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Abstract
Objective. A 2-dimensional pre-clinical SFRT (GRID) collimatorwas designed for use on the ultra-
high dose rate (UHDR) 10MVARIEL beamline at TRIUMF. TOPASMonteCarlo simulations were
used to determine optimal collimator geometrywith respect to various dosimetric quantities.
Approach. TheGRID-averaged peak-to-valley dose ratio (PVDR) andmean dose rate of the peaks were
investigatedwith the intent ofmaximizing both values in a given design. The effects of collimator
thickness, focus position, septal width, and holewidth on thesemetrics were found by testing a range
of values for each parameter on a cylindrical GRID collimator. For each tested collimator geometry,
photon beamswith energies of 10, 5, and 1MVwere transported through the collimator and dose
rates were calculated at various depths in awater phantom located 1.0 cm from the collimator exit.
Main results. In our optimization, hole width proved to be the only collimator parameter which
increased both PVDR and peak dose rates. From the optimization results, it was determined that our
optimized designwould be onewhich achieves themaximumdose rate for a PVDR5 at 10MV.
Ultimately, this was achieved using a collimatorwith a thickness of 75mm, 0.8mm septal and hole
widths, and a focus positionmatched to the beamdivergence. This optimized collimatormaintained
the PVDRof 5 in the phantombetweenwater depths of 0–10 cm at 10MVandhad amean peak dose
rate of 3.06 0.02 -Gy s 1 at 0–1 cmdepth. Significance.We have investigated the impact of various
GRID-collimator design parameters on the dose rate and spatial fractionation of 10, 5, and 1MV
photon beams. The optimized collimator design for the 10MVultra-high dose rate photon beam
could become a useful tool for radiobiology studies synergizing the effects of ultra-high dose rate
(FLASH) delivery and spatial fractionation.

1. Introduction

In the context ofmodern radiation therapy (RT), widening the therapeutic window remains a critical priority for
oncological research and continues to drive the development of new radiationmodalities capable ofminimizing
normal tissue toxicity without compromising treatment efficacy. In recent years, novel techniques, including
spatially-fractionated RT (SFRT) and FLASHRT, have emergedwhich are proving capable of realizing this
objective.

FLASHRT is characterized by its use of ultra-high dose rates (UHDR;>40Gy s−1) and large-dose fractions
delivered over very short time scales (often<0.1 s) (Favaudon et al 2014,Wilson et al 2020). To date, numerous
studies on FLASHhave found that the sub-second, hypo-fractionatedUHDR irradiationsmay permit a
reduction in healthy-tissue toxicity following treatment- correspondingly termed the FLASH effect- while
maintaining similar anti-tumor responses to conventional (low dose rate) radiotherapy (CRT) across various
different animalmodels (mice,mini pigs, and cats) and types of tissue (brain, neural stem cells, and skin)
(Favaudon et al 2014, Levy et al 2019, Vozenin et al 2019a, 2019). The irradiation time reduction in FLASH (<0.1
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s compared to 1–3 min inCRT)would allow for better patient throughput, reduced treatment planning
complexities between fractions and the ability to ‘freeze’ targetmotion to theoretically improve target volume
conformality. The biologicalmechanismswhich underlie the FLASH effect and their physical and radiochemical
underpinnings remain an active area of research. Transient cell hypoxia has been suggested as one leading
hypothesis (Adrian et al 2020), but likely does not entirely account for the observed effects (Zhou et al 2020,
Boscolo et al 2021). FLASH-RT has recently undergone itsfirst human trial, with results published in 2019
stating the successful short-term outcomes relating to both tumor control and reduced toxicity (Bourhis et al
2019).

SFRT is the treatment of tumors using non-uniformdose distributions, which inmegavoltage (MV) beams
is often achieved using grid-patterned beam filters (GRID therapy) (Weisi et al 2020).MegavoltageGRID
therapy has been shown to reduce near and late-termpatient side-effects, cause objective cancer regression, and
reduce toxicity to healthy tissue (Mohammed et al 1999). On top of these advantages over CRT,GRID therapy
has proven effective while allowing for high precision, high biologically equivalent dose RT (Onishi et al 2007),
and is conducive in the treatment ofmore radioresistant tumors (Gholami et al 2016). Compared to
conventional hypo-fractionated techniques, such as stereotactic body RTor stereotactic ablative radiotherapy,
GRIDhas not shown the same degree of normal-tissue toxicity when treating large tumors (Kang et al 2015). The
bystander effect (Widel 2016), differential vascular damage, and anti-tumor immune responses are some of the
primary radiobiological effects that have been suggested as contributing to the therapeutic advantage ofGRID
therapy (Weisi et al 2020). In the clinic, GRID therapy is primarily used on bulky tumors (Geoffrey et al 2012),
especially head and neck tumors (Isabelle Choi et al 2019), generally as a neoadjuvant treatment ahead of a
conventional RT regimen. In general, maximizing the peak-to-valley dose ratio (PVDR) has shown
improvement in healthy tissue sparing (Dilmanian et al 2002).

Ultra-high dose rate irradiations are inherently well-suited to SFRT techniques,most notably with
micrometric beam sizes, given the decrease in blurring or loss of the fractionated dose distribution thatmight
otherwise occur due to respiratory or cardiosynchronous organmotion. In fact, synchrotronmini- andmicro-
beam therapies have long relied uponUHDR sources tomitigate this risk (AvrahamDilmanian et al 2006,
Prezado et al 2011, Bartzsch et al 2020). Now,with the advent of FLASHRT, the question has been raised
whether the FLASH effectmight be a contributing variable to the surprising differential normal tissue responses
that have been demonstrated usingmicro-SFRT techniques (Bartzsch et al 2020). Investigations onUHDR
broad beam (i.e. FLASH) and spatially-fractionated fields delivered using a common sourcemay be valuable to
elucidate the degree towhich SFRT-specific or FLASH effectsmight be contributing to the differential tissue
responses which characterize these therapies.While a select few synchrotronsmay facilitateUHDRmicro-
fractionation using low-energy x-rays (Montay-Gruel et al 2022, Smyth et al 2018), it remains valuable to study
howmacroscopic SFRTmight be used synergistically with a variety of higher energyUHDRmodalities,
especially considering the range of particle types and beam energies which appear capable of eliciting the FLASH
sparing effects (Bourhis et al 2019, Esplen et al 2020).

Currently, synchrotron sources offer a reliable source for kVUHDRx-ray fields which are readily suitable to
SFRT techniques (Bartzsch et al 2020). However, the use of higher (i.e.MV) beam energies during FLASH are
important for enabling treatment at greater depths in tissue and can alleviate the rapid depth-dose fall-off of kV
x-rays. To this end, there remains a need to developMVUHDRx-ray sources and an open question as to
whetherMV-compatible fractionated techniques, such asGRID therapy,might be adapted for use in higher
energy FLASH-compatible beams.

In the present work,Monte Carlo (MC) simulations are leveraged to inform the design of an optimized
mini-GRID collimator for use on a new FLASH-SFRTplatform: an 8–10MVUHDRx-ray source, which has
been developed for the advanced rare isotope laboratory (ARIEL) beamline at TRIUMF (Vancouver, Canada)
(Esplen et al 2022). A range of practical and hypothetical geometric collimator parameters and beam energies are
simulated to identify the effects of each parameter at different energies. 10MVphotonswere of particular
interest due to a higher Bremsstrahlung production rate, which better facilitates UHDR irradiationswhen
comparedwith lower-energy beams. Successful implementation ofMVGRID treatments on this new
irradiation platform (or those like it)will facilitate research into x-ray FLASH and SFRT therapies both
independently and in combination using a common sourcewith the aimof identifying potential synergistic
effects thatmight promote improved therapeutic outcomes.

2.Materials andmethods

In this study,Monte Carlo simulationswere used to optimize amini-GRID collimatorwith respect to themean
peak dose rate (NPDR) and the PVDR.
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2.1. Simulation software
TOPAS v3.6 (Perl et al 2012, Faddegon et al 2020)was used to run allMC simulations. TOPAS is an extension of
GEANT4 (Agostinelli et al 2003) that was created to simplify complexMonte Carlo simulations formedical
physics (Perl et al 2012). The physicsmodule used in this studywas the “g4em-standard-opt4” packagewith a
cutoff distance of 0.01 cm for all particles. All other physics parameters were left as the defaults. Topas’s highly
customizable geometries and layeredmass geometries allowed for us to algorithmically change the collimator
parameters using Python.

2.2. Source description
The input source used in this workwas based on anMCbeammodel developed for the newUHDR (FLASH)
x-ray irradiation platformdesigned for the ARIEL electron linear accelerator (e-linac) at TRIUMF (Esplen et al
2022). TheARIEL e-linac and FLASH irradiation platformhave been built and commissioned to deliver up to 10
MeV electrons at currents of up to 0.1mA (1 kWaverage power) in order to produceUHDRx-rayfields suitable
for FLASH radiotherapy research. The photon beamhas a full width at halfmaximum (FWHM) of 2.94mm (see
table 1). An x-ray beam collimation assembly has also been designed to accommodate an array of 3D-printed
collimator inserts that conform to a predefined cylindrical form factor. Thefield sizes considered in this study
are outside of the currentmaximum; however, it is expected that the current form factorwill be adapted to
accommodate the field sizes similar to those considered here.

For each of theGRID collimator configurations, we simulated a previously defined IAEAphase space input
source (Esplen et al 2022), a 2.2 cm source-to-collimator distance (SCD, the distance from the phase space
source to the collimator entrance)was assumed, and 106 original histories (initial electrons delivered to the
target)were transported for the 10 and 5MVbeams. 106 electrons corresponded to~ e4.9 8 photons for 10MV
and~ e2.1 8 photons for 5MV. In the case of the 1MVbeam, 107 original histories were simulated to alleviate the
lower statistics of the lower energy beam, this corresponded to~ e1.6 8 photons. All scored particles were used.
To obtain reasonable statistics for the parameter study, we ran the full phase space 10 times for 10 and 5MV, and
50 times for 1MV, and averaged the results to obtain themean dose rates for each energy. For the optimized
collimator (see section 3.3), we instead ran the full phase space 20 times for the 10 and 5MVbeams, and 100
times for the 1MVbeam. The dose distribution results of all runswere then averaged for each energy, identical
to the parameter study.

2.3. Component definitions and parameterizations
The simulated cylindrical tungsten collimator had a radius of 2.0 cm,while its thickness was varied between 40
and 90mm.However, the radius was increased to 2.6 cm tofit the larger hole sizes and spacing of the optimized
collimator. The tungsten comprising the collimatorwas defined in TOPASwith a density of -19.3 g cm 3 and
atomic number 74.The air surrounding the geometry was predefined by TOPASwithmass density of

-1.2 mg cm .3 Finally, the rectangular ´ ´5 cm 5 cm 20 cm phantomused in this studywas composed of
water that was predefined by TOPASwith a density of -1.0 g cm .3

The parameters held constant for each simulation are listed in table 1.We varied the focus position (the
distance from the beam spot to the entrance surface of the collimator), the thickness of the collimator
(dimension along the beam axis), the source-side septal width, and the source-side hole width (see figure 1) to
optimize the PVDRand themean PDR. The default collimator parameter values (bold values in table 2)were
usedwhen the parameter in questionwas not the one being varied. The default collimator had a 50mm
thickness, a 22mm focus position in order tomatch beamdivergence, a 0.3mmseptal width (based on 3D-

Table 1.ConstantMC simulation parameters.

Parameter Value

Collimatormaterial Tungsten

Slitmaterial Air

CSD 1.0 cm

Beampower 1 kW

Full width at halfmaximum 2.94mm

Phantommaterial Water

Phantomdimensions ´ ´5 5 20 cm3

SCD 2.2 cm

Tungsten cylinder radius 2.0 cma

Worldmaterial Air

a This was increased for the optimized collimator.
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printing limitations), and a 0.432mmholewidth. It should be noted that the exit-side holes and septal widths
were determined from the entry-side hole and septal widths and the focus position.

2.4. Scoring
The summeddose tomediumwas recorded in a ´ ´5 cm 5 cm 20 cm water phantom comprising 12,500
( ´ ´0.2 cm 0.2 cm 1 cm) voxels located at a collimator-to-surface distance (CSD) of 1.0 cm (the distance
between the collimator exit and the surface of thewater phantom). Phantomdose rates D were calculated from
the simulated data using the following equation:

= ·
·

( )D
D I

N e
, 1

H

where D is the summed dose-to-medium value from theMonte Carlo simulations in gray, I is the beam current
in amps, NH is the number of original histories in the phase space (initial electrons), and e is the fundamental
charge in coulombs.

2.5.Meanpeak dose rate determination
1D and 2Dprofiles for all of the phantomdose results were produced (see figure 2) for each collimator
configuration.We used the depth-averaged 2Dprofiles in 1 cm steps in calculating themean PDR.Only the 2D
profiles calculated at the 0–1 cmdepthwere considered in our parameter study. To determine the x and y
coordinates of the peaks, we averaged each voxel row across the fieldwidth (x) and then found the five peak-
containing rows using the ‘find_peaks’ function from scipy.signal (Virtanen et al 2020) and took them to be the y
values for all peaks in that row. The x values were found identically only using the columns instead of rows. For

Figure 1. (a)Diagramof simulated apparatus indicating plane of x-ray source, beam collimator, phantom composed ofwater, source-
to-collimator distance (SCD), and collimator-to-surface distance (CSD). (b)Diagramof collimator with collimator thickness and
focus position parameters indicated. (c)Diagramof collimator entrance indicating septal width and hole width parameters.

Table 2.Parameters to be optimized.

Optimization parameters Values (mm)

Focus position 12, 22, 32, 42

Collimator thickness 40, 50, 60, 70, 80, 90

Septal width 0.3, 0.4, 0.5, 0.6, 0.7, 0.8

Holewidth 0.332, 0.432, 0.532, 0.632,

0.732, 0.832

Bold indicates ‘default’ parameters.
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better statistics, the eight voxels surrounding each peak voxel were included in the region of interest such that a
mean of the 25 PDRs could be calculated (25 peaks´9 voxels=225 voxels). The uncertainty of themean PDR

was taken as å sD = =
⟨ ⟩D ,

n npeak
1

25 1

25 2 where sn is the standard deviation of a peak containing nine voxels.

2.6. Calculating the peak-to-valley dose rate ratio
The PVDRwas calculated using themean PDR (as calculated above) divided by themeanVDR. TheVDRswere
found similarly to the PDRs by applying = -( ) ( )f x y f x y, , (i.e. valleys become localmaxima)within the range
of the previously identified peak voxels. ThemeanVDRwas then taken as themean of the voxel rows and

columnswhich defined the valleys. The uncertainty of themeanVDRwas taken as å sD = =
⟨ ⟩D ,

n nvalley
1

8 1

8 2

where sn is the standard deviation of a row or columndefining a valley.
With themeanVDRdetermined, the PVDR could be calculated as themean PDRdivided by themeanVDR.

The uncertainty of the PVDRwas calculated as

D = ´
D

+
D ⟨ ⟩ ⟨ ⟩D D

PVDR PVDR
PDR VDR

.
peak

2
valley

2

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

2.7. Examining the effects of depth ondose rate andPVDR
MeanPDR and PVDRwere evaluated as functions of depth between 0 and 10 cm for the default collimator. PDR
and PVDRwere calculated as detailed in the previous sections.

Tomaximize the PVDR, and thus normal tissue sparing (Dilmanian et al 2002), our objective for the
optimized collimator was a PVDRof 5 at 0–1 cmdepth at 10MV. This valuewas based on the results of our
parameter study and thework ofMartinez-Rovira et alwho achieved a central PVDRof 12 at the surface, 5 at 5
cmdepth and 3 at 10 cmdepth for a 6MVflatteningfilter-free photon beam in aMonte Carlo study.

After determining the PVDR andmean PDR results for all collimator configurations, we identified potential
parameter combinationswhich could yield a PVDRof 5 for the 10MVbeamat 0–1 cmdepth. To predict the
parameter combinations that could produce a PVDRof 5, we approximated that the relative change in PVDRof
each individual parameter from its default valuewould carry over the same relative effect. Simulationswere run
for a number of these parameter combinations until a PVDR>5was found.

Figure 2. 2D and 1Ddose rate profiles (averaged from8 y-values around and including y= 0) in thewater phantom from a 10, 5, and 1
MVphoton beampassed through the default collimator. Data is shown for a depth of 0–1 cm for the 2Dprofiles and for three depths
in the range of 0–5 cm for the 1Dprofiles. The voxels used in calculating themean peak dose rate (PDR) andmean valley dose rate
(VDR) are presented aswhite squares and lines, respectively.
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3. Results

3.1.MeanPDR andPVDRas functions of depth (default collimator)
Themean PDRs for 10, 5, and 1MVare shown infigure 3. Themean PDR for all energies showed a decreasewith
increasing depth (see figure 3). From 0.5 to 9.5 cm, themean PDRdecreased by a factor of, in order of
magnitude, 69 at 1MV, followed by 6.50 at 5MV, and 5.0 at 10MV. The uncertainty also tended to increase with
depth, consistent with a reduced signal-to-noise. The PVDR andmean PDRhad inverse trendswith energy, with
the highest PVDRs occuring for 1MVand the highest dose rates for 10MV.

3.2.Optimization results
According tofigure 4, for all energies, an inverse relationship is found between the PVDRandmean PDR for the
collimator thickness, focus position, and septal width parameter variations. However, while increasing the hole
width, both themean PDR and the PVDR increased for 10 and 5MV. For the 1MVbeam exclusively, hole-width
variations did not change the PVDR across the range of widths used, within the bounds of the associated
uncertainty. Additionally, the uncertainty on themean PDRs remains low (<1.0%) down to depths of 10 cm
across all beam energies.

Considering the collimator thickness variation results, decreases inmean PDRwere observed for all three
beam energies; however, we noticed that for the 10 and 5MVdata, the PVDR appeared tomonotonically
increase, whereas, for 1MV the slope decreasedmonotonically with a presumed PVDR saturation of around 50
(see figure 4(a)). In this plot, increased uncertainty in the PVDR is observed as the collimator thickness was
increased,most notably in the 1MVcase.

In varying the focus position, themean PDR and PVDRmonotonically increased and decreased for all
energies, respectively, with increasing focus position (see figure 4(b)). Another element of notewas the decrease
in uncertainty on PVDR as the focus position increased.

The septal width optimization presented similar results to the collimator thickness optimization onlywith
reduced rates of change (see figure 4(c)). For example, decreases in themean PDRmay be seen at all energies as
the septal width increased, whereas the PVDR increased. The PVDR for the 1MVbeam appeared to plateau in a
manner similar to the collimator thickness optimization.

Unlike the previous parameter studies, the holewidth optimization displayed amonotonically-increasing
relationship for themean PDR and PVDR across the full range of widths, at least for the 5 and 10MVbeams. For
the 1MVbeam, the PVDRdid not change significantly considering the bounds of the associated uncertainty
across the range of holewidths that we considered (see figure 4(d)). Therefore, we assumed a near constant
PVDR at 1MV for varying hole width, when all other parameters are kept constant. The PVDRandmean PDR
for 5 and 10MV, on the other hand, showed a clear positive slope.

3.3.Optimized collimator for a PVDRof 5 at 10MV
Based on the results offigure 4, parameter combinationswere determined thatmaximized themean PDRwhile
maintaining a PVDRof at least 5 for the 10MVbeam.Collimator parameter combinationswhich yielded such
results were simulated. Thefinal optimized collimator had a thickness of 75mm, a focus position of 22mm

Figure 3.Mean peak dose rate (Gy/s) versus depth (cm) and PVDRversus depth for 10, 5, and 1MV for default collimator parameters.
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(matching the beamdivergence), a source-side septal width of 0.8mm, and a source-side holewidth of 0.8mm.
It should also be noted that the radius of the collimatorwas increased from20 to 26mm to accommodate the
consequent increase infield size.

The 2Ddose rate profiles at 0–1 cm in depth, 1Ddose profiles in depths from0 to 10 cm,mean PDRwith
depth, and PVDRwith depth plots are shown infigure 5 for 10, 5, and 1MV.Considering the 2Ddose rate
profiles, a clear improvement in the distinction between the peaks and the valleys was observedwhen compared
with the data infigure 2 for the 10 and 5MVbeams. For all energies, the peak edges were better defined in the 2D
profiles. The 1Dprofiles similarly revealed defined peaks and valleys, down to 10 cmdepth inwater for all
energies, butwith higher energy presenting less noise. The PDR curves followed decays with the dose rate at 9.5
cmdepth being∼4–5× lower than that seen at 0.5 cm for 10 and 5MV, however,∼12× lower for 1MV. Finally,
the PVDR as a function of depth plot demonstrated no significant drop from0 to 10 cm for 5MVor 10MV. In
particular, the 10MVplot showed no noticeable changes in PVDR across all depths, from0 to 10 cm;while the 5
MVplot also did not show large changes with depth, the uncertainties in the data were larger and thus could
obscure a real trend of decreasing PVDRwith depth. Unlike the near-constant PVDRs for 10 and 5MV, the 1
MV results for PVDRwith depth decreased approximately exponentially following themean PDR. For the 10
MVbeam, averaging from0 to 10 cm, themean PVDRwas (5.3± 0.4) and the 0–1 cmmean PDRwas (3.06±
0.02Gy s−1). For 5MV, the depth-averaged PVDRwas (8.1± 1.1) and the 0–1 cmmean PDRwas (0.68± 0.01
Gy s−1). For 1MV, the depth-averaged PVDRwas (21± 5) and the 0–1 cmmean PDRwas (0.0078± 0.0002Gy
s−1).

Figure 4.PVDR andmean peak dose rates (Gy/s) at 0–1 cmdepth as functions of collimator thickness (a), focus position (b), septal
width (c), and holewidth (d). PVDR is represented as orange, solid curves, and themean peak dose rate is given by the blue, dotted
curves.
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4.Discussion

In this work,Monte Carlo simulationswere conductedwith the goal of optimizing amini-GRID collimator for
use on the 8–10MVx-rayARIEL beamline at TRIUMF (with our focus on 10MV). A range of practical and
hypothetical geometric collimator parameters were simulated at 1, 5, and 10MV.We then examined the trends
of PVDR andmean PDR as functions of these geometric parameters. Using these results, we selected an
optimized parameter combination such that a PVDRof 5 could bemaintained at 10MV,with the results shown
infigure 5.

As expected, themean PDR infigure 3(a) decreased as depth increased for all energies due to x-ray
attenuation. The dose fall off from0.5 cm to 9.5 cmwas 10x faster for 1MV than for 5 and 10MVdue to the
lower beam energy aswell as the shorter range of 1MV secondary electrons. The PVDR also decreasedwith
depth infigure 3(b), suggesting that the PDRswere decreasingmore rapidly than theVDRs.

The collimator thickness optimization shown infigure 4 presented a decrease inmean PDR as collimator
thickness increased, likely due to the increased source-to-surface distance, frommaintaining an SCDof 2.2 cm
andCSDof 1 cm for all collimators, and possibly photon scatter. Conversely, the PVDR results for variable
collimator thicknesses showed that the PVDR increasedwith collimator thickness. This trend is likely to be a
result of the increased peak separation, which reduced the beamlet overlap that arises predominantly from the
large secondary electron ranges and primary beam geometric penumbra. Thus, we also observemorewell-
defined valleys boasting lower dose rates. Peak separationwas a function of the divergence of the focused hole
geometries governed by the SCD and collimator thickness. Another element of interest infigure 4was that the
PVDR curves for 10 and 5MVappeared to follow a different trend than for 1MV.We suggest that this difference
could be a result of the fact that 1MVbeamphotons travelling through the divergent septa are attenuated to such
a degree that any further increase predominantly affects changes to the, comparativelyminor, collimator scatter
contribution to themeanVDRdue to increased peak separation.

In studying changes to the collimator focus position, we observed that themean PDR for all energies was
found to increase with the focus positionwhile the PVDRdecreased. It is interesting to note that the 1MVPVDR

Figure 5. 2Ddose rate profile in 0–1 cm, 1Ddose rate profiles for depths from0 to 10 cm,mean peak dose rate as a function of depth,
and PVDR as a function of depth for 5 and 10MV, optimized collimator.
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decreasedmuchmore rapidly, similar to the cases where the collimator thickness and septal widthwere varied.
Since a shorter focus position corresponds to a larger exit-side septal width for the collimator, the PVDR
increasedwith decreasing focus position.Our primary interest in examining the effects of the collimator focus
positionwas to see ifmatching the beamdivergencemight yield higher dose rates atminimal expense to the
PVDR. The results demonstrated that this was, somewhat surprisingly, not the case; in fact, the results
demonstrate that it is not sufficient to simply back project to a point sourcewhen attempting to ensure optimal
dose rate. This observationmight be best understood given the fact that we have an extended source
((FWHM)=2.94mm) and a short SCD (2.2 cm).

The septal width optimization presented results that were similar to the collimator thickness optimization
described previously.We saw amonotonic increase in PVDR,with the 1MV trend line seeming to plateau at the
largest septal width considered.Moreover, themean PDRdecreased as septal width increased, although not as
quickly as it did for the case of increasing collimator thickness. The decrease in themean PDRmay be a result of
the path length travelled by the photons being greater for the holes away from the center than that of the photons
travelling through the center hole. The PVDR increase is likely a consequence of the lowerVDRs, due to
increased peak separation resulting from the increase in septal width. The hypothesized plateau in the PVDR at 1
MVmay be a result of primary photons having to travel through the thicker septa, and thus being increasingly
attenuated such that any further increase predominantly affects changes to the, comparativelyminor, collimator
scatter contribution toVDRs due to increased peak separation.

Considering the holewidth optimization, an increase in themean PDR and PVDRwas observed for both 10
and 5MVbeams. For 1MV, however, while an increase in themean PDRwith increased hole widthwas
observed, the PVDR remained constant within the bounds of the uncertainty. The increase in themean PDR for
all beamswas simply a result of the increased photonfluence reaching the phantom surface due to the larger
holes (effective field size). The PVDR increase for the 10 and 5MVbeamsmeant that with increasing the hole
width, the increase in the PDRswas greater than the associated increase of theVDRs. This trendwas not so
surprising because the septal widthwas kept constant and so substantial changes in theVDRswere not expected
to occur.However, the increase in PVDRwas not present in 1MV simulations. Upon investigating the dose
distributions, this effect could likely be attributed to a different angular distribution of the 1MVbeamcompared
to the 10 and 5MVbeams.

Finally, considering our optimized collimator and the results fromfigure 5, the 1D and 2Dprofiles for all
energies showcased evident peaks and valleys. However, we noted that for decreased energy therewas an increase
in profile noise due to increased dose uncertainty. Interestingly, the dose rate increased towards the edges of the
phantom in the 1Dprofiles for all energies in the 0–1 cmdepth range.We propose that thismay be due to the
lack of backscatter for large oblique beam angles towards the phantom edge, caused by the highly divergent
holes. Themean PDR for 10 and 5MVpresented near-identically shaped decreases with depth. For 1MV, the
mean PDRdecreased faster similar tofigure 3. The 10MVPVDRplot as a function of depthwas approximately
constant within the range of the dose uncertainty; this was a favorable feature given that a high PVDR can be
difficult tomaintain inMVbeams at greater depths. For 5MV, the PVDR also proved to exhibit only slight decay
with depth, though the trendwas not statistically significant due to relatively large associated uncertainties. For 1
MV, the PVDRdropped off exponentially with themean PDR, suggesting that themeanVDRwas
approximately constant for 1MV, unlike for the 5 and 10MVbeams. The dose leakage into the valleys is known
to be higher for the higher energies and is visible in the 1Dprofiles offigures 2 and 5. It is also similar to the
PVDR trends seen in kV x-ray sources (Livingstone et al 2018).

There are few previousGRID therapy studies similar to this one in terms of the small beam size and the
collimator dimensions, which used similarMVbeam energies and thus allow for a comparison of the results
presented here. One comparableMonte Carlo study onGRID therapywas conducted in 2017 testing the effects
of aflattening filter-free Linac (Martínez-Rovira et al 2017). They simulated a cerrobend collimatorwith a
similar grid pattern, only their smallest holewidthwas 3.0mmwith a septal width of 3.0mm for a 6MVbeam
(Martínez-Rovira et al 2017). In comparing the results for PVDR for this configuration and our own,we note
thatMartinez-Rovira et al achieved a central PVDRof 12 at the entrance, 6 at 2 cmdepth, 5 at 5 cmdepth and 3 at
10 cmdepth. In the case of our optimized collimator at 5MV, our PVDRwas 8.88± 0.9 initially and 7.1± 1.2 at
9.5 cm.Keeping inmind that our collimator had amuch smaller holewidth and septal width, and that our
PVDRwas calculated using peaks and valleys from the entire GRID field rather than using the central peak, our
results appear promising andmotivate future investigations.

In a follow-up to this study, the tungstenmini-GRID collimatorwill be 3Dprinted in order to
experimentally validate the results of thisMC study.
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5. Conclusion

In this study, we examined the effects of geometric parameters of a collimator forGRID therapy usingMonte
Carlo simulations. Feasible ranges of collimator parameters, specifically, collimator thickness, focus position,
septal width, and holewidthwere tested to determine each parameter’s impact onGRID-averaged PDR and
PVDRbetween 0 and 10 cmdepth inwater. 1, 5, and 10MVphoton beam energies were used based on the
sourcemodel for the newARIELUHDR (FLASH) x-ray platform at TRIUMF. From these results, an optimal set
of collimator parameters was identified so as to achieve a PVDRof 5with the 10MVbeam,whilemaximizing the
mean PDR. The optimized collimator had a thickness of 75mm, a focus position of 22mm, a source-side septal
width of 0.8mm, and a source-side hole width of 0.8mm. For the 10MVbeam, averaging from0 to 10 cm, the
mean PVDRwas (5.3± 0.4) and the 0–1 cmmean PDRwas (3.06± 0.02Gy s−1). Themean PDR for a PVDRof 5
was below theUHDR threshold of 40Gy s−1. In the future, wewill examine 10MVGRID therapywith peak dose
rates above theUHDR threshold bymodifying the target design.
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