
Characterization of supersonic radiation diffusion waves

Alastair S. Moore a,n,1, Thomas M. Guymer a, John Morton a, Benjamin Williams a,
John L. Kline b, Nicholas Bazin a, Christopher Bentley a, Shelly Allan a,
Katie Brent a, Andrew J. Comley a, Kirk Flippo b, Joseph Cowan b,
J. Martin Taccetti b, Katie Mussack-Tamashiro b, Derek W. Schmidt b,
Christopher E. Hamilton b, Kimberly Obrey b, Nicholas E. Lanier b,
Jonathan B. Workman b, R. Mark Stevenson a

a AWE Aldermaston, Reading RG7 4PR, United Kingdom
b Los Alamos National Laboratory, Los Alamos, NM 87545 USA

a r t i c l e i n f o

Article history:
Received 6 January 2015
Received in revised form
6 February 2015
Accepted 21 February 2015
Available online 27 February 2015

Keywords:
Radiative transfer
Diffusion
Plasmas
Shock waves
Experiment
Supersonic

a b s t r a c t

Supersonic and diffusive radiation flow is an important test problem for the radiative
transfer models used in radiation-hydrodynamics computer codes owing to solutions
being accessible via analytic and numeric methods. We present experimental results with
which we compare these solutions by studying supersonic and diffusive flow in the
laboratory. We present results of higher-accuracy experiments than previously possible
studying radiation flow through up to 7 high-temperature mean free paths of low-density,
chlorine-doped polystyrene foam and silicon dioxide aerogel contained by an Au tube.
Measurements of the heat front position and absolute measurements of the x-ray
emission arrival at the end of the tube are used to test numerical and analytical models.
We find excellent absolute agreement with simulations provided that the opacity and the
equation of state are adjusted within expected uncertainties; analytical models provide a
good phenomenological match to measurements but are not in quantitative agreement
due to their limited scope.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Phenomena in which the flux of radiation emitted by a
heated body (Sr ¼ σT4) exceeds the conduction of energy
by heated material (ερCs) occur in a range of exotic
plasmas from the laboratory to astrophysical scale. Here
σ is the Stefan–Boltzmann constant (W/m2/K4), T is the
temperature (K), ε is the specific internal energy (J/g), ρ is
the mass density (g/m3), and Cs is the sound speed (m/s).

In 3D this is a difficult and complex class of physical
problem in which not only is the equation of radiative
transfer a function of seven independent variables. While
in a simpler 1D planar geometry this reduces to four
variables, account must still be taken of the complex
dependence of material properties (opacity and ε) on the
relevant independent variables. Through various approx-
imations analytical solutions to 1D problems have been
found, but owing to the complexity of almost all 2D and
3D problems, solutions are necessarily numerical via
computer simulation. In many cases these computer codes
are also used to simulate and answer questions about the
structure of stars, the behaviour of supernovae and closer
to home, in the laboratory, the transport of x-ray energy in
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Inertial Confinement Fusion targets [1–3]. As with all
simulations it is essential that they be benchmarked
against data and analytic reference problems to verify
the numerical procedures.

In this paper we detail the first experimental measure-
ments in a previously inaccessible regime to examine one
of the few semi-analytic solutions that does exist in this
area – the ‘Marshak wave’ problem [4–8]. As one of the
few problems dealing with radiation transport that has
analytic solutions it is often used to provide quantitative
validation of numerical results. We generate experimental
results to test the applicability of several previously
published analytic approximations and fully integrated
radiation hydrocode simulations.

We present results that characterize supersonic and
diffusive radiation flow in a highly diffusive regime, using
a 310 eV temperature x-ray source to drive a radiation heat
front at downstream Mach (M¼ 6) through more than 6
Rosseland mean free paths. The key to reaching such
regimes lies with the laser energy available on the National
Ignition Facility (NIF) [9]. Results from previous experi-
ments are summarized in Fig. 1. These were typically
limited to regimes with velocities of M¼ 2–4 and inves-
tigated flow of a lower radiation temperature (120–
150 eV) through 3–4 mean free paths [10,11,13,12]. In this
regime the ionization of material does not lead to an
energetically significant re-radiated flux, and thus the
experiments were not in a fully diffusive regime. Experi-
ments by [14] extended the radiation drive to �190 eV,
but were limited by the foam-scale and laser energy [14].
The energy now available on the NIF enables a more
constraining class of experiment using higher, more uni-
form density foam that is more accurately characterized,
and generating a brighter heat front from which more
accurate measurements of x-ray emission are made than
was previously possible.

In Section 2 we describe the theoretical problem,
develop the arguments behind the simple diffusion model
from which much of the analytical results described in
Section 2.1 are developed. In Section 2.2 we describe the

different numerical approximations that we later apply to
compare with the experimental results. The experiment is
detailed in Section 3.1, with the primary results described
in Sections 3.2 and 3.3. Finally, the comparison of mea-
surements to the various analytical and numerical solu-
tions is discussed in Section 4.

2. The general problem and solutions

The 1D problem is typically posed as a cold absorbing
slab medium occupying a semi-infinite half-space [6,15].
The medium is assumed to be perfectly homogeneous and
initially at zero temperature with no external radiation
sources present. A constant temperature radiation source
is applied at the boundary, heating the surface and redu-
cing its opacity. Solutions aim to find the position of the
heat-front vs time as it penetrates into the cold medium
and the spatial shape of the temperature profile:
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Beginning with the energy equation containing exter-
nal radiation sources – Eq. (1) – several simplifying
assumptions are made immediately (1) that radiation
energy density (Ur) and pressure (Pr) are negligible com-
pared to material internal and kinetic energy and pressure
(Pm), and (2) that in the supersonic limit any material
motion (u) can be ignored. In Eq. (1) ρ is the mass density,
u the velocity, ε the material internal energy, and Sr the
radiant energy flux.

In addition to the energy equation we must consider
the kinetic equation for the distribution function of
photons which describes how radiation energy is trans-
ferred into the material. If scattering is ignored, then in the
conventional form the equation of transfer of the specific
radiation intensity Iðν;Ω; r; tÞ can be written:

1
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where κ0 is the frequency dependent opacity modified for
induced emission according to Kirchoff's law, IpðνÞ is
Plank's function for the equilibrium spectral energy den-
sity from a blackbody as a function of frequency (ν) [16],
and c is the speed of light in vacuum.

Without going into the details of the underlying assump-
tions of the diffusion approximation which are well-
described by Pomraning and Castor, the basic argument
relies on the assumption that the angular dependence of the
specific radiation intensity is only very weakly anisotropic
and can be represented by the first two terms in a spherical
expansion i.e. Iðν;ΩÞ ¼ I0ðνÞ=4πþ3Ω_I1ðνÞ=4π [17,18]. Pom-
raning elegantly describes how the angular moment of
Eq. (2) reduces to a Fick's law form if the radiation field be
treated as quasi-steady-state by neglecting the time-
derivative term [19,20]. In this approximation it is simple
to identify that I0ðνÞ is cUrðνÞ and I1ðνÞ is SrðνÞ yielding the
relationship between the flux and radiation energy density
in the diffusion limit:

Sr ¼ � c
3
ρκ0∇Ur ð3Þ

Fig. 1. Radiation flow Mach number M compared to the number of
Rosseland mean free paths at the material temperature; calculations of
the Rosseland mean free path vs time for the experiments we present are
extracted directly from simulations and are shown by the red points.
Previous experiments include [10–14]. (For interpretation of the refer-
ences to colour in this figure caption, the reader is referred to the web
version of this paper.)
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