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Abstract 

Scintillation-based fiber dosimeters are a powerful tool for minimally invasive localized real-time monitoring of the dose rate 

during Low Dose Rate (LDR) and High Dose Rate (HDR) brachytherapy (BT). This paper presents the design, fabrication, 

and characterization of such dosimeters, consisting of scintillating sensor tips attached to polymer optical fiber (POF). The 

sensor tips consist of inorganic scintillators, i.e. Gd2O2S:Tb for LDR-BT, and Y2O3:Eu+4YVO4:Eu for HDR-BT, dispersed in 

a polymer host. The shape and size of the tips are optimized using non-sequential ray tracing simulations towards maximizing 

the collection and coupling of the scintillation signal into the POF. They are then manufactured by means of a custom 

moulding process implemented on a commercial hot embossing machine, paving the way towards series production. 

Dosimetry experiments in water phantoms show that both the HDR-BT and LDR-BT sensors feature good consistency in the 

magnitude of the average photon count rate and that the photon count rate signal is not significantly affected by variations in 

sensor tip composition and geometry. Whilst individual calibration remains necessary, the proposed dosimeters show great 

potential for in-vivo dosimetry for brachytherapy. 

Keywords: inorganic scintillators, radiation sensor, brachytherapy, optical fiber, compression moulding 

1. Introduction 

Within the dynamic landscape of medical instrumentation, 

optical sensors have become instrumental in providing real-

time monitoring solutions for medical applications. This paper 

delves into the intricacies of designing, fabricating, and 

evaluating scintillation-based optical fiber dosimeters crafted 

to meet the specific requirements of brachytherapy (BT). BT 

is a form of radiotherapy which is commonly employed for the 

treatment of cancer [1], referring to the use of radioactive 

sources that are implanted within, or in close proximity to the 

critical target organ. We focus here on BT for prostate or 

cervical cancer. BT can be divided into two categories, based 

on the dose rate of the employed radioactive source, with low-

dose-rate (LDR) and high-dose-rate (HDR) BT employing 

sources with dose rates of < 2 and > 12 Gy/h, respectively [2].   

The distinct advantage of optical sensors lies in their 

minimally intrusive nature, allowing for localized  monitoring 

of the dose rate at specific locations in the vicinity of the 

tumerous tissue. In the context of BT, where precision in dose 

delivery is paramount in view of accurately determining the 

radiation dose delivered to critical organs near the treatment 

zone, such as the bladder, the urethra and the rectal wall during 

radiation treatment [3], optical fiber dosimeters offer a 

solution aligning with the principles of precision, 

miniaturization, and real-time feedback. A substantial amount 

of research has been conducted to develop such fiber-optic 

dosimeters [4-11]. Fiber-optic scintillation-based dosimeters 

are compact and radiation-resistant devices that are used for 

real-time monitoring of the dose rate at specific locations in 

the vicinity of tumorous tissue during BT radiation treatment 

of prostate or cervical cancer. These dosimeters are based on 

scintillators, which are materials that emit light when exposed 

to ionizing radiation. The scintillation light is collected by an 

optical fiber, which transmits the optical signal to a 

photodetector and dedicated electronic circuitry for further 

signal processing. Fiber-optic scintillation-based dosimeters 

have several advantages over other types of dosimeters, 
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including their compact size, real-time response proportional 

to the absorbed dose-rate in their sensitive volume, water 

equivalence, and insensitivity to magnetic fields [6].  

Our study concentrates on the development of dosimeters 

incorporating scintillating sensor tips integrated with polymer 

optical fiber (POF). Inorganic scintillators are preferred over 

organic scintillators owing to their larger X-ray absorption and 

higher light output [6]. The selection of inorganic 

scintillators—Gd2O2S:Tb for LDR-BT and 

Y2O3:Eu+4YVO4:Eu for HDR-BT—embedded in a suitable 

polymer host to form the sensor tips requires adequately 

combining material science, fabrication technologies, optics 

and medical instrumentation requirements. In our case, the 

sensor tip design is meticulously optimized through non-

sequential ray tracing simulations, focusing on maximizing 

the collection and coupling of scintillation signals into the 

POF. 

Crucially, this paper discusses a custom moulding process 

executed on a commercial hot embossing machine, 

showcasing the pathway to series production. This scalability 

aligns with the community's interests, reflecting the potential 

for widespread implementation of these dosimeters in clinical 

settings. Finally, fiber-optic dosimetry experiments conducted 

in water phantoms yield valuable insights into the dosimeters’ 

performance. Notably, the dosimeters exhibit consistent 

average photon count rates for both HDR-BT and LDR-BT 

scenarios, with minimal impact from variations in sensor tip 

composition and geometry. While individual calibration 

remains a requisite step, our dosimeters present significant 

promise for in-vivo dosimetry in brachytherapy, highlighting 

the transformative role that these optical sensors play in 

advancing medical applications. 

2. Materials and Methods 

The tips are fabricated by means of a custom-developed 

two-step process using a Jenoptik HEX04 hot embossing and 

compression moulding machine. In the first step, we 

manufacture substrates consisting of 60% scintillating powder 

dispersed in 40% PMMA. In the second step, this substrate is 

used for the manufacturing of multiple scintillating tips per 

cycle using a custom transfer moulding tool. 

2.1. Specification inorganic scintillator, polymer host 

and polymer optical fiber 

The fiber optic BT dosimeters utilize a scintillating sensor 

tip attached to the end of a polymer optical fiber (POF). These 

scintillating tips consist of a scintillating inorganic material 

that initially comes in a powder form that is incorporated 

within a thermoplastic polymer host, in our case polymethyl 

methacrylate (PMMA). The choice of scintillators for LDR- 

and HDR-BT is primarily based on the specific characteristics 

and requirements of each technique in view of ensuring 

accurate and precise dose delivery to the tumor during BT 

procedures. LDR-BT involves the use of low-activity 

radioactive sources that emit radiation over an extended period 

(i.e. hours to days), whilst HDR-BT uses high-activity 

radioactive sources that emit a very high dose of radiation over 

a short period (i.e. fractions of seconds to minutes). LDR 

scintillators are optimized for detecting low-energy gamma 

radiation (around 25 keV to 35 keV) emitted by sources with 

longer half-lives, such as Iodine-125 (125I), whereas HDR 

scintillators are designed to detect high-energy gamma 

radiation (around 300 keV to 600 keV) from sources with 

shorter half-lives, such as Iridium-192 (192Ir).  

The scintillating materials employed in this study are 

Gd2O2S:Tb and Y2O3:Eu+4YVO4:Eu for LDR- and HDR-

BT, respectively. They are sourced from Phosphor 

Technology Ltd., U.K. [12]. These materials were chosen for 

two main reasons, i.e. the spectral content of the scintillation 

signal and their availability in fine-grained powder. For LDR, 

the scintillation features three emission peaks with the main 

peak at 544 nm and two others at 490 nm and 590 nm. For 

HDR, YVO4:Eu emits at 619  nm, whilst Y2O3:Eu emits at 

611 nm. All these emission wavelengths are well separated 

from the wavelength of Cherenkov radiation [13] and hence 

allow filtering out the stem-effect [14]. Since neither the 

scintillation yield nor the decay time of the scintillation is 

provided by the powder producer and, given that the data 

reported in literature is inconsistent and exhibits a significant 

dependence on the stoichiometry of the product, we first 

conducted an in-depth characterization of the scintillators, of 

which the results have been documented in [15]. 

Additionally, these scintillating materials come in grain 

sizes with an average ∼4 μm diameter for LDR, and an 

average ∼7 μm diameter for the HDR. This enables dispersing 

the powders in a thermoplastic host and consequently the 

integration in a polymer sensor tip that can be obtained 

through a thermoforming process. Our sensor tips consist of 

60% scintillating powder dispersed in 40% PMMA, as stated 

above. We manually mixed scintillating powders, i.e. 3 g of 

Gd2O2S:Tb for LDR, or 3 g of Y2O3:Eu+4YVO4:Eu for 

HDR with 2 g of PMMA powder sourced from Merck Sigma-

Aldrich®. This PMMA has an average molar mass Mw 

~15,000 g/mol, and particle sizes ranging from 0.149 mm to 

2.0 mm. We call these mixtures respectively LDR-PMMA and 

HDR-PMMA. 

To collect the scintillation signal, we use a POF. Given the 

need to integrate the probe in a BT catheter system, the POF 

should have a maximum core diameter of 0.5 mm. To 

maximize the scintillation signal collection efficiency, the 

numerical aperture (NA) of the POF should be as high as 

possible. From a selection of commercially available POFs, 

we have chosen one with an NA of 0.5 and an uncoated core 

diameter of 0.5 mm from Jiangsu TX Plastic Optical Fibers 

Co., Ltd. These step-index POFs were sourced with one fiber 
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end cut and polished and the second fiber end terminated with 

an SMA 905 connector. The length of the optical fiber is 5 

meters. The POF specifications and dimensions are 

summarized in Table 1. 

Table 1. POF specifications. 

Core material PMMA 

Jacket material  PE 

Core refractive index 1.492 

Numerical aperture 0.5 ± 0.15 

Min. bend radius 25 mm 

Core diameter  480 ± 30 µm 

Cladding diameter 500 ± 30 µm 

Jacket diameter 1000 ± 70 µm 

Optical loss at 650 nm <210 dB/km 

2.2. Optical modeling of the sensor tip 

The performance of radiation dose measurements relying 

on scintillation-based dosimetry, with scintillation signal 

collected by means of an optical fiber, obviously depends on 

how efficiently said signal is captured by and guided within 

the optical fiber to the photodetector. Therefore, the objective 

of the optical modeling is to design the scintillating tip such 

that it complies with the geometrical constraints imposed by 

the allowed probe dimension whilst providing for a 

maximized collection of generated scintillation signal and 

coupling of that signal into the POF with a 0.5 mm-diameter 

core. Additionally, the scintillating tip should not exceed 3 

mm in length to allow for a sufficiently high spatial resolution 

of the dose measurement. Finally, to ensure compatibility with 

the envisioned fabrication process, a demoulding angle (≥ 1°) 

should be considered in the design of the sensor tip as well in 

view of facilitating the extraction of the tip from the 

fabrication mould. 

Given those specifications, we started with designing the 

shape of the scintillating tip with the aim of collecting the 

largest amount of scintillating signal as possible by the POF. 

For this purpose, we built a non-sequential ray tracing model 

using Zemax® OpticStudio®. Dedicated models were created 

for the HDR-PMMA and LDR-PMMA mixtures, based on 

their refractive index and their attenuation. To estimate the 

refractive indices of these materials, we started from the 

refractive index of PMMA, i.e. n=1.49 as specified by [16]. 

The HDR scintillator consists of 4 portions of YVO4:Eu and 1 

portion of Y2O3:Eu, with refractive indices of n=2.05 and 

n=1.9, respectively. This leads to a weighted average 

refractive index of n=1.81 for the HDR-PMMA compound, 

given the concentrations of the different constituents. For the 

LDR-PMMA compound the weighted average refractive 

index is n=1.98, given that the refractive index of Gd2O2S:Tb 

is n=2.3. An attenuation coefficient of 6.75 dB/mm at 619 nm 

was implemented in the model for HDR-PMMA, and of 5.08 

dB/mm at 544 nm for LDR-PMMA, respectively. These 

values were obtained by transmission measurements of the 

intermediate scintillating substrates using an integrating 

sphere, taking into account both linearly transmitted and 

diffused light, fully in line with the methodology described in 

our previous work [15].  For more details, see Section 1 of the 

Supplementary Information. 

The scintillation events in the sensor tip can be modeled in 

OpticStudio® by way of individual rays. The generated 

photons travel in random directions and hence we can consider 

the source as an isotropic light volume emitter and volume 

scatterer. A volume emitter assumes that the rays are emitted 

in random directions from anywhere inside the volume, with 

uniform probability in both position and ray direction, whilst 

volume scattering implies the existence of scattering particles 

of a certain size distributed uniformly with a certain density 

within the volume. We assume that the scintillation events are 

uniformly distributed within the volume of the sensor and the 

amount of light emitted by the scintillating tip increases 

propotionally with the volume of scintillating material. This 

allows us to compare different scintillating tip designs by 

calculating a figure of merit, expressed in arbitrary units (a.u.), 

based on the amount of optical power coupled into the POF 

core relative to the volume of the scintillating tip. To reflect 

this in the simulations, we define the optical power yield from 

a unit volume (1 mm3) as 100 a.u./mm3.  

Two scintillating tip geometries were considered for the 

simulations: (1) a hemispherical tip, as a reference design, 

with diameter of the hemisphere equal to the POF diameter; 

and (2) a cylindrical tip, of which the cylinder length can be 

chosen in view of maximizing the scintillation signal. 

If one requires the sensor size to remain within the volume 

defined by the POF outer diameter, a cylindrical shape is the 

most straightforward choice, as it optimally fills the volume 

allocated for the sensor on the fiber tip and maximizes the 

amount of generated scintillating light. Therefore, we first 

fixed the diameter of the cylindrically shaped sensor tip to  

0.5 mm (corresponding to the POF diameter) and then we 

optimized the length of the sensor tip. A cylinder with a longer 

length allows for more scintillation light to be generated. 

However, because of the optical attenuation in the material, 

light produced at the edges of the sensor has a lower 

probability of reaching the POF core. This is shown in Figure 

1a, which graphs the optical power coupled into the POF as a 

function of the length of the cylindrically shaped sensor tip, 

with the attenuation in the scintillating compounds either 

being accounted for or neglected. For a lossless scintillating 

cylindrical tip, the optical power coupled into the POF 

increases linearly with the length of the. However, when 

absorption and scattering are accounted for, we observe a 

saturation in the power coupled into the POF after a certain 

length. The figure of merit for the cylindrical sensor tip made 

from HDR-PMMA with a 0.5 mm-diameter (solid blue line) 

becomes identical to that of the hemispherical tip for a 
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cylinder length of 0.5 mm, with a coupled power equal to 0.2 

a.u.. If we increase the length of the sensor to 1 mm, the 

coupled power increases to 0.274 a.u. for HDR-PMMA, and 

0.271 a.u. for LDR-PMMA (see Fig. 5 in the Supplementary 

Material), representing a 35% increase in fiber-coupled power 

as compared to the reference hemispherical shape. Given the 

saturation of the optical power coupled into the POF, there is 

no significant increase of coupled power if the length of the 

scintillating tip is increased beyond 1 mm. This size also 

complies with the required spatial resolution of the local dose 

measurement, which should be below 3 mm. 

a)  

b)  

c)  

Figure 1. Simulation results for HDR-PMMA: a) Optical power 

coupled to the 0.5 mm POF for a cylindrically shaped scintillating tip 

with a 0.5 mm-diameter as a function of the tip length; b) Influence 

of the diameter of a cylindrically shaped scintillating tip of varying 

length on the optical power coupled to a 0.5 mm-diameter POF; c) 

Effect of lateral eccentric misalignment with respect to the center of 

the POF for a scintillating tip with a length of 1.0 mm (and diameter 

of 0.5 mm and 0.7 mm) on the optical power coupled to the POF. The 

results for LDR-PMMA are very similar and are shown in Fig. 5 of 

the Supplementary Material. 

Furthermore, we studied the influence of the cylindrical 

scintillating tip diameter on the power coupled into the POF. 

The maximum diameter of the sensor tip was set to 0.7 mm to 

ensure that three sensor fibers could be accommodated within 

the constraints of the smallest available model of Foley 

catheter, a medical device used for various urology 

procedures, including drainage and monitoring, without 

compromising its functionality or safety. Figure 1b shows the 

simulation results for three different tip lengths (L=0.5 mm, 

L=0.75 mm and L=1.0 mm) as a function of the sensor tip 

diameter D. Starting from a diameter D=0.1 mm, the optical 

power coupled into the 0.5 mm POF increases with D up to 

D=0.5 mm, beyond which the coupled power remains 

constant. A sensor tip with a larger diameter therefore does not 

result in a more efficient sensor in terms of optical power 

being coupled to the POF core. 

However, a scintillating tip with a larger diameter allows 

for some more relaxed positioning tolerance when attaching 

the tip to the end facet of the POF, which in turn eases the 

assembly and likely results in improved repeatability. To 

quantify the influence of a lateral misalignment of the 

scintillating tip with a length L=1.0 mm, we modelled the 

effect of said misalignment on the optical power coupled into 

the POF. Figure 1c shows that for a sensor tip with a diameter 

D=0.5 mm (which matches the diameter of the POF), the 

coupled power almost linearly decreases with the amount of 

misalignment. Displacing the HDR-PMMA sensor by 

0.05 mm lowers the coupled power from 0.275 to 0.243 a.u., 

which is a decrease of 11.4%, whilst shifting the LDR-PMMA 

sensor by 0.05 mm lowers the coupled power from 0.267 to 

0.237 a.u., corresponding to a decrease of 11.2%. Small 

misalignments of the sensor tip may hence introduce a large 

variability from probe to probe. On the other hand, for a sensor 

tip with a diameter D=0.7 mm, the coupled optical power 

remains constant for displacements up to 0.1 mm. To allow for 

a ±0.1 mm alignment tolerance of the sensor tip with respect 

to the center of the POF core, whilst maximizing optical 

coupling within the space constraints and still fitting within 

the constraints of the Foley catheter as mentioned earlier, we 

therefore ultimately opted for a 0.7 mm-diameter cylindrical 

shaped sensor. In view of the fabrication technique used, we 

also accounted for a 2.2-degree demoulding angle, which 

transforms the cylindrical sensor tip into a truncated conical 

volume as illustrated in Figure 2, with little to no impact on 

the sensor performance. The presence of a demoulding angle 

is essential for successfully releasing the tips from the mould, 

resulting in dimensions of 0.7 mm for the long base, and 0.63 

mm for the short base of the truncated cone. Additionally, and 

given that the optical properties of the two compound 

materials are similar (essentially in terms of attenuation), we 

chose to use identical designs for both the LDR-BT and HDR-

BT sensor tips. This also makes sense in view of the 

fabrication, since this implies that the same fabrication mould 

can be used for manufacturing both types of sensor tips. The 

final shape of the scintillating tip is shown in Figure 2.  

   

   

  4

   

   

1  

1  

1 4

    1 1   

 
ib
er
 c
o
u
p
le
d
 p
o
 
er
 (
a 
u
  

Lengt  (mm 

Cylinder  DR    A  it  losses

Cylinder  DR    A  it out losses

 emisp ere

Jo
urn

al 
Pre-

pro
of



 

 
 

 

Figure 2. Illustration of the final LDR-BT and HDR-BT sensor tip 

design (orange) attached to the end facet of a 0.5 mm-diameter POF 

(grey). 

2.4 Fabrication of the sensor tips. 

Both the LDR and HDR scintillating tips have been 

fabricated by means of a custom two-step process using a 

Jenoptik HEX04 hot embossing and compression moulding 

machine. First, we manufactured substrates consisting of 

scintillating powder dispersed in PMMA, as described in 

detail in Section 2.1. The mixture of PMMA powder with 

inorganic scintillator powder was transformed into round, flat 

substrates with a custom mould fabricated from a copper-

beryllium-cobalt alloy which was made by means of precision 

micro-milling. HDR-PMMA and LDR-PMMA substrates 

were manufactured at 120°C with a compression force of  

10 kN. The substrates have a diameter of 15 mm with 

thickness ranging from around 0.5 mm to 4.7 mm depending 

on the mass of the mixture inserted into the mould cavity. 

Figure 1 of the Supplementary material shows photographs of 

the mould and some of the fabricated specimens. The typical 

cycle time to obtain one sample was ~10 minutes. 

In the second step, this substrate is used for the 

manufacturing of multiple scintillating tips per cycle using a 

custom transfer moulding tool, of which the cross-section is 

illustrated in Figure 3. It consists of two main parts. The top 

part contains the cavity for the scintillating substrate (orange 

color) and the injection gates (pink color). The substrate is 

heated to 120°C and pushed downwards through the injection 

gates with a force of 10 kN generated by the Jenoptik HEX04 

machine. This fills the 8 sensor tip cavities (dark green color) 

located below in the second part of the mould. Figure 3b 

shows the top view of the mould with the substrate (orange) 

and the 8 injection gates (pink). Figure 3c shows a close-up of 

the injection gate (pink) and the scintillating tip cavity (green). 

With this approach, one substrate serves the transfer moulding 

of 8 tips for about 11 cycles, i.e. 1 substrate delivers about 88 

sensor tips. The processing time of a single cycle to 

manufacture 8 tips takes around 15 minutes. This clearly 

indicates that the technology allows for small series 

fabrication. Note however that the transfer mould can easily 

be adapted to contain more than 8 cavities, enabling further 

upscaling of the manufacturing towards larger series.  

a)  

b)  

Figure 3. Technical drawing of a) a cross-section of the stacked 

mould structure used for the fabrication of the scintillating tips. The 

scintillating substrates are shown in orange; c) a close-up of the 

injection gate (pink) and the eventual scintillating tip (green). For 

scale: the orange cylinder has a diameter of 15 mm. 

We manufactured a first batch of 17 LDR-BT and 21 HDR-

BT probes for initial radiation tests and a second batch of 40 

LDR-BT and 40 HDR-BT probes for examining the potential 

influence of the adhesive and protective tubing on the 

dosimetric response of the sensors. Finally, we manufactured 

a third batch of 59 LDR-BT and 60 HDR-BT, resulting in a 

series of 237 BT probes total. See Table 1 of the 

Supplementary Materials for an overview. 

For the first batch, the HDR-BT tip length was around 992 

±32 µm, which is deviating with 1% only from the design 

length of 1 mm; however, the long base diameter (614±37 µm) 

and top diameter (489±16 µm) of the truncated cone were 

respectively around 12% and 22% smaller than the design 

values. Similarly, the LDR-BT tip length was around 980 ±52 

µm which is a 2% deviation from the design; however, the 

long diameter (582±24 µm) and top base diameter (480±16 

µm) of the truncated cone were respectively 17% and 24% 

smaller than the design values. The difference in top diameter 

of the truncated cone indicates that the demoulding angle of 

the tips deviated from around 2.2° to around 3.0° to 3.6°. Due 

to these unexpected smaller dimensions, the alignment 

tolerance of the sensor tips with respect to the POF decreased 

from ±100 µm to ±57 µm. The difference between the 

Jo
urn

al 
Pre-

pro
of



 

 
 

measured tip dimensions and the design values stems from the 

dimensions of the cavities that were machined in our custom 

mould. This issue was solved by post-processing the mould 

such that said cavities were slightly enlarged. 

The tips of the 2nd batch were then fabricated using said 

mould with corrected cavities. The average LDR-BT tip 

length was 1030 ± 25 µm, which is 3% larger than the design 

value. The bottom base has an average diameter of 690 ± 9 µm 

and the top base 576 ± 10 µm. These are only 1.5% and 8.6% 

smaller than the design values. The bottom diameter of the tips 

from the new batch is within the expected size range. The 

demoulding angle was kept at around 3.3° since re-drilling the 

cavities is not straightforward. The top diameter values of the 

2nd batch and the 3rd batch are therefore improved with respect 

to the 1st batch but do still not exactly match the design value. 

This, however, should not have a significant influence on the 

sensor tip performance given that the total volume of the tips 

is not affected much. Given the smaller standard deviation of 

the fabricated tips, we can also anticipate that the 2nd and 3rd 

batch will feature less sample-to-sample variation. 

2.5 Assembly of the brachytherapy probes. 

We developed a dedicated procedure to align the 

scintillating tip with respect to the POF and to attach it to the 

POF end by means of UV-curable adhesive. To achieve this, 

the optical fiber was mounted in an FPH-DJ, Delrin-Jawed 

fiber chuck on a 3-axis translation stage, whilst the mould was 

mounted onto another precision 3-axis translation stage with 

the assistance of a custom-made fixture. To visualize the 

alignment procedure, we mounted a first USB microscope 

(Dino-Lite Edge 3.0) above the point of contact between the 

POF facet and the sensor tips in the moulding tool. 

Additionally, we positioned a second USB digital microscope 

(Dino-Lite Premier) sideways to the point of contact to 

provide a side view. A picture of the setup is shown in Figure 

6 of the Supplementary Material. Prior to the alignment, the 

tips were pushed out of the mould cavities very slightly to 

facilitate their visualization. This was carried out by means of 

a dedicated ejection mechanism foreseen within the mould 

stack, which converts the torque applied to a lead screw into a 

force onto metal pins positioned directly below the tips (see 

also Figure 3a). To ensure the best alignment of the tip with 

the POF, we stripped a portion of the fiber jacket (over a length 

of around 2 cm) using a Micro-Strip™ stripping tool prior to 

inserting it in the fiber chuck.  

To attach the tip to the POF facet, we manually applied a 

small amount of Norland Optical Adhesive (NOA) adhesive 

onto the POF facet, before precisely aligning the fiber in front 

of the sensor tip and then moving the fiber to achieve physical 

contact between POF and scintillating tip. To cure the NOA 

adhesive, we switched on a handheld UV light source (365 nm 

center wavelength, 200 mW emission power) from Polytec 

GmbH positioned about 2-3 cm above the curing area for 

around 10 seconds. 

 

Figure 4. Photograph of a sensor tip assembled to the POF. The 

dimensions of the assembly are indicated with red arrows.  

Following the assembly of all the probes, we have 

measured their dimensions using a 4K High Accuracy 

Keyence VHX-7000 series Digital Microscope. An example 

of a microscope image of a probe consisting of scintillating tip 

attached to a POF is shown together with the dimensions in 

Figure 4.  

To ensure sufficient robustness of the probes during 

handling and use, we applied two types of protective heat-

shrink sleeves. The first was made from poly(vinylidene 

fluoride) and was acquired from PMG Company [17] whilst 

the second was made from polyolefin and was purchased from 

Cobalt Polymers. Both were colored black to prevent ambient 

light from reaching the scintillating tip and POF. The 

protective sleeves were fixed internally to the bare fiber and 

the sensor tip by means of UV-curing NOA adhesive, either 

NOA1665 or NOA65. To check if there is any influence on 

the measured signal from the adhesive or from the protective 

tubing, we fabricated 5 different sub-batches within the 2nd 

batch of LDR-BT and HDR-BT probes, each containing 8 

sensors, leading to 40 sensors in total. Note that since the glue 

was applied manually, there is some variability in the volume 

applied  In t e above description, t e “standard amount of 

NOA ad esive” corresponds to t e minimal amount of glue, 

applied to the cladding layer of the bare stripped fiber, which 

is required to attac  t e protective sleeve,   ilst “an extra 

mount of NOA ad esive” corresponds to 3-4 times the 

minimal amount of glue. The 3rd batch of LDR-BT and HDR-

BT probes was equipped with a black Polytetrafluoroethylene 

(PTFE) tube, which enhances the durability and robustness. 
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The PTFE tube was internally glued to the bare portion of the 

POF with UV-curable NOA68 adhesive, which has a lower 

refractive index n=1.54 and features improved adhesion to 

PTFE compared to NOA1665. An overview of the different 

manufactured batches and the protection that was applied to 

the probes is shown in Table 2. 

 

Table 2. Overview of the fabricated LDR-BT and HDR-BT probes. 

Batch 

no. 

Sub-

batch 

no.  

Protective Tubing Adhesive 

1st 

batch 

2.X  None/ unstripped fiber ---- 

3.X None/ stripped fiber ---- 

4.X PMG MT02 NOA 1665 

n=1.665, 

standard 

2nd 

batch 

5.X None/ stripped fiber ---- 

6.X PMG MT02 NOA 1665 

n=1.665, 

standard 

7.X PMG MT02 NOA 1665 

n=1.665, 

extra 

8.X PMG MT02 NOA 65 

n=1.52 

9.X Cobalt Polymers X2 034 NOA1665 

3rd 

batch 

c1-c8 PTFE NOA68, 

n=1.54 

2.6 Dosimetric response of the LDR-BT probes 

The LDR-BT optical fiber-based dosimeters were tested at 

Blackrock Health Galway Clinic, Ireland using an 125I 

brachytherapy ionizing radiation source.  

The photon counting detector system employed in this 

work is provided as part of the CAEN SP5600E Educational 

Photon Kit. The components employed were the CAEN 

SP5600 power supply and amplification unit (PSAU), the 

CAEN DT5720A desktop digitizer (required only for 

activation of the CAEN control software), and a Thermo 

Electrically (TE) Cooled Hamamatsu SiPM that has a 

photosensitive area of 1.3 x 1.3 mm2, a pixel pitc  of    μm, 

667 pixels, and a Dark Count Rate (DCR) of approximately 

2.5 kHz at the 0.5 photo-electron threshold level. The 

measured parameter of interest was the photon count rate, 

which is the signal generated within the SiPM in excess of the 

dark count rate, due to the presence of a scintillation signal. 

Radiation characterization of LDR-BT probes was 

performed using a commercial water phantom system PTW 

MP3-XS (PTW, Freiburg, Germany), integrated with custom 

3D-printed components, allowing for a more precise 

evaluation of the sensor performance. Utilizing a water 

phantom filled with sterilized water facilitates the acquisition 

of clinical measurements in a standardized, replicable, and 

dosimetrically precise setting, thereby ensuring accurate 

results. The in- ouse manufactured  ater p antom system’s 

primary components consisted of a support frame, a sensor 

holder, and a source holder. All 3D-printed components were 

fabricated using a Stratasys Objet Connex500 3D Printer, with 

a printing accuracy of ~  4 μm  T e material employed  as a 

PolyJetTM material (model MED610), with a density of 1.17 – 

1.18 g/cm-3. As illustrated in Figure 5, the support frame 

employs a "T-junction" design, securing the upper part of the 

water phantom. Extending from the support frame is a 100 mm 

long "guide tube," which facilitates the delivery of a 3D-

printed sensor holder into the water phantom. The support 

frame is securely anchored on three sides of the tank, ensuring 

consistent positioning within the water phantom for each 

setup. The 3D-printed sensor holder is designed to incorporate 

a channel through which a plastic needle is inserted, housing 

the LDR-BT sensor. Both the guide tube and sensor holder are 

engineered to maintain precise alignment of the plastic needle, 

ensuring that the sensor is positioned in parallel orientation 

with respect to the 125I seed. Finally, the 3D-printed source 

holder is designed to fit seamlessly into a TRUFIX "Roos 

Electron Chamber" holder. Consequently, it can be mounted 

on the mechanical stage of the water phantom, enabling 

precise measurements. The 125I seed is positioned within a 

channel near the tip of the source holder component, with the 

channel's dimensions matching that of the seed. 

 
Figure 5. Illustration of the water phantom system for characterizing 

the LDR-BT probes, including different 3D-printed components. 

The main alteration to the experimental setup within the 

water phantom, in comparison to that previously reported in 

[11] involves swapping the positions of the sensor and source, 

i.e., the sensor is now introduced through the support stage at 

the top of the water phantom, while the source is mounted on 

the mechanical stage. This configuration offers a notable 

advantage as it greatly simplifies the exchange of optical fiber 
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sensors, which is crucial when one wants to compare the 

different fiber sensing probes with each other.  

Figure 7 of the Supplementary Material shows the 

experimental setup for evaluating the dosimetric response of 

the LDR-BT sensor probes. The optical fiber sensor exits the 

above-mentioned water phantom system and is connected to a 

TE Cooled SiPM via an optical coupling system obtained from 

ThorLabs, Inc., which consists of an aspheric lens (model 

C340TMD-B) and a focuser (model F230SMA-A). A 

comprehensive report of the rationale behind the utilization of 

this coupling system and its detailed description can be found 

in [19]. The output of the TE-Cooled module is connected to 

the input of the PSAU, which is employed only as a frequency 

counter for the purposes of this work. The PSAU and digitizer 

are interfaced to a laptop computer via USB 2.0 connections, 

allowing for readout and analysis of the measurement data. 

The 125I seed was surrounded  it  ≥ 1  cm of sterile  ater 

in all directions, ensuring consistent and accurate scattering 

conditions and allowing for precise dosimetric measurements 

to be obtained. Initially, the center of the sensor was aligned 

with the center of the radiation source visually, defining a 

preliminary “null point” (i e , t e origin of t e coordinate 

system). This in turn defined the position of the sensor relative 

to the 125I seed. Fine-tuning of t e preliminary “null point” can 

then be performed radiologically. That is to say, when the 

sensor and the 125I source are positioned parallel to one 

another, assuming correct alignment, we would expect the 

scintillation signal detected at equal distances, on opposing 

sides of the source, to be equivalent (since the dose-rate from 

the source is cylindrically symmetrical). Fine-tuning the 

position of the null point, in 0.1 mm increments, is performed 

until this condition is met, within measurement uncertainty. 

The Hamamatsu TE-Cooled SiPM employed in this work was 

a stand-alone module, of which the characterization for 

brachytherapy purposes can be found in [18]. Therefore, bias 

voltage (V), gain (dB), or discriminator threshold (p.e. or mV) 

settings within the CAEN control software were not 

configured. However, since the SP5600 PSAU was used as a 

frequency counter, counting parameters needed to be defined. 

Specifically, the gate-width was set to 10 ms, and the number 

of points to average for each mean value calculated was set to 

10. Defining the counting parameters in this manner resulted 

in a photon count rate data point being generated every 100 

ms (10 ms x 10). While this might suggest a sampling 

frequency of 10 Hz, there was a data transfer reduction to 2 

Hz using the CAEN system. The analysis of the data generated 

by CAEN using the CAEN control software involved several 

steps: importing the raw dataset, subtracting the mean DCR 

value from the raw counts to provide a measure of the photon 

count rate, and finally calculating both the mean photon count 

rate signal and the standard deviation thereof for each position.  

 

 

2.7 Dosimetric response of the HDR-BT probes 

The HDR-BT optical fiber-based dosimeters were tested at 

Queen’s University Belfast, UK, using an 192Ir brachytherapy 

ionizing radiation source, delivered from an Elekta Flexitron 

afterloader. 

The radiation tests on HDR-BT probes have been carried 

out with both water and Perspex® phantoms setup illustrated 

in Figure 8 of the Supplementary Material. Where an effective 

dwell time is specified, this is the dwell time that is weighted 

using the measured air kerma strength at the time compared to 

the reference of 40,000 cGy cm2/h air kerma strength. The 

photon counting kit used for HDR-BT radiation 

characterization was the developed ORIGIN 16-channel fiber 

sensor system, of which the operational description was 

reported in [20]. This consists of an array of sixteen 1.0 x 1.0 

mm2 Ketek SiPMs, with a typical DCR of 125 kHz when 

operated at the 0.5 photo-electron level [20].  

The 16-channel system output is processed using a CAEN 

FERS-5200 front-end readout system, which is connected to a 

laptop and controlled using CAEN JANUS digital acquisition 

software. This system enables a maximum photon count rate 

of 20 MHz to be measured.  

 

Figure 6. Schematic illustration of the fundamental physical setup 

used to characterize all of the HDR-BT sensors. The 192Ir source 

was set to dwell at a distance of 50 mm from the sensor tip. 

To assess the radiation response of the HDR-BT probes, the 

sensor batches were tested in a water phantom tank adapted to 

position 16 BT probes concentrically at various source-probe 

distances. In order to minimize the influence of positional 

error on comparative measurements, the analysis focuses on 

the photon count rate at a distance of 50 mm from the 192Ir 

source, as shown in Figure 6. A flat Perspex® plate with linear 

grooves at 1 cm separation was used for all measurements, 

following the 1st batch of HDR-BT probes. Both the 192 Ir 

source and HDR-BT probes were inserted into plastic 

brachytherapy needles that snugly fit into the grooves, 

offering improved optical fiber positional accuracy. An 

additional 5 cm-thick Solid Water® block was placed on top 
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to account for backscatter. This setup was characterized by 

conducting repeated measurements using a single probe from 

the HDR-BT batch. Additionally, a single SiPM was used to 

eliminate variations in measurements arising from different 

SiPM-optical fiber combinations. The measurement error in 

the Perspex® phantom at a 50 mm source-to-probe distance is 

1.3%, taking into account statistics, setup reproducibility, and 

positional uncertainty.  

3. Results and discussion  

3.1 Dosimetric response of the LDR-BT probes. 

Figure 7a presents a box and whisker plot of the photon 

count rate obtained for 17 sensor probes, with the sensors 

separated into two batches (9 fibers 2.X which were 

“unstripped” and   fibers 4.X   ic   ere “stripped” of t eir 

protective jacket and subsequently sealed with black heat-

shrink tubing PMG MT02). Two features are clearly visible in 

Figure 7a   irstly, t e variability for t e stripped fibers (σ2 = 

143.1 kHz2  is greater t an t at of t e unstripped fibers (σ2 = 

15.4 kHz2). Secondly, the stripped fibers have a much larger 

mean scintillation signal (�̅�= 66.3 kHz) compared to the 

unstripped fibers (�̅�= 46.4 kHz). It is worth noting at this point, 

that the DCR remained constant for both sensor batches at  

  4 k z  A Welc ’s t-test was performed to determine if there 

is a statistically significant difference in the photon count rate 

values measured for the unstripped and stripped sensor probes. 

A statistically significant difference (α =       in t e mean 

photon count rate values (t = -4.512, p = 0.002) was found 

between the two. Because of this result, we decided from then 

on to assemble the sensor tip to a partially stripped fiber 

section which most likely improved the positioning of the 

senor tip to the POF end facet.  

Figure 7b shows the average responses and their variations 

for the 5 configurations from the 2nd batch (see Table 2). 

Overall, the mean photon count rate signal remained relatively 

consistent for sub-batches 5.X, 6.X, and 7.X, while the 

average photon count rate is lower for sub-batch 8.X, since it 

uses an adhesive with a lower refractive index, which is 

detrimental for the light coupling into the POF. 

After dismantling and re-assembling the water phantom 

setup, the photon count rate measurement was repeated with a 

different 125I source, and with a 10 mm source-to-sensor 

distance to verify the reliability and reproducibility of the 

setup. The results (shown in Figure 8 of the Supplementary 

Material) underscore the good reliability of the measurement 

setup and the repeatability of the results. 

The 3rd batch of 59 LDR-BT probes were assembled using 

unstripped POF with PTFE black tubing covering the length 

of the bare fiber section (~1.5 cm) and the sensor tip. For this 

batch, we conducted the identification of the sensor tips and 

their locations within one of the 8 cavities (labelled c1 to c8) 

within the transfer moulding tool. Additionally, we evaluated 

the statistics concerning the geometrical features of the 

scintillating tips to identify potential causes for variations in 

the scintillation signals coupled into the POFs.  

a)

b)  

c)  

Figure 7. Box and whisker plots of the measured photon count rate, 

a) comparing 17 LDR-BT sensor probes from the 1st batch employing 

two fabrication configurations (see Table 2); b) for the 5 types of 2nd 

batch LDR-BT probes at 5 mm-distance from the 125I source; c) for 

the 3rd batch of LDR-BT probes originating from one of eight cavities 

(c1-c8) in the mould, at 5 mm-distance from the 125I source. Note that 

only one probe from c5 was investigated, hence this measurement 

can be neglected. 

The photon count rate data obtained from this batch, shown 

in Figure 7c, did not reveal any specific increase in the 

radiation signal for particular groups of sensor tips originating 

from distinct cavities in the transfer moulding tool. The 

analysis of sensor tips located within various cavities did not 

demonstrate any consistent trend indicating either higher or 

lower photon count rates, suggesting homogeneity in the 

composition of the fabricated sensor tips. Furthermore, 

concerning the calculated average sensor tip volumes, the 

radiation experiments indicated that neither larger volume 

sensor tips nor smaller volume sensor tips exhibited higher or 

lower photon count rates. 

Unstripped  robes Stripped  robes
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Figure 8. Box and whisker plot of the measured photon count rate, 

comparing LDR-BT sensor probes employing equivalent fabrication 

configurations from three batches. 

 
Figure 9. Photon count rate fall-off as a function of source-to-probe 

distance with a relative comparison of the measured data (black dots) 

to the theoretical expectation (red dashes). Inset: close-up on the 

distance range from 20 to 30 mm. 

Furthermore, if we compare the probes from all three 

batches employing equivalent fabrication methods in terms of 

the protective tubing and applied NOA1665 glue, specifically 

the stripped probes from the first batch (4.X, Figure 7a) with 

the 6.X sub-batch from the 2nd batch of 40 probes sensors 

(Figure 7b), with the sensors from the 3rd batch (Figure 7c), 

we can see in Figure 8 that there is consistency in the 

magnitude of the mean photon count rates measured for all the 

probes, after correction for the different source activities. 

Additionally, the 3rd batch presents less variability in the 

measured photon count rates. The response of LDR-BT 

sensors produced in each batch has been shown to be 

consistent when the same fabrication method is employed. 

Furthermore, the uniformity of sensor responses within a 

given batch has demonstrated improvement with each 

successive batch. Nevertheless, the uniformity of the sensor 

response is not such that a single calibration factor can be 

applied to all sensors within a given batch. Consequently, 

individual calibration is necessary for each sensor. Therefore, 

when assessing the sufficiency of this approach for clinical 

applications, the limiting factor becomes the magnitude of the 

response and its adequacy in ensuring accurate results (i.e., 

low statistical uncertainty) within the required integration time 

(< 1 s). 

For the purpose of evaluating the fall-off of the photon 

count rate as a function of distance from the probe, we used 

the following approach. First, an 125I source was inserted into 

the source holder, whilst the probe was inserted into a plastic 

needle. Second, we initially aligned the source with the probe, 

and then we moved the source more than 10 cm away from the 

probe for a DCR measurement (with an integration time set to 

30 s). Next, the source was moved to a distance of 5 mm from 

the probe, the alignment was verified, and the photon count 

rate was measured at distances of 5 to 30 mm in increments of 

1 mm (again with integration time offset of 30 s). The last step 

was repeated 5 times to allow for averaging the photon count 

rate measurements, to minimize the effect of the uncertainty 

on the source position (reproducibility of the mechanical 

positioning is ±0.1 mm). Figure 9 shows the photon count rate 

fall-off along the transverse axis as a function of distance from 

the source. It is consistent with theoretical expectations and is 

independent of the magnitude of the scintillation signal within 

statistical uncertainty. The theoretical fall-off in dose rate data 

was calculated by the Carleton Laboratory for Radiotherapy 

Physics (CLRP) using the egs_brachy Monte Carlo software, 

as part of their TG-43 parameter database (specifically 

designed for the AgX100 125I seed). This finding indicates that 

that there is no need for an “energy correction” to account for 

changes in the energy spectra based on the distance from the 

source and the use of high-density (non-tissue equivalent) 

inorganic scintillator material in LDR-BT applications. 

Kirisits et al. conducted an analysis of uncertainties 

associated with 125I LDR brachytherapy, reporting a total 

dosimetric uncertainty of 11% [21]. To assess our LDR-BT 

probes within this uncertainty framework, we can examine the 

standard error (with a confidence level k=3). At a 5 mm-

distance from the source, LDR-BT probes exhibit a standard 

error of 2.2%, which increases to 16.2% at 30 mm. This 

highlights the importance of precise positioning of the LDR-

BT probes during treatment, as well as careful consideration 

of the integration time and sampling frequency when 

determining the statistical uncertainty for the final LDR-BT 

clinical system. 

 

3.2 Dosimetric response of the HDR-BT probes. 

The 1st batch, consisting of 21 fibers, allowed us to compare 

the photon count rate from HDR-BT probes prepared from 

stripped and unstripped optical fibers (see Table 2). The 

results in Figure 10a demonstrate that the highest photon count 

rate is achieved for the 4.X probes, with a relatively greater σ 

difference in photon count rate between probes from the same 

sub-batch 4.X (σ = 100.1 kHz) and 2.X (σ = 59.1 kHz). Figure 

10b presents the photon count rate dataset for the 2nd batch of 

HDR-BT probes, which were assembled using various 

configurations (see Table 2).  
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a)  

b)  

c)  

Figure 10. Box and whisker plot of the photon count rate measured 

a) for the 1st batch of unstripped and stripped HDR-BT probes; for 

the 2nd batch of HDR-BT probes, comparing probes in 5 different 

protective configurations, at 50 mm-distance from the 192Ir source; c) 

for the 3rd batch of HDR-BT probes, comparing the probes 

originating from one of eight cavities (c1-c8) the mould at 50 mm- 

distance from the 192Ir source 

The highest photon count rate is observed in HDR-BT 

sensors of type 9.X (covered with X2 034 Polyolefin-based 

shrink tubing supplied by Cobalt Polymer). Interestingly, this 

trend is not observed for LDR-BT sensors covered with that 

particular tubing. However, the HDR-BT of type 8.X featured 

a decrease in photon count rate, in line with the observations 

for the LDR-BT probes, due to the lower refractive index of 

the glue and the consequently lower coupling of the 

scintillation signal into the POF. Applying an extra amount of 

NOA1655 in types 7.X enhanced the photon count rate, just 

like for the LDR-BT probes (see Figure 7b). When tracking 

mechanically damaged sensors in the batch, it was noted that 

PMG MT02 offered superior protection compared to Cobalt 

Polymer, since 2 out of 8 Cobalt Polymer-covered probes in 

this batch were damaged, whereas no other breakages were 

recorded. 

The 3rd HDR-BT batch was uniquely numbered according 

to the respective mould cavity in which the sensor tip was 

made. A single-factor Analysis of Variance (ANOVA) test 

was performed on the measurements shown in Figure 10c, 

yielding a p-value of 0.42, clearly indicating a lack of 

statistical significance in the differences observed among 

HDR-BT probes with scintillating sensor tips originating from 

distinct mould cavities. Given the substantial batch size of 60 

probes, all sharing an identical configuration assembly, 

individual probe outputs were evaluated against specific 

physical characteristics of the sensor tips, including length and 

volume. Table 2 of the Supplementary Material provides the 

Pearson correlation coefficients for each of these 

characteristics. The analysis of HDR-BT probe characteristics 

within the 3rd batch revealed no discernible correlation 

between the geometrical properties of the probes and their 

photon count rate output. 

In their studies, Kirisits et al. conducted an analysis of 

uncertainties associated with HDR-BT treatments [21]. They 

determined that when employing a 192Ir vaginal cylinder 

applicator, the composite uncertainty amounted to 8%, while 

for 192Ir prostate treatment, it was 5%. Cervical cancer treated 

with image guided intracavitary brachytherapy also had an 

uncertainty of 5% when delivered in four fractions. In our 

case, when considering a typical photon count rate at 10 cm 

away from the radiation source, which represents the farthest 

expected point for HDR-BT probe utilization during 

treatment, the standard deviation in counts was approximately 

1.7%. This is further reduced to 0.2% when measurements are 

taken at a distance of 1 cm from the source. These statistical 

uncertainties represent a small contribution to the uncertainty 

budget for the probes that will permit deviations in treatment 

delivery to be detected in real time and for the treatment 

course. The 3rd and final batch of HDR-BT probes were found 

to be acceptable using the statistical uncertainty in a 

measurement as criteria. 

The typical DCR defined by the SiPM datasheet is 125,000 

Hz. Using the definition of minimum detectable signal in 

photon counting of Bronzi et al. [22], the minimum detectable 

using our HDR system is 1067 Hz [20]. A typical HDR-BT 

probe measures a photon count rate of 409k Hz when 

positioned at 5 cm from an 192Ir source, receiving a dose rate 

of 2.36 mGy/s. Using average probe characteristics, this 

equates the minimum detectable signal to a dose rate of 6.14 

μGy/s, to measure suc  a dose rate t e probe must be 

irradiated by the source from a distance of approximately 1 

meter, a significant distance from the body with no clinical 

significance. 
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Table 3. Comparison with state-of-the-art HDR-BT dosimetry  

Reference Scintillator/ 

Detector 

Readout System Source Statistical 

Uncertainty 

Statistical Uncertainty 

Method 

[24] Y2O3:Eu + 

4YVO4:Eu 

Charge-coupled 

device (CCD) 

Iridium-192 0.3% at 2 cm Standard Deviation of 10 

repeat measurements without 

source retraction 

[25] BCF-12 Photomultiplier 50 kVp X-ray 

Tube 

0.1 to 1.3% Irradiations using an X-ray 

source of a fixed detector. 

Standard deviation of 10 

second measurements over a 

300 second period. Repeated 

six times 

[26] PTW 9112 Diode 

Array 

Electrometer Iridium-192 0.3% at 8 cm Standard deviation of signal 

during repeated 5-minute 

measurements 

[27] ZnSe:O Photodiode Iridium-192 0.25% at 2 cm Calibration irradiation, 

repeated 189 times 

[28] Zn(Cd)S:Ag Silicon Single 

Photon Avalanche 

Photodiode 

Iridium-192 0.03% at 2 cm Signal standard deviation with 

a fixed dwell position 

This work Y2O3:Eu + 

4YVO4:Eu 

SiPM Iridium-192 0.57% at 2 cm Standard deviation of 100 

measurements without source 

retraction 

With the determination of calibration factors in advance of 

the use of the sensors in-vivo, point dose rates can be obtained 

at the instant of measurement. A sampling rate of 10 Hz along 

with the development of software to convert photon count rate 

measurements to dose rate will deliver a sufficient frequency 

of measurement in the application of HDR brachytherapy, 

where a sampling rate of 5 Hz is required to identify clinically 

relevant errors [23]. 

Table 3 shows an overview of the state-of-the-art fiber-

based dosimetry for HDR brachytherapy. A combination of 

scintillation material paired with a charge-coupled device 

(CCD) camera offered a similarly low statistical uncertainty 

of 0.3% at 2 cm [24]. This configuration was aided by a 

reflective material on the tip to enhance signal intensity and a 

1 mm-diameter optical fiber [24]. A study using a plastic 

scintillator, namely BCF-12, intended for brachytherapy 

verification was shown to have a similar range of noise when 

irradiated using a lab x-ray source at high dose rates [25]. The 

use of a low-noise photomultiplier tube in this study and when 

compared to the HDR-BT probes coupled to an SiPM in this 

paper reinforces the suitability of this configuration, with 

similar levels of noise being reported in other studies using an 

inorganic scintillator [27]. The lowest statistical uncertainties 

were reported by a study involving a small volume zinc 

sulfide-based scintillator intended for brachytherapy 

dosimetry, this optical fiber sensor offered great sensitivity 

due in part to it being coupled to a temperature-controlled 

photon counter [28]. There are few examples of commercial 

systems for brachytherapy dosimetry. The PTW-9112 system 

has a diode array coupled to an electrometer which has been 

characterized to have a statistical uncertainty of 0.3% at 8 cm 

[26]. This is low relative to our HDR-BT probes at this 

distance, however other uncertainties exist within this system 

that negate the low statistical uncertainty [26], [29]. 

4. Conclusion 

In conclusion, we demonstrate the fabrication of a series of 

237 HDR-BT and LDR-BT sensor probes with their initial 

testing as an ionizing radiation sensor performed in water 

phantoms. Our main objective was to optimize the design of 

the sensor tips for HDR-BT and LDR-BT to enable low-cost, 

and high-throughput manufacturing of the tips by making their 

design compatible with replication techniques such as 

compression and transfer moulding. Due to the very similar 

optical properties of both HDR and LDR scintillating 

materials, we obtained almost identical optical coupling 

properties, and as a result the final design of sensor tips is the 

same for the HDR-BT and LDR-BT probes. This means that 

we were able to use the same mould for the fabrication of both 

the HDR-BT and LDR-BT probes. We developed a custom 

transfer moulding process in which we first manufactured 

blank substrates consisting of a mixture of PMMA and 

respectively LDR or HDR scintillator. Subsequently, these 

substrates were employed in a second transfer moulding step 

to create eight sensor tips simultaneously within a single 

moulding run. We then performed the assembly of the sensor 

tips to the polymer optical fibers using UV-curable adhesive, 

which was followed by covering of the BT probes in various 

configurations with different types of protective tubings. To 

this end, we mostly used NOA1665 adhesive, which after 
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curing has a refractive index n=1.665, close to the refractive 

index of the scintillator materials (which is respectively 

n=1.81 for HDR-BT, and n=2.3 for LDR-BT). This resulted 

in more efficient light coupling and subsequently an increased 

photon count rate signal compared to NOA65 adhesive, which 

has a lower refractive index of n=1.52.  

From our dosimetric response measurements, we observe 

that the mean photon count rate remained relatively consistent 

among HDR-BT and LDR-BT sub-batches, but some 

variability indicated the need for further investigations. The 

response of LDR-BT and HDR-BT sensors within each of the 

three fabrication batches has consistently exhibited 

conformity when the same fabrication and assembly method 

was employed. However, individual sensor calibration 

remains necessary since the uniformity is not to the extent that 

a single calibration factor can be universally applied to all 

sensors within a particular batch.  

In essence, this paper contributes to the field by presenting 

a comprehensive exploration of optical fiber dosimetry 

tailored for brachytherapy, showcasing a harmonious fusion 

of precision engineering and medical innovation. We show 

that our dosimetry experiments in water phantoms exhibit 

good consistency in the magnitude of the average photon 

count rate for both the HDR-BT and LDR-BT sensors and that 

the photon count rate was not significantly affected by small 

variations in sensor tip composition and geometry, nor 

assembly tolerances. Whilst individual calibration remains 

necessary, the proposed dosimeters therefore show great 

potential for in-vivo dosimetry for brachytherapy, the more so 

because we have shown that they can manufactured in large 

series in a repeatable way.  
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