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Abstract
VHEE (Very High Energy Electron) therapy can be supe-

rior to conventional radiotherapy for the treatment of deep
seated tumours, whilst not necessarily requiring the space
and cost of proton or heavy ion facilities. Developments in
high gradient RF technology have allowed electrons to be
accelerated to VHEE energies in a compact space, mean-
ing that treatment could be possible with a shorter linac. A
crucial component of VHEE treatment is the transfer of the
beam from accelerator to patient. This is required to mag-
nify the beam to cover the transverse extent of the tumour,
whilst ensuring a uniform beam distribution. Two principle
methodologies for the design of a compact transfer line are
presented. The first of these is based upon a quadrupole
lattice and optical magnification of beam size. A minimisa-
tion algorithm is used to enforce certain criteria on the beam
distribution at the patient, defining the lattice through an
automated routine. Separately, a dual scattering-foil based
system is also presented, which uses similar algorithms for
the optimisation of the foil geometry in order to achieve the
desired beam shape at the patient location.

INTRODUCTION AND BACKGROUND
Current Modalities of Radiotherapy

Radiotherapy (RT) is an essential component of cancer
treatment, required by 50% of patients [1]. In RT, a treat-
ment beam is used to damage the DNA of the tumour cells
and cause cell death. The main goal of RT is to cause as
much damage to the tumour as possible, whilst reducing
dose to any surrounding healthy tissue. This is known as
increasing the “Therapeutic Window”. This is most critical
when the tumour is seated deep within a patient, as organs
particularly susceptible to radiation may be traversed. The
dose deposition profile from an RT beam is dependent on
the particle used for treatment [2]. Modern techniques in
conventional (X-ray) RT have been developed to reduce dose
to healthy tissues longitudinally and laterally [3]. Hadron
beams can provide more precise treatments with less dose
to healthy tissues than conventional RT due to the Bragg
peak [2]. They can also be manipulated directly with mag-
nets to allow scanning of the beam across the tumour. As
such, they are very well suited for the treatment of deep-
seated tumours. Hadron treatment facilities are however
much larger and more expensive than conventional RT fa-
cilities [4]. This is due to the requirement for cyclotrons or
∗ cameron.robertson@physics.ox.ac.uk

synchrotrons for acceleration rather than the small LINACs
used for conventional RT, extended shielding requirements
as well as the much larger gantries for bending the higher
rigidity hadron beams.

VHEE
A promising modality for RT is VHEE (Very High En-

ergy Electron) therapy. These are defined as electron beams
with energies above 50 MeV, and would be capable of reach-
ing deep-seated tumours [5]. There is evidence that VHEE
beams would be less sensitive to inhomogeneities in the pa-
tient tissues than hadron beams. With the implementation of
scanning and/or focusing, VHEE beams could also provide
superior tumour conformity and avoidance of healthy tissues
compared to conventional RT [6, 7]. Two crucial advan-
tages that VHEE would have over hadron therapy are the
required cost and space. A 200 MeV electron beam would
require weaker magnets and/or a more compact gantry for de-
livering treatment. Developments in high gradient X-band
RF-technology have also allowed the possibility of elec-
trons being accelerated to VHEE energies in a very compact
LINAC [8]. This would require less space than the circular
accelerators used for hadron therapy.

Aim
The aim of this work is to design a transfer line for a

100 MeV VHEE beam from acceleration to the patient, using
a simple model. This is an exploration and verification of
the methodology for this design process, rather than a fully
practical implementation. The beam should meet certain
requirements for treatment whilst also being compact and
efficiently designed to minimise associated costs.

Initial Conditions and Beamline Geometry
The gantry was based upon a “Riesenrad” style gantry,

consisting of a beamline with a single dipole [9]. This gantry
would be rotated along with the patient couch to allow irra-
diation from multiple angles, shown in Fig. 1. The initial
beam was assumed to have a uniform transverse distribu-
tion with a radius of 1 mm, an angular divergence of 1 mrad,
and a momentum spread of 0.25%. It was required to be
magnified to the radius of a large tumour - here taken to be
between 50 mm and 100 mm. Furthermore, the beam was
required have a uniform transverse distribution to ensure
an even dose across the tumour. The study of scanned and
focused beam delivery was left for future work. Achromatic-
ity of the beamline whilst desirable for symmetry in both
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transverse axes was not a key aim of the design processes
at this stage, but instead the physical beam profile was the
most fundamental consideration.

Figure 1: Riesenrad Gantry concept [9]

METHOD AND RESULTS
Magnification Optics

The first method for developing the gantry was based
around a lattice of quadrupoles. This was carried out using
Nelder-Mead [10] (simplex) minimisation with RF-Track,
a code developed at CERN [11]. The optimisation process
was carried out using a merit function to characterise the
transverse beam distribution at the patient. The merit func-
tion is composed of a sum of weighted terms, summarised
by

𝑀 = 𝜔1𝑀mean + 𝜔2𝑀mag + 𝜔3𝑀kurtosis (1)

for each transverse dimension. 𝑀mean and 𝑀mag are terms
which are minimal when the distribution at the patient is cen-
tred and magnified to a defined radius, respectively. 𝑀kurtosis
is minimised when the beam has a constant transverse dis-
tribution across this radius, and is found using the kurtosis
(tailedness) of the beam [12]. The weights in the merit
function were determined through iterative investigation of
optimisation results, attempting to balance these values for
the desired final distribution.

The minimisation for this function was carried out using
the gradients and positions of a number of quadrupole mag-
nets as variables, along with the pole tip face angles of the
single dipole. Limits were enforced on the strengths of the
quadrupole magnets with respect to the required beam aper-
tures to ensure magnetic fields below saturation for resistive
magnets. At the end of the gantry, a 2 m long space was
assumed to leave room for beam diagnostics and additional
optics. The number of quadrupole magnets was to be kept to
a minimum – particularly those downstream of the dipole as
these would significantly add to the total cost of the gantry
due to their required rotation. The optimisation was run a
significant number of times with random seeds being used
for input variables within the described bounds. This was
necessary since the Nelder-Mead method is susceptible to
returning local minima. The solution deemed most success-
ful is presented here, with the gantry layout and quadrupole
strengths as well as the resultant transverse distribution in
the patient displayed in Fig. 2. Excellent consistency across
the final beam out to 75 mm was achieved, with negligible

Figure 2: Magnification optics layout (left) and transverse
beam distribution at patient location without collimation
(right), colour represents density in arbitrary units

large scale variation, corresponding to a kurtosis value of
2.000 in X and 2.004 in Y (the bending axis). After colli-
mation out to 75 mm to retain only the flat region, 61% of
the initial beam was retained. The rather large losses from
collimation are due to the asymmetry between the transverse
axes caused by dispersion.

Dual Scattering Foil
The second method of beam magnification proposed was

the use of a dual scattering foil. The general principle of
this is to firstly magnify a pencil beam by sending it through
a flat scattering foil. The scattering process is random and

Figure 3: Dual Scattering Foil Concept [13]

thus the magnified beam will have an approximately Gaus-
sian transverse distribution. A 2nd scatterer with a more
complex shape is then used to correct the Gaussian beam
into a flat beam for treatment. This shape would be Gaussian
to complement the beam, preferentially scattering the denser
centre of the beam over the total beam radius. This concept
is shown in Fig. 3.

To reduce particle production and associated energy losses
as well as limiting divergence, a distance of 2.5 m between
the 1st scatterer and the patient was enforced for this gantry.
The two quadrupoles upstream of the dipole in the magnifica-
tion optics design were retained for this setup in order to con-
strain the beam travelling through the dipole. The 1st scat-
terer was chosen to be composed of tantalum, as TOPAS [14,
15] simulations demonstrated a higher efficiency of scatter-
ing angle increase against photon production for high Z
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Figure 4: 2nd scatterer visualisation (left) and transverse
beam density distribution at patient without collimation
(right), colour represents density in arbitrary units

materials. Very high precision machining would be required
for manufacturing a tantalum 2nd scatterer as it would be
very thin. A much thicker, low Z material such as plastic
would have more photon production however. Aluminium
was chosen as a compromise between these two extremes.

The same minimisation principle was utilised for optimi-
sation of the foils. The geometry of the system was used as
the variable in the optimisation. More precisely, the longitu-
dinal thickness of the first scatterer, and the amplitude and
standard deviation determining the shape of the 2nd, Gaus-
sian scatterer were used as the input parameters along with
the longitudinal position of the 2nd scatterer relative to the
1st. RF-Track and TOPAS were used in conjunction to carry
out the simulations for this process. The same merit function
as shown in Eq. 1 was again minimised from many random
distributions of these variables.The optimum 2nd scatterer
geometry is shown in Fig. 4, along with the resultant trans-
verse beam distribution in the patient. A constant transverse
beam distribution with a radius of 60 mm was achieved, with
consistency of 94% in the transverse distribution density in
this range. The corresponded to a kurtosis value of 2.021 in
X and 1.985 in Y. This colimation to remove the more widely
scattered particles was rather significant, and thus transmis-
sion through the dual scattering system with colimation was
55%.

DISCUSSION
Comparison

Particularly in the case of the magnification optics method,
the arrangement and strengths of the magnets would be cru-
cial. Small alignment errors and beam jitter could have
detrimental effects to the final beam. This method is also
heavily dependent on the initial beam distribution, and one
cannot assume that the same optics setup with a more re-
alistic beam would provide a similar result. Even when
minimised as far as possible as in this work, the beam at the
patient still had a dose of X-rays that was comparable to that
of the electrons for the dual scattering method. Enforcing
the 2.5 m length between the 1st scatterer and the patient
resulted in a large minimum gantry size. A solution to the
above issues could involve making the first foil thicker and

reducing the distance between it and the second foils, or
moving the foils upstream of the single dipole; the concern
for the latter would be that the scattering system increases
the energy spread of the beam, and thus increases the effects
of dispersion. This would also require a dipole magnet with
a large aperture.

The dual scattering foil system while likely cheaper and
easier to implement would always have the unavoidable is-
sues of particle production compared to the pure VHEE
beam from the magnification optics. However, the problems
caused by misallignment and gantry rotation would likely
be more severe for the magnification optics solution due
to the increased weight and number of required beamline
elements.

Future Work
An valuable extension to this study would be a quantitative

study of the effects of misallignment on the final distribution,
for both methods. This could involve additional optimisa-
tions of a static setup to account for variations in the initial
beam. The above magnification optics setup shown in Fig. 2
could be kept static and only the strengths of the magnets
varied to be used as a transfer line for different distributions.
One would expect that the foil system would be less depen-
dent on the initial beam than the optics method, but this
would also need to be quantified explicitly.

The impact of the X-ray production from the dual scatter-
ing foil on the patient dose distribution will require further
study and comparison to the “pure” VHEE beam from the
magnification optics. Due to the (relatively) high energy of
the electrons, the details and method of collimation should
also simulated for this study of dose in the patient. Monte-
Carlo codes such as TOPAS and FLUKA [16, 17] could
be used for this. Furthermore, the maximum achievable
radius of the constant beam at the patient appeared to be
somewhat limited by enforcing the strictly Gaussian shape
of the 2nd scatterer. A more flexible approach allowing for
non-Gaussian aberrations in the shape design could allow
this to be solved.

CONCLUSION
Two general concepts were shown to explore methodolo-

gies for design of a VHEE treatment line, using an idealised
initial beam distribution and Riesenrad treatment gantry.
The first, using a lattice of quadrupoles, allowed a pure
VHEE beam to be magnified and flattened with a relatively
small gantry radius. The second, using a dual scattering
foil system, also achieved this magnification and flatten-
ing, although this also resulted in unavoidable extra particle
production from the beam-matter introduction. This was
minimised by situating the system significantly upstream of
the patient, although this led to a larger gantry radius. Both
beamline designs were carried out using multiple simplex
minimisation routines with random seeding. Future work
will involve carrying out design studies with different initial
beam distributions and studies of lattice imperfections.
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