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PAGE 13 SHOULD READ AS FOLLOWS: 

Therefore the observed differences in the plasma behavior are 

presumably caused by differences in the radial distribution of 

current density jCr) and the consequent differences in magnetic 

topography and of power input. 

Because of the positive correlation between the local power 

input, temperature, conductivity, and current density, the radial 

distributions of these quantities are indeed sensitively affected 

by local inelastic collision rates. Thus, minor changes in the 

plasma composition can produce significant changes in j(r), 

especially because the effect of the collisions in forming the 

j(r) profile in a particular discharge is cumulative over several 

confinement times. 

The experimental evidence then shows that the variations of 

j(r) need not be very dramatic to be significant, or, in other 

words, that the electron kinetic energy confinement must depend 

very sensitively on the current distribution. 
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Aluminum Limiter Experiment in ST Tokamak 

E. B. Meservey, N. Bretz, Q. L. Dimock, and E. Hinnov 
Plasma Physics Laboratory, Princeton University 

Princeton, New Jersey 08540 USA 

ABSTRACT 

In order to investigate the effects of a light-element limit-

er on plasma, parameters, aluminum rail limiters interchangeable 

with Mo rails were installed top, bottom, and outside directions 

in the ST tokamak. The inside limiter remained a fixed Mo rail. 

Compared with discharges produced immediately before and after 

with the usual Mo limiters, the "aluminum" discharges showed an 

increase of Te (by factors of 1.4-2 near the center) and of energy 

confinement (by factors of 2 to 3 in el. energy/power input, de-

pending on time of observation). H
2 

and He discharges showed 

practically identical effects. In plasma composition, the Mo con-

centration dropped significantly, but Fe only slightly if at all; 

the Al r.oncentration was about 3-5% (i.e., large compared to the 

heavier metals), whereas oxygen, about 4 to 8% to start with, 

dropped to insignificance, probably as a result of Al evaporation. 

The Zeff from resistivity increased 20-30% although the resistance 

dropped because of the higher T • The improved T and energy 
e e 

confinement are thought to be the result of cumulative effects uf 

more favorable radial current and power input distributions rather 

than direct energy losses by radiation. 
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1. INTRODUCTION 

In the course of the ST Tokamak experimental program, it was 

noticed that the achievable plasma properties, such as electron 

temperature or energy confinement time, showed considerable varia-

tions for the same externally controllable parameters,· such as 

toroidal field, ohmic heating current, and initial pressure of the 

working gas. Gradually such variations were correlated with 

changes of plasma composition, which could be caused either by 

' 
previous history (opening the vacuum vessel, especially if accom-

panied by major additions or deletions of materials exposed to 

the plasma), or by deliberate additions of various elements (esp. 

inert gas) for some diagnostic purposes. Parts of this evidence 

have been published [l-3]; other parts are still in preparation. 

The most important features of the problem may be summarized 

as follows. In all but very few exceptional cases the plasma re-

sisti.vity is determined by the impurities rather than the working 

gas (hydrogen or helium)--and, of course, the electron temperature. 

The impurities may be classitied as light (0, C, N, Ne), or heavy 

(wall or limiter materials, or Kr, Xe additions), depending on 

whether or not they become fully stripped over a substantial part 

of the discharge volume. Of naturally occurring impurities, oxy

gen on the one hand and the wall (Fe, Cr, Ni) and limiter (Mo) 

materials on the other exhibit a reciprocal behavior: discharges 

high in oxygen are low in metals. As oxygen becomes depleted in 

repeated discharges, metal concentrations increase. The process 
,; . 

is reversible by discharges using o2 or air as the working gas 

··~ 
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for a few hundred pulses [4). Qualitatively similar results have 

been reported recently from other tokamak programs [5-7]. 

Discharges with relatively high concentration of light ele

ments (~ 1012 atoms/cm3 with total el~ctron density ~ 3 x 10
13 

el/cm3 ) achieved relatively high temperature, hence low power input 

and long energy confinement time. · Discharges with relatively high 
I 

. ( 1011 -3 . . b 1 t heavy element concentrat1ons ~ em , 1.e., 1n a sou e quan-

tities still low compared to oxygen) have considerably lower tern-

peratures and energy confinement times. In either case total 

radiation ii typically a smal1 {< 30%) fraction of power 

input [1,2,8,9] and not obviously correlated with the achieved 

temperature. 

The ultimate experiment in ST Tokamak was an attempt to 

eliminate the heavy elements (Mo and stainless steel) from the 

plasma without increasing the oxygen concentration. Both aluminum 

and graphite were intended to be used successively as construction 

materials for this purpose, but time ran out on ST before the 

graphite experiment could be realized. In this paper we give a 

brief summary of the results of the aluminum limiter experiment. 

2 • EXPERIMENT 

In addition to the usual set of molybdenum limiters, a 

movable set of aluminum rail limiters was ins_talled in the top, 

bottom, and outside positions in the ST in such a fashion that 

they could be interchanged with the molybdenum limiters. The 

inside limiter remained a fixed Mo rail at 13 em from the vacuum 

vessel center because of limitation of available time for-the ex-

periment. Fu~thermore, 3 mm diameter aluminum wires, mounted on 
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probe drives at five toroidal locations, were installed with the 

intent of coating the stainless~steel vacuum vessel with evapo~-

ated aluminum by feeding the wires gradually into the discharge. 

The time history of the experiment, which spanned two days 

and about 1400 discharges, is depicted in Fig. 1. At first a 

discharge was established in the usual fashion,·with the aluminum 

limiters retracted to 14 ern each, and the Mo liqtiters at ± 12 ern 

vertically, ± 13 ern in the plane of the torus, and with helium as 

the working gas (P
0 

~ 0.2 rntorr). The radial electron temperature 

and density profiles were determined near the time of the peak 

current (about 75 kA), and the intensities of ~ertain resonance 
.. 0 

lines of the principal impurities, iron (A285A, Fe XV), molybdenum 

( A341, Mo XIII) , oxygen (Al033 OVI) , and aluminum. (A 333, Al X) 

were measured. It turned out to be a fairly typical low-oxygen, 
.. 

high-metal discharge. The energy confinement parameter (total 

electron energy, W , divided by power input, P. ) and the plasma 
- e 1.n 

resistance, R (in units of straight-current Spitzer resistance R1 

for a pure hydrogen plasma at the measured electron temperature) 

are shown in the central part of Fig. 1; the data shown near shot 

number 100 are typical for this initial condition. The top part 

of Fig. 1 shows relative intensities of the iron and molybdenum 

resonance lines . 
. 

Although a detailed analysis of the impurity content has not 

been done here, on the basis of previous experience it is estimated 
"i. 

from the line intensities that at the start of the experiment the 

11 -3 
concentrations of Mo and Fe are about 0.5 - 1.0 x 10 em , of O, 

11 -3 12 -3 about 3-5 x 10 em , of He about 6-7 x 10 em , and of aluminum 

too small to be measured. (Thus, the percentage of oxygen is 

• 
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still fairly high, but it is called a low-oxygen discharge because 

the absolute concentration is low, and oxygen does not strongly 

dominate the plasma resistivity, as it does in high-oxygen dis

charges.) The intensities of the resonance lines shown in Fig. 1 

(with wavelengths fairly close together, and in a region where the 

spectrometer sensitivity is almost constant) are to be taken only 

as an approximate qualitative indication of the impurity concen-

tration. The actual relationship between the intensity and the 

concentration also includes electron densities, and the radial 

diffusion velocities and electron temperature profiles, all of 

which change slightly with discharge conditions. 

At about shot number 170 the aluminum limiters were inserted 

to the same radii as the Mo limiters. During this time Al X lines 
' 

became observable with intensities comparable to the Mo and Fe 

lines, but with no evident changes in the discharge behavior. Be-

tween shot numbers 203 and 430 the Mo limiters were retracted in 

steps, and the vertical B-field adjusted to keep the discharge 

slightly outside the center in order to minimize interaction with 

the remaining (inside) Mo rail. As a result, the Mo line intensity 

dropped by a factor 2-3, and the Al line_ grew to a level 2-3 times 

the initial Mo line intensity. The electron temperature and energy 

confinement time increased significantly, but there was no sub-

stantial change in the relative resistance (i.e., the drop in re

sistance is entirely accounted for by the increased electron tern-

perature, if changes of toroidal curvature effects are neglected). 

The iron line intensity did not change appreciably,.which, with a 

20% increase in electron density, indicates at most a small drop 

of iron .concentration. 
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Between shot numbers 430 and 1200 the various aluminum wires 

were successively fed into the discharge, a few millimeters at a 

time, in an effort to reduce the iron (or rather stainless steel} 

concentration in the plasma. The wires were fed in between dis-

charges, and the first following discharge broke up, apparently 

as a result of a large density increase. The second discharge 

following showed somewhat increased Al radiation (perhaps up to· 

twice the levels indicated in Fig. 1}, and following discharges 

were generally well-behaved. There was a general increase--nearly 

doubling--of the aluminum light, a modest (rv 30%} increase of 

density, and a slight further improvement of energy confinement, 

but the iron concentration steadfastly refused to be reduced. 

, 
( 

However, the oxygen concentration dropped to a level where measure- • 

ments became difficult. Undoubtedly the drop of the oxygen con':"· 

centration compensated to a considerable extent fo·r the increase 

in aluminum in· determining plasma resistivity and electron densi·ty_ .. 

The aluminum concentration at this time is probably near the 

f . t d 1 • f n · 5 X 10 ll em- 3 • 1gures quo e ear 1er or oxygen: v 

At shot number rv 1220, the working. gas was changed to hyd~ogen 

(P rv 0.3 mto~r}, with no particularly significant effect on the 
0 

plasma characteristics. It is this condition that is described~ 

below in more detail under "Al limiter". At shot number 1375, 

the aluminum limiters were moved out and the molybdenum'ones put 

back in the initial configuration. There was an immediate sub

stantial drop of electron temperature and energy confinement. Tlie 

Al light dropped by about 3 times and Mo light increasec:l 2 to 3 

times. The iron light dropped by nearly 2 times and the electron 

• 
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density by about 1.5 times. The relative plasma resistance prob-

ably dropped slightly. 

At shot number 1415, the working gas was ·again changed to 

helium. Aside from a slight increase of density and drop of tern-

perature, there were again no significant changes in the plasma 

characteristics that could be attributed to the changes in work-

ing gas. 

During the experiment, the top aluminum rail (which had to 

be installed by means of a holder with much lower thermal conduc-

.tion than the other rails) suffered E7~tensive damage by melting 

and evaporation. As molten drops formed on its lower surface, 

it was gradually pulled farther out, so as to maintain the current 

aperture and to put more of the heat load on the lower rail. The 

more efficiently cooled lower rail escaped practically undamaged, 

and the outside rail, which is subject to strong runaway electron 

bombardment during abnormal discharges, showed only moderate darn

age. In view of the considerable amounts of poorly controllable 

aluminum vapor sprayed into the plasma, the reproducibility of 

the discharges was quite remarkable. 

3. RESULTS 

Since the only substantial changes in the plasma parameters 

resulted directly from the change of the limiter materials, we 

shall now consider in more detail two discha!ges just before and 

just after th~ change from Al to Mo limiters (shot numbers 1340-

70 and 1375-1405 respectively, in Fig. 1). 

The time behavior of the ohmic heating current and the 

toroidal loop voltage (on the ceramic_ gap in the vacuum vessel) 
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are shown in Fig. 2 for the two discharges, together with the 

linear average electron density n (from microwave measurements) e . 

and the Al X resonance line intensity. The corresponding Mo XIII 

line shows a similar time-shape, and an increase by a· factor of 

about 2 (although at lower absolute values, as indicated in Fig. 1). 

The electron densities are very similar initially, when they are 

largely due to the hydrogen filling gas, but·become noticeably 

lower in the Mo discharge at later times. Although the reductfon: 

of aluminum as a direct source of plasma electrons is undoubtedly 

a significant part of this density change, the change ciannot be 

used.to measure the aluminum loss quantitatively, since other ef-

fects (changes in electron confinement properties and 'P.erhaps 

changes in other impurities) may be of comparable.importance. 

Except during the first 10 milliseconds, the radial distril:nr-· 

tion of electron densities appears in all cases to be approximate~

ly parabolic within the accuracy of measurement; thus the peak 

densities are 1.5 times the averages. given. Figure 3 shows the 

radial profiles of the electron temperatures, measured by Thomson: 

scattering of laser light, at 70 msec, i.e., close to the peak 

current in each discharge. Also shown are the inverse ·:rotationall.' 

transforms q(r)' calculated on the assumption of steady'~state cur

rent distributed according to Spitzer conductivity and with no 

radial vari~tion of the ion charge and no toroidal curvature ef-

fects. The symmetrized T (r) curves in Fig. 3 are used for this e . 
r 

calculation and for other radial distributions mentioned below. 
-· . 

·In the Me-limiter case the temperature is definitely less 

and the power input somewhat greater, thus leading to an energy 

confinement time less by a factor b,f 2. 5. It appears that this 

' 

• 
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difference in energy confinement is to be ascribed primarily to 

the rather modest variations of the magnetic field configuration, 

q(r), and of the corresponding current density and power input 

distributions, as discussed below. 

The power transferred to the ions must be comparable in the 

two cases, or perhaps slightly larger in the case of the "aluminum" 

discharge (because of the higher density and higher Z) and it is 

in any case a small fraction of power input. Radiation losses, • 

although not very accurately known, must likewise be larger in the 

"aluminum" case. The iron (stainless.steel) concentration is 

about the same in both cases, and, although molybdenum and oxygen 

concentrations dropped, this would be more than made up for by the 

increase in aluminum, which is a more efficient radiator than oxy-

gen (11 strong!~ radiating states of ionization vs 6 in oxygen), 

and is present in much larger quantities than the lost molybdenum. 

In view of the lower power input, the fraction of the power radi-

ated is probably significantly larger in the case of the aluminum 

limiter. 

The radial distribution of the radiation is of course ex-

pected to be differen.t in the two cases (we speak of "radiation" , 

for simplicity, to mean inelastic electron-ion collisions: local 

lowering of the electron temperature results not only from radia

tion but also from ionization which requires kinetic ene~gy to . 

overcome the potential energy of ionization and produces extra 

cold electrons as well). Aluminum radiates primarily on the peri

phery, roughly 8. < r < 12 em. Farther in it is in heliumlike and 

hydrogenlike states with considerably reduced .radiation efficiency, 

and near the center it is about 90% completely stripped, emitting 
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only relatively trivial amounts of continuum radiation,. Molybdenum 

and stainless steel ions on the other hand remain practically uni-
• 

form in radiatibn efficiency under the present conditions. There- • 

fore it is e?Cpected that the "aluminum" case, with stronger per-

ipheral radiation, will force the current density more. toward theCH•. 

center of the discharge--in qualitative agreement with the q(r} 

behavior in Fig. 3. 

The unanswered question is why such a modest change in cur-

rent distribution should cause such considerable changes in the 

lo~s of electron kinetic energy. To put the problem into a better 

perspective, we compare the present discharges with an earlier 

experiment, where the oxygen concentration was high (~ 2 x 1012 

em - 3 } and other impurities negligibly small.· Thus this case .~should 

have a ratio of the peripheral to central inelastic collis~on ~ates 

even greater than in the aluminum discharge. 

The essential parameters of the three discharges a·re compared 
... 

in Table 1, and the radial distributions of electron energy den-

si ty, and relative current distributions in Fig. 4. The curren·~ 

and toroidal field are slightly lower in thP- "high-oxygen" dis-

charge, but this does not affect the comparison app~eciably (an 

85 kAmp discharge on the same day gave W = 2.1 kJ, P. · ·= 200 kW, 
e 1.n .. 

T (O} = 2.5 keV}. The electron energies in Fig. 4 are direct mea
e 

surements by laser scattering except for symmetrizing a·nd slight 

smoothing of the data. The sharp ~boulder of the distribution is 

due to T (r} (n (r} is still parabolic}, and nearly coincides 
e e 

with the calculated q = 1 surface. The lower curves in Fig. 4 are 

those of rT312 (r}, normalized to the same area, i.e., they repre
e 

sent the current or power input pe~ em radial shell in ~! steady-

• 

• 
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state straight Spitzer-conductivity plasma with constant composi

tion and measured T (r} • Toroidal trapped· particle ef·fects would 
e 

tend to contract the profiles--as indicated by dots in the case of 

the high-oxygen discharge, where the effect would be the most pro-

nounced because of the high central temperatures. On the other 

hand, relative concentration of higher-Z ions toward the center 

(for which we have no experimental evidence [10]}, would counter-

act this trend, and flatten the profiles. Thus, possibly the ac-

tual current profiles might show sl~ghtly greater variation in 

the three cases, but undoubtedly there will remain the general 

picture of not large differences. 

Whether the flattening of the T (r} curve and the correspond
e 

ing bump in. the current distribution in Fig. 4, pronounced in the 

lowest-temperature case, are real, and whether or not they may be 

connected with MHD fluctuations associated with the q = 2 surface 

ar~ tantalizing questions that have not yet been studied in suf

ficient. detail to.warrant discussion here. The central flattening 

of the Te(r} profile, evident in the "high [0]" case and beginning 

to be observable in the "Al-limiter" case in Fig. 4, is certainly 

real.and almost certainly caused by enhanced radial transport due 

to MHD activity [8,11-13]. 

The strong dependence of plasma parameters on details of 

composition is undoubtedly a major cause for the profusion of 

empirical scaling laws for tokamak discharges. The data in Table 

1 and the Figures also show: that the B can vary considerably 
p 

even at a fixed current; that the energy confinement is not neces

sarily correlated with Zeff or resistive "anomaly"; and that the 
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appearance of a fl_?lt-topped q ~ 1 region, at least one.of moderate 

size, is not necessarily detrimental to energy confinement, nor 

is its absence indicative of good confinement. 

In general, the conclusion from the aluminum lim1ter experi

ment is in accord with.that of our earlier experiments adding oxy-; 

gen or neon to the discharge, namely, that the addition of a light 

element which is totally s·tripped near the center of the plasma 

improves the confinement by raising the electron tempe~.a:ture. The 
" 

principal mechanism appe~rs to be an increase of the central dUr-

rent density :by cooling the periphery, although (espec~ally.in 

the case of oxygen additions) a reduction of the heavi~r impuri

ties may also be significant. The improvement of confinement 

wrought by the higher temperature easily overbalances any detri

mental effects.due to the development of a q ~ 1 region· in the 

center, at least as long as the latter remains a minor··fraction 

of the total .plasma volume. 

4. CONCLUSIONS 

The plasma characteristiC:is expressed in such important param-'· 

eters as plas~a energy, power input, and confinement time, are 

strongly influenced by relatively minor changes in plasma corrip6Si-· 

tion. While radiation, or more. generaily energy loss due to in

elastic electron-ion collisions, is presumably the ultimate cause 

of the differences, it is not the direct cause. In fact, among 

the three cases considered, the ratio of radiated power to power 

input at the time of obse~vation is smallest in the lo~est-energy 

"Me-limiter" discharge; and even the absolute radiatio~ is probably 

also smallest in this case. 

• 

• 
( 
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. It would therefore appear that relatively small changes in 

the current distribution cause large changes in the electron energy 

confinement which are not a direct result of changes in the radiated 

energy. ·This presumably results from a bootstrapping effect be-

tween local power input, temperature, conductivity, ·and current 

density. It must accordingly be concluded that the electron kin-

etic energy confinement depends sensitively on the current distri-

bution, since the latter is not dramatically different in the . 

three cases considered above, whereas the electron kinetic energy 
. 

confinement varies by nearly an order of magnitude. . . 
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TABLE 1 
!D,ischarge parameters at the time -c.of current maxima for the ·"f!o _ 3 
cases in Fig. 2, and an earlier -discharge with [OJ - 2 x '10 c~ 

and negligibl~ other impurities. 

: 

Mo lim Al lim ."High [.0] II 

B'i' (kG) 43 43 37 

'IOH (kA) 74 77 65 

·qlim 3.9 3.7 3.8 

V (volt) 4.6 3.7 
m 

2.5 

P. (kW) 345 290 
·1n . 

160 
' 

w (kJ) 0.49 1.0 
e 

1.5 

W /P. (msec) "1. 4 3.5 
·e 1n 

9.5 

T (keV) 
·e 

0.58 0.89 0.95 

T (0) (keV) 1.1 1.8 
e 

2.2 

n (1013 
e 

-3 em ) 1.5 1.9 2.5 

n (0) (10
13 -3 2.2 2.9 em ) 

e 
3.7 

B (el. only) . 0.17 0.33 
p 

0.69 

R/R1 
3.1 4.7 4.5 - 7.2 4.2 - 6.5 

z 4.3 6.9 6.6 11 5.8 9.91 

( 
l' 

·.· 
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Fig. 1. Time history of the experiment: bottom, limiter 
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number; center, energy confinement .and relative plasma-resistance 
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