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ABSTRACT 

Degassing of the TFTR graphi te l i m i t e r by low d e n s i t y deuterium or helium 

d i scharges enables the l i m i t e r to pump deuterium, thereby reducing r e c y c l i n g 

and improving energy confinement in neutral-beam-heated d i s c h a r g e s . During a 

helium degass ing sequence the hydrogen i n f l u x decreased by a f a c t o r of 2 0 . As 

a consequence of degass ing sequences the low d e n s i t y l i m i t in 0 .8 MA deuterium 

19 —3 19 —3 

d i scharges decreased from 1 x 10 m t o 0.5 x 10 m , the d e n s i t y - d e c a y 

time dropped from g r e a t e r than 10 s to 0.15 s , and the r e c y c l i n g c o e f f i c i e n t 

dropped from nearly 1 t o l e s s than 0 . 4 . z

e f f v a l u e s i n 2 .2 MA L-mode 

d i scharges on the toro ida l l i in i t er with neutral -beam-heat ing power up to 15 MW 

are between 2 and 3 i f the pre-beam plasma has low Z e f f (high d e n s i t y ) , but 

can be as high as 4 .5 i f the pre-heam t a r g e t has h igh 2 e « j ( low d e n s i t y ) , 

z e f f v a l u e s * n enhanced confinement shots drop from 7 during the ohnvic phase 

to 3 with neutral beam h e a t i n g . The radiated power drops from 60-70% of t o t a l 

heat ing power to 30-35% f o r beam powers from 10 to 20 Mir. 

I . In troduct ion 

Operation of TFTR plasmas on the t o r o i d a l g r a p h i t e l i m i t e r a t neutra l 

beam powers up to 20 MW has provided new data on p lasraa- l iml ter i n t e r a c t i o n s 

a t near reac tor temperatures and d e n s i t i e s . D i scovery of a new regime of 

enhanced energy confinement i n beam-heated d i s c h a r g e s (1] has improved 

prospec t s for ach iev ing breakeven i n TFTR and has provided new i n s i g h t s i n t o 

the ro l e of edge p a r t i c l e c o n t r o l . Degassing o f the l i m i t e r to ach ieve low 

r e c y c l i n g and documentation of the e f f e c t of the degass ing on plapma 

confinement have been a focus of recent experiments [ 2 , 3 ] . 

A second aspec t of p l a s m a - l i m i t e r / w a l l i n t e r a c t i o n s i s impurity 

product ion and in f luence of the r e s u l t i n g contamination on the plasma. Plasma 
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impurity levels in L-mode and enhanced confinement discharges with neutral 

beam powers up to 20 MW are discussed. Impurity transport rates have been 
• 

inferred by injecting impurities into the plasma and studying the time 

* behavior of their radiation. 

II. Conditioning for Particle and Impurity Control 

The large area toroidal limiter [2] required special conditioning 

techniques to achieve satisfactory plasma operation [4] . Following 

installation, 130 hours of glow-discharge cleaning (GDC) and 175 hours of 

pulse-discharge cleaning (PDC) were performed during a six-week period with 
0 

the vacuum vessel heated to 150 C. After this conditioning, discharges were 

severely affected by outgassing of the limiter following a disruption. 

Additional PDC and a newly developed technique, disruptive discharge cleaning 
j 

o 

(DDC), were used to heat the limiter surface sufficiently (-1000 C) to effect 

T outgassing of water vapor and hydrocarbons. The DDC consisted of a sequence 

of tokamak discharges with flat-top currents increasing from 0,6 to 2.5 MA. 

The flat-top current was increased progressively by 0.2 MA after a forced 

disruption at each current did nor affect the succeeding discharge. When 

recovery was easy after a 2.5 MA disruption, ohmic discharges at 3.2 MA had a 
— 19 —3 

radiated power fraction less than 50% and Z « < 1 .5 for n > 4 x 10 m . 

Following a one-week opening of the vacuum vessel, DDC, in addition to GDC and 

PDC, was again required to eliminate excessive limiter outgassing caused by a 

2.2 MA disruption. 

In contrast, only standard GLC and PDC techniques were required to 

prepare both the vacuum vessel and the moveable limiter for high power 

operation, prior to installation of the toroidal graphite limiter [5]. 

Following 100-200 discharges the radiated-power fraction and Z ef* in ohmic 
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f iducia l discharges (I = 1,4 MA, n e =* 2.4 x 1 0 , y m"i) dropped to 60 - 70% and 

2, respec t ive ly . 

The i n i t i a l enhanced confinement neutral-beam-heated discharges were 

obtained only af ter degassing !Jie graphite l imi ter by several tens of low 

densi ty helium and deuterium discharges. Evidently desorption of deuterium 

from the normally saturated near-surface region of the graphi te enabled the 

l imi ta r to re ta in incident hydrogen e f f i c i en t ly and subs t an t i a l l y reduced 

recycl ing. In combination with intense cen t ra l fueling by neutra l beam 

in jec t ion , the lower recycling produced a more peaksd densi ty p r o f i l e . During 

normal enhanced-confineraent operation, da i ly sequences of about 10 degassing 

shots were used to keep plasma performance optimized. About 20-30 degassing 

shots were required to recover from gas loading caused by pe l l e t - fue led [6] or 

detached plasmas [7 ] . 

The hydrogen degassing by a se r ies of 1 .4 HA helium conditioning 

discharges on th<> toroidal l imi te r i s i l l u s t r a t e d by Fig. 1. Ihe br ightness 

of the deuterium DB l ine tn » 4-2 t r a n s i t i o n ) , which i s a measure of the 

deuterium influx in to the plasma, decreased by a factor of 20 during th i s 

sequence. "ttie minimum achievable l ine-averaged e lec t ron densi ty a lso 

decreased by a factor of two as shown, and oxygen rad ia t ion decreased by an 

order of magnitude. This suggests that condit ioning discharges a lso remove 

oxygen, poss ibly in the form of water vapor or CO. Hie i n t e n s i t y of carbon 

radia t ion changed l i t t l e during the sequence. 

Two important consequences of the l imi t e r degassing are a smaller low-

densi ty l imi t and a shor ter density-decay time constant or ef fect ive p a r t i c l e 

confinement time j , indicated by fas ter dens i ty pumpout. Both ef fec ts a re 

i l l u s t r a t e d in Fig. 2a, which shows the time evolution of the central-chord 

line-averaged e lec t ron densi ty and the gas input r a t e for 2 shots , one before 



and one after a 25-shot 0,8 HA deuterium degassing sequence. In contrast, a 

large value of T D (> 10 sec) characterized the toroidal limiter before 

conditioning sequences were begun (Fig. 2b). In these fiducial discharges the 

gas feed is controlled by feedback to produce a preselected density at t = 2 s 

and is then shut off. Figure 2a depicts 0,8 MA discharges programmed to n = 
in _-s 

1.3 x 10 m , whereas Fig. 2b is a 1.4 MA discharge programmed to n = 2.4 x 

1 0 1 9 m . The density decays exponentially to a baseline which is determined 

by recycling. The density decay time is determined by the intercept of the 

dashed lines, which characterize the initial decay rate, with the minimum 

density baseline. 

Decay time constants as small as 0.15 s were obtained after applying 

helium degassing sequences frequently over a 1000-shot interval. The 

sequences were interspersed with series of neutral-beam-heated shots to test 

the effectiveness of conditioning on improving beam fueling and energy 

confinement. During this period the minimum line-averaged density achievable 

in 0.8 - MA deuterium discharges decreased from 0.9 x 1 0 1 9 m~ 3 to 0.55 x 10 

The recycling coefficient in ohmic discharges R is determined from T 

and the particle confinement time t- by the equation 

* To 

T p as measured by die absolute intensity of the Da emission is on the 

order of 0.1 s. Thus, the fastest density decay times, 0.15 - 0.3 s 

correspond to a recycling coefficient of R < 0,5. 

Helium discharges with I - 1.4 and 1.8 MA were more effective in 

degassing the limiter than were 0.8 MA deuterium discharges. A few shots in 
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deuterium are required to expel the residual helium, but the succeeding 

discharges have lower densities than can be achieved following conditioning by 

deuterium discharges. There are indications that higher current helium 

discharges are more effective than lower current discharges. 

The limiter degassing effect is. easily reversed by exposure to higher 

density deuterium plasmas. An estimated 100 torr-liters (7.1 x 10 2 1 atoms) of 

total gas input over a few discharges will increase the recycling coefficient 

to approximately 1. Deuterium gas-fueled 0.8 MA ohmic discharges with n as 
19 —3 

low as 1.2 x 10 m can produce s noticeable degradation. 

The limiter degassing is believed to result from desorption of hydrogen 

from the graphite by energetic carbon and helium ion bombardment. Graphite 

can absorb hydrogen up to a H/C ratio of 0.4 at room temperature. 

Spectroscopic measurements and Z « values of six to seven show that the 

carbon density in degassing discharges is high. Recent measurements by 

Wampler et al. [8] show that bombardment of saturated graphite by carbon, 

helium, or hydrogen ions with energies of 3, 0.6, and 0.3 keV, respectively, 

(consistent with the edge electron temperature and sheath potential in these 

discharges) removes 5, 2, and 1 hydrogen atoms pe* incident ion, the latter 

case resulting in replacement, with no net removal of hydrogenic species. 

Also, the yields for sputtering carbon atoms from graphite are 0.5, 0.09, and 

0.025 atoms/ion for these three ions. Thus the degassing process is aided by 

the low density, high edge temperature, and the resultant high levels of 

carbcn impurities. 

III. plasma Impurity Concentrations lr. the Standard Regime 

Impurity concentrations and Z « have been measured by x-ray and vacuum 

ultraviolet spectroscopy and visible bremsstrahlung; the total radiated power 
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has been measured by bolometer arrays. These measurements have documented the 

effectiveness of impurity control techniques^ provided quantitative data on 

the variation of impurities over a wide range of plasma parameters, and 

provided additional information on impurity sources and impurity production 

mechanisms [9-11] . 

The impurity situation in ohraically heated TFTR discharges is discussed 

in Refs. 9-11. Impurity concentrations were low ( Z e f £ = 1.2) at high density, 

but were significant (Zej£ = 5-6) at the low-density limit for 2.2 MA plasmas 

on either the moveable or toroidal limiter. Discharges on the toroidal 

limiter had lower Z « at intermediate densities than those on the movable 

limiter [12]. The low-Z impurities, carbon end oxygen, ranged from about 10% 

of electron density (at low n e) to 1% (high n e) and were the dominant 

contributors to Z « and radiated power. The ratio of carbon to oxygen was 

about 10 at low density and 1 at high density. Oxygen increased with density 

and dominated the radiated power at the high density limit [11]. Metals (Cr, 

Fe, Ni) were generally negligible contributors to Z^^^ and radiated power. 

Impurity behavior in 2.2 MA neutral-beam-heated plasmas on the moveable 

limiter with beam power up to 5.6 MW has been discussed previously [11]. in a 

beam-power scan at constant final density (n = 4.5 x 10 m ), Z f f near the 

end of the 0.5 s heating pulse increased from less than 2 to about 3 as beam 

power increased to 5.6 MW. During a discharge, metal and carbon densities 

remained constant from the pre-beam to the beam-heated phase. Thus higher 

Z ff at higher power results mainly from the lower pre-beam density (and 

therefore higher Z e f f) required to keep the final density constant. The 

fraction of total input power radiated decreased from about 50% in the ohmic 

phase to 30% at a beam power greater than 3 MW. 
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Zefjr values in 2,2 MA, It-mode beam-power scans on the toroidal liraiter 

also correlated much more strongly with the electron density in the pre-beam 

ohmic-heating phase of discharges than with beam power or with density at the 

end of injection (Fig. 3). The data, measured by x-ray pulse-height analysis, 

have been sorted according to ranges of beam power. Low Z e f f values (£ 2) are 

achieved during neutral-beam injection (NBI) if • the ohmic target plasma is 
— 1 9 — 3 

clean (n e > 3 x 10 m ), while higher Z fj= values during HBI occur if the 

ohmic plasma is dirty (low density). The trend is similar to that of pre-beam 

Z e « versus n e, although shifted slightly lower due to dilution of impurities 

by neutral-bean fueling. z
eff values measured from visible bremsstrahlung 

emission were on the average 15* higher than the values from pulse-height 

analysis for most of these shots. 

The radiated-power fraction in these L-mode discharges on the toroidal 

limiter decreased to about 20% for neutral beam powers greater than 10 MW. 

IV. impurity Concentrations in Enhanced Confinement Plasmas 

The pre-injection target plasmas in enhanced confinement discharges are 

carbon dominated, with a total Z eff of six to c-ight and a Z e f f contribution of 

0.3 - 1.5 from metals. The carbon concentration is about 15% of the electron 

density. The deuteron fraction is estimated to be between 10% and 20%, based 

on the increase in neutron emission following a small gas puff. During 

neutral beam injection Z * f from visible bremsstrahlung drops to 2-4 (Fig. 4 

and earlier data). The earliest enhanced confinement plasmas had Z e f f values 

of 2-3 during the beam-heating phase with a negligible contribution from 

metals. Subsequent limiter conditioning and plasma operation spanning 1000 

discharges over a period of five weeks increased the metal levels by a factor 

of 10, presumably by depositing metals removed from Inconel hardware near the 

limiter onto the graphite surface. 
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During neutral beam heating, the fueling by the beam neutrals increases 

the deuteron fraction to 50-60% of electron density and decreases the carbon 

fraction to 5-8%. The fraction of total heating power radiated decreases from 

60-70% during the ohmic phase to about 30% for beam powers greater than 10 

MW. For longer pulse (0.7 sec) beams the tot£>l radiated power saturates while 

electron density and ĝ  are still rising, as shown in Fig. 5. 

The impurity transport during beam heating in enhanced confinement 

discharges appears to be similar to that during the ohmic phase. Transport 

rates were inferred from the time evolution of vacuum-ultraviolet lines 

emitted by germanium injected into the plasma '>y laser ablation. Comparison 

of these intensities with numerical impurity transport code predictions [13] 

yielded a diffusion coefficient (assumed to be radially constant) and 
2 

convective velocity at the limiter radius of 0.65 m/s and 0 - 0.1 m/s, 
o respectively, in the ohmie phase and 0.75 m/s and 0.1 - P.2 m/s, 

respectively, during neutral beam injection. The uncertainty in the 

convective velocity is a factor of 2. The impurity confinement time in both 

cases was approximately 0.25 s. 

V. Summary and Conclusions 

A disruptive discharge cleaning procedure, in addition to glow- and 

pulsed-discharge cleaning, was found necessary following atmospheric exposure 

to remove water vapor frcm the large area graphite toroidal limiter and permit 

satisfactory plasma operation. 

Low density deuterium or helium discharges were found to be effective in 

degassing the limiter, allowing it to pump hydrogen and, thus, reduce 

recycling and permit improved confinement in neutral-beam-heated discharges. 

High carbon concentrations and Z « appear to aid degassing by causing high 
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edge terrparatures and leading to Resorption of deuheri-jti by energetic carbon 

ion bombardment. 

Relatively low Z e f f values (about ?) tfjr» atLixr .1 in hijh density L-mcde 

discharges on the toroidal limiter with beam powers up to 10 MW, and values of 

2.5 - 3 were found at beam po >ers up to 15 MW. The trends suggest, however, 

that the purity of the pre-beam target plasma is a more important determinant 

of impurity concentrations during NBI tha.i is beam power or final density. 

Enhanced confineiaent plasmas are characterized by a Z e f f of t ix to seven 

before neutral beam injection and two to four during injection. z f F 

decreases with beam power, presumably oje to the dominance of beam fueling in 

these plasmas. 

There is no evidence of significant changes in inpurity transport between 

chmic and enhanced confinement discharges. 
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FIGURE CAPTIOUS 

FIG. 1. D6 emis s ion i n t e n s i t y and l i n e - a v e r a g e d e l e c t r o n d e n s i t y d u r i n g a 

sequence of low d e n s i t y 1.4 HA he l ium l i m i t e r - d e g a s s i n g d i s c h a r g e s . 

A f a c t o r of 20 d e c r e a s e i n the deu te r ium i n f l u x i n d i c a t e s d e p l s t i o n 

of deu te r ium from t h e s u r f a c e and nea r s u r f a c e r e g i o n s of t h e 

l i m i t e r , 

FIG. 2 . L i n e - a v e r a g e d e l e c t r o n d e n s i t y and gas f u e l i n g r a t e as a f u n c t i o n of 

tiiije d u r i n g f i d u c i a l s h o t s on (a) a w e l l c o n d i t i o n e d ( s o l i d ) and 

deco t i d i t i oned (dashed) l i m i t e r and (b) an u n c o n d i t i o n e d l i m i t e r . 

FIG. 3 . Z e f f d u r i n g n e u t r a l beam i n j e c t i o n as a f u n c t i o n of e l e c t r o n d e n s i t y 

b e f o r e i n j e c t i o n , s o r t e d by ranges of n e u t r a l beam power . The v a l u e s 

a r e near t he pre-NBl 2 e f f v a l u e s , b u t somewhat r educed due t o 

ne ' j t r a l -beam f u e l i n g . 

FIG. 4 . z

e f f a s a f u n c t i o n of t o t a l h e a t i n g power i n enhanced conf inement 

d i s c h a r g e s . 

FIG. 5 . T o t a l r a d i a t e d power, l i n e - a v e r a g e d e l e c t r o n d e n s i t y , n e u t r a l - b e a m 

power and p o l o i d a l 0 as a f u n c t i o n of t ime d u r i n g a 1.1 MA enhanced 

conf inement d i s c h a r g e wi th a 0 . 7 - s b e a m - h e a t i n g p u l s e . 
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