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Abstract

The Centre for the Clinical Application of Particles is an interdisciplinary col-
laboration to develop the technologies, systems, techniques and capabilities
necessary to deliver a paradigm shift in the clinical exploitation of particles.

The CCAP aims to deliver a broad programme of measurement of the ra-
diobiological effect of particle beams and systematic studies of radiobiological
mechanisms using a laser-driven ion source. The design of the facility is be-
ing studied and requires simulation of novel accelerator components, detector
simulation and simulation of the ion beam interaction with cells. BDSIM,
which is an accelerator simulation tool based on Geant4, has been used to
perform particle tracking simulations to verify the beam optics design. The
results obtained from the BDSIM simulation show that the evolution of the
beam envelope agrees well with the beam optics design.
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1. Introduction

Proton and other light ion beams are attractive options for radiotherapy
as, in comparison to photons, there is little (ions) or no (protons) dose de-
posited beyond the distal tumour edge. In addition, as the dose is primarily
deposited at the maximum range of the beam, treatment can be conformed
to the tumour volume. Proton beam treatment planning assumes that the
relative biological effectiveness (RBE) is a factor of 1.1 [1] larger than the
effect that would be achieved if the same dose was delivered using photons.
However, this is an average value that can vary with tissue type. A detailed
systematic study of the biophysical effects of the interaction of protons with
different tissue types would enable enhanced treatment planning. Such stud-
ies are especially needed in the case of ion beam radiotherapy.

The Centre for the Clinical Application of Particles (CCAP) at Impe-
rial College London is composed of clinical oncologists, medical physicists,
accelerator and instrumentation scientists and radiobiologists from: Impe-
rial College London; Imperial College Healthcare NHS Trust; The Institute
of Cancer Research; John Adams Institute for Accelerator Science; and the
Oxford Institute for Radiation Oncology. The mission of the CCAP is to:
“Develop the technologies, systems, techniques and capabilities necessary to
deliver a paradigm shift in the clinical exploitation of particles.”

One focus of the CCAP’s programme is the Laser Accelerator for Ra-
diobiological Applications (LARA). LARA will prove the principal of the
novel technologies required for future therapy facilities by developing a pro-
ton and light ion beam radiobiology facility for in vitro and in vivo studies.
Conventional proton and ion sources produce particles with energies of tens
of keV/u. At such low energies, the Coulomb repulsion between the parti-
cles that make up the beam limit the beam-current that can be captured
and accelerated. Laser accelerated ions can be generated at higher energies
(1 × 104 keV or more) and therefore do not suffer the same limitations, al-
lowing injection into a strong focusing particle capture system. Using this
approach for LARA will make it possible to deliver multiple ion species from
a single source while overcoming beam intensity limitations. Coupling the
laser source with a novel accelerator system will provide a facility that can
produce intense beams (and thus ultra-high dose rates) of protons and ions
from helium to carbon to deliver a definitive programme of radiobiology.
The legacy of this programme will be the demonstration of the technologies
required to drive a step-change in the provision of proton and light ion ther-
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apy, and a system capable of delivering the comprehensive set of experimental
data that is essential to underpin and enhance the clinical use of proton and
light ion therapy.

This paper will present the concept of the first stage of LARA that will be
used for in vitro studies. Initial tracking simulations using BDSIM [2], which
is an accelerator simulation tool based on Geant4 [3], have been performed to
verify the beam-line design parameters and determine the energy deposition
in the cell layer.

2. The Laser Accelerator for Radiobiological Applications (LARA)

The first stage of LARA will use a laser-driven ion beam for detailed sys-
tematic studies of in vitro radiobiology. Figure 2 shows the LARA beam-line
as implemented in BDSIM, which consists of: a capture system; upstream
matching; a vertical 90◦ bend that provides energy and ion selection; down-
stream matching; and the end station which includes a vacuum window and
the cell sample and container. The capture section is based on Gabor lenses
that provide compact capture and focusing of the large divergence and large
energy spread of the laser-driven ion beam. The upstream matching section
is a quadrupole focusing channel used to match the beam from the capture
section to the section that performs energy and ion selection. Two 45◦ dipole
bends and collimators are used to select particles of the required momentum.
The gap between the two dipoles is large enough to place a Wien filter for
velocity selection, if it is needed. The downstream matching section then
transports the beam such that at the entrance of the end station (i.e. the
vacuum window) the beam has a very small divergence and occupies the
10 mm diameter aperture.

2.1. Laser Source

The laser uses the principle of target normal sheath acceleration to gen-
erate an ion beam. Figure 2 shows the basic principle where a high intensity
laser pulse is fired at a thin target at an angle of 45◦ which causes an ion beam
(consisting of protons and carbon ions) to be generated from the contami-
nants on the back surface of the target. See [4] for a more detailed explanation
of sheath acceleration. Using this method generates a high-intensity beam
composed of a variety of ions but with a very large energy spread and large
angular divergence. A typical energy and angle distribution of a 15 MeV
proton beam, from an EPOCH [5] simulation, is shown in Figure 3.
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Figure 1: The LARA beam-line as implemented in BDSIM. The direction of the laser
beam used to generate the beam is marked and the various sections are annotated.

In order to compare the tracking simulations with the optics design of the
LARA beam-line, an idealised cylindrically symmetric beam was generated
by BDSIM using the parameters given in Table 1. The combination of small
Twiss beta and relatively large emittance means the beam has a small spot
size but a very large divergence. The parameters used are an estimate of the
beam produced by the laser. The actual beam parameters will be dependent
on the laser system that will be purchased for LARA.

Alpha 0
Beta 71 × 10−6 m
Emittance 4 × 10−8π m rad
Kinetic energy 15 MeV

Table 1: Beam parameters used to generate an input beam for tracking with BDSIM. The
parameters alpha and beta are the Twiss parameters. Since the beam is assumed to be
initially cylindrically symmetric, beta, alpha and the emittance are the same for both the
x and y planes.
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Figure 2: Schematic diagram illustrating the principle used to generate the ion beam.

2.2. Capture

The ion beam generated from the laser target is captured by a series of
Gabor lenses. A Gabor lens uses a confined electron plasma to produce an
electro-static focusing field. Figure 4 shows the key components of the Gabor
lens. The magnetic field produced by the solenoid coils causes the electrons
to exhibit spiral trajectories parallel to the axis of the lens, thus confining
them in the radial direction. The voltage applied to the anode generates the
charge separation that produces the focusing field and the ground plates at
the ends confines the electron cloud in the longitudinal direction.

A prototype of the lens has been built and tested using a 1 MeV proton
beam at the Surrey Ion Beam Centre, see [6]. Following these tests the
prototype has been upgraded and is now being recommissioned at Imperial.
It is planned that the upgraded lens will be tested using a laser-driven ion
beam at Imperial.

2.3. Beam Transport

The beam transport section includes the upstream matching, 90◦ vertical
bend and the downstream matching, all of which use conventional quadrupole
and dipole magnets. The 90◦ bend is performed using two 45◦ dipole magnets
where the drift between the magnets is long enough for an optional Wien
filter to be inserted, which would allow selection of particles based on their
velocity.
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Figure 3: Distribution of energy and angle from a 15 MeV proton beam simulation using
EPOCH. In this simulation 0 degrees is the direction of the laser.

2.4. End Station

The beam is delivered vertically into the end station, which is where
the cells will be irradiated. Vertical delivery of the beam allows the use of
conventional cell sample containers, see Figure 5, that provide breathable
wells where the cell sample is grown on the bottom of a well filled with cell
nutrient liquid. Since the beam energy is low, any unnecessary material in
the beam path may prevent the beam reaching the cell layer. Increasing
the beam energy is possible but would require a more costly laser system.
Figure 6 shows the materials in the path of the beam. For the simulation
only the area of the beam aperture was considered, i.e. a cylinder 10 mm in
diameter. The scintillating fibre layer will be used to monitor the beam in
real time pulse-by-pulse.

3. Results

The Gabor lens was implemented in BDSIM using a solenoid of equiv-
alent focusing strength. Figure 7 shows a comparison of the beta function
(which gives the beam envelope as a function of distance along the beam-line)
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Figure 4: Schematic diagram of the Gabor lens.

Figure 5: A typical six well cell sample holder.

from the beam optics design, which was performed using an in-house code
called BeamOptics, and the beta values after each element in the BDSIM
simulation. The figure shows good agreement between the calculated beta
from BeamOptics and beta from the tracking simulations performed using
BDSIM. In the future, the Gabor lens will be simulated to produce a 3-D
electro-magnetic field map that can then be used for tracking in BDSIM.

Figure 8 shows the comparison of the beta function from BeamOptics
and BDSIM for the beam transport section. The beta functions show good
agreement and at the end of the transport section the beta function is flat,
which means the divergence of the beam in the end station will be small.
Figure 9 zooms in on the beta functions in the bending region. There can
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Figure 6: Design of the end station simulated with BDSIM.

be seen a small mismatch in the beta functions in the x-direction. This is
probably due to differences in the treatment of edge focusing in BeamOp-
tics and BDSIM and is currently under investigation, though this does not
affect the beam significantly since the beta functions are in good agreement
downstream.

BDSIM was used to extract the energy deposited in the different material
layers, which is shown in Figure 10 for three different beam energies. This
shows that a beam with kinetic energy of 10 MeV does not reach the cell layer
but the 12 MeV beam has the Bragg peak (i.e. where most of the energy is
deposited) at the position of the cell layer. However, this would not allow
investigating the radiobiological effect of irradiating a sample located before
the Bragg peak. Thus the design kinetic energy of 15 MeV has been chosen
since it will also contain a significant number of particles in the range 10-
15 MeV allowing irradiation with a variety of energies.

4. Discussion and Conclusions

The CCAP has proposed a concept for a new facility to perform detailed
systematic studies of cell irradiation. The facility will use novel accelerator
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Figure 7: Comparison of the beta function from the beam optics design code BeamOptics
and the beta values extracted from the BDSIM simulation.

technology to deliver intense beams of protons and ions from helium to car-
bon. The optics design of the beam-line has been verified by comparing the
beam envelope calculations from BeamOptics with particle tracking simula-
tions using BDSIM. The energy deposition in the end station has also been
investigated and this shows that for the current design 15 MeV is a good
choice for the nominal beam energy allowing irradiating the cells before and
within the region of the Bragg peak.

Further work is on-going to finalise the design of LARA including investi-
gating a more compact beam transport channel and designing LARA Stage II
that will include an accelerator to deliver higher beam energies for in vivo
studies.
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Figure 8: Comparison of the beta functions from BeamOptics and BDSIM for the beam
transport section.

Figure 9: Comparison of the beta functions in the 90◦ bend region.

10



Figure 10: Energy loss as a function of depth in the end station for three different beam
energies 10 MeV, 12 MeV and 15 MeV. The strip below the graph shows the material
composition of the end station to scale.
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