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The characteristics of light output by ion beam irradiations under high ion fluxes have been
measured for three kinds of scintillators: ZnS:Ag deposited on the glass plate, Y3Al5O12:Ce powder
stiffened with a binder, and Y3Al5O12:Ce ceramics sintered at high temperature. The ion beam flux
in the range from 1012 to 1013 ions/ �cm2 s� is irradiated to simulate the burning plasma
experiments. The decrease of light output has been observed by long time ion irradiation. The
deterioration of ZnS:Ag deposited scintillator is most serious. The deterioration has been improved
for the scintillators of Y3Al5O12:Ce with a binder and that sintered. Their applications to ITER lost
alpha diagnostics are discussed. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2228743�

I. INTRODUCTION

Lost alpha diagnostics on burning plasma experiments
are strongly demanded, because the localization of alpha-
particle loss may damage on the first wall and the plasma-
facing components. However, it is difficult to use the con-
ventional scintillator based lost alpha probe in hostile high
temperature of more than 300 °C and the radiation environ-
ments with high flux ion bombardments. Although the basic
characteristics of scintillators are reported,1,2 the characteris-
tics of scintillators are not clear in severe applications for
burning plasma experiments. Therefore new types of scintil-
lators have been developed using powders such as ZnS:Ag
deposited on a substrate, Y3Al5O12:Ce powder stiffened with
an inorganic binder, and Y3Al5O12:Ce ceramics sintered at
high temperature. The characteristics of binder-containing
scintillators have been studied using 3 MeV proton and he-
lium beam fluxes of �1013 ions/ �cm2 s� relevant to lost al-
pha diagnostics in a burning plasma. The linearity of light
emissions to the beam flux was confirmed. The temperature
dependence of light emissions has the similar tendency as
earlier results reported by Lin et al.2 The degradation speeds
of scintillation efficiencies are discussed for ITER lost ion
probe.

II. EXPERIMENTAL SETUP

Scintillator characteristics for the light intensity and the
irradiation endurance are investigated using the accelerator
facility �Fast Neutron Laboratory �FNL�� of Tohoku Univer-
sity. In this facility, the beams of proton, deuteron, and he-
lium ion of up to 4.5 MeV energy can be irradiated onto the
scintillator samples. For the beam irradiation experiments,
the vacuum chamber with the sample holder and the heater
�the rated temperature of 600 °C� has been installed into the
beam line, as is shown in Fig. 1. The sample holder has a
rotary motion and is set to the angle of 45° between the
sample holder plane and the beam axis. The sample tempera-
ture can be monitored by a thermocouple and be controlled
by a proportional-integral-derivative �PID� controller. During
the irradiation experiments, the vacuum pressure has been
kept constant at 1�10−3 Pa, and the increase of sample tem-
peratures by beam itself can be ignored. The emission light
from a scintillator is measured by the spectrometer
�Hamamatsu, PMA-11� from the side port of the vacuum
chamber. This side port is also used as a beam profile moni-
tor by a small charge-coupled device �CCD� camera simul-
taneously. The spectra, the sample temperatures, and the
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beam profiles are stored into the hard disks of personal com-
puters, which are controlled remotely from the control room
of FNL.

The phosphor powders of ZnS:Ag and Y3Al5O12:Ce are
prepared for the irradiation of ion beams. The phosphor pow-
der of ZnS:Ag �sample 1, P11, Sylvania� is deposited on the
glass plate with a small amount of binder. This scintillator is
employed for the lost ion probe of the Large Helical Device
�LHD�.3,4 As for the powder of Y3Al5O12:Ce, two kinds of
samples are prepared to know their deterioration by the beam
irradiations. For one sample, the powder of Y3Al5O12:Ce
�sample 2, P46, Sylvania� is mixed with the Aron ceramic
binder �TOAGOSEI Co. Ltd� of 50 wt %, and is coated on
the stainless steel plate. Since the Aron ceramic binder is
mainly composed of Al2O3 and it has the heat resistance of
up to approximately 1200–1300 °C, it is considered that the
phosphor powder can be bonded on a substrate firmly, com-
pared with the direct deposition on a plate without the binder.
Another sample is the ceramic disk of Y3Al5O12:Ce
�sample 3, 1.0 mol % Ce is doped�, whose powder is sintered
at the temperature of �1750 °C.5

III. RESULTS

A. Light output of scintillators

The measured spectra for samples 1, 2, and 3 have a
broad peak at 450, 554, and 554 nm, respectively. The light
output is measured by changing the beam current of 3 MeV
proton at the room temperature for the linearity of the total
emission light. In Fig. 2 for sample 3, both the peak and the
integrated spectrum intensities are plotted as a function of
the proton beam current. The spectra are integrated numeri-
cally over the measured wavelength. Before the beam irra-
diation, the beam current is measured by the movable Fara-
day cup placed at the 10 cm upstream. To control the fluence
of ion beams, the beam irradiation is limited within a minute

for a spectrum acquisition. The peak intensity of sample 3 is
linearly proportional to the beam current below 10 nA. At
the beam current of 54 nA, the deviation of the measured
data from the straight line is observed. It has a possibility
that the deterioration of the scintillator surface has occurred
due to the beam bombardments.

In the cases of other samples 1 and 2, there is the same
tendency of the peak intensities in the range of the above
experiment.

B. Deterioration by ion beams

In the burning plasma experiments such as that of ITER,
the scintillator would suffer from the high particle flux in the
range from 1012 to 1013 ions/ �cm2 s� and the high tempera-
ture operations around 300 °C behind the first wall. There
are particular concerns about the deterioration and the optical
quenching in those environments. To simulate the environ-
ments around the first wall of ITER, the beam flux is ad-
justed by both the beam current from the ion source and two
dimensional slits perpendicular to the beam axis placed at a
few tens of centimeters upstream. The beam sizes are deter-
mined from the CCD image data of the scintillator surface.

In the case of sample 1, the proton beam current of ap-
proximately 35 nA is irradiated for 25 min, as shown in
Fig. 3. The proton flux becomes 1.4�1012 ions/ �cm2 s� with
the measured beam cross section of 0.16 cm2. Although the
absolute intensity for sample 1 is the highest of the three
samples, the peak intensity for sample 1 degrades to half of
the initial one after 5 min. The deterioration by the beam
irradiation is found to be the most serious for sample 1. The
bonding strength is not tight enough to leave the phosphor
powder on the glass plate with a small amount of binder.

For sample 2, the proton beam current of approximately
35 nA is irradiated for 140 min. The proton flux becomes
1.8�1012 ions/ �cm2 s� with the measured beam cross sec-
tion of 0.126 cm2. The result is shown in Fig. 4. We obtain
the better properties of sample 2 than those of sample 1 in
view of the deterioration. The heat treatment has been carried
out in order to reveal the bonding performance of Aron ce-
ramic binder. Figure 5 shows the effect of the heat treatment
without baking and with baking at the temperature of 450 °C
of sample 2 before the beam irradiations. The peak intensity
is normalized by the initial one. Although the absolute peak
intensity with baking becomes approximately three times

FIG. 1. �Color online� Schematic illustration of the beam line and the beam
irradiation system.

FIG. 2. Dependence of the peak and the integrated intensities on the beam
current for the ceramic disk of Y3Al5O12:Ce �sample 3�.

FIG. 3. Light output in the wavelength of 450 nm for ZnS:Ag �sample 1� by
3 MeV proton beam irradiation at the temperature of 17 °C. The proton
beam current of 35 nA is irradiated, and the flux corresponds to
1.4�1012 ions/ �cm2 s�.
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lower than that without baking in the initial irradiation, the
deterioration by proton beams with baking is relatively
weaker than that without baking. After a 120 min ion irra-
diation, the peak intensity with baking decreases by 60% of
the initial intensity.

For the estimate of the damage for scintillators, the em-
pirical equation is introduced as follows:

Iint = a1 + a2 exp�− a3t� , �1�

where the constants a1, a2, and a3 are determined by the
fitting as a function of the irradiation time t. In the case of

sample 2 with baking, the constants a1, a2, and a3 are esti-
mated as 0.33, 0.72, and 0.01, respectively. For ITER experi-
ments, substituting the total operating hours per year of 107 s
into the above empirical equation �1�, the peak intensity with
baking would decrease to 0.33 of the initial one. The dete-
rioration is within the permissible range. In addition to beam
irradiations, however, the deteriorations and the background
noise by neutrons and gamma rays would be considered in
near future.

The characteristics of sample 3 were found to be similar
to those of sample 2 and were evaluated with promising
results in the beam irradiation at room temperature and
200 °C. As the phosphor powders prepared are not opti-
mized for the doping density, the binder treatment, and so on,
further investigation would be carried out to develop the bet-
ter scintillators with the heat and radiation resistance.

C. Optical quenching by temperature

Each sample is heated up to 500 °C, and let it cool down
back to the room temperature. The scintillators are irradiated
by ion beams for a short time in order to avoid the deterio-
ration. For samples 1 and 3, we obtain the same results as
reported by Lin et al.2 using their fitting functions. For
samples 2, the improvement of light output has been ob-
served in the temperature of more than 200 °C. Since the
scintillator of ZnS:Ag quenches the light output at 300 °C,
the developments of Y3Al5O12:Ce or other phosphors are
desired for ITER lost ion probe.
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FIG. 4. Light output in the wavelength of 554 nm for Y3Al5O12:Ce �sample
2� by 3 MeV proton beam irradiation at the temperature of 17 °C. The
proton beam current of 35 nA is irradiated, and the flux corresponds to
1.8�1012 ions/ �cm2 s�.

FIG. 5. The baking effect for Y3Al5O12:Ce �sample 2� by 3 MeV proton
beam irradiation.
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