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Abstract: GYAGG:Tb (Ce) scintillators have been confirmed to be promising sources of light emission
when excited by an intense 150 keV electron beam. The saturation of the scintillation yield under
such excitation conditions has been studied. To explain the results obtained, a model that considers
the Auger quenching mechanism was used. The Ce-doped material did not show saturation, whereas
a moderate 30% drop of the yield was measured in the Tb-doped sample at the highest excitation
beam intensity ~1 A/cm2. This put forward a way to exploit the Tb-doped scintillator for indirect
β-voltaic batteries.
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1. Introduction

Radioisotope sources of electricity form a very useful class of micro power sources of
energy, while many of them are devices that use the intermediate conversion of ionizing
radiation energy into heat [1,2]. Alternative structures include isotope sources, which use
the effect of ionization by corpuscular radiation of semiconductor converters to generate
electricity [3–10]. Such an approach promises high efficiency; however, radiation damage
to the semiconductor material becomes an almost insurmountable obstacle, negating the
potential advantage of such a source—long service life. The problem can be solved by utiliz-
ing indirect converters, in which the photovoltaic semiconductor element and the isotope
source are separated by a layer of high light yield and radiation-hard scintillation mate-
rial [11–13]. Such requirements are met by crystalline compounds of the garnet structural
type, activated by rare-earth elements [14]. Their radiation resistance under a different kind
of ionizing radiation was confirmed in [15–18]. Tolerance to ionizing radiation occurs in
garnets because the formed color centers have absorption bands primarily in the ultraviolet
region and do not overlap the Ce3+ scintillation band of such materials, which is typically
localized in the yellow-green region of the spectrum [19–21].

Among the currently developed crystalline scintillators with a garnet structure [22],
the (Gd,Y)3Al2Ga3O12 materials activated by Ce and Tb ions have the highest scintillation
yield. Activation with Ce ions leads to fast scintillation, which, however, is not a critical
parameter for the considered application. Moreover, the scintillation of Ce ions experiences
strong temperature quenching, which is not typical for scintillations of Tb ions in crystals
of the same composition [23]. Luminescence bands of Tb ions located in the visible range
originating from f-f transitions are parity and multiplicity forbidden. Their characteristic
decay time is in the millisecond range. For such scintillators, upon intense excitation by
ionizing radiation, an additional channel of luminescence quenching occurs by the Auger
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mechanism [24]. Such a mechanism may lead to a significant decrease in the luminescence
yield and, consequently, to a decrease in the efficiency of the converter immediately after
the start of its operation.

To elucidate the effects of saturation, we performed a direct measurement of the
saturation of the scintillation yield in (Gd,Y)3Al2Ga3O12 ceramic samples activated with Ce
and Tb ions using a 150 keV electron accelerator with intensity varied over a wide range.
We focused on the samples activated with Tb ions, which were optimized to achieve the
optimal concentration of the activator and the composition of the matrix of the quaternary
garnet. A model of luminescence saturation in the considered compounds as a function of
ionization density was developed. It satisfactorily describes the experimental data. The
data obtained led us to the conclusion that the saturation effect will not lead to a significant
change in the efficiency of the converter when widely used isotope sources for betavoltaic
are used.

2. Sample Preparation and Measurements

Powder precursors of ternary garnets with variations in terbium concentration were
produced by the reverse coprecipitation method. The precursors were calcined in corun-
dum crucibles at the temperature of 850 ◦C for 2 h for garnet phase formation. After
calcination, the powders were milled in a laboratory planetary mill (Retsch PM-100) in
isopropanol media (median particle size, ~1.5 µm). Then, the powders were compacted
in the shape of tablets with a diameter of 20 mm by uniaxial pressing at a pressure of
64 MPa (PLG-20 Laboratory Press by LabTools). The compacts were sintered in an air
atmosphere at 1600 ◦C for 2 h using the Nabertherm LHT 02/17 LB high-temperature
furnace. Ceramic samples were translucent; had >99.6% of theoretical density, which
corresponds to the range of 5.84–5.89 g/cm3 depending on composition; and had an optical
transmission of 35–40% at 550 nm. The compositions of the samples and corresponding
abbreviations are given in Table 1. Depending on terbium concentration, the elemental
composition of the matrix slightly shifted. For Samples 1–4, the Gd/Y ratio in composition
was chosen following the results described in [25]. Samples 5 and 6 were made to examine
the possible influence of Gd/Y ratio deviation on the luminescence properties, whereas
Sample 7 was solely doped with Ce. The Ce-doped sample was not codoped with Mg.
Therefore, similarly to Gd3Al2Ga3O12:Ce and the other quaternary garnets, it demonstrated
phosphorescence [14,26].

Table 1. Tb- and Ce-doped samples compositions.

# Sample Composition Abbreviation

1 Gd1.175Y1.775Tb0.05Al2Ga3O12 GYAGG:Tb, Tb = 0.05
2 Gd1.160Y1.740Tb0.1Al2Ga3O12 GYAGG:Tb, Tb = 0.1
3 Gd1.120Y1.730Tb0.15Al2Ga3O12 GYAGG:Tb, Tb = 0.15
4 Gd1.100Y1.700Tb0.2Al2Ga3O12 GYAGG:Tb, Tb = 0.2
5 Gd1.4Y1.4Tb0.2Al2Ga3O12 GYAGG:Tb-2, Tb = 0.2
6 Gd1.1Y1.7Tb0.2Al2Ga3O12 GYAGG:Tb-3, Tb = 0.2
7 Gd1.175Y1.777Ce0.03Al2Ga3O12 GYAGG:Ce, Ce = 0.03

The pure garnet phase of the samples was confirmed by the X-ray diffraction method
(2D Phaser by Bruker with linearly polarized Cu radiation kα doublet 1.5406 and 1.5444 Å),
as expected. The resulting ceramic samples were single phase with a garnet structure
(Figure 1). The inset shows the evolution of the main peak of the XDR spectrum, indicating
a slight variation connected with the terbium content in the ceramic.
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Figure 1. X-ray diffraction pattern of GYAGG:Tb ceramics samples with different terbium concentration.

The luminescence spectra during photoexcitation (PL) of the samples were measured
with the Lumex FLUORAT-02-PANORAMA spectrofluorimeter at room temperature in
the wavelength range of 360–700 nm with an excitation wavelength (λex) of 273 nm, which
corresponds to the excitation in the 4f7-5d1f6- interconfiguration transition of Tb3+-ions. The
photoluminescence kinetics of the samples were measured with the PicoQuant Fluotime
200 fluorometer. The excitation of photoluminescence during the kinetics measurement
was carried out using an LED with a wavelength of 270 nm and a pulse width (FWHM)
shorter than 1 ns.

The scintillation intensity was evaluated at irradiation with the MIRA-2D small-size
pulsed accelerator with the IMA-2-150E electron tube (150 keV; highest current density,
1 A/cm2; pulse duration, ~20 ns). The beam repetition frequency was set as 10 Hz. It
corresponds to the 1 cm2 surface activity provided by a certain amount of the 100% enriched
β-isotope as follows: 63Ni-0.12g;147Pm-0.0073g; 14C-1.51g. Therefore, the measurements at
the maximal current were performed in the irradiation conditions close to the conditions
of further exploitation in the β-voltaic cells. To measure the scintillation yield at different
intensities of the excitation, the current of the beam was attenuated with a set of foil
absorbers. The scintillation spectra were recorded using the Oriel Instruments FICS 77443
spectrograph (uncooled CCD detector; spectral resolution, 2.4 nm; ~0.34 nm/pixel) by
collecting the luminescence at ~45 degrees to the direction of the electron beam. The
yield of the scintillation was defined as an integral under the radioluminescence curve.
The absorbed dose during the exposure was measured by a SO PD (E) -1/10 “VNIIFTRI”
certified film dosimeter, 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. The accelerator was
used to measure the scintillation kinetics in different spectral ranges of the Tb-doped sample.
The required wavelength was selected with a DMR-4 prismatic double monochromator. The
Hamamatsu R6358-10 photomultiplier tube and TDS-2002 digital oscilloscope connected
to a PC were used to record the scintillation pulse after a single accelerator pulse. Due to
an identity of the luminescence properties of the samples the representative sample from
the set, namely GYAGG:Tb, Tb = 0,15 was used for the measurements with excitation by
the accelerator.
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3. Results

The comparison of the PL spectrum measured at room temperature λex =273 nm,
corresponding to the excitation in the 4f7-5d1f6 interconfigurational transition of Tb3+ ions
and the scintillation spectrum, is shown in Figure 2. For both types of excitations, the
spectrum is typical for the luminescence of Tb3+ ions from two radiative states: 5D3 → 7FJ,
and 5D4 → 7FJ. The luminescence spectra of GYAGG:Ce completely coincide with data
published elsewhere [27,28]. The PL intensity increases in proportion to the concentration
of the activator for transitions from the 5D4 state but has the opposite trend for transitions
from the 5D3 state. The cross-relaxation process between neighboring Tb3+ ions depends
on the concentration of the activator as shown in [29,30] and causes observed trends.
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Figure 2. Room temperature PL spectra at excitation in Tb3+ interconfiguration transition
(λex = 273 nm) of GYAGG:Tb samples versus the activator concentration (a); scintillation spectrum of
the GYAGG:Tb, Tb = 0.15 at excitation by the electron beam at the maximum intensity (b).

The decay kinetics of PL in the region of the 5D4→ 7FJ transition are shown in Figure 3.
The kinetics of luminescence from the lower radiative state 5D4 practically do not change,
remaining close to the single exponential with a decay time of 3 ms. This indicates that
no concentration quenching of 5D4 → 7FJ luminescence is observed in the concentration
range studied.

Similar results have been observed for the samples with a different ratio Gd/Y (sam-
ples GYAGG:Tb-2, Tb = 0.2 and GYAGG:Tb-3, Tb = 0.2). Figures 4 and 5 show the lumines-
cence spectra and luminescence kinetics of the corresponding samples.

The PL intensity for sample GYAGG:Tb-2, Tb = 0.2 is approximately 20% lower than
for sample GYAGG:Tb-3. Therefore, the ratio of components close to the latter composition
was used in the concentration series.

The kinetics of scintillation at excitation by an electron-beam pulse were measured
in the region of two radiative transitions 5D3 → 7FJ (380 nm) and 5D4 → 7FJ, (546 nm).
Figure 6 shows scintillation kinetics measured with GAYGG:Tb, Tb = 0.15.

The scintillation, which is caused by the 5D3 → 7FJ transition, is strongly quenched by
the nonradiative transfer from the 5D3 to the 5D4 state. As a result, there is a rising part
in the kinetics of the scintillation in the spectral range of the 5D4 → 7FJ transition with a
constant of 150 µ. At a low excitation intensity, ~0.1 A/cm2, the scintillation kinetics is
close to that of photoluminescence; however, upon highest excitation, the decay constant
decreases by ~20%, which is due to additional quenching. Figure 7 shows the dependences
of the scintillation yield on the excitation intensity of GYAGG:Tb Tb = 0.15 and GYAGG:Ce
measured at room temperature.
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Figure 4. Room temperature PL spectra at excitation in Tb3+ interconfiguration transition
(λex = 273 nm) of GYAGG:Tb-2 and GYAGG:Tb-3 samples. Inset includes the Gd/Y ratio, assuming
a homogeneous distribution of the Tb ions between positions occupied by Gd and Y ions. Therefore,
the Gd and Y indexes are each increased by 0.1.
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Figure 7. Normalized integrated intensity of the scintillation in the spectral range of the transitions:
(a) 5D4 → 7FJ; (b) 5D3 → 7FJ of GYAGG:Tb, Tb = 0.15; (c) GYAGG:Ce.
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4. Discussion

Figure 7 demonstrates that there is a sublinear dependence of the scintillation yield on the
accelerator current. To account for this effect, a model of saturation of the yield of scintillation
in the GYAGG:Tb (Ce) crystal was developed. The saturation of the yield can have different
origins: it can be due to the depletion of available radiative centers in the ground state or to
the onset of the interaction of excited centers effectively limiting their output. Further, it will
be shown that the former effect is not applicable to our results, but the latter one provides a
reasonable agreement with experimental data. The model is applied to the results obtained
with the Gd1.120Y1.730Tb0.15Al2Ga3O12 and Gd1.175Y1.777Ce0.03Al2Ga3O12 samples.

The saturation of the scintillation light yield in the crystal might be described in terms
of kinetic equations. As a first step, the average concentration of electronic excitations in
the region excited in the sample by the electron beam is to be estimated. The average length
of the track created by the incident 150 keV electron in the GYAGG crystal was estimated
using the GEANT4 package [31] to be 98 µm. The energy of about two values of the energy
gap (i.e., ~12 eV) is required to create one electron–hole pair. Thus, the incident 150 keV
electron can create up to 12,500 electronic excitations. The mean-free path of the secondary
electrons can vary from 10 to 100 nm, thus the volume of one track can be about 3 × 10−7

to 3 × 10−5 cm3. The number of the 150 keV electrons for the maximal electron-beam
current is equal to Ni

e = 1 A·20 ns
1.602·10−19 C = 1.24× 1011. For the electron-beam spot size on

the sample of 1 cm2 and penetration depth of about 70 µm (less than the track length
since the track is not straight), the volume of the excited region of the sample is 0.007 cm3.
According to this estimate, the tracks are overlapping for the whole range of the available
electron-beam current. For the current of 1 A, the number of electron–hole pairs created by
the accelerator pulse is equal to 1.55 × 1015, and their initial concentration for overlapping
tracks is nex = 2 × 1017 cm−3. The concentration of activator centers (Tb or Ce) in the
GYAGG crystals is estimated to be nTb = 6.7·1020 CM−3 (for concentration equal to 0.15 Tb
ions per formula unit, 5% sites are substituted by Tb) and nCe = 1.34× 1020 CM−3 (for
concentration equal to 0.03 Ce ions per formula unit, 1% sites are substituted by Ce). Thus,
the concentration of activators (nTb or nCe) is substantially larger than the concentration
of excitations nex produced by one electron-beam pulse. Therefore, we can neglect the
saturation effects due to the exhausting of nonexcited activators. The decay time of the
lowest radiative state of Tb ion in GYAGG crystal is known from the experimental results
above. In addition, Tb can nonradiatively relax from the upper 5D3 to the lower 5D4 state
with a decay time of 150 µs. The decay time of an excited Ce ion in GYAGG crystal was
set to be 50 ns [32]. The separation between the pulses of the beam of 0.1 s is substantially
larger than the decay time of the Tb (Ce) activator, thus all excited activator ions relax
between two pulses.

The kinetic equations for Tb-doped GYAGG crystal can be written as follows:

dn
Tb5D4

dt
= − 1

τ
Tb5D4

n
Tb5D4

+
1

τ
Tb5D3→Tb5D4

n
Tb5D3

− βTb∗+Tb∗nTb5D4
nTb∗ , (1)

dn
Tb5D3

dt
= − 1

τ
Tb5D3

n
Tb5D3

− 1
τ

Tb5D3→Tb5D4

n
Tb5D3

− βTb∗+Tb∗nTb5D3
nTb∗ , (2)

nTb∗ = n
Tb5D4

+ n
Tb5D3

(3)

Here, the radiative constants τ
Tb5D4

= 3.0 ms. The radiative constant of 5D3 is not
known, so we chose for it to be equal to that of 5D4: τ

Tb5D3
= 3.0 ms. The effect of the exact

value of this radiative constant is not critical for the solution of this set of equations since
the characteristic time of nonradiative transfer from one state to the other is much smaller:
τ

Tb5D3→Tb5D4
= 150 µs. For the actual Tb concentration, the rate of Auger quenching for

the pair of excited Tb ions βTb∗+Tb∗ was set as 0.1·10−13 cm3

s , which corresponds to the
best fit of the experimental result presented in Figure 8a. This value is noticeably smaller
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than the value 1.8·10−13 cm3

s for YAG:Tb (10%) reported in [24]. The initial conditions for
the system (1–3) can be written as n

Tb5D3
(t = 0) = nex(I) = I(A)·4.055·1016 cm−3 and

n
Tb5D4

(t = 0) = 0. The substantial difference between the Auger rate obtained here and
in [24] is well explained by the different Tb concentration in these two cases (5% in the
present work and 10% in [24]). The interaction between the two excited terbium ions is
efficient only if the distance between them is about one nanometer, which is a characteristic
value for dipole–dipole and exchange interaction. Such a small distance can be achieved
either by a high density of excitation (which is not the case here) or after the diffusion of
excitations towards each other. A smaller terbium concentration corresponds to a larger
mean distance between two terbium ions. The diffusion coefficient of the excitations over
the terbium subsystem or the probability of excitation hopping between terbium ions is
also concentration dependent. A smaller terbium concentration is characterized by a larger
distance between terbium ions and has two consequences: a smaller diffusion coefficient of
excitations over the terbium subsystem and a smaller portion of closely spaced Tb pairs.
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The kinetic equation for Ce-doped GYAGG crystal can be written as follows:

dnCe∗
dt

= − 1
τCe∗

nCe∗ − βCe∗+Ce∗n2
Ce∗ + i(t) (4)

where τCe∗ = 50 ns, i(t) = nex(I)√
2πσ

e−
(t−µ)2

2σ2 is the Gaussian source with σ = 20 ns
2.355 = 8.49 ns,

and the rate of Auger quenching for pair of excited Ce ions βCe∗+Ce∗ was set as 0.7·10−13 cm3

s .
Meanwhile, the µ parameter of the Gaussian source i(t) should be set quite large to consider
i(t = 0) ≈ 0. In the current work, µ = 3σ was used. The initial condition can be set as
nCe∗(t = 0) = 0. The solution to Equation (4) suggests a linear dependence of cerium
luminescence yield on the beam current even for much higher values of the parameter
βCe∗+Ce∗ up to 10−10 cm3

s , corresponding to nonrealistic values of the diffusion coefficient.
We suppose that the Auger effect in the interaction of two excited cerium ions for 1% Ce
concentration should be negligible.

Figure 8 presents the comparison of the experimentally measured and simulated
normalized yield of scintillation in GYAGG:Tb, which includes transitions both from 5D3
and 5D4 excited states and GYAGG:Ce (b) as a function of the beam power. The scintillation
yield of terbium-doped GYAGG ceramics is rather well described by the model (black line
in Figure 8a). It indicates that the Auger mechanism of quenching dominates in the range
of studied excitation power. The drop in the yield is defined at the level of 30%, which also
correlates with the change in scintillation kinetics at maximum excitation intensity and is
quite moderate.
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For the Ce-activated sample, a deviation of the simulated dependence (black line
in Figure 8b) and the line fitting the experimental data (blue line) is obvious, especially
in the range of the low excitation power. Within the model, due to the short lifetime of
the excited state of the Ce3+ ions, the scintillation yield should weakly depend on the
excitation power, and the yield versus power curve should be close to a straight line. A
straight line also satisfactorily approximates the experimental data, and the difference
in the range of low excitation intensities is due to the phosphorescence, as mentioned
above in Section 2, of the Ce-activated sample. Since phosphorescence is characterized by
a long decay time, its intensity quickly saturates at intense excitation, and its proportion
decreases with increasing the excitation power. For this application, the presence of the
phosphorescence is not critical as it is for applications where scintillators are used to detect
ionizing radiation.

5. Conclusions

The potential of GYAGG:Tb (Ce) quaternary garnet scintillators for use in indirect
betavoltaics has been investigated. Spectroscopic studies were carried out with various
excitation sources, including a 150 keV electron beam, with the highest intensity corre-
sponding to the typical activity of the 100% enriched isotopes (63Ni, 147Pm, and 14C) used
in this field. It has been established that under intense excitation, the saturation of the scin-
tillation yield occurs due to quenching by the Auger mechanism. At the same time, notable
saturation was not observed in the Ce-activated material, while in the terbium-activated
material, it was measured at no more than 30%, which is confirmed by measuring both the
scintillation kinetics and their integral yield. The Ce-activated scintillator was not codoped
with magnesium and possessed phosphorescence. Its contribution to the integral yield
was observed at low excitation power. Its contribution decreases with increasing excitation
power, while its presence does not seem to be a critical factor for this scintillator application.
Given the Tb-activated material’s high initial scintillation yield [33], we conclude that it is
prospective for use in indirect β-voltaic batteries.
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