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ABSTRACT

Radiative-shocks induced by laser–cluster interactions are modeled using radiation-hydrodynamic simulations. A good agreement—in both
shock velocity and density profiles—is obtained between experiment and simulations, indicating that non-local thermodynamic equilibrium
(NLTE) radiative effects are important in the experimental regime examined, particularly at early times (�30 ns) due to the elevated tempera-
tures (�35 eV). The enhanced NLTE radiative emission causes the shock to be reduced in amplitude, increased in width, and reduced in
propagation velocity, while the amplitude of the radiative precursor is increased. As the density and temperature conditions are relatively
modest, this potentially has important implications for the scalings that are used in laboratory–astrophysics to transform between laboratory
and astrophysical scales, which do not hold for non-LTE systems.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5136070

I. INTRODUCTION

The mathematical models governing radiation-hydrodynamics
are scale-invariant under the appropriate transformations and
assumptions.1 Consequently, experiments of relevance to astrophysical
systems can be performed within the laboratory, despite the huge dif-
ferences in spatiotemporal scales between the two systems. Today’s
laser systems enable the generation of plasmas, which are in regimes
of relevance to certain scaled astrophysical systems. Here, we numeri-
cally investigate the dynamics of radiative-shocks in laboratory scale
laser–cluster experiments, comparing experiments and simulation,
with a particular emphasis on the atomic models used to generate
the opacity data [LTE/steady state non-LTE (NLTE)/collisional–
radiative (CR) non-LTE] and their effects on the radiative-shock’s
characteristics.

Shock waves are particularly interesting astrophysical systems, as
they are ubiquitous throughout the universe and play a crucial role in

the transport of energy into the interstellar medium2 and the genera-
tion of high-energy cosmic rays.3,4 In the limit of a weak shock, the
role of radiation in the shock’s energy balance is small, and the pres-
sure, density, and temperature profiles across the shock have the classi-
cal step-like characteristics of a purely hydrodynamic shock. However,
as the shock strength and hence downstream temperature increase,
the radiation flux from the shock’s front surface will increase rapidly
[assuming local thermodynamic equilibrium (LTE), the radiative flux
is proportional to rT4, where r is the Stephan–Boltzmann constant
and T is the electron temperature]. The emitted radiation is absorbed
by the upstream material over a distance of the order of the photon
mean-free-path. The absorption of the photons heats the upstream
material, potentially creating a “shelf” or precursor in temperature
and pressure, which precedes the shock front, changing the upstream
conditions sufficiently to begin to modify the shock propagation
dynamics. Importantly, the photon absorption may also cause electron
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excitation and ionization of the upstream media, and this, in turn,
modifies the local emissivity and opacity, creating a complex system
where radiation transport plays a crucial role in the energy balance of
the system as a whole. As the free electron density level may be ele-
vated upstream of the shock (a radiative precursor), this provides an
experimental observable that the shock is radiating at an energetically
significant level. Such systems are called radiative-shocks,5–8 and they
have been observed around a wide variety of astronomical objects, e.g.,
accretion shocks, pulsating stars, supernovae in their radiative cooling
stage, bow shocks of stellar jets in the galactic medium, collisions of
interstellar clouds, entry of rockets or comets into planetary atmos-
pheres, and, on a laboratory scale, in laser–gas interactions9,10 and in
the late time disassembly of inertial confinement fusion capsules.11 For
a given pressure, radiative-shocks occur more readily in lower density
media, as the temperature (/1=q), and hence radiative flux (/T4=q
in LTE), will be higher.

Atomic clusters are created in the laboratory by the rapid adia-
batic expansion of gas into a vacuum.12 The resulting drop in tempera-
ture condenses the gas into clusters of size �10� 100 nm. On a
microscopic scale, the ionized clusters are over-dense to optical laser
light, while the “cluster gas” is macroscopically under-dense. The laser
energy is absorbed locally to the over-dense clusters. Due to the spheri-
cal structure of the clusters, the laser’s electric field excites a resonantly
driven oscillation of the (partially ionized) cluster’s electrons.13 This
resonance occurs when the light frequency is near to the cluster’s
plasma frequency and causes an associated resonance in the optical
absorption spectrum.

Laser–cluster experiments, e.g., Refs. 9 and 14–16 and references
therein, report high laser absorption fractions into thin filaments of
width of the order of the laser focal spot size. The generation of a thin,
hot filament of plasma, in turn, creates a cylindrical blast wave,17

where a sudden release of energy from a region of small-spatial-extent
causes an expanding shock to sweep up material ahead of the shock.
By increasing the material’s atomic number Z, and hence Z� (the ioni-
zation state), the radiative properties of the shock can be controlled for
a given shock temperature.

When a plasma is at thermodynamic equilibrium, the whole sys-
tem, composed of electrons, atoms, ions, and radiation, can be fully
described by statistical mechanics, with each of the particle distribu-
tions described by the same characteristic temperature T. Here, the
electron energy distribution function (EEDF) is a Maxwellian of temper-
ature T, while the relative population of the excited states, the atomic
state distribution function (ASDF), is populated in Saha–Boltzmann
equilibrium at the temperature and density concerned, and the radia-
tion field is described by the Planck function at T. Under thermody-
namic equilibrium, each electron state transition process is balanced by
its inverse process and the systems are said to be in detailed balance.
However, this is often not the case since the plasma must be sufficiently
large such that the optical depth for all emitted radiation frequencies is
significantly less than the plasma spatial scale at all points in the plasma
in order for the equilibrium state to be established.

Gradients in space and/or time can cause photons to escape from
the plasma, and this, in turn, causes the radiative energy distribution
function to deviate from the Planck function, affecting the detailed bal-
ance of electrons, ions, and atomic states. In principle, the system is no
longer in thermodynamic equilibrium; if, however, the energy lost due
to radiation is relatively small compared to the overall energy balance,

the Saha–Boltzmann and Maxwellian distributions are still approxi-
mately valid locally and the system is said to be in local thermodynamic
equilibrium (LTE), in which case TASDF ¼ Te ¼ Ti 6¼ Tr , where TASDF
is the temperature characterizing the excited states and Te, Ti, and Tr
are the electron, ion, and radiation temperatures, respectively. A fur-
ther departure from thermodynamic equilibrium occurs when
Te 6¼ Ti, in such systems TASDF � Te.

18

As a general rule, a plasma is said to not be in equilibrium if the
rate of photon absorptions � rate of electron collisions. The com-
monly used McWhirter criterion19 indicates that the ratio of the rate
of electron collisions to the rate of photon absorptions should be at
least 10. This can be expressed by the relation18 neðcm3Þ > 1:6
�1012T1=2

K DE3
eV, where ne is the electron number density TK in K and

DEeV is the largest energy gap between adjacent levels in eV. However,
as discussed in a comprehensive recent work by Cristoforetti et al.,18

this criterion can only rigorously be applied in a stationary, homoge-
neous plasma that is optically thin. For these circumstances, if this cri-
terion is not fulfilled, LTE cannot be true; importantly, however, even
then it only indicates when LTE may be true, rather than when LTE is
true. Nonetheless, a system is more likely to be in LTE if the density is
high and the temperature is low.

In the case of time-dependent and inhomogeneous plasmas, two
further criteria should be verified.18 First to account for the transient
nature of the plasma, the temporal variation of thermodynamic
parameters should be small over the excitation and ionization equili-
bration timescales. Second, the scale length of variations in electron
temperature and number density in the plasma should be larger than
the scale length of the particle diffusion over the time it takes for
the plasma to relax to equilibrium. When spatial and/or temporal
gradients are strong or when radiative processes significantly affect the
overall energy balance, the system still further departs from thermody-
namic equilibrium, usually requiring a space and time resolved colli-
sional–radiative (CR) model20 to obtain a solution. Here, various
radiative and collisional processes (and their inverses) that take place
between electrons, ions, and photons must be considered. In order to
calculate the populations of the numerous energy levels, a large num-
ber of coupled rate equations are solved, requiring an iterative
approach. This must be solved simultaneously with the radiative trans-
fer equation. For higher Z elements, this can be an extremely challeng-
ing calculation given the huge numbers of energy levels, transitions,
cross sections, etc., involved.

Self-consistent modeling of the generation and subsequent prop-
agation of radiative-shocks generated by laser–cluster interactions is
extremely challenging due to the disparate spatial and temporal scales
of the various aspects of the interaction: the cluster sizes are �100 nm,
while the shock propagates over �1 cm; the driving laser duration is
40 fs, while that of the shock propagation measurements is �100 ns.
The complex kinetics, which dominates the high-intensity laser–clus-
ter interactions could, in principle, be captured by particle-in-cell
(PIC) simulations; however, the computation overheads of PIC techni-
ques, combined with numerical issues associated with running for
long timescales, mean that it would not be feasible to run to the tens of
nanoseconds of the experimentally measured radiative-shock propaga-
tion. Furthermore, due to the relatively simple ionization models and
the lack of radiation transport models in most PIC codes, this tech-
nique is unlikely to capture anything other than the most simple
atomic kinetics and certainly not the effects of detailed opacity and
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re-emitted radiation. Consequently, no attempt has been made in this
work to directly simulate the laser–cluster interaction that governs the
initial short-time scale energy deposition into the system.

As the principal aim of the modeling described in Secs. II and III
was to attempt to reproduce and better understand the experimental
observations, a pragmatic approach was adopted, which initializes
radiation-hydrodynamics simulations using initial conditions based
upon the experimental observations. One dimensional radiation-
hydrodynamics simulations have been performed in cylindrical geom-
etry using the radiation-hydrodynamics code Hyades,23 as described
in Sec. II.

II. NON-LTE MODELING OF RADIATIVE-SHOCK
EXPERIMENTS

This section describes the application of LTE and non-LTE radia-
tion-hydrodynamic modeling to a dataset obtained during an experi-
mental campaign, detailed by Osterhoff et al. in Ref. 16. Briefly, the
experimental characteristics were as follows: an f =7 spherical mirror
focused into a plume of xenon clusters with an intensity of up to
1� 1018 W/cm2, creating a hot plasma filament approximately 65lm
in diameter and 4mm long, which developed into a strong cylindrical
blast wave. Xenon clusters were irradiated with 440 mJ per pulse and
an average gas density of 1:6� 10�4 g cm�3. Time resolved interfer-
ometry was the principal diagnostic, giving an absolute measure of the
free electron density at various discrete times.

The solid lines in Fig. 1 depict the interferometrically inferred
experimental free electron density at various times. Upstream of the
shock front (to the right), the free electron density is raised signifi-
cantly above the background density (initial ion number density is
7:3� 1017 cm�3), this is caused by ionization of the upstreammaterial
by photons emitted from the shock front. Reproducing this

experimental data with simulations proved very challenging, as it is
highly constrained by both the experimental initial conditions and
subsequent observations—the bulk energetics are constrained by the
shock radius and velocity, while the details of the ionization and asso-
ciated radiation transport dictate the radiation emission and the struc-
ture of the radiative precursor, which, in turn, feedback into the shock
profile and strength. The presence of the radiative precursor provides
a clear indication that the upstream plasma is not completely optically
thin to the radiation emitted by the shock and/or downstream mate-
rial, as it is the coupling of this radiation which heats the material
upstream of the main shock front, locally raising the ionization level
and hence the free electron density; this is visible experimentally as the
precursor.

In order to reproduce the experimental data, a search of the
parameter space was performed using Hyades23 in cylindrical geome-
try with differing opacity/atomic models. The SESAME equation
of state was used throughout. The parameter space searches included
variations in initial density, filament radius, and internal energy.
Variations from the experimental values were confined to approxi-
mately a factor of 5 around the nominal experimentally measured
values. The Hyades runs were initialized by distributing the internal
energy with a radial Gaussian spatial profile within the electron popu-
lation via the electron temperature, in order to accurately reflect the
initial laser energy deposition into the electrons. An inherently kinetic
characteristic of laser–cluster interactions is the rapid transfer of elec-
tron energy to the ions. This was not represented within these hydro-
dynamic simulations and is justified on the basis that the electron-ion
equilibration time scale is significantly less than that of the shock-
evolution time scale. Radiation transport was modeled using the
multi-group diffusive approximation. A range of atomic kinetics/
opacity models were employed: LTE, steady-state non-LTE, and time-
dependent non-LTE (full collisional–radiative).

A close, but not exact, match of both the measured free electron
density profiles and the shock trajectory was obtained. In order to best
match the data, the initial density was set to that of the experiment,
the filament radius was 50lm full-width-at-half-maximum (approxi-
mately, the experimental laser focal spot size), while the internal
energy initially deposited in the electrons was tuned by changing the
ion and/or electron temperature. LTE, steady-state non-LTE, and
time-dependent non-LTE (CR) atomic models were used in order to
find a best match to the data. When using the experimental back-
ground density and a peak electron temperature of 400 eV (internal
energy 0.11 J), the principal discrepancy between simulation and
experiment is in the width of the peak and the amplitude of the radia-
tive precursor, as shown in Fig. 1. Assuming that all of the absorbed
laser energy went into internal energy and was not lost to, e.g.,
Coulomb explosion of the clusters, this implies a relatively small
absorption fraction of �25% in comparison to experimental data
(>50%). This energy deficit may be explained by a fraction of the
absorbed laser energy being transferred to non-thermal ions during
the laser–cluster interaction, and such populations are regularly
observed in laser–cluster interactions.

In order to increase the coupling of the radiation emitted by the
shock to the upstream material, the initial background gas density was
artificially increased to 5� 10�4 g cm�3 (3:1� the value measured
off-line). Due to the increase in density, the filament internal energy
was 0.3 J in this simulation; at 68%, this compares favorably with the

FIG. 1. Hyades steady state non-LTE simulation data (dotted lines) over plotted on
the experimental data (solid lines). In this simulation, which uses the nominal exper-
imental density, the amplitude of the radiative precursor (shown on the right of the
figure) is under-predicted.
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>50% laser absorption routinely reported in cluster experiments. The
steady-state non-LTE modeling obtained using these parameters is
shown in Figs. 2(b) and 2(e).

An R2 analysis was performed in order to quantify the differ-
ence between the simulated and experimental profiles at each time
interval. Figure 2 depicts LTE (left column), stead-state NLTE
(central column), and time-dependent collisional–radiative (CR)

modeling (right column). By averaging the R2 analysis over all
times, it was found that the non-LTE models gave the best match to
the data. The full CR model appears to capture the early-time
dynamics better—the shock amplitude and width closely resemble
the experiment—although it slightly over predicts the amplitude of
the peak on-axis, while at later times the steady-state NLTE model
is better.

FIG. 2. Top row [(a)–(c)] shows Hyades simulation data (dashed lines) over plotted on the experimental data (solid lines). Middle row [(d)–(f)] is the same data but plotted on a
logarithmic scale in order to highlight the precursor region. Bottom row [(g)–(i)] shows the simulated shock trajectory (blue points) over plotted on the experimental shock
trajectory (red points). Simulations in the left column [(a), (d), and (g)] use LTE opacities, the central column [(b), (e), and (h)] use a steady state non-LTE atomic model to gen-
erate the opacities, while the right column [(c), (f), and (i)] uses a time dependent non-LTE atomic model to generate the opacity data. The steady state non-LTE simulation
(central column) was tuned to best match the data by changing the internal energy initially deposited in the electrons. The LTE and time dependent non-LTE runs used exactly
the same initial conditions as the steady state non-LTE simulation. It can be seen that in going from LTE, to steady state non-LTE, and finally to time dependent non-LTE, the
simulated shocks are systematically reduced in amplitude, increased in width, and propagated more slowly. Note that the gap in the tracked shock trajectory in (i) is due to the
shock tracking algorithm being unable to distinguish between the two peaks, as shown by the black dotted line in (c).
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In a detailed analysis of the data from the same experiment,
Rodriguez et al.2 indicate that the switch to NLTE conditions occurs
above 12 eV for the density in these simulations. One interpretation of
the CR simulations, which use the 12 eV LTE to NLTE transition tem-
perature, is that the NLTE model over predicts the plasma emissivity
at late times (the simulated plasma temperature is above 12 eV until
�30 ns) and hence underestimates the shock amplitude. By increasing
the LTE to NLTE transition temperature to 35 eV, it was possible to
obtain a better match to the late time data, as shown in Fig. 3. It should
be noted that the necessity to use an elevated LTE to NLTE transition
temperature does not mean that the transition temperature quoted by
Rodriguez et al. is incorrect, merely that this value gives a better match
to data in the necessarily simplified atomic models employed in
radiation-hydrodynamic modeling. Nonetheless, an elevated transition
temperature is also consistent with the requirement within the simula-
tions to have a higher initial background density—the McWhirter
criterion shows that higher density plasmas have higher LTE to NLTE
transition temperatures. However, the peak amplitude at 3 ns was
slightly higher than that obtained experimentally. A part of
this observed discrepancy in the peak amplitude may be explained
by the experimental spatial resolution, which was approximately
125lm/pixel, resulting in some spatial smoothing of smaller scale and
potentially higher density features. This would also bring the early-
time steady-state NLTE toward the experimental data.

III. DISCUSSION

In Sec. II, it was found that the best match to the experimental
data was obtained with a LTE to NLTE transition temperature of
35 eV. Furthermore, if LTE conditions are assumed to exist, when in
fact they do not, the shock velocity is shown to be significantly over
predicted by all of the codes used in this study.21,22

The best match obtained with the steady-state NLTE model is
shown in the central column of Figs. 2(b), 2(e), and 2(h). Using identi-
cal initial conditions, this run was repeated with LTE opacities [Figs.
2(a), 2(d), and 2(g)] and the full CR model [Figs. 2(c), 2(f), and 2(i)] in
order to evaluate the effects of the various opacity models. Comparing
the three runs reveals a trend; in going from LTE, to steady state

non-LTE, and finally to time dependent non-LTE, the simulated
shocks are systematically reduced in amplitude, increased in width,
and reduced in propagation velocity, while the amplitude of the radia-
tive precursor is increased. This trend is consistent with the radiating
plasma within the shock being increasingly emissive with the more
sophisticated and accurate non-LTE atomic models. As the more
emissive models will couple to the precursor, this may explain the
requirement to have an elevated simulated density.

As discussed above, the best match to the experimental data
was obtained with a time dependent NLTE model. However, it was
also shown that the ability to reproduce the experimental data was
dependent on the assumed LTE to NLTE transition temperature.
This necessity to prescribe an LTE to NLTE transition temperature
in radiation-hydrodynamics codes (this is a common feature, not
restricted to Hyades) is a significant limitation in current simulation
codes’ predictive capabilities. The addition of physics models to bet-
ter describe this transition in radiation-hydrodynamics simulations
would be a welcome development.

The experimental shock trajectory was reproducible with relative
ease in comparison to the more restrictive electron density profiles. This
was possible with the LTE, steady state non-LTE, and time dependent
non-LTE models, although the initial conditions required to create the
shock trajectory differed significantly, an example of which is detailed in
Fig. 4. Furthermore, even with a given simulation opacity/atomic model
setup, it was possible to reproduce the shock trajectory with a range of
density/internal energy initial conditions, illustrating that the shock tra-
jectory is a degenerate, or non-unique, measure of the initial conditions.
This is illustrated in Fig. 4 which shows two simulations, both of which
approximately match the experimental shock trajectory [Figs. 4(a) and
4(b)], while the electron density profiles in Fig. 4(c) are quite different.

The radiation-hydrodynamic simulations used to model this exper-
iment ignore the detailed kinetics of the laser–cluster interaction, which
govern the initial short-time scale energy deposition into the system, but
not those of the atomic physics, assuming instead a heated filament
with a Gaussian profile. Although these initial conditions are clearly an
approximation, it was found that the radiation-hydrodynamics were rel-
atively insensitive to changes in the assumed initial conditions, leading to

FIG. 3. (a) Hyades simulation data (dashed lines) over plotted on the experimental data (solid lines). (b) As per (a), but with logarithmic y scale to highlight the discrepancy in
the precursor region. (c) shows the simulated shock trajectory (blue points) over plotted on the experimental shock trajectory (red points). This simulation was performed using
the time dependent non-LTE model with an LTE transition temperature of 35 eV. Despite the peak simulated electron density at 3 ns exceeding the experimental data, this was
the best fit obtained.
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the tentative conclusion that after the initial laser–cluster interaction
(non-atomic/radiative), kinetics play a relatively unimportant role in the
subsequent shock formation and propagation.

The initial gas consists of atomic clusters, not a uniform gas, as
assumed in the radiation-hydrodynamics simulations. Interestingly,
the diffusive radiation transport approximation employed throughout
this work would be expected to be better in a cluster–gas than an
equivalent average density gas, due to the repeated absorption and
re-emission caused by the locally over-dense clusters. At early-times,
clusters will exist; however, by 3 ns (the time of the first experimental
electron density lineout), the data suggests that they have been
destroyed;24,25 even on the edge of the experimental field of view, a
plasma exists with Z� � 1. Previous work25 suggests that the clusters
are broken up by the fast ions from the initial interaction before the
shock arrives. The leads us to the tentative conclusion that using a
homogeneous gas as the initial conditions for the hydrodynamics is
the most probably adequate.

The finding that non-LTE physics is of importance to the accu-
rate description of these radiative-shocks has implications for labora-
tory astrophysics experiments which enter the radiative-shock regime.
The scalings, which are used to transform from the laboratory to the
astrophysical scale, do not, as far as the authors are aware, hold for
non-LTE systems. Therefore, laboratory–astrophysics experiments
which seek to explore radiative-shocks should be aware of the limita-
tions that this places on the validity of the extrapolation of such experi-
ments to astrophysical scales. This is highlighted in this work which
finds the conditions to be non-LTE, despite relatively modest tempera-
tures and elevated densities in comparison with astrophysical regimes.

IV. CONCLUSIONS

Radiative-shocks induced by laser–cluster interactions are an
extremely challenging experimental scenario to model numerically due
to their disparate spatio-temporal scales, complex early time kinetics,
high electron temperatures, and low density. The radiation-
hydrodynamic modeling performed here indicates that non-LTE
atomic-kinetics are an important factor in the accurate description of the
energy balance of the radiative-shocks examined experimentally. This is
particularly true at early times due to the elevated temperatures.

A range of issues associated with the successful modeling of such
scenarios have been identified and discussed, including the effects of
the various atomic models used to generate the opacity data (LTE/
steady state non-LTE/collisional–radiative non-LTE). In going from
LTE, to steady state non-LTE, and finally to time dependent non-LTE,
the simulated shocks are systematically reduced in amplitude,
increased in width, and reduced in propagation velocity, while the
amplitude of the radiative precursor is increased. This trend is broadly
consistent with the radiative-shock being increasingly emissive with
the more sophisticated and accurate non-LTE atomic models.
Furthermore, it has been shown that the induced shock trajectory is
degenerate in relation to the plasma initial conditions.

Laboratory–astrophysics experiments, which seek to explore
radiative-shocks in this regime, should be aware of the limitations that
the requirement of LTE places on the validity of their experiments, as
the scalings employed to transform from laboratory to astrophysical
scales do not hold for non-LTE systems.
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