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Abstract
An advanced particle-in-cell (PIC) simulation code,

QuickPIC, is used to comprehensively analyze beam dis-
tributions, particularly those exhibiting perturbations with
significant instabilities. To connect simulated beam distri-
butions to physical observables, this study uses cutting-edge
neural networks. This research underscores the transforma-
tive potential of machine learning (ML) in unraveling plasma
wakefield acceleration (PWFA) complexities and enhancing
our capabilities in the development of advanced accelerators.
Plans for future radiation test using Compton spectrometer
are also suggested.

INTRODUCTION
Particle accelerators play a pivotal role in advancing our

understanding of fundamental physics. Conventional radio-
frequency particle accelerators can only achieve acceleration
gradients of approximately 100 MeV/m. To exceed this limit,
a range of advanced acceleration techniques have been intro-
duced in various stages of development within the field of
accelerator physics. Among these approaches, plasma wake-
field acceleration (PWFA) can accelerate particle beams
with large gradients TeV/m, efficiency and quality emittance
preservation [1–4]. The unique properties of plasma miti-
gate breakdown issues, utilizing waves excited by an intense
drive beam. In turn, these waves are used for the acceleration
of a trailing beam. The potential of PWFA applications is
now being explored in detail by the global research commu-
nity, leading to the commissioning of significant facilities
dedicated to PWFA research [5–7].

In PWFA, an intense driver beam expels all electrons in
the plasma, which are then attracted back on-axis due to
the restoring forces of the plasma, resulting in the forma-
tion of an electron-free ion column behind the driver bunch
known as blowout [8]. This ion column is responsible for
the uniform focusing and accelerating fields. Furthermore,
it facilitates the diagnosis of beam parameters from the spec-
tral and angular distribution of the betatron radiation, which
are essential information regarding the interaction between
the beam and plasma [9–12].

In PWFA, where the beam density exceeds the plasma den-
sity, the plasma electron response becomes highly nonlinear,
resulting in relativistic electron speeds and wave-breaking
spike [13–15]. In this paper, one of the focus is on under-
standing the behavior of perturbed beams within the plasma
blowout regime, which is significantly influenced by the
properties of the driving particle beam, including its energy,
intensity, profile, spot size, and density distribution. Recent
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Figure 1: Electric field plot of the beam for semi-Gaussian
plasma profile.

publications, such as [10, 16], underscore the community’s
focus on measurements related to higher intensity beams and
emittances during the initial phase of FACET-II research.

In this paper the effects of perturbed beams are presented
through the results of PIC simulations. We also discuss how,
by running hundreds of parallel simulations, we can train a
model that can tell the centroid change of the different banana
beams in plasma. We also propose a test experiment at
FACET-II to detect radiation in PWFA experiments. Finally,
we discuss the implications of our research for experiments
at FACET-II and future plasma-based linear colliders are
discussed.

PERTURBED BEAMS
The stability of plasma-based accelerators against trans-

verse misalignments and asymmetries of the drive beam is
crucial for their applicability. Even small centroid change of
the drive beam centroid can couple coherently to the plasma
wake grow, and ultimately lead to emittance degradation or
beam loss for a trailing witness beam. High-intensity laser
pulses or high-density particle bunches to drive a plasma
wake. Blowout regime where the driver expels plasma elec-
trons as shown in Fig. 1, leaving an ion cavity with focusing
fields. This emphasizes the importance of drive beam stabil-
ity in plasma accelerators for practical applications.

Figure 2 and Fig. 3 shows the banana beam profiles at
0 cm, 11.9 cm and 14.9 cm in the plasma for two different
centroid changes. The plasma profile chosen was a semi-
Gaussian ramp with up-ramp 0–10 cm, 10–20 cm uniform
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Figure 2: Banana beam profiles at 0 cm , 11.9 cm and 14.9 cm in the plasma. The plasma profile chosen was a semi-Gaussian
ramp.

Figure 3: Banana beam offset profiles at 0 cm , 11.9 cm and 14.9 cm in the plasma.

ramp and 20–30 cm downramp. Beam perturbations can
often interfere with measurements, reflecting altered distri-
butions in electron beams that add dimensions of increased
error to experimental analysis. In plasma lengths exceed-
ing 20 cm, however, there is a self-correcting phenomenon
that forces the electron beam to become denser as it passes
through the plasma. This allows for beams to be analyzed
at a higher quality and with greater certainty, particularly
when machine learning can be incorporated into assessing
the optimal location of analysis [17, 18].

A promising future direction for this research lies in sim-
ulations and large-scale image analysis that leverages the
power of convolutional neural networks. By running hun-
dreds of parallel simulations to model how different banana
beams will change in plasma, we can train a network to iden-
tify the centroid shape of the beam based on a few snapshots
in within a certain distance traveled (15–19 cm downstream
for example). This can help streamline the analysis of per-
turbed banana beams and also pave the way for gaining other
insights on beam-plasma interactions.

Figure 4 showcases an interesting relationship between
a banana beam’s centroid parameters and its required sta-
bilization distance. When 𝜎𝑧 is held constant, the distance
of stabilization also remains constant despite alterations to
parameter "a". Even in the case of significantly changing
𝜎𝑧 and "a", the distance remains the same. Future work
can examine with finer resolution exactly how these parame-
ters impact the distance of stabilization or even answer the
question of whether they have any impact at all.

Figure 4: This graph indicates the distance a banana beam
must travel through plasma before achieving a stable profile.
The independent variables are represented as "a" and 𝜎𝑧 .

DESIGN OF COMPTON SPECTROMETER
AT FACET-II

For the initial commissioning of the spectrometer, the re-
gion of the IP will be filled with H2 gas with static pressures
5 Torr. At FACET-II, the 𝛾-ray photons are produced at the
Interaction Point (IP) where the relativistic electrons interact
with matter or with a laser pulse.

As shown in Fig. 5 the design of a Compton spectrometer
involves a sextupole for magnetic spectral analysis, covering



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-TUPS49

MC6.D13 Machine Learning

1775

TUPS: Tuesday Poster Session: TUPS

TUPS49

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



Figure 5: Test experiment at FACET-II will involve detecting radiation using the Compton spectrometer.

Figure 6: Compton spectrometer stay clear radius using
Elegant software.

a dynamic range from few keV to few MeV and capturing
energy-angular double-differential electron spectra in a sin-
gle shot. At electron energies below 1 MeV, where Compton
spectroscopy faces challenges due to more isotropic scat-
tering cross-sections, a 3D-printed tungsten collimator is
employed at the detector plane to selectively capture forward-
scattered electrons. This innovation extends the spectrome-
ter’s lower energy limit to approximately 180 keV.

The magnet needs to generate a sextupolar magnetic field
to perform momentum analysis on the converted Compton
electrons. Interaction of high-energy gamma photons with
target materials, gamma photons are converted into high-
energy electrons. At this stage, the converted Compton elec-
trons have a wide range of momenta. To perform momentum
analysis on these electrons, a sextupolar magnetic field is
applied to their path. The sextupolar magnetic field exerts
forces on the electrons that vary with their position and mo-
mentum. The degree of bending depends on the electron’s
momentum. Electrons after passing through the sextupo-
lar field, the separated electrons are detected by scintillator
screen and cameras. The extent of bending and the position
where each electron is detected provides information about
its momentum.

The resulting data allows to construct a momentum spec-
trum, which represents the distribution of electron momenta.
At the location of the spectrometer, the photon axis is ver-
tically separated by several millimeters from the dispersed
electron axis. The focal plane will be aligned with the scin-
tillator plane and Compton spectrometer stay clear radius is
shown in Fig. 6. Spherical silicon nitride bearings of 25 mm
diameter will help to roll the CPT spectrometer during trans-
lation. All the parts of the spectrometer are assembled and
vacuum tests are completed at UCLA. The device will be
installed in the summer later this year.

SUMMARY
In conclusion, our study underscores the crucial role of

comprehending and controlling perturbations offering valu-
able insights for applications in advanced technologies. In
magnetic Compton spectrometer for SLAC, incident colli-
mated gamma rays strike a converter target, and the resulting
scattered Compton electrons are then magnetically analyzed,
providing information about the incident gamma beam’s
spectrum and intensity. Similar spectrometer magnets will
be designed for the space plasma experiment at the MITHRA
lab. At MITHRA lab, a 30 MeV pulsed electron beam in-
teracts with various targets like plasmas, generating a wide
spectrum of electron of 70 MeV. Downstream, the diagnos-
tics beamline captures these electrons, leading to a spot size
of just a few millimeters at the spectrometers. Once the
beam transport, the plasma source, and the spectrometer are
in place, initial measurements will be taken to verify the
replication of the Jovian electron spectra.
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