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Radioluminescence and Optically Stimulated
Luminescence Responses of a Cerium-doped
Sol-gel Silica Glass under X-ray Beam
[rradiation

N. Al Helou, H. EI Hamzaoui, B. Capoen, G. Bouwmans, A. Cassez, Y. Ouerdane, A. Boukenter, S.
Girard, Senior Member IEEE, G. Chadeyron, R. Mahiou and M. Bouazaoui.

Abstract— Ce-doped sol-gel silica glasses were prepared for
real-time X-ray dose or dose rate monitoring using
radioluminescence (RL) and optically stimulated
luminescence (OSL). A small piece of this glass scintillator
was connected to two optical fibers, allowing a remote
measurement of the ionizing radiation dose through RL and
OSL signals. By using this Ce-doped material, we
particularly demonstrated that the RL signal shows a linear
behavior at least up to dose rates of 1.2 Gy/s. Furthermore,
the linear dose response of the OSL signal can be extended
up to 500 Gy, independently of the used dose rate.

Index Terms— dosimetry, X-radiation, optical fibers,
cerium, radioluminescence, optically stimulated
luminescence.

I. INTRODUCTION

During the last decades, a persistent and continuous work has
been carried out to develop a convenient sensor enabling real-
time sensing of radiations in harsh environment [1]-[3]. The
optical fiber-based dosimetry could be a promising alternative
to electronic dosimeters, due to its specific characteristics, such
as its unique capability to perform remote and real-time
monitoring, or its insensitivity to electromagnetic interferences.
Furthermore, optical fibers having a small footprint and a low
mass do not introduce large disturbances to the radiation field.
For in vivo dosimetry applications, when using radiation as a
curative tool, the prescribed and definitive dose should only be
delivered to the organ of interest while restricting the dose
absorbed by the surrounding healthy cells. Small dosimeters
based on optical fibers have been used in radiotherapy
treatments and radiodiagnostics to control the dose deposited
on the patients [4]-[6]. These detectors are also interesting for
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difficult-to-access and hazardous regions like in nuclear
reactors. It can be used in nuclear power plants to control
nuclear activities, for protection of workers, in recycling and
dismantling operations, in long-term nuclear storage and
industrial process controls [7]. Moreover, the space
environment is not as safe as the Earth’s surface. It is
characterized by a mixture of charged particles (Galactic
cosmic rays: GCR), particles trapped by the planet magnetic
field and their interactions with other species generate
secondary particles, making the environment very complex.
Aircrews, space-crews, but also frequent flyer passengers are
often exposed to radiations, even in the atmosphere [8, 9].
Measurements using OSL dosimeters in unmanned satellites
and shuttles could be a clever and innovative approach to
monitor the space radiations [10], [11]. These detectors should
be very sensitive in a large dose range. They should have a fast
readout capability and should be economically suitable [1].
When high dose levels are expected, dosimeters encounter a
new challenge concerning their response and their
reproducibility.

Optically stimulated luminescence (OSL) is a recently
developed passive method in dosimetry of ionizing radiation.
This is a useful and important technique in order to get rid of
the spurious light encountered while measuring radiation dose
using a scintillation signal, the so-called “stem effects” (as
Cerenkov radiation and defects emission in fiber optics). OSL
fundamental mechanisms are almost the same as
thermoluminescence (TL), except that the recombination of the
trapped charges is stimulated by light with a proper probe
wavelength, instead of heat. Thus, thermal quenching of the
luminescence efficiency, which limits the TL sensitivity of the
material, could be entirely avoided [9]. Firstly used as TL
material, carbon-doped aluminum oxide (Al>Os:C) provides
highly sensitive OSL dosimeters and can be potentially used in
radiotherapy applications [12], [13] or for environmental
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monitoring (near nuclear waste storage facilities) [14].
However, this material shows a long luminescence lifetime (=
35 ms) and it takes a few minutes to read the entire signal. This
constraint limits the possibility of applying the OSL of Al,O3:.C
for real-time radiotherapy dosimetry [14]. On the contrary,
KBr:Eu crystal exhibits a short photostimulated luminescence
lifetime (t = 1.6 ps) which makes it a good candidate for use as
a real-time OSL dosimeter [15], but it was found that the OSL
sensitivity depends on radiation exposure time [16].

Cerium, an extremely favorable and stable scintillator
dopant, is of great interest for dosimetry, especially in terms of
radiation hardening. Besides its cerous trivalent state (Ce®"),
cerium can be found in its ceric tetravalent state (Ce**), but only
Ce* leads to an efficient optical activity, due to the 4f-5d
transition that may be exploited for radiation dosimetry.
Radioluminescence (RL) of Ce-doped glasses has been widely
reported in the literature. Studies on TL and OSL properties of
Ce® ions are scarcer and mainly concern doped crystals. For
example, an OSL response of a cerium-doped lutetium
orthosilicate crystal has been found linear in the range 100 pGy
- 1 Gy [17]. Another example concerns polycrystalline
CaSiO3:Ce phosphors prepared by solid state diffusion [18],
where the OSL response was linear in the 20 - 20,000 mGy
range. The OSL sensitivity of this latter material was 2.8 times
that of Al>O3:C phosphors. However, these dosimeter crystals
could not be drawn into optical fibers, which hinders their use
in the targeted all-fibered integrated dosimetry devices. Glassy
materials can overcome this drawback.

In general, photoluminescence (PL) spectra of a cerium-
doped glass under UV excitation show a broad emission
maximum located in the 375 and 460 nm spectral domain,
depending on the glass composition and on its synthesis
method. This band is assigned to the 4f-5d transition of Ce%*
ions [19]-[25]. The importance of inert [20] or reducing
atmospheres [26]-[28] during glass synthesis has been
demonstrated to favor the cerous state. Evaluating the response
of Ce*-doped CaO-Al,0s-B,0; glasses exposed to X-rays,
linearity of TL and OSL signals was observed in 1-1000 mGy
and 30-3000 mGy dose ranges, respectively [19]. Nevertheless,
owing to the formation of defects in multicomponent glass
under ionizing radiation, the use of Ce-doped pure silica glasses
is of interest because of the well-known hardness of silica
matrix. Hence, recent investigations of the RL response of a
Ce*-doped SiO; detector, coupled to a passive fiber for dose
measurements in 1°2Ir HDR brachytherapy, revealed this setup
as a promising miniaturized dosimeter [29].

Chiodini et al. [30] showed that a Ce-doped fiber dosimeter
prototype exhibits a linear response up to 10 Gy under 6 MV
photon beam. The RL response of the same fibered sample also
undergoes linear and reproducible dose dependence under #°Co
y-ray exposures up to 3.5 Gy, as well as an encouraging linear
response under 38 MeV proton irradiation. Almost no
published work deals with OSL studies in Ce-doped pure silica
glass. Very recently, however, a linear response of the OSL and
TL signals from 1 mGy to 2 Gy has been recorded using a Ce®*-
doped SiO; glass synthetized by a spark plasma sintering
technique [31].

In the present work, to extend the use of Ce-doped materials
to X-ray dosimetry in larger dose ranges, we investigate the
potential of a Ce®*-doped silica glass, prepared with the sol-gel

process, as a remote radiation dosimeter based on RL and OSL
responses. The sensor is based on a doped glass rod connected
at both ends to a passive optical fiber used as a light guide
toward the detector and toward the OSL excitation source. The
aim is to study the linearity of the RL response at lower dose
rates than in Ref. [20] and to investigate the OSL response at
higher cumulative doses compared to the ones explored in
previous studies. We also studied the post-irradiation fading of
the OSL signal.

Il. MATERIALS AND METHODS

A. Investigated samples

Samples of ionic cerium-doped glassy rods were synthetized
by the sol-gel technique from tetraethylorthosilicate (TEOS)
precursor [32]. The obtained xerogels were stabilized at 1000°C
and then soaked in alcoholic solution containing a cerium salt.
After that, the samples were withdrawn from the doping
solution and dried at 50°C for 24 hours in order to remove
solvents and to retain cerium element within the nanopores. The
doped matrices were then densified in helium atmosphere at
1200°C for 2 hours in order to obtain a higher Ce**/Ce** ratio
and then to enhance the PL efficiency. The Ce-doped rod glass
was jacketed with a pure silica tube and drawn at a temperature
of about 2000°C down to a millimeter-sized cane. Electron
probe micro-analysis (EPMA) shows a Ce concentration of
about 0.07 wt% in the obtained sample. Furthermore, a molar
concentration ratio [Ce3*])/[Ce**] of about 5 has been estimated
for this sample, as it has been detailed in [20].

B. RL and OSL Experimental Setup

Bandpass Optical fiber
filter X-rays D=0.5 mm
450 :
e nm Microscope
%& }, objective
PMT —— - Laser diode
H9305-03
% /’ \ Capillary (660 nm, 51 mW)
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Fig. 1: Schematic illustration of the experimental setup used to characterize the
OSL response of the fiber material exposed to X-ray beam.

For OSL measurements, the experimental setup was
composed of a 3 cm-long piece of the doped rod, which was
polished at both ends and then inserted in a pure silica sleeve.
At both ends of this rod, a 0.5 mm diameter multimode pure
silica core optical fiber was connected (Fig. 1). One of these
fibers was used to guide the OSL signal toward a
photomultiplier (PMT, H9305-03 Hamamatsu). The electrical
signal provided by the PMT is read through a 500 MHz
Tektronix oscilloscope that convert the luminescence signal
into a voltage signal. A bandpass spectral filter at 450 + 40 nm
was chosen in order to select the OSL signal and eliminate the
stimulating light of the laser diode at 660 nm. The other fiber
was devoted to guide the stimulation light to the doped glassy
rod while evaluating the OSL signal. This light was delivered,
through a microscope objective, by a fibered laser diode at 660
nm, using its highest power of 51 mW. The external X-ray beam
was delivered by the MOPERIX facility of Laboratoire Hubert



Curien. The machine has been operated at 100 kV and a current
of 45 mA, generating photons of ~40 keV average energy. The
dose-rates at the various locations have been measured with an
ionization chamber. All the values of dose rate and doses have
been converted by taking into account the ratio
Zesr(water)/Zes(silica). Doses are consequently given in
Gy(silica) unit.

For the RL measurements, the same setup has been used
except that the spectral filter was removed and the laser diode
was switched-off. Indeed, this readout mode consists in
measuring the emission signal directly during the irradiation,
with no need of a stimulated light to de-trap the charges.
Photoluminescence spectra were recorded at room temperature
by exciting the samples with the 351 nm line of an argon laser
with a power of 5 mW. The emitted light was imaged onto the
slit of a Jobin-Yvon U1000 monochromator and collected using
a Hamamatsu R943-02 photomultiplier tube.

RL spectrum was recorded by using a QE Pro spectrometer
(Ocean optics). The dark signal has been systematically
subtracted from the RL spectra.

I11. EXPERIMENTAL RESULTS

A. Glass structure

Boson peak

Intensity (a.u.)

0 300 600 900
Raman Shift cm™1)
Fig.2: Raman spectrum of a Ce doped SiO, rod.

Fig.2 shows the Raman spectrum of the Ce-doped SiO; rod. It
presents the well-known bands of SiO, glass. In the low-
frequency region, the "Boson peak", which characterizes the
vitreous state, is seen around 56 cm™. The large band centered
around 440 cm™ is assigned to the Si-O-Si network deformation
vibration (w1). As well, the asymmetric band located around
810 cm™! (wg) is attributed to a complex vibration involving
substantial silicon motion in addition to a bending movement of
oxygen in a vitreous network. The two smaller bands at 490 cm"
1 (Dy) and 603 cm (D) are assigned to symmetric stretching
modes of three- and four-member siloxane rings, respectively,
in the silica network [33].

B. Radioluminescence
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Fig.3: (a) Normalized RL and PL (under laser excitation at 351 nm) spectra of
a Ce-doped silica rod. (b) and (c) present the decomposition of the RL and PL
spectra, respectively, into two Gaussian components G1 and G2.

Fig.3 presents the emission spectrum under X-ray (RL) and
the photoluminescence spectrum under 351 nm laser excitation.
RL and PL spectra exhibit a band peaking around 2.62 eV (473
nm) and 2.67 eV (464 nm) with full widths at half maximum of
0.77 eV and 0.65 eV respectively. This band is clearly
asymmetrical. It is attributed to the allowed electric dipole 5d-
4f transition of Ce®" [34] and can be decomposed into two
Gaussian components (G1 and G2), with energy positions of
2.54 and 2.75 eV, respectively. These two values are ascribed
to the splitting of the ground level 4f into two sublevels by spin-
orbit interaction [28]. The splitting effect, which is independent
of the excitation (UV or X-ray), is however weaker than that
mentioned in reference [28]. On the other hand, the slight
energy shift between both spectra (RL and PL) can be attributed
to the different characteristics of the Gaussian components G1
and G2. In effect, the values of the ratio between the sub-band
areas G1/G2 are 1.45 and 0.94 for RL and PL spectra,
respectively. This result could be related to the different
excitation-emission mechanisms in PL and RL processes. In the
PL case, the cerium ions are immediately excited by incident
photon energy. In the case of RL, X-ray irradiation firstly
generates electron-hole pairs, which then relax through defect
traps before the final radiative recombination on the excited
centers. As a result, the sub-levels G1 and G2 are not filled in
the same way.
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Fig.4: X-ray RL spectra obtained under different dose rates.

In Fig. 4 are reported the RL spectra of the Ce-doped rod
under X-ray irradiations for various dose rates. As expected, the
integrated area of RL band increases with the dose rate. Fig.5
shows the dependence of the integrated RL intensity
(determined from Fig.4) on the dose rate. This figure reveals the
linear behavior of the signal in the investigated dose rate range,
namely up to at least 420 mGy/s (SiOy).
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Fig.5: Integrated RL intensity plotted against dose rate for the Ce-doped rod.

Fig.6 (a) shows the typical dynamics of the RL signal
intensity collected by the PMT under a dose rate of 251 mGy/s,
where the background noise, measured in the dark without
excitation, has been subtracted. This response shows a high
reproducibility: repeating the measurements several times led
to variations of less than 1% of the mean voltage. As the X
irradiations starts, the RL signal first increases for a few
seconds, to finally tend toward a plateau.

This delayed response of the material to irradiation is due to
carrier trap states. Indeed, during the irradiation, the prompt
recombination causing the production of the RL signal is in
competition with electron trapping. However, while the

electron traps, including shallow and deep ones, are filled, the
trapping probability decreases and then, more electrons become
available for recombination. The RL signal rises to a steady-
state level, which increases for each increasing dose rate. Such
an effect is detrimental to the use of the scintillating materials
in real-time dose monitoring. In this respect, our Ce-doped
silica rod has a much faster response than that of Al,Os:C, for
example, which presents deep trap levels and thus takes longer
time to reach saturation [35]-[37].

Fig.6 (b) illustrates the linear dose rate dependence of the RL
signal measured with the PMT in the explored range between
26 and 1187 mGy/s. This result is very promising since the
reproducibility of this trend is quite good and the linearity range
is larger than the one reported with other Ce-doped silica fibers.
For example, a linear dependence of the RL intensity versus the
dose rate has been found for a Ce®*-doped SiO; fiber under X-
rays photons up to 40 mGy/s [34].
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Fig.6: a) the RL signal under X-rays for a dose rate of 251 mGy/s. b) Dose

response of the Ce-doped rod. The data points present the RL signal taken on
the plateau after a background subtraction.



C. Dose dependence of the OSL signal

When the rod is exposed to radiation, free electrons and holes
are created but some of them are then trapped at metastable
energy levels in the bandgap between the conduction band and
the valence one. These energy levels are attributed either to
intrinsic defects of the silica matrix or to the doping ions. When
the irradiation is stopped, the glass can be illuminated using the
laser diode through the dedicated optical fiber, so as to release
the trapped electrons that are stimulated into the conduction
band. Those freed electrons are then allowed to recombine with
holes at the recombination centers to generate the OSL signal
[35]. It is known from the literature that the Ce3* behaves as a
recombination center for carriers created during irradiation
[38].

660 Gy

<
1047 @
) 330 Gy

OSL signal (V)

0.01 4

0.001 T T T T T
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Fig. 7: OSL decay curves for different X-ray exposure times at a dose rate of
660 mGy/s (in silica) after stimulation with a probe laser at A = 660 nm.

Fig. 7 presents the OSL decay curves of the Ce-doped sample
under stimulation at 660 nm, recorded immediately (2 s) after
radiation exposure at a dose rate of 660 mGy/s (SiO,) for
different durations. Fig.8 illustrates the integral OSL signal
versus accumulated X-ray dose, for doses ranging between 3.5
Gy and 2765 Gy (SiOy).
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Fig. 8: Dose response of the OSL signal obtained with different dose rates.
Each point represents the total integrated response under stimulation and after
X-ray irradiations of Ce-doped sample.

To analyze this response, the decaying OSL curve was
integrated over the whole time interval until the stabilization of
the signal, after having subtracted the noise background and the
offset due to the stimulating laser. Thus, this time interval was
long enough to deplete the trap concentrations to zero. As a
result, this interval depended on the given dose since the
asymptotic behavior of the signal is attained at different times
according to the deposited dose. In Fig. 8, a linear dependence
of the OSL signal with X-ray dose is confirmed up to 500 Gy,
independently of the dose rate. For doses higher than 500 Gy,
the OSL signal reaches a nonlinear behavior but does not
completely saturate up to 2.7 kGy. Moreover, in the non-linear
zone corresponding to the highest doses, the response seems to
depend on the dose rate. Indeed, for a given accumulated dose,
the lower the dose rate, the lower the OSL signal. This result is
consistent with the thermal fading of the signal (Fig. 10: see
section E) since during long irradiation time, both filling of the
traps and fading are taking place simultaneously [39].



D. OSL Kinetics
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Fig.9: OSL decay curves after X-ray exposures at 66 Gy and 660 Gy (SiO,), at
a dose rate of 660 mGy/s, with their corresponding 3-exponential function fits.

Fig. 9 shows the OSL decay profiles of the Ce-doped rod
after two different exposure times at a dose rate of 660 mGy/s.
OSL decay curves after X-ray irradiation at all deposited doses
are well approximated by a sum of three exponential decay
functions:

— — -t
l=Are Ts+Ane T +Age /7 (1)

where As (tr), Am (tm) and As (ts) are the amplitudes (decay
times) of the fast, medium and slow components respectively.
Two possible interpretations may be given for the existence of
those three contributions to the OSL decay [40]. The first one
involves a single trap with a single “bleachability” (rate of
charge release), but including significant retrapping, so that the
OSL decay cannot be fitted by a single exponential function.
The second admitted interpretation considers that OSL decay
results from the release of charges from several trap levels
having different thermal activation energies and considering
that retrapping phenomenon is minor.

In our case, the derived decay times are summarized in Table 1
for the linear domain (100 s; 66 Gy) and in the saturation regime
(1000 s; 660 Gy). In Table 1, the shortest and intermediate time
constants obtained from this fit significantly increase with the
deposited dose, on the contrary of the longest time constant that
remains of the same order. Nevertheless, the decay times
globally increase with the accumulated dose. This result could
be related to retrapping phenomena during the longer
irradiation time duration required to reach the highest dose.
However, at this stage, we cannot absolutely attribute each
decay time to one specific and defined kind of trap. This will
need complementary experimental results (such as TL) and a
thorough theoretical study.

TABLE |
The different decay times of the OSL signal for different doses.
Fast Medium Slow
T(S) 0.3 2.0 195
66 Gy
Contribution (%) 69 27 4
7(S) 0.6 31 21.9
660 Gy
Contribution (%) 73 23 4

E. Fading of the OSL Signal

One of the major and important criteria for dosimetry is the
stability of the measured OSL signal with time. In many cases
and at ambient temperature, trapped carriers can be thermally
released from defect traps to undergo recombination, thus
reducing the anticipated signal which is related to the number
of trapped carriers. The elapsed time between the end of the
excitation by the ionizing radiation and the readout has an effect
on the measured signal [41, 42]. This phenomenon has been
reported by a number of authors and in several materials.
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Fig.10: Fading response of the integrated OSL signal for an accumulated dose
of 26.4 Gy

Fig.10 presents an example of this fading phenomenon of the
OSL signal for an accumulated dose of 26.4 Gy, where data are
normalized to the response obtained directly after the end of the
exposure to radiation at ambient temperature. As can be seen, a
signal loss of about 53 % occurs in six minutes. After that time,
the signal remains stable, which means that the spontaneous
depopulation of the trapped levels seems to be completed.
Hence, it can be argued that our Ce-doped silica undergoes a
rather strong but “short-time” fading, as compared to other OSL
materials. Indeed, for example, CaSO4:Eu showed a 10 %
fading after 24 hours and after that, negligible further changes
were observed [43]. Also, it was shown that in a cerium doped
lutetium orthosilicates crystal films, 85 % of the initial OSL
signal remains after 18 h [41]. Moreover, non-significant fading
(1.8 % after three weeks) was observed in an Al,Os:C films for
dosimetry in therapeutic photon and electron beams [42].
Although in all these previous works, a limited fading seemed



to be observed, it consisted in a “long-time” fading. In each
case, the authors did not clarify if they observed a short-time
fading and the starting delay for the measurement of this fading
after the end of irradiation. To the best of our knowledge, the
present paper is the first one to investigate thermal fading
phenomena in both short-time and intermediate-time scales
using a fibered setup. Long term fading will be investigated in
future works in order to understand the stability of the optical
material response.

IV. CONCLUSION

In this work, we have firstly shown that the RL of the studied
sol-gel Ce-doped silica glass presents a linear response up to
dose rates of 1.2 Gy/s at least. Secondly, the OSL signal is also
characterized by a linear response up to 500 Gy, which makes
these Ce-doped materials very promising for dosimetry in harsh
environment, even in the case of high dose rate conditions.
Moreover, the OSL decay curve has been fitted by a sum of
three exponential decay functions and the corresponding decay
times globally increase with the accumulated dose. Finally,
fading phenomenon strongly occurs during the first minutes
after irradiation, reducing the OSL signal by 50%, then this
signal remains stable.
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