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1 | INTRODUCTION
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Abstract

Background: Fiber optic dosimetry (FOD) has emerged as a useful technique
that can be used in those cases when intracavitary, real time, high spatial res-
olution dose assessment is required. Among the several factors characterizing
a dosimeter, angular response of FOD probes has to be assessed in order to
consider possible clinical application.

Purpose: The objective of this study was to characterize the angular response
of a FOD probe based on a cylindrical shaped YVO,:Eu®* scintillator under
irradiation with a 6 MV photon beam generated by a linear accelerator (LINAC).
Methods: A FOD probe was irradiated inside a plastic phantom using a 6 MV
LINAC photon beam at different azimuthal angles (0° to 360°, 15° steps). Scintil-
lation output was measured with a photomultiplier tube. Similar measurements
were performed with a second FOD probe having an optical filter interposed
between the scintillator and the fiber. Monte Carlo simulations using PENELOPE
were carried out in order to interpret the observed results.

Results: The FOD output was symmetrical with respect to the scintillator axis.
For the unfiltered probe, the signal was maximum at rear incidence (0°) and
steadily decreased down to its minimum value at frontal incidence (180°) hav-
ing a signal ratio of 37%. The output of the filtered probe showed a plateau
from 15° up to 115°. The signal was maximum at 60° and minimum at 180°
having a signal ratio of 16%. Monte Carlo simulations predicted symmetry of
the deposited dose about 0° and 90°, which contrasts with experimental findings.
Conclusions: Photoluminescence (PL) of the scintillator induced by the
Cherenkov light increases the angular dependence. Radiation attenuation inside
the scintillator and partial light collection of the scintillation yield by the optical
fiber (OF) are responsible for asymmetrical response. Results from this study
should be considered in order to minimize angular dependence in FOD.
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Both organic and inorganic compounds have been
investigated as luminescent detectors in FOD, with

In recent years radiotherapy techniques have increased
their complexity requiring the development of new
dosimetry systems. In particular, treatments involving
high doses and steeply varying dose gradients call
for high spatial resolution and real-time dose assess-
ment systems.'® Fiber optic dosimetry (FOD) has the
potential to meet this need*~’

plastic scintillators (PSs) the most studied materials so
far/ PSs are made of aromatic hydrocarbon molecules,
thus absorbing ionizing radiation similarly to water and
soft tissue at megavoltage photon energies? For this
reason, PSs are considered tissue equivalent ionizing
radiation detectors, which is one of their most relevant
characteristics. One drawback affecting PSs is their
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relatively low scintillation light yield, which poses a chal-
lenge to optimize optical coupling and light collection in
PS-based FOD instrumentation.?

Inorganic scintillators (ISs) have also attracted atten-
tion as detectors in FOD.'? ISs are mainly alkali halide or
oxide crystals, usually doped with different activators.'
Since most ISs are high-Z materials, they show an over-
response to low-energy photons (less than 100 keV).
For this reason, the application of ISs in FOD has
received less attention than PSs to date.'? Despite this
drawback, ISs feature scintillation yields that are at
least one order of magnitude greater than PSs.'>'3

The response of a dosimeter may depend on sev-
eral factors (temperature, source to detector distance,
dose rate, accumulated dose, etc.).!* In particular, the
dependence of the dosimeter response on the relative
orientation of detector and source (angular response) is
a feature that must be known before clinical use of the
dosimetric system.'® In the case of FOD, the key point
is to determine the dependence of the response on the
angle between the radiation beam and the scintillator
axis in the azimuthal plane, since the response of most
FOD probes features axial symmetry.'®

The main drawback affecting FOD is the stem effect,
a combination of fluorescence and Cherenkov radiation
produced in the exposed portion of the optical fiber (OF).
The stem effect adds to the radioluminescence (RL) sig-
nal, producing a bias in the dose rate measurement. Sev-
eral methods have been put forward to reduce the stem
effect, which are useful in different situations.!” The
time-gated technique is suitable for filtering the short-
lived Cherenkov signal in LINACs when the scintillator
features a long decay time of its RL signal of the order of
1 ms.'® Practical applications of the time-gated method
in high-Z.;r 1Ss have been reported in YVO4:Eu*
(Zefr — 25,4) and Gd,0,S:Tbh-based FOD systems.'92"

The ultraviolet component of the Cherenkov radiation
may induce photoluminescence (PL) in the scintillator,
which also adds to the RL signal. Cherenkov-induced
PL could be decreased using a plastic long-pass filter
between scintillator and the OF.'?

The intensity of the Cherenkov light produced in an
OF depends on the angle between the radiation beam
and the fiber axis?? In the case of electron beams, the
intensity of the Cherenkov radiation is minimized when
the fiber is orthogonal to the beam axis?> When an OF
is irradiated with photons, the angular dependence of
the Cherenkov radiation transmitted along the fiber is
less pronounced, since electrons crossing the OF are
secondary radiation not moving strictly in the direction
of the photon beam .

In this work, we studied the angular dependence of
the RL signal from a YVO,:Eu3+*-based FOD probe irra-
diated with 6 MV photons from a clinical LINAC. Monte
Carlo simulations were carried out and compared to
the experimental results. The effect of adding an opti-
cal filter between the IS and the OF in order to reduce

the contribution of the Cherenkov-induced PL signal
to the angular response of the FOD probe was also
investigated.

2 | MATERIALS AND METHODS
21 | FOD probe design and
experimental setup

The probes employed in this work were made with
YVO,:Eu3t powder (Phosphor Technologies, UK) as
scintillator material. YVO,4:Eu3* shows strong lumines-
cence at 620 nm when excited with ionizing radiation.'?
Two FOD probes were prepared. One of them (probe
A) consisted of a cylindrical detector (1 mm diameter,
2 mm length) directly attached to the end of a PMMA
SuperEska OF (10 m length, 1 mm diameter). The other
one (probe B) was identical to probe A except that an
optical filter was placed between the OF and the scintil-
lator powder. The optical filter prevented the UV compo-
nent of the Cherenkov radiation produced in the OF from
exciting PL from the scintillator. A tiny piece of gel filter
(Roscolux 027) was employed for this purpose. The OFs
were terminated with SMA connectors. Further details of
the probe fabrication were described in previous work 2

The intensity of the scintillation light from the FOD
probes was measured by means of a Hamamatsu
H9319-02 photon counting head placed outside the
irradiation room and connected to a data acquisition
device (National Instruments USB-6251 DAQ).

The 6 MV photon beam of a Varian LINAC was
employed to irradiate the FOD probes. The contribution
of the stem effect was reduced by resorting to the
time-gated method, as described in previous work 19
The time-gated filter was set to measure the light signal
20 us after the beginning of each LINAC pulse.

2.2 | Measurements

2.2.1 | Angular response of the FOD probe
The angular response of probes A and B was recorded
at different angles between the probe axis and the
photon beam (azimuthal plane). The tip of the FOD
probe was inserted upwards through a hole in the cen-
ter of a lab-made PMMA phantom (see Figure 1) and
positioned at the LINAC isocenter (at 100 cm from the
x-ray source). The angular response of the probe was
measured from 0° to 360° at intervals of 15°. 6 = 0°
corresponds to the beam entering through the fiber
before encountering the scintillator (rear incidence).
0 = 180° corresponds to frontal incidence. The angle
was varied by rotating the LINAC gantry. A 50 monitor
units (MU) irradiation was delivered to the FOD probe
at each angle. An irradiation field of 2 x 2 cm? at the
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FIGURE 1 The experimental setup employed to measure the
response dependence on the azimuthal angle. The dimensions of the
cylindrical phantom were L =5 cm and D = 3 cm.

isocenter was employed. In this work, only the response
at different angles in the azimuthal plane was mea-
sured, since angular response symmetry in the radial
plane has already been established.?’

2.3 | Monte Carlo simulations

The experimental setup described in Section 2.2.1 was
modeled by Monte Carlo simulations. In particular, the
dose delivered to the FOD probe at different azimuthal
angles was estimated by means of the PENELOPE
Monte Carlo code. The 2 x 2 cm? square field was sim-
ulated using the SPYRAM function?® The source was
placed on the irradiation Z-axis, 100 cm above the origin.
The 6 MV photon beam was simulated with the follow-
ing energy spectrum as described in a previous work:
5MeV (6.59%),3 MeV (25.04%),and 1 MeV (68.37%).2°
The simulation parameters for absorption energy, elas-
tic scattering and cut-off energy were set to (1e5, 1e4,
1e5),(0.1,0.1),and (1e3; 1e4) eV respectively. The angle
between the photon beam and the scintillator axis was
varied between 0° and 180° at 15° steps. The number
of simulated showers was 10° at every angular position
for each probe considered.

2.3.1 | Simulation geometry

The cylindrical scintillator was simulated with a stack of
four disks of 0.5 mm length and 1 mm diameter (see
Figure 2a). The disks were identified as A, B, C, and
D. The energy in eV deposited in each disk was calcu-
lated. The total energy deposited in the scintillator was
taken to be the simple sum of the energy deposited
in each disk. In order to investigate the dependence of
the dose on the detector size a shorter scintillator was
also modeled having a 1 mm length. In this case, the
detector was made up of two disks, namely, A and B
(see Figure 2b). In both cases, the detector was placed
inside a PMMA cylindrical phantom of 50 mm length and
30 mm diameter, identical to the phantom employed for

1 mm 0 =180°
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FIGURE 2 Geometry of the detector considered for Monte Carlo
simulations. Each cylindrical scintillator is made up of four (a) or two
(b) 0.5 mm length disks. The scintillators were inside a cylindrical
phantom emulating the measurements. Normal (90°) and top-down
(180°) incidence angles are indicated.
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FIGURE 3 Response of YVO,:Eu3+-based FOD probes A and
B corresponding to different incidence angles between 0° (bottom-up
incidence) and 180° (top-down incidence). The time-gated filter was
applied in both cases in order to reduce the contribution of the stem
effect. Values were normalized to the signal measured at 180°.

the measurements. The OF was not simulated, since it
is made of the same material as the phantom. For the
simulations the relative orientation of detector, phantom
and beam was identical to that shown in Figure 1.

3 | RESULTS AND DISCUSSIONS

3.1 | Angular response of the FOD probe
The intensity of the RL signal corresponding to both
probes A and B as function of the azimuthal angle
between the photon beam and the OF axis is shown
in Figure 3. Both signals were time-gated filtered, which
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means that the Cherenkov component of the stem effect
is not present. As expected the RL signal was symmet-
ric with respect to 180° (top-down incidence). For this
reason only the response from 0° to 180° is shown. The
measured values were normalized to the signal mea-
sured at 6 = 180° (frontal incidence), which is the angle
where the minimum signal is observed for both probes.
Error bars correspond to the standard deviation of the
signal recorded by the photon counting head during the
50 MU irradiation. Measured differences between maxi-
mum and minimum are 37% and 16% for probes A and
B respectively. Figure 3 shows that the response is not
symmetric around 90° (normal incidence), as would be
expected considering the cylindrical shape of the detec-
tor. In fact, the RL signal is particularly higher when
the probe is irradiated at lower angles. Comparison of
the two curves shows that suppressing the Cherenkov-
induced PL component by means of the optical filter has
a dramatic effect on the measured signal, especially at
incidence angles below 90°. The difference between the
two curves observed at angles below 90° implies that
the Cherenkov induced PL is an important component
of spurious light in YVO,4:Eu3+-based FOD.

3.2 | Monte Carlo simulations

3.2.1 | Angular dependence of dose

The results of the Monte Carlo calculations of the dose
deposited in YVO,:Eu3* cylinders having 2 and 1 mm
length are shown in Figure 4 as black squares and
red circles respectively. Error bars correspond to the
statistical uncertainty reported by Penelope for each
simulation.

In both cylinders, the dose as function of the inci-
dence angle is symmetric to both 0° (axial incidence)
and 90° (normal incidence), as expected. In both cases
(1 and 2 mm length) the dose is maximum at nor-
mal incidence (90°). This effect is more pronounced in
the case of the 2 mm length detector. The maximum
response at normal incidence is attributed to the maxi-
mum cross section of the detector being exposed to the
beam. The relative difference between the dose calcu-
lated at 90° and 0° incidence is 6.5% and 1% for the
2 and 1 mm length cylinders respectively. Smaller vari-
ations of the angular response are expected if lower
Z scintillators are employed. In fact, Monte Carlo
simulations of the angular response of a BCF-400
(polyvinyltoluene) cylinder (1 mm diameter,4 mm length)
exposed to 6 MV photons showed a relative response
variation of at most 0.8%.2” These results suggest that
the overall symmetry of the detector could affect the
angular response of FOD systems when YVO4:Eu3*
scintillators are employed and this situation should
therefore be taken into account when designing the
FOD probe.
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FIGURE 4 Dose deposited in YVO4:Eu3+ cylinders having 2 and

1 mm length calculated for different incidence angles by means of
Monte Carlo simulations. All values were normalized to the dose
obtained at 180°. Connecting lines have been included for the sake
of clarity.

The measured angular response of probe B (Figure 3,
black circles) and the dose calculated by Monte Carlo
at different angles (Figure 4, black squares) present
differences. The experimental angular response is not
symmetrical with respect to normal incidence. In fact, at
incidence angles lower than 90° the signal from probe
B barely decreases with respect to that measured at
normal incidence. Similar results were found with FOD
probes that employ other high-Z materials as scintilla-
tors. In fact, in a Gd,0,S:Tbh-based probe the signal
yielded by the scintillator was found to be maximum
when the probe is irradiated at incidence angles of —45°
and 45° (in our coordinate system).®

In order to get a better understanding of the con-
trast observed between the angular response of probe
B (Figure 3) and the doses calculated by Monte Carlo at
different angles (Figure 4),the doses calculated for each
of the four disks making up the 2 mm length cylinder are
plotted as a function of the incidence angle in Figure 5.
As expected, the results corresponding to disks A and B
are mainly specular of D and C with respect to the nor-
mal incidence (90°) respectively. Figure 5 demonstrates
that in spite of the tiny dimensions of the dosimeter,
the disk closest to the radiation source receives almost
20% more dose than the farthest one. This effect can be
attributed to several factors. Among them, the attenua-
tion of the beam when crossing the scintillator and the
lack of charge particle equilibrium due to the small size
of the radiation field could be the most important. We
assume that the light yield produced at each single vol-
ume of the scintillator is proportional to the absorbed
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FIGURE 5 Dose absorbed by each of the four disks making up

the YVO4:Eu3* cylinder that simulates the 2 mm length detector.
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FIGURE 6 Angular response of probe B and the sum of the
doses corresponding to disks A and B, as calculated by Monte Carlo
simulations. Results are normalized to the response at 180°.

dose at that point. However, scintillation photons pro-
duced near the fiber end have a higher chance of being
collected than those produced in the distal powder lay-
ers.In fact, the light collection efficiency depends,among
several factors, on the average particle size and powder
packing density2® Following this reasoning, in Figure 6
the angular response of probe B is compared to the sum
of the doses calculated for disks A and B (after normal-
ization at 180°). This figure shows that the main trend of
the experimental curve can be recovered from the Monte

Carlo simulation if we make the rough assumption that
only the scintillation light produced in disks A and B is
collected by the OF In this context, the lack of symme-
try of the angular response of probe B with respect to
normal incidence and the over-response at low-angle
incidence could be the result of both differential dose
deposition throughout the detector (self-shielding) and
partial collection of the scintillation light. These rather
qualitative results show the importance of transparency,
shape, and size of the detector when high-Z I1Ss are
used in FOD.

4 | CONCLUSIONS

The angular dependence of YVO,4:Eu3* powder based
FOD probes was simulated and compared to experi-
mental results when the probes are irradiated with 6 MV
photons at a LINAC.

The time-gated technique was employed to reduce
the contribution of the Cherenkov light produced in the
fiber by the ionizing radiation to the signal recorded by
the photodetector. The Cherenkov light induced PL in
the scintillator. The intensity of the PL depends on the
angle between the beam and the detector axis. Its spuri-
ous contribution was successfully minimized by placing
an optical filter between the scintillator and the OF. The
signal recorded by the photodetector was minimum at
6 = 180° and maximum at 6 = 60°.

Monte Carlo simulations suggest that a self-shielding
effect combined with partial collection of the scintillation
light may be responsible for the angular dependence
observed in this probe. This implies that the shape and
size of the active volume play a significant role in the
angular dependence of a FOD probe when YVO,:Eu3+*
is used as scintillator, even for small volumes (<1 mm?).
As a rule of thumb, detectors not longer than 1 mm
should be employed to reduce the angular dependence
of this detector’s response.
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