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Abstract
Objective. Very high energy electrons (VHEE) in the range of 50–250MeV are of interest for treating
deep-seated tumourswith FLASH radiotherapy (RT). This approach offers favourable dose
distributions and the ability to deliver ultra-high dose rates (UHDR) efficiently. TomakeVHEE-based
FLASH treatment clinically viable, a novel beammonitoring technology is explored as an alternative
to transmission ionisationmonitor chambers, which have non-linear responses atUHDR. This study
introduces the fibre optic flashmonitor (FOFM), which consists of an array of silica opticalfibre-
basedCherenkov sensors with a photodetector for signal readout.Approach. Experiments were
conducted at the CLEAR facility at CERNusing 200MeV and 160MeV electrons to assess the FOFM’s
response linearity toUHDR (characterisedwith radiochromic films) required for FLASH radio-
therapy. Beamprofilemeasurementsmade on the FOFMwere compared to those using radiochromic
film and scintillating yttrium aluminium garnet (YAG) screens.Main results. A range of
photodetectors were evaluated, with a complementary-metal-oxide-semiconductor (CMOS) camera
being themost suitable choice for thismonitor. The FOFMdemonstrated excellent response linearity
from0.9 Gy/pulse to 57.4 Gy/pulse (R2= 0.999). Furthermore, it did not exhibit any significant
dependence on the energy between 160MeV and 200MeVnor the instantaneous dose rate. Gaussian
fits applied to vertical beamprofilemeasurements indicated that the FOFMcould accurately provide
pulse-by-pulse beam sizemeasurements, agreeingwithin the error range of radiochromic film and
YAG screenmeasurements, respectively. Significance. The FOFMproves to be a promising solution
for real-time beamprofile and dosemonitoring forUHDRVHEEbeams, with a linear response in the
UHDR regime. Additionally it can performpulse-by-pulse beam sizemeasurements, a feature
currently lacking in transmission ionisationmonitor chambers, whichmay become crucial for
implementing FLASH radiotherapy and its associated quality assurance requirements.

1. Introduction

Treatment of deep-seated tumours (>5 cm)with electrons is expected to become possible in the coming years
with the use of very high energy electron (VHEE) beams. Electronswith energies in the range 50–250MeV could
be used as a new radiotherapymodality due to recent advances in accelerator technology such as the high-
gradient x-band radiofrequency (RF) electron acceleration cavities—developed as part of the CLIC study at
CERN (Zha andGrudiev2017))—aswell as novel compact C-bandRF systems (Faillace et al 2022). Therefore it
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is possible to attain the higher energies required for electrons to reach deep-seated tumourswithmachines that
could feasibly be located in a hospital campus. Themain advantages of thismodality are the increased
penetration to depths>20 cm into the body and the sharper lateral penumbra in comparison to current clinical
electron beams (DesRosiers et al 2000). In addition, the reduced scatteringwithin the inhomogeneous tissues in
the patient, due to the high relativistic inertia of the electrons at these energies (Lagzda et al 2020), allows the
possibility to treat deep-seated tumours through the use of pencil beam scanning (PBS) (Bazalova-Carter et al
2015, Schuler et al 2017,Muscato et al 2023) and focussing (Kokurewicz et al 2019, Kokurewicz et al 2021,
Whitmore et al 2021). Furthermore these intensity-modulated treatments have the potential for greater
precision and conformity than is possible with photons. The higher beam intensities achievable with the
proposed technology for VHEE,makes it an attractive choice for the delivery of ultrahigh dose rate (UHDR)
radiotherapy. In fact it is technologically easier to generate high intensity electron beams in comparison to both
UHDRMVphotons andUHDRprotons utilising the Bragg peak. For photons the bremsstrahlung production
rate for x-ray targets is a limiting factor (Montay-Gruel et al 2022), while for protons the degraders required to
generate a spread-out Bragg peak reduce the beam intensity (Jolly et al 2020). The use of VHEEbeams allows a
higher dose to be delivered over larger areas of tumorous tissue regions and hence is a promising candidate for
potentially being able to elicit the FLASH effect in deep-seated tumours (Böhlen et al 2021).

The FLASH effect is a fairly recently discovered phenomenon observed in numerous in vivo radiobiological
and animal studies which have demonstrated that delivering the prescribed dose of radiation atUHDR causes
less damage to healthy tissue thanwhen it is delivered at conventional dose rates, while stillmaintaining the same
tumour control efficacy (Favaudon et al 2014, Loo et al 2017,Montay-Gruel et al 2017,Montay-Gruel et al 2019,
Vozenin et al 2019). Determining the dose delivery parameters at which the FLASH effect is observable is still a
huge area of research. Current preclinical data seem to suggest that delivering doses in excess of 10 Gywithin a
total delivery time of<500ms, at amean dose rates of>40 Gy s−1, are reasonable values to observe a significant
FLASH effect (Wilson et al 2020,Montay-Gruel et al 2021, Rothwell et al 2021, Vozenin et al 2022).While the
delivery of VHEE atUHDR to elicit the FLASH effect offers a promising newparadigm in radiotherapy,many
challenges still need to be overcome to consider thismodality feasible for translation at the clinical level.

Perhaps one of themost important technological challenges for the clinical translation of FLASH
radiotherapy is related to the difficulty of real-time dosimetry and beammonitoring at UHDR. This has been
extensively reported in the literature (Romano et al 2022), and is largely due to the fact that forUHDRbeams—
more specifically ultrahigh dose-per-pulse beams—ionisation chambers exhibit large non-linearities in the
formof recombination effects caused by the high charge density in each pulse of radiation (Petersson et al 2017).
This effect ismuchmore prominent formodalities where the delivery of the radiation is from a pulsed linear
accelerator, for example VHEE, since the instantaneous dose ratewithin each pulse is extremely high to obtain
the requiredmean dose rates. The presence of this effect has already been demonstratedwithVHEE and
characterisedwith two separate ionisation chambers, namely the PTWAdvancedMarkusChamber (McManus
et al 2020) and the PTWRoosChamber (Poppinga et al 2020).

Extensive work has been done to calculate corrections for the non-linearities in the response of ionisation
chambers at UHDR, however these correction factors introduce large uncertainties into the dosemeasurements
in theUHDR regime. Furthermore, the research into correcting the response of ionisation chambers at UHDR
has primarily been focussed on parallel plate ionisation chambers for secondary standard dosimetry, as opposed
to large area transmission ionisation chambers, used for beammonitoring, for which only limited studies have
been conducted (Konradsson et al 2020).

Therefore, alternative dosimetry technologies need to be investigated for suchmodalities. The ideal
characteristics for online beammonitoring technologies to be used use forUHDRRT are (Romano et al 2022):

• a large dynamic intensity range in order to deal with beam intensities from conventional RTdose rates up to
UHDR regime;

• a high temporal resolution in order to resolve pulses to determine instantaneous dose rate aswell as provide
feedback signal for accelerator’s safety interlock;

• a high spatial resolution to provide beamposition and profilemeasurements;

• a large sensitive area to be able tomonitor the beamover themaximal extend of the clinical treatment fields,
that can vary from less than one centimetre up to tens of centimetres;

• a high radiation tolerance since these detectors are a permanent fixture in themachine;

• a high level of beam transparency in order tominimise perturbations to the beam characteristics.
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While themajority of the research intoUHDR real-time dosimetry has been focussed on detectors for
reference dosimetry, a number of research groups have been investigating novelmethods forUHDRbeam
monitoring, including the use of integrated current transformers (ICTs) (Oesterle et al 2021), airfluorescence
(Trigilio et al 2022), SiC detectors (Romano et al 2023), and a scintillating screen named the ‘FLASHBeam
ScintillatorMonitor’ (FBSM) (Levin et al 2023).

The use of optical fibre-basedmethods, i.e. scintillator-coupled opticalfibres andfibre optic Cherenkov
sensors, for real-time dosimetry at UHDRhas been of particular interest for its favourable properties such as
dose-rate linearity and high spatial and temporal resolution, with numerousworks demonstrating its
applicability to real-time dosimetry and pulsemonitoring forUHDRbeamswith electrons (Favaudon et al 2019,
Jeong et al 2021, Ashraf et al 2022, Vanreusel et al 2022), protons (Kanouta et al 2023), and kVp x-rays (Hart et al
2022). A technique utilising scintillating fibres has been implemented on the secondary beamlines in the
experimental areas at CERN for beam intensity and profilemonitoring. The detector consists of an array of
scintillating plastic fibres that are read-out usingmulti-channel silicon photomultipliers (SiPMs) (Ortega Ruiz
et al 2020). Similar devices have also been developed in recent years for beamfluence and profilemonitoring for
hadron therapy centres (Leverington et al 2018, Allegrini et al 2021), however these devices have only been tested
and optimised for PBS dose rates. In radiation therapy scintillation fibre dosimetry, Cherenkov radiation is often
considered a source of contamination to the scintillation signal. However, direct detection of Cherenkov signal
using opticalfibres could be particularly beneficial withinUHDRdosimetry since the increased beam intensity
associatedwith thismodality favours the detection of the optical photons produced inCherenkov radiation
(Ashraf et al 2020). Furthermore, Cherenkov light is produced instantaneously, on a timescale of 10–12 s,
following the interaction between the charged particle and the dielectricmedium, hencemaking it an ideal
method for radiation detection at the fast time scales required forUHDRRT. Since the electrons inVHEEbeams
are relativistic, the relative variation of the angle of emission of Cherenkov radiation isminimal within theVHEE
energy range (0.12%difference between 50 and 250MeV) and therefore aCherenkov based detector could be
more suitable for VHEEdosimetry. A novel detector consisting of an array of opticalfibre-basedCherenkov
sensors connected to a photodetector is proposed as an alternative technology forUHDRonlinemonitoring of
the beamprofile and dose, particularly for usewithVHEEbeams. In this work the development of such a
detector, called the fibre optic flashmonitor (FOFM) is outlined alongwith the initial characterisations of the
first array prototypewith 160MeV and 200MeV electron pencil beams at theCLEAR facility.

2.Materials andmethods

2.1. CLEAR facility
TheCERNLinear ElectronAccelerator for Research (CLEAR) is a user facility at CERN that is independent from
themain accelerator complex. It produces electron pulses with energies between 60 and 220MeV and values of
the charge-per-pulse ranging from10 pC to amaximumachievable value of approximately 75 nC. The charge is
measured using ICTs at different positions along the linear accelerator. The pulses (also called trains) are
delivered at a repetition frequency (p.r.f.) that can be varied between 0.833 Hz (nominal) and 10 Hz and have a
widthwith values in the range, approximately, from0.1 ps (single bunch) to 150 ns (Sjobak et al 2019). Each train
is sub-divided in shorter bunches, of order of picoseconds duration, spaced at a frequency of either 1.5 GHz or
3 GHz. The pulse structure of theCLEAR electron beam is shown infigure 1. Themain focus of theCLEAR
facility operation is on general accelerator R&Dand component studies for existing and possible future
accelerator applications. This includes studies ofmethods for high-gradient acceleration and prototyping and
validation of accelerator components for beamdiagnostics. The facility is also used to study radiation damage to
electronics and for irradiations formedical applications. Indeed research inmedical applications at CLEARhas

Figure 1.Pulse and bunch structure of the electron beamat theCLEAR facility.
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gained significant interest in recent years thanks to the facility’s unique capability to deliver electron beams
whose parameters (energy and intensity) are in the range required to study the feasibility of VHEE andUHDR
RT (Korysko et al 2023a). At present numerous studies have been conducted, andmany are still ongoing, to
research the possiblemechanisms behind the FLASH effect; as well as to test the feasibility of novel technologies
for the delivery, characterisation, dosimetry andmonitoring of these unconventional beams. The results of some
of the experiments on the latter are described in this work.

2.2. Silica opticalfibremonitor
2.2.1. Silica optical fibres
The FOFMbeamdose and profilemonitor consists of twomain components, the fibre optic radiation sensors
(FORS)where theCherenkov signal is produced upon the delivery of the radiation and a photodetector to
measure the optical Cherenkov photons transportedwithin the silica opticalfibre. The initial tests conducted as
part of the development of the FOFM,were carried out using only a singlefibre, specifically a 200 mm core
diameter, 0.5 numerical aperture, step indexmultimodal silica opticalfibre (ThorlabsGmbH,Munich,
Germany), 20 cm long, coupled to photodetectors either directly (figure 2(a)) or through a 1.2 m long transport
fibre (figure 2(b)).

Subsequentmeasurements involved an array of 28 fused silica opticalfibres, 0.4 mm in diameter and 30 cm
in length (HilgenbergGmbH,Malsfeld, Germany) and the layout of the setup is shown infigure 3.

2.2.2. Photodetectors
Various photodetectors were tested in different configurations.

Specifically, the sensitive region of the single silica opticalfibrewas coupled:

• directly to a SiPM (Hamamatsu Photonics, Shizouka, Japan) in turn connected to a digitiser;

• directly to a fast photomultiplier tube (PMT)with a neutral density (ND)= 6.0 opticalfilter (1× 10−4%

transmission) (ThorlabsGmbH,Munich, Germany);

• to a charge coupled device (CCD) 6MP camera (Retiga R6, Teledyne Photometrics, ThousandOaks, US)
housedwithin a black box, through a 1.2 m long transportfibre. In this case the sensitive regionwas positioned
at 46°with respect to the direction of the electron beam. TheCCDcamerawas operated at 14-bit pixel depth
which has a 7 frames s−1 acquisition rate, with an exposure time of 1200 ms.

For the FOFM fused silica opticalfibre array, a 2.3 MPBasler ace complementary-metal-oxide-
semiconductor (CMOS) camera (Basler AG, Ahrensburg, Germany), with a FujinonH525HA-1B 1:1.4/25 mm
lens (FujifilmCorporation, Tokyo, Japan)was used as photodetector. TheCMOS camerawas operated at 8-bit
pixel depth at an acquisition rate of 42 frames s−1 and 0.034 ms exposure time. Before any data analysis was
performed, background subtraction and noise removal were applied to the raw recorded data.

2.3. Radiochromicfilmdosimetry
Gafchromic EBT3, EBT-XD,MD-V3 andHD-V2films (Ashland Inc., Bridgewater, NJ, USA)were used for
radiochromic film dosimetry since they are well suited for theUHDR regime (Jaccard et al 2017). Specifically, for
themeasurements involving the response of the single opticalfibre, dose-to-water calibrations were carried out

Figure 2.Photographs of the single optical fibremeasurements setup in theCLEAR in-air test stand. (a)The setupwith SiPMand
PMTphotodetectors. (b)The setupwith the transport fibre andCCDphotodetector whichwas positioned behind the beamdump
and hence not visible in this image.
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by irradiating Gafchromic EBT3 andMD-V3 films to the same beam conditions as the optical fibre. Direct dose-
to-water calibrations for the response of the FOFMoptical fibre arraywere performed using EBT-XD films,
while the FOFMbeamprofilemeasurement comparisons in air were conducted usingHD-V2 andMD-
V3films.

Each of the radiochromic filmswas scanned using an Epson PerfectionV800 Photo scanner (Epson, Long
Beach,US) at least 24 h after irradiation. Dose-to-water calibrations for all of the film types were obtainedwith a
5.5 MeV electron beam at a dose rate of 0.05 Gy s−1, at a depth of 10 mm in solidwater phantomwith an SSDof
100 cmon theOriatron eRT6 at CHUVHospital, Lausanne, Switzerland (Jaccard et al 2018). For each point on
the calibration curve the dosewasmeasured using a PTWAdvancedMarkus IonisationChamber (PTW,
Freiburg, Germany).

A customPython script was used for the calibration and analysis of radiochromic films, which followed the
single channel procedure defined inMicke et al (2011). Calibrationswere performedwith low energy electron
beams since no standardised procedure currently exists for VHEEbeams. The reported agreement between
radiochromic filmmeasurements andMonte Carlo simulationsmadewith 165MeV electrons for radiochromic
films calibrated to clinical 20MeV electron beams (Subiel et al 2014), as well as for 156MeV electron beams at
CLEAR calibrated to clinical 15 MeV electron beams (Lagzda et al 2020, Böhlen et al 2021), demonstrates the
feasibility of using radiochromic films calibrated using low energy electron beams until it is possible to carry out
this procedure withVHEEbeams.

Itmust be pointed out however that, in othermodalities, energy dependence (notably for kVp x-rays) (Chan
et al 2023, Guan et al 2023a) and LETdependence (seen in protons) (Guan et al 2023b) in radiochromic films
have been observed. A dose rate dependency has also been reportedwhen usingUHDRprotons (Villoing
et al 2022). Studies are currently ongoing at the CLEAR facility to validate and confirm any dose rate and energy
dependence, using various passive dosimeters such as alanine andTLDs.

To obtain the dose-to-water calibrations for the singlefibre response, the radiochromic filmwas positioned
at a depth of 150 mm in awater phantomusing theCLEARC-robot (Korysko et al 2023b). During thefilm
analysis a 2DGaussian fit was applied to the dose distribution on the film and the dosewas obtained by averaging
the valueswithin a circle of radius 5 mmcentred on themean of theGaussian fit for the green channel. For the
FOFMopticalfibre array profile comparison, the projection of the y-axis profile is plotted, and a 1DGaussian fit
is appliedwhereby the standard deviation of this Gaussian fit is obtained and compared to the standard deviation
of theGaussianfit applied to the FOFMbeamprofilemeasurements.

Figure 3. (a) Schematic of the FOFMassemblywith the CMOS cameras and silica optical fibre array, where theworking distance (WD)
between the edge of the lens and thefibres is 105 mm. (b) Schematic of 3Dprinted opticalfibre support displaying the vertical
arrangement of the silicafibres. (c)Photograph of the opticalfibre array of the FOFM, consisting of 28 fused silica optical fibres,
installed in the in-air test stand at theCLEAR facility.
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2.4. Experimental setup
The single-fibre and 28-fibres array sensors were installed on the in-air test stand at theCLEAR facility,
according to the schematic layout shown infigure 4 (with the exception of the singlefibre case andCCDcamera
as photodetector, where the sensitive region of the opticalfibrewas oriented at 46° and had a transport fibre
leading to theCCD). The ICT is used tomeasure the charge of each electron pulse. TheC-Robot (Korysko et al
2023b) is used to pick up both radiochromic films and the scintillating yttrium aluminium garnet (YAG) screen
in order to position them at different longitudinal positions in the beampath, either in air or in awater phantom.
The setup describedwas used both for dose-to-water calibrations for radiochromic films, and for beamprofile
measurement comparisons in air using both radiochromic films and the scintillating YAG screen.

3. Results

3.1. Photodetector evaluationmeasurements
With the single opticalfibre and photodetectors assembled as shown infigure 2,measurements were taken for
multiple consecutive pulses, specifically 100 pulses when using the SiPMor PMTas photodetector and 20 pulses
for theCCDcamera. Themean amplitude of the signal, recorded on a digitiser, was computed and the response
of the opticalfibre and photodetector at each pulse chargewas obtained by integrating themean signal in a time
windowof 400 ns. To check the linearity of the detector, the response wasmeasured as a function of the charge
per pulse. The increase of charge (and hence of the dose) per pulse was achieved by operating at themaximum
stable bunch charge and then enlarge the pulsewidth by incrementing the number of bunches. TheDPP values
came from a corresponding charge to dose ratio obtained irradiating radiochromic filmwith the same pulse
charges towhich the optical fibrewas exposed. A linear regression fit is then performed to describe the behaviour
of the response of the fibre as function ofDPP. TheR2 value, reduced chi-squared (also calledmean squared
weighted deviation 2c- n ) and p-value of the chi-squared value (P

2c( )) are computed and indicated in the
relevantfigure captions.

3.1.1. SiPM setup
Themeasurements using the SiPMas photodetctor covered a range of pulsewidths between 6.7 and 67 ns,
corresponding to 10 bunches at 1.5 GHz, and to 200 bunches at 3 GHz spacing, respectively. Themean signal
amplitude is shown infigure 5(a) and the response as a function ofDPP infigure 5(b). The response of the optical
fibre connected to the SiPMappears to be linear up to an equivalent dose per pulse of 38 Gy/pulse (65 ns pulse
widthwith 3 GHz bunch spacing in order to reach upperDPP range)with aR2 value of 0.994 for thefit. The
response of the SiPMphotodetector shows saturation above 50 bunches on the response traces shown in
figure 5(a). Therefore the apparent linearity is likely to be from an increase in the area under the trace caused by
the increase in pulse length and hence signal duration rather than from an increase in the signal amplitude. An
error bar of5%was determined for the EBT3 andMDV3DPPdose-to-water calibrationwhichwas obtained
from the intrinsic uncertainty of the films, alongwith the pulse-by-pulse charge fluctuations and the standard
deviation upon calculating themean dose around themaximumof theGaussian fit. Uncertainties in the fibre
outputwere calculated from the standard deviation of the repeatedmeasurements for eachDPP, however these
were negligible for each point for both the SiPMandPMT readout.

Figure 4. Schematic of the plan viewof the experimental setup of the FOFM installed in the in-air test stand at theCLEAR facility.
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3.1.2. PMT setup
The results obtained using the PMT as photodetector are shown infigures 6(a) and (b). In this case a range of
pulsewidths between 0.7 and 67 nswas used. Like the SiPMcase, the signal amplitude saturates when the
number of bunches is greater than 30, as it can be seen in figure 6(a). The response shown infigure 6(b) exhibits
only approximate linearity up to amaximumachievable dose per pulse of 34 Gy/pulsewith the linear fit having
anR2 value of 0.984. Several factorsmight contribute to the observed deviations from linearity. Saturation of the
PMT is the likely cause of the onset of this deviation at about 10 Gy (30 bunches) and above. Subsequently, at
longer pulsewidths, the relation between theDPP and pulsewidth changes due to beam losses. This then
decreases the instantaneous dose ratewithin the pulse and it appears as a larger integrated signal infigure 6(b),
since the dose is delivered over a longer duration. In this case aswell, like with the SiPM, the apparent linearity of
the response to increasingDPP’s will be from a greater integrated signal from thewidening of the pulse duration.

3.1.3. CCD camera photodetector setup
The setup of the experiment wasmodified slightly when using the optical fibre and aCCDcamera as
photodetector, as can be seen infigure 2(b). A longer optical fibre (20 cm sensitive region, 1.2 m transport
region)was used and theCCDcamerawas positioned in a light-tight ‘black’ box behind the beamdump. Since
the photodetector was no longer in the beam contrary to the SiPMandPMTcases, therewas space tomount the
singlefibre on amotorised stage with verticalmovement and thismade possible ameasurement of the transverse
profile of the beam. For each value of the beam charge (corresponding to a specific dose-per-pulse value) the
opticalfibrewasmoved vertically over the beamposition at intervals of 1 mmbetween−5 and+5 mmwith
respect to the nominal centre (y= 0). For each pulse themean value of the pixels over the area of the opticalfibre

Figure 5. (a)Digitiser signal amplitude eachDPP between 10 and 200 bunches. (b)The corresponding dose-per-pulse (DPP) response
of the single opticalfibre and SiPMphotodetector, (R 0.994,2 = 4.48,2c =n P 0.7232c =( ) ).

Figure 6. (a)Analogue signal amplitude, for eachDPPbetween 10 and 100 bunches (100 bunch signal trace overlaps with 75 bunch
trace). (b)The corresponding dose-per-pulse (DPP) response of the single opticalfibre and PMTphotodetector (R 0.984,2 =

11.3,2c =n P 0.2252c =( ) ), and (b) the corresponding.
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on theCCDcamera imagewas taken. 20measurements of consecutive pulses were acquired at each vertical
position. The average of these 20measurements (with an error assumed equal to the standard deviation)was
taken as the response of the detector at the particular vertical position. This response as function of the vertical
position of the fibre is shown infigure 7(a) for 10 nCpulse charge and 200MeV electrons, as an example. This
procedure allowed a reconstruction of the vertical profile of the beam. AGaussianfit was then performed to the
vertical profile of the beam for each value of the beam charge. To obtain the optical fibre response at a givenDPP,
two differentmethodswere adopted and compared. Thefirst consisted in summing the responses of the detector
at each vertical position. The result is shown infigure 7(b) as a function ofDPP. The other involved taking the
integral of theGaussianfit over the vertical profile for each dose per pulse and the results are shown infigure 7(c).
Pulse widths in the range of 0.7–57 nswere used. The response of the detector can be seen to be linear up to a
dose per pulse of 39 Gy/pulse, with anR2 value of 0.985 and 0.998 for the summed response plot and the integral
of theGaussian plot, respectively. The response at DPP’s of less than 5 Gy/pulse suffered fromhaving a low
signal-to-noise ratio (SNR). A better linear behaviour seems to be observedwhen using the integral of the
Gaussianfit to the vertical profile for eachDPP as detector response, however thismethod has larger error bars
for each point due to uncertainties on theGaussianfit thereforemaking it a less accuratemethod for
determining the response of thefibre opticmonitor. The differences between the twomethods could be perhaps
explained by the fact that the low intensity outer tails of theGaussian beamare not efficiently detected due to the
low SNRof theCCDcamera. This under-response however, is compensated forwhen using the integral of the
Gaussianfit.

From the standard deviation of theGaussian fit to the vertical projection of the profile of the beammeasured
with the silicafibre andCCDcamera for a pulse charge of 10 nC, (shown infigure 7(a)) the beam size was
estimated to be 1.73± 0.09 mm.This can be compared to and is consistent with the value (1.83± 0.06 mm)
measured on aYAG screen just behind the fibre installation.

3.2.Opticalfibre arraymeasurements
To evaluate the performance of the FOFMoptical fibre array for VHEEUHDR real-time beammonitoring using
the setup shown infigure 3, a range ofmeasurements were carried outwith both 160MeV and 200MeV
electrons. The investigation involved studies of the linearity of the response as function of the dose-per-pulse,
using radiochromic films inwater as reference as well asmeasurements of the beamprofile, whichwas compared
with that obtained using a scintillating YAG screen and radiochromic film.

3.2.1. Response linearitymeasurements
To evaluate the linearity of the response, at a givenDPP, the sumof the pixel value from each individual fibre
captured by theCMOS camera, such as that shown infigure 8(a), wasmeasured. The results obtainedwith
200MeV electrons and charge between 3.2 and 50.7 nC/pulse are shown infigure 8(b). Pulse widths in the range
9–105 nswere used, with amicropulse structure of 400 pC/bunch. For thesemeasurements, theDPP varied
from4.3 to 39.0 Gy/pulse and thewhole rangewas covered using the sameCMOS camera settings, namely a
normalised gain of 0.7. The data show that the FOFMexhibits a linear response over the entire range ofDPP’s,
with the linearfit having anR2 value of 0.996.Oncemore, an error bar of5%was determined for the EBT-XD
DPPdose-to-watermeasurements. Therewas a variation of about1%between each shot for the sameDPP,
therefore error bars in thefibre output are not visible on the plots.

In order to extend the range ofDPP’s to values well below 5 Gy/pulse, two separate CMOSdata acquisition
(DAQ) settings were used for the low intensity and high intensitymeasurements. For the low intensity DAQ

Figure 7. (a)Vertical beamprofilemeasurement for a 10 nC 200 MeV electron pulse with aGaussian fit applied (red line), andwith
the vertical error bars corresponding to 1s of themean valuemeasured from the 20 repeatedmeasurements for each position. (b)The
dose-per-pulse (DPP) response of the single opticalfibre andCCDcamera photodetector by summing the pixel value at each vertical
position (R 0.985,2 = 9.49,2c =n P 0.2202c =( ) ). (c)DPPplot where the response is calculated from the integral of theGaussianfit
(R 0.998,2 = 0.461,2c =n P 1.0002c =( ) ).
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Mode a normalised camera gain of 1was usedwhile, for high intensityDAQMode, this gainwas set to 0.7, the
same as shown infigure 8(b). The response of the FOFMwhen operated in these twomodes is shown in
figure 9(a) for 200MeV electronswith 400 pCper bunch. In low intensityDAQMode,DPP’s between 0.9 and
6.1 Gy/pulsewere covered—with corresponding pulsewidths of 0.7 to 9 ns—and showed a clear linear response
with anR2 value of 0.996. In high intensityDAQMode,DPP values between 6.1 and 57.4 Gy/pulse (pulsewidths
9−130 ns)were used and again showed a linear response in the covered range, with anR2 value of 0.999. To show
the linearity of the FOFMresponse across the entire dynamic range, allmeasurements inwhich the twoDAQ
modeswere used, the sameDPP for the finalmeasurement in low intensityDAQMode as the firstmeasurement
in high intensity DAQMode, and the low intensity DAQMode values were scaled accordingly. Figure 9(b) shows
this, where the low intensityDAQMode data points from figure 9(a) have been scaled by the ratio of responses
from the 6.1 Gy/pulseDPP in high intensity and low intensityDAQmodes. The response can still be seen to be
linear across this entire range ofDPP’s, and has anR2 value of 0.999. For the remainder of theDPP response
linearitymeasurements, this scaling has been applied to all of the low intensity DAQMode data points.

TheDPP response linearity was investigated for two different energies, the nominal energy at CLEARof
200MeV, and 160MeV, to investigate the energy dependence of the responsewithin theVHEE energy range. A
comparison of the response of the opticalfibremonitor to the two energies at DPP’s between 0.9 and 38.8 Gy/

Figure 8. (a)An example image of thefibre signalmeasured by theCMOS camera (after noise removal) following a 30 nCpulse.
(b)The dose-per-pulse (DPP) response of the FOFMbetween 4.3 and 39.0 Gy/pulse, with the same gain settings on the CMOS
camera for allmeasurements (R 0.996,2 = 0.028,2c =n P 1.0002c =( ) ).

Figure 9. (a)Plot showing the dose-per-pulse (DPP) response of the FOFMbetween 0.9 Gy/pulse and 6.1 Gy/pulse in low intensity
DAQMode (R 0.996,2 = 0.813,2c =n P 0.9992c =( ) ) and 3.1 Gy/pulse and 57.4 Gy/pulse in high intensity DAQ (R 0.999,2 =

0.024,2c =n P 1.0002c =( ) )mode, and (b) showing the same plots butwith the low intensityDAQMode values scaled by the ratio
between the 3.1 Gy/pulsemeasurementsmadewith low intensity and high intensity DAQmode (R 0.999,2 = 0.543,2c =n
P 1.0002c =( ) ).
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pulse (with 400 pC/bunch and pulse widths of 0.7–76 ns) is shown infigure 10(a). The response for 200MeV
and 160MeV can be seen to be linear, and of the similar gradient, the values for which are displayed in table 1.
TheR2 value is 0.997 for the 200MeVmeasurement and 0.999 for the 160MeVmeasurement. Infigure 10(a)
constant offset between the 200MeV and 160MeV responses can be seen. This can be attributed to the
difference in the percentage depth dose distribution for the twoVHEE energies, and the constant position of the
EBT-XDfilm, since the 160MeVVHEEbeamhas an earlier fall-off, hence for the same pulse charge (and
therefore the samefibre output), a smaller dose is deposited at the depth of the EBT-XD film (150 mm inwater).

The instantaneous dose rate, i.e. the dose ratewithin each pulse of radiation, could potentially be a relevant
parameter to elicit the FLASH effect. Therefore, it is important to establish that variations of this parameter do
not affect the response of the beammonitor for the sameDPP. For this purpose, theDPP response linearity
measurements at 200MeV and 160MeVwere repeatedwith two different pulse structures. It should be
observed, however, that evenwith the same pulse width and charge, the dose ratewithin the pulse can vary. This
variation is due to beam loading effects which are present for longer pulsewidths and decrease the intensity of
the later bunches on these longer trains. Since the charge per bunch is onlymeasured for a single bunch per
pulse, a range of instantaneous dose rates are given for each pulse structure. Thefirst structure usedwas the same
as for the results presented so far, i.e. the nominal andmaximumcharge per bunch of 400 pC, corresponding to
an instantaneous dose rate range of 0.3 1 109- ´ Gy s−1. The second bunch structure had a significantly lower
charge per bunch, 75 pC, hence a longer pulse width for the sameDPP,which corresponds to an instantaneous
dose rate of 0.9 2.6 108- ´ Gy s−1. The results obtainedwith this second bunch structure are shown in
figure 10(b) for both 200MeV and 160MeV, with corresponding pulse widths of 5–130 ns. For comparison, the
straight lines which are the results of the fit to the linear dependence of the response, obtained from the datawith
nominal charge per bunch shown in figure 10(a), are superimposed. The data displayed infigure 10(b), show
that the linearity of the response withDPP is similar for both 200MeV and 160MeV energies, and for 400 pC/
bunch and 75 pC/bunch pulse structures. The values for the gradients and the standard error of the gradient for
thesemeasurements are shown in table 1, where all gradients are in agreement within their respective standard
errors.

Figure 10. (a)The dose-per-pulse (DPP) response of the FOFMbetween 0.9 Gy/pulse and 38.8 Gy/pulse for a 200 MeV
(R 0.997,2 = 0.415,2c =n P 1.0002c =( ) ) and 160MeV (R 0.999,2 = 0.010,2c =n P 1.0002c =( ) ) electron beamat 400 pC/
bunch. (b)TheDPP response for a 200MeV (R 0.998,2 = 0.465,2c =n P 1.0002c =( ) ) and a 160MeV (R 0.981,2 = 0.740,2c =n
P 0.9462c =( ) ) electron beam at 75 pC/bunch (with thefits from the 400 pC/bunchmeasurements shown for comparison).

Table 1.The gradient values of the linearfit and their corresponding
standard error for themeasurements shown infigure 10.

Energy

(MeV)
Charge per

bunch (pC)
Gradient of

linear fit

Standard error

of gradient

200 400 0.130 0.002

200 75 0.128 0.002

160 400 0.132 0.001

160 75 0.127 0.007
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3.2.2. Beam profilemeasurements
In order to reconstruct the profile of the beammeasured by the FOFM, the pixel value of each of the individual
fibres recorded by theCMOS camerawas plotted against their corresponding vertical position. For the purpose
of comparison and validation, in-air profilemeasurements were alsomade using radiochromic film (MD-V3
andHD-V2) and on a scintillating YAG screen—both positioned at 300 mmbehind the FOFM.AGaussian fit
was applied to the vertical projection of the profile fromboth the radiochromic film and the scintillating YAG
screen, and compared to the profile reconstructed from the FOFM.

Due to slight variations in the diameters and of the quality of the smoothness on the ends of the silica optical
fibres, the relative response of each of the fibres varied slightly. To correct for this variation, the response of each
of the individual optical fibres to the same beam intensity and positionwas recorded and then normalised to the
mean response of all fibres in the FOFM.The nominal electron beamparameters at CLEARwere used for all of
the beamprofilemeasurements, namely 200MeV energy and charge of 400 pC/bunch. Two different
measurements were done on a single pulse, one at 1 nC/pulse, corresponding to 2.1 Gy/pulse, and another at
10 nC/pulse, corresponding to 17.0 Gy/pulse.

The vertical beamprofilemeasured by the FOFM for a 1 nCpulse and a 10 nCpulse are shown in
figures 11(a) and (b), respectively. The beam size, computed from the standard deviation of theGaussian fit
applied to the vertical profiles, was estimated to be 2.02± 0.15 mm for the 1 nCpulse and 1.71± 0.09 mm for
the 10 nCpulse. The uncertainty is calculated from the error on theGaussianfit. A comparison between these
values and those obtained from the vertical profile projection from radiochromic films and a scintillating YAG
screen is shown in table 2. Althoughwith a larger uncertainty the results are consistent with those obtained using
different techniques, with exception of the YAG screen for the 10 nCpulse.

4.Discussion

The purpose of the research presented in this paper is to show the development of a novel technology, based on
the detection of Cherenkov light, alternative to transmission ionisation chambers for beammonitoring at
UHDR for FLASH radiotherapywithVHEE, and eventually othermodalities. The results presented
demonstrate its ability tomeet the requirements stated in the Introduction. The purpose of themeasurements
with a single optical fibrewas to determinewhich of the photodetectors used exhibited themost suitable
characteristics. Even though the SiPMandPMT showed a relatively linear responsewith increasingDPP (R2

= 0.994 and 0.984, respectively), the signal amplitude showed saturation and the apparent linearity could likely

Figure 11.Vertical profilemeasurementsmade by the FOFM for (a) a 1 nC; and (b) a 10 nC electron pulse at 200 MeVwith aGaussian
fit applied (red line).

Table 2.Vertical beam sizemeasurementsmadewith the FOFM, radiochromic film (with the type of film stated in square brackets), and
scintillating YAG screen obtained from the standard deviationGaussian fit applied to the vertical projection of the beamprofile. The
uncertainty of the beam sizemeasurement is expressed as the error on the standard deviation of the 1DGaussian fit.

Pulse charge (nC) FOFMbeam size (mm) Film beam size (mm) YAGbeam size (mm)

1 2.02± 0.15 2.08± 0.03 [MD-V3] 1.98± 0.02

10 1.71± 0.09 1.66± 0.01 [HD-V2] 1.87± 0.01
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be attributed to thewidening of the pulsewidth.However, this demonstrates that these photodetectors have the
advantage of a high time resolution that could be able to resolve the pulsewidth, evenwhen operated under
saturation conditions. Therefore the information could be used tomonitor the instantaneous dose rate of the
beamand a possible final prototype of the FOFMcould incorporate a SiPMor a PMTattached to one of the
fibreswith the purpose of providing temporal information. A configuration similar to the one described in the
paper byGarcíaDíez et al (2023)where the principle has been demonstrated using a plastic scintillator coupled
to a SiPMvia an opticalfibre formonitoring the pulse structure in high dose rate proton therapy.

TheCCDcamera showed poor linearity (R2= 0.985)when summing thefibre response at each vertical
positionmeasurement, but conversely showed excellent linearity (R2= 0.998)when using the integral of the
Gaussianfit applied to the profile for eachDPP. This can likely be attributed to theGaussian fit compensating for
the under-response at intermediate DPP’s due to the low SNRof theCCDcamera,meaning the low intensity
tails of the beamare not accuratelymeasured. Furthermore, the relatively low SNRof theCCDcamerameant
that the optical fibre had to be positioned at an angle in order for a large enoughCherenkov signal to reach
theCCD.

The fused silica opticalfibreswere chosen for the FOFM since the lack of coating and cladding (which had a
similar refractive index to the silica core) permitted a larger transmission of theCherenkov signal to the end of
the opticalfibres. TheCMOS camerawas chosen in this case instead of aCCD camera since it has all the
advantageous properties of the latter with the addition of a larger dynamic range and a faster frame rate. Since the
maximump.r.f at CLEAR is 10 Hz, a CMOS camerawith a frame rate of 42 frame s−1 was perfectly adequate for
themeasurements performed, a larger frame rate being not necessary at the CLEAR repetition frequency.
However, proposed clinical VHEE linacs are likely to have a p.r.f of at least 100 Hz in order to deliver the
prescribed dose overmultiple pulses within FLASH timescales. There are commercially available cameras from
the samemanufacturer with the same properties and resolution but with a frame rate of 168 frame s−1, or at
frame rates>500 frame s−1 with a reduced resolution. ACMOS camera has the additional advantage over SiPM
andPMTof being able to imagemultiple optical fibres simultaneously (in the case discussed in this paper the
entire array of 28fibres), compared to requiring one photodetector per optical fibre sensor.

Arguably themost important requirement for aUHDRbeammonitor is the detector’s capability to respond
linearly to dose and dose rate. The response of the currently used transmission ionisationmonitor chambers has
been shown to deviate from linearity at dose rates of< 0.1 Gy/pulsewith 10MeV electrons (Konradsson et al
2020). In this work it has been demonstrated that the FOFMresponse is linear with dose and dose rate between
4.3 Gy/pulse and 39.0 Gy/pulse, when operatedwith the sameDAQ settings (figure 8), and between 0.9 and
57.4 Gy/pulse (equivalent to range of 9.0–574 Gy s−1mean dose rate at themaximumCLEARp.r.f. of 10 Hz),
when operatedwith two different DAQ settings for lowDPP and highDPP (figures 9(a) and (b)).

Other novel UHDRbeammonitors are under development. ICTs have been shown to have a linear response
beyond 15 Gy/pulsewith 6MeV electrons and require two separatemodes for CONVandUHDRdose rates
(Oesterle et al 2021); linearity of the response was shown up to 20 Gy/pulse with 7MeV electrons (Triglio et al
2022) for the FLASHDC airfluorescencemonitor, and up to 2 Gy/pulse (mean dose rate of 30Gy s−1)with
9MeV electrons (Romano et al 2023) for SiC detectors. The FBSM reportedly showed dose rate linearity in their
response up to 234 Gy s−1 with 8MeV electrons (Levin et al 2023). In the two FLASH radiotherapy patient trials
to date, conducted using 5.6 MeV electrons (Bourhis et al 2019) and 200MeVprotons (Mascia et al 2023),
radiationwas delivered using single fraction in both cases, with a total prescribed dose of 15 Gy delivered at
166.7 Gy s−1 (1.5 Gy/pulse) and 8 Gywith a quasi-continuous dose rate of 60 Gy s−1 for the electrons and
protons, respectively. Furthermore, significant work has also been published on the treatment plans proposed
for VHEE, suggestingminimumbeam intensities of 9.375´1011 electrons s−1 for>90%of the PTV, to receive a
dose-averaged dose rate in excess of 40 Gy s−1 (Zhang et al 2023). Assuming similar beamparameters and size at
which the FOFMwas testedwith at the CLEAR facility, the above intensity requirement translates into a
minimumDPPof∼23 Gy/pulse at 10 Hz p.r.f, or∼2.3 Gy/pulse at 100 Hz p.r.f. Therefore, themeasurements
described in this paper demonstrate that indeed the FOFMexhibits the response linearity required for dose
monitoring for VHEE into—and possibly beyond—theUHDR regime necessary for inducing the FLASH effect.

It is likely that the clinical translation of VHEE radiotherapywillmake use of electron beams of different
energies, to provide conformal dose distributions to tumours of different depths. It is therefore important that
any adopted beammonitoring technology does not exhibit an energy dependence. The validity of this premise
was tested as part of the experiments for validating the FOFMwith 200MeV and 160MeV electron energies. The
results, presented in figure 10 and table 1, show that the gradients of the slope of the straight linefits describing
theDPP response at the two different energies arewithin close agreement, demonstrating therefore a consistent
responsewithin this energy range.

Furthermore, differing instantaneous dose rates will likely be used both in pre-clinical and clinical
experiments, so it is therefore necessary that the response of the beammonitor is independent of this. The results
of this comparison for the FOFMcan also be seen infigure 10 and table 1, whereby the gradients of the two
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separate instantaneous dose rates for 200MeV and 160MeV are also all within close agreement. Since the values
for the gradient for the 75 pC/bunchmeasurements at both energies arewithin their respective standard error of
the gradients for the 400 pC/bunch at both energies, the response can be considered to be independent of the
instantaneous dose rate. The slight difference and larger standard error visible in table 1 between the two
instantaneous dose rates at 160MeV can likely be attributed to the associated changes of beamparameters that
comewith altering the charge per bunch for energy that is not nominal for CLEARoperation.

Most of the currently employed conventional radiotherapymonitor chambers do not provide beamprofile
measurements, but instead theymonitor the flatness and symmetry of the beam, to ensure it stays within pre-
defined tolerances. However, given the added uncertainties and risks that are associatedwith delivering the
prescribed dose atUHDR, pulse-by-pulsemeasurements of the beamprofile would be an additional level of
quality assurance for dose delivery during FLASH radiotherapy. Furthermore, if PBSwere to be used for the
delivery of VHEEbeams (either at conventional or ultrahigh dose rates), the FOFMcould provide pulse-by-
pulse beampositionmeasurements in addition to profilemeasurements. The results of the beamprofile
measurements for one single 1 nC and 10 nC electron pulse, shown infigures 11(a) and (b), were found to be in
reasonable agreement withmeasurements on radiochromic film andYAG screen. For the 1 nCpulse both the
measurement comparisons from theMDV3film andYAG screenwerewithin the errors of the FOFMbeam size
measurements. For the 10 nCpulse the beamprofilemeasurement with theHDV2 filmwas still within the
uncertainty range of the FOFMmeasurement.Whereas the comparison between the FOFMandYAG screen
measurement showed a larger difference andwas outside of the FOFMuncertainty range. This larger beam size
observed at high charges in the YAG scintillating screen for in-airmeasurements has also been reported
previously at CLEAR and further studies are underway to understand and characterise this effect (Rieker et al
2023). The beamprofilemeasurementsmade FBSM forUHDRbeammonitoringwere reported to havefits that
agreewith those onGafchromic EBT-XD filmswithin 1.4% (Levin et al 2023). One of the limiting factors that
cause the larger discrepancies seenwith the FOFMprofilemeasurements; thefirst being the spatial resolution
being limited to the diameter and spacing of the optical fibres, which in this case is 0.5–1 mm. In spite of the
limitation, themeasurements show that the FOFM is capable of providing pulse-by-pulsemeasurements of the
beamprofile with good accuracy. Thefinal design of the FOFMwill incorporate two opticalfibre arrays to
provide beamprofilemeasurements in both the x and y-axis.

Thework presented in this paper served the purpose of proof-of-principlemeasurements, demonstrating
that the FOFM is capable of providing real-time pulse-by-pulse beamprofilemeasurements and give a linear
responsewith dose deposited at a reference depth inwater into theUHDR regime. In order to ensure that such a
monitor would be feasible for use on a clinical VHEEmachine, furthermeasurements are necessary, however.
The long-term stability of themonitor response (particularly for dose prediction andmonitoring)will have to be
verified, alongwith the characterisation of any ageing or deteriorations of the response of the fibres following
irradiationswith doses in the range of that expected throughout the lifetime of a typicalmonitor chamber.
Radiation hardness tests of the silicafibres used in the experiment described in this paper are currently being
carried out at the IRRAD facility at CERN,with 24 GeV protons up to doses on the order ofMGy’s and both the
Cherenkov signal from the beam and light transmission from a bulb are beingmeasured (Buchanan et al 2023).
Similar tests will be carried out at theCLEAR facility investigating the stability of the response and of its linearity,
following irradiations of large doses (up to hundreds of kGy).

5. Conclusions

To facilitate pre-clinical experiments and the eventual clinical translation of FLASH radiotherapywithVHEE, a
new technological solution for real-time beammonitoring is required, given that saturation effects are present at
UHDR in transmission ionisationmonitor chambers currently in use. In this paper, a device inwhich the
Cherenkov light produced by high energy electrons traversing silica opticalfibres—single or arranged in an array
(FOFM)—is detected by different photodetectors, is proposed as a possible solution,While recently published
results on a similar area of research have shown advances on the development of beammonitoring technologies
forUHDRusing devices such as ICTs, SiC detectors and scintillating screens, the results on the FOFMpresented
in this article are the first inwhich such a technology is considered forUHDRonline beammonitoring for VHEE
beams. The initial results, obtainedwith 200MeV and 160MeV electron beams at theCLEAR facility at CERN,
showed that the FOFMbeammonitor with aCMOSCamera as photodetector exhibited a linear response with
DPP from0.9 to 57.4 Gy/pulse, i.e. over the entire range it was tested. It was also demonstrated that the response
did not depend on energy and instantaneous dose rate, both important factors formonitoring the delivery of the
VHEEdose at UHDR. Furthermore, the FOFMwas able to perform accurate pulse-by-pulsemeasurements of
the beamprofile, showing agreement with the same profilemeasurements performed using radiochromic film.
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In addition, the use of either a SiPMor a PMT connected to a singlefibre as part of the optical fibre array in the
FOFMwould be able to provide information about the instantaneous dose rate of the beam, evenwhen operated
under saturation conditions, due to the good time resolution of these photodetectors. Consequently, thework
presented has shown that afibre optic beammonitor, such as the one proposed in this paper, is a promising
candidate for real-time beamprofile and dosemonitoring for FLASH radiotherapywithVHEE.

One current limitation of the study is using radiochromic films calibrated to 5.5 MeV electrons to provide
dose-to-water characterisations for the fibre opticmonitor.Whilst some studies point to there being little-to-no
energy dependence across a large range of electron energies, suchfilms do exhibit energy-dependence for other
modalities and therefore further studies would benefit fromusing a radiochromic film calibrationwithVHEE
beams once the procedure is available. Subsequently, using other detectors and passive dosimeters to provide
such characterisationswould add further reliability to themeasurements.

Further work is currently ongoing to fully characterise the single opticalfibre array and develop a full scale
prototype of the FOFM, consisting of two separate arrays to provide profilemeasurements in both transverse
dimensions of the beam. The full prototypewill need to be testedwith other radiationmodalities atUHDRas
well as being further characterisedwithVHEEbeams at theCLEAR facility. The additional profile
measurements should also bemadewithmagnified uniformbeams in addition to theVHEEGaussian pencil
beams used at theCLEAR facility. These studies will involve furthermeasurements on the linearity of the
response as well as beamprofile comparisons, radiation hardness, stability of the response, and dose prediction.
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