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Abstract
Objective.This work presents amethod for enhanced detection, imaging, andmeasurement of the
thermal neutron flux.Approach.Measurements were performed in awater tank, while the detector is
positioned out-of-field of a 20MeVultra-high pulse dose rate electron beam. A semiconductor pixel
detector Timepix3with a silicon sensor partially covered by a 6LiF neutron converter was used to
measure the flux, spatial, and time characteristics of the neutron field. To provide absolute
measurements of thermal neutron flux, the detection efficiency calibration of the detectors was
performed in a reference thermal neutron field. Neutron signals are recognized and discriminated
against other particles such as gamma rays and x-rays. This is achieved by the resolving power of the
pixel detector usingmachine learning algorithms and high-resolution pattern recognition analysis of
the high-energy tracks created by thermal neutron interactions in the converter.Main results. The
resulting thermal neutrons equivalent dosewas obtained using conversion factor (2.13(10) pSv·cm2)
from thermal neutron fluence to thermal neutron equivalent dose obtained byMonte Carlo
simulations. The calibrated detectors were used to characterize scattered radiation created by electron
beams. The results at 12.0 cmdepth in the beamaxis inside of thewater for a delivered dose per pulse
of 1.85 Gy (pulse length of 2.4 μs) at the reference depth, showed a contribution offlux of 4.07
(8)× 103 particles·cm−2·s−1 and equivalent dose of 1.73(3) nSv per pulse, which is lower by∼9 orders
ofmagnitude than the delivered dose. Significance. The presentedmethodology for in-water
measurements and identification of characteristic thermal neutrons tracks serves for the selective
quantification of equivalent dosemade by thermal neutrons in out-of-field particle therapy.

1. Introduction and goals

Particle therapy requires awell-defined characterization of stray radiation as the scattered radiation is directed
towards healthy tissue and organs at risk. It is assumed that in electron fields produced in a linear accelerator
(LINAC)most of the scattered particles are electrons, photons and neutrons. Out of all secondary and tertiary
particles generated in high energy electron beams, the neutrons are themost difficult to quantify as they have the
ability to travel further in tissue compared to other types of particles found in the stray radiation field. Therefore,
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the utilization of high-energy electron beams invariably results in the production of undesired secondary
radiation fromneutrons (Jaradat and Biggs 2008, Konefał et al 2012). The generation of secondary neutrons by
electron beams involves a two-step process (NCRP 1984). Initially, an electron undergoes inelastic scattering by
theCoulombfield of an atomic nucleus, resulting in the creation of a bremsstrahlung photon (Attix 2008, Khan
andGibbons 2014,Mathew et al 2020). Subsequently, this photon interacts with atomic nucleus through the
photodisintegration reaction, leading to the ejection of a neutron from the nucleus (Attix 2008, Khan and
Gibbons 2014,Mathew et al 2020).

Unwanted secondary effects in patients undergoing external radiotherapy are often linked to out-of-field
doses. The contribution of scattered neutrons is important to quantify especially for cases of pediatric patients
(Peters et al 2010,Mukherjee et al 2017), individuals with electronic devices such as pacemakers (Konefał et al
2020, Koivunoro et al 2011), those withmetallic implants (Oancea et al 2018), and pregnant women (de Saint-
Hubert et al 2021,Wong et al 2023). In the case of external radiotherapy, the out-of-field equivalent dose from
neutrons presents a significant issue for the aforementioned groups. It can lead to detrimental effects, such as
damage to cardiac devices. These devices are vulnerable to damage from single ionization events caused by high-
linear energy transfer radiation, so even if the flux is low, they are dangerous for these specific cases (Konefał et al
2020, Koivunoro et al 2011). In case ofmetallic implants, additional dose near implants was detected (Oancea
et al 2018a, 2018b). Kids and pregnant womenmay experience various effects, depending on the dose received,
tumor location, and fetal age.However, research in this particular area remains limited and it is currently under
investigation by various groups (Cravo Sá et al 2020, de Saint-Hubert et al 2021, Knežević et al 2022,Wong
et al 2023).

In this investigation, the neutrons aremostly generated from the collisions between the primary electron
beamand the LINACbeamlinewhich is specifically designed to deliver ultra-high dose-rate (UHDR) beams.
The quantity of generated neutrons varies depending on the characteristics of the beamline and its configuration.
In our research LINAC setup, beammodifying devices were not employed.However, during patient treatment,
additional collimators and beam shaping devices comprising high-Zmaterials are typically used. These
supplementary components can lead to an elevated neutron flux. As shown in various publications (Bordy et al
2013,Miljanić et al 2014, Králík et al 2015,Harrison 2017, Cravo Sá et al 2020), neutronswere identified as a
component in scattered radiation produced in conventional radiotherapy, as well as in particle therapy
(Schneider andHälg 2015, Safavi-Naeini et al 2018, Vykydal et al 2016). The contribution of thermal neutrons to
the total dose is often less than 5% in conventional radiotherapy (Agosteo et al 1993), but this contribution to the
out-of-field dose needs to be quantifiedwhen investigating the impact of scattered radiation on healthy tissue.
Therefore, a complete characterization of the out-of-field radiation should be performed in high energy electron
beams.

Neutron dosimeters frequently used are superheated emulsions and solid-state nuclear track detectors (Roy
et al 1987, D’Errico et al 1998, Vanhavere et al 1998, di Fulvio et al 2013). They are very sensitive to neutrons,
insensitive to photons, and can detect as low as fewμSvwith lowuncertainties (Roy et al 1987, D’Errico et al
1998, Vanhavere et al 1998, di Fulvio et al 2013). However, they are passive detectors and data processing is time-
consuming due to semi-automatic readout procedures. Furthermore, it is not possible to easilymeasure the
particle flux or the dose rate. Ideally, a single compact detector would be used tomeasure the particle flux, the
dose equivalent and the dose rate of scattered particles with the aim to characterisation of the stray radiation field
of a high energy electron beam.

The Timepix detector, an active semiconductor pixel detector, is used for the detection of thermal neutrons
in various applications including neutron imaging, calibrations, and the ATLAS experiment at CERN (Jakubek
et al 2009, Campbell et al 2013, Krejci et al 2016, Granja et al 2023). Due to its proven detection efficiency for
charged particles (Rosenfeld et al 2020) and gamma rays (Rubovič et al 2017), as well as its ability to perform
online data processing (Granja et al 2018), this detector appears to bewell suited for real-time characterisation
(Charyyev et al 2023) of themixed particle field characteristic for the stray radiation of a primary high energy
electron beam.

The goal of this studywas to provide absolutemeasurements of thermal neutronflux and equivalent dose
inside thewater tank. In that aim, customised detectors, based on the Timepix3 chip, were equippedwith
thermal neutron convertersmade out of a 6LiF compound (Šolc et al 2022) to allow formeasurements of thermal
neutron flux in real time. To achieve the goal of this investigation, an enhancedmethod for particle field
characterizationwith emphasis on thermal neutron imaging and detection using the highly-integrated
miniaturizedMiniPIXTimepix3module inminiaturized customised architecture (Oancea et al 2022, Oancea
et al 2023)was developed. In this investigation, a calibration of individual converters was performed in a
reference field and the corresponding thermal neutron detection efficiencywas determined. The neutron signals
were recognized and discriminated against the other particle types such as gamma rays and x-rays using artificial
intelligence and high-resolution pattern recognition analysis. Additionally, the thermal neutron fluencewas
converted into the thermal neutron equivalent dose using a conversion factor derived fromMonteCarlo
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simulations. Thefinal goal was to apply the developedmethod to determine the quantity and the spatial
distribution of the thermal neutron fluence and the corresponding equivalent dose inwater generated out-of-
field of theUHPDRhigh energy electron beams (Bourgouin et al 2022a).

2. Instrumentation andmeasurements

2.1. Timepix3flex detectors
2.1.1.MiniPIXTPX3 flexwith thermal neutron converter and graphite backing
TheMiniPIX and the AdvaPIXTimepix3 detectors (Poikela et al 2014) used during this investigationwere
provided byADVACAM (Prague, Czech Republic)whereas the Timepix3 chipwas developedwithin the
Medipix Collaboration at CERNTheASIC read–out chip contains amatrix of 256× 256 pixels (total 65536
independent channels, where one pixel size corresponds to 55× 55 μm2) and an active sensor area of
14.08× 14.08 mm2 for a total sensitive area of 1.98 cm2 (Poikela et al 2014). Timepix3 provides two signal
channels per pixel which can be set in variousmodes such as energy and counting, or energy and time of
interaction at the pixel level. The detector’s sensors weremanufactured from silicon (Si). An illustration of the
MiniPIXTPX3 Flex detector can be found infigure 1. For this study, the Si sensors had a thickness of 100 μm,
500 μm, or 650 μm, as listed in table 3. A picture of the detector sensor (Timepix3) is shown infigure 1(c). In
figure 1(c) can be seen the detector fixed on the extruded graphite support and its thermal neutron converter
(white color)placed on a 3Dprinted frame to support it close to the sensor area (distance of less than 1 mm).

Compared to the rigid version of theMiniPIXTimepix3 (TPX3) detector (Gohl et al 2022, Granja et al 2022),
the customised Flex version has a unique design: the sensor wasmoved 5 cmaway from the electronic
components using aflexible printed circuit board (PCB) (Oancea et al 2023).Moreover, tominimize the
radiationfield perturbation, allmetal parts were replaced by plastic and the chip-sensor assemblywas placed on
an extruded graphite support chiller, see figure 1(a). The detector electronic’s component was built into the 3D
printed plastic holder, whichwas designed to facilitate the immersion of the detector under water. The plastic
holder was designed to be compatible with the positioning systemof thewater tank (Oancea et al 2023) to ease
thefinal assembly (figure 1(b)). The holder was placed into a siliconmedicinal cover (thickness of 65 μm) for
waterproofing purposes.

Figure 1. (a)The customisedMiniPIXTimepix3 detector consists of a semiconductor radiation–sensitive silicon sensor
(500 μm× 1.4 cm× 1.4 cm) bump–bonded to theASICTimepix3 readout chipwith an array of 256 by 256 pixels. The customised
MiniPIXTimepix3 Flex is free ofmetal holders, screws, and cooling elements (allmetallic parts were replaced by carbon and plastic).
The readout electronics are detached from the chip–sensor assembly and chipboard byflex connector. (b)A3Dprinted holder for
deployment in awater tank. (c)The detector sensor area regionwith the 6LiF neutron converter, dimensions and casing described.
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2.1.2. AdvaPIXTPX3 Flex with thermal neutron converter and graphite backing
Themain reason and advantage for whichAdvaPIXTPX3 Flexwas designed is the data speed rate limit of up to
20× 106 hits s−1, whereas theMiniPIXTPX3 Flex allows for amaximumdata speed rate of 2.3× 106 hits s−1.
Also, this detector was built into an identical 3Dprinted holder and an extruded graphite support was used.

2.2. Thermal neutron converter
Thermal neutrons from the stray radiation field are detected through their interactionswith the 6Li nucleus
present in the converter layer which is facing the detector’s sensor. The disintegration of created 7Li nucleus
generates tritium and helium ions. One of these ions can be then observed as distinct circular clusters on the
sensor of the detectors. The converter layer (see figure 1(c))was placed just above the upper section of the sensor,
whereas the other area of the sensor remained unmasked and it was used for other purposes within the same
experiment (e.g. beam imaging, dosemeasurements). Lithiumwas previously used as a converter for thermal
neutrons (Voytchev et al 2003, Campbell et al 2013, Finocchiaro et al 2018, Granja et al 2023). In this
investigation, the converter consisted of a thin layer (∼10 μm) of LiF compoundwith lithium enriched to 86%of
6Li which has a high absorption cross section of 938(6) barns for thermal neutronswith kinetic energy of
0.025 eV (Meadows andWhalen 1970). The 6LiFwasmixedwith dispersive glue and sprayed on the inner surface
of 25 μmthick aluminum foil positioned 300(50) μmabove the sensor surface. As converter layers were not
perfectly uniform through all detectors, each detector-converter pair was calibrated in a thermal neutron
reference field. The calibration constant, i.e. thermal neutron detection efficiency, was defined as the ratio
between the number of detected circular clusters in the defined area behind the converter layer and the reference
thermal neutron fluence. During the calibration, the settings (e.g. detector bias, per-pixel discharging parameter,
called ikrum, etc)were kept as during themeasurements of thermal neutron flux in theUHPDR electron beam.
More details on the thermal neutron reference field and the calibrationmethodwill be presented in section 2.5.

2.3.Detector operation and readoutmodes
Timepix3 detectors operate each pixel simultaneously in time and energymode. The time of arrival (ToA) can be
identifiedwith a resolution of 1.6 ns, whereas the time over threshold (ToT) of the respective pixel can be
measured (Turecek et al 2016). For higherfluxes, the detector can be operated in framemode (Event+ iToT)
andmeasures the integrated per-pixel deposited energy (iToT, which provides dosimetry information) and the
number of hits in each pixel (events, which provide information regarding the beam intensity) (Granja et al
2022). In this investigation, for the purposes of calibration, all detectors were operated in data-drivenmode
(ToA+ToT)with a 5 keV threshold and a bias so as to have a fully depleted volume (e.g.+200 V for the 500 μm
Si sensor) (Granja et al 2021). For the experiments in electron beams, the detector was operated in framemode
due to a highfluxwith an acquisition time of 0.1 s. The per-pixel threshold calibration and per–pixel energy
calibrationwas performed at AdvacamLaboratory (Jakubek 2011). The per-pixel calibration procedure
(Jakubek 2011) relies onmeasurements of x-ray fluorescence photons resulting from excitation of In (24.7 keV),
55Fe (5.9 keV), low-energy gamma rays from radionuclide source of 241Am (59.5 keV). Thesemeasurements
serve as the basis for the subsequent derivation of calibration function parameters through thefitting of the ToT
spectral peaks that have beenmeasured. Consequently, employing the appropriate calibrationmatrices allows to
obtain the per-pixel energy deposited by each detected particle ranging in this case from5 keV to over 2200 keV.

Moreover, a detection efficiency calibrationwas performed for thermal neutron detectionwith a reference
thermal neutron source.

2.4.Method for particle-event recognition and particleflux quantification
2.4.1. Features of cluster track parameters
The ‘data processing engine’ (DPE) is an extensive data processing tool (Marek et al 2023) developed by
ADVACAMand it processes all types of data formatsmeasured by the Timepix3 detectors (Oancea et al 2023). It
includes software that is able to: (i) process the pixelated information and convert it into clusters and their cluster
features/parameters, (ii) plot the histograms of each cluster parameter (via integrated Python scripts), (iii)
calculate the absorbed dose, particle flux, and other physical quantities, (iv) discriminate the particle type in
mixed radiation fields (Granja et al 2018 showed examples of resolved tracks of single particles in amixed
radiationfield), and (v) calculate the integrated sumof deposited energy and number of events in a frame. In
addition, this tool supports the customization of data analysis by the implementation offilters andmasks. The
filters are a set of cluster parameters exclusion intervals that can be set to remove background or unwanted
events (Novak et al 2023). The cluster features were used as inputs for training a neural network for particle
classification, and a complete list of the used parameters is provided in table 1. Infigure 2(a) can be seen the
histogramof the spectrometric parameter height for recognized thermal neutron interactions (black line) and
photons (red line), demonstrating a clear separation between the two types of particles. Conversely, infigure 2(b)
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is displayed the histogramof thewidth parameter, revealing an overlap between the two histograms representing
recognized particles. By combining all seven cluster analysis parameters features is achived the separation of
thermal neutron interactions fromphotons. All histograms of used parameters of AINNcan be seen in as
detailed in Supplementary data.

2.4.2. Particle classificationwith neural networks
The data processing engine is capable of particle classification bymeans of several algorithms: (i)heuristic
decision trees, (ii)neural networks, and (iii) convolutional neural networks. This study exploits aNeural
Network (NN) for the particle classification. TheNNmethodwas developed for Timepix3 detectors with Si
sensors of various thicknesses. Severalmodels with different classifications were developed for different detector
setups. However, themodel of interest in this work contains two classes: (i) highly ionizing heavy particles
generated in the converter by thermal neutron interactions and (ii) background radiation characterized by
weakly ionizing electrons created by photons.

The Python library Tensorflow (Abadi et al 2022)was used for the neural networks. At the input, the cluster
parameters are usedwhich represent themorphological and spectral features of the particles. These are
propagated through two hidden layers, eachwith 20 neurons containing ReLU activations functions (Nair and
Hinton 2010). The last output layer is represented by two neuronswith softmax activation functions. This
functionwas selected to calculate the probability for each class (Aggarwal 2018). The two neurons represent: (i)
tracks corresponding to thermal neutron interactions and (ii) background radiation. Thefinal predicted class is
the onewith the highest probability. The data sets used for the training and testingwere collected inwell-defined
radiationfields of thermal neutrons, and electrons and photons. Theywere separated into one data set for
training (containing 80%of the data) and the remaining data (20%)were used as a testing data set.

Figure 2.Histogramof cluster parameters: (a) height and (b)width of a trackmeasured byMinipix Timepix3 Si sensor of 500 μm
thickness. The thermal neutron interactions are shownwith black color and the photons with red color.

Table 1.Track parameters used by the neural network for the particle
classification for separation of thermal neutron-induced events and
background radiation.

Parameters Description

Size [pixel] area of a track

Linearity [a.u] shape of a cluster, similarity to a line

Length [pixel] distance along themain axes of the track

Height [keV] maximumdeposited energy in one pixel

by a track

Energy [keV] deposited energy by a track

Roundness [a.u] shape of a cluster and similarity to a circle

Border pixels [counts] number of pixels from the vicinity of the

track

Width[px] length perpendicular themain axes of the

track
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2.5. Calibration at reference thermal neutronfield at the graphite pile
The calibration of the detectors with individual converters was performed at theCzechMetrology Institute
(CMI)which uses graphite pile (Vykydal andKrálík 2018) tomaintain reference thermal neutron field for
metrology and dosimetry purposes. It consists of three Pu–Be and three Am–Be radionuclide sources positioned
in a star pattern inside a 1.95× 1.95× 2.0 m3 (width, length, height) graphitemoderator block as illustrated in
figure 3. The pile has an experimental channel in its center with dimensions of 40×40×135 cm3 (width, length,
depth). The calibrationmeasurements were carried out at the reference point inside the pile. The reference
thermal neutron fluence rate (isotropic field)wasФref= 2.91(5)× 104 cm−2 s−1 (Vykydal andKrálík 2018), the
uncertainty (number in brackets following a reported value) is given for k= 1 (GUM-2008 2008). The following
formulawas used to calculate the thermal neutron detection efficiency, h, for each pair of detector-converter:

( )h =
-
F

N N
, 1a b

ref

whereNa is the number of circular clustersmeasured under the 6LiF converter initiated by thermal neutron
interactions (clusters particles cm−2·s−1),Nb is the number of the same type of clusters butmeasured in the area
without the 6LiF converter (background area), (clusters particles·cm−2·s−1).

2.6.Measurement of the stray radiation inwater
The experiment to test themethod for thermal neutron detectionwas carried out at the electron accelerator
facility of theNationalMetrology Institute (NMI) ofGermany, Physikalisch-Technische Bundesanstalt (PTB) in
Braunschweig, which is described in detail in (Schüller et al 2019). The facility is equippedwith a research LINAC
which provides reference ultra-high pulse dose rate (UHPDR) electron beamswith a dose per pulse ranging
from1.8 Gy to over 10.3 Gy (for a pulsewidth of∼2.4 μs) inside thewater tank center to the beamat a depth of
4.65 cm (positions A infigure 4(c)) (Bourgouin et al 2020, Bourgouin et al 2022b, 2022a). The used values of dose
per pulse correspond to a dose rate interval of 9.0 Gy s−1 to 51.5 Gy s−1 at a constant pulse rate frequency
of 5 Hz.

The primary 20MeV electron beampassed through a 0.1 mmCu exit windowbefore being intercepted by
thewater tank (30× 30× 30 cm3) positioned 50.0(3) cmdownstream as illustrated infigure 3(a). The
polymethylmethacrylate (PMMA)water tank front wall was 9.98 mm thick. Thewater tankwas equippedwith a
remotely controlledX,Y, andZ axes positioning system. Twohybrid semiconductor Timepix3 pixel detectors
werefixed to the positioning systemwith the help of a specifically designed plastic double holder (see figure 1(b))
andwere immersed into thewater tank. Thewhole detector holder setupwas remotelymoved to various lateral
positions for the twowater-equivalent depths used during this investigation, i.e. 12.0(3) cm and 18.5(3) cm. The
measurements were performedwith the detectors placed at an angle of 0°—beamperpendicular to the detector’s
sensor. The dose delivery to thewater tankwasmonitored online by an in-flange integrating current transformer
(ICT) (Bergoz, Saint-Genis-Pouilly, France) (Schüller et al 2017). The ICT signal has been cross calibrated
against the absolute chargemeasurement using a Faraday cup and absolute dose towater using alanine
dosimeters (Bourgouin et al 2022a). The ICT signal canmeasure the total charge of individual beampulses
(Schüller et al 2017), which is typically between 30 and 230 nC (Bourgouin et alBourgouin 2022b,2022c). In
addition, a calibrated FlashDiamond detector prototype (Kranzer et al 2022, Bourgouin et al 2022a)was placed
in themiddle of the twoTimepix3 pixel detectors, to provide in-watermonitoring of the dose rate. TheTimepix3

Figure 3.Experimental setup at the CMI facility: (a) the graphite pile with neutron sources Am–Be and Pu–Be. (b)TheMiniPIX
Timepix3 Flex detectors were placed on a support that was inserted into the graphite pile at a depth of 100 cm. Each detector was
equippedwith a 6LiF convertermask.
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detectors were operated in framemode (Event+iToT)with an acquisition time of 0.1 s in order to image
individual pulses of 2.4 μs duration and a frequency of 5 Hz.

2.7.MonteCarlo simulations
AllMonte Carlo simulations were performed in the general-purposeMCcodeMCNP6.2® (Werner 2017)with
neutron cross section library ENDF/B-VIII.0 at 293.6 K (Conlin et al 2018), photonuclear reaction library
ENDF/B-VII.0 (Chadwick et al 2006), and electron-photon relaxation library EPRDATA14 (Werner et al 2018).

2.7.1. Thermal neutron equivalent dose
One of the aims of this investigationwas to quantify the out-of-field dose from thermal neutron in the stray
radiationfield. To do so, the radiological protection quantity equivalent dose in tissue,HTwas used (ICRP 2010).
Tabulated conversion factor fromfluence (ICRP 2010)was not applied since the neutrons are thermalized inside
thewater and the original neutron spectrum entering thewater tank (if originated outside) or generated inside is
unknown and the tabulated values were determined for external exposure only. Therefore, the conversion factor
from thermal neutron fluence to equivalent dose, kH, was determined bymeans ofMonte Carlo (MC)method.
The following assumptionsweremade: (i) the tissue for which theHT is determined is the ICRU4-component
tissue (ICRP 2010); (ii) for simplification, the geometry forwhich theHT is determined is the ICRU sphere
(ICRP 2010), although equivalent doses are otherwise calculated using anthropomorphic phantoms (ICRP
2010) and (iii)HT includes both direct contributions from thermal neutrons aswell as the contribution from
secondary photons generated by neutron interactions. Points of origin of thermal neutronswere homogeneously
sampledwithin thewater tank volume and the neutronswere emitted isotropically with energy distribution
following the thermal neutron peak andwith themaximumneutron energy limited to 0.25 eV. The scored
quantity was the equivalent dosewhichwas divided into neutron and photon components. The neutron
component ofHTwas obtained using the energy heating tally F6modifiedwith a constant equal to 2.5which is
the radiationweighting factor for thermal neutrons (ICRP 2007). The F6 tally was scored using energy losses
(kerma factors) available in the neutron cross section tables. The photonHTwas obtained using the same tally
type, butwithout themultiplication constant sincewR is unity for photons (ICRP 2007). ThefinalHTwas
obtained as the sumof the results for neutrons and photons. To obtain k H, theHTwas divided by the average
thermal neutron fluence in the ICRU spherewhichwas scored using the F4-type tally (average fluence in
volume).

2.7.2. Electron acceleratormodel
Themodelled geometry consisted of 200 cm long final part of the beamline, the exit window embedded in the
stainless-steel flange, and the realistic water tankwith PMMAwalls. The point sourcewas positioned at 118 cm
from the exit windowwith amonoenergetic spectrumof 20 MeV. The electrons generatedwere isotropically
distributed into a conewith the vertex angle of 2°. Such definition is a simplification of the real beamwhich has
theGaussian profile with a sigma of 0.047MeV (Bourgouin et al 2022a). However, the defined beam sourcewas
sufficient for simulations related to neutronswhich originate primarily in themetal components of the beamline
by interactions of bremsstrahlung photons. The spatial distribution of thermal neutronfluence in thewater tank
was scored using a cylindricalmesh tally withmesh binwidth and depth of 5 mm. The neutronwas scored if its
energywas below 1 eV.

Figure 4. (a)PTB research electron LINAChigh energy beamline and exit window. The exit window flange and thewater tankwith the
customisedMiniPIXTimepix3 Flex inserted into thewater tank. (b)Detectors assembly: two customisedMiniPIXTimepix3 Flex
detectors placed symmetrically from amicroDiamond detector prototype. (c)MonteCarlo visualization of the 2Ddistribution of the
absorbed dose from the primary electron beam inwater tankwithmarked positionswheremeasurements were performed.
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3. Results and discussion

3.1. Testing and calibrationwith thermal neutrons
The data acquired during the calibration of the Timepix3 detector in the thermal neutron pile using the 6LiF
converter are displayed infigure 5(b). The per-pixel deposited energy displayed in color logarithmic scalewith
an illustration of the regionwhere the 6LiF converter was placed on the top region can be seen infigure 5(b),
whereas on the bottomof the figure, the background selected area of 2.75× 14.08 mm2, having the same
dimensions as the converter, is emphasized. The entire surface of the sensor is displayed (256× 256 pixels,
equivalent to an area of 14.08× 14.08 mm2; 2 cm2)with an emphasis on the top regionwhere the thermal
neutron converter was placed. In this area, specific circular tracks are seenwhich are created by the interaction of
neutronswith 6LiF and emission of alpha and tritiumparticles. Enhanced visualisation of those tracks imaged
under the converter area is displayed infigure 5(c). Separated tracks, as infigure 5(c), were individually imaged
and selected for testing data utilized in the confusionmatrix evaluation (see table 2).

Figure 5. (a) Integrated detection and 2Dmap of deposited energy in the Timepix3 detector with thermal neutron converter on the
top area. Data collected at the thermal neutron graphite pile integrated over a long acquisition time (30 s). (b) Single particle detection
in the thermal neutron field showing themap of deposited energy (shown in color scale) for a short acquisition time (few s) in the
MiniPIXTimepix3-Flex 500 μmSi detectorwith thermal neutron converter (top region). Thewhole sensor pixelmatrix is shown
(256× 256 pixels) in (a)–(c) Integrated data showing single particle track resolving power displaying 100 particles created by the
interaction of thermal neutrons in the 6LiF converter for a selected area of the detector sensor with the thermal neutron converter
(50× 250 pixels corresponding to 2.75× 13.75 mm2). The large high-LET circular tracks correspond to alpha and tritiumparticles
from thermal neutron interaction in the converter. (d)AINN identified thermal neutron events. (e)AINN identified photons created
directly in the Si sensor.
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3.2. Identification of thermal neutrons usingAINN
The integrated datameasured in the reference thermal neutron field by Timepix3 below the 6LiF thermal
neutron converter (with an area of 50× 250 pixels corresponding to 2.75× 13.75 mm2) can be seen infigure
5(c). In this case, the AINNwas used to distinguish the high-energy tracks created by products of thermal
neutron interactions in the converter and to calculate the detection efficiency of each detector-converter pair. In
figure 5(c) is displayed a fraction of themeasured data containing 100 particles. As can be seen, there aremostly
two species of particles identified in themixedfield:mainly alpha and tritiumparticles from thermal neutron
interaction in the converter (figure 5(d)) and photonswhich are predominantly detected also in the areawithout
the neutron converter by direct interactions in the Si sensor (figure 5(e)). The percentage of detected circular
tracks was 70.35(65)%.The rest is assigned to tracks generated by photons. The per-pixel deposited energy is
displayed in color in logarithmic scale.

3.3. Evaluation of themethod using a confusionmatrix
A confusionmatrix (a statisticalmethod) created to evaluate themethods for particle classification is displayed
in table 2. The confusionmatrix was createdwith visually selected tracks assigned to thermal neutron interaction
products only and background radiation.Over 500 tracks weremanually selected to create the test data set
containing only circular tracks as seen infigure 5(d). The results are reported in table 2. A very good result was
obtainedwith a positive-positive probability of 99.51%.

3.4.Detection efficiency
Thermal neutron detection efficiencies obtained forfive detectors are summarized in table 3. The detection
efficiency for theMiniPIXTimepix3 Flex detectors equippedwith thermal neutron converter ranges from
1.08% to 1.45%.On the other hand, for the Advapix Timepix3 Flexwith the converter, the detection efficiency
was lower, 0.46%. For the later, the neutron converter wasmanufactured in another batchwhere the 6LiF
converter thickness was below 2 μm, significantly thinner than the converters used forMiniPIXTimepix3 Flex.

3.5. Particleflux of thermal neutrons in the graphite pile
To verify the presentedmethod for particle identification, calculation of the detection efficiency, and testing of
fluctuations of the detector, the thermal neutron fluxmeasured by 3 detectors at the thermal neutron pile is
presented infigure 6. The selected detectors have a thickness of 500 μmand two architectures (MiniPIX and
AdvaPIX). The average value of the thermal neutron flux registered in the sensor area with the neutron converter
(2.75× 13.75 mm2) is presented inmeasured intervals of 100 s (figure 6 top). Fluctuations in the registered

Table 2.Evaluation of themethod for particle recognition on the data setmeasured in the thermal neutron reference field. A confusion
matrixwas created and its result is given for themethod based onAINN. The predicted class is expressed in percentages and represents the
total predicted class from an input class of 100% radiation.

AINNmethod

Input class Predicted class [%]

Thermal neutrons Background

Thermal neutrons 99.51 0.49

Background 1.78 98.22

Table 3.Thermal neutron detection efficiency, h, for Timepix3
detectors with thermal neutron converters. Values given for each
calibrated detector. Presented uncertainties include statistical uncer-
tainty of the number of detected neutron-induced tracks and the
uncertainty of the reference thermal neutron flux.

Detector TPX3 Sensor thickness &bias [μm,V] ha[%]

1.I10b 500 μm, 200 V 1.45± 0.04

2.F07b 650 μm, 100 V 1.36± 0.05

3.K03b 100 μm, 50 V 1.18± 0.04

4.H02b 500 μm, 200 V 1.08± 0.04

5.J05c 500 μm, 200 V 0.46± 0.03

a Obtained from circular tracks.
b MiniPIXTimepix3 Flex detector.
c AdvaPIXTimepix3 Flex detector.
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tracks during 100 s long acquisitions are presented infigure 6 (bottom). Absolute flux derivation is possible by
applying the presentedmethod for calibration and using the detector-converter pair with its corresponding
neutron detection efficiency constants.

3.6. Fluence to equivalent dose conversion factor
The value of the conversion factor from the thermal neutron fluence to the thermal neutron equivalent dose
decomposed into the neutron and photon contributions are presented in table 4. Thefinal total value for the
given phantom geometry and tissue definition is kH= 2.13(10) pSv·cm2. This value is comparable to the
tabulated conversion coefficient from fluence to ambient dose from external irradiation by neutrons, h*, defined
by (ICRU2020). For 25MeV thermal neutrons, h*= 4.0 pSv·cm2. The ICRU95 defines the quantity h* as the
maximum ratio of effective dose and externalfluence for various irradiation conditions as calculated for the
whole-body ICRP/ICRU adult reference phantoms (ICRP 2009). This quantity (h* ) does not correspond exactly
to the equivalent dose, nevertheless in this case it serves to confirm that the calculated value of kH is realistic.

Figure 6.Top—Thermal neutronfluxmeasured in the reference beamusing various Timepix3 detectors of different architecture
(detectors IDnumber 1, 4 and 5 from table 3) (topfigure). Bottom—The relative deviation and fluctuations inmeasured data with
respect to the reference flux (29100 particles·cm−2·s−1) for a given time interval of 100 s. Results are related to neutron-induced tracks
registered in the sensor areawith the neutron converter.

Table 4.The conversion from the thermal neutron
fluence to the thermal neutron equivalent dose
obtained fromMCsimulations.

kH 2.13(10) pSv·cm2

Neutron only contribution 21.7(9)%
Photon only contribution 78.3(9)%
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It should be noted that kH depends on the tissue definition and the size of the phantom. In addition, the
resulting value describes the equivalent dose at themeasurement point as if themeasured thermal neutron
fluence occurs in the ICRU4-element tissue.

The total equivalent dose should take into account, besides the equivalent dose from thermal neutrons, the
contribution of the non-thermal neutron component (above 1 eV). The described Timepix3 detectors are not
neutron spectrometers, therefore it is not possible to determine the flux and equivalent dose of fast neutrons and
neutrons of intermediate energies. Fast neutrons could be detected via (n, p) interactions in a suitable (e.g.
polyethylene) converter layer placed above a part of the sensor (Campbell et al 2013). The reliability of the use of
such a converter depends on the type and energy of the primary particles.

3.7. Thermal neutrons in awater tank at LINAC facility at PTB
This study is focused on the dosimetry of thermal neutrons thermalized inside the target volume by neutrons
generated primarily outside of thewater tank. Thewater tank setupwas chosen as a substitute for tissue and
behaved as amoderator as well. The neutrons produced by the 20MeVUHPDR electron beamoriginatemainly
from the interaction of bremsstrahlung photons generated by high energy electrons interacting with the beam
line and the apparatus. The thermalization of neutrons takes place in thewater tank. Such a thermal neutron
field is relatively low-intensity embedded in a high-intensity primary and secondary electron and photon
environment; therefore, limited studies exist in the literature regarding the thermal neutron contribution to the
out-of-field dose in conventional electron radiotherapy. Likewise, with advances in themodality of treatment
delivery, such asUHDR electron radiotherapy, the characterization of out-of-field radiation becomesmore
difficult due to short duration pulses of high dose. Especially when active detectors are used, the time resolution
should be high-enough to image individual pulses ofμs-level together with selectivity and detection resolving
power for different types of particles (electrons, gamma, neutrons, protons and ions).

The simulated 2Ddistribution of the total neutron fluence inside thewater tank is shown infigure 8(a),
whereas infigure 8(b) only the distribution of the thermal neutron fluence is presented and infigure 7(c) only the
2Ddistribution of the epithermal and fast neutrons is shown.Data are normalized per one primary electron.
Although the primary electron beamhas a range of about 10 cm (see figure 4(b)), the neutron fluence is
distributed throughout thewholewater volume in the tank. This is due to themean free path, representing the
average distance between two successive collisions, being of the order of several cm inwater for neutronswith
the energy of a fewMeV (Shahmohammadi Beni et al 2017).

Visualization of the radiationfieldmeasured by theMiniPIXTimepix3 detector (H02)with a Si sensor of
500 μmwhichwas located at a depth of 18.5 cm and lateral position of 5 cm in thewater tank irradiatedwith
20MeV electron beam at 2.87 Gy doses per pulsewith a pulse length of 2.4 μs is displayed infigure 8.When a
particle interacts with the detector, it transfers energy, which is then recorded and displayed using a color scale
(see figure 5 for an illustration of single particle tracks). Figure 8 illustrates an integratedmeasurement where the
energies frommultiple particles are summed. In this particularmeasurement, the significant presence of
background tracks originating from electrons and x-rays, causes the color to transition to orange. On the other
hand, in the thermal neutron reference fieldmeasurements (figure 5(b)) one can observe numerous neutron
interactionswithoutmany other particles, resulting in a predominantly black background. The ability to
selectively identify neutronswithin such a highfluxfield is particularly valuable. Energy deposition inside the
Timepix3 sensor caused by alpha and tritiumparticles from 6Li disintegrations were recognized and
discriminated against other detected particles such as electrons and x-rays events in the high-intensity

Figure 7. Spatial distribution of the (a) total, (b) thermal neutron and (c) epithermal and fast neutronfluence inside thewater phantom
per one primary electron calculated byMC simulations.
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mixed-field. As can be seen infigure 8, below the 6LiF thermal neutron converter region, the TPX3 detector can
register and distinguish particles identified as circular tracks (see highly energetic red circular tracks). The
remaining area of the sensor contains electron energy depositions (orange color). Furthermore, by selecting and
identifying the number of tracks created by thermal neutron interactions in the given area and time interval, the
thermal neutron fluxwas obtained.

The thermal neutron fluxwasmeasured and converted to the equivalent dose at various positions inside the
water tank as illustrated infigure 4(c) using the AdvaPIXTPX3 detector with a Si sensor of 500 μmwhichwas
placed to awater-equivalent depth of 12.0 cm and 18.5 cm. The results are summarized in table 5. Thefirst two
columns give the position identifiedwith letters as labeled infigure 4 and the central position of the detector
sensor in the lateral distance, respectively. The statistics contain over 75 pulses (15 smeasurement time).

Figure 8. Spatialmap of deposited energy per-pixel in Timepix3 at the depth of 18.5 cm and lateral 5 cmdistance in thewater tank
irradiatedwith 20 MeV electron beamat 2.87 Gy doses per pulsewith a pulse length of 2.4 μs at the reference point on beamaxis. The
high-LET (red color) circular trackswere created by thermal neutron interactions in the neutron converter region (upper region).
Data shown for single pulses. The remaining area of the sensor contains homogeneously distributed scattered and stray radiation
created by electrons and x-rays (orange color).

Table 5.Thermal neutronflux and equivalent dosemeasured at selected
positions inside the water tank illustrated infigure 4(c). The delivered dose
per pulse corresponds to 1.85 Gy (pulse length of 2.4μs) at the reference
depth (positionA).

Position

Label

Lateral

distance

[cm]

Thermal neutron

flux

[103 cm−2 s−1 ]

Thermal neu-

tron equivalent

dose [nSv per
pulse of 1.84 Gy]

Depth 12.0 cm

B 0–1.5 4.07± 0.08 1.73± 0.03

C 2–3.5 3.46± 0.05 1.47± 0.02

D 4–5.5 3.00± 0.06 1.28± 0.03

E 6–7.5 2.64± 0.02 1.12± 0.01

F 8–9.5 2.20± 0.05 0.94± 0.02

Depth 18.5 cm

G 0–1 3.71± 0.20 1.58± 0.09

H 2–3 3.28± 0.16 1.40±0.07

I 4–5 3.00± 0.16 1.28± 0.07

J 6–7 2.57± 0.84 1.09± 0.04
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The relative lateral profiles of thermal neutron fluencemeasuredwith Timepix3 detectors with 500 μmthick
Si sensor and simulated byMonte Carlomethod are compared and can be visualised infigure 9. Themeasured
profiles at depth of 12.0 cm (figures 9(a) and 18.5 cm (figure 9(b) ) are in a good agreementwith theMC
predictions for both depths.

By applying the kH conversion factor, the particle flux profile visualised infigure 9was converted into
thermal neutron equivalent dose. For the given experimental setup of the LINAC and thewater tank, theHT at a
depth of 12.0 cm and 18.5 cmwas found to be at order of a fewnSvwith themaximumHT on the beam axis
reaching 1.73 nSv for a single pulse delivery (figure 10). The secondary thermal neutron equivalent dose at this
position is lower by 9 orders ofmagnitude than the therapy dose delivered at the reference point (position A in
figure 4). At a depth of 12.0 cm,where themaximummeasuredHT from thermal neutronswas 1.73 nSv, the
totalmeasured dose corresponded to 12.24 mGy. The decrease ofHTwith the lateral distance from the beam axis
follows a linear trendwith a slope of about 50%decrease per 10 cm.

4. Conclusions

The purpose of this workwas to provide amethod for enhanced detection, imaging, andmeasurement of the
thermal neutron flux. Themethodwas tested in the thermal neutron reference field and applied to characterize

Figure 9.Relative lateral profiles of thermal neutronfluence at a depth of (a) 12.0 cm and (b) 18.5 cm inside thewater tankmeasured
using theAdvaPIXTimepix3 detector and simulated byMCmethod. Data are normalized to themaximumvalue offlux
corresponding infigure (a) to 4.07± 0.08 [103 particles cm−2 s−1] and in (b) to 3.71± 0.20 [103 particles cm−2 s−1].

Figure 10.Thermal neutron equivalent dose in thewater phantom at PTBLINACmeasured by theAdvaPIXTimepix3 detector (J05)
in a range of lateral distances at a depth of 12.0 cm (blue color) and 18.5 cm (green color).
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the thermal neutron flux and equivalent dose in high-intensity FLASH electron beams generated by a research
LINAC at PTB.

Measurement of out-of-field thermal neutron equivalent dose inwell-defined conditions presented in this
study provides appropriatemethodology and is significant for the estimation of secondary cancer risk, as well as
input to analyticalmodels for eventual clinical implementation.

Absolute thermal neutron flux derivationwas possible because of the calibration of themeasurement device
in the reference thermal neutron field. Data processing based on detector responsematrices, pattern recognition
and artificial neural networks, enables the separation and discrimination of the high-LET circular tracks specific
for thermal neutron interactions in the 6LiF converter. Thermal neutron detection efficiencywasmeasured in
absolute for specific pairs of detectors-converter inwell-defined thermal neutron reference field. In addition, the
conversion factor from the thermal neutron fluence to the thermal neutron equivalent dosewas derived from
MonteCarlo simulations. The conversion factor obtained for a reference geometry has the value 2.13 pSv·cm2.
Detector-converter pairs were used in an experiment performed inUHPDR electron beam in awater phantom
tomeasure the thermal neutron flux and equivalent dose rate. For the referenceUHPDRprimary electron dose
of 1.85 Gy per pulse with a pulse length of 2.4 μs, the thermal neutron fluence reached 814(16)neutrons·cm−2

per pulse giving the thermal neutron equivalent dose of 1.70(3) nSv per pulse on the beam axis at thewater-
equivalent depth of 12.0 cm. The thermal neutron fluence and equivalent dose decreased to 440(10)
neutrons·cm−2 per pulse and 0.90(2)nSv per pulse, respectively, at the lateral distance of 8.75 cm at the same
depth. The thermal neutronHT is small resulting in low associated risks and secondary effects of the treatment at
these further depths insidewater. The shape of the particle flux normalized tomaximum roughly follows a linear
trend being in agreementwith theMonte Carlo simulations.

In this investigation, it has been shown that the Timepix3 detector with thermal neutron converter is suitable
to detect andmeasure the thermal neutron flux and derive the equivalent dose. Futurework involves applying
the developedmethod to characterize the out-of-field thermal neutron contribution created in heavy charged
particle therapy (proton, carbon, and helium radiation therapy). In these radiationfields, the discrimination of
thermal neutron interactions in the pixel detector will be hindered by the presence of high-LET scattered and
secondary particles. On the contrary, conventional electron and photon radiation therapy primarily produces
low-LETparticles such as x rays, gamma rays and electronswhich deposit less energy per pixel and create tracks
which can bewell distinguished fromneutron tracks. The tracks in the detector produced by thermal neutrons
will partly overlapwith those created by e.g. low-energy protons thus limiting the discrimination. For this
purpose, themethodwill be further developed bymore elaborate pattern recognition analysis and extensive data
processing aswell as by evaluation of different regions of the detector with andwithout a neutron converter. This
involves further training of artificial neural networks and selection of additional filter parameters for pattern
recognition of the single particle tracks. Furthermore, themethod for thermal neutron fluxmeasurement can be
exploited to estimate the flux in particle therapy to explore newmethods of treatment such as neutron capture
enhanced particle therapy. Thismethod serves to benchmarkMonte Carlo simulations inmixed particlefields.

Acknowledgments

This project 18HLT04UHDpulse has received funding from the EMPIRprogram co-financed by the
Participating States and from the EuropeanUnion’sHorizon 2020 research and innovation program. Thework
carried out by LukasMarek andCarlosGranja was performed in frame of ContractNo. 4000130480/20/NL/
GLC/hh from the European Space Agency.We thank Josef Pacík andMichal Koprda inADVACAM for
designing andmanufacturing the 6LiF converters.We thank JacobMiller fromADVACAM for proofreading the
manuscript and correcting the Englishmistakes.

Data availability statement

The data cannot bemade publicly available upon publication because no suitable repository exists for hosting
data in thisfield of study. The data that support thefindings of this study are available upon reasonable request
from the authors.

Conflict of interest

CO,CG, JJ, LM, JP are working for ADVACAMand they are involved in themanufacture of Timepix3 detectors.

14

Phys.Med. Biol. 68 (2023) 185017 COancea et al



ORCID iDs

Alexandra Bourgouin https://orcid.org/0000-0001-6429-4122
CarlosGranja https://orcid.org/0000-0002-4398-1553

References

Agosteo S, Para A F andMaggioni B 1993Neutronfluxes in radiotherapy roomsMed. Phys. 20 407–14
Attix FH 2008 Introduction to Radiological Physics andRadiationDosimetry (Wiley)
AbadiM et al 2022TensorFlow: A System for Large-ScaleMachine Learning TensorFlow: A system for large-scalemachine learning.

TensorFlow: A System for Large-ScaleMachine Learning TensorFlow: A system for large-scalemachine learning. Retrieved
November 28, 2022, from (https://doi.org/10.48550/arXiv.1605.08695)

Aggarwal C 2018Neural Networks andDeep Learning (Springer) 10
BourgouinA, Knyziak A,MarinelliM,Kranzer R, Schüller A andKapschRP 2022aCharacterization of the PTBultra-high pulse dose rate

reference electron beamPhys.Med. Biol. 67 085013
BourgouinA,Hackel T,MarinelliM,Kranzer R, Schüller A andKapschRP 2022bAbsorbed-dose-to-watermeasurement using alanine in

ultra-high-pulse-dose-rate electron beamsPhys.Med. Biol. 67 205011
BourgouinA, Schüller A,Hackel T, Kranzer R, PoppingaD,KapschRP andMcEwenM2020Calorimeter for real-time dosimetry of pulsed

ultra-high dose rate electron beams Front. Phys. 8 400
BourgouinA et al 2022c The probe-format graphite calorimeter, Aerrow, for absolute dosimetry in ultrahigh pulse dose rate electron beams

Med. Phys. 49 6635–45
Bordy JM et al 2013Radiotherapy out-of-field dosimetry: Experimental and computational results for photons in awater tankRadiat.Meas.

57 29–34
CampbellM et al 2013Analysis of the Radiation Field inATLASUsing 2008 2011Data from theATLAS-MPXNetwork. (https://cds.cern.

ch/record/1544435/files/ATL-GEN-PUB-2013-001.pdf)
ChadwickMB et al 2006 ENDF/B-VII.0: next generation evaluated nuclear data library for nuclear science and technologyNucl. Data Sheets

107 2931–3060
Charyyev S, Liu R, YangX, Zhou J, DhabaanA,DynanWS,Oancea C and Lin L 2023Measurement of the time structure of FLASHbeams

using prompt gamma rays and secondary neutrons as surrogates Phys.Med. Biol. (https://doi.org/10.48550/arxiv.2209.01178)
Cravo SáA et al 2020Assessment of out-of-field doses in radiotherapy treatments of paediatric patients usingMonte Carlomethods and

measurements Phys.Med. 71 53–61
Conlin J L, HaeckW,NeudeckerD, ParsonsDK andWhiteMC2018Release of ENDF/B-VIII.0-Based ACEData Files, Los Alamos

National Laboratory LA-UR-18-24034 (https://nucleardata.lanl.gov/files/la-ur-18-24034.pdf)
D’Errico F,Nath R, SilvanoG andTana L 1998 In vivo neutron dosimetry during high-energy bremsstrahlung radiotherapy Int. J. Radiat.

Oncol. Biol. Phys. 41 1185–92
de Saint-HubertM, TymińskaK, Stolarczyk L andBrkićH2021 Fetus dose calculation during proton therapy of pregnant phantoms using

MCNPXandMCNP6.2 codesRadiat.Meas. 149 106665
di Fulvio A et al 2013 Superheated emulsions and track etch detectors for photoneutronmeasurementsRadiat.Meas. 57 19–28
Finocchiaro P, Cosentino L, S. LoM,Nolte R andRadeckD2018Neutron detection devices with 6LiF converter layers EPJWebConf. 170

01004
Granja C et al 2021Wide-range tracking and LET-spectra of energetic light and heavy charged particlesNucl. Instrum.Methods Phys. Res.A

988 164901
Granja C et al 2023Detection of fast neutronswith the pixel detector Timepix3 J. Instrum. 18P01003
Granja C et al 2022MiniPIXTimepix3— aminiaturized radiation camerawith onboard data processing for online characterization ofwide-

intensitymixed-radiationfields J. Instrum. 17C03019
Gohl S et al 2022Aminiaturized radiationmonitor for continuous dosimetry and particle identification in space J. Instrum. 17C01066
Granja C et al 2018Resolving power of pixel detector timepix for wide-range electron, proton and ion detectionNucl. Instrum.Methods Phys.

Res.A 908 60–71
GUM-2008 2008 Evaluation ofmeasurement data—Guide to the expression of uncertainty inmeasurement Int. Organ. Stand. Geneva 134
HarrisonR 2017Out-of-field doses in radiotherapy: input to epidemiological studies and dose-riskmodels PhysicaMed. 42 239–46
ICRP 2007The 2007 Recommendations of the International Commission on Radiological Protection (ICRPPublication 103)Ann. ICRP 37,

pp 2–4
ICRP 2010Conversion Coefficients for Radiological ProtectionQuantities for External Radiation Exposures (ICRPPublication 116)Ann. ICRP

40, 2–5
ICRU2020Operational quantities for external radiation exposure ICRURep. 95 J. ICRU 20 13 2020
ICRP 2009 International Commission onRadiological Protection. Adult Reference Computational Phantoms (ICRPPublication 110)Ann.

ICRP 38, p 2
Jakubek J, Pospisil S andUher J 2009Neutron detector based onTimePix pixel device withmicrometer spatial resolution SPIE Proc. 7449

744910
Jakubek J 2011 Precise energy calibration of pixel detector working in time-over-thresholdmodeNucl. Instrum.Methods Phys. Res.A 633

S262–6
Jaradat AK andBiggs P J 2008Measurement of the neutron leakage from adedicated intraoperative radiation therapy electron linear

accelerator and a conventional linear accelerator for 9, 12, 15(16), and 18(20)MeVelectron energiesMed. Phys. 35 1711–7
Khan FMandGibbons J P 2014Khan’s the Physics of Radiation Therapy (LippincottWilliams&Wilkins)
KrálíkM, Šolc J, VondráčekV, Šmoldasová J, Farkašová E andTichá I 2015 Spectral fluence of neutrons generated by radiotherapeutic linacs

Radiat. Prot. Dosim. 163 373–80
Krejci F et al 2016Development and characterization of high-resolution neutron pixel detectors based onTimepix read-out chips J. Instrum.

11C12026
Kranzer R, Schüller A, Bourgouin A,Hackel T, PoppingaD, LappM, LooeHK and Poppe B 2022Response of diamond detectors in ultra-

high dose-per-pulse electron beams for dosimetry at FLASH radiotherapy Phys.Med. Biol. 67 75002

15

Phys.Med. Biol. 68 (2023) 185017 COancea et al

https://orcid.org/0000-0001-6429-4122
https://orcid.org/0000-0001-6429-4122
https://orcid.org/0000-0001-6429-4122
https://orcid.org/0000-0001-6429-4122
https://orcid.org/0000-0002-4398-1553
https://orcid.org/0000-0002-4398-1553
https://orcid.org/0000-0002-4398-1553
https://orcid.org/0000-0002-4398-1553
https://doi.org/10.1118/1.597140
https://doi.org/10.1118/1.597140
https://doi.org/10.1118/1.597140
https://doi.org/10.48550/arXiv.1605.08695
https://doi.org/10.1088/1361-6560/AC5DE8
https://doi.org/10.1088/1361-6560/ac950b
https://doi.org/10.3389/fphy.2020.567340
https://doi.org/10.1002/mp.15899
https://doi.org/10.1002/mp.15899
https://doi.org/10.1002/mp.15899
https://doi.org/10.1016/j.radmeas.2013.06.010
https://doi.org/10.1016/j.radmeas.2013.06.010
https://doi.org/10.1016/j.radmeas.2013.06.010
https://cds.cern.ch/record/1544435/files/ATL-GEN-PUB-2013-001.pdf
https://cds.cern.ch/record/1544435/files/ATL-GEN-PUB-2013-001.pdf
https://doi.org/10.1016/j.nds.2006.11.001
https://doi.org/10.1016/j.nds.2006.11.001
https://doi.org/10.1016/j.nds.2006.11.001
https://doi.org/10.48550/arxiv.2209.01178
https://doi.org/10.1016/j.ejmp.2020.02.008
https://doi.org/10.1016/j.ejmp.2020.02.008
https://doi.org/10.1016/j.ejmp.2020.02.008
https://nucleardata.lanl.gov/files/la-ur-18-24034.pdf
https://doi.org/10.1016/S0360-3016(98)00162-X
https://doi.org/10.1016/S0360-3016(98)00162-X
https://doi.org/10.1016/S0360-3016(98)00162-X
https://doi.org/10.1016/j.radmeas.2021.106665
https://doi.org/10.1016/j.radmeas.2012.11.022
https://doi.org/10.1016/j.radmeas.2012.11.022
https://doi.org/10.1016/j.radmeas.2012.11.022
https://doi.org/10.1051/epjconf/201817001004
https://doi.org/10.1051/epjconf/201817001004
https://doi.org/10.1016/j.nima.2020.164901
https://doi.org/10.1088/1748-0221/18/01/P01003
https://doi.org/10.1088/1748-0221/17/03/C03019
https://doi.org/10.1088/1748-0221/17/01/C01066
https://doi.org/10.1016/j.nima.2018.08.014
https://doi.org/10.1016/j.nima.2018.08.014
https://doi.org/10.1016/j.nima.2018.08.014
https://doi.org/10.1016/j.ejmp.2017.02.001
https://doi.org/10.1016/j.ejmp.2017.02.001
https://doi.org/10.1016/j.ejmp.2017.02.001
https://doi.org/10.1109/NSSMIC.2009.5402420
https://doi.org/10.1109/NSSMIC.2009.5402420
https://doi.org/10.1016/j.nima.2010.06.183
https://doi.org/10.1016/j.nima.2010.06.183
https://doi.org/10.1016/j.nima.2010.06.183
https://doi.org/10.1016/j.nima.2010.06.183
https://doi.org/10.1118/1.2898144
https://doi.org/10.1118/1.2898144
https://doi.org/10.1118/1.2898144
https://doi.org/DOI: 10.1093/rpd/ncu192
https://doi.org/DOI: 10.1093/rpd/ncu192
https://doi.org/DOI: 10.1093/rpd/ncu192
https://doi.org/10.1088/1748-0221/11/12/C12026
https://doi.org/10.1088/1361-6560/ac594e


KonefałA,Orlef A,ŁaciakM,CibaA and SzewczukM2012Thermal and resonance neutrons generated by various electron and x-ray
therapeutic beams frommedical linacs installed in polish oncological centersRep. Pract. Oncol. Radiother. 1 339–46

KonefałA et al 2020Radioactivity induced in new-generation cardiac implantable electronic devices during high-energy x-ray irradiation
Appl. Radiat. Isotopes: Incl. Data, Instrum.Methods Agric., Ind.Med. 163 109206

KoivunoroH et al 2011 Epithermal neutron beam interferencewith cardiac pacemakersAppl. Radiat. Isot. 69 1904–6
KneževićŽ et al 2022Out-of-field doses produced by a proton scanning beam inside pediatric anthropomorphic phantoms and their

comparisonwith different photonmodalities Front. Oncol. 12 3386
Marek L et al 2023 (https://wiki.advacam.cz/index.php/DPE)
Mathew F,Makdessi GA,Montgomery L, EvansMandKildea J 2020The impact of treatment parameter variation on secondary neutron

spectra in high-energy electron beam radiotherapy Phys.Med. 80 125–33
Miljanić S, Bordy JM,D’Errico F,HarrisonR andOlko P 2014Out-of-field dosemeasurements in radiotherapy—an overview of activity of

EURADOSworking group 9: Radiation protection inmedicineRadiat.Meas. 71 270–5
Meadows JWandWhalen J F 1970The Thermal-Neutron-AbsorptionCross Sections of 6Li and 10BNuclear Science and Engineering 40

12–16
Mukherjee B, Fuentes C and Lambert J 2017Out-of-field dosimetry and 2nd cancer risk assessment of child patients under proton therapy

using a TLD-basedmicrodosimeterRadiat.Meas. 106 336–40
NCRP1984Neutron contamination frommedical electron accelerators: recommendations of the national council on radiation protection

andmeasurementsNCRP 79National Institutes ofHealth RetrievedMay 29, 2023 from (https://onesearch.nihlibrary.ors.nih.gov/
discovery/fulldisplay/alma991000104939704686/01NIH_INST:NIH)

NovakA,Granja C, Sagatova A, ZachV, Stursa J andOanceaC 2023 Spectral tracking of proton beams by the Timepix3 detector withGaAs,
CdTe and Si sensors J. Instrum. 18C01022

Nair V andHintonGE 2010Rectified linear units improve restricted Boltzmannmachine Proceedings of the 27th International Conference on
Machine Learning (ICML-10), June 21-24, 2010, Haifa, Israel; 807-814 (https://icml.cc/Conferences/2010/papers/432.pdf)

OanceaC et al 2022 Stray radiation produced in FLASH electron beams characterized by theMiniPIXTimepix3 Flex detector J. Instrum. 17
C01003

OanceaC et al 2023Out-of-fieldmeasurements and simulations of a proton pencil beam in awide range of dose rates using a Timepix3
detector: Dose rate, flux and LETPhys.Med. 106 102529

OanceaC, LuuA, Ambrožová I,MytsinG, VondráčekV andDavídkováM2018 Perturbations of radiation field caused by titaniumdental
implants in pencil proton beam therapyPhys.Med. Biol. 63 215020

OanceaC, Ambrožová I, PopescuA I,MytsinG, VondráčekV andDavídkováM2018a LET spectra behind high-density titanium and
stainless steel hip implants irradiatedwith a therapeutic proton beamRadiat.Meas. 110 7–13

Poikela T et al 2014Timepix3: a 65K channel hybrid pixel readout chipwith simultaneous ToA/ToT and sparse readout J. Instrum. 9C05013
Peters L J, O’Sullivan B,Giralt J, Fitzgerald T J, Trotti A, Bernier J, Bourhis J, YuenK, Fisher R andRischinD2010Critical impact of

radiotherapy protocol compliance and quality in the treatment of advanced head and neck cancer: Results fromTROG02.02 J. Clin.
Oncol. 28 2996–3001

RubovičP et al 2017Timepix detector as a tool for x-ray and gammadosimetryRadiat.Meas. 107 39–42
Rosenfeld A et al 2020Medipix detectors in radiation therapy for advanced quality-assuranceRadiat.Meas. 130 106211
Roy SC, Apfel R E and LoYC1987 Superheated drop detector: a potential tool in neutron researchNucl. Instrum.Methods Phys. Res., Sect.A

255 199–206
Safavi-NaeiniM, ChaconA,Guatelli S, FranklinDR, BamberyK, GregoireMC andRosenfeld A 2018Opportunistic dose amplification for

proton and carbon ion therapy via capture of internally generated thermal neutrons Sci. Rep. 2018 8:1 8 1–13
Shahmohammadi BeniM et al 2017Monte Carlo studies on neutron interactions in radiobiological experiments PLoSOne 12 e0181281
SchneiderU andHälg R 2015The impact of neutrons in clinical proton therapy Front. Oncol. 5 235
Schüller A, Illemann J, Renner F,Makowski C andKapschRP 2017Traceable chargemeasurement of the pulses of a 27MeV electron beam

from a linear accelerator JINST 12P03003
Schüller A, Pojtinger S,MeierM,Makowski C andKapschRP 2019Themetrological electron accelerator facility (MELAF) for research in

dosimetry for radiotherapy IFMBEProc. 68 589–93
Šolc J et al 2022Monte carlomodelling of pixel clusters in timepix detectors using theMCNPcode Phys.Med. 101 79–86
TurecekD, Jakubek J and Soukup P 2016USB 3.0 readout and time-walk correctionmethod for Timepix3 detector J. Instrum. 11C12065
Vanhavere F, LoosM, PlompenA JM,Wattecamps E andThierensH1998A combined use of the BD-PNDandBDTbubble detectors in

neutron dosimetryRadiat.Meas. 29 573–7
VoytchevM, IñiguezMP,Méndez R,Mañanes A, Rodríguez LR andBarquero R 2003Neutron detectionwith a silicon PINphotodiode and

6LiF converterNucl. Instrum.Methods Phys. Res., Sect.A 512 546–52
Vykydal Z, AndrlíkM, BártoH,VáMK, Šolc J andVondráčekV 2016MeasurementOf secondary neutrons generated during proton

therapyRadiat. Prot. Dosim. 172 341–5
Vykydal Z andKrálíkM2018Characterisation of the graphitemoderated thermal neutron field at CMIRadiat. Prot. Dosim. 180 51–5
Werner J C 2017MCNP®User’sManual, CodeVersion 6.2, Los AlamosNational Laboratory LA-UR-17-29981 (https://mcnp.lanl.gov/

pdf_files/TechReport_2017_LANL_LA-UR-17-29981_WernerArmstrongEtAl.pdf)
Werner C J et al 2018MCNP version 6.2 release notes LA-UR-18-20808 LosAlamosNational Lab. (LANL), Los Alamos,NM,USA (https://

doi.org/10.2172/1419730)
WongYM et al 2023A review on fetal dose in Radiotherapy: A historical to contemporary perspective Phys.Med. 105 109206

16

Phys.Med. Biol. 68 (2023) 185017 COancea et al

https://doi.org/10.1016/j.rpor.2012.06.004
https://doi.org/10.1016/j.rpor.2012.06.004
https://doi.org/10.1016/j.rpor.2012.06.004
https://doi.org/10.1016/J.APRADISO.2020.109206
https://doi.org/10.1016/j.apradiso.2011.03.028
https://doi.org/10.1016/j.apradiso.2011.03.028
https://doi.org/10.1016/j.apradiso.2011.03.028
https://doi.org/10.3389/fonc.2022.904563
https://wiki.advacam.cz/index.php/DPE
https://doi.org/10.1016/j.ejmp.2020.10.016
https://doi.org/10.1016/j.ejmp.2020.10.016
https://doi.org/10.1016/j.ejmp.2020.10.016
https://doi.org/10.1016/j.radmeas.2014.04.026
https://doi.org/10.1016/j.radmeas.2014.04.026
https://doi.org/10.1016/j.radmeas.2014.04.026
https://doi.org/10.13182/NSE70-A18875
https://doi.org/10.13182/NSE70-A18875
https://doi.org/10.13182/NSE70-A18875
https://doi.org/10.13182/NSE70-A18875
https://doi.org/10.1016/j.radmeas.2017.04.015
https://doi.org/10.1016/j.radmeas.2017.04.015
https://doi.org/10.1016/j.radmeas.2017.04.015
https://onesearch.nihlibrary.ors.nih.gov/discovery/fulldisplay/alma991000104939704686/01NIH_INST:NIH
https://onesearch.nihlibrary.ors.nih.gov/discovery/fulldisplay/alma991000104939704686/01NIH_INST:NIH
https://doi.org/10.1088/1748-0221/18/01/C01022
https://icml.cc/Conferences/2010/papers/432.pdf
https://doi.org/10.1088/1748-0221/17/01/C01003
https://doi.org/10.1088/1748-0221/17/01/C01003
https://doi.org/10.1016/j.ejmp.2023.102529
https://doi.org/10.1088/1361-6560/aae656
https://doi.org/10.1016/j.radmeas.2018.01.003
https://doi.org/10.1016/j.radmeas.2018.01.003
https://doi.org/10.1016/j.radmeas.2018.01.003
https://doi.org/10.1088/1748-0221/9/05/C05013
https://doi.org/10.1200/JCO.2009.27.4498
https://doi.org/10.1200/JCO.2009.27.4498
https://doi.org/10.1200/JCO.2009.27.4498
https://doi.org/10.1016/j.radmeas.2017.10.012
https://doi.org/10.1016/j.radmeas.2017.10.012
https://doi.org/10.1016/j.radmeas.2017.10.012
https://doi.org/10.1016/j.radmeas.2019.106211
https://doi.org/10.1016/0168-9002(87)91101-6
https://doi.org/10.1016/0168-9002(87)91101-6
https://doi.org/10.1016/0168-9002(87)91101-6
https://doi.org/10.1038/s41598-018-34643-w
https://doi.org/10.1038/s41598-018-34643-w
https://doi.org/10.1038/s41598-018-34643-w
https://doi.org/10.1371/journal.pone.0181281
https://doi.org/DOI: 10.3389/fonc.2015.00235
https://doi.org/10.1088/1748-0221/12/03/P03003
https://doi.org/10.1007/978-981-10-9023-3_109
https://doi.org/10.1007/978-981-10-9023-3_109
https://doi.org/10.1007/978-981-10-9023-3_109
https://doi.org/10.1016/j.ejmp.2022.08.002
https://doi.org/10.1016/j.ejmp.2022.08.002
https://doi.org/10.1016/j.ejmp.2022.08.002
https://doi.org/10.1088/1748-0221/11/12/C12065
https://doi.org/10.1016/S1350-4487(98)00071-7
https://doi.org/10.1016/S1350-4487(98)00071-7
https://doi.org/10.1016/S1350-4487(98)00071-7
https://doi.org/10.1016/S0168-9002(03)02013-8
https://doi.org/10.1016/S0168-9002(03)02013-8
https://doi.org/10.1016/S0168-9002(03)02013-8
https://doi.org/10.1093/rpd/ncv504
https://doi.org/10.1093/rpd/ncv504
https://doi.org/10.1093/rpd/ncv504
https://doi.org/10.1093/rpd/ncx190
https://doi.org/10.1093/rpd/ncx190
https://doi.org/10.1093/rpd/ncx190
https://mcnp.lanl.gov/pdf_files/TechReport_2017_LANL_LA-UR-17-29981_WernerArmstrongEtAl.pdf
https://mcnp.lanl.gov/pdf_files/TechReport_2017_LANL_LA-UR-17-29981_WernerArmstrongEtAl.pdf
https://doi.org/10.2172/1419730
https://doi.org/10.2172/1419730
https://doi.org/10.1016/j.ejmp.2022.102513

	1. Introduction and goals
	2. Instrumentation and measurements
	2.1. Timepix3 flex detectors
	2.1.1. MiniPIX TPX3 flex with thermal neutron converter and graphite backing
	2.1.2. AdvaPIX TPX3 Flex with thermal neutron converter and graphite backing

	2.2. Thermal neutron converter
	2.3. Detector operation and readout modes
	2.4. Method for particle-event recognition and particle flux quantification
	2.4.1. Features of cluster track parameters
	2.4.2. Particle classification with neural networks

	2.5. Calibration at reference thermal neutron field at the graphite pile
	2.6. Measurement of the stray radiation in water
	2.7. Monte Carlo simulations
	2.7.1. Thermal neutron equivalent dose
	2.7.2. Electron accelerator model


	3. Results and discussion
	3.1. Testing and calibration with thermal neutrons
	3.2. Identification of thermal neutrons using AI NN
	3.3. Evaluation of the method using a confusion matrix
	3.4. Detection efficiency
	3.5. Particle flux of thermal neutrons in the graphite pile
	3.6. Fluence to equivalent dose conversion factor
	3.7. Thermal neutrons in a water tank at LINAC facility at PTB

	4. Conclusions
	Acknowledgments
	Data availability statement
	Conflict of interest
	References



