averaged after the system
has equilibrated. In contrast with previous simulations
on H-Ag [37], where we were interested in temperature
scaling laws, the temperature is set here to 100 eV for
all simulations. All mixtures are performed at the same
pressure set by the pressure of pure hydrogen at 2 g/cm3,

370 Mbar. The corresponding densities for pure Li, C,
Al, Cu and Ag at the same pressure, based on OFMD
simulations, are 7.9, 9., 13.4, 21.6, and 30.9 g/cm3 re-
spectively. The density for an arbitrary mixture (Z, χZ)
with Z=Li, C, Al, Cu or Ag, still at 370 Mbar due to
pressure matching, is given by

ρmix =
(1− χZ)A1 + χZA2

(1− χZ)V1 + χZV2
, (2)

where (we denote by indexes 1 and 2, the light and heavy
species) V1 = A1/ρ1 and V2 = A2/ρ2, ρ1 and ρ2 the
densities of pure elements corresponding to 370 Mbar.

We extract the transport properties from the mixture
OFMD simulations [38, 39]. The self-diffusion coefficient
of a particular ion species, Dγ is computed from the in-
tegral of the velocity autocorrelation function (VACF),
which is:

Dγ =
1

3

∫ ∞
0

〈~vi(t) · ~vi(0)〉dt, (3)

where ~vi is the velocity of the ith particle (γ species).
Mutual diffusion is found through the integral of a cor-

relation function:

DM = JD12 =
J

3Nχ1χ2

∫ ∞
0

〈A(t)A(0)〉dt (4)

A(t) = χ2

N1∑
i

~vi(t)− χ1

N2∑
i

~vi(t)

Where J is a factor usually set to one [40] as we do here.
The shear viscosity was computed from the autocorre-

lation function of the stress tensor

η =
V

kBT

∫ ∞
0

〈P12(t′)P12(0)〉dt′, (5)

for further details see [12, 38].
We use empirical fits to the autocorrelation functions

(ACF) to shorten the duration of the trajectory required
to converge the transport properties [31, 41]. The sta-
tistical error inherent in computing correlation functions
from molecular dynamics is estimated [42] as

√
2τ/Ntdt

where Ntdt is the length of the trajectory and τ is the
correlation time of the ACF. We usually fit the ACF over
a time interval of 0 to 4τ . The length of the simulation
is much longer than τ . For the viscosity, the error com-
puted is 10% or less for all simulations. The error for
the self-diffusion is less than 5%, due to the additional
factor of 1/

√
Nγ from averaging the VACF over all of

the ion types γ. The convergence was tested for high
temperature simulations with H.

The correlation time scales of the viscosity and the mu-
tual diffusion are typically long compared to self-diffusion
time scales. To converge all properties required a large
number of time steps.
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OFMD results
H-Li H-C H-Al H-Cu H-Ag

χZ ρ DH DLi D12 η ρ DH DC D12 η ρ DH DAl D12 η ρ DH DCu D12 η ρ DH DAg D12 η

0.00 2 1.52 - - 0.183 2 1.52 - - 0.183 2 1.52 - - 0.183 2 1.52 - - 0.183 2 1.52 - - 0.183
0.05 2.5 1.29 0.26 0.30 0.170 2.86 1.12 0.111 0.15 0.136 3.98 0.92 0.048 0.106 0.106 6.57 0.78 0.021 0.066 0.074 9.73 0.68 0.0133 0.055 0.065
0.10 2.97 1.18 0.23 0.34 0.132 3.59 0.93 0.089 0.15 0.097 5.50 0.66 0.034 0.112 0.062 9.67 0.57 0.015 0.078 0.054 14.6 0.51 0.0085 0.062 0.042
0.25 4.18 0.92 0.16 0.36 0.124 5.28 0.69 0.060 0.21 0.056 8.51 0.51 0.022 0.161 0.033 14.9 0.41 0.0096 0.106 0.026 22.4 0.36 0.0066 0.086 0.027
0.50 5.76 0.77 0.12 0.42 0.074 7.09 0.53 0.045 0.30 0.036 11.1 0.43 0.018 0.210 0.020 18.7 0.37 0.0086 0.192 0.021 27.6 0.31 0.0056 0.152 0.021
0.75 6.96 0.71 0.10 0.57 0.060 8.23 0.47 0.041 0.38 0.025 12.5 0.38 0.016 0.310 0.017 20.5 0.34 0.0082 0.244 0.016 29.0 0.31 0.0055 0.236 0.020
1.00 7.90 - 0.09 - 0.042 9.02 - 0.037 - 0.018 13.4 - 0.015 - 0.013 21.6 - 0.0079 - 0.016 30.9 - 0.0051 - 0.019

TABLE I: OFMD simulations. Density, self-diffusion of hydrogen and heavy element, mutual diffusion, and viscosity for H-Li,
H-C, H-Al, H-Cu, and H-Ag mixtures at 100 eV and 370 Mbar. Density is expressed in g/cm3, diffusion in cm2/s, and viscosities
in Pa s.

PIJ results
H-Li H-C H-Al H-Cu H-Ag

χZ ρ DH DLi D12 η ρ DH DC D12 η ρ DH DAl D12 η ρ DH DCu D12 η ρ DH DAg D12 η

0.00 2 1.59 - - 0.204 2. 1.59 - - 0.204 2. 1.59 - - 0.204 2 1.59 - - 0.204 2 1.59 - - 0.204
0.05 2.548 1.34 0.19 0.28 0.170 2.84 1.02 0.057 0.12 0.126 3.95 0.70 0.021 0.059 0.082 6.56 0.52 0.010 0.037 0.061 9.61 0.46 0.0071 0.030 0.056
0.10 2.93 1.18 0.16 0.29 0.147 3.56 0.81 0.049 0.13 0.092 5.44 0.56 0.020 0.075 0.060 9.60 0.43 0.0097 0.052 0.046 14.3 0.39 0.0066 0.045 0.041
0.25 4.08 0.93 0.13 0.35 0.100 5.18 0.60 0.041 0.19 0.057 8.33 0.44 0.018 0.13 0.036 14.7 0.37 0.0089 0.099 0.028 21.5 0.35 0.0060 0.091 0.027
0.50 5.55 0.75 0.11 0.44 0.067 6.88 0.51 0.037 0.27 0.035 10.8 0.40 0.017 0.21 0.023 18.3 0.34 0.0084 0.176 0.020 26.3 0.33 0.0057 0.167 0.021
0.75 6.64 0.67 0.10 0.53 0.048 7.94 0.47 0.036 0.36 0.025 12.1 0.38 0.016 0.29 0.018 20.0 0.33 0.0082 0.253 0.017 28.4 0.32 0.0056 0.242 0.019
1.00 7.48 - 0.09 - 0.035 8.66 - 0.034 - 0.019 12.9 - 0.016 - 0.015 21.0 - 0.0081 - 0.016 29.7 - 0.0055 - 0.020

TABLE II: PIJ model. Density, self-diffusion of hydrogen and heavy element, mutual diffusion ,and viscosity for H-Li, H-C,
H-Al, H-Cu, and H-Ag mixtures at 100 eV at a pressure of 378 Mbar. Units are same as Table I.

Densities of the various mixtures versus concentration
in the heavy element are reported in Fig. 1 (a) and in
Table I. We emphazize the fact that all points represen-
tative of a thermodynamic state (Z, χZ) are at the same
pressure of 370 Mbar. Symbols represent densities actu-
ally used in the simulations and lines the prediction of
the simple isobaric model used in PIJ (see below).

B. PIJ Model for isobaric mixtures

In the PIJ model, the viscosity and the diffusion coef-
ficients are computed from the input of the temperature,
density, and composition of the mixture. For the isobaric
mixtures, the pressure is given and the density varies with
the composition (see Fig. 1), namely with the heavy el-
ement concentration χZ . Therefore, we added a simple
isobaric model of equation of state in order to provide PIJ
predictions at any value of χZ . In this high density, high
temperature regime, the pressure can be precisely esti-
mated by an OCP contribution [43] for the ions, POCP,
and an electronic contribution, Pele [44] deduced from the
Thomas-Fermi ionization, QTF [45]:

POCP

nkBT
= 1+

1

3

[
0.94544Γ1/4 + 0.17954Γ−1/4 − 0.80049

]
,

(6a)

Pele/ne =

[
(kBT )3 + 3.36ne(kBT )3/2 +

9π4

125
n2
e

]1/3

,

(6b)
where ne = QTFn and atomic units are used for this
latter (1 a.u. of pressure =294 Mbar). The Coulomb
coupling parameter Γ is defined by:

Γ =
Q2e2

a kBT
, (7)

where a is the mean ion sphere radius, a = (3/4πn)1/3.
With this simple model, the hydrogen pressure at
2 g/cm3 and 100 eV is 378 Mbar instead of the targeted
pressure of OFMD equal to 370 Mbar. The corresponding
densities for pure Li, C, Al, Cu, and Ag at the same pres-
sure are respectively 7.5, 8.7, 12.9, 21, and 29.7 g/cm3 in-
stead of 7.9, 9., 13.4, 21.6, and 30.9 g/cm3 in the OFMD
simulations. Using Eq. (2), we obtained the correspond-
ing densities for mixtures in this simple model, plotted
in Fig. 1 (a). They are about 3% less than the OFMD
densities.

For pure elements, the PIJ model relies on the OCP
with the Thomas-Fermi ionization, QTF. For binary mix-
tures, it relies on the BIM with a prescription giving the
ionizations, Q1 and Q2, and the average volumes by atom
of each species, V1 and V2. Requiring electroneutrality,
additivity of volumes, and a constant electron density,
leads to:

V1

Q1
=
V2

Q2
, (8a)
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FIG. 1: (Color online) a) Effective coupling parameter,
Γeff , versus heavy element concentration, χZ , for H-Li
(black squares / solid line), H-C (blue circles / dotted line),
H-Al (red triangles / dash line), H-Cu (green triangles /
dash-dot line) and H-Ag ( violet crosses / long dash line)
and pure H (teal long dash - short dash line). The gray area
defines the weak coupling region where kinetic formulation
is the main contribution, Γeff < 1. b) Densities of mixtures
versus χZ . Symbols represent densities actually used in
the OFMD simulations and the resulting Γeff . Lines rep-
resent the prediction of the simple isobaric model used in PIJ.

N1V1 +N2V2 = V. (8b)

This system of equations is closed with the calculation
of the ionization Qγ as a function of T and Vγ in the
Thomas-Fermi approximation. Once the ionization Qγ
and the partial volume Vγ are known, it is possible
to compute a coupling parameter Γγ = Q2

γe
2/aγkBT ,

aγ = (3Vγ/4π)1/3, for each component, and an effective
coupling parameter, Γeff = χ1Γ1 +χ2Γ2 for the mixture.

For the asymmetric mixtures considered here at
T=100 eV, the light element (hydrogen) is weakly cou-
pled with Γ ∼ 0.2. On the contrary, the heavy element

is more coupled, Γ ∼ 1 for lithium and Γ ∼ 20 for
silver. Fig. 1 (b) shows that the effective coupling Γeff

smoothly interpolates across coupling regimes calling for
a theory able to treat both limits. In particular, one
can see that the H-Li mixture always stays moderately
coupled (Γeff < 1), whereas the H-Ag mixture reaches
a strongly coupled regime as soon as the heavy element
concentration is higher than 10%.

The global PIJ model for self and mutual diffusion and
for viscosity is presented in Refs. [18, 37]. The main idea
is to gather in a single scheme, kinetic and coupled eval-
uations of transport coefficients reflecting the thermody-
namic state of the mixture (Z, χZ) shown in Fig. 1 (b). In
the kinetic regime, we choose the straightforward Fokker-
Planck-Landau (FPL) formulation, in terms of collision
frequencies which reduces to Chapman-Enskog (CE) at
first order. The CE second order brings in the relaxation
corrections naturally. Moreover, the Effective Potential
theory of Baalrud and Daligault [19, 46], extends this
solution into the coupled regime up to Γ ' 10.

1. Kinetic regime

In the kinetic regime, transport coefficients are given
using collision frequencies estimates

ηFPL = K1
n1 kBT

ν̃1
+K2

n2 kBT

ν̃2
, (9a)

DFPL
12 = R12 c2

kBT

ν12

m

m1m2
, (9b)

DFPL
α = Rα

1

ν̃α

kBT

mα
, α = 1, 2, (9c)

where mα is the mass of component α, cα its mass con-
centration, nα = Nα/V , and m̄ = χ1m1 + χ2m2. The
collision frequencies are defined for Maxwellian distribu-
tions by

ναβ =
nβ
mα

4
√

2π mαβ Q
2
αQ

2
β e

4 ln Λαβ

3 (kBT )
3/2

, (10)

where ln Λαβ is the Coulomb logarithm for αβ interac-
tions, mαβ = mαmβ/(mα + mβ) is the reduced mass.
The total collision frequencies for each species are ν̃1 =
ν11 + ν12 and ν̃2 = ν22 + ν21. When hydrogen is mixed
with a highly ionized heavy element of chargeQZ , the col-
lisions involving QZ become quickly dominant: ν̃1 ∼ ν12

and ν̃2 ∼ ν22, with a strength proportional respectively
to Q2

Z and Q4
Z . This situation is characteristic of the

transition to a Lorentz gas behavior [37]. K1, K2, R1,
R2 and R12 are correction factors with respect to the
Maxwellian estimate of the collision frequencies. These
factors are called relaxation corrections since they have
been evaluated by solving the linearized kinetic equations
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to obtain the corrections to the Maxwellian distributions
associated with small gradients of density, velocity, and
temperature. Baalrud and Daligault [47, 48] found that
the relaxation corrections tend to 1 at high coupling. In
the moderate to strong coupling regime of the present
cases, we indeed found the best agreement with OFMD
results using R1 = R2 = R12 = 1.19, the pure element
value [49]. Viscosity is less sensitive to this issue and we
kept K1 = 0.965 and K2 as given in our previous paper
[37].

In the PIJ model, the transition from the weakly cou-
pled regime to the strongly coupled regime is realized by
the introduction of contributions in excess of the kinetic
results:

η = ηFPL + ηex, (11a)

D = DFPL +Dex. (11b)

This requires a bounded Coulomb logarithm in order to
avoid divergencies at high coupling

ln Λ −→ max (ln Λ , L0) with L0 = 1.65. (11c)

A smooth transition across coupling regimes is then
achieved at Γeff ∼ 0.15.

2. Coupled regime

In the coupled regime, we use mixing rules to estimate
the excess contributions Dex and ηex. For the viscosity,
we define an equivalent OCP of charge Qeff , correspond-
ing to the effective coupling Γeff of the mixture, and eval-
uate ηex as

ηex = ηOCP(Qeff , V, T )− ηFPL(Qeff , V, T ). (12a)

For the self-diffusion, we define Dα,ex as

Dα,ex = DOCP(Qα, Vα, T )−DFPL(Qα, Vα, T ). (12b)

For the mutual diffusion, we apply the Darken relation
to the excess self-diffusions

D12,ex = χ1D2,ex + χ2D1,ex. (12c)

The OCP diffusion and viscosity are obtained from
published fits [16, 50]. Results for densities and trans-
port properties in the PIJ model are gathered in Table II.

III. TRANSPORT PROPERTIES

A. Viscosity

The viscosity is the product of two contributions, ki-
netic and potential, to the stress tensor. The kinetic

FIG. 2: a) Viscosity, η (mPa s), of the H-Z mixture, as a
function of the atomic number of the concentration of high
mass component, χZ , (symbols: OFMD simulations; lines:
PIJ model) χZ = 0.00 (squares, long dashed - short dashed
line), 0.05 (circle , long dashed-dotted line), 0.10 (triangles,
long dashed line), 0.25 (diamond, dotted line), 0.50 (cross,
dashed line), and 1.00 (filled circles, solid line). b) (Alter-
nate view) Viscosity as a function of χZ , for H-Z mixtures.
(symbols: OFMD simulations; lines: PIJ model, see Fig. 1).
All simulations at temperature kT = 100 eV and pressure
matched to 100% H at 2.00 g/cc.

part is the main contribution for hydrogen, while the po-
tential part becomes increasingly important with high-
Z elements. This behavior is illustrated in Fig. 2-a for
pure materials (blue filled circles / solid line), where the
viscosity as a function of Z at first drops due the weak-
ening of the kinetic contribution and then increases for
high-Z materials as the potential contribution becomes
dominant. The minimum occurs near aluminum and is
captured by the PIJ model (lines), which shows a good
agreement for all data.

Figure 2-b shows, in an alternative representation, the
behavior of the viscosity for a given mixture when the
concentration χZ of the heavy element is varied. As a
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heavy element is added to hydrogen the viscosity first
decreases, and in high Z cases, it stabilizes or even in-
creases at high concentration. The rapid rise of the effec-
tive coupling Γeff , shown in Fig. 1 (b), drives the system
from the region where the kinetic contribution dominates
the stress tensor to the region where the main contribu-
tion comes from the potential part. The first weakening
of the viscosity is stronger for higher atomic number. For
a nearly symmetric mixture such as H-Li, this effect is
almost linear reflecting the slow increase of Γeff in this
case (see Fig. 1 (b)). For all mixtures, the PIJ model
yields accurate results for the viscosity, only beginning
to deviate at small concentrations of the heavy compo-
nent. For the H-Li mixture, PIJ slightly underestimates
the viscosity for all concentrations.

B. Diffusion

In Fig. 3 the overall behavior of diffusion coefficients
is gathered for all mixtures considered. OFMD simula-
tions are represented by symbols and the PIJ model by
the corresponding lines. Corresponding data are given in
Tables I and II. The hydrogen self-diffusion is strongly
influenced by the proportion in heavy element: it is
strongly lowered with the addition of 10% heavy ele-
ment and is less varied for higher concentrations. The
heavy component self-diffusion is not as strongly influ-
enced by hydrogen concentration, except at low concen-
tration (high hydrogen concentration) where the heavy
element self-diffusion is enhanced. The mutual diffusion
follows the behavior predicted by the Darken relation,
interpolating between the self-diffusion of the heavy ele-
ment at low heavy element concentration and of hydrogen
self-diffusion at high heavy element concentration. The
Darken relation is an excellent approximation to the mu-
tual diffusion, with deviations typically within the 10%
statistical error of OFMD results. The PIJ model repro-
duces the global trends of these transport coefficients, but
underestimates the enhancement of high Z self-diffusion
at low concentration, predicting only a sharp enhance-
ment very close to χZ = 0.

In Fig. 4 we plot the diffusion of Hydrogen in the mix-
tures relative to the pure hydrogen diffusion. Weakly
interacting hydrogen atoms will exhibit a high diffusion
coefficient, due to the long mean-free path of the par-
ticles. Introduction of high-Z particles into the system
will provide scattering centers which rapidly reduce this
mean-free path, leading to Lorentz-type diffusion. Higher
Z components result in two effects: 1) a stronger sup-
pression of DH in the χZ = 1 limit (Fig. 4), and 2) a
more rapid decrease at small χZ , and a saturation of
the DH , reaching almost a plateau, at higher χZ . The
PIJ model reproduces the reduction of the light element
self-diffusion under mixing with heavy element, within
10-30% accuracy.

FIG. 3: Self-diffusion for hydrogen, DH , (black circles / solid
line), high-Z self-diffusion, DZ , (red triangles / dashed line),
and mutual-diffusion, DHZ , (blue circle / dotted line), as a
function of χZ . From top to bottom: H-Ag, H-Cu, H-Al, H-C
and H-Li. (symbols: OFMD simulations; lines: PIJ model)

IV. STRUCTURE OF MIXTURES

A structural description of the mixtures is given by the
radial pair-distribution functions(PDFs):

gλ,γ(r) =
V

NλNγ
〈
Nλ∑
i

Nγ∑
j 6=i

δ(r − rij)〉 , (13)

which is the ratio of the number density of species, γ, to
the ideal gas number density at a distance r away from
a particle of species λ.

A. The eOCP concept

The correlations between species can be unambigu-
ously characterized by the eOCP concept [51]. It con-
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FIG. 4: Hydrogen self diffusion DH for varied concentration,
normalized by pure Hydrogen diffusion. (OFMD: symbols,
PIJ: solid line, see Fig 2-b.)

sists in searching for the best agreement of the actual
PDF with the one generated by the OCP model at a
given coupling parameter Γ. A first application was the
evidence of persistence of correlations for a system sub-
jected to isochoric heating: the Γ-plateau[52, 53]. Effi-
cient fits of OCP’s structural properties are now avail-
able in a wide range of couplings [54]. OCP PDFs being
expressed in reduced units of distance (r∗ = r/a, with
a being the ion-sphere radius), the passage to atomic
units needs to multiply distances by rs = a/aB (where
aB is the Bohr radius). This is why rs is mentioned
in Figs. 5-6. The relation between rs and ρ is given by
ρ = 2.678847(A/r3

s) g/cm3, with A the atomic mass.

B. Varying the heavy element

In Fig. 5, the PDFs of the 25% hydrogen 75% High
Z mixtures are plotted. The High Z-High Z PDFs (top
panel) show a standard progression from moderately cor-
related Li and C to strongly correlated Cu and Ag.
These structures are well reproduced by the correspond-
ing eOCP, with coupling parameter ranging from 16 for
Ag-Ag correlations to 1.1 for Li-Li correlations (continu-
ous lines in the top panel).

The H-High Z PDFs (middle panel) is beyond an eOCP
description. This cross-correlation shows that the void
due to inter-particle repulsion strongly depends on the
atomic number Z. Indeed, the radius for which the PDF
reaches the value 1/2 (horizontal dashed line in Fig. 5) is
a measure of the coupling intensity [55]. In addition, for
high Z elements we observe the emergence of a correla-
tion peak between the hydrogen and the heavy atom.

The H-H PDFs (bottom panel) in the presence of heav-

0

0.5

1

g Z-
Z(r

)

Γ = 16, rs=2.07
Γ = 12, rs=1.95
Γ = 7, rs=1.67
Γ = 3, rs=1.45
Γ = 1.1, rs=1.3

0

0.5

1

g H
-Z

(r
)

H-Li
H-C
H-Al
H-Cu
H-Ag

0 1 2 3 4 5
r/aB

0

0.5

1

g H
-H

(r
)

Γ = 0.2,  rs=1.1

0 1 2

0.8

1

FIG. 5: Radial pair distribution functions for different mix-
ture at 75% heavy element (Z), 25% Hydrogen: Top: Z-Z,
middle: H-Z, bottom: H-H. Bottom inset, closer view of H-H
correlation feature. (OFMD: symbols, see Fig 2-b., eOCP:
solid lines) We emphasize that lines are the eOCP model,
not lines drawn between symbols. The gray area in the inset
corresponds to the region of overcorrelation between hydro-
gen compared to its pure element value (black solid line at
Γ = 0.2).

ier elements show some overcorrelation when compared
to the eOCP for pure hydrogen at 2 g/cm3 and 100 eV
(Γ=0.2, rs=1.1). The eOCP perfectly fits a pure hydro-
gen simulation. This overcorrelation is visible even with
the less asymmetric mixture (hydrogen with lithium)
when compared to the pure hydrogen situation. This ef-
fect is different in its nature from Coulombic correlations
in plasmas of pure element. It leads to a broad peak in
the PDF, and a reduction of the H-H inter-atomic void,
i.e. the hydrogens are forced closer together. This corre-
lation is qualitatively different from the correlation that
is present in an eOCP model. Such clustering of low-Z
atoms in very asymmetric binary ionic mixtures has been
previously observed by Whitley et al. [56] with large scale
classical molecular dynamics simulations.

C. Varying the concentration of the heavy element

In Fig. 6 we plot the PDFs of the H-Cu mixtures for
different concentrations of Cu. Lowering the concentra-
tion of Cu leads to a loss of the Cu-Cu correlation, start-
ing from Γ = 12 at 75% concentration to Γ = 4.7 at 5%
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FIG. 6: Radial pair distribution functions for different con-
centrations of Cu in H-Cu mixture: Top: Cu-Cu, Middle:
H-Cu, Bottom: H-H. Bottom inset, closer view of H-H cor-
relation feature. Squares- 5% Cu, circles- 10% Cu, triangles-
25% Cu, cross- 75% Cu. Full lines are the eOCP model and
the gray area in the inset the overcorrelation region.

according to the eOCP. Interestingly, the correlations be-
tween hydrogen and copper are weakly affected by cop-
per concentration over the wide range of concentrations
(horizontal dashed line in Fig. 6 middle).

A comparison with the eOCP for pure hydrogen,
(Fig. 6 bottom) shows that even for the smallest concen-
tration of Cu (5%), the H-H PDF is still more struc-
tured than the pure hydrogen represented by the solid
line. The overcorrelation effect discussed above appears
as soon as the heavy element is introduced in hydrogen,
even in small proportion.

V. CONCLUSION

We have performed simulations of binary mixtures of
hydrogen and higher atomic number elements (Li, C, Al,

Cu, and Ag) in variable proportions (from 0 to 100%)
in the warm dense plasma regime. Our simulations are
at P-T equilibrium (100 eV and 370 Mbar), thus density
changes for the different mixtures. Behavior across dif-
ferent Zs and concentrations of high-Z element were dis-
cussed.

Dramatic changes in the viscosity and self-diffusion are
seen in the area of low concentration of high-Z element.
The steepness of these changes increases with Z. Tran-
sition from kinetic to coupled regimes is visible in the
viscosities and high-Z self-diffusion of the mixtures. We
compare orbital-free molecular dynamics with a global
pseudo-ion in jellium model (no molecular dynamics re-
quired). The PIJ model reproduces the qualitative fea-
tures of the χZ and Z dependences and nearly quantita-
tively reproduces viscosities for these mixtures. At low
χZ the PIJ underestimates both self-diffusions. We in-
tend to improve the kinetic part of PIJ model following
the work of Baalrud and Daligault [47].

We have investigated the structure of the mixtures by
analyzing the pair distribution functions. With an ad-
mixture of heavy elements, a broad correlation peak ap-
pears at short distance between H atoms. Using an ef-
fective one component plasma model to gauge the inten-
sity of correlations, we have quantified this effect. Even
for the smallest Z element, lithium, or for copper at the
smallest concentration (5%) this over-correlation effect
is noticeable. It is our intention to show in a future pa-
per, how these over-correlation effects of hydrogen in the
presence of heavy element translates into enhancement
of nuclear reactions [56].
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G. Zérah, Phys. Rev. E 77, 026402 (2008), URL http:

//link.aps.org/doi/10.1103/PhysRevE.77.026402.
[12] L. Burakovsky, C. Ticknor, J. D. Kress, L. A. Collins, and

F. Lambert, Phys. Rev. E 87, 023104 (2013), URL http:

//link.aps.org/doi/10.1103/PhysRevE.87.023104.
[13] J.-F. Danel and L. Kazandjian, Phys. Rev. E 91,

013103 (2015), URL http://link.aps.org/doi/10.

1103/PhysRevE.91.013103.
[14] F. Lambert and V. Recoules, Phys. Rev. E 86,

026405 (2012), URL http://link.aps.org/doi/10.

1103/PhysRevE.86.026405.
[15] J. G. Clérouin, M. H. Cherfi, and G. Zérah, Europhys.
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