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Abstract

In this work, the performance of single-mode optical fibers (SMFs) for
ultraviolet (UV) radiation monitoring and dosimetry applications is presented. In
particular, this work will focus on the Radiation-Induced Absorption (RIA)
phenomena in the Near-Infrared domain (NIR). Such phenomena play a very
important role in the sensing mechanism for SMF. Single mode fibers with a
diameter of 50 um were used for this purpose. These fibers were dipped into
germanium (Ge) solution with different concentrations (1, 3, and 5 wt%) to produce
the sensing part of the sensor. For all optical fiber sensors under investigation, the
results indicated the dependence of the RIA on the applied UV radiation energy.
Also, a redshift in peak wavelength was obtained. The influence of Ge concentration
on sensing efficiency was studied and the best results were obtained with 3 wt%
concentration as compared to 1 wt % and 5 wt % concentrations. The presented
sensor shows good sensitivity to UV radiation which makes it possible to be applied
in medical applications.

Keywords: Germanium doped optical fibers; Radiation-induced Absorption Optical
fiber dosimeters; Optical fibers sensors; UV radiation.
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1. Introduction
Dosimeters are devices that are utilized for radiation monitoring and measuring. Different
information could be collected through them due to the radiation nature and characteristics
[1]. Optical Fiber Dosimeter Sensors (OFDS) have impressive characteristics that render them
very important devices in detecting radiation compared to other ones [2]. Their immunity to
electromagnetic radiation, ability to monitor the doses remotely in harsh environments and
water resistance, small size, and cheap price, in addition to their availability in the commercial
markets, are considered as the most unique characteristics of OFDS [3]. The OFDS have
many applications, especially in the medical fields, like cancer treatment by measuring the
radiation dose under different conditions through radiation therapy [4]. These treatments must
be very accurate to give the desired dose in the desired location without affecting the
surrounding healthy tissue [5].
Monitoring of Radiation-Induced Attenuation (RIA) of a fiber is perhaps the most
straightforward OFDS technique. Radiation damages the material of the fiber which, in turn,
degrades the fiber’s transmission properties. The corresponding attenuation increase can then
be measured optically and correlated to the total dose that the fiber has been subjected to [6].
The RIA can be calculated through the Beer-Lambert Principle. The attenuation which is
caused by radiation is given by Eq. (1) [7].
10 {PT(/L t)}
log

RIA(dB) = —
(dB) = =17, 109 poey

(1

where L is the irradiated length of the fiber, L, is the length of the reference fiber, P;(4,t) is
the measured optical power in the irradiated fiber, and P2(A) is the optical power of the
reference fiber. The applied radiation can change the glass structure, leading to pure or doped
silica compaction and refractive index (RI) changes. These effects are largely affected when
the fiber is used as a point or distributed sensor, relying on the glass response to temperature
or strain [3]. The optical properties of the optical fiber are influenced by the nature of the
dopant elements. These dopants must be easy to liquefy and to vitrify with silica, which
renders their thermal expansion coefficient equal to that of silica and provides them with
stability [8]. The most common material used as a dopant material is Ge, which is used in
telecommunication optical fibers to adjust the refractive index. The doped fibers are more
sensitive in comparison to non-doped ones. Germanium doped fibers have been widely used
in medical applications because most standard telecommunication optical fibers were made
from germanium, in addition to their high radiation sensitivity [9,10].

Many studies have been presented in the field of UV radiation; U-shaped optical fibers dipped
with a UV marker to detect the UV radiation were presented by Joza et al. [11]. Chen et al.
conclude that the intensity of UV radiation decays approximately inversely proportionally to
the sensor distance from the UV source [10]. They presented a UV sensor based on
photochromic optical microfiber which enhances the sensitivity to 3.13 nW/cm2 compared to
traditional electrical devices. A UV optical fiber sensor based on the scintillating material
La202S: Eu was presented in 2018 [12]. These materials were very sensitive to UV light
intensity even in presence of strong electromagnetic interference. The introduced sensor
showed very good accuracy and linearity. Investigation of RIA of modified cladding
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multimode fibers with different diameters in the UV-VIS region was achieved by Mahmood
et al. The s sensor has a very good response to low-level UV radiation [13].

The aim of this work is to evaluate the response of the modified cladding SMF (which is
dipped with germanium) to UV radiation under different energies and to study the effect of
the germanium concentration on sensor’s characteristics.

2. Materials and Methods

The operation principle of the submitted sensor is based on detecting the changes in
transmission signal (of the known spectrum NIR in this work)due to absorption of the UV
radiation. A modified cladding optical fiber sensor was manufactured in this work through the
following steps. First, ~3 cm length of the middle region of commercially available SMF with
a core diameter of about 10 um and a cladding diameter of 125 um was stripped and cleaned
very well. The outer diameter of the stripped region was reduced using the chemical etching
process by immersing the stripped region in diluted hydrofluoric acid (HF) for 30 minutes.
The obtained SMF diameter was 50 um. Then the etched region was dipped into Ge
nanoparticle solution from Sky Spring Nanomaterials Inc., USA, with different concentrations
(1, 3, 5 wt.%). The germanium colloidal solution was prepared by dissolving Ge powder in
toluene liquid.

The immersion step is considered as very important, as it provides a modified cladding fiber
which is regarded as the sensing part of the submitted sensor.

The experimental steps of the measurement set-up were achieved by attaching one side of the
fiber sensor to a 1550 nm laser source (Thorlabs-United States) coupled with fiber as a
transmitting signal through SMF. The end side was connected to Optical Spectrum Analyzer
(OSA-THORLABS 203- United States) for recording the spectrum online during the
irradiation process. Figure 1 (a & b) shows the schematic diagram and the photographic
image of the experimental setup.

UV radiation N2 Laser source

Sensing part

OSA with PC——+

Laser source

(@)

4669



Muhammed et al. Iragi Journal of Science, 2021, Vol. 62, No. 12, pp: 4667-4673

b
Figure 1- (a) Schematic diagram, and (b) ( )photographic image of the experimental
setup of the optical fiber UV radiation sensor, where (1) laser source, (2) sensor fiber, (3) UV
probe, (4) N, laser, and (5) OSA with PC.

The sensing parts of the different prepared sensor samples were exposed to UV radiation. The
distance between the sensor head and UV radiation source probe is about 2 cm. The UV
radiation source used in this work is an N, laser source (MNL-100- Germany) with a
wavelength of 337.1 nm, repetition rate of 60 Hz, duration time of 2.5 ns for every pulse, and
varying pulse energy spectra (040 pJ) . The transmission spectra were recorded online by
OSA for different UV radiation energies.
3. Results and Discussion
The optical properties of the transmission spectra for the presented sensors were studied.
These sensors were irradiated with a UV radiation energy range of 0-40 pJ. The transmission
spectra were monitored and recorded online for different optical fiber sensors dipped with
different Ge concentrations (1, 3, 5 wt%). Figure 2 shows selective transmission spectra to
sensors dipped in Ge with the concentration of 3%wt.
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Figure 2- Selected transmission spectra of modified cladding SMF sensor dipped with Ge
solution of concentration 3wt %.
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From Figure 2, it can be noticed that the optical power was attenuated due to the applied
radiation. Also, a slight shift of peak wavelength towards longer wavelengths was obtained.
Figure 3 shows the relation between irradiation energy and attenuation in power for the
submitted sensors. The power sensitivity was calculated from the linear fitting relation of
curves shown in Figure 3.

®  Ge concen.=1 wt%
linear fitting
sensitivity=(-) 12 pW/uJ
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Figure 3- The relationship between the applied radiation energy and transmission power for
different Ge concentrations (1, 3, 5 wt %).

The calculated values of power sensitivity were -12, - 60, and — 5 pw /uJ for Ge
concentrations of 1, 3, and 5 wt %, respectively. Also, the peak spectrum wavelength
exhibited a slight shift towards the red region, as shown in Figure 4.
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Figure 4 -The relationship between the radiation power and peak wavelength for different Ge
concentrations.
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The wavelength sensitivity was calculated from the linear fitting relation of curves in
Figure 4, where the values were equal to 3.37, 4.5, and 2.6 pm/uJ for Ge concentrations of 1,
3, and 5 wt %, respectively.

The RIA causes an increase in fiber attenuation when exposed to radiation. RIA levels
depend on many parameters, including the irradiation characteristics, operating wavelength,
fiber intrinsic characteristics such as the composition of its core and cladding, manufacturing
process, opto-geometric parameters, and light guiding properties. In this work, the fiber
characteristics were modified to be sensitive to the applied radiation by making a
modification to the cladding part. The guided modes of SMFs at an optical window 1550 nm
between 15% and 40% of the propagated light could be guided in the cladding. Here, the
diameter of the cladding was decreased to 50 pum. In this way, more leakage modes could be
propagated close to the fiber’s outer surface which is dipped with the radiation-sensitive
material.

This modification aimed to design the fiber refractive index profile which controls the guided
modes and the confinement factor and, thus, the sensing properties. It is very complicated to
evaluate the contribution of a specific defect to the change in refractive index which leads to
wavelength shift in the transmission spectra, because it is difficult to infer if one or more
species of color centers are the unique origin of this change. Due to the above reasons and
lack of publications related to that subject, we could not find appropriate explanations to
discuss our results related to germanium concentration effects. We found a study submitted by
Kobayashi et al. [14] who studied the influence of Ge-Co doping on P- RIA in doped fibers.
They used concentration percentage range of 0-6.7 wt% and found that RIA decreased with
the increase in Ge concentration due to the application of gamma radiation. Also, Girard et al.
[15] studied the response of core doped optical fibers to different radiation sources. They
used germanium core doping ratios that varied between about 3 and 15 wt% in these fibers.
The different cladding co-dopants used were pure silica, Ge-F, F, P-F, Ge-P-F and Ge-P.
However, they did not report which concentration had the best results.

4. Conclusions

The RIA patterns for different radiation-sensitive single-mode optical fiber sensors were
characterized under UV radiation in the NIR region. These sensors were prepared by
chemically-etched SMF to 50 pm, then dipped in germanium solution with different
concentration. We investigated the influence of the concentration of dipping material on
sensor characteristics. All the presented sensors proved good sensitivity to optical power and
wavelength. The best results were obtained for the samples dipped in 3 wit% Ge
concentration. The radiation can change the glass structure, leading to dipped silica
compaction and refractive index changes. Also, the interaction between the incident radiation
and fiber materials has led to inelastic scattering. The origin of this scattering is the
interaction of the incident light with the excitation of the medium (which is UV radiation).
According to the quantum theory approach, the interaction occurs between the quanta of light
(photons) and quanta of medium excitation (phonons). For an inhomogeneous medium, the
scattering process removes some photons of the incident light and produces scattered photons
that might be shifted in direction, phase, and frequency. The incident photons give or receive
energy to or from the medium, leading to scattered photons shifted in frequency. The
components of the scattered light which are shifted to lower frequencies are known as Stokes
components, while those shifted to higher frequencies are known as anti-Stokes components.
Ultraviolet sensors have many applications, like industrial manufacturing, biochemical
research, light sources, and environmental and structural health monitoring.

4672


https://ieeexplore.ieee.org/author/37086376626
https://ieeexplore.ieee.org/author/37086376626

Muhammed et al. Iragi Journal of Science, 2021, Vol. 62, No. 12, pp: 4667-4673

Acknowledgements

The authors would like to express thanks to the L’Oréal Foundation for funding this project,
where Aseel Mahmood and her scientific group won the L’Oréal-UNESCO for Women in
Science Levant Program Fellowship 2018.

References

[1] E. Damulira, M. Yusoff , A. Omar , and N. Taib, “A Review: Photonic Devices Used for
Dosimetry in Medical Radiation” , Sensors, vol. 19, no. 2226, pp. 1-128, 2019.

[2] D. Van der Heggen , D. Cooper , M. Tesson , J. Joos , J. Seuntjens , J. Capobianco , and Ph.
Smet , “Optically Stimulated Nanodosimeters with High Storage Capacity” , Nanomaterials, vol.
9, no. 1127, pp. 1-10, 2019.

[3] S. O'Keeffe , C. Fitzpatrick , E. Lewis ,and A. Al-Shamma'a, “A review of optical fiber
radiation dosimeters™ Sensor review, vol. 28, no.2 , pp. 136-142, 2008.

[4] B. Baskar , K. Lee, R.Yeo, and Kh-W Yeoh, “Cancer and Radiation Therapy: Current
Advances and Future Directions” , International Journal of Medical Sciences, vol. 9, no. 3,
pp.193-199, 2012.

[5] P. Lu, X. Bao , K. Brown , and K. Kulkarni , “Gamma-induced attenuation in normal single-
mode and multimode, Ge-doped and P-doped optical fibers: A fiber optic dosimeter for low dose
levels”, Canadian Journal of Physics, vol. 78 , no. 2, pp. 89-97, 2002.

[6]P. Stajanca , K. Krebber, “Radiation-Induced Attenuation of Perfluorinated Polymer Optical Fibers
for Radiation Monitoring”, Sensors, vol.17, no. 9, pp.1959, 2017.

[7] S. O’Keeffe , E. Lewis E., A. Santhanam ,and J.P. Rolland, “Variable sensitivity online optical
fiber radiation dosimeter”, SENSORS, 2009 IEEE, Christchurch, 2009, pp. 787-790, doi:
10.1109/ICSENS.2009.5398534.

[8] P. Dragic, and J. Ballato, “A Brief Review of Specialty Optical Fibers for Brillouin-Scattering-
Based Distributed Sensors”, Applied Science, vol. 8, no. 1996, pp. 1-24,1996.

[91 H. Zubair, M. Begum, F. Moradi , A. Mizanur Rahman , G. Mahdiraji , A. Oresegun, G. Louay
, N. Omar, .M. Khandaker , F. Adikan, N. Noor, K. Almugren, H. Abdul-Rashid, and D.
Bradley, “Recent Advances in Silica Glass Optical Fiber for Dosimetry Applications”. |IEEE
Photonics Journal, vol. 12, no. 3, pp. 1-25, 2020.

[10] G. Chen, and Z. Wang, “Towards Extremely Sensitive Ultraviolet-Light Sensors Employing
Photochromic Optical Microfiber”. Journal of Sensors, vol. 586318, pp. 1-7, 2015.

[11] A. Joza, J. Baji¢, D. Stupar, A. Slankamenac , M. Jeli¢, and M. Zivanov , “Simple and Low-
Cost Fiber-Optic Sensors for Detection of UV Radiation”. Telfor Journal, vol. 4, no.2, pp.133-
137,2012.

[12] Y. Yan, X. Zhang, H. Li , Y. Ma, T. Xie, Z. Qin, Sh. Liu, W. Sun, and E. Lewis “An Optical
Fiber Sensor Based on La,0,S:Eu Scintillator for Detecting Ultraviolet Radiation in Real-Time”.
Sensors, vol.18, no. 3754, pp. 1-13, 2018.

[13] A. Mahmood, 1. Nasser, N. Aljbar , N. Muhammed , Sh. Kadhim, S. Ali, “Investigation of UV
irradiation response of optical fiber sensors for radiation dosimetry”. Optik - International
Journal for Light and Electron Optics,vol. 206, n0.164290, pp. 1-5, 2020.

[14] Y. Kobayashi ,E. Sekiya, K.Saito, R. Nishimura ,K. Ichii, and T. Araki, “Effects of Ge Co-
Doping on P-Related Radiation-Induced Absorption in Er/Yb-Doped Optical Fibers for Space
Applications”, Journal of light wave technology, vol. 36, no. 13, pp. 2723-2729, 2018.

[15] S. Girard, J. Keurinck , A. Boukenter, J.-P. Meunier, Y. Ouerdane, B. Azais, P. Charre, and M.
Vie, “Gamma-rays and pulsed X-ray radiation responses of nitrogen-, germanium-doped and pure
silica core optical fibers”, Nuclear Instruments and Methods in Physics Research B, vol.215,
pp.187-195, 2004.

4673


https://www.emerald.com/insight/search?q=C.%20Fitzpatrick
https://www.emerald.com/insight/search?q=E.%20Lewis
https://www.emerald.com/insight/search?q=A.I.%20Al%E2%80%90Shamma%27a
https://www.emerald.com/insight/search?q=A.I.%20Al%E2%80%90Shamma%27a
https://www.emerald.com/insight/search?q=A.I.%20Al%E2%80%90Shamma%27a
https://ieeexplore.ieee.org/author/37086376626
https://ieeexplore.ieee.org/author/37086376626
https://ieeexplore.ieee.org/author/37396456200
https://ieeexplore.ieee.org/author/37305273900
https://ieeexplore.ieee.org/author/37086377467
https://ieeexplore.ieee.org/author/37086377467
https://ieeexplore.ieee.org/author/37313961200
https://ieeexplore.ieee.org/author/37432797000

