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Abstract

Thermal Weibel instability driven by anisotropic velocity distributions is an important
mechanism for self-generating magnetic fields in both laboratory and space plasmas. However,
there is a lack of experimental data on thermal Weibel instability due to the difficulty of
initializing anisotropic distributions in a controllable manner as well as the challenge of probing
the magnetic fields with high spatiotemporal resolution. Here we show that the initial electron
velocity distribution of optical-field-ionized plasmas can be easily manipulated by changing laser
polarization and such plasmas are unstable to the thermal Weibel instability. The topology of the
self-generated magnetic fields depends on the laser polarization. We propose to use ultrashort
relativistic electron beams such as those produced by a laser wakefield accelerator as a probe to
record the spatiotemporal evolution of the magnetic fields. By taking a series of snapshots of the
magnetic fields at different times, the wavevector spectrum and growth rate of the instability can
be deduced and compared with kinetic theory.

Keywords: Weibel instability, optical field ionization, kinetic plasma instability, electron probe,
magnetic fields
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1. Introduction

Thermal Weibel instability is a kinetic instability that grows
in plasmas with anisotropic velocity distributions and leads to
self-generation of magnetic fields. It has been extensively
studied in both theory and simulations since it had been
proposed [1] due to its role in basic plasma physics and its
possible presence in many physical phenomena such as col-
lisionless shocks [2—5], gamma-ray bursts [6, 7], and magn-
etic fields generation in galactic and interstellar plasmas
[8-10].

Weibel instability is closely related to current fila-
mentation instability (CFI) which is driven by interpenetrating
streams of plasmas. The interpenetrating streams can be seen
as one limit of anisotropic distributions [11]. Because of this
similarity, the term ‘Weibel instability’ and ‘filamentation
instability’ have often been used interchangeably in the
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literature. However, there are differences between these two
instabilities [12]. For instance, in the linear phase and without
including ion motion, Weibel instability is purely transverse
thus has no electrostatic component [1]. The CFI, however, is
not purely transverse unless the counter-propagating currents
are symmetric so that they can pinch at the same rates [13].
The CFI may also coincides with the presence of two-stream
instability to generate the so-called oblique mode [12, 14]. In
this paper we differentiate these two instabilities and use the
term ‘thermal Weibel instability’ [15] to refer to the instability
driven by anisotropic velocity distributions as proposed by
Weibel [1].

CFI has been experimentally studied by either passing a
relativistic electron beam through a plasma [16-21] or by
creating two interpenetrating plasmas [2, 4, 22, 23]. In the
former case, the system is dominated by electron CFI whereas
in the latter case, the system is dominated by ion CFIL

© 2020 IOP Publishing Ltd  Printed in the UK
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Recently, electron CFI was also observed in dense plasmas
ablated from laser-irradiated solid targets using Faraday
rotation effect [24]. However, to the best of our knowledge,
there is no experimental verification on thermal Weibel
instability to date, despite of the voluminous theoretical and
simulation work on this topic [1, 12, 25-27]. It remains a
challenging problem due to the difficulty of initializing
known anisotropic distribution(s) on one hand and the chal-
lenge of directly measuring the magnetic field structures that
evolve in the plasma with high spatiotemporal resolution on
the other hand.

In this paper, we present simulation results which show
that anisotropic plasmas initialized by optical-field-ionization
(OFI) using either a circularly or a linearly polarized laser are
unstable to thermal Weibel instability and that it is possible to
measure the spatiotemporal evolution of the self-generated
magnetic fields using an ultrashort relativistic electron beam
as a probe. We show that the self-generated magnetic fields
form different topological structures when plasmas are initi-
alized by lasers with different (circular or linear) polariza-
tions. By taking snapshots of the magnetic fields at different
times, the linear growth of the thermal Weibel instability can
be recorded. From these snapshots we can deduce the evol-
ution of wavevector spectrum and growth rate of the
instability and compare these with predictions of the kinetic
theory.

2. Self-generation of magnetic fields in OFI plasmas

2.1. Kinetic theory of thermal Weibel instability

Assume a plasma with the electron velocity distribution
(EVD) function of
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Here we have assurned that the wave vector is in z direction
and the B field is in the x—y plane. By solving the dispersion
relation, one can find the growth rate of thermal Weibel
instability v = iw for unstable modes With wavevectors

relation of

where w, =

dt is the plasma dispersion function.

within the range of 0

The wavevector of the unstable mode is predominantly along
the low-temperature direction, i.e. k =~ Zk,. Thermal Weibel
instability is transverse, therefore the magnetic field is pre-
dominantly along the transverse directions, namely
. As we will show
later thrs corresponds to the case Where the plasma is ionized
by a circularly polarized laser propagating along z direction.
On the other hand, if the plasma is hot in one direction and

cold in the other two orthogonal directions, for instance,
vth, > vthy, = vth;, the wavevector of the unstable mode will
be k ~ Yk, + Zk, and the magnetic field is B ~ yB, + 2B,
with k - B = kB, + k.B, = 0. This corresponds to the case
where the plasma is ionized by a linearly polarized laser
which polarizes along x direction and propagates along z
direction.

2.2. Anisotropic temperature plasma initialized by optical-field
ionization

An intense, infrared (IR) laser pulse can ionize atoms rapidly
in the tunneling regime during its rising edge. Once being
released from the parent ion, electrons start oscillating in the
electromagnetic field of the laser. When the laser is gone, the
electrons are left with a residual velocity (momentum) that
depends on the phase when the electrons are ionized and the
polarization of the laser. This process thus enables one to
control the initial EVD of the plasma and can be self-con-
sistently modeled in particle-in-cell (PIC) simulations. In this
section, we present results of 3D simulations using the
OSIRIS [28] code to show the initialization of anisotropic
EVD of OFI plasmas. In these simulations, the ADK [29]
ionization model is used but we should point out that because
we consider a scenario where the laser is intense enough to
rapidly fully ionize helium, different ionization models give
the same results.

As shown in figure 1(a), if the laser is circularly polar-
ized, the electric field of the laser rotates in the plane
perpendicular to the propagation direction with an almost
constant amplitude (within each laser cycle). Therefore, the
residual velocity of the electrons resembles a cylindrical
distribution in the transverse velocity space. The plasma is
cold in the laser propagation direction but hot in the trans-
verse plane. Because of the different ionization potentials of
the two electrons of helium, the velocity distribution consists
of two distinct rings with the radius of the ring being pro-
portional to the ionization potential. Such an anisotropic
distribution initialized by a circularly polarized laser has been
confirmed in recent experiments [30].

Along any particular direction in the transverse plane,
such a velocity distribution can be seen as consisting of four
quasi-Gaussian streams, thus the plasma is unstable to both
streaming and filamentation instabilities. The density fluc-
tuations associated with these instabilities have been observed
in experiments using Thomson scattering of a femtosecond
probe laser [31]. The electric fields associated with the
streaming instability accelerate cold (He'") electrons and
decelerate hot (He*") electrons therefore cause collisionless
relaxation of the distribution in the transverse plane. The
filamentation instability self-generates magnetic fields which
isotropize the plasma. The streaming instability has a growth
rate of v ~ 0.1w,, therefore the plasma relaxes very rapidly in
tens of plasma periods. Figure 1(b) shows the velocity dis-
tribution 1 ps after the plasma being created. Clearly, the ring
structure has disappeared and the temperature in the laser
propagation direction has increased significantly. At this time,
the distribution can be approximated by Maxwellian
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Figure 1. Anisotropic plasma initialized by optical-field-ionization. (a) shows the initial EVD of helium electrons ionized by a circularly
polarized laser and (b) shows the EVD at 1 ps after the initialization. The dimensions of the 3D simulation box are chosen as

1000 x 500 x 500 ¢/wy, divided into 1500 x 300 x 300 cells along the z, x and y direction, respectively. In each cell, 64 particles are
initialized. The density of the uniform helium gas is 5 x 10'8 cm™. A laser with pulse duration T = 60 fs, spot size wy = 8 xm and
normalized vector potential ag = 0.2 is launched from the left wall and focused to the right edge of the simulation box. The electrons within a
Az = 5 um slab at the center of the simulation box are used to generate the distributions. The evolution of the anisotropy of the plasma is
shown in (c). (d)—(f) show the corresponding results for a linearly polarized laser.

distributions in all directions with T}, ~ 500 eV and T; ~ 40
eV. The anisotropy of the plasma is therefore

A= % — 1 = 11.5. The evolution of the anisotropy of the
cold

plasma is shown in figure 1(c). The initial anisotropy when
the laser has just passed is more than 100, indicating that the
plasma is highly anisotropic (see figure 1(a)). Then it keeps
dropping due to the isotropization of the plasma driven by
kinetic instabilities. It is worth noting that the initial EVD is
independent of plasma density provided that the density is not
too high to substantially deplete the laser energy during
ionization. However, the anisotropy may drop more rapidly
for higher densities due to larger instability growth and e—e
collision rates.

As we have explained, initial EVD of OFI plasmas can
be manipulated by changing laser polarization. Figure 1(d)
shows the initial EVD of a plasma ionized by a linearly
polarized laser. In this case, the plasma is hot in the laser
polarization direction but cold in the other two orthogonal
directions. Although not as clear as in the circular polarization
case due to the overlapping of the two groups (He'" and
He?™) of electrons in the velocity space, there are also some
subtle structures in the distribution (see the projection on the
x—z plane) due to the different ionization potentials of the two
electrons of helium. In the laser polarization direction the
initial distribution can be well approximated by two Max-
wellian distributions with different temperatures, as have been
confirmed in experiments [30]. Similar to the CP case, after
1 ps, the distribution can be approximated by Maxwellian



Plasma Phys. Control. Fusion 00 (2019) 000000

C Zhang et al

(@) cp

20 20
_10 10
o
:3 0 0
>10 -0.003 10

20 20
b4 (C/wp) 0 4 (C/(.Op)

B,

)

=~ N
> @
0 -20 *\G\

O\@‘?\ 20
0 -20 *\0 Z(c/wp)

Figure 2. Different topological structures of self-generated magnetic fields. (a) and (b) show the Cartesian components of the magnetic fields
in plasmas with initial EVDs corresponding to the CP and LP cases, respectively. In each subplot, the colour bar applies to all three
components. The magnitude of B, fields in (b) is so small that is invisible.

distributions in all three directions with 7, =~ 150 eV and
T, .~ 10 eV, respectively. We note that these temperatures
may be slightly different due to numerical effects if the
resolution (cell size) of the simulation changes. Nevertheless,
this subtlety does not affect the analysis and results shown
below.

The main takeaway from the above discussion is that
even though the initial anisotropy following ionization is
extremely large in both the CP and LP cases, the plasma has
an anisotropy of ~10 after just ~1 ps which drives the ther-
mal Weibel instability. Although the anisotropy is similar, the
temperature tensor is quite different in these two cases. In the
CP case, the plasma is hot in the two transverse directions but
cold in the laser propagation direction; whereas in the LP
case, the plasma is hot in the laser polarization direction but
cold in the other two orthogonal directions. Such different
temperature tensors will lead to self-generation of magnetic
fields with different topological structures, as we shall see in
the next section.

2.8. Topological structure of self-generated magnetic fields

To model thermal Weibel instability driven by anisotropic
distributions accurately with available computation resources,
we performed 3D simulations using pre-ionized plasmas with
the temperatures obtained from the aforementioned simula-
tions. For the CP case, we set T, , = 500 eV and T, = 40 eV.
The plasma density is 7, = 5 x 10'8 cm ™. The dimensions
of the simulation box are 120, 40 and 40 c/w), in the z, x and y
direction, respectively. The cell size is 0.2 ¢/w, in all three
directions. In each cell, 64 particles with quadratic shape are
initialized. Uniform density plasma with fixed ion

background is used. Periodic boundary conditions for both
the fields and the particles are used in all directions.

Figures 2(a) and (b) show the topological structures of
the Cartesian components of the magnetic fields for the CP
and LP case, respectively. The snapshots are taken at
t = 1007, where T, =27/w, is the plasma period. For
n, =5 x 10" cm™, this corresponds to 5ps. For the CP
case, because the plasma is cold in z direction, the magnetic
fields self-organize themselves into a quasi-static structure
with the wavevector predominantly along z direction. On the
contrary, in the LP case, the magnetic fields resemble to a
quasi-static structure with wavevectors randomly distributed
in the y—z plane. In the CP case, B, field has similar structures
as B, field and B field is much smaller compared with B, ,. In
the LP case, B; has similar structures as B, field and B, field is
much smaller than By, ..

The reason for the difference in the topological structures
in the two polarization cases is as follows. In an anisotropic
plasma, the counter-propagating microscopic currents repel
each other whereas the co-propagating microscopic currents
attract each other, which generates macroscopic current fila-
ments and keeps amplifying the magnetic field. As a result,
the plasma breaks into current filaments primarily in the cold
temperature direction. In the CP case, the plasma is cold in z
direction therefore the plasma breaks into current sheets in
that direction. The associated magnetic fields thus have a
wavevector predominantly along z direction as can be seen in
figure 2(a). In the LP case, because the plasma is cold in both
y and z directions, the plasma breaks into current filaments in
both directions. Therefore, the magnetic fields have wave-
vectors randomly distributed in the y—z plane.
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3. Probing Weibel instability using ultrashort
electron beams

As mentioned in the introduction section, direct measure-
ments of magnetic fields associated with the thermal Weibel
instability are challenging. One commonly used diagnostic
for probing magnetic field is to measure the rotation of
polarization of a probe laser induced by the Faraday effect
[17, 24, 32]. This method can achieve femtosecond temporal
resolution but is more suitable for measuring mega-Gauss
level magnetic fields that lead to a measurable rotation angle
of the polarization. Proton radiography has also been used to
capture the magnetic field structures associated with CFI
[4, 22, 23] but with a typical temporal resolution of >1 ps.
To achieve both high spatiotemporal resolution and high
sensitivity to Tesla-level magnetic fields generated by thermal
Weibel instability in OFI plasmas, here we propose to use
ultrashort relativistic electron beams as a probe. Similar to
proton radiography, electrons will be deflected by the
magnetic fields as they traverse through the plasma therefore
to form density structures after propagating in vacuum for an
optimum distance. The modulated density profile of the probe
beam then reflects the magnetic field distributions in the
plasma. An electron beam with a moderate energy of tens of
MeV is suitable for measuring the magnetic fields in OFI
plasmas with an integrated magnitude on the order of
B- W= 100T - pum, here W is the width of the plasma. The
measurable quantity is the modulation of the density profile of
the electron beam, the magnitude of which increases linearly
as the drift distance after the beam has traversed through the
plasma but before trajectory crossing occurs. As we will show
later, typically the root mean square (rms) of the density
modulation magnitude can reach An/ny ~ 0.5 which is large
enough to be recorded. Such magnetic fields may not be
strong enough to be measured using Faraday rotation effect.
The rotation angle of the laser polarization due to Faraday

effectis p = ——

2m,cn,

the electron charge, electron mass, speed of light in vacuum,
critical density and plasma density, respectively. If we assume
both B, and the plasma density are uniform then
¢ =-—""BL~0. 03 % For n, < n,, the rotation angle will

2mec ne
be too small to be measured

Ultrashort relativistic electron beams have been suc-
cessfully used to capture the electric field structure of linear
plasma wakes [33, 34], which is relatively more challenging
because the wake moves at the speed of light whereas the
magnetic fields associated with thermal Weibel instability are
quasi-static. In this section, we show simulation results to
illustrate the concept of probing magnetic fields in OFI
plasmas using ultrashort relativistic electron beams. To mimic
the bounded OFI plasma, the uniform plasma in previous
simulations is replaced by a plasma column with a diameter of
20 c/wp, which corresponds to 48 yum for n, = 5 x 10'8
cm . All other parameters remain unchanged. Figure 3(a)
shows the self-generated magnetic fields in this bounded
plasma. Each row in figure 3(a) is a y—z slice of the B, field
through the x =0 plane. It can be clearly seen that the

n.B, - ds, where e, m,, ¢, n. and n, are
eDg e c e

magnetic fields start to grow from random noise and resemble
a quasi-static structure in a few ps. At the beginning, the
spectrum of the unstable mode is the broadest,
0 < %¢ < JA. Thereafter, the evolution of the magnetic

ﬁelds 1s dominated by the most unstable mode. After ~2 ps,
the magnetic field structure becomes quasi-static. Figure 3(b)
shows the 3D isosurface plot of the B, field at r = 5 ps.

If we send an electron probe through the plasma along
the +x direction, the electrons will be deflected pre-
dominantly by the B, fields since B, < By. After propagating
for a certain dlstance the deflection will lead to density
modulations which may be recorded by projecting the elec-
tron beam onto a screen that converts charge density dis-
tribution to optical intensity distribution. The modulated
density profiles of the electron beam on a plane 2 mm after the
plasma are shown in figure 3(c), each row corresponds to the
time shown in figure 3(a). The choice of this distance will be
explained later. The electron probe beam is assumed to hav-
ing a uniform density (within the ~300 um field of view)
therefore the density modulation will be zero if there is no
plasma. We note that the snapshots shown in figure 3(c) have
been convolved with a 2D Gaussian distribution with g, = 2
pm to account for the resolving power of the imaging system
including an scintillator screen (e.g. a thin YAG:Ce crystal)
which converts the electron density profile to optical signals
and the following image relay optics as well as the image
recording system [33]. The recorded snapshots of the electron
beam reflect the structure of the magnetic fields very well,
therefore from which we can infer the k-spectrum (wave-
vector spectrum) of the magnetic fields directly. The results
confirm the kinetic theory prediction that the thermal Weibel
instability initially has a broad k spectrum (the magnetic fields
have many different wavelengths) but the magnetic fields
rapidly self-organize to a quasi-static structure (the magnetic
fields have a predominant wavelength corresponding to the
most unstable k) [15]. It can also be seen from the results that
the magnitude of the density modulation of the probe beam
increases with time, which is a direct reflection of growth of
the magnetic fields. In figure 3(d) we show the evolution of
the rms density modulation magnitude of the probe beam (the
solid red line for ¢, = 0 and the dashed red line for ¢, = 10
pm, €, is the emittance of the electron beam) which closely
follows the growth of the magnetic fields represented by the
blue curve. From the red line, we can infer the linear growth
rate of the thermal Weibel instability, v ~ 0.011w,. This is
smaller compared with the kinetic theory prediction of
Vneory = 0.018w). This discrepancy is due to the numerical
(artificial) collisions in the simulation which can be elimi-
nated by increasing the number of particles per cell. We have
confirmed this using 2D simulations with number of particles
per cell larger than 1000 (which is impractical in 3D simu-
lations due to our limited computation resources). Therefore,
we extrapolate that by increasing the number of particles per
cell in 3D simulations to suppress the numerical collisions the
discrepancy between v and ~,,,, will be eliminated. Kinetic
theory predicts that the collisional effect may not be negli-
gible for high densities and will reduce the growth rate of



Plasma Phys. Control. Fusion 00 (2019) 000000

C Zhang et al

MIENTANTINY

0 150 200 2

0.01

o
An/n0

-0.01

0.05

o
An/n0

-0.05

o
An/n0

50 100 150 0

z (um)

10-0.5 o

c
c
4 4
10 —
o
—PIC »
e, =0 {1015 E
- = en=10um
1 N N N N -2
10
5 10

t (ps)

Figure 3. Probing magnetic fields driven by thermal Weibel instability using ultrashort electron beams. (a) Each row shows a slice (through
x = 0) of the magnetic field growing in an anisotropic plasma at a different time. (b) shows the 3D isosurface plot of By, field at 5 ps. (c) The
snapshots of magnetic fields taken by a 30 MeV electron beam with a drift distance of 2 mm (see text). Each row in (a) and (c) is taken at the
same time. (d) The normalized average magnetic field energy (blue line) and rms density modulation magnitude of the probe beam (red lines)

as functions of time.

filamentation/Weibel instability [12, 35]. This can be
potentially verified in experiment by changing plasma den-
sities and measuring the growth rate of the instability using
the method proposed here.

In figure 3(c), the snapshots are taken 2 mm behind the
plasma to avoid trajectory crossing of electrons originate from
different transverse portions of the beam. For a given
deflection angle, the transverse displacement of an electron ¢
is proportional to the drift distance L, namely, 6 = 6L, where
0 is the deflection angle due to the magnetic field. Conse-
quently, for small L, the density modulation An/ng is pro-
portional to drift distance. In figure 4(a), we show snapshots
of the probe beam at different drift distances from 1 mm to
10 mm. The results clearly show that for a drift distance
roughly shorter than 2 mm, the density modulation of the
probe beam has similar structures as that of the magnetic
fields and the magnitude of the density modulation increases
almost linearly as the drift distance. For larger L, trajectories
of electrons from different transverse locations cross through
each other so that now the density modulation of the probe

beam deviates from the magnetic field structure and forms
fake structures in the snapshot. The rms magnitude of the
density modulation as a function of drift distance is shown in
figure 4(b). It is clear that for L < 2mm An/ng increases
almost linearly as L, whereas for larger L, An/n, saturates.
Strictly speaking, there will always be trajectory crossing for
even small L. Therefore, to capture simultaneously the
structure and the strength of the magnetic fields the drift
distance should be limited to an optimal value for which
An/n is maximized within the region where An/ny is still a
quasi-linear function of L to avoid severe trajectory crossing.
This optimal drift distance L, is proportional to the energy
of the probe beam therefore can be increased by using more
energetic electron beams.

The effects of finite energy spread and emittance of a
realistic electron beam on the results presented in previous
sections are addressed here. For a fixed energy of the probe
beam and a given drift distance, the predominant effect of
energy spread and emittance is the change of An/njy. To
quantify this, we add energy spread and emittance to the
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Figure 4. Density profile modulation of the 30 MeV probe beam at
different drift distances. (a) Snapshots of the magnetic fields att = 5
ps taken by the same electron probe beam but at four drift distances.
(b) Magnitude of the density modulation as a function of drift
distance.

probe beam in simulations and the results are shown in
figure 5. The effect of the energy spread on the measured
density modulation An/ng depends on the drift distance. For
small drift distance where trajectory crossing is negligible,
A1 _ V.8, here & is the transverse displacement of

the electron that belng deflected by the magnetic fields and p
is the momentum of the electron. A finite energy spread
causes An/ngy to increase since
1 1 2 1 .
a2 Y p“lf(i—g)z > 2/p,. Here p,. is the
mean value of the momentum and 0 < Ap/2 < p, represents
the energy spread. More generally, if the electron beam has a
An/ng In 24+ x

(An/no)y — X

(An/ng)o is the density modulation magnitude for an ideal
beam without energy spread and x = Ap/p, is energy spread
of the beam (full width at half maximum) [36]. This is shown
in the inset of figure 5(a) where the red line shows the theory
and the blue circles are simulation results. For larger drift
distance, the density modulation An/ny does no longer
increase linearly with 1/p due to more trajectory crossing
therefore it may drop as the ener spread of the beam increases
as shown in figure 5(a) for the L = 2 mm case. Nevertheless,
in both cases, the change of An/ng is negligible (<1%) as

flattop energy spread, then where

=
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Figure 5. Magnitude of density modulation of the probe beam as
functions of energy spread (a) and emittance (b). The main plots
show the results taken at a drift distance of L = 2 mm where An/ng
is maximized and the insets show the results take at L = 0.5 mm
where the trajectory crossing effect is negligible.

long as the energy spread is small (<50%). A finite emittance
of the beam tends to reduce An/n, for any arbitrary drift
distance as shown in figure 5(b) and as explained in [36].
However, the drop of An/ng is also negligible if the emit-
tance of the electron beam is kept <5 ym. These requirements
on energy spread and emittance can be met readily by using
either conventional linacs or plasma-based accelerators.

In figure 6 we show the results for the LP case. All the
simulation parameters are the same as in the CP case shown in
figure 3 except that the initial temperature of the plasma is set
to 7, = 150 eV and T, , = 10 eV to mimic the distribution
initialized by a linearly polarized laser (see figure 1(f)). As we
have explained in previous sections, the topology of the
magnetic fields changes due to the different temperature
tensor. Therefore, the B, and B, fields do not have similar
structures in the LP case as in the CP case. The 3D isosurface
plots of B, and B, fields are shown in figures 6(a) and (b),
respectively. The projections along two transverse directions
are also shown. We point out that because now the plasma is
bounded, the magnetic field structure may have changed
compared to the case shown in figure 2 where the plasma is
infinite large (due to the use of periodic boundary conditions).
Note that the projections of the magnetic fields on the x—z
plane clearly show different structures of B, and B, fields. Itis
possible to use the method we proposed to distinguish this
difference. Figures 6(c) and (d) show snapshots of the B, and
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Figure 6. Magnetic fields structure and snapshots of LP case. (a) and (b) show the 3D isosurface plot and projections of the magnetic fields B,
and B,, respectively. Note the different topological structures of the magnetic fields visible in the projections to the x—z plane. These plots are
taken at r = 6 ps. (c) and (d) show snapshots of the B, and B fields taken by the electron probe beam at different time. These snapshots are
obtained by sending the electron beam through the plasma along x and y directions, respectively, as indicated by the arrows in (a) and (b). (e)
and (f) show the normalized magnetic field energy (blue line) and rms density modulation magnitude of the probe beam (red lines) as

functions of time correspond to (c) and (d), respectively.

B, fields taken by the 30 MeV electron probe beam at dif-
ferent times. These snapshots are obtained by sending the
electron beam through the plasma along x and y direction,
respectively, as indicated by the arrows in (a) and (b). The
drift distance is 20 mm, which is longer than that in the CP
case because of the weaker magnetic fields. The different
structure of B, and B fields are captured by the electron probe
as can be seen in figures 6(c) and (d). Also note that the
magnitudes of the density modulation of the probe beam
corresponding to the B, fields are larger, indicating that
By > B, which is consistent with the explanation given in
previous sections. The corresponding normalized magnetic
field energy (blue line) and rms density modulation

magnitude of the probe beam (red lines) as functions of time
are shown in figures 6(e) and (f). Once again, the density
modulation magnitude of the electron probe beam tracks the
magnetic field energy fairly well as soon as the magnetic
fields has grown to a detectable level by this method. The
deviation between the blue line and the red line for t < 3 ps is
likely due to the overlapping of filaments. Namely, at early
time the spacing between filaments is small and along the
path of the electron probe beam there are multiple filaments
therefore the defection contributed by these filaments may
cancel out so as to reduce the modulation magnitude of the
probe beam.
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4. Discussion

As the pump laser ionizes neutral gas to initialize plasmas
with anisotropic distributions, it also drives a wake in the
plasma. The amplitude of the wake can be reduced by low-
ering the laser intensity. The effects of electric fields in the
wake on the traversing probe beam can be further suppressed
or eliminated by increasing the duration the probe beam
interacts with the plasma. This can be done by either
increasing the probe pulse length or by increasing the pump
laser spot size to excite a broader wake. Because the plasma
wake moves in the laser propagation direction at the speed of
light, the average effect on deflecting the probe beam by the
wake will drop dramatically for k,c7 > 1 where &, is the

wavenumber of the wake, 7 = ¢~ '\/o2 + o, is the traver-
sing time of the probe, o, is probe pulse length and oy, is
width of the wake. The density modulation of the probe beam
contributed by the wake is reduced by a factor of ek < ]
compared to the case where the wakefileds are assumed to
having the same amplitude but stationary [36]. Therefore,
even for the case where the magnitude of the wakefields is
comparable to the strength of the self-generated magnetic
fields, the contribution from the wakefields is negligible
if kyer > 1.

The optimal plasma density is limited by the spatial
resolution of the imaging system, the temporal resolution
required to resolve the linear growth phase of the instability
and the condition required to suppress the contribution from
the wakefields. Assume that the best achievable spatial
resolution of the imaging system is o;,, to resolve the structure
of the magnetic fields requires k,o,, < 1. To temporally
resolve the linear growth of the thermal Weibel instability
requires y7 < 1 where v = 4w, is the growth rate of the
instability. To suppress the contribution from the wakefields
requires c7k, > 1. The combination of these requirements set
the limitation on plasma frequency as
Ly, < Min(
2-3 ym has been demonstrated in experiments [33], which
gives ¢/ 0, ~ (10 fs)~!. For an OFI plasma, the kinetic theory
predicts that 4 is on the order of 0.01. These numbers indicate
that the lower limit of k, ! (the upper limit of the plasma
density) is restricted by ¢;, unless ¢7 > 300 pm (long probe
and/or wide plasma). For instance, if the traversing time is
7 = 0.1 ps, then the plasma density should be in the range of
3 x 10" < n,(ecm™3) < 3 x 10" which partially covers
the density range widely used in laser-wakefield acceleration
experiments.

Due to the fast-growing nature of the thermal Weibel
instability, the jitter between the pump laser and the electron
probe beam should be minimized. A rough estimate can be
made by assuming that within the jitter time the instability
11
;=59
For the densities mentioned above, the jitter should be smaller
than 1-10 ps, which can be readily achieved.

1 . .
—, i). A spatial resolution as small as
AT O

does not grow over one e-folding, that is, 7ji., <

5. Conclusion

A laboratory platform suitable for quantitatively studying
thermal Weibel instability is proposed. We show using self-
consistent 3D PIC simulations that plasmas with anisotropic
EVDs can be initialized by optical-field ionization. Such
plasmas are unstable to thermal Weibel instability. The
topological structures of the self-generated magnetic fields
can be manipulated by changing the polarization of the
ionizing laser. We also show that it is possible to measure the
spatiotemporal evolution of the self-generated magnetic fields
using an ultrashort relativistic electron beam as a probe. By
taking a series of snapshots of the magnetic fields at different
times, the wavevector spectrum evolution and the linear
growth rate of thermal Weibel instability can be measured.
Requirements on laser, plasma and probe electron beams are
discussed. These proposed measurements open new possibi-
lities to experimentally study the thermal Weibel instability—
a lynchpin of kinetic instabilities in plasmas.
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