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The propagation of a shock through a binary plasma mixture of hydrogen isotopes is simulated
with molecular dynamics (MD) and a multispecies continuum hydrodynamics model. Separation
of the two species due to their mass difference is observed at the shock front in both simulations.
We analyze the shock structure in detail to determine which aspects of the wave propagation and
shock profile obey single-fluid hydrodynamics and which require multi-component hydrodynamics
with Fickian and barodiffusion. In order to reduce possible sources of uncertainty due to transport
models used in the continuum simulations, we have performed separate, equilibrium MD simulations
which verify the accuracy of the recently proposed Kinetic Molecular Dynamics (KMD) viscosity
model, even at the relatively cold pre-shock temperature of 1 eV. We find the post-shock temperature
and density are generally consistent between continuum and atomic-scale calculations, but the MD
simulations predict a significantly larger thickness of the leading light-ion shock front, with some
associated differences in the species separation. We analyze the shape and anisotropy of the MD
velocity distributions in detail and compute the electric field at the shock interface from both the
MD and continuum simulations. We find that the continuum hydrodynamics calculation captures
the major features of the electric field through the electron pressure term in the barodiffusion model
and conclude that the differences observed in the shock structures from the two simulations arise
largely from non-Maxwellian effects in the longitudinal velocities (the velocities in the direction that

the shock propagates) that are not captured in the hydrodynamic simulations.

I. INTRODUCTION

In recent years, several studies have examined how ki-
netic processes may influence inertial confinement fusion
(ICF) experiments [IH§]. Kinetic processes, in this con-
text, are physical phenomena beyond the scope of hydro-
dynamics in local thermodynamic equilibrium. They are
associated with strong gradients, perhaps due to a length
scale in the system that is comparable to, or smaller
than, the mean free path. They can include everything
from ionic transport, such as ion species diffusion at ma-
terial interfaces [9], to more exotic examples, such as
species separation at a shock front[Il 2 [§], the Knud-
sen processes affecting the tail of the velocity distribu-
tion [3 [, [6], temperature separation between different
components in a mixture [2], and anisotropic velocity
distributions [7]. They can take place in the presence of
hydrodynamic instabilities, and influence the instability
growth rate [I0]. They encompass phenomena that ex-
hibit non-equilibrium (non-Maxwellian) velocity distri-
butions, including cases due to low collisionality. These
phenomena are germane to current efforts in radiation
hydrodynamics, such as the Miranda code effort [ITTHI3],
where multi-component transport models have already
been implemented.

Shock waves offer an interesting test case for exam-
ining kinetic processes. The shock front thickness pro-
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vides a short length scale over which the system is driven
out of equilibrium. Particle collisions act to restore the
system to thermodynamic equilibrium. The classic pic-
ture of a shock wave is a step function in density, pres-
sure and other quantities, taking an initial state in ther-
modynamic equilibrium to a different equilibrium state,
known as the Hugoniot state. The final state has addi-
tional entropy, and it is particle collisions in the shock
front that work to establish the new equilibrium and
steady wave propagation. Real shock fronts are not step
functions. Dissipative forces arising from the particle
collisions act to reduce the gradients near the shock dis-
continuity and smooth the shock front into the steady
wave profile. The shock front is thus broadened by vari-
ous transport and constitutive properties of the shocked
medium: the viscous flow in response to velocity gradi-
ents, the thermal conduction in response to temperature
gradients, the elasto-plastic response to strain gradients,
and the diffusive response to gradients in concentration,
pressure and temperature.

For sufficiently weak gradients, these processes can be
described by multi-fluid and multi-component hydrody-
namic treatments, though many hydrodynamic models
applied to study plasmas use the single-fluid assumption.

Species separation in the strong gradients of a shock
front is potentially important to ICF due to its im-
pact on isotope ratios in the hot spot during the im-
plosion that can affect fusion [4]. Species separation was
first studied analytically by D’yakov[I4] and via com-
puter simulations by Sherman, who performed contin-
uum multi-component hydrodynamics simulations of a
propagating shock in a binary mixture under the as-
sumption of a common temperature for both species [15].
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By “multi-component hydrodynamics,” we mean solving
the Navier-Stokes equation with a single velocity field
allowing for diffusion in the center-of-mass frame. Sub-
sequently, Bird performed Monte Carlo simulations of
the Sherman problem and found a temperature spike
due to non-Maxwellian velocity distributions within the
shock [I6]. More recently, particle-in-cell (PIC) simula-
tions and multi-temperature gas models have been used
to study shocks in mixtures in more detail [I} 2]. The
regime of validity for the PIC simulations is limited to
the regime of hot plasmas, where the collision operators
derived based on classical plasma physics are valid with-
out the need to account for spatial correlations of the
ions.

Recently, molecular dynamics (MD) has emerged as a
different approach that can be applied to the study of
kinetic effects in shocked plasma[l7]. MD simulations
provide a capability for studying plasmas from strongly
coupled, warm dense conditions to the weakly coupled,
hot dilute conditions that are also accessible via PIC.
The recent MD simulations studied shock waves in two-
dimensional Yukawa systems, quantifying the departure
from Maxwellian velocity distributions [I7]. The Yukawa
or screened Coulomb interaction used in that work pro-
vides a good description of the ion dynamics in spatially
homogeneous plasmas, including dusty plasma, but mod-
eling shocks in high-energy-density systems have addi-
tional requirements. Here we extend the MD simula-
tions of shocked plasma in several significant ways. The
first extension is to three dimensions. Making use of
the efficient domain decomposition molecular dynamics
code ddcMD [I8] on a supercomputer, it is possible to run
large-scale 3D MD simulations of shocks, which is impor-
tant for realistic collision cross-sections in transport pro-
cesses. The second extension is to mixtures. Mixtures
of two ion species are needed to study species separation
at the shock front. The MD simulations handle mix-
tures naturally, but the associated analysis techniques
had to be developed. The third extension is the capabil-
ity to simulate the change in ionization and screening as
the plasma is shock-compressed. For this we make use
of the Multiscale Orbital-free DFT Molecular Dynamics
(MOD-MD) capability [9] in ddcMD, which was developed
recently. DFT here means Density Functional Theory.
MD simulations of shock waves have not previously in-
cluded variable ionization or screening to the best of our
knowledge. It has been prohibitively expensive to ap-
ply the existing variable-electron-density techniques to
simulations with the millions of ions needed for shock
simulations. The MOD-MD approach provides a multi-
scale approach to include the spatially varying screening
of the electrons without prohibitive cost. Having the cor-
rect ionization and screening is important for the plasma
equation of state that governs the shock velocity, colli-
sion cross-sections that govern tranport, and pressure
gradients that drive barodiffusion. The MOD-MD tech-
nique also enables calculation of the electric field at the
shock front.

We present results for both MD and multi-component

hydrodynamic simulations (using Miranda) of shock
propagation in binary mixtures of ions with atomic num-
ber Z = 1 and mass ratios ranging from 3 to 20. Car-
rying out nominally identical simulations with the two
approaches enables us to identify phenomena in MD
that go beyond the multi-component hydrodynamics of
Miranda. Indeed, the MD simulations provide data for
the verification of other multi-component and multi-
fluid models available for use in radiation hydrodynam-
ics codes, as well. In MD, ion transport and the de-
velopment of the multi-species shock front emerge from
the collective behavior of the ions due to the forces be-
tween them, avoiding the need for assumptions regarding
transport coefficients or collision operators. All kinetic
processes that are derived from ion-ion collisions are ex-
plicitly present. Specifically, we investigate the influ-
ence of the mass ratio on the observed shock profile, the
structure of the velocity distributions across the shock
front, and the collisional physics of the plasmas are dis-
cussed. We generally find that the shock profiles com-
puted using Miranda are similar to those computed in
ddcMD; however, in the MD simulations we find thicker
shock fronts associated with the lighter species in the
mixture, greater temperature excursions, and significant
anisotropic effects in the particle velocity (computed rel-
ative to the local fluid velocity) which are not currently
included in the multi-component hydrodynamics model
in Miranda. Our MD results are qualitatively consistent
with a previous MD study using hard spheres [19]. We
also find good qualitative agreement with the PIC stud-
ies [2]. We report new equilibrium MD results for the
viscosity of the pre-shocked mixtures and find that they
agree well with the Kinetic Molecular Dynamics (KMD)
model[20]. A failure of the KMD viscosity model used
in Miranda could have accounted for the shock profile
differences, but the equilibrium MD results demonstrate
the accuracy of the model down to the 1 eV tempera-
tures. We discuss similarities and differences between
the continuum and MD simulations and conclude that
the differences between MD and continuum simulations
arise mainly from the non-Maxwellian distributions of
ionic velocities ahead of the shock front.

The paper is organized as follows. In Sections [lIf and
[T, we give a description of the models used for atomic-
scale and continuum representation of the binary plasma
mixture. Section [[V] contains a discussion of general
shock structure in the binary mixture, including density
and temperature profiles across the shock, and separate
calculations of ion viscosity at conditions corresponding
to ahead of the shock. Section [V] provides a systematic
study of barodiffusion and species separation. Section
[T addresses non-Maxwellian behavior and other kinetic
effects beyond species diffusion. Finally, we present the
conclusions.
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FIG. 1. A schematic of the domain for molecular dynamics
shock simulations. The simulation is periodic in the trans-
verse (z and y) directions. The simulation has vacuum be-
yond the mirrors in the longitudinal (z) direction. Mirror 1
is stationary; mirror 2 moves at the speed v, = 80 nm/ps
(80 km/s) in the —z direction, to the left, causing a shock to
form and move to the left.

II. MOLECULAR DYNAMICS SIMULATIONS

The MD simulations here have been carried out us-
ing the molecular dynamics code ddcMD [I8], which was
developed for efficient massively parallel plasma applica-
tions through work of the Cimarron collaboration [21].
MD plasma simulations have already been utilized to
study many microphysics problems, including electron-
ion equilibration rates [22], charged particle stopping
power [23], electron conductivity and thermal conduc-
tivity [24) [25], microfields [26] 27], and ionic viscosity
and interdiffusion [20, 28, 29]. In this work, we uti-
lize the ddcMD capability to study species separation
and non-Maxwellian phenomena in shocked plasma mix-
tures. The conditions studied here are in the moderately
strongly to moderately weakly coupled regime, and thus
provide a complement to previous work in the hot, dilute
regime.

The primary assumption of the MD method applied
here is that the Born-Oppenheimer approximation can
be applied so that the motion of the electrons is fast com-
pared to that of the motion of the ions. The electrons are
thus treated as a neutralizing background that linearly
screens the Coulomb charge of the ions. The screening
is computed throughout the simulation using an approx-
imate electronic structure method that was recently de-
veloped and implemented in ddcMD [9]. This technique
enables us to run MD simulations on time scales and
length scales that are relevant for shocks that account for
changes in the electron density, but neglect some elec-
tronic effects, such as the electron thermal conduction
ahead of the shock front.

The ion interactions are specified by the MOD-MD
methodology in ddcMD [9]. These interactions are a gen-
eralization of the screened Coulomb (Yukawa) interac-
tion [9]. With this potential, electrons are not explic-
itly simulated, though their effect is included through
screening. MOD-MD allows for spatially varying screen-
ing lengths, such as those that arise from the differ-
ences in the electron density ahead of, and behind, the

shock front. The ion charge is calculated on the fly in a
Thomas-Fermi solve based on the local ion density and
the electron temperature. The electron density is cal-
culated self-consistently between the Fermi integral for
thermal occupation and the electric field from a Pois-
son solve. In addition to the usual spherically symmet-
ric screened Coulomb form, the dipole field of each ion
is calculated. A homogeneous electron temperature of
1 eV is assumed throughout the simulated plasma.

The ions move according to Newton’s Second Law
(F = ma), with the set of coupled ordinary differential
equations integrated explicitly in time using a velocity
Verlet time integrator with a time step of 2x107° ps.

Periodic boundary conditions are used in the trans-
verse (z and y) directions and momentum mirrors are
used to confine the plasma in the longitudinal (z) direc-
tion. A schematic of the molecular dynamics simulation
domain including mirror placement is shown in Fig. [T}

We have conducted MD simulations of strong shocks
in initially equal binary mixtures of hydrogen with an-
other hydrogen isotope 3 to 20 times more massive. MD
simulates the motion of particles (atoms, molecules, ions,
etc.) interacting by forces derived from an interatomic
potential; i.e., a force law that determines the forces on
the ions as a function of their positions. Properties of
the plasma mixture such as the equation of state, electric
fields and transport coefficients emerge naturally from
the statistical mechanics of the ions interacting by the
specified force law. We use the ddcMD particle dynamics
code [30], which has been optimized for massively par-
allel simulations on parallel supercomputers such as the
Vulcan BGQ machine used here.

To initialize the system, light and heavy isotopes are
positioned in a rock salt configuration to ensure an ini-
tially uniform mixture; i.e., the light and heavy iso-
topes positioned at the corner and center positions, re-
spectively, in a body-centered cubic lattice. The sys-
tem is brought to thermal equilibrium by increasing the
ion temperature to 1 eV over a 0.5 ps interval using a
Langevin thermostat. After thermalization of the ions,
a shock is driven by a piston consisting of a planar mo-
mentum mirror moving down the longitudinal axis. The
simulation proceeds until the shock wave reaches the neg-
ative z end of the domain, usually on the order of 1-10
ps, depending on the isotopes and system size.

The computational cost of the simulation scales lin-
early with the number of ions, so the box size is ad-
justed to be large enough to allow a steady wave to form
but no larger. Simulations are repeated with increased
box length in the longitudinal direction until tempera-
ture profiles and density jump across the shock ceased to
change with an increase in box size. In general, plasma
mixtures with larger mass ratios require a greater dis-
tance for the shock to reach a steady-state condition,
and mixtures with the highest mass ratios (H-'°H and
H-20H) were not able to reach steady-state even with the
largest domain sizes tested. The length of the box in the
z direction varies between 65 and 340 nm and extends
6.25 nm in both the x and y directions. The transverse



box size is large compared to the mean ion separation
and the Debye screening length.

The MD simulations write out many quantities for
subsequent analysis, including the local density and ve-
locity distributions for each type of ion. In particular,
the simulation box is subdivided into 0.1 nm thick slabs
in the longitudinal direction. In each slab, the macro-
scopic temperature of ions belonging to species « is cal-
culated as

To= 5= [V~ 10l 1)

where m,, represents the mass of an ion of type «, angled
brackets with the subscript o denote averages only over
ions of type « in the slice, and kp is the Boltzmann
constant. The mixture temperature in each slice was
calculated as

2
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where m = ij ToMe is the mean ion mass, x, is the
mole fraction of species a, yo = TaMme/m is the mass
fraction of species «, and Ny is the number of ion species
in the system.

These expressions for the temperatures are related to
the kinetic energy in the center-of-mass frame, so they
are not affected by the overall velocity field (particle ve-
locity) behind the shock.

Directional temperatures are calculated in a similar
manner, using only velocity components in the direction
of interest. The system may not be in local thermody-
namic equilibrium at the shock front. The transverse
and longitudinal velocities may be different. As such the
quantities T; and T are not temperatures in a strict
sense. Evaluated in an ensemble average for a system
at equilibrium, they give the temperature, and so we
will refer to them as temperatures. For the 'H->H cases
presented here, each slab contains approximately 3,900
ions in the pre-shock region and 13,700 in the post-shock
region.

A. Momentum Mirrors

Planar momentum mirrors are used to initiate and
drive the shock in our molecular dynamics simulations.
Each mirror has a centroid position 7,, and velocity
VU in the direction of its normal vector, 7. If an ion
with position 7, and velocity ¥, is found “behind” the
mirror (i.e. (7, — ) - © < 0) and the ion is moving
slower than the mirror in the direction of mirror motion
(Up - T < vpy,), the component of ion velocity normal to
the mirror (vp,.,) has its direction flipped in the mirror
rest frame according to the transform

Upm = Up T

(3)

Up new = Up — 2Up m 7 + 20, 17.

Tons “in front” of the mirror or moving in the direction
of the mirror with vy, > vy, do not have their veloci-
ties modified. In our simulations, mirrors are placed at
each extent of the domain in the z-direction with inward-
facing normal vectors parallel to the z-axis. The mirror
at the lower z end of the domain is assigned a velocity
of zero and is used to contain ions in the pre-shock re-
gion. The mirror on the positive z end of the domain is
assigned a velocity in the -z direction to drive the shock.

B. Strong Collision Scattering Length

Information about each strong collision between ions
is collected during MD shock simulations. For these
conditions, a “strong collision” is defined as two ions
approaching each other within some small cutoff radius
re. The strong collision scattering length of each ion in
the simulation (\’) is calculated as the mean distance it
traveled between strong collisions during an interval of
length 7 = 10 fs. At the end of the interval, the do-
main is divided into slabs (identical to the slabs used for
temperature calculations) and statistics were collected
on the scattering length of ions within each slab. In
particular, we calculate the slab-wise average scattering
length,

) = 3 N ()

standard deviation of scattering length,

1

D=0 N o= ()2, ()

J

and collision frequency,

1
wC:WZNc,j7 (6)
J

where IV; is the number of ions in the slab, N, ; is the
number of collisions experienced by ion j, and )\; is the
scattering length of ion j over the simulated time interval
T.

C. Computational Cost

A typical run used 512-1024 nodes of 16 cores each
and 2 threads per core on the Vulcan BG(Q supercom-
puter [31]. A shock simulation required 20-40 hours of
wallclock time to run to completion. An evolving or-
thorhombic spatial domain decomposition was used to
achieve computational load balance between the com-
pressed and uncompressed regions to improve the per-
formance [32]. Optimized parallel I/O for checkpoints
and analysis files further improved the performance.



III. CONTINUUM MODEL

Shock propagation has been studied extensively in
the context of continuum hydrodynamics [33, B4]. It
is well known that analyzing the conservation equa-
tions for mass, momentum and energy in the frame of a
steady shock leads to the Rankine-Hugoniot jump con-
ditions [33]. Application of the steady wave conditions
through the shock profile leads to the Rayleigh line de-
scription of the states in the shock front. Here we apply
this approach to the case of a binary plasma mixture in-
cluding species diffusion fluxes with contributions from
Fickian (concentration gradient-driven) diffusion, baro-
diffusion and thermodiffusion. Both ion and electron
contributions to barodiffusion and thermodiffusion are
included. The jump conditions give analytic relations
between the thermodynamic states well in front of, and
well behind, the shock. The code Miranda is used to
calculate quantities like the shock profile for which no
analytic expression is available.

A. Governing Equations

The continuum hydrodynamics code Miranda uses a
single mass-weighted velocity, single ion temperature,
and a standard Chapman-Enskog model to describe the
transport of ion species. As such, it is a multi-component
hydrodynamics code that accounts for kinetic effects at
the level of linear-response species diffusivity, viscosity
and thermal conductivity. The continuum code uses
high-order spatial differencing and time discretization as
described by Cook [12] [13], solving the governing equa-
tions for species mass density, momentum, and internal
energy:

Opa
L4V (pau+3a) =0, (7)
ot
dpu
E—FV-(puu—l—pri—pe—n—T@):O, (8)
dpe;
5 +V-(peiu+q;)+p;V-u=7;: Vut+vy.,(T. - T;) ,
(9)
Opee
ot +V'(P€eu+Qe)+peV'u =Te: vu_’yei(Te_Tii) )

where p, is the mass density of species a such that
p = Y., Pa is the total mass density; u is the mass-
averaged velocity; p;, T3, ¢; and p., T, e, are the ion and
electron pressure, temperature, and internal energy per
unit mass; and 7,.; is the electron-ion coupling parame-
ter. J, is the diffusive flux. Radiation effects are not
considered in the current application and are negligible
at these conditions.

To mimic the fixed electron temperature in the ddcMD
simulations, a “thermostat” is added to the righthand-
side of Eq. in the form (cye/70)(To — Te), where
Ty =1 €V is the target temperature, ¢, is the electron
specific heat per unit volume, and 7 is a relaxation time
comparable to the numerical time step. Further, T; is
uncoupled from T, by setting 7.; = 0, consistent with
the thermodynamic behavior in ddcMD.

When the electron temperature is not constrained,
there is a pronounced separation of ion and electron
temperatures at the shock front due to unequal shock
heating of ions and electrons and finite equilibration
times; the much higher thermal conductivity of the elec-
trons also broadens the electron temperature profile at
the shock front, forming a preheated region ahead of
the shock. An example of this is shown later in Sec-
tion [[VA] for which we used the Brysk model for ion-
electron coupling coefficient 7.; [35] and the Lee-More
electron thermal conductivity model [36] with correc-
tions for electron-electron collisions [37, B8] and with no
flux limiting. The MD simulations discussed here lack
these distinctly electronic features and in this regard re-
semble more the MC simulations of neutral atoms (rigid
elastic spheres) by Bird [39].

B. Mean Velocity Ion Transport Model

The ion viscous stress is evaluated with Stokes’ law
T; = 21;S, where S is the trace-free strain rate tensor
for u and 7); is the ion viscosity for the mixture. Note
that the electron viscosity n. [40, 4] is much less than
n; because of the small electron mass and low electron
temperature, thus 7, = 27,8 is negligible with respect to
T; and can be neglected in Eq. . The ion species mass
fluxes J,, and ion heat flux q; are solved from a coupled
linear system using the Chapman-Enskog model [42] [43].
For a binary ion mixture (species a and ), these fluxes

(10)  are given by
|
3, = —LPap Va5 [ L Oy V4 B niks VT + K n kg VT, (11)
nikpT; xop T T ’

Ng N
@i = —ki VT +nikpTi > pa kI a+ Y hada . (12)
[0 «

(

where n; and n. are the ion and electron number density;
Po 1s the partial pressure for ion species a such that



Ziv Pa = Pi; P = Pi + pe is the total pressure; h, is the
enthalpy per unit mass for ion species «; and x4, Yo, Za
are the ionic number, mass, and charge fractions for ion
species a. The z,Vp, term comes from the Lorentz force
term using Ohm’s law (Section . Note that J, =
—Jg, kf(pl()x = —k(TZg, and ké,% = —k:TeB. For the present
case of an isotopic mixture of hydrogen, there are some
simplifications: p, = ZaPi, Z2a = Ta, and kgf; = 0, such
that Eq. becomes

. pDoc,B YalYp
nikpT; roxp

Jo = {pivxa“"(xa_ya)Vp'i‘k;%nikaTi

(13)
The driver terms on the righthand-side of Eq. are
the usual concentration gradient term (Fick’s law), baro-
diffusion due to mass differences driven here by the to-
tal pressure gradient, and thermodiffusion (Soret effect)
driven by the ion temperature gradient. The heat flux
in Eq. is composed of a temperature gradient term
(Fourier’s law), a thermodiffusion term (Dufour effect),
and enthalpy diffusion.

Expressions for the ion transport coefficients — the in-
terdiffusivity Dqg, the ion thermodiffusivity k%)l, the ion
thermal conductivity x;, and the ion viscosity n; — are
given in terms of binary collision integrals [42H45]; these
all correspond to 1lst approximation in the Chapman-
Enskog kinetic theory, except for interdiffusivity, which
is 2nd approximation. Curve fits for binary collision in-
tegrals for static screened Coulomb (Yukawa) potentials
are given by Paquette et al.|[44] and [Stanton and Murillo
[45], and here we use the definition of screening length
for a mixture suggested by the latter authors.

At the conditions simulated here a different approach
is needed for the viscosity model. The plasma is moder-
ately coupled, and the Chapman-Enskog model accounts
only partially for viscosity. Instead, we use a general-
ization that transitions smoothly from the Chapman-
Enskog model [43], [44] in the weakly coupled limit to
the Yukawa Viscosity Model [46] in the strongly cou-
pled regime. The model, known as the Kinetic Molecu-
lar Dynamics (KMD) viscosity model [20], captures this
transition in the following form:

Nearn = (MEs + 1vvan) 2 - (14)
The model nyy s is an analytic form fit to moderately
and strongly coupled MD results for the viscosity of
Yukawa plasma [46]. The KMD viscosity model rep-
resents in an approximate fashion contribution of the
kinetic, potential, and cross terms of viscosity.

C. Mixture equation of state (EOS)

In general, for given species mass densities and in-
ternal energy, an equilibrium is found for the mixture
in which each species has the same total pressure and
ion temperature as described by [47] using tabular EOS
data. Here we treat isotopic (hydrogenic) species so

that a single SESAME EOS table for hydrogen is used
with appropriate mass scalings [48]. The charge states
for given density and electron temperature are deter-
mined from a fit to the Thomas-Fermi model [49]. At
the high densities and low temperatures used in this
study the electrons are highly degenerate; the cold-curve
(zero temperature) pressure is the dominant component
of pressure in the mixture ahead of shock, while the ther-
mal component of ion pressure is the dominant com-
ponent of pressure in the hot post-shock region. With
T. = 1 eV everywhere, the contribution from the thermal

- electron pressure is negligible.

D. Jump Conditions

The Rankine-Hugoniot jump conditions for a steady
planar shock are found by equating the pre-shock and
post-shock values of one-dimensional mass, momentum,
and total energy fluxes in the frame of the shock [50]; it
is assumed that the species mass flux, stress, and heat
flux vanish in these regions. Throughout the rest of this
manuscript, we denote quantities derived in the regions
far ahead of the shock with “~” and far behind the shock
with “+”. From mass conservation, the total mass flux
(momentum) pu in the frame of the shock is a constant
Jj related to the piston speed w, and the shock speed u,
by

§ = potts = up/(Up— — 1/ps) (15)
Here we also assume y,— = Yo+, i-€., the same species
concentrations on either side of the shock. The other
relations are in terms of the shock momentum j

3/p—+p-=5/p+ + 1+, (16)
e+ (5% /20— +p-)/p- = e + (52 /2p+ +0-)/p+

(17)

or in terms of the piston speed u,,
(e —p)(1/p-—1/p) =2, (18)
ey —e— —p—(1/p— —1/ps) = up/2. (19)

Because the total internal energy per unit mass e is a
function of total pressure p and mass density p, implicitly
defined by the equation of state, these relations specify
all of the thermodynamic jump conditions in terms of
the imposed piston speed. The Mach number is given by
M = ug/cs— = j/(pcs)—, where ¢4 is the sound speed.
We typically find that the density and pressure jump
conditions are similar to those predicted by a monatomic
perfect gas with polytropic index v = 5/3 for the same
Mach number, but the relative temperature jump across
the shock is much greater. This disparity is a bit mis-
leading, as the actual temperature behind these strong
shocks is fairly consistent with a v = 5/3 perfect gas
using e, ~ u2/2 ~ 3kgT;/2m (where m is the mean
mass); however, the pressure and internal energy ahead



of the shocks is dominated by the non-thermal compo-
nents, which in an ideal gas would require a much higher
temperature (and lower relative temperature jump) to
match.

The comparison of jump conditions in Table [[] shows
that the ddcMD simulations results agree much closer
with those from the SESAME EOS than with those from
an ideal v = 5/3 gas. This provides some confidence
that the EOS used in the continuum code is a fair rep-
resentation of the ddcMD thermodynamics. Note that
the Hugoniot us — u, relation is fairly insensitive to the
isotopic mixture in both the MD simulations and the
continuum simulations using the SESAME EOS, so the
Mach number shown in Table [[] is roughly proportional
to the square root of the average mass. The sound speed
was not directly calculated from the ddcMD simulation re-
sults, but it seems reasonable to assume that these Mach
numbers are equivalent to those in the MD simulations
given the good agreement of the shock speeds and the
other jump conditions.

E. Simulation setup

One-dimensional continuum simulations are initialized
with the jump conditions in Table [I] for a given post-
shock (piston) velocity at an extended distance from
the wall rather than using an actual piston. An ini-
tial transient is generated when the light isotope be-
comes enhanced in the shock, forming a commensurate
enhancement of the heavy isotope behind the shock due
to species number conservation. Given enough time, the
shock outruns the trailing transient, leaving a flow im-
mediately behind the shock that has nearly the origi-
nal homogeneous composition and satisfies the originally
predicted thermodynamic jump conditions. For a fixed
piston speed we observe that the greater the mass dis-
parity between isotopes, the higher the Mach number of
the shock and the more distance needed for the shock
to outrun the trailing transients — both in Miranda and
ddcMD simulations. For the 1:3 mass ratio, the shock can
be started at a distance of 100 nm from the wall, while
for the 1:20 mass ratio the shock required at least 1000
nm. Miranda grid spacings of 0.1 nm for mass ratios
< 10 and 0.2 nm for higher mass ratios are used, which
are adequate to resolve the post-shock structure where
macroscopic mean free paths, defined with ion transport
coefficients, are typically greater than 0.5 nm (see Table
and associated discussion) but inadequate to resolve
the shock front, where the local mean free path drops
ahead of the shock by two orders of magnitude, leading
to Gibbs oscillations in the numerical solution there.

IV. RESULTS
A. General Shock Structure

Typical mean ion temperature, pressure, mass den-
sity, and species number fraction profiles for MD and
continuum calculations are shown for a 'H-*H case in
Fig. {2l The jump in ion temperature precedes the jump
in the other quantities shown and the number fraction of
the lighter species is enhanced at the shock front, which
is typical of shock structure in mixtures. In this case
the shock has had time to outrun the trailing transient.
Comparisons of MD and continuum number fraction and
number density profiles are shown for the 'H-3H case in
Fig. The overall amount of separation (the induced
change in number fraction) is comparable between the
Miranda and ddcMD results, but the shape of the separa-
tion feature and the detailed shock structure are notice-
ably different. In particular, the continuum code treats
the ion transport coeflicients and mean free path as lo-
cal functions of thermodynamic variables, which drop
two orders of magnitude across the shock (ahead of the
shock), causing an unphysically sharp shock front. Like
its ddcMD counterpart, the front is led by the lighter
species. Indeed, a hallmark of non-dissipative shocks in
the continuum description is that the flow is completely
unaware of the oncoming shock. The MD separation fea-
ture is observed to be markedly broader and more sym-
metric than the continuum one in Fig. [3] Most notably,
the separation feature leading the MD shocks is longer
than that trailing the shock. This separation ahead of
the shock is completely absent in continuum results. The
broader trailing “shock” in the heavy component lies in
the hot region of the shock with longer mean free paths
and is captured more accurately by the continuum code.
Note that this continuum code is not constitutionally ca-
pable of handling different ion temperatures observed in
multifluid analyses of shock structure in mixtures [51],
nor the additional kinetic effects observed in the MD
simulations here and by previous authors [52], in PIC
simulations [2], and in MC simulations [16], 39, 3] [54].

Figure [4] compares species and mixture temperatures
obtained with ddcMD to the continuum mixture temper-
ature for a shock in an equimolar H-T mixture. It is
evident by comparing to Fig. [3| that for ddcMD the tem-
perature rise in the light species leads the jump in den-
sity by a distance of approximately 5 nm. Ahead of the
shock, the temperature of the light species is higher than
both the mixture and the heavy species temperatures.
Within the shock, the temperature of the heavy species
overshoots the mixture and light species temperatures,
while the temperature of the light species experiences
no such overshoot, monotonically increasing across the
shock. Behind the shock, all temperatures eventually re-
lax to the same post-shock value. Continuum multifluid
models [19, 51] show a similar overshoot in heavy species
temperature (see discussion in Section .

A case where electron temperature is not constrained
is shown in Figure[f]for the H-T shock with a Mach num-



TABLE 1. Jump conditions for equimolar hydrogenic mixtures: 7- = 1 eV, n;— = 1024 nm™>, u, = 80 nm/ps; v = 5/3
conditions for the same Mach number M; numbers in italics are estimated from unsteady conditions; us in nm/ps; n;+ in
3

nm
Miranda/SESAME EOS v=15/3 ddcMD
mixture|| M | us | niy |py/p—|T4/T- |p+/p— | p+/p=|T+/T- |p+/p— || us |p+/p—|T4/T-
'H-3H ||4.91(113(3476| 3.39 | 36.2 | 30.8 || 3.56 | 8.40 | 29.9 ||112.5| 3.38 38
'H-°H ||5.90(111(3648| 3.56 | 57.2 | 44.9 || 3.68 | 11.7 | 43.3 ||111.1| 3.6 59
'H-1°H ||7.83|109(3840| 3.75 | 110 | 79.9 || 3.81 | 20.0 | 76.4 | 110 | 3.75 | 115
'H-'5H ||9.38/108|3920| 3.83 | 165 | 115 || 3.87 | 28.4 | 110 | 109 | 3.8 | 170
'H-2°H [|10.7|108(3964| 3.87 | 219 | 150 || 3.90 | 36.6 | 143 | 109 | 3.85 | 240
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FIG. 2. Profiles of thermodynamic variables (normalized to their maxima) and number fractions around the shock in an
equimolar 'H-*H (H-T) mixture with n; = 1024 nm™* from continuum (a) and MD (b) calculations. Here and in the
following H-T plots the Mach number is M =4.91. The shock proceeds in the direction of the arrow. Dashed lines show the
number fractions in the absence of thermodiffusion. The pressure was not calculated for the MD simulations. In particular,

note the difference in length scales for the two sets of results.

ber of 4.9. There are three noteable differences compared
with the cases where the electron temperature is held at
1 eV: (1) The jump in temperature across the shock is
lower as electrons can carry more of the thermal energy
in the shocked plasma. (2) The ion temperature at the
shock front overshoots the post-shock temperature; this
occurs because ions are heated by the shock more than
electrons, and it takes a distance of about ¢p;us/7e; = 10
nm for the temperatures to equilibrate behind the shock
(where ¢p; is the ion specific heat per unit volume, u,
is the shock speed, and ~.; is the electron-ion coupling
coefficient in Eq.[I0). (3) The high electron thermal con-
ductivity in the shocked plasma heats the electrons well
ahead of the shock and the thermal coupling from ion-
electron collisions in turn warms the ions there, giving a
foot in the ion temperature profile preceding the shock.
In addition, lower temperatures and broadened temper-

ature profiles lead to lower species separation but no sig-
nificant change in the ion shock width. The overshoot of
the mean ion temperature in this case is analogous to the
overshoot observed in the temperature of the heavy ion
species in the MD simulations. While the thermal pre-
cursor due to electron heating bears some resemblance
to the ionic preheating seen in the MD simulations, the
latter exceeds what can explained by the low ion thermal
conductivity predicted by the transport model.

B. Ion viscosity

Viscosity can have a significant effect on shock front
structure, increasing the shock thickness qualitatively,
much like other dissipative and kinetic effects do. We
are relying on continuum modeling with the KMD vis-
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FIG. 3. Mixture number density and density of individual
species for a shock wave in an H-T mixture (a). Number
fraction of individual species for a shock wave in an H-T mix-
ture (b). Dots represent MD results and solid lines represent
continuum results.

cosity model Eq. to assess the size of those effects.
We could also tune the viscosity to get agreement with
the observed shock thickness. This kind of analysis mo-
tivates some questions. How accurately do we know the
viscosity? Does the viscosity model used in the con-
tinuum simulations agree with the viscosity of the MD-
simulated plasma? The continuum simulations are using
an advanced viscosity model [20], but the model has not
been used or tested in this regime previously. In this sec-
tion we compare the predictions of the KMD viscosity
model with the viscosity computed directly from MD for
thermodynamic conditions that correspond to the pre-
shock stage at T = 1 eV and n; = 1.024 x 10%*cm—3
and 50% mixture of H isotopes with mass ratio; 1:3, 1:5,
1:10, 1:15 and 1:20. In the comparison above we have
seen that the leading edge of the shock is much sharper
in the continuum simulations than in MD. The trailing
side of the shock profile is in better agreement. By com-
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FIG. 4. Species ion temperature in the vicinity of the shock
for an H-T mixture. Dots represent MD results and solid
lines represent continuum results.
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FIG. 5. Temperature and number fraction profiles from con-
tinuum simulations in the vicinity of a Mach 4.9 shock in an
H-T mixture with electrons held at 1 eV (solid lines) and
with unfettered ion-electron equilibration (dashed lines).

puting the viscosity from MD directly, we can investigate
whether the difference in the leading edge is due to dif-
ferences in the viscosities at these conditions.

We have computed shear viscosity directly using equi-
librium molecular dynamics. These calculations use
smaller systems than the shocks, equilibrated at the



pre-shock conditions, and then run at equilibrium long
enough to collect the statistics needed to evaluate the
viscosity using a fluctuation-dissipation relation. The
pre-shock region far ahead of the shock front is in local
thermodynamic equilibrium (LTE). Therefore in this fo-
cused MD study we can make use of the Green-Kubo
(GK) approach to extract linear transport coefficients.
GK formulas are fluctuation-dissipation relations, ex-
pressing a macroscopic phenomenological transport coef-
ficient, like viscosity, as a time integral of a microscopic
time-correlation function for systems undergoing small
fluctuations around thermodynamic equilibrium. For
shear viscosity we use the stress autocorrelation func-
tion (SAF) defined in the center-of-mass frame as:

Toy (1) = (Sey (0)Szy (1)), (20)

where (---) represents a statistical ensemble average.
The off-diagonal terms of the stress tensor S,, are given
by

N r Y /
Say == V1 (Z MaVz,aVy,a + Z Z Pt (Tet) (Tab)> ;
tot a=1 a b>a Tab
(21)
where = and y denote Cartesian coordinates, m, is the
mass of ion a and rg, the distance between ions a and
b, and V;,; the total volume of the system. The in-
teraction force between ions a and b enters in the sec-
ond term through V'(r) = dV/dr. The first term of
the stress tensor on the right hand side of Eq. ,
Say kin = Vt;tl Zivzl MaVs.aVy.a, 18 & kinetic contribu-
tion that represents transverse momentum transfer by
ion displacement [50, [55]. This term is important in
weakly coupled plasma. In practice, we average over the
five independent components of shear stress to get better
convergence [56].
The Green-Kubo formula for shear viscosity is

1 t
= /0 drJ5ress (r). (22)

As previously mentioned this GK approach is appropri-
ate to use when the shear strain rate is small compared
to the the reciprocal of the shear stress correlation time,
which is true for regions far from the shock front. Since
our MD simulations only have dynamic ions, not dy-
namic electrons, the Green-Kubo formula gives the ionic
viscosity. The electronic viscosity at these conditions is
small, and is absent from both the MD and continuum
simulations.

At temperature T = 1 eV and ion density n; =
1.024 x 10%*cm~3, the mean charge from the Thomas-
Fermi approach is Z = 0.7324 and the electron den-
sity is ne = 7.499 x 10**cm~3. The mixture is mod-
erately coupled with Coulomb coupling coefficient I' =
(Ze)?/a;kpT = 12.55, where a; = (3/47n;)'/? = 0.0615
nm is the interion distance (Wigner-Seitz radius). The
electrons are highly degenerate at these conditions, i.e.,
the Fermi energy ep = 712(3772716)2/3/2771e > kgT,.,
and the Debye length is given to good accuracy by
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ADe & (EF/67mee2)1/2 = 0.0384 nm, which in turn gives
an electron screening coefficient x = a;/Ape = 1.602.

In Table [[I] we show values of 7; as computed from
MD using GK approach. Also in the same table we
provide values of viscosity extracted from the KMD
model nfMP . For comparison we include values of vis-
cosity computed using Chapman-Enskog (CE) kinetic
theory. We use tabulated collision integrals [44], with
an effective screening [20] that interpolates between in-
terion distance and total particle screening length to ex-
tract nog. Also, we report viscosity ngas calculated us-
ing a different approach for the effective screening due
to [45] that gives somewhat larger values than nog at
moderate to high coupling. The differences in these two
kinetic models manifest themselves in a physical regime
where collective effects and particle correlations, that in
general are not accurately captured by binary collision
approaches, become important, and kinetic models in
this regime are subject to some uncertainty.

As demonstrated in Table the KMD model is in
very good agreement with the values computed from
MD; i.e., the values of nM? and nXMPD agree to bet-
ter than 15%. The differences would have a negligible
effect on the shock profile.

TABLE II. Shear viscosity values n” computed from MD
for binary mixtures of H and its isotopes of different masses
at T' = 1 eV and ion density n; = 1.024 x 10%*cm 3. For
comparison, we also present values of viscosity from models
as described in the text. All shear viscosity values are given
in units of mPa-s.

MD KMD

Mixture mn; n; NCcE nsMm
'H3H 0997 1.04 0.301 0.707
'H-°H 1.22 1.28  0.378 0.889
'H-1°H  1.52 1.74  0.534 1.26
H-1%H 211 2.01 0662 1.56
'H-2°H  2.46 241  0.774 1.83

V. BARODIFFUSION AND SPECIES
SEPARATION

As the mass ratio of species in the mixture is increased,
the effects of barodiffusion and species separation be-
come more pronounced. When tritium is replaced by
successively heavier hydrogen isotopes, the heavy species
responds to the pressure gradient more sluggishly. As
seen in Fig. [6] this leads to an increased shock thick-
ness. In the most extreme cases, the shock in the light
species leads that in the heavy species by nearly 30 nm.
At this level of separation, two distinct density jumps
are clearly visible in the mixture, leading to a “shoul-
der” structure in the mixture density at the shock. Con-
tinuum simulations also predict this shoulder structure,



though the leading light-ion shock front remains signif-
icantly sharper than MD results. The peak separation
in number fraction in the ddcMD results is observed to
be less than 0.18 for steady cases in Fig. [7] and in Ta-
ble [[TT} although the shock has clearly not outrun the
transients in the cases with mass ratio > 10. The amount
of species separation due to barodiffusion and its effect
on the shock width is examined here in the context of
continuum models, which provide a basis for understand-
ing some of the underlying physics.
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FIG. 6. Mixture number density profiles for MD shocks in
mixtures with increasingly disparate mass ratios (a) and a
comparison of species number densities from MD and contin-
uum simulations for the H-'H case (b). In the comparison,
MD results are represented with dots and continuum is rep-
resented with a solid line.

A. 1D single-fluid continuum model

The steady planar shock structure predicted by the
continuum code, using a single fluid velocity and single
ion temperature, can be determined in principle by set-
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TABLE III. Maximum species separation Az = |z; — zj4|
(values from ddcMD in stalics are approximated from unsteady
conditions) and maximum relative overshoot of heavy-species
temperature AT = T,, /Ty — 1. The first Miranda value uses
the local ion temperature in the ion transport coefficients,
while the second uses the post-shock ion temperature every-
where.

ideal multifluid Miranda ddcMD
mixture|| Az AT ||Az(T;) | Az(Tiy)|| Ax
'H-3H || 0.108 | 0.011 || 0.188 | 0.151 || 0.156
'H-5H || 0.137 | 0.012 || 0.208 | 0.172 | 0.176
'H-'°H || 0.162 | 0.014 || 0.211 | 0.179 | 0.176
'H-15H || 0.168 | 0.016 || 0.211 | 0.180 |/ 0.175
'H-2°H || 0.171 | 0.018 || 0.211 | 0.181 |/ 0.155

ting the species mass flux, stress, and total energy flux
to constants in the frame of the shock including diffu-
sion, viscous stress, and heat conduction terms. This
results in a coupled, highly nonlinear set of ODEs whose
length scales depend on ion diffusivity, viscosity, and
thermal conductivity; in general the easiest way to solve
these equations numerically is to wait for the continuum
PDE solution to reach a steady state, although this af-
fords little analytical insight. It is the species mass flux,
Pott + Joo = jYo + Jo. = JYa+, that governs the species
separation properties in the continuum equations:

Ya —Yat = /\D{aya+w($aya) <ap +918Tz> } s
TaZp p T;

(23)

where O denotes the spatial derivative, Ap = pD/j is

the shock diffusion length, D = Dqg(p/n:kpT;), and



0i(va — ya) = ki (nikpTi/p); or
T,
To — Tt ~ )\D,r::ni{axa + (xa - ya) <ap +618 l> }

D T;
24)
for m = zomqa + xgmg and Yo = MmaZo/m.

Here we ignore the distinction between total pressure
and ion pressure to simplify the analysis. If there were
no mass difference between the species, the latter terms
involving pressure and temperature gradients would van-
ish, leaving only the concentration gradient and an ODE
of the form ¥, — Yo+ = Aa0(Ya — Yo+ ), whose only phys-
ical solution is trivial, ¥y, = ya+, i-€., N0 species separa-
tion.

The sign of the prefactors on the pressure and temper-
ature gradient terms tend to be the same in hot plasmas,
so that across a shock both terms act in concert to gen-
erate separation. We can assess the contribution of ion
thermodiffusivity in Miranda by performing simulations
in which the ion thermodiffusivity coefficient 6; is set
to zero — something that cannot be done in the ddcMD
simulations. While values of 6; from the CE model are
roughly 0.3-0.6 behind the shock, the peak pressure and
temperature gradients in the shock do not coincide spa-
tially, and the temperature gradient term is found to
contribute only 10-20% of the overall species separation
(see dashed lines in Fig. . For smaller mass ratios
thermodiffusivity contributes to both the peak amount
of separation and the width of the separation feature;
for larger mass ratios the peak amount of separation ap-
pears to asymptote to a maximum value of 0.21, as seen
in Fig. [ and thermodiffusivity only affects the width of
the separation feature.
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FIG. 8. Number fractions from continuum simulations in
the initial shock in equimolar 'H-"H mixtures with n; =
1024 nm~3 plotted against distance scaled by Ay from
Eq. with arbitrary offsets; the curves for mass ratios
> 10 lie nearly on top of each other.
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A maximum in species separation is a consequence of
the mathematical form of Egs. and (24): At peak
separation, dz, vanishes and Eq. can be approxi-
mated by m(zy — Tax) = ma (o — Yo )@, which is cubic
in z,, with the parameter ¢ = Ap(dInp+6,0InT;). For
large enough mass asymmetry, there is an upper limit
on both ¢ and Az, = o, — To+ required for a phys-

ical solution; in the limit mg/ms — o0, the require-

ment is ¢ < ¢, = (1 — z(lx/f)/(l + x(ll/f) correspond-

ing to Az, < Azge = xi/ﬁ(l — aci/ﬁ) < 1/4. In the

cases considered here, x,+ = 1/2, giving ¢. = 0.172 and
Az, = 0.207. For large enough mass ratios the contin-
uum model gives nearly discontinuous pressure and tem-
perature jumps with very large gradients that assure the
critical value ¢, is always attained, probably accounting
for the observed behavior. The peak separation in num-
ber fraction in the ddcMD results is observed to be less
than 0.18 for steady cases in Fig. [7]and Table [[TT} which
is lower than in the continuum code; the separation fea-
tures are observed to be broader and more symmetric in
Fig. [7} so that this asymptotic state is presumably not
attained.

The extent of the separation feature depends not only
on the diffusivity but also on the shape of the pres-
sure and temperature profiles in the shock, which in
turn depend on the viscosity and thermal conductivity.
Macroscopic length scales can be constructed from the
ion transport coefficients and the shock momentum j,
namely Ay = pDas/js Ap = pD/j, A, = 4;/3j, and
Ay = Ki/jcp; where cp; is the ion specific heat per unit
mass, and the ratios Sc = 3A,/4\q, Pr = 3X, /4, and
Le = A\ /Aq give the Schmidt, Prandtl, and Lewis num-
bers, respectively. The length scale A\, = 4n;/3pc; is
often associated with the ion mean free path and the
width of the shock in a single-species fluid. Post-shock
values of these length scales from the Miranda simula-
tions are given in Table[[V]and compared with the mea-
sured widths of the ion number density n; profile across
the shock from ddecMD and Miranda simulations, defined
as the distance between 1.2n;_ and 0.9n,;4 [2]. For weak
shocks in a binary ~-law perfect gas mixture, Refs. [I4],
[15], and [57] derived a shock width from equations like
Eq. and Eq. , which results in a linear combina-
tion of diffusive, viscous, and conductive length scales:
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TABLE IV. Post-shock length scales and shock widths in the continuum simulations for equimolar hydrogenic mixtures with
ni— = 1024 nm~?; all lengths given in units of nm. Some representative pre-shock lengths scales are also given. Ayp and
Awir are calculated from the width of the ion number density profile [2], and A4 is calculated from Eq. downstream of
the shock. For comparison, the Debye lengths are Ape.+ = 0.0301 nm and Ap.— = 0.0384 nm and the inter-ion spacings are
ai+ = 0.0392 nm and a;,— = 0.0615 nm.

mixture| M Ad+ AD_»,_ At )‘X+ )\i+ AwmDp | Air AMir+ A+
'H-*H |4.91(/0.531]0.846]0.406|0.553[0.196| 3.0 | 1.4 | 2.4 |2.21
'H-°H |5.90(| 1.15 | 1.61 |0.737| 1.08 |0.348| 6.8 | 3.5 | 6.3 |5.79
'H-19H |7.83|/ 3.84 | 4.71 | 1.89 | 3.08 |0.871| 18.0 | 13.1| 24.8 |23.4
'H-1H [9.38|| 8.30 | 9.62 | 3.47 | 6.14 | 1.59 | 23.4 | 29.1 | 55.2 |54.8
'H-2°H |10.7]| 14.6 | 16.4 | 5.46 | 10.3 | 2.48 | 80.8 | 53.6 | 97 | 102
mixture Ad— | AD— | Av— | Ax— | iz A_
all 0.003/0.020(0.0030.003[0.021 0.022-0.042

4y
e(v+1)

where € = y(M? —1)/(yM?+1) ~ 1, which in these ref-
erences was evaluated ahead of the shock. Also note that
this shock width is derived from w,/ul, ., where ul .. is
the maximum slope of the mean ion velocity profile; this
is comparable to Bellei’s [2] definition for fairly symmet-
ric shock structure, but can give quite disparate results
in highly asymmetric cases. In the continuum results,
#; ranges from 0.3 to 0.6 behind the shock and is about
0.1 ahead of the shock; and the ratio of specific heats
for ions 7; ranges from 1.3 to 1.6 behind the shock and
is about 1.1 ahead of the shock. For a strong shock, it
may make more sense to evaluate this expression using
values behind the shock; post-shock values A are given
in Table [[V] where it is seen that the species separation
term in Eq. , proportional to the diffusion width Ap,
is the dominant term for even modest mass ratios. Fig-
ure [§] shows that A, provides quite good scaling for the
width of the separation feature in the continuum simula-
tions for all mass ratios, although it overestimates these
widths by nearly a factor of 2. On the other hand, A
does very poorly at scaling the ddcMD results (Fig. [7]) and
greatly overestimates the shock width at large mass ra-
tios. For lower mass ratios and Mach numbers, the width
of the shock in the ddcMD simulations Ayp is twice that
in the Miranda simulations Ayy;.; at high mass ratios and
Mach numbers, the situation is reversed. Some of this
discrepancy may be due to the proximity of the shock
to the piston in the high-mass-ratio ddcMD simulations,
which may be compressing the shock; if the shock were
to achieve greater separation from the piston in these
cases, it is possible that the steady-state structure would
be more elongated, but it is doubtful that it would be
enough to change the general result.

Particle-in-cell (PIC) simulations [2] for shocks in a
D-T plasma, including thermal broadening by electron
conduction, show a marked decrease in the ratio of shock

2
— My 1
{)\V + (7= DAy +YTazpAp (mﬁmm) (1 +2

)

width to post-shock mean free path Ag/\;4 for Mach
numbers greater than 6, and it is interesting that a sim-
ilar decline in A;/\;; is observed for Mach numbers
greater than 8 in the MD simulations presented in this
study with fixed electron temperature. This behavior is
not predicted by continuum and kinetic models of strong
shocks in single-species plasmas [58, (9] that account
for electron preheating, nor in the weak-shock model for
binary mixtures [I4], nor in continuum simulations, all
of which suggest that Ag/A\; 4 should approach a con-
stant asymptotic value for strong steady shocks moving
through a medium with fized composition, i.e., when the
Mach number M is increased only by increasing the pis-
ton speed u,. For example, in Miranda continuum sim-
ulations including electron preheating (cf. Fig. [5)) with
fixed heavy-to-light mass ratio mo/m; = 3, As/Aiy+ in-
creases only from 16 to 19 for u, = 80 to 180 nm/ps
(M = 4.9 to 10.5), whereas when w,, is fixed at 80 nm/ps
and msy/mq increases from 3 to 20 (M = 4.9 to 10.7),
Ag/Ai4 increases from 16 to 90 almost linearly with M.
A linear growth of A, /\;+ with Mach number is also seen
in the Miranda results for fixed electron temperature and
fixed u, in Table This result can be understood by
examining the weak-shock formula in Eq. , which
does a good job scaling the continuum shock width. The
viscous term A4 /A = (pcs)4/j is roughly constant
(about 2) for the range of Mach numbers considered here
(M =5 to 11), and in fact it attains a maximum value
of v/5 for an infinite mass ratio or an infinite strength
shock in a v = 5/3 perfect gas. In contrast, the ratios
for species diffusion Apy/\;+ and thermal conductiv-
ity Ay+/Ait steadily increase with increasing mass ratio
roughly as a linear function of (my/m;)/2. For fixed u,,
M also scales as (ma/my)"/?, hence A/, should grow
as a linear function of increasing M, rather than decrease
as observed in the MD results for strong shocks. The
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FIG. 9. Number fractions from continuum simulations in
which the post-shock temperature is used to calculate the
ion transport everywhere. Note that the scale of the abscissa
is 4 times larger than in Fig. m

turnover in A, /A4 observed in both PIC and MD simu-
lations at high Mach numbers is not yet understood, but
it may be the result of highly nonlinear, non-equilibrium
effects not captured in continuum models. Given the
differences in species composition, thermodynamic con-
ditions, and the treatment of electrons in these various
studies, it’s difficult to make a sensible quantitative com-
parison of actual ion shock widths.

The local transport coefficients and their associated
length scales drop abruptly by two orders of magnitude,
giving a nearly discontinuous shock front not seen in the
MD simulations. In order to demonstrate (in a crude
fashion) the effect of enhanced, non-local transport in
the vicinity of the shock, another set of continuum simu-
lations was performed using the post-shock ion tempera-
ture at all points in the flow to calculate the ion transport
coefficients, making them fairly uniform. (Caveat: This
is a very case-specific artifice that should not be con-
strued as a practical general model.) The species num-
ber separation is shown for this case in Fig. [0} where
much more symmetric shock profiles are obtained, more
consistent in shape with the ddcMD profiles in Fig. [7] and
in peak number fraction in Table [[T]} The shock widths
from this test case agree even better with the weak shock
formula Eq. (Amir+ in Table ; but this only im-
proves the agreement with the ddcMD results at small
mass ratios, while making the agreement even worse for
larger ones.

Continuum and kinetic models [58460] for a fized com-
position typically show that the width of the ion shock
A, as a function of Mach number M approaches a con-
stant multiple of the post-shock ion mean free path A;
as M — oo, regardless of electron preheating. However
when the piston speed u, is fixed and the Mach number
increases due to increasing the heavy-to-light mass ratio
ma/mq, we expect Ag/A;4 to increase as a linear func-
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tion of M, at least based on the binary weak shock for-
mulation [I4]. Examining post-shock terms in Eq. ,
the viscous term A,y /Ai+ = (pcs)+/j is roughly con-
stant (about 2) for the range of Mach numbers consid-
ered here (M =5 to 11), and it in fact attains a maxi-
mum value of v/5 for an infinite mass ratio or an infinite
strength shock for a v = 5/3 gas. In contrast, the ratios
for species diffusion Apy/A;+ and thermal conductiv-
ity Ay4/Ait steadily increase with increasing mass ra-
tio roughly as a linear function of (msg/m1)Y/2. For a
fixed piston speed u,, the Mach number also scales as
(ma/m1)Y?, hence A, /Ay should vary as a linear func-
tion of Mach number. While this trend is observed in
the continuum simulations, values of Ag/\;; in the MD
simulations decrease for Mach numbers above 8. The
kinetic and continuum analyses of shocks in plasmas in
Refs. [58][59] considered a single ion species with preheat-
ing by electron thermal conduction, so they are not par-
ticularly relevant to the simulations presented here with
fixed electron temperature and binary mixtures. Never-
theless, they suggest that Ag/\;+ approaches a constant
as M — oo. Miranda simulations including electron
preheating (cf. Fig. [5) with fixed piston speed u, = 80
nm/ps show Az /\; 4 increasing from 16 to 90 for mass ra-
tios from ma/my = 3 to 20 (M = 4.9 to 10.7), while with
fixed ma/my = 3 they show A/\; increasing only from
16 to 19 for u, = 80 to 180 nm/ps (M = 4.9 to 10.5),
which is qualitatively consistent with these analyses. On
the other hand, the PIC simulation results [2] for a shock
in D-T plasma show a decline for Mach numbers greater
than 6. The turnover in the scaled shock width observed
in both PIC and MD simulations at high Mach numbers
may be the result of highly nonlinear, nonequilibrium
effects not captured in continuum models. Given the
differences in species composition, thermodynamic con-
ditions, and the treatment of electrons in these various
studies, it’s difficult to make a sensible quantitative com-
parison of actual ion shock widths, other than to note
that they all exceed the ion mean free path by about an
order of magnitude or more.

B. 1D multifluid continuum model

Based on the analysis of Ruyev, Fedorov, and Fomin
[51], which neglects thermodiffusion terms, the steady
shock equations for a binary mixture can be written

6(pavava + pa — (477a/3)8va) = Kop(vg —va), (26)

O(pavaHa — (4 [3)0adve — 5aOT. ) (27)
= ap(Ts — Ta) + Kapd(vs — va) ,

where 8 # « label different ionic species, v, is the a-
species velocity in the shock frame, and pavy = jYa+r =
constant; H, = he, + v2/2 where h,, is the enthalpy per
unit mass, and ¥ = (vaTs/mg + vV8Ta/Mma)/(Tp/ms +
T,/mq). Note that the more elaborate formulation by
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Ferndndez de la Mora and Ferndndez-Feria [61] includes
thermodiffusion terms and cross-transport terms for vis-
cosity and conduction. To simplify the analysis further,
ay = 5/3 perfect gas is assumed, and the transport coef-
ficients are approximated by cog = 3kpKag/ (Mo +mg),
Na = (5papa/6)/(Kaa + Kaﬂ)a Ko = 15kpna/4m.,
and Kop o< T0%5/Map(Ts/mps + To/ma)*2. Pseudo-
time-derivative terms are added to these equations to
allow them to relax toward equilibrium, and solutions
are shown in Fig. [10| with distance scaled by the friction
length Ay = j/K,p evaluated behind the shock. The
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number density separation is not quite as large as in the
single-fluid continuum simulations or the ddcMD simu-
lations (cf. Table , but follows the same trend; the
temperature separation also resembles that seen in the
ddcMD simulations (see Fig. [4)), with a slight overshoot in
the heavy-species temperature, ranging from about 1%
to 2% over the far-field post-shock temperature for mass
ratios of 3 to 20. There are very sharp shocks in the
light species due to the abrupt drop in mean free path,
as in the single-fluid continuum simulations, due to the
neglect of kinetic effects. The width of the separation
feature appears to scale as Ay; for large mass ratios,
and because K,3 = zqoxap/D to 1lst approximation in
the CE model and p ~ 3j2/p behind a strong shock,
this should scale asymptotically like Ap, similar to the
single-fluid model.

VI. NON-MAXWELLIAN AND ANISOTROPIC
EFFECTS IN MD

A. Anisotropic Temperatures

Molecular dynamics simulations allow us to calculate
the anisotropic temperature components of each species
at the shock. These distributions are shown in Fig.
for both species in an H-T mixture. In each simulated
mixture, the increase of the longitudinal temperature
component in the light species leads the increase of all
other quantities. For both light and heavy species, the
longitudinal temperature component has a sharp peak
ahead of the shock. This spike is more pronounced in the
heavy ions relative to the light ions, leading to the over-
shoot seen in the macroscopic temperature of the heavy
species. Shock-normal temperatures remain higher than
longitudinal temperatures for several nanometers, until
longitudinal kinetic energy is redistributed through col-
lisions. Thermal equilibrium is achieved in the heavy
species at approximately the same point the mixture
density reaches its post-shock value. This behavior is
consistent with previous particle-based simulations of
shocks in pure gasses [62], [63] and predictions of kinet-
ics models [64] [65]. The source of this temperature spike
can be found in the velocity distribution function (VDF)
for each species near the shock.

B. Velocity Distribution Functions

Velocity functions (VDF's) and moments of the distri-
bution are measured in 1 nm thick slabs parallel to the
shock front. The average velocity is interpolated to each
ion’s position with a cubic polynomial when calculating
the moments.

While the transverse VDF remains symmetric through
the shock, the longitudinal VDF is skewed and non-
Maxwellian in the shock front. The longitudinal VDF's
of H and T at several locations across the shock are
plotted in Fig. [I2] The long tails associated with neg-
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FIG. 11. Temperature components of H ions (a) and T ions
(b) in the vicinity of the shock in an H-T mixture. Tick marks
denote locations where the velocity distribution function is
measured (see Fig. A

ative velocities in the VDFs far ahead of the shock can
be attributed to fast ions that “leak out” from behind
the shock. These hot ions carry enough energy across
the shock to cause the initial rise in longitudinal tem-
perature, creating the foot seen in temperature profiles
of each species. However, these ions are not numerous
enough to cause a noticeable rise in ion density.

VDF's become more skewed and less tail-heavy closer
to the shock front. In this region, enough high-energy
ions outrun the shock front to cause the density profiles
to develop a foot that is not seen in continuum sim-
ulations. Velocity distributions return to a symmetric
Maxwellian shape once thermalization completes, 2-3 nm
behind the center of the shock front.

Because the continuum model assumes a single ion
temperature for both species and Maxwellian velocity
distributions, the nonthermal fast ions seen here are
absent in continuum simulations. As a result, quanti-
ties such as density and temperature remain unaffected
ahead of the continuum shock front.
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The non-Maxwellian behavior in the transition region
is in qualitative agreement with other kinetic shock cal-
culations for plasmas [I], 2 66] and neutral gasses [62], [67].
In particular, the velocity distribution functions found in
Ref. [2] are strikingly similar to those in Fig. despite
Bellei et al. using an ion density that is four orders of
magnitude lower than the mixtures investigated here.

Higher moments of the velocity distribution are shown
in Fig. The skewness of longitudinal VDFs is nega-
tive for both species, indicating that VDF's are generally
skewed in the negative direction (ahead of the shock)
in the transition region. For a fully developed shock
in a hydrogen-tritium mixture, these moments begin to
deviate from zero 20 nm ahead of the shock front for
hydrogen and 10 nm ahead of the shock front for tri-
tium. For each species, this jump coincides with the
point where longitudinal temperature begins to increase
and the increased skewness of the hydrogen VDF in the
region —20 < z < —10 nm appears to have no effect
on higher moments of the tritium velocity distribution
in this region. Both the skewness and kurtosis of lon-
gitudinal velocities peak approximately 5 nm ahead of
the temperature spike in each species seen in Fig. [I1]
Excess moments for both species return to zero at ap-
proximately the same point behind the shock. Skew-
ness of transverse velocities remain close to zero across
the shock while kurtosis of the transverse VDF peaks
during the thermalization process. Transverse velocity
kurtosis is positive, indicating a tail-heavy VDF during
thermalization, with a magnitude less than the kurtosis
for longitudinal velocities. The behavior of the moments
for individual species in the mixture is qualitatively sim-
ilar to the behavior seen in Ref. [62] for shocks in dense
argon gas.

Interestingly, higher moments of these velocity distri-
butions are affected far before any tail is visible in the
VDFs shown in Fig. This further indicates the pres-
ence of a small number of exceedingly fast ions in this
region.

C. Strong Scattering Length and Collision Layer

The fast ions that skew velocity distributions far ahead
of the shock must travel from the hot shocked region to
their current position without thermalizing or losing an
excessive amount of kinetic energy through collisions. As
a result, we expect the fast ions in this layer ahead of
the shock to have a high mean free path relative to ions
in the surrounding plasma.

A profile of ion scattering length, as calculated by
strong collisions in the MD simulations (see Section7
is shown in Fig. The figure also shows the local stan-
dard deviation of ion scattering length and the frequency
of strong collisions in the region around the shock.

The strong collision scattering length is not noticeably
different in pre-shock and post-shock regions, though
at 0.13 nm it is about half the length of the macro-
scopic mean free path behind the shock, Ay, given in
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Table [[V] The higher temperature and density behind
the shock increases the frequency of strong collisions,
but has a negligible impact on strong collision scatter-
ing length. Collision frequency is largest at the shock
front, where slow material from ahead of the shock is
accelerated to the post-shock bulk velocity. There is a
15-20 nm thick region ahead of the shock where colli-
sion frequency plateaus, but is still elevated relative to
the pre-shock region. In this “collision layer,” hot ions
leaking out from behind the shock are accelerated by the
electric field at the shock front and collide with cold ions
ahead of the shock. The width and location of the col-
lision layer in Fig. show a strong correspondence to
the non-Maxwellian regions in Fig.

The scattering length of ions exhibits a small increase
at the shock front/collision layer interface and reaches its
maximum value at the leading edge of the collision layer.
Spikes in the local variance of the scattering length are
coincident with the spikes in scattering length.

The plateau of collision frequency and spike in strong

17

—  U3.H

—
o

ot

Normalized Moment
(@n)

|
o

| | | | |

| |
-20 -15 -10 =5 O 5 10

Distance (nm)
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butions near the shock in a hydrogen-tritium mixture. Solid
lines represent moments of longitudinal velocities while dot-
ted lines are for transverse velocities. The shock front is
located approximately at 0 nm. The skewness is essentially
zero for the transverse velocities.

collision scattering length further indicate that there is
a collection of non-thermal fast ions that originate from
strong collisions in the pre-shock layer and rush ahead
into the colder unshocked plasma. These nonthermal
ions travel through the colder material, leading to the
non-Maxwellian distributions explored in Sections [VI'A]
and [VIB] These ions also lead to a higher local scattering
length and higher standard deviation of local scattering
length, similar to their effect on velocities and higher
moments of the velocity distribution ahead of the shock.

The collision frequency for ions in the pre-shock and
post-shock regions can be estimated from the inverse
of the slowing-down time for slow ions [68] using weak
Chapman-Enskog collision rates

kBT
BES \/32% (28)

and an impact parameter

,_ (@
kT’

(29)

As seen in Table [V] the collision frequency measured
in MD simulations shows close correspondence with the
prediction of the Chapman-Enskog model in the post-
shock region. “Strong collision” molecular dynamics cal-
culations are not tractable with the large impact param-
eter predicted by the CE model in the pre-shock region,
so the post-shock impact parameter is used to calcu-
late collision rates across the whole domain. Due to the
smaller impact parameter used ahead of the shock, MD
calculated collision frequencies fall well below the CE
prediction.



TABLE V. Collision frequency w and impact parameter 6
predicted by the Chapman-Enskog model (CE) and calcu-
lated by molecular dynamics (MD) for an H-*H mixture in
the pre-shock (—) and post-shock (+) regions. Frequencies
are in ps~! and lengths are in nm. The MD collision length
was assigned to be a small value during calculations and the
CE collision length was found using Eq. .

model|| w— | - | wy | O+
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FIG. 14. Profiles of strong collision frequency (w.) and scat-
tering length between strong collisions (\’) in an H-T mixture
with impact parameter § = 0.026 nm. The standard devia-
tion of particle scattering length (o) is denoted by a dotted
line. Momentum mirrors are located at -40 nm and 22 nm
and the shock front is near the 0 nm mark moving to the left.

D. Electric Field & Ion Reflection

A strong electric field is generated at the shock front
by the high density inhomogeneity of the shock, which
generally accelerates ions in the direction of the shock
and prevents them from traversing from the preshock
region into the postshock region. The electric potential
in the MD simulations is computed from Coulomb’s law
from the electron density given by the multiscale orbital-
free Thomas-Fermi calculation and the ion density. The
electric field is the gradient of the total electric poten-
tial. The electric field is shown with mixture density in
Fig.[I5] At the shock front, the magnitude of the electric
field reaches a maximum of 13 V/nm. The sign on the
electric field is negative here, indicating that a positive
ion will feel a force to the left (in the direction of shock
motion).

The electric field predicted by the Chapman-Enskog

model in the continuum code, which neglects magnetic
fields and assumes charge neutrality between ions and
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FIG. 15. The profile of the electric field (E) in an H-T

mixture calculated by ddcMD, compared to the estimates of
SESAME tables and calculations based on an ideal Fermi gas
model in panel (a). Ion number density is shown to indicate
shock location. The electric potential from ddcMD and from
Miranda’s Ohm’s law are shown in panel (b); “Miranda+”
used the post-shock ion temperature in the ion transport co-
efficients to broaden the light ion shock.

electrons, is a general version of Ohm’s law in the form

~AE TN syl g g, - VP

Oc Oc Pa Nnee

» (30)

[e%

where jg is the net electric current, o, is the electri-

cal conductivity, z, and z((f) are ion charge and charge-
squared fractions, J, is the species mass flux, and S,
is the thermoelectric coefficient; the second term on the
right-hand side applies to mixtures with charge asymme-
tries, effectively modifying the electric current. Note the
governing equations used in the continuum code are not
directly affected by this “ambipolar” electric field; it is
only used to eliminate interspecies Lorentz force terms in
the diffusion model. For the present case of shocks in iso-
topic mixtures with no net electric current and no elec-
tron temperature gradient, Eq. reduces simply to
E ~ —(Vp.)/nee. This corresponds to a thermodynamic
equilibrium between electric potential ® and electron
chemical potential i, such that eV® ~ V. = n, 1 Vp,
(using the Gibbs-Duhem relation). Integrating the elec-



tric field measured in ddcMD across the shock gives an
electric potential jump of about 34 V corresponding to
an electron pressure jump of about 93 Mbar using this
version of Ohm’s law; the electric field profile is also
in good agreement with Ohm’s law when one associates
the cold-curve pressure from the SESAME tables with
the electrons, as seen in Fig. [I5] except for some small
differences at the leading edge of the shock on the left-
hand side. The total electron pressure jump across the
shock in the continuum code is 92 Mbar, corresponding
to an electric potential jump of 33 V, which is in good
agreement with the ddcMD results. Significant differences
in shock width and structure, however, give rise to signif-
icantly different looking electric fields; because the H-T
shock is somewhat narrower in the continuum code, peak
values of about -20 V/nm are observed.

The Debye length for electrons is the scale on which
charge separation can be appreciable; it has values of
0.03-0.04 nm in all cases, comparable to interatomic dis-
tances and the pre-shock ion mean free path, but much
less than the post-shock ion mean free path and the over-
all width of the shock. Therefore any charge separation
effects are expected to be extremely localized within the
shocks. The electric field that is observed in this study
of hydrogenic species is due in part to the spatially delo-
calized nature of the electron density relative to the ion
density. Strictly speaking, the plasma remains locally
charge neutral on the scale of the Debye length, how-
ever, the anisotropy in the density at the shock front
gives rise to an electric field due to the density inho-
mogeneity in the plasma that is imposed by the shock.
Our comparison of the Miranda and ddcMD electrostatic
potential demonstrates that the major features of the
electric field are captured by the gradient of the electron
pressure in the continuum simulation.

Given the high electric field magnitude and large shock
width visible in Fig. it is clear that a majority of ions
in the cold pre-shock region (7; = 1 eV) lack the kinetic
energy necessary to cross the shock front. In a colli-
sionless plasma, this would lead to the reflection of ions
at the shock front. As shown in Fig. there is not a
clearly visible group of reflected ions at the shock front,
as was seen with shocks in 2D Yukawa systems [I7]. The
distribution of ion velocities shown here is qualitatively
similar to the particle-in-cell (PIC) results presented by
[2]. As in the PIC simulations, the high collision fre-
quency at the shock front prevents the electric field from
dominating the ion dynamics. Even using the strong
collision scattering length as an analogue for ion mean
free path (which is more likely to over-predict mean free
path than underpredict it), the maximum ion mean free
path is approximately 10% of the shock width. As a
result, ions approaching the shock front undergo many
collisions before they reach the turning point where they
would be reflected by the electric field. This explains
the scarcity of reflected ions at the shock front in Fig.
with speeds equal to twice the shock speed, despite the
strong electric field in that region.
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FIG. 16. A scatter plot of ion velocities at the shock front
for an H-T mixture. Ion velocities have been shifted by +uvs
(112 nm/ps). Ions reflected by the shock front would appear
clustered at v, = —112 nm/ps.

VII. CONCLUSIONS

The propagation of strong shocks through binary
plasma mixtures of hydrogen isotopes with disparate
masses is simulated with molecular dynamics (using the
ddcMD code) and continuum hydrodynamics (using the
Miranda code). In molecular dynamics simulations, ions
are simulated explicitly, with interactions specified by
the Multiscale Orbital-free DF'T Molecular Dynamics
(MOD-MD) methodology. Continuum simulations use
a single mass-weighted velocity, single ion temperature,
and a standard Chapman-Enskog model to describe the
transport of ion species. The KMD viscosity model is
compared to MD results, finding that it works well for
weakly to moderately coupled plasma mixtures at a tem-
perature of 1 eV. Jump conditions and shock speeds com-
puted with Miranda using the SESAME EOS are found
to be in close agreement with MD results for mixtures
with mass ratios between 3 and 20. This work demon-
strates that, while the Miranda code is capable of de-
scribing general shock characteristics such as the jump
conditions, shock speed, electric field, and species sepa-
ration, certain kinetic effects are neglected at the shock
front. In particular, anisotropic and non-Maxwellian ve-
locity distributions are found at the shock front in the
MD simulations. A spike in the longitudinal macroscopic
temperature is seen for each species at their respective
shock fronts. These spikes are caused by non-Maxwellian
velocity distributions, the result of fast ions escaping
from the hot region behind the shock. The presence of
these fast ions is seen more clearly in measurements of
collision frequency and scattering length in MD simula-
tions. As measured by strong collisions, ion collision fre-
quency is generally higher behind the shock than ahead
of it; however a region of enhanced collision frequency is



found immediately in front of the shock. In this collision
layer, fast ions from behind the shock front are stopped
in the colder unshocked plasma. The scattering length of
these non-thermal ions is found to be measurably longer
than ions in the surrounding material. These ions de-
posit kinetic energy ahead of the shock front, leading to
a foot in temperature and the non-Maxwellian velocity
distributions at the shock front. With a collision length
determined by the Chapman-Enskog model for the post-
shock conditions, MD collision frequencies in the post-
shock region show quantitative agreement with the CE
model. As a result of the differences in the thermal prop-
erties ahead of the shock in the MD and continuum cal-
culations, the detailed structure of the shock front differs
between the two methods. We observe species separation
in both calculations. The amount of spatial separation
between the ion species is comparable, but the leading
shock in the lighter species is unphysically sharp in the
continuum simulations. This effect is largely the result
of ion transport coefficients, which depend on the mean
free path and are thus sensitive to the anisotopy in the
temperature profile seen in the MD simulations. The
transport coefficients drop by orders of magnitude across
the shock because they are functions of local thermody-
namic variables in the continuum model. The features
of the post-shock density and temperature profiles are in
better agreement than the pre-shock region due to ther-
malization of the plasma behind the shock front, which
reestablilshes local thermodynamic equilibrium. These
kinetic effects can lead to energy deposition in front of
the shock, resulting in pre-heating of the unshocked ma-
terial due to ion thermal conduction, increased shock
width, and broadening of the separated region, especially
for higher mass ratios.

Simulations of mixtures with larger mass ratios
demonstrate an increased shock thickness. For the high-
est mass ratios simulated, distance between the shock
in the light and heavy species is large enough for the
mixture density to develop a “shoulder” structure. The
maximum separation in species number fraction appears
to asymptote at 0.21 in continuum simulations, while
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number fraction in MD simulations approaches the lower
value of 0.18 with a broader and more symmetric sepa-
ration feature.

The conditions explored here are generally colder than
those relevant to ICF, and fully addressing the ICF-
relevant conditions with MD requires the incorporation
of electron thermal conduction and electron-ion cou-
pling, which are planned as future developments of our
MD capability. Nonetheless, the separation and kinetic
effects explored here could influence isotope ratios in
the hot spot during the implosion. At conditions typ-
ical for an ICF hot spot, the ion mean free path be-
comes large relative to characteristic grid size used in
continuum simulations. When the mean free path is re-
solved in this manner, hydrodynamic simulations may
over-predict shock “sharpness” by neglecting kinetic and
separation effects caused by hot ions from behind the
shock. This problem could be ameliorated to some ex-
tent with the use of non-local transport coefficients in
continuum models or broadened diffusive fluxes in the
continuum equations (e.g., [69]) that would allow the
fluid to respond to the presence of the shock many mean
free paths ahead of it; or the problem could be allevi-
ated with the use of a hybrid scheme that resolves the
shock front using particle-based methods and simulates
the upstream and downstream material using a contin-
uum hydrodynamic model, such as in Ref. [70].
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