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Abstract

Purpose: In modern radiotherapy techniques, to ensure an accurate beam modeling process, dosimeters
with high accuracy and spatial resolution are required. Therefore, this work aims to propose a simple,
robust, and a small-scale fiber-integrated X-ray inorganic detector and investigate the dosimetric
characteristics used in radiotherapy.

Methods: The detector is based on red-emitting silver-activated zinc-cadmium sulfide (Zn,Cd)S:Ag
nanoclusters and the proposed system has been tested under 6 MV photons with standard dose rate used
in the patient treatment protocol. The article presents the performances of the detector in terms of dose
linearity, repeatability, reproducibility, percentage depth dose distribution, and field output factor. A
comparative study is shown using a microdiamond dosimeter and considering data from recent literature.

Results: We accurately measured a small field beam profile of 0.5 x 0.5 cm? at a spatial resolution of
100 pm using a LINAC system. The dose linearity at 400 MU/min has shown less than 0.53% and 1.10%
deviations from perfect linearity for the regular and smallest field. Percentage depth dose measurement
agrees with microdiamond measurements within 1.30% and 2.94%, respectively for regular to small
field beams. Besides, the stem effect analysis shows a negligible contribution in the measurements for
fields smaller than 3x3 cm?. This study highlights the drastic decrease of the convolution effect using a
point-like detector, especially in small dimension beam characterization. Field output factor has shown
a good agreement while comparing it with the microdiamond dosimeter.

Conclusion: All the results presented here anticipated that the developed detector can accurately
measure delivered dose to the region of interest, claim accurate depth dose distribution hence it can be
a suitable candidate for beam characterization and quality assurance of LINAC system.

Keywords: inorganic scintillating detector, dosimetry, small field dosimetry, radiotherapy.

1 Introduction

In clinical medicine, high energy X-rays are used in radiotherapy to treat cancer, to detect
and damage malignant tumors [1], where dosimetry plays an important role in modern radiation
oncology [2]. The dose measurements at high energy are conventionally carried out by
thermoluminescent dosimeters (TLD), ionization chambers, semiconductor devices (silicon
diodes, MOSFETs, etc.), Gafchromic films, or with optically stimulated plastic dosimeters [3-
8].TLD techniques require a long readout procedure, leading to a time-consuming process.
Ionization chambers are most accurate for large fields but are challenging for field sizes below
2x2 cm?, because of their large sensitive volume[9], anomalous polarity effect/polarity
correction[10, 11], and orientation-dependent responses that arise several corrections factors
and require further investigations[11, 12]. Owing to their small size, MOSFETs are generally
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used for in-vivo dosimetry but they have a short lifespan, exhibit energy and directional
dependence with a poor signal-to-noise ratio (SNR), and reproducibility [13]. Diode sensors are
known to over-respond to low energy photons, show variations of sensitivity with the
accumulated absorbed dose [14]. Unshielded diodes (‘electron diodes’) potentially offer good
spatial resolution dosimetry but require significant corrections for field sizes below 1 cm [15]
[16]. In addition, shielded diodes (‘photon diodes’) contain high-density material (e.g.,
tungsten), and their response is not completely independent of field size[14].

Moreover, most of these detectors are not advisable for small field dosimetry due to the
necessary corrections of volume averaging effects, lack of charge particle equilibrium, and dose
perturbation [5, 12, 17]. Though some research studies have shown that
radiographic/radiochromic films are suitable for small field dosimetry[18, 19], they still require
a significant time-consuming processing phase and have orientation dependency[12, 20].
Synthetic diamond detectors are considered as suitable detectors due to their small sensitive
volume, directional independence[21], high dose-response [22], and they are suitable for
accurate reference dosimetry down to 0.5x0.5 cm? field size [23]. However, they require
correction factors due to absorbed dose rate dependency [12], orientation type[21], and
comparable low lateral resolution due to significant head size while using face-on orientation.
Therefore, a ubiquitous demand in recent medical dosimetry is to develop a reliable, high-
resolution, and sensitive detector to be useful in radiotherapy to characterize small fields and
fields with high gradients. Consequently, some commercial detectors (e.g., exradin W1 and
W2) based on scintillating materials emerged since the beginning of 2010 [24, 25].

The idea of using optical fiber for radiation dose monitoring has been studied by different
research groups [26-30]. Different research works in this direction have shown that the
luminescent signal emitted by the scintillators is proportional to the absorbed dose, and the
signal is almost independent of photon energy in the megavolt (MV) range [27, 31, 32].
Scintillators used in these dosimeter techniques can be used for absorbed dose determination
under high energy irradiation. These detectors can be manufactured in small dimensions that
could provide linear response to dose, dose rate proportionality, energy independence, and the
benefit of having near water equivalent plastic scintillators [31, 33]. However, the main
difficulties in the use of scintillators are low signal-to-noise (SNR), degradation of signal with
accumulated dose, a minimum size required, and the correction factors necessary due to the
significant stem light generation in wide core fiber cable [12, 33].

In this context, we developed a small-scale X-ray inorganic scintillating detector (ISD) based
on (Zn,Cd)S:Ag scintillating clusters to characterize high energy radiation beam with few
centimeters to few millimeters field dimension. The feasibility of the detector was verified
through real-time measurement of several dosimetric parameters. A comparison with a
commercial dosimeter (PTW microdiamond) is presented. Such a detector is commonly used
for regular to small field radiotherapy treatment in the service.



2 Materials and Methods
2.1 Sensor design and principle of measurement

The developed novel X-ray detector essentially consists of a silica (SiO») optical fiber (ref.
FGO50UGA) equipped with scintillator clusters grafted at the fiber extremity. The fiber end
was sharply cleaved by a cleavage system before attaching the scintillator. Fiber core and
cladding diameters used are respectively 50 pm and 125 pm (Thorlabs™), respectively.
Scintillating clusters, made of (Zn,Cd)S:Ag powder (ref. JGL47/S-R1- 6um median particle
size) supplied by Phosphor Technology® are embedded at the fiber extremity, which follows
the same techniques used in our previous work using silver-doped ZnS scintillator [34].
(Zn,Cd)S:Ag scintillator was chosen due to its efficient and stable red emission tested [30]. The
maximum sensitive surface of the ISD cross-section is limited by fiber cladding surface (0.016
mm?) rather than by core (0.01 mm?). Indeed, under hard X-ray excitation, the luminescence
generated by one outer grain facing the narrow cladding part cannot be collected by the fiber
core. However, the same grain reemits lower energy x-rays that can excite grains facing the
fiber core. Moreover, the visible light emitted by grains located far from the fiber core input is
not collected by the core because of both reabsorption (weak phenomenon) and diffusion by
surrounding grains (most probable phenomenon). Thus, the efficient detector head can be
considered as a cylinder prolonging the fiber cladding, though the efficient volume is more
complex to quantify. Under the exposure to high energy X-ray, the scintillator emits visible
luminescence at around 550 nm [35, 36] that penetrates the fiber core and propagates through
the fiber. The other extremity of the fiber is plugged to a photon counter (ref. SPD_A VIS M1-
Aurea Technology™) by means of a FC/PC connector (ref. B30230C), collecting the visible
photons transmitted through the fiber. The photon counter is remotely controlled and measures
the visible luminescence flux in photons per second. Note that, to ensure a maximum light signal
transfer from the scintillator to the counter, a sharp cleaving system is applied. The detector is
in-lab tested at each step of the fabrication process to ensure the cleavage and cluster grafting
qualities with eminent quantum yield.

Due to the highly sensitive photon counter (20 ns gate width at 14 ps sampling time), the
ISD conveys low rise-time and fast responses to the irradiation. Fig. 1 represents the active part
of the ISD.
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Fig. 1 (a) Schematic representation of the detector and (b) actual detector (active end).

In the experimental environment, ambient light coming from surroundings leads to an
average background noise varying from 150 photons/s to 450 photons/s depending on
environmental conditions. Thus, the exact value of the average ambient noise was measured
during experiments and systematically removed from each measurement.

2.2 Experimental Setup

The overall proposed radiation measurement system is shown in Fig. 2. A testbed was
developed on the patient support system available at radiotherapy service under an Elekta
Synergy LINAC system capable of delivering both 6 MV and 15 MV photons. The LINAC
multi-leaf collimator (MLC) and lateral jaws system can be set up to vary the irradiation field
from 30 x 30 cm? down to 0.5 x 0.5 cm?. For a specific field characterization, the collimator set-
up was not reset during the measurement. The photon counter is positioned at about 8 m from
the detector sensitive head to avoid any interactions with X-ray. The whole setup is remotely
controlled from an external control room avoiding any exposure of the electronics to high-
energy irradiation.
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Fig. 2 Overall experimental setup of the ISD system in radiotherapy service. For PDD
measurement, the ISD was sandwiched between soft solid-water slabs to avoid any possible air-



gaps between slabs. Later, solid phantoms were replaced by water tank (IBA®) phantom for all
other measurements.

A standard setup on the patient support assembly comprising a motorized X-Y-Z piezo stage
allows characterizing small field beams at high spatial resolution. Consequently, the sensitive
head of the detector is fixed to the motorized stack and the high-resolution 3D piezo controller
(~20 nm step) allows moving the detector head across the field with a selective step size. In
order to compare the ISD performances with the reference microdiamond dosimeter, the
preceding X-Y-Z piezo stage was replaced by a water tank (IBA®) equipped with a 3D
translation stages of 100 um minimum step size. During the experiment, solid water slabs of
30x30 cm? size were also used to confirm the depth dose distribution measurement in the water
tank.

2.3 Stem effect and background analysis

The major drawbacks of conventional optical fiber-based scintillating detectors are their high
sensitivity to ‘stem signal’, considered as a noise introducing an offset in the dose measurement.
This effect includes both Cerenkov and direct fiber fluorescence contribution. When hard-core
silica optical fiber is irradiated with high energy X-ray (>125 kV), the dominant part of the stem
signal is coming from the Cerenkov light generation. This latter effect is observed when
generated high energy charged particles (e.g., electrons) penetrate a medium at speed faster than
light and leading to extra light emission. Therefore, the stem signal must be characterized while
a reliable estimation of the dose is required, and several techniques have been proposed to
diminish this contribution from signal amplitude [27, 37].

In this study, a background fiber method [33, 37, 38] was considered as the simplest way to
quantify and remove the contribution of this effect. This method consists of having a blank fiber
without scintillators in parallel with the actual detector to estimate the Cerenkov light
generation. The ISD and blank fiber extremities are maintained at the field center and placing
the optical fiber axis perpendicularly to the beam axis. It relies on the assumption that the
Cerenkov signal in the background fiber is the equal magnitude of the signal fiber. Finally, the
actual signal of the scintillator that is equivalent to the irradiated dose is obtained by subtracting
the signal of the background fiber from the total signal provided by the scintillating detector.

2.4  Dosimetric characteristics

The ISD has been used to demonstrate several dosimetry properties, and a comparison was
shown with the microdiamond dosimeter. Unless otherwise stated, all the measurements have
been performed online using standard source-to-surface distance (SSD) of 90 cm and source-
to-axis distance (SAD) of 100 cm at the central axis beam isocenter. The measurement
uncertainties were reported based on A-type standard uncertainty estimation (statistical
analysis). The total uncertainties reported for the experimental results include repeatability of
the measurement and detector’s positioning uncertainty (grouped by type B).

2.4.1  Beam profiling

The ISD system was used to perform high spatial resolution beam profiling for the smallest
field available at the LINAC (0.5 x 0.5 cm?) both in inline and crossline directions. First, beam
profiling was made in the air with a high-resolution 3D stepper motor. This also allows



characterizing convolution effect, which usually appears during small field beam profiling.
Later, to show the comparison with the microdiamond dosimeter, beam profiling was made
inside water phantoms under 3D translation stages attached to the blue water phantom (IBA™),
Note that, collimators were not reset during measurements, and measurements were made three
times at each phase. Thus, all the experiments were performed under LINAC used for clinical
treatment. Because the aim here is to compare the performances of two different detectors in
terms of convolution effect contribution in the raw measurements during small field
characterizations, we chose to present field profiling along only one axis (e.g., crossline).

2.4.2  Stability

The ISD system stability was tested employing repeatable measurement at the same position
for several consecutive and day-to-day measurements. Certainly, measurement stability also
integrates the stability of the collimators and the LINAC itself. In order to assess the short-term
repeatability, the measurement was tested under regular (10 x 10 cm?) and small field (0.5 x
0.5 cm?) size at a constant high dose rate of 400 MU/min over 1-hour irradiation. The long-term
daily reproducibility of the detector was tested as well by measuring the scintillating signal on
eight consecutive days in the same environment and the identical location of the detector for 10
x 10 cm?, and 0.5 x 0.5 cm? beam fields. During these measurements, the ISD was plugged and
unplugged every day as well as the entire set-up mounted and unmounted. Each time the
measurement was made for 1Gy dose delivered with the photon energy under the 6MV LINAC
beam. The error of each measurement point was calculated by the following equation of

standard deviation:
0= 2500 - D)2 (1)

Where x; represents the signal intensity measured at time t;, X is the average value of the ripple,
and n is the number of measurement points.

2.4.3  Dose linearity

Detector’s linear response to the dose was tested as a function of radiation dose ranging from
4 MU (4 cGy) up to 500 MU (500 cGy) at a constant dose rate of 400 MU/min. The upper
bound was chosen as the maximum stable dose rate of the machine tested during irradiation.
For each measurement, the dose was delivered at 6MV within field sizes of 10 x 10 cm? and 1
x lem? by placing the detector under standard reference condition defined by TRS 398 [39]. To
fully test the linearity, the data were normalized to 100 cGy dose (linearity index 1 to 100 cGy),
and then a linear fit was used to see how much values deviate from the linearity index.

2.4.4  Percentage depth dose

In clinical practice, the percentage depth dose (PDD) allows estimating the central axis dose
distribution in the region of interest inside a human body. Hence, PDD was performed for
various field sizes of 10 x 10 cm?, 5x Scm?, 3 x3 cm?,2x2cm?, 1 x 1 cm?, and 0.5 x 0.5 cm?.
These measurements were carried out from the surface down to a 200 mm water equivalent
depth keeping SSD at 100 cm. To confirm the measurement accuracy, data measurements were
made both in solid water phantoms and water tank phantoms. A comparison of PDD
measurements was shown and discussed.



2.4.5 Relative dose response

The radiation dose response by the ISD was measured by correlating the measured optical
signal (photons) with the respective delivered dose in the above-mentioned reference
conditions. A calibration for the ISD was made at LINAC isocenter with 10x10 cm? field size
and 10 cm water depth, which suggests that for 100 ¢cGy dose, the ISD measures 8.4x10° total
integrated photons at the photon counter. The relative dose for the ISD was measured based on
this calibration coefficient. All the measurements have been carried out at a fixed 100 MU dose
(1 MU~1 cGy in TRS 398 reference conditions) delivered at a typical dose rate of 400 MU/min
and 6 MV photons.

2.4.6  Field output factor

Field output factor (OF) is one of the major concerns in small field radiotherapy treatment and
exhibits some complexities when measurements are carried out with the existing conventional
dosimeters [12]. This output factor should be considered to realize the signal dependency on
different field sizes [12, 25], to avoid potential errors that sometimes lead to serious
consequences for patient care. The optical signal for different beam fields was measured at 100
cGy dose maintaining the sensor head at the standard reference condition described before.
Field output factors for microdiamond dosimeter and the ISD were measured according to the
reference condition defined by TRS-483 [12] and they were presented in terms of effective
(measured) field size[40]. The measurements were repeated three times, and both in-plane and
cross-plane profiles were considered to calculate effective field size.

3 Results
3.1 High resolution beam profiling and comparison

Fig. 3 (a) presents the field profile recorded with SAD of 100 cm in the air by displacing the
detector head across the lateral field within the crossline plane with 100 um step size. The
profile shows a Gaussian-like variation with a Full Width at Half Maximum (FWHM) of about
5.3 mm. Fig. 3 (b) represents the crossline profile of the same selected field inside the water
tank phantoms (IBA®) at 10 cm water depth with SSD 90 cm. It shows the ISD performance in
comparison with the microdiamond detector. Because the physical principle of these detectors
is different, curves have been normalized at the maximum value. Both profiles represent an
identical Gaussian shape with FWHM of 6 mm and 7 mm respectively for the ISD and
microdiamond. The measurement is in good agreement everywhere except in the penumbra
region (maximum percentage difference ~17%), which is mainly due to the volume averaging
effect of the microdiamond owing to its larger sensitive head. The average percentage difference
was found to be ~1.5%, which is still better than our previous results[34]. Finally, far from the
field center (=6 mm), both detectors present almost the same normalized response.
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Fig. 3 (a) Small field (0.5 x 0. 5 cm?) beam profile measured in air within the crossline plane
by the ISD. (b) Beam profile of 0.5 x 0.5 cm? field obtained using the ISD and microdiamond.
In brown is shown the percentage difference between the two data sets. Brown (dotted line)
curve refers to the right-hand side scale, whereas the blue and red curve refers to the left-hand
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3.2 Repeatability and Reproducibility

Fig. 4 shows the normalized value of total visible photons detected during ten successive
measurements of 100cGy dose irradiations. In this case, each measurement was performed
repeatedly giving 5 minutes pause in-between, and the associated signal was recorded at the
photon counter after each irradiation. These results illustrate that the stability of the ISD while
measuring total scintillating signal as equivalent dose and resulted in a standard error of 0.0001
for 10x10 cm? field and 0.00015 for 0.5x0.5 cm? field, respectively. The ISD system
demonstrates excellent repeatability with the maximum deviation of 0.02%, and 0.07% from its
average value calculated at 1Gy dose for 10 x 10 cm? and 0.5 x 0.5 cm? beam fields,

respectively. Error bars were estimated from the signal standard deviation following equation
1.
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Fig. 4 Repeatability of the measurement for ten successive irradiations, under (a) regular field
of 10 x 10 cm? and (b) small field of 0.5 x 0.5 cm? for 1Gy dose delivered at 6 MV.
Measurements normalized to an average of 1.



After testing the day-to-day reproducibility as explained in section 2.4.2, the system did not
vary more than 0.1% from the mean value of daily irradiation while repeated over eight
consecutive days as shown in Fig. 5. The standard error of the total scintillating signal is
determined to be 0.00021. This represents a good reproducibility of the ISD and stability of the
system.
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Fig. 5 Daily reproducibility of the ISD over eight consecutive days. Measurements normalized
to an average of 1.

3.3 Dose Linearity

During the dose linearity test, the integrated number of visible photons corresponding to each
amount of delivered dose is calculated and shown in Fig. 6. For all the investigated field sizes,
the ISD shows excellent linearity from very low dose to high dose values as described by linear
regression analysis (R?= 1 and 0.9998) and employing a linear fit.
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Fig. 6 Total output signal variation of the ISD as a function of dose for 10 x 10 cm? , and 1 x 1
cm? fields. R? is the linear regression. Measurements are normalized at the dose of 100cGy.

Measurements show that the average deviations from the fitted curve are less than 0.53% for
the 10x10 cm? field and less than 1.1% for the 1x1 cm? field. The maximum deviations were
observed at the very low dose value (shown in insert) that can be due to the lack of exact dose
delivery by the LINAC machine at this small amount of dose value.



3.4 Percentage Depth Dose distribution

Fig. 7 represents the PDD profile measurements with the ISD for different beam field sizes.
All curves exhibit the same global behavior with the maximum depth dose position
approximately 15 mm as expected at the 6MV beam [25, 26, 34, 41]. However, some
discrepancies were observed after maximum depth dose, as entry doses are increasing with the
field size due to the increase of the diffusion volume and scattering electrons coming from the
LINAC head.

A comparison of PDD distribution between the ISD and microdiamond detector is shown in
Fig. 8. For the investigated beam size of 10 x10 cm? and 0.5 x 0.5 cm?, the average percentage
difference as a residual is held at 1.3% and 2.94%, respectively. Therefore, good agreement was
observed in both cases. However, as the scintillator is not a water equivalent material, hence
the scattered radiation increases with phantom depth, and a little discrepancy appeared at the
build-down region. Moreover, the higher difference was observed in the small field, a reverse
behavior than what we observed before[34], which can be attributed to the different sensitivities
of each detector to incident and secondary photons in addition to other charged particles.
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3.5 Relative dose response with field size

The photon flux recorded by the photon counter as a function of time is presented in Fig.
9(a) for field sizes ranging from 0.5 x 0.5 cm? to 10 x 10 cm?, respectively. All the curves show
similar behavior with a rapid increase, followed by a beam stabilization step (a plateau) ending
with a rapid fall-down while the beam switched off. As the photon counter rise time is in the ns
range, the longer rise time observed is due to LINAC beam stabilization and characteristics of
the scintillator[42, 43]. The maximum signal collected by the counter increases with field size.
The total number of photons during each beam field is equal to the total integral of the visible
photon variation peaks observed in Fig. 9(a). Note that, in each case, the integrated optical
signal (shown in Fig. 9b) is obtained by subtraction of the stem signal from the total recorded
signal, which corresponds to the actual scintillating signal during irradiation. Finally, these
photons were converted to respective dose values by using the calibration coefficient of the
ISD. It observed that the response of the ISD is field-dependent, which indicates that a detector
specific field correction is required to calculate the absolute dose at different fields.
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Fig. 9 (a) Actual optical signal (blue) and stem effect contribution (magenta) dependence with
time at different field sizes. (b) Normalized dose-response by the ISD at different field sizes.
The photon energy at 6 MV.

3.6  Field Output Factor Comparison

Fig. 10 shows the variations of field output factor as a function of effective field size for the
ISD and microdiamond, where the curves have been normalized regarding the signal value
obtained for a field size of 10 x 10 cm?. The field output factor decreases with the field size
decreasing and achieves 0.55 and 0.48 for the ISD and microdiamond, respectively at the
smallest irradiation field. The field output factor of the ISD is lower than the microdiamond
until 1 x 1 cm? field size, whereas, for the lowest dimension field, this behavior is reversed. This
can be attributed to the higher sensitivity of the ISD sensor to lower energy particles and the
possible volume averaging issue of microdiamond at this field dimension. A little
discrimination can partially be attributed to a slight misalignment between each detector with
respect to the field center. Moreover, as the scintillator used in the ISD is not water equivalent
and the result shown here does not consider any correction factor, thus discrimination in the
field output comparison could be expected for different fields.
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size.

3.7 Stem effect characterizations

The stem effect has been measured as a function of fiber length following the description in
section 2.3, and the results of this study are presented in Fig. 11. This figure shows the relative
contribution of this parasitic effect regarding the total signal measured (in % of the stem to
signal). We observed that this effect increases linearly with field size. Indeed, it is expected to
be proportional to the irradiated fiber volume and thus to the fiber length within the beam.
Besides, the results also highlight that for the field sizes 3 x 3 cm? to 0.5 x 0.5 cm?, the
contribution of this effect to the total optical signal magnitude becomes less than 1%.
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Fig. 11 Stem contribution of the ISD detector with respect to the irradiated fiber lengths. The
left scale represents the total stem effect recorded (blue curve); the brown dots represent the
percentage of stem-to-signal ratio recorded as can be seen from the right scale.

3.8  Uncertainty budget for profiles and OF

Table I summarizes the uncertainty budget for the ISD and microdiamond measurements for
the experimental results of PDD, beam profile, and field output factors. The uncertainties were
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evaluated by statistical analysis in the measurement (standard deviation in the readings- type
A) and detectors’ positioning uncertainty (type B).

PDD and beam profiles

Source Uncertainty Uncertainty Contribution
Contribution (ISD) (Microdiamond)

Measurement repeatability (A) 0.15 % 0.10 %

Positioning (B) 0.20 % 0.25 %

Field output factor

Source

Measurement repeatability(A) 0.10 % 0.25 %
Positioning(B) 0.20 % 0.20 %

Table I. Measurement uncertainties for PDD, beam profiles and output factors.

4 Discussion

In this study, the optical fiber integrated ISD system shows that measurements are
reproducible within (0.02-0.08) % successive and 0.1 % daily measurements as demonstrated
during experiments. These results explore the detector’s excellent stability under the small field
irradiation, which is a very significant outcome when compared to the value achieved in some
recent studies [28, 29, 31]. As seen from the linear regression and linear fit analysis, the detector
provides entire proportional behavior to a very low (4 cGy) to high dose (500 cGy) within
average deviations less than 0.53% and 1.10% from the linear fit for different fields considered
in this work. This result is of great importance for further calibration steps of the device required
to achieve a direct dose reading.

At the range of 6 MV photons, the absorption coefficient p is about 2.102 cm! in water [44].
So, at water depths ranging from 0 to 20 cm, photon flux from the LINAC source is high,
therefore, generates more charged particles and low energy X-rays. Thus, increasing the
irradiated volume (while increasing the field size), the number of generated particles close to
the detector is increasing. That is why PDD profiles for the ISD in the build-down region
decrease more slowly when the field size increases. On the other hand, the over-response of the
ISD in the build-down region could be attributed to its sensitivity to low energy photon
generates from secondary emission or scattered radiation. A reverse behavior was observed
while comparing it to our previous result [34]. It signifies that the sensitivity of this new
scintillator is higher in small fields.

Due to the small convolution effect between field and detector shapes, a little discrepancy of
FWHM (~0.3 mm) regarding the selected field size (0.5x0.5 cm?) was observed in the air by
the ISD. Besides, the wider dimension measured in water (FWHM ~ 6 mm) by the ISD can be
attributed to the detection of secondary X-ray photons, and charged particles created beyond
the field edges. Contrarily, using the microdiamond detector, the FWHM of 7 mm inside water
is reasonably due to the bigger convolution effect. Note that the electrons with few MeV energy
(Compton, pairs, etc.) generated within the beam center have a mean free path of 1 to 2 cm into
water [44] and cannot reach the detectors far from this distance. Thus, beam profiles are

13



superimposed at distances higher than 6 mm from the field center. In addition, 20% of the
maximum signal is achieved for the ISD when the detector is positioned at 4 mm from the field
center, while the same value is reached at 5.5 mm for the microdiamond. This position
difference of 1.5 mm corresponds to approximately half the size of the microdiamond dosimeter
(0.004 mm?; 4 mm? active measurement area). It highlights the drastic contribution of the
convolution effect when characterizing small fields using dosimeters of significant dimensions.

The spatial resolution of the ISD was shown to be 100 um that demonstrates through dose
measurement discrimination between two neighboring points, which is slightly better than a
recently developed 2D monolithic silicon array detector [45]. The scintillating signal amplitude
difference between two successive positions in the fall-down region of the field lateral profile
is about 500 photons/s, while the sensitivity of the photon counter is 20 photons/s. Thus, the
spatial resolution of the ISD is apparently better than 100 pm and can certainly be further
improved by decreasing the fiber core diameter. It will separate penumbra [12] from the
convolution effects in small fields, considering the high signal-to-noise ratio of the ISD.

The stem contribution decreases with the fiber length irradiated and reaches less than 1% of
the signal magnitude for field sizes below 3 x 3 cm? that is still significant for scintillating
dosimetry with such a small detector. Even the contribution of the stem signal to the actual
optical signal is very low, this parasitic effect was systematically quantified and suppressed
from the total signal measured.

Field output factor was reported as a function of effective field size since both detectors (ISD
and microdiamond) do not measure the same FWHM in both inline and crossline direction at
the very small field. It simplifies the measured field width into one representative value. The
ISD shows consistency with microdiamond while comparing field output factor measurement.
Some discrepancies were expected here, as both detectors did not measure the same effective
field for the given nominal field size. Note that no correction factor was considered for either
the ISD or microdiamond, as it was a relative dose measurement. Knowing that for the ISD, it
requires Monte Carlo (MC) simulation that was not considered in this study. Therefore, field
output factor variation with respect to microdiamond stays within 4.5% for 0.5 x 0.5 cm? field
and within 1.5% for 1x1 cm? to larger fields. However, considering the consistency in field
output measurement, ISD may provide appropriate dose-response at different small fields.

5 Conclusion

In this study, we have shown the dosimetric characteristics of a new fiber-integrated X-ray
inorganic detector with a demonstrated spatial resolution of 100 pm. The detector provides an
entire linear response with the dose in 0 to 500 cGy range, independently of the field size
selected between 10 x 10 cm? and 0.5 x 0.5 cm?. Perfect repeatability (less than 0.07 %
difference from average values) with good day-to-day reproducibility (maximum 0.1%
difference from average values) demonstrates its feasibility in the radiotherapy application
under regular to small field irradiation. The issue of stem effect that usually affects optical fiber
scintillating measurements has been addressed and demonstrated that the developed system is
essentially free from this effect at the small fields e.g., below 3x3 cm?® field. So, dose
measurement under small field irradiation can be more accurate than using conventional
scintillating dosimeters.
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The ISD system showed better accuracy than microdiamond when comparing the small field
beam profile measurement, thanks to the lower convolution effect induced due to the miniature
size detector having the smallest sensitive volume. A cross-section lateral profile of the smallest
field (0.5 x 0.5 cm?) was obtained with a high spatial resolution to observe the accuracy in beam
profile measurement. The ISD measurement uncertainty was found to be in an acceptable range
for dosimetry application.

PDD distribution of the ISD at various small fields suggested that the detector might be
eligible to measure the accurate relative dose at different depths inside the water. However,
further investigations are needed to address the discrepancies in the build-down region of the
smallest field. Moreover, measurement reveals that the ISD provides a high signal-to-noise
ratio, good stability of the signal with accumulated dose, and minor contamination with
Cerenkov light that leads to a more widespread application in the online dose verification
system. In agreement with the obtained results, it can be possible to shrink down the detector
volume while keeping a significant luminescence signal at the output with good sensitivity.
Therefore, a very high spatial resolution sensor with a few micro-meter scintillating heads could
be achieved that cannot be achieved by the conventional detector so far.

Finally, considering the performance of the ISD in different small fields, it is expected that
the ISD can be an efficient alternative in the current radiotherapy detection technique. Likewise,
the silica glass fiber (typically used in the telecommunication industry for the long run) used in
this system ensures long-term fiber stability with strong immunity from unnecessary damage
and frequent replacement.
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