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ABSTRACT

When a moderately intense, few-picosecond-long laser pulse ionizes gas to produce an underdense plasma column, a linear relativistic
plasma wave or wake can be excited by the self-modulation instability that may prove useful for multi-bunch acceleration of externally
injected electrons or positrons to high energies in a short distance. At the same time, due to the anisotropic temperature distributions of the
ionized plasma electrons, the Weibel instability can self-generate magnetic fields throughout such a plasma on a few picoseconds timescale
that can persist even longer than the lifetime of the wake. In the present paper, we first show using simulations that both these effects do
indeed co-exist in space and time in the plasma. Using our simulations, we make preliminary estimates of the contribution to the transverse
emittance growth of an externally injected beam due to the Weibel magnetic fields in a few-millimeter-long plasma. We then present the
results of an experiment that has allowed us to measure the spatiotemporal evolution of the magnetic fields using an ultrashort relativistic
electron probe beam. Both the topology and the lifetime of the Weibel instability induced magnetic fields in the experiment are in reasonable
agreement with the fields induced by the Weibel instability in the simulations.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207697

I. INTRODUCTION

A wake is a disturbance trailing behind but attached to a piston
or a driver as it propagates through a fluid.1 A high-intensity (a0 > 2)
short (s< pc/xp) laser pulse or a high-density (nb > np), high-energy
(c � 1), and tightly focused (rr and rz < c/xp) charged particle
bunch can excite a relativistic wake (vph � c) in an ionized gas—in a
process known as laser wakefield acceleration (LWFA) or plasma
wakefield acceleration (PWFA), respectively.2–4 Here, a0 is the normal-
ized vector potential of the laser pulse, s is the pulse duration, np is the
plasma density, c/xp is the plasma skin depth, c is the relativistic
Lorentz factor corresponding to the phase velocity of the wake vph, nb
is the peak density of the charged particle bunch, and rr and rz are the
rms bunch length and radius. Highly nonlinear (plasma density
modulation n1=np � 1), plasma wakes are considered for ultrahigh-
gradient electron acceleration,5–9 betatron x-ray radiation genera-
tion,10,11 delivering electrons for radiotherapy,12 and producing

high-brightness beams for compact free electron lasers.13–15 At the
other extreme, a longer and modest-intensity laser pulse (a0 < 1) or a
medium-current (Ipeak< a few kiloamperes) electron bunch propagat-
ing through a preformed plasma can excite a linear plasma wave
[n1=np � O(0.1)] via the self-modulation instability. Here, the laser
pulse, or the electron bunch, is typically one to a few picoseconds long.
The main attraction of a linear wake is that it can be used to accelerate
positrons or electrons injected into a single or multiple wave buckets.
This is possible because such linear relativistic wakes can oscillate
coherently in plasmas long after the driver has passed (typically for
tens of picoseconds). Therefore, it behooves us to investigate if there
are other physical processes resulting from the self-organization of the
plasma that may interfere with the acceleration of particles by the
wake. An example of one such effect is the generation of long-
wavelength magnetic field structures16,17 that can grow and saturate in
the plasma on this timescale. If the magnetic field has a field
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component transverse to the velocity of the charged particle being
accelerated by the wake, the particles will be deflected via the v � B
force, leading to an increase in the transverse emittance (area occupied
by the particles in transverse phase space) of the accelerated beam.
Although wakefield generation by the self-modulation instability has
been studied experimentally by various diagnostic techniques,18–23 the
self-generated magnetic fields in a finite radius (bounded by the slowly
expanding sheath) plasma have not been hitherto observed, mainly
because a suitable experimental technique to measure these fields did
not exist until recently.24

In this paper, we first use three-dimensional (3D) particle-in-cell
(PIC) simulations to show that a moderately intense laser pulse
[a0 � O(1)] can ionize a gas to produce a plasma, generate a wake (via
the self-modulation instability), and produce magnetic fields (via the
so-called thermal Weibel instability16,17). We then show the results of
an experiment that has allowed us to unambiguously measure the spa-
tiotemporal evolution of the magnetic fields in such a plasma gener-
ated by a picosecond CO2 laser pulse with high spatiotemporal
resolution. This was achieved by imaging the deflections of an external
relativistic electron probe beam that transversely propagates and over-
laps with the wake. We found that these fields grow and saturate on a
timescale of several picoseconds and persist for tens of picoseconds.
They can, therefore, co-exist in time and space with the wake. We also
find that the topology, magnitude, and evolution of these fields are
consistent with the thermal Weibel instability expected in a trans-
versely bounded plasma. Wakefield generation is a nonlinear effect
(/ rE2), whereas the generation of magnetic fields in the plasma is an
example of self-organization of plasma currents arising from kinetic
effects.24 Our PIC simulations confirm that these two physically differ-
ent phenomena can and do spatially and temporally co-exist.

Here, we consider the self-modulated LWFA25–27 rather than the
normal LWFA because the shortest pulse duration that can currently
be achieved for a CO2 laser (wavelength� 9.2lm) is� 2 ps (FWHM).
The reason for using a CO2 laser is that for a relatively low-density
plasma one can generate a relativistic wake necessary for the accelera-
tion of externally injected modest-energy charged particles to high
energies (tens to hundreds of million electron volts) in a relatively
short (few millimeter) distance. For the simulation shown in this
paper, the plasma density is np ¼ 1� 1017cm�3, which gives wave-
length of a relativistic wake to be 2pc/xp ¼ 105.5 lm, far shorter than
the �750lm (FWHM) pulse width of the laser pulse. When the pulse
length of the laser is many wake periods long, the self-modulation
instability can both modulate the laser pulse at the plasma period and
excite a plasma wake. We, therefore, first briefly discuss the physics
behind the self-modulation instability and the thermal Weibel
instability.

The self-modulation instability25–27 is a multi-dimensional insta-
bility that reduces to the forward Raman scattering instability28 in a
one-dimensional (1D) case when the laser spot size is larger than the
plasma wake wavelength. If the plasma density is homogeneous over
this spatial scale, the instability grows from either the plasma noise
(e.g., collective Thomson scattering from longitudinal density fluctua-
tions in the plasma) or intensity fluctuations that are present in all real
laser pulses. In the exact forward direction, the forward Raman scatter-
ing instability produces both frequency up (anti-Stokes)- and down
(Stokes)-shifted scattered photons that travel in the same direction as
the incident photons because of phase matching. Interference of the

incident and the scattered photons reinforces the density fluctuations
and thus scatters more light. This causes the plasma wave and the scat-
tered light waves to grow exponentially in the forward direction as in a
classic four-wave parametric instability.28 In the case of self-
modulation instability, the noise fluctuations in the plasma density or
on the laser pulse alternately focus and defocus the incident laser, caus-
ing the amplitude modulation of the laser envelope to grow as the laser
pulse propagates in the plasma. Both these instabilities produce Stokes
and anti-Stokes sidebands to the laser frequency each separated from
the next sideband by the plasma frequency. In the special case where
the plasma is long compared with the laser pulse length, the forward
Raman instability is a spatiotemporal instability—that is to say, that
the growth rate of the instability depends not only on laser pulse dura-
tion but also on how far the laser pulse has propagated into the
plasma.29

Depending on the plasma density, the laser pulse can also
undergo relativistic self-guiding if the laser power P exceeds the critical
power for self-focusing (P > Pcr), where Pcr ðGWÞ ¼ 17:4nc=np, and
nc ¼ 1:32� 1019 cm�3 is the critical plasma density for a 9.2lm-
wavelength laser).30 In the paper by Esarey et al.26 the authors asserted
that relativistic self-focusing was critical to the self-modulation insta-
bility. They stated that P=Pcr needed to be larger than roughly 1/2
(depending on the sharpness of the rise time) in order for strong self-
modulation instability to occur. However, in a later work,27 it was
shown that for any given value of plasma density, a pulse length can be
chosen such that the self-modulation (or forward Raman scattering)
instability can still occur within a Rayleigh length Zr. As we will see,
the formation of a linear wake does not need the laser pulse to be rela-
tivistic as long as the lengths of the pulse and the plasma are suffi-
ciently long so that the instability can grow from noise by several
e-foldings.

There are many similarities between a wake generated by a sin-
gle short but intense laser pulse and that generated by self-
modulation of a longer intense laser pulse. In both cases the wake is
relativistic, and in the linear regime, it has a longitudinal electric
field Ez that scales as

ffiffiffiffiffi
ne

p
V/cm. This Ez field has a sinusoidal form,

making it suitable for accelerating both electrons and positrons.
Electrons can be accelerated in the region where Ez is negative,
whereas the positrons can be accelerated in the positive field region.
However, the longitudinal field has a variation in the transverse
direction which makes extraction of the energy from the wake (by
beam loading) while keeping a very narrow energy spread very chal-
lenging. It requires precise beam shaping in all three dimensions.
One way is to make the wake one dimensional (radius� 2 p c/xp),
while keeping the accelerating beam very narrow. However, in this
case, the energy extraction from the wake can be rather inefficient.
A second option is to split the electron or positron bunch into many
microbunches that are separated by�2pc=xp. This concept of accel-
eration of tens of microbunches contained within a single macro-
bunch has been demonstrated in a warm prototype of an S/X-band
conventional accelerator.31,32 In principle, a similar technique could
be employed in a plasma accelerator to increase the total charge that
can be accelerated and to improve the wake-to-macrobunch energy
extraction efficiency, as long as no other mechanisms can generate
large electric or magnetic fields in the plasma that would reduce the
brightness of the accelerated electron bunchlets by increasing their
transverse emittance.
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So what process can lead to the spontaneous generation of large-
scale [O(c=xp)] electric or magnetic fields on a timescale (few 1/xp)
that would interfere with the particles that are being accelerated in the
multi-bunch scenario described above? It turns out that if the rising
edge of the drive laser pulse itself is used to produce the plasma, then
kinetic effects—namely, the Weibel and the current filamentation
instabilities arising from the anisotropic/nonthermal electron velocity
distribution (EVD) functions—can give rise to macroscopic magnetic
fields through self-organization of electron currents that originate
from the spatial noise present in the temperature anisotropy. Such
kinetic instabilities have been extensively studied by plasma theorists,33

but only recently have we realized how to produce a nonthermal
plasma with a highly controlled degree of electron temperature anisot-
ropy to induce such instabilities. While plasma electrons can be non-
thermal and hot, plasma ions remain essentially cold.34 The process
that generates such nonequilibrium plasmas is the underlying ioniza-
tion mechanism, which can be single photon ionization (photon
energy h� > Ip), multiphoton ionization (MPI, nh� > Ip), or tunnel-
ing ionization.34 Here, Ip is the ionization potential of the atom. Unlike
single photon ionization, MPI and tunneling ionization are strong field
effects. MPI dominates when the total energy of a few photons exceeds
the ionization potential, whereas tunneling ionization dominates when
the electron can tunnel through the potential barrier of the atom sup-
pressed by the laser field (in far less time than half a laser cycle). MPI
is the dominant mechanism in the high-frequency photon limit, while
tunneling is important in the long-wavelength laser limit.35 In all cases,
the ionized electron is emitted in the direction of the laser electric field.
However, as we will show in Sec. II, in the case of tunneling ionization,
the newly ionized electron can have a very large drift energy depending
on the phase of the laser field at which it tunnels through the potential
barrier and becomes free.24 While understanding if high-field ioniza-
tion physics has given rise to attosecond science,36 its impact on
plasma physics has only now been recognized.36 Tunnel-ionized plas-
mas are dominated by kinetic effects until electron–electron collisions
first thermalize the electrons, and electron–ion collisions subsequently
equalize the electron and ion temperatures, which at these densities
can take tens of picoseconds.37

II. 3D PIC SIMULATIONS

Now we show a 3D PIC simulation using the code OSIRIS38 that
illustrates how both the self-modulation and the Weibel instabilities
can evolve together in a plasma. Although OSIRIS can include both
ion motion and electron–ion and electron–electron collisions, we do
not include these effects here to isolate the collisionless (kinetic) effects.
This simulation mimics the experimental conditions of the experiment
(described later in this paper) carried out at Brookhaven National
Laboratory’s Accelerator Test Facility (BNL-ATF). The plasma is
formed by ionizing hydrogen gas emanating from a supersonic gas jet
using a linearly polarized [45� from the horizonal (x–z) plane] CO2

laser pulse that propagates in the z direction. To see the evolutions of
both the self-modulation instability generated wake and the thermal
Weibel instability induced magnetic fields, the simulation used a large
stationary window with dimensions of 2000� 480� 480 c=x0ð Þ3
	 2928� 703� 703 lmð Þ3 in the z, x, and y directions, respectively,
where x0 ¼ 2pc=k0 is the CO2 laser frequency with k0 ¼ 9:2 lm the
wavelength. Atomic hydrogen gas was initialized inside the simulation
box with atomic density linearly rising from zero at z ¼ 0 to np
¼ 1� 1017 cm�3 at z ¼ 1mm followed by a 1:6mm long density

plateau, after which the density quickly drops to zero. In the other
two orthogonal directions, the gas density is uniform. We note that
in order to save the computation cost, the simulation box only cov-
ers the beginning 2.6mm region of the �6mm long plasma
(�4mm long density plateau with �1mm long density ramps on
each side) in the actual experiment, which is also the region that is
probed for the magnetic fields in the experiment. The CO2 laser
has a FWHM pulse duration of �2 ps, a focal spot size of
W0 	 100 lm, and an energy of �0.2 J, leading to a peak intensity
of �6� 1014 W/cm2 and a normalized vector potential of a0 	 0:2.
The vacuum focal plane of the CO2 laser is set to z¼ 3mm. The
laser pulse duration is sufficiently long for the laser to dissociate
the hydrogen gas followed by ionization of the atomic hydrogen.
Therefore, in the simulations, the ionization of atomic hydrogen is
calculated using the Ammosov–Delone–Krainov (ADK) model.39

The plasma electrons are sampled by 16 macro-particles per cell
and the ions are assumed to be immobile.

A. Anisotropic plasma temperatures

The phase space evolution of the ionized electrons at 2.8 ps and
35.8 ps after the passage of the peak of the laser pulse in the center of
the simulation box (defined as time zero) is shown in Figs. 1(a) and
1(b). The corresponding EVD evolution at both times is also plotted in
Figs. 1(a) and 1(b). By fitting a Gaussian function to the EVD, we can
obtain the evolution of plasma temperatures in the three dimensions
Tejj, Te?, and Tez [see Fig. 1(c)], where the subscripts jj and ? denote
the directions parallel and perpendicular to the laser polarization direc-
tion in the x–y plane, respectively. As clearly shown, the plasma elec-
trons at t¼ 2.8 ps are hot in the laser polarization direction but cold in
the other two orthogonal directions. Also given are the temperature
anisotropy factors Ajj? ¼ Tejj=Te? � 1 and Ajjz ¼ Tejj=Tez � 1 [see
Fig. 1(d)]. At t¼ 2.8 ps, the plasma is highly anisotropic with tempera-
ture anisotropy factors Ajj? and Ajjz > 10. Thereafter Ajj? and Ajjz
keep dropping due to the isotropization of the plasma driven by kinetic
instabilities.40

B. Evolution of the plasma wake

Figures 2(a) and 2(b) show the plasma density ne and the longitu-
dinal electric field Ez at three different times, 13.8, 24.8, and 35.8 ps,
respectively. The most striking feature is that the plasma density ne is
bounded by a sheath that separates it from the surrounding neutral
gas. The width (transverse size) of the plasma is�300lm, which is rel-
atively narrow (just a few plasma wavelengths). The sheaths have a
large transverse electric field (Ey �100MV/m) but they are extremely
localized, and electrons that have energies less than the sheath poten-
tial are reflected by the sheath electric field. Also one can see from
Fig. 2(b) that there is a quasi-sinusoidal plasma wake as a result of the
self-modulation instability of the CO2 laser pulse. The wake is harder
to discern in the electron density plot. At the earliest time shown here
(t¼ 13.8 ps), the laser pulse has already left the box. The wavelength of
this wake, �105.5lm, is equal to that of a relativistic plasma wave
2pc=xp indicating that we are exciting a linear wake [see the black
dashed lines in Fig. 2(b)]. Even at t¼ 35.8 ps, the wavelength remains
roughly the same, indicating that there is little phase mixing of the
electron trajectories and the wake remains quasi-sinusoidal. This long
coherent structure is promising for accelerating both electron and

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 31, 072108 (2024); doi: 10.1063/5.0207697 31, 072108-3

VC Author(s) 2024

 
1
2
 
J
u
l
y
 
2
0
2
6
 
2
0
:
3
2
:
5
3

pubs.aip.org/aip/php


positron microbunches, but this will be addressed elsewhere. Although
the amplitude of Ez later decays, its initial value of �200MV/m agrees
with the theoretical prediction of linear wake (� a20Ep=2, where Ep is
the wave breaking limit of the cold plasma).

C. Evolution of the Weibel magnetic fields

In addition to the electric fields of the linear plasma wake driven
by the self-modulation instability, magnetic fields are expected to be
simultaneously generated via the thermal Weibel instability. We

FIG. 1. (a) and (b) show the phase space
as well as the EVD distributions of the
plasma electrons from z¼ 1.85 to
z¼ 2.15mm at t¼ 2.8 and t¼ 35.8 ps,
respectively. The evolutions of the temper-
ature and anisotropy of the plasma elec-
trons are shown in (c) and (d),
respectively.

FIG. 2. The plasma density ne (a) and the longitudinal electric field Ez (b) in the y–z plane (x¼ 0) at t¼ 13.8 ps (top row), t¼ 24.8 ps (middle row), and t¼ 35.8 ps (bottom
row), respectively. The laser pulse propagates from the left to the right. The black dashed line in each frame of (b) shows the corresponding smoothed central lineout of Ez at
y¼ 0. Note that the density modulation is weak in (a), but the plasma wake can be seen more clearly in the electric field plots shown in (b). The short-wavelength wake feature
in the upramp is expected from the wake recurrence phenomenon observed in a density upramp in Ref. 41.
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characterize the instability as being thermal because it arises from the
temperature anisotropy (temperatures differ in different spatial direc-
tions) as originally envisioned by Weibel.16 Despite being one of the
earliest kinetic instabilities to have been anticipated, it had not been
conclusively observed in a laboratory plasma because of the difficulty
of initializing the plasma with a known temperature anisotropy as pos-
tulated by Weibel. A major breakthrough occurred when high-field
ionization was shown to generate nearly 100% ionization of a particu-
lar bound electron in just a few laser cycles. Such plasmas were shown
to be extremely nonthermal and anisotropic. Furthermore, the degree
of anisotropy could be controlled by controlling the laser wavelength,
polarization, charge state, etc.24 The instability isotropizes the plasma
electrons, and in the process, a small fraction of the energy is converted
to magnetic fields. It should be mentioned that collisions play little or
no role in the thermalization. For instance, at a relatively rarified den-
sity (1� 1017 cm�3) used in the simulations, the asymptotic electron
temperature of the plasma electrons is �100 eV, as shown in Fig. 1(c).

At this temperature, the collision time42 [O(�ns)] is much longer than
35.8 ps, the time at which the last frame in Fig. 2(b) is shown. Clearly,
the rapid decrease in the anisotropy parameters Ajj? and Ajjz , as
shown in Fig. 1(d), is due to kinetic, collisionless processes.

Figure 3(a) shows the transverse magnetic fields By at different
times. One can clearly see that By is transversely bounded by the
plasma sheath, and in all frames it has a quasi-1D periodic distribution
along the z direction, although it is initially somewhat irregular. This
means that a quasi-single mode of the magnetic field has already
formed in the top frame, t¼ 13.8 ps, and such a mode can maintain its
topology for rest of the simulation. This is different from the evolution
of Weibel magnetic fields in a wide (plasma width much larger than
the plasma wavelength) plasma, where the initial morphology of the
magnetic field is a 2D fish-net structure.43 In a wide anisotropic
plasma, the counter-propagating microscopic currents repel each other
whereas the co-propagating microscopic currents attract each other.
This coalescence of the currents keeps amplifying the magnetic field.

FIG. 3. The transverse magnetic field By (a) in the y–z plane (x¼ 0) and the corresponding 2D k-spectrum (b) obtained by taking the 2D Fourier transform of By at t¼ 13.8 ps
(top row), t¼ 24.8 ps (middle row), and t¼ 35.8 ps (bottom row), respectively. (c) The integrated kz-spectrum corresponding to (b). (d) The evolution of the amplitude of By.
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Eventually current filaments are formed primarily in the cold-
temperature directions (two orthogonal directions (? and z) perpen-
dicular to the laser polarization direction) and the magnetic fields also
have wave vectors distributed in those directions, forming a 2D fish-
net structure. However, in a bounded plasma, since the plasma is lim-
ited in size in the transverse (?) direction, instability modes with
wavevectors along this direction and wavelengths larger than the
plasma width cannot grow. Therefore, the most unstable growing
mode is one with a wavevector in the longitudinal (z) direction, result-
ing in a quasi-1D periodic distribution of magnetic fields. We also note
that the plasma currents keep merging as the instability grows and
thus the spacing between the current filaments slightly increases, lead-
ing to an increase in wavelength of the magnetic fields as a function of
time [see Fig. 3(a)]. This is confirmed by the k-spectra obtained by
Fourier transforming the magnetic fields By in space, where jkzj shifts
toward a smaller value [see Figs. 3(b) and 3(c)]. In addition, as shown
in Fig. 3(d), the amplitude of By first increases as the instability grows
and then reaches saturation to�0.5 T. After that, By decays with time.

In the simulations, we have probed the thermal Weibel magnetic
fields and created synthetic images by mimicking the electron radiog-
raphy technique that we employ in the experiment. The probing is
done by sending an ultrashort (1 ps) relativistic (50.5MeV) electron
beam through the plasma at various times and recording the deflec-
tions of the electrons by the magnetic fields. In our case, if an electron
probe with an initially homogeneous charge distribution is sent
through the plasma along the þx direction, the electrons will be
mainly deflected by the magnetic field components By and Bz. The By

field will cause deflections in the z direction and the Bz field will pro-
duce deflections in the y direction. These deflections then form density
structures after propagating in vacuum for an optimum distance. This
probing configuration is insensitive to deflections by the oscillating
electric fields of the plasma wake because these fields oscillate at the
plasma frequency xp, and as the picosecond-long probe travels
through the plasma, the contributions of the wake are averaged over
many periods (x�1

p ¼ 53 fs), thus approaching zero.44 Figure 4 shows
the modulated density profiles of the electron beam at a plane located
6mm after the plasma at different time delays, from which we can
obtain the evolution of the topology and strength (amplitude) of the
magnetic fields. The vertical density strips are consistent with the
quasi-1D periodic structure of the magnetic field By along the z direc-
tion (see Fig. 4). The spacing between the density strips slightly
increases with time, indicating a reduction in the wavevector (kz) value
of the magnetic field. The modulation magnitude of the density strips
also increases with time and saturates at t 	 23:8 ps, after which it
begins to decrease. We note that the density distribution of the electron
probe, apart from exhibiting a vertical stripe pattern along the z direc-
tion, is not symmetric in the y direction. The region with negative y-
values has a higher electron density compared to the region with posi-
tive y-values (as indicated by the red box in Fig. 4). We find that this is
mainly caused by the longitudinal component Bz of the Weibel mag-
netic fields.

III. EXPERIMENTS

We have carried out experiments at BNL-ATF to measure the
magnetic fields induced by the Weibel instability in a laser-plasma
configuration that is also expected to generate a linear wake via the
self-modulation instability as discussed in Sec. II. The experimental
layout is shown in Fig. 5. Plasmas with anisotropic temperatures are

generated by ionizing hydrogen gas emanating from a 6-mm-long
supersonic gas jet using a 2-ps, linearly polarized (45�), high-energy
(�1 J) CO2 laser pulse.45 Ultrashort (�1 ps) relativistic (50.5MeV)
electron bunches produced by the ATF linear accelerator are used to
probe the magnetic fields. The detailed parameters of the CO2 laser,
plasma, and electron probe beam are approximately equal to those
used in the above-mentioned simulations. To achieve a high spatial
resolution, a set of permanent magnet quadrupoles (PMQs46,47) are
utilized to relay and magnify the electron probe to a YAG:Ce scintilla-
tor screen, which can convert the modulated electron flux to an optical
image. The PMQ set consists of four pieces (two identical pairs) of
Halbach-type high-gradient quadrupoles. These two pairs of quadru-
poles were individually mounted, enabling the adjustment of their sep-
aration to modify magnification and shift the object plane location (see
Fig. 5). Both assemblies were mounted on a third motorized transla-
tion stage, providing the capability to move the PMQs away from the
path of the electron beam. When the movable PMQs are inserted, the
object plane is positioned approximately 506 0.5mm downstream
from the plasma and the image is magnified by a factor of 3.7 (further
magnified by the optical system to an overall magnification of �17.8)
with a resolution of 3.3lm.

FIG. 4. Synthetic probe image at five different time delays. Note that in the synthetic
image the electron beam is modulated by the transverse electric field Ey of the
plasma sheaths and by both the transverse (By) and longitudinal (Bz) components
of the Weibel magnetic fields. The Weibel magnetic fields are contained within the
plasma sheath field. The red box indicates that the region with negative y-values
has a higher electron density compared to the region with positive y-values.
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We note that we also used a �70 fs (FWHM) 800nm laser pulse
to obtain shadowgraphs of the plasma wake. However, this proved
challenging due to the plasma induced refraction of the laser probe
beam. By increasing the plasma density, Stokes and anti-Stokes side-
bands in the CO2 laser’s spectrum became directly observable in the
exact forward direction. In addition, evidence of the plasma wake
emerged as sidebands at the plasma frequency in the collective
Thomson scattering signal of the probe laser. Nevertheless, as the
plasma density increased, the laser power approached the relativistic
self-focusing threshold, leading to the rapid formation of a channel as
plasma electrons were expelled. However, there are other experiments
conducted at powers below the relativistic self-focusing threshold and
at intensities low enough that show long lived linear plasma wakes
excited by single sub-100 fs, 800 nm laser pulse.41,48,49 Therefore, for
the rest of this paper, we will focus on the measurements of the Weibel
magnetic fields.

A. Topology and temporal evolution of the Weibel
magnetic fields

In the experiment, by adjusting the delay between the electron
probe and the CO2 laser, we obtained a series of images of the density
modulated probe beam due to deflections by the magnetic fields in the
plasma. The corresponding raw images at different time delays after
plasma formation are shown in Fig. 6(a). As one can see, all the frames
of electron density distribution have two horizontal (parallel to the
laser propagation direction) boundaries, which are caused by the trans-
verse sheath electric fields Ey of the plasma. Between these two bound-
aries are the vertical density strips, and their modulation amplitudes
evolve as a function of time, indicating the evolution of the magnetic
field amplitudes.

Based on the measured density distribution of the electron probe,
we can retrieve the path integrals of the magnetic fields along the probe
propagation direction. We first computationally retrieve the deflection
angles of the probe electrons by solving an equivalent optimal trans-
port problem (see Refs. 50 and 51 for details). This method divides the
beam profile into small regions called cells, and assumes that the
deflection angles should be distributed in such a way that when map-
ping each cell of the source profile (the unperturbed electron beam
profile) to the measured target profile (the beam profile at the object
plane), the total displacement of all the cells should be minimized.
Then, by assuming that the plasma has a slab geometry with a

thickness of 300lm, we can use the deflection angles to calculate the
transverse magnetic fields. Figure 6(b) shows the retrieved path-
integrated magnetic fields, By; at different time delays and Fig. 6(c)
shows the corresponding 2D k-spectrum of By. The morphology of the
magnetic fields in all frames is a quasi-1D periodic distribution and
the corresponding wavelength increases with time, which is consistent
with the continuous decrease in jkzj. These results are in good agree-
ment with the simulation results shown in Fig. 3. On the contrary, the
measured magnitude of the magnetic field By continuously increases
with time to�0.5 T at t¼ 50 ps, which is different from the simulation
prediction that it first grows to the saturation value and then begins to
decay. We believe that the reason is computational. In order to limit
the computation time of our simulation, the number of macro-
particles per cell used is relatively small (16 macro-particles per cell),
resulting in certain artificial numerical collisions that cause the mag-
netic field to evolve faster than it should. Since the probing time win-
dow in the experiment is short compared with the evolution period of
the instability, it does not capture the decaying process of the magnetic
field.

IV. EFFECT OF WEIBEL MAGNETIC FIELDS ON
ACCELERATED ELECTRONS

When both the linear plasma wakefield and the transverse
Weibel magnetic field exist at the same time, the Weibel magnetic field
will cause the deflection of the accelerated electron beam, which may
lead to the deterioration of beam quality by increasing the transverse
beam emittance. This effect will be the largest at low injection energies,
such as at the very first stage of acceleration, where a carefully pre-
pared, few-million electron volt microbunched beam is injected into
the linear wake.48 To examine this, we initialize a witness electron
beam that follows the CO2 laser in the simulation. The witness beam
has an energy of 10MeV and a bi-Gaussian density profile with rr
¼ 10 and rz ¼ 150 lm. Its initial normalized emittance is set to
0.2mm mrad. The time delay between the CO2 laser and the witness
beam is 10 ps. The simulation results show that the beam emittance
growth over the course of the simulation is � 40% (see Fig. 7). We
note that there are numerous other effects that can also increase the
beam emittance in plasma-based acceleration. In a linear plasma wake,
the focusing gradient varies with the longitudinal position, and differ-
ent slices of the electron beam experience different focusing gradients,
leading to the growth of the projected beam emittance. Therefore, the

FIG. 5. Sketch of the experimental setup.
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emittance growth caused by the Weibel magnetic fields is even smaller
than 40%. This is because the transverse magnetic field due to thermal
Weibel instability is quasiperiodically distributed along the beam prop-
agation direction, like a magnetic undulator. This magnetic field

undulates the electrons with both positive and negative values, which
average out the transverse beam deflections. Since the Weibel instabil-
ity takes time to grow, injecting the electron beam into the plasma
wake at an earlier stage would expose it to smaller amplitude magnetic
fields, thereby further reducing the deleterious effect of the Weibel
magnetic fields on the beam quality. However, our simulation box
only covers the beginning region of the experimental plasma. The
emittance growth will be larger if the witness beam propagates for a
longer distance in the plasma. The full impact of these fields on accel-
erated beam quality requires further careful investigation.

V. SUMMARY

In summary, we have shown through self-consistent 3D PIC sim-
ulations that the thermal Weibel instability induced magnetic fields
can co-exist with linear wakes in laser-ionized plasmas. We have mea-
sured the topology and the k-spectrum of the Weibel magnetic fields
in an experiment using an ultrashort relativistic electron probe. The
retrieved spatiotemporal evolution of the magnetic field is in good
agreement with the simulation results. Our preliminary results also
show that the overall deterioration of the accelerated beam quality due
to thermal Weibel magnetic fields may be tolerable because the Weibel
field acts as a short-wavelength quasiperiodic undulating magnetic
field.

FIG. 6. Experimental results. The left column (a) shows the density modulations of the electron probe after being deflected by the magnetic fields in the plasma at different time
delays. The middle (b) and right (c) columns show the corresponding retrieved

Ð
By dx and 2D k-spectrum of By, respectively.

FIG. 7. Evolution of the beam normalized emittance �n.
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