
 
It is a promising approach to study the plasma-wall 

interactions in divertor regions by utilizing the high heat-
flux of ions and electrons in the linear device. In this work, 
materials positioned in the end-mirror region of GAMMA 
10 has been exposed to hydrogen discharges to examine the 
plasma-material interaction concerning the hydrogen 
behavior in divertor materials.  Here, we report the 
temperature dependence of metal deposition and the 
hydrogen transport behavior, particularly the hydrogen 
trapping at the irradiated surface and the permeation to the 
back side surface. 

The samples used in the study were SiC and W crystals. 
The sample holder made of Mo was attached on a transfer 
rod, which can be adjusted to locate at 0.3 m from the end of 
the mirror exit. The irradiation was performed in hot-ion-
mode plasmas with 9 and 27 shots of a typical pulse with 
0.4 sec, with ion energy of 200 eV at the sample 
temperature kept at 370 and 570 K. After the plasma 
irradiation, each sample was analyzed by Rutherford 
backscattering spectrometry (RBS) and by the elastic recoil 
detection (ERD) methods for deposited metal impurities and 
retained hydrogen atoms in the surface layer of it, using a 
1.7 MeV tandem accelerator. The ion beam analysis 
technique is also able to detect the permeated hydrogen 
directly in the material without being affected the molecular 
recombination process at the back surface, by collecting 
hydrogen in a storing metal layer on the opposite side of the 
irradiation. In order to observe the hydrogen permeation, an 
hydrogen absorbing metal layer of 200 nm Zr was formed 
on the on the opposite side of the irradiated surface of the 
sample.   
   Fig. 1 shows the amounts of displaced Si, retained H and 
deposited metal atoms in the near surface layer of the single 
crystal Si sample inserted in the GAMMA10 at the 
temperatures of 370 K and 570 K.  Accumulation of 
damage and hydrogen retention was nearly saturated at the 
irradiation fluence of 9 shots, and was not significantly 
depend on the temperature.  On the contrary, the thickness 
of the deposited metal layer decreased with the temperature.   
The deposition layer consists of carbon and metal oxides, 
whose thickness is supposed to be determined by the 
deposition rate of impurities and decomposition rate by 
incident hydrogen. Actually, the oxide layer is easily 
reduced by the hydrogen implantation. According to the 
analysis of the WO3 sample exposed simultaneously, the 
decrease rate of the WO3 layer was estimated to be about 
1.7 nm per a plasma discharge of 0.4 s.  The results 
indicate that the decomposition of the deposition layer was 
enhanced at higher temperature. 
   Most of the hydrogen is immediately reemitted from the 
incident surface of the SiC and W.  However, some of 

incident hydrogen diffuses into the interior to the sample, 
then transmitted through to the opposite surface.  Fig. 2 
shows the recoil hydrogen spectra in the Zr/W and Zr/SiC 
sample irradiated at 570K up to a fluence of 27 shots, 
clearly indicating hydrogen permeation in SiC. Prior to the 
GAMMA10 experiments, we confirmed that the hydrogen 
permeation was found in the same sample of neither SiC nor 
W under the 5 keV D ion irradiation at the 570 K. In case of 
the GAMMA10 irradiation, the sites responsible for the 
molecular recombination rate might be effectively filled 
with hydrogen incident on the very shallow depth due to 
much lower ion energy comparing to the 5 keV ion 
irradiation. As a result of suppressing the reemission process, 
it is considered that more portion of incident hydrogen 
diffuse into the interior and permeate to the opposite side of 
SiC sample. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. The recoil hydrogen spectra from the W crystals with 
and without pre-implantation of 200 keV O ions prior to the 
plasma irradiation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The recoil hydrogen and helium spectra from the W 
crystals with pre-implantation of 10 keV He and 200 keV O 
ions, prior to the plasma irradiation. 
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1. Introduction    
    Edge plasma control is now recognized as the key to 
achieving high-performance core plasma confinement in 
magnetic fusion experiments. The first-of-a-kind systematic 
investigation of effects of wall recycling on core 
confinement was conducted in TFTR1), whereby particle 
recycling from the graphite bumper limiter was reduced by 
thermal degassing and helium discharge conditioning prior 
to confinement discharges, having led to the discovery of 
“Supershot”  regime. In the “Supershot” confinement 
regime, the energy confinement time in has been found to 
increase with decreasing edge particle recycling from the 
limiter.  
    An empirical correlation was found in Doublet-III 
experiments that whenever wall recycling is reduced, energy 
and particle confinement is improved even as the H-mode is 
not achieved2). This was explained as the energy transport 
along with the edge particle flow is dominated by 
convective heat transport such that: 

      𝑞𝑞∥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 5𝑘𝑘 (𝑇𝑇𝑒𝑒+𝑇𝑇𝑖𝑖)
2

Γ𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙            (1) 

where q||conv is the parallel convection heat flux, k is 
Boltzmann’s constant, Te and Ti are the electron and ion 
temperatures, respectively. It is clear from Eq. (1) that the 
control over wall recycling would result in a reduction in 
heat flux, whereby energy confinement improves. It follows 
from these arguments that reduced wall recycling can be 
considered as a necessary condition for improved core 
confinement. 
    Similar reduced recycling effects have been observed 
in a number of toroidal fusion devices, including even 
stellarators and spherical tokamaks, over the past several 
decades although the physics behind these effects is not 
thoroughly understood. 
   The present work is intended to investigate whether or 
not such wall recycling effects on core confinement can be 
observed in mirror machines such as GAMMA-10. It is 
expected that particles recycling effects, if any, may be 
observed, using reflective end plates which separate the end 
cell from the central cell.  
 
2. Experimental results       
    A schematic diagram of the end plate prepared for this 
purpose is shown in Fig.1. Employed as the end plate 
materials are graphite and tungsten, completely different in 
hydrogen recycling characteristics. Recognize that graphite 
is an absorbing surface whereas tungsten is essentially a 
reflecting surface3). These two materials can readily be 
exchanged in-situ by flipping the end plate, as shown in 
Fig.1.  

 
 
Fig. 1 A schematic diagram and photos of the end plates. 

 

Fig. 2 Hydrogen recycling over the C and W end plates.  

 
Fig. 3 Hydrogen retention in C plates measured by TDS. 
 
    Shown in Fig.2 are the spectroscopic data for Hαtaken 
as the measure of hydrogen recycling, for the C and W end 
plates. It is found that hydrogen recycling is reduced with C 
plates in the end part. And the amount of hydrogen retention 
in the C-plates has been obtained by post-exposure TDS 
measurements, as shown in Fig.3. As a result, H retention is 
1.01×1017 H/cm2 and 1.30×1017 H/cm2 for C-plate in the 
East and West end respectively. For particle flux 
Γi = 4 × 1018/cm2s 4), with total exposure time ~1.2s, the 
ratio of retained /incident hydrogen is ~2.1%-2.7%. In the 
shots with C and W plates in the end parts, however, no 
clear difference in plasma parameters has been observed.  
  
 
1) Strachan, J. D., Nucl. Fusion 39(1999)1093. 
2) M. Nagami et al., Nucl. Fusion 24(1984)183-200. 
3) Post, D. E. and Behrisch, R. “Physics of plasma-wall 
interactions in controlled fusion” Plenum Press (1986). 
4) Y. Nakashima, et al Journal of Nuclear Materials 438 (2013) 
S738–S741 

A schematic diagram and 
(a) 
 s of the end plate

(b) 
 

C 
 

W 
 

461

§14. Effects of Particle Control in the End Region 
on the Central Plasma Characteristics in 
GAMMA-10

Bi, H. (Dept. Fusion Sci., SOKENDAI), Hirooka, Y., 
Nakashima, Y., Sakamoto, M. (Univ. Tsukuba) 


