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ABSTRACT

We report on challenges and details of the E-310 experi-
ment which aims to demonstrate low emittance beam produc-
tion from a plasma photocathode using a collinear injection
laser at FACET-II. We performed simulations of planned
experiments using the Particle-in-Cell code 0SIRIS and
examined the mitigation of beam hosing and drive beam
depletion. We simulated the generated X-ray betatron ra-
diation and discuss planned radiation diagnostics for the
experiment.

INTRODUCTION

The Facility for Advanced Experimental Tests II (FACET-
II) [1] is a test facility at SLAC National Accelerator Lab-
oratory primarily dedicated to research and development
of advanced acceleration technologies. One of the exper-
iments planned at FACET-II is the E-310, which aims to
demonstrate the creation of ultra low emittance electron
beams from a plasma photocathode. E-310 builds on the
E-210 experiment at the original FACET facility which first
demonstrated a plasma photocathode[2]. A Plasma photo-
cathode works by mixing two species of gas inside a vacuum
chamber: a low ionisation threshold (LIT) gas and a high
ionisation threshold (HIT) gas. We plan to use hydrogen
and helium, respectively. A laser pre-ionizes the LIT gas
and forms a plasma channel through which the beam prop-
agates, forming a blowout bubble[3]. The second laser is
used to locally ionize the HIT gas within the blowout[4],
which produces electrons in the bubble which are acceler-
ated by the wake and form the witness beam. The E-210
experiment which demonstrated this principle but did not
attempt to produce low emittance beams used to ionise a gas
that has HIT. The laser is perpendicular to the beam propa-
gation direction, while the planned E-310 experiment will
use a collinear ionization laser. An overview on the underly-
ing principles of the hybrid plasma wakefield acceleration
scheme dubbed “Trojan Horse” acceleration is given. The
concept of this experiment is based on laser-controlled re-
lease of electrons directly into a particle-beam-driven plasma
blowout, paving the way for controlled, shapeable electron
bunches with ultralow emittance and ultrahigh brightness.
In collinear Trojan Horse, it is usually essential to have a
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delay between the electron beam and the injection laser to
achieve a stable witness beam using a plasma photo cath-
ode technique. The generated helium electrons would be
affected by the transverse electric field of the drive beam,
which imprints a substantial transverse momentum that ei-
ther prevents trapping altogether, or is detrimental to the
emittance. One of the benefits of Trojan horse injection is
the ability to adjust the injection position with respect to the
wakefields. This allows us to inject at the zero-crossing of
the accelerating wakefield in order to minimise interaction
with the transverse wakefield.

To achieve the research goals of FACET-II, sophisticated
beam diagnostics are required. The utility of betatron radia-
tion diagnostics has already been proven in inverse Compton
scattering experiments [5]. The upcoming set of experiments
at FACET-II requires simulation models and instruments for
recovering single-shot double-differential angular-energy
spectra of emitted photons covering a wide energy range,
extending from tens of keV through to ten MeV, with an
angular resolution on the order of 100 urad. These spec-
tra provide a unique window into the high field generation,
beam-plasma and laser-plasma interactions.

PARTICLE-IN-CELL SIMULATIONS

Using the fully relativistic 3D particle-in-cell (PIC) sim-
ulation code OSIRIS [6], we ran simulations of the E-310
experiment. We ran these simulations using the parameters
we expect to achieve at FACET-II. These parameters are
summarized in Table 1. The HIT ionization laser focus was
chosen to be in the bubble at a distance 6k, ! behind the drive
beam which is the location of the zero crossing of the longi-
tudinal field E,. The cell size used was Smx5mx2.5m and
8 macro-particles per cell were used to model the drive beam
and plasma. All simulations use a ponderomotive guiding
center (PGC), in which the particles are pushed through the
laser ponderomotive force and through the self consistent
plasma fields.

Plots of the pre-ionized (hydrogen) plasma electron den-
sity and the density of electrons generated from the plasma
photocathode are shown in Fig. 1. The plasma bubble as
well as the generated witness beam are both clearly visible.
The longitudinal electric field inside the bubble is shown in
Fig. 2. This shows the peak accelerating field in the bubble of
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algorithm is shown in right.

Table 1: Laser and Electron Beam Parameters for the E310
Experiment at FACET-1I

IPAC2022, Bangkok, Thailand

Parameter |  Value | Unit
Plasma
LIT Species H -
HIT Species He -
ng (Same for H and He) 1.79 x 1016 | cm™3
Plasma Skin Depth (k, 1 39.79 m
HIT Ionization Laser
Vector Potential Amplitude 0.02 myc/e
Wavelength 800 nm
Pulse length 50 fs
Waist 7 m
Drive Beam
Energy 10 GeV
Charge -1.5 nC
Peak Number Density 52 ng
Normalized Emittance 3.5 m
Spot Size in Plasma 4.5 m
Beam o, 12.15 m

40GVm™'. The magnitude of the radial fields are dependent
on the beam and are highly sensitive to betatron oscillations
and current fluctuations. Injection of the witness beam us-
ing the radial fields produced by the drive beam without
an ionization laser would therefore not be easily controlled.
The electric fields at the wake vertex and drive should be
less than the ionization threshold of the HIT gas to ensure
that there is no uncontrolled injection which can degrade
the beam quality. A plot of the longitudinal phase space of
the injected witness beam is shown in Fig. 3.

BETATRON RADIATION ANALYSIS

Betatron radiation will be used to provide diagnostics for
this experiment, as well as other plasma acceleration ex-
periments at FACET-II. At highly relativistic energies the
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Figure 1: Plots of the pre-ionized (hydrogen) plasma electron density and the density of electrons generated from the plasma
photocathode are shown. The laser pulse interacts with the beam radial fields on both sides of the mid-plane. The blowout
on one side of the mid-plane are shown here. The generated helium electrons due to ponderomotive guided ionisation(pgc)
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Figure 2: Longitudinal electric field inside the bubble. The
peak accelerating field in the bubble is 40 GVm~!. The
superposition of the laser fields with the radial fields of
the beams causes the electric field to be greater than the
ionization potential of the high ionization threshold species
and locally ionizes it.
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betatron radiation is highly collimated and emitted within a
cone of angle # = K/y in the direction of motion. Betatron
radiation schemes are highly attractive since it is easy to
produce and control betatron oscillations by releasing the
HIT electrons off axis. The stability and quality of the wit-
ness beam generated depends on the plasma channel width,
which in our case is 400 m.The longitudinal phase space of
the witness beam is shown in Fig. 3.

Because the wavelength of the betatron radiation is much
smaller than the scale of the PIC simulation, it is not possible
to simulate the generation of this radiation in the PIC code,
thus the radiation was computed in post-processing. After
running the PIC simulations we saved the particle trajec-
tories and imported them into the Liénard—Wiechert code
discussed in [7, 8]. Rather than computing radiation from
every particle trajectory output by 0SIRIS, a subset of those
trajectories was randomly sampled and the result was scaled
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Figure 3: Longitudinal phase space of the injected witness
beam. Final witness beam phase space with z = 21 repre-
senting the witness beam location.
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Figure 4: Left: Betatron radiation spectrum computed using
Liénard—Wiechert and QuickPIC code. Right: 1D distribu-
tion of E310 experiment at FACET-II.

to the number of physical particles. This was done properly
to ensure correctness despite particles in 0SIRIS having
different weights.

The spectrum of radiation produced by the drive beam is
shown in Fig. 4. A key aim is to optimize bunch compact-
ness, charge, and emittance, while the energy spread of the
electron bunch driver remains almost negligible. The 1D
angular distributions of the drive beam is shown in Fig. 5a
and for witness beams in Fig. 5b. Here the angular diver-
gence of the witness beam radiation is much larger than that
of the drive beam radiation as the angle of the radiation
cone scales as § ~ y~1/2. We also notice that the centroid
in Fig. 5c of the drive beam which is initially on the axis
begins to oscillate due to the hosing instability. The drive
beam energy reduces from 10 GeV to 8.4 GeV in the 10 cm
of propagation length in the plasma. The final emittance and
energy of the generated beam are 2 mm — rad and 500 MeV
respectively.

CONCLUSION

Above we have discussed betatron radiation diagnostics
modeling for FACET-II Trojan Horse experiment and gen-
eration of witness beam using photocathode. We described
the design of a PIC+LW code for betatron radiation mod-
eling. We presented simulations of the betatron radiation
for FACET-II relevant parameters including E-310. Fur-
ther exploration and optimization of the parameter space
would require more intensive simulations with much higher
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Figure 5: Betatron radiation 1d distribution computed using

Osiris and Liénard— Wiechert PIC code for (a): driver beam
and (b): witness beam, (c¢): centroid of drive beam.

resolution and the numerical effects introduced by the asym-
metrical nature of the grids need to be further characterized.
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