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Abstract (max 300 words)
Purpose:

The ARRONAX cyclotron facility offers the possibility to deliver proton beams from low to ultra-high
dose rates (UHDR). As a good control of the dosimetry is a prerequisite of UHDR experimentations,
we evaluated in different conditions the usability and the dose rate dependency of several

radiochromic films commonly used for dosimetry in radiotherapy.
Methods:

We compared the dose rate dependency of three types of radiochromic films: EBT3 and EBT-XD
(GAFchromic™), and OC-1 (OrthoChrome Inc.), after proton irradiations at various mean dose rates
(0.25, 40, 1500 and 7500 Gy/s) and for 10 doses (2-130 Gy). We also evaluated the dose rate
dependency of each film considering beam structures, from single pulse to multiple pulses with

various frequencies.

Results:

EBT3 and EBT-XD films showed differences of response between conventional (0.25 Gy/s) and
UHDR (7500 Gy/s) conditions, above 10 Gy. On the contrary, OC-1 films did not present overall
difference of response for doses except below 3 Gy. We observed an increase of the netOD with the
mean dose rate for EBT3 and EBT-XD films. OC-1 films did not show any impact of the mean dose
rate up to 7500 Gy/s, above 3 Gy. No difference was found based on the beam structure, for all three

types of films.

Conclusions:

EBT3 and EBT-XD radiochromic films should be used with caution for the dosimetry of UHDR
proton beams over 10 Gy. Their overresponse, which increases with mean dose rate and dose, could
lead to non-negligible overestimations of the absolute dose. OC-1 films are dose rate independent up

to 7500Gy/s in proton beams. Films response is not impacted by the beam structure. A broader



investigation of the usability of OC-1 films in UHDR conditions should be conducted at intermediate

and higher mean dose rates and other beam energies.
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1. Introduction

The radiobiological effectiveness of an irradiation strongly depends on the radiation dose, the
fractionation and the dose rate. Already in the 1960s, Berry et al. * demonstrated an improvement of
cell survival when delivering the total amount of radiation dose within only a single nanosecond-
length pulse of photons, compared to conventional RT. In recent years, the use of ultra-high dose rates
(UHDR), typically above 40 Gy/s, has showed promising results, reducing side effects to healthy
tissues while effectively allowing the tumor control 25, This effect, named FLASH, has first been
observed in vitro with X rays %, electrons ’, and more recently with proton beams 2. In vivo preclinical
studies also demonstrated a FLASH effect: significant normal tissue sparing was noticed using
electron beams in mouse ***, zebrafish embryos 2, mini-pig and cat “, while tumor control remained
as efficient. Recently, a FLASH effect was observed in mice using a 230 MeV proton beam in UHDR

conditions 2.

In an effort to fully comprehend the differential effect of FLASH irradiation in tumor and normal
tissue, one major prerequisite is to control the dosimetry, in both conventional and UHDR conditions.
lonization chambers are commonly used for reference dosimetry in external beam RT, following
IAEA TRS-398 reference recommendations 4. However, the reliability of ionization chambers starts
to fail for higher dose rate (or dose rate-per-pulse) beams, as the ion recombination between the
electrodes exceeds a saturation level 1517, Therefore, it is essential to ascertain an accurate method of

determination of the dose in UHDR conditions.

Among the range of detectors available for reference dosimetry, radiochromic films such as EBT3
Gafchromic™ films have commonly been used for dose verification in external beam RT, including
Proton RT 82° Therefore, their suitability for reference dose measurements in UHDR conditions has
been studied in various beam setups. Karsch et al. % investigated the dose rate dependency of previous
generations of Gafchromic™ films (EBT) using a 20 MeV pulsed electron beam and found no
dependency with dose-rates in pulse up to 15 x 10° Gy/s within 5%. More recently, Jaccard et al.
established that EBT3 Gafchromic™ films were dose-rate independent for pulsed electron beams with

dose-rates in pulse up to 8 x10° Gy/s, within 4% uncertainty. Jorge et al. 22 showed similar results with



both EBT3 and EBT-XD Gafchromic™ films, when delivering 6 MeV pulsed electron beams at dose
rates up to 1050 Gy/s. Favaudon et al. 2% observed the same response with EBT3 films over a wide
range of dose rates, for doses from 1 mGy to over 30 Gy per microsecond pulse. As to their suitability
for proton beam dosimetry, Patriarca et al. 2 observed consistent results between EBT3 films and a
CCO1 chamber for dose rates of 40 Gy/s, in the plateau of a 198 MeV Bragg peak. EBT3
Gafchromic™ films were also used for the control dosimetry of 200-250 MeV proton beams at dose
rates of 100-120 Gy/s 2>, and unlaminated EBT3 films for a 4.5 MeV proton beam, at dose rates up
to 1000 Gy/s 2. However, to date, the dose rate independency of radiochromic films has only been
established for low-energy proton beams, or for high-energy proton beams at the lower dose-rate

bound of UHDR conditions (~ 40 Gy/s).

In the present study, we evaluated the dose rate dependency of three different types of radiochromic
films for the dosimetry of 68 MeV proton beams in UHDR conditions, considering various mean dose

rates and beam structures.

2. Material and Methods

For the reader’s convenience, we followed the terminology from Esplen et al. ?° throughout this study

to describe the beam structure.

2.A. The proton beamline

2.A.1. ARRONAX facility

ARRONAX is an isochronous cyclotron (IBA Cyclone 70XP) that partially serves as a user facility for
research®. This cyclotron produces protons from 30 MeV up to 70 MeV, deuterons from 15 MeV up
to 35 MeV and alpha particles at a fixed energy of 68 MeV. Proton beams can be designed from low
(<1 pA) to high (up to 350 pA) intensities, using bunches of protons interspaced by 32.84 ns (micro-
pulse, RF = 30.45 MHz). The ARRONAX cyclotron offers the possibility of delivering a given dose in
a wide range of dose rates from low to ultra-high dose rates. A homemade pulsing chopper-based

system was developed and validated 12, in order to adjust the duration of the irradiation (>10 ps) and



the frequency rate of the macro-pulse repetition, allowing an easy shift between conventional and

UHDR irradiations and a flexible beam structure.

2.A.2. Experimental setup

Our experimental setup, with a nominal beam energy of 68 MeV, is adapted to preclinical irradiations
of cells or small animals . A 52-um tungsten foil and two aluminum collimators (& 15 and 10 mm)
are used to spread and homogenize the beam. Two types of detectors were installed on the beamline
for relative real-time dosimetry: a photomultiplier (PM) tube (model R928, Hamamatsu Photonics,
France) measuring the UV photons emitted from excited nitrogen created by the interaction of the air
with the incident beam along its path 3, and an in-transmission parallel-plate ionization chamber (IC)
(model 34058, PTW, Freiburg, Germany). Specific calibrations of the PM tube and the IC are
performed at the beginning of each experiment using a Faraday cup (FC) with its suppressor ring,
placed after the target, and a high-precision electrometer (model Multidos, PTW, Freiburg, Germany).

The delivered dose at the irradiation point was determined as defined by Koumeir et al

D[Gy] = F[em™2]-S(E)[MeV - cm? - g71] x 1.6 x 10~ 1°

Where F is the fluence — obtained from the electric charge reading — of the protons in our 10-mm

diameter beam spot and S(E) the stopping power.

In this study, doses from UHDR irradiations were calculated using electric charge readings from the
PM (rise time ~2 ns), while those from conventional irradiations were calculated using readings from
the IC. With this setup, the proton beam spot has a 10-mm diameter at the target position. Our

experimental setup is detailed in Figure 1.

To repeat the irradiation at different doses and dose rates with identical positioning of the target, an in-
house automatic XY linear translator was built using a high-precision two-axis stage with step motor.

More detailed information is available in 2.C.

2.B. Radiochromic films

2.B.1. Film composition and properties



Three types of radiochromic films were compared in this study: GAFchromic™ EBT3 (lot: 11192001)
and GAFchromic™ EBT-XD (lot: 11062002), manufactured by Ashland Inc. (Wayne, NJ, USA) and
OrthoChromic OC-1 (lot: 2-20200131-1), manufactured by Orthochrome Inc. (Hillsborough, NJ,

USA).

Both EBT3 and EBT-XD films comprise a single active layer, 28-um and 25-pum thick, respectively,
sandwiched between two 125-um matte surface clear polyester bases *%, The active layer contains an
active component, a marker dye, stabilizers and other components providing the film with a low-
energy dependency. The yellow marker dye, in conjunction with an RGB film scanner, enables the
dosimetry process to benefit from the application of multichannel dosimetry. In addition to the active
layer thickness, EBT-XD films slightly differ from EBT3 in their chemical composition (Appendix
1). Unlike EBT3 and EBT-XD, OC-1 films lack the polyester laminate on one side, thus exposing
directly the 30-um thick active layer ¥'. It is opaque, whereas the two GAFchromic™ films are

transparent.

Dynamic dose ranges of EBT3, EBT-XD and OC-1 films spread from 0.1 Gy to 20, 60 and 100 Gy,

respectively. Properties of these films are summarized in Appendix 2.

After irradiation, each film was horizontally cut in landscape orientation in four sub-sections for later

scanning and stored at room temperature in lightproof envelopes.

2.B.2. Film reading

All films were digitized between 24 and 48h after their irradiation, using a V700 Photo Epson
Perfection flatbed color scanner (Epson America Inc., CA, USA). Five scans were consistently
performed prior to any film scan in order to warm up the scan lamp. Each sub-section of the film was
systematically scanned in landscape orientation, with all image enhancement filters turned off, positive
48 bits-colors (16-bit per color channel) and a resolution of 72 dots per inch. The transmission mode
was used for EBT3 and EBT-XD films, whereas OC-1 films were scanned in reflection mode. Each

image was stored in a Tagged Image File Format (TIFF) file.

2.B.3. Film analysis



The response of the film was assessed using the net optical density defined as follows:

Iy
netOD = log (T)

Where I, is the mean pixel value (MPV) of unexposed regions of interest (ROISs) of the film and I is

the MPV of irradiated ROls of the film.

Using ImageJ software v1.53e (National Institutes of Health, USA), MPVs and associated standard
deviations were then measured on both red and green channels on 4.94-mm diameter ROIs, centered
on each irradiated spot for the determination of I. MPVs of five different unexposed parts of each of

the four sub-sections of the film were averaged to obtain an overall I, for each film.

2.C. Experiments

In all our experiments, an Eppendorf tubes rack — previously designed and 3D-printed for separate
experiments on Zebrafish embryos — was used as a film holder. A stack of films was positioned at the
entrance of this rack in the following order along the beam axis: EBT3, EBT-XD and OC-1. The
positioning of each irradiation was remotely controlled using our in-house automatic XY translator,
previously calibrated for 20 possible specific positions in X and Y, designated by line number (1-4)
and column letter (A—E). The dose range selected for our experiments was set to exceed the widest

dynamic dose range of the three types of films, therefore that of OC-1 films (0.1 — 100 Gy).

2.C.1. Conventional vs. UHDR

In experiment #1, we evaluated the difference of film response between conventional (~ 0.25 Gy/s)
and UHDR (~ 7500 Gyy/s) for ten different doses from ~ 2 to 130 Gy. All UHDR irradiations were

conducted using a single macro-pulse with a variable width (0.27-16.67 ms), whereas conventional
irradiations were performed delivering 800 to 50,000 successive macro-pulses with a 0.4-ms width

and a frequency of 100 Hz. The beam structures in use are described in Table 1 and Figure 2.

2.C.2. Variation of the mean dose rate



In experiment #2, three series of ten irradiations (from ~ 2 to 130 Gy) were performed with mean dose
rates, considered ultra-high, of 40 Gy/s, 1500 Gy/s and 7500 Gy/s, using a single macro-pulse with

variable widths of 75-3000 ms, 2-80 ms and 0.27-16.67 ms, respectively (Table 1 and Figure 2B).

2.C.3. Variation of the beam structure

In experiment #3, two series of ten multi-pulse irradiations (from ~ 2 to 130 Gy) were conducted with
intra-pulse dose rates of 7500 Gy/s (pulse width = 100 ps), using number of macro-pulses varying
between 4 and 160 and a frequency of 53.3 and 2000 Hz to obtain mean dose rates of 40 and 1500

Gyl/s, respectively (Table 1 and Figure 2C).

2.D. Uncertainty analysis

Two main sources of uncertainty must be evaluated in this study: the uncertainty on the dose, as
determined at the calibration time, and the uncertainty on the measured netOD. An uncertainty on the
dose of 1.5% was assessed in conventional mode with the IC, whereas it was estimated to be 3.0% in
UHDR with the PM. The uncertainty on the measured netOD was expressed as the combination of
four different components, following Jaccard et al. 2., The intra-film uniformity " °"™* was
evaluated comparing the mean pixel values in five different localizations of the same film after
irradiation with the same dose. The local film uniformity u}°¢* was assessed by calculating the
standard deviation on pixel values in the regions of interest used for dosimetry. The scanner
repeatability u;<*™ was evaluated by comparing the mean pixel values after scanning three times in a
row the exact same region of interest on the film. Finally, the uncertainty on the scanner positioning
posItion \yas calculated by comparing the mean pixel values of a similar region of interest after
independently repeating three times the scanning process. Combining all sources of uncertainty, we

estimated an overall uncertainty ut°t* (%) on the netOD for each type of film and for red and green

channel.

. 2 2 )
uniformit 2 osition
ytotal — \/ul f L u}ocal +uscan? 4 uf’
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Combining all sources of uncertainty, we found overall uncertainties u°t* (%) on the netOD of [1.63
—3.34], [1.44 - 5.12] and [1.85 — 13.31] %, respectively for EBT3, EBT-XD and OC-1 films. Detailed
values of uncertainty by film, channel, dose range (<10 Gy, or > 10 Gy) and source of uncertainty are

listed in Appendix 3.

2.E. Statistical analysis

During our irradiations, we aimed at reaching ten specific dose values. However, the conditions of
irradiations, which depend on the beam stability, do not always allow to precisely reach the targeted

dose value.

In order to evaluate the significance of possible differences between our series of netOD as a function
of the dose, as dose values vary from one distribution to another, part of our data was fitted with the

following function 2

a+b-D)

t0D=l<
ne "\Tc+D

Where a, b and ¢ are constants, and D is the dose.

The method of maximum likelihood estimation (MLE) was used to fit our data with the Excel solver,
and each series of irradiation was divided into three dose sections (2-20; 20-50; 50-130 Gy) to

optimize the quality of each fit.

Relative differences in the netOD between various series of irradiations were compared to the
corresponding uncertainty levels, for each type of film and channel. Relative differences were

considered significant when superior to twice the respective uncertainty.
3. Results

3.A Conventional vs. UHDR

With our experiment #1, we evaluated in the entrance of the Bragg plateau the differences in film
response between conventional (0.25 Gy/s) and UHDR (7500 Gy/s), for EBT3, EBT-XD and OC-1

films, using the red (Figure 3) and green (Appendix 4) channels of these films.
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EBT3 films did not show significant relative differences in the netOD between conventional and
UHDR irradiations up to 30 Gy for the red channel and up to 10 Gy for the green channel. Relative
differences of 3.6-6.0% were observed above 40 Gy for the red channel and 6.6-9.1% were found

above 20 Gy for the green channel.

For EBT-XD films, relative differences in the netOD were found significant above 20 Gy with 2.9
4.6%, using the red channel, except for one dose point (40.4 Gy). Using the green channel, relative

differences were consistently found significant (4.9-11.4%) except at 4.9 Gy.

OC-1 films showed different results: relative differences in the netOD between conventional and
UHDR irradiations were not found significant using either red or green channels, except for the lowest

dose point (2.3 Gy), with 14% and 39% of relative difference for red and green channels, respectively.

3.B Variation of the mean dose rate

With experiment #2, using a single macro-pulse, the mean dose rate is equal to the intra-pulse dose
rate. The dependency of the films to the mean dose rate was evaluated using non-conventional dose

rates of 40 Gy/s, 1500 Gy/s and 7500 Gy/s (Figure 4).

For EBT3 and EBT-XD films, the netOD was observed to be increasing with the mean dose rate. For
EBTS3, between 40 Gy/s and 7500 Gy/s, relative differences in netOD were consistently found
significant with 4.1-14.2% and 8.1-12.2% for red and green channels, respectively, except for the
lowest dose point (3.2 Gy), using the red channel. Relative differences between 1500 and 40 Gy/s
were found significant for 10, 19, 101 and 129 Gy, reading the red channel, and for 19, 29 and 81 Gy,

reading the green channel.

For EBT-XD, relative differences in the netOD between 40 Gy/s and 7500 Gy/s were not found
significant for 16.4 Gy and below, using both channels. For higher doses, the netOD was observed to
be increasing with the mean dose rate, with relative differences of 3.0-5.6% and 3.6-7.7%, using red
and green channels, respectively. Relative differences in the netOD were more rarely found significant

between 40 and 1500 Gy/s.
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For OC-1 films, the netOD was overall not observed to be significantly increasing with the mean dose
rate. The only significant relative differences in netOD were observed between 40 and 7500 Gy/s for

the lowest dose point (3.2 Gy) using both the red and green channels, and at 16.4 Gy (green channel).

3.C Variation of the beam structure

With experiment #3, the impact of the structure was evaluated on the films by comparing the netOD
values between a mean dose rate of 40 Gy/s produced with a single macro-pulse (intra-pulse dose rate
of 40 Gy/s) and with multiple macro-pulses (repetition of ten macro-pulses with an intra-pulse dose
rate of 7500 Gy/s) (Figure 5), and between 1500 Gy/s with a single macro-pulse and with multiple

macro-pulses (Appendix 5).

For EBT3 films, at a mean dose rate of 40 Gy/s, relative differences in the netOD were never found
significant between a single macro-pulse and multiple macro-pulses, using either the red or green
channels. Similar results were observed at 1500 Gy/s, except for the lowest dose point (2.9 Gy) where
relative differences in the netOD were found significant, with 5.4 and 7.3% using the red and green

channels, respectively.

Similarly, EBT-XD and OC-1 films did not show significant relative differences between a single
macro-pulse and multiple macro-pulses at either 40 or 1500 Gy/s, except for minor exceptions. For
EBT-XD films, 6.0% of relative difference in the netOD was found at 40 Gy/s for the lowest dose
point (2.9 Gy) using the red channel, while 14.2 and 24.9% of relative difference were observed at
1500 Gy/s for that same dose, using red and green channels, respectively. For OC-1 films, 3.8% of

relative difference was found at 1500 Gy/s, for 14.7 Gy, using the red channel.

4. Discussion

In this study, we evaluated the dose rate dependency of EBT3, EBT-XD and OC-1 films, for the
reference dosimetry of 68 MeV proton beams in UHDR conditions, considering various mean dose

rates and beam structures.
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We found that above 10 Gy, EBT3 and EBT-XD films showed significant differences of response
between conventional (0.25 Gy/s) and UHDR (7500 Gy/s) irradiations, to the contrary of OC-1 films
that did not present overall difference of response for doses except below 3 Gy. The response of EBT3
and EBT-XD films was purposely evaluated outside of the dynamic dose ranges indicated by
GAFchromic™, with upper limits of 20 and 60 Gy and best performance limits of 10 and 40 Gy,
respectively. The impact of the main factors evaluated in this study was found similar between red and
green channels for EBT3 and EBT-XD films. The netOD values were consistently higher for UHDR
series of irradiations than for conventional ones. This overestimation up to 11% can be far from
negligible: once the netOD is converted to dose, using a calibration curve acquired at conventional
dose rate, the overestimation of the dose itself could easily exceed 20% in some cases, especially in
the dose ranges where the optical density reaches a saturation. For example, the netOD conversion into
doses, using the red channel of an EBT-XD film acquired at conventional dose rate for a proton beam
irradiation at a mean dose rate of 7500 Gy/s, would lead to a dose overestimation of 8% at 20 Gy and
12% at 60 Gy. The same conversion, using the green channel of an EBT-XD, in the same irradiation
conditions, would lead to a dose overestimation of 10.6% at 20 Gy and 15% at 60 Gy, due to a lower
saturation in the higher dose regime. When exceeding the dynamic dose range of EBT-XD films, the
overestimation of the doses could reach 22.5% and 28.5% at 130 Gy, using the red and green

channels, respectively.

No study indicated any variation in the response of EBT3 nor EBT-XD films for electron beams, even
at ultra-high mean dose rates, up to 30 Gy 242, For protons, Buonanno et al. irradiated unlaminated
EBTS3 films at dose rates up to 1000 Gy/s and for doses up to 20 Gy, using a 4.5 MeV proton beam 2,
No influence of the mean dose rate was reported, which is consistent with our findings between 40 and
1500 Gy/s, up to 10 Gy. However, in the present study, we observed an increase of the netOD with the
mean dose rate at higher doses for EBT3 films, and more especially between 1500 and 7500 Gy/s. To
our knowledge, EBT-XD films have not yet been used for the dosimetry of proton beams in UHDR
conditions. Nonetheless, our results showed that even in their dynamic dose range, the use of EBT-XD

films in UHDR conditions requires a dedicated calibration curve. Otherwise, the netOD conversion
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could also lead to non-negligible overestimations of the dose. Overall, these evaluations of the film
response at various mean dose rates suggest that both EBT3 and EBT-XD films should be used with
caution for the dosimetry of UHDR proton beams and in the range defined by the manufacturer as

“best performances regime”.

In this work, we evaluated the response of a new type of radiochromic films, OC-1 films, that present
the advantage of a larger dynamic dose range (0.1 — 100 Gy). To our knowledge, no other study of
their suitability for the dosimetry of proton beams has yet been conducted. We observed that the mean
dose rate had very little impact on OC-1 films in our irradiation conditions, up to 7500 Gy/s, using
either red or green channels. In our dose range, the red channel should however preferably be used.
Howbeit the vendor indicated a lower limit of the dynamic dose range of 10 cGy, the uncertainty
estimated for these films below 10 Gy was quite high, especially using the green channel: 18.8%
against 8.2% using the red channel. OC-1 films appear to be suitable for the dosimetry of proton
beams in UHDR conditions despite these high uncertainties at low doses and should preferably be
used for total delivered dose above 10 Gy. However, their practicality is limited by their unlamination,
making them fragile and difficult to handle. Some flaws can easily appear on the films and locally

increase the uncertainty on the netOD.

For the comparison of the response of EBT3, EBT-XD and OC-1 films between mean dose rates of
0.25 and 7500 Gy/s, the beam structure was also necessarily varied between single vs. multiple macro-
pulses (Table 1). In order to study the variation of the structure (intra-pulse dose rate and number of
macro-pulses) independently from the mean dose rate, we used the two intermediate mean dose rates:
40 and 1500 Gy/s. When comparing single vs. multiple macro-pulses for a given mean dose rate (40 or

1500 Gy/s), no impact was found associated with the beam structure for the three types of films.

Overall, we also observed differences in the response of the films between EBT (EBT3/EBT-XD) and
OC-1 films. The explanation could come from their differences in atomic composition that may
influence the localized reaction to the proton beam at ultra-high dose rates. Another difference

between these EBT and OC-1 films is the structure of these films: the EBT3 and EBT-XD films that



15

we used for this study were laminated, with matte polyester layers on both sides of the active layer,
while OC-1 films were unlaminated. However, the way those films were systematically stacked during

irradiations (EBT3, EBT-XD and OC-1 in the beam axis) limits the impact of unlamination.

Some limitations should be considered in our study. First, the maximum intra-pulse dose rate that we
were able to reach with our proton beamline was 7500 Gy/s. If “FLASH” therapy typically involves
dose rates > 40 Gy/s and that 7500 Gy/s is certainly considered as an ultra-high dose rate, it is still low
compared to what can be reached using laser-accelerated electrons, with intra-pulse dose rates up to
10° — 102 Gy/s . We plan to explore this issue in more depth once technical limitations are overcome
and that higher dose rates than 7500 Gy/s can be generated with our proton beamline. Additional
intermediate mean dose rates should also be considered. A second limitation is that we could not
precisely reach a targeted dose value with our current setup, and had to fit our data for the comparison.
This can introduce a potential source of bias, however very low: the good quality of our fits was
verified and no impact on our findings could be detected. Moreover, all our graphical representations
(Figures 3-5) involve original unfitted data. Finally, a last limitation of this study is that our
observations are valid for 68 MeV protons. Further efforts will be made to expand our results to more

beam energies or to other particles such as alpha particles.

5. Conclusions

In this study, we investigated the usability of EBT3, EBT-XD and OC-1 radiochromic films, for the
reference dosimetry of 68 MeV proton beams in UHDR conditions. We evaluated the dose rate
dependency of these films considering various mean dose rates (0.25, 40, 1500 and 7500 Gy/s) on a
large dose range (2-130 Gy) and various macro-pulses structures. Our results showed that even in
their dynamic dose range, the use of both EBT3 and EBT-XD films in UHDR conditions — above 10
Gy and with a conventional dose rate calibration — could lead to non-negligible overestimations of the
netOD and hence the absolute dose, especially with increasing mean dose rates. OC-1 films did not
show any impact of the mean dose rate up to 7500 Gy/s, except possibly at very low doses associated

to higher uncertainties, for 3 Gy and below.
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In conclusion, for typical dose values used in most published studies on the FLASH effect, the
response of EBT3 and EBT-XD radiochromic films did not show significant discrepancies between
conventional and UHDR irradiations. However, above 10 Gy, these films should be used with caution
for the dosimetry of UHDR proton beams. For a proton beam of 68 MeV, their optimal dose range
should be limited to 10 Gy, and only for mean dose rates inferior to 1500 Gy/s in the case of EBT3
films. The dose rate dependency of OC-1 films should still be evaluated at UHDR > 7500 Gy/s and a
broader investigation of their usability for the dosimetry of UHDR proton beams should be conducted
at other beam energies. In our future experiments in UHDR conditions, we will select the
radiochromic film in use depending on the studied dose, in order to insure the quality of our results

and limit overestimation: EBT3 or EBT-XD films up to 10 Gy, and OC-1 between 10 and 100 Gy.
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Figure captions

Figure 1. Proton beam experimental setup. K = Kapton (beam exit window); TF = Tungsten foil; C1 =
1% collimator @ 15 mm; PM = Photomultiplier tube; C2 = 2" collimator @ 10 mm; IC = ionization

chamber; FC = Faraday cup @ 30 mm.

Figure 2. Beam structure variations for (a) experiment #1 (variation of intensity, number of macro-
pulses and frequency), (b) experiment #2 (single pulse, variation of intensity and macro-pulse width)

and (c) experiment #3 (variation of macro-pulse frequency).

Figure 3. Evaluation of the differences in film response between conventional (0.25 Gy/s) and ultra-

high dose rates (7500 Gy/s), for EBT3, EBT-XD and OC-1 films, using the red channel of these films.

Figure 4. Influence of the mean dose rate on the response of EBT3 (A), EBT-XD (B) and OC-1 (C)

films, at mean dose rates of 40, 1500 and 7500 Gy/s, using both red and green channels.

Figure 5. Influence of the beam structure on the response of EBT3 (A), EBT-XD (B) and OC-1 (C)
films, at a mean dose rate of 40 Gy/s, for a single pulse (intra-pulse dose rate of 40 Gy/s) and multiple

pulses (intra-pulse dose rates of 7500 Gy/s), using both red and green channels.
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1% collimator @ 15 mm; PM = Photomultiplier tube; C2 = 2" collimator @ 10 mm; IC = ionization

chamber; FC = Faraday cup @ 30 mm.



Table 1. Beam structures of experiments #1, #2 and #3.

Mean Intra-pulse  Number of Macro- Macro-pulse
dose rate  dose rate macro- pulse width repetition
(Gyls) (Gyls) pulses (ms) frequency
(Hz)
Experiment 7500 7500 1 0.27 - 16.67 -
#1 0.25 6.3 800 — 50000 0.4 100
Experiment 40 40 1 75 3000 -
#2 1500 1500 1 2-80 -
7500 7500 1 0.27 - 16.67 -
Experiment 40 7500 4-160 0.1 53.3
#3 1500 7500 4-160 0.1 2000

21
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Figure 2. Beam structure variations for (a) experiment #1 (variation of intensity, number of macro-

pulses and frequency), (b) experiment #2 (single pulse, variation of intensity and macro-pulse width)

and (c) experiment #3 (variation of macro-pulse frequency).
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Figure 3. Evaluation of the differences in film response between conventional (0.25 Gy/s) and ultra-

high dose rates (7500 Gy/s), for EBT3, EBT-XD and OC-1 films, using the red channel of these films.
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Figure 4. Influence of the mean dose rate on the response of EBT3 (A), EBT-XD (B) and OC-1 (C)
films, at mean dose rates of 40, 1500 and 7500 Gy/s, using both red and green channels.
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Figure 5. Influence of the beam structure on the response of EBT3 (A), EBT-XD (B) and OC-1 (C)
films, at a mean dose rate of 40 Gy/s, for a single pulse (intra-pulse dose rate of 40 Gy/s) and multiple

pulses (intra-pulse dose rates of 7500 Gy/s), using both red and green channels.



