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Ceramics of quaternary garnets (Gd,Y)3Al,Gas01, doped with Ce, Tb have been fabricated and evaluated
as prospective materials for indirect energy converters of ¢-and B-voltaic. Samples were characterized at
excitation with an X-ray source and an intense 150 keV electron beam and showed good temperature
stability of their emission and tolerance to irradiation. The role of X-rays accompanied the o-particle
emitting in the increase of the conversion efficiency is clarified. The garnet-type structure of the matrix

in the developed materials allows the production of quality crystalline mass with a light yield exceeding
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that of the commonly used YAG: Ce scintillator by a factor of two times.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Long life radioisotope-based direct-conversion nuclear batteries
created by coupling of radioactive sources to a semiconductor
element were found to be prospective for use as long-living power
supplies of different purposes [1—3]. The sources of highly ionizing
charged particles emitted by radioisotopes are of particular interest
due to a high energy density deposition in the solid state [4]. At the
high flux of the ionizing particles from isotope source a radiation
damage of the converter occurs. A utilization of wide-band or liquid
semiconductors partly resolves this problem [5,6]. Moreover, as
higher band gap of semiconductor is, as better conversion effi-
ciency is achievable [7]. Recently, a few types of direct-conversion
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devises have been reported [8—11] including evaluation of a-
voltaic unit based on diamond coupled to 4'Am source [12].

Indirect conversion of ionizing radiation, which uses an inter-
mediate conversion of the ionizing radiation in the optical photons
with further their absorption in a photovoltaic element (PV), elimi-
nates the problem of the radiation damage of the conversion ma-
terial. This creates an opportunity to use cheap silicon photo-sensors,
the shock of radiation damage will be taken by the luminescent in-
termediate converter, which blocks the penetration of charged par-
ticles into the PV element. Naturally, cathodoluminescence
phosphors have been considered for this purpose first [13—17].
However, bright phosphors of ZnS and (Y,La,Gd),0,S families are
produced in a polycrystalline form, even thin layers of which
demonstrate a sufficient light scattering, which deteriorates light
collection from the converters made of them. A possible solution is to
use renewable liquid scintillator [18] however, it complicates the
design, and liquid scintillators have a low stopping power to ionizing
radiation and a limited light yield by nature.
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Inorganic crystalline scintillators might be the pool of materials
to choose as prospective intermediate converters. Various branches
of nuclear science and technology, including safety at nuclear po-
wer plants, high-energy physics, security applications, nuclear
medicine [19], drove the development of scintillators last few de-
cades. In particular, involving high-luminosity particle emitters,
like proton colliders [20] demanded the development of radiation
hard scintillation materials for detecting the ionizing radiation. A
systematic study of the radiation effects in inorganic oxide crys-
talline scintillation materials [21—30] resulted in the development
of several families of irradiation-tolerant Ce doped materials: alu-
minates and gallates with garnet structure and oxyorthosilicates.
Comparison of several scintillation materials for intermediate
converters purpose is in Table 1. A layer of the scintillator with
thickness less than 100 um would be enough to settle a radiation
damage of PV. Oxide scintillation materials mechanically robust
and non-hygroscopic. Halides, LaBrs and GdBrs, have high light
yield however, possess an affinity to water and must be encapsu-
lated to operate in the Earth's environment. Oxyorthosilicates,
namely Lu;SiOs5:Ce and (Lu,Y),SiO5:Ce have high light yield under
yY-quanta excitation however, demonstrate as twice as high y/a
ration (~10) in a comparison with garnets. It limits their application
for alpha-voltaics. This put forward the application of garnet-type
materials for indirect-conversion nuclear batteries. Garnet struc-
ture has cubic crystalline symmetry; single crystals of a large
diameter may be obtained by Czhochralski or micro-pulling-down
methods [31]. In addition, garnets can be produced as transparent
ceramics by hot pressing or, in a translucent form by 3D printing
[32,33].

Recently, we demonstrated that the light yield of Ce- and Tb-
doped scintillators can be drastically improved by substituting
ternary by quaternary garnets as the matrix material [34,35].
Quaternary Gd-based garnets are of a particular interest. At their
high concentration in the matrix, Gd ions form a sublattice
resulting in sub-bands inside the band gap, the lowest of which is
built by 6P(f) state. Sub-bands play twofold role: prevent creation
of the stable colour centres in the crystal under irradiation and,
form a reservoir for Frenkel-type excitons (FTE) having typically
energy close to the energies of transitions 85— °®P(~3.9eV). There-
fore, the density of FTE in the crystal is, at the same energy
deposited, larger in a comparison with the lattice excitons having
energies near the bottom of the conduction band. This increases the
scintillator efficiency to the level of the most efficient sulphide
phosphors [36].

Moreover, a variation of the composition of cations in Gd-based
matrices allows fine-tuning of the resonance conditions between
FTE and the Rare Earth (RE) ions introduced into the matrix acting
as emission centres. This capability encouraged us to engineer
scintillators based on quaternary garnets with a general formula
(Gd,Y,RE)3Al,Gas012 (RE = Tb, Ce) suitable to provide the highest
light yield under electron beam excitation. The data on light yield
obtained under high flux beam made possible an evaluation of the
efficiency of the conversion both under ¢- and B-particles of
different isotope sources. We focused on the development of the

Table 1
Some properties of oxide crystalline scintillation materials doped with Ce.
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scintillators in a ceramic form. In comparison with a single crystal
of the corresponding composition, ceramics is less expensive to
produce and enable substantially higher doping levels of the garnet
matrix, which is of especial importance to avoid activator satura-
tion at intense excitation.

2. Materials and methods

Coprecipitation method was used to produce fine powders with
various compositions and doping of (Gd,Y,RE)3Al,Gas012 (RE = Tb,
Ce). It exploits mixing all the desired components in a solution and
provides a homogeneous product allowing phase formation at
lower temperature, which is favourable to suppresses Ga evapo-
ration. Mixed nitrate solutions containing Gd, Y, Ce, Tb, Al, and Ga in
appropriate ratios to produce materials corresponding to formulas
listed in Table 1, were prepared from Gd, Y, Tb oxides (purity of 4N5,
5N, and 4 N, respectively), aluminum hydroxide (5 N) and gallium
and cerium nitrates (4N5 and 3N5) had the concentration of 1 mol/
L. Then, the mixed solution was slowly added to 2 mol/L solution of
NH4HCO3 under constant stirring to form a precipitate. The pre-
cipitate was filtered, washed with water twice and with isopropyl
alcohol once, dried at 100 °C in air ventilated oven for 8 h and
calcined at 850 °C for 2 h. Afterward, the powder was milled down
to a median particle size of 1.0—1.5 pm in a planetary ball mill in
corundum grinding media.

Ceramic samples were prepared from the powders to test with
beam and X-ray excitation:1.5 mm-thick green bodies of 20 mm in
diameter were prepared by uniaxial pressing at 64 MPa. The tablets
were sintered in air at 1600 °C for 2 h. The resulting ceramics
samples had the density of ~98% of the theoretical value, had
certain porosity, but were noticeably translucent. A SEM image of a
typical ceramics sample (Jeol JSM 7100 F), mirror-polished and
thermally etched at 1250 °C, is presented in Fig. 1(a). The samples
were ground to a thickness of 1 mm for study of their emission
properties. The luminosity of the Tb doped sample under electron
beam is in Fig. 1(b).

The list of the samples studied is given in Table 2. The concen-
tration of Ce in the samples was approximately by a factor of ten
higher than the typical concentration of Ce (~1000 ppm) used in
single-crystalline Al-Ga garnets pulled from the melt. Such a
relatively high Ce concentration was chosen to diminish the
phosphorescence intensity in the crystalline samples, which is
typical for Ga—Al mixed crystals without additional codoping by
aliovalent ions as used for the mixed single crystals production [37].
The concentration of Tb was chosen to be close to the value
providing the highest luminescence yield in Al-based garnets, as it
is reported in Ref. [38]. Another important issue which can be
resolved with a high concentration of activation ions is a preventing
of the ground state depletion at high excitation intensity [39]. It is
shown that Tb doped Y3Al301, have better tolerance to saturation
in a comparison with widely used sulphide Zn(Cd)S(Ag) [40]. Prior
to the measurements with X-ray and electron beam sources, the
light yield of the samples having fast scintillation kinetics was
evaluated with moderate sources of a-particles and y-quanta

Material Density, Attenuation of a-particles Attenuation of B-particles LY, Reference, radiation tolerance
g/cm? 5 MeV (99,9%), um 150 keV (99,9%), um y-excitation, ph/MeV confirmed at irradiationwith y-quanta
or proton fluence above 10'p/cm?
Lu,SiOs 7.48 14.5 355 27000 [23]
Y3Al5012 4.55 173 65.5 30000 [26]
Gd3Al,Gasz042 6.68 16 435 43000 [29]
(Gd,Y)3Al5Gas042 5.86 16.7 50 52000 [34]
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Fig. 1. Scanning electron microscopy image of Gd13Y172Tbo15Al,Gas01, sample (a), this sample under excitation with 150 keV electron beam, current density 1A/cm? (b).

Table 2

Compositions of GYAGG scintillators studied and light yields (LY) obtained at different excitations.
Sample Composition LY, y-excitation, ph/MeV LY, a-excitation, ph/MeV v/o.
1 GdxY2.85-xTbo.15A1,Gaz012(x = 0.53) (GYGAG1) 104500 48850" d
2 GdxY2.85-xTbo.15A1,Gaz012(x = 0.83) (GYGAG2) 159600 746007 d
3 GdxY2.85-xTbo.15A1,Gaz012(x = 1.13) (GYGAG3) 147400 68850" d
4 GdxY2.85-xTbo.15A1,Gas012(x = 1.43) (GYGAG4) 135600 65350" d
5 GdxY2.85-xTbo.15A1,Gaz012(x = 0.59) (GYGAG5) 105000 49000* d
6 GdxY2.85-xTbo.15A1,Gaz012(x = 2.03) (GYGAG6) 79000 369007 d
7 GdxY2.97-xCe0.03A1Gaz012(x = 1.19) (GYGAG7) 42500° 15200 2.8
8 GdyY2.97-xCe0,03A1,Gaz012(x = 1.19) (GYGAG8) 36000° 12800 2.8
9 Y2.97 Ceq03Als012:Ce (YAG1) 25000° 4200 5.9
10 Y2.97Ce0,03A15012:Ce (YAG2) 23000° 3800 6
11 Gdy 85Tbg 15A1,Gaz012(GAGG) 33800 15800 2.14¢

a
b

LY measured under a-particles excitation in a current mode of PMT [35] with?*'Am source (10*Bq).
LY of the samples having fast scintillation kinetics and measured under'>’Cs(10*Bq) 662 keV y-quanta excitation.

¢ The y/a ratio was measured under o-particles excitation of?4'Am and y-quanta of'>’Cs sources at shaping time 77.5ps.

d

(662 keV) in pulse height mode. A single crystal sample
Gd3.85Tbg 15A1,Gaz012(GAGG) was used for measurement of y/o
ratio. Surface of the crystal was grinded to mimic ceramic samples.
Pulse height spectra were measured with Photomultiplier Hama-
matsu R329 at a shaping time constant of 77.5ps. This shaping time
was ~30 times less than scintillation decay time in GAGG; however,
it was enough to acquire pulse-height spectra with prominent
photo-and full-absorption peaks from y-quanta and o-particles.
The ratio was measured to be 2.14 + 0.2 or, ~30% less than 2.8,
which was measured for Ce doped GYAGG ceramics samples and
applied to evaluate the LY of Tb doped samples in [35]. Ceramics
and single crystal Tb doped samples were assessed for light yield
under a-particles in a current mode described elsewhere [35].
These data and the LY calculated results for y-quanta utilising
measured vy/o ratio are listed in Table 1 as well.

The luminescence properties of the fabricated samples were
evaluated under excitation by X-rays and electron beam. The X-ray
excited luminescence (XRL) spectra were measured at excitation by
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The vy/o. ratio was chosen as measured with single crystal GAGG:Tb (Sample #11).

apparatus URS-55A equipped with X-ray tube BSV-2 (Cu anode,
30 kV, 10 mA). The luminescence was dispersed using LOMO
monochromator MDR-23 and detected by photomultiplier FEU-106
in a photon-counting mode. The spectral resolution was 2 nm. A
small-size pulsed accelerator MIRA-2D with electron tube IMA-2-
150E (electron energy 150 keV, current density 1 A/cm?, pulse
duration ~ 20 ns) was used for excitation in the cath-
odoluminescence (CL) spectroscopy experiments. It corresponds to
the 1 cm? surface activity provided by certain amount of the 100%
enriched B-isotope as follows: ®3Ni-0.12g;'¥Pm-0.0073g; cC-
1.51g. Therefore, measurements have been performed in the irra-
diation conditions close to the conditions of the further exploiting.
The CL spectra were recorded using Oriel Instruments spectrograph
FICS 77443 (uncooled CCD detector, spectral resolution 2.4 nm,
~0.34 nm/pixel) by collecting the luminescence at ~45° to the di-
rection of electron beam. To avoid signal saturation in the detection
system with a limited dynamic range, a 0.18 mm-thick Al filter was
installed at the output of the electron tube. The absorbed dose
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Fig. 2. XRL (a) and CL(b) room temperature spectra of sample GYAGG2.
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Fig. 3. XRL yield temperature dependence of the GYGAG6 sample (a) and comparison
of spectral reproducibility measured at 295 and 425 K for YAG1 and 295 and 470 K for
GYAGG®6 correspondingly (b,c).

during the exposure was measured by using certified film dosim-
eter SO PD (E) —1/10 "VNIIFTRI” and measuring the induced optical
density at a wavelength of 550 nm. At an absorbed dose rate of
0.5 kGy/s, the absorbed dose was 2.0 kGy. We also applied higher
dose rates of both ionizing radiation sources to estimate the sample
performance at intense irradiation and to reveal their possible
degradation.
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Fig. 4. CL intensity integrated in the spectral range 300—800 nm for the samples listed
in Table 1. The dopants are indicated by horizontal bars, the intensity is normalized to
that of YAG:Ce.

3. Results

The comparison of Iluminescence spectra of GdyY2gs-
xIbo15A1,Gaz01, (x = 0.83) under X-ray and electron beam exci-
tations are presented in Fig. 2. In general, the scintillation spectra
are typical of Tb®* ions in quaternary Gd—Y garnet-type crystals
[35] and the emission lines are distributed over the entire visible
range. The blue part of the spectrum is caused by transitions
°D3—’F, whereas the luminescence bands in the range
475—725 nm are caused by transitions 5D44’7Fj. A decrease in the
intensity of the transitions in the blue part of the spectrum is
observed. This might be explained by increasing the role of intra-
center nonradiative relaxation from °Ds to °Dy at the condition of
depletion of the 7Fj ground state.

The stability of the luminescence spectrum and weak efficiency
degradation of the material with increasing temperature are
crucially important parameters for nuclear battery applications
with a high-energy deposition at excitation. Fig. 3 demonstrates
XRL spectra integrated intensity versus temperature of GYAGG6
sample and its spectral reproducibility in temperature range.
Similarly, to Ce-doped YAG garnet, GYAGG doped with Tb shows
the spectral stability over the visible range.

Worth noting, Tb-doped sample shows a small temperature
coefficient for the light yield LY(T) in the temperature range
300—-540 K. YAG:Ce under such conditions of excitation demon-
strates LY(T) —0.22%/°C, respectively. GYAGG:Ce demonstrates the
stability of the luminescence intensity distribution as well, how-
ever, its LY(T) is by a factor of three larger than that in YAG.

The comparison of the cathodoluminescence LY of the samples
with that in YAG:Ce, which can be considered as a reference sam-
ple, is shown in Fig. 4. Tb doped samples show the highest LY and
the similar trend for LY change versus Gd/Y ratio as described in
Ref. [35]. All samples are superior to YAG:Ce (samples #9 and #10),
which is an extensively used garnet-based phosphor. As seen,
GAGG:Tb scintillator demonstrates only 50% of YAG:Ce light yield.

4. Discussion
An evaluation of the materials light yield at high flux excitation

is a crucial point for further estimation of the module power pro-
vided. We assume that Ce doped materials are not saturated due to



M. Korzhik, R. Abashev, A. Fedorov et al.

Table 3
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Estimated energy conversion efficiency in indirect-conversion nuclear batteries having two scintillator plates coupled to the layer of the radioisotope on a base of developed

scintillation materials.

Isotope Scintillation material LY, Scintillator conversion “Radiosotope specific Nuclear battery Nuclear battery energy
ph/MeV efficiency power, specific efficiency
mW/cm? power,
mW/cm?
63N, GYAGG2 (Tb) 55200 0,215 0,695 0,142 0,204
0.12 g/cm? GYAGG7(Ce) 42500 0,166 0,695 0,109 0,158
147pm GYAGG2 (Tb) 55200 0,215 2,485 0,508 0,204
0.0073 g/cm2 GYAGG7(Ce) 42500 0,166 2,485 0,391 0,158
238py GYAGG2 (Tb) 25800 0,10 17,04 0,830 0,193
(0.03 g/cm?) GYAGG7(Ce) 15200 0,059 17,04 0,480 0,196
241Am GYAGG2 (Tb) 25800 0,10 2,24 0,106 0,096
(0.02 g/cm?) GYAGG7(Ce) 15200 0,059 2,24 0,063 0,112

2 Estimated following to [3].

Table 4

An additional specific power of provided by soft X-rays from?3®Pu and®*'Am sources on 0.1 mm thick GYAGG scintillator.

Isotope Soft X-rays, keV Intensity rel. to alpha decay, % Spec. power in 0.1 mm thick Total spec. power in 0.1 mm thick
GYAGG from gamma, mW/cm? GYAGG from gamma, mW/cm?
B8py 11,62 025 1,06E-04 0.075
(0.03 g/cm? 136 42 2,92E-02
15,4 0,102 1,63E-05
17,06 52 4,39E-02
20,3 1,15 1,93E-03
43,5 0.0395 5,63E-07
99,85 0,00735 5,00E-09
241Am (0.02 g/cm?) 11,87 37 3,05E-01 0.360
26,3446 2,27 7,08E-04
32,183 0,0174 2,86E-08
33,196 0,126 1,40E-06
42,704 0,0055 1,50E-09
43,42 0,073 2,54E-07
55,56 0,0181 1,65E-08
59,5409 35,9 5,51E-02
98,97 0,0203 5,13E-09
102,98 0,0195 4,30E-09

the fast scintillation kinetics avoiding Ce3* ground state depletion.
Therefore, y/o. ratio remains the same as shown in Table 2. A
comparison of the integrated intensities in Fig. 4 shows that the
highest LY of the Tb based samples (#2) is 55200 ph/MeV. The fact
that yield of scintillation in Tb doped sample under intense electron
beam drops down suggests that the luminosity under a-particles
will show similar behavior. It can be elucidated if we take into

0.6

I < ©
w IS wn

©
[N}

Specific power, mW/cm?

o
=

0.2 0.4 0.6

thickness, mm

0.8 1.2

Fig. 5. Specific power deposited into the scintillator of different thickness by soft X-
rays of 24'Am.
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account that Tb scintillation kinetics constant is 2 ms and, there-
fore, depletion of the ground state can lead to a drop in the scin-
tillation yield. Finally, assuming that y/a is kept we conclude that LY
under the intense flux of a-particles should be at least 25800 ph/
MeV. As seen, both Ce and Tb doped materials are fitted well for
both types of exciting particles.

The results of estimation of the efficiency of the beta- and alpha-
voltaics having two scintillator 1 cm? plates coupled to the 1 cm?
layer of isotope in between them with weight indicated in the first
column are in Table 3. In the estimation of nuclear battery effi-
ciency, we have neglected self-absorption of a- and B-particles, set
the light collection coefficient to 0.95, the PV cell energy efficiency
to 0.5 [41] and doubled the result due to two-sided PV design.
Scintillation conversion efficiency for B-particles is rather consis-
tent with the results obtained for soft y-quanta [42].

As seen, overall conversion efficiency can reach up to 10% at the
use of developed materials. At the operation, some drop of the
conversion efficiency is expected at the heating however, this effect
is less pronounced in Tb doped scintillator as seen from Fig. 3(a).
Worth noting, both Pu and Am sources emit soft X-rays. Table 4
summarizes specific power from soft X-rays accompanied emit-
ting of a-particles by 23Pu and 24'Am. A sufficient contribution of
X-rays absorption in the specific power deposited in scintillator is
recognized in a case of *! Am source. Fig. 5 shows change of specific
power deposited into the scintillator by soft X-rays on its thickness.

So, use of the 0.5—0.6 mm thick scintillator plate play twofold
role: resolving the problem of the radioprotection and gain in the
specific power deposited at the level of 20%.
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GYAGG matrices with the composition of the sample #3.

There is a room for future improvement of the converters pro-
posed. A gain in LY at excitation with a-particles may be achieved by
further optimization of the activator content in the materials. It is
well known that y/a ratio is sensitive to the concentration of the
activator and composition of the material at low particles flux
excitation [43,44]. At the conditions of a high particle flux excita-
tion, the dominating factor would be the depletion of the activator
ground state. Fig. 6 shows comparison of ionization losses dE of
electrons and a-particles in the Tb doped GYAGG sample.

As seen, for B-particles the 99% of the losses for ionization are in
the depth of 1,13 um for ®3Ni, whereas 9,5 pm for '¥’Pm. The losses
for ionization of a-particles are expanded over the 15 um including

Nuclear Engineering and Technology 54 (2022) 2579—2585

the Bragg peak. A maximal number of FTE in the volume created per
second is estimated to be: for ®3Ni 0.695 mJ/cmZe0.5/
[(3.9¢1.6610~ %)) ¢0.0001 cm] = 5.5010%! cm3; 1*’Pm (b) 2.485 m]/
cm?e0.5/[(3.9¢1.60107 1)) 0.00095 cm] = 2.1e10?! cm—3; 2!Am:
2.24 mj/cm?e0.5/[(3.91.66107'%]) ¢0.0015 cm] = 1.2¢1072! cm~3,
whereas an amount of Tb ions is 6.5¢10%° cm 3. As seen, the con-
centration of FTE is over the concentration of Tb ions and, in a case
of substitution of >Am by 238Pu will be five times high. Thus,
ground state depletion of the Tb*>* ions having slowly decaying
luminescence kinetics might have an impact on overall converter
efficiency towards its decrease. A search of the optimum between
gain in the scintillation yield, increase of the doping ions concen-
tration and, a combining in the crystal of a set of doping ions one
may get through a future optimization of the indirect converter
efficiency.

5. Conclusions

Quaternary Gd—Y compounds with a garnet structure doped
with Ce, Tb were found to be a good platform to create high-bright
scintillators to be exploited in indirect converters with both - and
a-isotopes. Distinctive features of the developed scintillators are
their tolerance to irradiation and temperature stability, what is of
especial importance for application in converters. The materials
tested were fabricated as ceramics to utilise a flexibility with con-
centration of doping ions and to achieve high doping levels, which
are hardly attained in the single crystalline matrix. All the devel-
oped scintillators exhibit the scintillation yield, which is sufficiently
high as that of the YAG:Ce material, which is widely used for de-
tectors of ionizing radiation in a wide range of fluxes.
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