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Abstract: In recent years, proton therapy has gained importance as a cancer treatment modality due
to its conformality with the tumor and the sparing of healthy tissue. However, in the interaction
of the protons with the beam line elements and patient tissues, potentially harmful secondary
neutrons are always generated. To ensure that this neutron dose is as low as possible, treatment
plans could be created to also account for and minimize the neutron dose. To monitor such a
treatment plan, a compact, easy to use, and inexpensive dosimeter must be developed that not
only measures the physical dose, but which can also distinguish between proton and neutron
contributions. To that end, plastic optical fibers with scintillation materials (Gd2O2S:Tb, Gd2O2S:Eu,
and YVO4:Eu) were irradiated with protons and neutrons. It was confirmed that sensors with
different scintillation materials have different sensitivities to protons and neutrons. A combination of
these three scintillators can be used to build a detector array to create a biological dosimeter.

Keywords: protons; neutrons; proton therapy; optical fibers; relative dosimetry; Bragg peak; biological
dosimeter

1. Introduction

In radiation therapy, tumors or other targeted volumes are treated with ionizing
radiation, including photons, electrons, protons, and heavy ions. For a successful treatment,
the radiation dose must be high enough to damage the DNA of the cancer cells while
being as low as possible to protect the healthy bystander tissue, avoiding side effects. In
proton therapy, the spread-out Bragg peak is aligned with the tumor to take advantage
of steep dose gradients for a conformal coverage of the tumor and to achieve healthy
tissue sparing. As protons travel through beam line elements and the patient towards the
tumor, the nuclear interactions of the protons with matter produce secondary neutrons.
Neutrons have a higher relative biological effectiveness (RBE) than do protons [1] and could
potentially contribute to secondary cancers later in life [2]; however, accounting for neutron
dose does not take place during routine treatment planning. Secondary neutrons from the
beam line elements can be minimized by active proton delivery, where pencil-beams are
scanned by changing the energy of the protons in the accelerator and using steering devices
to paint the narrow pencil beam through the target volume. This is in contrast to passive
beam delivery, which uses degraders and patient-specific shaping devices upstream of
the patient. Active pencil-beam scanning has been shown to reduce the neutron dose to
patients [3], but neutron production in the patient cannot be avoided [1,4,5].

Ideally, a treatment plan for a specific patient would not only optimize the proton
field overlap with the tumor and minimize the proton exposure to healthy tissue, but also
account for and minimize the exposure to secondary neutrons [6]. This can be achieved by
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optimizing the treatment angle, treatment energies, and potential boluses for the secondary
neutrons. For the quality control (QC) of such a treatment plan before the actual treatment,
verification of the neutron dose would be needed, in addition to the proton dose.

Currently, neutrons can be measured with stand-alone detectors, such as a Bonner
sphere [7] and a BF3 proportional counter [8], but the space requirement and data analysis
can be cumbersome [6], and due to their size and makeup, they would not be suitable
for in vivo measurements. For a QC session in a busy proton therapy center, it would be
desirable to have one detector or detector array that is compact, easy to use, efficient, and
inexpensive, and which can directly estimate the proportion of the dose attributable to
protons and to neutrons in one step—a biological dosimeter that takes the particle type, not
just the physical dose, into account.

A detector consisting of two or more optical fiber-scintillator detectors could provide
information on neutron and proton contributions to the dose during proton irradiations.
Optical fiber-based sensors offer an economical, mm sized potential solution for relative
dosimetry, and they are widely studied for this purpose. Studies of scintillators coupled
to optical fiber sensors have shown their sensitivity to neutron as well as proton radi-
ation [9–15]. Due to the ease of sealing and waterproofing these sensors, there is also
considerable attention given to in vivo applications [16–18].

A detector, built from the combination of scintillation fibers, must meet certain criteria:
sufficient light yield for a suitable signal-to-noise ratio; a complementary difference in
neutron to proton response to enable the distinguishing of the origin of the deposited dose;
small in overall size (1 mm diameter maximum) to provide adequate spatial resolution for
measurements in the steep field gradients common in proton therapy; and independence of
the signal to the energy of the protons to minimize the effects of quenching along the proton
beam axis. This last criterion is especially difficult to fulfill, due to the much-reported effects
of quenching in the regions of high linear energy transfer (LET) [19–21]. Quenching refers
to an underestimate of the dose deposited due to an alternate mode of energy dissipation.
As quenching in many optical fibers is energy dependent and is exhibits a more severe
effect for protons at higher LET, this means that the Bragg peak at the end of the proton
range appears to be smaller in height than is actually the case. During proton therapy
treatment, different energies are applied to provide a homogeneous dose to the extended
size of the tumor; thus, a detector which is not energy dependent cannot provide a true
dose measurement without corrections.

In this work, the concept of a combined proton/neutron dosimeter is explored by
using plastic optical fibers combined with three different scintillator materials (Gd2O2S:Tb,
Gd2O2S:Eu, and YVO4:Eu). These scintillators were chosen, as they have a large light
output and different sensitivities to protons versus neutrons [9].

2. Materials and Methods
2.1. Fibers and Data Acquisition

The optical fiber sensors are made of 1 m long, 1 mm diameter polymethylmethacrylate
(PMMA) fibers with a 0.7 mm diameter and 7 mm deep cavities drilled in the end. The
cavities, fabricated in the manner of Woulfe et al. [22], are filled with three different
inorganic scintillator powders, consisting of A: terbium activated gadolinium oxysulfide
(Gd2O2S:Tb), B: europium activated gadolinium oxysulfide (Gd2O2S:Eu), or C: europium
activated yttrium orthovanadate (YVO4:Eu), see Table 1 and Figure 1. The cavities are
sealed with silicone to make the detectors waterproof, and then covered with black tape to
block ambient light. The distal ends of the fibers are terminated with SMA 905 connectors
and are coupled via SMA-SMA mating sleeves to a PMMA extension, also terminated with
an SMA 905 connector. The extension is coupled to a multi pixel photon counter (MPPC)
(C11208-350 by Hamamatsu). The MPPC is linked by USB bus directly to a laptop computer
where data is viewed in real-time as well as saved as .CSV files for future analysis.
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Table 1. Scintillator materials used.

Designation Scintillator Materials

A Terbium activated gadolinium oxysulfide, Gd2O2S:Tb
B Europium activated gadolinium oxysulfide, Gd2O2S:Eu
C Europium activated yttrium orthovanadate, YVO4:Eu
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Figure 1. Schematic of the fiber sensor. A 0.7 mm diameter and 0.7 mm deep cavity is drilled into a
1 mm diameter PMMA fiber and filled with scintillator powder; see [22].

When protons or neutrons interact with the scintillator, excitation occurs in the scin-
tillator material. Subsequent decay back to unexcited states results in light output. The
emitted photons are then transmitted by the PMMA fibers to the MPPC, and the measured
light yield can be related to the deposited dose.

2.2. TRIUMF Proton Therapy Research Center (PTRC) Irradiations

The proton irradiations were carried out at the Proton Therapy Research Center (PTRC)
at TRIUMF. The TRIUMF main cyclotron, capable of delivering protons with a maximum
energy of 520 MeV, provides 74 MeV protons to the PTRC facility for these experiments at
a current of 2 nA. The facility was in clinical use to treat choroidal melanomas from 1995 to
2019 [23,24]. The proton beam enters the treatment room and traverses a lead disk which
serves the functions of primary collimator and scatterer (Figures 2 and 3). The 0.8 mm thick
disk spreads the beam to a useful and repeatable size—over several cm in diameter—for
experiments and treatments. Next, the beam passes through a range shifter, to change the
proton energy according to its maximum desired range, and a modulator wheel, which is a
rotating disk with different thicknesses, to generate a Spread-Out Bragg Peak (SOBP) of
23 mm in depth. After that, the beam passes through a second collimator, an ion chamber,
to monitor the delivered dose during irradiation, and the PT nozzle, with a 25 mm diameter
collimator. Behind the PT nozzle is a water phantom with an entry window of 1 mm thick
solid water. The optical fiber to be tested is placed behind the solid water window in the
water box and is attached to a remote-controlled 3D stage which precisely controls the
position of the fiber.

2.2.1. PTRC Depth Dose Measurements

To measure the depth dose, the fiber is scanned axially from just behind the solid water
window (0 mm axial depth) to past the end of the Bragg peak (45 mm axial depth). The
stage pauses in 0.79 mm steps for a set amount of dose, as measured by the ion chamber
in monitor counts (MC). The light output of the fiber is recorded at each position. This
axial profile is then compared to our standard calibration detector, a Markus chamber (a
parallel plate ionization chamber), for the assessment of the sensor response in varying
LET conditions along the depth dose.

To measure the relative sensitivity of the three fibers A, B, and C in a proton field, each
fiber was placed in a reference position P in the plateau of the SOBP; see Figure 5. The
transversal position in the center of the beam is determined using laser markers mounted
in the room.
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Figure 2. Simplified drawing of the experiment setup at the PTRC. The beam from the main cyclotron
enters from the left and passes a collimator/scatterer, a range shifter, a range modulator, a second
collimator, and an ion chamber to monitor the beam during delivery; then the beam traverses the PT
nozzle, including a final collimator, and stops in the water phantom, where the fiber is mounted on a
3D stage.
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Figure 3. Photo of the experimental setup at the PTRC. The water phantom in which the fibers are
placed is highlighted in blue and the beam axis in red.

2.2.2. PTRC Sensitivity Measurements

The relative proton sensitivity of the sensors was found by measuring the light output
response of each scintillator three times in the reference position for 10,000 MC (140 cGy)
irradiations. The cumulative background signal before beam delivery was averaged and
subtracted from each data point (one point every 0.1 s), and then the total signal was
summed for the duration of the trial. The exact amount of delivered MC varied per
experiment; therefore, the total cumulative signal was divided by the MC delivered. For
the sensitivity comparison, the mean value of the three trials was found, and the standard
deviation among the three was calculated.

At the PTRC, the proton field is mixed with a small number of secondary neutrons due
to interactions of the protons with beam line elements and the water box. The proportion
of neutrons in the reference position at the PTRC without an energy shift and the 23 mm
modulator wheel amounts to 3.5% of the proton dose, as determined by Monte Carlo
simulations that were performed with the FLUKA package in previous work and validated
with BF3 counters [6].
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The light spectrum under proton irradiation was measured in the reference condition
with a SM442-URN010-USB spectrometer (Spectral Products, Putnam, Oklahoma, USA) for
spectral comparison.

2.3. TRUMF Neutron Facilty (TNF) Measurements

Neutron irradiations were carried out at the TRIUMF Neutron Facility (TNF) to
determine the relative fiber sensitivities to the neutrons. After traversing the beam line
1A, 480 MeV protons are stopped in a beam dump on an aluminum absorber surrounded
by a water modulator. Here, neutrons are created via spallation reactions. Some of these
neutrons reach the TNF facility, where a 5 cm by 15 cm neutron field is accessible by a
5 m vertical channel. The beam is actively monitored via a neutron detector, and over the
course of these experiments, the neutron flux measured was (8.3 ± 0.2)× 106 n/(cm2 s),
where n is the number of neutrons with an energy greater than 0.1 MeV. This corresponds
to a dose rate of (3.2 ± 0.6)× 10−4 Gy/s.

TNF Sensitivity Measurements

To measure the relative neutron sensitivity of our fibers, the sensor ends were attached
to an aluminum board. Each measurement consisted of lowering the one sensor on the
board down the channel until the sensor was in the neutron field center. The sensor was
left in place for approximately 20 s, and the neutron dose measurement downstream of
the sensor apparatus was recorded for the period before, during, and after the fiber was
inserted into the beam. The small fluctuations in neutron flux at TNF were accounted for
by dividing the fiber counts (FC) by the average neutron monitor counts (NMC) measured
before and after each irradiation. The assembly was then raised out of the field long
enough to ensure that light decay was occurring, then lowered back in for a total of three
measurements.

Relative neutron sensitivity was determined by subtracting an average background
from each of the three trials, then dividing the summed signal over the course of the
irradiation and dividing it by the time it took, in seconds. Dividing the signal by the
duration of the irradiation was necessary due to each trial being of slightly different lengths,
since the raising and lowering of the sensors is fully manual, and there can be one to two
seconds difference in the trial duration. The normalized signal/second was then divided
by the signal rate determined by the neutron detector found behind the sensing apparatus
over the course of the irradiation. The three trials for each individual sensor were then
averaged, and the standard deviation between trials was calculated and compared. A
comparison of relative neutron sensitivities is seen in Table 2.

Table 2. MPPC signal with standard deviation per scintillator output for protons and neutrons. The
highest signal (shown in bold) among the sensors was used to normalize all three.

Sensor Protons Neutrons

Gd2O2S:Tb (A) 0.57 ± 0.03 1.00 ± 0.01
Gd2O2S:Eu (B) 0.952 ± 0.008 0.241 ± 0.002
YVO4:Eu (C) 1.000 ± 0.002 0.412 ± 0.003

2.4. Equations

Under reference conditions, formulae for the light yield N and sensitivity S as a
function of the dose delivered by the protons and neutrons in water are detailed in
Equations (1)–(5).

The light yield Nx
TNF of a fiber x at the TNF deposited by neutrons of dose Dn

PT is

Nx
TNF = Sx

n · Dn
TNF with Dn

TNF = nTNF · dTNF (1)
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The light yield Nx
PT of a fiber x at the PTRC with proton dose Dp

PT and neutron dose
Dn

PT is
Nx

PT = Sx
p · Dp

PT + Sx
n · Dn

PT with Dp
PT = p · dPT (2)

Therefore, the sensitivity of fiber x to neutrons at TNF is

Sx
n =

Nx
TNF

Dn
TNF

(3)

and the sensitivity of fiber x to protons at PTRC is

Sx
p =

Nx
PT

Dp
PT

−
Dn

PT

Dp
PT

· Sx
n (4)

where the relative neutron to proton dose under reference conditions is given by Dn
PT

Dp
PT
(at point P)

= 0.035, leading to a final value for the sensitivity to protons of:

Sx
p =

Nx
PT

Dp
PT

− 0.035 · Sx
n (5)

with light yield (N) measured in fiber counts (FC) and Nx
PT [FC]—light yield of fiber x

at PTRC under reference conditions, Nx
TNF[FC]—light yield of fiber x at TNF, Sx

p

[
FC
cGy

]
—

sensitivity of fiber x to protons, Sx
n

[
FC
cGy

]
—sensitivity of fiber x to neutrons, p[MC]—proton

fluence at PIF measured in monitor counts (MC), Dp
PT [cGy]—proton dose at PTRC under

reference condition, nTNF[NMC]—neutron fluence at TNF measured in neutron monitor
counts (NMC), DTNF[cGy]—neutron dose to water at TNF, nPT [NMC]—secondary neutron
fluence at PTRC, Dn

PT [cGy]—secondary neutron dose to water at PTRC, dPT

[
cGy
MC

]
—dose

per MC at PTRC, and dTNF

[
cGy

NMC

]
—dose per NMC at TNF.

After the fiber sensitivities in the reference position are determined, an SOBP beam of
unknown relative proton and neutron composition can be characterized using two different
scintillating fibers. The light yields x of fiber A and B in unknown (u) beam composition at
PTRC with the sensitivities determined from Equations (3) and (5) are

xA = SA
n nu + SA

p pu (6)

xB = SB
n nu + SB

p pu (7)

Therefore, the proton dose at PTRC is

pu =
xASB

n − xBSA
n

SA
p SB

n − SB
p SA

n
(8)

and the neutron dose at PTRC is:

nu =
xASB

p − xBSA
p

SA
n SB

p − SB
n SA

p
(9)

From these, a neutron-to-proton ratio R of the dose delivered can be obtained with

R =
nu

pu
=

xBSA
p − xASB

p

xASB
n − xBSA

n
(10)

where the expected ratio is 0.035 at the reference position and xA[FC]—light yield of fiber A
along the SOBP at PTRC, xB[FC]—light yield of fiber B along the SOBP at PTRC, pu[cGy]—
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proton dose along the SOBP at PTRC, nu[cGy]—neutron dose along the SOBP at PTRC, and
R—neutron-to-proton ratio along the SOBP at PTRC.

If three or more fibers are used instead of only two, we can obtain additional neutron-
to-proton ratios based on different scintillator combinations, which can be averaged and
the standard deviation found. Averaging multiple ratios based on different combinations
of scintillators increases the likelihood of estimating the true neutron-proton dose ratio.

3. Results and Discussion
3.1. Proton Results—Depth Dose

Figure 4 show the Bragg peak normalized to the dose at the entrance, as measured by
the Markus chamber and the three sensors A, B, and C. The Markus chamber is considered
the gold standard for the measurement of proton beams and at the PTRC at TRUMF, the
ratio from the entrance to the peak is 3.7, but the entrance to the peak ratio of sensor A is
3.0, for sensor B, it is 2.7, and for sensor C, it is 2.9. All three clearly underestimate the dose
deposited at the low energy in the Bragg peak, which coincides with the highest LET. This
quenching has been identified previously [9,21], and it demonstrates an energy dependence
of the three sensors. In principle, this energy dependence can be corrected via the Birks’
equation [13,25].
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Figure 4. Raw Bragg peaks of the three scintillators and the Markus chamber, normalized at the
entrance at position 0 mm. Positions were shifted to align the peaks. Peak-to-entrance ratios of
scintillators A, B, C, and the Markus chamber from the interpolated B-splines are 3.0, 2.7, 2.9, and 3.7,
respectively.

Each of the three scintillators was scanned through the 23 mm SOBP and compared
in Figure 5 to the Markus chamber measurement. The Markus chamber is considered the
gold standard for measuring proton beams. The three fibers do have a significant slope
and decrease towards the distal end of the SOBP, as all three scintillators exhibit quenching
at higher LET at the distal end of the SOBP.
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experience quenching at the distal end of the plateau when compared with the Markus chamber. The
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3.2. Proton and Neutron Sensitivity

Normalized sensitivity comparisons are found in Table 2, normalized to the highest
sensitivity for protons and neutrons. The highest sensitivity to protons among the scintilla-
tors is (C), the middle is (B), and the lowest is (A). In contrast, sensor (A) has the highest
sensitivity to neutrons, the middle is (C) and the lowest is (B). A graphical presentation
is shown in Figure 6. Based on these results, a combination of sensors (A) and (B) or (A)
and (C) will make it possible to distinguish between the proton and neutron dose, making
them a good match, considering our criterion for complementary sensitivities to the two
particles.

Based on the sensitivities found in the previous section, Equations (3) and (5) result in
the sensitivities summarized in Table 3.

Table 3. Scintillator sensitivities.

Scintillator Sensitivity to Protons (FC/cGy) Sensitivity to Neutrons (FC/cGy)

Gd2O2S:Tb (A) (500 ± 30)× 103 (1087 ± 8)× 103

Gd2O2S:Eu (B) (846 ± 7)× 103 (265 ± 2)× 103

YVO4:Eu (C) (889 ± 2)× 103 (449 ± 4)× 103

3.3. PTRC Spectrum Measurements

Figure 7 shows the wavelength measuements of the three sensors under proton irradi-
ation in the reference position. While the spectra of sensors (A) and (C) are very similar,
with smaller peaks at 490 nm and 580 nm, and a larger peak at 550 nm, sensor (B) exhibits
an overlapping peak at 590 nm, but a different peak at 625 nm. This feature would allow
for additional discrimination between the proton and neutron doses in a two-step process,
even if only one photon detector is used: if the light of sensors (A) (or (C)) and (B) are



Electronics 2023, 12, 324 9 of 11

combined and sent to a detector in a first step, and if a long-pass filter is inserted that
allows light to transmit only above 610 nm in a second step, the first step will mesure the
light output from both sensor (A) and (B), while the second step will only measure the
light output of sensor (B). Togther with the sensitivities from Equations (3) and (5), the
contributions from protons and neutrons can be determined.
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Figure 7. Spectrometer data for the three sensors under proton irradiation in the reference condition.

4. Summary and Outlook

The measurements in this work are in agreement with our previous findings of individ-
ual sensors [9] and confirm that the scintillators have varying responses between protons
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and neutrons: Gd2O2S:Tb (A) is more sensitive to neutrons than to protons, and Gd2O2S:Eu
(B) and YVO4:Eu (C) are more sensitive to protons than to neutrons. By combining the
three sensors into a single array and placing them into a mixed proton/neutron field, the
different responses of the sensors will give an estimation of the doses from the different
particle types, once calibrated with Equation (10).

All three tested scintillators do exhibit a non-linear response to increasing LET, or
quenching. This under-response in an absorbed dose will have to be corrected for in a future
prototype in order to report the physical dose deposited. Future studies will incorporate
organic scintillators, for which corrections are possible via Birks’ quenching equation [25],
that, in combination with the scintillators described here, will increase the accuracy of
proton to neutron ratios.
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