
 
 

 
 

It is important to study plasma physics on the 
confinement of the energetic particles, which are produced by 
DT and/or DD reaction in a burning plasma. The diagnostics 
of the distribution of energetic particle loss site have been 
proposed. The fundamental principle is the detection of 4.44-
MeV gamma rays produced by the interaction between the 
energetic particles come from the plasma and the first wall. 
To study the loss of the high energy alpha particles, it is need 
to obtain an image of the gamma-ray production points on the 
first wall. The aim of this study is a development of the 
imaging system for high energy gamma rays. 

The HP-Ge detector was set at the end of beam line on the 
1.7 MV tandem accelerator at Kobe University. Gamma rays 
can be produced by some reactions such as Be( , n ), Be(p, 
), Be(d, ), C(d, ) reactions. Be( , n ) reaction has been 

typically used for recent experiments and the incident ion is 
4.1-MeV helium. The energy of the gamma ray is 4.439 MeV. 
Because the energy is higher than the energy of environmental 
gamma ray, a conventional gamma camera can’t be applicable 
for this usage. To fabricate a high-energy-gamma-ray camera, 
some components should be developed, Since measurement 
of the gamma-rays gives information about  particles, we 
obtain the plasma condition. The simultaneous measurement 
of the incident position and the incident angle of the  particle 
on the wall has a benefit for this diagnostics. 

Fig. 1 shows an experimental set up for a gamma ray 
detection. The gamma-rays generated by the reaction, 9Be( , 
n )12C, was measured with a HPGe (EG&G, model 
GMX25P4-70) detector. The detection efficiency for 4.439 
MeV gamma-ray is 8.4 %. A Be target of 20 mm diameter and 
0.1 mm thickness is set in a Faraday cup (FC). A current of 
the incident helium ions was measured by the FC, and it is 
typically 20 nA. A HPGe was placed at the angle of , and the 
spectrum was measured. Since the excited nucleus in the 
reaction emits the gamma-ray before the nucleus stops, the 
gamma-ray spectra suffers from the Doppler effect. 

The Doppler shift was observed as functions of detection 
angle. The comparison between the spectra for the detection 
angle of  = 0 [ ] and  = 90 [ ] is shown in Fig. 2. The 
difference of the two peaks is 35 keV. It is convenient to use 
the difference in rough treatment. Since the spectral shapes 
are not the same for a different detection angle, a treatment 
includes the needed shape. 

Energy dependence of the gamma-ray yield was measured 
at  = 0 [ ]. The energy of the incident helium is 2.0, 2.8, 3.8, 
4.1 MeV. Doppler broadening is caused by neutron emission. 

The energy resolution of HGPe is sufficiently large, and the 
width of spectra does not represent the detector resolution. All 
spectra are corrupt by the Doppler broadening. The 
broadening does not have angular dependence. 

In this study, high-energy gamma-ray spectra to diagnose 
the escaping helium from a fusion plasma were investigated. 
The Doppler shift and the broadening were observed as 
functions of detection angle. A computer simulation of the 
reaction including these effects was conducted. The 
comparison of these effects were in agreement with the 
experimental results. It shows that there is a capability for 
diagnostics on the escaping helium particles from burning 
plasmas using a detector of high-energy resolution. 

 

Fig. 1. Experimental set up. 

 
Fig. 2. An example of Doppler shift. 

 

Fig. 3. Energy dependence of the gamma-ray yield.  
 

 
 

Tungsten is potential candidate for an armor of the 
first wall and the divertor plate of the fusion reactor because 
of its low erosion yield and good thermal properties. Joint 
material with tungsten and cooling channel will be used as 
the divertor plate. Cu is one of high thermal conductivity 
material for the cooling channels. In addition, in the case of 
the fusion demonstration reactor (DEMO), neutron damage 
will be a critical issue. Structure materials of the first 
wall/blanket and the cooling channels of the divertor of 
DEMO will be made by low activation materials. In the 
present work, W coating/jointing materials on low activation 
materials such as reduced-activation ferritic/martensitic steel 
(RAF/M) are tried to fabricated to develop W divertor mock-
up for LHD and FFHR and then, heat loading properties of 
them will be investigated. In this fiscal year, fabrication 
method of jointing of bulk pure W and reduced-activation 
ferritic/martensitic steel (RAF/M) was investigated. In 
addition, heat loading tests of W small samples using electron 
beam have been carried out and thermal stress has applied on 
the samples to design evaluation method of heat loading 
property on small W samples. 

The ITER grade W were machined to 10 mm x 10 
mm x 1mm, followed by mechanical and electro polishing.  
Specimens were placed on a water-cooled Cu block and 
subjected to high heat load experiments by an electron beam 
irradiation test simulator of the Research Institute for Applied 
Mechanics, Kyushu University. The electron beam energy 
used was 20 keV. The beam diameter was 3 mm . Heat flux 
was evaluated by the beam diameter and net electric current 
of the electron beam irradiated. The net current was measured 
by applying a bias voltage to the sample to suppress the 
secondary electron induced by the electron irradiation. The 
surface temperature of the center region with a diameter of 
1mm  of the sample was measured with two-color optical 
pyrometers (400-1100oC, 1000-3100 oC).  Before and after 
the irradiation, the sample surfaces were examined by a 
scanning electron microscope (SEM). Temperature profile 
and elastic-plastic analyses were performed for ITER grade 
W using the finite element code ANSYS. Only 1/4 geometry 
was considered due to symmetry. The temperature 
dependence of the materials properties of thermal 
conductivity, coefficient of thermal expansion (CTE), elastic 
modulus and Poisson’s ratio and were taken into account. 
True stress–true strain curves (two straight - line 
approximation), which were developed by tensile test, has 
been used in the FEA analyses. 

Spark Plasma Sintering (SPS) and Hot Isostatic 
Pressing(HIP) methods have been designed to joint W bulk 
and reduced-activation ferritic/martensitic steel (RAF/M). 
Both methods, crack and exfoliation near boundary between 
W and RAR/M may be formed during cooling after the 
jointing due to difference of thermal expansion coefficient. In 
addition, intermediate layer may be also formed and diffusion 
of W and constituent elements of RAF/M may occur. As the 
objective of the work is to evaluate of jointing materials for 
heat loading, small samples which small stresses will be 
formed during the cooling after the jointing are going to be 
fabricated. In the heat loading tests, repeated heat loading 
which the peak surface temperature of 1250 oC could be 
carried out by controlling electric beams current. The tests 
were conducted at following irradiation conditions: repeated 
of 2-s irradiation and 7.5-s rest with one cycle of 9.5 s for a 
total cycle of 200 times. After repeat of 20 time heating, 
surface was modified and slip lines by plastic deformation 
were seen. Figure 1 shows the surface after repeating heating 
of 200 times. After 200 times repeated heat loading, 
remarkable modification occurred and surface roughened as 
shown in Fig.1. In addition, cracks and exfoliation along the 
grain boundaries were also formed on the surface. Figure 2 
shows temperature distribution, Mises stress after 2 s electron 
beams irradiation start by FEM analyses. One corner is the 
center of the sample because 1/4 model is used. Temperature 
of surface center is almost agree with the heat loading test 
result. In center area in the sample surface, stress is released 
by plastic deformation due to decrease of yield stress at high 
temperature. This result is agree with the experimental result 
which slip lines were seen in the center area on the surface of 
ITER grade W. In addition, the thermal stress analyses 
indicated that compressional stress and tensile stress is 
applied on the center area and the out of the center area, 
respectively, during the heat loading. On the other hand, 
tensile stress is applied during the cooling. This cyclic stress 
is considered to cause damage by fatigue. These results also 
indicate that relation between thermal stress and modification 
can be revealed by comparing with calculation result of stress 
by FEM and the heat loading test on the small sample. 
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Fig.1  SEM image after heat loading 

Fig.2  Temperature distribution(oC) (Left) and  
Mises stress (MPa) (Right) 
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