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Optimizing focused very-high-
energy electron beams for

radiation therapy based on Monte
Carlo simulation
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ATOPAS-based optimization program has been developed to precisely concentrate the dose of focused
very-high-energy electron (VHEE) beams on deep-seated targets. This is accomplished by optimizing
the magnetic gradients, positions, and number of quadrupole magnets within TOPAS. Using only
three quadrupole magnets, the program focuses 250 MeV VHEE beams to achieve a maximum dose
position deeper than 17 cm, while maintaining entrance and exit doses within 25% and limiting the
lateral dimensions to <1 cm at the maximum dose location. The linear relationship between the
magnetic gradient of the last quadrupole magnet and the maximum dose position enables dose
location adjustments through gradient variation. Multiple positions were validated in TOPAS with
errors within 1%. The spread-out electron peak (SOEP) is achieved by combining two VHEE beams with
different maximum dose positions using the differential evolution method, covering a target depth of
12-17 cm and attaining a dose flatness better than 99%. This pioneering program imposes constraints
on entrance dose, exit dose, maximum dose position, and the lateral dimensions of dose deposition at
the maximum dose position within phantom. This program may be a promising tool in the applications
of focused VHEE in highly conformal treatment plans based on TOPAS.
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For radiation therapy targeting deep-seated tumors, the rays need to penetrate 15-30 cm into the body!. Very-
high-energy Electron (VHEE) Beams referring to electron beams with energies ranging from 50 to 250 MeV,
were first proposed for use in radiotherapy in 2000%. VHEE beams provide adequate penetration to treat lesions
at typical clinical depths and offer comparable lateral beam penumbra to state-of-the-art megavolt photon
radiotherapy>™. VHEE beams also deliver similar, and sometimes superior, target coverage®® compared to
protons’ and exhibit reduced susceptibility to tissue inhomogeneities®1!.

FLASH radiation therapy requires the delivery of ultra-high dose rates (> 40 Gy/s) on sub-second time scale
to damage tumor cells while reducing toxic effects to healthy tissue compared to conventional radiotherapy>12-17.
VHEE beams are regarded as potential candidates for realizing deep-tumor FLASH radiotherapy in the near
future'®. FLASH radiotherapy based on VHEE, with sufficiently high beam energies, can provide dosimetric
plans of comparable quality to FLASH radiotherapy based on transmission proton and can serve as a lighter
particle alternative to protons’. FLASH parameters for VHEE radiotherapy has been explored and a benchmark
for evaluating its FLASH dose rate performance has been successfully developed'®.

For the widespread implementation of VHEE radiotherapy, it is essential to control the VHEE dose
concentration in the target area and ideally provide highly conformal treatment plans to deliver FLASH dose
rates. The longitudinal distribution of the parallel VHEE beam does not exhibit a Bragg peak. Therefore, the
dose integrated over the transverse dimensions (x and y) also lacks a Bragg peak. Quadrupole magnets may
be employed to focus electron beams for achieving conformal FLASH VHEE treatment, which concentrates
the dose in the tumor target area and disperses it over a larger volume, thereby reducing the entrance and exit
dose®?0-22, While focusing can alter the transverse dose distribution, it does not change the integrated dose
distribution over the x and y dimensions. As a result, the integral dose to healthy tissue along the z-axis remains
constant, while the transverse dose density is diluted on the proximal or distal side from the focus. The use of
focused VHEE beams provides a method for rapidly delivering target dose distributions. FLASH effect may be
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reduced by sport scanning or mechanical gantry motion?*?*?4, To date, most published VHEE treatment plans
assume that using focused VHEE may eliminate the need for spot scanning or gantry motion®!°2%25, making it
more suitable for FLASH radiotherapy. By using quadrupole magnets to focus VHEE beams with energies above
200 MeV, the maximum dose position on the axis can reach a depth of > 15 cm, achieving the goal of treating
deep-seated and highly heterogeneous tumors™21.

The tumor has a specific volume, and during radiation therapy; it is necessary for the radiation to encompass
such a specific target area. Bortfeld and Schlegel?® used multiple proton beams of varying energies, and adjusted
their weights to spread-out the peak of the proton beam coverage over the tumor area. Similarly, accumulating
VHEE beams of the same energy with different coeflicients and peak dose positions can spread-out electron
peak (SOEP).

Whitmore combined Elegant?” optimization results with Twiss parameter®® analysis to predict the focusing
position in a water phantom. The results optimized in Elegant under vacuum conditions may differ from those
in water. The predicted position differed by 1-2 cm from the focusing dose position obtained through Monte
Carlo simulations in TOPAS? using the beamline setup. This study aims to develop a TOPAS-based program
to optimize the focusing of VHEE beams to concentrate the dose on the target area. The program includes
three functions: 1. VHEE beams are focused using quadrupole magnets. 2. The coeflicients of each beam are
calculated to cover the deep target region with spread-out electron peaks (SOEP). 3. Time-variant SOEP is
calculated in TOPAS to prepare for future research on conformal treatment planning with VHEE beams. This
program optimizes the focusing of VHEE beams to more accurately control the maximum dose position within
the target area, while also managing the entrance dose, exit dose, the lateral dimensions of dose deposition at the
maximum dose position. This program uses the differential evolution method to solve the spread-out electron
peak (SOEP), achieving the desired dose flatness with fewer beams.

Results

Optimization using three quadrupole magnets

Using the optimization program, VHEE beams are focused to irradiate a water phantom, and the parameters
of the resulted dose distribution within the phantom are used as optimization objectives. Details of the
optimization process to achieve the required beam characteristics can be found in the “Focused VHEE” section
of the “Methods”. It is possible to effectively control the focusing of VHEE beams in a water phantom, and
optimize the maximum dose delivery to the target location.

Considering practical applications where a fixed beamline is used and aiming to minimize errors arising
from machine instability during radiation therapy, it is preferable to control the beams using fewer variables. To
focus 250 MeV VHEE beams using three quadrupole magnets, the positions of the components are fixed and
the magnetic gradients of the quadrupole magnets are set to T2 and T3, as specified in the “Method” section.
The program is used to optimize the magnetic gradient T1 of the last quadrupole magnet and to collect z/
corresponding to the position of the maximum dose. The specific parameters of the beamline are detailed
in Supplementary Table S1, and the parameters of the 50 data points are listed in Supplementary Table S2.
Utilizing linear regression, the corresponding relationship is shown in Fig. 1(a). Based on the fitting results, the
specific parameters of the magnetic gradients for the target positions at 12 cm, 14 cm, and 16 cm are listed in
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Fig. 1. (a) The linear fit between the position of the maximum dose and the gradient of the last quadrupole
magnet is provided, @ = —0.0034 & 2.9249E — 5(T/em?), b= 0.19828 4+ 4.1639E — 4(T/em), adjusted
R? = 0.996. (b) Dose distribution results obtained from TOPAS simulations with 10° particles for target
positions at 12 cm, 14 cm, and 16 cm.
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Parameter z! (cm) Dent (%) Dem‘t (%)
TargetPosition12 | 11.92 15.3 7.68
TargetPosition14 | 13.89 16.66 11.02
TargetPosition16 | 16.05 19.16 15.33

Table 1. The positions of the maximum dose, as well as the entrance and exit relative doses, obtained using
TOPAS simulations with 10° particles for target positions at 12 cm, 14 cm, and 16 cm.
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Fig. 2. (a) Comparison of the simulated dose distribution along the axis in the water phantom with L.
Whitmore’s results at 250 MeV'. (b) Lateral dose distribution results corresponding to the position of the
maximum dose at 17.5 cm.

Parameter 2l (em) | 0z(cm) | 0y(cm) Dem (%)
L.Whitmore_250MeV | 17.4 0.84 0.54 25
Calculated_250MeV 17.5 0.96 0.63 21.23

Table 2. Simulation results of 250 MeV VHEE beam using TOPAS compared with that of L. Whitmore',
including entrance dose along the axis, position of maximum dose, and corresponding beam sizes of o, and
ay.

Supplementary Table S3. 10° particles are hence used in Monte Carlo simulations. Dose distributions along the
central axis of the water phantom is shown in Fig. 1(b). The error in the maximum dose position is less than 1%.
Dose distributions corresponding to the 3 maximum dose positions are detailed in Supplementary Fig. S1, Fig.
S2 and Fig. S3, respectively. Entrance and exit dose results are provided in Table 1.

The optimization program was used to focus the VHEE beam, and the T1 value corresponding to 17.4 cm
was calculated based on the linear regression curve. Three quadrupole magnets are used to focus the 250 MeV
VHEE beam on a water phantom, with beamline settings as detailed in the “Methods” section. A maximum
on-axis dose deposition at 17.5 cm in the water phantom was yielded by the Monte Carlo simulation using
107 particles, with a positional error of approximately 0.59%. The obtained dose distribution along the axis
is comparable with the results of Whitmore!, who used four quadrupole magnets to focus a 250 MeV VHEE
beam, as shown in Fig. 2(a). Detailed comparison results are provided in Table 2. The lateral dose distribution
corresponding to the maximum dose position at 17.5 cm is illustrated in Fig. 2(b).

SOEP

The optimization program has been used to spread-out the dose distribution region of the 250 MeV focused
VHEE beams in water phantom, where the position of spread-out electron peak ranges from 12 tol7 cm along
the axis of the phantom. The purpose is to calculate the coefficients ( a; and as) for each beam used to achieve
a flat longitudinal dose distribution in the specified area. Flatness exceeding 99% can be ensured by adjusting
the magnetic gradients of the quadrupole magnets twice. The calculation method is described in the “Calculate
SOEP” section of the “Methods” The optimized results are shown in Fig. 3(a), with detailed results provided
in Table 3. In TOPAS, the magnetic gradients of the quadrupole magnets are varied over time to spread-out
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Fig. 3. (a) Dose distributions for SOEP were calculated using two beams with target positions at 12 cm and
17 cm. (b) The calculated SOEP and the time-variant SOEP obtained from TOPAS are compared (The time-
variant SOEP obtained from TOPAS simulations is used to validate the accuracy of the calculated SOEP).

Parameter | Value | Unit
a 0.3484 |/
as 0.8790 |/

flatness [99.14 | %

Table 3. Coeflicients and flatness values calculated via “Calculate SOEP”.

electron peak. Monte Carlo simulations are performed to obtain the dose distribution in the water phantom
and to verify the accuracy of the beam coefficients calculated by “Calculate SOEP”. The calculated SOEP and
the time-variant SOEP obtained from TOPAS are compared in Fig. 3(b). In TOPAS, 12,274,000 particles were
used to simulate the formation of a spread-out electron peak (SOEP) by VHEE beams in a water phantom. The
simulation includes the longitudinal dose distribution and the lateral dose distributions at the entrance, exit, and
maximum dose positions, as shown in Fig. 4.

Discussion

The optimization program was initially designed for focusing VHEE beams to treat deep-seated tumors.
However, with modifications to beam energy, quadrupole magnet gradients, and quadrupole magnet sizes, it can
also be applied to optimize the design of other particle beams platforms for focusing purposes. Focused VHEE
beams can also be used to treat tumors at shallower depths by targeting different depth regions. Future research
should investigate the relationship between the focusing state of VHEE beams and the penumbra.

This study optimized the “Focused VHEE” section based on parameter ranges derived from previous
research of Whitmore!. The following constraints were applied: quadrupole magnet gradient not exceeding
27 T/m!, quadrupole magnet spacing not less than 25 cm?, and drift section length not exceeding 2 m'. The
dimensions of each quadrupole magnet are 40 cm X 40 cm X 24 cm (external size), and the medium is set
to air in TOPAS. Future research will need to incorporate vacuum chambers and other components into the
optimization program’s model based on the actual specifications of the quadrupole magnets, and to impose
constraints on the magnets’ apertures.

In this study, when optimizing the distance between the last quadrupole magnet and the water phantom,
optimization parameter was set using distance similar to those in the previous works"?. This approach was
adopted to validate the accuracy of the results. Clinical trial and preclinical settings have not yet been considered.
The next step will be to integrate clinical settings and incorporate additional detailed configurations for
simulation. To check the capability of our program, a recent optimization has been performed, which includes
increasing L1 to 77 cm and setting the maximum dose position at 16.34 cm. The preliminary optimization results
can be found in Supplementary Table S4, Supplementary Fig. S4, and Supplementary Table S5. Reducing the
entrance dose to 25% is the next ongoing optimization goal.

In this study, the phantom material used is water. With the optimization program, by simply changing the
material and shape of the target, it is possible to calculate the dose distribution of focused VHEE beams in other
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Fig. 4. Longitudinal dose distribution and lateral dose distributions at the entrance, exit, and the point of
maximum dose in the water phantom.

targets. Future research will focus on lower-energy electron beams for treating deep-seated tumors in radiation
therapy in order to lower the cost.

When using SOEP beams for lateral scanning irradiation, the dose overlap region between points in the
lateral direction is related to the lateral dose fall-off gradient of an individual SOEP beam. Such SOEP beams
are practical to treat certain tumors with proper sizes. However, depth conformity will be compromised when
the scanned target areas are comparable to the beam size before focusing. This is due to the dose superposition
effects occurring before and after the focal spot as reported before®’. The current optimization is based on the
same beam sizes as in previous studies’. In the future, optimization of the lateral dose region of the SOEP beam
will be enhanced.

Conclusions
This study is based on Monte Carlo simulations and establishes a model in TOPAS that includes quadrupole
magnets and a water phantom. To compare with L.Whitmore’s! results of focused 250 MeV VHEE beams, the
same simulation conditions were selected. In TOPAS, quadrupole magnet materials were set as air, and the
phantom material as water for dose distributions calculations. The scattering effects of air and water on electron
beams were considered, resulting in a more accurate maximum dose position induced by VHEE beams focused
by the quadrupole magnets. The focusing of the VHEE beams was optimized using dose distribution parameters
in a water phantom as the target. This method ensures that the maximum dose is delivered to the precise location.
Using the optimization program, the number of quadrupole magnets was reduced and the beamline was
hence simplified. The study shows that three quadrupole magnets, instead of four, are sufficient to focus the
250 MeV VHEE beams to achieve a maximum dose position beyond 17 cm within the phantom. By using
three quadrupole magnets to focus 250 MeV VHEE beams, with all components fixed along the beamline, the
program allows the position of the maximum dose to be shifted solely by altering the magnetic gradient of the
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last quadrupole magnet. This method achieves the positional errors of less than 1%, making the adjustment of
treatment depth more convenient and accurate.

The program has been used to spread-out the dose distribution region of the 250 MeV VHEE beams in the
water phantom, where the spreading range with flat dose distribution is from 12 to 17 cm along the phantom.
By changing the magnetic gradient twice to focus the beams, a flatness of over 99% can be achieved. By setting
the magnetic gradients of the last quadrupole magnet in TOPAS according to time characteristics, the simulated
SOEP results are in accordance with the calculated results from the program. The lateral dimensions o , and
o 4 of the dose deposition at the maximum dose position of the spread-out electron peak are both within 1 cm.
During lateral scanning irradiation, conformal irradiation can be achieved longitudinally by adjusting the depth
range of the SOEP peak position to match the shape of the tumor.

Methods

Focused VHEE

Within the TopasOpt>! optimization framework, the parameters and objectives for the NelderMeadOptimiser
were adjusted to develop a model for focusing VHEE beams. Specifically, the magnetic gradients of the
quadrupole magnets (T1 to Tn) and the positions of the components (L1 to Ln+1) were modified. The
NelderMeadOptimiser was used to optimize the position of the dose maximum, the dose at the entrance and
exit of the water phantom, and the lateral dimensions of dose deposition at the maximum dose. The optimization
flowchart is shown in Fig. 5.

32

Calculate SOEP
Calculate the total dose accumulated from multiple beams in the smallest grids along the central axis

N
Dtotal = Zizl aiDi (1)
where Dy, is the total dose, a; is a coeflicient factor (varied), D; is the dose (varied), N is the number of

beams. In this study, it refers to the total dose within a 0.297 cm X 0.297 cm X 30 cm region along the central axis.
Calculate the mean dose in the spread-out region

JR—
<D>= Nz;:l D; )

where < D > is the mean dose.
Calculate the standard deviation of the dose in the spread-out region

2

oD = \/%Z; (Di— < D >) 3)

where o D is the standard deviation of dose.
Calculate the flatness of the spread-out region

oD
F=(1—-—0H 100 4
< <D >) x @
where I is the flatness.

Define the flatness of the spread-out region as total_dose_objective. Datal.csv to Datan.csv are derived from
the “Focused VHEE”. The Differential Evolution method*® was employed to optimize the coefficients a; and to
find the minimum value of the total_dose_objective. The algorithm flow for calculating SOEP is shown in Fig. 6.

TOPAS-SOEP simulation

In TOPAS, the magnetic gradients of the last quadrupole magnet were defined using “Time Features”. One can
adjust the time variation of the magnetic gradients based on the beam coefficients obtained from “Calculate
SOEP” to calculate the dose distribution.

Monte Carlo simulation details

To enable a comparison with the results achieved using four quadrupole magnets to focus the VHEE beams!, the
same beam parameters were employed. In TOPAS Monte Carlo simulations, the energy of the focused VHEE
beams is 250 MeV, with typical parameters for clinical proton beams: initial beam size of ¢ = 4 mm following
a Gaussian distribution, energy spread of 0.75 MeV, and angular divergence of 3.2 mrad!*. The sizes of each
quadrupole magnet are 40 cm X 40 cm X 24 cm, with the medium set to air in TOPAS. The sizes of the water
phantom are 30 cm X 30 cm X 30 cm. The beamline established in TOPAS is shown in Fig. 7. To position the
maximum dose at 17 cm, the magnetic gradients and positions of three quadrupole magnets were optimized to
focus a 250 MeV VHEE beam. Based on the optimization results, the positions of the components were fixed,
and the magnetic gradients of the first two quadrupole magnets were set to T2 and T3 accordingly, while limiting
the entrance and exit doses on the central axis of the water phantom to below 25% of the maximum dose. To
explore the relationship between the gradient of the last quadrupole magnet and the target position, 50 target
positions z’ where the maximum dose is located between 9 and 18 cm are randomly selected. The gradient of
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Fig. 5. Flowchart of the algorithm for optimizing focused VHEE.

the last quadrupole magnet was recorded for each position. The target positions were distributed as evenly as
possible across the entire range to ensure the reliability of the resulted relationship.

Data processing

Dose distribution data were processed using Origin (Version 2024b, OriginLab Corporation, Northampton,
MA, USA). Linear regression was performed to calculate the relationship between the quadrupole magnet
gradients and the positions of maximum dose.
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Fig. 6. Flowchart of the algorithm for calculating SOEP.

Dose distributions

In the case of VHEE beams, a grid of 101X 101 X101 voxels is set to reduce the computation time for dose
distribution calculations using the “scorer”. For all dose distribution calculations related to specific positions in
this study, the grid size is uniformly set to 101X 101 x 501 voxels, dividing the water phantom along the z-axis
into 501 voxels. When reading the two-dimensional dose distributions (z-x and z-y), calculations are based
on grids of 101 X1 %501 voxels (30 cmx0.297 cmx30 cm) and 1Xx 101 x501 voxels (0.297 cmX30 cmX30 cm)
respectively. For the cross-sectional x-y dose profile, calculations are based on a grid of 101x 101X 1 voxels
(30 cmx30 cmx0.05988 cm).
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Fig. 7. Beamline established in TOPAS using three quadrupole magnets to focus 250 MeV VHEE beams.
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The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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