
Among the constituent materials of the 
superconducting fusion magnet, the organic insulation 
materials are the most radiosensitive materials which are 
concerned to degrade by exposure to radiation. It is 
important to evaluate the irradiation effect of the insulation 
materials and improve the radiation durability for safety and 
durability of the reactor system. In order to improve the 
radiation-durability of the organic insulation materials,
cyanate ester (CE) / epoxy (EP) mixed resin was used and 
the radiation effects on the resins with different percentages 
of cyanate ester in the mixed resin were investigated1).

In the actual use in the fusion magnet, Insulation 
materials are fabricated by impregnating the polymeric 
material into the stacks of alternating layers of polyimide 
films and glass cloth, whereas few studies are reported 
about the irradiation effect on the resin-glass cloth and the 
resin-polyimide film boundary. In this study, we focused 
attention on the influence on the interfacial properties on the 
irradiation effect of the organic insulation materials. 

E-glass cloth with and without silane treatment were 
used. The mixture of the epoxy resin (Epikote® 828, 
Mitsubishi Chemical Co.) and the hardener (Jeffamine® 
D230 Huntsman Co.), or 4:6 mixture of cyanate ester 
(AROCY®35000 CH Huntsman Co.) and cyanate ester
was impregnated to the laminated glass clothes under 
vacuum at 40 °C. The Glass Fiber Reinforced Plastic 
(GFRP) was fabricated by hardening under the suitable 
condition. The GFRP was irradiated by gamma-ray up to 10 
MGy by 42 kGy/h in dose rate. After the irradiation, 
interlaminar shear strength (ILSS) test under liquid nitrogen 
temperature and the observation of fracture cross section
were performed.

Fig. 1 shows the results of ILSS test of the specimens 
of epoxy resin. Without irradiation, ILSS was almost the 
same for the specimens with and without surface treatment. 
After 5 MGy irradiation, ILSS decreased for both specimens, 
but was a little larger in silane-treated GFRP than non-
treated GFRP. After 10 MGy irradiation, ILSS became 
much lower regardless of surface treatment, and cohesive
failure of resin layer was observed by the microscopic 
observation of fracture cross section. It shows that the 
interlaminar shear failure occurred in the resin layer.

Fig. 2 shows ILSS of GFRP fabricated with CE/EP 
mixed resin and the glass cloths with and without surface 
treatment. ILSS was larger in silane-treated GFRP than that 
of non-treated one. The decrease in ILSS and change in 
fracture cross section was never observed after irradiation.  
In addition, ILSS of silane-treated GFRP was larger than 
that of the non-treated one, even after 10 MGy irradiation. 

Fig. 1 ILSS of epoxy GFRP using E-glass with and without 
silane treatment in each absorbed dose.

Fig. 2 ILSS of CE/EP mixed GFRP using E-glass with and 
without silane treatment in each absorbed dose.

It indicates that the silane-coated layer on the glass 
surface has high radiation resistance, and the degradation of 
resin-glass cloth interface caused by degradation of resin.

From these results, the following prospection is 
possible. In the non-irradiated epoxy GFRP, the interfacial 
breaking strength is larger than the cohesive breaking 
strength, which causes a crack in the resin layer followed by 
main body breaking. It is considered that both the resin and 
interface degrades by 5 MGy irradiation, and then the 
significant denaturalization occurred in the resin layer by 10 
MGy irradiation. The microscopic observation of fracture 
cross section also supported the conception. Thus, the effect 
of the silane treatment was hardly observed. 

In CE/EP mixed resin, on the other hand, the 
interfacial breaking strength is smaller than the cohesive one. 
This causes the interfacial failure which clearly shows the 
effect of surface treatment in the non-irradiated samples. In 
addition, both the interfacial and cohesive breaking strength
hardly decreases by the irradiation in the mixed resin, which 
is supposed to cause the interfacial failure, regardless of the 
absorbed dose.

1) Prokopec, R. et al.: Fusion Engineering and Design 82
(2007) 1508.
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1. Introduction 
  In the operation of the fusion reactor, many plasma 
parameters have to be controlled simultaneously. While, we 
should pay attention that actuators and diagnostics which 
can be installed into the reactor will be limited because of 
the high heat flux and the neutron flux. In addition, each 
actuator and each parameter are not one to one 
corresponding. For example, the NBI can control not only 
the fusion power but also the plasma current. To design the 
control system of the Demo or the commercial reactors, 
these problems have to be taken into consideration. To 
address these problems, we should consider what 
parameters should be controlled, what actuators and 
diagnostics can be installed, and what control logic should 
be applied. These issues are interlinked, as shown in Fig. 1. 
 

 
Fig. 1. The concept of the fusion reactor control system. 
 

In this research, we focus on the construction of the 
control logic. The system that multiple parameters are 
controlled by multiple actuators, is called MIMO (Multi-
Input Multi-Output) system. To design the MIMO system 
controller, introduction of the state equation is familiar 
method [1]. 
 
2. The state equation 
  The state equation expresses the physical model of the 
system. In this case, we use the zero-dimensional equations 
given by eqs. (1) and (2). For future, the profile control will 
be needed and the state equation for the profile control will 
have to be constructed, but control logic developed here 
might be applicable for the profile control. 
  The equation (1) expresses the time evolution of the 
plasma current I, the amount of the plasma particle N and 
the total plasma energy W, where actuators Iind, Npuff and 
PNBI are the induced current, the gas-puff, NBI, respectively. 
The equation (2) expresses the control parameters, where I, 

Pfus and ne are the plasma current, the fusion power and the 
plasma density, respectively. 
 

The deviation from the equilibrium condition of eqs. (1)-(2) 
is considered, by the linearization of these state equations, 
and we can summarize the equation for the perturbation as 
follows; 

,
where x is the I, N and W, u is the Iind, Npuff and PNBI and y is 
the I, Pfus and ne , respectively, and  denots the deviation 
from the equilibrium value.  

Next, we assume that  is required to decrease 
exponentially, as follows; 

By using eqs. (3)-(5), we can design the controller.  
At first, we designed the multiple PID controller from the 

state equation, and demonstrate the plasma control 
simulation with eq (1). The typical result is shown in Fig. 2. 

Fig. 2. The time evaluation of the plasma current Ip, the 
fusion power Pfus and the plasma electron density < ne >. Ip 
and < ne > is kept in the constant target value. Pfus follows 
the target value from 400MW to 500MW at 250sec and is 
recovered from the disturbance at 300sec. 
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