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a b s t r a c t

Experiments investigating the physics of interpenetrating, collisionless, ablated plasma flows have
become an important area of research in the high-energy-density field. In order to evaluate the feasibility
of designing experiments that will generate a collisionless shock mediated by the Weibel instability on
the National Ignition Facility (NIF) laser, computer simulations using the Center for Radiative Shock
Hydrodynamics (CRASH) radiation-hydrodynamics model have been carried out. This paper reports
assessment of whether the experiment can reach the required scale size while maintaining the low
interflow collisionality necessary for the collisionless shock to form. Comparison of simulation results
with data from Omega experiments shows the ability of the CRASH code to model these ablated systems.
The combined results indicate that experiments on the NIF are capable of reaching the regimes necessary
for the formation of a collisionless shock in a laboratory experiment.

Published by Elsevier B.V.
1. Introduction

Collisionless shocks are ubiquitous in astrophysics and have
recently become an active area of research in high-energy-density
laboratory experiments. In astrophysics and space science, nearly
all shock waves that one can readily detect are collisionless [1,2].
Examples include shocks in supernova remnants [3] and shocks
where the solar wind encounters planetary magnetospheres [4]. In
the laboratory, recent years have seen increasing activity in
experimental design [5e7] and results [8e13]. Our focus here is on
collisionless shocks that develop and endure in initially unmag-
netized, interpenetrating plasma flows. An electrostatic shock may
opf).

B.V.
initially form in such interpenetrating flows, if the Mach number is
small enough [14,15]. But Particle In Cell (PIC) simulations indicate
that such shocks saturate and then dissipate in time [16], so such
shocks do not appear to endure. On an intermediate timescale, the
Weibel instability can arise, producing a structured magnetic field
that randomizes that particle motion to create a Weibel-mediated
shock [17]. The Weibel instability is driven by anisotropy in the
particle distribution functions, definitely present in inter-
penetrating plasma flows, and it is specifically the response to
anisotropic ion distributions that may produce shock waves.
Weibel-mediated shocks have long been recognized to be poten-
tially important [4], and in recent years have specifically been hy-
pothesized to play an important role in gamma-ray bursts [18].
Such shocks have the potential to endure, and the work discussed
here is part of the effort to develop experiments that can produce
and observe Weibel-mediated shocks.
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Accomplishing the goal of producing and observing Weibel-
mediated shocks has several facets. We present here results from
one facet of this efforte radiation-hydrodynamic simulationse but
first set the context by discussing the other facets. The potential
that one might be able to observe Weibel-mediated shocks in
laboratory experiments was first identified by Kato and Takabe [19]
based on PIC simulations. This work and subsequent PIC simula-
tions [20e24], all in uniform plasmas, showed that the size of the
system required to developWeibel-mediated shockswas about 300
ion skin depths. The figures in these papers show the microscopic
field and plasma structures that develop. The need is to have a large
enough plasma to develop Weibel generated magnetic fields that
then randomize the ion motion e there is no sharp threshold for
shock formation. Analytic and semi-analytic design work [6,25,26],
discussed further below, showed that one was likely to be able to
produce Weibel-mediated shocks in the laboratory, but that
meeting all the necessary constraints would probably require
a laser facility on the scale of the National Ignition Facility (NIF).
Meanwhile experiments, also discussed further below, began to
develop diagnostic methods and experimental technique that
could be used on larger systems. This included the application of
proton radiography in this context [27]; proton radiography is the
most likely diagnostic to be used in such experiments on NIF.
However, PIC simulations cannot model plasma of interest on
a realistic space and timescale, the analytic theory cannot deter-
mine the plasma conditions that will exist in a given experiment,
and the experiments being done to date produce conditions that
are not expected to createWeibel-mediated shocks. One also needs
an assessment of whether the required plasma conditions can be
produced on NIF, and this is the contribution that radiation-
hydrodynamic simulations can make. Such simulations cannot
directly model the Weibel instability, nor can they model the
interpenetration of plasmas (since they model hydrodynamic
behavior). What they can do is to calculate the laser energy depo-
sition, the resulting plasma expansion, and the properties of the
expanding plasma. One can then evaluate these results in the
context of the constraints for collisionless shock formation deter-
mined from the PIC simulations and semi-analytic design work.
This paper presents the results of such simulations, along with
results of simulations indicating the ability of CRASH to accurately
model existing experiments. We reach the conclusion that on NIF
one would expect to be able to produce Weibel-mediated shocks.

2. Experimental campaign investigating weakly-collisional
interpenetrating ablated plasma flows

The Astrophysical Collisionless Shock Experiments with Lasers
(ACSEL) collaboration has carried out a series of experimental
campaigns at large laser facilities aimed at understanding magne-
togenesis in high-energy plasma conditions relevant to astro-
physical systems. Kuramitsu et al. carried out the first experiments
on the Gekko laser system, with the results published in 2011 [10].
These experiments used 100 J of laser energy to generate an ablated
plume from a thin CH (plastic) foil [10]. The radiation from this
plume ionized and ablated a second CH foil, creating a counter-
streaming flow [10]. The interaction of the two flows created
structures inferred to arise from the collisionless shock produced
via the electrostatic instability [6,10]. Shortly thereafter, a series of
high power laser experiments were carried out at the Omega laser
facility, both on OMEGA and OMEGA EP, in which the team has
observed properties of counter-propagating plasma with low
interflow collisionality generated by laser ablation of opposing thin
foils using 5 kJ per target laser energies [26]. Proton radiography in
these experiments has shown evidence of field structure [28]. Ex-
periments have also been carried out on a single ablated plasma to
understand the plasma conditions generated in each independent
flow of the counter-streaming case [26,29]. This characterization is
critical to experimental analysis of the collisionless system. Papers
by H S Park et al. [26], J S Ross et al. [29], and N L Kugland et al. [28]
have extensively discussed the results of these experiments.

Work by Ryutov et al. [25], Park, et al. [26], and Drake and
Gregori [6] lay out a semi-analytical analysis of experimental re-
quirements to produce Weibel-mediated shocks for collisionless
interpenetrating ablated flows. In the present paper, three critical
criteria for the generation of a Weibel-mediated collisionless
shocks are discussed: obtaining the required density and exper-
imental length scale [6,25,26], maintaining low enough interflow
collisionality to remain in the collisionless regime [6,25,26], and
obtaining the necessary growth rates of the Weibel instability [6].
The first two criteria will be discussed below in assessing the fea-
sibility of collisionless shock generation. The first criterion refers to
the fact that the size of the system must be large enough to
accommodate the length scale for Weibel instability growth. The
area in which the ablated flows interact determines the size of the
system and the growth length scale is set by the ion skin depth for
the plasma, with PIC simulations suggesting the need for 300 skin
depths within the interaction region in order to obtain a fully-
formed Weibel-mediated collisionless shock [19e21]. For a given
ablated plasma material, the skin depth varies proportional to
N�1=2
e , where Ne is the electron density; therefore the plasma

density must be large in order to make the skin depth short enough
to meet the criterion [6]. The other criterion that we discuss is
ensuring that the systemmaintains low interflow collisionality. The
ion mean free path, lmfp, for interpenetrating flows is
approximately
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where AZ is the atomic weight, Z is the atomic number, y is the
relative bulk flow velocity of the plasmas, nZ is the total ion density,
and a is the intersection angle of the two flows. The Coulomb
logarithm will be evaluated from
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for counter-streaming flows with the same composition and where
nZ1 refers to a single flow density. The ion mean free path depends
on the flow velocity much more strongly than on the plasma
density. As such, in order to meet the two necessary criteria to be
discussed, we must show that the plasma flow is sufficiently fast
and dense for the formation of a collisionless shock by the Weibel
instability.
3. Computational modeling with the CRASH code

We have utilized the CRASH code to explore experimental pa-
rameters for the single foil, laser-ablated plasmas at the OMEGA
[30] laser facility, as well as for the NIF [31]. As we will show, while
CRASH is not currently able to model the dynamics which lead to
the Weibel instability and collisionless shock formation in these
high-energy-density experiments, the radiation-hydrodynamics
and laser energy deposition models in CRASH appear to be capa-
ble of accurately describing the macroscale plasma evolution rel-
evant to this case. The results from CRASH simulations can be used
to evaluate plasma properties of the ablated flow given different
target geometries and experimental parameters, as will be dis-
cussed below. This is important both for assessing designs of
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potential experimental campaigns at high-energy-density facilities
and for gaining some insight into those parameters that are difficult
to diagnose experimentally.

The CRASH code is a semi-implicit radiation-hydrodynamics
code with adaptive mesh refinement [32] that has been used to
model radiative shocks [33,34], as well as a variety of other high-
energy-density physics systems [35,36]. Details of the CRASH
physicsmodel can be found in papers by Van der Holst et al. [32,37].
A brief summary of the physics utilized for simulations in this paper
follows. We utilized the implicit multigroup radiation transport
with 10 photon energy groups. The relatively sparse photon group
resolution was used to limit computational time and because en-
ergy transport of specific groups does not play an important role in
the system of interest here. The simulations utilize a tabular
equation-of-state (EOS), either using tables generated by a dedi-
cated EOS model for the CRASH predictive science project or tables
from an external model. The only plastic that has been developed
for the CRASH project as such is polyimide, therefore for models of
the plastic foil targets, the equation-of-state for polyimide is used in
place of a table for the specific plastic. The comparison between the
CRASH model and the experimental data discussed below will
justify this approximation. Runs utilizing equation-of-state tables
for the specific plastics in the experiment using the PROPACEOS
model developed by Prism Inc. are under development. The CRASH
laser package is capable of both 2D R-Z and fully 3D laser ray
tracing. Additionally, the code is able to do the full 3D ray tracing
and map the laser energy deposition back to the 2D geometry
mesh. Early simulations of these laser ablation experiments were
carried out before the development and testing of the 3D-to-2D
capability, thus utilized the R-Z beam geometry. The simulations in
this paper have been carried out with the R-Z geometry beams in
order to maintain a consistent laser physics model throughout the
runs. Future runs will utilize the 3D-to-2D laser package. In the
reported simulation results, the laser spatial profile was a super-
Gaussian with a power of 4.2. The reported radius is half of the full
width at half maximum of this spatial profile. The rays were inci-
dent at 21.7� from normal to the target surface to allow for some
effect of laser refraction from non-normal rays through the corona.
Because CRASH is an Eulerian hydrodynamics code, the cells must
be initialized with some mass; as such, the cells representing the
vacuum that surrounds the target experimentally contain low
density material, utilizing the same equation-of-state as the target
material.

4. Simulation of experiments carried out at the OMEGA
facility

In order to assess the ability of the CRASH code to model the
laser ablation experiments, we utilized data from December 2009
experiments on the OMEGA 60 laser published by J S Ross et al. [29].
Single foil and double foil experiments were carried out on 0.5 mm
thick CH2 foils, driving the ablated flow with nominally 4.7 kJ of
laser energy in a 1 ns pulse with a 250 mm diameter spot. The main
diagnostic was Thomson scattering, which measures the electron
and ion density, as well as the electron and ion temperature, ion-
ization state, and flow velocity from a finite scattering volume.
Further Thomson scattering details can be found in the Ross et al.
paper [29], as well as a 1999 paper by Glenzer et al. [38]. In the 2009
experiments, the scattering volume was approximately a 100 mm
cube located 4 mm from the foil surface, 4 mm from each foil in the
two-foil case, along the central axis of the laser beam spot [29].

In order to model the single foil experiments just described, we
utilized a computational domain in the R-Z, axially-symmetric ge-
ometry, spanning from �4.5 mm to 0.5 mm in the axial direction
and from 0.0 mm to 1.0 mm in the radial direction The domain
utilized reflecting boundary conditions on the symmetry axis and
float boundaries on all others. The laser rays in the calculation
travel in the positive Z-direction, therefore the ablated flow is
traveling in the negative Z-direction. The plasma conditions to be
compared to experimental data were extracted by averaging over
the zones within a 50 mm radius of the central axis, 4 mm from the
target surface. The calculations utilized the adaptive mesh refine-
ment in the CRASH code with a 64 mm base resolution, refining on
steep density and temperature gradients. Calculations carried out
at 3 through 6 maximum AMR levels showed that the plasma
variables at the diagnostic region showed little variation above 4
levels corresponding to a 4 mm resolution.

Fig. 1 shows a comparison between CRASH and the exper-
imental data for the experiments at 4712 J. Fig. 1a shows that the
electron density predicted by CRASH is in good agreement with the
experimental data for the range of the simulation. The maximum
electron density in both the simulation and the data peaks at
5 � 1018 cm�3 around 5 ns and slowly drops to 4 � 1018 cm�3 by 8e
9 ns. Fig.1b displays the flow velocity versus time for the simulation
with the experimental data overlaid.While this is expected because
the ablated flow is approximately a homologous flow and thus the
velocity falls off at approximately as 1/t where t is the time
experimental time, it is nevertheless an important test to assure
that the model is faithfully representing the system, and that the
timing for the two systems is in agreement. Lastly, from Fig. 1c we
can see that the ion temperature is in reasonable agreement with
the experimental data near 3 ns, but the ions in the simulation do
not maintain as high a temperature as the experiment, falling to
roughly 15 eV by 9 ns whereas the data indicates a temperature
holding between 30 eV and 50 eV. This discrepancy is possibly due
to details in the equation-of-state model and will be further
investigated. The electron temperature cannot be compared be-
tween the systems because it is believed that the Thomson scat-
tering probe laser heats the electrons, providing an artificial
minimum temperature and leading to a discrepancy between
models and experimental measurements [26]. Overall, the strong
agreement between CRASH and experimental data is considered
more than adequate for use of this model in design of further ex-
periments investigating collisionless counter-streaming plasmas
generated by laser ablation.
5. Simulation of potential experiments on the NIF

Because the NIF allows for a large increase in available energy to
drive the experiments, it has been speculated that experiments
may reach the regime necessary to form a Weibel-mediated colli-
sionless shock [6,26]. In preparation for planned experiments on
the NIF, a series of simulations have been carried out to assess the
feasibility of this claim. The two criteria we will be using to judge
this possibility are the characteristic length for the instability
growth and the mean free path for ions in the interpenetrating
flows. As discussed previously, the ion skin depth determines the
characteristic length for a collisionless shock formation, with PIC
simulations by Spitkovsky as well as Kato and Takabe concluding
that a threshold of 300 ion skin depths within the interacting re-
gion was necessary [19e21]. Experiments unable to reach this
length scale would not provide the space necessary for the Weibel
instability to isotropize the particle flow and form a collisionless
shock; however, evidence of magnetic field filamentation by the
Weibel instability might still be observable. We must also assure
that the collisionality in between particles in the interpenetrating
flows remains low and as such want the mean free path for ioneion
collisions to remain long compared to the interaction region be-
tween the flows [6,25,26].



Fig. 2. These plots display the electron density (a) and flow velocity (b) versus time for
the ablated plasma a distance of 4 mm from the foil surface driven with three different
laser parameters. The CRASH models of the NIF experimental conditions reach two
orders of magnitude higher electron densities than the OMEGA model, while main-
taining velocities above 1000 km/s for 5 ns.

Fig. 1. These plots display the electron density (a), the flow velocity (b), and the ion
temperature (c) versus time for the ablated plasma a distance of 4 mm from the foil
surface driven by 4712 J with a 1 ns pulse. The results of CRASH simulations show good
agreement with experimental data in the three variables, though the ion temperature
cools more quickly in the models.
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Two simulation results are reported here. In both cases a single,
2 mm thick plastic foil is irradiated by 500 kJ of laser energy in
a 600 mm radius spot. The first case presented delivers the energy in
a 1 ns drive pulse, whereas the second delivers the same energy but
in a 10 ns drive pulse, leading to an order of magnitude lower
irradiance. As in the previously discussed simulations of the
OMEGA experiments, the computational domain extends out
4.5 mm from the target surface in the ablation direction. Ideally this
would extend further for the NIF models, but computational cost
limited the domain extent. Future simulations will explore longer
domains through better optimization of code parameters. The
plasma conditions to be analyzed will be extracted near the sym-
metry axis in the R-Z coordinate system. The data for the 1 ns drive
case will be presented out to the full 20 ns experimental window,
however the 10 ns drive case is limited to the first 4.4 ns of the
model due to time constraints.

We will first discuss the results of the model for the 1 ns drive
pulse. Fig. 2 shows how the plasma conditions 4 mm from the
target surface vary in time. This location is chosen in part because it
is near the end of the domain and in part to compare to the pre-
viously presented OMEGA results. The total electron density, shown
in Fig. 2a, is shown to climb to 6� 1020 cm�3 near 4 ns before tailing
to 1 �1020 cm�3 by 20 ns, roughly two orders of magnitude higher
than the electron density reached in the OMEGA experiments. The
velocity curve, shown in Fig. 2b, matches that of the OMEGA
experiment, maintaining flow velocity above 1000 km/s until 5 ns
and falling off as t�1. The model indicates that the ion temperature
peaks briefly to nearly 4 keV at 3.2 ns before dropping under 1 keV
at 4.4 ns and reaching 100 eV at 11.4 ns.

To assess the criteria for generation of a Weibel-mediated col-
lisionless shock, we calculate the ion skin depth and ion mean free
path using the assumptions made in the published design analyses
[6,25,26]. The ion mean free path and ion skin depth for a given
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target separation will be calculated by the plasma state in the
simulation at half the separation distance. This allows us to assess
the range of possible target separations and range of times that
would feasibly allow the formation of the collisionless shock. This
analysis will use the interaction region as defined in Drake and
Gregori, where interaction region is defined as half the target
separation distance centered at the midpoint between the foils [6].
Fig. 3 shows a color-contour plot of the number of ion skin depths
within the interaction region with the axes varying target separa-
tion horizontally and time vertically. Fig. 3 clearly displays the re-
gions where the target separation indicates that greater than the
requisite 300 ion skin depths fit within the interaction region, as
specified by criteria 1, as well as the regions where the ion mean
free path is much longer than the interaction region, thus meeting
criteria 2. For target separations greater than 3 mm, there exists
a regionwhere both criteria are met for the 1 ns drive. For an 8 mm
target separation, a window from 3 ns until 10 ns exists in which
both criteria 1 and criteria 2 are met, indicating that the generation
of a collisionless shock is feasible for this experimental config-
uration, assuming that there is actually enough Weibel instability
growth, which seems likely from Drake and Gregori [6]. The chart
also indicates that it may be possible to meet the criteria for longer
durations with larger target separation, though this cannot be
confirmed due to the computational domain. At later times, a re-
gion of target separation that meets criteria 1 also exists; however,
because the fluid velocity is small in this region, the collisionality
remains too high to generate collisionless shocks.

In the second simulation, the laser drive used the same energy
and spot size, but was sustained for 10 ns. This led to a lower
irradiance, but a sustained source of ablation until later times.
Unfortunately, the model results have not been carried out for the
full 20 ns because of computational constraints. Fig. 2 shows the
early time results of this simulation run as compared with the 1 ns
data. It is important to note that the simulation is approaching and
appears will reach the same peak electron density (Fig. 2a), but
because of the longer, sustained drive, the simulation indicates the
possibility of higher velocity (Fig. 2b) for a prolonged time. Because
Fig. 3. The number of ion skin depths, which controls the scale length for growth of
the collisionless shock, is plotted versus target separation and time. The 300 ion skin
depth contours (shaded) indicate the areas in which the scale length for the colli-
sionless shock formation is less than the interaction region of the two plasmas. A
second shaded contour is shown which indicates the locations where the mean free
path for ions, lmfp, is greater than 3 times the size of the interaction region. The area in
which these contours overlap shows the regions where both the collisionality and
experimental scale length criteria are met for this CRASH model.
the collisionality drops proportional to v4, this suggests that the
longer drive would allow the simulation to stay in the Weibel-
mediated collisionless shock regime for more time.

6. Summary and conclusion

Simulations using the CRASH code indicate that ablation ex-
periments using laser parameters possible on the NIF are capable of
meeting critical criteria necessary for the development of a colli-
sionless shock mediated by the Weibel instability in a well-
controlled laboratory experiment. These simulations are sup-
ported by a close comparison between simulated and experimental
data from experiments on Omega. For a pulse duration of 1 ns, the
model suggests that a target separation of 8 mm would allow for
a 7 ns window during which a collisionless shock could form before
the system is no longer in the low interflow collisionality regime.
Furthermore, the simulations indicate that delivering the same
total energy in a longer drive may allow for an extended timeframe
in which the collisionless shock would be able to exist.

CRASH simulations to obtain a more detailed coverage of the
laser parameter space are underwaywith the goal of optimizing the
likelihood and duration of collisionless shock formation in the
upcoming experimental campaign. Additionally, models of the
interpenetrating flows andmodels utilizing theMHD capabilities of
the CRASH code are being considered and tested.
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