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As the plasma ejecta from supernovae or other energetic astrophysical events streams through
the interstellar media, it is shaped by instabilities that generate electric and magnetic fields.
Specifically, counter-streaming plasmas are susceptible to the Weibel filamentation instabil-
ity [1], which serves to generate electromagnetic fields on a range of scales [2]. The formation
of current filaments coupled to transverse magnetic fields have been theorized to be respon-
sible for the observed gamma-ray burst light curve [3], strong particle acceleration [4], and
for providing seed fields for larger-scale cosmological magnetic structures [S]. While the

presence of these instability-generated fields has been inferred from astrophysical observa-



tion and predicted in simulation, observation in experiments is challenging. Here we show,
using charged particle (proton) probing, direct observation of filamentation-mediated mag-
netic fields in counter-streaming plasmas, fully consistent with 3-dimensional particle-in-cell
(3D PIC) simulations and instability growth theory. The proton diagnostic also confirms the
presence of self-organized magnetic field structures on large scales, consistent with previous
observations [6]. Our results indicate that these features are produced by the Vn x VT or
Biermann battery effects in the initial plasma flows, and arise in PIC simulations through the
incorporation of these fields at inception of the flows. The demonstration of Weibel-generated
magnetic fields in counter-streaming plasmas is of fundamental importance to a wide range
of astrophysical systems. Additionally, this demonstration of Weibel filamentation may serve
as a platform for the investigation of a range of related phenomena, including jitter radiation

[3] and large-scale magnetic field generation.

Our experiments were performed at the Omega Laser Facility [7], where two polyethylene
(CHy) plastic foils were laser-irradiated to generate high-velocity plasma flows (Fig. 1). The foils
were oriented opposite each other and irradiated simultaneously, such that the expanding plasma
flows interacted near the midplane between the foils. The plasma conditions in this experiment
have been previously characterized under identical conditions with Thomson scattering [8]. When
only a single foil was used, the plasma flow velocity was measured to exceed 1000 km/s, with
an electron density of 5x10'® cm™ and an electron and ion temperature less than 200 eV. When
two opposing foils are used, as in the present work, the plasma density in the counter-propagating

flows increased by the anticipated factor of 2, while the electron and ion temperatures increased



significantly due to a combination of collisional electron heating and ion two-stream instabilities

[9].

It has long been known that instabilities in plasmas can generate magnetic fields even in
the absence of seed fields. In seminal work, E. S. Weibel considered electromagnetic instability
driven by the electron anisotropy at the background of resting ions [1]. The instability has a char-
acteristic pattern, with numerous current filaments stretched along one of the axes of symmetry of
the electron distribution function. Since this pioneering work, numerous analyses have discovered
that such filamentation instabilities can be driven by a variety of sources of “free energy” in both
non-relativistic and relativistic systems. In particular, ion instabilities in counter-streaming plasma
flows have been conjectured to mediate the formation of collisionless shocks in non-magnetized
plasmas [2, 3, 10, 11, 12], and to generate the electromagnetic turbulence necessary for cosmic ray
acceleration in shocks [13]. This instability may also be responsible for the seed magnetic fields
that are further amplified by astrophysical magnetic dynamo [4, 14]. The importance of Weibel
and related filamentation instabilities in the dynamics of astrophysical systems makes laboratory

experiments that can access the collisionless plasma regime particularly compelling.

In this experiment, the presence of magnetic fields are measured using proton probing. In the
data shown here, protons were created by compressing a glass capsule filled with a 2:1 mixture of
deuterium (D) and ®helium (*He) at a total pressure of 18 atm. At peak compression (10?3 cm™3),
protons are produced quasi-isotropically at 14.7 MeV through fusion of D and *He. The details

of proton imaging have been treated at length [15] and proton probing has been used in numerous



high-energy-density experiments on OMEGA and elsewhere to image electric and magnetic field
structures [16, 17, 18, 19, 20, 21]. The proton detector is positioned on the midplane of the CH,

target foils such that the protons traverse the central interaction region, as shown in Fig. 1.

There are several striking features in the proton data, shown in Fig. 2 a). First, oriented
along the flow direction is a pattern of filamentary structures, consistent with Weibel filamentation
between the counter-propagating flows. These filaments span ~700 pym above and below the
midplane (0 on the y-axis of the image) and extend relatively uniformly over the horizontal field
of view of the image. In addition to the filaments, two horizontal magnetic “plates” are seen
above and below the midplane, producing bars of increased proton fluence approximately 400
pm apart. These large-scale magnetic features have been observed in previous experiments with
similar geometries [6, 22], and are interpreted here as the result of the initial Biermann battery
B-fields in the system. These fields are created at the target surface during the laser ablation [23]
and are frozen in the flow, following the effective electron trajectory [24]. In the central region,
the longitudinal electron velocity from the two flows is cancelled and the B-fields cannot readily
cross the midplane, being mainly advected transversely and causing the formation of two magnetic

plates [24].

In order to better understand both the Weibel- and Biermann battery-generated magnetic
fields in the experimental system, we have conducted detailed 3D PIC simulations with the code
OSIRIS [25] to model the counter-streaming plasma flows and the generation of EM fields from

first principles. The flows are initialized with the properties measured experimentally in the mid-



plane region, namely each flow has n, = 5x10!® cm™3, v, = v; = 1000 km/s, and T, = T; = 100
eV. Figures 3a and 3b show the B-field structure ~2 ns after the flows begin interacting, at approx-
imately the time that the experimental data was collected. As the current filamentation instability
grows, we observe clear filamentary structure in the midplane where plasma interpenetration oc-
curs. The magnetic energy associated with the instability growth is driven by the ion flows and
goes mainly into the transverse component of the field, as expected from the instability analysis.
The amplitude of these B-fields grows exponentially during the linear phase, with a growth rate
of ~0.2 v/c w;il or 1/T" = 0.5 ns, which is consistent with the linear theory of the instability (see
Figure 3c and the caption discussion). The linear phase of the instability saturates after 1 - 1.5
ns of interaction (i.e. after ~2-3 e-foldings). After 2 ns, the filaments are approximately ~400
pm in diameter, which is consistent with experimental observations. In the subsequent nonlinear
phase, the B-field amplitude continues to increase; the ratio of spatially-averaged magnetic energy
to the kinetic energy of the flows reaches >1% by the end of the interaction (Fig. 3c). Locally, the
B-fields reach peak amplitudes of 0.32 MG, which corresponds to a magnetic energy density that
is 5% of the kinetic energy density of the flows. These high values illustrate the power of this col-
lisionless instability in converting kinetic energy into electromagnetic energy. The large-amplitude
B-fields cause the deflection of the incoming flows and the randomization of their kinetic energy.
At time scales longer than those addressed here, this can also lead to the formation of shock waves

and to particle acceleration from these shocks [13, 26].

Simulations were also used to investigate the role of Biermann battery B-fields generated by

the Vn x VT term near the surface of the foils during the laser interaction. Using the plasma



described above, we have immersed the flows in large-scale B-fields with a peak amplitude of 50
kGauss [22, 27]. In keeping with the geometry of the gradients of n and 7' in the system, the
fields are made to encircle the initial plasma flows. Because the electron density in the simulations
does not diverge transversely at the midplane as in the experiment [24], the fields are initialized
only in the leading edge of the flow, ensuring that the B-field in the interaction region does not
grow unbounded. The addition of these fields leads to a long-range order in the system, and results
in the the magnetic plates seen in the data (Fig. 2 a). The presence of this field does not affect
considerably the formation of the ion Weibel instability, as the ions remain unmagnetized. This is
supported by simulations where the initial B-fields associated with the Biermann battery are not
included, in which case the structure and evolution of the Weibel-generated field is essentially the

same (see Figure 3c).

To more readily compare the PIC results with the experiments, we have produced synthetic
proton radiographs from the B-field structure in the simulations. As in the experiment, a source
of 14.7 MeV protons is generated with a phase-space distribution corresponding to an isotropic
point source located 1 cm away from the beginning of the simulation box. The protons probe the
self-consistent field structure, and then are ballistically propagated to a 13 cm x 13 cm detector
plane 30 cm from the source (identical geometry as the OMEGA experiments). The simulated
proton radiography is shown in Figure 2b), and is in good agreement with the experimental data.
To verify the mechanisms for the plate and filament features in the image, the field strength was
selectively varied in the simulation. This confirmed that the observed filamentary structure in the

central region of the image is associated with the Weibel B-fields, whereas the two vertical plates



are associated with the Biermann battery fields.

To assess the susceptibility of the plasma in our experiment to Weibel growth, we have
performed a linear stability analysis based on the collisionless Vlasov equation. Using the same
techniques as in the earlier studies [28, 29], we arrived at the dispersion relation properly account-
ing for the chemical composition of the flow. Such a description is necessary for multi-species
plasmas (the present system consists of carbon and hydrogen), and represents a new aspect to the
dispersion relation calculation.Additional details are included in Supplemental Information; the
results are presented in Fig. 3d). The linear growth-rate for the temperature of ~1 keV is sufficient
for the mode to grow to a well-developed state during the first 1-2 ns of interaction between the

plasma flows, as seen in both experiment and simulation.

Using proton radiography to probe the system, it is clear that self-generated magnetic fields
from a multitude of sources, including Weibel instability and Biermann battery effects, shape the
evolution of the plasma in these experiments. The ability of 3D simulations to model the instability
growth, paired with the generation of synthetic proton images via self-consistent projection of
charged particles through the PIC fields, allows for a powerful, direct comparison to data. The
importance of magnetic fields over range of spatial scales in numerous astrophysical systems make

these experiments an exciting test bed the study of self-generated magnetic fields in plasmas.
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Figure 1: Experimental configuration of opposing flow measurements on OMEGA. In this ge-
ometry, a pair of polyethylene (CH,) plastic foils of diameter 2 mm and thickness 500 pm were
separated by 8 mm along a common vector. Each was irradiated with 8 overlapped laser beams
delivering ~4 kJ of 351 nm laser energy in a 1 ns square pulse. Phase plates were used to pro-
duce super-gaussian laser spots with focal spot diameters of 250 ym on the target surface. In the
midplane between the plastic disks, a capsule filled with a mix of deuterium and *He gases was
irradiated by 18 beams (=9 klJ total laser energy), compressing it and producing an isotropic burst
of 14.7MeV of protons upon stagnation. The capsule was located 1 cm from the center point be-
tween the foils, and the protons were recorded after transiting the plasma interaction region using

a CR39 detector located 30 cm from the proton source.
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Figure 2: Experimental data (a) and synthetic proton radiography from post-processed PIC sim-
ulations (b). In both cases the plasma flows enter the frame from the top and bottom. Extended,
coherent magnetic “plates” are formed above and below the midplane as a result of the large-scale
Biermann battery fields generated in the laser ablation process. Superposed are the protons de-
flected from Weibel filaments, which appear at the image with a spatial period of ~ 250 pm in
both the data and simulation. Notably, the spacing of filaments in the plasma is larger than this
measured spacing in the radiograph, as a result of multiple deflections that the protons experience
as they traverse the 3D “forest” of filaments. This result is discussed further in the Supplemental

information section.
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Figure 3: a) 3D OSIRIS simulation of the system after 2 ns of interaction between the counter-
streaming plasma flows. Magnetic fields are shown in the blue/red color scale, with electron den-
sity in orange. b) Magnetic field slice along the y-axis midplane, illustrating the presence of strong
filaments associated with the Weibel instability. ¢) Plasma magnetization o as a function of time.
The case of zero initial B-field is shown in solid lines, whereas the case of initial Biermann battery
field is represented by the dashed lines. The (green, blue, red) lines show the (x,y,z) components
of the B-field and the total B-field is shown in black. The dot-dashed line show the theoretical
growth rate of the ion Weibel instability. d) The linear Weibel growth rate I" [w,;v/c] vs the wave
number k [w,;/c] . The velocity of each stream is 10® cm/s (the directed energy of the carbon ions
is then ~60 keV). The green, blue and red curves correspond to CH, flows at electron and ion
temperatures of 0.1 keV (green), 0.5 keV (magenta), 1 keV (blue) and 2 keV (red). The maximum
growth rate for the electron density of 101 cm™3 in the CH, plasma is 0.5 x 10'° s~ for blue
curve. The dashed blue curve is for pure carbon at 7, = 7; = 1 keV. The difference between the
solid and dashed blue curves is a manifestation of stabilization by the light ions. The black curve is
areference growth rate I' = kvw,, /4 /k?c? + wfnl @Finally, the inset plot shows mode distribution of
the magnetic field in k—space from simulation after 2ns of interaction, showing a range of unstable

k consistent with the theoretical analysis.



