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Abstract: Using the radioluminescence light of solid state probes coupled to long and flexible
fibers for dosimetry in radiotherapy offers many advantages in terms of probe size, robustness and
cost efficiency. However, especially in hadron fields, radioluminophores exhibit quenching effects
dependent on the linear energy transfer. This work describes the discovery of a spectral shift in the
radioluminescence light of beryllium oxide in dependence on the residual range at therapeutic proton

1Now at: Fraunhofer FEP, Winterbergstraße 28, 01277 Dresden, Germany.
∗Corresponding author.

c© 2022 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1748-0221/17/02/P02009

mailto:elena.metzner@tu-dresden.de
https://doi.org/10.1088/1748-0221/17/02/P02009


2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
0
2
0
0
9

energies. A spectrally resolving measurement setup has been developed and tested in scanned proton
fields. It is shown that such a system can not only quantitatively reconstruct the dose, but might also
give information on the residual proton range at the point of measurement.

Keywords: Dosimetry concepts and apparatus; Instrumentation for hadron therapy; Scintillators
and scintillating fibres and light guides; Solid state detectors
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1 Introduction

Percutaneous cancer irradiation, especially with hadrons, requires accurate dosimetry with high
spatial resolution, e.g. for efficient quality assurance procedures. Ionization chambers are routinely
used for absolute and relative dosimetry such as the determination of depth-dose curves. However,
as gas detectors they have need for large sensitive volumes to assure an adequate signal to noise ratio
in dose measurements. This leads to crucial limitations in spatial resolution and required corrections
in small radiation fields.

Alternative systems like synthetic diamond detectors [1] or diode detectors [2] are providing
accurate dose readings at a very small size. However, these systems rely on the transmission of
relatively weak electrical signals out of the irradiation room. The electrical nature of the transmission
further compromises the compatibility with magnetic resonance imaging (MRI) systems which are
being integrated into the irradiation facility [3, 4].

A solution could be the use of radioluminescent materials and their sensitivity to ionizing
radiation. Radioluminescent probes, where a small luminophore is placed on the tip of a long and
flexible light guide, can yield accurate dose readings with a very robust signal transmission [5–8].
The signal output allows for very small sensitive volumes (< 1 mm3) and therefore good spatial

– 1 –
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resolution. The probes are potentially highly cost effective and could be used in in-vivo experiments
as disposable items. Furthermore, the use of silica fibers as light guides renders robust optical
signal transmission that is not sensitive to electromagnetic fields and could be integrated in an MRI
environment [9, 10].

However, in hadron fields, most solid state radioluminophores experience a decrease in signal
strength in dependence on the linear energy transfer (LET) and thereby an underestimation of dose,
especially in the relevant Bragg peak region.

Beryllium oxide (BeO) is a ceramic, radioluminescent material with a nearly tissue equivalent
effective atomic number 𝑍eff ≈ 7.2 and therefore suited for dosimetry applications [11]. It
shows a linear dose response [7, 12] in both radioluminescence (RL) and optically stimulated
luminescence (OSL) emission and has already been successfully tested and implemented for
dosimetric measurements in photon fields [7, 12–14]. In proton beams, the luminescence experiences
quenching effects in regions of high LET which leads to dose underestimation especially in the
Bragg peak. In previous experiments, it was possible to correct the quenching effects in proton
fields using a combination of the RL and OSL signals [5]. This required however a second reading
using optical stimulation after the irradiation. During measurements with a real-time OSL setup, the
results suggested a change of the RL spectrum in different LET radiation fields [15]. This prompted
a more thorough investigation into the spectral composition of radioluminescence in BeO.

During proton irradiation at the AGOR cyclotron in Groningen, Netherlands, it was discovered
that the spectral composition of radioluminescence in BeO is dependent on the residual range of the
protons, and presumably the LET. The results of this experiment gave inspiration to the development
of a new measuring system. This system was designed to exploit this effect for a dose correction in
proton fields without the need of post irradiation measurements.

In this work, these spectrally resolved measurements in the proton field of the research cyclotron
AGOR are presented. Based on the observations in that research environment, an optical setup for
dosimetry measurements has been developed and tested in the clinical proton radiotherapy facility
Westdeutsches Protonentherapiezentrum Essen (WPE) in Essen, Germany. It will be shown that this
setup is not only able to accurately measure the delivered dose, but can also give information on
the residual beam range at the position of measurement. Additionally, with the information about
the applied spot pattern during a pencil beam scanning (PBS) procedure, it was also possible to
extract the lateral beam profile due to the high time resolution of the measured RL light signal. This
enhanced dosimetry can potentially simplify quality assurance routines.

2 Methods and materials

2.1 Emission spectra measurements at AGOR

At the superconducting AGOR cyclotron in Groningen, the Netherlands, irradiation experiments of a
BeO probe with protons were done to investigate the RL emission spectra of BeO in different parts
of the Bragg curve.

2.1.1 Experimental setup and data acquisition

Irradiations were done with a fixed proton energy of 190 MeV. The accelerated protons went through
a single scattering setup resulting in a 30 mm beam diameter and a mean range of 222 mm in water.

– 2 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
0
2
0
0
9

A small volume of BeO was coupled to a 2 m long SiO2 fiber by THORLABS with a core
diameter of 1 mm. The BeO probe was cylindric with a diameter and height of 1 mm, respectively,
resulting in a sensitive volume of 0.79 mm3. The BeO probe was glued to the glass fiber with UV-
translucent epoxy resin and the entire fiber probe head enclosed in black epoxy resin for light-tightness.
Figure 1 shows the almost identical1 fiber probe head manufactured for the experiments at WPE.
The finished probe was pre-irradiated in photon fields with a total dose > 300 Gy. The measuring
signal, emitted in the probe head, was transmitted through the fiber to a grating spectrometer (SI
Spectroscopy Instruments, SP150). The grating spectrometer allows a spectral decomposition of the
signal by filtering for one distinct, selectable wavelength. The signal part of the requested wavelength
was then forwarded to a single photon counting head (SPCH) (Hamamatsu Photonics, H10682-210)
for the subsequent analysis. A schematic sketch of the measuring system can be seen in figure 2.

Figure 1. Close-up of the exposed
fiber probe head with the radiolumi-
nescent beryllium oxide and silicon
glass fiber core visible.

Figure 2. Sketch of the measuring system for the experiments at
AGOR. The light emitted in beryllium oxide is transmitted through
a silicon glass fiber and directed at a grating spectrometer (GS),
which forwards the signal corresponding to a selected wavelength.
The signal is read out by a single photon counting head (SPCH)
and a digital read-out unit (DAQ125).

For each detected photon, the SPCH releases a short voltage signal pulse that is then sampled
by a 125 MHz read-out unit (DAQ125 by Serious Dynamics) and analyzed with an integrated FPGA.
The gained data contains information about the pulse shape and time stamp (in relation to the
beginning of measurement) for each event. Thus, it was possible to determine the event count rate
proportional to the emission intensity for the selected wavelength. By taking the recorded pulse
shape into account, it was possible to identify pile-up events and correct the event rate accordingly.

2.1.2 Measurement program

The sensitive BeO probe was placed in a water tank on a movable adapter and navigated to the
requested measuring depths for irradiation. The electronic readout unit was positioned as far out of
the beam line as possible and shielded with polyethylene and lead bricks.

1The fibers prepared for the two experiments differ solely in fiber length and diameter of the silicon glass core.

– 3 –
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Two measuring campaigns for different probe positions were performed. The first measuring
point was in 40 mm depth (plateau of the Bragg curve), and the second one at 200 mm (rising region
of the Bragg curve) in the water tank. In each depth, 22 irradiations for different spectrometer
settings were done and the event count rates over a detection time of 600 s were recorded. The
wavelengths were selected within the range from 275 nm to 425 nm.

2.1.3 Results of spectrally resolved measurements at AGOR

The results of the spectral measurements at two different depths in the water tank are shown in
figure 3. Light with a wavelength below 270 nm could not be measured due to the limited spectral
sensitivity of the SPCH. Both emission spectra show a structure of two broad maxima at 𝜆 ≈ 315 nm
and 𝜆 ≈ 375 nm, with a local minimum at 𝜆 ≈ 340 nm. These observations are in agreement with
RL spectra from photon stimulation previously measured in [16].

However, the spectral emission intensity shows changes depending on the residual range of the
protons. Aside from a higher total emission intensity for the measurement in the deeper position, the
outstanding effect is the different ratio between the two maxima amplitudes. The clear prominence
of the second maximum (𝜆 = 375 nm) is no longer the case in a measuring position deeper in the
water tank, where the residual proton range is shorter and the LET is higher.

A measuring system able to record the ratio between the two emission maxima would therefore
be able to give information about the residual proton range of the beam. This motivated the use of a
dichroic beam splitter with a separation wavelength in the area of the minimum. The developed
measuring system is explained below in section 2.2.

Figure 3. RL emission spectrum of BeO measured in a water tank at the proton cyclotron AGOR with
a grating spectrometer. For both positions at depths 𝑑 = 40 mm and 𝑑 = 200 mm, there are two broad
emission maxima with a local minimum around 𝜆 = 340 nm. The ratio of the maxima amplitudes differs for
measurements taken in different depths.

– 4 –
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2.2 Depth-dose measurements at WPE

The results from the spectrally resolved measurements at AGOR inspired a new method of dose
measurements with BeO. A measuring system including a dichroic beam splitter was developed and
the method tested on depth-dose measurements in a clinical proton beam at WPE in Essen.

2.2.1 Measuring System for spectral fiber dosimetry

Figure 4 shows a schematic sketch of the measurement system for the experiments at WPE.
A detection probe consisting of a BeO tipped silicon glass fiber similar to the one used in the

AGOR experiment was used. It was pre-irradiated with a total dose > 100 Gy during preceding
experiments in the clinical proton beam. The fiber used for this experiment was longer and slimmer
than the one at AGOR in order to reduce the stem effect of radioluminescence and Cherenkov light
in the fiber as well as direct ionization in the SPCHs. In this case, the fiber was 5 m long with a core
diameter of 400 µm while the BeO volume had the same dimensions as before. The exposed fiber
probe head is shown in figure 1.

Instead of a grating spectrometer, the signal of the fiber was directed at a dichroic beam splitter
(FF347-Di01-25x36, Semrock Inc.). Its transmission edge is located at 𝜆𝑐 = 347 nm and therefore
separates the signal in the local minimum between the two emission maxima discovered during
the AGOR experiment (section 2.1.3). The respectively reflected and transmitted light beams are
consequently read out by two identical SPCHs (µPMT H12406 series, Hamamatsu), resulting in two
recorded signals: the 𝑅 signal (reflected light, 𝜆 < 𝜆𝑐) and the 𝑇 signal (transmitted light, 𝜆 > 𝜆𝑐).
The detection unit DAQ125 already used in the AGOR experiments records the produced voltage
pulses from both SPCHs simultaneously and with correlated time stamps. A measurement of a
single irradiation therefore gives the event count rates from the 𝑅, 𝑇 and the total 𝑀 = 𝑅 + 𝑇 signal.

2.2.2 Experimental setup and beam delivery

Experiments were carried out at WPE in Essen, Germany, at a clinical proton therapy system with an
isochronous cyclotron (Proteus®PLUS, IBA) which accelerates protons to an energy of 226.7 MeV.
For the experiments, the proton beam energy was reduced in the energy-selection system downstream
of the cyclotron to 100 MeV, corresponding to a mean proton range 𝑅CSDA = 77.3 mm in water [17].
The beam delivery system was operated in pencil beam scanning (PBS) mode, where the proton
beam is guided over the target volume with scanning magnets in discrete steps. Therefore, the
scanned field is subdivided in distinct irradiation points (PBS spots). The radiation field had an
area of 30 mm × 30 mm with a substructure of 13 × 13 = 169 PBS spots per delivered field with a
respective distance of 2.5 mm between the targeted positions of the beam center. A schematic sketch
of the radiation area and the positioning of the measuring fiber is shown in figure 5. The order of
irradiation went in horizontal lines from top to bottom and left to right. The intensity was the same
for each spot resulting in an inhomogeneous dose distribution but well suitable to study the probe
response to distinct spots.

Measurements were done with a MP3-XS phantom by PTW with a modified entrance window of
1.16 mm water equivalent thickness. The phantom allows positioning of a detector in 3 dimensions
by means of linear axis. The BeO fiber was inserted from above, perpendicularly to the beam line,
and positioned with the BeO cylinder in the iso center of the field. The fiber was connected to

– 5 –
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Figure 4. Sketch of the measuring system for the experiments at WPE. The light emitted in beryllium oxide
is transmitted through a silicon glass fiber and spectrally separated into two parts 𝑅 and 𝑇 by a dichroic beam
splitter (BS). The two signals are read out by two single photon counting heads (SPCHs) and a digital read-out
unit (DAQ125).

Figure 5. Sketch of the applied radiation field at WPE structured into 169 PBS irradiation spots. The spots
were scanned in horizontal lines from left to right and top to bottom. The measuring fiber (black) was inserted
from the top with the BeO cylinder (orange) positioned in the iso center of the field.

the electronic read-out unit positioned appr. 3 m away from the iso center of the field in a slightly
upstream position.

As reference, the depth-dose curve measurements were repeated with an Advanced Markus
Chamber (AMC) (type 34045, PTW). It was positioned so that the center of the gas cavity was in the
iso center of the radiation field.

– 6 –
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2.2.3 Measurement program

Measurements at 28 measuring depths were done with the BeO fiber setup and a reference
measurement with the AMC was performed. The respective detection system was moved to the
measuring depths in the phantom using a mounting system connected to the mechanic moving system
of the phantom, which provides 3D mobility along three linear axes and is remotely controllable.
Within the Bragg peak region measurements were taken with a step resolution of 1 mm. The depth
range included the entirety of the Bragg peak, ranging from appr. 30 mm water equivalent depth
(WED) to appr. 81 mm WED. Due to the different detection systems, slight deviations in the effective
point of measurement were taken into account by determining the water equivalent thickness of
the entrance and thus reference point of the detectors (explained below). The initial setup of the
detectors within the phantom, defining the null-position of the measurements, was tuned with the
x-ray based patient positioning system. The reference points the position was defined for were the
center of the BeO cylinder and the center of the outer front wall of the AMC.

2.2.4 Dose correction

In low LET regions, the light emission intensity of BeO is proportional to the locally absorbed dose.
The experimental setup enables the separation of the RL light into two parts: 𝑅 and 𝑇 , which makes
for three possible signals when including the full light emission 𝑀 = 𝑅 + 𝑇 . All three show this
dose proportionality and can be used to determine the dose:

𝐷BeO,𝑋 = 𝐷 (𝑋) ; 𝑋 ∈ {𝑀, 𝑅, 𝑇} (2.1)

Likewise, all three signals, when taken on their own, show an underestimation of dose in high LET
regions.

The amount of dose underestimation due to quenching effects is dependent on the LET, and
consequentially the residual proton range 𝑅res = 𝑅CSDA − WED. It is quantifiable by the ratio 𝑓 of
the dose 𝐷BeO,𝑋 measured with BeO and the reference 𝐷ref., in this case measured with the AMC:

𝑓 =
𝐷ref.

𝐷BeO,𝑋

(2.2)

The two signal parts 𝑅 and 𝑇 correspond to the left and right side of the spectrum, separated in
its local minimum observed in section 2.1.3. They therefore give information about the integrated
intensity of the two emission maxima. The ratio 𝛾 of the two

𝛾 =
𝑅

𝑇
(2.3)

is dependent on 𝑅res as well.
It will be shown that this results in an exponential dependency of 𝑓 (𝑅res) on 𝛾(𝑅res). Therefore,

the correction function 𝑓corr.(𝛾) can be obtained by analyzing a depth-dose measurement of the
Bragg curve, where the protons undergo a continuous energy loss and change in LET. The corrected
dose of the BeO measurement is then

𝐷corr. = 𝑓corr.(𝛾) · 𝐷BeO,𝑋 (2.4)

and can be determined for every measurement.

– 7 –
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The exact WED of each measuring point with regards to the effective point of measurement of
both measuring systems in water has to be determined for the data analysis. For this purpose, the
known stopping power (taken from stopping power calculations in [17] and [18]) and mass densities
of the involved materials were taken into consideration. For example, the optical fiber setup was
positioned using the distance between the inner water tank wall and the center of the BeO cylinder.
To calculate the effective point of measurement, the water equivalent thickness of: the water tank
wall, its distance to the fiber edge, the epoxy resin around the BeO, and the BeO to the cylinder
center were determined with stopping power and mass density corrections where available.

3 Results

3.1 Beam profile and radiation field at WPE

Figure 6 shows the event times histograms of the 𝑅 and 𝑇 signal during a single irradiation, meaning
one complete scanning of the 30 mm × 30 mm radiation field (figure 5).

The ratio of the two emission maxima can be perceived by the different event rates per readout
channel and quantified by the number of events counted respectively. Both signals follow the same
structure of multiple peaks. In figure 6a one can verify that the emission of light happens only during
and with very small event rates before irradiation, corresponding to the SPCHs’ dark count rate
(pre-measured in a 60 min measurement, stable around 3 counts/s to 5 counts/s). After irradiation
there is however a weak afterglow of slightly higher event rates. This could be attributed to both the
de-excitation of particles in the water tank and an effect from the BeO.

The multiple peak structure in the event times histogram can be explained by irradiation via
PBS. In figure 6a, the exterior structure consisting of 13 large peaks is created due to the scanning of
irradiation spots in 13 horizontal lines. With smaller binning, it is also possible to see the interior
structure of the individual irradiation spots in figure 6b, where each of the 13 larger peaks consists
of 13 smaller peaks. All 169 irradiation spots are distinguishable in the event time histogram.

With the BeO in the iso center of the field, the relative distance between the proton beam and
the sensitive volume changes with each spot scanned by the PBS system. This causes the event rates
to increase and then decrease both in the exterior structure of horizontal lines (beam travels from top
to bottom) and the interior structure within one horizontal line (beam travels from left to right).

In combination with the known PBS spot grid pattern and position of the BeO, it is possible
to derive the single pencil beam profile at measuring depth from the data acquired by a single
measurement. Assuming that the proton beam profile does not significantly change while scanning
the radiation area, moving the beam relative to the BeO is virtually the same as moving the BeO
probe relative to a stationary beam. With the BeO in the iso center of the radiation field, the event
counts per PBS spot give the proton beam profile (double mirrored along the diagonals through the
BeO position).

Therefore the measuring time is divided into 169 time intervals for all single-irradiation-peaks
and the corresponding PBS spot is determined from the PBS grid pattern (by scanning order). For
each spot, the dark-count-corrected number of events is calculated.

– 8 –
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(a) Full irradiation time, bin width of 4 ms. Exterior peak structure of horizontal PBS
spot lines.

(b) 6th and 7th peak in figure 6a, bin width of 1 ms. Interior peak structure of
individual PBS spots.

Figure 6. Event times histograms of a single irradiation measurement with BeO in WED = 64.77 mm, shown
in number of events per time bin. The events of the two signal parts 𝑅 and 𝑇 are shown separately and
showcase the different emission intensities. The multiple peak structure stems from irradiation via pencil
beam scanning, all 169 PBS spots are distinguishable in the data.

In figure 7 the resulting pencil beam profile is shown as a standard contour plot. A 2-dimensional
Gaussian fit was applied to the result with the standard deviations:

𝜎𝑥 = (8.25 ± 0.22) mm
𝜎𝑦 = (8.16 ± 0.20) mm

The width of the pencil beam profile indicates that overlapping occurs while scanning the PBS spots,
which have respective distances of 2.5 mm.

– 9 –
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Figure 7. Lateral proton pencil beam profile determined from a single measurement at WED ≈ 30 mm. The
profile is taken from 169 measuring points (PBS spots) at different relative distances (due to PBS) between
the BeO and proton beam. The profile is scaled to the maximum intensity.

3.2 Depth-dose curves at WPE

The depth-dose curves were analyzed in arbitrary units. The reference data was taken from the AMC
data points fitted with a Bortfeld function [19]. The curves were scaled to the plateau before the Bragg
peak at WED = 40 mm for comparison using linear extrapolation between discrete measuring points.

For each measuring point taken with the BeO setup, the relative dose is given by the total amount
of events detected during a full PBS process at the corresponding measuring depth, corrected with
the SPCH’s dark count. All three signal possibilities 𝑅, 𝑇 , and 𝑀 = 𝑅 + 𝑇 show similar behavior
throughout the Bragg peak, yet the divergence from the reference is the smallest for the reflected
signal 𝑅. To minimize the dose correction needed, it makes sense to use this signal to determine the
dose 𝐷BeO,𝑅 = 𝐷 (𝑅) and make use of the information of transmitted light 𝑇 only via 𝛾 = 𝑅/𝑇 .

The dose underestimation 𝑓 taken by comparing the BeO measurement with the reference
can be seen in figure 8. As expected due to previous dosimetry measurements with BeO [5], the
emission signal follows the deposited dose in the first half of the Bragg peak ( 𝑓 ≈ 1) before starting
to diverge around WED ≈ 76 mm. Here, 𝑓 starts to greatly increase until reaching its maximum at
WED ≈ 81 mm.

The dependence of the reflected and transmitted signal ratio 𝛾 = 𝑅/𝑇 on different WED
is also shown in figure 8. It clearly shows a dependency of 𝛾 on the residual proton range
𝑅res = 𝑅CSDA − WED, confirming the assumptions of this development depending on the LET of
the protons. The sensitivity of 𝛾 to 𝑅res becomes greater in the region of interest (the Bragg peak)
but abruptly changes its rising behavior behind WED ≈ 79 mm. The point of behavioral change is
appr. 2 mm further upstream of where the dose underestimation starts to decrease again. This point
corresponds to appr. 𝑅70 of the reference measurement, which is 𝑅70 = 78.99 mm.
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Figure 8. The dose underestimation 𝑓 and signal ratio 𝛾 over the WED of the corresponding BeO measurement.
𝑓 is relatively constant at 𝑓 ≈ 1 and starts to increase at WED ≈ 76 mm. 𝛾 increases up to WED ≈ 𝑅70 and
abruptly decreases downstream. The behavioral change in 𝛾 happens approx. 2 mm upstream of where 𝑓

reaches its maximum at WED ≈ 81 mm.

The dependency of 𝑓 on 𝛾 can be seen in figure 9. It increases exponentially until the maximum
of 𝛾 is reached at WED ≈ 𝑅70. The measuring points taken at depths WED > 𝑅70 do not show the
same dependency and had to be excluded from analysis. Only the measuring points with WED ≤ 𝑅70

were fitted with an exponential fit function

𝑓corr.(𝛾) = 𝑓0 + 𝑎 · exp(𝑏 · 𝛾)

to determine the correction function 𝑓corr.. The resulting parameters with their uncertainties of one
standard deviation are:

𝑓0 = 0.972 ± 0.007
𝑎 = 3.8 · 10−11 ± 2.9 · 10−11

𝑏 = 20.7 ± 0.6

The relatively high uncertainties likely stem from the small number of measuring points in the
relevant region 1.0 ≤ 𝛾 ≤ 1.2, corresponding to the measuring points at 76 mm ≤ WED ≤ 𝑅70.
This may cause problems with the chosen fitting method of non-linear least squares and result in the
overestimation2 of parameter uncertainties. Due to the obviously good fit of the parameter values
themselves, the correction function 𝑓corr. has been deemed acceptable for the purpose of introducing
this measuring method.

The excluded measuring points downstream of 𝑅70 show decreased 𝛾 values so that 𝑓corr.(𝛾)
does not match the actual dose underestimation 𝑓 . However, when applying the dose correction

2A visualization of the effect of the given uncertainties on the course of 𝑓corr. shows a clear disconnect from the data,
suggesting that the uncertainties are indeed overestimated by the fitting method.
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function after eq. (2.4) it becomes clear that values of 𝑓corr.(𝛾) ≈ 1 have no effect on the dose
measurement. Since this is the case for all measuring points downstream of 𝑅70, it was decided that
the dose correction taken from 𝑓corr.(𝛾) is still applicable in this region, but does not improve upon
the dose underestimation.

Figure 9. The dose underestimation 𝑓 over the signal 𝛾 for all measurements with BeO. 𝑓 shows an
exponential dependency for measurements taken in WEDs up to 𝑅70 of the beam. The remaining measuring
points are excluded from the exponential fit yielding 𝑓corr..

The resulting depth-dose curves are shown in figure 10 in arbitrary units. The black (circle)
points show the data points taken with the BeO setup before a dose correction. Here, the abrupt
onset of dose underestimation in the Bragg peak can be seen clearly. The blue (triangle) data points
show the beryllium oxide measurement data after the application of the dose correction function. It
shows the success of this method in the height of the Bragg peak, where the largest part of dose is
deposited. Due to the 𝛾 factor discrepancy mentioned above, a continued dose underestimation can
be observed in the tail of the Bragg peak. The dose correction shows accuracy in the area of interest
up to 𝑅70.

4 Discussion

It was shown that spectral fiber dosimetry with beryllium oxide gives a method to determine a
correction function for the otherwise seen dose underestimation in the Bragg peak. This method is
applicable in the height of the Bragg peak where the better part of dose application occurs.

To verify that the application of the dose correction function translates to accurate dosimetry
measurements, a measurement with the same setup in a known radiation field would suffice.
Unfortunately, due to circumstances unrelated to the experiments itself, the fiber probe used for
the measurements at WPE was damaged and could not be used for verification. However, previous
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Figure 10. Depth-dose measurements in the Bragg curve, scaled to WED = 40 mm. The reference data 𝐷ref.
was taken with an Advanced Markus Chamber (AMC) and fitted with a Bortfeld curve [19]. The dose from
the BeO measurement 𝐷BeO,𝑅 shows a dose underestimation in the Bragg peak. After the application of the
dose correction function, 𝐷corr. follows the reference data up to 𝑅70.

experiments with a similar, preliminary setup included a successful verification measurement and
highly suggest that this method can result in accurate dosimetry.

A potential application in clinical environments would require such verification measurements
as well as a more detailed investigation of the behavior in the Bragg peak. Finer spacing of the
measuring points in the region of interest, where the onset of dose underestimation starts, would
most likely improve the determination of 𝑓corr.(𝛾) and its uncertainty by improving the least squares
fitting process. The continued dose underestimation downstream of the Bragg peak can be quantified
and plays a relatively small role compared to the total amount of dose. The present results strongly
suggest that the translation of this measuring method to clinical applications is possible with the
corresponding precision in measurements.

The event times histograms shown in figure 6 can be used to analyze the response of the
BeO detector during a complete PBS irradiation. Aside from the main peak structure already
discussed above, the histograms show two additional effects best seen in figure 6a. First, the detected
event count rates are higher during the second half of irradiation, causing a slight asymmetry.
Additionally, a second interesting effect can be observed when comparing the amount of reflected
(𝑅) and transmitted (𝑇) light (and consequently 𝛾) in the first and second half of irradiation. In
the beginning, 𝑅 and 𝑇 are almost equal and the difference builds up during irradiation. There are
multiple reasons for a measurement with a moving proton beam to show these two effects. The first
one is the stem effect of the fiber, mainly caused by direct ionization and Cherenkov light in its
silicon glass core [20, 21]. Since the fiber reaches only half-way into the phantom, coming from
above, its interaction with the pencil beam should be higher during the irradiation of PBS spots in
the top half of the radiation area. The light due to stem effect is mostly blue and would therefore
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also cause a change in 𝛾. However, with the beam scanning from top to bottom, this would be
expected to express itself as an asymmetry with heightened event count rates during the first half of
irradiation, not the second half. A second possibility would be an asymmetric pencil beam profile
with higher dose rates on one side, causing more dose deposition during one half of the PBS process
when that side is directed towards the probe. If this asymmetry were caused by deflected protons,
the consequently changed residual proton range might be linked to the change in 𝛾. The third would
be the existence of excitation states in BeO with longer de-excitation half times in the range of ms.
A partial signal delay might be visible as the observed asymmetry even if only a small portion of the
full signal were affected. If these ms-lasting excitation states favored one side of the RL spectrum, 𝛾
would obviously change during irradiation, but when waiting long enough for de-excitation to occur
it should have no effect on the measurement as a whole.

While the measurements at AGOR show that the emission spectrum of BeO depends on the
residual range of the protons, the underlying effect is still unknown. Therefore, the behavior of the
indicator 𝛾 is also not well understood. The abrupt change in behavior of the 𝛾 factor downstream of
𝑅70 = 78.99 mm might be due to the substantial change of the radiation field in this region. Here,
the particle composition and the mechanism of energy deposition becomes more complex due to
effects like range and energy straggling. This explanation is supported by the fact that the effect
is seen shortly downstream of the nominal range of the primary protons 𝑅CSDA = 77.3 mm from
continuous slowing down approximation. However, this possible explanation is only speculative. In
order to further understand the behavior of BeO in high LET environments, irradiation with heavier
particles could provide valuable information.

5 Conclusion

The spectrum of radioluminescence light in BeO was investigated in a research proton beam. It
shows two emission maxima with varying amplitudes, where the ratio of the maxima amplitudes
depends on the residual proton range. This effect was utilized in a new method of spectral fiber
dosimetry measurements using a measuring system with a dichroic beam splitter. It was tested in a
clinical proton field and proven to be applicable up to approx. 𝑅70 of the Bragg curve.

The results suggest that this method can be used to deliver accurate dosimetry in the region of
high dose application, i.e. the height of the Bragg peak, with a remaining dose underestimation in
the tail. The measuring system allows for great spatial resolution due to the very small sensitive
volume (0.79 mm3) of beryllium oxide, which can be made visible within the fiber via x-ray scans.
Additionally, it is possible to derive the beam profile from a single irradiation, if the radiation field is
created via pencil beam scanning. Furthermore, through the analysis of the 𝛾-factor corresponding
to the spectral composition of radioluminescence light in BeO, it is possible to estimate the residual
proton range at a given beam quality. The data implies that this is possible in the last 10 mm prior to
𝑅70 with an accuracy of 1 mm.

The here presented technique can measure several important beam qualities at once with a single
probe in a simple and robust way. It is therefore a promising technique to improve and simplify the
quality assurance in hadron therapy.

In future research, verification measurements with clinical proton beams are necessary to
confirm the accuracy of dose measurements and quantify the remaining dose underestimation.
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