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Real-time visualization of the laser-plasma

wakefield dynamics
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The exploration of new acceleration mechanisms for compactly delivering high-energy particle beams has gained
great attention in recent years. One alternative that has attracted particular interest is the plasma-based wake-
field accelerator, which is capable of sustaining accelerating fields that are more than three orders of magnitude
larger than those of conventional radio-frequency accelerators. In this device, acceleration is generated by plasma
waves that propagate at nearly light speed, driven by intense lasers or charged particle beams. Here, we report on
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the direct visualization of the entire plasma wake dynamics by probing it with a femtosecond relativistic electron
bunch. This includes the excitation of the laser wakefield, the increase of its amplitude, the electron injection, and
the transition to the beam-driven plasma wakefield. These experimental observations provide first-hand valuable
insights into the complex physics of laser beam-plasma interaction and demonstrate a powerful tool that can
largely advance the development of plasma accelerators for real-time operation.

INTRODUCTION

The use of plasma waves powered by intense laser pulses or relativistic
charged particle beams is gaining particular attention as a potential
next-generation accelerator for various applications in medicine, ma-
terial sciences, and high-energy physics (1-3). In a laser wakefield ac-
celerator (LWFA) (4), the plasma electrons are pushed away from the
ion background by the ponderomotive force of the drive laser and
then pulled back by the space-charge force of the ions, forming behind
the driver a trailing plasma wake, which provides both longitudinally
accelerating and transversely focusing fields with large magnitudes.
Another approach, the plasma wakefield accelerator (PWFA) (5), re-
lies on the space-charge force of the relativistic drive bunch of charged
particles. Recently, several groups have been able to use an LWFA ac-
celerated electron bunch to drive its own PWFA (6, 7), creating an
ultra-compact module known as the hybrid laser-plasma wakefield
accelerator (8). All these approaches have made great breakthroughs
in the past decades, including the first 100 s of MeV to multi-GeV ac-
celeration of electrons and positrons with narrow energy spreads (9-
13), high wake-to-beam energy transfer efficiency (14, 15), and the
demonstration of free electron lasing based on plasma accelerators
(16-18). Despite these tremendous progress, there is still a critical
challenge in optimizing the accelerator performance to enhance the
beam quality and stability due to the complex and nonlinear interplay
between intense lasers, relativistic electron bunches, and background
plasma (3, 19). Consequently, it is becoming increasingly essential to
directly monitor the dynamics of the wakefield at each stage of propa-
gation in real time, which is crucial for understanding the subtle yet
key physical processes such as wave excitation, electron injection, and
the transition between accelerator staging (20).

Earlier diagnostic techniques primarily rely on optical laser pulses,
such as frequency domain interferometry (21) and optical shadow-
graphy (6, 22, 23), which have been widely used to measure the period of
the plasma wave (21-24), the length of the electron bunch (22), and the
strength of the magnetic field (22, 25). A newly developed technique
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called femtosecond relativistic electron microscopy (FREM) offers an
alternative approach for diagnostics (26, 27). By using electron beams
generated from laser-plasma as a probe, FREM enables measurements
of highly transient, microscopic field structures like plasma wakefields
with high spatiotemporal resolution, owing to its few femtosecond
pulse durations (22, 28, 29), micrometer-scale source sizes (30, 31), and
relativistic particle energies. Additionally, the electron probe encom-
passes several distinctive properties. First, it is capable of detecting
both electric and magnetic fields, providing complementary insights
into the shadowgraphic technique, which is sensitive to plasma density
due to refraction and magnetic fields due to Faraday effect. Second, the
electron probe can measure the plasma wake structure across a wide
range of plasma densities (from 10'® to 10" cm™), whereas optical
pulses are mostly used in higher density regions. Last, the electron
probe is highly sensitive to the space-charge fields of the charged par-
ticle bunch. Leveraging these unique properties, FREM has been suc-
cessfully used to probe the linear structure of wakefields (26), the rear
spikes of nonlinear wakefields (27), and electron bunches in plasma
(31), and an algorithm for field reconstruction was also recently devel-
oped (32). Yet, a comprehensive experimental investigation of the en-
tire evolution of the plasma wakefield from its excitation until the end
remains elusive, of which the explanation still mostly relies on the sup-
port from computationally expensive postprocessing numerical sim-
ulations.

Here, we report on the direct characterization of the complete dy-
namics of the plasma waves throughout its propagation along the gas
jet, which is first driven by a laser pulse and then by the laser-
accelerated electron bunch, using the technique FREM (see Fig. 1).
Previously, such a transition can only be deduced indirectly from the
electron energy spectra (33-35) and betatron x-ray emission (36).

RESULTS

The experiment was conducted using the HIGGINS dual 100-TW la-
ser system at the Weizmann Institute of Science (37). In the experi-
mental setup, one laser beam with 1.2-] and 30-fs duration was focused
onto a 3-mm-long helium gas jet doped with 1% nitrogen, resulting
in the stable production of an ultra-relativistic electron bunch as a
probe. Averaged over 30 shots, the probe bunch was found to have a
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Fig. 1. Schematic experimental setup. An intense laser pulse (green ellipsoid) was focused on a gaseous target and drove a plasma wakefield behind it. After propagat-
ing a few millimeter distance, electrons (small gray sphere) were injected into the first wake bucket and got accelerated. Near the rear downramp of the gas target, the
laser intensity became too weak to drive a strong wakefield and the electron bunch-driven wakefield started to be dominant. The abovementioned dynamics were cap-
tured by using another electron beam generated from the same type of laser-plasma accelerator. The probe beam (large gray ellipsoid) was deflected by the plasma and
electron bunch’s fields and then impinged on a 50-pm-thick Ce:YAG screen after an 8-mm drift. The recorded probe density modulations (raw data, gray colormap) on the
imaging screen of three different positions resemble the investigated wakefield and electron bunch’s structures.

quasi-monoenergetic energy spectrum with a peak at 295 + 30 MeV
and an FWHM (full width at half maximum) spread of 60 + 25 MeV
(see fig. S1 for the probe bunch experimental data). Although not mea-
sured directly in the experiment, the probe bunch duration was esti-
mated from simulations to be around 2 fs in root mean square (RMS).
After exiting the gas jet, the probe bunch then drifted in vacuum for
10 cm and laterally expanded into several hundreds of micrometers in
size, intercepting perpendicularly the laser- or beam-driven wakefield
to be probed and getting deflected. After an additional drift of 8 mm,
these deflections manifested as periodic patterns in the probe bunch
density, directly reflecting the plasma field information. A thin Ce:YAG
scintillator and a high-resolution optical system were used to image the
density-modulated probe bunch.

The wakefield under investigation was produced by focusing a
second 1-], 30-fs laser beam onto a 3-mm-long gas jet with the same
helium/nitrogen mixture. The peak plasma density was around 2.5 X
10" cm™3, well below the self-injection threshold (38, 39), and the
electrons were injected through ionization (40, 41) and then acceler-
ated up to 100 MeV with a continuous spectrum. The charge above
30 MeV, estimated from the calibrated spectrometer, was 24 + 7 pC,
averaged over 30 shots. As will be discussed below, the electron
probe used in the experiment was capable of distinguishing between
the laser and particle contributions to the wakefield without ambi-
guity, eliminating the need for an external thin foil to block the re-
sidual laser. It is worth noting that the two high-power laser pulses
were generated from the same system, ensuring perfect synchroni-
zation between the electron probe bunch and the probed wakefield,
with a temporal jitter of around 10 fs (27). More details about the
experimental setup can be found in Materials and Methods.

By slightly varying the probe propagation direction and correspond-
ingly adjusting the delay with the pump laser, we captured the driven
plasma wave evolution at different positions. Figure 2A shows the longi-
tudinal plasma density profile extracted from the computational fluid
dynamic simulation using the same nozzle design as the experiment,
where z = 0 is defined as the jet center and the laser propagates in the
positive direction. Snapshots of the wakefield images are presented in
Fig. 2B, where dn/ny represents the relative density modulation of the
probe with ng the background obtained by smoothing the raw data
through a low-order Gaussian filter and &n the absolute density variation
caused by the wakefield. We note that for the presented shots, the elec-
tron bunches generated from the investigated wakefields were ensured
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to have similar energy distributions and charges for self-consistency (see
fig. S2 for the characterization of the accelerated electron beams).

According to the experimental snapshots, the wakefield evolution
can be divided into three stages. The first stage is the laser wakefield
stage before injection (Fig. 2, B1 to B5). As shown in Fig. 2 (B1 and B2),
when a short intense laser pulse reaches the up ramp of the gas target,
it jonizes the surrounding gas and launches a trailing plasma wave,
which is consistent with the observation that the wakefield period de-
creases from the tail to the head. Moreover, the probe images show
similar length and intensity amplitude between the bright and dark
regions of the plasma wake, indicating that the launched plasma wave
is quasi-linear (21, 26). The transverse wave shape is flat for the first
several wave buckets and becomes more curved at later periods, which
is due to the electron transverse phase mixing in plasma (42). As the
drive laser reaches the plateau region (Fig. 2B3), the transverse scale of
the plasma wave reduces, whereas both the strength and curvature of
the wave increase, suggesting that the drive laser is undergoing strong
self-focusing (43-45), resulting in a nonlinear plasma wake. Thereafter,
the self-focusing process continues and the wakefield strength keeps
increasing (Fig. 2, B4 and B5).

The second stage involves electron injection in LWFA and its im-
pact on the laser wakefield (Fig. 2, B6 and B7). Once the wakefield
strength is large enough, electrons ionized from the inner shell of the
nitrogen atom start to get trapped and accelerated in the wave bucket
(40, 41). With regard to the probe beam that traverses the wakefield,
the ion cavity or the so-called “plasma bubble” provides a focusing
effect, while the injected electron bunch locally repels the probe par-
ticles, leading to a tiny shaded area surrounded by a bright region in
the first period of the wakefield image of Fig. 2B6. Moreover, the
wakefield period enlarges from the tail to the head, indicating that
the injection occurs near the rear gas target downramp. As the laser
pulse propagates further along the rear down ramp of the plasma
target, its intensity reduces due to diffraction, whereas the ionization
injection continues, and the electron beam charge keeps increasing
(see fig. S3 for the simulated laser and electron bunch evolution),
which means that the laser wakefield becomes weaker and the bunch
space-charge fields become stronger. Consequently, the small shaded
area of the first wave bucket shown in the probe image turns into a
much more pronounced dark hollow (see Fig. 2B7).

Later on, the intensity of the laser pulse decreases steadily along
the downramp, leading to a shift of the plasma wave’s dominant driver
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Fig. 2. Experimental visualization of the wakefield dynamics at 10 different positions. (A) Probed positions along the gas target and its corresponding plasma den-
sity (log scale). (B1 to B10) Experimental snapshots of the plasma wake at the positions in the plasma marked in (A). The white arrow in the first subplot indicates the wake

propagation direction.

toward the electron bunch (Fig. 2B8). This was confirmed by slightly
reducing the input laser energy to avoid ionization injection, which
revealed that the strength of the wakefield was notably weaker com-
pared to that observed with an injected electron beam. Furthermore,
the elliptical hollow structure preceding the wakefield was recently
discovered to resemble the transverse charge-density distribution of
the electron bunch (31). On the basis of this understanding, it is
shown that, as the bunch propagates further into the density down-
ramp (Fig. 2, B9 and B10), its transverse sizes gradually increase due
to the weakening of the plasma focusing force (31, 46). Additionally,
the transverse scale of the wakefield (represented by the trailing peri-
odic bright-dark pattern) also increases along with the drive electron
beam, behaving as a quasi-linear beam-driven plasma wave (47).

To validate the above experimental observations, we have per-
formed high-resolution quasi-three-dimensional particle-in-cell (3D
PIC) simulations using the code FBPIC (48) with the same laser and
plasma parameters as those used in the experiment for modeling the
entire process (see Materials and Methods for more details of the sim-
ulation setup). Figure 3A presents the distributions of the simulated
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electron density and the laser electric field at the same 10 positions
appearing in Fig. 2. Impressively, one can observe similar wakefield
dynamics as in the experiment. At each position, we further add a
high-energy electron probe bunch into the simulation. After travers-
ing the wakefield and another drift of 8 mm, the density modulation
of the probe bunch is plotted in Fig. 3B. Comparing each of them with
the cropped experimental snapshot presented in Fig. 3C shows quite
good agreement. The small difference, mainly occurring in the subfig-
ures between the fourth to the sixth, could come from the fact that our
simulations applied the laser pulse with ideal spatial and spectral pro-
files, which typically enhance the laser self-focusing effect and also the
injection performance.

Let us now use the linear pertubation model given by (31, 32) to
estimate the evolution of the wakefield strength from the experi-
mental data presented in Fig. 2B. This model assumes the cylindrical
symmetry of the wakefield and neglects the magnetic field contribu-
tions for simplicity (see Materials and Methods). Figure 4 shows the
estimated amplitudes of the longitudinal electric field E, of the first
wake period (red solid squares) at several positions along the gas jet
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Fig. 3. PIC simulations of the wakefield dynamics and the comparison with experimental observations. (A) Distributions of the simulated electron density (gray
colormap) and the laser electric field (yellow-red colormap) at the 10 positions corresponding to Fig. 2A. (B) Simulated probe relative density modulations of (A). (C) Ex-

perimental probe relative density modulations for comparison.

front upramp (Fig. 2, Bl and B2) and rear downramp (Fig. 2, B7 to
B10). For comparison, the evolution of the simulated E, from the
same wave period is plotted as the green solid line, showing a rela-
tively good agreement with the experimental value. It is noted that
for the probe images of Fig. 2 (B3 to B6), the strength of the wake-
field captured at these positions becomes so intense that a large frac-
tion of probe electrons after an 8-mm drift already cross each other’s
trajectories. In this case, the system becomes nonlinear and we can-
not use the linear algorithm (such as the above one) to retrieve the
field structures.

DISCUSSION

Here, we have presented the first experimental filming of the laser
wakefield evolution and its final transition to a beam-driven wakefield,
which has allowed us to uncover a complete story of a laser-plasma
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Fig. 4. Estimated wakefield strength along the propagation throughout the
gas jet and comparison with PIC simulation.
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accelerator, starting from the moment the laser enters the gas target
and ending with a relativistic electron bunch exiting the plasma. By
using a laser-plasma-accelerated high-energy electron bunch as a
high-resolution probe, the FREM enables us to get valuable insights
into many important processes including laser relativistic self-focusing,
plasma wave amplitude growth, electron injection in laser wakefield,
and the dominance of beam-driven wakefield. All in a single experi-
mental setup. Furthermore, the recorded experimental observations of
wakefield propagation, spanning nearly 5 mm, show good agreements
with alarge-scale 3D PIC simulation. This signifies that researchers can
now directly obtain crucial but subtle information about each position
from experiments, thereby greatly reducing their reliance on computa-
tionally expensive numerical simulations. The results of this study offer
substantial potential for guiding the real-time fine-tuning of different
types of plasma accelerators including LWFA, PWFA, and staged
LWFA-PWFA. The versatility of this technique allows for its integra-
tion into various high-power laser laboratories and large facilities such
as ELI, EuPRAXIA, CERN, SLAC, and DESY, strengthening our belief
that it will revolutionize the fields of experimental plasma and accel-
erator physics.

MATERIALS AND METHODS

Laser system

The experiment was carried out at the HIGGINS dual 100-TW laser
platform at the Weizmann Institute of Science (37), where a 1-Hz, 7-]
laser beam was split into two equal parts after the final amplifier: la-
ser A for the acceleration of the probe electron bunch, and laser B for
driving the wakefield. Both lasers were independently compressed to
30-fs durations and focused to 28.5- and 37.8-um spots (FWHM),
respectively. In the experiment, the used laser energies on target were
~1.2 Jand ~1 ], respectively.

Generation and characterization of the two LWFA
electron beams
The electron probe beam was generated by focusing laser A onto a
supersonic flow from a 3-mm-diameter nozzle, where the gas was a
mixture of around 99% helium and 1% nitrogen. Peak plasma den-
sity along the laser path was 1 x 10" cm™ as measured by an off-line
Mach-Zehnder interferometer and assuming complete jonization.
The probe bunch contained a quasi-monoenergetic spectrum with a
peak energy of 295 + 30 MeV and an FWHM energy spread of 60 +
25 MeV. Its angular RMS divergences were 3.2 &+ 1.3 mrad in the
horizontal direction and 2.5 + 0.8 mrad in the vertical direction, and
the total charge above 200 MeV was 267 + 58 pC. The detailed data
of the probe spectra and angular profiles are presented in fig. S1.
The probed wakefield was launched by laser B by focusing it onto a
supersonic flow from a 3-mm-diameter nozzle of the same gas mix-
ture. The gas density profile used in this work was extracted from a
computational fluid dynamics (CFD) simulation (ANSYS FLUENT)
with the same nozzle design. The peak plasma density for the study of
wakefield evolution was around 2.5 x 10'® cm™ after full ionization.
The jonization injected electron bunch was accelerated up to 100 MeV
with a continuous spectrum. The charge above 30 MeV estimated
from the calibrated spectrometer was 24 + 7 pC. Images of experi-
mental data for the electron energy spectra are presented in fig. S2.
The data statistics of the two electron beams’ charge and energy
spectra were measured using 30 consecutive shots before perform-
ing the actual pump-probe experiment, and the error bars come
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from shot-to-shot fluctuation, Lanex calibration uncertainty (49),
and measurement errors such as divergence-induced position un-
certainty in the energy spectrometer.

High-resolution imaging system

The probe beam profile, with variations created by the plasma fields,
was recorded onto a 50-pum-thick Ce:YAG scintillating screen placed
8 mm away from the second jet with a 100-pm-thick stainless steel foil
in front of it for blocking the residual laser. The image on the screen
was then transmitted by a combination of a long working-distance
plan-apochromatic microscope objective and an achromatic lens with
f=1200 mm to a 16-bit scientific Complementary Metal Oxide Semi-
conductor (sSCMOS) camera. The resolution, defined as the RMS size
of the point-spread function, was estimated to be around 1 pm, which
is dertermined by four factors: the thickness of the YAG crystal, the
resolution of the optical system, the thickness of the blocking foil, and
the size of the probe source. Among them, the YAG crystal thickness
is the primary limiting factor. This is because when the probe travels
through the crystal, light emissions from the entire path mix with
each other. By reducing the crystal thickness to half, the resolution can
be enhanced to around 0.5 pm, but the signal intensity will decrease as
well. Furthermore, increasing the probe electron energy or placing the
YAG crystal closer to the probed wakefield can also be beneficial,
which allows the probe electrons to avoid nonlinear trajectory cross-
ings and enables the quantitative reconstruction of the field structures.

PIC simulations

PIC simulations were done using the pseudo-spectral code FBPIC (48)
with a quasi-cylindrical geometry simulated with Ny, = 5 azimuthal
modes. In the simulation presented in Fig. 3C and fig. S3, the cylindri-
cal simulation box had 300-pm length and 80-pm radius with a mesh
of Az=40 nm and Ar = 320 nm. The laser driver (pulse B) was initial-
ized with Gaussian temporal and spatial profiles of 30-fs (FWHM)
duration and 38-um (FWHM) spot size and focused at the entrance of
the gas plateau region with a normalized amplitude of gy = 1.05, cor-
responding to a laser of 1.17 J on target. The gas profile was extracted
from the CFD simulation with the same mixture with a peak plasma
density of n, = 2.5 x 10" cm™ after full ionization. In this simulation,
the first electron from the helium atom and five electrons from the L
shell of the nitrogen atom were set pre-ionized. The modeling window
first co-propagated with the drive laser, and we recorded the simula-
tion states (i.e., checkpoints) at multiple positions along the propaga-
tion. These checkpoints allowed us to restart the simulation at these
positions self-consistently with a stationary modeling window and
with added probe particles from one transverse boundary. The probe
bunch had a 7,;gbe = 2-fs duration (estimated from another PIC simu-
lation solely for the probe generation in an LWFA), with a peak energy
of 300 MeV and 20% FWHM energy spread. The probe divergence
was set the same as in the experiment, and the number of macropar-
ticles in the bunch was chosen to be 2 x 10’

Reconstruction of the longitudinal electric wakefields

For the probe images taken at positions along the gas jet front upramp
(Fig. 2, B1 and B2) and rear downramp (Fig. 2, B7 to B10), the inves-
tigated wakefield is mostly under the quasi-linear or weakly nonlin-
ear regime, and also the trajectory crossing between the probe
electrons does not occur yet. Therefore, we can ignore the magnetic
field components and reconstruct the electric wakefields based on the
linear model given by (32). This model assumes that the wakefield
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propagating along the z direction is in cylindrical symmetry (r, z).
After crossing the wakefield along the x direction and further drifting
a distance of L, the relative density modulation dn/n, of the probe, if
the value is small enough, can be expressed as

+o0
I(y,z) = i—n(y,z) ~KkV - I E(z — x,r)dx (1)
0

where k = eL/Mcp is the coeflicient with e the electron charge, c the
light speed in vacuum, €, the vacuum permittivity, and M the geo-
metric magnification (M = 1.08 in our experiment). For a driver
with transverse Gaussian profile, by taking the derivative of Eq. 1
along z and applying the Panofsky-Wenzel theorem, one can obtain
a simple relation as follows

+o0
ol(y,z
% ~ ke~ KA /22 J E,(z,r)dx 2)
Z

where k;, is the plasma wave number and A, is the RMS transverse
size of the plasma wave, both of which can be obtained directly from
the probe image. By solving the Poisson equation of Eq. 2 and then
performing Abel inversion, the longitudinal electric wakefield E,
can be calculated.

Supplementary Materials
This PDF file includes:

Figs.S1and S3

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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