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Performance of cerium-doped Gds;Al,Gas0;, (GAGG:Ce) scintillator in gamma-ray spectrometry has
been investigated. The measurements of two samples of GAGG:Ce cover the tests of emission spectra
(maximum of emission at about 530 nm), light output, non-proportionality, energy resolution, time
resolution and decay time of light pulses. We compare the results with commonly known scintillators,
such as Nal(Tl), LSO, LuAG etc. The results show that GAGG:Ce has a high light yield of about 33000 ph/
MeV as measured with Hamamatsu S3590-18 Si PiN photodiode [1]. The total energy resolution for
662 keV gamma-rays from '3’Cs source is equal to about 6%, whereas intrinsic resolution is equal to
5.2%. Additionally, we made basic measurements of photoelectron yield, non-proportionality and total
energy resolution of small sample (5 x 5 x 5 mm?®) of GAGG:Ce crystal coupled to Hamamatsu MPPC
array (6 x 6 mm?). The results show that the performance of GAGG:Ce measured with the MPPC array
are similar to those measured with the PMT.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Single crystal scintillators with high density and high gamma-
ray absorption coefficient coupled with photodetectors are com-
monly used for detection of high-energy photons and particles.
There is continuous demand for new scintillator materials for
such application as: X-ray computed tomography (CT), positron
emission tomography (PET) and other medical imaging techni-
ques, as well as in high energy and nuclear physics. In the case of
modern scintillators, the high light yield, good energy resolution,
high effective atomic number, fast scintillation response, chemical
stability and capability of large crystal growth are very important
parameters. Recently, the best combination of these factors is
achieved by Cerium-activated materials, such as silicates, LSO:Ce
[2], [3] or LYSO:Ce [4]. They have been developed as promising
scintillators for PET due to high density (7.4 g/cm? for LSO:Ce and
7.1 g/cm?® for LYSO:Ce), high effective atomic number (66 for
LSO:Ce and 65 for LYSO:Ce), fast decay time (around 35 ns for
both scintillators) and high light yield. Also cerium-activated
lanthanum halides, such as LaBr;:Ce [5] and LaCls:Ce [6] reveal
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very good energy resolution, fast emission and excellent tem-
perature and linearity characteristics.

Oxide materials based on garnet structure are promising
candidates as scintillators, because of well mastered technology
developed for laser hosts and other applications and easy doping
by rare-earth elements, such as lutetium or yttrium. Ce-doped
Y3Al501; (YAG:Ce) single crystal was reported in the literature as
a fast oxide scintillator [7,8]. Its density is 4.56 g/cm® and
effective atomic number is 35. The emission spectrum is around
540 nm caused by radiative transmission of Ce>* ijons, which is
suitable for semiconductor-based photodetectors. Ce- and Pr- doped
Lu3Als012 (LUAG:Ce (Pr)) [9-11] single crystals were a subject of
study in last decade due to its higher than YAG:Ce density (6.67 g/
cm?®) and higher effective atomic number (58.9). Nevertheless, the
degradation of light yield and timing properties is observed both
in YAG:Ce and LuAG:Ce, because of the Y, and Lu,, antisite
defects (Y and Lu cations localized in octahedral sites of the Al
cations) [12]. Such defects create trapping centers and the emis-
sion centers in near-UV region. It has been reported that Ga
admixture in LuAG hosts can make the energy transfer to Ce>*
(or Pr3*+) emission centers faster and more efficient that results in
higher light yield. However, in these scintillators (for gallium
concentrations higher than 20%), Ce>* 5d-4f luminescence is
quenched, because of the positioning of 5d states of Ce>* in the
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host conduction band. Further studies shown that an admixture
of Gd or La cations can limit the unwanted 5d; state ionization in
the Ga-rich garnets [13].

The recent discovery of single crystal multicomponent garnet
scintillators, based on YAG crystal with admixture of Ga and Gd,
presented by Cherepy et al. [14] and Kamada et al. [15] provide
new structures with higher density and effective atomic number.

In this paper, the scintillation properties of new garnet
composition: Ce-doped GdsAl,Gas0q> (Gadolinium Aluminum
Gallium Garnet, further named as GAGG:Ce) were characterized.
It is a solid, non-hygroscopic single crystal with yellowish color. It
is heavy (density ~ 6.5 g/cm?), comparable to LSO, YAG or LuAG,
which are commonly used for high energy gamma-ray measure-
ments. GAGG:Ce, similarly to those crystals is characterized by
high gamma-ray absorption coefficient. Furthermore, it doesn’t
have any radioactive elements in its structure. The emission
maximum for GAGG:Ce is at around 530 nm, which is typical
for garnet compositions, and suitable for silicon-based photode-
tectors. It is characterized by a high light output, above 40000 ph/
MeV and a fast decay time constant of the light pulse around of
100 ns, according to [15].

The tests of GAGG:Ce scintillator covered the measurements of
emission spectra, decay times, light output in terms of number of
photoelectrons per energy unit, non-proportionality of the light
output, energy resolution and time resolution. Two samples of
GAGG:Ce crystal (both 10 x 10 x 5 mm?) further named as M1
and M2, were tested. Moreover, also the tests of 5 x 5 x 5 mm°>
crystal with 6 x 6 mm? Hamamatsu MPPC array were carried out.

2. Experimental setup and results
2.1. Emission spectra

In order to measure the emission spectra, we coupled tested
GAGG:Ce samples (10 x 10 x 5 mm?) to a PC-controlled Digikrém
CM110 monochromator window and irradiated them with an
intense 24'Am source (13.7 GBq). On the other side of the mono-
chromator a calibrated XP2020Q PMT, working in the single
photon counting mode, was placed. Light from the tested scintil-
lators was diffracted by a grating system of the monochromator
and collected by the PMT. The PMT anode signal was amplified by
CAEN N978 fast amplifier and single photoelectron pulses were
registered with Ortec 994 multiscaler. The accuracy of the mono-
chromator is 4+ 0.2 nm with 1200 grids per millimeter grating. The
spectra (see, Fig. 1) were collected in room temperature (RT). We
see the asymmetric emission band that can be fitted in a good
approximation with double-Gaussian functions with centroids at
520 nm and 550 nm, respectively. This effect is typically seen in
garnet compositions, and can be ascribed to the transitions from
the lowest 5d level to the two ground stated %Fsj, and 2Fy, of the
Ce3* jons. The energy gap between these states due to spin-
coupling was estimated as approximately 2000 cm~!, which
corresponds to 256 meV [16]. We also observe a weak emission
band around 300 nm, which is connected with 4f-4f transition in
Gd>*. Moreover, we see the second order reflection of the
monochromator’s grating at ~260 nm.

2.2. Decay times

Decay time constants of the light pulse were calculated on the
basis of timing spectra obtained using Bollinger-Thomas single
photon method [17,18]. The tested samples were coupled to the
Photonis XP5500B PMT with high blue sensitivity (up to 13.7 mA/
ImF). On the crystal surface a '3’Cs gamma-ray source (661.7 keV
gamma-ray energy) was taped in order to excite the GAGG:Ce
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Fig. 1. Normalized emission spectra of GAGG:Ce samples measured with cali-
brated XP2020Q Photonis PMT. The results were corrected for the quantum
efficiency of the PMT and for the spectral response of the grating system.

scintillator. Single photons were detected by a fast R5320 Hama-
matsu PMT, which is characterized by time jitter of 140 ps, so the
time resolution of the prompt time spectrum of timing system,
well below 500 ps, was negligible. Each sample was wrapped only
on sides with Teflon tape with front surface opened to the
Hamamatsu PMT in order to assure the detection of single
photons from the scintillator induced by gamma-ray source. The
Hamamatsu PMT was placed opposite to the XP5500B PMT at a
distance of about 20 cm to assure a single photon detection in
R5320 PMT. It requires a detection of less than 2% of events
accepted in the tested scintillator. The anode signals from both
PMTs were triggering the Philips Scientific constant fraction
discriminator (CFD). The time difference between the signals
from two PMTs was measured using an Ortec 566 time-to-
amplitude converter (TAC). The measurements were gated using
two Ortec 551 timing single channel analyzers (SCA) by choosing
events with energies corresponding to a full energy peak of
662 keV gamma-rays detected in the XP5500B PMT (the start
signal) and a single photoelectron peak detected in the R5320
PMT (the stop signal). The calibration of decay time spectra was
performed by using an Ortec 462 time calibrator.

The results of the measurements were fitted by double-
exponential curves in OriginPro 8.6 [19] software

y=Ae™¥ tAe M2 1y, (1)

where A, A; are the amplitudes of the curves, 7, and 7, are the
components of the decay time, yq is the baseline offset originating
of random coincidences, which contribution was determined in
the region before the light pulse. We also calculated the intensity
of these components from the equations:

_ A1y
1= A1T1+A2T2

AxTo

and I, = At Ayt

)

Decay time spectra for M1 and M2 GAGG:Ce samples together
with fits of exponential decay curves are seen in Fig. 2. We
observe two components: fast 7; is equal to about 127 ns ( + 6 ns)
for the M1 sample and 115 ns (+5ns) for the M2 one (with
intensity I; and of approximately 85% for both samples) and the
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Fig. 2. Light pulse shapes of M1 and M2 GAGG:Ce sample.

second component 75 is slow—about 530 ns ( + 30 ns) for the M1
sample and 490 ns ( +30 ns) for the M2 one (with intensity I,
about 15% for both samples). The results obtained for two
samples are similar in the range of standard error.

The measured values of decay times differ significantly of that
reported in [15]. However, the light pulse shape and its decay
time constants were measured by the single photon method,
which is the most accurate for the time range below, let to say
200 ns [17]. The observed difference is significant and cannot be
accounted, for example to the less accurate scope method used in
[15]. Thus it can be related to the fact that the GAGG:Ce is still in
the development phase and we cannot exclude different char-
acteristics of particular samples.

2.3. Photoelectron yield and light output

The number of photoelectrons for M1 and M2 samples was
determined by means of a single photoelectron method [20,21]. In
this method the number of photoelectrons is measured by
comparing the position of the full energy peak of y-rays detected
in the crystal to the position of the single photoelectron peak. The
samples were coupled to Photonis XP5500B PMT (operating
voltage=-1000 V). Additionally, we measured the number of
electron-hole pairs with these samples coupled to a Hamamatsu
S$3590-18 Si PiN photodiode (operating voltage 70 V). We used
the 2*'Am source with energy of 59.5 keV to calibrate the Si PiN
diode [21]. It allowed also estimating the light output of the

tested samples, based on the typical quantum efficiency char-
acteristic provided by Hamamatsu and the peak emission of the
GAGG:Ce crystals. The results are shown in Table 1. The GAGG:Ce
is characterized by rather high light yield, comparable to LSO
crystal [22], higher than GSO and BGO [23].

The estimated light output is comparable to that of the best
LSO crystals [24,25]. However, the results obtained in our mea-
surements differ from those reported by Kamada et al. in [26].
Probably, the discrepancy between both results is caused by the
reduced gain in avalanche photodiode (APD) that was used by
Kamada et al. The gain of the APD for 5.9 keV X-rays is signifi-
cantly lower in comparison to that measured for light because of
the electric field distortion by charge produced by X-rays in the
ionization process. It makes a shift down of the reference X-ray
peak, which suggests a larger light output. It was precisely
studied in [27] and it was known from earlier study of Hama-
matsu APDs by CMS collaboration at CERN [28].

2.4. Non-proportionality of the light output

The non-proportionality of the light yield is defined as a ratio
of the photoelectron yield measured for specific gamma-ray
energy to that measured for 662 keV from '3’Cs source. For
non-proportionality measurements radioactive sources covering
the energy range of 14.4-1770.2 keV were used (see, Table 2). The
measurements were performed for 2 ps shaping time set in the
Ortec 672 amplifier. The peaks position (also in the case of escape
peaks and double peaks from characteristic X-rays) were deter-
mined by Gaussian fit using procedures included in the Multi
Channel Analyzer (Tukan 8k) [29].

Fig. 3 presents the non-proportionality characteristics for the
tested GAGG:Ce samples coupled to the Photonis XP5500B PMT
and for LSO sample coupled to Photonis XP20DO PMT [30]. The
non-proportionality characteristics of the GAGG:Ce samples are
similar to LSO in higher energy range and becomes slightly more
proportional than LSO for energies below 100 keV, however,
essential for its contribution to the intrinsic resolution of
scintillators.

Table 1
Basic properties of tested GAGG:Ce samples.

Sample Photoelectron number Electron-hole pairs Light output

(phe/MeV) number (eh/MeV) (photons/MeV)
M1 8900 + 240 29500 + 450 33100 + 3000
M2 8200 + 240 28200 + 440 31700 + 3000

Table 2
Radioactive sources used in non-proportionality
and energy resolution measurements.

Source Gamma or X-ray energy (keV)
137¢s 32.2, 661.7

133B4 31, 81, 276.4, 302.9, 356
22Na 511, 1274.5

57Co 14.4,122.1

59¢Co 1173.2, 13325

65Zn 1115.6

145pm 37.4,67.2

109¢cd 22.2, 88

54Mn 834.8

207Bj 75, 569.7, 1063.7, 1770.2
241Am 59.5

%Mo 16.6

Sicr 320.1
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Fig. 4. Pulse height spectrum measured with M1 GAGG:Ce coupled to Photonis
5500B PMT obtained by irradiation with '3’Cs source.

2.5. Intrinsic resolution

The energy resolution (AE/E) was determined using radio-
active sources as described in Table 2. The result for the tested
GAGG:Ce scintillators irradiated with 662 keV gamma-rays from
137Cs source is 6.1% for M1 sample and 6.3% for M2 sample, see
Fig. 4. The value is much better than those observed with the best
LSO crystal [22] and comparable to Nal(TI) [31].

The total energy resolution of the full energy peak registered
with a scintillator coupled to a photodetector can be written as
[32]:

AEJE = (860)* +(8t)> +(3er)? 3)

where Js is the intrinsic resolution of the crystal, o5 is the
statistical contribution and J,, is the transfer resolution associated
with the variation of light and photoelectron collection. This latter
quantity is negligible in modern PMTs [33].

The intrinsic resolution of scintillation crystals is mainly
associated with their non-proportional response, but various
effects such as inhomogeneities in the crystal structure, impu-
rities or non-perfect reflector covering the crystal may also
contribute significantly to overall effect [34].

Assuming Poisson statistics, the statistical uncertainty of the
signal from the PMT is described, as:

dst=2.35 x \/1/N x /1+¢ “4)

where N is the number of photoelectrons and ¢ is the variance of
the electron multiplier gain, equal to 0.1 for the XP5500B.

Fig. 5 presents the total energy resolution, intrinsic resolution
and statistical contribution of tested GAGG:Ce crystals. These
scintillators are characterized by a large contribution of intrinsic
resolution, following their poor proportionality. However, both
these quantities are better than those of 6.02 + 0.4% reported for
LSO in [22]. The total energy resolution for 662 keV from '37Cs
source is equal to 6.1 + 0.2% for M1 sample and 6.3 + 0.2% for M2
sample, whereas intrinsic resolution is equal to 5.2 +0.1% for
both samples.

2.6. Time resolution

Time resolution was measured using experimental set-up
described in Fig. 3a in paragraph 2. The test of time resolution
was done for 511 keV annihilation quanta from ?2Na gamma-ray
source. The 10 x 10 x 5 mm> GAGG:Ce samples were coupled to a
Photonis XP20D0 PMT, characterized by a high blue sensitivity of
13.7 uA/lm [35]. In addition to the time resolution, the number of
photoelectrons produced in the PMT by the GAGG crystal was
measured. For the reference detector, a truncated cone, 25 mm in
diameter and 15 mm high BaF, crystal coupled to the XP20Y0Q/
DA PMT was used. Its time resolution of 128 + 4 ps, for 511 keV
full energy peak, selected in the side channel, was reported in
[36].

The time spectra collected with GAGG:Ce samples are shown
in Fig. 6. The results of the measured time resolution are
presented in Table 3, in comparison to those measured earlier
for LSO, LuAG and LaBrs scintillators in the same experimental
setup [37]. In each case, besides of the time resolution, the
number of photoelectrons and decay time constant of the fast
component and its relative intensity are listed. Moreover, the
timing performances of Nal(Tl) are presented following data of
[38], as measured with the XP2020 in the dynode timing mode.

Time resolution measured with GAGG is poorer than those
observed with the best Ce and Pr based scintillators, like LSO and
LuAG because of a slower decay time of the light pulse. It is, in
turn, comparable to those measured with Nal(Tl) and LuAG:Ce
crystals. The results are related to much slower light pulses in
Nal(Tl) and, in the case of LuAG:Ce, by a weaker intensity of the
fast component.

It has been shown in [39] that normalized time resolution -
defined as coincidence time resolution multiplied by square root
of the number of photoelectrons, measured for 511 keV gamma-
rays - is proportional to the square root of the decay time. In
order to verify whether the obtained values follow the quoted
dependence we have normalized time resolution to the number of
photoelectrons and the decay time constant of the fast compo-
nent, as follows:

5evVN

N
where 9, is the time resolution, N is the number of photoelectrons
for 511 keV energy, and 7 is the decay time (see, Table 3).

The number of photoelectrons is related to the intensity of the
fast component, which determines timing properties. In the sixth
column of Table 3, the time resolutions, normalized to the
photoelectron number and the decay time constant are listed. It
reflects a poorer performance of GAGG related to the slower rise
time of the light pulse of 200 ps, reported recently in [40].

o)

2.7. Gamma spectrometry of GAGG:Ce with Hamamatsu MPPC array

The measurements of emission spectra of GAGG:Ce showed that
the spectral range of our scintillators is suitable for semiconductor
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Table 3
Time resolution of GAGG:Ce in comparison to LSO:Ce and LuAG:Pr crystals.
Crystal Time resolution (ps) Decay time (ns) Nphe @ 511 keV Intensity® (%) @ « 103 Reference
Ce:GAGG 550 +26 133+0.5 2450+ 120 85+2 2.18+0.34
Pr:LuAG 308 +13 23+2° 2860 + 200 26+2 1.75+£0.13 [37]
Ce:LUAG 620 + 21 69+3 2350+ 150 23+2 1.72 +0.11 [37]
Ce:LSO 166 +8 46 +2 4400 + 250 100 1.62 +0.10 [37]
Ce:LaBr; 145+ 13 18+2 11430 + 400 100 37+04 [37]
Nal(Tl) 470 +18°¢ 250 4600 + 2304 100 20+03 [38]
@ Mean decay time of the fast components.
b Intensity of the fast components relative to entire pulse intensity.
¢ Time resolution measured with XP2020Q in the dynode timing mode.
9 A typical photoelectron number measured with the XP2020 PMT.
Table 4 & & - -
Main parameters of MPPC array. E 14 | |
w
Manufacturer Hamamatsu § 10 b I...313.&% 1
8 . e Tt
Number of channels 4(2x2ch) T 09 | Py [ J
Active area/channel 3 x 3 mm? § § . og
Total active area 6 x 6 mm? £ 08 | ! § ? L
Number of pixels/channel 14 400 z ]
Total number of pixels 57 600 g€ 07t ¥ 1
Pixel size 25 x 25 pm? 2 *
Fill factor 30.8 §. 06 = GAGG:Ce 5x5x5 mm’ + Hamamatsu MPPC array 6x6 mm® |
Gain (at 72.80 V) 2.75 x 10° 5 © GAGG:Ce 10x10x5 mnl|’+ Photonis XP55008 PMT .
Spectral range 320-900 nm (maximum sensitivity at 440 nm) § 0.5 10 100 1000
Recomended voltage 72.8V
Dark count/channel 0.3 Mcps (at 72.8 V) energy (keV)
Capacitance/channel 320 pF
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Fig. 7. Pulse height spectrum measured with GAGG:Ce 5 x 5 x 5 mm? coupled to
Hamamatsu MPPC array obtained by irradiation with 3’Cs source.

based photodetectors, such as APDs or silicon photomultipliers
(SiPM, MPPC). Therefore, we coupled the 5 x 5 x 5 mm> sample to
6 x 6 mm? Hamamatsu MPPC array. The main parameters of the
MPPC array are listed in Table 4. The energy spectrum of '37Cs
source obtained with GAGG:Ce coupled to MPPC array is seen in
Fig. 7. We can see that results of energy resolution measurements
done with MPPC array are similar to those measured with the
standard PMT.

We also measured non-proportionality of the light output (see,
Fig. 8) and energy resolution (see, Fig. 9) of GAGG:Ce coupled to
the MPPC array and compared them to the results obtained with
the PMT. We can see that the performance of GAGG:Ce scintillator
is similar while measured with the standard PMT and MPPC.

Fig. 8. Non-proportionality curve measured with 5 x 5 x 5 mm® GAGG:Ce coupled
to MPPC array and 10 x 10 x 5 mm® GAGG:Ce coupled to the PMT.
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Fig. 9. Energy resolution of GAGG:Ce scintillator measured with two different
photodetectors.

In the case of MPPC array we see a decrease in the relative light yield
in the energy range above 1 MeV (see, Fig. 10), which is caused by a
nonlinear response of MPPC. The linearity of MPPC depends mainly
on a total number of APD-cells in a given detector and its effective
dead time in relation to the decay time of a scintillator. A nonlinear
response for energy higher than 800 keV is the result of too high
intensity of scintillator light in relation to the effective dead time of
the used MPPC and its total number of APD-cells.

3. Conclusions

The measurements performed with GAGG:Ce scintillator
showed that it is characterized by a high light yield, comparable
to LSO, larger than BGO and GSO that are commonly used in
nuclear medicine, such as CT or PET. The tested samples (both
10 x 10 x 5 mm?) have similar non-proportionality characteristics
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as LSO, which is reflected in a comparable energy resolution
performance (approximately 6.1% for 661.7 keV energy from '37Cs
source). The spectral range of this crystal covers blue and green
wavelength, which is more suitable for silicon-based photodetec-
tors rather than for standard PMTs. Time resolution of GAGG:Ce is
poorer than LSO (but comparable to commonly known Nal(TI)
crystal), because of longer decay time of the light pulse and a
finite rise time of 200 ps. Decay time of the light pulse has two
components: fast is about 130 ns and slow - about 500 ns and
slightly varies between the samples (they are comparable in the
range of systematical error).

We made additional tests with Hamamatsu MPPC array
(6 x 6 mm?) and small sample of GAGG:Ce (5 x 5 x 5 mm?) and
obtained similar results to those measured with larger samples
coupled to XP 5500B Photonis PMT. The results of decay times
obtained with our samples are different than those obtained by
Kamada et al. [13,15] probably because the fact that this crystal is
still under development. GAGG:Ce appears promising for a wider
application in gamma spectrometry.
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