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ABSTRACT 

The application of ~ild titanium gettering in the Doublet III tokamak 

has led to a significant improvement in the,obtainable operating regimes 

and discharge parameters for all of the many plasma cross-sectional shapes 

studied. With gettering, low-Z impuritiesand radiated power are greatly 

reduced. ,The maximum line averaged electron density has increased 50% 

(n "' 1 x lo20;m3), corresponding to a Murakami coefficient of nearly 6. e max 
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INTRODUCTION 

Titanium gettering is now an established technique for reducing the 

low-Z impurity content present in a tokamak discharge. 1 ~ically, 

titanium is evaporated between plasma discharges onto some portion of 

the vacuum vessel wall or perhaps special panels. The presence of the 

titanium is then observed to significantly reduce the level of low-Z 

impurities in a discharge, especially that of oxygen. This reduction is 

apparently due to a decrease in impurity release from the wall and 

limiter surfaces arising from; (1) the relatively strong chemical bonding 

of the impurity to the titanium, (2) the shielding of the wall from 

plasma bombardment by the freshly deposited titanium surface, and (3) by 

decreasing the rate of metallic oxide reduction beneath the titanium 

surface due to a lower atomic hydrogen concentration. 2 This latter 

effect is promoted by the high surface recombination rate for hydrogen 

on titanium. 

The Doublet III tokamak (Fig. 1) is operated by General Atomic 

Company (GA) for studies of vertically elongated plasma cross-sections 

by research groups from GA and the Japan Atomic Energy Research 

Institute (JAERI) • Stable ohmically heated discharges with a duration of 

up to 0.8 seconds have been obtained with a variety of plasma shapes. 3' 4 

The JAERI group has produced diverted and non-diverted dee-shaped plasmas 

in the upper half of the machine and the GA group has produced doublet, 

droplet (two separated lobes), and expanded boundary5 shapes. Record 

values of plasma current (I ) have been achieved: 1.0 MA in a dee and p 
2.2 MA in a doublet at a toroidal magnetic field (BT) of 2.4 T. 

Prior to the use of titanium gettering the principal methods of 

impurity control were standard low power discharge cleaning6 and gas 
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puffing. 7 During this period clean surface conditions were achieved for 

the Inconel vacuum vessel and limiters. Plasmas with relatively low 

effective ionic charge (Zeff) and a high line average electron density 

(n ) were obtained. 
e 

The use of mild titanium gettering further reduced the impurity 

level, primarily through a large reduction in the oxygen influx during a 

typical discharge. The concentration of titanium in a discharge remained 

below that of nickel (from the Inconel surroundings). Coupled with this 

impurity reduction, Zeff is lower, the bolometrically measured radiated 

power is lower, and the electron density limit for disruption free 

operation is higher. 

APPARATUS 

Two drive mechanisms for gettering operation are mounted on Doublet 

III, both at the same toroidal azimuth, one on the upper lobe of the 

chamber and the other on the lower. The upper is sketched in Fig. 1. 

Each mechanism ,supports two National Electrostatics Corporation 20 gram 

titanium getter cartridges mounted to a tantalum holder on the end of a 

stainless steel tube. This assembly is inside of a bellows·having a 

usable stroke length of ~ 1.3 m. The getter cartridges are driven in. 

and out of the vacuum chamber by a pneumatic air cylinder mounted outside 

the bellows. 

Typically, the sequence for getter operation is as follows. 

Immediately after a plasma discharge the cartridges are driven into the 

central region of the chamber and the heaters turn~d on to bring the 

titanium to evaporation temperature. The rate of evaporation is in the 

range 0.04 to 0.10 grams per hour per cartridge. After 3-5 minutes the 

heaters are turned off, the cartridges allowed to cool for 45 sec and 

then retracted prior to the next discharge. 
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This level of gettering is relatively light, corresponding to at 

most ~ 1/3 of a surface-averaged monolayer of titanium evaporated each shot. 

The interior surface area of the vacuum vessel is ~ 80 m2 and its volume 

~27m3 • A top view of the location of the inserted cartridges is shown 

in Fig. 2, together with the location of the primary limiters. Roughly 

1/2 of the vessel is in direct line-of-sight of the cartridges. The 

deposition pattern from the cartridges is nonuniform, having the pattern 

expected for the cylindrical sources with no emission from the ends. 

The·command logic for the getter drive and heat functions is pre

programmed in a Texas Instruments STI sequence controller. A full cycle 

is initiated by command from the Doublet III operations computer which 

controls the overall sequence necessary to prepare for a shot. Through 

this computer the operators are able to remotely set the cartridge 

heater currents and monitor these currents as well as other relevant 

getter system states. 

Three different methods have been used to monitor the amount of 

titanium evaporated. First, extensive tests of the evaporation rate 

versus heater power were conducted on several cartridges in a t·est 

charnber. The results were similar to the manufacturer's specifications. 

During gettering in Doublet.III a time record of the filament current is 

maintained, allowing computation of the amount evaporated based upon the 

test data. Second, a Krenos microbalance detector has peen installed in 

the top of the vessel looking down on the location of the inserted 

cartridges. This is used to measure the accumulated titanium evaporated 

onto the detector. Finally, several in-situ tests_have been performed to 

measure the amount of titanium collected by a surface sample placed at 

the radius of the outer wall on the upper lobe and ·azimuthally located 

as shown in Fig. 2. Results from these three methods are in good agreement • 
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In order to assess the e.ffect of gettering on plasma impurities, 

several diagnostics are used: a VUV monochromator covering the wavelength 
0 • 

range 300-10 A, a f1ve-channel bolometer array on the upper plane, a 

twelve-channel tangentially viewing soft X-ray array and the surface 

sample transfer and analysis station. This station permits the insertion 

and removal of one or more samples without perturbing the Doublet III 

vacuum conditions. The sample(s) can be transported, by remote control, 

approximately 7 m under ultrahigh vacuum to an analysis chamber located 

beyond the radiation shield wall surrounding the tokamak. 

RESULTS 

Titanium gettering has improved the characteristics of all of the 

many plasma shapes studied in Doublet III. At the time that gettering 

was initiated the JAERI physics team was running a dee-shaped discharge 

experimen~ to study the effect of gettering. The change was striking. 

On the first shot after lightly burning the getters for 20 min (deposit 

~ 0.06 gram) the one-turn voltage deqreased by ~30%, indicating a 30% 

decrease in the electrical resistance of the discharge.· The soft X-ray 

radiation from various regimes of the discharge decreased by a factor of 

two to five. Both physics teams have subsequently systematically investigated 

the effect of gettering. 

Before and after values of zeff calculated from plasma resistivity 

are plotted in Fig. 3 as a function of the line-averaged electron density 

(ne) measured with a C02 laser interferometer system. The calculation 

assumes a safety factor of unity on axis since all discharges considered 

showed sawtooth oscillations. 8 Th.e value of zeff was also estimated 

from the enhancement factor of the soft X-ray radiation intensity and 

both results are in reasonable agreement. Clearly seen is the great 
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improvement of Zeff with titanium gettering in the medium density region .. 

These data are from JAERI dee discharges with plasma current = a·. 5-0.7 MA, 

BT = 2.0-2.4 T, and an elongation K = 1.2-1.5. For cases with higher 

plasma current zeff is slightly higher. 

The .impurity most significantly reduced by gettering is oxygen. The 

level of OV radiation interpreted as a measure of the influx rate of oxygen,9 

decreased by a factor of five in the higher electron density· regime. This 

relatively large reductio~ is compatible with the lowering of Zeff to near 

unity since (Zeff - 1) is proportional to the impurity concentration (for 

constant n ) • 
e 

The radiated power measured with the bolometer array has been greatly 

reduced. In the higher n cases the total radiated power has been reduced 
e 

by nearly a factor of three. Prior to gettering, nearly all of the ohmic 

input power was lost by radiation in this high n regime. 
e 

This reduction in radiation for high density discharges has presumably 

led to the higher electron density limit subsequently achieved. The 

e.xpandeu l.linits for st.:tble operation are shown in Fig. 4. The vertical axis 

is the inverse of the safety factor at the limiter, q-l ~ I /B , and the 
a p T 

horizontal axis is n 
e 

expressed as a Murakami coefficient.lO Before and 

after gettering results are shown for both JAERI and GA experiments.3,ll 

The trend with gettering (filled in symbols) is for the stable operating 

limits to move upward (higher plasma current) and to the right (higher n ) • 
e 

There is an increase of approximately 40% in the maximum n detainable for 
e 

each of the three configurations considered here. 

Surface sample analyses have also measured the reduction of impurities 

and the deposition of titanium, as indicated in Fig. 5 for a silicon 

sarnple.l 2 The data points correspond to the total (Fig. Sa) or elemental 

(Fig. Sb and Sc) amount of material deposited in a 30 to 50 discharge 

exposure sequence. The sample was Ar+ sputter cleaned immediately prior 

to each sequence. Titanium gettering was first used at discharge number 

120 in Fig. :;, as exemplified by"' o.s monolayerR of Ti (i.e., 25% of 
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2-monolayers of total deposit) on the sample after the succeeding 35 

discharge sequence. Gettering reduced the amount of Ni, 0, and C moving 

around in a discharge. To see the carbon reduction from Fig. 5, recall 

that the absolute amount is equal to the product of the C percentage 

(Fig. Sc) and the total deposit (Fig. Sa). The amount of material 

deposited per shot cannot be inferred directly from Fig. 5. For example, 

in the case of Ti for the first post gettering sequence the apparent 

deposition rate is 0.5 monolayers/35 discharges = 1.4% monolayer per 

discharge which is much less than expected from the getter evaporation 

rate. 
I ' The reduction in the actual depos1t is due to erosion of the 

probe deposit by the plasma discharge as discussed in reference 12. 

CONCLUSION 

The use of mild titanium gettering in the Doublet III tokamak has 

resulted in a significant improvement of all of the many cross-sectional 

shaped discharges studied. Low-Z impurities have been greatly reduced, 

with Oxygen V emission typically reduced by a factor of five. The maximum 

line averaged electron density has increased 50% (n ~ 1 x 10
14

;cc) 
e max 

corresponding to a Murakami coefficient of nearly 6. 
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