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1. Introduction

X-ray detection technologies have played a crucial role in the
fields of medical radiography, non-destructive inspection,
high-energy physics research, etc.!'. At present, the X-ray
detectors are mainly based on semiconductors and scintilla-
tors!**). The semiconductors are extremely sensitive to X-rays
and can directly convert X-ray photons into electrons that are
collected and read out by an electric circuit. The practical uses
of semiconductors, however, are susceptible to electronic inter-
ference and sensitivity to temperature. In the case of scintillator-
based detectors, X-rays are first converted into visible light by
the scintillator [known as radioluminescence (RL)], and then
the ultraviolet (UV) or visible light is read out by a photodiode,
CCD camera, or photomultiplier tube (PMT). In many cases, the
radiation environment is extremely harsh and difficult to access
as a result of high temperature, hazardous chemicals, electro-
magnetic interference, and strong radiation effects—all urgently
ask for flexible and remote detection'®”),

Recently, scintillators attached to the ends of polymethylme-
thacrylate (PMMA) plastic optical fibers have been imple-
mented to obtain a real-time radiation dose monitoring
(on-line dosimetry) at a precise point (punctual evaluation) very
distant from the radiation source (remote monitoring)'*~'%!. For
example, Zhuang et al. proposed an embedded structure of a
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A new type of X-ray fiber dosimeters is proposed that is based on the X-ray response of CsPbBr; perovskite-quantum-dots
(PQDs) activated silica fiber. Such a fiber sensor is constructed by covering a multimode silica fiber with PQDs embedded
glass powders using a transparent high-temperature glue. Under X-ray irradiation, the fiber sensor emits bright green light
at 525 nm, which can be readily recorded by a CCD spectrometer. The integrated radioluminescence intensity has an excel-
lent linear response to the X-ray dose. Study is given to the fiber sensor concerning its thermal stability in a temperature
range of room temperature up to 300°C, resistance to water erosion, and prolonged X-ray irradiation. The results verify that
the proposed fiber sensor has the advantages of good thermal stability, chemical durability, and radiation hardness. The
studied X-ray fiber sensor holds promise to be used in a real-time, in-situ, and remote radiation dose monitoring.

Keywords: perovskite quantum dots; glass ceramics; X-ray radiation; fiber dosimeter.

fiber dosimeter by mechanically drilling a hole filled with com-
mercial Gd,0,S: Tb** scintillator powders at the tip of a PMMA
fiber""). However, plastic fibers suffer from serious degradation
at high temperatures and work reliably only below ~100°C. In
comparison, inorganic silica-based optical fibers are much more
robust than organic counterparts. Balley et al. proposed the use
of Y,05:Eu®" nanocrystals (NCs) as the scintillator that is
coupled to a silica-based fiber for real-time dose rate monitoring
in brachytherapy treatment!*?). Girard et al. developed a nitro-
gen-doped silica fiber that can realize detection of various types
of irradiations and is capable of dosimetry up to several kilogray
(kGy)[13]. Jia et al. developed a sensitive dosimeter based on Ce
and Tb co-doped Y;Al;0;, (YAG) crystal-derived fibers!'*). In
our previous work, Ce*" and Gd** co-doped oxyfluoride glass-
ceramics were made into fibers for remote radiation detection”.
All of the aforementioned fibers exhibited good X-ray response
and were only limited to varying extent by the complexity in
preparation.

Scintillators based on rare earth (RE) ions emitted from 4f—4f
forbidden transitions such as Tb** and Eu®** are endowed with a
long RL decay time (several milliseconds). On one hand, a long
decay time is favorable for eliminating the Cherenkov interfer-
ence, and, on the other hand, it sets an unfavorable limit to the
sampling frequency!'®’. Various scintillators with a fast
RL decay time [scale of nanoseconds (ns)] generally activated
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by RE ions exhibiting electric-dipole allowed 5d-4f transitions, = under high-dose X-ray irradiation, as well as a good stability

e.g., Cs,Hflg:Ce*t, CsL.Tl, LiYF,:Ce®", CdS, have been used to ~ when exposed to high temperature and water erosion. The spa-

make fast fiber dosimeters!®'*~'8], tial resolution of X-ray beam intensity is also studied using the
The all-inorganic cesium lead halide (CsPbX;, X =Cl/Br/I)  proposed fiber sensor.

perovskites have offered a promising option as a scintillator for

X-ray imaging, owing to the following merits: high photolumi-

nescence quantum yield (PLQY, ~90%), fast radiative decay rate 2. Experiments and Methods

(@ f.ew. tens of ns), good X /y-ray StOI.) PINg pOwer, and tunable RI The CsPbBr; PQDs embedded tellurite bulk glass was prepared
emission wavelengths (well matching a variety of photodetec- . )
by the conventional melt-quenching and subsequent thermal

191 Qigps . .

t . Significant has b d kit

.ors) - DIBTTICATE PIOBTESS Aas beeh MAde USIE PEroveiaies o rtment method. The detailed preparation procedure can be

in radiation detection. For example, Chen et al. reported that found elsewhere?! Briefl i | . h th

all-inorganic perovskite-quantum-dots (PQDs) exhibited a full oun. cisewhere o netly .spea Ing, glass samples with the
nominal composition of (in mole percentage) 74.8TeO,-

color tuning ability in the full visible region'*”). Williams et al. ;
used PQDs for X-ray imaging and reviewed their prospects as 4.4A1,05-8.8ZnO-4CsBr-8PbBr,-0.5AgCl were prepared using
high-purity (99.99%) raw materials purchased from Aladdin

commercial X-ray detectors'*"]. Yu et al. prepared two-dimen- _ .
sional PQDs as a p-ray scintillator with good heat resistanceand ~ (Shanghai, China). An MMF was purchased from YOFC

radiation hardness'*?/, Zhang et al. discovered a composite per- Company (Wuhan, China) with a core diameter of 62.5 pm
ovskite NC with excellent X-ray imaging resolution, which can and a cladding diameter of 125 pm. The refractive indices of the
be restored to its original state by common heat treatment after ~ core and the cladding are 1.496 and 1.491, respectively. The
being damaged by X-ray irradiation'**), numerical aperture is 0.275 + 0.015.

However, PQDs still confront such an issue as a poor stability The micromorphology of powdered glass samples was
when exposed to light, heat, and moisture!’”). By embedding ~ examined by scanning electron microscopy (SEM, Apreo S,
PQDs in an inorganic glass matrix, the stability of PQDs can Thermo Scientific). Photoluminescence (PL) emission, PL
be greatly improved to the level of meeting practical require-  excitation (PLE), and decay spectra were measured by a PTI
ments'>*). Although significant progress has been witnessed in ~ QuantaMaster 8000 spectrofluorometer (Horiba, Canada)
the last few years of using PQDs activated bulk glass scintillators ~ equipped with a 75 W xenon lamp and a ns pulsed
for high-resolution X-rays detection, the fiber-optic dosimeter =~ OpoLette355 optical parametric oscillator (OPO) laser
based on such a scintillator has not yet been reported to the best (OPOTEK, Canada). X-ray excited RL spectra were recorded
of our knOWledge[ZS]- by an Omni-A 300i fluorescence spectrometer (Zolix, China)

In this Letter, we constructed a new type of X-ray fiber dosim- equipped with an X-ray tube (MOXTEK TUB-MAN-1006,
eter by coupling tellurite glass powders embedded with CsPbBr;  the working voltage is up to 60 kV and 12 W, Cu target).
PQDs as the scintillator with a commercial multimode silica The manufacture of the X-ray fiber sensor is as follows: (i) pre-
fiber (MMF) as the signal transmission waveguide [see the sche- pare PQDs embedded glass powders by mechanically grinding
matic diagram in Fig. 1(a)]. Experiments have verified that such (o pulk glass in an agate mortar, and the powders
a fiber dosimeter has a good linear responsiveness and hardness 4}, s obtained are of irregular shape and several tens of microm-
eters in size, as shown in Fig. 1(b); (ii) remove the polymer pack-
age from one end of a 21 m long MMF fiber, leaving a 0.2 cm
long stripped fiber end; (iii) coat the fiber end with the glass
powders using a transparent high-temperature glue (SINWE,
UL-94V1, China) with a refractive index of 1.56, forming the
X-ray sensitive film of ~65um in thickness [Fig. 1(b)]. The
coated fiber is then used for X-ray radiation detection.
During the measurement, the fiber sensor head was put 1 cm
away from the radiation source. The other end of the fiber
was connected to a CCD spectrometer (Horiba Lumett) for data
reading.

The irradiation dose was expressed by Gy (air), and converted
by multiplying the dose rate by the exposure time. The dose rate
was measured without a filter by a multifunctional quality test-
ing device of a Barakuda X-ray machine produced by RTI
Company. The device consists of a main machine and a multi-
Fig. 1. (a) Schematic diagram of the proposed X-ray detection set-up. functional detector (device number: BC1-08040132 + MPD-
(b) Microscopic image of the fiber head covered by PQDs embedded glass 08070050). The dose rate was varied by the tube current, and
powders (left) and scanning electron microscope image of the glass powders the irradiation time (4 min) was precisely recorded during each
(right). run of measurements.
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3. Results and Discussion

The PL emission, PLE, and decay spectra of PQDs embedded
glass powders were characterized, as shown in Fig. 2. Upon
the 365 nm UV excitation, a bright green emission is observed
peaking at 525 nm with a narrow bandwidth of ~16 nm, which
owes its origin to the bright triplet exciton radiative relaxation of
PQDs [Fig. 2(a)] (241, Monitoring the green emission band, a
broad excitation band is observed covering the wavelength range
of 300-500 nm. Figure 2(b) expresses a double exponential fit to
the PL decay curve, based on which the average PL lifetime was
calculated to be ~10ns. The decay rate is typical of PQDs and
much faster than commercial BiyGe;O;, (BGO) scintillators
(~300 ns), pointing to a good time resolution for imaging uses.

The stability of PQDs embedded glass powders against
humidity was checked in a boiling water bath [inset in Fig. 2(c)].
The powders that had been water boiled for 30 min were then
measured to compare the changes in the emission spectra and
intensity. The whole procedure was repeated six times. As shown
in Fig. 2(c), the emission intensity only slightly changes under
the repeated measurements, and the deviation in intensity is less
than 3.6%, pointing to a good stability again with water erosion.
The thermal stability of the powders was also studied under
heating (up to 300°C) and cooling (down to room temperature)
cycles. The whole process was repeated six times, and the results
are shown in Fig. 2(d). Both the emission spectra and the inten-
sity barely change under such treatments, and the deviation in
intensity is less than 1%.

The RL spectrum of the PQDs activated silica fiber was mea-
sured under X-ray irradiation. Like the UV excitation, a strong
and narrow green emission band is observed peaking at 525 nm
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Fig. 2. (a) PL and PLE spectra of PQDs embedded glass powders. (b) PL decay
curve and the fit to the data. (c) Variation of emission spectra and intensity
under water boiling treatment repeated six times. Inset: glass powders in a
boiling water bath. (d) Variation of emission spectra and intensity under heat-
ing (up to 300°C)-cooling (down to room temperature) treatment repeated six
times.
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[Fig. 3(a)]®*. The RL signal was also measured of the fiber not
functionalized by PQDs, and no RL signal could be recorded in
the PQDs emission wavelength range of 490-560 nm [Fig. 3(a)].
Figure 3(b) shows the relationship between the integrated RL
intensity and the radiation dose. The sample was measured three
times at each fixed dose, and the averages of the integrated RL
intensities were used as the data points. A good linear response
to the X-ray dose (in the range of 200 mGy-40 Gy) is revealed by
the linear fitting to the experimental data. It is important to note
that the RL signal was very stable during the measurement. The
burn-bright effect due to filling the trap states was not observed.

Due to the fairly small Stokes shift of CsPbBrs, the self-
absorption is inevitable, which sets a fundamental limit to light
propagation and amplification. In this work, we only covered a
very short length (~2 mm) of the silica fiber by the thin film of
CsPbBr;. The light emitted by CsPbBr; is transmitting in the
silica fiber to the spectrometer. The fiber per se is transparent
and has limited absorption at the emission wavelength of
CsPbBr;. It is noted that there exist some novel perovskite scin-
tillators based on self-trapped excitons with large Stokes shift.
For example, Cheng et al. proposed a CsCu,]; single crystal with
a Stokes shift as large as 236 nm'*. Lian et al. prepared
Cs;Cu,Is NCs with a high quantum yield and almost zero
self-absorption?”). These materials hold promise in improving
the performance of X-ray detection, and the challenge remains
to be solved to precipitate such crystals internally in the glass
matrix to improve their stability.

To investigate the spatial resolution of X-ray beam intensity,
the fiber sensor was fixed on a 3D translation stage and placed
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Fig. 3. (a) X-ray excited RL spectra of the PQDs activated silica fiber (blue
curve) and the un-coated fiber (red curve). Inset: schematic diagram of
the fiber sensor. (b) Relationship between the integrated RL intensity and
the X-ray dose. Solid line is the linear fit to the data. (c) Variation of the
RL intensity as a function of displacement across the X-ray beams. Red line
is the Gaussian fit to the data. Inset: an X-ray sensitive glass used to record
the X-ray beam spot. The background is the image of an enlarged spot after
X-ray irradiation. (d) Changes in the RL spectra and integrated intensity with
X-ray exposure time.
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