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Several Ce®*/Tm®*-co-doped alumino-silicate glasses with various Ce>*/Tm>" ratios were prepared by a sol-gel
method combined with vacuum sintering. To determine their radiation resistance, the glasses were exposed to 1
and 100 kGy y-ray. The effect of the Ce>*/Tm>* ratio on the absorption, emission and fluorescence lifetime of the
glasses under investigation, was examined before and after irradiation. The Ce*" and Ce3" cations were detected
and the nature of Si-E' and AIOHC color centers caused by irradiation was identified by radiation-induced ab-
sorption (RIA) and electron paramagnetic resonance (EPR) spectroscopy. Co-doping with Ce* ions can signif-
icantly improve the radiation resistance of the glass, although it can deteriorate the spectral properties of Tm>*
ions. Additionally, the related influence mechanisms are discussed. The obtained results indicate that ce®t/
Tm3*-co-doped alumino-silicate glasses with optimized Ce®* ion concentrations, a Ce>*/Tm>" molar ratio less

than 0.3, can be used as an active medium for radiation-resistant materials in harsh radiation environments.

1. Introduction

Over the past decades, Tm3+-doped silica fiber (TDF) lasers and
amplifiers attracted considerable attention, owing to their high effi-
ciency, excellent beam quality, perfect reliability and favorable atmo-
spheric transmission window, and broad application prospects [1-7].
Moreover, TDF has been utilized in harsh radiation environments, such
as deep space exploration and laser communication, military conflicts
[2,3,6], and other fields. However, exposing TDFs to high-energy radi-
ation (X-rays, y-rays or protons) generates a higher radiation-induced
absorption (RIA) compared to passive fibers (pure silica) [8]. This is
mainly attributed to the addition of AI>*, P°*, Ge** ions and/or other
elements in the active fiber, which reportedly reduces the clustering of
rare-earth (RE) ions and improves the performance of fiber-based am-
plifiers or lasers [9]. In addition, the elements generate color centers and
a remarkable additional attenuation of glass-based fiber [10]. However,

color centers are largely responsible for the degradation of optical
properties, and strongly affect the quantum yield and operating lifetime
[11-13]. Therefore, the fundamental goal of improving the radiation
resistance of optical fibers is to prevent the formation of color centers.

Considerable efforts have been devoted to enhancing the radiation
resistance of silica glasses and fibers. The general methodology is to
optimize the core composition as well as the pre- and post-treatment
conditions of the fiber. Composition optimization mainly refers to co-
doping Ce®* and/or F~ ions into the fiber core [14]. Pre-treatment
generally involves pre-loading Hy or Do, or pre-irradiating, or
pre-annealing the non-irradiated optical fiber, to improve its radiation
resistance [15-17]. Post-treatment generally entails photobleaching or
thermal bleaching the irradiated optical fiber, to reduce its RIA level
[13,18]. Although effective, there are some disadvantages of these
methods, namely the gas out-diffusion in the Hy or Dy loaded optical
fiber [19] and the limited improved radiation resistance of
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Table 1

Mean composition of glass samples.
Sample Al,03 (mol. Tmy03 (mol. Cez03 (mol. Ce/Tm
name %) %) %) ratio
1Al 1 0 0 -
TACO 1 0.1 0 0
TAC3 1 0.1 0.03 0.3
TAC6 1 0.1 0.06 0.6
TAC9 1 0.1 0.09 0.9
TAC12 1 0.1 0.12 1.2

pre-irradiated or pre-annealed active fibers which could partially
destroy the coating of the optical fiber [20]. In addition, the conven-
tional post-processing method is incapable of completely eliminating the
RIA of the darkened fiber due to the poor temperature resistance of the
polymer-based coating [21].

Some researchers have attempted to improve the radiation resistance
of Tm>*-doped glasses and optical fibers under y-ray irradiation. Others
studies reported the influence of loading Hz or Dy [22] and pump
bleaching [23] on the radiation resistance of TDF. Compared with these
pre-treatment and post-treatment, co-doping with cerium proposed as a
superior alternative to improve the radiation resistance of TDF.

Recently, Ce>*-co-doping was shown to be a very effective method
for reducing the radiation sensitivity of Er3+/Yb3+—co—doped [24] and
Yb3*-doped fibers and amplifiers [25] without diminishing the ampli-
fication efficiency. The Ce®* and Ce*" ions coexist in these optical
glasses and fibers. The Ce>" ions can trap the radiation-induced holes to
convert into Ce**, thereby suppressing the formation of other centers.
The Ce*" ions inhibit the formation of the center generated by trapped
electrons, which prevents the formation of color centers absorbed in the
ultraviolet-visible (UV-Vis) range [26]. However, to the best of our
knowledge, this study is the first to explore the influence of Ce>*-doping
on the radiation resistance and spectral properties of Tm3"-doped silica
glass and/or fiber.

In this work, Ce®*/Tm3"-co-doped alumino-silicate glasses with
different Ce;O3 contents were prepared by a sol-gel method combined
with vacuum sintering. The influence of Ce3O3 content on the spectro-
scopic properties was compared before and after y-ray irradiation. The
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aim of this work was to optimize the doping content of Ce;O3 and to
elucidate the nature of color centers appearing in the alumino-silicate
glasses. The radiation-induced color centers were systematically stud-
ied using EPR and absorption spectroscopy. These results will contribute
to the development of TDFs utilized in harsh radiation environments.

2. Experimental
2.1. Glass preparation

The 0.1Tm203-1A1,03-xCe03-(98.9-x)Si0O;, glasses (in mol%, x = 0,
0.03, 0.06, 0.09, 0.12) shown in Table 1 were prepared by the sol-gel
method combined with vacuum sintering. Based on the Ce®*/Tm3*
molar ratio, the glasses are either classified as TACn (n =0, 3, 6, 9 and
12) or they are more broadly referred to as the TAC glasses. In addition,
A" single-doped glass (1Al) was also prepared by the same method.
The details of the preparation process are provided in Ref. [27]. Tet-
raethoxysilane (TEOS), CyHsOH, AlCl3-6H;0 (Aladdin, 99.99%),
TmCl3-6H0 (Aladdin, 99.99%), and CeCl3-7H20 (Aladdin, 99.99%)
were used as precursors, whereas ethanol was used as the solvent and
deionized water was added to sustain the hydrolysis reaction. The
above-mentioned analytically pure grade chemical reagents were mixed
and stirred for 24 h at room temperature (~25 °C) to form a homoge-
neous and clear doping gel. To decompose the organic matter and hy-
droxyl groups, the gel was heated in the oxygen atmosphere from 70 °C
to 1100 °C, during which some of the Ce®*" ions were oxidized to Ce**
ions. The resulting powder was placed in an alumina crucible and sin-
tered at 1750 °C for 2 h under vacuum. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) indicated that the TmyOgs,
Al,03, and Ce»03 contents in these alumino-silicate glasses were close to
the theoretical values.

To study the effect of y-ray irradiation on the optical and spectro-
scopic properties of the Ce3+/Tm3+—c0—doped alumino-silicate glasses,
each glass was cut into two pieces: the one piece was exposed to y-ray,
and the other used as a reference. The glasses were exposed to y-ray from
a%Co y-source under normal atmosphere up to total doses of 1 kGy and
100 kGy at a dose rate of 59 Gy/h and 5900 Gy/h. The bulk glasses were
then polished to a thickness of 1 mm for the optical property
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Fig. 1. Absorption spectra of the TAC alumino-silicate glasses (a) before and (b) after 1 kGy y-ray irradiation. (c)Photography of the TAC alumino-silicate glasses

before and after irradiation.
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Fig. 2. (a) Fluorescence spectra of the TAC alumino-silicate glasses before (solid curve) and after (dash curve) 100 kGy y-ray irradiation measured under excitation of
Aex = 808 nm aser diode; (b) The luminescence intensity of the Tm>" ion at approximately 1800 nm as a function of the Ce®*/Tm®" molar ratio.

measurements.

2.2. Apparatus

The absorption spectra were recorded using a PerkinElmer Lambda
900 UV/VIS/NIR spectrophotometer in the range of 190-2100 nm. The
emission spectra, excited by an 808 nm laser diode, were detected using
an Edinburg FLS 920 spectrometer. The fluorescence lifetime was
measured via pulsed 808 nm optical parametric oscillation (OPO) laser
excitation with an FLS 920.

EPR measurements for paramagnetic point defects were performed
at room temperature on a Bruke ELEXSYS-II E500 CW-EPR spectrometer
operating at the X band (9.38 GHz) in the 325-345 mT magnetic field
range with 1-mW microwave power. All the EPR spectra were normal-
ized to the same receiver gain. The powdered samples of approximately
100 mg were used for the EPR tests.

3. Results and discussion
3.1. Changes in absorption and emission spectra caused by irradiation

Fig. 1(a) and (b) shows the absorption spectra of TAC glasses before
and after 1 kGy y-ray irradiation. For a visual comparison, Fig.1(c)
shows the photography of TAC alumino-silicate glasses before and after
irradiation with a dose of 1 kGy and 100 kGy.

Before irradiation, the TACO glass had noticeable absorption from
the visible to the near-infrared region compared with the 1Al glass, due
to the absorption of Tm>* ions (Fig. 1(a)). For the Ce3*/Tm>*-co-doped
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Fig. 3. (a) Decay curves of the 3F, excited state of Tm®>*

alumino-silicate glasses, a strong and broad absorption band was
observed in the UV region that extend into the visible region (400 nm).
This absorption range is assigned to the superposition of the absorption
edge of the pure silica glass (~190 nm) , charge transfer (CT) transitions
(~260 nm) of Ce** from the oxygen orbitals of the valence band to the
Ce orbitals, and the first 4f' 5 4f5d! transitions of Ce3" (302 nm) [28].
The assignment of the 260 and 302 nm absorption bands agrees with
that of Ce*" and Ce3*-co-doped crystal scintillators, considering the
energy shift corresponds to the difference between the nature of crystals
and glasses [29,30].

After 1 kGy y-ray irradiation (since the signal was saturated, the
absorption of the samples after irradiation of 100 kGy is not shown
here), the absorption coefficients significantly increase in the UV and
visible regions compared with the same glasses before irradiation, and
the degree of change in absorption gradually increases as the wave-
length decreases. The 1Al and Tm3-doped alumino-silicate glass
(TACO) have highest additional absorption in the UV and visible regions,
as shown in Fig. 1(b). This means that Ce free samples have the worst
radiation resistance properties. As shown in Fig. 1 (c), the extent of color
darkening after radiation decreases with increasing Ce>*/Tm>*, which
suggests that the radiation resistance significantly improved with an
increase in the cerium ion concentration.

Fig. 2(a) demonstrates the normalized photoluminescence (PL) in-
tensity of the 3H,4—3He transition of Tm®" ions in the typical glasses
(TACO, TAC6 and TAC12) before and after 100 kGy y-ray irradiation
measured by excitation with an 808 nm laser diode. For comparison, all
spectra were divided by the maximum intensity at 1800 nm for the un-
irradiated TACO glass. In the pristine TAC glasses, the PL intensity was
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ions from the 3F4,—>Hg emission transition (1800 nm) under pumping into 3H, (808 nm) in the TAC glasses

with different Ce>*/Tm>" ratios before irradiation. (b) ®F, excited state lifetime values of Tm>" before and after 100 kGy irradiation as a function of the Ce>*/Tm3*

molar ratio.
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Fig. 4. (a) RIA spectrum of the TAC glasses, (b) Gaussian decomposition of the RIA spectrum of the 1Al glass, (c) EPR spectra (300 K) of 1 kGy y-ray irradiated TAC
glasses, (d) normalized double integration intensity of defects as a function of the Ce>*/Tm>* molar ratio.

significantly quenched with an increase in the Ce>*/Tm>" ratio. After
y-ray irradiation, the PL intensity of all TAC glasses decreased. Notably,
the PL intensity of the TAC12 glass was only 60% of that of the TACO
glass without Ce doping.

To examine the effect of y-ray irradiation, Fig. 2(b) shows the PL
intensity of the TAC glasses as a function of the Ce>*/Tm>" ratio before
and after 100 kGy A-ray irradiation (at ~1800 nm). Before irradiation,
the PL intensity of the TAC glasses was significantly quenched with an
increase in the Ce>t/Tm3" ratio. After irradiation, the PL intensity of
TACO declined significantly although the reduction in intensity was
effectively suppressed as the Ce®t/Tm>" ratio increased. Moreover, the
change in the PL intensity gradually decreased as the Ce>*/Tm>" ratio
increased. For the TAC6 glass, there was minimal change in the PL in-
tensity before and after irradiation. This suggests that co-doping with
Ce,03 can greatly improve the radiation resistance of the TAC glasses.

Fig. 3(a) illustrates the effect of Ce>*/Tm>" ratio on the decay pro-
files of the excited state of Tm®" ions from the 3F4—>Hg emission tran-
sition (1800 nm) under pumping into 3H4 (808 nm, by an OPO pulsed
laser) for the samples before irradiation. All curves were fitted by single
exponential decay, and the fitted lifetime values were shown in Fig. 3
(b). The lifetimes of the typical glasses are 438 us (TAC0), 394 ps
(TAC6), and 346 ps (TAC12). With increasing of ce3t/Tm3 ratio, the
decay time drastically decreased. This is due to the energy transfer be-
tween the Tm3* and Ce®* ions, which quenches the 3H,4—%Hg emission
transition of Tm>" ions (see Section 3.3). A similar phenomenon was
reported by Basiev et al. with the quenching of Tm>* ions by Ce>" ions in
a two-particle cooperative acceptor [31].

Fig. 3(b) presents the excited state lifetime values of Tm>" in the TAC
glasses as a function of the Ce>*/Tm>" ratio, before and after 100 kGy
irradiation. After irradiation, the lifetime for the glass without the Ce>*

ion (TACO) was significantly quenched from 438 ps to 376 ps. This
behavior is correlated with the RIA, due to the interaction between the
Tm®" ions and point defects produced under y-ray irradiation [32].
There was no significant change observed in the lifetime of the glasses
with the Ce3* and Tm®* ions. For a more detailed discussion, see Section
3.3.

3.2. Nature of point defects produced under irradiation

The carriers of the RE-doped fibers or glasses can be excited into trap
states and subsequently form color centers in the glass matrix, which
leads to RIA. Therefore, the RIA spectrum is an important parameter
used to characterize the performance of radiation-resistant materials
[8]. Additionally, EPR spectra are beneficial for identifying the nature of
color centers. Considering the absorption of Tm?" primarily occurs in
the ultraviolet-visible (UV-Vis) region [33], one Tm3"-free 1Al glass
was prepared to eliminate the influence of the Tm>" absorption on the
deconvolution of the RIA spectra.

Fig. 4(a) presents the RIA spectrum of TAC alumino-silicate glasses
after 1 kGy y-ray irradiation. The RIA spectrum was obtained by sub-
tracting the absorption of the original glasses from these irradiated
glasses. One distinct absorption band at 540 nm was observed in the
visible region. This can be derived from the point defects generated
under irradiation. Compared to the glasses co-doped with Ce>", the
TACO glass had the highest RIA level. In the visible region, the RIA in-
tensity decreased significantly with an increase in Ce>'/Tm®" ratio,
which indicates that the radiation resistance of the TAC glasses can be
obviously improved by doping with Ce>" ions.

Fig. 4(b) shows the RIA spectrum of the Al>* single-doped alumino-
silicate glass (1Al), which decomposes the RIA spectrum into seven
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Table 2
Peak position, full width at half maximum (FWHM) of the RIA spectra (in eV)
and g values of the CW-EPR spectra of the various color centers in radiated
samples.

Type Structural Absorption FWHM CW-EPR
model (+0.1) (+0.1) signal

Si-E/ =Si* 5.8 0.8 yes

Al-E =Al° 4.2 1.0 Not observed

POR =Si-00e 4.8 0.6 yes

AIOHC  =Al-0° 2.2and 2.9 0.6 and 0.9 yes

AIODC =ALR= 5.0 0.4 no

gaussian components with peaks at 2.14, 2.98, 4.16, 4.8, 5.0 and 5.81 eV
and a tail extending from >7eV, respectively [34]. The cumulative fitted
peak is in agreement with the actual measured RIA curves for the A3+
single-doped alumino-silicate glass. These bands are attributed to the
following centers:

- aluminum-oxygen hole center (AIOHC, a fourfold coordinated Al3*
with a hole trapped an oxygen atom, denoted as = Al-0°, where “="
represents bonds with three separate oxygen atoms [35]), (2.2 and
2.9 eV),

- aluminum dangling band (AIl-E/, an unpaired electron trapped in an
AI*T atom coordinated with three oxygen atoms, donated as = Al®)
(4.2 eV), peroxy radical (POR, denoted as =Si-O-0°) (4.8 eV),

- aluminum oxygen deficiency center (AIODC, denoted as = Al- - R=)
(5.1 eV) and

- silicon dangling band (Si-E/, denoted as =Si*) (5.8 eV) [36].

A similar result was reported by Hideo et al. [37].

Fig. 4(c) shows the first derivative EPR spectra of the irradiated TAC
glasses. The strong axis characterized by g = 2.001 is attributed to the Si-
E' center [36]. A sextet was observed which was assigned to AIOHC, due
to the hyperfine interaction of the hole spin (S = 1/2) in one oxygen with
the nuclear spin of 2741 (I=5/2,100% abundant) [35,37]. Considering
that the Al-E’ has a longer spin lattice relaxation than Si-E’ and AIOHC, it
is only discernable in the dispersion mode (absorption mode in this
work) and at very low microwave powers(~puW) [37,38]. Therefore, the
Al-E’ center was not detected in this work, even if they were present in
irradiated A1**-containing alumino-silicate glass, as reported by Hosono
and Hiroshi [37]. AIODC is an EPR silent center, which has been
confirmed in a previous report [39]. For all glasses, the Si-E’ and AIOHC

Optical Materials: X 13 (2022) 100113

signal intensities decreased with an increase in the Ce>*/Tm>* ratio. For
glasses with a CexO3 content more than 0.06 mol%, the signal associated
with the Al-related defects (AIOHC) nearly disappeared. (A detailed
inhibition mechanism will be discussed in Section 3.3).

Table 2 summarizes the characteristic values of the color centers
identified in the RIA and CW-EPR spectra. In this work, the parameters
used in the RIA decomposition are quantitatively consistent with the
data reported in Ref. [25], and each cumulative fitted spectrum is
consistent with the experimental data.

3.3. Influence mechanism of Ce>*-doping on radiation resistance and
spectral properties

For clarity, we divide the following discussion into three parts:1) the
energy transfer mechanism in the near-infrared range before irradiation,
2) the energy transfer mechanism in the high-energy region before
irradiation, and 3) the energy transfer mechanism after irradiation. We
propose two hypotheses for the different possible Ce3" influences in
Tm>*-doped alumino-silicate glasses before irradiation. The complexity
of the discussion is due to the presence of both dopants (Ce®** and Tm®*H)
in addition to other ionization states (Ce4+ and Tm2+) and color centers
(Si-E’ and AIOHC). Especially, the Ce3* and Ce** redox processes are not
well characterized in glasses. The first attempted assignment was re-
ported by Lupi et al. [41] by using both the conduction and valency
bands, the energy levels of dopants and traps of color centers with
respect to these bands of the glass. Here, we provide additional details
on the possible mechanisms that determine the effect of the Ce>*/Tm>*
ratio on the absorption, emission, and fluorescence lifetime before and
after irradiation of the glasses under investigation, including the pres-
ence of Ce** cations and the nature of Si-E’ and AIOHC color centers
caused by irradiation.

3.3.1. Energy transfer mechanism limited in the near IR spectral range
before irradiation

Fig. 5 displays the schematic diagram of the energy transfer mech-
anism among the Tm>*, Ce®* ions and color centers of the TAC alumino-
silicate glasses limited to the near IR spectral range including an
explanation of the color centers that suppress the 1800 nm emission. In
the TACO glass, Tm>" ions are initially excited from the ground state
(®He) to the excited state (*H4) under 808 nm excitation. The Tm3* ions
in the 3H, state transfers their energy to the °F4 level through a cross-
relaxation (CR) process, which excites the 3F4—>3H6 fluorescence
around the 1800 nm emission. Owing to this CR process, the PL intensity
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Fig. 5. Schematic diagram of the energy transfer mechanism limited to the near IR spectral range among Tm

3%, Ge®* and color centers. ET: energy transfer, CR:

cross-relaxation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Up-conversion emission spectra of Ce>'/Tm®'-co-doped alumino-
silicate glasses, measured under excitation of Tm>" at A, = 808 nm of
laser diode.

at 1800 nm increased.

With the addition of Ce>" ions, the energy may be transferred from
the Tm>®" ion to the Ce>" ions by cooperative down-conversion (ET1
process in Fig. 5), leading to non-radiative cooperative quenching. More
precisely, the optical energy is simultaneously transferred from a single
Tm>* donor ion with an energy of 3F4—>Hg fluorescence (1800 nm of
around 5555 cm™!) simultaneously to a pair of Ce®' acceptor ions
(Tm®*—>2Ce3* cooperative acceptor) with twice lower 2R, /2—>2F7/2
transition energy of approximately 2000-2500 cm . This cooperative
down-conversion method was revealed by Basiev in Ce>*/Tm>*-co-
doped LaFs fluoride [31] as a consequence of the overlapping °F4 —>Hg
luminescence broad line spectra of Tm>* donor ions with the virtual
absorption spectrum of two-particle acceptors obtained by the energy
convolution of one-particle Ce3* spectra. As shown in Ref. [31], the °F,4
—3Hg transition of Tm>" ion is in good resonance with the absorption of
a cooperative pair acceptor (2Ce>"), because the gap for the
above-mentioned transitions is approximately twice as large as the en-
ergy of 2Fs,y—2F;/, transition of Ce>" ion. It should be noted that the
2F5/2—>2F7/2 transition of Ce3' is located between 4 and ~5 pm
(~2000-2500 cm™!), where the aluminosilicate glass is opaque.

Therefore, in aluminosilicate glasses, even with approximative over-
lapping of the energy transitions, these processes of low probability
presumably occur so that the energy may be absorbed by the matrix,
resulting in thermal vibrations. This results in a decrease in both the
fluorescence intensity and lifetime of Tm3* with an increase in the
Ce3*/Tm>* ratio in the glass before irradiation, as shown in Figs. 2 and
3.

3.3.2. Energy transfer mechanism limited in the high energy side before
irradiation

The presence of Ce®' ions was noted in Fig. 6 by pumping either Ce**
ions at 260 nm or Ce>* jons at 310 nm. The 5d-4f emission appears at
approximately 360 nm by the addition of 5d—2Fs and 5d—2Fy,, broad
bands. In addition, the Ce*>*-Tm>" energy transfer is clearly seen by the
1D,—3F,4 emission line at 458 nm and the 2F3—>Hg emission line be-
tween 700 and 800 nm.

Another explanation based on the up-conversion mechanism is pro-
posed for the Tm®* at 808 nm pumping. Owing to the absorption of
multi-808 nm photons often observed in Tm>*-doped crystals and
glasses, higher levels such as 'D can be reached. In the up-conversion
emission spectra shown in Fig. 7, the weak 1D,—3F, and 'G4—3Hg
blue transitions of Tm>" at approximately 458 nm and 476 nm were
recorded solely in the TACO glass. The 3F3—>Hg transition of Tm>* at
approximately 700 nm decreased with increasing Ce>* content. There-
fore, even if the up-conversion efficiency in the aluminosilicate glass is
relatively low owing to its high phonon energy (~1200 cm™1), the
observed up-conversion mechanism in Tm>" ions can be described in
Fig. 8. It is also possible that Tm>" ions are excited to higher energy
states while transferring energy to the 5d level of Ce>* or the CT band of
Ce**. However, the power density injected into the glass is low and
decreases the population of high-energy particles below the detection
threshold of the detector, which cannot capture the fluorescence signal.
Thus, the 5d—4f transition fluorescence of Ce>*, observed in the violet
region as a broad band at approximately 360 nm in Fig. 8, was not
detected in the up-conversion process of these aluminosilicate glasses
under Tm>* at 808 nm pumping. This detrimental effect also prevents
the exploitation of laser emissions in the visible and near-infrared
regions.

3.3.3. Energy transfer mechanism after irradiation

After high-energy irradiation of the TACO glass into the conduction
band and higher energy bands, the radiation can ionize the precursor
glass to generate the color center and a separate electron/hole. The
electron or hole can be recombined by Tm>* or other precursor centers,
thus forming Tm3*—>Tm2t or other electron/hole-trapping defects
localized just below the conduction band [40]. A schematic
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Fig. 8. Schematic diagram of energy transfer mechanisms after excitation into the high-energy side. ET: Energy transfer.

representation of the possible energy levels of dopants involved between
valency and conduction bands has been detailed by Lupi [25]. The
author analyzed the photodarkening process in thulium alumino-silicate
fibers pumped at 1.07 pm and the quantitative effect of lanthanum,
cerium, and thulium.

As shown in Fig. 4(a), radiation leads a strong RIA in the UV-VIS-NIR
region, that covers the energy gap of *Hs—>Hg. Thus, after relaxation
between the highest and lowest Tm>* energy levels, the defects might
absorb the pump power and block the CR process, which triggers an
energy transfer channel (ET2) from the Tm3" ions to the color center
(see Fig. 5). In addition to the role of the defect centers in the UV-VIS
range, both the RIA in the NIR region and the reduction of Tm3* to
Tm?* presumably decreased the PL intensity and lifetime of Tm3* [14,
40].

For the Ce®**/Tm>*-co-doped alumino-silicate glasses, there was
minimal change in the luminescence lifetimes before and after irradia-
tion. This implies that the formation of color centers is suppressed. It was
proposed that the majority of cerium ions exist as Ce>" which can be
converted to Ce*" ions by capturing radiation-induced holes and thereby
decreases the concentration of trapped-hole centers (AIOHC) [25].
Meanwhile, Ce** can capture electrons and become ce*, thus inhibit-
ing the formation of trapped-electrons centers (Si-E’/Al-E") [41,42]. The
Ce®" and Ce** ions act as a buffer by releasing and capturing the holes
and electrons to prevent glass damage during y-ray irradiation.

4. Conclusions

In this study, the sol-gel method combined with the vacuum sintering
method was used to prepare Ce3+/Tm3+—co—doped aluminosilicate
glasses with different Ce>*/Tm>* ratios. The results show that the ra-
diation resistance is positively related to the Ce>*/Tm>* ratio. However,
the spectral properties of Tm>* ions deteriorate when the Ce3"/Tm3*
molar ratio exceeds 0.3. Before irradiation, as the Ce®*/Tm®* ratio
increased from 0 to 1.2, the PL intensity of Tm>* ions and the fluores-
cence lifetime decreased by 30 and 21% respectively (438 ps—346 ps).
After irradiation, a distinct decrease in PL intensity and fluorescence
lifetime (from 438 ps to 376 ps) was observed for the TACO glass without
Ce>*-doping, while the changes were inconsequential for the TAC glass
with a Ce®*/Tm>* ratio greater than 0.3. The nature of Si-E’ and AIOHC
color centers caused by irradiation was identified by RIA and EPR
spectroscopies.

By simultaneously considering the spectral properties and radiation
resistance of the glass, the optimal Ce**/Tm>" molar ratio suggested for

radiation-resistant Tm>"-doped aluminosilicate fibers used in harsh
irradiation environments is <0.3. Before and after irradiation, Ce®>* and
Ce** ions act as buffer agents by releasing and capturing the holes and
electrons to prevent glass damage during y-ray irradiation.
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