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Hydrodynamic properties and structure of strong shock waves in classical dense helium are simulated
using non-equilibrium molecular dynamics methods. The shock speed in the simulation reaches 100
km/s and the Mach number is over 250, which are close to the parameters of shock waves in the
implosion process of inertial confinement fusion. The simulations show that the high-Mach-number
shock waves in dense media have notable differences from weak shock waves or those in dilute gases.
These results will provide useful information on the implosion process, especially the structure of strong
shock wave front, which remains an open question in hydrodynamic simulations.
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1 Introduction

Shock waves are of fundamental interest to astrophysics
[1–4] and inertial confinement fusion (ICF) [5]. They also
play an essential role in the hydrodynamics of compress-
ible turbulences [6–10]. It has been well recognized that
flow variables, such as density, velocity, temperature,
and pressure, undergo a sharp transition in a small re-
gion at the vicinity of the shock front. This transition
can also induce a number of physical or chemical changes
inside the media [11–14], e.g., shock-induced phase tran-
sitions, shock-induced reactions, molecular dissociation,
and atomic ionization, which are of great importance to
scientific and engineering applications [11–14]. It is there-
fore highly desirable to have insight into the microscopic
structure of shock waves with atomic resolution, espe-
cially the structure near the shock front, as far as the
implosion process of ICF experiments is concerned [5].
Investigations of the shock wave structure using the hy-
drodynamic equations are restrained by the underlying
assumption of local equilibrium for flow variables, which
is not valid under the highly non-equilibrated conditions
at the vicinity of the shock front, and therefore can-

not provide a satisfactory description of the shock struc-
ture [15–19]. The limit of the local equilibrium assump-
tion can be removed either by the kinetic method [20]
or by the non-equilibrium molecular dynamics (NEMD)
method [21]. The former is based on the Boltzmann equa-
tion [20, 22]. Since the reliability of the method strongly
depends on the accuracy of the approximation to the
collision integration, it is usually limited to the appli-
cation of shock waves in gases of low density. Recent
development of the discrete Boltzmann method [23–27]
significantly increases the application range of the ki-
netic method, providing a series of valuable results on
strong shock waves. One of the important results from
the kinetic method is the so-called bimodal approxi-
mation proposed by Mott–Smith [20], where the veloc-
ity distribution function f(v, z) near the shock front is
approximated as a weighted linear combination of the
distributions in the upstream and downstream regions
as f(v, z) = αf (z)f

up(v) + [1 − αf (z)]f
down(v). Here

fup and fdown are Maxwellian distribution functions in
the upstream and downstream regions respectively, and
αf (z) is a position-dependent weight function. A series
of analytical studies based on the bimodal model has
been carried out on shock waves [28, 29]. Comparison
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with other kinetic theories for gas media of low density
[22, 30] showed that it worked reasonably well. Alterna-
tively, it is also possible to study the shock waves using
the NEMD method [31]. It removes limits from both the
local equilibrium assumption and low density media, and
can thus be applied to high energy density conditions
comparable to those in ICF experiments, where detailed
information of the shock wave structure is not easy to
probe directly [32–35]. Since the first NEMD simulation
of shock waves carried out by Klimenko and Dremin [36]
in the late 1970s, major progress on shock wave struc-
tures has been made by Hoover et al. [37, 38], Holian et
al. [17–19, 39], and Zhakhovskii [21] using the NEMD
method. Their results revealed the insufficiency of the
hydrodynamic method in the highly non-equilibrium re-
gion near the shock wave front. Based on their results, a
number of models [17–19, 40–42] have been proposed to
correct the hydrodynamic theories of shock wave struc-
ture.

In this work, we present a systematic NEMD simu-
lation of strong shock waves in dense helium, focusing
on the shock velocity range from 8 km/s to 130 km/s.
The corresponding Mach number range is from 5 to 250.
In order to get a shock wave without any influence of
ionization, molecular dissociation, or radiation, a classi-
cal helium system is chosen as the propagating medium
for the shock wave. By doing this, one can expect to
have a strong shock wave simply mechanically originated,
which can then serve as the reference for further inves-
tigations of shock-induced ionization and reaction. With
the NEMD simulation, we show that (i) the hydrody-
namic properties of high-Mach-number shocks approach
to those of strong shocks in mono-atomic ideal gases;
(ii) the profile of hydrodynamic quantities, such as ρ,
P , and T , in the propagating direction of the shock are
not synchronized to each other near the shock front; (iii)
at high Mach number, the velocity distribution displays
considerable discrepancy from the bimodal approxima-
tion; (iv) the inhomogeneity of the thermal energy at the
shock front, defined as αT = Tmax

// /Tp, is approximately
a constant, where Tmax

// is the maximum effective tem-
perature parallel to the propagating direction, and Tp is
the downstream particle temperature; (v) although the
Fourier’s law is not valid near the shock front, a modi-
fied formula Jz = −κdT⊥/dz is able to describe the heat
flux Jz in the propagating direction with good accuracy;
and (vi) the thickness of the shock front δ can be de-
scribed using a modified Muckenfuss’s formula [29] as
a function of the Mach number. The rest of the arti-
cle is organized as follows. Details of the simulation and
the calculation of hydrodynamic quantities are given in
Section 2. Main results of the NEMD simulations and
corresponding analyses are presented in Section 3. The
article is concluded with a short summary in Section 4.

2 Details of the NEMD simulations

The propagation of shock waves in dense helium is sim-
ulated using the NEMD method, assuming that the in-
teraction between atoms (or ions) is classical [43]. This
method transforms the integration of the Navier–Stokes
(NS) equation to the calculation of a set of Newtonian
equations of interacting particles with atomic resolution.
The NEMD simulation is performed using the molec-
ular dynamics code LAMMPS [44], where the symplectic
Verlet algorithm [45] is adopted to forward the time
step. In order to have a close comparison with the hy-
drodynamic theories [39], complicated physical processes
such as shock-induced phase transitions, dissociation of
molecules, and excitation of electrons during the propa-
gation of the shock waves are duly avoided in the sim-
ulation. Two initial states of the helium media are con-
sidered. The first one, referred to as Case I hereafter, is
T0 = 300 K and ρ0 = 0.43 g/cm3, at which the number
density is set to be the same as that of the DT target in
the ICF experiments, and the temperature is higher than
the critical point so that no phase transition takes place
in the propagating processes. In this case, the dimen-
sion of the simulation box, as schematically displayed
in Fig. 1(a), is 50 Å× 50 Å× 3000 Å, where 478 400
atoms are included in the simulation. The second initial
state, referred to as Case II, is T0 = 20 K and ρ0 = 0.12
g/cm3. The density is taken from the shock experiments
conducted by Nellis et al. [46], and the temperature is
set to be above the boiling point (4.222 K) of helium to
avoid phase transitions. In this case, the dimension of
the simulation zone is 113 Å× 113 Å× 3777 Å, and over
900 000 atoms are used to simulate the shock wave.

In both cases, the shock propagates along the long
edge of the simulation box, which is denoted as the z
axis. At one end along the z axis, a piston consisting
of several layers of rigid atoms is applied to the helium
medium with a constant velocity vp. The piston is sim-
ilar to the one used in Ref. [47]. At the other end, the
medium is terminated with a reflective boundary. In the
directions perpendicular to the propagation of the shock
wave, which are denoted as the x and y axes, periodic
boundaries are employed to prevent the finite-size ef-
fect of boundary reflections. The time step ∆t in each
simulation depends on vp. Its maximum value to keep
the simulation stable can be estimated by the criterion
∆tmax = (1/40)(3/4πnI)

1/3
√

kBT/mI , where mI is the
mass of each helium ion/atom, and nI is the number den-
sity in the downstream region of the shock wave. Roughly
speaking, the ∆tmax is about 1/80 of the time that a
helium ion/atom travels through the average distance
between two adjacent particles.

In the NEMD simulation, the well-established Aziz po-
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tential [48] is used to describe the pair interaction be-
tween helium atoms. It has a form of

V (r) = ϵV ∗(x),

V ∗(x) = A exp(−βx)−
(
C6

x6
+

C8

x8
+

C10

x10

)
F (x), (1)

where

F (x) =

 exp
[
−
(
D

x
− 1

)2
]
, for x < D,

1, for x ≥ D,

(2)

x = r/rm, rm = 2.9673 Å, ϵ/kB = 10.8 K, A =
0.544 850 4 × 106, β = 13.353 384, C6 = 1.373 241 2,
C8 = 0.425 378 5, C10 = 0.178 100, and D = 1.241 314.
Macroscopic observables that have counterparts in the
NS equation are calculated as the spatial average in the
small volume surrounding the given coordinates. The vol-
ume � has a length of ∆z in the z direction, and consists
of the entire cross-section Lx ×Ly in the x-y plane. The
length of ∆z varies from 0.5 Å to 5 Å, depending on the
Mach number. Following Refs. [49] and [18], the density
ρ(z) is calculated as

ρ(z) =
NmI

LxLy∆z
, (3)

and the velocity field u(z) is

u(z) =
1

N

N∑
i=1

ui, (4)

where N is the total number of particles in the small vol-
ume Ω, and ui is the velocity of a particle. Denoting the
x, y, and z components of u as u, v, and w, respectively,
the temperature T (z), and pressure P (z) are calculated
as

T (z) =
mI

3NkB

N∑
i=1

{u2
i + v2i + [wi − w(z)]2}, (5)

and

P (z) = ρ(z)kBT +
1

Ω

∑
i inΩ

∑
j ̸=i

fij · (ri − rj), (6)

where fij is the force between two particles resulting
from the pair interaction, and ri is the displacement of
the particles.

At the vicinity of the shock front, where the non-
equilibrium effect is significant, the temperature is de-
composed into components parallel and perpendicular to
the propagating direction as

T// =
mI

NkB

N∑
i=1

[wi − w(z)]2, (7)

Fig. 1 (a) Setup of the NEMD simulations, where shock
wave propagates along the z axis. The piston is applied at
the left end. The method used to determine the thickness
is illustrated in the sublet. (b) The profile of S(k, ω) as a
function of ω at a series of k, where the peak of S(k, ω) takes
place at frequencies linearly increased with k. (c) Dispersion
relation of ion acoustic modes in the upstream region used to
determine the sound speed cs. Note that the data in (b) and
(c) are taken from the simulations of Case I.

T⊥ =
mI

2NkB

N∑
i=1

(u2
i + v2i ), (8)

to give a detailed account for the non-equilibrium effect.
In addition, the average energy of each ion/atom is fur-
ther decomposed into three contributions as

E(z) = Ek(z) + Eth(z) + Epot(z), (9)

where Ek(z) = (1/2)mI |u(z)|2 is the kinetic en-
ergy corresponding to the macroscopic observable u(z),
Eth(z) = (3/2)kBT is the thermal part of the kinetic
energy, and Epot(z) is the potential energy defined as
Epot(z) = 1/N

∑
(i inΩ)

∑
j ̸=i V (|ri − rj |)/2. Similar to

T , Eth(z) can also be decomposed into parallel and per-
pendicular components with respect to the propagation
direction of the shock wave. The heat flux is calculated
as [18, 49]

Q(z) =
1

∆zLxLy

N∑
i=1

{
1

2
mI [(wi − w(z))2 + u2

i + v2i ]

+
1

2

∑
j ̸=i

V (|ri − rj |) +W zz
i

}
[wi − w(z)]

+
N∑
i=1

(W zx
i ui +W zy

i vi), (10)
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where Wαβ
i (α, β = x, y, z) are internal virial terms de-

fined as

Wαβ
i =

1

2

∑
j ̸=i

(fij)α(ri − rj)β .

The sound speed cs in the upstream region of the shock
wave is determined through the ion-ion dynamic struc-
ture factor S(k, ω) [50], which is the Fourier transfor-
mation of the correlation function G(r1 − r2, t − t′) =
⟨n(r1, t)n(r2, t′)⟩, defined as

S(k, ω) =
1

(2π)4

∫ ∞

−∞
dxdτG(x, τ)e−i(k·x−ωτ),

with n(r, t) the density of helium at point r and time t.
Typical S(k, ω)’s are displayed in Fig. 1(c) for selected
k. At small wave vectors, the maximum value of S(k, ω)
takes place at frequencies proportional to k. As shown in
Fig. 1(c), the proportional factor of ωpeak with respect
to |k| gives the magnitude of cs. The Mach number M is
then calculated as the ratio of the shock wave speed vs
to the upstream sound speed cs.

3 Results and discussion

3.1 Hydrodynamic properties of shock waves

A series of shock waves of various vs is generated in the
medium initially at rest, as schematically depicted in
Fig. 1(a). The piston has a constant velocity vp. When
the shock wave arrives at its stable state, the down-
stream particle velocity equals the piston velocity vp.
The sound speed cs in the unperturbed medium is deter-
mined through the S(k, ω), as described in the preceding
section. The cs in Case I is determined to be 3.2 km/s,
and it is 0.423 km/s in Case II. Hydrodynamic proper-
ties, including the piston velocity vp, shock velocity vs,
Mach number M , compression ratio η and the thick-
ness of shock front δ are summarized in Table 1. Note
that the vs in both media covers a large range from ∼ 8
km/s, which is the upper limit of light gas gun experi-
ments [51], to above 100 km/s, which reaches the lower
bound of the Laser-driven compression experiments [52,
53]. The Mach number of the shock waves varies from
4.7 to 252.17.

It is observed that the hydrodynamic properties in the
upstream and downstream of the shock front are simi-
lar to those of strong shock waves in mono-atomic ideal
gases. For example, Fig. 3 shows that the shock speed
vs is proportional to the piston speed vp downstream.
Also, there is a linear relationship between the temper-
ature of downstream materials and the square of vp, as
displayed in Fig. 2. These two properties can be obtained
analytically for mono-atomic ideal gases [54, 55]. Follow-

Table 1 Shock wave parameters calculated from the NEMD
simulations, where vp is the piston velocity, cs is the sound
speed in the media, vs is the shock wave speed, M is the
Mach number, η is the compress ratio, and δ is the thickness
of the shock front measured from the density profile. Two
initial medium conditions are denoted with I and II.

vp cs vs M η δ
(km/s) (km/s) (km/s) (Å)

9 3.2 15.7 4.7 2.35 5
30 3.2 43.2 13.0 3.28 10
40 3.2 56.0 17.0 3.49 14
50 3.2 69.0 21.1 3.63 23I 60 3.2 82.0 25 3.70 30
75 3.2 101.9 31.3 3.79 43
90 3.2 121.5 37.5 3.86 65
100 3.2 134.7 41.7 3.88 87

5 0.423 7.77 18.37 2.83 11
10 0.423 14.66 34.66 3.17 14

II 20 0.423 28.23 66.74 3.5 22
40 0.423 54.43 128.68 3.83 52
80 0.423 106.67 252.17 4.17 132

Fig. 2 The downstream temperature T plotted with respect
to v2p. Red circles and black cubes are downstream tempera-
tures measured in the NEMD simulations. The blue and pink
dashed lines are linear fitting curves of the measured temper-
ature, and the black line is the theoretical result for an ideal
gas, which shows that T ∝ v2p.

ing Refs. [54] and [55], the energy conservation in the
upstream and downstream flows can be expressed in the
coordinates moving with the shock front as

cvT0 +
u2
0

2
+

p0
ρ0

= cvT1 +
u2
1

2
+

p1
ρ1

, (11)

where cv is the specific heat at constant volume, u is
the velocity of flows with respect to the shock front, p is
the pressure, and ρ is the density. The subscripts 0 and
1 stand for the upstream and the downstream flows re-
spectively. Combined with the equation of state for ideal
gases,

cvT =
p

ρ(γ − 1)
, (12)

and the mass conservation law of shock waves
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Fig. 3 Relation between the shock wave velocity vs and the
piston velocity vp. Black cubes and red circles are measured
from the NEMD simulations, blue and pink dashed lines are
linear fitting curves of the NEMD results, and the black line
is the theoretical prediction of strong shock waves in mono-
atomic ideal gases.

ρ0u0 = ρ1u1, (13)

one gets

u0 =
γ + 1

4
(u0 − u1) +

√
c2s + (

γ + 1

4
)2(u0 − u1)2,

(14)

and

T1 − T0 =
u2
0 − u2

1

2cvγ
, (15)

where γ is the isentropic exponent, u0 = vs and u1 =
vs − vp. When taking the strong shock wave limit, Eq.
(14) approaches to

vs =
γ + 1

2
vp, (16)

and Eq. (15) is simplified as

Tp = T1 = T0 +
v2p
2cv

≈
v2p
2cv

. (17)

Note that vs, vp, and Tp are quantities in the laboratory
reference frame. Figure 3 displays the vs as a function of
vp, directly measured from the simulations. From Fig. 3,
the proportional coefficient between vs and vp is deter-
mined to be 1.33, which implies that γ ≈ 1.67. One can
also plot Tp with respect to v2p, as displayed in Fig. 2,
where the slope of the curves suggests that 1/(2cv) ≈
13.0 km2/(s2·eV). Both are close to the values of mono-
atomic ideal gases, where γ = 5/3 and 1/(2cv) = 13.92
(km2·s−2·eV−1). These results suggest that the hydrody-
namic behavior of these strong shock waves is similar to
that of those in mono-atomic ideal gases, which is quite
surprising at first glance, considering that the helium has
a high density and the interaction between atoms/ions is
strong. A decomposition of the total energy per atom/ion

at ρ = 0.43 g/cm3 and T = 300 K shows that the ratio
of Eth/Ep = 1.35. In the other case, the ratio is 1.25.
Both show that the media are far from ideal gases.

3.2 Profiles for flow variables near the shock wave front

To further illustrate why the simulated strong shock
waves are similar to those in ideal gases, we display hy-
drodynamic quantities in Fig. 4 as a function of the z co-
ordinates in the frame of reference attached to the shock
wave front. Unlike in the macroscopic hydrodynamics,
where the front of shock waves is treated as a sharp dis-
continuity, the simulated shock waves have subtle struc-
tures, as have been illustrated by previous NEMD studies
[21, 22, 30, 32, 37, 39, 42, 56]. At high speed, especially
when M ≫ 1, the hydrodynamic quantities are not syn-
chronized to each other, as shown in Fig. 4. The lack
of synchronization is displayed in two aspects. First, the
range of the effective temperature transition is slightly
larger than that of the density transition, because a small
number of high energy particles penetrate into the up-
stream region of the shock front. These high energy par-
ticles lead to a long tail of the temperature profile into
the upstream region, as shown in Fig. 4. In the simu-
lation, the transition range is measured graphically as
displayed in the sublet of Fig. 1(a). In Case I, the tran-
sition range derived from the density profile at vp = 100
km/s is ∼ 90 Å, while it is approximately 200 Å when
derived from the temperature profile. This suggests that
the thermal diffusion length across the shock front is
much longer than that of the mass diffusion on aver-
age. Second, the middle point of the temperature profile
is not coincident with that of the density profile, which
has been predicted by the bimodal model of Muckenfuss
[29]. As shown in Figs. 4(a)–(d), the temperature pro-
file always has a shift in the upstream direction, which
suggests that the particles in the upstream region are
heated by the hot particles before the compression. The
pressure profiles have less shift from the density profile,
as displayed in Figs. 4(e)–(g).

The velocity distribution shows considerable deviation
from the prediction of the bimodal model [29] at high
Mach number. Figure 5 displays the distribution of the
parallel and the perpendicular components of the parti-
cle velocity at positions across the shock front. It shows
that the velocity distributions of both components dis-
play considerable deviations from the model. The peak
corresponding to the fup(v) is much broader than the
model’s prediction near the shock front. This is not ex-
actly what was observed by Zhakhovskii et al. [21], who
showed that the bimodal model worked well at Mach
number ∼ 4. Figure 6 displays the decomposition of the
total energy for each atom. It shows that the ratio of the
potential energy Epot to the thermal energy Eth keeps

Hao Liu, et al., Front. Phys. 11(6), 115206 (2016)
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Fig. 4 The profiles of density ρ, temperature T , and pressure P , where (a), (b), (e), and (f) correspond to Case I, and (c),
(d), (g), and (h) correspond to Case II. The profiles of temperature display an upstream shift with respect to the profiles
of density, whereas the profiles of pressure follow the profiles of density. The velocity indicated in the figures is the piston
velocity vp.

Fig. 5 Velocity distribution of the parallel and the perpendicular components of particle velocity at a series of positions
across the shock front in Case I with vp = 75 km/s, where significant deviation from the prediction of the bimodal model is
observed. The results of the NEMD simulations are represented by symbols, and the theoretical predictions of the bimodal
model are displayed as solid curves.

decreasing with the increase of vs, whereas the ratio of
the kinetic energy Ek to the thermal energy Eth ap-
proaches 1. The decreasing of Epot/Eth comes from the

finite compression ratio in a single strong shock compres-
sion, which implies that the increase of Epot in the down-
stream region is finite and most of the energy is in the

115206-6
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forms of kinetic energy and thermal energy. When Epot

has a negligible portion in the energy profile, the media
will behave like ideal gases. This gives an account for the
similarity of the simulated shock waves to those in ideal
gases. Fig. 6 also shows that the thermal energy in the
transition region is not homogeneously distributed along
the perpendicular and parallel directions, which has also
been observed in shock waves of small Mach number [17,
21]. Eth

// has a peak structure and is always larger than
Eth

⊥ . A quantitative comparison between the peak value
of T//, denoted as Tmax

// , and the average downstream
temperature Tp outside the transition region is given in
Fig. 7, which shows that the ratio αT = Tmax

// /Tp is ap-
proximately constant, and its value varies between 1.40
and 1.85. Noticing that T is proportional to Eth, αT ac-
tually provides a quantitative characterization of the in-
homogeneity of the thermal energy, or in another word,
the degree of non-equilibrium in the transition region.
Figure 8 gives the profile of heat flux in the transition
region. Also displayed are the gradients of T and T⊥
with respect to z. It shows that the heat flux is not pro-
portional to dT/dz in general, which suggests that the
linear Fourier’s law of heat conduction is not valid near
the shock wave front [38]. This is not surprising since the
region is known to be far from equilibrium [17]. Holian
came up with a modified heat conduction law with the

parallel component of temperature T// rather than T ,
and achieved a better agreement with the NEMD simu-
lations. However, Fig. 8 shows that the heat flux in this
region is approximately proportional to dT⊥/dz. In ad-
dition, the heat conductivity κ, i.e., the proportionality
coefficient, is a constant in the transition region, even the
density and temperature vary rapidly in it. For example,
for the case displayed in Fig. 8(d), where vp = 10 km/s,
κ = 2.0 J/(m·s·K). In the case displayed in Fig. 8(e), κ =
6.0 J/(m·s·K). In general, κ increases with the tempera-
ture of downstream flow. It is also noticed that the heat
flux is not a constant in the transition region, which im-
plies that there is an entropy production process in this
region.

3.3 The thickness of shock fronts

The thickness of shock fronts is a key parameter of the
shock structure. It was broadly believed since the early
work of Becker [57] that the thickness of the shock front
δ is on the same order of the mean free path of molecular
collisions. The thickness decreases with the pressure dif-
ference across the shock front [58] until it was bounded
by the diffusion length scale, which is characterized by
the mean free path of molecular collisions, at the strong
shock wave limit [59]. For the dense helium media, the

Fig. 6 Profiles of the components for the total energy of each atom, where (a), (b), and (c) correspond to Case I, and
(d), (e), and (f) correspond to Case II. Eth, Ek and Epot represent the thermal, kinetic and potential energy of each atom,
respectively. Eth

⊥ and Eth
// are the perpendicular and parallel components of the thermal energy. The velocity displayed in

the figures are the piston velocity.

Hao Liu, et al., Front. Phys. 11(6), 115206 (2016)
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Fig. 7 Comparison of Tmax
// and Tp in the downstream region. The ratio of Tmax

// /Tp is also displayed, which is between
1.4 and 1.8 and insensitive to the change of density and Mach number.

Fig. 8 The profile of the heat flux, where (a), (b), and (c) correspond to case I, and (d), (e), and (f) correspond to case
II. The piston velocity is explicitly denoted in the figure. Also displayed are curves of dT/dz and dT⊥/dz. The figure shows
that heat flux is approximately proportional to dT⊥.

hydrodynamic theories [57] predicted a finite δ ∼ l be-
tween 1.16 Å and 3.81 Å independent of the Mach num-
ber, provided that l ∼ ρ−1/3 and the compression ratio
is ∼ 4 at the high Mach number limit [60]. A series of ex-
periments were conducted to determine the thickness δ of
shock front using the optical reflectivity method [32–35]
for a variety of gases including argon, hydrogen, nitro-
gen, oxygen, carbon dioxide, and nitrous oxide. It was
revealed that the δ in the experiments was considerably
larger than the theoretical prediction. Similarly to the
experiments, the δ measured in the NEMD simulations

grows with the shock speed vs, as displayed in Fig. 9.
Here, the thickness is defined using the density profile
following the traditional definition [59], as schematically
illustrated in the sublet of Fig. 1(a). A qualitative expla-
nation of the deviation of the theoretical prediction was
afforded by Muckenfuss et al. [29]. They argued that the
high speed particles at the tail of the velocity distribution
f(v) is the origin of the increasing δ. With the increas-
ing temperature in the downstream region at high Mach
number, the number of high speed particles increases,
and the penetrating depth of those high speed particles

115206-8
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Fig. 9 The thickness of shock fronts plotted with respect to the Mach number. Black cubes are the thickness calculated
from NEMD simulation, the pink line is the fitting result of the Muckenfuss model δ = a1M

a2 , and the blue dashed line is
the fitting result of the proposed empirical model δ = a1M

a2 + δ0.

also increases. Based on the bimodal model, they showed
that an approximate relation l/δ = ανM

−4/(ν−1) can be
established at the high Mach number limit, where ν and
αν are parameters determined by the interaction between
gas particles, and l is the mean free path of gases.

Here, we propose an empirical formula derived from
Muckenfuss [29], which is written as a function of M as

δ = a1M
a2 + δ0,

where a1 and a2 are two empirical coefficients, and δ0
gives the thickness at the weak shock limit. In addition
to the contribution of the high speed particles in the tail
of the distribution function, the empirical formula also
takes into consideration the deviation of the distribution
function from the bimodal approximation, as is revealed
by the NEMD simulations in this work. In the original
formula of Muckenfuss, a2 is a constant determined by
the interaction. However, Fig. 9 shows that it also de-
pends on the initial density of the media. For the initial
density of ρ = 0.43 g/cm3, a2 = 2.438, and for the initial
density ρ = 0.12 g/cm3, a2 = 1.5827. This indicates that
further theoretical insight is still required to account for
shock waves at extremely high Mach number.

4 Summary

In summary, we have presented a systematic investiga-
tion of strong shock waves propagating in classical he-
lium media using the NEMD method. The shock speed
in the simulation reaches 130 km/s and the Mach number
is over 250, which are close to the parameters of shock
waves in the implosion process of ICF. The results will
provide useful information to understand the implosion
process, especially to illustrate the structure of a high
speed shock front, which remains an open question in
the hydrodynamic simulations. Based on these results,
which are essentially derived from mechanical interac-
tions, the effects of ionization, or chemical reactions on

shock waves can then be separated and investigated more
thoroughly.
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