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Purpose: The purposes of this work were: (1) To determine if a spectral method can accurately
correct the Cerenkov light effect in plastic scintillation detectors (PSDs) for situations where the
Cerenkov light is dominant over the scintillation light and (2) to develop a procedural guideline for
accurately determining the calibration factors of PSDs.

Methods: The authors demonstrate, by using the equations of the spectral method, that the condi-
tion for accurately correcting the effect of Cerenkov light is that the ratio of the two calibration
factors must be equal to the ratio of the Cerenkov light measured within the two different spectral
regions used for analysis. Based on this proof, the authors propose two new procedures to deter-
mine the calibration factors of PSDs, which were designed to respect this condition. A PSD that
consists of a cylindrical polystyrene scintillating fiber (1.6 mm?®) coupled to a plastic optical fiber
was calibrated by using these new procedures and the two reference procedures described in the
literature. To validate the extracted calibration factors, relative dose profiles and output factors for
a 6 MV photon beam from a medical linac were measured with the PSD and an ionization chamber.
Emphasis was placed on situations where the Cerenkov light is dominant over the scintillation light
and on situations dissimilar to the calibration conditions.

Results: The authors found that the accuracy of the spectral method depends on the procedure used
to determine the calibration factors of the PSD and on the attenuation properties of the optical fiber
used. The results from the relative dose profile measurements showed that the spectral method can
correct the Cerenkov light effect with an accuracy level of 1%. The results obtained also indicate
that PSDs measure output factors that are lower than those measured with ionization chambers for
square field sizes larger than 25X 25 cm?, in general agreement with previously published Monte
Carlo results.

Conclusions: The authors conclude that the spectral method can be used to accurately correct the
Cerenkov light effect in PSDs. The authors confirmed the importance of maximizing the difference
of Cerenkov light production between calibration measurements. The authors also found that the
attenuation of the optical fiber, which is assumed to be constant in the original formulation of the
spectral method, may cause a variation of the calibration factors in some experimental
setups. © 2011 American Association of Physicists in Medicine. [DOI: 10.1118/1.3562896]

Key words: plastic scintillation detectors, Cerenkov radiation, radiation detectors, calibration,
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I. INTRODUCTION

The reliability and efficacy of radiation treatments depend
strongly on the accuracy of dose measurements performed
during the initial commissioning of the treatment system and
during the verification of treatment plans. Over the years,
research resources have been devoted to the development
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and characterization of radiation detectors with the aim to
continuously improve the accuracy of dose measurements.
In spite of these efforts, radiation detectors still have limita-
tions when used in the context of advanced treatment
modalities, such as intensity-modulated radiation therapy and
radiosurgery, due to the small field sizes, steep dose gradi-
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ents, beam incidence angle variations, and nonequilibrium
charge particle conditions.' These limitations are usually
overcome by applying correction factors to the detector re-
sponse.

Plastic scintillation detectors (PSDs) have been previously
used to perform photon, electron, and proton beam
dosimetry.z’5 PSDs use plastic scintillators to convert the en-
ergy absorbed in a medium at the scintillator’s location into
visible light that can be read using a photodetector. Two
types of plastic scintillators are commonly used for radiation
detection: (1) Polymer scintillators, in which scintillating or-
ganic molecules are dissolved in a polyvinyl toluene solvent,
and (2) scintillating fibers, which are polystyrene core optical
fibers doped with scintillating organic molecules and sur-
rounded by a polymethyl methacrylate (PMMA) cladding.
Optical fibers or bulky transparent materials can be used to
transport the scintillation light to the photodetector. One ma-
jor advantage of PSDs is that they can be made entirely from
nearly water-equivalent plastic materials.>° Many units can
therefore be stacked in an array without perturbing the deliv-
ered dose distribution. PSDs are characterized by a unique
set of properties including high spatial resolution, angular
independence, energy independence to megavoltage energy
photon and electron beams, dose rate independence, real-
time readout, and high sensitivity, which makes them suit-
able for measuring complex dose distributions.>"*

One important factor that influences the accuracy of PSDs
is the production, in the optical light guide, of a contamina-
tion signal called Cerenkov light, which is added to the scin-
tillation signal and which prevent the direct measurement of
the scintillation light intensity.9 The Cerenkov light is pro-
duced in any dielectric medium when charged particles are
traveling faster than the speed of light in that medium.'® The
emission spectrum covers the entire visible domain and the
threshold energy of production depends on the refractive in-
dex of the medium and the type of charged particles (for
electrons, this threshold energy is 178 keV in PMMA and
144 keV in polystyrene). Beddar et al.™M proposed the first
method to correct for the effect of Cerenkov light in PSDs.
They used a device made of two parallel adjacent optical
fibers in which only one optical fiber was coupled to a scin-
tillator. Because the signal of the uncoupled optical fiber is
composed only of Cerenkov light, the signal difference be-
tween the two optical fibers can be attributed to the scintil-
lation intensity in the PSD. Although this method is accurate
in most situations, it has been shown to yield inaccurate re-
sults in steep dose gradient conditions because the Cerenkov
light can be generated with different intensities in the adja-
cent optical fibers.'> Lambert e al.">'* introduced an alter-
native approach to address the issue of Cerenkov light. They
developed a Cerenkov-free PSD by coupling a plastic scin-
tillator to an air core light guide made from a hollow silica
tube coated inside with a thin layer of silver. No Cerenkov
light is produced in air because the refractive index of air is
close to unity. However, this method uses non-water-
equivalent materials that can perturb the delivered dose dis-
tribution, especially if multiple units are stacked. Lambert et
al™ reported depth-dose measurements that agreed with ion-
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FiG. 1. Typical experimental setup used with the spectral method. The PSD
is made of a scintillating fiber of length € (usually between 1 and 3 mm)
coupled to an optical fiber of length ¢ (between 2 and 20 m). An optical
system composed of color filters and a photodetector is used for measuring
the light emitted by the PSD in two different spectral regions.

ization chamber measurements to within 1.6% for photon
beams but with discrepancies of up to 4.5% for electron
beams. These results are not as accurate as those obtained
with PSDs made entirely from nearly water-equivalent plas-
tic materials, which have been shown to agree with ioniza-
tion chambers to within 2% for photon beams from cobalt-60
to 25 MV and electron beams from 6 to 21 MeV.>’ Recently,
Lacroix ef al."” used a PSD as a perturbation-free reference
detector to experimentally extract the product of the wall and
replacement correction factors (Py,- Pgepi.) for two parallel-
plate ionization chambers in 6, 12, and 18 MeV electron
beams. Their results were in close agreement with those of
Monte Carlo simulations in water medium performed by
other investigators.

Currently, the state-of-the-art method for the Cerenkov
light correction is the one proposed by Fontbonne et al.'® in
2002, which is based on the spectral analysis of the light
emitted by PSDs. Figure 1 shows the experimental setup
commonly used with this method. The PSD is made of a
scintillating fiber of 1 mm diameter and a few millimeters
length, coupled to a plastic optical fiber of a few meters
length. The setup also includes an optical system composed
of color filters and a photodetector for measuring the light
emitted by the PSD in two different spectral regions (wave-
length intervals). This spectral method has been shown to
produce results that agree with reference measurements
taken with ionization chambers and no inaccuracies or limi-
tations have been reported in the literature to date. However,
most of the published results obtained using this method
were measured in situations similar to the calibration condi-
tions where the scintillation light is dominant over the Cer-
enkov light. To our knowledge, this spectral method has not
been tested in situations where the radiation beam is mainly
incident on the optical fiber so that the Cerenkov light is the
main component of the PSD signal. Such a situation may
arise in detector arrays made of PSDs because it is not pos-
sible to control which portion of optical fibers will be irradi-
ated in such devices. A Cerenkov light-dominated situation
may also arise with a single PSD when measuring the tails of
a dose profile with the scintillator located in the low-dose
region and the optical fiber located in the high-dose region.
We hypothesize that an inaccuracy in the Cerenkov light cor-
rection will result in an asymmetric measurement of a sym-
metrical dose profile depending on the predominance of this
contamination light.
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The purposes of this work were: (1) To determine if the
spectral method could accurately correct the Cerenkov light
effect in PSDs in Cerenkov light-dominated situations and
(2) to develop a procedural guideline for accurately deter-
mining the calibration factors of PSDs. We first demonstrate,
using the equations of the spectral method, that the condition
for accurately correcting the effect of Cerenkov light is that
the ratio of the two calibration factors must be equal to the
ratio of the Cerenkov light measured within the two different
spectral regions used for analysis. Based on this proof, we
propose two new procedures to calibrate PSDs that were de-
signed to respect this condition. The first procedure proposed
is characterized by the fact that the determination of the Cer-
enkov light ratio (CLR) is independent of doses measured
with other types of detectors (e.g., ionization chambers and
diodes) or calculated by the treatment planning system. The
second procedure proposed is particularly suitable for cali-
brating arrays of PSDs. A PSD that consists of a cylindrical
polystyrene scintillating fiber (1.6 mm?) coupled to a plastic
optical fiber was calibrated by using these new procedures
and the two reference procedures described in the literature.
To validate the extracted calibration factors, relative dose
profiles and output factors for a 6 MV photon beam from a
medical linac were measured with the PSD and an ionization
chamber. Emphasis was placed on situations where the Cer-
enkov light is dominant over the scintillation light and on
situations dissimilar to the calibration conditions.

Il. MATERIALS AND METHODS

Il.LA. The spectral method for Cerenkov light
correction in PSDs

ILA.1. Theory

The spectral method for the correction of the Cerenkov
light effect in PSDs was first described by Fontbonne e? al. 16
in 2002 and explicitly formulated by Frelin et al® in 2005.
This method allows to express the dose deposited in water at
the scintillator’s location, in absence of the PSD, as a func-
tion of the light spectrum emitted by the PSD. We reformu-
late in this section some aspects of the spectral method to
take into account the effect of the optical fiber attenuation on
the Cerenkov light spectrum.

Because quenching effects can be neglected at therapeutic
energies,17 the intensity of scintillation light produced in the
PSD is proportional to the average dose deposited in the
scintillator volume Dg. The number of scintillation photons
per unit wavelength injected in the optical fiber at the posi-
tion x=¢ in Fig. 1 can be expressed as follows:

Ls(N)=7-q-Dy-S(\), (1)

where 7 is a constant representing the coupling efficiency
and the light yield of the scintillator and S(\) is the normal-
ized emission spectrum of the scintillator.”® The term q
=Dg/Dyy is the conversion factor between the average dose
deposited in the scintillator volume and the dose deposited in
water at the scintillator’s location in absence of the PSD
(Dyw). Monte Carlo simulations and/or cavity theory calcula-

Medical Physics, Vol. 38, No. 4, April 2011

2142

tions have shown that this conversion factor is close to unity
and vary less than 2% for photon energies ranging between
500 keV and 20 MeV.'">?

When a PSD is exposed to a megavoltage energy radia-
tion beam, Cerenkov light is also produced in the optical
fiber. The intensity of collected Cerenkov light produced at
the position x along the PSD axis [C(x)] depends on several
unknown parameters including the dose distribution along
this axis and the orientation of the beam relative to this
axis.”! Therefore, the production of Cerenkov light is not
correlated with the production of scintillation light. Because
the emission spectrum of Cerenkov light varies as one over
the wavelength squared, the number of Cerenkov photons
per unit wavelength collected in the PSD at position x can be
expressed as

LeOv) = % 2

Once emitted, the scintillation and Cerenkov photons are
propagated in the optical fiber up to the position x=0 in Fig.
1 where they leave the PSD. The emission spectra are modi-
fied during this propagation by a factor A(\,x)=e ¢M,
which depends on the attenuation spectrum of the optical
fiber ¢(\) and on the location of production x. The number
of photons per unit wavelength exiting the PSD can therefore
be expressed as

L(N)=17-q-Dy-S(\) - A\, £)

4
+>\—2-J C(x) - A(\,x) - dx, (3)
0

where € is the length of the optical fiber (see Fig. 1). By
integrating each side of an equation similar to Eq. (3) on two
different spectral regions (i=1,2), Frelin et al.’® have shown
that the dose deposited in water at the scintillator’s location
Dy, can be expressed as a linear combination of two optical
measurements, taken in two different spectral regions within
the emission spectra of the PSD. Based on the demonstration
by Frelin et al.,’ we define the dose measured by the PSD as

D=a-T1+b~T2, (4)

where [a,b] are two constants, i.e., the two calibration fac-
tors of the PSD and where T; (i=1,2) represents the PSD’s
light measured in each spectral region. From Eq. (3), the
light measured in the spectral region i can be expressed as

T,= f ’ F\)-L(\) - d\
0

=7;.q-DWJ F(\) - SO\) - A\ €) - dh
0

1 )
+J C(x)-f F.\) -N2-A(\,x) - d\ - dx
0 0

€

=77'61-DW-G,-(€)+J C(x) - Hy(x) - dx, (5)
0
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FiG. 2. Emission spectra of scintillation light (BCF-60) and Cerenkov light
relative to the two spectral regions used in this work.

where F;(\) (i=1,2) are the two functions that define the
overall optical detection efficiency for the two measurement
channels. The spectral dependencies of these functions are
mostly determined by the color filters used for the spectral
analysis. The terms G,(€) and H,(x) in Eq. (5) are, respec-
tively, the scintillation spectrum and the Cerenkov spectrum
measured within the spectral region i. Figure 2 illustrates the
spectral regions used in this work relative to the two emis-
sion spectra. By combining Egs. (4) and (5), the dose mea-
sured with the PSD can be expressed as

D=n-q Dy-la-G,({) +b-G,(£)]

¢
+f C(x)-[a-H(x)+Db-Hyx)]-dx. 6)
0

We now impose the condition that the dose measured by the
PSD must be independent of the Cerenkov light produced in
the optical fiber. From Eq. (6), this condition is satisfied in
all situations only if a-H,(x)+b-H,(x)=0. The ratio of the
two calibration factors must therefore be equal to the ratio of
Cerenkov light measured within the two spectral regions

_b_H) SOV FI() ALK -d)
a Hyx) [ia2F,(\)-A(\x)-d\’

)

The relation expressed in Eq. (7) is the necessary condition
to accurately correct the effect of Cerenkov light in the PSD.
We define the ratio in Eq. (7) as the CLR. By substituting Eq.
(7) into Eq. (4), we can express the dose measured by the
PSD as

H(x
D=a{T1—< 1())-T2]. (8)
Hj(x)
The second condition of the system is that the dose measured
must be equal to the dose deposited in water at the scintilla-

tor’s location: D=Dy,. According to Egs. (6) and (7), this
condition is realized when
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The calibration factor a is the gain factor of the PSD. This
factor depends on the number of scintillation photons per
dose unit measured during the calibration and also on the
ratio of Cerenkov light and the ratio of scintillation light,
both measured in the two spectral regions.

ﬂ'Q'Gl(e)‘[l_

IlLA.2. The condition of validity of the spectral
method

We have shown in Sec. Il A 1 that the two calibration
factors depend on the CLR. However, because of the effect
of the optical fiber attenuation, this ratio depends on the lo-
cation x along the PSD axis where the Cerenkov light is
produced. The condition of validity of the spectral method is
that the calibration factors must remain constant for all situ-
ations encountered during measurements. From Eq. (7), three
options are available to maintain the CLR constant. The first
option is to choose an optical fiber that has sufficiently low
attenuation properties that the attenuation differences be-
tween the optical paths of the Cerenkov photons and the
optical path of the scintillation photons can be neglected, i.e.,
AN, x)=A(\,{) for all x, where C(x)# 0. This is the phi-
losophy behind the original formulation of the spectral
method. The second option is to choose an optical fiber for
which the attenuation is independent of the wavelength of
the photons. These two options depend on the characteristics
of commercially available plastic optical fibers, a parameter
on which users have very little control. However, Eq. (7)
points to a third option which is more general. It consists in
the optimization of the transmission spectrum F;(\) of both
optical filters to make the following relation true:
SN2 Fi(N) AN, x)-dh=k- [{N72-F,(\)-A(N,x)-d\, where
k is an arbitrary constant. To our knowledge, this option has
never been used in the literature. Therefore, if option 1 or
option 2 is not sufficient to generate satisfactory results, the
third option could be used to improve the accuracy of the
spectral method. However, this option may increase imple-
mentation difficulties.

II.B. Characterization of the optical fiber attenuation
effect on the CLR

To quantify the impact of the optical fiber attenuation on
the CLR, we measured the variation of this ratio as a func-
tion of the location x along the optical fiber axis where the
Cerenkov light is produced. Measurements were performed
on two plastic optical fibers used in recent publications2’6’15
for their close water equivalence: Eska Premier (Mitsubishi
Rayon Co., Ltd., Tokyo, Japan) and BCF-98 (Saint-Gobain
Crystals, Paris, France). The Eska Premier optical fiber is
made of a PMMA resin core surrounded by a fluorinated
polymer cladding (transmission loss=80 dB/km at A
=500 nm), while the BCF-98 optical fiber is made of a poly-
styrene core surrounded by a PMMA cladding (transmission
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TABLE 1. Procedures used to calibrate the PSD. The calibration factors are calculated with Eq. (10) when two
calibration doses are required and with Eq. (8) when only one calibration dose is required.

Procedure Calibration measurements Calibration dose required

A Al Scintillator centered in a 10X 10 cm? field size Yes
A2 Scintillator centered in a 40X 40 cm? field size Yes

with 65 cm of optical fiber irradiated
B Bl Scintillator centered in a 10X 10 cm? field size Yes
B2 Scintillator centered in a 40X 40 cm? field size Yes
C Cl Scintillator centered in a 10X 10 cm? field size Yes
C2 Scintillator centered in a 40 X 40 cm? field size No
C3 Scintillator centered in a 40X 40 cm? field size No

with 65 cm of optical fiber irradiated
D D1 Scintillator centered in a 10X 10 cm? field size Yes
D2 Irradiating a portion of the optical fiber with the Yes®

scintillator positioned away from the radiation field

“If the scintillator is shielded, this dose could be assumed to be zero.

loss=330 dB/km at A=500 nm). A 10 cm length of each
optical fiber was irradiated at various locations within 100
cm of the fiber’s distal end, i.e., the position x=¢ in Fig. 1.
No scintillator was coupled to the optical fibers for these
measurements.

I.C. The PSD

The PSD used for dose measurements consisted of a poly-
styrene scintillating fiber with a diameter of 1 mm and a
length of 2 mm (BCF-60, Saint-Gobain Crystals, Paris,
France) coupled to a plastic optical fiber (Eska Premier, Mit-
subishi Rayon Co., Ltd., Tokyo, Japan) of the same diameter.
The emission peak of the scintillator is in the green spectral
region i=1 (Ape=530 nm). The light of the PSD was sepa-
rated into two spectral regions using two 45° reflective di-
chroic color filters (Green NT47-950 and Blue NT47-949,
Edmund Optics Inc., Barrington, NJ) and detected with a
monochrome charge-coupled device (CCD) camera (Alta
U4000, Apogee Instruments Inc., Roseville, CA). Two addi-
tional color filters (Green HT738 and Blue HT195, LEE Fil-
ters, Hampshire, England) were placed between the CCD
camera and their respective dichroic filters. An integration
time of 3 s was set on the CCD camera. All measurements
were performed in water using a 6 MV photon beam from a
Varian Clinac iX linac (Varian Medical Systems, Inc., Palo
Alto, CA) and a motorized water tank (Blue Phantom, IBA
Dosimetry, Louvain-la-Neuve, Belgium).

I1.D. Calibration procedures

We are proposing in this work two new calibration proce-
dures designed to respect the condition expressed by the Eq.
(7). We hypothesize that such procedures would guarantee an
accurate correction of the Cerenkov light effect. To validate
those, we calibrated the PSD by using these two new proce-
dures and the two reference procedures described in the lit-
erature. A description of the four procedures used (A, B, C,
and D) can be found in Table I.

Procedure A is the one recommended in the paper by
Fontbonne et al.'® and in that by Frelin et al’ 1t requires
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performing a measurement for which the optical fiber is
rolled in the radiation field to maximize the production of
Cerenkov light. In both papers, 1.5 m of optical fiber was
irradiated, but according to Fontbonne et al.,16 “the exact
length of fiber put in the field is not important. It should just
be larger than the greatest length the user will ever need.”
Procedure B is similar to those used in recent papers, mostly
related to arrays of PSDs.>®!? Procedure A is not applicable
in these cases because the optical fibers are fixed within
phantoms in such devices. Therefore, the production of Cer-
enkov light is maximized in one of the two calibration mea-
surements by irradiating the PSD with a large field size. To
our knowledge, these two calibration procedures have never
been compared to each other.

Procedures C and D are the two calibration strategies that
we are proposing. For calibration procedure C, the signal
difference between measurements C2 and C3 is composed of
only Cerenkov light. The CLR can therefore be directly cal-
culated. Care must be taken not to move the scintillator be-
tween measurements C2 and C3. In this approach, the cali-
bration factor a was determined by irradiating the PSD with
a 10X 10 cm? field size and using Eq. (8). This procedure
has the advantage of being independent of dose measure-
ments taken with other types of detectors (e.g., ionization
chambers and diodes) or calculated by the treatment plan-
ning system for determining the CLR. Systematic errors re-
lated to differences in energy response or dose volume aver-
aging between two types of detectors can therefore be
eliminated. For calibration procedure D, we tried to measure
the CLR by directly irradiating a length of 15 cm of the
optical fiber with the 6 MV photon beam to generate only
Cerenkov light in the PSD. However, a small amount of
scintillation light produced by the ambient radiation inside
the treatment room is added to the Cerenkov light. This scin-
tillation light can be compensated for by either shielding the
scintillator or by measuring the dose deposited at the scintil-
lator’s location. In this work, the scintillator was positioned
100 cm away from the radiation field and the dose at the
scintillator’s location was measured with an ionization cham-
ber. This procedure has the advantage of being suitable for
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calibrating arrays of PSDs because it maximizes the produc-
tion of Cerenkov light by simply irradiating the optical fibers
at a place located somewhere between the phantom and the
optical system.

For all calibration measurements described in Table I ex-
cept for D2, the scintillator was positioned at the isocenter of
the linac at a depth of 10 cm in water. All measurements
were repeated 20 times. Calibration doses in water were
measured with an IC10 ionization chamber (now CC13, IBA
Dosimetry, Louvain-la-Neuve, Belgium) placed at the same
location of the scintillator. The IC10 was cross-calibrated in
a field 10X 10 cm? with an A12 ionization chamber (Exra-
din, Farmer-type, Standard Imaging, Middleton, WI), whose
absorbed dose-to-water calibration factor had been deter-
mined according to the AAPM’s TG-51 protocol.22 The IC10
is an ionization chamber used for clinical reference dosime-
try in the AAPM’s TG-51 protocol and in the IAEA’s TRS-
398 code of practice.22’23 According to Fraser et al.,”* the
variability of the IC10 is less than 0.2% for open fields.

For the procedures that require two calibration doses in
Table I, the calibration factors were determined using the
following linear system:

a ¢ 15 |7 | D
bl e 8] |lpf) (10)

where o and S represent the two calibration events and
[D®,DP] are the calibration doses associated. This is the cal-
culation method commonly used in the literature.

Il.E. Validation of the spectral method and of the
calibration procedures

To determine which calibration procedures listed in Table
I allowed the calibration factors of the PSD to be accurately
determined and to determine if the spectral method can ac-
curately correct the Cerenkov light effect, we performed a
series of relative dose profile and output factor measurements
with the PSD. Emphasis was placed on situations where the
Cerenkov light is the dominant component of the PSD’s sig-
nal because such situations might be especially sensitive to
the accuracy of the Cerenkov light correction.

IL.LE.1. Relative dose profiles

The dose profiles were measured with the PSD in two
different configurations. Figure 3(a) shows the symmetric
configuration where the PSD was moved by keeping the op-
tical fiber axis perpendicular to the profile axis. This configu-
ration minimizes the production of Cerenkov light by limit-
ing the length of optical fiber irradiated. During the
measurement sequence, the variation of the Cerenkov light
produced in the PSD was correlated with the variation of the
scintillation light and the dose. Figure 3(b) shows the asym-
metric configuration, in which the PSD was moved by keep-
ing the optical fiber axis parallel to the profile axis. In this
configuration, the amount of Cerenkov light produced in the
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Fi16. 3. The two configurations used to measure relative dose profiles along
the X-axis with the PSD. (a) Symmetric configuration in which the PSD is
moved by keeping the optical fiber axis perpendicular to the profile axis
during the measurement sequence (from 1 to 5). (b) Asymmetric configura-
tion in which the PSD is moved by keeping the optical fiber axis parallel to
the profile axis during the measurement sequence (from 1 to 5). The PSD
was mounted vertically along the Z-axis in the water tank.

PSD always increased during the measurement sequence.
The PSD signal was dominated by the Cerenkov light in
situation 5, shown on Fig. 3(b).

Dose profiles for field sizes of 35X 35, 25X 25, and 7
X7 cm? were measured with the PSD in both the symmetric
and asymmetric configurations. Dose profiles were also mea-
sured with the IC10 ionization chamber. All measurements
were performed at a depth of 10 cm in water with a source-
to-surface distance (SSD) of 90 cm.

Il.LE.2. Output factor

Output factors for field sizes ranging from 5X35 to 40
X 40 cm? were measured with the PSD and the IC10 ioniza-
tion chamber. The measurements were taken in water at the
isocenter of the linac (SSD=90 cm, depth=10 cm). Fur-
thermore, to verify that the effect of Cerenkov light produced
in the PSD was effectively corrected, we measured the out-
put factor for the 40 X 40 cm? field size in two situations, the
first with 30 cm of the optical fiber irradiated and the second
with 65 cm of the optical fiber irradiated. The latter case is
an extreme condition that does not occur in practice. How-
ever, this measurement will help bring out the differences
between calibration procedures.

lll. RESULTS

llLA. Characterization of the optical fiber attenuation
effect on the CLR

Figure 4 shows the variation of the CLR measured as a
function of the location of the Cerenkov light production
along the optical fiber axis. As shown, the variation of the
CLR depends strongly on the type of optical fiber used. For
the BCF-98 optical fiber, a variation of more than 12% was
observed between the distal end and 75 cm away from the
distal end. This variation was limited to 1% for distances up
to 100 cm away from the distal end for the Eska Premier
optical fiber. For both optical fibers, the Cerenkov light de-
tected when it was produced closer to the photodetector had
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FIG. 4. Variation of the CLR H,(x)/H,(x) as a function of the location along
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a lower CLR because the attenuation of the optical fibers is
higher in the blue spectral region (i=2) than in the green
spectral region (i=1). Based on these results, the PSD used
in this work was made with an Eska Premier optical fiber to
approaches the ideal situation of a constant CLR, as required
by the spectral method.

11l.B. Calibration factors of the PSD

Table II presents the calibration factors of the PSD ex-
tracted from the four calibration procedures. The calibration
factors obtained using calibration procedures A, C, and D
were in agreement within 0.22% for the gain factor and 1.8%
for the CLR. However, the calibration factors obtained using
calibration procedure B differed by more than 1.2% for the
gain factor and 11% for the CLR when compared to those
from the other calibration procedures. It is particularly inter-
esting to note that the dose values measured with the ioniza-
tion chamber and used to calculate the calibration factors for
procedures A and B are exactly the same (dose at the center
of 10X 10 and 40X 40 cm? field sizes); only the amount of
Cerenkov light produced between calibration measurements
differed between the two procedures. Student’s 7-tests per-
formed on the CLR distributions showed that the difference
between measured values extracted from procedure C and
those extracted from procedures A, B, or D was statistically

TaBLE II. Calibration factors of the PSD extracted from different calibration
procedures. Calibration measurements were repeated 20 times; *1 standard
error of the mean is used as uncertainty, i.e., standard deviation divided by
the square root of the number of measurements

Procedure Gain factor a Cerenkov light ratio —b/a
A 1.826 +0.001 X 107° 0.507 £0.001
B 1.804 +0.002 X 1076 0.454 = 0.004
C 1.830+0.001 X 107° 0.516 £0.001
D 1.826 +0.001 X 107° 0.507 £0.001
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significant (p <0.000 01). The results of dose measurements
will allow the determination of which calibration factors
listed in Table II are the most accurate.

lll.C. Validation of the spectral method and of the
calibration procedures

Ill.C.1. Dose profiles

Figure 5 presents the dose profiles for field sizes of 35
X 35,25%25, and 7 X7 cm? measured with the PSD in the
symmetric and asymmetric configurations. For all field sizes,
the relative dose profiles measured in the symmetric configu-
ration were symmetric and agreed with the ionization cham-
ber measurements, regardless of the calibration procedure
used. In contrast, the dose profiles measured in the asymmet-
ric configuration were dependent on the calibration proce-
dure used. For field sizes of 35X 35 and 25X 25 cm? [Figs.
5(b) and 5(d), respectively], the calibration factors from pro-
cedure B caused the PSD to over-respond in the out-of-field
region when the optical fiber was crossing the radiation field
and the scintillator was located in the out-of-field region
[situation 5 in Fig. 3(b)]. This indicates that the Cerenkov
light effect was only partially corrected when using the cali-
bration procedure B. In Figs. 5(b) and 5(d), a clear improve-
ment in the symmetry of the dose profiles was observed
when using the calibration factors obtained from procedures
A, C, and D. The measured dose profiles were symmetric
within 1% of the maximum dose and a more symmetric dose
profile was obtained for the 35X 35 cm? field size than for
the 25X 25 cm? field size.

Ill.C.2. Output factors

Figure 6 shows the output factors measured with the PSD
and the ionization chamber. The data were normalized to a
10X 10 cm? field size. For each calibration procedure, the
PSD response agreed with the ionization chamber at their
respective calibration points. Two key observations can be
made from Fig. 6. First, the PSD response in the 40
X 40 cm? field size depends on the length of the optical fiber
irradiated for calibration procedures A, B, and D, even if the
dose at the scintillator’s location was the same. This indi-
cates that the Cerenkov light effect was only partially cor-
rected. In contrast, the results obtained using procedure C
were not affected by the length of optical fiber irradiated,
which indicates an accurate Cerenkov light correction. Sec-
ond, for all situations, except when 65 cm of optical fiber
was irradiated in the 40 X 40 cm? field size, the output fac-
tors measured with the PSD by using the calibration factors
from procedures A, C, and D produced similar results within
uncertainties. The results suggest that PSDs measure output
factors that are lower than those measured with the ioniza-
tion chamber for square field sizes larger than 25X 25 cm?,
with a discrepancy of 2.0+0.4% for a 40X 40 cm? field
size.
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Fic. 5. Relative dose profiles measured in the symmetric configuration (left panels) for field sizes of (a) 35X 35, (c) 25X25, and (e) 7X7 cm? and
differences with the ionization chamber. Relative dose profiles measured in the asymmetric configuration (right panels) for field sizes of (b) 35X 35, (d)
25%25, (f) and 7X7 cm? and differences with the ionization chamber. Positive positions in (b), (d), and (f) correspond to situations 4 and 5 in Fig. 3(b). To
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1l.C.3. The effect of the length of optical fiber
irradiated on dose measurements

A summary of the effect of the length of optical fiber
irradiated on the measurements of dose profiles and output
factors is presented in Table III. In each case, we compared
two situations in which the dose at the scintillator’s location
was the same but the length of optical fiber irradiated was
different. For dose profiles, we calculated the difference in
dose between two points having the same position in Fig. 5,
one from the dose profile taken in the asymmetric configu-
ration and the other from the dose profile taken in the sym-
metric configuration. The two points were located in the
positive part of the position axis in the out-of-field region in
Fig. 5. The values presented in Table III are averages for
three adjacent positions. We also included in Table III the
difference in dose between the output factors of the field size
40 40 cm? in Fig. 6, measured with 30 and 65 cm of op-
tical fiber irradiated. Overall, the results show that calibra-
tion procedure C produced, on average, the measurements
that were the less influenced by the length of optical fiber
irradiated and the amount of Cerenkov light produced. This
therefore suggests that calibration procedure C has produced
the most accurate correction of the Cerenkov light effect. For
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the two procedures, B and D, that appear suitable for the
calibration of arrays of PSDs, the results indicate that proce-
dure D produced the most accurate correction of the Ceren-
kov light effect.

IV. DISCUSSION

In this work, we examined if the spectral method could
accurately correct the Cerenkov light effect in PSDs in vari-
ous situations including in Cerenkov light-dominated situa-
tions. We used four different procedures (A, B, C, and D) to
calibrate the PSD and we compared the results to ionization
chamber measurements. We found that procedures used for
calibrating PSDs have an effect on the calibration factors
extracted and, therefore, on the accuracy of dose measure-
ments. Of the four calibration procedures used, Table III has
shown that procedure C is the one that has produced the
measurements that were the less influenced by the length of
optical fiber irradiated and the amount of Cerenkov light
produced in the PSD. We can therefore conclude that cali-
bration procedure C has produced the most accurate correc-
tion of the Cerenkov light effect. This is not so surprising
because this procedure is the only one for which the CLR
was directly measured. Among the four calibration proce-
dures, only two of them, B and D, were adapted to the cali-
bration of arrays of PSDs. Results presented in Table III have
shown that measurements were less dependent on the
amount of Cerenkov light produced when calibration proce-
dure D was used instead of procedure B. A general guideline
for the calibration of PSDs can therefore be formulated as
follows: When possible, calibration procedures that allow a
direct measurement of the CLR, like procedure C in this
study, should be used. When such a procedure cannot be
applied, our results show that maximizing the difference in
the amount of Cerenkov light produced between the calibra-
tion measurements reduces the standard deviation of the cali-
bration factors and minimizes the consequences of possible
systematic errors associated with the calibration doses.

The results from relative dose profiles show that the spec-
tral method can generate, for various field sizes, symmetrical
dose profiles that agree to within 1% with ionization cham-
ber measurements regardless of the configuration (symmetric
or asymmetric) in which the measurements are done. This

TaBLE III. The effect of additional length of optical fiber irradiated on the dose measurements. For each case,
the dose to the scintillator was the same between the two measurements. Dose differences are expressed as
percentage of the dose at the center of the field for dose profiles and as percentage of the dose at the center of
the field 10X 10 cm? for the output factor 40X 40 cm?.

Difference in length of
optical fiber irradiated

Dose difference”
(%)

Data source (cm) Procedure A Procedure B Procedure C Procedure D
Dose profile 35X 35 cm? 35 0.6*x0.1 33*03 04=0.1 0.6x£0.1
Dose profile 25X 25 cm? 25 09=*0.1 23*0.2 0.7*0.1 0.9=*0.1
Dose profile 7X7 cm? 7 0.0x04 02x04 0.0x04 0.0x04
Output factor 40X 40 cm? 35 1.8£0.2 13.9%£0.7 -0.1£0.2 1.5£0.3

*+1 standard error of the mean is used as uncertainty.
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indicates that the spectral method is a reliable and powerful
method for the correction of the Cerenkov light effect in
PSDs. However, for measurements taken in the asymmetric
configuration, the dose profiles were not perfectly symmetric
for larger field sizes (25X 25 and 35X 35 cm?), with a more
accentuated effect for the 25X 25 cm? field size. This small
amount of asymmetry can be explained by the variation of
the CLR shown in Fig. 4. The CLRs extracted from calibra-
tion procedures A, C, and D are characteristic of the Ceren-
kov light produced far from the distal end of the PSD (e.g.,
between 30 and 65 cm from the distal end for procedure C).
This makes the Cerenkov light correction more accurate for
situations where the optical fiber is irradiated far from the
distal end. For positive positions on Figs. 5(b) and 5(d), this
situation is closer to the one encountered in the 35
X 35 cm? field size than in the 25X 25 cm? field size, mak-
ing the dose profile more symmetrical. Ultimately, this issue
could be resolved by optimizing the spectral regions used for
the spectral analysis as discussed in Sec. II A 2. To date, due
to the limited choice of commercial plastic optical fibers, we
were not able to find an optical fiber that has lower attenua-
tion properties than those of the Eska Premier optical fiber.
Our results suggest that PSDs measure output factors that
are lower than those measured with the ionization chamber
for square field sizes larger than 25X 25 cm? with a discrep-
ancy of up to 2.0+ 0.4% for a 40 X40 cm? field size. Dif-
ferences in response between the ionization chamber and the
PSD were also observed in the out-of-field regions shown in
Figs. 5(a), 5(c), and 5(e). At the present time, we cannot
determine if the systematic offset between the two types of
detectors is caused by an under-response of the PSD or by an
over-response of the ionization chamber. Lower energy par-
ticles contribute to the dose in larger radiation fields because
of the phantom scatter. There is also a strong variation in the
energy spectrum in the out-of-field region that depends on
the field size and the off-axis distance.” Plastic scintillators
are known to have reduced scintillation efficiency to elec-
trons with a very low energy (<125 keV) due to quenching
effects.'” Frelin er al.? studied the linearity of various plastic
scintillators and reported their linearity to electrons above
100 keV and to photons above 200-250 keV. In contrast, the
response of ionization chambers depends strongly on the en-
ergy spectrum and can be affected by the irradiation of the
stem of the chamber. Some studies have reported discrepan-
cies between Monte Carlo simulations and ionization cham-
ber measurements for output factors in large radiation fields.
For instance, Ding27 recently compared Monte Carlo simula-
tions (using EGSnrc user code BEAMnrc) to ionization
chamber measurements for output factors using a 6 MV pho-
ton beam from a Varian CL2100EX linac. The measurements
were performed with an IC10 in conditions similar to those
used in this work: Water phantom (48 X 48 X 48 cm’) at a
depth of 10 cm with a source-detector distance of 100 cm.
The Monte Carlo simulations predicted an output factor (nor-
malized to 10X 10 cm?) that was 1.3% lower than the output
factor measured with the IC10 for a square field size of 40
X 40 cm?’. Although the statistical uncertainty of the Monte
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Carlo calculations was about 1%, Ding’s results exhibit the
same trend as the PSD measurements presented in Fig. 6.
Furthermore, Fippel et al”® performed a full Monte Carlo
simulation (using EGSnrc user code BEAMnrc) of the head
of an Elekta SLi Plus accelerator. They compared the pre-
dicted output factors for a 6 MV photon beam at a depth of
10 cm in water for field sizes of 30 X 30 and 40X 40 cm? to
those measured with an ionization chamber and found that
they were lower (~2%). More investigations need to be
performed before formulating a stronger statement on this
issue.

We focused in this work on measurements taken in Cer-
enkov light-dominated situations and with large field sizes
(>20X20 cm?) because more Cerenkov light has to be re-
moved for these cases. However, promising applications of
PSDs is their use for dosimetry in intensity-modulated radia-
tion therapy and radiosurgery which are characterized by
much smaller radiation fields. The present study constitutes,
therefore, a stringent validation of the spectral method and
indicates that this method is highly reliable. However, we
found that it is difficult to accurately determine the calibra-
tion factors without maximizing the difference in the amount
of Cerenkov light produced between the calibration measure-
ments, which means that portions of the optical fiber far from
the distal end have to be irradiated. The extracted calibration
factors are therefore affected by the attenuation of the optical
fiber as shown in Fig. 4.

V. CONCLUSION

In this work, we determined that the spectral method can
be used to accurately correct the Cerenkov light effect in
PSDs. We found that the accuracy of the spectral method
depends on the calibration procedure used to determine the
calibration factors of the PSD and on the attenuation proper-
ties of the optical fiber used. Results from the relative dose
profiles measurements showed that this method can correct
the Cerenkov light effect with an accuracy level of 1%. Col-
lectively, our results suggest that PSDs measure output fac-
tors that are lower than those measured by ionization cham-
bers for square field sizes larger than 25X 25 cm?, which is
consistent with previously published Monte Carlo results. In
conclusion, the spectral method is a reliable and powerful
method for the correction of the Cerenkov light effect in
PSDs.
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