Advances in Radiotherapy &
Nuclear Medicine

*Corresponding author:
Giuseppe Schettino
(giuseppe.schettino@npl.co.uk)

Citation: Phillips J, Schettino G.
Impact of beam pulse structure on
yield of reactive oxygen species
during proton FLASH radiotherapy.
Adv Radiother Nucl Med.
2026;4(3):026180016.

doi: 10.36922/ARNM026180016

Received: April 30, 2026

Revised: July 14, 2026

Accepted: July 24, 2026
Published online: August 19, 2026

Copyright: © 2026 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

ORIGINAL RESEARCH ARTICLE

Impact of beam pulse structure on yield of
reactive oxygen species during proton FLASH
radiotherapy

Jonathan Phillips'?

'Department of Medicine, Marine, and Nuclear, National Physical Laboratory, London, United
Kingdom

and Giuseppe Schettino'*

2Department of Physics, School of Mathematics and Physics, Faculty of Engineering and Physical
Sciences, University of Surrey, Guildford, United Kingdom

Abstract

This study investigates the yield of reactive oxygen species (ROS) under proton FLASH
irradiation in well-oxygenated healthy tissue to identify the beam time structure for
the lowest ROS yield. Examining the influence of proton beam time structure on
radiolytic oxygen consumption and ROS production directly addresses the oxygen
depletion hypothesis for the FLASH effect. A bespoke Monte Carlo Geant4-DNA
model was used to simulate water radiolysis under a proton FLASH dose rate and
output time-resolved G values for the principal radiolysis products. A 1.6 um cube of
water with fixed oxygen concentration was modelled for pulse lengths and periods
ranging from 1 ns to 1 ms and 10 ns to 10 ms, respectively. The study was limited
to two ROS species (hydroxyl radical [OH] and hydrogen peroxide [H,0,]) and a
pulse-structure grid for which the pulse period was constrained to be 10 times the
pulse length. The maximum and total G values, G and G, . were used to determine
the beam time structure that produced the fewest OH" and H,O,. The model shows
that the pulse period affected the yield of ROS more than the pulse length. This
indicates that the yield of the investigated ROS decreases most under short pulse
periods combined with the longest possible pulse duration within those periods.
The method of high dose rate proton delivery that is closest to these parameters is
an isochronous cyclotron emitting 2 ns pulses separated by 13.7 ns. However, this
study also suggests that the oxygen depletion hypothesis cannot fully explain the
FLASH effect, as the yield of OH" in healthy tissue is higher for FLASH irradiation than
for conventional irradiation. These conclusions should be interpreted within the
limitations of the model, which assumes static oxygenation in a single microscopic
volume and explores a restricted set of pulse structures and ROS species. Further
work is therefore required to assess the generality of these findings under more
realistic biological conditions.

Keywords: FLASH radiotherapy; Proton; Geant4-DNA; Simulation; Reactive oxygen
species; Pulse structure
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1. Introduction

1.1. Differences between conventional and FLASH
radiotherapy

The main advantage proposed for FLASH radiotherapy
is the preferential sparing of healthy tissue relative to
tumour tissue, known as the FLASH effect. This effect
would significantly decrease the probability of side effects
experienced by patients when compared to conventional
radiotherapy. This sparing is therefore expected to enable
treatment optimisation by permitting dose escalation to
the tumour or improved treatment conformality.'

Current clinical conventional radiotherapy treatments
require 1-10 minute exposures daily, over 5 to 8 weeks,
with a dose rate of around 0.1 Gy/s.>* The fractionation of
these exposures is meant to allow the patient’s healthy tissue
to recover from the ionising radiation so that the overall
side effects experienced by the patient are minimised.* In
contrast, a FLASH radiotherapy treatment would offer
100 ms daily irradiations,’ over one week, with a dose rate
above 40 Gy/s.>*!! This drastic decrease in treatment time
is an additional advantage of FLASH radiotherapy, as ultra-
short irradiations may also improve patient comfort and
treatment tolerability while increasing clinical throughput
and reducing burns on healthcare providers.

1.2. Hypotheses for the FLASH effect

Despite many studies on FLASH radiotherapy, the
mechanisms underpinning the FLASH effect are still
unknown.>® There are multiple hypotheses to explain
the FLASH effects occurrence, including the oxygen
depletion hypothesis, the DNA damage hypothesis, and
the immunoreaction hypothesis.'?

The DNA damage hypothesis explains the sparing of
healthy tissue through different repair pathways between
conventional and FLASH irradiations, as the spatio-
temporally highly dense clustered damage produced
by FLASH may be processed differently by tumour and
healthy cellular repair mechanisms. Specifically, normal
cells have intact cell cycle checkpoints and high-fidelity
DNA repair pathways, enabling more effective processing
of the complex clustered lesions produced by FLASH
irradiation, whereas cancer cells often exhibit defective
damage sensing and repair and are therefore less able to
resolve such spatially and temporally concentrated damage.

The immunoreaction hypothesis proposes that
incident radiation changes the immunological response to
radiation in healthy tissue. Tumours possess a chronically
immunosuppressed microenvironment with abnormal
signalling pathways and reduced capacity to mount
rapid immune responses. This means that the dose-rate

differences between FLASH and conventional irradiations
may have a larger impact on the immune activity of healthy
tissue. Hence, FLASH would spare healthy tissue but would
not reduce the effectiveness of tumour control.

While the other hypotheses are strong contenders to
explain the FLASH effect, this study focuses on the oxygen
depletion hypothesis. It relies on the rapid depletion
of cellular oxygen through the radiolysis of cellular
water under an ultra-high dose rate (UHDR) beam. The
depletion of cellular oxygen would lead to fewer reactive
oxygen species (ROS) being produced in healthy cells.
Therefore, the radioresistance of healthy cells would
increase compared to that of cancer tissue. ROS contribute
approximately 70% of the radiation-induced DNA damage
in healthy cells and, because their production through
water radiolysis occurs on time scales relevant to FLASH
irradiation, they are a key candidate mechanism for the
FLASH effect. A diagram highlighting the complexity and
the timescale of water radiolysis is shown in Figure 1. As
cancer tissue is naturally hypoxic, the difference in oxygen
concentration in the tumour before and after the FLASH
irradiation would be negligible; hence, the FLASH effect
would not affect tumour tissue as much.*?

Figure 1. Stages of water radiolysis with processes and products of each
stage. Oxygen molecules enable the final, chemical stage (light blue)
reactions to produce reactive oxygen species around the microsecond
(10°s) mark. Adapted from Sartorio et al.*

While the actual effect of oxygen depletion during
FLASH radiotherapy remains debated amidst the other
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hypotheses, it is one of the leading models for the FLASH
effect.’>"” Thisis due to it providing a direct reasoning for the
healthy tissue sparing through its increased radioresistance
compared to cancer tissue, which is hypoxic by nature. This
is reinforced by experimental data on radiation damage
in the presence and absence of oxygen.” Even if oxygen
depletion is not the sole mechanism behind the FLASH
effect, it is likely that the temporal characteristics of FLASH
irradiation alter the radiation chemistry stage of the
radiobiology pathway. The extremely high instantaneous
dose rate increases the probability that radicals produced by
separate radiation tracks interact within the same chemical
stage event, which does not occur under conventional dose
rates. This can lead to reduced concentrations of damaging
species in healthy tissue under FLASH dose rates.

1.3. Monte Carlo simulations: Geant4

In this study, the Geant4 toolkit for Monte Carlo track-
structure simulations was used to model the radiolysis of
water under proton FLASH irradiation. To simulate this
process, the Geant4-DNA extension was needed to simulate
the chemical reactions necessary for water radiolysis.'®*
The model was split into two separate simulation phases.
The first phase models the physical stage of radiolysis,
where water molecules are excited and/or ionised, leading
to the formation of primary radicals and molecular species,
and the second phase models the chemical stage, where
these primary species diffuse and interact through radical-
radical and radical-molecule reactions to form secondary
radicals that are tracked and quantified. The model setup is
explained in more detail in Section 2.

1.4. Aims and objectives

This study’s main aim was to investigate the yield of ROS
under a proton FLASH radiotherapy beam, and assess the
difference in ROS yield as a function of the beam pulse
structure.

The model was initially validated through a comparison
with published data. Its results for an electron FLASH
irradiation were compared to those published by Chappuis
et al.” This study was selected for verification because their
Geant4-DNA simulations were directly benchmarked
against experimental measurements of water radiolysis
under UHDR electron irradiation. This provides a reliable
reference point for validating our model against results
that have already been compared with experimental data.
Once the model was verified, the beam type was changed
to protons, and the time structure was varied to obtain the
results presented in Section 3.

While FLASH radiotherapy studies have traditionally
focused on the role of the average dose rate, far less is known

about the impact of the beam time structure, even when
the same average dose rate is delivered.*** This motivates
the present study, which investigates the influence of
pulse structure on ROS yield using a two-phase Monte
Carlo approach that explicitly models both the physical
and chemical stages of radiolysis, thereby providing new
insight into oxygen depletion mechanisms underlying the
FLASH effect. To cover a wide range of values, the pulse
lengths and periods vary logarithmically from 1 ns to 1 ms
and 10 ns to 10 ms, respectively; the ROS species, hydroxyl
radical (OH") and hydrogen peroxide (H,0,); and a
statically oxygenated, 1.6-pum cube of water were used to
model cellular material under FLASH irradiation.

This study focuses on OH" and H,O, because they
represent two of the most biologically relevant products of
water radiolysis. OH" is the most chemically reactive ROS
and a major contributor to radiation-induced indirect
DNA damage, while H O, is a longer-lived molecular
oxidant that can diffuse farther from the initial radiation
track. Together, they provide complementary information.
The remaining radiolysis products generated by Geant4-
DNA were not analysed in detail to limit the parameter
space.

2. Materials and methods
2.1. Simulations
2.1.1. Physical stage

The first part of the model was dedicated to measuring the
energy distribution of the proton beam at different depths
inside a water tank of side length 40 cm. The setup is shown
schematically in Figure 2 along with the integral depth
dose (IDD) curve for a 250 MeV proton beam travelling
through water.

This model assumed a mono-energetic beam of protons.
Although this is not a realistic proton beam as it does not
account for the energy spread of a typical clinical beam,
it is a reasonable assumption as clinical scenarios can be
reconstructed by appropriately weighting different mono-
energetic beams, and the setting took into account the
proton interactions with water, which led to specific energy
distributions at specific depths. Furthermore, a mono-
energetic beam provides a controlled way to compare the
proton energy distributions at different depths in the water
tank.

This beam was constructed using the Geant4 General
Particle Source tool, which allows the user to define the
energy and the spatial and angular distributions of the
beam. Here, the beam was set to a 1 mm circular and plane
beam spot of 250 MeV protons.

The proton energy distributions were calculated at two
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Figure 2. Sketch of the physical stage simulation showing its geometry and the points at which the proton energy is measured for the plateau region and the
Bragg peak region of the proton integral depth dose curve for a 250 MeV proton beam travelling through water. These regions correspond to the placement

of healthy and cancer tissue, respectively. This figure is original content.

depths: one near the entrance of the water tank around
the plateau region of the IDD, and one deeper in the water
tank at the Bragg peak’s location. These two depths were
chosen as they correspond to the depths of healthy tissue
and cancer tissue, respectively, inside a patient’s body.
The focus of this study was to research the effects of time
structure on the ROS yield in healthy tissue. Therefore,
the energy distribution at the plateau of the IDD was used
for most of the results presented in Section 3, but some
tests on the ROS yield in cancer tissue are also presented
in Section 3.2 to show the difference between the tissue

types.
2.1.2. Chemical stage

The second simulation phase modelled the chemical stage
of the radiolysis process to estimate the amount of ROS
produced for the time structure used in the proton beam
simulation. It was based on an adapted version of a model
published with the Geant4 version 11.4.0 beta release.”
This beta release was later incorporated into a full release
in Geant4 version 11.4.0, with the finalised version of the
example used here.?®

The published code simulated water radiolysis in a small
cube of water by introducing primary particles at random
times within the user-defined time structure. Through
the independent reaction times method,” it resolved each
reaction induced by the primary and secondary particles
in order of shortest reaction time until all reactions were
resolved, and then output the time-resolved G value curves
for each of the ROS of interest. The G value measures how
many particles of a specific species are formed per 100 eV
of radiation energy absorbed.”® These values were used
to link the G value to cell damage because ROS directly
damage a cell's DNA, with the hydroxyl radical OH" being
the most toxic ROS in biological systems. The underlying
radiolysis chemistry model was identical to that used by
Chappuis et al., which itself was benchmarked against
experimental measurements of water radiolysis under
UHDR electron irradiation. The model employed the
standard Geant4-DNA chemistry framework and reaction
network implemented in Geant4 version 11.4, including the
diffusion and reactions of the principal radiolytic species
generated during water radiolysis. No modifications were
made to the reaction scheme, reaction rate constants, or
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transport parameters. The present work therefore focuses
on the influence of radiation type and beam time structure,
while retaining the radiolysis parameters validated by
Chappuis et al.” as the reference chemistry model.

To recreate the results presented by Chappuis et
al®, the parameters used in this study mimicked theirs.
Therefore, the first change was to change the physics list
parameter from the default GAEmDNAPhysics_option2 to
G4EmDNAPhysics_option4. As discussed by Chappuis et
al.?, option 2 can only model electron interactions in water
up to 1 MeV, and the results to be recreated use an electron
beam with an energy of 5-6 MeV. Option 4 is capable of
modelling electron interactions up to electron energies of
10 MeV, so this was used in all simulations in this study,
as this comfortably encompasses the full energy range
of secondary electrons produced by 250 MeV protons in
water, which are predominantly in the eV-keV range with
only a sparse high-energy tail.

Furthermore, the initial example code used a single
energy for the primary particles entering the small cube
of water, so an energy distribution was incorporated into
the primary generator’s energy. As in Section 2.1.1, the
primary particle source was created using the Geant4
General Particle Source tool, and the spectral distribution
of the primary electrons/protons was set to a Gaussian
distribution taken from the simulation of the physical
stage. Here, the primary particles were set to begin their
tracks at random locations on one side of the cube, ie.,
with a square and plane “beam spot.”

In contrast to Chappuis et al.*’s work, this model did
not rely on a separate differential equation solver, but
rather modelled the diffusion of particles in Geant4-DNA
itself between each of the modelled pulses.

This section of the model shows the evolution of ROS
yield with time in a 1.6-pm cube of water. The size of this
cube was chosen to be sufficiently large to accommodate
many reactions between the incident protons and water
molecules, but not so large that it drastically increases
the computing time of the model. This volume is also
biologically relevant, as it is comparable to the size of
intracellular compartments. It is also the size used in
the study used for benchmarking the simulation model
developed within this work. Furthermore, the choice of a
1.6-pm cube was physically motivated by the spatial and
temporal scales of water radiolysis. The highly reactive
radical species investigated here, particularly OH-, have
lifetimes of the order of nanoseconds and diffusion
ranges typically limited to tens of nanometres before
reacting. Consequently, the radical-radical interactions
that were hypothesised to contribute to the FLASH
effect occurred predominantly within a highly localised

volume surrounding the radiation tracks. Extending the
simulation geometry to dimensions comparable to or
larger than a whole cell would therefore introduce regions
where radicals have a negligible probability of interacting
with one another before being consumed. The selected
volume was sufficiently large to contain many overlapping
proton tracks and their associated chemical species while
remaining focused on the local interaction processes
that govern FLASH-induced changes in ROS yield and
composition. To further model the difference between
healthy and cancer tissue, an oxygen partial pressure was
set for each type of cell: 21% for healthy tissue, and 0.7%
for cancer tissue. Here, the percentage partial pressure
corresponds to the ratio of the number of molecules of
oxygen O, in the cube to the total number of molecules
in the cube. These values were chosen because cell culture
experiments are generally performed at atmospheric partial
pressure for O, (21%), and the partial pressure of hypoxic
cancer tissue is less than 1%, so an arbitrary factor of 30
between the oxygen levels of these tissues was used for this
project; hence, the value of 0.7% in cancer cells. Then, a
time signature was assigned to each proton introduced into
the system to mimic the pulse structure of a radiotherapy
beam and thereby define the pulse length (width of a
single pulse), period (time between the beginning of two
consecutive pulses), and thus the average dose rate. The
simulation continually introduced primary particles until
the user-defined total dose was reached in the cube of
water. This lets the user indirectly define the average dose
rate R (set to 40 Gy/s in this study) as Equation 1:

D
R=— (1)
NT

where D is the total dose, N is the number of beam pulses
simulated, and T is the period of each of those pulses. D,
N, and T are variables that were set within the macro file of
the model, and this simulation then constructed plots of G
value against time throughout the irradiation. This average
dose rate R is not to be confused with the instantaneous
dose rate inside the pulse, which is higher than the average
dose rate.”> For example, if we take R = 40 Gy/s, D = 20 Gy,
with 1 ns pulses (pulse length) every 10 ns (pulse period
T), then the instantaneous dose rate within each of the 50
million pulses (number of pulses N) is 400 Gy/s.

The primary particles here were assigned time
signatures which were randomly distributed according
to the time structure defined by the period and pulse
length. Primary particles were then introduced until the
total cut-off dose was reached, at which point the time-
structured evolution of chemical reactions was simulated
to form the ROS studied, using the time signature of each
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primary particle in the model. This means that there is no
set number of primary particles to be introduced into the
system, as the exact number would be linked to the random
interactions between the particles and the surrounding
medium (water).

To ensure reproducibility, seeds 1-1,000 were used
to estimate the G values presented in Section 3. Geant4
produced a unique array of reproducible values from the
initial user-defined seeds, which were then cascaded down
to the threads. Furthermore, the oxygenated water was
irradiated for 0.5 seconds (D = 20 Gy at R = 40 Gy/s) in
the FLASH case and 200 seconds (D = 20 Gy at R = 0.1
Gy/s) in the conventional case, and the model simulated
the diffusion of ROS up to 300 seconds after the beginning
of the irradiation in both cases. Finally, Geant4 required a
minimum distance for each step of the simulation; this cut
was set to 0.01 mm, and a minimum production energy
for secondary particles; this cut was set to 100 eV. These
cuts ensure that the model runs smoothly and reasonably
quickly.

2.2.Total and maximum G values

Once the plots of G value against time were output from
the second simulation, the data must be described through
some parameter so that the yields for different time
structures can be compared to find the time structure with
the lowest ROS yield. For this purpose, the maximum and
total G values, G___and G, respectively, were taken from
each of the output plots and compared. G, was calculated
by integrating the G value curve to describe its overall
evolution for different pulse structures, while G___describes
the instantaneous evolution of the G value throughout the
irradiation. Using both parameters provides a way to test
similarities and differences between instantaneous and
overall evolution, and should indicate how reliable the
results are through similarities in trends.

2.3. Variables and fixed parameters

To investigate the beam time structure which yielded the
fewest ROS, this study focused on varying the temporal
parameters: the pulse period T and the pulse length L. It
was assumed here that all other parameters remain fixed
at the values defined in Table 1. Because the average dose
rate remained constant, the number of pulses N referenced
in Equation 1 also varied according to the pulse period T.

The values of the fixed parameters are common in
radiobiology studies, with a proton beam energy of 250
MeV, a cut-oft dose of 20 Gy, and oxygen partial pressures
in healthy and cancer tissue of 21% and 0.7%. A total cut-
off dose of 20 Gy was chosen because single-fraction doses

in the 10-30 Gy range have been reported in preclinical
FLASH studies? and similar dose levels are deemed
to be required to produce measurable oxygen depletion
and radical-radical interaction effects during the early
radiation chemistry stage.'>” As for the dose rate, it was
set to 40 Gy/s as this is generally accepted as the threshold
dose rate above which the FLASH effect is observed.>*!!
The pulse length and period varied between 1 ns and 1 ms,
and 10 ns and 10 ms, respectively. A logarithmic sampling
of the parameters was used to span a wide range of values
while limiting the total number of simulations required.

Table 1. Each parameter used in the model with its range of
values

Parameter Variable/Constant Range/Value
Beam energy Constant 250 MeV
Pulse length L Variable 1 ns-1 ms
Pulse period T Variable 10 ns-10 ms
Radiation type Constant Protons
Total cut-off dose Constant 20 Gy
Average dose rate for FLASH Constant 40 Gy/s
i:lsti?; tissue oxygen partial Constant 21%
Cancer tissue oxygen partial Constant 0.7%

pressure

3. Results and discussion

3.1. Verification of model through electron
irradiation

As mentioned in Section 1.4, the first step of this study
was to verify that the model used was reliable and accurate
to reality. For this purpose, an electron FLASH irradiation
was modelled and compared to the results presented by
Chappuis et al. The parameters used in this step are given
in Table 2. The results produced here are compared to
those published by Chappuis et al.” in Figure 3.

Table 2. Values used for each relevant parameter in the
reproduction of Chappuis et al.” results

Parameter Value
Radiation type Electron
Beam energy 6 MeV
Pulse length 1.8 us
Number of pulses 1
Cut-off dose 1Gy
Oxygen concentration 21%
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Figure 3. Comparison of published results and the model developed in
this study as verification. Plots show G value against time for the six main
products of radiolysis: OH', e, , O,”, H,0,, HO,’, and H". (A) Results

272

adapted from Chappuis et al.” (f:i) Results from this study.

From Figure 3, it is clear that the results of the two
models are very similar. The trends in ROS G value are
the same, with the peaks in production at the same time
in both models: around 107° seconds. Taking the example
of the plots of the OH* production, the peak in production
began around 10~ seconds and reached its maximum value
around 10-°seconds. This is the same for both Chappuis et
al.*s results and those presented here.

However, there is a small difference in scale for the e
. and the HO," radicals. For e, the maximum G value
achieved is around 2 particles/100 eV for Chappuis et
al.?’s results, and around 1 particle/100 eV for the results
presented in this study. Furthermore, for HO, the
maximum G value achieved is around 0.5 particles/100
eV in Chappuis et al.”?, and around 1 particle/100 eV in
this study. Such small discrepancies are expected, as the
yields of e”  and HO," are particularly sensitive to details
of the chemical stage modelling (which differ between the
two studies) and are small enough to be consistent with
the statistical uncertainties of the Monte Carlo simulations
(although uncertainties are not reported in the work of
Chappuis et al.”*). The fact that the plots are similar shows
that the models produced close to the same results and

therefore the model can be used for the rest of the study
without further changes.

3.2. Comparison of conventional radiotherapy
against FLASH, and healthy tissue against cancer
tissue

Next, to show that the FLASH effect is caused by the
yield of ROS, the yields were compared for FLASH and
conventional irradiations, in both healthy and cancer
tissue. Here, only the yield of the OH* was used as it is the
most reactive and toxic ROS in biological systems.”® All
uncertainties reported here are statistical uncertainties,
scaling with [y , where N is the number of events
simulated. These were taken directly from the Geant4
outputs.”® The model presented in this study assumes no
error in the initial beam energy of 250 MeV, as well as for
the oxygen concentrations of 21% and 0.7% for healthy and
cancer tissues, respectively.

In Figure 4, the yield of OH" in cancer tissue is similar
for both FLASH and conventional irradiations. While the G
values did not overlap with each other, both the maximum
and total G values were within two standard deviations
of each other, with approximately 2-3% uncertainty. This
means that the values are overall close together, and if the
FLASH effect is due to the oxygen depletion hypothesis,
then FLASH radiotherapy does indeed maintain the same
tumour control efficacy as conventional radiotherapy.
Although the maximum and total G values remained similar
between FLASH and conventionalirradiation in the tumour
simulations, the temporal evolution differed noticeably.
In the FLASH case, the G value decreased more rapidly
after reaching its peak because the radicals are produced
within a shorter time window, increasing the probability of
radical-radical interactions and recombination reactions.
Under conventional irradiation, radical production was
distributed over a longer timescale, leading to a more
sustained balance between species generation and removal.
As a result, the G value remained approximately constant
for longer before eventually decreasing. This difference
in temporal behaviour highlights the influence of beam
time structure on chemical stage kinetics, even when the
integrated radical yield remains largely unchanged.

However, for both G, and G, the conventional OH"
yield in healthy tissue was only around 60% that of the
FLASH exposure. This is contrary to expectations, as the
oxygen depletion hypothesis suggests that the yield of ROS
in healthy tissue should be lower for FLASH than it is for
conventional radiotherapy. But despite the OH" yield in
healthy tissue not being what was expected, there is still
a large decrease in OH" production between cancer tissue
and healthy tissue. This decrease was evident both in the
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Figure 4. Comparison of the OH" yield between FLASH and conventional modalities, and between cancer tissue and healthy tissue. G___and G, refer to
the maximum and total G values, respectively, for each plot of G value against time. Each plot was set to have the same scale on the vertical axis to make
the plots easier to compare visually. The G values shown here are in particles/100 eV. Cancer tissue (0.7% O,; 25 + 6 MeV) with (A) FLASH (40 Gy/s; 1 ps
L; 10 ps T) and (B) conventional irradiation (0.1 Gy/s; 1's L; 2 s T). Healthy tissue (21% O,; 238.1 + 6 MeV) with (C) FLASH (40 Gy/s; 1 ps L; 10 ps T) and
(D) conventional irradiation (0.1 Gy/s; 1 s L; 2 s T). L refers to the pulse length, and T corresponds to the period of the pulse. The percentage shown is the
partial pressure of oxygen molecules in the water cube, with a lower partial pressure in cancer tissue than in healthy tissue; the value in MeV corresponds

to the energy of the protons input into the simulation.

values of G__ and G, for the two types of tissue, and in the
significant decrease in scale of the G value plots.

3.3. Determinants of reactive oxygen species yield

When looking into the variation of ROS yield with time
structure, this study focused on the OH', with the same
reasoning as in Section 3.2. These results were also
compared to the yields of H,O,, as these were seen to
have opposite trends after the initial rise in Figure 3.
This was performed to compare multiple ROS and begin
generalising the results presented here to a broader range
of ROS rather than a single species.

In Figure 5, both G__and G, , are shown for each
set of pulse length and period. These values ranged as
described in Table 1. In these results, the colour gradient
was chosen so that green corresponded to lower yields
and red corresponded to higher yields. These results give
a general indication of the trends in G value linked to each
of the two varied parameters. Comparing the progression

of G values along the 1 ns pulse length column and the 10
ms period row of these tables, represented in Figure 5 by
arrows a and b, respectively, it is clear that the pulse period
affected the yield more than the pulse length. In fact, for a
set pulse length of 1 ns (arrow a), the G values increased by
a factor of ~10 between pulse periods of 10 ns and 10 ms,
whereas for a fixed pulse period of 10 ms (arrow b), the G
values decreased by a factor of ~3 for G__and ~6 for G,
between pulse lengths of 1 ns and 1 ms. Table 3 shows the
values of G___and G, at each of these points. This shows
that to limit the yield of ROS, a FLASH radiotherapy beam
would need a long pulse length and a short period, as the
G values increased with increasing period and decreased
with increasing pulse length. Consequently, the ideal time
structure for the beam lies on the diagonal in Figure 5,
represented by arrow c.

Therefore, the evolution of G values along arrow ¢
was studied in greater detail for OH' and H,O,. Along
this diagonal, the pulse period was constrained to be 10
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Figure 5. Values of G _and G in healthy tissue for varying pulse lengths and periods as a quantitative description of OH" yield with percentage
uncertainties shown in the corresponding cells. (A) Max OH G value (#particles/100 eV) and (C) corresponding percentage error (%). (B) Total OH G
value (#particles/100 eV) and (D) corresponding percentage error (%). The colour gradient between the data points is set to be closer to green for lower
values, and closer to red for higher values. For both G___and G, the two data points outlined in black are the G values for 1 ns pulse length, 10 ns period,
and 10 ps pulse length, 1 ms period. These are highlighted as they correspond to the data with the closest time structures to those currently available with

proton accelerators.*

times the pulse length (T = 10 L). The resulting trends are
shown in Figure 6. For both species, G___and G, varied
approximately linearly with pulse length over the range
investigated. Because T and L decreased simultaneously
along this trajectory, the lowest ROS yields occurred at
the shortest pulse lengths and pulse periods shown. This
does not contradict the conclusion drawn from Figure 5
that the pulse period is the dominant parameter. When
the two parameters were varied independently, reducing
T lowered the ROS yield more strongly than increasing L.
Consequently, the most favourable beam structure is one
with the shortest achievable pulse period and the longest
pulse length that can be accommodated within that period.

Table 3. G__and G, values for each of the points of interest
from Figure 5

Time structure

R G .. G, , (particles/100
l(eTn—gl:E;IOd’ L=pulse (particles/100 eV) eV)
T=10ns;L=1ns 0.0077 1.71
T=10ms; L=1ns 0.0825 14.67
T=10ms; L=1ms 0.0262 2.32

In Figure 5, the two data points outlined in black
correspond to the closest time structures to those that
current proton accelerators can achieve.” One of these
points sits on the diagonal, which is plotted in Figure 6.
Therefore, of the two types of UHDR proton beam delivery
that are currently available with proton accelerators,
isochronous cyclotrons emitting 2 ns pulses with a pulse

repetition frequency of 72.8 MHz (i.e., a period of 13.7
ns)* would produce the least OH" and H,O, in a FLASH
radiotherapy treatment.

4, Discussion

Several simplifications were introduced in this study to
keep the model focused on the mechanistic effects of time
structure on ROS production. A mono-energetic proton
beam was used because the subsequent interaction with
water leads to energy straggling that dominates over the
small upstream energy spread of clinical beams. This
makes the mono-energetic assumption appropriate for
isolating depth-dependent energy loss and for studying
the radiation chemistry stage, while a realistic clinical
beam can be viewed as a superposition of many such
mono-energetic components. The chemical stage was
simulated in a 1.6-um cube of water, which is sufficiently
small that significant oxygen gradients are unlikely to
form across it during the early microsecond regime. The
oxygen concentration was therefore fixed for each tissue
type. Although real tissues show spatially varying oxygen
levels and dynamic oxygen diffusion,” modelling these
features would require a full cellular geometry and a
coupled diffusion-reaction framework. This is beyond the
scope of the present mechanistic investigation, which aims
to study relative trends in ROS yield under different pulse
structures. Varying oxygen concentration or modelling
oxygen transport would change the absolute G values but
would not modify the qualitative trends reported here.
These aspects would form the basis of future work aimed
at more realistic biological scenarios.
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Figure 6. Plots of G__and G, against pulse length for beams with long pulse lengths and short pulse periods in healthy tissue. The horizontal axis is a
logarithmic scale to show the points from very short time scales to much longer time scales. (A, B) G values for OH", and (C, D) G values for H,0,; (A,

C)G
m
contains a linear trend line with the equation for the line.

In addition to the statistical uncertainties reported
throughout this work, further uncertainty arises from the
modelling assumptions themselves. These include the use
of fixed oxygen concentrations, a single simulation volume,
specific proton beam characteristics, model configuration,
and the underlying Geant4-DNA physical and chemical
interaction models. Quantifying the sensitivity of the
results to each of these assumptions would require a
dedicated parameter study and is beyond the scope of the
present work. The results should therefore be interpreted
primarily in terms of relative trends in ROS production as
a function of beam pulse structure rather than as absolute
quantitative predictions.

This study’s main goal was to define the time-structure
parameters for a proton FLASH radiotherapy beam that
would lead to the fewest ROS formed in healthy tissue.
This was researched under the assumption that the FLASH
effect is due to oxygen depletion. In this case, the amount
of ROS produced would be lower in healthy tissue for a
FLASH irradiation than in a conventional irradiation, with
approximately the same yield in cancer tissue. However,
this is not exactly what was observed in this study: the

.» and (B, D) G,_. All plots contain error bars; however, in (A, C, D), these are so small that they fit inside the area of the data points. Each plot also

yield of OH" in cancer tissue was the same for FLASH and
conventional exposures, but the yield in healthy tissue was
higher for the FLASH dose than for the conventional dose.
This appears to contradict the assumption that the FLASH
effect arises from a reduction in ROS yield. However, the
relationship between dose rate, radical chemistry, and
biological damage is not governed solely by the absolute
concentration of OH* at early times. FLASH irradiations
produce extreme temporal clustering of ionisation
events, which increases the probability of radical-radical
interactions across different tracks during the chemical
stage. These interactions can convert highly reactive species
into less damaging ones or shorten the lifetime of OH"
through rapid recombination, even if the instantaneous G
value is higher. In addition, the biological consequences
depend on the spatial distribution of radicals rather than
only on their total yield. The dense spur overlap produced
during FLASH may reduce the number of radicals that
diffuse far enough to reach critical targets (i.e., DNA)
within healthy cells. Therefore, a higher early OH* G value
does not necessarily imply more serious biological damage.
These points show that the effect of time structure on
radiochemistry is more complex than a simple comparison
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of G values, and support the idea that multiple mechanisms
(including radical-radical interactions, oxygen dynamics
and spatial clustering) may contribute to the sparing of
healthy tissue under FLASH irradiation.

Nevertheless, the yield of both OH* and H,0, varied
with the time structure, with the lowest yields being
achieved for short pulse periods and long pulse lengths.
This qualitative description of the ideal time structure of a
FLASH radiotherapy beam was refined to give the best time
structure, which also corresponds to a physical delivery
method for proton FLASH radiotherapy: isochronous
cyclotrons emitting 2 ns pulses with a period of 13.7 ns.

Furthermore, this study succeeded in identifying a
linear trend between the pulse length/period and the yield
of both OH" and H,0,. This linear trend was held for both
the maximum and total G values. It has, however, only
been tested for a pulse period which is 10 times as long
as the pulse length. This is a logical relation between these
parameters, and was used here so that the time structure
could be investigated over a large range of values. Further
work could include a more detailed study of the linear
trend between the time structure and the yield of ROS for
other relationships between the pulse length and period.
Future work could also include a study of the evolution of
the yield of other ROS with the time structure.

Finally, this study varied only the time structure of the
FLASH beam, while other parameters were kept constant.
These included the average dose rate, the total dose, and
the beam energy. This study did not investigate variations
in dose rate or total dose, even though several reports
suggest that the FLASH effect is more pronounced at
higher delivered doses. Such extensions would require
a broader parameter space and a detailed modelling of
dose-dependent oxygen depletion, radical accumulation,
and longer-timescale chemistry, which lies beyond the
scope of this mechanistic work. Here, the aim was to
isolate the influence of the temporal beam structure on
the early radiation chemistry stage under conditions
that meet the accepted FLASH dose-rate threshold (40
Gy/s). Once this threshold is satisfied, the trends in ROS
production associated with changes in pulse length and
period can be examined without the confounding effects
of dose escalation. Although different total doses may alter
the absolute G values, the relative behaviour observed for
varying time structures is unlikely to change, because the
radical kinetics in the first microseconds scale with local
track density rather than with accumulated dose. A more
exhaustive study of dose-rate dependence and high-dose
regimes would therefore form a natural extension of this
work, especially for exploring scenarios that better reflect
in vivo conditions.

5. Conclusion

Overall, this study identified trends in the beam time
structure associated with reduced ROS yields in the
specific model investigated. The conclusions should
therefore be interpreted as evidence for mechanistic trends
rather than as definitive predictions for clinical proton
FLASH treatments. Based on the data reported, the ideal
accelerator for a FLASH proton beam is an isochronous
cyclotron emitting 2 ns pulses with a period of 13.7 ns.
Furthermore, a linear trend was found between the time
structure and the yield of ROS such as OH" and H,O,.

While this research was carried out under the
assumption that the FLASH effect is due to oxygen
depletion, the results presented here suggest that this is not
the only mechanism underpinning the sparing of healthy
tissue. In fact, the results presented here seem to contradict
the oxygen depletion hypothesis, as the ROS yield in
healthy tissue is higher for a FLASH exposure than in the
conventional case. Other factors could be at play, such
as the clustering of ionisation events and radical-radical
interactions, meaning that the G value is not an absolute
measure of the toxicity to cells. This result would require
further work to determine how the yield under FLASH
irradiation evolves with a more complete model of cellular
interactions.
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