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Abstract. LaBr;:Ce,CeBr; and GAGG:Ce scintillators were investigated and the determined characteristics were
compared with those obtained for the well-known and widely used CsI: Tl and Nal:Tl crystals. All the detectors
were of the same size of 10 X 10 x 5 mm?®. The aim of this test study was to single out scintillation detectors
most suitable for y-ray spectrometry and y-ray emission radial profile measurements in high-temperature plasma
experiments. Decay time, energy resolution, non-proportionality and full energy peak detection efficiency were
measured for y-ray energies up to 1770 keV. Due to their good energy resolution, short decay time and high
detection efficiency for MeV gamma rays, LaBr;:Ce and CeBrs; scintillators are proposed as the best candidates
for use especially under conditions of high count rates, which are expected in the forthcoming DT experiments.
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Introduction

The hard X-ray (HXR) and y-ray diagnostics of fast
ion behaviour in magnetically confined plasmas,
used presently at various tokamaks [1-3] and
foreseen for the ITER experimental device, provide
crucial information on different characteristics of
fast electrons, fusion reaction products and other
fast primary ions. The energetic ions give rise to
the intense y-ray emission reacting with either
fuel ions or main plasma low-Z impurities, that is,
beryllium and carbon [4, 5]. HXR and y-ray intensi-
ties, as well as their energy spectra recorded with
collimated spectrometers deliver essential data on
energy distributions of fast electrons and energetic
ions (fusion reaction products, ion-cyclotron reso-
nance frequency (ICRF) — accelerated ions, NBI-
-injected ions). Also, tomographic reconstruction of
the radial profile of y-ray emission as is performed
on a few tokamaks (JET, TFTR, FTU) with a neutron
profile monitor is a direct source of information
on the radial distribution of the fast ions. At ITER,
the y-ray spectrometry will be used for fusion
a-particle studies needed for the understanding
of burning plasma physics, and HXR profile mea-
surements will be performed for the monitoring of
runaway electrons, which are undesirable in plasma
[6]. Time-resolved y-ray emission profile measure-
ments are used to investigate the time evolution of
processes taking place in the plasma volume dur-
ing high temperature discharges. Time-dependent
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spatial distribution of y-ray emission sources are
measured on JET with two cameras viewing the
plasma along horizontal and vertical lines of sight.

The ideal detector for HXR and y-ray diagnostics
of tokamak plasmas should then be characterized
by a fast response to incident radiation. This is
especially important for deuterium-tritium (DT)
experiments in which high counting rates up to a few
MHz are expected. A fast response of the detectors
reduces the dead-time of data acquisition system
and minimizes the pile-up effects.

Another important parameter of a y-ray spectrom-
eter is its energy resolution, which depends mainly
on the detector material. The energy resolution also
depends on non-proportionality of the signal output
to the incident radiation. As amplitude of a signal is
proportional to the detector light output, the term
‘non-proportionality of light output’ is widely used,
often abbreviated just as ‘non-proportionality’. In
the case of y-ray cameras, modernized at JET, it is
expected to obtain an energy resolution equal or
better than 5% at y-ray energy equal to 1.1 MeV [7].

The next decisive parameter is the detection ef-
ficiency of the y-radiation detector. Materials with
high densities and high atomic numbers are prefer-
able because the detection efficiency depends on
these characteristics of the detector material [8]. In
addition, the detectors should be resistant to harsh
conditions existing in fusion plasma experiments. In-
deed, the detectors will operate in a strong magnetic
field (up to 5 T) and intensive neutron fluxes, as the
total neutron yield during ITER DT experiments is
expected to be up to 10?° neutrons per second [9].

Scintillators are typically used in detector sys-
tems for HXR and y-ray diagnostics, and they are
good candidates for DT tokamak experiments [10].
These materials can be produced in relatively large
size pieces up to several inches and do not require
cooling for operation that is an advantage in com-
parison with semiconductor materials; also, because
of the space limitation for detector installation (e.g.,
in y-ray and neutron cameras in tokamak).

All the scintillators used in this work (see
Table 1 of the selected scintillators) were of the
same size of 10 X 10 X 5 mm?® in order to perform
comparative tests for detectors considered for the
tokamak y-ray diagnostic. Since decay time, energy
resolution and non-proportionality do not strongly
depend on a crystal size, the presented results are
helpful for further selection of high performance
scintillation detectors for upgraded y-ray diagnostics
for JET DT campaigns [11, 12].

It is interesting to note that in contrast to
LaBr;:Ce, Nal:Tl and CsI:Tl detectors that were
already used in JET experiments in HXR and y-ray
diagnostic systems [13, 14], CeBr; and GAGG:Ce
(gadolinium aluminium gallium garnet — structural

notation of Gd;Al,GasO,,: 1% Ce) scintillators have
not been considered for use in plasma experiments
so far. Since capabilities of scintillation detectors de-
pend on setup geometry, crystal size, photomultiplier
types, etc., the described measurements were made
under the same experimental conditions.

The following quantities for each tested scintilla-
tor were measured: decay time of a light pulse, energy
resolution, non-proportionality and full energy peak
detection efficiency of y-rays. Based on the obtained
results, a scintillating material, suitable for the HXR
and y-ray tokamak diagnostics and appropriate for
high count rate measurements, is recommended.

Experimental details

A comparative study of all tested scintillator samples
was performed using the experimental setup shown
in Fig. 1.

All the 10 x 10 x 5 mm’ scintillators have a cuboid
shape. Because of a hygroscopic nature of Nal:TI,
LaBr;:Ce and CeBr; materials, these crystals were
assembled by manufacturers in an aluminium can
with a glass window.

Each scintillator was coupled to a photomultiplier
(PMT) with a silicone grease to improve the optical
contact with a photodetector window. Measurements
of a specific scintillator parameter were done with a
photomultiplier chosen for an optimal performance.
Two types of photomultipliers were used: Hama-
matsu R6231-100 and Hamamatsu R5320.

The scintillation decay time was measured using
a Hamamatsu R5320 photomultiplier because of its
fast response characteristics. In order to determine
the response time, the anode pulses were recorded
and averaged by a Tektronix digital oscilloscope.

A scintillator energy resolution, non-propor-
tionality and full energy peak detection efficiency
as a function of y-ray energy were measured with
a Hamamatsu R6231-100 PMT. The anode signal
from the photomultiplier was amplified by a Can-
berra 2005 preamplifier and shaped by an Ortec 672
spectroscopy amplifier. Energy spectra were recorded
with a Tukan 8K USB multi-channel analyzer [15].

SOURCE PMT

| |
*dT&

SCINTILLATOR
Fig. 1. Schematic of the experimental setup used in the
described measurements, d — distance between the y-ray
source position and the front surface of the scintillator.

Table 1. Density and effective atomic number Z.;; of the tested scintillator materials with information about manufacturer

Scintillator CsI: Tl Nal: Tl LaBr;:Ce CeBrs; GAGG:Ce
Density [g/cm’] 4.51 3.67 5.06 5.18 6.63
Zest 54.0 49.7 45.2 45.9 50.5
Manufacturer Amcrys-H Scionix St-Gobain Scionix Furukawa
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X- and y-ray sources with energies from 16.6 keV
up to 1770 keV were used in these test measurements.

We assessed that in general, the statistical error
(square root of count number) makes the main source
of errors in determining the integral and full width at
half maximum (FWHM) of the recorded peak. The
peak position was estimated with an accuracy of
+1.5%. An accuracy of the geometry setting (the dis-
tance between the y-source position and the scintilla-
tor top surface) was evaluated to be £2 mm. A source
activity was estimated with an accuracy of +3.5%.

Results
Decay time

Relaxation of the light emission produced in scintil-
lators by incident photon is characterized by a decay
time parameter. Typically, the scintillation decay time
varies between nanoseconds and microseconds. For
some scintillators, more than one decay modes are
observed, such as for CsI:T1[16] and GAGG:Ce [12].
The pulse shapes obtained from the tested scintillators
are shown in Fig. 2, scaled at the time stamp of zero.
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Fig. 2. Pulse shapes obtained from the tested scintillators.

Table 2. Decay times of the light emission from the inves-
tigated crystals. Two components, faster and slower, were
determined for GAGG:Ce and CsI:Tl and their relative
intensities are given in brackets

Decay time [ns]

Each crystal was irradiated with the same *’Cs source.
Measured decay times for each tested scintillator are
presented in Table 2.

The fastest response is observed for LaBrs:Ce and
CeBr; scintillators. This fact promotes both materials
as good candidates for tokamak plasma experiments
in which high fluxes of y-rays are expected. The
responses of GAGG:Ce and Nal:Tl are one order
of magnitude slower, however their decay times are
not excessively long. Nevertheless, detectors based
on CsI:Tl crystal are less useful for high count rate
measurements in tokamak plasma diagnostics because
its two intense components of 3100 ns and 13 600 ns
are enormously slow.

Energy resolution

The energy resolution was measured for X- and y-rays
with energies between 16.6 keV and 1770 keV. The
activities of the used y-ray sources were from tens to
hundreds kBq. Figure 3 shows, as an example, the en-
ergy spectrum of 661.7 keV y-ray line emitted from a
37Cs source measured with the LaBr;:Ce scintillator.
The full energy (total absorption) peak is recorded
at energy 661.7 keV. In lower energy range, one can
observe a Compton continuum, with a Compton edge
equal to 477.3 keV. As y-ray quanta may also be scat-
tered in a backward direction, the backscatter peak
is also noticeable at 184.3 keV. One can also notice
an absorption peak of 32 keV line being a result of
KX-ray radiation emitted by the *’Cs source.

In Table 3, a comparison of the energy resolu-
tion of all the tested scintillators for different y-ray
energies as measured with a Hamamatsu R6231-100
PMT is presented. The energy resolution (FWHM)
was determined by fitting the total absorption peak
with a Gaussian function. The energy resolution
dependence on the y-ray energy is also shown in
Fig. 4 for all the tested scintillators.

10*

" 32 kev
Xerays

B 661.7 keV
477.3 keV

184.3 keV
10° backscatter

total absorption

counts

Crystal
Fast component Slow component(s)
3100 = 300 (29%)
. 0,
CsL:TI 780 £ 50 (46%) 1% 600 % 2000 (24%)
Nal:Tl 230 = 10 -
LaBr;:Ce 18 £2 - energy [keV]
CeBr; 19x2 - Fig. 3. Energy spectrum of 661.7 keV y-ray line from a **’Cs
GAGG:Ce 140 + 5 (67%) 570 + 15 (33%) source measured with the LaBrs:Ce scintillator.
Table 3. Energy resolution (FWHM) measured with a Hamamatsu R6231-100 PMT
FWHM [%)]
Crystal .
59.5 keV (**Am) 661.7 keV (**"Cs) 1115.5 keV (®Zn) 1770 keV (*"Bi)
CsI: Tl 125+ 0.3 57x02 49 =0.1 3.8=+0.1
Nal:Tl 94 +0.2 6.8 0.2 59+02 46 0.1
LaBr;:Ce 108 £ 0.3 29 x0.1 24 x£0.1 21x0.1
CeBr; 15704 44 =0.1 34 0.1 29=+0.1
GAGG:Ce 239+1.0 6.6 £ 0.2 3.7x02 3.7x0.1
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Fig. 4. Energy resolution (FWHM) measured for different
y-ray lines with energies between 16.6 keV and 1770 keV.
If not shown, error bars are within a point size.

The LaBrs:Ce scintillator characterized by an
energy resolution equal to 2.9% at 661.7 keV and
2.1% at 1770 keV offers the best performance for
experimental analysis of gamma rays of energy above
100 keV. This is mostly due to a linear response to
gamma rays of energy from a quite broad range. This
feature will be pointed out below. In the low energy
range, CsI: Tl and Nal:Tl show similar performance
to LaBr;:Ce. This is also related to non-proportion-
ality, discussed in the next subsection.

Non-proportionality of light output

A deviation from a linear response to y-ray energy
has a noticeable impact on the measured energy
resolution of a scintillator [17]. To assess this contri-
bution, the amplitude of signal registered at a specific
y-ray energy were divided by the amplitude of the
661.7 keV y-ray absorption peak and presented as
a function of y-ray energy (Fig. 5).
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Fig. 5. Non-proportionality of light output as a function
of y-ray energy relative to the 661.7 keV y-peak.

The LaBr;:Ce shows nearly proportional re-
sponse to gamma rays at all energies up to 1770 keV.
The CeBr; and GAGG:Ce present a noticeable worse
linearity that results in a poorer energy resolution
than observed for LaBr;:Ce. Thallium doped alkali
iodides, Nal:Tl and CsI:Tl, demonstrate a quite dif-
ferent response to y quanta. A non-proportionality
reaches a constant value for y-ray energy above
500 keV, increases with decreasing energy deposition
below 200 keV and is relatively flat, about 30 keV.
Such a response results in a substantial improvement
of the energy resolution at low energy range, where
the measured values are close to those obtained for
LaBr;:Ce.

Full energy peak detection efficiency

The full energy peak detection efficiency was deter-
mined for y-ray sources with energies from 22.1 keV
up to 1408 keV. The measurements were performed
for identical setup, with a radioactive source placed
at a distance d = 54 mm from the top surface of the
scintillator, see Fig. 1. The full energy peak detec-
tion efficiency vy is determined by a number N of net
counts in the full energy peak area, a source activity
A, a measurement time T, a detection solid angle O
and a branching ratio B of the reaction resulting in
y-ray emission, according to Eq. (2):

@) o N

AxTxQxB
The determined detection efficiency values are
shown in Fig. 6 as a function of y-ray energy. To
highlight the differences in the full energy peak de-
tection efficiency values for higher y-ray energies, the
dependence is also shown in the inset in a double
logarithmic scale.

The GAGG:Ce sample has the highest detection
efficiency among all the tested scintillator crystals.
At the highest used y-ray energy equal to 1408 keV,
the GAGG:Ce is much more efficient than other
scintillators of the same size. This is due to the
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Fig. 6. Full energy peak detection efficiency measured for
y-rays with energies from 22.1 keV to 1408 keV. In the
inset, the dependence for higher energies is shown in a
double logarithmic scale. Lines are a guide for the eye.
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higher density of GAGG:Ce scintillator in compari-

son with other tested materials.

A drop in the detection efficiency observed for
all the tested scintillators in the low energy range is
due to the following reasons:

1. An attenuation of X-rays and low energy y-rays
by wrapping and encapsulation materials.

2. A steep drop of the absorption probability of
X-rays for energies lower than K-shell electron
binding energy (K-shell absorption edge), de-
pending on the scintillation material composition
(effective atomic number).

3. Relatively high probability of KX-ray escape from
small crystals. KX-rays interact with the scintilla-
tor material solely via photo absorption process.
At energies >300 keV, the width of the full energy
peak is so large, that it merges with the KX-ray
escape peak and in consequence KX-ray escape
events are confined in the integral of absorbed
quanta. For lower energies, KX-ray escape events
form a separate peak, in turn reducing a large
number of counts from the full energy peak. Using
crystals with larger volumes would reduce this
effect.

Conclusions and outlook

Scintillation detectors LaBr;:Ce and CeBrs,

GAGG:Ce, CsI:Tl and Nal:Tl with the same size of

10 x 10 x 5 mm?® have been characterized. The crys-

tals were irradiated by X- and y-rays with energies

from 16.6 keV up to 1770 keV. Measurements were
performed in the same experimental conditions with
optimally matched photomultipliers. Since decay time,
energy resolution and non-proportionality do not
strongly depend on a crystal size, presented results
allow us to draw general conclusions on possible use
of the investigated scintillators as HXR and y-ray
diagnostic tools dedicated for high count rate mea-
surements of y-rays emitted from tokamak plasmas.

The measured properties of all the tested scintil-
lators are summarized as follows:

1. The fastest decay time (~20 ns) was confirmed
for LaBr;:Ce and CeBr;, which favours these two
materials used in experiments with high count
rates in high-performance tokamak plasma condi-
tions. Measurements with a LaCls:Ce scintillator,
which is characterized by a decay time equal to
28 ns, were already performed at high count rates
~2 MHz [18].

2. In the energy range above 100 keV, LaBr;:Ce
has the best energy resolution due to its almost
perfect linearity of y-ray response and its highest
light yield among the investigated crystals. At
energies below 100 keV, CsI: Tl and Nal:T1 show
comparable energy resolution.

3. Although, the CsI: Tl is characterized by a reason-
able high full energy peak detection efficiency of
(2.2 £ 0.2)% at y-ray energy of 661.7 keV, a long
response time limits its detection capability in the
case of high count rate measurements.

4. The Nal:Tl scintillator is much faster than CsI: TL
It is a relatively low-cost material, however, it

shows the worst measured energy resolution,

particularly in high energy range, as well as the

lowest full energy peak detection efficiency.

5. The GAGG:Ce has the highest detection efficien-
cy among all the tested scintillator crystals and
an energy resolution comparable to that obtained
with CsI:Tl. However, as a consequence of the
highest non-proportionality, the poorest energy
resolution in the low energy range was observed.
The GAGG:Ce shows a fast component of decay
time equal to 140 ns and is characterized by the
highest full energy peak detection efficiency in
the investigated y-ray energy range.

Initially, our team considered using the GAGG:Ce
scintillator [12] in plasma experiments as it has
the highest full energy peak detection efficiency in the
gamma energy range between 1.0 and 10 MeV, see
Fig. 6. Also, it is characterized by relatively short scin-
tillation decay time (~140 ns). These two parameters
could recommend this material for plasma experiment.
However, GAGG:Ce scintillators contain elements,
particularly oxygen, which have a relatively high cross
section for inelastic scattering of fast neutrons and
for '*O(n, p)'®N nuclear reactions. These reactions
produce undesirable additional gamma background.

Detection efficiency strongly depends on the
scintillator size. So, it is important to make a detailed
study with crystals of different sizes [11]. Measure-
ments with sources emitting a few lines of y-rays of
energy in a MeV range are in progress [19].

Being aware of the fact that detectors for HXR
and y-ray tokamak plasma diagnostics will be used
in a strong magnetic field which can affect the photo-
multiplier performance, semiconductor photodiodes
(Silicon Photo Multiplier, Multi-Pixel Photon Coun-
ter (MPPC), Avalanche PhotoDiode) have also been
considered as an option for experiments performed
in a strong magnetic field. The conclusions drawn in
this work for LaBr;:Ce and CeBr; crystals coupled
to PMT are also valid for scintillators used with
MPPC photodetectors having a gain of 10°, which
is comparable to that obtained with classic PMTs.
This approach is now investigated for using in
tokamak plasma experiments [20] in which high
count rates are foreseen. In addition, a possibility
to use a PiN diode in y-ray spectrometry instead
of a PMT, was investigated at the NCBJ. However,
such a solution seems to be less feasible for y-ray
diagnostics intended for experiments in which high
count rates will occur, because the scintillator light
pulses are not amplified by a PiN diode significantly
enough to cause that electronic noises exert a sig-
nificant impact on the measured energy resolution.

Summarizing, the experiments in which high
count rates are expected and the registered gamma
rays will have energies above 100 keV, the detector
systems based on LaBr;:Ce and CeBr; scintillators
are the best candidates. During the future extensive
DT campaign at JET, in which high neutron and
y-ray fluxes are expected, a performance of detectors,
based on CeBr; and LaBrs:Ce scintillators will be
investigated. The obtained results will then be used
to conclude about a possible use of such detectors
at ITER for y-ray diagnostics.
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For lower count rates, the well-known and widely
used CsI:TI and Nal:TI scintillators are still a rea-
sonable option.
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