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Abstract: An imaging heavy ion beam probe (i-HIBP) diagnostic, for the simultaneous measurement
of plasma density, magnetic field and electrostatic potential in the plasma edge, has been installed at
ASDEX Upgrade. Unlike standard heavy ion beam probes, in the i-HIBP the probing (heavy) ions
are collected by a scintillator detector, creating a light pattern or strike-line, which is then imaged by
a camera. Therefore, a good characterization of the scintillator response is needed. Previous works
focused on the scintillator behaviour against irradiation with light ions such as hydrogen and alpha
particles. In this work we present the characterization of several scintillator screens — TG-Green
(SrGa2S4:Eu2

+), YAG-Ce (Y3Al5O12:Ce3
+) and P11 (ZnS:Ag) — against irradiation with 133Cs+

ions, in an energy range between 5 and 70 keV and ion currents between 105 and 107 ions/(s·cm2).
Three main properties of the scintillators have been studied: the ionolumenescence efficiency or yield,
the linearity and the degradation as a function of the fluence. The highest yield was delivered by the
TG-Green scintillator screen with > 8 · 103 photons/ion at 50 keV. All the samples showed a linear
response with increasing incident ion flux. The degradation was quantified in terms of the fluence
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𝐹1/2, which leads to a reduction of the emissivity by a factor of 2. TG-Green showed the lowest
degradation with 𝐹1/2 = 5.4 · 1014 ions/cm2. After the irradiation the samples were analyzed by
Scanning Electron Microscopy (SEM), Rutherford Backscattering Spectrometry (RBS) and Particle
Induced X-ray Emission (PIXE). No trace of Cs was found in the irradiated regions. These results
indicate that, among the tested materials, TG-Green is the best candidate for the i-HIBP detector.

Keywords: Scintillators, scintillation and light emission processes (solid, gas and liquid scintillators);
Heavy-ion detectors; Plasma diagnostics - probes
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1 Introduction

A new diagnostic, the Imaging Heavy Ion Beam Probe (i-HIBP), has been installed in the ASDEX
Upgrade (AUG) tokamak at the Max Planck Institute for Plasma Physics (IPP) [1–3]. Unlike standard
heavy ion beam probes, in the i-HIBP the probing (heavy) ions are collected by a scintillator detector,
creating a light pattern or strike-line, which is then imaged by a camera. Information about the
magnetic field and electrostatic potential fluctuations can be retrieved from the strike-line shape and
displacement. The plasma density profile can be retrieved from the signal intensity, for which a
comprehensive knowledge of the scintillator response is needed. A more detailed description of the
measurement principle of the i-HIBP can be found in [1, 3].

Ionoluminescence consists in the emission of light by a material when it is irradiated by ions.
This process could be described as the de-excitation of stimulated electronic states, related either to
valence electrons of particular atoms or to defects inside crystalline structures [4]. Previous work
focused on the study of the ionoluminescence of several scintillators when they are irradiated by
light ions, for its application in Fast Ion Loss Detectors (FILD) [5, 6]. In this work we focus on
the study of scintillator response to irradiation with heavy ions. In particular, we will use 133Cs
which corresponds to the species of the primary beam selected for the i-HIBP at AUG. In this study
we have characterized the ionoluminescence of four scintillators screens; two TG-Green plates
(SrGa2S4:Eu2

+) (one provided by Sarnoff Corporation and another coated at Centro Nacional de
Aceleradores (CNA)), YAGCe (Y3Al5O12:Ce3

+) and P11 (ZnS:Ag), to estimate which one is the
most appropriate for the diagnostic. The ionoluminescence of these materials should meet the
following requirements:

– 1 –
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• A high efficiency or yield, i.e. number of emitted photons per irradiated ion (expected current
densities at the i-HIBP scintillator plate of mA/m2 [1]). A high yield means a high i-HIBP
signal.

• A linear behaviour of the emission with incident current is needed for signal interpretation.

• Low scintillator degradation: ions create defects in the structure of the material that degrade
the ionoluminescence, i.e. inhibit light emission. This characterization is related with the
i-HIBP signal intensity and the “life-time” of the scintillator.

In section 2 the composition and emission of the scintillators is described. Besides, the sedimentation
process, for which TG-Green-A screen was coated, is detailed. Section 3 deals with a brief description
of the experimental set up. In section 4 the results of the measurements of ionoluminescence efficiency,
degradation and linearity with incident current of the scintillators are discussed. Furthermore, a
composition and thickness analysis of the materials was set. Finally, section 5 summarizes and
concludes this investigation.

2 Scintillator screens

2.1 Description of scintillators

TG-Green is used in ASDEX Upgrade FILD detectors due to its high efficiency and fast response [7, 8].
YAGCe is a solid candidate to be used in i-HIBP diagnostic due to its high efficiency when it is
ionized by light particles [7]. P11 has a long decay time of 3 ms, which is unfavorable, but serves as a
benchmark material for comparison to the others. In table 1 some information about the scintillators
used in this study is collected: its composition, the wavelength range of the emissions and the
suppliers of the materials.

Table 1. Scintillator information. a See section 4. b The difference between emissions of TG-Green-A and
TG-Green-B could be due to their different compositions (see section 4).

Scintillator Composition Provided by Wavelength
Range (nm)

FWHM
(nm)

TG-Green-A —𝑎 Coated in CNA 470–720𝑏 80
TG-Green-B SrGa2S4:Eu2+ Sarnoff Corporation 475–620𝑏 45

YAGCe Y3Al5O12:Ce3+ CRYTUR 470–730 108
P11 ZnS:Ag Coated in CNA 380–620 64

In figure 1 the emission spectrum of the different scintillator materials is shown. It can be seen
that TG-Green-A and TG-Green-B show some differences in their emission spectrum. It could be
explained by the composition of the materials (see section 4.4).

2.2 Scintillator coating by sedimentation process at CNA

One of the TG-Green plates (4.4 × 3.3 cm2) and the P11 scintillator was deposited at the Centro
Nacional de Aceleradores (Seville) using the sedimentation process [9]. This technique consists in
making a solution of the scintillator powder and an adhesive and pouring it over a stainless steel

– 2 –
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Figure 1. Ionoluminiscence spectrum of the following scintillators irradiated by 133Cs at 50 keV: TG-Green-A
(red), TG-Green-B (blue), YAGCe (black) and P11 (magenta).

substrate. We choose the sedimentation process due to its easy approach and the uniformity of the
layers, which is achievable with this technique. The sedimentation of the layers was performed using
a mixture of 1.5 g of the scintillator powder dispersed in 40 ml of a 0.1% liquid solution of sodium
hexametaphosphate (NaPO3) which acts as adhesive. The solution is then mixed at 300 rpm and
heated at 60◦C during 1 hour. Once the mix is ready, it is poured over the metal substrate. When the
solution is cooled down and the powder mix has formed an uniform layer over the substrate, we
remove the water using a pipette and dry the metal plates in an oven at 140◦C for 10 minutes.

3 Experimental set-up

The characterization of the scintillator response to irradiation with 133Cs+ ions was performed using
the ASDEX Upgrade i-HIBP beam injector. The injector is based on the design described in [10] and
has been provided by the Centre for Energy Research (Budapest, Hungary). The main elements of
the injector are a high-voltage cage that contains the ion source, the emitter and extractor electrodes,
an electron suppression ring and a pair of deflection plates. These plates allow poloidal and toroidal
beam steering as well as fast beam chopping. A collimator with a diameter of 1 mm is placed at the
end of the injector to define the beam size and position on the scintillator.

The samples under study were placed in an electrically isolated holder inside a vacuum chamber
with a black coating to minimize light reflection with an inclination of 45◦ in the vertical axis. The
vertical movement of the sample holder was controlled manually by a worm drive, perpendicular
to the ion beam axis. The light emission was collected by a silica optical fiber of a diameter of
440 μm fixed to a port of the vacuum chamber. This fiber was connected to a high-sensitivity
spectrometer (QE65000, Ocean Optics Inc. Quantum Efficiency of 90% peak) which allows making

– 3 –
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simultaneous measurements in the range of 199.05–1000.04 nm with a spectral resolution of 1–2 nm.
The measured signals were analyzed and stored with the SpectraSuite software [11]. The calibration
of the optical system has been done with a HL-2000-CAL tungsten halogen standard calibration light
source. This calibration gives the spectrometer software the relation between the energy measured by
the CCD camera and the number of photons emitted by the tungsten light source. On the other hand,
the spectrometer takes the data for a certain amount of time (given by the user), so by integrating the
calibrated spectra of the spectrometer one could obtain the total amount of photons that was measured
during the time set by the user (photons/s). In order to get the total amount of photons emitted by
the scintillators (and not only the one collected by the optical fiber) a solid angle correction was
applied. This method was done with the same spectrometer and calibration light source as in [8].

The incident ion current was measured by a Faraday cup which is within a secondary electron
suppression ring and is placed behind the sample holder. Due to the position of the Faraday Cup,
simultaneous measurement of the incident current and the scintillator emission was not possible.
Instead, the ion current was measured in a first shot with the sample holder in a low position. Then,
the sample holder was brought into position and a second shot was performed in which the scintillator
was irradiated, thus producing the light emission.

4 Results

4.1 Ionoluminiscence degradation of the scintillators

The ionoluminescence of a scintillator suffers degradation with accumulated ion fluence. To
investigate this effect, we carried out a sequence of shots with a duration of ∼ 10 s at a fixed
beam energy of 55 keV and beam currents of ∼ 106 ions/(s·cm2). During each sequence the
exact same point of the scintillator sample was irradiated. Figure 2 shows the degradation of the
ionoluminescence emission as a function of incident fluence. The Black-Birk model (eq. (4.1)) [12]
describes the degradation of the ionoluminescence of a scintillator when it suffers by ionization with
a certain energy.

𝐿0
𝐿

− 1 =
𝐹

𝐹1/2
(4.1)

Here, 𝐿0 is the initial emission of the scintillator, 𝐿 is the emission of the scintillator after a fluence
𝐹 has damaged it and 𝐹1/2 is the fluence needed to reduce its emission to 50% of its initial emission.
A linear fit between 𝐿0/𝐿 −1 and 𝐹 gives a slope equal to 1/𝐹1/2 (see figure 2), so we could compare
this result with 𝐹1/2 by reading the fluence value at which each curve crosses the normalized emission
value of 0.5 (table 2). TG-Green-A has the slowest degradation and P11 has the fastest degradation
of the studied scintillators, all of them showing an 𝐹1/2 of the order of 1014 ions/cm2 These values
can be compared to previous work [13] where a 𝐹1/2 of 3.7 · 1015 ions/cm2, 9.82 · 1014 ions/cm2

and 4.36 · 1014 ions/cm2, was found for TG-Green when irradiated by light ions (H+, D+ and He++)
at 1 MeV, and a 𝐹1/2 of 2.56 · 1016 ions/cm2 and 7.3 · 1015 ions/cm2 for YAGCe and TG-Green
respectively when irradiated by D+ at 2 MeV.

Different mechanisms can play a role in the degradation of the scintillator light yield when
irradiated by ions [14]. Amongst them, the most common mechanism is the radiation induced
absorption, which leads to the formation of color centers that effectively attenuate the light output
emitted by the scintillation process [15]. Our observations, together with the results reported in

– 4 –
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Figure 2. Black-Birk model fit of the scintillators: TG-Green-A (red), TG-Green-B (blue), YAGCe (black)
and P11 (green, multiply by a factor 0.1).

previous work [13], suggest that heavy ion irradiation inhibits light emission faster than light ions in
TG-Green and YAGCe scintillators. We speculate that this might be due to a larger fraction of the
incident energy being transferred through nuclear collisions, and thus favouring the formation of
defects, when irradiating with heavy ions as compared to light ions. However, this deserves a more
in depth analysis which is out of the scope of this paper and left for future work.

Table 2. 𝐹1/2 of the scintillators calculated using 2 different methods for 55 keV ion impact.

Scintillator
Black-Birk Model
(1014 ions/cm2)

Fluence at the emission value of 50%
(1014 ions/cm2)

TG-Green-A 5.4 ± 0.01 5.4 ± 0.1
TG-Green-B 4.64 ± 0.02 4.9 ± 0.1

YAGCe 3.81 ± 0.02 3.6 ± 0.1
P11 0.27 ± 0.01 0.69 ± 0.01

4.2 Calibrated photon detection yield of scintillators as a function of incident ion energy

The ionoluminescence efficiency or yield is expressed as the ratio between the number of emitted
photons and incident ions [7, 8]. Figure 3 shows the scintillator efficiency as a function of incident
133Cs+ ions energy. Two different scintillator positions were irradiated at TG-Green-A (TG-Green-A-I
and TG-Green-A-II). For TG-Green-A-I and TG-Green-B measurements, a set of consecutive shots
was done starting with a beam at 55 keV and then following the order: 5-10-20-30-40-50 keV and
finally a repetition at 55 keV. Also, YAGCe measurements shots at 60, 65 and 70 keV were conducted.
Only three measurements were performed on P11: 40, 50 and 60 keV. The investigated range of

– 5 –
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energies is the relevant one for the i-HIBP operation at ASDEX Upgrade, i.e. from 30–70 keV,
which would correspond to plasma operation with magnetic fields on axis ranging from 1.5 to 2.5 T
approximately [2].

Figure 3. Ionoluminescence yield of the studied scintillators: TG-Green-A (red & dark green), TG-Green-B
(blue), YAGCe (black) and P11 (green).

Two measurements of the incident number of ions were set by the Faraday Cup (see section 2).
On the other hand, the number of emitted photons at certain energy is the mean value of a distribution
integrated by SpectraSuit during the measurement. The yield errorbars are obtained by propagating
the errors from the Faraday Cup measurements and the standard deviation of the number of photons
distribution.

As we can see in figure 3, TG-Green-A and TG-Green-B have a very similar efficiency, followed
by YAGCe and at last P11, which presents the lowest yield of the scintillators under study. The
final measurement at 55 keV for TG-Green-A-I and TG-Green-B delivers a much lower yield than
the first one. This indicates that the scintillator degradation during the shot sequence needs to be
taken into account. This ionoluminescence degradation is a consequence of the ion fluencies the
scintillators have received: 4 · 1013 ions/cm2 (TG-Green-A-I and TG-Green-A-II), 7 · 1013 ions/cm2

(TG-Green-B) and 9 · 1013 ions/cm2 (YAGCe) during the measurements. The three measurements
at P11 were set at different scintillators position, where the fluence could be considered null. The
efficiency of P11 increases linearly with energy. By looking at the lower energy points (5, 10 and
20 keV), where the fluence (∼ 2 · 1013 ions/cm2) is still not high, the behaviour is also approximately
linear for TG-Green-A, TG-Green-B and YAGCe. The linear behaviour at higher energies is weak,
due to the degradation of the scintillators.

The yield dependence with incident energy has also been measured at the same scintillator
position at which the degradation study was carried out (figure 4). We have irradiated the scintillators
after this study until a decrease of the ionoluminescence with irradiation was not noticed anymore

– 6 –
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Figure 4. Scintillator yield as a function of incident ion energy in a degraded position of the scintillators
(fluence > 1015 ions/cm2): TG-Green-A (red), TG-Green-B (blue), YAGCe (black) and P11 (green).

(ion fluencies > 1015 ions/cm2, see the following section). This is useful to know what signal levels
we would expect at the i-HIBP once the scintillators are fully degraded. In these “fully-damaged”
positions of the scintillators the yield is also observed to increase with the incident ion energy, but
the calibrated photon detection yield is approximately 1% of a non-degraded one.

Table 3. Yield of the scintillators calculated using 2 different methods.

Scintillator
Yield Study

(103 Photons/Ion)
Linearity Study

(103 Photons/Ion)
TG-Green-A 8.8 ± 0.4 5.1 ± 0.8
TG-Green-B 9.8 ± 2.2 6.1 ± 1.1

YAGCe 1.9 ± 0.1 1.8 ± 0.5

4.3 Linearity of ionoluminiscence with ion current

A linear response of the scintillators ionoluminescence with incident ion current is required for
the i-HIBP diagnostic. Due to its low efficiency, P11 was omitted from this study. To study this
characteristic, we carried a sequence of shots using a beam energy of 55 keV and variable ion
current. The latter was modified by changing the temperature of the ion source. During each of
these sequences, we shot into the same spot of the scintillators. In figure 5 the results of several
beam shots with an energy of 55 keV and variable intensity of ions are shown. In all cases a linear
dependence of the scintillator yield was observed. The slope of the fit is the ionoluminescence yield
of the scintillators at 55 keV. A comparison between the results of this linearity study with the yield
study is set in table 3.

– 7 –
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Figure 5. Linear behaviour of the scintillators with incident ion current at 55 keV: TG-Green-A (red),
TG-Green-B (blue) and YAGCe (black).

4.4 Composition and thickness of the scintillators

The composition and thickness of the samples was studied by means of Ion Beam analytical techniques.
The 3 MV Tandem accelerator of the Centro Nacional de Aceleradores (CNA) in Seville was employed
to perform simultaneous RBS (Rutherford Backscattering Spectrometry) and PIXE (Particle Induced
X-ray Emission) measurements using a 3 MeV proton beam with intensity ≈ 3 nA and 0.5 mm
diameter. The electrically isolated target holder was biased to +300 V to prevent secondary electrons
from escaping from the samples. For the RBS measurements a light-tight Si detector, placed at the
scattering angle of 160◦, was used to avoid receiving the ion-induced photons in the samples that
would, otherwise, introduce noise into the spectra. We have assumed there are no concentration
gradients in the scintillators materials in order to estimate their thickness. For PIXE analysis a LeGe
(Low Energy Germanium) detector, placed at 145◦, was used to have high efficiency up to 50 keV,
in order to be able to detect the K-lines of the heavy elements present in the scintillator coatings (Ba,
Eu), since their L-lines overlap with the K-lines of the substrate (Cr, Fe). In some measurements,
a 250 μm thick mylar filter was placed in front of the LeGe detector to minimize pile-up events. The
RBS and PIXE spectra were analysed using the SIMNRA [16] and GUPIX codes, respectively.

Figure 6 shows PIXE spectra of the TG-Green-A, TG-Green-B and YAGCe samples. In
figure 6 (a), the presence of the dopant element (Eu) in samples TG-Green is clearly identified
through its K-lines, but the concentration of Ce in the YAGCe film is below the detection limit
(≈ 0.2% at). The RBS analysis (figure 7) also confirms that its Ce concentration must be ≤ 0.15%.
On the other hand, while the stoichiometry of the YAGCe and TG-Green-B samples are close to
their nominal values, the sample deposited in the CNA, apart from the expected elements (Sr, Eu),
presents a huge amount of Ba, Si, O and N, which probably comes from the not yet optimized
manufacturing method. The presence of these elements and the presence of Ga and S could explain

– 8 –
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Figure 6. PIXE analysis of the materials: TG-Green-A (red), TG-Green-B (blue) and YAGCe (black) with
(a) a mylar filter of 250 μm thickness and (b) without filter.

Figure 7. RBS analysis of the materials: TG-Green-A (red), TG-Green-B (blue) and YAGCe (black).

the difference between TG-Green-A and TG-Green-B light emission spectrum (see section 2). An
Energy Dispersive X-Ray (EDX) Spectroscopy was made confirming the PIXE results. The physical
thickness of TG-Green-A was too high to be measured by this method.

5 Summary and conclusions

The ionoluminescence of the scintillators (TG-Green-A, TG-Green-B, YAGCe and P11) by irradiating
with 133Cs beam has been characterized in order to use these materials as the active component of
the new i-HIBP diagnostic at ASDEX Upgrade. In this work we have investigated the following

– 9 –
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Table 4. Results of PIXE and RBS analysis. a Supposing a density = 3.65 g/cm3. b Supposing a density
= 4.55 g/cm3

Scintillator Concentration (% at)
Thickness

(1015 at/cm2)
Physical thickness

(μm)
TG-Green-A Si(43) O(24) N(20) Sr(10) Ba(2) Eu(1) 75.000 -
TG-Green-B Sr(11) Ga(26) S(62) Eu(1) 33.000 7.4𝑎

YAGCe Y(13.1) Al(23.1) O(63.8) 100.000 10𝑏

ionoluminescence characteristics: the yield (number of photons emitted per incident ion), the
degradation of the ionoluminescence and the linearity of emission with incident current. The main
observations are:

• The highest yield is obtained for TG-Green-A. For an incident ion beam energy of 55 keV, it is
close to 104 photons/ion.

• Strong degradation is observed for all studied scintillators at 55 keV ion energy irradiation. P11
shows the fastest degradation, with a 𝐹1/2 of 2.7 · 1013 ions/cm2 and TG-Green-A the slowest,
with a 𝐹1/2 of 5.4 · 1014 ions/cm2. These measurements are added to previous results [14],
filling the gap of irradiation with heavy ions in the low energy range (< 100 keV), and therefore
may help to validate models of scintillator degradation. A more thorough investigation on this
topic is out of the scope of this manuscript and is left for future work.

• All scintillators show a linear response with incident currents of the order of 1010 ions/s.
Expected current densities at the i-HIBP scintillator plate are of the order of 1 mA/m2 ∼
1012 ions/(s·cm2) in the i-HIBP diagnostic, which means ∼ 1010 ions/s using an incident beam
of 1 mm of diameter.

• The low degradation, the high yield and the linearity of the light emission with incident current
of YAGCe, TG-Green-A and TG-Green-B make these scintillators solid candidates to be used
in i-HIBP diagnostic. Overall TG-Green is the better choice due to its higher yield and slower
degradation.

On the other hand, previous works [8] have shown that high temperatures inhibit light emission as ion
fluence does by creating defects on the scintillator. Although the temperature at the scintillator plate
has been measured to be below 100◦C during plasma operation, a high temperature resistance of the
scintillator is still desired. Furthermore, due to the high-frequency of certain phenomena that will be
studied by the i-HIBP diagnostic [1], a fast (< 1 μs) temporal response of the scintillator is needed.
The temporal response of TG-Green has been characterized in previous work when irradiated by
light ions [8], where it was found to be of the order of the range between 350 and 500 ns. The study
of these properties of the TG-Green when irradiated by heavy ions will be the subject of future work.

As discussed in the previous paragraphs expected current densities at the i-HIBP scintillator
plate are of the order of mA/m2 ∼ 1012 ions/(s·cm2) (this is an estimation since the signal levels are
sensitive to plasma profiles [1]). This corresponds to a light yield of 1015 photons/s, associated purely
to the irradiation due to the probe beam and considering a yield of the order of 103 photons/ion (see
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table 3). If we consider 𝐹1/2 from table 2 for TG-Green A, we can estimate the plasma operation time
needed to degrade the scintillator emission to this point. Assuming a shot length of 10 s, this leads to
86 shots before the ionoluminescence is reduced to 50%. From the point of view of data evaluation,
a precise knowledge of the scintillator yield is needed to infer the plasma density profile and measure
density fluctuations. Therefore, the fast degradation of the scintillator yield can be an issue. Possible
solutions could be to keep track of the fluence at the scintillator plate using the current measurement
available at the scintillator plate [1] and to perform regular cross-calibrations with other diagnostics
capable of measuring the plasma density profile at the edge, such as the Li-BES available at AUG.
However, this should not impact the capability of the diagnostic to measure plasma potential and
magnetic field fluctuations, since these are inferred from the strike-line displacements.

Finally, although the scintillator screens investigated in this work are also sensitive to the
irradiation by light ions, due to the geometry of the detector, no contamination of the i-HIBP signal
is expected by these (e.g. fast-ions from external heating systems in the tokamak). This has been
evaluated by numerical simulations performed with the FILDSIM code [17], and was confirmed
during the 2021 campaign, were the i-HIBP was operated and no sign of light yield due to irradiation
by fast-ions was observed.
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