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Abstract: Gadolinium-doped silica glass was prepared, using the sol-gel route, for ionizing
radiation dosimetry applications. Such a glassy rod was drawn to a cane at a temperature of 2000
°C. The structural and optical properties of the obtained material were studied using Raman,
optical absorption, and photoluminescence spectroscopies. Thereafter, a small piece of this
Gd-doped scintillating cane was spliced to a transport passive optical fiber, allowing the remote
monitoring of the X-ray dose rate through a radioluminescence (RL) signal. The sample exhibited
a linear RL intensity response versus the dose rate from 125 µGy(SiO2)/s up to 12.25 Gy/s.
These results confirm the potentialities of this material for real-time remote ionizing radiation
dosimetry.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

There is a great interest in elaborating and designing new material with optical activity in the UV
domain. Indeed, UV-light sources are crucial for a broad range of applications in several domains,
such as spectroscopy [1], medicine [2], food processing [3] and lithography [4]. Moreover, in
harsh environments, dosimeters are required to monitor the radiation constraints. Such dosimeters
should ideally present the remote measurement ability, in real-time and/or with a high spatial
resolution. This concerns the field of new techniques for radiotherapy, as well as in space and
nuclear domains [5–9]. For these applications, fibered solutions seem particularly adapted and
new sensitive materials, such as rare-earth (RE) doped glasses, can be drawn into fibers. In
fact, due to the optical activity in the UV domain, the incorporation of Gd3+ ions inside oxide
glasses leads to efficient scintillator and phosphor materials [10,11]. However, in most of the
investigated glasses, the Gd3+ ions have mainly been used as sensitizers for other rare-earth ions
to enhance their luminescence [12–16]. This mostly concerned multicomponent glasses, which
contain glass modifier elements, such as aluminum, that could decrease the glass resistance to
radiations [17]. Pure silica glass is obviously a promising host due to its high damage threshold,
physical stability and strong chemical resistance [18–22]. However, only a few studies have
been devoted to Gd3+-doped silica glasses without other co-dopant [23,24]. In this paper, we
investigate the structural and optical properties of a Gd3+-doped silica glass prepared using the
sol-gel process in combination with a post-doping technique. The RL response of this active
material, included as a component of a fiber-based device for X-ray radiation remote monitoring,
has been evaluated over several dose rate decades for the first time to our best knowledge. It
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constitutes our preliminary results of an effort undertaken to evaluate the potential of Gd3+-doped
silica glasses as scintillating materials for ionizing radiation dosimetry.

2. Experiments, results, and discussion

Porous silica xerogel was prepared using the sol-gel technique from tetraethylorthosilicate (TEOS)
precursor as described elsewhere [25]. The obtained xerogel was stabilized at 1000°C and
then soaked in an alcoholic solution containing gadolinium salt. Subsequently, the sample was
withdrawn from the doping solution and dried at 50°C for 24 hours to remove solvents and
retain gadolinium element within the nanopores. The doped matrix was then densified in helium
atmosphere at 1350°C for 2 hours. Finally, the Gd-doped glassy rod was drawn at a temperature
of about 2000°C down to a millimeter-sized cane. The Gd concentration in the cane sample was
estimated at about 0.1 wt% by electron probe micro-analysis.
Raman spectroscopy analysis was performed in a cane sample, at room temperature, in a

confocal configuration using a triple-grating spectrometer (Jobin-Yvon T64000) and the 514.5 nm
line of an Ar+ laser as the excitation source.
Figure 1 presents the Raman spectrum of the Gd3+-doped cane sample, which exhibits the

well-known SiO2 glass bands [26], including the large band centered around 440 cm−1 and
attributed to the Si-O-Si network deformation vibration (ω1). The two smaller bands at 490 cm−1

(D1) and 603 cm−1 (D2) are assigned to symmetric stretching modes of three- and four-member
siloxane rings, respectively, in the silica network. The asymmetric band situated around 800
cm−1 (ω3) is assigned to a complex vibration involving substantial silicon motion in addition to a
bending movement of oxygen in a vitreous network. The high frequency bands (ω4) at ∼1050 and
∼1200 cm−1 were attributed to a TO-LO pair splitting. Finally, in the low-frequency region, the
clear band around 60 cm−1, called the “Boson peak”, is characteristic of the vitreous state [27].

Fig. 1. Raman spectrum of Gd3+-doped silica cane.

UV absorption spectrometry was performed at room temperature using a Cary 5000 double-
beam spectrometer (Agilent Technologies).
The optical absorption spectrum of Gd3+-doped silica cane is presented in Fig. 2. This

spectrum shows two absorption band groups in the wavelength ranges from 243–258 nm and
270–280 nm. They are attributed to the transitions from the ground state (8S7/2) to the 6DJ and
6IJ excited multiplets of Gd3+ ions, respectively [28].
Photoluminescence (PL) kinetic measurements were performed, at room temperature, using

an optical parametric oscillator equipped with a second harmonic generation nonlinear crystal
pumped by the third harmonic of a Nd:YAG laser with a 5 ns pulse width and a 10Hz repetition
rate. The light emitted by the samples was spectrally resolved by a grating with 300 grooves/mm
and recorded by a gated intensified CCD equipped with a delay generator. Figure 3(a) shows the
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Fig. 2. Optical absorption spectrum of Gd3+-doped silica cane.

PL spectrum of the glassy cane under pulsed excitation at 275 nm. As seen under this excitation,
the sample presents a sharp UV PL band centered around 314 nm (3.95 eV), with a full width at
half maximum (FWHM) estimated at about 3.3 nm (0.041 eV). This band corresponds to the Gd3+

transition between 6P7/2 and 8S7/2 states [29]. Figure 3(b) shows the PL decay curve recorded at
314 nm under the same excitation wavelength (275 nm) and with a time resolution of 20 µs.
We have found that this PL decay curve does not follow a pure mono-exponential function.

However, it could be successfully fitted by a stretched exponential function that takes into account
the multisite environment of the Gd3+ ions [30,31]:

I(t) = y0 + A exp
[
−

( t
τ

)β]
(1)

where I(t) is the luminescence intensity, t is time, y0 is the background (noise level), A is
the intensity at t= 0, β is the stretch factor and τ is a characteristic relaxation time. The fit
to the above function is shown in Fig. 3(b) for the emission wavelength 314 nm, yielding the
parameters β= (0.86± 0.01) and τ = (1.35± 0.01ms). This result leads to the commonly used
interpretation of an observed stretched exponential relaxation in glasses, which refers to the global
relaxation of a system containing a number of independently relaxing species, each of which

Fig. 3. (a) PL spectrum of Gd3+-doped silica cane under pulsed excitation at 275 nm, (b) PL
decay curve recorded at 314 nm wavelength, under excitation at 275 nm and its corresponding
curve fitting using Eq. (1).
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decays exponentially with a specific fixed relaxation rate τ [32]. The stretched exponential nature
of the PL dynamic obtained at 314 nm can be explained by a favorable role of our post-doping
route using nanoporous silica xerogel, which facilitates the dispersion of gadolinium ions in the
glass, reduces their ability for cluster formation and leads to disordered local environments with
a multiplicity of sites available for the trivalent gadolinium ions. The obtained value of τ is close
to the dominant decay time of 1.8ms reported in the literature [23]. This former was determined
from two-exponential approximation and reported in the case of Gd3+ ions in silica glass, with
comparable doping level (0.05mol.%), subjected to rapid thermal treatment at high temperature.
For RL measurements, the experimental setup was composed of a 0.5 mm-diameter × 10

mm-length piece of the Gd3+-doped cylindrical cane, one end of which was fusion-spliced
to a 5 m-long multimode silica fiber (Fig. 4). This fiber, with a core diameter of 0.5mm
coated with a low refractive index polymer clad, was used to guide the RL signal toward a
photomultiplier module (PMT, H9305-03 Hamamatsu). The PMT module was connected to a
numerical oscilloscope for data acquisition (Agilent Technologies InfiniiVision DSO7052B). The
electrical voltage signal provided by the PMT is read by a numerical oscilloscope. The external
X-ray beam was delivered by the MOPERIX facility of Laboratoire Hubert Curien, operating
at 100 kV and generating photons of ∼ 40 keV average energy. The X-ray dose rate is driven
by the electric current of the equipment and values up to 12.25 Gy(SiO2) can be reached. The
transport optical fiber was not subjected to X-rays. To shield this fiber during the irradiation,
we used plates of aluminum and lead. The dose rate is evaluated with an ionization chamber,
calibrated to provide the dose rates in Gy(H2O)/s. These values have been converted in Gy(SiO2)
taking into account the ratio of mass attenuation coefficients between water and silica [33].

Fig. 4. Schematic illustration of the experimental setup used to characterize the RL response
of Gd3+-doped cane exposed to X-rays. In the bottom, RL signal evolution versus time
under 427 mGy(SiO2)/s.

In the bottom of Fig. 4 is shown the RL signal evolution versus time obtained at 427
mGy(SiO2)/s dose rate. As the X irradiation starts, the RL signal increases and tends toward
a plateau if the dose rate is constant during the run. The amplitude of this plateau depends on
the dose rate level. The delayed response of the material to irradiation is attributed 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
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increases for each increasing dose rate [34]. After shutting down the X-ray irradiation, the signal
decreases within a few seconds, then presents an afterglow behavior. This obtained response
could be related to the influence of shallow traps on the process of RL [35].

Figure 5 shows the evolution of the average RL signal, in the permanent regime (plateau), as a
function of the X-ray dose rate. The dose rate dependence of the RL is clearly linear from 125
µGy(SiO2)/s to at least 12.25 Gy(SiO2)/s. To the best of our knowledge, it is the first time such a
linear response, ranging over about five decades, has been reported with a Gd3+-doped silica
glass.

Fig. 5. RL response of the Gd3+-doped cane spliced to a fiber as a function of the X-ray
dose rate. The uncertainties on both dose rate and RL voltage values are estimated to be
within 10% and 5%, respectively.

We performed a spectroscopic investigation to elucidate the mechanisms at the origin of
the RL signal. The RL spectrum was recorded by connecting the fiber to a TM-UV/VIS
mini-spectrometer (C10082CA Hamamatsu).
Figure 6(a) presents the RL spectrum of Gd3+-doped cane in the whole UV-visible range

obtained under 2.1 Gy(SiO2)/s X-ray dose rate. It shows narrow and intense RL emission band
centered at 314.4 nm (3.94 eV), with a FWHM of about 4.1 nm (0.051 eV). No other RL emission,
related to defect centers [36], at lower energy could be detected. Moreover, no continuous
background signal due to the stem effects has been observed [5]. Figure 6(b) compares the
obtained RL spectrum of Gd3+-doped cane to its PL counterpart under UV excitation. The
similarity of RL and PL spectra demonstrates that the RL process involves the same energy levels

Fig. 6. (a) RL spectrum of Gd3+-doped silica cane in the UV-visible range under 2.1
Gy(SiO2)/s. (b) Normalized RL (under 2.1 Gy(SiO2)/s) and PL (under laser excitation at
275 nm) spectra of Gd3+-doped silica cane.
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as the PL phenomenon: in both cases, the final transition occurs from the 6P7/2 level to the 8S7/2
ground state of trivalent Gd3+ ions. The slight difference between PL and RL bands could be
related to the different excitation-emission mechanisms in the PL and RL processes. Regarding
the PL case, the gadolinium ions are immediately excited by incident photon energy. Whereas, in
the RL, X-rays initially generate electron-hole pairs, which then relax through defect traps before
the final radiative recombination on the excited centers.

3. Conclusion

In summary, Gd3+-doped silica glass, with a low doping concentration (0.1 wt%), was prepared
using the sol-gel technique. After drawing, the obtained cane sample showed the characteristics
UV absorption and luminescence bands associated with Gd3+ ions in a silica host. The optical
activity of this material in the UV domain was exploited for X-ray radiation dosimetry. We
have demonstrated that the RL signal shows a linear response to the dose rate over five decades
ranging from 125 µGy/s up to 12.25 Gy/s. Thanks to the obtained results, this material exhibits
an interesting potential for remote ionizing radiation dosimetry applications. This Gd3+-activated
glass could be suitable for a variety of applications such as a scintillator for other ionizing
radiations, energetic particle beams or UV-light sources.
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