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Abstract

Very high energy electrons (VHEE) are a potential future
modality in the field of radiotherapy. They have garnered
considerable interest because they possess a unique combi-
nation of several properties including: being capable of deep
tissue penetration (>30 cm), relative insensitivity to tissue
inhomogeneities and being well suited to FLASH therapy.
FLASH is the use of ultra-high dose rates which have been
shown to reduce cell death in healthy tissue whilst maintain-
ing toxicity to tumours. This paper provides a design for
a 250 MeV linac with dose rates exceeding 100 Gy s~! in a
5 cm diameter field. The design is centred on a bi-periodic,
ar /2 mode, normal conducting, standing wave, accelerating
cavity with a gradient of 80 MV m™! to achieve the compact-
ness required to fit the accelerator in a hospital setting. To
this end, 11.9942 GHz X-band technology has been selected
which, along with extensive cell geometry optimisation, has
produced a shunt impedance of >100 MQ m~! whilst min-
imising surface electric and magnetic fields.

INTRODUCTION

Very High Energy Electron (VHEE) beams with ener-
gies typically ranging from 100 MeV to 250 MeV are an
emerging modality in the field of radiotherapy, driven by
the following potential benefits. VHEE beams can reach
deep seated tumors more effectively than X-rays, the most
commonly used modality [1]. VHEE beams are also rela-
tively insensitive to tissue inhomogeneities in the body [2]
allowing for more robust treatment planning.

X-ray beams are in general produced by colliding low
energy electrons with a tungsten target in a process that
converts only 1 % to 2 % of the electrons’ energy into usable
photons making high dose rates difficult to reach. Ultra
High Dose Rates (UHDR), usually defined as >40 Gy s~
have been empirically shown to reduce damage to healthy
tissue whilst maintaining toxicity to cancerous cells [3].
This “FLASH” therapy widens the therapeutic window and
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could be used to reduce required dose fractionation. VHEE
beams can also be steered readily by magnetic fields.

One of the primary challenges of delivering VHEE
FLASH therapy to patients is the development of an electron
linac capable of the required energy and dose rate with a
form factor compact enough to fit easily within a hospital
setting. Recent advances in high gradient accelerator cavi-
ties designed for linear colliders [4] could be used to realize
this requirement. The following paper outlines a high level
design for an X-band 250 MeV linac operating at a gradient
of 80 MV m~! whilst targeting a dose rate of 100 Gy s~ in
a circular field 5 cm in diameter.

ACCELERATING CAVITY

The main accelerating cavities of the linac are 25 normal
conducting copper structures operating at the X band fre-
quency of 11.9942 GHz. This frequency was chosen over
the lower S and C bands more common in radiotherapy
to allow for high shunt impedance which becomes particu-
larly important at the high gradients required for compact
VHEE machines. For this project a shunt impedance of
100 MQ m~! was targeted. The cavities are designed to op-
erate in the o7 /2 coupling mode of acceleration because of
its inherent stability which is particularly important in medi-
cal applications. As is standard for a 77 /2 mode accelerator,
the cell structure is bi-periodic to reduce the space used by
coupling cells however the cells are left on axis to ease the
manufacturing cost and complexity of an X-band system.
Standing wave fields will be used to prevent fields entering
the coupling cells. The electric field distribution for one of
the 13.76 cm long optimized 19 cell (10 accelerating and 9
coupling) structures can be seen in Fig. 1. The optimization
is detailed below.

The geometry of the cavities was initially designed and
tested as a half unit cell which can be seen in Fig. 2. Each
accelerating cell is defined by four elliptical arc segments
joined by straight line segments which were optimized by a
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Figure 1: Electric field distribution for the 19 cell 77 /2 coupling mode main accelerating cavity simulated in CST.
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Figure 2: Diagram showing the straight (blue) and elliptical
(orange) line segments and their parameters that define the
shape of the accelerating cavity unit cell. All straight line
segments are perfectly horizontal or vertical except where
denoted by angle ¢.

Non-dominated Sorting Genetic Algorithm (NSGA II) [5, 6]
in order to minimize the cost function seen in Eq. (1) subject
to the ratio between the maximum surface electric field E,,,,
and the average accelerating gradient E,, .. being <2.25.

H,,,.(Af + 500MHz)
Rsh

where H ,, represents the maximum surface magnetic field
of the cavity, R, represents the cavity shunt impedance and
Af is the difference between the simulated cavity frequency
and the target 11.9942 GHz. The 500 MHz is included to
prevent the frequency tuning dominating the optimization.
There were 128 generations with population size of 128 sim-
ulated across eight hours in Superfish [7]. The optimized
values of the 12 geometric parameters are displayed in Ta-
ble 1.

Table 1: Optimised Cavity Parameters (see Fig. 2)

ey

Parameter value (mm) Parameter value (mm)
hy 3.693 wy 3.304
hy 0.935 Wy 0.004
hs 0.711 ws 0.029
hy 1.516 Wy 0.592
hs 0.997 ¢ () 83.595
g 7.428 b 10.421

Electric field distributions of three generations of the ge-
netic algorithm can be seen in Fig. 3.
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Figure 3: Electric field distribution of three generations of
optimistion for a half unit cell simulated in superfish.

For a bi-periodic design there are two equally valid 77 /2
mode distributions, one in which each of the two cell types
are filled with the EM fields. If the two cell types are not
tuned to the same frequency, a “stop-band” opens up in the
dispersion relation for the cavity as seen in Fig. 4. The data
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Figure 4: Dispersion relationship for the open band cells
simulated in CST. Note the broken axes.

was fit using the capacitively coupled circuit model [8] for a
bi-periodic structure which is represented by Eq. (2).
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where w is the angular frequency of the accelerating mode,
1 and w, represents the resonant frequency of each cell
type, ¢ is the phase advance and k, is the bandwidth of
the coupling between cell types, 1-1 (ky), 2-2 (k,) and 1-2
(k3). This stop band forces the modes in each of the sub
bands closer reducing stability. To maximize the spacing
between the 77/2 and neighboring modes the accelerating
cell and the coupling cell were re-tuned in CST [9] to pre-
cisely 11.9942 GHz by increasing the coupling cell radius
to 10.16 mm and w; to 3.3313 mm (except for the end cells
where w, = 3.3318 mm to account for beam pipe field distor-
tions). The key parameters for the tuned cells are shown in
Table 2. With the band gap closed, the dispersion relation
for the 19 cell cavity was simulated in CST and fit to Eq. (2)
as shown in Fig. 5. The band gap between the two /2



modes after tuning was only 31 kHz and the neighboring
mode spacing was 6.5 MHz.

Table 2: Key Optimization Figures

Parameter Superfish CST
Ry, MQm™) 100.50 100.43
H,0x/ Egce mT/(MV/m)) 4.165 4.378
E,oxlEace 2.245 2.297
Q factor 7829 7824
frequency (GHz) 11.9927 11.9942
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Figure 5: Dispersion relationship for the tuned standing
wave coupled cavity linac simulated in CST

POWER REQUIREMENTS

For an 80 MV m~! gradient, 398 kW of power will be dis-
sipated in the cavity walls per half unit cell. For the full
250 MeV target energy, this comes to 199 MW. The only
viable RF power supply options for such a high requirement
are short pulse klystrons in the ~50 MW range. The other
main draw of power from the system is due to beam load-
ing. Due to the relatively flat dose distribution of VHEE
therapy, the approximate average current required to achieve
a specified dose rate can be calculated using Eq. (3) [10].

D, pA

I = 7

3)

where D, (Gy s™!) is the required dose rate, p (kg m™3) is the
density of water at 1000 kg m™=>, A (m?) is the beam cross
sectional area and L (keV um~!) represents the linear energy
transfer of VHEE which is approximately 0.226 keV um™".
For the case of a dose rate of 100 Gy s~! in a 5 cm diameter
field, the required average current is 869 nA, however the
more relevant figure is the peak pulse current.

A larger RF pulse length 7, reduces the peak current re-
quirement because the cavity has more time to accelerate the
minimum charge per pulse. This in turn lowers the required
peak beam power. The beam length is limited however by
the time required to fill the cavity to it’s beam-loaded state.
Assuming the beam is only injected once the cavity fills, this
beam length #,,,,, is found by numerically solving Eq. (4).
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where 7 is the cavity’s filling time constant, P, is the
peak power dissipation by the cavity walls, I represents
average beam current, V is the cavity voltage (250 MV) and
Jrep 18 the pulse repetition rate.

A SLED type pulse compressor model programmed in
MATLAB [11], initially designed for the Compact Lin-
ear Accelerator for Research Applications (CLARA) [12],
was modified to fit the 1.5ps input pulse typical of
50 MW klystrons. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) [13] algorithm was used to optimize the input wave-
form in order to minimize the klystron power requirements
by balancing the larger power gain achievable from short
output pulses with the larger beam power this would cause.
The input and output waveforms of this pulse compressor
model are seen in Fig 6.
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Figure 6: The phase and amplitude wave forms of the input
and output of the SLED type pulse compressor

Assuming a 120 Hz repetition rate for the klystrons and
that the cavities are critically coupled to the RF input, the
optimizer found that the ideal output pulse length was 320 ns
of which 82 ns accelerates the beam. This required a peak
current of 88 mA and a peak beam power of 22 MW. If we
assume ~20 % of input power is lost in the input waveg-
uides then the combined power dissipation totals 276 MW.
Dividing this by the pulse compressor power gain of 2.79
means the klystrons need to produce 99 MW of power which
requires two 50 MW klystrons.

FINAL REMARKS

Outlined in this paper is a design for a 250 MeV bi-
periodic axially coupled electron linac for FLASH VHEE
therapy. Future studies intend to develop separate side cou-
pled and traveling wave designs and examine whether they
offer significant benefits over the current design. A design
for an injector, envisaged as a separate standing wave cavity
operating at a lower gradient, is also in development. Cru-
cially, the use of X-band frequencies allows this design to
be compact, which is critical to the installation and rapid
adoption of VHEE FLASH technology.
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