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The purpose of this article is to explore the cause of the over-response phenomenon of fiber x-ray sensor. The sensor
is based on a length of PMMA fiber, whose end is filled with the scintillation material Gd,O,S:Tb. The Monte Carlo
simulation software GEANT4 uses the phase space file provided by the International Atomic Energy Agency (IAEA), by
irradiating the fiber x-ray sensor in the water phantom, counting the fluorescence signal of the optical fiber x-ray sensor
after propagation through the fiber. In addition, the number of Cerenkov photons propagating through the fiber is also
counted. Comparing this article with previous research, we believe that one of the reasons for the over-response of the
fiber x-ray sensor is the non-linear response of the deposition energy of the scintillator to the fluorescence. By establishing
a region of interest and counting the x-rays in this region, the simulation results show that the counted number of x-rays
that may affect the fiber x-ray sensor is the biggest in the area of interest at a water depth of 5 cm. This result is close
to the maximum dose point of the experimental and simulated percentage depth dose (PDD) curve of fiber x-ray sensor.
Therefore, the second reason of the over-response phenomenon is believed to be fact that the inorganic materials such as
Gd,0,S:Tb have larger effective atomic numbers, so the fiber x-ray sensors will cause more collisions with x-ray in a low
energy region of 0.1 MeV-1.5 MeV.

Keywords: fiber x-ray sensors, over-response, percentage depth dose (PDD), Monte Carlo (MC) simulation

PACS: 87.10.Rt, 87.15.ak, 87.16.A—

1. Introduction

Many new radiotherapy technologies have recently
been developed including intensity modulated radiotherapy, !
small field radiotherapy,?! and real-time radiotherapy.”’! In
many clinical radiotherapy treatments and quality assurance
(QA) processes, the traditional ionization chamber (IC) device
is used to calibrate and correct the dose delivery from a linear
accelerator. During the development of sophisticated modern
radiotherapy technology, a clear need existed for additional
sensors to the IC which are miniaturized and could operate
in real-time during beam delivery. The existence of the need
for additional real-time clinical dosimeters has been a driver
for the emergence of sensor devices based on several differ-
ent technologies. Promising candidate technologies include
thermoluminescent dosimeters (TLDs) and radiochromic films
which possess excellent spatial resolution, but they are inca-
pable of providing real-time measurement. They are also lim-

ited in their working life and sensitivity and at best require
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regular recalibration. The IC is considered to be the clinical
gold standard detector, but cannot perform real-time detection
in-vivo as it requires high voltage!*>! for its operation. Fiber x-
ray sensors have the advantages of real-time detection coupled
with high spatial resolution as they rely only on low power op-
tical transmission signals and thus have the potential for safe
use in-vivo. In addition, the input radiation dose is propor-
tional to the observed output fluorescence.

Fiber x-ray sensors can be classified as organic scintilla-
tor and inorganic scintillator based sensors according to the
different scintillation materials used in their fabrication.[>~7]
Organic scintillator materials have recently attracted much at-
tention primarily due to their water equivalence. However,
many of the organic scintillator materials are based purely on
plastics, have a relatively low conversion efficiency (compared
to inorganic materials) and hence often require the use of an
additional fiber measurement channel to remove the influence
of Cherenkov radiation. 3]

The fiber x-ray sensor comprising inorganic scintillators
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generally has a better light output efficiency!'”! than the cor-
responding organic version. The inorganic scintillator-based
fiber x-ray sensor does not require additional fibers to remove
the Cherenkov effect as it makes an insignificant contribution
to the output light signal. Of many inorganic scintillators, the
Gd,0,S:Tb is the material with the greatest potential to be
used because of the combination of relatively high output in-
tensity and extremely good linearity over the entire range of
dose rate.!'!] Therefore, the research of this paper is based on
Gd,0,S:Tb fiber x-ray sensor. However, inorganic fiber x-ray
sensor exhibits the over-response phenomenon, which means
that the percentage dose depth (PDD) of the fiber x-ray sensor
is larger than that of the gold standard IC detector at the deeper
water depth in a water phantom.[>>!2] However, the reason
for the over-response phenomenon of the fiber x-ray sensor is
still inconclusive. In addition, because of the over-response
phenomenon, the application of fiber x-ray sensor is hindered.
The research on over-response phenomenon has attracted the
attention of many people.

Monte Carlo (MC) simulation is capable of providing de-
tailed characteristics of incident photon beams for different
field sizes and beam energy, and has already been applied to
medical physics.[!*!* Martinez et al.!'> used the MC soft-
ware PENELOPE and simplified the fiber probe into an 8-
mm?> cube, and considered that the over-response is due to
the influence of the high effective atomic number, which in-
creases the sensitivity of the detector to secondary radiation.
Alharbi et al.!'%! used the MC software EGSnrc to study the
over-response phenomenon, but the simulation results were
different from the experimental results, so they thought that the
over-response is attributed to the influence of Cherenkov radi-
ation. However, due to the limitations of the above-mentioned
simulation software, they could not account for the light trans-
port or, in some cases by using non-validated or not fully
disclosed optical models.!!'”! Therefore, the above simulation
tools cannot exactly match the experimental conditions.

In this article, the over-response phenomenon of the fiber
x-ray sensor which makes uses of the inorganic scintillator
Gd»0,S:Tb!"®#! is simulated by using the Monte Carlo (MC)
based simulation software GEANT4.!!"1 Compared with pre-
vious MC simulation of fiber x-ray sensors, in this work the
GEANT4 is used to simulate the fluorescence and Cerenkov
radiation, and optical transmission inside the fiber, thus mak-
ing the simulation conditions more realistic. This research will
help us to understand the working mechanism of the fiber x-
ray sensor through the study of the over-response phenomenon
of the fiber x-ray detector, and has certain reference signifi-

cance for future probe design and data acquisition.

2. Method
2.1. Experimental setup and results

A series of experiments was conducted at the clinic of the
First Affiliated Hospital of Harbin Medical University. The
medical accelerator used in the experiment was a Varian IX
3037. The inorganic scintillator material used in the fiber
x-ray sensors was Gd,0,S:Tb, and the optical fiber was the
SH2001-J (ESKA) PMMA plastic optical fiber. At the end
of the PMMA fiber was drilled a hole with in diameter and
2 mm in depth. The Gd;0,S:Tb powder was filled into the
hole. The fiber probe was placed in a water phantom, and the
fluorescence was excited by irradiation from the x-rays of the
medical accelerator. A Hamamatsu C11208-350 multi-pixel
photon counting (MPPC) detector was used to monitor the
intensity of fluorescence in real-time following transmission
through a 25-m-long PMMA fiber. An IC (PTW30012) was
used as a reference radiation dose measurement in the water
phantom. The experimental setup is shown schematically in
Fig. 1. The PDD curves of IC and the fiber x-ray sensor are
shown in Fig. 2.
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Fig. 1. Experimental setup.
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Fig. 2. Experimental result.

The PDD curve is an important characteristic of accel-
erator x-ray tissue penetration.??! It can be seen from Fig. 2
that the measurement result of PDD of the fiber x-ray sensor
is larger than that of the IC in the deeper water depth (4 cm—
10 cm). Therefore, this article uses the Monte Carlo simu-
lation software GEANT4 to conduct Monte Carlo simulation
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research on fiber x-ray sensor to explore the causes of over-
response phenomenon and the working mechanism of fiber x-
ray sensor.

2.2. Monte Carlo simulation

The Monte Carlo simulations are based on the GEANT4
(GEometry ANd Tracking) simulation toolkit. The GEANT4
can trace most physical particles, and has therefore been
widely used as a valuable tool in radiotherapy. !}

The TAEA phase-space (phsp) format has been designed
and agreed by an international expert committee for its med-
ical applications.??) Such a format has been implemented in
recently released general-purpose MC code including EGSnrc
and PENELOPE.>}! The GEANT4 is widely recognized as
a state-of-the-art simulation toolkit for the coupled electron-
photon transport in medical applications. And GEANT4 also
contains a comprehensive range of physics models for elec-
tromagnetic, hadronic and optical interactions of a large set of
particles over a wide energy range. >4

Therefore, in this paper, the phsp file provided by the
IAEA is used as a ray source model. The phsp model is based
on a Varian IX source (VarianClinaciX_6MV _10x10_w1), de-

TAEA phase (a) (b)
space

fiber x-ray
_sensors

Water phantom fiber jacket

detector

fiber core and
cladding

livering a ray energy of 6 MV, with a irradiation field dimen-
sion of 10 cmx 10 cm.[23:26]

In the simulation, the water phantom was represented by
a 30 cmx30 cmx30 cm cube as shown in Fig. 3(a), which is
filled with G4_WATER. The fiber x-ray sensor probe was di-
vided into two parts: the optical fiber itself and the scintillator,
GdzOzS:Tb.

(1) The PMMA fiber comprises a jacket, a cladding, and
a core. The jacket is a 1-mm-diameter cylinder, and its mate-
rial is polyethylene, and the length used is 13 cm. The core
diameter is 485 wm, and the core material is PMMA, whose
refractive index is 1.49. The cladding is an annular layer sur-
rounding the core with 500 pm in diameter, and its material is
fluorinated polymer, and its refractive index is 1.40.

(ii) The scintillator Gd,O,S:Tb fills an inner cylinder of
400 pm in diameter within the core of 2 mm in length as shown
in Fig. 3(b).

At the other end of the PMMA fiber, a cylinder as shown
in Fig. 3(c) was set up in the simulation in order to receive and
count the number of photons generated by fluorescence and
Cherenkov radiation.

(c)

Gd20,2S:Tb

detector

Fig. 3. (a) Simulation model setup consisting of four parts: phsp source, water phantom, fiber x-ray sensors, and detector; (b) fiber x-ray sensor structure;
(c) detector for counting the number of photons transmitted through optical fiber.

2.3. Simulation parameters and data processing

In the case of GEANT4, the fluorescent properties of a
scintillator comprise a light yield, a fluorescence wavelength,
an absorption length, and decay time. In this simulation, two
optical processes were considered, i.e., Cherenkov radiation
process and scintillation process. The basic physical process
used in this simulation is G4EmStandardPhysics_option4, and
the optical physics process (G4OpticalPhysics) is also investi-
gated.

Previously reported research!'®! indicated that the over re-
sponse phenomenon is caused by Cherenkov radiation. Due
to the existence of the optically opaque fiber jacket, the con-
tribution of Cerenkov radiation generated from the water in
the phantom can be ignored and the only contribution arising
from Cerenkov radiation is that generated internally within the
fiber. Therefore, when using GEANT4 to add the attributes to

the fiber core and cladding material, the Cherenkov process is

also considered naturally.

The contribution from the inorganic scintillation material,
Gdy0,S:Th is significant, and hence the inorganic scintilla-
tor is at the core for both the experiment and simulation. A
series of parameters of the scintillator derived from the exist-
ing literature is set in the simulation, including the light yield
(70000 MeV), the density (7.3 g/cm3), the fluorescence wave-
length (545 nm), and the decay time (1 x 106 ns).[27:28]

The CPU used for the simulation is an AMD Ryzen 2700,
and the version of GEANT4 used is version 10.06 pOl. The
number of events is 6 x 107.

3. Simulation and analysis
3.1. PDD curves
By sequentially moving the fiber x-ray sensors on the cen-

tral axis of the phantom, the number of fluorescent photons
and Cherenkov photons generated by the fiber x-ray sensors

048701-3
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at different depths are extracted. The simulation and experi-
mental results of the fiber x-ray sensor are shown together in
Fig. 4.

140
| —=— fiber x-ray sensors simulation by G4

120} @ fiber x-ray sensors experiment

100

80F

PDD (%)

40F

201

0 2 4 6 8 10

(=]

Depth in water (cm)

Fig. 4. Simulated and experimental PDD curves.

The experimentally obtained PDD from the fiber x-ray
sensors shows that the maximum dose of the PDD curve oc-
curs at around 4 cm. The MC simulation results obtained by
using GEANT#4 are close to the experimental results, in which
the maximum dose depth is at around 4 cm—5 cm.

The over-response phenomenon of fiber x-ray sensors us-
ing inorganic scintillator materials has been widely investi-
gated in previous literature. In some reports it was consid-
ered that the primary reason for its existence is that the inor-
ganic materials have a larger number of atoms,/>! while in
other reports it was considered that it was due to Cherenkov

(16291 and in some other reports it was proposed that

radiation,
it be due to the sensor material’s response to different parti-
cle’s energy.!"?! Martinez et al.!">! used PENELOPE to sim-
ulate the fiber x-ray sensors based on filling the sensor with
a YVO4:Eu?* crystal, and simplified the scintillator geome-
try into a 8-mm?> cube. The simulation results of Martinez et
al. showed that the over-response phenomenon appears to be
the same as the experimental results of the fiber x-ray sensors.
Martinez et al. attributed the over-response to the high Z.¢ of
the YVO4:Eu?t, which increases the sensitivity to secondary
radiation. Alharbi e al.l'® also used Gd,0,S:Tb as an inor-
ganic scintillator and carried out MC simulation experiments
by using EGSnrc. The scintillator geometry was simplified
into a 1-mm? cube. The results showed that when the field
size was 10 cmx 10 cm and the irradiation energy was 6 MV,
the simulation results were similar to the IC data, and there
appeared to be no over-response. Therefore, Alharbi et al.
proposed that Cherenkov radiation have an effect on the over-
response phenomenon. In their latest research, they modified
the volume of the scintillator from 1 mmx1 mmx1 mm to
1 mmx 1 mmx7 mm, under the same conditions, and the sim-

ulation results showed a slight over-response phenomenon. [*°!

By comparing with the previous fiber x-ray sensor using
Gd»>0,S:Tb through Monte Carlo simulation,!'® where the
deposition dose is represented by the extracted data, it can be
seen that the deposition energy of the fiber x-ray sensor is not
linearly related to its emitting fluorescence, which, therefore,
is believed to be one of the reasons for the over-response phe-
nomenon of the fiber x-ray sensor using Gd,0,S:Tb.

In the investigation of this article, the PDD simulation
result shows an over-response phenomenon which is closely
consistent with the experimental result. However, it does not
fully comply with the experimental results, especially at the
extreme depth: very shallow or very deep. The difference be-
tween simulation and experiment mainly comes from the mod-
eling of the Linac source, that is, the phase space file in this
article. Due to the possible deviation in the accelerator man-
ufacturing process and the influence of the use environment,
although its QA conforms to the standard, the fiber x-ray sen-
sor is more sensitive to the particle energy, which leads to the
difference between simulation and experiment.

The influence of Cherenkov radiation on the over-
response phenomenon will be discussed in Subsection 3.2. In
addition, another contribution to the over-response of the fiber
x-ray sensor will be explained in Subsection 3.3.

3.2. Effect of Cherenkov radiation

In the process of modeling the fiber x-ray sensors in this
investigation, the Cherenkov process is added. Therefore, in
the simulated fiber x-ray sensors, the Cherenkov photons gen-
erated in the fiber at different water depths can be separately
assessed, and the result is shown in Fig. 5.
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Fig. 5. Simulation results of Cherenkov radiation at different water depths
compared with experimentally captured IC data.

The result of Fig. 5 shows that the PDD of the simulated
Cherenkov radiation is similar to that obtained experimentally
by using the IC. That is to say, Cherenkov radiation does not
significantly contribute to the over-response phenomenon of
fiber x-ray sensors when using inorganic scintillators. The
maximum difference is 10% at 10 cm in depth which differs
slightly from the previous MC simulation result of Cherenkov
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radiation using “plain fiber”.[3

| The main reason for the dif-
ference is that the fiber length used in the previous article is
shorter (5 cm) than the fiber used in this simulation (13 cm).
In addition, Jang et al.’%! did not involve any influence of the
fiber geometry.

When the number of simulated events is 6x 107, the num-
ber of fluorescence photons and Cherenkov radiation photons
received by the detector after transmission through the opti-
cal fiber are counted and shown in Table 1, and the ratio of
the scintillation fluorescence of the inorganic scintillator re-
ceived by the detector to the Cherenkov radiation is also cal-
culated. The results show that the scintillation fluorescence is

more than 900 times of Cerenkov radiation, and it also means

that the Cherenkov inside the fiber contributes little to the over-
response of the fiber x-ray sensors. Previous literature has
shown that the signal measured by the fiber x-ray sensors is
735 times greater in magnitude than the Cerenkov signal at a
depth of 2 cm[®! in water. The reason for the slight differ-
ence between the simulation result and the experimental re-
sult could be attributed to the fluorescent yield of the scintilla-
tor set during simulation being slightly different from the real
value of the experimental situation, and a small difference in
the length of the fiber. Therefore, based on the MC simulation
of this investigation and previous literature, the contribution
from the Cherenkov radiation from the inside of the fiber x-
ray sensor using inorganic scintillators can be ignored.

Table 1. GEANT4-simulation-obtained number of fluorescence photons and Cerenkov radiation photons recorded by detector after transmission through
optical fiber, and ratio of scintillation fluorescence (Fluo) to Cherenkov (Chko) in a depth range from 1 cm to 10 cm in water phantom.

Depth (cm) 1 1.5 2 3 4 6 8 10

Fluo (107) 2.033 2.175 2.224 2.357 2.446 2.427 2.366 2.220
Chko (104) 2.109 2.150 2.078 1.999 1.955 1.819 1.676 1.556
Fluo/Chko 964 1012 1070 1179 1251 1334 1411 1427

3.3. Interesting region

Fluorescence occurs due to energy deposition, while en-
ergy is deposited in the crystal by ionizing the charged parti-
cles or by converting the photons into electrons or positrons.
The energy deposition of charged particles traversing scintil-
lating materials causes the electrons to excite to higher en-
ergy states. In the course of the de-excitation, this energy is
emitted in the form of visible photons and thus transferring
into detectable light.[*?] The objective of using the fiber x-
ray sensors is to measure the real-time change of dose, the
dose being derived from the deposition of charged particles,
as the main working material of the fiber x-ray sensor of this
investigation is inorganic scintillator (Gd;O,S:Tb) of effec-
tive atomic number Zeg = 59.5.1331 This material can respond
to both x-rays and electrons. Ideally, the fiber x-ray sensor
should be “transparent”, however, in the mixed (including x-
rays and secondary generated electrons) environment of the
water phantom, X-rays become an external excitation source.

Due to the penetration depth of x-rays, not all x-ray pho-
tons in the water phantom will affect the fiber x-ray sensor.
In this study, a region of interest is established to analyze the
x-ray energy spectrum distribution, which helps to explain the
reason for the existence of the over-response phenomenon of
fiber x-ray sensors.

In order to describe the area of interest, using the con-
cept of linear attenuation coefficient, the following formula is
adopted: 34!

[=1Ie ™,

e))

where [ is the intensity of photons transmitted at some dis-
tance x in the material, and Ij is the initial light intensity, and

U is the linear attenuation coefficient. To simplify the model, a
region of interest is defined as a sphere with a radius R. When
the photon energy decays to half of it, I = Ip/2, the half-value
layer (HVL); the thickness ¢ can be calculated from

1

510 =le M, 2
In2 .

x:n—:O693. 3)

u H
The mass thickness x is defined as the mass per unit area,
and is obtained by multiplying the thickness ¢ by the density
p, so the HVL is t = x/p. The radius (R) of the sphere which
represents the area of interest is equal to . The sphere is shown
schematically in Fig. 6.

N

_—

l /— interest region

gadolinium

S oxysulfide

&

Fig. 6. Schematic representation of area of interest used in simulation of
fluorescence from scintillation material.

T cray

The Gd;0,S:Tb used in the fiber x-ray sensor has pre-
viously been simplified into a 1-mm?> cube.!'®! If the energy
of x-rays is high, the HVL of the “cube” will be larger than
1 mm, the x-rays will pass through the “cube” without los-
ing much energy. From the formulae (1)—(3), it is possible to
obtain a value tt/p = 0.94 (cm?/g). According to the NIST
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website data,**! the corresponding energy is about 150 keV.
That means that the intensity of the x-ray is attenuated to half
of it after penetrating a 1-mm-thick layer of Gd,O,S:Tb, if
its energy is 150 keV. When the x-ray energy is greater than
150 keV, there is a certain probability with which the x-ray
completely penetrates fiber x-ray sensor. Since in the PDD ex-
periment the Gd;O,S:Tb is surrounded by water, and in order
to reduce the radius of the region of interest as much as possi-
ble, the HVL of x-ray energy equal to 150 keV in water is also
used as the radius of the region of interest. Using formula (3)
and website data, in the water the ratio u/p = 0.15 (cm?/g)
is obtained and the radius (R) of the region of interest is cal-
culated to be 4.6 cm. The GEANT4 counts the number of
particles of various energy values in the region of interest to
form an x-ray energy spectrum, which is shown in Fig. 7.
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Fig. 7. The x-ray spectral distribution in region of interest at different water
depths.

The results show that the x-ray energy spectrum in the
region of interest gradually approaches to the lower energy re-
gion when the position of fiber x-ray sensor is deeper in the
water phantom. This is mainly because the x-ray collides with
the matter and the energy is reduced.

The central position of the interesting region, where the
fiber x-ray sensor is located, is set separately at a depth of
0.2 cm, 2 cm, 5 cm, and 10 cm. The results show that if the
position of the fiber x-ray sensor is deeper, the number of x-
rays in the region of interest increases. When the central point
of the region of interest ranges from 0.2 cm to 5 cm, the over-
all number of x-rays will increase, so the number of x-rays
that generate the additional response to the fiber x-ray sen-
sor increases. Therefore, theoretically, the measurement result
of the fiber x-ray sensor should gradually increase in a range
from 0.2 cm to 5 cm. This inference is very close to our simu-
lation and experimental results. The maximum of PDD of our
simulation is at the depth of 5 cm, and the maximum measured
experimentally is also at 3 cm—4 cm. Before reaching the max-
imum dose point, the measured value gradually increases.

The x-ray beam from the Linac head has relatively high
energy and can directly pass through the area of interest at

the shallower depths (such as 0.2 cm), therefore, no counting
occurs at these depths. When the fiber x-ray sensor position
becomes deeper (say, in a range from 0.2 cm to 5 cm), the
x-rays undergo various collisions in the water phantom, and
the energy of the x-ray becomes smaller, and hence more x-
rays are counted in the region of interest. Compared with the
number of counts detected at a depth of 5 cm, the one at a
depth of 10 cm is low. This is because the x-ray energy flu-
ence continuously decreases with depth increasing, but when
the maximum response depth value is exceeded, the response
decreases as the water depth increases.

In addition, as shown in Fig. 7, the energy spectrum
change is mainly concentrated in an area corresponding to
the energy range from 0.1 MeV to 1.5 MeV. The inorganic
scintillator Gd,0,S:Tb used in the fiber x-ray sensor of this
investigation has a relatively large effective atomic number
Zesr = 59.5. The photoelectric cross section is approximately
proportional to Z>3/E3, where E is the energy of the photon
beam, and Z is the effective atomic number. 33 Therefore, the
inorganic scintillator in the optical fiber x-ray sensor is more
sensitive to low-energy x-ray particles.

In summary, it is proposed that the over-response of fiber
x-ray sensors in this paper be mainly caused by the two effects
as follows.

(1) The inorganic scintillator can respond to both x-rays
and electrons. In the water phantom, there are some x-rays col-
liding with the inorganic scintillator part of the fiber x-ray sen-
sor, which makes a certain contribution to the over-response
phenomenon of fiber x-ray sensor.

(ii) Comparing with previous Monte Carlo simulation re-
sults, inorganic scintillator has a nonlinear relationship with
the deposited energy, and fiber x-ray sensor may have a high
response to photons in the low energy region.

Simulation results (Subsection 3.2) show that the contri-
bution of the internally generated Cherenkov radiation (inside
the optical fiber) to the over-response of fiber x-ray sensors
can be ignored.

4. Conclusions

In this paper, the Monte Carlo simulation software
GEANT4 is utilized to study the optical fiber sensor using
an inorganic scintillator Gd,0,S:Tb. The over-response phe-
nomenon of fiber x-ray sensor is simulated by GEANT4, and
the simulation result is close to the experimental measurement.
Through the extraction of Cherenkov radiation of fiber and the
fluorescence optical data of the scintillator, it is found that the
Cherenkov radiation does not make a significant contribution
to the fiber x-ray sensor using inorganic scintillators. Finally,
a model is established for the region of interest, which helps to
explain the possible causes of the over-response by examining
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the x-ray energy spectrum distribution in this region. However,

this model is limited by the difference between the accelera-

tor phsp file and the beam characteristics of the real Linac. In

the follow-up work to be reported later, the calibration of the

accelerator model and the study of the characteristics of the

scintillator will be carried out.
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