
  
It has widely been recognized that particle recycling 

from plasma-facing components in magnetic fusion devices 
can affect core confinement performance. This effect was 
first observed by the “Supershot” confinement experiments 
in TFTR1), whereby particle recycling from the graphite 
bumper limiter was reduced by thermal degassing and 
helium discharge conditioning prior to confinement 
discharges.  In the Supershot confinement regime, the 
energy confinement time in has been found to increase with 
decreasing edge particle recycling from the limiter. 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.     

Generally, the total heat flow along the magnetic field 
line is considered to be the sum of convection and 
conduction effects such that:  
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Here, it is extremely important to point out here that the 
SOL collisionality, SOL, plays a key role in determining the 
heat loss mechanism to the plasma-facing component. Also, 
for the same plasma temperature and density SOL is linearly 
proportional to connection length.   
 If SOL <10, as a general guideline, the heat loss will be 
“sheath-limited” to be given by2): 
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This condition can easily be met in small-to-medium size 
devices such as NSTX where lithium is used as the plasma-
facing materials to reduce nedge. This is believed to be very 
true with mirror machines. 
 As opposed to that, if SOL >20 is established, the heat 
loss will become “conduction-dominated” to be expressed 
as2): 
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This may be met by relatively large machines such as JET.  
  

 A schematic diagram of the end plate prepared for this 
purpose is shown in Fig. 1.  Employed as the end plate 
materials are titanium and tungsten, completely different in 
hydrogen recycling characteristics, as shown in Fig. 2. 
Recognize that titanium (a) is an absorbing surface whereas 
tungsten (b) is essentially a reflecting surface. 

Fig. 1  A schematic diagram and a photo of the end plate. 
 

            
Fig. 2  Hydrogen recycling properties of (a)Ti and (b)W.3) 
 
 These two materials can readily be exchanged in-situ 
by flipping the end plate, as shown in Fig. 1.  Also, a 
resistive heater is inserted in between these plates, so that 
post-exposure TDS can be done. 
 Shown in Fig. 3 are the spectroscopic data for H as H  
taken as the measure of hydrogen recycling, for the Ti and 
W end plates.  As shown in Fig. 4, however, no clear 
change in stored energy has been observed.  The next step 
to be taken will be to change the Ti plate with a C-plate for 
even further reduced recycling.3)  

 
Fig. 3 Hydrogen recycling over the Ti and W end plates. 

 
Fig. 4 Stored energies(A.U.) with the Ti and W end plates. 
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Microwave imaging diagnostics can be potentially 
used to observe functions in the electron density and 
electron temperature profiles in magnetically confined high 
temperature plasma.1,2) In LHD, a horn antenna mixer array 
(HMA) has been developed as a receiver of a microwave 
imaging reflectometry. Since HMA is a heterodyne type 
antenna array, it needs a local oscillation (LO) power to 
convert a radio frequency (RF) signal into an intermediate 
frequency (IF) signal. The LO distribution method of HMA 
adopted a space-irradiation method using a LO horn antenna. 
The LO signal and RF signal entered antenna element of 
HMA via each horn antenna.  

This system has problems related to the LO optics. 
First, the beam splitter, which is utilized as a beam 
combiner of the RF and LO waves, attenuates its intensities. 
Second, there is difference in the conversion losses of the 
internal mixer between a center channel and an edge 
channel of the HMA because of a deformed LO beam 
pattern. Third, the LO supplied by irradiation requires an 
expensive high-power amplifier owing to low coupling 
efficiency between the irradiation horn antenna and each 
HMA element. To overcome these problems, a new antenna 
system is designed.  

The new HMA is designed such that LO irradiation is 
not necessary, and employs a microwave monolithic IC 
(MMIC) frequency quadrupler.3) It converts an LO wave to 
a pre-LO signal having 1/4 of the frequency. By using the 
quadrupler, the mixer can receive the LO wave on the same 
PCB. When the frequencies of the RF and LO waves are 
60.150 GHz and 60 GHz, respectively, 1/4 of the frequency 
of the LO wave is 15 GHz. The signal at the frequency of 15 
GHz is easily divided, transmitted, and amplified on the 
PCB. In addition, signals in this frequency band can be 
transmitted with low loss by a coaxial connector. Therefore, 
the new HMA can provide LO waves to each mixer inside 
the antenna housing, without the LO optics. 

Figure 1 shows details of the two-channel test module 
developed in the current fiscal year, and its conversion 
losses. In this module, SMA connectors are used with the IF 
outputs and a 1/4 LO input, and WR-15 flanges are used 
with the RF inputs. Figure 1(d) shows the results of the 
conversion loss test. In this test, the frequency and power of 
the 1/4 LO are 15 GHz and 10 dBm. Further, the frequency 

and power of the RF are 60.150 GHz and −10 to −35 dBm, 
respectively. According to Fig. 1(d), the conversion losses 
of channels 1 and 2 exhibit similar characteristics. These 
values are better than the former HMA.1) 

On the basis of former HMA, a new HMA, which has 
an internal LO module, was proposed for microwave 
imaging diagnostics. In order to demonstrate the new HMA, 
a two-channel test module was manufactured. In the next 
fiscal year, 8 channel antenna arrays will be developed and 
installed in GAMMA 10. 

 
   

1) Kuwahara, D. et al.: J. Plasma Fusion Res. SERIES 8 
(2009) 649. 

2) Kuwahara, D. et al.: Rev. Sci. Instrum. 81 (2010) 10D919. 
3) Kuwahara, D. et al.: Rev. Sci. Instrum. 85 (2014) 11D805. 

Fig. 1.  Two channel test module: (a) top view of 
the main PCB (b) bottom view of the main PCB 
and IF transmission PCB (c) bird eye view of the 
test module, and (d) conversion loss 
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