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Abstract: The development of efficient scintillators emitting in the red and/or infrared spectral range
represents an important scientific challenge, as such materials could find numerous practical applica-
tions. This work studies newly grown Csl:Yb,Sm and CsI:Eu,Sm single crystals demonstrating red and
infrared luminescence. We measured luminescence spectra in the visible and near-IR range, excitation
spectra across visible, UV, VUV, and X-ray ranges, Raman absorption spectra, and thermoluminescence
spectra. The results show that divalent europium and ytterbium ions can efficiently transfer excitation
to samarium ions. The measured X-ray light yield reached 37,000 photons/MeV for Csl:Yb,Sm and
40,000 photons/MeV for CsI:Eu,Sm.

Keywords: cesium iodide; scintillator; europium; ytterbium; samarium; luminescence; single crystal;
crystal growth

1. Introduction

Red-emitting scintillators represent a crucial class of materials capable of converting ionizing
radiation energy into red and near-infrared luminescence. These materials are of significant interest
for radiation monitoring, medical imaging, and high-energy physics, as their spectral characteristics
closely match the sensitivity range of semiconductor photodetectors. Ultra-compact yet highly sensitive
scintillator-photodetector assemblies could be particularly valuable for real-time dosimetry monitoring
during radiation therapy[1-4]. Traditional scintillator materials often rely on trivalent rare-earth
ions as activators; however, divalent samarium (Sm?*) has emerged as a promising alternative for
NIR emission[5,6]. Sm%t exhibits characteristic 5d—4f transitions that result in strong emission in
the red and NIR regions, making it suitable for applications requiring efficient light conversion at
these wavelengths. Also, divalent samarium exhibits low self-absorption, which contributes to high
light yield even at high activator concentrations[7]. However, the practical application of Sm?*-
activated scintillators can be limited by the need for efficient energy transfer mechanisms[8-10]. To
address these limitation, sensitization strategies involving co-doping with other rare-earth ions such
as ytterbium (Yb?*)[6,11] or europium (Eu?*) have been explored[9,12]. Yb?* and Eu?* can act as
efficient sensitizers, absorbing energy from the host lattice and transferring it to Sm?* via energy
transfer processes, thereby enhancing the overall scintillation efficiency. Our previous studies[13,14]
of activated Csl single crystals have revealed that while samarium ions exhibit efficient red emission
through 4f5d! —4f° transitions, their practical application is limited by poor spectral overlap between
the host exciton emission band and Sm?* absorption. Therefore, the luminescence of Sm?* exhibits
low intensity under X-ray excitation. However, co-doping with suitable sensitizers can enhance
energy transfer and increase X-ray-excited luminescence. The optimal impurities for this co-doping
strategy are Yb*" and Eu?", as the energy transfer processes involving these activators are relatively
efficient[13,15]. This article focuses on the development and characterization of novel scintillator
materials based on Csl crystals activated with divalent samarium (Sm?*") and sensitized with ytterbium
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(Yb%+) or europium (Eu?"). We explore the luminescence and scintillation properties of these materials
under visible, near ultraviolet, synchrotron and X-ray excitation.

2. Materials and Methods

Granulated Csl with a purity of 99.998% (with respect to metal impurities), produced by Lanhit,
was used as the starting material for crystal growth. The activators consisted of Sml, and Ybl,
powders, as well as granulated Euly, all with a purity of 99.99% (Lanhit). The initial mixture contained
150 g of Csl and 2.6 g of each activator (approximately 1 mol%). The materials were loaded into a
vitreous carbon crucible inside the furnace and heated under vacuum at 500°C for six hours to remove
adsorbed oxygen and moisture. By the end of the drying process, the residual vapor pressure in
the furnace was below 0.01 Pa. The growth setup comprises a spherical water-cooled stainless steel
chamber. A crystal pulling rod, thermostatically water-cooled and driven by two stepper motors,
provides simultaneous rotation and vertical displacement of the growing crystal. A graphite adapter
fitted with a quartz capillary is mounted at the rod ’s extremity (Figure 1). The furnace is equipped
with a cylindrical resistive heater surrounded by pyrolytic graphite thermal insulation. Temperature
regulation is achieved using a K-type thermocouple fixed to the crucible base. To suppress melt
evaporation, both melting and crystal growth were conducted in an argon atmosphere maintained at
110 kPa.

Csl:Eu,Sm

O &

Csl:Yb,Sm

— Graphite holder

— Quartz capillary

Growing crystal

Graphite
heater

Glassy carbon
crucible

Graphite
stand

Figure 1. Schematic of the crystal growth setup and photographs of samples prepared for spectroscopic studies.

Crystal growth was initiated by seeding onto a quartz capillary. To grow the colored crystal, the
Kyropoulos method was employed, which enables higher incorporation of dopant ions into the crystal
lattice compared to the Czochralski technique. The crystal was grown at a cooling rate of 0.3°C/h.
Although the Kyropoulos method typically involves crystal pulling and rotation from the melt, neither
the pulling motor nor rotation were utilized in this case to maximize the dopant ion concentration
in the as-grown crystal. As a result, a single crystal approximately 35 mm in diameter and 8§ mm
thick was obtained. It grew as a layer on the remaining part of the boule, where the melt began to
solidify non-uniformly, exhibiting off-stoichiometry and inclusions of dendritic structures with unclear
composition. This approach enables higher dopant concentrations but limits the growth of large,
homogeneous crystals. Nevertheless, samples of sufficient quality for spectroscopic studies can still be
cut from the resulting crystals. For comparative analysis, the spectra of CsI:Eu, CsI:Sm, and Csl:Yb
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crystals will be presented. These crystals were grown under identical conditions with similar activator
concentrations. The luminescence and excitation spectra were registered by a spectrometer based
on SDL-1 and MDR-2 grating monochromators (LOMO, Saint-Petersburg, Russia) equipped with a
grating of 1200 and 600 lines per mm. A Hamamatsu H6780-04 photomultiplier module was used as
a photodetector. Excitation was carried out using a high-pressure 150W xenon arc lamp DKSH-150
through an MDR-2 monochromator with a diffraction grating of 1200 lines/mm. Additionally, 405
and 450 nm lasers were used for excitation. A closed-cycle helium cryostat was used for studies in
the temperature range of 7-300 K. The X-ray luminescence spectra were measured using an MDR-2
monochromator coupled with a cooled FEU-83 photomultiplier tube (S-1 photocathode type), under
excitation by a 10L-01 X-ray tube operated at 50 kV voltage and 1 mA current. The luminescence
experiments under VUV excitations were carried out using synchrotron radiation from 1.5 GeV storage
ring of MAX 1V synchrotron facility (Lund, Sweden). The luminescence experiments under synchrotron
radiation excitations are a powerful tool for the study of scintillators[16,17]. The experiments have
been performed at the photoluminescence endstation of FinEstBeAMS beamline. The parameters of
the beamline and the experimental setup are given in[18]. The luminescence spectra were processed
using an ArDI web-application (https://ardi.fmm.ru).

Raman spectra were measured using a WITec alpha300R confocal Raman spectrometer coupled
with a 532 nm Nd:YAG laser at room temperature, calibrated on crystalline silicon. The spectra were
recorded with a diffraction grating of 1800 lines per millimeter and a spectral resolution of 3 cm ™.
The laser beam had an output power of 10 mW, and the focal spot diameter sample was between 5
and 10ym. The backscattered Raman signal was collected by using a Zeiss 50x/NA 0.55 objective in a
UHTS300 spectrometer equipped with a Peltier-cooled, front-illuminated CCD camera. Spectral scan
durations were 20 s, with signals averaging over 5 scans.

3. Results

The undoped crystal does not exhibit Raman scattering due to its NaCl-type crystal lattice.
However, Raman signals were detected in CsI crystals doped with 1 mol.% of Yb?* and Sm?™, as well
as in those doped with 1 mol.% of Sm?* and 1 mol.% of Eu?>*. The Raman spectra of these doped
crystals are presented in Figure 2. The bands observed at 80, 94, 112, 136, and 164 cm~tin the doped
crystals can be attributed to (Ln?*1g)%-vc clusters[19].
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Figure 2. Raman absorption spectra of CsI:Sm (1); Cs:Yb,Sm (2) and CsI:Eu,Sm (3).

The luminescence spectra of Csl:Yb,Sm shown in Figure 3 were measured at temperatures of 298
K and 7 K. At room temperature, a band corresponding to the 4f°5d! —4f° luminescence of divalent
samarium[20] is observed in the red and infrared spectral regions, with a maximum intensity in the
range of 1.4-1.5 eV (~827-886 nm) under 405 nm laser excitation. In the long-wavelength region, the
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edge of the 4f°5d! —4f® emission band is truncated due to the declining sensitivity of the detector used.
In the blue spectral region at room temperature, two bands (high-spin and low-spin) of 4f!35d! —4f'4
luminescence from divalent ytterbium ions are visible[21]. However, the emission intensity in these
bands is two orders of magnitude lower than that of the divalent samarium band.
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Figure 3. Luminescence spectra of Csl:Yb,Sm measured at 298 K and 7 K.

Upon cooling, the characteristic Yb>* emission band nearly completely loses its intensity, while
the 4f°5d! —4f°% emission band narrows, revealing a shoulder at 1.55 eV (=800 nm). Additionally,
46— 4f% lTuminescence bands characteristic of divalent samarium ions appear[22,23], with observed
transitions °Dy—’Fy, °Dy—’F; and °Dy—’F, showing maxima at 1.81 eV (=685 nm), 1.77 eV (=700
nm), and 1.71 eV (=725 nm), respectively. When excited at 450 nm within the ytterbium emission band,
the intensity of the 4°5d! —4f° emission increases significantly relative to the 4f®—4f° transitions.

The excitation spectrum (Figure 4) consists of 4f"5d! —4f" electronic transitions of Yb and Sm ions.
In the region of 4f®—4f° transitions of samarium, the main excitation bands show good agreement with
the excitation bands of the reference Csl:Yb sample[13]. In the 4£55d! —4£° emission band of samarium
ions, the excitation spectrum exhibits some anticorrelation compared to the excitation spectrum
of 4f®—4f% lJuminescence, suggesting different types of samarium emission centers responsible for
40— 4f° and 4£°5d' —4f° luminescence.

The luminescence of the CsI:Eu,Sm sample (Figure 5) at room temperature consists of a broadened
455d1 —4f° Sm2+ emission band, compared to Csl:Yb,Sm. Both Csl:Yb,Sm and CsI:Eu,Sm exhibit
nearly identical 4f®*—4f° luminescence band profiles, indicating that the Sm>* centers responsible
for this emission experience similar crystal field environments. The 4f°5d! —4f” Eu?* emission band,
peaking at 2.67 eV (~464 nm)[24], also exhibits low intensity. Under 2.75 eV (450 nm laser) excitation,
the samarium emission band (4f°5d! —4f°) broadens and develops a vibrational structure, the energy
spacing between these vibrational maxima falls within the 210-280 cm~! range, that corresponds to
doubled Raman frequency of divalent rare earth-iodine complexes (Figure 2). Upon cooling, four
bands emerge in this spectral region, with maxima at 2.58 eV (=481 nm), 2.66 eV (=466 nm), 2.76 eV
(449 nm), and 2.85 eV (x435 nm).

The excitation spectrum (Figure 6) of CsI:Eu,Sm in the 4f°—4f° luminescence band is completely
identical to that of CsI:Yb,Sm in the 4f®—4f® band. When exciting within the 45d' —4f° luminescence
band of Sm ions, a certain correlation with the excitation spectrum of Eu?* ions is observed. From the
luminescence spectra, it is evident that both Eu and Yb act as sensitizers for Sm?* ions.
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Figure 4. Excitation spectra of Csl:Yb,Sm measured at 7 K. The dashed line represents the excitation spectrum of

CsL:Yb crystal measured at 298 K.
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Figure 5. Luminescence spectra of CsI:Eu,Sm measured at 298 K and 7 K.
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Figure 6. Excitation spectra in the 4f®—4f® luminescence bands at 7 K.
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The excitation spectrum of CsI:Eu,Sm in the vacuum ultraviolet (VUV) region was measured
in the 4f®—4f% and 4f°5d' —4f® emission bands at 7 K (Figure 7, curves (1) and (2)). A correlation
is observed between the high-energy excitation spectra. In the 5-5.9 eV (~248-210 nm) range, the
46— 4f% excitation spectrum exhibits two bands with maxima at 5.3 eV (=234 nm) and 5.6 eV (=221
nm), showing good correlation with the excitation spectrum of europium emission. In contrast, the
4£5d! —4f° band displays a broad continuum without characteristic dip. Notably, these excitation
bands are absent in the 4£5d! —4f° excitation spectrum of CsI:Sm (Figure 7, curve 5). In the STE
excitation region, the Eu?t and Sm?2* crystals are not found intensive bands. However the similar

to STE excitation bands structure could be observed (Figure 7, curves 2 and 3). In contrast, the only
Sm?* doped Csl crystal is not excited in the STE region (Figure 7, curve 5). The excitation spectrum in
the 4f°5d! —4f” band of Cs:Eu (Figure 8) correlates with the STE excitation spectrum, indicating an
efficient energy transfer mechanism from self-trapped excitons to Eu?* ions.

Intensity (arb. units)

Intensity (arb. units)

Figure 7. Excitation spectra of CsI:Eu,Sm and CsI:Sm (dot line) samples in VUV range.
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Figure 8. Excitation spectra of CsI:Eu in VUV range.

For a more detailed study of the divalent europium luminescence band, we measured the lumi-
nescence spectra of Csl:Eu crystals at 7 K under excitation at 5.6 eV (~221 nm), 5.7 eV (=218 nm),
5.3 eV (=234 nm), and 3.7 eV (=335 nm) (Figure 9). The Gaussian fitting analysis of the emission
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band demonstrates that the spectrum consists of five overlapping components with maxima at 2.69 eV
(=461 nm), 2.73 eV (=454 nm), 2.78 eV (=446 nm), 3.03 eV (~409 nm), and 3.17 eV (=391 nm). The
relative intensities of these bands show significant variation with increasing excitation energy. Further-
more, the spectrum contains an additional luminescence peak at 3.66 eV (=339 nm) corresponding to
self-trapped exciton emission.
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Figure 9. Luminescence spectra of CsI:Eu under VUV excitation at 7 K.

To determine the light yield, we measured the X-ray luminescence spectra (Figure 10) of the
synthesized samples and a commercial Csl:T1 scintillator crystal (light yield: 54,000 photons/MeV)
used as a reference. All samples were prepared with identical geometric dimensions. Given the broad
spectral range of the emission bands, the measurements employed a cooled photomultiplier tube with
a silver-oxygen-cesium (S-1 type) photocathode operating in pulse-counting mode. The recorded
spectra were corrected for the instrument’s spectral sensitivity. To verify that Eu and Yb ions act as
effective sensitizers in scintillation process, we additionally measured the luminescence spectrum of a
Csl:Sm crystal grown under the same conditions as the studied samples. The light yield and integrated
emission intensity (expressed as a percentage relative to the reference) are summarized in Table 1. The
measurement uncertainty of this method was 10%.
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Figure 10. Luminescence spectra of CsL:Tl, CsI:Yb,Sm; CsI:Eu,Sm; and CsI:Yb,Sm crystals under X-ray excitation.
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Table 1. Light yield of samples under X-ray excitation.

Light yield relative to . .
Sample standard (%) Light yield (photons/MeV)
CsL:T1 100 54000[25]
CsI:Yb,Sm 68 36720
Cs:Eu,Sm 74 39960
Csl:Sm 14 7560

The thermoluminescence glow curves are given in Figure 11. The weak glow peaks at 125 and 140
K and intense glow peaks at 200, 255 and 275 K were observed in Csl:Yb, Sm crystals. In the crystals
Csl: Eu, Sm the peaks at 205 and 290 K were observed.

—— Csl:Yb,Sm
—— Csl:Eu,Sm
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75 100 125 150 175 200 225 250 275 300 325 350
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Figure 11. Thermoluminescence spectra of Csl:Yb,Sm and CsI:Eu,Sm.

4. Discussion

The most effective scintillators are materials in which energy transfer from intrinsic excitations to
the activator ions occurs via excitons excitons[26-29]. In crystals activated by Yb?*, this process also
takes place, making them quite promising as scintillators[13].

In Csl-Eu crystals, the exciton mechanism is similarly observed[30,31], with the formation of
near-impurity excitons also noted in these crystals. In the emission spectrum of Eu?* in CsI crystals,
excitation near the edge of the forbidden band reveals several bands. The broad band around 2.75
eV corresponds to the emission of a near-impurity exciton localized near sodium[32]. This band is
also observed in unactivated, nominally impurity-free crystals. In europium-activated crystals, four
additional bands appear at 2.7 eV, 2.77 €V, 3.00 eV, and 3.17 eV. Their excitation spectra differ from one
another. The bands at 2.7 eV and 2.77 eV exhibit excitation bands in the 3 to 5 eV range, associated
with intracenter excitation of 4f-5d transitions of Eu?*[15,33]. Higher-energy bands are excited only
within the energy range close to interband transitions of 5-5.6 eV. In the energy region where electron
multiplications are observed, the luminescence bands at 2.7 eV and 2.77 eV are excited much more
efficiently. Thus, these bands are associated with intracenter 5d-4f transitions in europium centers of
different types is confirmed[30]. Such centers are most likely Eu?>* compensated by cation vacancies
in nearest-neighbor (nn) and next-nearest-neighbor (nnn) positions. The nature of the higher-energy
bands is likely associated with the decay of a near-impurity exciton near two types of Eu*" centers. In
this case, excitation transfer from these excitons to europium ions occurs, as indicated by an intense
band in the 5-5.7 eV region observed in the excitation spectrum of 5d-4f europium luminescence (bands
at2.7 eV and 2.77 eV).
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From the excitation spectra of crystals with double activation (Figs. 6 and 7), it is evident that
excitation transfer from the divalent ions of the sensitizers Eu?>* or Yb?* to Sm?* occurs. In particular,
in crystals activated by europium, bands appear in the 5d-4f excitation spectrum in the 5.3 and 5.6 eV
regions, associated with the excitation of a near-impurity exciton near europium[15] and weak bands
in the region associated with self-trapped excitons at 5.9-6.0 eV. A similar pattern is observed in CsI-Yb,
Sm crystals.

The energy transfer process is associated with the overlap of the emission bands of Eu?* (Fig. 9)
and Yb%*[13] and the absorption characteristics of Sm2*[14]. When excited in the 4f-5d bands of
YbZt or Eu?t, intense luminescence related to Sm2 ™ is observed, causing the entire volume of the
crystal to glow. The intensity of 5d-4f luminescence from Sm?* increases with rising concentrations
of divalent lanthanide ions, as decreasing distances between Sm?* ions and sensitizer ions (Yb** or
Sm?7) facilitate energy transfer. Thus, dipole-dipole nonradiative energy transfer from sensitizer ions
Yb2* or Eu?* to Sm?* ions presumably occurs.

In the excitation spectrum of 5d-4f luminescence, particularly within the region of interband
transitions, coactivation of CsI-Sm?* crystals with Yb?* or Sm?* ions reveals the occurrence of electron
multiplications. This phenomenon suggests the establishment of an excitation transfer channel from the
crystal lattice to Sm?* ions, facilitated by the presence of Eu?>* and Yb?* ions. Notably, a distinct band
emerges in the 5d-4f excitation spectrum of Sm?* luminescence, corresponding to a near-impurity
exciton localized on either Eu>* or Yb?>". The precise origin of these excitons remains uncertain;
however, it may be attributed to the deep energy states of Eu?>" and Yb?* within the bandgap of
CslI crystals, which could provide stability to the impurity exciton. Additionally, it is plausible that
the decay of cationic excitons occurs at these impurity sites, as the core levels of Eu?>* and Yb?* are
situated within the energy range conducive to the formation of cationic excitons[34-36].

The thermoluminescence (TSL) bands in Csl-Yb, Sm and CsI-Eu, Sm crystals are associated with
VKA hole centers near the divalent lanthanide ions. Since these bands differ between crystals with
various sensitizers, they likely result from the nonradiative decay of a near-impurity exciton close to
Yb?* and Eu®* ions. The TSL peaks in CsI-Eu, Sm crystals occur below room temperature, which
means these crystals do not exhibit significant afterglow, unlike CsI-T1 crystals. In contrast, CsI-Yb, Sm
crystals show a slight afterglow; however, this is several orders of magnitude less than that observed
in CsI-Tl. Similarly, in CsI-TI crystals co-activated with divalent lanthanides ions (Eu**, Yb?>* or
Tm?*), the afterglow intensity diminishes [37-40]. The light yield of the double-activated crystals was
assessed using X-ray luminescence spectra, revealing a notable enhancement compared to crystals
activated solely by Sm?*. Specifically, CsI-Yb,Sm and particularly CsI-Eu,Sm crystals demonstrate
great potential as scintillators emitting in the near-infrared region. Their light yield surpasses that of
previously studied crystals[41] and may approach that of CsI-TL.

5. Conclusions

For the first time, Csl crystals doubly activated with rare-earth ion pairs (Eu,Sm and Yb,Sm)
have been successfully grown. Our studies demonstrate that divalent europium and ytterbium ions
serve as efficient sensitizers for samarium ions (Sm?*) in CsI crystals, where Sm?2* exhibits a broad
5d-4f emission band in the red and near-infrared spectral region. The light yield of the obtained
crystals under X-ray excitation was evaluated to be approximately 37,000 photons/MeV for Csl:Yb,Sm
and 40,000 photons/MeV for Csl:Eu,Sm. Further optimization of crystal growth techniques could
significantly enhance the light output, potentially leading to the development of cost-effective infrared
scintillators. These findings open new possibilities for creating efficient scintillation materials with
emission in the near-infrared range.
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