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The Compact Linear Accelerator for Research and Applications (CLARA) is a
test facility at the STFC Daresbury Laboratory, which is capable of delivering
ultra-bright electron bunches of up to 250 MeV beam energy. A new beam
line has been designed to maximise the exploitation of the CLARA facility in
a variety of scientific fields, including novel acceleration and new modalities
of radiotherapy. In this paper, we present the specification and design of this
beam line to explore the possibilities of pursuing R&D in very high-energy
electron (VHEE) radiotherapy and VHEE with FLASH radiotherapy. We describe
the beam line design, including the flexibility of the beam optics to focus the
beam in a range of locations and present results from preliminary start-to-
end simulations using Monte Carlo tracking codes. We highlight advantages
of this beam line, including rapid access to the shielded experimental hutch
and the possibilities for the installation of different experimental setups in two
dedicated chambers. The beam line includes focussing magnets, extensive
diagnostics, and allows in-air installation within the experimental beam line.
The facility will allow an experimental programme towards addressing many
outstanding issues related to this new radiotherapy modality. We also describe
the available flexibility in beam parameters for both conventional dose rates and
those entering into the FLASH regime. The possibility of both living cells and
treatment planning studies is anticipated to be conducted at this world-class
facility.

KEYWORDS

ultra-bright electron source, beam energy, bunch charge, repetition rate, shielded
hutch, very high-energy radiotherapy, flash dose rate

1 Introduction

The Compact Linear Accelerator for Research and Applications (CLARA) is an ultra-
bright electron beam test facility at the STFC Daresbury Laboratory in the UK. The
facility was originally created to test advanced free-electron laser (FEL) schemes that
could be implemented on existing and future short-wavelength FEL facilities [1]. The
facility is divided into three phases: Phase 1, front end of CLARA includes an S-band
photoinjector, a 2-m-long S-band linac, a collimator, focussing and spectrometer magnets,
and diagnostics. The front end, which produced 50-MeV, 250-pC electron bunches from
a 10-Hz S-band photoinjector gun and linac, was successfully commissioned in 2018
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FIGURE 1
Schematic representation of the CLARA linear accelerator test facility, including the FEBE beam line, shielded FEBE hutch, and space reserved for
potential future applications (shaded light blue area). The major components of the accelerator are highlighted, including the two shutters and the
shield door used to allow rapid access to the hutch. The 100-TW laser system (not shown) is situated above the FEBE Hutch.

[2]. Phase 2 includes additional accelerator modules that increase
the beam energy to 250 MeV. The front end photoinjector gun
has also been replaced with a novel 100-Hz high-repetition
rate gun (HRRG) [3], which was previously commissioned on
an adjacent beam line. The Phase 2 accelerator consists of a
front end with the new high-repetition rate injector, three 4-
m-long S-band (2,998.5 MHz) linacs, an X-band (11.994 GHz)
fourth-harmonic cavity (4HC) phase-space lineariser, a variable
magnetic bunch compressor (VBC), a dielectric dechirper, and a
dedicated diagnostics line including a transverse deflecting cavity
(TDC) for 6D phase-space characterisation. Focussing magnets and
spectrometer beam lines are incorporated into the beam line for
beam optics control and energy and energy spread measurements.
Although Phase 3, which includes the installation of the FEL, has
not yet been funded, the space has been reserved for possible future
applications.

Access to the electron beam from the low-energy Phase 1
CLARA front end was made available from the beginning of
2018 to users from both academia and industry. This allowed for
experiments to be carried out in a wide range of disciplines to
test new concepts and ideas, such as the development of advanced
accelerator technology [4], medicinal applications [5], and novel
particle beam acceleration concepts [6–8]. For most experiments,
a beam energy of 35 MeV with 100 pC charge was delivered, with
beam energy of 20− 40 MeV available for medical applications.
Based on increasing user demand for experimental access, it was
decided to design and build an additional dedicated beam line
for user experiments at the maximum CLARA beam energy of
250 MeV, which is available in Phase 2. As shown in Figure 1,
the beam line for full energy beam exploitation (FEBE) is
installed parallel to the space originally allocated for the FEL
and will enable an expanded range of experiments with all
new experimental chambers and a high-powered 100-TW laser
system.

CLARA is one of only a few of test facilities worldwide that
can provide user access to mid-energy range (less than 300 MeV),
high-brightness electron beams to test proof-of-principle novel

applications. A survey of beam dynamics challenges of such mid-
energy high-brightness facilities in Europe was recently carried out
and presented at IPAC’23 [9]. In addition to CLARA, there are
three other comparable facilities in Europe: CLEAR@CERN[10, 11],
ARES@DESY [12, 13], and SPARC_LAB@INFN [14].

In contrast to most other medium-energy facilities, the FEBE
beam line is relatively unique in providing a dedicated shielded
experimental hutch. This arrangement allows on-demand user
access to the experimental area without fully switching off the
accelerator, reducing disruption, improving machine stability, and
allowing experiments to resume promptly after access periods. This
is achieved by interlocking the FEBE dipoles to the accelerator
personal safety system, allowing the continued operation of the
RF systems and electron beam in the main CLARA accelerator
while users have free access to the hutch. Upon completion of user
access, the hutch is searched and locked, and the FEBE dipoles
are re-energised to provide beam into the FEC chambers with
minimal downtime and with minimal change to the electron beam
properties from the CLARA accelerator. Such rapid experimental
access is currently not possible at similar facilities in Europe,
although CLEAR has developed robotic systems to reduce user
access requirements during some types of experiments.

The detailed design of the FEBE beam line for the delivery of
high-brightness beams for novel acceleration and other applications
was recently published [15]. In this article, our focus is on the
specification and design of the FEBE beam line and its suitability
to explore VHEE and VHEE with FLASH in detail. The article
is structured as follows: the layout of the machine and beam
specification is presented in Section 2. Section 3 discusses previous
studies on VHEE utilising the CLARA front end. Section 4 presents
the results of beam dynamics simulations conducted from the
CLARA photoinjector through the FEBE experiment chamber,
where VHEE water phantom and other irradiation samples (such
as plasmids and cells) will be installed. Section 5 details the dosage
calculations performed using BDSIM/GEANT4 for different beam
parameters at the predicted location of the experiment that will
support future user exploitation. Section 6 describes future work.
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FIGURE 2
Schematic representation of the full energy beam exploitation (FEBE) beam line, including arc (connecting to the upstream CLARA main
beam line, Figure 1), experiment hutch, and post-hutch beam dump with energy and emittance diagnostics.

The article concludes with the current status of the facility in
Section 7 and summary in Section 8.

2 Layout and beam specification

FEBE is designed to support a variety of experiments in the
fields of accelerator applications and accelerator technology. A user
survey performed in 2018 established a particular interest in R&D
related to the new modality of VHEE and FLASH radiotherapy,
as well as novel acceleration R&D. As a result, we separate the
beam parameter specification provided for general FEBE operation
from that for novel acceleration experiments, which frequently
prioritises longitudinal peak-current and ultra-short bunch lengths.
On the contrary, requirements for VHEE with bunch lengths in the
multiple ps-range and negligible longitudinal chirp require minimal
longitudinal beam manipulation. Variable bunch charges (10−
250 pC) and energies (50− 250 MeV) should be relatively simple
to implement in this operating mode. In this regime, collective
effects (particularly coherent synchrotron radiation (CSR)) are
insignificant, resulting in the delivery of close to the designed
normalised emittances from the photoinjector.

A schematic representation of the beam line is shown in Figure 2.
The FEBE layout is divided into three sections, namely, an arc and
matching section connected to the main CLARA beam line; the
FEBE experimental hutch, which brings the electron beam to a focus
at two possible interaction points (IPs); and the post-hutch transport
line and beam dump.The FEBE experimental hutch is a 10× 5.4× 3-
m3 dedicated area for users to perform beam experiments utilising
electron beams.

The hutch is transversely offset from the main CLARA
beam line, with a quadrupole FODO structure providing a
horizontal −I transform between two 14° dipoles and optimised
to reduce emittance growth due to CSR [16]. This solution
leads to a strong focussing, achromatic, and non-isochronous arc
with large natural second-order longitudinal dispersion, which
requires correction using sextupole magnets at positions of high
dispersion. Six quadrupole families allow matching the main beam
line for a range of electron beam configurations. The arc has
a nominal R56 value of +7.7 mm, with no residual dispersion.

The longitudinal bunch compression of the electron beam at
the hutch can be achieved using a combination of the FEBE
arc and the upstream VBC. Although current requirements from
the VHEE community do not require this mode of operation,
in case dependence of the VHEE dose rate on the electron
bunch length will be of interest in future R&D, we mention this
possibility.

The beam transport within the hutch is notionally designed
to deliver a strong focus to two possible IPs (IP1/2), each of
which is located within a large-volume (∼2 m3) experimental
chamber known as the FEBE experiment chamber (FEC1/2),
as shown schematically in Figure 3. The internal dimensions of
each chamber are 1.8 m × 1.0 m × 0.93 m, and the beam
height is 0.4 m from the bottom of the chamber. The double-
IP design provides flexibility in the experiment design and
implementation, as well as allows the installation of multiple
independent experiments in FEC1 and FEC2, when compatible,
minimising the downtime required for the experimental setup. The
beam parameters in the two modes of operations at the IP1/2 in
vacuo are given in Table 1; the general category covers a broad
range from highly longitudinally compressed bunches (as required
for the wakefield category of novel acceleration experiments) to
longer bunches where there is no such demand for high peak
currents.

VHEE experiments will be conducted in air. To enable this,
a beryllium window will be installed at the entrance and exit of
the relevant experimental chamber (FEC1 or FEC2). In previous
CLARA front end VHEE experiments, a 500-μm-thick beryllium
window with a 25-mm-diameter aperture was installed on the
vacuum pipe at the end of the CLARA front end beam line, and a
similar window is planned to be installed in the FEBE beam line.
The window flange has a vent facility for local pump-down and
release of the small interspace volume between the window and
the gate valve. When in-air experiments are completed, vacuum
gate valves on either side of the chamber are closed off, and the
inter-space between the gate valve and window is decreased. The
window is then removed, and the chamber pumped down to vacuum
for in-vacuum experiments. The simulations presented in Section 5
for dose calculations take this window thickness and material
into account.
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FIGURE 3
Left: schematic representation of the FEBE experimental chambers FEC [1/2]. The dotted line shows the electron beam height. Right: Twiss parameters
for the FEBE beam line shown in Figure 2. The dotted lines indicate the locations of IP1/2 in FEC1/2, respectively.

TABLE 1 Design beam parameters at the FEC1 and FEC2 interaction points.

Parameter (in vacuo) FEBE (general) FEBE (VHEE)

Energy 50–250 MeV 50–250 MeV

Charge (max) 250 pC 250 pC

Repetition rate 100 Hz (5 Hz with laser) 100 Hz

RMS bunch length σt 50 fs–10 ps 1–10 ps

RMS energy spread σE <5% <0.5%

Normalised horizontal beam emittance ϵN,x <5 μm-rad <1 μm-rad

Normalised vertical beam emittance ϵN,y <2 μm-rad <1 μm-rad

Access to the hutch with the accelerator running is made
possible via an interlock of the FEBE arc dipoles to the machine
personal safety system. Radiation shutters on either side of the
enclosure (in the CLARA accelerator hall) are used to shield
the hutch from the radiation generated from the main CLARA
accelerator.

3 Previous studies on the CLARA front
end

As noted, access to the 35-MeV, 100-pC electron beam from
the CLARA front end was used for major experimental runs.
Experimental setups were custom built at CLARA, and experiments
at higher energies were carried out at CLEAR. During each of these
experimental runs, VHEE irradiation experiments were performed
in collaboration with the Manchester group, including studies
on dosimetric inhomogeneities on beam dose profiles in water
phantoms at various energies [17, 18], plasmid irradiation studies
quantifying characteristics of VHEE relative biological effectiveness
(RBE) [5, 19], and comparisons between radiotherapy modalities
using DNA plasmids [20].

These experimental runs were vital for developing experience
and the technical knowledge in running high-throughput
irradiation experiments for both wet and dry VHEE biological
experiments. A simple, yet robust and repeatable, system of stages
and sample holders was developed to allow multiple samples
to be irradiated sequentially with the whole system automated
from the CLARA control room. Although relatively simple in
comparison to other facilities’ advanced commercial robotic sample
preparation systems, the rapid experimental access available at
the CLARA front end and designed into the FEBE beam line
mitigate some of these disadvantages.The system is also intrinsically
flexible due to its simplicity and can accommodate a variety of
irradiation targets.

4 Beam dynamics simulations

4.1 Start-to-end simulations on
CLARA/FEBE

Particle tracking simulations were carried out using ASTRA
[21] and ELEGANT [22], accounting for the non-linear effects
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(both longitudinal and transverse) of space charge and CSR.
A Python-based framework (Simframe) developed at the STFC
Daresbury Laboratory, which allows a single human-readable lattice
file to be deployed consistently across several codes, was used
throughout. ASTRA was used to simulate the CLARA injector at
low energy (below 35 MeV), where transverse and longitudinal
space charge forces are the dominant emittance-diluting processes.
ELEGANT was used above 35 MeV due to its processing speed
and the inclusion of CSR effects in the bunch compressor
and FEBE arc.

The main optimisation actuators for the FEBE beam are found
in the preceding CLARA beam line, as shown in Figure 1. The first
2-m S-band injector linac (Linac 1) can act as either a standard low-
energy accelerating structure or a longitudinal bunching structure
for a short single-spike operation. The remaining three 4-m-long
S-band linacs (Linacs 2–4) provide acceleration up to a nominal
beam energy of 250 MeV. A chicane-type VBC is located between
Linac3 and Linac4, with X-band 4HC immediately before the VBC
to compensate for longitudinal phase-space curvatures. The VBC
is located at a nominal energy of ∼ 180 MeV to maximise its
effectiveness for the moderate compression required for the original
CLARA FEL concept.

4.2 Start-to-end simulations for VHEE

Start-to-end simulations were performed to evaluate and
optimise the electron beam properties at the FEC1 IP, although
operation at FEC2 IP is similar. Simulations targeted expected
requirements for VHEE operation as shown in Table 1: high charge
(250 pC), high energy (250 MeV), long pulse length ( >2ps), and low
momentum spread ( <0.5%).

The machine settings for the optimised VHEE mode are set
to provide a mild amount of compression, following the variable
bunch compressor (∼2 ps RMS) with Linacs 1, 2, and 3 at moderate
off-crest phases (+5°) and the 4HC cavity at the nominal phase of
−180°. Linac4 is set to reduce the longitudinal chirp at −45°. These
settings, including the required photoinjector laser pulse length for
∼2-ps bunch lengths, are compatible with machine requirements for
other expected operation modes on CLARA. For ultra-compressed
modes, we only need to modify the linac off-crest phases to increase
the longitudinal compression in the VBC and FEBE arcs and vice
versa for the VHEE operation.

The relaxed longitudinal emittance required for VHEE studies
(as compared to other experiments planned on FEBE) reduces the
impact of collective effects (such as CSR) in the bunch compressor
and FEBE arc sections, allowing for significantly lower nominal
transverse emittance at the FEBE IP (<1 μm-rad, normalised).
Transverse matching of the FEBE beam line was performed for
two scenarios: a large diameter pencil beam with a half-width of
10 mm (σ ≈ 3.5 mm) and a focused beam with a large divergence
of >1 m-rad in both transverse planes at the IP. These two scenarios
adequately demonstrate the extreme range of possible VHEE beams
required in most experiments. The relevant transverse beam sizes
and Twiss parameters for both scenarios are shown in Figure 4.
In both scenarios, we do not modify the FEBE arc optics and
utilise only the quadrupolemagnets in the post-arcmatching section
and within the FEBE hutch. The quadrupoles on either side of

the FEC1 chamber are large-bore (74mm aperture), high-strength
magnets (maximum integrated gradient of 4.5T, with a magnetic
length of 0.225m) designed to allow the FEBEhigh-power (100 TW)
laser to pass. These quadrupoles are identical to the four other
quadrupoles located on either side of the FEC2 chamber, and
they are designed to operate at up to 600 MeV to allow for the
potential acceleration in the experimental chambers (for instance,
via acceleration in a dielectric wakefield structure or through plasma
wakefield acceleration processes). This scenario does not apply to
VHEE beams, but the large quadrupole apertures allow stronger
focussing. Similar optics setup can be delivered to IP2 if experiments
are conducted in FEC2.

Variation in the focus position is also possible within the
chamber, providing a variable dose-depth profile and a spread-out-
electron-peak (SOEP). The results for such a variation are shown
in Figure 5 in vacuum, ignoring scattering from the beryllium
window or for air or water. Focussing close to the chamber entrance
is difficult, but variation in the focus position between 0.5 m
and 1.5 m of the chamber shows a very flat distribution. The
beam transverse angular divergence achievable for a flat SOEP,
250 μrad, is smaller than the optimised case shown in Figure 4,
left, which reaches approximately 1.5 mrad angular divergence,
250 μrad vs 1.5 mrad.

5 BDSIM/Geant4 dose calculations

The dose delivered to IP1/2 in FEBE was calculated using
BeamDelivery Simulation (BDSIM) [23]. BDSIM is a Geant4-based
code, which simulates the passage of particles through accelerator
components. BDSIM has already extensively been used to simulate
a wide range of facilities from proton beam therapy systems to high-
energy particle physics colliders. Inside the vacuum of common
accelerator components, such as quadrupoles, accelerator style
tracking is used. As particles pass through matter and/or complex
field regions Geant4 style tracking is employed. A BDSIM model
of the FEBE beam line was created by converting the optical
configurations, as shown in Figure 4. The physical (mass) geometry
of the accelerator uses generic BDSIM accelerator components but
withmagnetic fields consistent with the accelerator optics. Electrons
with the same phase space characteristics were tracked through
the BDSIM magnetic fields, and beam sizes were computed after
each element. The BDSIM-computed beam size agrees with that
presented in Figure 4, confirming that the BDSIMmodel accurately
represented the FEBE magnetic lattice.

The drift space around the FEC1 focus is replaced in the BDSIM
model with a 500-μm-thick beryllium window, followed by 80.4 cm
of air, 30 cm of water, and by 73.7 cm of air and another 500-μm
window. An indicative visualisation of 100 incident electrons in
BDSIM/Geant4 is shown in Figure 6. An all-particle dose-scoring
mesh is placed at the nominal focus location of FEC1. The dose
scoring mesh is 5 cm × 5 cm × 30 cm, and the number of bins
is 100× 100× 100, providing a mesh cell size of 500μm× 500μm×
3mm. For each different material or beam optics configuration,
2× 106 primary particles (histories) were simulated. The Geant4
physics lists used for the simulations were em for electromagnetic
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FIGURE 4
Left: transverse beam sizes for a focused beam at IP1 in FEC1. Right: transverse beam sizes for a pencil beam at IP1 in FEC1, both in vacuo.

FIGURE 5
Variation in the electron focus position inside the FEC1 chamber
shown using electron density plots. All results are in vacuo and do not
include the effects of the beryllium window or scattering in air/water.

processes and qgsp_bic for hadronic. A range cut1 of 1 mm
was used for all BDSIM/Geant4 simulations. The final simulated
dose-scoring mesh data are scaled by Nbunch f/Nhistories, where
Nbunch is the bunch population, Nhistories is the number of initial
electrons simulated, and f is the machine frequency, to provide a
dose rate in Gy/s.

The Geant4 computed doses are shown in Figures 7, 8 for the
focused and pencil electron optics, respectively. In both optics
configurations, FLASH dose rates (>40 Gy/s) are achievable
at FEBE. For a focused beam with a realistic material budget
(window, air, and target), the maximum dose rate is 238.5 Gy/s and
transversely Gaussian-distributed with a full width at half maximum
of 3.9 mm. For the pencil beam with a realistic material budget

1 A range cut is the minimum distance to consider physical processes in

a Geant4 simulation. The distance range cut is converted to an energy

minimum for each material used in the simulation. Particles which then

fall below the energy are not then simulated further. Typically range cuts

need to be smaller than the distances in a Geant4 simulation.

FIGURE 6
BDSIM/Geant4 visualisation region around the water phantom,
including the quadrupoles before and after the experimental FEC1
chamber. Overlaid includes 100 primary electrons and the
interaction products.

(window, air, and target), the maximum dose rate is 102.6 Gy/s
and transversely Gaussian-distributed with a full width at half
maximum of 6.1 mm. The target-only dose curves shown in
Figures 7, 8 represent the absolute maximum dose deliverable at
FEBE. Reducing the air length by a factor of two and using a thinner
250-μm window will increase the dose rates to approximately
500 Gy/s and 125 Gy/s for the focused and pencil beams,
respectively.

Achieving a large dose uniformly over a large volume will
either require a focus spot scanning system or a scattering system.
Given the dose rates presented in this paper, a single or multiple
scattering system at CLARA/FEBE is likely to reduce dose rates
below those that are required for FLASH. Although the scanning
system is technically possible, questions about the spatio-temporal
dose rate distribution remain unexplored. From the perspective of
accelerator beam delivery, both these questions can be studied using
ELEGANT and BDSIM/Geant4 models of FEBE developed for this
paper. The utility of VHEE FLASH via spot scanning also requires
radiobiological experiments, which are likely to be performed at
CLARA/FEBE.
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FIGURE 7
Left: axial dose distribution for the focused electron beam distribution as a function of depth in the water phantom. The horizontal dashed line at
40 Gy/s indicates the nominal FLASH dose rate. Right: full width at half maximum of the focused electron beam dose distribution as a function of depth
in the water phantom. The solid line is just for the water phantom target, the dashed line is for air and target, and the dot-dash line is for the window,
air, and target.

FIGURE 8
Left: axial dose distribution for the pencil electron beam distribution as a function of depth in the water phantom. The horizontal dashed line at
40 Gy/s, indicating the nominal FLASH dose rate. Right: full width at half maximum of the pencil electron beam dose distribution as a function of depth
in the water phantom. The solid line is just for the water phantom target, the dashed line is for air and target, and the dot-dash line is for the window,
air, and target.

6 Further work

The VHEE working group within the Cockcroft Institute at
STFC Daresbury Laboratory is bringing together interested groups
from universities and STFC to develop a long-term plan for
VHEE studies on CLARA, as well as other relevant facilities. The
primary focus for the near term is VHEE focussing on studies and
their applicability for FLASH radiotherapy. Simulation work will
prioritise improved focussing models and enhancements to enable
more rapid optimisation of other potential operating modes for
VHEE and FLASH operations. Experimental work on FEBE will
prioritise electron focussing and spread-out electron peak (SOEP)
research in water phantoms alongside tissue and cell biological
studies, particularly those investigating previously unavailable
FLASH modalities at CLARA. Exact details of conducting in-
air VHEE experiments in FEBE experimental chambers will

be worked out with the experimental groups in the near
future.

7 Current status of the facility

As of this writing, CLARA installation in the accelerator
hall is almost complete, and installation of the FEBE beam
line into the hutch is expected to be completed by the end
of 2024. RF conditioning of the gun and linacs is currently
ongoing. It is expected that the RF conditioning of gun, linacs,
4HC, and TDC will be progressed sufficiently in the next few
months for first beam threading, allowing for the completion of
technical systems commissioning with the beam.This is followed by
beam commissioning, characterisation, and setup to experimentally
confirm beam parameters in the hutch; the installation and
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commissioning of the 100-TW laser transport in the hutch will
then take place, with completion scheduled for mid-2025. An
open call to the community is expected to be issued in early
2025 for beam time in Autumn 2025, depending on the results of
beam commissioning.

8 Summary

A new beam line for full energy beam exploitation (FEBE)
has been designed and is currently undergoing installation on
the CLARA test facility at the STFC Daresbury Laboratory. The
goal of this beam line is to support a wide variety of user-
driven experiments utilising 250-MeVultra-bright electron bunches
of 250-pC bunch charge delivered at repetition rates of up to
100 Hz. The beam line incorporates two large-volume experiment
chambers with a shielded user hutch for easy user access and
flexibility when setting up of in-air VHEE and VHEE with FLASH
experiments. Initial simulations of the viability of the beam line
for VHEE studies have demonstrated the potential for FLASH dose
rates, alongside the use of beam focussing and spread-out electron
peak studies.

The planned studies at the CLARA/FEBE facility will further
extend the work done on the CLARA front end at lower energy
levels, pushing the facility into a new era of high-energy, high-charge
FLASH modalities.
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