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In this paper, the experimental results of plasma wall inteactions
in ohmically heated (OH)} divertor and limiter discharges of JT-60C
tokamak were described. In JT-60, all of the first wail have been
coated by TiC'of 20 pm thick, Thefefore,fseveral interesting features
were observed on disoharge-characteristios. High efficiency of Taylor
type low current pulse discharge éléaning'in JT—6O TiC coated wall was
observed. Density control was possible even in a limiter discharge due
to pumping ability of TIiC wall., Heat load reduction by remote
radiative cooling was observed in a divertor plate. Mo impurity was
not observed in the JT-60 ohmic heating experiment except a plasma
disruption. After the OH experiment, an observation of the first wall
was carried out. Among 10000 pieces of the first wall components,
severe melting of Mo substrate was c¢bserved only in a limiter at
inboard side, 1In the pump limiter experiment, exhaust rate of 0.11
Pasm®/sec was obtained at r_le=2x1O‘g m~3%*, Morecver, in the divertor
pumping experiment, pressure in the divertor chamber increased in
proportion to 5;. A high pressure of 0,13 Pa was observed at ﬁe=6x10Ig

m~*. Compression ratio was UQ,

Keywords: Plasma Wall Interaction, JT-60, Ohmic Heating, Discharge
Cleaning, Recycling, Energy Balance, Particle Balance,
Remote Cooling, TiC Coated Mo, Melting, Pump limiter,
Divertor Pumping system.
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1. Introduction

JT-60 is a large tokamak device with a single null poloidal
divertor. Maln purposes of the JT-60 are to achieve a breakeven

condition (n 1.=2~6x10'% s-m~* and T = 5~10 keV) and to study the

E
physical and technologlical aspects relevant to fusion reactor

17-3)

development . Therefore, JT~60 first wall design must satisfy

various requirements on high heat flux, impurity control and particle
4 Detailes of JT-60 tokamak machine were reviewed in

elsewhere?)’6) In JT-60, Mo was selected as a first wall material of

control,

toroidal fixed limiters, divértor plates and neutral beam armor plates

where high heat load was expectedf)ﬁg) On the other hand, Inconel 625

10)

was applied to liners. For the purpose of impurity control, all

surfaces of the Mo and Inconel 625 first walls were coated with TiC
coating layer of 20 pm thick.11)u}u) JT=60 is a first tokamak with all
TiC coated metal first wall. Therefore, several interesting features
of discharge characteristics on discharge cleaning, energy balance,
particle balance and impurities are expected., After completion of the
tokamak system, JT-60 initial ohmic heating experiments was started in
May 1985.15)
diagnostics, pump limiter and divertor pumping system were carried out,

Also, the commissioning of the heating systems was carried out.16)~18)

19)

During July - Dec., 1985, installations of new

Second ohmic heating experiments were started in March 1986.

In this paper, the experimental results of plasma wall interac-
tions in the ohmic heating experiments of limiter and divertor
discharges with the all TiC coated first wall are summarized. 1In the
following section, experimental arrangements are described. In section
3, wall conditioning characteristics are shown. Discharge character-
istics on operation region, impurities, '‘energy balance, particle
balance and disruption are presented:.in section 4., In section 5, the
results of post~experiment analysis of the TiC coated first wall are
discussed. In section 6, particle control experiments by pump limiter
and divertor pumping system are presented. Section 7 provides a

summary,
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2. Experimental arrangement

The major parameters of. JT-6D are summarized in Table 1 and a
cross-sectional view of ‘the vacuum ,vessel: 1s shown. in Fig. 1.9) The
vacuum vessel made of Inconel 625% has a structure of rigid rings and
bellows welded alternately to make a full toruss The inner surfaces of
the vacuum vessel 1s fully eovered by the [first wails consisting of
toroidal fixed limiters (Mo), NBI armor plates. (Mo), magnetic limiter

plates (Mc) and liners (Inconel.625)?)’1q)‘ All first wall were coated

11=15) three divertor coils are

with titanium caribde of 20 pm thick,
installed inside the vacuum vessel to produce a single null poloidal
divertor configuration.201'21) Installation of the TiC- coated Mo and
Inconel 625 first wall has been completed in Nov. 1984, Fig, 2 shows
photograph of. the inside of the JT-60 vacuum vessel prior to the first
plasma 'in April '1985. The vacuum vessel is bakable by electric heaters
up to 35000, and evacuated by four sets of turbomolecular pumps with
liquid nitrogen ccld traps. The pumping speed of .the system is 29

m*/sec for H, at the pumping port_inleps.???,

The diagnostics and
monitors which were equiped for' the initial ohmic heating (OH-I)
experiments during April 1985 ~ June 1985 are listed in Table 2, After
the OH-I experiment, commissionings of NBI, and RF heating systems and
diaghostics were carried out during July 1985-Dec. 1985. Also, for the
purpose of particle control study,:-a module pump limiter.with TiC
coated Mo head of 28 cm in diameter and four divertor pumping system

with Zr/A1 getter pump523)

were installed. Moreover, to:reduce backflow
conductance between main chamber and divertor room, baffle plates were
attached in the gaps between -the. divertor -coils and the vacuum vessel.
Also, the augmentation plates were attached to four ports of the tours
main pumps in order to enhance the particle flow to.the main pumps. In
March 1986, the.ohmic heating experiment was started again to obtain a
target plasma for additional heating experiments: by the NBI and RF

systems.
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24)

3. Wall conditioning
3.1 Pre-conditioning

- The :installation-of the vacuum vessel was started in May 1983,
The vacuum vessel, transported from the industry to the size, was
divided into two semicircular vacuum vessels, each of which contained
three half turn of all divertor coils. Careful vacuum quality control

25) Clean air

had been carried out during the course of installation,
was forced into the vacuum vessel through an air filter. The density
of dust particles was measured periodically. As a result, the number
of dust particles inside the vacuum vessel was kept to be a few
thousands per cubic feet. The inner surface of the vacuum vessel was
cleaned by a vacuum cleanser, forced air, hot water or freon jet, and
was wiped with special cloths wetted by freon or acetone, as shown in
table 3. Special attention was paid to keep cleanlinesses of the
delicate components such as all metal gate_valves and first wall after
the completion of the internal works. Baking tests were carried out
three times as shown in table 3 in order to confirm the performance of
the vacuum vessel during the baking and to improve vacuum quality.
Final vacuum -pressure of 7.4x10-7 Pa and outgassing rate of 6.8x10~'°

Pa-m3/s-m? wére obtained after the above bakings.

3.2 'Discharge cleaning

Taylor ‘type low.current pulse discharge cleaning (TDC) was
performed under the conditions as shown in Table L4,. Optimization of
the discharge cleaning were made by varying gas feed rate, toroidal
magnetic field, vertical magnetic field, discharge current and
temperature of the vacuum vessel, Typical discharge conditions were
derived from the above results,  The plasma durrent of 30 kA was
discharged for 40 ms at the toroidal field of 0.45 T and the gas feed
rate of around 1.0 Pa-m¥/s, A repetition period in the range from 1.2
s to 2.0 s was often chosen in the discharge cleaning from a viewpoint
of allowable limit of pemperature difference between the rigid ring and
the bellows, Discharge cleaning in May 1985 was carried out for 30 hr
about 200°¢C {(1st TDC) and for 52 hr at room temperature (2nd TDC).
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4, 'Discharge characteristics
4.1 Operation regimes

Typical experimental discharges in both limiter and divertor
configurations are summarized in the Ip—?le diagram of Fig. & and in the
Hugill diagram of Fig. 7. In these figures, the results in the first
ohmic experiment {April -~ June, 1986) and the second one (March-~July,
1986) are shown, In the divertor discharge, the highest plasma
parameters in the OH experiment were plasma current of 2 MA and plasma
density of 5.7x10!°® m—%., 1In the '86 OH experiment, maximum pulse
length was extended from 5 sec in the '85 OH experiment to 10 sec.
Typical wave forms of the 10 sec discharge is shown in Fig. 8. 1In the
current ramp-up phase when rp crossed near an integer, loop voltage
Spikes was observed., The spikes around qeff=3 werezgﬁsociated with a
rapid increase in Ha intensity in the divertor plasma . In the ohmic
plasmas, energy confinement time showed a slight dependence on ng for

n, > 2x101% m™?, At Ee > 2x10'% m~?%, energy confinement time was about

C.4 sec,

4,2 Impurities

The effective charge at the plasma center Zeff(O)vdecreases with
increasing n_ and increases with the plasma current Ip. +Inn > 3x10?
m—?, Zeff is about 1 at Ip=? MA and 1.5 at Ip=1.5 MA. Figure 9 shows
the spectrum of soft X rays emitted from the main plasma in the

15)

divertor discharge. In the spectrum, the Ka"K K., lines of

g’ Y

titanium were observed. However, no significant lines of molybdenum
were observed except during a disruption. These results show that
impurity contamination of molybdenum was suppressed by the TiC coating

layer in the ohmic experiment.

4.3 Energy balanceS)

During the first OH experiment (April ~ June 1985), global energy

balance was investigated. The radiated powers from the main and
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divertor plasmas were measured by bolometers (U~ch; main plasma, T1-ch;
divertor plasma). Total deposition heat load on the divertor plates
was measured by the thermocouples mechanically attached on the back of
the divertor plates with the assumption of adiabatic condition. Figure
10 shows the actountavility of the energy balance of the divertor

27) The ohmic input energy is well accounted. About 70 % of

discharge.
the input energy is exhausted into the divertor room. About 50 % of
the exhausted energy is radiated in the divertor room. Therefore, it
is concluded that heat load to the divertor plate 1s reduced also in

b
JT~60 by the.remote radiative cooling observed in D—III.28)"9) This
remote radiative cooling mitigates the high heat load and the erosion

.problems in large -tokamaks,.

4.4 Particle balance

~Global particle balance of ohmically heated discharge was

30) Time

investigated by-Hd»measuPement, plasma density and gas flow,
integrated fueling efficiency n is defined as a trapping ratio in the
plasma of injected gas during a discharge. Therefore, n is cbtained by
an equaticn of fnedV/det. The fueling efficiency n is about 0.1 for
the divertor discharge and about 0.2 for the limiter discharge, as
shown in Fig. 11. Such a low value of n implies that a major part of
.the injected 'hydrogen is trapped in the TiC surface. After a
discharge, the trapped gas was released during an interval of the
discharges.as shown in Fig. 12, Total number of the released particles
during 12 min after a discharge is 40 ~ 80 % of the total number of the
“injected gas. As a result, density contrcl is possible by a control of
gas: injection rate even in the limiter discharge. This is one of

advantages .of the TiC coated first wall.

4.5 Disruption

To obtain a data base on disruption properties, the current decay
rate during a disruption as a function of the plasma current was
summarized, ., Heat lcad during a disruption is discussed in section 5.

 Among. 325 shots during the first OH experiment (April.~ June 1986), the
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number of the disruption shots was 59, Figure 13 shows the current

decay rate of disruptions during the frist OH experimentTB)

There is
no clear difference between divertor and limiter discharges. The
highest current decay rate is about 125 MA/s. Also, a current decay
time is 10~U40 ms. These values are less than the design value of the
divertor colil liner, where a permissible current decay time is 5 msec
for a plasma current of 2.7 MA. This condition corresponds to a
current decay rate of 38C MA/sec. 1In the ohmic heating experiment, it
is concluded that a current decay time and decay rate are within the
design value cof the JT-60 first wali. 1In future, a data base on plasma

disruption in additional heating experiment 1s necessary.




JAERI-M 86-173

5. Post experiment analysis of TiC coated first wall
5.1 Overall observation

After the joule experiment during April 1985 -~ June 1985, visual
inspection of the TiC coated first wall was carried out inside the
vacuum vessel, As a result, a part of the first wall was exchanged to
new one, Figure 14 shows a photograph of the first wall and in-vessel
components after the ohmic heating experiment. 1In this photograph,
several interesting features produced throﬁgh plasma-wall interactions
can be observed. First, significant discolorations of the TiC surface
were observed in the liner attached arcund the divertor coils and in
the fixed limiter and the protection plate attached in the large major
radius side. The cause of these discolorations is not identified yet.
However, similar discoloration can he caused by heating in a vacuum
where oxygen exists. Therefore, it is expected that these
discolorations were produced by the heat deposition during the
discharge cleaning or the tokamak discharge, Seccondly, on the surfaces
of the toroidal fixed limiter, a pattern of slight discoloration can be
seen. In this case, color of the TiC surface changed from gray to
silver gray. This color change indicates the distribution of heat
deposition,.

Thirdly, in Fig. 14, severe melting of the Mo substrate was
observed in the toroidal fixed limiter at inner-side of the torus,
Total number of the severe melting was only one among about 10000
pieces of the first wall components, Cause cf the severe melting is
considered to be a high heat load during a runaway discharge or/and a
disruption. This is discussed further in section 5.2. 1In this sector
of the vacuum vessel, local meltings at the limiter edge were observed
in upper and inner-side. 1In other sectors, the local meltings were
observed in several limiters, Total number of these local meltings

were only 10 among 1354 pieces of the toroidal fixed limiters,

5.2 Surface and cross sectlion analyses

Figure 15 shows SEM micrograph and EPMA X-ray image of the local

melted area. SEM micrograph shows exfoliation and microcracking of TiC
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layer. Also, a droplet 1s observed. EPMA result shows the droplet of
Mo and exfoliation of TiC layer. Further studies on surface analyses
by AES, EPMA and so on are now under investigation. Figure 16 shows
micrograph of cross section in the melted region. 1In Fig. 16, although
TiC layer is not observed, dendritic structure of Mo and TiC is
observed, Similar structure was also observed in high heat load
experiment of TiC_coated Mo speclimen by an electron beam heating$1)~33)
Below the dendritic structure, significant recrystallization of Mo is
observed with a thickness of about 300 uym. Considering the dendritic
structure and the thickness of Mo recrystallization, high hear load
with a short deposition time is expected. With a simple equation of
t=d2/(A/Cpp), a rough estimation of the deposition time is possible,
where t 13 a deposition time, d is a thickness of Mo recrystallization
zone, A is a thermal conductivity of Mo, Cp is a specific heat of Mo,
and p is a density of Mo. Using d=0.03 cm, i=0,28 cal/cm-sec-oc,
Cp=0.068 cal/g-OC and p=10.2 g/cem?®, a deposition time is estimated to
be a few msec. Such a short deposition time shows that the melting of
Mo was caused by the heat load during a plasma disruption and/or a
runaway electron discharge., In JT-60, surface temperature of the
limiter during a disrupticon was not measured, However, to do rough
estimation of the heat flux during a disruption, maximum surface
temperature is assumed to be 260000, melting point of Mo. As a result,
the heat flux is calculated to be a several tens kW/cm®. Detailed

analyses on the above results are now under investigation.
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6. Particle control experiment
6.1 Module pump limiter experiment

Te 1Investigate the pump ilimiter characteristics in a large
tokamak, a module pump limiter experiment was carried out in JT-60
ohmically heated discharge (March 1985), The limiter head is 27 cm in
diameter and consisted of molybdenum blades coated by 20 um thick TiC
layer, The head has one entrance threat with a collection window of
1.0 cm in hight and 18 cm in width. Figure 17 shows a photograph of
the pump limiter head. Five Zr/Al getter pump modules (SAES C-500)
wWwere installed behind 5 m from the head. Effective pumping speed at
the limiter head is 620 1/sec for H,. The pressure in the pump limiter
head i3 measured with a modified penning guage. ‘Electron densities and
temperatures in the throat region and neutrallizer plate are measured
by the Langmuir probes. Brazed thermocouples are attached to measure
the heat lcad on the limiter brades and the neutrallizer plates. 1In
the pump limiter experiment, a 1 MA plasma was produced with a contact
of the inboard limiter and shifted to the pump limiter head as shown in
Fig. 18. After the pump limiter discharge of 1 sec, a plasma shifted
again to the inboard limiter. Figure 19 shows dependences of the
pressure inside the limiter head and the exhausted gas QH2 on.the line-
averaged plasma density in the following two conditions. 1In the case
A, a plasma contacted with only the pump limiter head. In the case B,
a plasma contacted with the inboard limiter in addition tc¢ the pump

limiter head. Case A shows strong dependence of P and QH on %e than
2

the case B, QH2 and PH2 ingrease in proportii; to E;’z. At the
highest density of 2x10!® m™%, PH2 is about 0.2 Pa and QH2 is 0.11
Pasm?/sec. Results of the Langmuir probe measurements showed
significant increase of plasma density and decrease of plasma
temperature near the neutrallizer plate with increase of main plasma
density. These results show that an enhancement of recycling is

expected near the neutrallizer plate.
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6.2 Divertor pumping experiment23)

The objective of this system is an active particle control in
neutral beam heated divertor discharges. The pumps are composed of
four Zr/Al getter pumps with a pumping speed of 5.3 m®*/s for H, in the
divertor chamber, The pressures in the divertor and main chambers, the
getter pump chamber and the manifold of the torus main pumps were
measured by shelded ionization guages during discharges. In addition,
the particle flow from the divertor chamber to torus main pumps was
enhanced by attaching augmentation plates inside the vacuum vessel.
Baffle plates were alsc attached fo reduce the conductance between the
diverter and the main chambers. Figure 20 shows a typical divertor
discharge with a plasma current (Ip) cf 2 MA and a pulse length of
about 10 s, The line averaged electron density r1e of the main plasma
)

while the pressure in the divertor chamber increases nonlinearly. The

increases almost linearly with a constant gas injeection rate (an

measured pressures in the divertor chamber (Pdiv)’ in the main chamber

(Pmain B
Fig. 21 as a function of ne for the discharges with Ip=1.5 ~ 2 MA and a

) and in the manifold of the torus main pumps (PV) are shown in

pulse length of 10 s. Pdiv inereases approximately in proportion to Eé
in the range from 2x10'® to 6x10!'® m—?, Prain 2nd PV have also the

same dependence on n . The ratic of P,. to P__. is about 40, which
e div main

indicates that a strong compression is achieved in the divertor

chamber, For instance, at F}e=6x1019 m-%, P =0.13 Pa, whereas

div
Pmain=0'0035 Pa. Figure 22 shows the gas exhaust rates by the getter
pumps (Q

and Q

Z/A) and the fours main pumps EQTMP) as a functicn of Ee' QZ/A
TMP increase in proportion to n; as well, The fueling rates by
the neutral beam injections with a heating power of 20 MW are 3
Pa-m3®/sec and 2,3 Pa+.m®/sec for beam energies of 75 keV and ﬂOO keV,
respectively. If the above dependence of the exhaust rate on ﬁe is
assumed to be applicable to a NBI heated experiment, the getter pumps
are expected to exhaust 1.8 Pa-m®/sec and the torus main pumps exhaust
0.6 Pam®/sec at Ee=1x?02° m=?, The total gas exhaust rate is 2.4
Pas.m®/sec, which is as large as the fueling rate by the neutral bean

injection. Further study in the NBI heated experiment is necessary.
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7. Summary and conclusion

In the ohmically heated hydrogen discharge, the results are
summarized as follows;

(1Y High efficiency of Taylor type low current pulse discharge
cleaning in JT-60 TiC coated wall was observed,

(2) Density control was possible even in a limiter discharge due to
pumping ability of TiC wall,

{3) Heat lcad reduction by remote radiative cooling was observed in a
divertor plate.

(4) Mo impurity was not observed in the JT-60 ohmie¢ heating experiment
except a plasma disruption,

(5) Current decay rate and decay time during a plasma disrupticn were
less than the design value of JT-60 first wall.

(6) Post-experiment analysis of the first wall showed that among 10000
pieces of the first wall component, number of severe damage was
only one in a limifer at inboard side.

(7) Exhaust rate of 0.1% Pa'm®/sec and maximum pressure of 0,2 Pa were
obtained at Ee=2x1019 m~> in the pump limiter experiment.

(8) The pressure in the divertor chamber increased approximately in
proportion to the square cf Ee' A high pressure of 0.73 Pa was

observed at 5e=6x10’9 m~%. Compression ratio was 40,

These results show that performances of the TiC ccated Mo and Inconel
first wall is quite well in the JT-60 ohmic heating experiment., Alsc,
active density controls by a pump limiter and a divertor pumping system
are possible. Linkage test between the additional heating systems and
JT-60 system was started in Aug. 1985, 1Initial results of NBI and RF

heated discharges will be shown until Nov. 1986.3u)536)
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7. Summary and conclusion

In the ohmig¢ally heated hydrogen discharge, the results are
sunmmarized as follows;

(1) High efficiency of Taylor type low current pulse discharge
cleaning in JT-60 TiC coated wall was observed,

(2) Density control was possible even in a limiter discharge due to
pumping ability of TiC wall,

(3) Heat 1lcad reduction by remote radiative ccoling was observed in a
divertor plate.

{4y Mo impurity was not cbserved in the JT-60 ohmic heating experiment
except a plasma disruption.

(5) Current decay rate and decay time during a plasma disruption were
less than the design value of JT-60 first wall.

{6) Post-experiment analysis of the first wall showed that ameong 10000
pieces of the first wall component, number of severe damage was
only one in a limifer at inboard side.

(7) Exhaust rate of 0.11 Pa'm®/sec and maximum pressure of 0,2 Pa were
obtained at Ee=2x1019 m~® in the pump limiter experiment.

{8) The pressure in the divertor chamber increased approximately in
proportion to the square of Be' A high pressure of 0.13 Pa was

observed at 5e=6x10’9 m-%. Compression ratio was 40,

These results show that performances of the TiC ccated Mo and Inconel
first wall is quite well in the JT-60 ohmic heating experiment., Also,
active density controls by a pump limiter and a divertor pumping system
are possible. Linkage test between the additional heating systems and
JT-60 system was started in Aug. 1985, 1Initial results of NBI and RF

heated discharges will be shown until Nov, 1986.3u)‘36)
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Table 1 Major Parometers
Major Rodius 3.0 m
Minor Radius 0.92 m
Toroidal Field 45 T
Plosma Current 2.7  MA
Duration 59-10 sec
Inferval 10 min
Flux Swing 3 V-s
Net (NBT) 20 MW
Beofiﬂg (LHRF) 7.5 MW
ower (ICRF) 2.5 MW
Table 2 Diagnostics and Monitors
used i the initial experiments
2 mm microwave inferferometer (1 ¢h)

SX pulse height analyzer (PHA: 1 ch)

SX Surface Barrier Diode Array (4 ch)
Boiometer array (4 ¢h + | ¢h at divertor)
Hq photo diode array (3ch+ 1 ch af divertor)
Visible color TV (radial view ongle)
Electromagnetic  sensors

Residual  Gas Analyzer
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Tahle 3 Preconditioning of vacuum vessel

(1) Removal of dust in air by using a micron
filter cleaner.

(2) Spray of hot water by jet spray gun.

(3) Spray of freon by jet spray gun.

(4) Viping of inner surfaces by special
cloths wetted with acetone or ireen

(5) Bake out of vacuum vessel.

® 1st(’84/ 8/20~ 5725  ~128 nours 2t 350 T
® 2nd(’84/11/718~11/28 » ~110 nours a2t 35C T
Q@ 3rc(’85/ 2/13~ L/it ~230 hours a1t 25C T

Table 4 Resulis of low current oulse discharge cleaning runs.

iiem Time Number of | Temperature of

(Hours) shots vacuum vessel
(1) 1st discharge cleaning high temperaiure
(*’85/ 5/ 8 ~ 5/11 ) ~30 ~ 68,000 150 ~200 C
(2) 2nd discharge cleaning room temperature
('85/ 5/13 ~ 5/17 ) ~52 ~ 108,000 20 C
(3) 3rd discharge cleaning high temperature
(’86/ 2/26 ~ 2/28 ) ~23.5 ~ 65,400 150 ~200 °C
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Fig. 1 Cross section of the JT-60 vacuum vesselg).
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Fig. 2 Phetograph of the inside of the JT~60 vacuum vessel prior to

the first ohmic heating experiment.
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Fig. t4 Photcgraph of the inside of the JT-60 vacuum vessel after the

first ohmic heating experiment during April-June 1985,
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Fig. 15 SEM micrograph and EPMA X-ray limage analysis of melted TiC

coated Mo.
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Fig. 16 Cross-section of melted zone in TiC coated Mo limiter.
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