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Abstract: Experimental radiochromic film dosimetry of a helium-4 ion beam at subclinical energies
(0.5–1.5 MeV/u) was performed at the newly commissioned ASPIRE facility at TRIUMF. Peeled
GafChromic EBT4 films were irradiated with low-energy 4He+ ions, then scanned and analyzed to
assess their suitability for spatial and quantitative dosimetry at these energies. To account for the film
under-response caused by the high linear energy transfer (LET) of the beam, a correction factor was
applied based on the mean LET calculated across the film’s active layer using simulations. Monte
Carlo simulations were performed with TOPAS to model dose deposition in the EBT4 film. Agreement
between film measurements and Monte Carlo results was variable, largely limited by the lack of
accurate delivered beam charge measurements. The experiments also revealed beam asymmetries
and smaller-than-expected beam widths, attributed to suboptimal tuning of the accelerator chain.
Overall, peeled EBT4 films were shown to be a practical tool for spatial beam characterization of
helium-ion beams at subclinical energies. However, large uncertainties in delivered beam charge and
measured doses beyond the range of EBT4 and the calibration curve used made accurate dosimetry
impossible. This work motivates future studies at higher, more clinically relevant energies, where
improved charge measurement and beam stability will be critical.
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1 Introduction

Today, approximately half of all cancer patients are prescribed radiation therapy as part of their
treatment [1, 2]. The majority of radiation therapy patients will receive treatment with photon
beams [3]. Even though the number of proton and ion therapy facilities has greatly increased over
the last few decades [4], less than 1% of cancer patients are treated with protons or ions due to
the high treatment facility cost.

Proton and heavier ion beams are attractive sources in radiotherapy because of their distinct
depth-dose behaviour. A monoenergetic ion beam produces a sharp peak known as the Bragg peak at
a specific depth (depending on energy and the medium), enabling high dose delivery to the tumour
while keeping entrance dose low and minimizing exit dose [5].

In recent years, interest in 4He and other ions has been revived since neither protons nor carbon ions
have proven to be the ideal radiotherapy particle type, and 4He ions present a reasonable compromise
between the benefits and drawbacks of each. In 2021, the Heidelberg Ion Beam Therapy Center
(HIT) treated a patient with 4He ions for the first time since the last treatment at the Lawrence
Berkeley National Lab in 1992 [6]. The Heavy Ion Medical Accelerator in Chiba (HIMAC) is a
Japan-based accelerator that can perform 4He ion treatment either as a standalone particle or integrated
in a multi-ion therapy program [7, 8].

Although current clinical helium therapy employs beams with energies of several hundred MeV/u,
this work is an initial exploratory study investigating the dosimetric properties of an up to 1.5 MeV/u
4He+ ion beam using radiochromic film measurements and Monte Carlo (MC) simulations. Here, the
feasibility of 4He+ ion beam dosimetry at subclinical energies accelerated at the newly commissioned
ASPIRE facility of TRIUMF is explored to motivate further research at higher beam energies.

Radiochromic films are useful dosimeters in research in both X-ray imaging [9–11] and radiation
therapy [12–14]. GafChromic EBT4 film (Ashland Inc, Bridgewater, NJ), benefits from a high spatial
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resolution (∼ 25 μm), near-tissue equivalence, and a dynamic dose range (0.2–10 Gy), and does
not require post-exposure treatment [15, 16]. EBT GafChromic films have been used for dosimetry
of a wide variety of sources including monochromatic 25–35 keV synchrotron x-ray beams [17],
polychromatic 20–220 kVp beams generated by x-ray tubes [18, 19], 6–25 MV photon beams and [20–
22], 4–15 MeV electron beams [23, 24], 63–230 MeV proton beams [25, 26], 50–200 MeV very-high
energy electron (VHEE) beams [27–30], and many more.

A few groups have used EBT GafChromic films as dosimeters for alpha particle emitting
radionuclides. In particular, Diaz-Martinez et al. developed a dose calibration protocol for Am-241
using unlaminated EBT3 film and MC simulations [31], Ng et al. proposed a method for producing
and verifying the integrity of peeled EBT3 films and demonstrated that calibration curves for peeled
and unpeeled films were essentially equivalent [32], and Mukherjee et al. proposed peeled EBT3
films for activity calibration of alpha emitting radionuclides [33]. These studies have found that
unlaminated/peeled EBT film is an effective dosimeter for alpha particles.

Two works have previously performed radiochromic film dosimetry on 4He ion beams. Torrisi et
al. investigated the response of HD-810 GafChromic film to 4He ions and compared the normalized
optical absorbance at 673 nm to the 4He ion absorbed dose [34]. They found that for 4He ions at
600 keV, the response was linear for doses lower than approximately 250 Gy. Grilj et al. assessed
the LET-dependence of unlaminated EBT3 and MD-V3 using various ion sources [35]. For EBT3,
film response decreased with LET and was found to have more than a 50% underresponse at an
LET of 100 keV/μm for a 9 MeV 4He beam.

The goal of this work was to perform radiochromic film dosimetry of an accelerated 4He+ beam
at ASPIRE to evaluate and characterize the behaviour and tune characteristics of the beam through
the accelerator at different energies.

2 Materials and methods

2.1 ASPIRE and TRIUMF overview

The AStrochemical and Planetary materials IRradiation Experiment (ASPIRE) is a newly commissioned
experimental facility in the medium energy beam transport (MEBT) section of the ISAC (Isotope
Separator and ACcelerator) complex of TRIUMF in Vancouver, BC, Canada [36]. Positive ion beams
of isotopes from nearly all chemical elements are created for ISAC experiments like ASPIRE at the
Off-Line Ion Sources (OLIS) facility using surface, microwave, and Electron-Cyclotron Resonance
(ECR) ion sources. This study uses 4He+ produced only by the OLIS microwave ion source at a
potential of 8.16 kV and accelerated up to 1.5 MeV/u at the present MEBT location of ASPIRE [36].
Figure 1(a) and 1(b) shows the highly customizable irradiation vacuum chamber of ASPIRE, where
film samples for irradiation were mounted to custom multi-position sample wheels, rotatable by
a precision stepper motor system via a Raspberry Pi EPICS (Experimental Physics and Industrial
Control System) interface.

2.2 Experimental setup

For this experiment, accelerated 4He+ ions were used at energies of 0.5, 1.0, and 1.5 MeV/u to irradiate
EBT4 radiochromic films. Since 4He+ ions at these energies cannot penetrate through the 125 μm
polyester layer to reach the active layer of EBT4 film, the top polyester layer of the EBT4 film was
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Figure 1. a) The first experimental ASPIRE wheel with holders clamping down peeled EBT4 films. b) The
second experimental ASPIRE wheel with peeled EBT4 films attached by tying them onto the wheel using
stainless steel wire, which pierced the films. c) and d) the respective wheels in the experimental vacuum chamber
for irradiation.

peeled off. The peeling process was performed using a scalpel to separate the top layer at a corner
and then peel it off, attempting to minimize active layer removal and damage, similar to previous
publications [33, 37]. The structure of EBT4 film before and after peeling is shown in figure 2.

For all irradiations, the targeted 4He+ ion beam size was a full-width at half-maximum (FWHM)
of 10 mm, and the desired beam charge delivered was 10 pC (∼ 62.4 million particles), which was
expected to result in doses that would be within the usable dose range of EBT4 film based on
preliminary MC simulations. To achieve 10 pC of delivered beam charge, a beam current of 10 pA
was targeted using attenuators at the OLIS ion source, and one-second irradiations were performed.
Attenuating the ion source to low current increases the inherent sensitivity of the accelerator chain
to fluctuations in current. Although beam current was measured before ASPIRE on a Faraday Cup
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Figure 2. The structure of GafChromic EBT4 film before and after peeling off one of the polyester base layers.

∼ 30 cm upstream from the vacuum chamber on the MEBT beamline, the desired 10 pA current was at
the low sensitivity limit for the cup and electrometer and did show large current fluctuations.

Film irradiations were performed with two different sample wheels, as shown in figure 1. For
all irradiations, films were cut into 2.54 × 2.54 cm2 pieces. For the first wheel, eight peeled EBT4
films were placed onto holders at 15◦ on a rotating wheel, clamped down, and each film was irradiated
with 1.5 MeV/u 4He+ ions, targeting 10 pC of charged particles delivered (see figures 1(a) & 1(c)).
For the second wheel, two sets of irradiations were performed. Seven peeled EBT4 films were tied
using thin stainless steel wire, which pierced the film at two corners, and the films were approximately
perpendicular to the beam (see figures 1(b) & 1(d)). For the first set, each film was irradiated
with a 1.0 MeV/u 4He+ ion beam, and the second set was irradiated with 0.5 MeV/u 4He+ ions,
targeting 10 pC each time.

2.3 Film analysis

All 4He+ ion irradiated films were scanned 24 hours post-irradiation at 300 dpi and with a 48-bit color
depth using an Expression 10000 XL scanner (Epson, Suwa, Japan). The red channel was used for film
analysis since it is the most sensitive colour channel [38], and films were analyzed using a custom Python
script. Net optical density per pixel (netOD(𝑖, 𝑗)) was calculated with a background correction as:

netOD(𝑖, 𝑗) = log10

(
𝐼0

𝐼 (𝑖, 𝑗)

)
(2.1)

where 𝐼 (𝑖, 𝑗) is the pixelwise red channel intensity of an irradiated peeled film, and 𝐼0 is the average
red channel intensity across a region of interest spanning an unirradiated peeled EBT4 film. An
average was taken rather than performing this pixelwise because the peeling process introduced
streaking artifacts, which varied film-to-film. Although flood-field scans were acquired, the correction
factor cancels when a scalar background is used; therefore, the 𝑛𝑒𝑡𝑂𝐷 effectively represents a
background-normalized measurement without pixelwise flood correction. Considering the flood scan,
the standard deviation as a percentage of the mean pixel value was 0.65% across the analyzed ROI,
so residual spatial variation was considered minimal.

Dose to water from film was then calculated from the background-corrected optical density using:

𝐷water =
(𝑎 · netOD)
(𝑐 − netOD) · RE(𝐸) (2.2)

where 𝐷water is the dose-to-water from 4He+ ions, netOD is the net optical density, and 𝑎 and 𝑐

are curve fit parameters from a calibration curve that was done with a 225 kVp x-ray spectrum for
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this batch of EBT4 film. The calibration data and the fitted curve are shown in figure 3. The fitted
curve was 𝐷 = (𝑎 · netOD)/(𝑐 − netOD) and the coefficient of determination was 𝑅2 = 0.9997. The
calibration was performed in solid water at 2 cm depth using a Farmer ionization chamber (PTW
TN30010-1) following TG-61 protocol with at least 5 cm of solid water for backscatter [39]. The
Comet MXR-225/26 x-ray tube from the KOALA system [40] was used and operated at 225 kVp
with 2 mm of Al filtration.

Figure 3. Calibration curve for EBT4 film created for a 225 kVp x-ray beam.

Lastly, the RE(𝐸) parameter of equation 2.2 is the relative effectiveness, which accounts for
the underresponse of the EBT4 film to high LET radiation. To calculate this parameter, the mean
LET across the active layer was calculated for each beam energy. This was done by simulating a
1 cm × 1 cm, flat, square beam incident on a 1 cm × 1 cm × 28 μm active layer of EBT4 in TOPAS
Monte Carlo. The active layer composition was based on the work of Palmer et al. with EBT3, since
EBT4 was unchanged in atomic composition from its predecessor (see table 1). The energy deposited
was scored in the active layer, which was split into a 1 × 1 × 50 scoring grid. For each of the 0.5, 1.0,
and 1.5 MeV/u beams, 106 4He+ particles were simulated, and the LET for each voxel was calculated
as the mean energy deposited per particle divided by the length of each voxel along the beam direction.

The mean LET was calculated by averaging all non-zero voxels for each of the 1.5, 1.0, and
0.5 MeV/u energies across the length of the active layer. From the work of Grilj et al. [35], RE(𝐸)
was then calculated using an empirical equation:

RE(𝐸) = 45
0.49 · LET(𝐸) + 45

(2.3)

where LET(𝐸) is the mean LET in the active layer for the 4He+ beam at a given energy. This expression
was derived empirically by Grilj et al. by fitting measured EBT3 film dose-response data with a
bimolecular saturation model and observing that the half-saturation dose 𝐷1/2 increases approximately
linearly with LET. The relative effectiveness was then defined as the ratio of the low-LET (250 kVp
x-ray-equivalent) 𝐷1/2 to the LET-dependent 𝐷1/2, yielding the functional form in equation 2.3.

For each energy, films that contain most of the beam without significant artifacts were chosen
for data analysis. Three films were analyzed for 1.5 MeV/u, two for 1.0 MeV/u, and all seven for
0.5 MeV/u. For these films, a 2D Gaussian fit was performed on beam profiles to determine the
beam size and the peak dose for each irradiation.
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Table 1. Thickness, density, and mass percent composition of EBT4 film from Palmer et al. [41].

EBT4 layer Thickness (𝛍m) Density (g/cm3) Mass composition (%)

H Li C O Al

Polyester base 125 1.35 4.2 62.5 33.3
Active layer 28 1.20 8.8 0.6 51.1 32.8 6.7

2.4 Monte Carlo simulations of experimental 4He+ ion irradiations

All Monte Carlo simulations were performed using TOPAS MC v3.9 [42, 43]. For all simula-
tions, a custom physics list was used to ensure that 4He+ ion interactions were accurately mod-
elled. The seven physics modules were: g4em-standard_opt4, g4radioactivedecay, g4decay,
g4h-elastic_HP, g4h-phy_QGSP_BIC_HP, g4ion, and g4stopping. All other physics parameters
were left as their default. Simulations were run on the Digital Research Alliance of Canada’s
NARVAL computer cluster.

Experimental 4He+ beam delivery at 0.5, 1.0, and 1.5 MeV/u was simulated using MC. For
each energy, the beam was simulated using the mean beam size across films for that energy. The
dose was calculated in the active layer of EBT4 film for a total delivered beam charge of 10 pC. To
achieve high statistics, 107 histories were run for each simulation, and dose-to-medium was scored
in a 300 × 300 × 1 voxel grid in the 2.54 cm × 2.54 cm × 28 μm active layer to match the voxel size
to the 300 dpi scanned films. For the 1.5 MeV/u simulation, the simulated film was tilted at 15◦ to
match the experimental setup. The composition of the active layer and base layer of the films was
as shown in table 1 based on the work of Palmer et al. [41].

The active layer thickness was not measured due to its micron-level thickness and fragility. To
compare film measurements and simulations while accounting for the possibility that the film active
layer is thinner than 28 μm (due to peeling or manufacturing uncertainty), the average Gaussian
fit to the film data for each energy was calculated assuming two possible active layer thicknesses
of 28 μm and 14 μm. The difference in doses arises from the calculated mean LET through the
active layer and the corresponding RE factor from equation 2.3. Similarly, the MC simulations for
each energy were performed assuming both 28 μm and 14 μm active layers to reflect the potential
variation in experimental film thickness.

3 Results

3.1 Film analysis

LET-depth profiles are shown in figure 4. For a 28-μm active layer, the mean LET values for the 1.5,
1.0, and 0.5 MeV/u 4He+ beams were 115, 166, and 188 keV/μm, respectively. These corresponded
to RE values of 0.443, 0.356, and 0.328, calculated using equation 2.3. Dose-to-water was then
obtained using equation 2.2.

Measured 2D film dose maps and Gaussian fits provided beam profiles for all irradiations at 1.5,
1.0, and 0.5 MeV/u. Table 2 summarizes the fitted FWHM values and peak doses.
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Figure 4. Linear Energy Transfer (LET) through the active layer of EBT4 for 0.5, 1.0, 1.5 MeV/u 4He+ beams.

Representative 2D dose distributions from three irradiations at 1.5 MeV/u using wheel #1 are
shown in figure 5(a)–(c), with the corresponding 𝑥- and 𝑦-profiles in figures 5(d)–(g). The fitted
FWHM values and peak doses are listed in table 2. The beam width in the 𝑦-direction was 12 mm
on average, approximately 20% larger than the intended 10 mm. The 𝑥-direction width was 2.6 mm,
corresponding to a 74% reduction relative to the nominal 10 mm width. The mean peak dose from
the Gaussian fits was (45.8 ± 13.6) Gy.

Figure 5. (a)–(c) 2D dose distributions from EBT4 film from 1.5 MeV/u 4He+ ions. (d)–(i) 1D dose profiles
with the Gaussian fit to the film shown as a dashed cyan line.

Figure 6(a)–(b) shows 2D dose maps from two irradiations using wheel #2. The corresponding
profiles are shown in figures 6(c)–(f). FWHM and peak dose values are given in table 2. The average
beam width in 𝑦 was 12.7 mm, 27% larger than intended, while the 𝑥-direction width was 2.5 mm,
75% smaller than the nominal value. The mean peak dose was (29.2 ± 0.4) Gy.
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Table 2. Measured beam size and peak dose for 4He+ ion beams at 1.5, 1.0, and 0.5 MeV/u measured using
peeled EBT4 film.

Energy Sample FWHM𝑥 [mm] FWHM𝑦 [mm] Peak Dose [Gy]

1.5 MeV/u Film 1 2.24 11.94 64.8
Film 2 2.64 12.82 39.0
Film 3 2.83 11.79 33.5
Mean ± SD 2.57 ± 0.30 12.18 ± 0.52 45.8 ± 13.6

1.0 MeV/u Film 1 2.43 13.67 28.8
Film 2 2.57 11.70 29.5
Mean ± SD 2.50 ± 0.07 12.69 ± 0.99 29.2 ± 0.4

0.5 MeV/u Film 1 5.58 4.28 164.4
Film 2 5.98 4.59 113.9
Film 3 5.08 4.09 186.0
Film 4 5.58 4.48 83.3
Film 5 5.08 4.19 154.9
Film 6 5.18 3.88 204.9
Film 7 5.89 4.87 75.5
Mean ± SD 5.48 ± 0.34 4.34 ± 0.33 140.4 ± 46.6

Figure 6. (a) & (b) 2D dose distributions from EBT4 film from 1.0 MeV/u 4He+ ions. (c)–(f) 1D dose profiles
with the Gaussian fit to the film shown as a dashed cyan line.

Figure 7 shows 2D dose distributions for all seven irradiations at 0.5 MeV/u, with corresponding
1D profile fits. Table 2 lists the FWHM values and peak doses.
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Figure 7. (a)–(g) 2D dose distributions from EBT4 film from 0.5 MeV/u 4He+ ions. (h)–(u) 1D dose profiles
with the Gaussian fit to the film shown as a dashed cyan line.

The beam shape was more symmetric at this energy. The average FWHM values were 4.3 mm
in 𝑥 and 5.5 mm in 𝑦, corresponding to reductions of 57% and 45% relative to the intended 10 mm
width. The mean peak dose was (140.4 ± 46.6) Gy.

3.2 Monte Carlo simulations of experimental 4He+ ion irradiations

The mean LET (LET) and relative effectiveness (RE) values for 1.5, 1.0, and 0.5 MeV/u, calculated
for 14 µm and 28 μm active layer thicknesses, are shown in table 3. These values were derived from
figure 4 and equation 2.3, respectively. The mean peak dose across the analyzed films is also presented,
together with the corresponding MC peak dose and their percent difference.

Table 3. Mean LET and RE for 0.5, 1.0, and 1.5 MeV/u 4He+ ions for 14 μm and 28 μm active layers.
Comparison of peak doses from experiment using EBT4 film and Monte Carlo simulations for each energy and
active layer thickness.

Energy EBT4 active layer LET RE Mean peak dose (film) Peak dose (MC) % difference
[MeV/u] thickness [𝛍m] [keV/𝛍m] [Gy] [Gy]

1.5
14 100 0.478 42.3 25.0 +69%
28 115 0.443 45.6 29.3 +56%

1.0
14 153 0.375 27.7 36.2 −24%
28 166 0.356 29.2 33.7 −13%

0.5
14 188 0.328 140 45.3 +209%
28 188 0.328 140 22.4 +525%
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4 Discussion

This work presents, to the authors’ knowledge, the first experimental radiochromic film dosimetry of an ac-
celerated 4He+ ion beam at subclinical energies of 0.5–1.5 MeV/u. Peeled EBT4 films were successfully
scanned and analyzed following irradiation on the newly commissioned ASPIRE facility at TRIUMF.

For all 4He+ ion irradiations, the aim was a beam size of 10 mm (FWHM). As seen in table 2, the
beam size varied greatly. For both 1.5 MeV/u and 1.0 MeV/u, the beam size in the 𝑦-direction was
2–3 millimetres larger than the intended size; however, in the 𝑥-direction, it appeared to be ∼ 4× smaller
than intended. This change in shape of the beam is due to an asymmetric tune of the beam through the
MEBT section of the accelerator to the last Faraday Cup before the ASPIRE chamber. That cup, being
the last diagnostic before the chamber, provides no spatial information on the beam (only current
intensity) and, until this study, beam shape as a function of accelerator tune was never quantifiable at
ASPIRE. For the 0.5 MeV/u irradiations, the beam was more symmetric, with the mean FWHM in the
𝑥-direction being 5.48 mm and 4.34 mm in the 𝑦-direction. However, the beam size was much smaller
than the intended 10 mm FWHM due to the same inability to spatially quantify the spatially asymmetric
beam tune through MEBT at this different energy. Due to the smaller beam sizes, the peak doses were
much higher than intended and previously calculated by MC. The high dose regions were well outside
of the film calibration curve and the recommended dose level for EBT4. While the Gaussian shape of
the beam provided some confidence that the high-dose measurements are plausible, the dose points
above 15 Gy exhibit high noise. These differences highlight the critical need to implement a precision
XY beam imaging system at ASPIRE to ensure spatially symmetric tunes prior to sample irradiations.

When 4He+ ions fully stop within the film active layer, the average absorbed dose becomes highly sen-
sitive to the layer thickness due to the steep dose gradients along the particle range. For example, 1.0 MeV/u
and 0.5 MeV/u 4He+ ions exhibit Bragg peaks at depths of approximately 6 μm and 19 μm, respectively
(figure 9). Peeling of the polyester base layer in EBT4 films can remove a portion of the active layer as well,
effectively reducing the volume in which the dose is measured. Because absorbed dose is defined as energy
deposited per unit mass, modelling the active layer as thicker than it truly is can significantly distort the
calculated dose and contribute to discrepancies between film measurements and MC simulations (figure 8).

Figure 9 shows the depth-dose profiles for the three beam energies used in this study for both a
28 μm water layer and the EBT4 active layer. These profiles demonstrate not only that a thinner active
layer alters the measured dose, but also that the EBT4 active layer cannot be treated as water-equivalent
at these energies, as seen by the differences in the profiles. The impact of active-layer thickness on
both the MC calculations (through the conversion of deposited energy to dose using the modelled mass
of the scoring volume) and the film measurements (through changes in the mean LET across the layer
and the resulting variations in relative effectiveness) is illustrated by the shaded regions in figure 8.

The LET-depth profiles shown in figure 4 were used to calculate the mean LET in the active layer
for each beam. For the initial film analysis, the mean LET was taken as the average of all non-zero
LETs up to 28 μm depth. This resulted in mean LET values of 115, 166, and 188 keV/μm, which were
used to calculate the RE factor for equation 2.3. The RE correction was based on the work of Grilj et
al., which found good agreement from 0 to 100 keV/μm [35]. However, since the mean LETs of this
work were higher than the range considered in that study, some scrutiny is warranted.

Many films were excluded from the analysis due to significant artifacts arising from both the peeling
process and the mounting method. In several cases, the small tabs used to clamp the films (figure 1(c))
obstructed a substantial portion of the beam. Additionally, some films from wheel #2 exhibited artifacts
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Figure 8. D dose profiles from the mean Gaussian fit to EBT4 film data and Monte Carlo at 1.5, 1.0, and 0.5 MeV/u.
The shaded region represents the difference in doses seen from a 14 μm active layer to a 28 μm active layer.

around the piercing location, which in certain cases extended into the beam profile. Overall, these issues
encourage developing an alternative method for mounting films in vacuum for future experiments.

Considering the film analysis, the 1D profiles and 2D dose distributions in figures 5, 6, and 7,
showed that the beam profiles were relatively Gaussian, given the accuracy of the Gaussian fits to
the data. Noise is seen throughout the profiles, likely due to streaking artifacts from the peeling
process — which are best seen in figure 6(a) and 6(b). Noise also appears to be worsened at higher
doses; this is clearly seen in the 0.5 MeV/u profiles of figure 7.

For the 1.5 MeV/u 4He+ ion irradiations, the beam size in the 𝑦-direction was approximately 12 mm;
however, in the 𝑥-direction, it was only 2.5 mm. In terms of film dose compared to simulation, the mean
peak dose to film was 69% higher than MC for a 28 μm active layer and 56% higher for a 14 μm active
layer. This was likely due to more beam charge delivered than intended due to beam current fluctuations.

For the 1.0 MeV/u 4He+ ion irradiations, the beam size was smaller than intended in the 𝑥-direction,
similar to 1.5 MeV/u. The mean peak dose to film was 13% lower than MC for a 28 μm active layer
and 24% lower for a 14 μm active layer. The higher doses seen in MC are likely due to the delivered
beam charge to the film being less than 10 pC.

For the 0.5 MeV/u 4He+ ion irradiations, the beam was much more symmetric (see figure 7 and
table 2); however, imperfections are still seen in the beam shape and are most evident in the 2D
distributions shown in figures 7(a)–(g). The mean beam size was (FWHM𝑥 , FWHM𝑦) = (5.48 ±
0.34, 4.34 ± 0.33) and was still smaller than the expected 10 mm FWHM. Overall, the mean peak
dose on film was 525% higher than MC for a 28 μm active layer and 209% higher than MC for a
14 μm active layer. The much higher doses suggest much greater than 10 pC was delivered to the
films and the large difference between peak doses between the 14 μm and 28 μm active layers can be
attributed to how shallow the Bragg peak occurs in the active layer (∼ 6 μm).
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Figure 9. Depth dose curves for 0.5, 1.0, and 1.5 MeV/u 4He+ beams in water and in the active layer of EBT4.

The dominant uncertainties in this work were on the delivered beam charge, the accuracy of netOD-
to-dose conversion for measured doses greater than 15 Gy, and the active layer thickness. The intended
delivered beam charge for each irradiation was ∼ 10 pC of 4He+. However, due to the present limitations
of the MEBT beamline and diagnostics at ASPIRE, accurate beam charge measurement was not possible.
Although beam current was monitored using a Faraday cup upstream of the vacuum chamber, 5–10 pA rep-
resented the lower limit of stable cup operation due to the existing amplifier system in use. Furthermore, ir-
radiation to the vacuum chamber was manually triggered, introducing an additional source of uncertainty.
Consequently, the delivered beam charge may have been considerably higher or lower than the nominal
10 pC. A conservative estimate is that the current could have fluctuated down to half or up to twice the
intended value, and that the 1s shot was 1± 0.5 s, resulting in a delivered beam charge 𝑄 ∈ [2.5, 30] pC.

Measured doses were up to 205 Gy, significantly greater than the recommended dose range for
EBT4 film and the highest dose used for film calibration (15 Gy). While the high-dose regions of the
film profiles are noisy (see figure 7), the overall Gaussian-like shape offers some confidence in the
Gaussian fits performed to the data. Nevertheless, extrapolation of the calibration curve was necessary
for doses > 15 Gy and should therefore be interpreted primarily qualitatively.

Finally, uncertainty in the active layer thickness can considerably impact the measured doses,
particularly for 0.5 MeV/u (see table 3). The active layer thickness was not measured due to its
micron-level thickness and fragility. However, to consider a possible range of thicknesses, dose
deposition in active layer thicknesses of 28 μm and 14 μm was simulated using Monte Carlo methods.

Other sources of uncertainty include the use of equation 2.3 to estimate the relative effectiveness
(RE) values from the mean LET across the active layer for LETs up to 188 keV/μm, despite the
equation having been derived using data with maximum mean LET values of 100 keV/μm.

To quantify the potential impact of this extrapolation, a sensitivity analysis was performed in which
the strength of the LET dependence in equation 2.3 was varied by a conservative ±25%. For the highest
LET case considered in this work (188 keV/μm), this yielded RE values between 0.281 and 0.394, corre-
sponding to a maximum systematic uncertainty of 20% in the RE value. For LET values of 166 keV/μm
and 115 keV/μm, the resulting dose uncertainties were approximately 19% and 15%, respectively.

Although extrapolation of the RE model introduces a systematic uncertainty of up to ∼ 20%,
this contribution remains small compared to the much larger uncertainties associated with delivered
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beam charge and extrapolation of the film calibration curve at high doses. Finally, the Monte Carlo
statistical uncertainties on all calculated quantities were less than 1%.

In summary, the large uncertainty in the delivered beam charge and the required extrapolation of
the netOD-to-dose calibration above 15 Gy are the primary contributors to the discrepancies observed
between Monte Carlo simulations and film measurements.

These experiments represent early ion beam work on the newly commissioned ASPIRE facility at
TRIUMF. Radiochromic film dosimetry was performed for 4He+ ions with energies ranging from 0.5 to
1.5 MeV/u, and the measurements were compared with MC simulations. Peeled EBT4 films proved to be a
useful tool for spatial beam characterization of low-energy 4He+ ions. However, accurate determination of
the delivered beam charge per irradiation is critical for dosimetric assessment and comparison with MC sim-
ulations. Measurement of the film active layer after the peeling process could also prove informative. Future
experiments would most benefit from reproducible beam size and beam charge delivery, higher energies to
improve clinical relevance, and an air- rather than vacuum-based irradiation setup using solid water slabs.

5 Conclusions

This work demonstrates that peeled EBT4 radiochromic film can provide useful spatial information for
4He+ ion beams at subclinical energies of 0.5–1.5 MeV/u delivered with the ASPIRE and MEBT beamline
at TRIUMF. Large uncertainties in the delivered beam charge and doses exceeding both the recommended
range for EBT4 film and the applied calibration curve rendered accurate dosimetry unfeasible and
prevented agreement with Monte Carlo results. Future work will focus on reproducible beam delivery,
accurate beam charge measurement, including developing improved beam diagnostics and a precision
trigger-shutter for irradiations, and experiments at higher, clinically relevant helium ion beam energies.
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