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Many astrophysical systems are effectively “collisionless,” that is, the mean free path for collisions
between particles is much longer than the size of the system. The absence of particle collisions
does not preclude shock formation, however, as shocks can be the result of plasma instabilities that
generate and amplify electromagnetic fields. The magnetic fields required for shock formation may
either be initially present, for example, in supernova remnants or young galaxies, or they may be
self-generated in systems such as gamma-ray bursts (GRBs). In the case of GRB outflows, the
Weibel instability is a candidate mechanism for the generation of sufficiently strong magnetic fields
to produce shocks. In experiments on the OMEGA Laser, we have demonstrated a quasi-
collisionless system that is optimized for the study of the non-linear phase of Weibel instability
growth. Using a proton probe to directly image electromagnetic fields, we measure Weibel-
generated magnetic fields that grow in opposing, initially unmagnetized plasma flows. The colli-
sionality of the system is determined from coherent Thomson scattering measurements, and the
data are compared to similar measurements of a fully collisionless system. The strong, persistent
Weibel growth observed here serves as a diagnostic for exploring large-scale magnetic field ampli-
fication and the microphysics present in the collisional—collisionless transition. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4982044]

I. INTRODUCTION

Collisionless shocks occur in systems where the low
ambient particle density may preclude frequent particle-
particle collisions, but is nevertheless sufficient for electro-
magnetic instabilities to grow. Collisionless shocks are viewed
as a dominant source of energetic cosmic rays, and there is
now observational evidence of cosmic ray acceleration in
supernova remnant shocks.! However, important aspects of
the particle acceleration mechanism are not fully under-
stood.””® Outstanding questions include the detailed processes
responsible for shock formation and for the generation of
strong waves and magnetic turbulence capable of scattering
particles in the vicinity of shock.

One proposed mechanism for converting the kinetic
energy of a streaming plasma flow into magnetic energy
capable of sustaining a collisionless shock is the electromag-
netic Weibel instability.” Weibel-generated magnetic fields
grow from anisotropies in the velocity distribution of the
flow, and despite the small-scale structure of the magnetic
fields (initially growing at the length scale of the plasma skin
depth c/w,;), the amplification of the fields in time can pro-
duce effectively “collisionless” shocks. In the case of super-
novae explosions, the plasma outflow interacting with the
lower density material surrounding the collapsed star may
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generate collisionless shocks.'®!" In some cases, strong pre-
existing magnetic fields are present in these systems. If so,
these background fields may serve to moderate filamentation
instabilities or generate competing instabilities that supersede
filamentation as the fastest growing mode.'*"® Laboratory
experiments to study collisionless shocks with pre-imposed
initial magnetic fields are an area of active development.'*'°
Weibel instabilities will also grow in the relativistic flows
from gamma-ray bursts (GRBs),™'”'® where the self-
generated fields may be the dominant source of magnetic
energy in the system.'”' Charged particle oscillations in the
resulting tightly “tangled” magnetic fields that wrap around
current filaments have even been proposed as the origin of the
radiation signature observed in the late stages of GRB emis-
sion.”** These relativistic flows have been explored in detail
via numerical simulations, which have confirmed the role of
the Weibel instability in producing magnetic energy densities
on the order of 1%—10% of the kinetic energy density in the
system,25 in slowing down the flows to form a shock,3’26’27
and in providing effective scattering for particle acceleration
processes.> 182328 Relativistic particle flows in laboratory
experiments to date fall short of the system size required for
shock formation.?*' However, astrophysically relevant non-
relativistic plasma flow can be achieved in the laboratory and

Published by AIP Publishing.
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provide a valuable testbed for the physics of magnetic field
generation from filamentation instabilities.

Using the Omega Laser Facility, we have performed
experiments that achieve collisionless conditions by driving
fast, low-density plasma flows.”>* In the laboratory, the
required condition for a system to be collisionless is that the
Coulomb mean-free-path for collisions (4,,,) must be much
longer than the spatial scale of the interacting plasmas, /;,,
(in the laboratory this is the experimental scale).*? The mean
free path is a strong function of the plasma flow velocity v,
but also depends on the ion density n;, and goes as

2
, AN v
Amfp X (Z_> n—i’ (1)

where A and Z are the atomic weight and charge of the ion
species in the flow. An experiment designed to minimize col-
lisional effects must drive a fast, low-density plasma flow,
and in previous experiments performed on OMEGA, the
mean free path exceeded the system size by greater than a
factor of 10 (see Refs. 32-35 and Table I for relevant metrics
from those experiments).

These fast, collisionless plasma flows are susceptible to
several instabilities, including the Weibel instability. The
growth rate of the Weibel instability is proportional to the
flow velocity and the inverse ion skin depth, that is:
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Here, w,,; is the plasma frequency, and m,, and ¢, are the pro-
ton mass and electron charge, respectively (other terms are
as above). The small-scale, tangled magnetic fields generated
by the Weibel (and other filamentation instabilities) can be
visualized with charged particle imaging, employing quasi-
monoenergetic protons produced in D*He nuclear reactions
(see Ref. 36 for details of this technique). The resulting
images reveal a complex, Weibel-generated magnetic struc-
ture in the OMEGA experiments, and comparison of these
images to 3D simulations indicates a strong component of
self-generated magnetic energy, approaching 1% of the total
kinetic energy of the system. Similar work on OMEGA
EP?"*® has demonstrated the range of conditions where these
electromagnetic (EM) instabilities can give rise to large scale
structures in initially homogenous flow.

We can see from Egs. (1) and (2) that optimizing an
experiment to promote strong Weibel growth includes
increasing the ion density n;, which in turn serves to decrease
the mean free path for collisions 4,,,. In the work presented
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here, we have increased the ion density such that the system
is only marginally collisionless (4,5, ~ 5mm, on the order
of the experimental system size /;,, = 5 mm), but in doing so,
strongly promote Weibel instability growth. We note that
collisional effects from ion-ion and electron-ion collisions
can, in some cases, stabilize filamentation instabilities, but
this occurs at lower temperatures than the work presented
here.* Temperature and density in the experiments were
measured with collective Thomson scattering (TS), and pro-
ton radiographs from the system were compared to previous
measurements of Weibel growth in a lower density (more
collisionless) system, revealing an increased duration of
Weibel instability growth before the conclusion of the
experiment.

Il. EXPERIMENTAL CONFIGURATION

The plasma flows in this experiment were generated by
laser irradiation of a flat plastic (CH) target with several
beams from the OMEGA Laser. Each beam delivered 500 J
to a spot approximately 300 um in diameter, and was shaped
and smoothed by a distributed phase plate (DPP). Each pulse
was 1ns, and each beam therefore generated an intensity of
~7 x 10"W/cm? on target. With 5-7 beams participating,
the mid-10""W/cm? intensity quickly heats the electrons,
which are ablated from the surface and quickly begin to cool
adiabatically. The ions follow the electrons with velocity
exceeding 1000 km/s, and when viewed from a location sev-
eral mm from the laser spot, the expanding plasma is approx-
imately spherical.

To create opposing flows, the system just described is
mirrored around a central “interaction point,” so that the
flow from each target streams into this point from each side.
In previous experiments performed in this conﬁguration,32_35
the separation of the plasma sources was 8 mm (each was
4 mm from the interaction point; hereafter called “8 mm sys-
tem”). In recent experiments described here, the separation
between the targets was reduced to 5 mm (each was 2.5 mm
from the interaction region; “5 mm system”), with the inten-
tion of increasing the ion density at the central point. In order
to accommodate this geometry, the number of beams avail-
able to drive each target was reduced to 5, yielding 2.5kJ of
energy on each target.

Two primary diagnostics are employed on each shot.
Measurements of the plasma conditions in both single and
opposing-flow systems (at a separation of 8 mm) have been
studied extensively using the coherent Thomson scattering
(TS) diagnostic, and the method and measurements have
been described in detail in Ref. 32. In that work, the TS k&
vector (where k = kg — k,; k, is the wave number of the probe

TABLE I. Relevant plasma conditions for present and upcoming collisionless shock experiments. The electron density n, is the two-stream density, the carbon
ion density is n;=n,/14, and both have units of 10'®cm>. Note that the NIF values are taken from 2D hydrodynamic simulations, as the NIF Thomson scatter-

ing diagnostic is under construction.

Facility Target sep. (mm) Energy (kJ) n, n; Velocity (km/s) Temp (eV) Lmfp:cc (m) c/wy; (pm) w (ns™hH
Omega®*¥ 8 4 10 0.7 800 1000 80 130 8
Omega 8 35 12 0.9 680 670 35 120 8
Omega 5 2.5 44 3 570 450 5 60 12
NIF (sim.) 10 250 150 11 1000 4 20 40
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beam and k; is the wave number of the scattered light) was
aligned parallel to the plasma flow. In order to field the
opposing plasma flows at 5mm separation, the experiment
was rotated about the interaction point such that the TS k
vector was at perpendicular to the flow direction. The scat-
tering vectors for the 5 and 8 mm systems are shown relative
to the flow directions in Fig. 1.

To measure the electromagnetic structures that are
formed in the interpenetrating plasma flows, we employ an
imploding D*He capsule and a charged particle track detec-
tor along an axis through the interaction point and perpen-
dicular to the plasma flow direction. Fourteen Omega beams
were used to compress the capsule, which was approxi-
mately 400 um diameter glass capsule filled with 12 atm
of deuterium gas and 6atm of *He. Upon implosion, the
capsule produces quasi-monoenergetic proton populations at
3MeV and 14.7 MeV,40 which emanate from a source
~45 um FWHM. The protons are deflected by the EM fields
in the plasma flows and are collected by a nuclear track
detector (CR39) positioned 290 mm from the plasma inter-
action point, imaging the system with a magnification of 30.
The resulting image shows regions of higher and lower pro-
ton flux, as a result of the deflections by EM fields. By com-
paring these images with synthetic proton images from 3D
particle-in-cell (PIC) codes, the 2D map of the 3D field
structure can be related to EM field strength and total mag-
netic energy in the system.***!4?

lll. DATA AND MODELING

In the 8 mm system, eight Omega beams were incident on
each target, for a total energy of 4kJ. Under these conditions,

Drive disk
Drive év&
beams =
&
g
. g
Interaction ”
point @ e
k5 mm
Drive
beams
Opposing drive disk

FIG. 1. The experimental geometry is shown, with 5 drive beams on each
target. Opposing flows are generated at equal distances from a central inter-
action point, where the Thomson scattering probe beam and the proton
imaging diagnostics are pointed. Because the TS diagnostic collection optics
are in a fixed location, a different scattering vector k was used for the 5 mm
and 8 mm separations, as indicated by ks ,,, and Kg -
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the maximum incoming electron density from each flow was
measured by Thomson scattering to be ~5 =+ 1x 10"®cm™?
and was observed to reach the interaction point at approxi-
mately 5ns, suggesting a velocity of 800km/s for these par-
ticles in the densest portion of the flow. When the laser
irradiated surfaces were positioned at 2.5 mm from the interac-
tion point and the total energy on each surface decreased to
2.5kJ, a four-fold increase in density was measured, approxi-
mately 20 + 2.5 x 10'"®cm ™. The peak density in this case
was recorded at 4 ns, indicating that the velocity of the par-
ticles at the peak density was ~650km/s (see Fig. 2). This is
somewhat slower than the velocity recorded at 8 mm separa-
tion, attributed to the decreased laser energy at the smaller sep-
aration. Thus, despite the reduced energy, moving the origin
points of the interpenetrating plasmas closer together leads to a
significant increase in the density.

To understand the longer-time evolution of the system,
outside of the time range where TS data were collected, a
series of simulations were performed. The radiation hydro-
dynamics simulation code HYDRA*® was used to simulate
the plasma plume that develops from the laser hitting a sin-
gle deuterated plastic (CD) foil in cylindrical geometry run
with a fixed grid of 180 x 600 in size. Separate electron and
ion temperatures were used, and CD was used as a surrogate
for CH in the simulations. Vacuum was modeled as a low
density hydrogen gas. The two groups of laser beams, inci-
dent at 40° and 50°, were represented as 10,000 rays that
were traced through the plasma, and deposited energy via
inverse bremsstrahlung and a simplified model of resonance
absorption. The laser parameters were identical to those used
in the experiment, except that only 60% of the laser energy
was used, to account for backscatter and other energy cou-
pling losses that occur in the experiments, but are not other-
wise included in HYDRA. Tabular equations of state,
opacities, and thermal conductivities were used. Radiation
transport was modeled using diffusive multi-group radiation

5 mmdata O
20l 5 mm sim. — |
™
‘E 8 mm data® O
O 8 mm sim. —
%) | 4
= 15
—
>
<10t ]
>
)
7
|
< 5t 1
0
2 10

time [ns]

FIG. 2. The electron density measured using TS diagnostic is shown. In
each case, the measurement is taken at the interaction region, midway
between the opposing plasma sources (i.e., 2.5 mm for the 5 mm separation
and 4 mm for the 8 mm separation). Also shown are the results of the 2D
radiation hydrodynamics simulation at 2.5 mm from the target surface. The
8 mm data have been adapted from Ref. 32.
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FIG. 3. Proton radiographs taken a
four times, measured from the begin-
ning the irradiation of the target surfa-
ces. In each image, the opposing flows
are generated at the top and bottom of
the frame. At 2.5ns, the fastest par-
ticles have reached the interaction
region and the smallest observed fila-
ments are generated. Over the next
3ns, the spatial scale of the filaments
perpendicular to the flow direction
grows, as filaments merge up to longer
wavelengths. Additionally, the extent
of the strongly magnetized region
grows along the plasma flow direction,
as particles with slower initial velocity
interact with the opposing flow. Note,

Time [ns]

with 16 groups that used tabular opacities. These simulations
provide useful initial conditions for 3D particle-in-cell (PIC)
calculations of the electromagnetic structure, as revealed by
proton imaging and described below.

In addition to Thomson scattering measurements, pro-
ton radiographs were collected on each shot and spanned a
range of times after the start of the drive pulses. In the
5 mm system, proton images were taken at 1 ns increments
over from 2.5-5.5ns, as shown in the bottom row of images
in Fig. 3. The top row in Fig. 3 shows images taken from
the 8 mm system, and were collected on previous OMEGA
shot days, as described in Refs. 33 and 34. At the earliest
time (2.5ns after the drive), the opposing plasma flows
have not reached peak density, but the flow is fast, with
velocities of at least 1000km/s. As shown in Eq. (2), the
fast flow helps drive Weibel-generated filaments along the
flow axis in a region with an axial extent of approximately
1 mm. When imaged 1 ns later, the filamentary region has
grown along the axial direction, and the average spacing
between the filaments increased from 125 um to 170 um
(the measurement technique employed here is described in
Ref. 33). Images taken at subsequent times showed this
continuing trend towards larger filaments that extending a
longer distance along the plasma flow vector.

As shown in Fig. 4, the filamentation wavelength grows
approximately linearly in time during the non-linear stage of
the instability (i.e., after saturation) in the 5 mm system, and
unlike the measurements of wavelength growth in the 8§ mm
system, the filament scale length does not plateau over the
time range of the measurements. At the larger 8 mm separa-
tion, it is likely that the expanding plasma has dropped in
density such that there is insufficient inflow of material at the
interaction point to sustain the instability. However, nearly
linear growth of the filament wavelength is observed over
the entire observed duration in the 5 mm system, with a rate
similar to the initial rate at 8§ mm, as indicated by the dashed
lines in Fig. 4.

To compare the evolution of the Weibel instability and
generation of magnetic fields with our experimental data. We
have performed detailed 2D particle-in-cell (PIC) simula-
tions of the interaction of non-relativisitic counter-streaming

the field of view of each image is
approximately 3.3 mm.

plasma flows. The simulations were performed with the fully
relativistic, electromagnetic, and massively parallel PIC code
OSIRIS.*** Given the need to resolve both electrons and
ion dynamics in full-PIC simulations and the large system
size involved in such simulations, common strategies were
adopted to reduce the computational load and still allow for
the scaling of the numerical results to the experiments. A sin-
gle ion species (carbon) is used with a reduced mass to
charge ratio of m;/(m.Z) =512. Additionally, a flow velocity
of 0.1c is used, which preserves the non-relativistic nature of
the interaction but greatly speeds up the simulation when
compared to a flow velocity of 0.003c. This strategy is rea-
sonably justified in regimes dominated by the Weibel (elec-
tromagnetic) instability, as the case of our experiments. For
such conditions, it can be shown analytically that the behavior
of the system can be scaled for different velocities.*® The
large mass ratio used guarantees clear separation of scales
between electrons and ions. The simulation results are then

500 == § mm data® I
=== PIC simulation® =
,g. 400 === 5 mm data il I
= B B =
m - o
N 300 — 1
= _ -7
g - - - -
,‘_% 200 | Sme o | — —
ha [l _—’? N
100 - LT
2 3 4 5 6
time [ns]

FIG. 4. The scale of the filamentary structure observed in the time sequence
of proton radiographs is compared for the system at 5mm separation and
8 mm separation. Here, the horizontal bars represent the average measured
filament separation, with vertical bars indicating maximum and minimum
values observed. Also shown in the same analysis of synthetic radiographs
generated from 3D PIC calculations, as described in Ref. 34. When the
plasma sources are closer, the increased density and decreased 773 diver-
gence of the ion flow yield larger Weibel growth features.
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scaled based on the ion dynamics to the experimental condi-
tions, for a single flow electron density of 7, = 10" cm ™ and
velocity v=1000km/s. The simulation box size is 90 x 45(c/
@, = 9.0 x 4.5mm?, uses 8192 x 4096 cells, and 64 parti-
cle per cell per species. In the simulation, the direction of the
flows is horizontal (along x), and the initial flow density and
velocity are constant within each flow.

Figure 5 illustrates the simulation results scaled to
our experimental conditions. At early times (Fig. 5(a) at
t=3.3ns), we observe the development of ordered mag-
netic field filaments with wave-vector transverse to the
flow direction and with wavelength of ~c/wp;~ 0.1 mm.
The magnetic field at saturation reaches 0.2 MG. At later
times, the magnetic filament evolution becomes nonlinear.
We first observe filament merging and growth of the mag-
netic wavelength to ~150 um by 4.3 ns. At even later times
(t=5.3ns), we observe further growth of the magnetic
wavelength up to ~200 um, and we begin to see the devel-
opment of longitudinal modes and filament breaking at the
center of the interaction. This evolution is consistent with
the experimental proton radiographs obtained. In particular,
it is worth noting that the highly non-linear phase and onset
of filament breaking resemble the highly distorted filaments
phase observed at 5.5ns for 5mm separation (Figure 3).
The details of how the ordered Weibel-mediated filaments

0.4
0.2
3 0o £
- 027
0.4

y [mm]

y [mm]

FIG. 5. 2D OSIRIS PIC simulation of the evolution of counter-streaming
flows scaled to parameters relevant for the Omega experimental conditions
(v=1000km/s, n,=10"cm™>). The (out of page) magnetic field structure
at (a) 3.3ns, (b) 4.3ns, and (c) 5.3 ns is shown. The arrows in (a) indicate
the direction of the plasma flows.
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break and give rise to shock formation are still not well
understood. These results indicate that further investigation
of the experimental interaction at later times with longer
(and more energetic) flows can provide critical information
in this regard.

IV. CONCLUSION

Beginning with a well-tested platform for generating
collisionless plasma flows on the OMEGA Laser, we have
changed the geometry in order to increase the plasma density
in the flows. Using Thomson scattering, we measured an
increase in ion density by a factor of approximately 4 over
those previous experiments. This increased density leads to a
fast development of Weibel instability, which was recorded
using proton imaging. In addition to observing the clear
development of strong and filamentary magnetic field struc-
tures, we have studied the rate at which the wavelength of
the magnetic field filaments changes in the non-linear phase
of the instability. While the rate of filament merging (as mea-
sured by the increase in wavelength) at higher density was
comparable to the case of lower density for early times, we
measure a continuous increase in the filament wavelength
over several ns of observation in the higher density case. The
fraction of the interaction volume subject to filamentation
was also seen to continue to grow. By eschewing the fast,
low-density flows of a truly collisionless system, this config-
uration is only marginally collisionless, but provides opti-
mized conditions for the investigation of the non-linear
development of the Weibel instability.

Going forward, generating a fully formed collisionless
shock in the laboratory will require that the flows be highly
collisionless (L;,/Amp < 1) and that the Weibel instability
reaches the non-linear regime within the bounds of the
experiment (L;,/(c/w,;) > 200).27 These conditions can be
simultaneously fulfilled by increasing the flow velocity and
density in the interacting region, which strongly increases
the mean free path (/,,, v*/n) while decreasing the ion
skin depth (c/w),; o< n 2). This combination is possible on
the National Ignition Facility (NIF), due to the greater
energy, length, and timescales available as compared to
OMEGA. NIF experiments have already demonstrated
increased density (n, > 10200m*3) and ~1000km/s flows
for foil separations in the range 6—10mm.*” Future work
will further increase both density and velocity scales to cre-
ate and study fully formed collisionless shocks in the labo-
ratory for the first time.
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