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Abstract: The quality of treatment delivery as prescribed in radiotherapy is exceptionally important.
One element that helps provide quality assurance is the ability to carry out time-resolved radiotherapy
dose measurements. Reports on doped silica optical fibers scintillators using radioluminescence (RL)

lcjl?)edcgt?sr based radiotherapy dosimetry have indicated merits, especially regarding robustness, versatility,
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Ge doping on the RL response of Ge-doped silica optical fiber scintillators. We particularly look
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objective is to produce a structure that facilitates short decay times with a sufficiently large yield
for time-resolved dosimetry. RL characterization was carried out using a high-energy clinical X-ray
beam (6 MV), delivered by an Elekta Synergy linear accelerator located at the Advanced Medical
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samples, fabricated using chemical vapor deposition methods, comprised of large core and small core

Received: 20 October 2021 optical fiber scintillators with high and low core-to-cladding ratios, respectively. Accordingly, these
Accepted: 21 March 2022 samples having different Ge-dopant contents offer distinct numbers of defects in the amorphous silica
Published: 7 April 2022 network. Responses were recorded for six dose-rates (between 35 MU/min and 590 MU /min), using

Publisher’s Note: MDPI stays neutral & photomultiplier tube setup with the photon-counting circuit capable of gating time as small as 1 us.

with regard to jurisdictional claims in 1 he samples showed linear RL response, with differing memory and afterglow effects depending on

published maps and institutional affil-  itS geometry. Samples with a large core-to-cladding ratio showed a relatively short decay time (<1 ms).
iations. The results suggest a contribution of Ge-doping in affecting the triplet states of the SiO, matrix,
thereby reducing phosphorescence effects. This is a desirable feature of scintillating glass materials

that enables avoiding the pulse pile-up effect, especially in high dose-rate applications. These results
:)4

demonstrate the potential of Ge-doped optical-fiber scintillators, with a large core-to-cladding ratio

Copyright: © 2022 by the authors. . 1156 in time-resolved radiation dosimetry.
Licensee MDPI, Basel, Switzerland.
This article i ticl . X o . . . - .
o arficie 15 an open access arice Keywords: optical fiber scintillators; Ge-doped optical fiber; time-resolved radiation dosimetry;

FLASH radiotherapy

distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Quantum Beam Sci. 2022, 6, 15. https://doi.org/10.3390/qubs6020015 https:/ /www.mdpi.com/journal/qubs


https://doi.org/10.3390/qubs6020015
https://doi.org/10.3390/qubs6020015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/qubs
https://www.mdpi.com
https://orcid.org/0000-0002-4859-2928
https://orcid.org/0000-0002-5679-7210
https://orcid.org/0000-0001-6093-6124
https://doi.org/10.3390/qubs6020015
https://www.mdpi.com/journal/qubs
https://www.mdpi.com/article/10.3390/qubs6020015?type=check_update&version=6

Quantum Beam Sci. 2022, 6, 15

20f13

1. Introduction

Dosimetry is crucial in ensuring effective radiotherapy and radiation safety within
the surrounding environments, forming a key aspect of radiotherapy quality assurance.
Currently, real-time radiation dosimetry systems have largely been limited to measuring the
dose over the entire beam-on time with little insight into detailed pulse-by-pulse delivery
of the prescribed dose [1]. Medical electron linear accelerators (linac) deliver electron and
X-ray radiation pulses at a typical repetition frequency of some 30 Hz, potentially reaching
up to some 400 Hz in adaptations, and a pulse width of 3-5 pus. The high repetition rate
and short pulse width challenge the ability of existing detectors, especially with regards to
the recombination and recovery of charges. The ability to measure these individual pulses
provides for accurate measurement of beam quality, leading to the measurement of the
delivered dose in real-time [2,3].

Recent radiotherapy modalities, such as the ultra-high dose rate FLASH radiotherapy,
promise reduction of the total time of dose delivery by delivering, to date having been
demonstrated to less than 200 ms, with reduced damage to healthy tissues while delivering
therapeutic efficacy to the tumor tissues. Despite such evidence, several FLASH parameters
and suitable dosimetry techniques have yet to be established. FLASH dose rates greater
than 40 Gy /s will require dose-per-pulse in excess of 1 Gy. This is therefore at least two or-
ders of magnitude greater than the dose-per-pulse produced by conventionally provisioned
linacs (dose-per-pulse being in the mGy range in conventional radiotherapy). With a high
pulse repetition frequency, the dosimetry system desired for FLASH should be expected to
provide for time-resolved measurements, needing to offer a decay time sufficiently short
for pulse-by-pulse signal collection, coupled with low saturation properties [4].

Optical fiber scintillators used in radiation dosimetry systems and operating based
on radioluminescence (RL) provide for remote, real-time, and in-vivo dosimetry [5,6].
Moreover, the optical fiber-based dosimetry systems are small in cross-section (leading
to high spatial resolution) and are immune to electromagnetic interference. The optical
fiber scintillator luminesces when exposed to ionizing radiation, albeit with the radiation
driven fluorescence component accompanied by a brief period of afterglow following
termination of irradiation. The latter can place practical limits on temporal resolution,
as will be discussed later. The photons produced are guided through an optical fiber
waveguide to a photodetector and photon counting system [7,8]. Several reports on optical
fiber-based RL dosimetry systems have been made, based on plastic optical fibers or silica
glass optical fibers coupled with different scintillating materials used in both external
beam radiotherapy (EBRT) and brachytherapy [9-12]. In related developments, emerging
modalities such as synchrotron microbeam radiation therapy (MRT) require dosimetry
systems with a high spatial resolution to resolve dose profiles of microbeams comprising
collimated X-ray planes with few tens of um thickness and few hundreds of um separation
between planes [13,14].

Fast decay is critical in efforts towards realizing an optimum pulse sensitive dosimetry
system [15,16], the period of decay (defined here as the depletion time of the luminescent
signal to noise level) needing to be somewhat shorter than the period between adjacent linac
pulses, as illustrated in Figure 1. A typical linac pulse has a duration of 2-8 us (t,use), which
are delivered with a repetition rate of some tens of Hz, making the temporal difference
between two adjacent pulses in the ms range (tinerval)- The three main components of
radioluminescence are prompt, fast and slow emission. In addition to the rise time of the
emission, tyse, the four timing components that characterize the RL response of a scintillator
are thus, trise, tprompt, tfast and tgow . Generally, the summation of these is desired to be less
than the tinterval, We have earlier reported on the RL response of Ge-doped silica optical
fiber scintillators, a particular candidate for time-resolved dosimetry [17,18]; the composite
decay time of the system for both samples, 6 and 10 mol% Ge concentration, was calculated
at 50 ms and 40 ms, respectively. While the calculated composite decay time indicates
the Ge-doped optical fiber scintillators to have good potential for time-resolved radiation
dosimetry (primarily in low dose rates), much more detailed investigation is still required
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to further optimize the dosimetry performance in terms of decay time and RL yield. The
light yield from Ge-doped silica optical fiber scintillators was found to be sufficiently large
in these earlier investigations for dosimetry applications, while the desired decay time
needed to be furthered shortened. The desired decay time for scintillators to be used
in time-resolved dosimetry need to be sufficiently longer than the nascent fluorescence
(trast + tslow > tprompt) from the carrier optical fiber (usually PMMA or silica multimode
fibers that contributes to the stem effect) to enable gated measurements, while short enough
(tfast + tslow < tinterval) to accommodate faster pulse repetition rates, suggesting a value for
trast + tslow Petween 0.1-2 ms [19,20].

The RL emission consists of
three main components:
it . . prompt, fast and slow emission.
|f:|°mpt The prompt emission may
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Figure 1. Diagram of time-resolved scintillation signal with general shape and timing characteristics,
shown against corresponding linac pulses.

In this paper, we report on the influence of the composition of Ge dopants and fiber
geometry in Ge-doped silica optical fiber scintillators used for RL based time-resolved
dosimetry. The primary objective is to produce an optical fiber structure that facilitates
short decay times with a sufficiently large yield for time-resolved dosimetry.

2. Materials & Methods
2.1. Scintillator Design and Fabrication

It is important to choose a scintillator with high RL yield, obtained using scintillating
inorganic materials [16,21] and fast temporal RL response for time-resolved dosimetry, also
allowing for good spatial resolution. The presently studied radiation-sensitive optical fiber
tips used as scintillators were of submillimeter diameter and millimetre length, offering
high spatial resolution measurement [1,22,23]. In this work, use has been made of various
Ge-doped silica optical fiber scintillators of different core and cladding sizes. Categorized
as small core (SCF) and large core fiber (LCF), the designation denotes different dopant
content, tested herein for their time-resolved RL characteristics. The bulk volume of the SCF
is formed of the undoped SiO, matrix, while the bulk of LCF is due to the Ge-doped SiO,
network, visualized in Figure 2. In both cases, the undoped region serves as the cladding.
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Large Core Small Core

Figure 2. Visual comparison of relative core sizes of the SCF and LCF samples.

Table 1 details the properties of the optical fiber scintillator samples under test, all
fabricated using the chemical vapor deposition method and pulled into the required sizes as
detailed by [8,24] Each optical fiber scintillator, 20 mm in length, was hand polished at each
end using a figure-of-eight motion on 30 pm and 6 pum diamond lapping film (Thorlabs®,
Newton, NJ, USA).

Table 1. Dimensions of the optical fiber scintillator samples.

Core to Germanium
Sample Outer Inner . .
Core Type . . Cladding Concentration
Codename Diameter (um)  Diameter (um) . o
Ratio (Wt%)
SCF 500 477 34.6 0.073 0.85
Small core SCF 700 713 52.6 0.074 091
SCF 1000 978 64.5 0.066 0.95
LCF 500 500 449 0.898 3.05
Large core LCF 640 649 582 0.897 3.17
LCF 1000 994 888 0.893 3.51

2.2. Scintillator Probe

The scintillator probe is made of insensitive radiation material, desirable in minimiz-
ing noise that can add to the RL signal from the scintillator. Polyoxymethylene (POM),
an organic material has been tested at room temperature and demonstrated to be non-
luminescent when exposed to ambient light and background radiation [21,25,26]. The
scintillator probe is made from a 1 m long black POM rod of outer diameter 5 mm, cut into
40 mm samples, and polished at both ends. The two ends were drilled to accommodate the
scintillator and polymethylmethacrylate (PMMA) core waveguiding optical fiber manu-
factured by Mitsubishi Chemicals, Tokyo, Japan (Super ESKA™ 4001, 920-1040 um core,
940-1060 pm cladding, 15 m length, NA-0.5, Cladding Material-Fluorinated Polymer, Core
Refractive Index-1.49, 2.2 mm outer diameter Polyethylene Jacket). The PMMA is chosen
for its material flexibility and low cost over standard multimode fibers, which tend to be
brittle, as well as relatively expensive. The schematic of Figure 3 shows the scintillator
probe, housing the butt-coupled scintillating optical fiber and PMMA [2], allowing different
samples of similar sizes to be interchanged.
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Figure 3. Schematic of the scintillator probe.

2.3. Experimental Setup

To inhibit exposure to ambient light, the optical fiber scintillator samples are housed
in a sealed light-tight probe, which is then coupled to the PMMA optical fiber. To reduce
the possible exposure of the bare fiber (PMMA) to the field, the sensitive optical fiber tip
is placed 4 cm into a standard 10 x 10 cm? radiation field, at a source-to-surface distance
(SSD) of 100 cm. The scintillator probe is placed in superflab™ (a solid-form bolus medium
manufactured by Mick Radio-Nuclear Instruments, Inc, Mount Vernon, NY, USA) that
provides full-scatter conditions and build-up of the radiation dose close to the surface.
The advantage of using such bolus material is that the design further optimizes dose
absorption [27,28] and conforms to a variety of uneven surface geometries that eliminates
air gaps.

The time-resolved RL measurement was carried out using an optical fiber-based
radiation dosimetry system as shown in Figure 4. The luminescence from the optical
fiber scintillators propagates along the PMMA optical fiber to the measurement system.
The acquisition system comprises an analogue output photomultiplier tube (Hamamatsu
H7422-40), coupled to a transimpedance amplifier and counting unit. Data acquisition
gate times were varied between 1 ps and 100 ps for various analyses. The collection of
data was made using a LabView-based GUL. Bremsstrahlung irradiation was produced by
a linac operating at 6 MV. The linac system includes a transmission ionization chamber
mounted on the treatment head to control dose delivery [29,30]. Typically, in radiotherapy
practice, the linac dose rate is represented by monitor unit per minute (MU/min) which is
calibrated to 1 MU = 1 c¢Gy at the depth of maximum dose under reference conditions. The
dose rate is controlled by the pulse repetition frequency (PRF) and nominal beam energy.
One possible combination is a PRF of 400 Hz and a dose rate of 590 cGy/min, with a pulse
width of some 3-5 us.

i
B, Y — § RL Reader (LS-1000)
o

AR,
- A/PMMA Fibre 15 meters . .
E AL '\.\\ Recording unit (Computer)
“—

Radiation Safe area

Figure 4. Experimental setup used for dosimetric characterization.
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2.4. Characterization
2.4.1. RL Response and Dose-Rate Dependence

For RL response, each sample was exposed to a range of doses that in practice are typi-
cally administered in external beam fractionation, namely 35, 70, 140, 280 and 590 MU/min
for a constant duration of 40 s. At such dose rates, the expected doses are of the order of
0.23, 0.46, 0.93, 1.86, and 3.93 Gy. During the exposures the RL response was measured in
real-time, the intended doses being attained at a fixed exposure time of 40 s at various dose
rates [31,32]. In studies of dependence on dose-rate, a fixed dose of 0.5 Gy was delivered,
setting the dose value at 50 MU with dose rates of 35, 70, 140, 280, and 590 cGy/min.

2.4.2. Time-Resolved Assessment

The ability of the optical fiber scintillator samples to provide time-resolved radiation
dosimetry measurements [19,33] was tested by reducing the gating time, starting initially
at 100 ps, subsequently reduced to 1 ps. At such short gating times, it is possible to
achieve high temporal resolution measurements at different dose rates, ranging between
590 MU/min and 35 MU/min. In using the high temporal resolution measurements, the
rise time and decay time has been analyzed at the level of the individual pulse.

3. Results and Discussion

The RL response (gate time 100 ps) from the different dimension LCF and SCF samples
are shown, respectively, in Figures 5 and 6. The individual graphs show RL responses for
fixed duration exposures and at a fixed dose for a range of dose rates. The results displayed
in Figure 5 for 6 MV photon radiation was delivered at 35, 70, 140, 280 and 590 MU /min
for a constant duration of 40 s. At such dose rates, the expected doses are of the order of
0.23,0.46, 0.93, 1.86, and 3.93 Gy. In Figure 6, a fixed dose of 0.5 Gy was delivered, setting
the dose value at 50 MU. The uncertainty can be observed at <1% with an almost flat trace
for a given dose rate for both LCF and SCE. However, the SCF are observed to suffer from
memory effects at high dose rates. The difference is more pronounced than that observed
in [34], taking close to 30 s to stabilize. This effect is not observed in sample SCF500.

Figure 7 demonstrates the normalized radioluminescence (RL) at various dose rates
for both LCF and SCF samples. The dose delivery was at different dose rates of 35, 70,
140, 280 and 590 MU /min for a constant duration of 40 s, with expected doses of 0.23,
0.46, 0.93, 1.86, and 3.93 Gy, respectively. Normalization of values was carried out with
reference to the RL response of the samples at the lowest dose rate of 35 MU/min. As the
dose rate increases, The RL level of the LCF maintains a linear response with the index of
the dependent variable at 0.96 (=1), while the SCF is seen to suffer a loss of luminescence
with an index of that at 0.87. The best fit line (following power law) and the corresponding
equation has been suggested and selected by standard MS Excel function based on the
data points. This behavior mandates the use of appropriate co-efficient for correction
when using the SCE. An index of 0.87 represents a loss of up to 22% luminescence per
pulse in the higher dose rates (example, RL response at 590 MU /min as compared to that
at 35 MU/min is 13.1 times greater, instead of the expected 16.85). Due to the behavior
following a power law, the loss is more pronounced as dose rates are increased. In the
following few paragraphs, we will discuss in more detail the treatment of this behavior.
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Figure 5. RL response (gate time of 100 ps) of the (a) LCF and (b) SCF samples exposed at a fixed

duration of 40 s.
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Figure 6. RL response (gate time of 100 ps) of the (a) LCF and (b) SCF samples exposed at a fixed

dose of 0.5 Gy.
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Comparison of Normalized RL intensities
at different dose rates for SCF and LCF
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Figure 7. Normalized RL response/gate for SCF and LCF samples at various dose rates. Values are
normalized to the response at lowest dose rate of 35 MU /min.

The pulse response or RL yield per gating time of 100 ps from two different sizes of
LCF and SCF samples are shown in Figure 8. As has been described previously, the SCF
samples yield a greater luminescence response at any given dose rate. The differences have
been further analyzed using time-resolved responses capturing signals at high temporal
resolution (with gate time down to 1 ps). In relative terms, for a 100 ps gating time, the
total counts per pulse for SCF and LCF samples, respectively, were 530 & 55, and 400 =+ 40,
both samples of overall fiber diameter of 1 mm, the results being obtained for a single
pulse from a pulse train of 400 Hz. Figure 9 shows the overlapping traces of the responses
from the SCF and LCF samples. From this direct comparison, the effect of Ge-doping on
the RL emission is indicative of a reduction in decay time, while elevating the emission
intensity. While the decay time of the LCF is given by the duration it takes for the trace
to reach a value of zero, the complete decay of SCF is not directly observed and the decay
time requires an estimation procedure due to its long phosphorescence. To estimate the
decay time of the SCF response, a derivative of the best-fit equation of the data points of
a single pulse has been taken, and the point when the change in response is less than 1
has been designated as the decay lifetime. This is also verified by analyzing the response
from the final linac pulse, emulating a single X-ray pulse exposure, following the process
detailed in [19].
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Figure 8. RL yield per gating time of 100 us during a single pulse for (a) LCF samples (b) SCF samples
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Figure 9. Comparison of the traces of the RL response (gate time of 100 ps) from a single pulse for
the SCF and LCF obtained at dose rates of 140 MU /min (10 ms interval between adjacent pulses).

Figure 10 shows the progression of the accumulated counts for SCF and LCEF, con-
structed from data collected with a gate time of 1 ps. The reference trace, from the PMMA
fiber, corresponds to the stem effect as acquired from a bare PMMA without an attached
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scintillator. The data has been normalized to the stable reading from the PMMA which
is reached after 4 ps. The steep rise over the first 4 us corresponds to the linac pulse ON
time, where all three fibers produce comparable yield, pointing towards the dominating
effect of the stem signal. The emission from the stem effect subsides almost instantaneously
when the linac pulse switches OFF. Beyond that point, the recorded counts are a result of
the RL signal from the scintillating fibers. The LCF climbs to a slightly greater accumulated
reading as compared to the SCF during the first 100 ps, as can be observed from Figure 10.
While the LCF approaches a stable reading at some 600 us, the SCF emission prevails
until 2.5 ms—the point at which the next pulse is expected for PRF of 400 Hz. The SCF
continues to yield greater luminescence beyond 800 ps, predominantly contributed to
by the phosphorescent component of the RL signal. At lower dose rates, the SCF may
accumulate two or three times more luminescence per pulse due to this phosphorescent
emission. The time axis of Figure 10 is presented in log scale to visualize the luminescence
trend in the first few ps and the last few hundred ps. Normalization of the values to that
of the PMMA at a stable point (corresponding also to the duration of the pulse, ~4 ps)
enables estimating the proportion of luminescent signal produced solely by the scintillating
material. From the given figure, the LCF reaches about 115% and the SCF reaches about
155% of the stem signal level. The additional 15% and 55% of luminescence from the LCF
and SCF, respectively, would contribute to information relevant to dosimetry. As will be
discussed next, the comparatively lower yield from the LCF is practically more viable
owing to the timing characteristics of the signal. Bradley et al. [35] have discussed one
possible effect of dose rate dependence of the output from optical fibers of similar structure
to the SCE, the total accumulated counts being observed to be 10-15% greater at lower rates
than that at higher dose rates, rendering the need for correction factors.

SCF vs LCF per pulse

Lo
[o)]
1

L%
N
1

=
N
1

|

Accumulated Counts (Normalized)

0.8 -
0.6 -
0.4-
02k —— LCF

' —— SCF
00 L 1 1 PMMAI 1 1

1 10 100 1000 2500
Time (us)

Figure 10. Normalized accumulated counts (gate time of 1 us) with respect to time. Values are
normalized to the total response of the PMMA carrier fiber during radiation exposure (=4 ps).

Moreover, the earlier discussion highlighted the signal build-up phenomenon, with
materials having long phosphorescence characteristics [36]. As shown in Figure 11, the
counts recorded per pulse is adversely affected by the phosphorescent signal from preced-
ing pulses, particularly at high dose rates, making the material limited to use for low dose
rate applications only. Results from the present study show this phenomenon to be present
predominantly in the SCF samples, suggesting a role of the dominant SiO, matrix present
in the cladding of such a sample. The recorded total counts per pulse show a 30% drop for
SCF when irradiated at a higher dose rate, while the LCF maintains a consistent reading at
both dose rates (35- and 590 MU /min).
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Figure 11. Pulse train of the RL response (gate time of 100 ps) at 35 MU/min and 590 MU/min for
(a) LCF and (b) SCEF, highlighting the long phosphorescence presence in SCF. Values are normalized
to the highest y-axis value for the datastream.

The results also suggest a contribution of Ge-doping in affecting the triplet states of
the SiO; matrix, thereby reducing phosphorescence effects. This is a desirable feature of
scintillating glass materials as has been discussed by [19]. The estimated decay time of the
SCF is 59 ms, and that of LCF is 0.6 ms from Figures 9 and 11. The SCF, with its structure
similar to P-doped [34] and Ge-doped [12] cylindrical fiber, has a decay time in the range
of tens of ms. Doping a larger volume of the silica matrix, i.e., extending the size of the
doped core in relation to the fiber’s overall diameter, shortens the decay time substantially,
enabling time-resolved measurements in medical dosimetry.

4. Conclusions

We report on the influence of Ge dopants in Ge-doped silica optical fiber scintillators
used for radioluminescence (RL) based time-resolved dosimetry, in particular the decay
time and RL yield. The Ge-doped silica optical fiber scintillator with large and small core
samples represents high and low Ge-dopant contents. The samples showed linear RL
response, with differing memory and afterglow effects. The large core samples, indicative
of a higher Ge-doping content and a high number of defects, demonstrate faster decay
time and higher RL yield. The results suggest a contribution of Ge-doping in affecting
the triplet states of the SiO, matrix, thereby reducing phosphorescence effects. This is a
desirable feature of scintillating glass materials that help avoid the pulse pile-up effect,
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especially in high dose-rate applications. The primary objective to produce a structure
that facilitates short decay times with a sufficiently large yield for time-resolved dosimetry
has been achieved in this study with Ge-doped optical fiber scintillators with a large
core-to-cladding ratio.
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