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Abstract 

Molybdenum and tungsten probes have been tested in HT-6M tokamak under various discharge conditions aiming to find 
out the conditions in which high Z PFC can be used without serious degradation of core plasma performance. In normal OH 
discharges, the degradation of core plasma performance was found only when the probe was inserted beyond 3.0 cm inside 
the last closed flux surface (LCFS). The plasma performance did not change with positive biasing to the probe, whereas 
central T e degraded during negative biasing of - 100 V. The insertion of the Mo probe to 1.5 cm inside the LCFS made a 
change in the threshold power of the L - H  transition in EOH discharges. These results suggest a certain operation range of 
the H-mode in the EOH discharge with the Mo probe in HT-6M. 
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1. Introduction 

In this decade, the major emphasis in fusion research 
has been put on achievement of reactor relevant high 
plasma parameters. This target has been cleared with low 
Z wall such as carbon, beryllium or boron. Some problems 
are pointed out for low Z materials as the plasma facing 
components (PFC) in future DT, long bum machines, 
namely, high erosion rate, large tritium inventory and 
impacts of DT neutron irradiation damages [1,2]. High Z 
materials are possible alternate for the PFC because of 
their erosion resistance and good thermal conductivity. 

In TEXTOR, molybdenum or tungsten test limiters 
have been used to evaluate the impactof  high Z PFC, and 
some interesting results have been reported [3-5]. A flat 
profile of electron temperature T e has been observed due 
to peaked radiation loss by high Z impurities in high 
density Ohmic heated (OH) discharges. However, no T e 
degradation has been seen in NBI and ICRF heated dis- 
charges. In ASDEX-Upgrade, high Z impurity behavior 
has been investigated by using laser blow-off technique [6] 
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and recently with a toroidal tungsten divertor [7]. The 
major plasma facing components in Alcator C-Mod are 
molybdenum tiles [8]. No serious effects of high Z PFC 
has been found with OH and ICRF discharges in ASDEX- 
Upgrade and Alcator C-Mod. 

Although these results are encouraging for the possibil- 
ity of high Z PFC in future, systematic investigations are 
required to get comprehensive understanding on the behav- 
ior of plasmas with the high Z PFC. The existing data base 
is very limited compared with those for low Z PFC. There 
is no result given by a small size tokamak. A lot of work is 
left before approaching the goal of this study, that is, in 
which condition the high Z PFC is available without any 
serious degradation of core plasma performance. In order 
to meet this requirement, a series of experiments has been 
started in HT-6M by using a movable Mo or W probe, of 
which results with the Mo probe are presented in this 
paper. 

A small Mo or W test probe was inserted inside the last 
closed flux surface (LCFS) of HT-6M plasmas. The method 
was similar to the TEXTOR experiments on high Z lim- 
iters. New aspects different from TEXTOR were applica- 
tion of negative or positive bias to the test probe, and 
investigation of impacts of the probe upon L - H  transition 
behavior. The biasing experiment was once applied to an 
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aluminum target in DIVA tokamak, with which the domi- 
nant release mechanism of the limiter materials was identi- 
fied as the ion sputtering for the first time [9]. The 
molybdenum probe was also tested with an improved 
confinement discharges of edge Ohmic heating (EOH) and 
lower hybrid current drive (LHCD). Some preliminary 
results are presented for the first series of this experimental 
study in this paper. 

2. Experimental setup 

HT-6M is a small air-core tokamak with the following 
parameters: major radius R = 65 cm, minor radius a = 20 
cm, magnetic field strength B T = 0.7-1.3 T, plasma cur- 
rent lp = 50-90 kA, central electron temperature T~0 = 
500-760 eV, ion temperature T i = 200-300 eV, line aver- 
aged electron density, n e = 0.5-4.0 × 1019/m 3. During 
this experiment, the probe was inserted to the plasma 
through a port hole located 30 ° above the mid plane in 
poloidal direction. The head of the probe could be replaced 
without exposing the torus to the air. Density profile ne(r)  

was measured with a 7-channels HCN interferometer, tem- 
perature profile T~(r) with a S i -Li  detector system, radia- 
tion power Prad with a bolometer system, edge electron 
temperature profile Te(r) by Langmuir probes. Visible line 
emissions of H~, CIII, OII, MoI (319.8 and 386.4 nm) 
were monitored at the probe head by a CCD camera with 
different sets of interference filters. Effective Z value Z~ff 
was monitored with a Z-meter. 

The radius of the main limiter was fixed at 21.5 cm, 
and the last closed flux surface (LCFS) was determined as 
19.5 cm by a movable half-turn limiter made of stainless 
steel. The Mo or W probe had cylindrical shape of 4 cm in 
diameter. Its length was 3.5 or 6.0 cm. The head was 
electrically insulated from the vacuum chamber. 

3. Experimental results 

3.1. Ohmic discharges without biasing 

For normal Ohmic heated (OH) discharge, no degrada- 
tion of core plasma performance was found when the 
probe was inserted less than 2.5 cm inside the LCFS. In 
Fig. 1, parameters at a fiat-top phase (at 15 ms from the 
start) of the discharges are plotted as a function of the 
probe location. Plasma current Ip was 66 kA, field strength 
B T 1.0 T, central electron temperature Teo = 600-700 eV, 
line averaged density ne was 1.9-2.1 × 1019/m 3 in this 
case. The density was scanned from 1.0 to 2.5 X 1019/m 3. 
The plasma current was also scanned from 50 to 80 kA. 
No major difference was found in the behavior of these 
parameters within this range. With the 'CCD camera, no 
arcing was observed without biasing. As seen in Fig. 1, the 
radiation loss Prad and the intensity of MoI lines increased 
a little when the probe was inserted beyond 1.0 cm from 
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Fig. 1. Parameters measured as a function of the probe position r. 
Plasma current lp was 66 kA, field strength B x = 1.0 T, Teo = 
600-700 eV, average density n e = 1.9-2.1 × 1019/m 3. 

the LCFS whereas the intensities of CIII and H a were 
unchanged. The absolute radiation loss was less than 40 
kW, 30-40% of the OH power throughout the discharge 
for the probe location r > 17 cm. Oxygen radiation OII 
increased in the first few shots after the insertion, then 
gradually decreased shot by shot, finally came back to the 
initial level before the insertion. Increase in Zef f can be 
seen in Fig. 1. But the cause of this increase is unclear 
because the OII radiation was measured only in a toroidal 
section in the vicinity of the probe. Dominant contribution 
to Zee f both with and without the probe insertion could 
come from oxygen because neither boronization nor tita- 
nium gettering was applied before this experiment. 

With the insertion beyond 3.0 cm from the LCFS, 
increase in Prad and decrease in Teo was observed at this 
density after the flat-top. The typical time behavior of Teo 
and Pra0 of this case is shown in Fig. 2. The total radiation 
loss increased significantly from 20 ms and reached as 
high as 110 kW, which was comparable to the OH power. 
A hollow T~ profile was seen in this case. With further 
insertion beyond 4.0 cm, the plasma suffered from disrup- 
tion due to strong interaction with the probe. 

3.2. Probe biasing 

For better understanding of the impurity generation 
mechanism at the surface and local transport in edge 



880 J. Li et al. / Journal of  Nuclear Materials 241-243 (1997) 878-882 

150 Pr.ad.(kY, ) . , . , . . . , . , ,  ,T.~°.(eY ) 700 

650 
100 ... .  

600 

50 
550 

0 ' ' ' 500 
0 20 40 60 80 100 

Time (ms) 

Fig. 2. Temporal behavior of the radiation loss Prad and the 
central electron temperature Teo with the Mo probe inserted to 3 
cm inside the LCFS. 

plasmas, both positive and negative bias were applied to 
the probe. The biasing voltage V b was scanned between 
- 100 and + 100 V. 

Fig. 3 shows time behavior  of  Teo after the flat-top. The 

temperature Teo was kept constant  with the probe location 
at 18 cm without biasing and with posit ive biasing. On the 
contrary, negative biasing caused decrease in Teo during 
the bias voltage. The radiation loss reached to the input 
power,  which was responsible to this temperature collapse. 
The temperature showed recovery a little while after the 
biasing was switched off. The CCD camera observation 
often indicated that arcing happened for voltages V b be- 
tween - 80 and - 100 V. However ,  the behavior  in Fig. 3 

was seen either with arcing or without arcing, and direct 
impact o f  the arcing was not clearly seen here. The 
radiation CIII increased by a factor 2 during the biasing 
whereas those of  MoI,  OII, H,~ did not show significant 
change. A spike in the CIII intensities corresponded to 
arcing, too. Thus the negative biasing had a clear impact  
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Fig. 3. Temporal behavior of the central electron temperature Te0 
with the Mo probe inserted to 1.5 cm inside the LCFS, biased to 
+ 100 V. The signals at the same location without biasing and 
those without the Mo probe insertion are plotted as the reference. 
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Fig. 4. Edge density (a) and temperature (b) profiles for positive 
and negative biasing. The bias voltage V b was applied from 25 to 
55 ms. 

only upon the carbon radiation within the experimental  
observation until now. 

Fig. 4 shows edge plasma parameters with and without 
the biasing. Electron temperature rose by 10 eV both with 
negative and posit ive biasing, which could give a minor  
effect  on the impact  energy of  ions to the surface. Sheath 
potential in front o f  the probe surface could give the 

dominant  impact  upon the energy of  ions to the surface. 
The penetration length of  Mo neutrals was investigated 

with the CCD camera for these operations corresponding 
to Fig. 4. It was 1.9 m m  without biasing, where the density 
at the LCFS was 2.3 × 1018/m 3. It was reduced to 1.2 mm 

with the positively biased discharge, where the density was 
3.6 X 1018/m 3. The gyration radius of  a Mo ÷ ion of  4 eV 

is 2.6 mm, which is larger than the decay lengths shown 
above. Probability of  Mo ions penetration to the core 
might  be smaller in these two cases than the negatively 
biased case. Nevertheless,  it is not clear whether  this 
difference is enough to explain the difference in plasma 
behavior  in the negatively biased case. 

It is hard to conclude which mechanism is responsible 
to the temperature collapse seen in Figs. 2 and 3. It is not 
likely that the radiation loss is due to the Mo impurities 
within this experimental  observation, but is possibly relat- 
ing to the enhanced carbon release from the Mo probe 
surface. Another  possible cause might be a change in 
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transport in the core plasma with the biasing because all 
the parameters in front of the surface did not show signifi- 
cant change with the negative biasing except the CIII 

radiation. 

3.3. Edge Ohmic heating (EOH) discharges 

A good confinement scheme of H-mode has been 
achieved in HT-6M by applying the edge Ohmic heating 
(EOH) [10]. An additional voltage was applied to the 
plasma loop inductively, which raises the plasma current 
up to a new steady state with a ramp rate of 12 M A / s .  
After a few ms of this voltage spike, the plasma fell into 
the H-phase, which was characterized by a sudden drop in 
H,~ signals. Energy confinement time increased by a factor 
1.5, central density by a factor 1.3, and edge density by a 
factor 2, namely the density profile in the core became flat. 
Instability of m = 2 was suppressed during the H-phase. A 
steep density gradient was formed in the region between 
r /a  =0 .8  and 0.95. Density in SOL was lower, and 
temperature higher in the H-phase than those in L-phase. 
The H-mode threshold behavior has been investigated by 
scanning surface safety factor q. and the additional OH 
power. 

Fig. 5 shows a diagram of L- and H- discharges as a 
function of the safety factor q, and the OH power at the 
instant of applying the EOH voltage. The triangles in the 
diagram correspond to L-mode discharge without H-transi- 
tion. The open triangles are those without the Mo probe 
(the probe being outside the LCFS) and the closed trian- 
gles with the Mo probe at 18.0 cm (1.5 cm inside the 
LCFS). The circles correspond to the discharges with the 
H-transition. Between the area of open triangles and of 
open circles, a clear border can be found between L- and 
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Fig. 5. The diagram of L- and H-mode with the EOH discharges. 
Open and closed triangles indicate L-mode discharges without and 
with the Mo probe, respectively. Open and closed circles indicate 
H-mode discharges without and with the Mo probe, respectively. 
A dashed line indicates the border between L- and H-mode region 
without the Mo probe, and a solid line that with the Mo probe (1.5 
cm inside the LCFS). 

H-discharges without the Mo probe as shown by a dashed 
line. Similar comparison in the case with the probe results 
in a new border shown by a solid line. This result indicates 
that the insertion of Mo probe causes the increase in the 
threshold power of L - H  transition with the EOH. 

Now we try to give an explanation to this result. In the 
H-phase, the pressure barrier is formed in the region from 
0.8a to 0.95a. This region corresponds to r = 15.6 cm and 
to 18.6 cm. When the probe was located at r > 18.5 cm, 
the probe was outside this region, which did not give 
significant impact upon the L - H  transition behavior. Be- 
cause of the short penetration length of Mo impurity from 
the probe surface, the influence of the probe could be 
localized to its vicinity. On the contrary, when the probe 
was at 18.0 cm, it was located already inside the barrier 
region, which could give a strong impact in this region. 

As a conclusion, the experimental results suggest a 
certain operation range of the H-mode in the EOH dis- 
charge in HT-6M. However, this is still preliminary and a 
local result in HT-6M. Much more investigation is neces- 
sary to get a view which can be extrapolated to H-modes 
in other big tokamaks. 

4. Summary and conclusion 

The Mo and W probe has been tested in HT-6M 
tokamak, and preliminary results for the Mo probe is 
presented. 

(1) In normal OH discharges, the degradation of core 
plasma performance was found only when the probe was 
inserted beyond 3.0 cm inside the LCFS with the plasma 
density range between 1.0-2.5 X 10W/m 3. No significant 
change was seen up to 2.0 cm inside the LCFS. 

(2) The plasma performance did not change with posi- 
tive biasing to the probe. On the contrary, central T e 
degraded during negative biasing of - 1 0 0  V. Only the 
intensity of CIII increased in front of the probe surface. 
The mechanism which is responsible to this degradation is 
unclear within this experimental results. 

(3) The insertion of the Mo probe to 1.5 cm inside the 
LCFS made a change in the threshold power of the L - H  
transition in EOH discharges. The result suggests a certain 
operation range of the H-mode in the EOH discharge with 
the Mo probe in HT-6M. 
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