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Abstract

The Compact Linear Accelerator for Research and Ap-
plications (CLARA) is an electron test facility capable of
delivering tuneable 250 MeV electron beams with up to 250
pC charge to the Full Energy Beam Exploitation (FEBE) ex-
perimental area . In this study, we investigate the feasibility
of conducting beam-driven plasma wakefield acceleration
(PWFA) experiments using the CLARA beam and experi-
mental area. We present simulations of various potential
experiments, considering the baseline and R&D beam pa-
rameters expected to be delivered to the FEBE experimental
chambers. Our findings highlight the potential for CLARA
to support advanced PWFA research, with detailed analysis
of beam dynamics and experimental configurations.

INTRODUCTION

Beam-driven plasma wakefield acceleration (PWFA) ex-
periments are ongoing at multiple accelerator facilities
worldwide, with developments towards applications of
PWEFA a key focus of international accelerator physics strate-
gies [1,2]. Accelerator test facilities have the opportunity
to support PWFA projects and related technologies, using
beams delivered with parameters matching those required
for such applications.

The Compact Linear Accelerator for Research and Appli-
cations (CLARA) at Daresbury Laboratory is a 250 MeV
electron accelerator, built with the goal of researching accel-
erator technologies, including novel acceleration techniques,
FEL related technologies, and accelerator related topics such
as medical and industrial applications [3]. CLARA will
deliver electron beams with up to 250 pC charge to the Full-
Energy Beam Exploitation (FEBE) hutch, with the facility
layout shown in Fig. 1. FEBE is designed to house user
experiments, with two experimental chambers and the capa-
bility to characterise output beam energies up to 2 GeV [4].
FEBE includes a 100 TW laser for use in novel acceleration
experiments alongside the electron beam.

In these proceedings we present simulations of PWFA in
FEBE, using start-to-end simulations of the CLARA beam-
line. We will present a potential experimental layout, using
movable permanent quadrupole magnets for transverse beam
matching into a plasma target cell. These simulated were
performed to evaluate potential PWFA regimes that may
be possible for user experiments; so we have considered
both linear and non-linear plasma field excitation to provide
insights on a wide range of potential experiments. Plasma
and beam parameters have been considered in the context
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Figure 1: Schematic of the CLARA beamline, including the
FEBE hutch which include the 100 TW laser system [4].

of fully depleting the 250 MeV CLARA beam in a 30 mm
plasma cell.

CLARA FULL-ENERGY BEAM
EXPLOITATION

FEBE is designed for experimental uses of the CLARA
beam and contains two experimental chambers (FEC1 and
FEC2) [4]. Each chamber is 1.84 m long, allowing for the
installation of multiple pieces of experimental equipment in
both chambers. It is envisioned that a range of diagnostics
will be available for use in the second chamber (FEC2),
with options including a permanent magnet spectrometer
capable of measuring electron beam energies up to 2 GeV
and a passive dielectric wakefield streaker for longitudinal
bunch diagnostics [5]. The beam parameters designed to be
delivered to FEBE are listed in [4], with baseline parameters
expected for first user experiments and R&D parameters
requiring machine development.

Simulations of the CLARA beamline have been made
using SimFrame, a start-to-end simulation package for
CLARA, using ASTRA and Elegant [6]. CLARA simu-
lations end at the start of FEC1, and output beam files are
used as inputs for plasma experiment simulations. CLARA
simulations have been conducted to optimise sets of beam
parameters, it is not possible to achieve the minimum/max-
imum designed parameters simultaneously. For example,
minimising bunch length and beam emittance is achieved at
lower bunch charges rather than the 250 pC possible from
the gun.

PWFA EXPERIMENT SIMULATIONS

CLARA simulations have been conducted with a focal
point at the centre of FEC1, where the plasma cell is cen-
tred. A limiting factor for minimal beam sizes is the 0.92 m
between the start of FEC1 and the centre. To maintain beam
quality through a plasma cell, beam divergence should be
cancelled by focusing forces within the plasma bubble. For
this matching, the beam size should be approximately
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Figure 2: Schematic of the FEC1 chamber for PWFA simula-
tions with a movable permanent quadrupole triplet, aperture,
and 30 mm plasma cell.

where €,, is the normalised emittance n, is the plasma density
and y is the beam Lorentz factor [7]. For typical plasma den-
sities, this results in micron or sub-micron transverse beam
size requirements [8]. To achieve micron-scale beam sizes,
a series of permanent quadrupole magnets mounted within
FECI1 are considered, shown in Fig. 2. With quadrupoles
on longitudinal translation stages, the beam optics into the
plasma can be optimised. An aperture at the plasma cell
entrance can further reduce the beam size if required.

Simulations within the plasma cell are performed with
Wake-T, a quasi-static 2D plasma simulation package [9]. In
all simulations the plasma cell length is 30 mm. The plasma
density increases and decreases over 5 mm at the start/end
of the cell, with a minimum plasma density 0.5x the peak
density. Given these simulations are intended to demonstrate
the feasibility of PWFA simulations, and not intended to
give expected results or benchmark experimental results,
a quasi-static field solver is considered suitably detailed.
Simulated beams after the plasma cell could be reintroduced
into SimFrame for complete start-to-end simulated PWFA
experiments on CLARA.

Linear Field Excitation

Exciting a linear field requires a drive bunch density lower
than the plasma density; using lower plasma densities relaxes
the transverse matching requirements, allowing for experi-
ments studying drive beam quality preservation. A CLARA
simulation with sub-micron normalised emittance in both
transverse planes, and approximate transverse symmetry,
was chosen. The simulated bunch/plasma parameters are
listed in Table 1. Setting the quadrupole strengths in Fig. 2
to kI = (0.13,-0.185,0.17) m~! at (0.024, 0.290, 0.688) m

Table 1: Beam Parameters for the Setups Used for Linear
and Non-linear Field PWFA Simulations

ISSN: 2673-5490

Parameter Maximum Non-Linear
Linear Field | Field

Bunch Charge [pC] 20 250

RMS Bunch Length [um] | 2.2 7.2

€y, [mm mrad] 0.79 6.31

€y » [mm mrad] 0.29 0.77

Plasma Density [cm™3] 2 x10'8 2.5 x 1017

Oy FEC1 Entrance [um] | (149.7,37.8) | (525.2, 58.0)
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Figure 3: Plasma density (colour = beam density) and longi-
tudinal field for the linear plasma field.
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Figure 4: Longitudinal phase space, at the beginning, centre,

and end of the plasma cell for the linear plasma field.
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Figure 5: Horizontal phase space, at the beginning, centre,
and end of the plasma cell for the linear plasma field.

from the FEC1 entrance, o, and o, are reduced to 5.06 and
6.14 ym.

The plasma density and longitudinal field excited are
shown in Fig. 3. A linear plasma field is observed, with
maximum decelerating and accelerating fields of 9.8 GV/m
and 14.6 GV/m respectively. The longitudinal phase space
(LPS) and horizontal phase space (HPS) are shown at the
start (after the aperture), centre (after 15 mm of propaga-
tion), and exit of the plasma cell in Figs. 4 and 5. The tail of
the bunch is fully depleted at the end of the 30 mm plasma.
From the HPS, we can see the region of the beam within
the plasma bubble remains contained and focused. Using a
beam region defining 90% of the beam (i.e. excluding the
visible halo), geometric emittance is maintained within 5%.

Non-Linear Field Excitation

Non-linear plasma fields require a beam density much
greater than the plasma density. Using shorter bunches and
higher plasma densities, the matched transverse beams sizes
are too small to be feasible at FEBE. As such, a longer
bunch and lower plasma density has been chosen, with
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Figure 6: Plasma density (colour = beam density) and longi-
tudinal field for the non-linear plasma field.
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Figure 7: Longitudinal phase space, at the beginning, centre,
and end of the plasma cell for the non-linear plasma field.

bunch/plasma parameters listed in Table 1. With these pa-
rameters, the transverse matching requirement (from Eqn.
1) is ~1 pym. Using a quadrupole triplet it is not possible
to achieve this in both transverse planes; it is instead bet-
ter to target a larger symmetrical beam size and then use
an aperture. Using the setup in Fig. 2, quadrupoles with
kl = (0.38,-0.24,0.14) m~! at (0.03, 0.40, 0.63) m from
the FEC1 entrance, o, and oy at the plasma cell are 3.73 and
13.63 um respectively. A 12 pm diameter aperture reduces
these to 2.79 and 3.31 um, with 88 pC transported.

The plasma density and longitudinal field are shown in
Fig. 6. A non-linear field is excited but the plasma electron
density is non-zero in the bubble (i.e no blowout). The LPS
and HPS are shown in Figs. 7 and 8, with each displayed
at the entrance, centre, and exit of the plasma cell. The
bunch tail is depleted, with a small amount of the tail then
re-accelerated after falling into the accelerating field. The
looser transverse matching requirements—given the lower
plasma density compared to the linear field case—result in a
smaller beam halo developing, as less of the beam is outside
the plasma bubble. Using a simulated beam before the tail
is depleted (plasma centre after 15 mm propagation), the
geometric emittance is preserved within 5%.

Blow-Out Plasma Bubble

As discussed above, it was not possible to produce a
blown-out plasma bubble using beams simulated to FEBE.
However, using a 6D Gaussian bunch with parameters given
by statistical measurements of the same simulated bunch
does produce a blow-out plasma bubble. A 88 pC bunch

with those parameters (6D Gaussian with RMS o, , . =
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Figure 8: Horizontal phase space, at the beginning, centre,
and end of the plasma cell for the non-linear plasma field
case.
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Figure 9: Plasma density (colour = beam density) and longi-
tudinal field for the blow-out regime case.

(2.8,3.31,7.2) um and normalised x, y emittances 6.3 and
0.71 mm mrad), the plasma field excited is shown in Fig. 9.
A plasma blow-out is observed with a field double that seen
using the CLARA simulated beam. The difference between
these results and those with the CLARA simulated beam
demonstrate the need to consider the detailed bunch proper-
ties if considering experiments that require a plasma blow-
out, rather than relying on statistical measurements such
as RMS bunch sizes. Conclusions on whether experiments
requiring a blow-out regime are feasible will require a full
characterisation of the possible beam properties in FEBE,
during beam commissioning, and comparison with simula-
tions. Such experiments may require machine development
and the delivery of the R&D parameters in [4].

CONCLUSIONS

Through simulations of CLARA into the FEBE experi-
mental chambers, we have shown that it is feasible to ex-
cite linear and non-linear plasma fields using a permanent
magnet triplet that would fit in the FEBE chamber before a
plasma cell. We have shown that the tight transverse match-
ing requirements of such schemes requires consideration of
feasible beam setups and an accurate start-to-end simula-
tion package for the accelerator. By using such setups, it is
possible to design experiments with realistic expectations
of the machine in mind, allowing for more complicated and
detailed experiments of PWFA schemes.
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