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1. Introduction 

The goal of present and next generation tokamak experiments 

is to produce high-density, high-purity plasmas during high-power, 

extended-duration discharges. Plasma discharges with Zef values 
. . 

near unity and low concentrations of medium and high-Z metallic 

impurities have been obtained in Doublet 111 using a combination of 

low-power hydrogen discharge cleaning, gas puffing, precise plasma 

shape and position control, and high-Z limiters. Analysis of the 

first wall surf ace and residual gas impurities con£ irmed that clean 

conditions have been achieved. The high-Z limiters showed very 

limited amounts of melting or arcing. 

The ,progress of the wall cleaning process was monitored by 

three diagnbstic techniques : Auger electron, spectroscopy of metallic 

samples at the vessel wall, residual gas analysis, and the resistivity 
. . .  

of full power discharges. The residual gas analysis proved to be 

particularly valuable in optimizing the removal efficiency for spe- 

cific impurities, while the Auger diagnostic was extremely useful 

for identifying wall contaminants and providing quantitative data on 
. . 

the wall surface composition. The cleaning experience in Doublet I11 

should be relevant to the next generation of tokamaks, several of 

which will have first walls.of~Inconel, the nickel-chromium alloy . . 
used in Doublet 111. 



2. Doublet I11 Parameters and Diagnostics 

A schematic of Doublet 111 is shown in Fig. 1. The parameters 

are: major radius R = 1.43 meters, plasma width 2a = 0.92 meters, 

plasma height = 2b = 2.90 meters, toroidal field BT = 26 kilogauss. 

The Inconel 625 vacuum vessel 'is surrounded by 24 field-shaping coils, 

and can accommodate a variety of plasma cross sections with a vertical 

elongation of up to 3.2, The vessel is pumped by two turbomolecular 

pumps with an effective hydrogen speed of 1500. literslsec. Recently 

two more turbomolecular and two cryopumps have been added. The base 

pressure' is 4 x 10'~ Torr.' The primary limiters are 90% tantalum 

- 10% tungsten and are con'structed with a double cpmpound curvature. 

The front surface is24 cm from the vacuum wall. The secondary molyb-. 

denum limiters are located at three toroidal azimuths, encircling the 

plasma poloidally, with the front surface 3 cm from the wall. 
- .  

The p=incipal diagnostics used for monitoring and optimizing 

the discharge cleaning procedures are a surface analysis station (SAS) 
, . 

provided and operated by Oak Ridge National Laboratory, and a residual 

gas analyzer (RGA) . Standard tokamak diagnostics' are also available 

for monitoring discharge cleaning and high power discharges. 

.3. . Impurity 'Control'in Doublet and Droplet Configurations 

After obtaining clean surface conditions by low-power hydrogen 

discharge cleaning, high-purity doublet discharges with low Zeff were 

produced with gas and feedback control of plasma shape and 

position. The plasma equilibrium during the steady-state phase of a 
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Fig. 1. Schematic of Doublet I11 



discharge is shown in Fig. 2. Precise feedback control was used on 

the doublet shaping flux at the outer midplane, the flux producing a 

vertical field, the top and bottom flux, and resistive compensation 

on paralleled inner coils. The time-dependent waveforms of discharge 

4890 are shown in Fig. 3. The radial position is controlled to + 1 cm. 
Discharge conditions are very stable during the last 200 milliseconds. 

Visual observations with the television at the upper elliptical axis 

show recycling light from both the primary limiters on the outer wall 

and the secondary limiters on the inner wall. A steady gas puff of 

~ 4 0  ~orr*liters/second from two feedback-controlled piezo-valves is 

applied during the entire discharge. Plasma density increased for the 

first 300 milliseconds, then remained constant. The 'eff of this 

particular discharge was 2.5. A series of these doublet discharges 

were characterized by the following parameters: plasma current 

I = 1.5 megamperes, one-turn voltage V21.6 volts, line-averaged 
P 
density & = 3 - 5 x l~l~crn-~, central electron temperature Te(0) = 

e 0.5 - 1.1 keV, central electron-energy confinement time ~ ~ ( 0 )  = 

15 - 30 msec, and Zeff "2. Low impurity levels and low central 

radiation losses were demonstrated indirectly by favorable' scaling 

results. The maximum density followed the B ~ / R  scaling of other 

clean ohmically-heated tokamaks (Fig. 4) jl- 61 The central electron 

confinement increased with plasma density (Fig. 5), with an average 

slope similar to PLT with titanium gettering.[l] 

Electron temperature profile measurements with a far-infrared 

radiometer showed that the profile was peaked,with the electron 

temperature proportional to =(I - r2/a2) l.5 calculated from s least- 
squares fit in flux-surface geometry. Hollow profiles were not 

observed, and the global energy containment time was 80% 510% of the 

central containment time. Although sawtooth oscillations were not 

observed on the soft x-ray diagnostic, a current profile which sat- 
' 

isf ied both MHD equilibrium and a resistive T ~ *  proportionality 

indicated that the safety factor q on axis was approximately 1.0. 
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High-Z impurities were observed directly on the x-ray spec- 

trometer (Fig. 6). The most prominent lines were molybdenum at 2.7 

keV and chromium at 5.5 keV. The identification was based upon the 

.energy level shift due to ionization of the neutral La line of molyb- 

denum { 7 ]  and and Ka line of iron (81 ,  similar to chromium. The 

relative impurity concentration inferred from the soft x-ray intensity 

was about For coronal equilibrium this concentration implies 

that less than 10% of the central ohmic power was radiated by,these 

metals. Although calibrated 'spectroscopic or bolometric data were 

not available, metal radiation did not seem to be a significant 

problem, in spite of the presence of high-Z materials in the'limiters 

and vessel walls. Observations of light 'impurities with the residual 

gas analyzer showed a much higher methane level than the water level 

immediately after a discharge. 

In addition to doublet shaping experiments, a series of lower 

power circular discharges were produced to explore density and Z eff 
limits independently of shape control. The circular plasmas 

were produced in the droplet configuration, with two separate PLT- 

sized plasmas in the top and bottom half of the machine, each carrying 

z300 kiloamperes in a toroidal magnetic field of 20 kilogauss. Precise 

control of the radial' position was required to obtain the best results. 

Gas puffing produced sawtooth oscillations in the so£ t x-ray diagnostic, 

implying an axial q value of 1.0. The loop voltage and central elec- 

cran temperature were measured during steady-state conditions, so that 

the axial value of Z could be calculated. In Fig. 7, the temper- 
eff 

ature and Z values are plotted as a function of the steady-state eff 
line-averaged density of several discharges. At higher densities, 

'eff values as low as 1.1 were obtained. Although the Zeff values 

obtained in droplets are slightly lower than in doublets, the discharge 

characteristics are very similar. 
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4. Surface Conditions 

. surface conditions during high power discharges were. monitored, 
I * .  

by analyzing a wall sample with the surface analy~is .station. After 
30 full power discharges, concentr'ations t'ypically increase about 3% 

for molybdenum, 1.5% for tantalum, and 6.5% for oxygen, where the per- 

centages relate to the atomic composition of the surface. The larger 

transport of'molybdenum is consistent with the observation of molyb- 

.denurn 'in the discharge. Also, since tantalum is sometimes generated . :  
from hot spots on the primary limiter caused by discharge termination, the 

. .  . 

amount of tantalum.generated during the discharge may be very small. 

The initial surface concentrations created by low-power dis- 

charge cleaning are shown in Table I. A clean Inconel 625 sample 

was exposed to discharge cleaning plasmas for 22 hours, with a steady- 

state reached after 16 hours. Typically, 6 hours per day of discharge 

cleaning are employed. For comparison, the bulk compositions are given 

of Inconel 625, used for the vacuum vessel, and Inconel X-750, used 

in a medium-Z limiter experiment which will be discussed below. 

After discharge cleaning, the principal surface constituents 

were nickel and chromium. All carbon on the sample was in the tightly 

bound carbide form. 

To explore the transport of metals, a stainless steel sample 

was exposed to discharge cleaning. Nickel and chromium concentrations 

increased rapidly. After 10 hours, nickel became the largest con- 

stituent, and after 20 hours, reached almost the same level as on the 

Inconel sample. Molybdenum, which could come from either the second- 

ary limiters or the Inconel 625 vessel wall, was found on the sample. 

Tantalum was not observcd. 

The surface oxygen concentration was directly measured as 6.9% 

of the total. To determine the absolute amount of loosely-bound oxy- 

gen on the surface, the method of Taylor [9] was followed. A series 

of tokamak discharges were produced, with BT = 2 kilogauss, 



TABLE 1. 
REPRESENTATIVE SURFACE -COMPOSITION 

(CLEAN CONDITIONS) 

ELEMENT 

Ni 

(Ni + Co) 

Cr 
Fe 

Mo 

Al 

C (CARBIDE) 

0 
N 

Mn 

S 
Si 
Ti 
Nb +Ta 

Co 
P 
Cu 

% ON SURFACE 

47.0 

12.9 
2.7 
1.2 
2.5 

23.3 
6.9 
2.1 
- 
- 
- 
- 
- 
- 
- 
- 

% IN INCONEL 625 
(MAXIMUM) 

55.0 

23 .O 

5.0 - 
10.0 
0.4 
0.1 
- 
- 

0.5 
0.01 5 

0.5 
0.4 

4.1 5 
1 .o 

0.01 5 
- 

% IN INCONEL X-750 
(MAXIMUM) 

70.0 
17.0 
9.0 
- 
1 .O 
.08 
- 
- 
1 .O 
.01 
0.5 

2.75 
1.20 
- 
- 

0.5 
J 



- 
I = 50 kiloynps, ne = 7 x l ~ ~ ~ c r n - ~ ,  and Te < 100 eV. The standard 
P 
hydrogen filling pressure is 10'~ Torr . A measured amount of oxygen 
was admitted into the vacuum vessel before each discharge. The 

oxygen content of the surface is inferred by monitoring a neutral . 

oxygen line (0 I) at 7772 a on several shots. In Fig. 8, the 0 I 

intensity is plotted as a function of equivalent monolayers of added 

oxygen. Since the light intensity is linearly proportional to the 

amount of oxygen, and since there is still a signal when no oxygen 

has been admitted, an extrapolation indicates that 12% of an oxygen 

monolayer exists in loosely-bound form on the wall, equivalent to 

1013 atoms/cm3 if all deposited in the volume. Experiments by Taylor 

[9] indicate that only a small percentage, =l%, actually is in the 

plasma during a discharge.. Taylor has also obtained conditions in 

which less than 1% of a monolayer is present on the walls of Microtor. 

However, with the small surface to volume ratio in Doublet 111, low 

Zef f plasmas were still obtained with the higher oxygen level. 

5. Limiter Effects 

Inspections of the tantalum and molybdenum limiters were con- 

ducted inside the vacuum vessel after a long period of operation. 

Recently, Inconel X-750 limiters replaced the high-Z limiters, and 

were also inspected after a limited amount of plasma operation. 

Both the tantalum and the replacement Inconel X-750 limiter materials 

were chosen because of their high ductility instead of similar mat- 

erials, for example, tungsten. No cracks were observed in the primary 

limiters, despite strong local melting. 

The upper primary limiter made of tantalum showed only three 

localized melt zones from runaway electrons. Many of the secondary 

limiters of molybdenum had unipolar arc tracks in the shape of 

"Christmas trees" spreading from a vertex. From the minimal amount 
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of melting, evaporation of the heavy metal limiters was probably 

unimportant. The Inconel X-750 limiters were inspected after =200 

tokamak discharges. The primary and backup limiters showed much 

more extensive surface melting and arc tracking than did the previous 

high-Z limiters during their much longer exposure. The limiters 

showed evidence of melting on both the ion and electron streaming 

side. The melting typically extended about 1-112 cm back from the 

front surface on the inner wall backup limiters,although in some 

cases, melting was observed to extend to the wall. However, doublet 

plasmas obtained immediately before the inspection of the Inconel 

limiters were long-lasting (350 msec) with low voltage. The increased 

melting on Inconel limiters does not seem to have harmed plasma 

cleanliness. 

Surface analysis of samples during high power discharges with 

the Inconel limiters show that nickel is the dominant element de- 

posited. Tantalum which may have been deposited previously was not 

observed, and molybdenum levels were very small. Further studies 

are required before definite conclusions can be made on the effect 

of the new limiters on plasma operation. 

6. Discharge Cleaning 

The low-power discharge cleaning method of Taylor [ 9 ] ,  which 

has found wide application in other tokamaks [lo], was used to obtain 

clean surface conditions in Doublet 111, The progress of cleaning 

from the initial stages was monitored by both the surface analysis 

station and the residual gas analyzer. The combination of the two 

diagnostics was very useful for interpreting surface conditions. 

At prcocnt, discharge cleaning is optimized for water removal. 

The toroidal field is operated continuously at 1-2 kilogauss. An 

oscillating one-turn voltage of 10 volts peak at 60 Hz is generated 



for approximately 1/2 second, repeating every five seconds. The 

vessel pumping time constant is 25 seconds. A plasma current oi 10 

kiloamps peak and a vacuum ve$sel current of 50 kiloamps peak are 

induced. Plasma densities of 10l~crn-~ are obtained. The vacuum 

vessel current heats the inner and outer walls to the maximum tem- 

peratures allowed by vessel thermal expansion, 175' C and 125' C, 

respectively, at 8% duty cycle. The thermal limit prevents the use 

of a higher duty cycle. Heater tapes bake the outer diagnostic ports. 

The removal rates of H20 (mass 18), CH4 (mass 16), and CO (mass 28) . 
can be optimized by varying the hydrogen filling pressure, as shown 

in Fig. 9. Different optimizations were used depending on the dom- 

inant contaminant at a particular stage in the discharge cleaning. 

The history of discharge cleaning in Doublet I11 is summarized 

by the RGA data shown in Fig. 10. The first 180 hours were charac- 

terized by extensive carbon transport during hydrogen discharge 

cleaning. The largest partial pressure was methane. The resistivity 

of full power tokamak discharges remained very high, 210 un. The 

SAS further demonstrated that wall conditions were not improving. 

A n  analysis of an initially clean sample (Fig. 11) showed a con- 

tinuous buildup of carbon on the surface. The deposition rate in- 

creased when the vessel appendages were baked at 150' C. The carbon 

was identified as being in hydrocarbon form by visual observation and 

by exposure to an electron beam. The application of low-power oxygen 

discharge cleaning, originally used in ORMAK [ll] proved to be ex- 

tremely effective in removing carbon. The SAS provided direct con- 

firmation of carbon removal. Carbon was removed both from an exposed 

sample and from a sample underneath a protective shield. All RGA 

levels, especially CO, increased dramatically. 

Oxygen contamination from the oxygen cleaning was removed from 

the system after 10-20 hours of hydrogen discharge cleaning. The 

surface sample no longer showed a buildup of carbon in hydrocarbon 

form on the sample. RGA partial pressures fell steadily. 
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Fig. 11. Surface cbmposition of an initially clean stainless 

steel sauple exposed to discharge cleaning plasmas 



The resistivity of full power tokamak discharges fell to = 4  micro- 

ohms. After the first 250 hours of discharge cleaning, an estimated 

300 monolayers (-5 grams) had been removed from the 100 m2 of surf ace 

area inside Doublet 111. 

As shown in Fig. 10, an additional 200 hours were required to 

reach steady-state conditions with low impurity levels. Leaks, baking 

and pump replacements occurred during this period. After recovery 

from these incidents, the dominant RGA impurity became water under 

the cleanest conditions obtained. Plasma resitivity fell to one 

micro-ohm, and plasma loop voltages as low as 1.6 volts were obtained 

in high power discharges after plasma positioning and gas puffing 

procedures were optimized. 

7. Conclusions 

Plasma discharges with values of Zeff near unity and low 

concentrations of medium and high-Z metallic impurities were obtained 

in Doublet 111 using a combination of low-power hydrogen discharge 

cleaning, gas puffing, precise position control, and high-Z limiters. 

The plasma density limit is consistent with results obtained in other 

clean tokamaks, and 'the energy containment time, which is linearly 

prpportional to density, does not appear to be dominated by high-Z . 

impurity radiation from the plasma core. Surface analysis showed 

that molybdenum was the primary heavy metal transported during dis- 

charges. Carbon was present in the tightly bound carbide form, and 

12% of a loosely-bound oxygen monolayer was presen?. High-Z limiters 

showed much less melting and unipolar arcing than medium-Z Inconel 

limiters. Clean conditions were obtained using low-~ower hydrogen 

discharge cleaning. During the early stages of cleaning, hydrocarbon 

contamination was removed by oxygen-discharge cleaning. After re- 

moval of the oxygen, low Zeff, high-power plasma discharges were 

obtained in Doublet 111. 
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