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Laboratory evidence of the nonresonant streaming instability in the formation of quasiparallel
collisionless shocks at high Alfvénic Mach number
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We present an experimental investigation of the formation stage of a collisionless shock when the flow
velocity is aligned with an ambient magnetic field utilizing laser-driven, super-Alfvénic plasma flows. As
the flows interact, electromagnetic streaming instabilities develop. Proton deflectometry is used to visualize
these electromagnetic fluctuations indicating the development of the ion-Weibel instability and the nonresonant
instability. Hybrid simulations also show growth of the nonresonant instability and suggest that it provides an
efficient source of dissipation for a shock.

DOI: 10.1103/PhysRevE.110.L033201

Introduction. Collisionless shocks are ubiquitous in our
universe and are considered an ideal system to accelerate
cosmic rays (CR) up to 1015eV through the diffusive shock ac-
celeration mechanism (DSA) [1,2]. Recent observational [3,4]
and numerical [5,6] studies show direct evidence that the
efficiency of CR acceleration is strongly dependent on mag-
netic inclination and the Alfvénic Mach number (MA). The
magnetic inclination is the angle between the ambient mag-
netic field and the shock velocity. High-MA and quasiparallel
orientation provide ideal conditions for efficient DSA [3,6].
Supernova remnants (SNR) with MA > 100 are considered the
primary source of galactic CR [7]. Interestingly, when CRs
are streaming ahead of the shock with a drift velocity aligned
with the ambient magnetic field, they induce the nonresonant
streaming instability (NRI) [8] which amplifies the existing
magnetic field and thus, alters the shock structure. In turn, the
acceleration mechanism is more efficient in the CR-modified
shock. This feedback mechanism illustrates the nonlinear in-
terplay between CR and shocks. To better understand such
a nonlinear system, it requires a detailed examination of
collisionless dissipations. Hence, NRI has been exhaustively
studied numerically in an astrophysical context [8–14]. Owing
to the complexity of ion-beam streaming instabilities such as
NRI and the required stringent conditions, experiments on
these instabilities remain scarce. Seminal experiments in the
parallel configuration [15] were performed at low Alfvénic
Mach number (MA ∼ 2 − 4) and showed the role of the right-
hand resonant streaming instability in shock formation. At
higher MA, studies suggest NRI [16] could act as the mech-
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anism for field generation that allows the formation of the
quasiparallel collisionless shocks

High-power laser facilities provide the means to study
streaming instabilities and, thus, collisionless shocks in con-
trolled laboratory experiments. When two laser-driven flows
interact, the inter-ion collision time between the flows is often
larger than the experimental time scale due to the high ve-
locities (∼1500 km/s) involved and allows the streaming ions
to interact in a collisionless manner. In addition, laboratory
investigations provide the means to experimentally diagnose
the interaction in situ and in a controlled environment; which
are lacking in observations due to the unresolvable spatial
scales involved in mechanisms driving astrophysical collision-
less shocks. Consequently, there has been significant interest
in studying the formation of collisionless shocks in the labora-
tory and understanding the processes that enable the coupling
between collisionless plasma flows [15,17–23]. A series of
unmagnetized experiments [18,22,24] observed the growth of
the ion-Weibel instability that permits the coupling between
two symmetric flows, resulting in eventual shock formation
and particle acceleration [22].

In this Letter, we present laboratory results of the early
phase of the formation of quasiparallel shocks for MA > 150,
relevant to young SNR shocks. Simulations show that the
surge of entropy mediating the shock formation is caused by
the ion-Weibel instability and the NRI. Experimental mea-
surements show growth of ion-Weibel filaments followed by
the NRI, as inferred from proton images taken at multiple
times during the evolution of the system. These observations
are supported by hybrid particle-in-cell (PIC) simulations that
indicate that the isotropization of the two plasmas occurs in
less than ten ion gyroperiods, suggesting a substantial contri-
bution of the NRI in the development of the shock.
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FIG. 1. Schematic of the experimental setup. The “beam” plasma
(red hemisphere) interacts and propagates through the “core” plasma
(green blob) in the presence of an external magnetic field (generated
by MIFEDS, gray box) aligned with the flow axis of the two plasmas.

Experimental setup. Experiments were conducted at the
OMEGA-EP laser facility, see Fig. 1, wherein two distinctly
different plasma flows counterpropagate head on to investi-
gate quasiparallel collisionless shock formation. First, a 4 µm
thin Ti foil is driven by a 0.5 ns pulse containing 500 J. The
ablation pressure launches a shock through the target and the
cold (Ti ∼ Te ∼ 10 − 20 eV), dense (ni ∼ 1.5 × 1019cm−3)
plasma accelerated from the backside of the target travels
toward (150 km/s) the second target. This plasma plays the
role of the background, referred to as the core. The second
Ti target, represented by the purple disk in Fig. 1, is driven
by a 1 ns square pulse delivering 1250 J with an intensity
of ∼5.6 × 1014 W/cm2. This ablation plasma, referred to as
the beam, expands counterpropagatively to the core and is
initiated 17 ns after the core to account for the higher velocity
(1500–2000 km/s). To investigate the quasiparallel config-
uration, an external magnetic field parallel to flow velocity
is applied using a multiloop MIFEDS [25] coil, providing a
magnetic field strength of 17 T near the core target and falling
off to 4 T near the beam target.

Results. The beam and core plasmas are modeled
in a cylindrical-2D geometry using the radiative-
magnetohydrodynamic code, FLASH [26,27]. Simulations
of laser-driven targets using FLASH provide the ability to
estimate unmeasured quantities. The plasma parameters given
above and are used in the subsequent analysis, extracted
from FLASH simulations, which are validated against data
from the 4ω-probe diagnostic suite, Nomarski interferometry
and angular filter refractometry (AFR) [28], and x-ray
spectrometry [29]. It shows reasonable agreement inside
the core, see the Supplemental Material [30]. We note
the FLASH calculations underpredict by 25% the density
in the region of interaction. Simulations of the beam or
core plasmas separately provide plasma conditions prior
to interpenetration. As a hydrodynamic code, FLASH
calculations of the two interacting flows cannot accurately

FIG. 2. 10 MeV proton images: (a) 7.5 ns after the initial asym-
metric interaction (t0) without external B field (a1), with the external
B field (a2), and core only with the external B field (a3). Features
are shifted up due to the external magnetic field. (b) 10 MeV proton
images showing the temporal evolution of field structures at 4.5, 7.5,
and 10.5 ns after t0, (b1), (b2), and (b3), respectively. Light areas on
the left-hand side in premagnetized shots are MIFEDS shadows. The
white dotted lines in (a3), (b2), and (b3) are the approximate location
of the core.

model physics of the collisionless ions, but they can help to
differentiate hydrodynamic and kinetic effects in experiments.
Generation of the beam plasma is delayed relative to the core
to account for the different flow speeds and to ensure that the
interaction region of the two flows occurs near target chamber
center, where diagnostics are pointed. The interpenetration
of beam ions into the core plasma begins at ∼18.5 ns (t0)
following the irradiation of the core. Due to the high velocity
of the beam flow, the core-ion/beam-ion mean free path is
∼16 cm, which is larger than the distance between the core
and beam targets (6 mm); the system can thus be considered
collisionless for the ions. Beam ions can stream into the core
leading to the development of collisionless microinstabilities
and producing self-generated electromagnetic fields that
can be visualized with proton deflectometry. This technique
utilizes a laminar proton backlighter [31] induced by a
high-intensity laser beam (SL beam in Fig. 1) to detect
electromagnetic field structures in the plasma. Protons are
deflected by electromagnetic fields as they propagate through
the interaction volume and the proton flux is recorded on
a filtered radiochromic film (RCF) stack, providing energy
resolved images. Measured proton fluence variations are
attributed to electromagnetic field fluctuations in the plasma
with a temporal resolution of 40 ps for 10 MeV protons.

Experimental proton images of the two-flow interaction are
shown in Fig. 2. The image at t0 + 7.5 ns [Fig. 2(a1)] shows
that without an external magnetic field, smooth field structures
form at the interface of the two flows; e.g., the triangular
feature and all the vertical planar features, highlighted by the
dashed red line in Fig. 2(a1). These structures are caused by
the advected magnetic field likely produced by the Biermann-
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FIG. 3. (a1), (a2) reconstructed path-integrated magnetic field from the 16 MeV proton image at t0 + 4.5 ns [Fig. 2(b1)]. (b) Power spectral
density (PSD) analysis of Weibel-like filaments. The Fourier analysis was performed in the green rectangle of (a2). (c) Estimation of the
filament size at 4.5 ns (green) and 7.5, 10.5 ns (red). The measurement is compared to the coalescence model of the ion-Weibel filaments in
the plasma condition of the core center (dashed black line) and at the edge of the core (blue line). tsat is the saturation time and we estimate
tsat = t0 + 1.9 ns.

battery mechanism near the beam target [32]. The magnetic
field is advected efficiently with the beam plasma since it is
“frozen in” (Rem > 1000) to the electron fluid. The advected
field piles up [see red dashed line in Fig. 2(a1)] at the core-
beam interface as the beam electrons collide with the core
electrons. When applying a magnetic field, the advected and
piled-up field is still present within the asymmetric flow inter-
action, but now in the presence of filamentary field structures
(scale sizes of hundreds of µm) and larger structures (1mm)
in the core [Fig. 2(a2)]. When the beam plasma is not present,
only faint striations are visible [Fig. 2(a3)]. The orientation
and homogeneity across the image indicate that the striations
result from MIFEDS fields in a vacuum. Filamentary struc-
tures are identified in the t0 + 4.5 ns image by the green box
in Fig. 2(b1) located at the outer edge of the core. The core
position is depicted in proton images [Figs. 2(b1) and 2(b2)]
by a dashed white line to show the relative position of the
observed filaments. The white dotted line [Figs. 2(b1) and
2(b2)] corresponds to where the gradient of the core density
is maximized according to the FLASH calculations, at ni ∼
0.3 × 1019 cm−3. The dashed line position was determined us-
ing the AFR and shadowgraphy diagnostics. Later, we observe
the presence of an electrostatic front, see purple dashed lines
in Figs. 2(b2) and 2(b3) as well as larger filamentary structures
in the center of the core identified by red arrows in Figs. 2(b2)
and 2(b3). Those filamentary structures are the result of the
beam propagating through the premagnetized core since such
structures are not observed in the unmagnetized interaction
[Fig. 2(a1)] or when only the premagnetized core is present
[Fig. 2(a3)]. A careful analysis of the filaments at the different
proton energy, indicates that deflections are primary magnetic,
see the Supplemental Material [30].

Path-integrated magnetic field maps are reconstructed us-
ing the PROBLEM solver [33,34] to characterize the filaments
and assess their origin. The utilization of this technique is
warranted because the deflections of the protons by the mag-
netic filaments are still smaller than the plasma scale length.
Reconstructed path-integrated magnetic field components for
16 MeV protons at t0 + 4.5 ns are shown in Fig. 3(a). The
high-frequency filaments located on the outside of the core are
denoted by the green box in Fig. 3(a2). A Fourier analysis was
performed in this area to constrain the analysis to the magnetic
fluctuations of interest, resulting in the power spectral density

shown in Fig. 3(b). It shows the presence of a dominant mode
with a wavelength of ∼125 ± 45 µm. We note that the exter-
nal magnetic field induces some distortions of proton images.
However, these distortions are small and encompassed in the
uncertainties of the estimated wavelengths; see the Supple-
mental Material [30]. The inferred magnetic wavelength can
be compared to analytical models or hybrid-PIC calculations
to determine the instability generating B fields of this size.

Counterpropagating, unmagnetized plasma slabs have
shown robust formation and growth of filamentary structures
driven by the ion-Weibel instability [18,19,21,22]. Previous
works demonstrated that the initial plasma parameters set the
growth of the filamentation [35,36], and then a coalescence of
the current filaments occurs once the instability reaches satu-
ration. In order to estimate the dominant mode and the growth
time, we compute the dispersion relation using a kinetic
formalism derived by Ruyer et al. [36] and plasma param-
eters derived from benchmarked FLASH calculations. The
filaments are located 0.8mm–1.2mm away radially from the
center of the “core” plasma. At this location, the ion density
of the core varies from 0.7 × 1018cm−3 to 0.3 × 1019cm−3.
Considering the density of the core in the middle of the
green box (∼1018cm−3, Z∗ ∼ 7) and the density of the beam
(∼1017cm−3, Z∗ ∼ 20) at the time of the initial interaction
(t0), we estimate the dominant wavelength of ion-Weibel fila-
ments to be ∼80 µm at the end of the linear phase (t0 + 1.9 ns).
Here, the dominant mode is the mode maximizing the sat-
urated magnetic field described by the trapping criteria [37]
given by Bsat = mi�

2(k)/(Z∗ekv), where � is the Weibel
growth rate, v is the relative bulk velocity, e is the elementary
charge, and k is the filament wavenumber. Filament wave-
length scales as ∼δi =

√
c2mi/4πniZ∗2e2, where δi is the ion

inertial length. Figure 3(c) shows the temporal evolution of the
filament wavelength using the coalescence model [36] (blue
band). The estimated wavelength has been plotted with a band
to indicate the uncertainty due to the core density variation
(from 0.7 × 1018cm−3 to 0.3 × 1019cm−3) at the location of
the filaments depicted by the green box in Fig. 2(b1). Note
that in the center of the core, the density reaches ni ∼ 1.5 ×
1019cm−3, implying a dominant wavelength of ∼30 µm at
saturation of the ion-Weibel instability, and they are predicted
to merge into 52 µm wavelength filaments over the course of
4 ns. Such a size (tens of µm) is out of the resolution of the
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diagnostic. From this analysis, it is clear that filamentary field
structures observed at the edge of the core at t0 + 4.5 ns are
consistent with the collisionless ion-Weibel instability.

At later times, large filamentlike patterns inside the core
plasma are observed in proton images, as indicated by red
arrows in Figs. 2(b2) and 2(b3). We applied the same Fourier
analysis, restricted to the area of these filaments and away
from the electrostatic front [38] [see purple dashed lines in
Figs. 2(b2) and 2(b3)] to avoid interference of the electrostatic
field with the magnetic fluctuation analysis. The dominant
wavelengths inferred are ∼410 ± 120 µm at t0 + 7.5 ns, and
∼360 ± 120 µm at t0 + 10.5 ns; see the Supplemental Mate-
rial [30]. The large uncertainty of the filamentary wavelength
is due to the limited region of the analysis. Filaments of
this size do not match the coalescence model for ion-Weibel
filaments inside the core, see the black dotted line in Fig. 3(c),
where the expected sizes at these times are ∼70 µm and
∼130 µm at tsat + 5.6 ns and tsat + 8.6 ns, respectively. This
discrepancy cannot be explained by the 25% underprediction
in the density from the FLASH calculations. Note that the blue
band and black dotted line correspond to a density ranging
from 0.7 × 1018cm−3 to 1.5 × 1019cm−3. Although the early
filaments at the edge of the core are the results of the ion-
Weibel instability, a different kinetic instability is at the origin
of the late-time filamentary structure observed inside the core.

In the premagnetized case, we expect a strong beam
streaming in the core plasma parallel to the existing magnetic
field. Such a configuration and the length scale of the magnetic
filaments (few ion inertial length) suggest the establishment
of the ion-beam instability, especially NRI with a growth rate
close to γ ∼ �0 ∼ 0.14 rad/ns due to the high velocity of
the flow [39] where �0 is the core ion gyrofrequency. We
calculated the dispersion relation for an ion beam propagating
in a background plasma with drift velocity parallel to an
external magnetic field, as formulated by Gary et al. [40]
[Eq. (8.1.7)]. These calculations use the FLASH-predicted
plasma parameters at t0, see the black dotted line in Fig. 4(a).
The dominant mode found at ∼ − 0.2δi indicates the growth
of the NRI instability.

Hybrid-PIC simulations were conducted using the
AKA [41] code in 3D to characterize magnetic field
generation under experimentally relevant plasma conditions.
AKA treats the electrons as an inertialess fluid and the ions
as macroparticles following the PIC scheme. Figures 4(b1)
and 4(b2) show two components of magnetic fields calculated
with AKA using estimated plasma parameters in the central
core at t0. It confirms the growth of magnetic waves induced
by kinetic instabilities. Temporal tracking of the waves
indicates that they travel in the counterpropagative direction
of the beam. The waves are right-hand polarized (ω > 0) and
present negative helicity (k < 0), see helicity decomposition
in Fig. 4(a), consistent with NRI which produces right-hand
polarized waves counterpropagating to the beam [13,16]. A
comparison of the analytically calculated dominant mode
is in good agreement with the helicity decomposition,
illustrating that B fields observed in hybrid-PIC calculations
are dominated by the NRI. Green lines in Fig. 4(c) present
the dominant mode (λy) of Bx. The dashed green line is the
dominant mode inferred from simulated proton radiographs
of the 3D field structure using the same imaging geometry as

FIG. 4. (a) Calculated growth using the equation dispersion from
Gary et al. [40] and the plasma parameters at t0 (black dotted line).
Solid lines are helicity-decomposed spectra of the perpendicular
magnetic field at different times from simulation. (b1), (b2) Parallel
and perpendicular components of the magnetic field calculated by the
hybrid PIC code for plasma conditions taken at 4�−1

0 . (c) Temporal
evolution of plasma parameters: core kinetic energy (solid black line)
and beam kinetic energy (dotted black line), parallel magnetic energy
(blue line), perpendicular magnetic energy (orange line), and green
lines are the wavelength (λy) of the dominant mode for Bx (solid)
and Bx along the proton path as in the experiment (dashed). The red
crosses are the NRI wavelength measured experimentally.

the experiment. Experimental measurements of filament sizes
[red crosses in Fig. 4(c)], taken at times < 2�−1

0 (i.e., growth
is expected to be in the linear regime), are consistent with
hybrid-PIC calculations.

Therefore, the large filamentary structures indicated by red
arrows in proton images shown in Figs. 2(b2) and 2(b3) are
experimental evidence of the NRI in a parallel configuration.

While further evolution of the NRI was not explored in
experiments, hybrid-PIC simulations can provide insight into
the expected behavior at later times. A strong slowdown of the
beam and core ions occurs at later times, mediated by the NRI.
The free energy in the beam and core dissipates and heats the
plasma efficiently at saturation, 8.5�−1

0 . Later (t > 10�−1
0 ),

the magnetic field turns isotropic, indicating the formation of
turbulence. A fast slowdown of the beam and core plasma,
along with the presence of turbulent B fields, suggests that
NRI would efficiently drive the formation of the quasiparallel
shock in this configuration.

Both the ion-Weibel and nonresonant instabilities play a
role in magnetized collisionless shock formation in a parallel
configuration. Due to faster growth rates, B-field generation
at early times is dominated by the ion-Weibel instability. This
instability quickly saturates at B ∼ 4 T for these experimental
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conditions, and then the nonlinear regime begins wherein the
filament size increases. Previous works [35,42] demonstrated
that an increase of the magnetic strength by a factor of 3–10
occurs after saturation in symmetric inhomogeneous plasmas.
In this experiment, amplification after saturation is expected
to be less due to the uniform background plasma and asym-
metric geometry. Filamentary B fields driven by the NRI are
observed at later times due to the slower growth rate. NRI
growth is still in the linear regime at the times probed in this
work. The NRI saturates when the magnetic field reaches a
few times the external magnetic field, ∼50 T, here. We thus
expect the NRI to be the dominant dissipation mechanism
after few ion gyroperiods.

Summary. An experimental platform to study quasiparallel,
high-MA shocks was developed utilizing asymmetric plasma
flows generated by laser-driven targets. Magnetic fields gen-
erated by kinetic ion-streaming instabilities were visualized
using proton images taken at multiple times during the in-
teraction. In the presented work, the initial phases of shock
formation were studied, but the shock could not be fully
formed in the time scale of the experiment. Through a de-
tailed Fourier analysis of proton images, and comparisons

with analytic theory and hybrid-PIC simulations, the NRI and
ion-Weibel instability were identified as the most likely source
of the observed filamentary field structures and capable of
mediating shock formation. This work demonstrates the ex-
istence and characterization of B fields generated by the NRI
for highly superalfvénic flows in the context of quasiparallel
shock formation and provides a path for future experiments
and to create fully formed shocks to observe and study particle
acceleration in these systems.
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