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Abstract
Objective. Bragg peak measurements play a key role in the beam quality assurance in proton
therapy. Used as base data for the treatment planning softwares, the accuracy of the data is crucial
when defining the range of the protons in the patient. Approach. In this paper a protocol to
reconstruct a Pristine Bragg Peak exploring the direct correlation between the particle flux and the
dose deposited by particles is presented. Proton flux measurements at the HollandPTC and FLUKA
Monte Carlo simulations are used for this purpose. This new protocol is applicable to plastic
scintillator detectors developed for Quality Assurance applications. In order to obtain the Bragg
curve using a plastic fiber detector, a PMMA phantom with a decoupled and moveable stepper was
designed. The step phantom allows to change the depth of material in front of the fiber detector
during irradiations. The Pristine Bragg Peak reconstruction protocol uses the measured flux of
particles at each position and multiplies it by the average dose obtained from the Monte Carlo
simulation at each position.Main results. The results show that with this protocol it is possible to
reconstruct the Bragg Peak with an accuracy of about 470 µm, which is in accordance with the
tolerances set by the AAPM. Significance. It has the advantage to be able to overcome the quenching
problem of scintillators in the high ionization density region of the Bragg peak.

1. Introduction

1.1. Proton therapy quality assurance
The effectiveness of proton therapy (PT) in providing superior dose distributions to tumors and organs at
risk (OARs) is well-established (De Napoli 2022, Mohan 2022, Lane et al 2023). Indeed, because of the Bragg
Peak, PT, offers advantages over conventional x-ray-based radiotherapy, including the elimination of exit
dose and the reduction in proximal dose (Mohan 2022). These benefits enable PT to minimize dose to
surrounding OARs while increasing the dose to tumors, potentially lowering toxicities and enhancing the
probability of local tumor control. PT is particularly appealing for head-and-neck cancers and pediatric
cancer patients (Zientara et al 2022). Over the last decade, advances in scanning-beam technology have
further improved PT, allowing intensity-modulated PT. This progress has led to a rapid growth in the
number of PT centers globally, with over two hundred thousand cancer patients treated and more than one
hundred operational PT facilities worldwide (Hyer et al 2021).

With the increasing popularity and accessibility of PT for cancer treatment, it becomes crucial to
establish comprehensive Quality Assurance (QA) guidelines and methodologies. These guidelines are
essential to ensure safe and effective treatment of patients, emphasizing the need for rigorous protocols in the
dose delivery in PT (Mazal et al 1996, Arjomandy et al 2019).
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training, and similar technologies, are reserved.
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To ensure that particle accelarator’s output is consistent through time, and to ensure that beam
parameters used for treatment planning remain exact, regular machine QA procedures (Arjomandy et al
2009) are necessary. Dosimetry parameter checks, represent one part of the Delivery Techniques category,
involving the monitoring of absolute absorbed dose to the target and relative dose distributions (Arjomandy
et al 2019).The Bragg Peak is the primary factor that distinguishes PT from conventional radiotherapy
methods, so these QA procedures focus on the study of the BP’s longitudinal and transversal profile. For
instance, in a pencil beam scan as used in this study (Arjomandy et al 2019) the pertinent parameters are:

longitudinal profile

• The range in water of the pristine Bragg Peak, defined as the position of the distal 90% dose value.
• The distal dose falloff (that is used to analyse the energy spread of the beam) defined as the distance
between the positions of the distal 80% and 20% value of dose.

transversal profile

• The centroid position.
• The full width at half maximum or one sigma of its Gaussian representation, measured at a specific
position and the shape of the beam spot.

For dosimetric measurements the gold standard is the ionization chamber (IC). In the case of PT, the most
suitable is the Markus IC (Pearce et al 2006, Arjomandy et al 2008). ICs present high sensitivity, wide
dynamical range, stability and a predicable response. The disadvantages of the IC include their bulkiness that
results in a spatial resolution that is not at the same level as other detectors. Also, ICs present temperature
and pressure dependence. Recombination losses in the sensitive air volume limits their application in
emerging techniques, such as FLASH radiotherapy (Siddique et al 2023).

Diode detectors are another option when it comes to the Bragg Peak profile measurements. These
detectors are gaining popularity due to their small size that translates into good spatial resolution (hundreds
of µm). Measurements suggest that diode response dependence on linear energy transfer (LET) is negligible
for low-LET proton (Schönfeld et al 2019). Fast response times, as low as several ns, have been reported (De
Napoli 2022).

Scintillators are also used for proton QA measurements, as is the case of this study. Plastic scintillators
exhibit high sensitivity to ionizing radiation, making them effective detectors for various applications,
including medical dosimetry and radiation monitoring (Lee et al 2019). They have fast response time (≈10
ns), providing quick and real-time measurements of dose distribution (Lyons and Stevens 1974). Being low
atomic number (Z) materials, plastic scintillators are relatively tissue-equivalent, making them interesting for
dosimetry in medical applications where equivalent tissue response is desirable (Kim et al 2016).

1.2. Plastic scintillator’s quenching
Birks’ law, describes the non-linear relationship between the scintillation light yield and the energy
deposition of ionizing radiation in organic scintillating materials (Birks 1951). Stated by physicist John B
Birks in the 1950s, the law describes a reduction in scintillation light output at high ionization densities,
known as the quenching effect. This effect is prominent at high-LET or at high-energy deposition rates. The
law is formulated as:

dL

dx
=

S · dEdx
1+ kB · dEdx

, (1)

where dL
dx is the scintillation light output per unit path length,

dE
dx is the stopping power, S the scintillation

efficiency at zero ionization density, and kB the Birks constant. This constant is material-specific,
representing the susceptibility of a scintillator to quenching and can be experimentally determined.
Understanding Birks’ quenching is crucial in designing and calibrating scintillation detectors, especially in
situations involving high ionization density or varying radiation types. The deviation from linearity can,
however, be mitigated by employing compensation techniques reducing quenching effects and ensuring
accurate detector responses. Although the Birk’s formula is considered the best approach to model a
scintillator’s quenching it is important to mention that among it is limitations is the fact that it fails when it
comes to mixed particle fields. This happens because the track structure varies with particle energy and
particle type. For example, it is possible to have different kB factors for protons and helium ions even if they
have the same LET because they exhibit different track structures (Christensen et al 2019).

Correcting for Birks’ quenching is the object of previous works: the determination of a relationship
between the particle’s LET and the quenching correction factor was studied in Wang et al (2012) achieving an
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agreement of 5% with the ionization chamber. Corrections performed using analytical LET values resulted in
doses within 1% of those obtained using Monte Carlo LET values in Robertson et al (2013). The doping of
optical fibres with gadolinium was studied in Penner et al (2018) to make the fibres response less quenching
dependent. The usage of fluorescence light instead of scintillation light has also been explored as a way to
avoid the quenching problem in plastic optical fibres (Christensen et al 2018). As mentioned before,
scintillators present fast signals and their usage for timing applications is well documented, presenting signal
duration that ranges from 0.35 to 10 ns. This characteristic of the organic scintillators is of upmost
importance in this study where is proposed the usage of scintillators to measure the flux of protons at certain
depths and the employment of this information for the reconstruction of the Bragg Peak.

2. Methods

2.1. Detector and phantom setup
The sensitive region of the detector is constituted by 64 Scintillating Plastic Optical Fibre (SPOF) of 1 mm in
diameter (Kuraray SCSF-78) aligned and juxtaposed as an array (figure 1) (Guerreiro et al 2024). The fibre’s
signal is read by a H8500C Multi-Anode PhotoMultiplier (MAPMT) placed on the top end of the fibres. In
the beam tests only the 16 central fibres are directly exposed, as only 16 electronic channels were available.

To measure the proton beam profile, a PMMA step phantom was built as shown in figure 2(a). The
phantom has 15 steps starting from a minimum thickness of 19.7 mm up to maximum thickness of 26.7 mm,
in 0.5 mm increments. Each step is 18 mm wide to match the 1 mm× 16 fibres. Extra 2 mm were added to
ensure a tolerance in the positioning of the phantom in front of the optical fibres. During irradiation the
phantom moves in front of the detector with the help of a stepper motor, as can be seen in figure 2(b).

The phantom includes a fixed part composed by a 59 mm thick PMMA slab to reach the Bragg peak
conditions. This way, the proton beam has to traverse the step phantom and the fixed part of the phantom.
So, the maximum reachble thickness is equal to 110.7 mm (including movable, fixed part of the phantom
and an 25 mm of PMMA used for higher energies). This slab is fixated inside the detector and is designed in
such a way as to block room light and to ensure there are no air gaps between itself and the optical fibres (a
CAD model can be seen in figure 3). A second slab is placed on the opposite side of the detector to ensure
that there is material continuity after the optical fibres and to account for the backscattering of protons and
secondary particles.

A light tight box embeds the phantom PMMA bulk, the fiber array and the MAPMT avoiding
contamination from external light sources, (see figure 3). The noise measured prior to the experiments was
47± 6 Hz, this results in a Signal-to-Noise ratio of about 1000 in these set of measurements. Moreover, the
irradiation box serves to ensure the connection between the SPOFs and the MAPMT is mechanically stable
and the positioning of the phantom relative to the SPOFs is reproducible. A printed circuit board placed on
top of this irradiation box is designed to make the interface between the MAPMT and the DAQ through 2
meter long coaxial cables with LEMO FGG.0B.304.CLAD52Z connectors.

2.2. Electronic readout
The available electronic setup enabled the readout of 16 MAPMT channels, connected to NIM
discriminators (Phillips Scientific Octal Discriminator NIMMODEL 705). These discriminators were set at a
threshold of−100 mV and have an output signal of 1 V. This signal is read by a NIM-ECL translator and
then transmitted to a ECL-differential translator. The differential signal is read by the TRB3 board.

The TRB3 is a multipurpose 1+ 4 FPGA board that was developed at GSI for the HADES experiment
(Neiser 2013). It has a FPGA-based 64+ 1 channel Time-to-Digital (TDC) converter. TDC is a circuit used
to timestamp events and measure time differences between events, especially where high accuracy is required
(Kalisz 2003). The used TDCs have a time precision down to 3.6 ps and can get up to 50 MHz signal rates
(burst). The TRB3 software allows the measurements of signal rates, through the usage of an signal counter
at increments up to a total of 20 G signals before resetting. The signal rate can be determided by reading the
signal counter at fixed time intervals and dividing the it by the time interval width in seconds.

The TRB3 communicates with a OIDROID single-board computer and the users laptotp through a local
network. The readout diagram can be seen in figure 4. This setup allows the user’s personal computer to
communicate with the inside of the bunker.

The readout chain’s accuracy was checked using a signal generator, set to emulate a PMT signal. The
readout as a function of the signal’s frequency can be seen in figure 5. The tests showed that there is a
systematic deviation of the system readout of 7.5%. This is taken into account when calculating the error in
the measurements.
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Figure 1. Inside of the detector. The arrays are comprised of 64 SPOFs although during the irraditions only the 16 central fibres
were used.

Figure 2. (a) Top view of part of the detector and the PMMA step phantom used during irradiation. On the left hand side of the
phantom it is possible to see the 0.5 mm increments. (b) Phantom placed on the stepper table. The phantom slides horizontally to
position a different PMMA thickness in front of the 16 active fibres.

2.3. HollandPTC R&D beamline
The experimental room of HollandPTC (Delft, Netherlands) is equipped with a fixed horizontal proton
beam line. The beam is produced by a Varian ProBeam isochronus cyclotron which can deliver a therapeutic
proton beam of energies between 70 and 240 MeV with beam currents between 1 nA and 800 nA at cyclotron
extraction. The current was chosen taking into account the TRB3’s bandwidth of 30× 107 signals/second and
the beam characterization done at HollandPTC (Groenendijk et al 2023). For these measurements, a pencil
beam configuration was used with 130 MeV energy and 1 pA current at target. At this energy the beam width
was σ = 4.19 mm. The detector was aligned using the in-house alignemt system at HollandPTC.
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Figure 3. CAD model of the detector and phantom setup. A view was selected to highlight that the phantom (blue) fills the
detector in such a way that it eliminates the air gaps and the guarantees the continuity of material before and after the optical
fibres.

Figure 4. Readout chain block diagram.

Figure 5. TRB readout has a function of the input signal’s frequency. The line represents the TRB3 output rate equal to the
generator input rate.
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Figure 6. Geometry used in the simulations. The geometry encompassed the PMMA phantom, designed as continuous block of
material, and a 64× 78 mm2 SPOF array.

2.4. The Bragg peak reconstructionmethod
The method for the reconstruction of the Bragg curve from experimental particle-SPOF interaction rate
measurements is as follows. The dose at each position is obtained from the product of the particle—SPOF
interaction rate by the average particle dose according to the equation

D(z) = hrdata (z)×
[
DTotal (z)

hr(z)

]
MC

, (2)

where D(z) is the dose deposited at each depth of PMMA, hrdata(z) is the measured particle-SPOF interaction

rate at each depth, and
[
DTotal(z)
hr(z)

]
MC

is the total dose at each depth divided by the number of particles that

reach the SPOFs, calculated using FLUKA 4-3.4 (Vlachoudis 2009, Battistoni 2015, Ahdida 2022).
In these simulations, the geometry encompassed the PMMA phantom, designed as continuous block of

material, and a SPOF array. The SPOFs used in the simulations resemble the ones available for the assembly
of the detector. They have a cladding made of Poly(methyl methacrylate) (PMMA) and a core made of
polystyrene.The SPOFs are cylindrical in shape with 1 mm in diameter (97% core and 3% cladding), as can
be seen in figure 6. A USRBIN scorer is used to calculate the total deposited dose, while an EVENTBIN scorer
is employed to determine the number of particles interacting with the SPOFs. In both cases, the bin size is set
equal to the volume of each SPOF. The data recorded in each bin is accumulated across all bins and then
normalized by the number of particles reaching the bins at each depth. Consequently, the mean deposited
dose is calculated by dividing the total dose recorded by USRBIN by the number of particles entering the
SPOFs, as determined by EVENTBIN. This result is illustrated in figure 7.

3. Results and discussion

For each one of the 16 fibres the TRB3 readout gives the number of proton-SPOF interactions per unit of
time. This value is correlated to the proton flux at each depth of PMMA reaching that fiber. For the data
acquisition in each depth several proton beam shots were performed. The detector’s response precision can
be analysed through each SPOF’s response at each position. The individual response for each SPOF can be
seen in figure 8. For each position the set of fibres irradiated exhibit a dispersion between 1% and 4%.

To obtain the experimental particle-SPOF interaction rate, and in order to avoid loss of information due
to the pencil beam’s dispersion, the 16 SPOF signals were summed. A comparison between the simulated and
the measured particle-SPOF interaction rate is presented in figure 9, both normalized to the first position.

From figure 9, we get that the measured proton-SPOF interaction rate is within 15% of the simulated
proton-SPOF interaction rate. It is also noticeable that the experimental data is below the simulated data for
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Figure 7. Relative dose deposition for each simulated depth.

Figure 8. Normalised particle-SPOF interaction rate for each fiber and step position. The normalisation is made dividing each
fibre response by its mean response value over all thickness used.

depths above 104,7 mm. This behaviour is explained considering that the particles that reach the SPOF’s
beyond that point may not create a scintillation signal with enough amplitude to go over the NIM
discriminator treshold.

The result of the reconstruction of the Bragg Peak is presented in figure 10(a), and the residuals for every
point can be seen in figure 10(b).

The positions obtained experimentally and simulated for the maximum dose percentages that the AAPM
recommends in their QA protocol (Arjomandy et al 2009) are presented in table 1.

Comparing the depth values for each reference dose level a difference of⩽470 µm between the
experimental and simulated positions obtained. These discrepancies between positions are within the
requirements set by the AAPM, given that they set a 1 mmmaximum resolution for QA measurements
(Arjomandy 2019). The uncertainty in the experimental points is given by the uncertainty of the phantom
step thickness. The uncertainty of the Monte Carlo data is given by the bin size used in the simulation.
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Figure 9. Comparison between the simulated proton flux and the measured proton-SPOF interaction rate after the sum of the 16
channels. Error bars too small to be seen.

4. Conclusion

In this study a first proof-of-concept for using a SPOF array for QA in PT was presented. First tests with a
proton beam were carried on at the HollandPTC R&D beamline using a pencil beam with a single energy of
130 MeV. Future analysis should cover the 70–250 MeV range to validate this technique.

A new methodology, combining MC simulations and proton-SPOF interaction rate measurements was
developed, allowing to circumvent the LET dependence of the signal produced in the SPOFs. This
methodology differs from other methods, cited in this paper, because it does not look to use the Birk’s model
to correct the scintillator’s signal amplitude. Instead of measuring the signal’s amplitude, this technique
focuses on the measurement of the particle-SPOF interaction rate in a certain position. This technique,
although CPU time-consuming and dependent on prior knowledge of the irradiation setup, is well adapted
to beam quality control. The knowledge of beam energy is a key component of the method, although not
necessarily a handicap. In the present tests, 16 electronic channels were available, but the employment of a
higher number of electronic channels would allow the scan of the transverse beam profile. This is also a very
important quantity when it comes to the QA activities defined by the AAPM.

The experimental measurements have shown that the detector presents a standard deviation below 4%
across all the SPOFs read. The comparison between the proton-SPOF interaction rate measured and
simulated has shown a deviation below 15%. The combination of this experimental proton-SPOF interaction
rate and the mean deposited dose taken from FLUKA simulation has shown to be able to reconstruct the
Bragg Peak with an accuracy⩽470 µm.

Several techniques could be implement to improve the presented method, like the usage of faster
scintillators, that trade the signal’s amplitude accuracy for a faster signal (García Díez et al 2023). A faster
signal would improve the timing resolution of the scintillator, avoiding signal pileup. The usage of an
electronic board with a larger bandwidth would allow the monitoring of higher intensity beams.
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Figure 10. (a) Comparison between the measure and simulated dose profile. Both are normalized to the maximum value. Error
bars are too small to be seen (b) residuals for the difference between the simulation and the experimental result.

Table 1. Longitudinal profile positions for the experimental and simulated values in mm. The distal dose fall off is calculated as the
distance between distal 20% and distal 80% of the maximum. The deviations,∆, between the experimental measurements and the
simulation are also presented.

Proximal
90% (mm) Distal 90% (mm) Distal 80% (mm) Distal 20% (mm)

Distal
fall-off (mm)

Experimental 99.09± 0.08 101.2± 0.08 101.49± 0.08 103.01± 0.08 1.75± 0.11
Monte Carlo 98.87± 0.50 101.2± 0.50 101.52± 0.50 102.53± 0.50 1.5± 0.50
∆ −0.2± 0.50 +0.04± 0.50 +0.02± 0.50 −0.47± 0.50 +0.25± 0.51

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.
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