
  
  

Development of high power gyrotrons and electron 
cyclotron heating (ECH) systems for the power modulation 
experiments in GAMMA 10 have been started in order to 
generate and control the high heat flux and to make the 
ELM (edge localized mode) like intermittent heat load 
pattern for divertor simulation studies. ECH for potential 
formation at plug region (P-ECH) produces electron flow 
with high energy along the magnetic filed line. By 
modulating the ECH power, we can obtain arbitrary pulse 
heat load patterns. The heat flux factor increases almost 
linearly with ECH power. An intense axial electron flow 
with energy from hundreds of eV to a few keV generated by 
fundamental P-ECH is observed.  

Figure 1 shows the P-ECH system and locations of 
the diagnostic systems used in the preliminary P-ECH 
modulation experiment to generate the high and ELM-like 
heat flux. In the vessel, a launcher composed of an open 
ended corrugated waveguide and two mirrors (MP1 and 
MP2) is installed. It radiated the microwave power to the 
resonance layer as shown in Fig. 1. The heat flux is 
measured by the movable calorimeter. This diagnostics 
instrument is located at 30 cm downstream from the end-
mirror coil (zEXIT=30 cm) and can be inserted from the 
bottom of the vacuum vessel up to the center axis of 
GAMMA 10. The flux and the energy spectrum of the end 
loss electrons are measured by a multi-grid energy analyzer 
(loss electron diagnostics, LED). End loss electrons enter 
the analyzer through a small hole on an electrically floating 
end plate that is located in front of the end wall. 

Experiment for ECH power modulation is carried out 
by the use of a plasma discharge after the time of t =101 ms 
(Fig. 2). During P-ECH from t =101 ms to 161 ms, the pulse 
of ECH power of about 300 kW is applied six times by 
100%, 100 Hz square wave power modulation [gray region 
between dot-lines in Fig. 2]. The end plate potential is 
increased during P-ECH injection [Fig. 2(d)]. The end loss 
electron current is increased during P-ECH injection [Fig. 
2(e)], which is measured with LED. The pulse train of the 
electron current is due to sweep of the repeller voltage for 
energy analysis. Its envelope represents the electron current. 
Conversely, the end loss ion current is decrease during P-
ECH injection [Fig. 2(f)]. Also its envelope represents the 
ion current. 

By modulating the ECH power, we can obtain 
arbitrary pulse heat load patterns. By changing the on/off 
timing, we can simulate the ELM intermittent heat pulses. 
The heat flux factor (Qt -1/2, Q is the ELM deposition energy 

density and t the ELM deposition time) increases almost 
linearly with ECH power. The maximum heat flux factor 
obtained is 0.7 MJ/m2 s1/2 with about 380 kW for 5 ms pulse. 
This is still far lower than that of ITER ELM (mitigated 
ELMs in ITER is ~22 MJ/m2 s1/2) but is already to be critical 
heat load level of long time integrated pulse effect (104 – 
105 cycles).  
 

Fig. 1. Cross-section of the plug region and the end 
region. Microwave power is injected to the 1.0 T 
surface from the antenna. The LED is installed behind 
the innermost endplate. 

  

Fig. 2. Temporal evolution of (a) diamagnetisms, (b) 
line density at the central-chord, and (c) soft x-ray 
intensity at the central-chord at the central cell. (d)  
end plate potential at the west end. The end loss (e) 
electron current and (f) ion current at the west end.  
  
  

 

 
 

 
 

In the GAMMA 10 tandem mirror, high heat-flux
generation experiments (E-divertor) with high-power
plasma heating systems have been started. In 2011FY
experiment, plasma heat flux was estimated with calori-
metric method based on Lumped-Heat-Capacity system
approximation. From this results, a clear prospect of
generating the ITER-grade high heat flux under the good
controllability was confirmed. But this method can not
give us information on time evolution of heat flux.

From 2012FY experiment, a calorimeter target was
modified to improve the thermocouple (TC) signal re-
sponse. While TC of the old sensor was connected to
backside of the target, TC connection point of this new
sensor is moved through the left tube shown in the figure
to x = 2 mm position apart from the irradiation surface
and thermal diffusion time is expected to be smaller than
an old one by a factor of 25. But large noises are found at
the beginning of sampling, which can be categorize into
two types1). One is a large positive spike which appears
during plasma discharge and disappear in no plasma pro-
duction shot. So its origin is thought to be ether RF
noise of heating system or large plasma current flowing
into the target. Another noise is negative pulses seen
around t ∼ 700[ms] and observed even in only magnetic
coil operation without plasma production.

From 2013FY experiment, a new calorimeter with
two heads made of copper and molybdenum was designed
and constructed. Figure 1 shows this twin calorimeter
head. Thermocouple setting is the same as the new sen-
sor described above and have fast response

From discharge plasma research, it is reported that,
even for the same plasma condition, heat flux into solid
target may change according to the target material
mainly due to ion energy reflection. Figure 2 shows
the estimation of energy reflection coefficient RiE as the
function of hydrogen ion energy. When ions reach to
the target, heat flux must be multiplied by the factor of
(1−RiE). Considering that ion temperature of GAMMA
10 plasma is several 100 [eV], heat flux measured with
Cu would be larger than those with W, since tungsten
has large RiE than copper. Figure 3 shows radial distri-
bution of heat flux measured by moving the calorimeter
system shot by shot. Although two heads are shifted each
other, both heat flux has the peak around the mirror axis
(X = 0 mm) and heat flux measured with copper head
is larger than those with molybdenum by about 20 ∼ 40
%.

Fig. 1: Twin calorimeter head. One is made of copper
and another is of molybdenum.

 0.01

 0.1

 1

 0.01  0.1  1  10

E
ne

rg
y 

re
fle

ct
io

n 
co

ef
fic

ie
nt

H+ ion energy[keV]

C
Cu
Mo
W

Fig. 2: Ion energy reflection coefficient evaluated with
Eckstein’s empirical formula.

Fig. 3: Radial distribution of heat flux measured with
the twin head calorimeter of Fig. 1. (#227796∼227803)
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