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h i g h l i g h t s
� YVO4:Eu-based dosimetric probes are suitable for real time dosimetry.
� YVO4:Eu response shows repeatability and independence with accumulated dose within therapeutic range.
� Isotropic response is observed if the detector is spherically shaped.
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a b s t r a c t

Fiberoptic dosimetry (FOD) is an experimental technique suitable for in-vivo, real time dosimetry in
radiotherapy treatments. In a previous work it was found that YVO4:Eu is a scintillator suitable to be
employed as scintillator for FOD in pulsed MV photon beams. YVO4:Eu-based FOD probes have shown
several positive characteristics: temperature independence; no previous irradiation needed; good spatial
resolution. In this paper others dosimetric characteristics have been investigated for the first time.
Suitability for real time dosimetry has been determined by simultaneous measurement with a ionization
chamber; off axis profile have been obtained in order to assess spatial resolution of the FOD systemwhen
used in fields having a size of 3 � 3cm2 and 1 � 1cm2; angular dependence has been studied for probes
with cylindrical and quasi-spherical geometry showing the influence of the detector shape on it isotropy.
Additionally, PDD curves resulting from Monte Carlo simulations have been successfully compared to
experimental curves.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The development of radiotherapy techniques such as intensity-
modulated radiotherapy, volumetric modulated arc therapy or
stereotactic radiosurgery, has lead to highly conformed treatments,
which maximize dose on target and minimize dose in adjacent
organs at risk. Planning potentially involves hypofractionated
treatments with large doses per fraction. This fact demands inno-
vative approaches to patient safety including in-vivo dose verifi-
cation, as international organizations involved recommended
(Yorke et al., 2005; IAEA, 2014), which prompt in turn to the
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development and research of new techniques for in-vivo dosim-
etry. Several methods have been developed in the last years, each
one with comparative advantages and disadvantages for different
measurements conditions (Mijnheer et al., 2013).

In this context, a technique known as Fiber Optic Dosimetry
(FOD) has become an attractive alternative to traditional dosimetry
systems due to the small size of the radiation detectors employed
(Beddar et al., 1992a,b; L�etourneau et al., 1999; Huston et al., 2001;
Polf et al., 2004; Andersen et al., 2009; Santos et al., 2015). This
technique has high spatial resolution and is capable of estimating
the dose rate in real time. FOD relies on using a small piece of
scintillator (~1 mm3) attached to the end of an optical fiber, which
guides the light emitted by the scintillator during irradiation
outside the treatment room up to a light detector. In general, the
intensity of the scintillating light or radioluminescence (RL) can be
regarded as proportional to the dose rate absorbed by the scintil-
lator (Beaulieu et al., 2013).
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Fig. 1. Detail of quasi-spherical YVO4:Eu-based detector coupled to the end of the
optical fiber.
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The main drawback of this technique is the presence of the light
produced in the optical fiber itself during irradiation, dubbed stem
effect, which adds to the radioluminescence signal and produces a
bias of the estimated dose rate. The stem effect has two compo-
nents, namely, the in-fiber Cerenkov radiation and intrinsic lumi-
nescence of the optical fiber (Beddar et al., 1992a,b). The stem effect
for fast organic plastic scintillators can be reduced by at least three
methods as reported by Liu et al. (2011). For slow materials, a
temporal discrimination method can be used when the irradiation
source is pulsed, for instance, in medical linear accelerator beams
commonly used for radiotherapy (Clift et al., 2002). This method is
effective when the radioluminescence signal has a lifetimewhich is
long compared with the duration of the radiation pulses (Martinez
et al., 2015; Buranurak and Andersen, 2016).

Standard Imaging provided the medical community with the
Exradin W1. This was the first commercially available FOD system
for dosimetry in external-beam radiotherapy. This detector was
characterized for the first time by Beierholm et al. (2015), giving
place to a number of debates related to the energy dependence of
the Cerenkov light ratio (CLR) coefficient (Carrasco et al., 2015a,b;
Beierholm et al., 2015). Far away from a closed debate, the
research for new scintillators is currently of interest in order to FOD
become amature dosimetric technique (Mattia et al., 2015; Ramírez
et al., 2016; Teichmann et al., 2016; Rahman et al., 2016).

Recently, preliminary results about the performance of
YVO4:Eu-based FOD probes has been reported (Martinez et al.,
2015). Although YVO4:Eu has an effective atomic number higher
than soft tissue, YVO4:Eu-based probes demonstrated to be suitable
for real-time dosimetry in those cases when the irradiation field
size is smaller than 3 � 3cm2. The temperature dependence of the
detector response was found to be lower than those of plastic
scintillators and its spatial resolution was higher than that of a
PinPoint ion chamber.

In this work additional characterization of the YVO:Eu-based
FOD probe has been carried out. In particular, repeatability of de-
tector response and suitability for real time dose assessment have
been investigated. Besides, the capability of the FOD system to
characterize the shape of small size fields and angular dependence
of the signal have been studied. Additionally, MC simulations have
carried out in order to increase certainty to established hypotheses
about discrepancies in PDD measurements.

2. Materials and methods

2.1. Scintillator dosimetry system

Measurements were made using a dosimetric probe based on
YVO4:Eu fabricated identically to the one described in Martinez
et al. (2015). In this case, YVO4:Eu powder (Phosphor Technolo-
gies, UK) was pressed inside a 1 mm inner diameter, 3 mm length
PVC cylindrical container, which was coupled the optical fiber end.
Only for angular dependence measurements another probe was
employed. In this case YVO4:Eu powder was dispersed inside a glue
droplet (NOA 68, Norland Adhesives, USA) and coupled to the fiber-
end. Fig. 1 shows the probe before coating its end with water-
lightproof paint. It is apparent that in this case the scintillator
features a quasi-spherical shape.

The scintillation light emerging from the optical fiber was
measured using a Hamamatsu H9319-02 phototube in photon
countingmode. Counts per secondwere integrated using a National
Instruments USB-6251 DAQ. Maximum temporal resolution
achievable was 10 ms.

In-situ measurements were made in a Varian de 6 MV LINAC (1
MU ¼ 1.065 cGy in reference conditions). A scheme of the in-situ
experimental setup is shown in Fig. 2.
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2.2. Temporal discrimination of stem effect

To eliminate the stem effect, the temporal method was used in
all measurements. LABVIEW software was used to control the NI
USB-6251 by integrating only counts detected in a 1880 ms long
window starting 20ms after each LINAC pulse reaching the detector.
The lapse between consecutive LINAC pulses was 4.5 ms long. Since
YVO4:Eu decay time is 0.5 ms, no correction for signal super-
position is needed. Using this method the stem effect is eliminated
completely.
2.3. Real time response and repeatability

In order to determine whether the RL signal of the FOD probe is
proportional to the dose rate as measured by a standard ion
chamber, both detectors were simultaneously delivered a dose of
600 MU (6.39 Gy) in a water phantom and their signals were
compared. The sensitive end of the FOD probe was placed 4 cm
apart from the center of a 12 � 12 cm2

field (100 cm source to
surface distance-SSD, 5 cmwater depth). A PTW 31014 PinPoint ion
chamber (0.015 cm3) was placed in the symmetrically opposite
point with respect to the beam axis and its signal was measured
simultaneously. The ion chamber yield was acquired by means of a
UNIDOS E PTW electrometer.

The stability of RL response was determined by repeating
measurements in identical conditions. The FOD probe was 10 times
consecutively delivered a dose of 100 MU (1.065 Gy) in reference
conditions (SSD ¼ 100 cm; 10 � 10 cm2

field size, 1.4 cm water
depth) with 1 min interval between irradiations. The average
counting rate and the area under the curve RL versus time (inte-
grated counts) were determined.
2.4. Off axis profiles

The spatial resolution of the FOD system was evaluated by
measuring off-axis profiles corresponding to 3 � 3 cm2 and 1 � 1
cm2

field sizes. A water phantomwith dimensions 400(L)�400(W)
�400(D)mm featuring an ad-hoc motorized scan system was
employed. For the sake of comparison off-axis profiles were also
determined by means of the PinPoint PTW ion chamber (please see
above). The sensitive end of the detectors were moved along the
irradiation field at 0.15 cm/s within a plane orthogonal to the beam.
Ion chamber readings were performed every 1s while the FOD
probe signal was acquired every 0.05s. The measurements were
made at SSD¼ 100 cm and at 1.4 cmwater depth. PinPoint axis was
oriented parallel to the beam and FOD axis was oriented perpen-
dicularly to the beam.
VO4:Eu3þ scintillator as detector for Fiber Optic Dosimetry, Radiation



Fig. 2. Experimental setup corresponding to In-situ measurements.
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2.5. Angular dependence

In order to evaluate the angular response of the YVO4:Eu-based
detector the end of the FOD probe was placed at the center of a
spherical lab-made phantom (20 cm diameter) made of gelified
Agar (Aranda-Lara et al., 2014) and irradiated employing a 5 � 5
cm2

field size at different gantry positions. The scintillator was
located exactly at the center of the phantom, which, in turn, coin-
cided with the LINAC isocenter. As can be seen in Fig. 3 two con-
figurations were employed. In one of them different azimuthal
angles were spanned, say, the fiber was placed vertically and par-
allel to the plane spanned by the beam. Angle steps of 45� were
employed starting from 90� up to 270�.

In the other configuration, the fiber axis was placed horizontally
and orthogonal to the plane spanned by the gantry. In this case
angle steps of 45� were employed starting from 90� up to 270�, too.

2.6. Monte Carlo simulations

It was previously reported that in percentage depth dose (PDD)
experiments the YVO4:Eu FOD probe overestimates the dose with
respect to an ion chamber if the field size is larger than 3 � 3cm2

(Martinez et al., 2015). Martinez et al. interpreted this observation
as a result of the higher effective atomic number of YVO4:Eu
(Zeff ¼ 25.4) with respect to that of water (Zeff ¼ 7.4). For this
reason, as the dimensions of the field decreases, the difference
between the signal of the probe and the signal of the ion chamber
also decreases. Although this statement is plausible, it should be
confirmed by means of Monte Carlo simulations in order to discard
other causes, which could be related to the scintillation process
instead of to the energy absorption process.

PDD curves of the YVO4:Eu FOD probe were simulated byMonte
Carlo simulations and compared to PPD curves obtained experi-
mentally. For Monte Carlo simulations, a hybrid virtual source
model based on IAEA phase space data base was used [Rucci et al.,
2014; Capote et al., 2006]. With this method it is possible to
reproduce dose data for any field size and from different clinical
accelerators with uncertainties below 3%/2 mm [Rucci et al., 2016].
The YVO4:Eu detector was simulated with an 8 mm3 cube. This
Fig. 3. Scheme of the experimental setup employed for the angular dependence
measurements. In the first case the azimuth was changed (FOD axis vertically ori-
ented). In the second case the axial angle was varied (FOD axis horizontally oriented).
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volume ensures that statistical fluctuations are well below statis-
tical uncertainties from the virtual source model. All calculations
were performed using PENELOPE Monte Carlo code [Salvat et al.,
2006]. We used cut off energies of 100 keV for electrons and
10 keV for photons. For the sake of comparison, the absorbed dose
by a similar volume of water in identical conditions was also esti-
mated by MC calculations.

3. Results and discussion

3.1. Real time response and repeatability

In Fig. 4 the result of the simultaneous measurement of the FOD
and ion chamber signals in a 12 � 12 cm2

field size is shown. Both
signals match during almost all exposure time and differ only by
discrepancies well within the resolution of each detector. No sys-
tematic deviation was found in exposures up to 600 MU (6 Gy),
showing that at doses characteristic of radiotherapy treatments the
FOD detector response is similar to that of the ion chamber. This
measurement was repeated 10 times, delivering 60 Gy in total to
FOD detector without noting any decrease on response.

In Fig. 5 the repeatability of the RL signal of the YVO4:Eu based
FOD detector is shown. Circles correspond to the averaged counts
per second, while the integrated counts are depicted as hollow
squares. It can be seen from the figure that the latter readings vary
less than 0.5%. This difference matches with the expected fluctua-
tions for the LINAC employed, as measured during routine cali-
bration with a ionization chamber. In the same sense, variation in
dose rate (in the order of 2,5%) are also attributable to LINAC
behaviour that shows an increases of average dose rate in consec-
utives exposures. The lower value of the four initial dose rate
readings can be easily ascribed to a warm-up effect corresponding
to the LINAC. Although the dose rate stabilizes at the fifth mea-
surement, the integrated counts were constant from the first irra-
diation, what implies that the total dose delivered by de LINAC in
each irradiation was constant along the ten measurements.

3.2. Off axis profile

Off axis profile measurements in a 3 � 3cm2 and 1 � 1 cm2
field

sizes are shown in Figs. 6 and 7 respectively.
Differences between YVO4:Eu and PTW PinPoint signal as

shown in the upper plot show that in penumbra region discrep-
ancies reach 5%. As is expected (Laub and Wong, 2003), volumetric
effect in the PinPoint ion chamber (15mm3) response can lead to an
overestimation in the bottom of penumbra and a sub-estimation in
the upper region. Results demonstrate that YVO4:Eu based probe
(~0.5 mm3) has a higher spatial resolution than PinPoint Ion
chamber.

In 1 � 1cm2
field the differences are slightly smaller than in the

previous case. This result, however, is probably due to the fact that
the penumbra region is actually wider as a result of the smallness of
the field. In futureworks YVO4:Eu based probe should be compared
to dosimeters with higher spatial resolution, such as diamond de-
tectors or unshielded diodes.

3.3. Angular dependence

Both YVO4:Eu based probes (cylindrical and quasi-spherical
detectors) show independence of their RL emission for different
axial angles, as expected given the cylindrical symmetry of the
experimental setup. Nevertheless, in azimuthal angle experiments
the cylindrical probe shows a strong dependence due to changes in
effective active area irradiated at different angles. In Fig. 8 the re-
sults for angular dependence in azimuthal angle in both probes is
VO4:Eu3þ scintillator as detector for Fiber Optic Dosimetry, Radiation



Fig. 4. Response of YVO4:Eu detector and a PTW PinPoint ion chamber irradiated at 600 MU.

Fig. 5. Repeatability of RL signal with YVO4:Eu based FOD detector.

Fig. 6. Off axis percentage dose profile. Field size 3 � 3 cm2.
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Fig. 7. Off axis percentage dose profile. Field size 1 � 1 cm2.

Fig. 8. Comparison between angular dependence in cylindrical and quasi-spherical probes.
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shown.
It can be seen from figure that cylindrical probe reaches differ-

ences close to 30%when azimuthal angle is changed 90�. This result
is in accordance to obtained with others detectors (Lambert et al.,
2006; Hyer et al., 2009; Qin et al., 2013) and can be explained by
the high efficiency of the scintillator and the effective area of active
volume confronted to primary beam. On the other hand, the quasi-
spherical probe shows RL response independent to the incident
angle with observed variation that are less than 2%, a value ex-
pected for this configuration. Construction of the quasi-spherical
probe proved to be a feasible solution to lead with the problem of
azimuthal angular dependence of the detector. In addition quasi-
spherical probe present higher RL emission than cylindrical probe
due to the possibility of increase powder deposition in fiber optic
end.

3.4. Monte Carlo simulations

In Fig. 9 and Fig.10 PDD curves obtained with the FOD probe and
the ion chamber (field sizes of 2 � 2cm2 and 10 � 10 cm2) are
compared with Monte Carlo simulated PDD curves corresponding
to an 8 mm3 cube of YVO4:Eu and an identical volume of water
Please cite this article in press as: Martínez, N., et al., Characterization of Y
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respectively.
The simulations reproduce with very good agreement the

experimental results in both field sizes. This result confirms the
hypothesis that the dose overestimation is due to the influence of
the high Zeff of the YVO4:Eu based probe, which increases the
sensitivity of the detector to secondary radiation. Using MC simu-
lations calibration factors could lead to an appropriate use of
YVO4:Eu based probe in specific configurations.

4. Conclusions

The present work, in addition to previous research (Molina et al.,
2012; Martinez et al., 2015), supports the development of FOD
detectors based on YVO4:Eu3þ for small field real-time dosimetry.
Response stability has been demonstrated with a repeatability
better than 0,5%. Comparison with the response of a ion chamber
demonstrates that the FOD probe performs well as real time
dosimetry system. Off axis profile measurements shows that
YVO4:Eu based probes have a better spatial resolution than
PinPoint ion chamber in 3 � 3 and 1 � 1 cm2. However, more
studies are needed in order to determine maximum resolution of
this FOD detector. High efficiency of the scintillator results in a
VO4:Eu3þ scintillator as detector for Fiber Optic Dosimetry, Radiation



Fig. 9. Monte Carlo simulation for PDD in a 2 � 2 cm2
field size.

Fig. 10. Monte Carlo simulation for PDD in a 10 � 10 cm2
field size.
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strong angular dependence due to geometrical reasons. It was
proved that the construction of a quasi-spherical probe provides a
feasible solution to solve this problem. Monte Carlo simulated PDD
curves agree verywell with experimental results. This fact serves as
an evidence that Monte Carlo corrections could be of help to
compensate bias response of YVO4:Eu due to its non-tissue-
equivalence.
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