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Abstract

Objective. To develop and optimise a dedicated low-energy proton beamline at the Centre for
Micro-Analysis of Materials (CMAM, Madrid, Spain) for radiobiological applications. Approach.
An automated irradiation system was implemented, integrating Gafchromic EBT3 radiochromic
film dosimetry corrected for linear energy transfer dependent quenching and post-irradiation
darkening. Dosimetric calibration was performed using multichannel analysis, and beam per-
formance was systematically evaluated as a function of distance, raster scanning area, beam intens-
ity and reproducibility. Main results. Optimal operating conditions were identified at moderate
beam currents (<1 nA) and scanning areas of 40 x 40 to 50 x 50 mm?, yielding homogeneous
dose distributions with reproducibility better than 8%. The dosimetric protocol demonstrated lin-
earity across clinically relevant dose ranges and allowed a reliable correlation between irradiation
parameters and absorbed dose. Proof-of-concept experiments on U-87 MG glioblastoma cells
confirmed the system’s ability to deliver controlled and biologically effective proton exposures,

as demonstrated by clonogenic survival assays. Significance. These results establish the CMAM
implantation beamline as a robust and versatile platform for preclinical proton radiobiology,
providing accurate dosimetric control and supporting investigations of relative biological efficacy.
The system facilitates translational advances in proton radiobiology, bridging physical and biolo-
gical studies in low-energy proton irradiation.

1. Introduction

Proton therapy (PT), the most widely used form of charged-hadron therapy, offers superior spatial dose
conformity and reduced exposure to surrounding healthy tissues compared to photon or electron ther-
apy (Baratto-Rolddn et al 2018). Compact commercial systems have accelerated clinical adoption, but
evidence of improved patient outcomes is still emerging. Current research aims to model relative bio-
logical effectiveness (RBE) as a function of dose, fractionation, tissue type, and linear energy trans-

fer (LET). While clinical PT often assumes a generic RBE of 1.1, the biological effectiveness can vary
near the Bragg peak, and LET-guided approaches have been proposed to account for this heterogen-
eity (Carabe et al 2013, Unkelbach et al 2017, Constanzo et al 2019), underscoring the need for further
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radiobiological studies. Low-energy proton beams (typically < 40 MeV) are particularly suitable because
they provide high LET values with narrow energy distributions, making them ideal for studying the bio-
logical effects of radiation (Baratto-Roldédn et al 2018, 2020). Such research is crucial to understand the
biological responses to proton irradiation and refining both the therapeutic and experimental techniques.
Several facilities have developed experimental beamlines optimised for precise irradiation of monolayer
cell cultures and other biological targets (Dahle et al 2017, Constanzo et al 2019, Baratto-Roldan et al
2020, Henthorn et al 2020, Chaudhary et al 2021, Rovituso et al 2025).

Dedicated accelerator infrastructures, such as the Centre for Micro-Analysis of Materials (CMAM)
tandem system, provide monoenergetic beams in the mid-LET range (1-10 MeV) without the use of
energy degraders, thereby ensuring narrow energy spreads and highly reproducible irradiation condi-
tions. This level of control enables systematic investigations of LET-dependent biological responses and
supports emerging topics such as RBE variability and ultrahigh-dose-rate effects. These complementary
capabilities highlight the continued importance of specialised research beamlines for advancing the fun-
damental radiobiological knowledge required to refine and translate PT.

Accurate dosimetry is essential to ensure the reliability of dose measurements in radiobiological
experiments and clinical applications. Radiochromic film (RCF) dosimetry is a widely used passive tech-
nique owing to its submillimetre spatial resolution and robustness (Mijnheer 2017, Niroomand-Rad et al
2020, Sanchez-Parcerisa et al 2021). The RCFs include different families such as XR-QA, HD-V2, and the
EBT series, with Gafchromic EBT3 being commonly employed in PT because of their near-tissue equi-
valence and reliable performance in proton beam dosimetry (Devic 2011, Niroomand-Rad et al 2020,
Méndez et al 2021). A known limitation is their LET dependence, as films under-respond in high-LET
regions owing to quenching, with relative efficiency (RE) decreasing as LET increases (Vadrucci et al
2015, Mijnheer 2017, Grilj and Brenner 2018, Vallieres et al 2019, Resch et al 2020, Méndez et al 2021).
Upon irradiation, RCFs undergo a near-instantaneous colour change, forming permanent images pro-
portional to the absorbed dose, with residual darkening occurring over 24-48 h post-irradiation (Devic
2011, Niroomand-Rad et al 2020). The optical density of these films, measured using specific protocols,
provided an absolute dose value. The RCF dosimetry systems follow a two-step protocol: calibration and
measurement. Calibration involves irradiating films with known doses and generating dose-response
curves for each colour channel (Red, Green, Blue - RGB). These curves were later used to determine
unknown doses, ensuring consistency in imaging and scanning protocols (Devic 2011, Santos et al 2021).
Multichannel methods that integrate data from all three RGB channels improve dosimetric accuracy
compared with single-channel approaches. The red channel exhibited higher sensitivity at low doses (up
to 8-10 Gy), the green channel was more sensitive at higher doses, and the blue channel showed a lower
dose gradient across all levels (Lewis et al 2012, Santos et al 2021). Combining precise dosimetry tech-
niques, such as RCFs, with the unique properties of low-energy proton beams enables highly accurate
radiobiological experiments. These efforts are essential to further improve our understanding of radiation
biology and to optimise proton irradiation for clinical use.

The objectives of this study were to (i) develop and characterise a low-energy proton beamline
optimised for radiobiological research, (ii) implement and validate an RCF dosimetry protocol with LET-
dependent quenching and reading time corrections, (iif) assess the dosimetric accuracy and reproducib-
ility of the system for preclinical applications, and (iv) demonstrate the feasibility of controlled proton
radiobiological experiments through a proof-of-concept clonogenic survival study.

As a first application of this experimental framework, a proof-of-concept radiobiological study was
carried out to characterise the clonogenic survival response of U-87 MG glioblastoma cells following
proton irradiation. Glioblastoma is the most common and aggressive primary brain malignancy and is
characterised by rapid progression and poor prognosis. Conventional therapies, including surgery, radi-
ation therapy, and chemotherapy, remain largely ineffective. Emerging therapeutic approaches, such
as PT, have therefore attracted growing interest for their ability to deliver highly conformal radiation
doses, enabling precise tumour targeting while minimising damage to surrounding healthy brain tissue
(Chambrelant et al 2021).

2. Materials and methods

The CMAM facility operates a 5 MV terminal voltage tandem accelerator, designed and built by High
Voltage Engineering Europe B. V. (HVEE), in which protons are first accelerated toward the terminal,
undergo charge exchange, and are subsequently accelerated a second time away from the terminal,
resulting in a final beam energy of 10 MeV. It is equipped with three duoplasmatron sources, primarily
used to produce positive (He') and negative (H") ions. This accelerator is mainly devoted to the analysis
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Figure 1. Overview of the experimental setup and irradiation geometry used for proton beam delivery and dosimetry at the
CMAM accelerator. (a) Schematic view of CMAM accelerator showing the six beamlines, with the IMP beamline indicated as
number 5. The position of the Faraday Cup (FC) used for beam current monitoring is indicated by the red rectangle. (b) Detailed
view of the IMP beamline, with the FC again indicated by the red rectangle. (c) Top view of the setup for proton irradiation,
including the 50 gm-thick aluminium foil, the EBT3 radiochromic film (RCF), and the cell culture well plate mounted on the
3D-printed holder. The white arrow indicates the direction of the proton beam through the system. The blue inset shows an
example of an RCF obtained during the calibration procedure prior to the biological experiments, and the green rectangle marks
the region corresponding to the analysed irradiation field. (d) Two-dimensional absolute dose map obtained from the analysis of
the region indicated by the green rectangle in panel (c), corresponding to the lowest irradiation time used in the calibration (2's),
illustrating the spatial dose distribution across the analysed irradiated field.

and modification of materials and operates six beamlines (Redondo-Cubero et al 2021). For the present
study, the implantation (IMP) beamline was adapted for the radiobiological proton irradiation experi-
ments as described below.

2.1. Beamline for proton radiobiology
The CMAM IMP beamline is positioned at -20 © relative to the tandem accelerator axis, after the second
switching magnet, and has a total length of 6 m (figure 1(a)). The irradiation chamber was electrically
isolated and designed for ultra-high vacuum conditions (figure 1(b)). The beam fluence was monitored
by measuring the current values using a Faraday Cup (FC) positioned upstream of the window for beam
extraction to air (figures 1(a) and (b) highlighted by the red rectangle). Under vacuum conditions, irra-
diation can be performed with a homogeneous beam covering large areas of up to 100 x 100 mm?, facil-
itated by a fast electrostatic beam raster system provided by HVEE. The proton beam exits the vacuum
chamber through an exit window with a diameter of 35 mm and covered by an aluminium foil of 50 ym
thickness (figure 1(c), white arrow). Under all irradiation conditions used in this study, the accelerator
delivers a continuous (non-pulsed) proton beam.
A fully automated three-dimensional (3D) motorised stage was developed for high-precision mul-
tiposition irradiation of cell cultures, providing 10 um positioning accuracy (figure 1(c)). The motion
is controlled by NEMALI1 stepper motors coupled with TMC2209 drivers (1/64 microstepping) and an
MKS TinyBee controller board running Marlin firmware, operated via G-code instructions.
Homogeneous irradiation was achieved with the IMP beamline raster system, which scans the beam
along both axes at suitable frequencies (x axis: 31 Hz and y axis: 2kHz) to prevent aliasing, thereby
ensuring uniform coverage of the sample area within milliseconds. In the IMP chamber, the beam
exit window is positioned downstream of the scanning system, as previously described. After configur-
ing the raster system to encompass this window, the samples were positioned on the motorised stage
(figure 1(c)) and irradiation time is manually controlled using an FC located in the low-energy section
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Figure 2. Dose—response calibration curves for the red, green, and blue channels.
Table 1. Calibration parameters for each colour channel
Parameters Red Green Blue
a —1.396 x 10° —4.751 x 107! —3.529 x 10°
1.175 x 10? 1.039 x 10 2.416 x 10?
4.388 x 10! 1.964 x 10 2.184 x 10!

of the accelerator. The resulting spatial dose distribution across the analysed irradiation field is illus-
trated by the two-dimensional absolute dose map shown in figure 1(d). An uncertainty of + 0.25s,
determined from repeated measurements of the operator’s manual switching response time, was incor-
porated into all dose calculations. A new system using a fast electrostatic deflector and a custom inter-
face is under development for automated time control.

2.2. Dosimetry with RCFs

All dose measurements in this study were performed using Gafchromic™ EBT3 films (Ashland Inc.).
For calibration, RCFs were irradiated at the Hospital General Universitario Gregorio Maran6n (Madrid,
Spain) using a uniform 6 MV photon beam from an Elekta Versa HD linear accelerator, with a uni-
form 10 x 10 cm? field at 10 cm depth. The delivered doses were 0, 0.5, 1, 2, 4, 6, 8, 10, 16, and 20 Gy,
measured and referenced against an FC-65G ionization chamber (Serial 4148). RCFs were scanned using
an Epson CX4500 flatbed scanner at 300 dpi resolution. Each film was placed at the geometric centre
of the scanner, which corresponds to the region of highest spatial uniformity as reported by Saur and
Frengen (2008), with the irradiated side facing the glass. The scanner was pre-warmed with three blank
scans and cleaned between runs, and images were saved in tagged image file format. To ensure consistent
optical development, all calibration and characterisation RCFs were scanned 24 h after irradiation. For
the quick scan factor (QSF) analysis, films were additionally scanned within the first 60 min to quantify
post-irradiation darkening. For biological irradiations, a single early scan at approximately 5min post-
exposure was used with the QSF function to determine the irradiation time required to reach the target
dose. These films were rescanned after 24 h, and the final dose values were corrected accordingly. The
RCFs used for the characterisation were scanned multiple times using alternative mounting approaches
to ensure full contact with the glass surface and to eliminate artefacts from air gaps. No systematic dif-
ferences were observed between repeated scans. Measurements were only taken from the central region
of the film to minimize the effect of scanner lateral non-uniformity. A MATLAB script was developed to
analyse the calibration RCFs, computing the mean and standard error of the mean (SEM) of the relative
pixel values (PV) as a function of the dose (D) across the RGB colour channels. The calibration of the
RCFs is described by the function:

D=a+ (1)

PV —c
where a, b, and ¢ are the fitting coefficients, representing baseline offset, curve scaling factor, and pixel
value shift, respectively (Sanchez-Parcerisa et al 2021). After the calibration RCFs were processed, the
script generated the corresponding calibration curves (figure 2) and fitting parameters (table 1).
The experimental RCFs were scanned following the same protocol as the calibration films (Devic
2011, Santos et al 2021) and analysed using a separate MATLAB script. A fixed circular region of interest
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(ROI) with a diameter of 10 mm was then drawn at the geometric centre of the irradiated field and
applied consistently to all RCFs. This approach ensures that a uniform physical area is analysed in each
RCF, minimising artefacts from scanner non-uniformity and excluding field edges affected by the lateral
penumbra. The central region of the beam was selected because it provides the highest uniformity in
intensity and energy after passing through the exit window and air gap. This method reduces uncertain-
ties associated with dose fall-off and scattering and follows established proton dosimetry practices that
use small, central ROIs to obtain reproducible and representative dose measurements (Kirby et al 2011,
Karsch et al 2012, Howard et al 2020). A sensitivity analysis was also performed to assess the depend-
ence of the coefficient of variation on different ROI diameters, confirming that a 10 mm ROI provided
an optimal balance between measurement precision and spatial specificity.

The script calculates the average dose and SEM for each colour channel individually and for the
combined RGB channels. For each channel, the dose was derived from the mean pixel intensity within
the selected ROI using the calibration constants listed in table 1. Measurement uncertainties were
propagated from the pixel-value variance, and the SEM was used as the reported uncertainty in all res-
ults, calculated as SEM = SD/+/N, where N is the number of pixels within the ROI The overall calib-
rated dose was obtained as a multichannel estimate, quantified through inverse-variance weighting of the
individual RGB channel doses. This approach provides a statistically meaningful estimate of the uncer-
tainty of the mean dose, improving precision while reducing channel-specific noise and artefacts across
all dose-response analyses.

Since the RCF response to proton irradiation is LET-dependent, a correction model was implemented
following the approach described by Sanchez-Parcerisa et al (2021). The RE associated with LET quench-
ing was derived using the fitting parameters reported for Gafchromic™ EBT3 films. The LET at the film
surface was computed as a function of the residual proton energy after transmission through the exit
window and air gap, using the same model and coefficients described in that work. The only modi-
fication introduced in this study concerned the energy-loss description through the 50 ym aluminium
extraction foil, for which the parameters s = 2.2717 MeV'”? and q = —0.699 were applied. These para-
meters account for the specific energy degradation conditions of the CMAM IMP beamline, ensuring
accurate LET estimation prior to dose correction.

To assess the suitability of the IMP beamline for biological sample irradiation, the average dose
measurements were performed under various beam conditions. These data facilitated the development
of an online dosimetry system capable of calibrating the delivered dose as a function of the beam intens-
ity, exposure time, distance from the exit window, and raster-defined scanning area. Reproducibility tests
confirmed that identical doses can be reliably delivered across multiple samples and experiments. For
data validation, the records of the measured ion beam current over time (charge files) were examined to
verify the irradiation duration. When discrepancies between the planned and actual irradiation times
were detected, corrections were applied to ensure an accurate analysis. An uncertainty of £ 0.25s,
determined from the experimenter’s reaction time, was incorporated into the calculations.

2.3. Proof-of-concept study: proton irradiation of tumor cells

After the dosimetric characterisation of the IMP beam line at the CMAM, a series of experiments were
conducted. The characteristics of the irradiated cell lines, along with the protocols followed for cell cul-
ture, seeding, irradiation, and clonogenic assays are detailed in the following sections.

2.3.1. Cell culture and proton irradiation conditions

U-87 MG glioma cells (ATCC” HTB-14) were maintained in High Glucose Dulbecco’s Modified Eagle
Medium (DMEM) (Cytiva, Marlborough, MA, USA) supplemented with 10% fetal bovine serum
(Cytiva) and 1% penicillin—streptomycin (P/S) (Thermo Fisher Scientific, Waltham, MA, USA) under
standard culture conditions (37 °C, 5% CO,). At confluence, the cells were rinsed with 1x phosphate-
buffered saline (PBS), detached using 0.05% trypsin (Thermo Fisher Scientific), resuspended in fresh
complete medium, and counted. A total of 5000 cells were seeded in ibiTreat 96-well plates and incub-
ated for 24 h before irradiation under standard conditions.

Irradiation was performed with a 10 MeV proton beam extracted through the exit window into air,
with the beam current at the FC near the window set to 0.5-1nA. A calibration RCF was first irradiated
to determine the dose rate, corrected for timing (section 3.2), and subsequently used to calculate the
exposure times for the planned doses. The cell plates were then placed 4 cm downstream, perpendicular
to the beam axis, with an additional RCF positioned in front to verify the delivered dose. Each irradi-
ation covered a 35 mm-diameter circular field encompassing the 12 fully irradiated wells, while one area
was reserved as a non-irradiated control (figure 1(c)). Twenty-four hours post-irradiation, the RCFs were
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scanned and the dosimetric characterisation was performed using a ROI covering the full irradiated field,
corresponding to the area exposed during the biological experiments.

2.3.2. Clonogenic assay

A clonogenic assay was performed 48 h after irradiation to ensure that colony formation exclusively
reflected irradiation-induced effects (Franken et al 2006). For each irradiation condition, three biological
samples were prepared per dose group. Each sample was subsequently seeded into three separate wells
of a 6-well plate (three technical replicates per sample), resulting in a total of nine wells analysed per
dose condition. For each experimental condition, the cells were trypsinized, centrifuged at 1300 rpm for
5 min, resuspended in DMEM, and seeded at a density of 1000 cells per well in 6-well plates. Cultures
were incubated for 10 d under standard conditions to allow colony formation. The colonies were then
fixed and stained with crystal violet (0.125 mg in 10 ml of ethanol (70%) and 40 ml of distilled water;
Thermo Fisher) for 10 min at room temperature, followed by three washes with PBS (1x). The plates
were scanned and the colonies were counted. The plating efficiency (PE) was calculated as the ratio of
colonies formed to the number of cells seeded:

Hcoloni
PE (%) = Zcolonies formed . ) (2)
Heells seeded

The survival fraction (SF) was then determined as described by Munshi et al (2005):

SF — PPEEirradiated ) (3)
control

3. Results

3.1. Optimisation of the irradiation parameters

Following the methods described in section 2.4, we developed protocols to evaluate the dependence of
the deposited dose on the distance from the exit window, determine the optimum scanning area for
sample irradiation, and assess the reproducibility of the dose as a function of beam intensity and irra-
diation time.

3.1.1. Dose-time dependence and sample-distance assessment
To evaluate the dependence of the delivered dose on irradiation time, measurements were performed at
a fixed distance of 40 mm from the exit window while keeping the beam intensity (0.5 nA) and scan-
ning area (40 X 40 mm?) constant. The resulting average doses, corrected for the timing uncertainty of
£0.255, are shown in figure 3. A linear fit was applied to these data to confirm proportionality between
dose and exposure time under these conditions. The results indicate that the time—dose relationship
remains linear over the tested interval, supporting the use of exposure time as a reliable parameter for
dose control in biological irradiations, although the SEM increases at longer exposures due to partial
RCF saturation.

The influence of the sample distance was evaluated separately by irradiating RCFs at 40, 50, 60, and
70 mm from the exit window, using a beam intensity of 0.8 nA and exposure times of 2, 5, 10, and 15s.
For each distance, a linear fit of dose versus time was used to obtain the corresponding average field
dose rate and expected fluence rate (table 2). The resulting dose rates vary only slightly across the tested
distances, remaining compatible with statistical uncertainties. These small differences are consistent with
the modest increase in stopping power and range-straggling effects expected as the air gap increases.

3.1.2. Determination of the optimal scanning area
The irradiation of the RCFs used to analyse dose variation as a function of the scanning area was per-
formed at a distance of 40 mm from the exit window, with a beam intensity of 1.1 nA, an exposure
time of 5s. Ten different scanning areas (obtained by the movement of the beam raster) were tested
(figure 4). For the smallest scanning areas, the field shape in the RCF images appears slightly rectangu-
lar due to the projection of the rastered beam through the circular exit window and minor geometrical
effects near the beam boundaries, rather than any intrinsic asymmetry of the scanned field.

The calculated average dose decreased with increasing scanning area (figure 5(a)). For the 60 x
60 mm? scanning area, the irradiation time was inadvertently longer, as observed by the accelerator
charge files, and the measured dose was corrected proportionally to the actual exposure time. For the
two smallest scanning areas (10 x 10 and 15 x 15 mm?), the SEM values were notably high. The lowest
SEM values were observed for scanning areas above 40 x 40 (figure 5(b)).
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Figure 3. Average dose as a function of the irradiation time, assuming a constant timing uncertainty of & 0.25s. The dotted line
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Table 2. Calculated average field dose rates (total dose in the analysed ROI divided

by irradiation time) based on the linear regression, and corresponding expected

fluence rates at various distances

Dose rate from linear

Distance (mm) regression (Gys™!)

Expected fluence rate
(protons mm~2 s~1)

40 0.4540.01
50 0.46 +0.01
60 0.43+£0.01
70 0.44+£0.01

4.740.1
4.7+0.1
44+0.1
4.6+0.1

exit window limit.

Figure 4. RCF images for scanning areas: (a) 10 X 10 mm?, (b) 15 x 15mm?, (c) 20 X 20 mm?, (d) 25 x 25 mm?, (e) 30 x
30 mm? and (f) 40 x 40 mm?2. ROIs used for dose averaging are shown. Areas > 40 x 40 mm? show similar profiles due to the
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Figure 5. (a) Calculated average dose as a function of the scanning area for a fixed irradiation time of 5s and a beam current of
1.1 nA, The data are fitted to a 2nd degree polynomial function. (b) Relative error deviation as a function of the scanning area
under the same irradiation conditions, used as an indicator of field uniformity.
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Figure 6. Calculated average dose as a function of the average beam intensity measured by the external FC, for various distances
from the exit window, fitted to a linear function and with the corresponding R? values shown in the legend.

Consistent with previous studies (Lewis ef al 2012), the red channel of EBT3 films provides the
highest sensitivity and lowest uncertainty at low doses, making it preferable for small-field analysis.
However, to maintain consistency across all datasets, a multichannel analysis approach was used
throughout this work. In addition, scanning areas larger than 40 x 40 mm?, ideally covering the full exit
window, are recommended to achieve improved field homogeneity.

3.1.3. Intensity

To analyse the influence of the beam intensity on the delivered dose, the exposure time (5s) and scan-
ning area (40 x 40 mm?) were kept constant. The irradiation was performed at four distances (40, 50, 60,
and 70 mm), each tested with three beam intensities (0.45, 1.2, and 2.3 nA). The graphically represented
intensities (figure 6) correspond to the average values measured immediately before and after irradiation.
The absorbed dose increased with the beam current, but a higher variability was observed in the RCFs
exposed to higher intensities.

3.1.4. Reproducibility
To analyse the reproducibility of the dosimetric system, the distance (40 mm) and beam intensity (1 nA)
were kept constant. Two different exposure times (5 and 10s) and two scanning areas (20 x 20 and

8
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Table 3. Calculated dose rates for each repetition (shot) and the corresponding scanning area, irradiation time and
average dose

Shot Scanning area (mm?) Irradiation time (s) Average dose (Gy) Dose rate (Gys™!)
1% 40 x 40 5.00 (40.25) 2.3 (£0.1) 0.46 (£0.03)
20 x 20 10.00 (£0.25) 16.7 (£2.3) 1.67 (£0.24)
ond 40 x 40 5.00 (40.25) 2.4 (£0.1) 0.48(40.03)
20 x 20 10.00 (£0.25) 15.4 (£2.0) 1.54 (£0.21)
3rd 40 x 40 5.00 (40.25) 2.5 (40.1) 0.50 (2£0.02)
20 x 20 10.00 (£0.25) 17.7 (£2.6) 1.77 (£0.26)

40 x 40 mm?) were tested and irradiation was repeated three times for each condition. The correspond-
ing dose rates were calculated for each RCF and are presented in table 3.

Under identical scanning areas and irradiation times, the dose rate remained nearly constant across
repetitions, with a coefficient of variation of 6%-8%, confirming that the beamline and dosimetric sys-
tem can reliably reproduce radiation doses. This level of reproducibility is essential for the accurate exe-
cution of biological irradiation experiments.

3.2. Dosimetry

RCFs are known to continue darkening for several hours after irradiation (Devic et al 2005), and stand-
ard protocols recommend a 24-48 h waiting period to ensure accurate dose measurements. However, in
our protocol (section 2.2), the dose rate was determined as part of the daily beam quality assurance at
the start of each experimental shift, requiring RCFs to be scanned shortly after irradiation. To account
for post-irradiation darkening, a correction factor was established by scanning the selected films immedi-
ately after irradiation and again after at least 24 h. The ratio between the measured dose rates from these
two time points was defined as the QSF, and was calculated as follows:

QSE(t) = ggz; (4)

where D(t,) is the dose rate measured at least 24 h after irradiation and D(t;) is the dose rate measured
at time t post-irradiation.

Ten different QSF measurements were performed within the first 60 min after irradiation using
dose values in the 0-12 Gy range. Six dose spots were evaluated for each measurement to determine the
dose rate. The resulting data were empirically fitted and the QSF as a function of the elapsed time ¢ (in
minutes) is expressed as

QSF () = 1.211 — 0.0415 % In (1). (5)

This equation is valid for immediate scanning (times shorter than 60 min). For scans performed
between 1h and 8h after irradiation, a constant value of QSF = 1.04 was employed. This value is based
on previous experiments performed with photon beams and was found to be consistent with the trend
observed in the present data. Because most films in this work were scanned shortly after irradiation,
measurements beyond 1h were not further investigated. An overall 2% uncertainty in the QSF is con-
sidered a conservative estimate and has been included in the global uncertainty budget. The fitted curves
and measurement data are shown in figure 7.

3.3. Automated proton irradiations on glioblastoma cells

Automated proton irradiation was performed using a motorized stage specifically designed to position
both the RCF and the biological sample at the same irradiation site (figure 1(c)). U-87 MG cells were
irradiated with doses of 0 (control), 4.140.2, and 12.6 & 0.4 Gy, delivered at a dose rate of 0.6 Gys™1.
RCFs were scanned 24 h after irradiation to verify the radiation dose delivered to the cells. We performed
a clonogenic assay, which evaluates the ability of individual cells to proliferate and form colonies in vitro,
to study the long-term viability of cells and provide critical insights into cellular radiosensitivity and
treatment efficacy. The number of colonies formed and the SF of the control and those irradiated at 4.1
and 12.6 Gy are shown in figure 8(a).
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Figure 8. (a) Images of the number of colonies and (b) Survival Fraction (SF) of U-87 MG cells after 0, 4.1 and 12.6 Gy proton
irradiations with the trend line represented.
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4. Discussion

The developed proton beamline provided reliable dose delivery and homogeneity suitable for radiobiolo-
gical studies, meeting key requirements identified for modern preclinical irradiation platforms, including
recent multi-accelerator infrastructures designed to ensure reproducible and well-characterised biolo-
gical exposures (Bin et al 2022, Metzkes-Ng et al 2023, Rovituso et al 2025). RCF dosimetry with LET-
dependent corrections enabled accurate measurements of low-energy proton fields, consistent with
reports emphasizing the need to account for LET effects to avoid dose underestimation (Dahle et al
2017, Grilj and Brenner 2018, Resch et al 2020). The beam reproducibility and dose linearity achieved
are consistent with results reported for other preclinical proton radiobiology platforms, including com-
pact or low-energy setups and clinical research beamlines adapted for biological studies (Romano et al
2016, Henthorn et al 2020, Bin et al 2022, Horst et al 2025, Rovituso et al 2025). Homogeneous dose
delivery across the irradiation field is particularly important for studies involving monolayer cell cultures
or small animal models, as highlighted by recent advances in beam shaping, field definition and dosi-
metric control in preclinical radiobiology platforms (Baratto-Rolddn et al 2020, Brack et al 2020, Suckert
et al 2021, Metzkes-Ng et al 2023).

Small scanning areas produce higher SEM in dose measurements, likely due to beam non-uniformity,
edge effects, and local film heterogeneities (Gonzalez-Lopez et al 2015, Clausen et al 2023). However,
enlarging the scanned region does not improve the precision indefinitely. Instead, an optimal scan-
ning area, typically above 40 x 40, minimizes the SEM by balancing sufficient statistical sampling with
reduced exposure to peripheral non-uniformities or LET effects (Battaglia et al 2016, Kato 2019). Larger
areas may include regions affected by proton scattering and dose fall-off near the field edges, highlight-
ing the need to select an appropriately sized intermediate region for radiobiological dosimetry.

In this study, beam intensities above approximately 1 nA led to increasingly irregular dose delivery,
resulting in a loss of linearity between the set current and the measured average dose, with significantly
greater variability observed in the 2.0-2.5nA range. These fluctuations reflect the unstable beam output
at higher currents, compromising the accuracy and repeatability of irradiation. Maintaining the beam
intensity at or below 1nA mitigated these effects ensuring stable currents. Instabilities may likely come
from the ion source operation. However, the exploration of higher beam currents is foreseen for the
future, including consultation with the supplier of the accelerator systems.

The observed 6%-8% variation in repeated dose measurements reflects the combined uncertainty
of beam stability, film response, and data analysis. In our configuration, the dominant contribution to
this variability arises from irradiation timing and monitoring procedure rather than from the intrinsic
stability of the tandem accelerator. Beam on/off control was performed manually, and repeated timing
measurements showed an operator-dependent timing uncertainty of + 0.25s, which constitutes a signi-
ficant fraction of the delivered dose for short irradiations. In addition, the FC upstream of the exit win-
dow provides an integrated current value but does not record real-time fluctuations during the exposure,
which limits its precision for dose prediction. Automated time control and the implementation of an
online transmission-mode beam monitor are currently being introduced to reduce these uncertainties.
While the present reproducibility is adequate for beamline characterization and proof-of-concept bio-
logical experiments, uncertainties below 5% are desirable for accurate RBE assessment (Friedrich et al
2012, McNamara et al 2015). Further optimization of beam monitoring at CMAM is therefore expected
to improve measurement consistency in future studies. For proton irradiation, we usually work between
0.5-1nA, where there is a linear behaviour. The intensity fluctuations were corrected by measuring the
intensity at the beginning and end of each irradiation set.

The integration of computational modelling (e.g. Monte Carlo simulations) further strengthens the
reliability of the system by enabling the detailed characterisation of LET distributions and dose depos-
ition, which are critical for interpreting biological outcomes and for future investigations into variable
RBE models (Dahleet al 2017, Jones et al 2018). Proof-of-concept experiments with U-87 MG glio-
blastoma cells confirmed that the proton doses delivered by the adapted beamline produced a measur-
able and biologically meaningful reduction in clonogenic survival. The SF values obtained in this study,
0.25 at 4.1 Gy and 0.016 at 12.6 Gy, show a clear dose-dependent loss of reproductive capacity. These
values are consistent with previously published proton irradiation data for U-87 MG cells. In particu-
lar, (Cammarata et al 2019) reported an SF of ~ 0.26 at 4 Gy, and the proton survival curve presented
by Xiao eral (2019), shows SF values of ~ 0.01-0.02 at 10 Gy. The very low survival observed at 12.6 Gy
is therefore in line with the expected biological response at high dose and may also reflect the increased
uncertainty of RCFs in the high-dose region. The agreement between our measurements and the literat-
ure supports the accuracy of the delivered dose and demonstrates that the beamline is suitable for con-
trolled radiobiological studies. Overall, this work contributes to the growing body of evidence supporting
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the need for precise, versatile proton irradiation systems in radiobiological research, facilitating more
accurate studies on the biological effectiveness of proton irradiation, supporting future clinical transla-
tion (Jones et al 2018).

5. Conclusions

An automated stage and software were developed to enable precise and reproducible cellular irradiation
at the IMP beamline of the CMAM. Analysis of the irradiation results confirmed that the beam intens-
ity, exposure time, and scanning area are the primary determinants of dose delivery. The distance from
the exit window showed minimal impact on the measured dose, reflecting a balance between the slight
increase in LET with air path length and the concurrent reduction in fluence caused by beam divergence
and scattering. Beam intensity fluctuations present notable experimental challenges, directly influencing
measurement reproducibility as evidenced by repeatability test data.

The RCF dosimetry system provides reliable and user-friendly dose-rate determination. However,
residual variability may stem from operator inexperience in RCF handling, a known critical factor for
measurement consistency according to the established literature. ROI selection introduces inherent user-
dependent variability, although this was mitigated through standardised selection protocols as detailed in
the methodology. Future work will focus on developing new software to analyse scanned RCFs, enabling
the real-time monitoring and control of irradiation homogeneity. Moreover, we are improving the stage
control software to enable full synchronization between the irradiation times and stage movement, allow-
ing complete automation of the irradiation process.

The CMAM IMP beamline proved to be suitable for homogeneous cell irradiation, consistently pro-
ducing uniform radiation spots. The system enables the precise control of critical parameters, facilit-
ating accurate dose delivery optimisation, as confirmed by clonogenic assay results with U-87 MG cell
irradiation.
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