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The 13th European Conference on Controlled Fusion and Plasma Heating was held 
at Schliersee, Fed. Rep. of Germany from 14 to 18 April 1986. It was organized 
by Max-Planck-Institut fUr Plasmaphysik , Garching, Fed. Rep. of Germany on 
behalf of the Plasma Physics Division of the European Physical Society (EPS) . 

According to the new EPS arrangement the conference was held in spring and, 
because this is an even-numbered year, it concentrated on controlled fusion 
and plasma heating. The main topics therefore were 

Plasma Confinement 
Plasma Heating 

with the following subtopics: 

A Tokamaks 
B Stell arators 
C Alternative Confinement Schemes 
D Plasma Edge Physics 
E Alfven and Ion Cyclotron Heating 
F Electron Cyclotron Heating 
G Neutral Injection Heating 
H Lower Hybrid Heating and Current Drive 

The Conference Programme included 18 invited lectures, 27 orally contributed 
papers and more than 200 papers presented in poster sessions. 

The contributed papers of this 2-volume publication are photographically 
reduced in size from the originals provided by the authors. 

Programme Committee/Paper Selection Committee 

G. Briffod (Chairman), CEN, Grenoble, France 
M. Kaufmann (Vice-Chairman), IPP, Garching, Fed. Rep. of Germany 
T. Consoli, CEC, Brussels, Belgium 
A. Gibson, JET, Abingdon, United Kingdom 
c. Gormezano, CEN, Grenoble, France 
G. Grieger, IPP, Garching, Fed. Rep.of Germany 
H. DeKluiver, FOM, Nieuwegein, The Netherlands 
F. Santini, ENEA, Frascati, Italy 
V. Shafranov, Kurchatov Institute, Moscow, USSR 
E. Sindoni, University of Milan, Milan, Italy 

The invited papers and two post deadline orally contributed papers will be 
published by Pergamon Press in the journal "Plasma Physics and Controlled 
Fusion" Vol. 28 No. 9a and sent free of charge to each registered participant. 
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ABSTRACT Sawtooth oscillations have been studied with a wide variety of 
diagnostics in JET in additionally heated discharges . Multichordal 
measurements , combined with tomographical recons t ructions , have allowed a 
detailed experimental study of the sawtooth collapse with high t ime 
resolution. It is shown that the initial part of the collapse has m2 1 
topology. 

1 . INTRODUCTION Sawtooth activity has been studied in JET during both 
ohmically and additionally heated discharges using a large number of 
diagnostics , including two X-ray diode array cameras , a 1? channel F.CF. 
grating polychro~ator, four channel Fabry-Perot and Michelson ECE syst~s, 
a microwave t ransmission interferometer , a microwave reflectometer , 
bolometry and a multi-chord far infrared interferometer. Sawteeth have 
also been observed by the neutron diagnostics and on the particle fluxes 
and ion temperatures determined by a set of four neut ral particle 
analysers . 

2. SAWTEETH DURING ADDITIONAL HEATING During both neutral inject ion and 
radio- frequency heating the sawtooth oscillation increases in amplitude and 
its period becomes longer (Figure 1) . The observation of partial sa~teeth 
i s common and the sawteeth are accompanied by a wide range of mhd activity 
in the plasma central region, generally with m•l. 
In particular , we often observe: (i) strong s uccessor oscillations 
fol l owing the sawtooth collapse ; (ii) strong mhd activity accompanying the 
partial sawteeth; (iii) a large saturated m•l mode which is sometimes seen 
before the sawto~th collapse during RF heating and (iv) a large amplitude 
m•l mode seen during beam heating . The main sawt ooth col l apse generally 
occurs without mhd precursors. During ohmic healing typical mhd 
frequencies of - 1 kHz are seen and with ICRH thi s decreases , sometimes to 
250Hz . With 4.5 MW of tangential beam heating the frequency i ncreases to 
-5kHz, corresp~nding t o plasma rotation with v •10' ms- •. The radial 
l ocation and poloidal mode number of the mhd activity i n the central region 
has been s tudied with both the soft X-ray cameras and the ECE systems . For 
a particular discharge, the maximum amplitude of the mode occurs at 
approximately t he same minor r adius s l ightly inside the sawtooth inversion 
radius , regardless of its phase within the sawtooth 
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cycl e . These modes are thought to occur on rational q surfaces and their 
relation to the q• l surface is under investigation . 

3. TilE SAWfOOTH COLLAPSE A detailed study has been made on JET of the 
rapid (- 100 vsec) part of the sawtooth collapse with t he X-ray and the ECE 
systems. The two X-ray cameras view the plasma from vertical and 
horizontal ports at the same toroidal location with 38 and 62 detectors 
respectively . The detectors are shielded with 140 ~m of Be to enhance 
their sensitivit y to radiation from the central region of the plasma from 
which the emission is due mai nly to He-like Nickel for RF heated discharges 
and recombination for beam heated discharges. 

Further information on the sawtooth collapse comes from the ECE 
diagnostics. In particular the electron temperature at a fixed radius is 
measured with very high time (10 vsec) and t emper ature resolution (30 eV) 
using a Fabr y-Perot instrument and the sawtooth development in both time 
and radius along a fixed chord is measured with a 12 channel polychromator 
system wi th similar resolution . 

A typical sawtooth collapse, with successor oscillations, taken curing an 
RF heated discharge, is shown in Figure 2. The letters A-F indicate the 
times used for Figure 4. A contour plot showing the X-ray signal 
intensities from the verti cal camera as a function of detector number and 
time , taken at 200kHz sampling frequency (Figure 3a), shows that the 
col lapse occurs in • l OO vs and i n t his case with a rapid outward movement 
of the hot central plasma core . A similar plot for a different sawtoot h 
col lapse taken with the ECE polychromator with a digitization frequency of 
20 kHz (Figure 3b) shows that the plasma temperature behaves in a similar 
way to that of the X-ray emission but in this case with an inward movement . 
These measurements indicate that the initial part of the sawtooth collapse 
is due to bulk motion of the not centre of the plasma off axis to r/a • 
0.3. 

The detailed nature o~)the collapse and its successors have been studied by 
tomographic analysi s of t he data f rom both X-ray cameras . By fitting 
the experimental data with radial Zernicke polynamials i · 8 and angul ar 
harmoni cs m•2 (but excluding sin 28), the line integrated data observed by 
each X-ray detect or is reduced t o a two dimensional function of X-ray 
emi ssi vity as a function of plasma major radius and height . The 
t omographic reconstructions were carried out at 5 vs intervals throughout 
the sawtooth collapse . Some of these reconstructions are shown i n Figure 4 
in the form of contour plots and illustrate the main features of the 
collapse . On each plot the r elative times ar e shcwn and t he maximum 
radiated power, Pm. Initially the hot central core moves rapidly away from 
t he centre wi t h a maxi mum veloci ty of 2xl0' ms-• until it reaches r/a - 0.3 
where the outward motion stops . The hot region then collapses on a t i me 
scal e of 100 vs whi l e at the same time the emissivity in the remainder of 
the cent ral r egion increases . This implies a mixing of hot and cold plasma 
regions or rapid conduction of heat dur ing this phase of the collapse. The 
f inal emissivi ty pr ofile is not completely poloidally symmetric and it is 
the subsequent rotation of this distribution which i s r esponsi ble for the 
observations of successor oscillations as can be 
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seen from Figure 4. In other sawtooth collapses, without successor 
oscillati ons , the final state is completely poloidally symmetric. 

The tomographic analysis clearly det ermines the m•l character of the 
i nitial phase of the coll~~se and t he strong n• l mode seen by t he magnetic 
coils at the plasma edge to accompany t he sawtooth coll apse then 
determine the sawtooth collapse as an m~n-1 mode . The initial fast plasma 
motion occurs at di fferent poloidal angles as expected for m= 1 . 

Our observations do not generally seem in good agreement with existing 
theoretical models and in particular are in disagreement with models which 
require growing or static magnetic islands before the sawtooth collapse 

However , a very recent theoretical model3l, in which the plasma motion 
occurs on a rapid time-scale due to an ideal m•l mode would account for 
many of t he features of our observations, particularly the observed initial 
plasma motion. 

REFERENCES 1. R S Granetz and J F Camacho, Nuclear Fusion 25, 727 (1985). 
2. P A Dupper ex, R Keller, M Malacarne and A Pochelon, 12th European 
Conference on Controlled Fusion and Plasma Physics 1, 126 (1985). 3. J A 
Wesson, Plasma P:1ysics and Controlled Fusion, 28, 2'1i3 (1986) 
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COMPARISON OF EXPERIMENTALLY-INFERRED ION THERMAL DIFFUSIVITIES WITH 
NEOCLASSICAL THEORY FOR NEUTRAL BEAM-HEATED DISCHARGES 

IN THE DOUBLET Ill TOKAMAK* 

R.J. Groebner for the Doublet Ill Group 
GA Technologies Inc., P.O. Box 85608, San Diego, CA 92138, USA 

The study of ion transport in neutral beam-heated discharges in tokamaks is neces­
sary to determine if neoclassical theory can reliably be used to predict the performance 
of future machines. Previous studies of ion transport have generally been difficult due to 
the lack of information regarding the ion temperature profile. The standard procedure 
used to study ion transport has been to model the T; profile with the assumption that 
the ion thermal diffusivity profile Xi(r) was equal to a multiplier times xj'"0 (r), the ion 
thermal diffusivity calculated from neoclassical theory. The multiplier was varied until 
the calculated Ti profile agreed with the available ion temperature data, usually Ti(O) or 
the measured neutron rate. Values of the multiplier in the range of 1 to 10 have generally 
been obtained with few estimates of the uncertainties in these values. Furthermore, there 
have been few, if any, attempts to calculate Xi by modeling the ion temperature profiles 
in other ways. As a result, the issue as to whether or not the ion transport in tokamaks 
is in agreement with neoclassical theory has not been definitively answered. 

Recently developed techniques for obtaining ion temperatures, based on measuring 
the Doppler-broadening of emission lines excited during charge transfer processes between 
high energy atoms in a hydrogen neutral beam and low-Z impurities in the plasma, 
can be exploited to provide improved Ti ( r) information. 1 ·2 For example, a multichordal 
spectrometer system has been used on the Doublet Ill tokamak to obtain high quality, 
temporally-resolved ion temperature profiles on a single shot basis.3 Experimental values 
of the ion thermal diffusivity have been obtained for discharges for which measured T; 
profiles were available in addition to measured T., n., and Zefl' profiles. For the beam 
heated discharges which have been examined, Xi is larger than xf00

, as calculated from 
the formulation of Chang and Hinton,4 Xi does not have the same spatial dependence as 
xf00

, and Xi is greater than or approximately equal to Xe over most of the plasma profile. 
The transport results presented were calculated with the 1~D code ONETW0.5 

The plasma has been modeled as a medium in which heating input power from neutral 
beams and ohmic dissipation was balanced by losses primarily due to thermal conduction 
and convection with account also taken of losses due to line radiation, charge exchange 
and ionization of neutrals. The ohmic heating input power was approximately an order 
of magnitude smaller than the auxiliary heating power. Sawtooth transport has not been 
modeled due to the fact that the period of the sawteeth was sufficiently long that the 
plasma came to a near steady state condition before each sawtooth crash. Furthermore, 
the results pertain primarily to the region outside the q= l surface. 

*This is a report of work sponsored by the Department of Energy under Contract No. 
DE-AC03-84ER51044. 
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One of the data sets analyzcd was a series of neutral beam-heated discharges oper­
ated in the expanded boundary diver tor cortfiguration which covered the following range 
of parameters: BT = 2.53 T, JP .=. 0.35 to 0.89 MA, vertical elongation = 1.4 to 1.9, 
R. = 1.43 m, a= 0.40 m, n. = 3.7 to 7.9x 1013 cm- l, PT = 3.5to 6.6 MW, and vi• = 0.03 
to 0.22 for rfa = 0.2 to 0.7.6 The plasmas were not near beta limits: {]raBT/ lp S 2.2 (%, 
m, T, MA). Detailed error analysis was performed on four representative discharges from 
this set. For the error analysis, measured parameters which were inputs to the transport 
analysis were varied individually to the extremes of their error bars and the transport 
code was rerun for each variation. The net error in a transport quantity was obtained 
from the quadrature sum of the errors from the individual variations. 
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FIG. 1. Comparison of experimental and 
neoclassical ion thermal diffusivities at 
r/ a = 0.5 for a range of plasma current 
and beam heating power. Error bars, 
due to uncertainties in measured quan­
tities, are shown for representative dis­
charges. n13 is line-averaged electron 
density in units of 1013 cm-3 • 

Xe 
3.5-4.2 MW V 

10' 4.8-5.7 MW 0 

~ 5.7-6.7 MW 0 

1 
~V<RTOR ~ Vi' 

~ 0 10' , 11 ..g_ ii13 = 3.7-7.9 
...=- llr"2..SJT 

>< H0~ o+ 

l 
10 0.2 0.4 0.6 

FIG. 2. Experimental electron t hermal 
diffusivities at r /a = 0.5 for the set of 
discharges illustrated in Fig. 1. 

The basic results are summarized in Fig. 1 which shows a comparison of the ex­
perimentally inferred values of Xi at r =a/2 and the corresponding values of xfeo. For 
all cases, Xi is greater than x?..,, and the error bars on the theoretical and experimen­
tal values for Xi do not overlap. Figure 2 shows the experimentally-inferred values of 
Xc for the data set of Fig. 1. For all discharges studied, Xc was less than or equal to 
Xi · For these discharges, the neutral beam heating power delivered to the ion channel 
was comparable to that delivered to the electron channel. Because the electron and ion 
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temperature profiles were very similar, the power transferred between the ions and elec­
trons was small. The radial power balance shows that conduction was the dominant loss 
channel for both the ions and electrons over the inner two thirds of the plasma, and the 
heat loss from the plasma due to ion thermal conduction was greater thar1 or equal to 
the loss from eleclron thermal conduction. For all discharges, Xi was at the neoclassical 
level near the plasma center but was larger than expected from neoclassical theory for 
rla ~ 0.2. FUrthermore, over the entire plasma, Xc was less than or equal to Xi · Figure 3 
shows the ratio of Xi to x?co and the associated error band due to uncertainties in the 
measurements versus minor radius for a typical discharge. For r I a > 0.2, the ratio is not 
consistent with neoclassical theory. In addition, there is no fixed value for xdx?co which 
describes the data well, indicating that Xi was not equal to a fixed multiple of x?co. 
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FIG. 3. The experimentally-inferred and 
theoretical values of Xilx:ro are shown 
vs. r I a for a typical discharge. The er­
ror band for the experimental data is il­
lustrated as is the location of the q=1 
surface. 

Table I 
REGRESSION FITS 

FOR x;* 

Plasma Exponent 
Parameter Theory Experiment x2 
ni 1 -0.3± 0.2 62 
Bp -2 -1.1 ±0.2 103 
T; -0.5 -1.2 ±0.2 64 
tcH 0.5 2.0± 0.2 56 

*Xi has been assumed to have the form: 
Xi = nf B! T[ t~H where 
!CH= E(1 + 2.85 EO.S- 2.33 Ej2. 

Transport analysis has also been done for another set of discharges for which mea­
sured ion temperature profiles were available. 7 These discharges had rather different 
characteristics than those discussed above: they were lim.ited on the inner wall rather 
than formed in the divertor configuration, they were of circular rather than elongated 
cross section, deuterium rather than hydrogen was used in the heating beams, and the 
toroidal field was 1.5 T rather than 2.5 T. The da ta are from a power scan up to the 
disruptive beta limit with f3TaBT I Ip = 3.8. Although detailed error analysis was not 
performed for these discharges, it is reasonable to assume that the uncertainties in the 
values of Xi are ±50% in light of the error analysis performed for the other set of dis­
charges. The results are in agreement with those obtained for the divertor discharges: Xi 
is substantially in excess of x?co 1 the ratio XiiX?co increases with minor radius, and Xc 
is les~ than or equal to Xi over the plasma cross section. 



28 

R~gr~ssion fits for 80 exp erimental values of Xi have been made to functions of 
the form nf B! T,' [E {1 + 2.85 E0 ·5 - ..!.33 E)2 jd . Ncocla."cical theory predicts that in the 
banana regime, a= 1, b=- 2, c=- 0.5, and d= 0.5. Due to correlation between the plasma 
parameters, only one exponent at a time was varied in the fitting procedure, and the 
other exponents were fixed to their neoclassical values. The results, displayed in Table I, 
show that Xi does not have the parametric dependence expected from neoclassical theory 
and that the dependence of Xi on poloidal field or aspect ratio may be less favorable than 
expected from neoclassical theory. These results should only be used as guides for further 
work; if Xi is not neoclassico I, there is no guarantee that it has the functional form used 
here. 

Ion gradient-driven modes have been proposed as candidates for causing enhanced 
ion thermal diffusivity.8 Most theories indicate that values of rli{TJi = dIn T;/d In ni) 
of greater than one are needed to turn on the ion gradient modes. For the discharges 
examined, the uncertainty in the density gradient is sufficiently large that no useful 
bounds can be put on the experimental values of 1Ji in the inner half of t he plasma. 
However, for typical discharges, 1Ji ~ 0.5 - 1.3 at r/ a = 0.6 and 1Ji ~ 0.3 - 1.0 for 
r/a = 0.65 - 0.80. 

For t he discharges examined, if Ti(r) is modeled with the assumption that Xi(r) 
= multiplier x xieo(r} and if the multiplier is adjusted so that t he calculated T;(O) is 
equal to the measured centr1\l ion temperature, the predicted Ti profile is considerably 
broader than the mensured profile. As a result, the exchange term due to T. - T; is 
underestimated and x. is forced to rise to compensate. The resulting Xe profile generally 
rises with r/a and is larger than Xi throughout much of the plasma. Xi is forced to 
decrease with r /a because xieo invariably does so. The use of measured Ti profiles 
produces a rather difrer.,nt. picture of confinement. X i is fla.t or rising wit h r/ a and X e 
is less than or equal to Xi t hroughout the plasma. For these discharges, ion confinement 
evidently is as important as, if not more important than, electron confinement. 

References 
1 Fonck, R.J., Darrow, D.S., Jaehnig, K.P., Phys. Rev. A 29, (1984) 3288. 
2 Groebner, R.J ., Brooks, N.H., Burrell, K.H., Rattler, L., Appl. Phys. Lett. 43, 

(1983} 920. 
3 Seraydarian, R.P., Burrell, K.H., Brooks, N.H., Groebner, R.J., and Kahn, C., Rev. 

Sci. Instrum. 57, (1986) 155. 
4 Chang, C.J . and Hinton, F.L., Phys. Fluids 25 , (1982} 1493. 
5 Pfeiffer, W ., Davidson, R.H., Miller, R.L., Waltz, R.E., GA Technologies Report 

GA-A16178 (1980}. 
6 Groebner, R.J., Pfeiffer, W ., Blau, F .P., Burrell, K.H., Fairbanks, E.S., Seraydarian, 

R.P., St. J ohn, H., and Stockdale, R.E., GA Technologies Report GA-A17935, to 
be published in Nuclear Fusion. 

7 Ohkawa, T. , Stambuagh, R.D., and the Doublet Ill Physics Group, GA Technologies 
Report GA-A18189, to be published in Plasma Physics and Controlled Fusion. 

8 Coppi, B., Rosenbluth, M.N., Sagdeev, R.Z., Phys. Fluids 10, {1967) 582. 



29 
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JET has now been operated with ohmic , ion cyclotron resonance and neutral 
beam injection heating. A wide range of plasma conditions have been 
studied with ohmic and ion cyclotron resonance heating while neutral beam 
injecti on heating has just recently been applied. 

1 . OHMIC HEATING 

During 1984 and 1985 an extensive series of experiments with ohm!~ heating 
have been carriej out in both Hydrogen and Deuterium discharges [ 1] . 

The ranges of variation in the main plasma parameters covered are : 
Toroidal magnetic field 1. 7 < BT < 3.4 T; plasma current 1 < Ip < 4 MA ; 
line average density 0 . 5 x 10 19 < n < 3 .6 x 10' 9 m-•; elongation 1 < K (• 
b/a) < 1.7; minor radius 0 .8 <a< 1. 23 m; major r adius 2 . 5 < R < 3 . 4 m; 
cylindrical safety factor 1 . 7 < q < 12; effective charge 2 < Zeff < 8; peak 
electron temperature 1.5 < Te < 5 keV; peak ion temperature 1 < Ti < 3 keV . 

The plasma geometry has been varied from fully elli ptical to small circular 
plasmas liml ted on the inside wall or on the limi ter . The discharges 11ad 
long flat tops in current, density and temperature , 4 - 12 secs , which was 
suffici ent in all but the 3 .5 and 4 MA di scharges for the magnetic field 
diffusion to have been completed before the end of the flat top. Values up 
to 0 . 8 s ha ve been achieved f or the energy confinement time def ined by 
~E = W/(Ptot - ~), where W = 3/2 f (neTe + niTi ) dv . 

The scaling of TE wi th density for a f ew characteristic conditions is 
shown in Fig . 1. The general pattern is that at low densities the 
confinement time increases roughly linearly with density and then saturates 
at higher densit! es (n ~ 3 x 10 19 m-•) . The precise reason f or the 
satur ation is not clear , both the impurity radiation and transport losses 
increase as the limiting ~E is reached . Due to the large errors i n 
separating the ion and electron losses at high densities, it is not 
possible to determine which is the dominant loss channel . 

The scaling of TE with the plasma parameters has been i nvestigated , Fig. 
1 shows that the neo-Alcator scaling, 1E a nqR 2 a , is a reasonable fit . A 
marginally better fit can be obtained by a regression analysis in t he f orm 
Tg a B¥qS etc. The result from such an analysi s is (A is t he a t omic mass 
and E = a/R the inverse aspect ratio) 
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(1) 

The range of variation of R and E in the JET da t a set is very small so the 
uncertainty on their indices are rather l arge. The JET data set has been 
combined with the DIII data set to get a better estimate of the scaling 
with dimensions . The scaling law obtained from a regression ana:ysis on 
this combined data set can i n terms of q (cylindrical ) be written as: 

(2) 

From analysis of the l ocal transport proper ties wi th interpretat:ve and 
predictive codes three distinct regions have been clearly identi fied; an 
inner region dominated by sawtooth activity , an intermediate reg:on 
dominated by electron and ion thermal transport and an edge region 
dominated by impurity radiation and other atomic processes . The main loss 
channel at low and moderat e densities in the second region is found t o be 
via the electrons. The ion thermal conducti vity i s between 1 and 8 times 
neoclassi cal with the higher values of this anomaly fact or occur:ng at 
lower densities. The electron thermal conductivity can be approximated by 

Xe -2.5.10 1 9 / n at low densities, whi le for t he hi ghest JET densi ties it 
does not decrease with n. No clear dependence of Xe on toroidal magnetic 
field or plasma current has been observed so f ar . 

2 . ION CYCLOTRON RESONANCE HEATING 

Ion cyclotron resonance heating has been used in JET since the beginning of 
1985. The heat:ng srstem and characteris tics of the different antennas are 
described elsewhere 2] . Various minority heat i ng experiments have been 
performed in deuterium discharges with eithP.r H or 'He as the minority gas. 

It has been poss ible to couple up to 6 MW of RF power, PRF • t o the plasma. 
The i ncrease of t he total plasma energy during ICRH is partly due to a 
density increase. However, both the ion and electron temperatures have 
also been increased significantly . 

In the first experiments the power scaling of Wand 'E was unclear (3]. 
Recent results seem to support a linear scali ng of W with power i n the f orm 

W a W(o) + 1 inc ptot (3) 

Fig . 2 shows W versus Ptot for different plasma currents obtained in 0 
('He ) l i miter d:scharges with Hr~ 3 . 4 T, K - 1. 45 and a~ 1. 2 m usi ng a 
f requency of 33 MHz for central power deposition. The results or fitting 
eq. (3) to the RF- points only ar e shown by dotted lines . The incremental 
confinement time ' inc ' obtained thi s way, ranges from 128 ms - 192 ms with 
no obvious current dependence . 

At present no strong dependenci es of 'inc with res pect to PRF• B1 , Ip and 
n have been observed, however, comparing with results from other t okamaks 
tfier e must clearly be a st rong dependence on the plasma size [4 ]. The 
degradation of t he total 'E during ICRH is clearl y seen in Fig . 3. 

From Eq . (3) we may express the confinement of both ohmic and additional 
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heated plasmas in the form 
OH Pn(O) Pn(O) 

'E ~ 'E l'""t"Ot+ 'tnc (1 -~) 

where ,~H and P0(0) are the ohmic heating confinement time and power, 
respectively, in the absance of auxiliary heating. The present 'tnc is 
typically one third of 'E , which means we need to couple more than 10 
times the ohmic power in order to confirm the saturation of 'E · 

By performing an exponenti al fit of the form W(t) = W
0 

+ ~W (1-exp(-t/t)) 
to the time evolution of W from the time of a change in RF-power level, we 
can estimate the fraction f = (~W - t~P0 )1t6PRF of RF-power which 
contributes t o the increase in stored energy. This fraction f was 
typically - 70% in the experiments shown in Figs . 2 , 3 . 

3 . NEUTRAL BEAM INJECTION HEATING 

Neutral beam injection heating (45 - 65 keV H into D pl asma) has now been 
successfully a p?lied to JET discharges [5]. Identical target plasmas have 
been used for NBI and ICRH making it possible to compare the two methods. 
Fig. 4 shows W versus Ptot for NBI heating, i . e. the equivalent of Fig . 
2. Again a linear dependence of W with Ptot (eq. (3)) fits the data. In 
addition 'tine s:1ows an apparent current dependence which is present in all 
the estimates of the total plasma energy as is shown in Fig . 5. 

In conclusion all NBI and ICRH experiments so far have produced values of 
'inc in the range 100 - 300 ms. Future heating experiments with more 
input power are needed to determine the dependence of 'inc with power. 
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In the divertor tokamak ASDEX we get in the H-regime a clear B- limit /1/ at 

Bcr • 2.8 __ I_ % [MA,m,T] 
a B (1) 

if we use for the volume averaged B the B-value measured by the diamagnetic 
loop . Below the B- limit the highest B-value during a shot , Bmax• is propor­
tional to the normalized power 

p p 
N • 0.33 •b•R•B (2) 

wher e P[MW] is the t otal heating power, 2b the vertical diameter and B the 
magnet ic field on axi s . The confinement time at Bmax is proportional to the 
plasma current I . The proportionality factor depends mainly on the isotope 
composi tion and slightly on current , impurity and other parameters not yet 
unraveled. The confinement time at Bmax is Ip/4 > TE > Ip/7, where the 
limits are for deut erium and hydrogen respectively. After Bmax B always 
decays to values about or even below 0.7 - 0.8 Bcr· At this level nearly 
time i ndependent B-values could be observed. The a- decay is usually the 
faster , t he closer Bmax is to Bcr• There is no qualitative difference in any 
signal between discharges with Bmax = Bcr or Bmax < acr• 

After excluding all trivial reasons , like wall contact, radiation due to 
impurity accumulation etc, the only thinkable parameter which could chan~e 
with time and would cause the observed a decay is the current distribution. 
But only the longest observed decay times a r e in agr eement with resistive 
current di ffusion (calculated with classical resistivity throughout this 
paper ). We hesitated for a long time to assume faster current 
redi stributions then those. 

In t he numerical calculations, which result in a similar a - limit as observed 
experimentally the limit seems to be caused by a combination of ballooning 
modes and surface kinks /2/ . In a divertor tokamak the behaviour of surface 
kinks are unclear due t o the unknown influence of the strong shear near the 
separatrix. In ASDEX the influence of the separatrix is very concentrated 
and therefore the influence should be restricted to higher n-modes. As we 

lAcademy of Sciences , Leningrad , USSR; 2present address: JET Joint Under­
taking , England ; 3univ. of Washington, Seattle , USA; 4cEN Grenoble , France 
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observe no pronounced changes with var ying q- values we assume tentati ve ly 
that the ballooning mode is responsible mainly for the observed limit . 

The influence of the current distribution 
We ther efore have calculated the influence of the current distribution on 
the ball ooning mode stability limit using t he inner inductivity li as a 
measure. We used the ballooning mode criterium 

dn s2 d 
.;:L.. • - --- • a ( s) s • (.!.) ~ 
dr 2 R q2 q dr 

and the approximationa(s) = s/1. 67 /3/ , but we neglected the us ual condi­
tion q0 • 1. We assume t hat the ballooning mode criterium is marginal all 
over the cross-section. 
Figure 1 shows the resulting dependence of B/c q2 on li for several families 
of current distributions as shown by the inserts (E = a/R) . We see the ex­
pected strong dependence of B on li , but the surprising result i s that B 
depends nearly coopletely on the global l i value and only marginally on the 
actual shape of the current distr ibution. We conclude that li is a ver y sen­
sitive par ameter fo r the description of the vol ume averaged B reap . the glo­
bal confinement t ime. 
The dependence found in fig. 1 can be described by the approximation: 

~ • __!__ (19 1. 2 + 44 .5 11. - 27). (3) 
E q2 1 

Comparing this formuia with experimental li- values , evaluated as described 
l a ter, we find that the general behaviour of the B-decay can be described, 
but that the calculated B-values are larger by 20 - lOO % depending on the 
q-value. Inserting the empiric~l law (1), found experimentally and numeri­
cally, f or the B limit, transformed to Bcr/E = 14/q one finds that unrea­
sonably small li-values belong t o this B-limit especially a t higher q­
values . This is not surprising, because all the theoretical cal cula t ions 
have been done in the cylindrical large aspect ratio approximation. We 
ther efore assume as a correction that the q in eq . (3) is not the cylindri­
cal q but q~ • Figure 2 s hows now the B/E dependence on li with different qW 
as parameter. The B-limit B/E = 14/q and qcyl-curves are also shown. They 
have been calculated assuming a purely thermal Bp in the calcula t i on of q~ , 

neglecting contributions by the beam or r otation. 

By the measured C(B~ia ) and t he measur ed q~ a point in fig. 2 is defined and 
with it the corresponding li• q~ i s evaluated from B~qu by 

q 2 eq u 2 Sa · b · B • qc [1 + E (I + 0.5 (Bp ) ] with qc • ~ 

t aking into account the empir i cally found dependence of a on cequ, 
a • 0.375 ( 1 + 0.07 Bequ) but limited to a~ 0 . 44 m, due to ou~ vessel 
dimensions, which waspfound r oughl y in agreement wi th equilibrium calcula­
tions, (quoted q0 values are always with a = 0.4 m). 

In fig. 2 data points are shown meas ured in the described way of a power 
scan at 379 kA and qc • 2.79 , uo injection (1.8-3.5 MW), where the crosses 
are values at Bmax and the points intermediate B values during the B decay 
or the B values on the end of the heating pulses. Supplemen ted is this scan 
by shots at 311 kA , at q-values of 2.805, 2.71, and 2. 85. The slightly 
stronger bent of the experimental curves compared with the calculated qc = 
const. curves is due t o the nonthermal contributions of the beam and t he 
rota tion t o B~qu and by it t o q~ and by the increasing diameter. As we shall 
see later t he r esulting li values agree quite well with li values evalua ted 
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in quite another way beside the lowest point shown, an L-shot, where we, 
however, do not expect that the ballooning criterium is fulfilled all over 
the radius. 
In fig. 3 we show q-scans at otherwise constant parameters (31 1 kA, 3.5 MW 
Ha-injection). The achieved li values (and consequently the B val ues) are 
limited to values <1.5. With 00 injection (4.05 MW) otherwise the same 
parameters very high l i values result and the B-limit can be reached also at 
larger qc values. 

To compare the found li values we evaluate li out of the difference signal 

aequ _ adia l1 B 
p p = 2 + 2 ,nontherm. 

neglecting B~nonth. B,.nonth. is estimated from the injected beam, the 
slowing down time and an expression for the rotation, which is proportional 
to the energy confinement time. The absolute value of B,.nonth. is adjusted 
so that for long lasting shots where the difference signals approach a 
constant value, the so evaluated li value approaches the li value calculated 
out of the electron temperature profile. Time dependence of li, evaluated in 
this manner are shown in fig. 4. The crosses are the li values according to 
our modified ballooning criterum. The agreement is nearly in all cases 
satisfying in spite of the many inaccuracies involved and the difficulty of 
the absolute calibration. With deuterium injection the agreement can't be 
reached with constant proportionality factors in every case as the nonther­
mal contributions (probably the rotation) seems to depend nonlinearily on 
the beam parameters and the confinement. But the very large li-values and 
their decay are found. 

Summary and discussion 
We conclude that in the H-regime the ballooning mode is limiting the energy 
content of the discharge at Bmax and afterwards always and already at very 
low a-values. The B-limit B/£ = 14/q can only be reached by favorable com­
binations of li and q~. At large q values li must be larger than i n the 
ohmic cases, which can only be reached transiently by inductive currents, 
for which we have some experimental hints. These currents are due to the 
injected beam, the plasma rotation and the Bp-changes, The B-decay after 
Bmax is due to the disappearance of these inductive currents and the 
approach to the stationary current profile defined by the conductivity 
profile. As a change of Bp and the rotation induce changes of the confine­
ment by altering the ballooning limitation, an increase as well as a 
decrease has a self-inforcing effect . Therefore high B values decay fas ter 
and to values well below limits achieved with smaller power . 

The a-limit itself, but also the ballooning limited profiles below of it , 
are influenced by rational q~-values (fig.5). This coupling of the balloon­
ing mode with surface kinks seems to favour the current redistribution. But 
much f iner scans are necessary to prove this convincingly as higher rational 
values are involved, too, and the self-inforcing effect mask the rationals. 
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ENERGY CONFINEMENT IN TOKAMAKS 

P R Thomas 
JET Joint Undertaking, Abingdon, OX1~ 3EA, UK 

1. INTRODUCTION 
The presentation of the results of Ohmic and additional heating 
experiments on tokamaks has relied to a substantial degree on the 
parametric scaling of the total energy confinement time. Since the 
correct theory for transport in high temperature plasmas has not yet been 
identified , the range of validity of the resulting scaling laws is 
completely unknown. Also, it is not clear that the total energy 
confinement time is the appropriate quantity to represent the data and its 
use in scaling laws might even obscure the underlying physics. Tokamaks 
exhibit several confinement regimes with different scaling behaviour. It 
is proposed in this paper that tokamak plasmas can be viewed as have 
several phases separated by sharp transitions. 

The use of the phraseology of phase transitions in thermodynamic systems 
is meant to suggest a framework for the representation of tokamak data. 
The applicability of the modern theory of phase transitions to dr:ven 
systems which might not even eosses a thermodynamic limit is the subject 
of an extensive literature [1J . In addition to discontinuous behaviour of 
observable quantities or their derivatives in an independent paraneter , an 
important qualification for the theory to be useful is that the system 
possess a lar~e scale order parameter. In some model~ or pl~sm~ 
turbulence [2J , long wavelength pump modes appear t o act as order 
parameters and the resulting transport exhibit the characteristics or 
second order phase transitions. However, the question as to whether or 
not tokamak plasmas undergo phase transitions will be left open here . 

2. THE CONFINEMENT PHASES 
There are two distinct, observable phases in tokamks. The growth of the 
energy density in the central region between sawtooth crashes ind:cates 
that a third (neoclassical?) phase exists within the q•1 surface . As 
given by Goldston (3), the low density Ohmic heating phase can be 
de3cribed by the neo-Alcator scaling 

'E ,OH • 0. 01 ne(10"m-•) R2
•

0 '(m) a'·"'(m) q 0
·' (1) 

whilst the high density ohmic and auxiliary heating phases are represented 
by 

'E,aux • Const. Ip(A) Ptot-•·'(W) R' · " (m) b0 ''(m) a-•.o• (m) ( 2 ) 

The constant is in the range 3.7-7. ~ x1o-• depending on the regime being 
represented. The variation in the constant is indicative of the neglect 
of a significant parameter fr om the description of a common transport 
mechanism. 

In the neo-Alcator scaling , equa tion 1, is consistent with the Connor , 
Taylor constraints [ ~) for coll!sional :: i;:1 c:· l ow beta and coll!s!onl~ss 

I 
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high beta models. This freedom of choice is perhaps the reason why so 
many explanations for neo- Alcator scaling have appeared! 

The auxiliary heating scaling, equation 2, is consistent with colllsional 
high beta ·and resistive MHO . The scaling of the resistive MHO model can 
be cast into the form 

ai • f (Ptot/PoH• s, q, a/R) (3) 

where s is the magnetic Reynolds number and the other symbols have t heir 
usual meanings. It is assumed here that the plasma current is driven 
entirely by the transformer and that electron trapping is unimportant so 
that the Ohmic heating power is a consistent measure of the plasma 
resistivity. A simplified form of equation 3 

ai • 0.11 ((Ptot/PoHl (R/a) (b/a))•· • (4) 

is a quite good representation of the data (5) from several NBI dominated 
limiter experiments as shown in Figure 1. I t is similar when transformed 
to a confinement time scaling to equation 2 and to the form expected of 
resistive ballooning mode turbulence (6]. 
3, THE NEO-ALCATOR TO AUXILIARY HEATING TRANSITION 
The existence of a sharp transition between the neo Alcator and auxiliary 
heating phases i s indicated by several pieces of experimental data. The 
energy content of some 4MA, 3.4T ICRF heated JET plasmas is plotted 
against total power in Figure 2. The linearity and non-zero intercept 
imply the presence of an underlying confinement phase which supports most 
of the energy content. The propagation time of the sawtooth heat pulse 
was independent of input power for these disohargco [7). ~urtherm~·e, the 
thermal conductivity inferred from the beta pulse propagation is 
consistent with the characteristic time given by the slope in Figure 2. 
Therefore the thermal insul ation has been broken down by the Ohmic heating 
and the application of auxiliary heating causes little or no f urther 
change. The transition becomes apparent when the energy content for Ohmic 
heating discharges with the same current and field are plotted against 
line average electron density . As can be seen in Figure 3, the transition 
is rather sharp and the energy content, becomes independent of density at 
high densities. 'l'he same behaviour has been observed in most machines. 

Following the above comments , it is of interest to determine whether the 
transition to the high density Ohmic phase has any of the characteristics 
that might be expected of resistive MHO. The JET Ohmic heating data 
cluster around t he transition and this results 
in the reported weak density dependence of the energy confinement time 
[8). Consequently, the JET data are well represented by the form of 
equation 3 as shown in Figure 4. The aspect ratio dependence is striking 
and must reflect the importance of toroidal coupling of modes or the edge 
plasma. I t is tempting to ascribe the behaviour shown in Figure 4 to a 
threshold beta for MHO instability . 

4. THE NATURE OF THE TRANSITION 
Simple addition of the neo-Alcator and auxiliary heating loss rates is not 
consistent with the data. In order to match the sharpness of the 
transition, Golds t on com!lined the loss rates by 
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TE • ( (1/TE, OH)a + ( 11TE,aux )a) 1/ a (5) 

with a•2, This suggests that each loss channel gains complete cont rol of 
its own phase . The best match of the JET data to equations 1 and 2 can be 
obtained by taking a + ~ , or the maximum loss rate! Therefore it is 
unlikely that the confinement transition is due to the passage through a 
local critical point. Instead the data point to a global mechanism for 
switching from one loss process to the other [9). 

Additional heating data from several machines [1 0 ] indicate that the 
current density profile or the shape of the electron temperature profile 
are held rigid by some , as yet , unexplained process. If this picture is 
correct, the temperature scale would be determined by the region with the 
worst loss rate in relation to the local power flow. A sharp confinement 
transition could then result form the switch of control between a region 
dominated by drift wave turbulence, for example , and another dominated by 
resistive MHD. Any model leading to the neo-Alcator scaling, in which the 
losses increase with electron temperature, would yield a confinement 
transition at a critical density which increases with heating power. 
Unfortunately the published data is rather sparse in this region. However 
there is some weak evidence in the JET data to suggest t hat the critical 
density increases slightly with power. 

5. CONCLUSIONS 
Complex, non-linear systems generally exhibit phenomena which can be 
described, at least phenomenologically, as phase transition. Tokamak 
plasmas are no exception and t he transition from the neo-Alcator t o 
auxiliary heating phases is a good example of such behaviour. The loss 
rate in the auxiliary heating phase and the <!rl t\clll beta in the Ohmic 
heating data are consistent with resistive MHO processes. However , the 
transition so sharp that local transport must be regulated by some global 
mechanism. This mechanics must reflect the dominance in tokamak plasmas 
of an unobserved phase transition associated with the shape of the 
electron temperature or current density profiles. A concerted 
experimental attack on the transition between the confinement phases would 
surely yield some insights into transport processes. 
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HERTIN6 PROFILE EHPERIMENT ON mR 

R.J. Goldston, E. Fredrickson, K.McGuire, M. Zarnstorff, M. Bell, M. Bitter, 
C. Bush", P. Efthimion, B. Grek, K. Hill, D. Johnson, H. Park, J . Sdlivell, 

5. Sesnic, G. Taylor 
Princeton university Plasma Physics Laboratory, Princeton N.J. USA 

•oak Ridge National Laboratory. Oak Ridge Tenn. USA 

Introduction 
In early neutral beam injection experiments on PLT' it was observed that 

the electron temperature profile shape was not changed during injection, even 

at high densities where the heating prori le was hollow. This was later 
quantified2 using the temperature profile shape parameter Te0/ <T e>v· 
Theoretically an ambigu ity arises3 because the sawtooth mechanism, in 

current profile equilibrium, dictates a maximum va lue for Te03/ 2/<Te3/2>v, 

and if Xe is sufficiently low in the core of the plasma relative to the edge. 
the plasma will seek this maximum. Thus i t is difficult to tell if any other 
profile control mechanism is also active. In neutral beam heated discharges 

it fs usually not possible to vary the beam deposi tion profile without 
changing the electron density4,5 and thereby possibly Xe· which makes the 
implication of profi le consistency less c lear. One alternative is to change 

the injected isotope6, but because oo beams are observed to be more efficient 

at plasma heating than H0 , and thermal conf inement also depends on plasma 
species. the penetration question is then mixed up with isotope effects. 

Heating Profile EHperiment - Initial results 
We have begun experiments on TFTR to resolve the above ambigui ties. By 

operating a plasma with R0=2.36m. a=0.71m, we are able to inject 2 neutra l 
beams w ith a total power of up to 2.5 MW aimed at tangency radii oi 2.65 

and 2.85m, to heat the edge of the plasma, or 1.76 and 2.05m, to 

preferentially heat the center. Thus the same target plasma and the same 
beam species and voltage can be used, giving very differ ent heating profiles. 
With a plasma current of 1.2 MA and BT = 5. 1T, we obta in Qcyl = 4.5, and the 

sawtooth osci llations are relati vely mild (b.Te/Te ~ 10% f or "central" 
heating, 7% for "edge", t'st ~ 35 ms for both). The sawtooth invers ion rad ius 
is at r = 0.16m and the prompt sawtooth effects are confined within r = 
0.27m for both cases. Figures I & 2 show the calculated integrated beam 
heating profiles for "edge" and ·central" heating, as wel l as the location of 
the q= 1 surface (from ECE) and of the calculated q=2 surface. 
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With 0.5 sec of neutral beam injection, the electron density in these 
experiments rose from~= 2.4·1019 m-3 to 3.8·1019 m-3 in both cases. With 

"edge" heating, the central electron temperature rose more than with 

''central'' healiny <.Juring the first 0.2 seconds of injection, but then fell to 
the same final value as obta ined in the ·central" case. This might suggest 
that central fuel ing via a pinch mechanism is more ravorable than via cold 

injected electrons. The time-dependent aspects of these discharges including 
particle balance, however, are sti 11 under investigation. T e(R) from Thomson 

scattering in each case at 0.45 seconds into injection is shown in figure 3. 
These profiles were both chosen to be at the midpoint of a sawtooth ramp. 

They are essentially identical - indeed if anything the "edge" heating cases 
are systematically very slightly narrower than the "central" cases. The 

density profiles from Thomson scattering overlay precisely. Table I 
summarizes the heating powers and final stored energies. The net beam 

heating, Pheat,b• and beam diamagnetism, Wdia,b· are calculated assuming the 
neutral density associated with t'p = 0.2 sec, comparable to t'E. We is the 

electron stored energy from Thomson scattering, and Wdia is the stored 
energy from diamagnetism. Because of low metal content, x-ray Doppler 
broadening measurements of T i had inadequate statistics. The central ion 

temperature was higher in the case of "central" heating but the value of T i· 
and consequently of a neoclassical multiplier, is not wel l constrained by the 

error bars. The ion stored energy, Wi, is calculated assuming neoclassical 
ion thermal diffusivity with a large enhancement within the q=l radius. 
although a multiplier of 5 on Xineo does not violate the uncertainties in the 

stored energy measurements. Zeff in these discharges was high, 3.6, as 

measured by X-ray PHA. These were among the first data shots taken after a 
machine opening. Zeff due to metals was ~ 0.0 I; thus central radiated power 
is anticipated to be low. Poloidal asymmetries in radiated power prevented 

us from measuring the local value inside of r = 0.3m, so Prad was taken to be 

flat within this region. 
Figure 4 shows the deduced Xe profiles in "edge· and "central " heating 

cases as deduced from time-independent transport analysis. Xe is reduced 

inside the region where the "edge· heating beams are deposi ted, but outside 

the region where sawteeth have a direct effect. This difference becomes 
more pronounced as the ion transport is increased in the analysis model. If 

we take Xi to be neoclassical in the "edge• heating case, but 5 x neoclassical 

in the "central" case, the effect on the core Xe is almost el iminated. 
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Radially dependent enhancements of Xi during "central" heating cou ld have a 
similar errect. or course tnls means tnat tne Ions would tnen mediate 
profile cons istency. However the measured ne0dTe0 /dt during sawteeth is 
1.6 x greater in the "central" heating case than in the "edge" case, while the 

temperature gradients outside of the q=l region are very similar. The 

calculated ratio or central electron heating powers for fixed Xi/Xineo is 
1.75. This purely exper imental result supports the idea that the mid-radius 
electron thermal diffusivity is lower in the "edge" heating case, despite the 

fact that T e<r) and ne(r) are i dent ica I. 

Conclusions 
Initial experiments indicate that T e<r) is remarkably fixed in shape and 

amplitude despite quite different heating profile shapes at a given total 

power. Coupled with Fredr lckson's7 result that dinT eldr In the mid-radius or 

full-size TFTR discharges is constant over a very wide range of parameters, 
these results point to the conclusion that T e(r) is constrained by more than 
just the direct action of the sawtooth. For the current series of 

experiments. however. better Ti and Prad measurements are needed to 
improve the reliability of the calculated electron power balance. Ti profile 
measurements will help determine "profile consistency" of the ion 

temperature under these circumstances. 
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IHitl 
~ E.abs fheat,b foH 'tk W· - I Yidia,b Yidia 
·center" 2.1 2.01 0.55 0.234 0.18 0.035 0.45 
"edge" 2.32 2. 15 0.66 0.219 0. 15 0.0 17 0.39 
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STABILITY OF HIGH PRESSURE PLASMA m TOROIDAL TRAPS 
WITH A RIPPLED MAGNETIC FIELD 

v.v. Demchenko, Yu.A.Zhdanov, A.Ya.Omel'chenko 

Institute of Physics & 'echnology, the Ukrainian Aca­
demy of Sciences, Kh&rkov 310108, USSR 

Closed magnetic traps with a spatial axis constitute an 
alternative concept to tokamaks, and they, too, can be used to 
form a basis for fusion-oriented reactor technology projects(1-
-21 • Recent advances in fusion experiment using such traps c.J-
-4] have greatly stimulated the fusion community's interest in 
current-free magnetic systems featuring a complicated shape of 
ma&netic ax1s [5-8] • The magnetic structure of the said devi­
ces is made up of spatial arrangeaents of the toroidal magnetic 
field coils (coil alignment). The number m of coils to generate 
such a field and thereby determine its magnetic structure which 
is inhomogeneous along the major azimuth of the torus (the riP­
ple) can be several dozens, the ripple amplitude t.., averaging 
several per cent from the value of the confining magnetic field. 

The purpose of this study is to get an insight into the 
effects of the rippled magnetic field structure on the stabili­
ty of Mercier modes and dissipative flutes (g-modes) in finite 
pressure plasmas produced in multi-form magnetic axis faciliti" 
ea. The stability analysis for such cases is based on the teck­
nique developed in [9,10} which takes into account both complex 
magnetic field geometry and longitudinal magnetic field ripple. 

Let us assume that the magnetic axis of a toroidal fu­
sion device is a spatial curve characterized by the curvature 
i.. ( t;. ) and torsion ';i. ( t;. ) where t,. is the angular variable 
along the major radius of the torus. The stability of pertur­
bations like Mercier and g-modes would be considered within the 
system of coordinates where the magnetic field lines of force 
are straight . Using such system of ooordinates the stability 
criteria of t~e said modes can be shown as [11] 

}-1-' / L, +t>..a'#-/:>..1)-'1 -t>.. .r... l.-1-f\; "7 (), (1} 
for the Mercier modes, and as 

"'+J - {>..-,. '>() (2) 
for the g-mode, all designations being standard. 

In thei r general form the stability criteria .( 1) and 
(2) are too cumbersome to employ for a random plasma pressure 
distribution and a strong inhomogeneity of the magnetic field. 
With this in mind, we contine ourselves to the cases of an 
un-pronounced r ipple of the longitudinal magnetic field: 

'0 = t/U +2:"' 8....,~~ ...... ~;.)", \~ ... Hd, 't>o=O (3) 
and parabolic plasma pressure distribution along the radius 
P=P 

0 
( 1- o."-/ Cl.!" ) . In which case the MHD criteria for the Mercier 

(1) and g-modes (2) in finite pressure plasmas in currentless 
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regime is as follOWS: 
~1 -~- c;'l. - ~'i' R'l.) J>~ y.IO s~ < o. <4> 
c;~ o~- ~.,.. +- <..o.'ljR\) !/e Y.~ ~ ~ <.0, (5) 

where ~~ ""~ ~~) s':l, "' - t ~t~, l~ + ~ ... ~ ~!.l:."' + t., I,;; 't.! ~~..,· .<: .~],. 
... )'- 2.a -n + 'OL Y\'1. \b..,\'1.~ 'i:.a'l. L I &,\'1.- '*- L. l~" 'E.&: l: . .., · m + 

.}l-\-'0 'n ,.. • t.~ 'n '"' 

+ 1. .. "2:. ~~ ~: .... ;m H . ~:. . J \..}'-"'"')"', c:,~ =...l..[r \l'. ... \'1. - :l L{t-~ --~ --
"' -{~ .... ~~1'1)) ~ ""'·'<\~ 'l.. ')'-+"'•)I.J~"\) 

5 -\ L o\ lo }\'>Y\ ~"'' • <\'1., . { ('f\-1\.\)\. ) +- 'T •• , .-\-- .. 
'1., (y-'>'1'>)\.)'-+N.) ~H't'I)(}J''>"•) ~+v\)\,.'l.}'~'llo\"'')- ')., {f-1-'~'><)~+111\)~w.\'1. 

"' "' "\/ '1/ } [ I~ \" 1'1. ()_ IV 'Rn 'l<.no ,__ .!\. M•~<-""· + (. <: S "' ~ -~ L. " 'Y..,.• -a..+l 
(.)t.+'n<) \.)"-\ .... ) (y.+ 'f\H\1•\'I'>.)L • • ) "' '!> -\IQ " (_) ... -I. V\) 'l> ' "" 
~and '<f. being ,;he Fourier components of curvature and torsi ... 

on normalized to the torus major radius. 
The results of numeric calculations of the moge stability 

criteria for the cases of Hercier l4l and g-modes l5] are gi­
ven in Tables 1-4, while Tables 5-B represent the cases of the 
devices the magnetic axes of which are simple spatial closed 
curves containing the minimum number of Fourier components 
needed to produce coupling which is two t121 • The type of the 
trap is assigned via the parameters N, M and -& which determine 
the Fourier components of curvature K_ and the spatial location 
of magnetic axis. The quantities B anft M determine the number 
of turns of magnetic axis around the circumferential and direct 
line axes of the torus. 

The principal stabilizing mechanism providing for Mercier 
mode stability for finite pressure plasmas in currentless de­
vices is the action of the finite pressure plasma effects [13]. 
The de-stabilizing instances for those modes are the "anti­
pit" and the ripple of the magnetic field. In the considered 
case of a small-scale ripple m~10, the longitudinal inhomoge­
neity of magnetic field appears mainly as a de-stabilizing 
factor of the order '!:...., 'WI'i.. I ~m\\. • 

Numeric calculations performed for various types of the 
devices with ~ <. 1 and a prescribed value of ~~;~ indicate that 
the effects of the ripple can be neglected, if the ratio 
C.-I..,.. '1.)~9.)\. ~\'>:52:.., m,_\t,.\"is fulfilled, and their influence 

upon the magnitude of the terms describing the effects of self 
slabilization is not great. In which case~the stability cri­
terion (4) gives rise to the ratio}';~ (t ';' ~ U. + ~ L. ·~·NG,..\'/'i. \~\') 
which is just another way of saying that for the "'cases c;nsi­
dere~ the ripple is always a de-stabilizing factor. Here Jt 
and }~r are the threshold values of .h which get the plasma sta­
bilization going as far as excitation of the Mercier modes 
goes for the facilities with spatially homogeneous magnetic 
field rippled along the major azimuth. 

An analysis of the stability calculations for g-mode in 
current-free devices (see Tables 5-B) with a rippled magnetic 
field gives an indication that the said-mode can be most dan-
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gerous, because the condition for instability build-up in this 
case is satisfied when plasma p•esaure is random. The de-sta­
bilizers here are "anti-pits", ripples of the confining mag­
netic fields proportional to '!:.,..m" 1 I;.,.. I" and filii te pressure 
plasma effects serving to deepen the "anti-pit". The given 
numeric data tend to show that plasma 1'ini te presaures are the 
major de-stabilizing factors tor the cases ot currentless 
traps w:1 th '111. ~ 1 which holds true even at ~ <. 1, if' the 
condition je >;- (.-{,10-i- ..... ~) (.~lr;i;)"1 '1> is satisfied. 

In conclusion, we bring your attention to the fact that 
the results of' the calculations of' Mercier and g-mode stabili­
ty for the devices with spatial magnetic axes and a longitudi­
nally inhomogeneous field as given in Tables 2t 7 are appli­
cable to facilities which are being designed 71 or already 
operate [.81 • 
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Table i: N"=S, M=~ , o,..= 0. O'L ~ m=~S 

~ \o ~s i;r l~/().)-'1/?. .~~ ~o.Y'll!> 

0. 5 1.05 2.13 !.48 !.44 

I I.II 2.9I I.9I !.88 

1.5 I.I7 3.45 -- --
2 I.24 3.83 -- --
3 !.37 4.26 0.64 0.63 
Ta.bL~ ~: ~= 4 M ... -\ ~·C.Ql W\: ?aQ 

-at. "" 
... 4( 

0.4 1.052 !.68 !.54 !.27 

0.8 I.II 2.29 I. 74 I. 53 

I.2 I.I7 2.7 -- --
I. 6 1.23 2 .99 -- --
2.4 1.35 3.28 -- --
Ta.b t : N.,.'!l M:.'\ "': 0 ,02.. 1'1\~'1.4 

~ IQ. .!~ 

0 .3 1. 05· 1.22 !.27 I I 

0.6 I.II I 66 1.37 1.24 

0.9 I.I7 !.94 -- --
1.2 1.22 2 .I2 -- --

2.I 1.28 2 .25 O. II 6 0.109 
~bl.t.~: N'~<t \V\d "''~.Ol. 'm='\S 

~ JR 10..~ 

0.1 1.025 0.53 !.02 0.9 I 

0 .2 1.05 0.73 I. 01+ 0.95 

0 4 I. I 0 .98 I.07 0.99 

0 .. 6 r .·15 I.II I.~ !.32 



49 

AXISYMMETRIC , RESISTIVE STABILITY AND OONI'RJL STUDIES 
FOR THE PRJPOSED T0J 'IDKAM1IK 
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Abstract 

Axisymmetric , resistive plasma stability and control in the proposed 
TO/ tokamak have been studied with the 'lbkamak Simulation Gode , which 
models the resistive time-scale evolution of a toroidal plasma, including 
its int eraction with the poloidal field coils and the vaculJll vessel. 
Realistic design parameters for the proposed TCV were used to study 
ques tions concerning active feedback response times and passive 
s t abilization. It is shown that the plasma can be actively stabi lized by 
power supplies with natural commutation thyristors operating at 100 Hz with 
12 pulses. 

Introduction 

The 'lbkamak Simulation Code TSC is described in [ 1]. With this code, 
it has been dem::>nstrated [2] that a tokamak plasma can be evolved 
continuously from a near-circular , cross-section shape to a 4/ 1 vertically 
el onga ted racetrack. All intermediate stages and the final state a re stable 
to axisymmetric MHD modes. The stabilization is provided by the vacuum 
vessel walls on the ideal time scale and by an orthogonal active feedback 
system on t he resistive time scale. 

In subsequent studies with this code, it was found that the use of 
e ither a continuous vacuum vessel or a vessel wi th a toroidal gap resulted 
in very simi lar plasma evolutions. Also , the effects of diagnostics ports 
were studied by removi ng short poloidal sections from the toroidal 
symmetric vessel at port locations. Ideal stabi lity was preserved , and the 
resistive growth rates did not significantly change. Based on these 
results , the vessel model used in the studies reported here is continuous 
poloidally and toroidally , with a resistivity equivalent to 1. 0 am thick 
I NOONEL vessel walls pl us strengthening ribs . In previous stlrlies, the 
shaping coil supplies were ideal current sources. In what follows , the 
power supplies are natural commutation thyristor rectifiers, and the 
shaping coils are given the design values of resistance. 
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Feedback model for voltage source power supplies 

FOr each shaping coil i at any instant of time t, the desired current 
I (i, t) is given by I (i, t) = !F(i, t, L) + c (i , t), where C (i, t) is 
the preprogrammed current to give the desired equilibrium and 
F (i, t, L) = G (i, L) E (t, L). For values of L=1-4, the coils produce 
radial, quadrupole, octupole, and vertical fields due to the current 
distribution G( i ,L), which includes a gain factor. '!he error measurement 
E( t ,L) is obtained by multiplying a state vectror for each of the four 
control systems by the flux loop measurements. '!he state vectors for the 
error measurements and resultant fields are othogonal, so that each 
feedback system is relatively independent of the others. 

At any given instant of time, the difference D(i,t) between the 
desired current I(i,t) and the actual coil current I*(i,t) is 
D(i,t):I(i,t)-I*(i,t) . '!he plasma and coil current solver in TSC advances 
the currents during a small time interval dt. We need to specify the coil 
voltage during this interval, V(i,t+dt) = V(i,t) + dV(i) where V(i,t) is 
the applied voltage during the previous interval and the change in voltage 
dV(i) us given by the feedback equation: 

dV(i) =A (i) if!l'(i) [D(i,t)+A (i)dD(i,t) +A d2D(i,t) 
dt I T( i) P dt D dt2 

where AI, Ap, Ao are the integral, position, and differential gains 
for each coil, and V'!X(i) and T(i) characterize the voltage source power 
supplies. vMX(i) is the maximtn positive or negative voltage, and T(i) i s 
the half-period, corresponding to the time to swing fran maximum positive 
to maximtn negative voltage. '!he cat111and voltage fran the feedback equation 
is therefore limited by 

jv(i,t) I< vMX(i) and 

The resulting ccmnand voltage is applied to a model describing an 
ideal natural-canmutation thyristor rectifier power supply for each coil. 
'ltle thyristor supplies are taken to be 12 pulse and 100 Hz, which allows a 
commutation every 0.83 msec on average. 

Results 

'ltle resistivity of each vacuum vessel element is 0.02*R otms and the 
global value is 10-4 ohms, corresponding to 1.0 cm thick ~ plus 
strengthening ribs . 'ltle maximum supply voltages vMXc i) are 25 V/turn for 
outside coils, and 12.5 V/turn for the inner coils, correponding to the 
difference in self-inductances. (We note that because the coil grid size is 
2.5 cm x 2.5 cm, the coils' self-inductances are larger than in the actual 
experiment.) For the inner coils (small major radius), the feedback 
coefficients are AI = .00064/Amp, Ap = .004 sec, Ao = 0; for the 
outer coils AI .00024/Amp, Ap = .008 sec, Ao = 0. '!he plasma 
parameters for the simulation are central density and temperature 
3 x 1020m-3 and 900 ev, safety factor ratio <ieage/q0 = 2, and toroidal 
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field 1.5 Tesla. 'ttle Alfven time is artificially enhanced by a factor of 
600, so that the Alfven time is still much less than the vessel time 
constant. 

Exarrples of the results of a simulation with the above parameters are 
shown in Fig. 1. 'ttle plasma evolves from an elongation of 1.6 up to nearly 
2.0 during 60 msec. A sarrple equilibril.lll is shown, with the positions of 
coils #7 and #6 indicated. 'ttle awlied voltages and resulting coil currents 
are shown in Fig. 1 as a function of time. 'ttle initial conditions have the 
correct currents for the initial equilibrium, but the voltages are the 
resitive voltages only, and the plasma current density is not in resistive 
equilibrium. 'ttlus the feedback m::xlel causes a large overshoot in the 
applied voltages as the plasma begins to evolve, but these are danped out 
later in time. An oscillation remains , superposed on the thyristor 
waveforms, because optimal feedback coefficients have not yet been 
determined. 

Conclusions 

The plasma is maintained in equilibril.lll for many 10's of milliseconds, 
whereas without feedback, it goes unstable on the millisecond time scale, 
indicating that the system response time is sufficient for the conditions 
considered. 

Acknowledgements : we wish to thank Professor F. Troyon, Or. R. Gruber and 
Or. N. Ftllphrey for useful discussions and ccmnents. 'ttlis work was partly 
supported by the Swiss National Science Fondation and by the u.s. 
Department of Energy throu;Jh contract Job. DE-AC02-76-CH0-3073. 
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RESISTIVE TEARING [>()DES IN THE PRESENCE 
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M. Persson and A. Bondeson 
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S-41296 GOteborg , Sweden 

It is generally recognized that t he linear properties of tearing modes 
are sensitive to various corrections to the basic resistive MHO model 
because of their comparatively sla.~ gra.~th and the concentration of the 
dynamics to a thin resistive layer. One example of such corrections which 
is clearly rel evant to t okamaks is due to the presence of equilibrium 
flows. The effects of equilibrium fla.~s have been studied previously, 
notably in [11 and [2] for flows perpendicular to the magnetic surfaces and 
in [3) and 141 for sheared flows parallel to the magnetic surfaces. In [s ] 
we reexamine and extend the results o f [ 1 - 4] , and the main results are 
summarized here. 

The equations relevant to tearing modes in a large aspect ratio torus 
with small ~ can be separated into the usual force balance equation valid 
in the ideal region and one equation for the streamfunction in the 
resistive layer near the singular surface 

n~ [ v~(4l -c$'' '-(y+ir'y)~ '' ] + F' 2y2~ = F'y(y+ir'y)-F''n (1) 

where we have considered slab geometry with the rational s urface at y = 0, 
perturbations are of the form ~(y) exp (ikxxl and where the constant-<!> 
approximation was applied , ~(0) = 1. In Eq . (1) , y is the growthrate, n the 
resistivity , p the mass density, v the perpendicular viscosity , c the 
perpendicular flow speed , r' = d(kxvoxl/dy the shear parallel flow and 
F = kxBox<Yl . M:ltching of the external and internal solutions leads to 
the t.' condition 

nt.' = f (y+ir'y-F'y~)dy (2) 

~ation ( 1) is then Fourier transformed with respect to y whereby the 
inhomogeneous t erms on the right-hand side give rise to jump conditions for 
the Fourier transform ~(k) and its derivatives at k = 0 . 'Illese jump 
conditions can be combined with the Fourier transform of Eq. ( 2) to restate 
the eigenvalue probl em in the following compact way 

(3a) 

where t;eix = t.'-ixF''/F', Y(k) : d~/~ and where~ satisfies 
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(3b) 

for k et 0 and ~(k)+O for f+~'"· In the following we use tf.e no~liied 
variables P = r (Tl t:. F'2/p)-1/51 N = v (T) t:.6p/F' )-1 5 1 
R' = r'(Tl6 3F'"/p2)-1/5 and C = C/1)6 1 in which ~. (3) can be written in 
dimensionless form. Ft>r the detailed ccmputations we have subdivided the 
problem such that the plasma response is either inertial (v = 0) or viscous 
(y = 0 in~. (3b)) and the flow is either perpendicular or parallel. 

In the case of inertial plasma response and perpendicular flows 
nlillerical conputation gives the diagram in Fig. 1. 'lhe solid lines give 
constant Re(Pl and the dashed lines show constant Dn(P) as functions of x 
and C. Ft>r le large the stability boundaries are x = arg (6'-inF''/F') 
= ± n/2 + ~n C)n/10 1 in agreement with [2 ]. However for small lc l and 
Cx < 0 there are regions in which the growth rate is complex. ~eSe regions 
can be demonstrated analytically by expanding Y(O±) as a power series in 
cp-5/4 or PC-4/ 5, '!he small c expansion leads to 

P 5/4 _ r( 1/ 4) [cos +(cos2 ~ c si 1112] 
- 4nr ( 3/4) X - X 3 n X (4) 

It is valid in the vicinity of the endpoints x=±n/21 C = 0 of the curved 
parts of the marginal stability curve and reproduces both the complex 
growthrates and the form of the stability curve in this region. SUnilarly1 
around the other pair of endpoints 

X = +2n/51 
1 n 

c = ±31t cos 10 (5) 

and also for C » 11 the large C expansion is valid 

7n 3 1t 2 1 . 0.07071 cos(x + 10 )X +0.1612 cos(x + 10)x +(nC + ys1nxlX= 

(6) 

where the expansion has been taken to third order in X = ~4/5. It is 
interesting to note that ~. (23) of [2] gives the first order expansion 
of ~. (6). However at the point (5) both the zeroth and first order terms 
of (6) vanish! 'lhe third order expansion allows us to determine the 
direction of the marginal stability curve through (5) 1 the result agrees 
with the numerical stability diagram. Figure 2 shows the numerically 
determined stability limits and boundary between r eal and complex growth 
rates (solid) and the lowest order expansions to these curves obtained from 
~s (4) and (6) (dashed lines). 

In the case of viscous plasma response and perpendicular flow 1 the 
growthrate is always real and the stability limit in x is ~ smooth function 
of C1 see Fig. 3. Analytic expansions in the limits CNr5/6 < 1 or >1 give 
asymptotic r~sults in agreement with the numerics. 
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The countour plots for perpendicular flows and inertial plasma 
response are shown in Fig. 4. Analytical expansions for \R'I « 1 or >1 
again agree with the nlJ11erics. In the flow daninated regi..nle the expansi on 
is : 

This is snaller by a factor 12 than the corresponding result of Paris and 
Sy (see discussion in [ 5]) • Finally, the case of viscous plasma response 
and perpendicular flows is analytically solvable and the gr0111thrate is 
given by 

2!tP = ~g>~~ 3-2/ 3 (4N + R'2 ) -1/6 

[ -ix r((1 + ~l/3l + ix r((1- ~l/3) 
x e r( (2 + ~)/3) e r( (2 - ~)/3) (8) 

where t = R'(4N + R' 2)-1/2. The stability limit is unchanged by the flow, 
x = ±~t/2, but the flows increase the growthrates. 
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FREE-BOUNDARY FLOW EQUILIBRIA FOR ASDEX AND ASDEX-UG 

H.P. Zehrfeld 
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Neutral beam injection into magnetically confined plasmas is 
connected with plasma flow and a corresponding alteration of the 
equilibrium characteristics of t he discharge. In particular den­
sity variations on magnetic surfaces were observed in neutral 
beam heated plasmas. This has led to attempts to explain them by 
toroidal rotation of the plasma. It has turned out t hat in view 
of the measured Mach-numbers for this flow the mere effect of 
centrifugal forces caused by only toroidal rotation is too weak . 
However , taking into account the more involved effect of the 
combined action of both toroidal and poloidal plasma motion 
changes the situat i on qualitatively as well as quantitatively: 
Due to the finite rotational transform of the flow field accele­
rating forces in toroidal direction appear. In an equilibrium 
state , they must be balanced by corresponding components of jxB. 
This requires plasma currents across magnetic surfaces which to­
gether with the toroidal magnetic field maintain pressure gradi­
ents in magnetic surfaces. In order to demonstrate this effect 
quantitatively we have cal culated corresponding MHD flow equili ­
bria f or the separatrix- bounded plasma conf igurations of ASDEX 
and ASDEX- UG. For this purpose the partial differential equation 

D = D (RI '4', IVll'l I F) (l ) 

must be solved for the poloidal flux '1jl. D and J !l.re given 
functions. F represents five profiles 

(2) 

The first three quantities can be determined prescribing profi­
les for the density n. the temperature T and t he poloidal cur­
rent J on a straight line s leading from the magnetic axis 
('lj.l - 'II'A) to the plasma boundary ('41 -1j18). VM i s the poloidal mass 
flux , ~M the electric potential. We have chosen the distributi­
ons 

'ns"' 11 -y,_x;v , "fs ~ (1 - rrx)f-'-
1 

Js
2 

= J/C41A)+ (Js2 -Js2
('1rA))G(xJ (

3
) 

V'"'1'1.T.IIze-x d> ' - T.11z '=d..!'d.1u (4) M S s 1 M S I< 'f 

where x • ('t$1-'ljiA) I ('II's-'ljiA ) and G( x ) (0 (. G(x) ~ 1) some function 
describing the diamagnetism of the plasma' r ' V and Tr ' }.J... are 
profil e constants. ~ 
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Fig.3 shows surfaces of constant J (the flux surfaces of the 
current density field) for an ASDEX oase (Be~ 1). The poloidal 
components of the current density perpendicular to the magnetic 
sur faces are responsible for pressure variations a long magnetic 
field lines. The corresponding mass density anomaly (i . e. a R­
dependence of p if p is conceived as function of ~ and R) at 
the magnetic axis is given by 

E. '£!! = Bz'l/l,/2/p' + 4lJzR'l<:tJJ2 
p aR (1- (B'If,..,'/pcr)')cs• 

(5) 

The anomaly of the radial pressure profile is illustrated by 
Figs. 5 and 6. For the Mach-numbers for poloidal and toroidal 
flow indicated in Figs.2 and 4 we obtain pressure variations of 
about 20% on a magnetic surface . For ASDEX- UG, where considera­
ble smaller values for the poloidal velocity have been used, the 
corresponding pressure distributions for the static and the flow 
case are barely discernable - purely toroidal flow at moderate 
Mach- numbers has only small effect on the density variation 
along magnetic field lines. The expression for the plasma flow 
field 

(6) 

shows that for an appropriate choice of ~M and~M both velocity 
components can be small,whereas - approaching the boundary of 
the first elliptic regime of equation (1) 

o ~ fA.·Pre
2 

.c: L ~ = f--TPIB2 C7) 
Bp t1 + fi 

- tht:! l'll.dial increase of the density (cf. equation (5)) may 
reach considerable values . 
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THE EFFECTS OF A RESISTIVE WALL ON RESISTIVE MHO INSTABILITIES 

T C Hender, C G Gimblett and 0 C Robinson 
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(UKAEA/Euratom Fusion Association) 

Introduction In this paper we study the effects of a finite conducti vity 
wall on resistive MHO instabilities. The studies in the tokamak will focus 
on the destabi,-ising influence of the wall resistivity when qa ~ 2.6. The 
regime qa ~ 2.3 which is difficult to access experimentally, is of particular 
interest from the viewpoint of increased ohmic heating and high-~ l imits. In 
present RFP's the need for a conducting wall is rather more intrinsi c than in 
the tokamak, apparently being essential for gross stability. The OHTE RFP 
[ 1] and CLEO RFP [2] however have operated successfully with a thin wall, 
whose long time constant (~w-1.5 MS in OHTE) which is much shorter than the 
pulse length (- l Oms) . We shall study for OHTE parameters the linear spectrum 
of modes which are destabil i sed by the wall resistivity . 

Numerics and Boundar Conditions Computationally we solve the reduced pinch 
equations These equations which are applicable to MHO stability in the 
RFP and t okamak have been shown to be a good appr oximat ion to solving t he 
full compressible MHO equations [ 4] (at ~ = 0%). Numerically 1.,oe solve the 
1 inearised reduced pinch equations using an implicit scheme . The non-1 inear 
terms (which may optionally be suppressed) are included explicitly, A Fourier 
series representation is used in the pol oidal and azimuthal (a ,z ) directions 
and finite differences are employed in the radial direction ( r ). At the wall 
the boundary condition on the magnetic f i eld is determined using a thin wall 
approximation (wall resistive skin depth» wall thickness). This yields (5] 

.!. arb r = (~ + k2) ~b r - ~ (ahr + ik V b ) (1) 
r ar r2 z Km ' W at z z r 

He re ~w is the resistive wall time constant normalised to the Alfven time (~A 
= alp/B0 ) and Km is the modified Bessel Function. In this boundary condit ion 
(Eq 1) we have included the effect of a uniform toroidal rotation of the 
wall, with velocity Vz . This is equivalent to (but simpler than) adding a 
bulk toroidal rotation to the plasma. In the results given in the followi ng 
section we shall convert to the frame of reference of the wall ( i.e. the 
pl asma rotates). The boundary condition on the velocity is taken as Vr = 0. 
Thi s 1 eads to the problem that we form a resistive boundary 1 ayer near the 
wall since as Vr • 0 Ohm ' s law becomes abr/at = ~(v2&)r (and abr/at 1 0 for a 
resistive wall). The Vr = 0 wall boundary layer however, has no effect on 
the mar ginal stability points . 

Tokamak results We may derive an approximate dispersion relation for the 
resistive wall tearing mode by using the vacuum solution for br outside the 
resonant surface( rsl · In the tokamak limit the result is 
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b' r +& 4m2rs2m 
6 ° =[.-L] s =6..:, + (2) 

br r 5-E rs[1-r5 2m][~w(w+ik 2 V 2 )( 1-rs2m)+2mrs2m] 

where w is t he growth rate (no r mal ised to ~A) and the subscript on the 6 ' 
indicates the ~w value. Exami ning Eq (2) for the non rotating case (Vz=O) we 
f i nd if 6 '

9
>0 then by making w small enough but st ill positive we can keep 

6 ' >0 for al l finite ~w- In other words if the mode is unstable for 'fw=O then 
it is unstable for all values of ~w and hence to determine stab1l ity it is 
suffici e nt to examine the case of ~w=O (when Vz=O). 

Figure 1 shows for the profile q=l.1( l+[(qa/1. 1)4-1] r 8) ! (which 
corresponds to a broad current pro file) how 6 ' varies with qa• The 1 ower 
pl ot shows the corresponding growth rates computed with the i ni t i al value 
code for S=~R;~A=1 0 5 , m=2, kz~o . 2, Vz=O. For t he s uperconducting wall case 
6 ' is negat ive when qa <2. 6 and the t ea rin g mode is stable, whereas the 
resistive wa ll all ows instabil i ty to persist. Cal culat ions for finite ~11in 
this case confirm the analytic result that a sufficient condit i on for 
i nstability is that t he mode is unstable f o r 'fw=O. The re s i st ive wall 
tea ri ng modes are however stabil isec1 by sufficiently fast bulk toroid al 
rotation (if 6~<0) . From Eq ( 2 ) in the limit w<<kz Yz we find t hat the 
frequen cy of t he mode is given by k

2
V

2 
and the growth rate i s that of the 

'fw=m mod e . For most experiments with signifi cant frequencies (k 2Vz'fw.;:. 10) 
rotation will stabilise t he m=2 resistive wall tearing modes. 

In the nonlinear regime the growth of the resistive wall tearing mode 
island (when V

2
=0 ] is given by t he normal relation [6] 

(3) 

but here 6 ' i s a functio n of w~w [-(2'fw/W}(dW/dt}] and is given by Eq (2), 
From Eq (2) we see that as the mode saturates and dW/dt+O, then 6 ' {w~w)+ll~ 
( for V

2
=0) ; hence for all values of ~w (*m) t he eventual saturation width is 

that of the ~w=O case when V2 =0. Com putationally we fi nd for the case shown 
in Fig 1 with qa=3 , that for the range ~w=O t o 104 t he saturation width of 
the (2,1) island varies from 35% to 33% of the mi nor radius. Figure 2 shows 
the single hel i city evol ut ion of the (2, 1) i sland for the same case as Fig 1 
with V

2
=0 and qa =2 . 5, 2.75 and 3. For qa<2.8 and ~w=O , the island act ually 

touc hes t he wall bef ore i t saturates and thus connec ts t he outel"-'l/3 of the 
plasma to the wall. As discussed above this satu ration width is 
a pproximately i ndependent of ~w but of course the nonl inear growth of the 
mode slows as ~w inc reases. 

RFP Results In the RFP the effects of t he wall resistivity are grea ter than 
in the Tokamak. With a supe rconduct ing wall it is possible to ac hieve 
complete stab i lity to ideal and resistive tear i ng mod es wi t h a vacuum region 
of up to 4% of the mi nor radius[7]. With a resistive wall however , complete 
stability to the tear ing mode is not po ssi ble (when V

2 
=0). In addition 

ideal modes which are r esonant at t he magnetic ax i s or are just nonresonant 
are destabil ised by the resistive wall. Their dispersion relation is 

+ + 
(ikzVz+wl~w=6'w-w312tS/ I K .B iwall (4) 

where 6 ' w i s ev al uated at t he wall . The w3 ' 2 term i s due to the boundary 
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layer induc ed by the Vr;O boundary condition; it is only important when 
'tw «I (wS), a regime of 1 ittl e importance for present experiments. 

Figure 3 shows how the growth rate of the m;l modes within the field 
reversal surface vary with kz for various 'tw with S;5xl03 and lJ;( l+5r2)2. 
The pitch profile in this case is ~;0.571(1 -1.53r2-0.375r4 ) with a 2% vac uum 
region [7]. This profile is stable to all tearing and ideal modes in the 
1 imit 'tw;m. The nonresonant modes (kz<l.75) are i deal (twisting parity) and 
their growth rates are almost totally independent of S. The fastest growing 
modes for 'tw>20 have kz-2.1 and are tearing parity ; their growth rate scales 
as s-0 • 2 at $;5x103. For OHTE, typical parameters are $;5x 103, 'tw;5x103'tA 
and 'tA;3x1o- 7 sec. For these parameters the fastest gro~ling mode for the 
case shown in Fig 3 has a growth time of 600 ~s . This tearing mode may be 
stabilised by the toroidal rotation effects if Vz is 1 arge enough. Figure 4 
shows how the growth rate decreases as Vz increases for the same case as Fig 
3 with 'tw;5x103 and Kz;2.2 . For experimentally obse rved freque ncies (-10KHz) 
Vz;I0- 2 and the mode is stable. The ideal modes however are unaffected by 
bulk toroidal rotation up to near Al fvenic speeds; from Eq (4) we find that 
the mode 1 ocks to the wall and remains stationary as the plasma rotates. 
Computationally for the case shown in Fig 3 with Kz;1.7 and ~w;5x103 the 
growth rate is unaffected by rotations up to Vz;Io-2 • Hence for this case 
when rotation effects are taken into account the ideal modes are the most 
unstable; with this profile for OHTE parameters they ha ve a growt h time of 
-3mS. The fact that these ideal resistive wall modes rotate very slowly (or 
not at all) needs to be taken into account when searching for these modes 
experimentally. 

Conclusions In the Tokamak with qa~2.6, the wall resistivity allows 
continued growth of tearing modes which would be stabilised by an ideal wall. 
For significant frequencies these modes can be stabilised by toroidal 
rotation. Nonl inear calculations indicate that the (2,1) island may touch 
the wall when qa<2.7 (for the specific profile chosen). This behaviour could 
be related to the difficulty in operating Tokamaks at 1 ow q (~ 2). For the 
RFP it appears to be difficult to achieve complete stability to tearing and 
ideal modes with a resistive wall but, the growth ra t es of the resistive wall 
modes are easily reduced to relatively 1 ow values (- 1 /'tw) · For OHTE 

· parameters the fastest growing internal mode when rotation effects are taken 
into account is an ideal, on-axis mode. Its growth time should make it 
apparent in the experiment if no other effects intervene (e.g. nonl inear, 
background turbulence, kinetic effects etc ). 
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THE EFFECTS OF FINITE-~ ANO SHAPING ON TEARING MODES IN JET 

T C Hender*, 0 C Robinson* and R J Hastie* 

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK 

*(UKAEA/Euratom Fusion Assoc iation) Cul ham Laboratory, Abingdon, Oxon, OX14 
30B 

Introduction As the value of~ in JET increases with the auxiliary heating 
it becomes important to understand the effects on the tearing mode. An 
analytic treatment of the tearing mode in toroidal geometry was given by 
Gl as ser et a 1 [ 1]. They found a st rang stab il is i ng effect at finite-~, 
resulting from the influence of the average curvature on the tearing mode 
within the resistive layer. These average curvature effects are strongest in 
small aspect ratio, high magnetic Reynolds number (S) tokamaks , such as JET. 
Nonl inearly these cu rvature terms have also been shown to stabilise the 
tearing mode [ 2]. Thus the results presented here can remain v'al id in 
regimes where the linear resistive MHO equations appear to be inapplicable 
(eg Larmor radius> linear resistive layer width). 

In this paper we present numerical studies of the effects of finite-~ on 
tearing modes in JET. The next section gives details of the equations solved 
and numerics, and then in the following section the results are presented. 

Numerics and Equations The compressible linear resistive MHO equations are 
solved in toroidal geometry with a version of the ORNL code FAR [ 3] modified 
to include the compressible terms. To achieve an efficient representation of 
the 1 inear eigenfunctions an equilibrium flux coordinate system (p, a, C)[ 4] 
is used. Where pis a flux surface label, a is the straight field line 
poloidal angle and C is the geometric toroidal angle. These coordinates are 
generated from numeri cal toroidal equilibria and are an exact representat ion 
of the geometry with no ordering assumptions. 

In the FAR code a stream function representation is used for the 
perturbed magnetic field (~) and velocity (v) 
~ ~ va x vx + vc x v~; v ~ va x 9A + vr. x v,p + V1 (1) 

This form of the velocity separates the incompressible and CO'npressible 
(V1) parts of the perturbation. Equations for the evolution of x and~ are 

obtained fr om Ohm ' s 1 aw and equations for ' and A arise from the vorticity 
equation. An equation for 1 is found by taking the divergence of the 
equation of motion and finally the perturbed pressure (P) is evolved 
compressibly. By setting 1~0 in these equations we obtain the incompressible 
MHO equations; the ability to solve either the fully compressible or 
incompressible equations is retained numerically. The equations for ~ . x. A, 
~. 1 and p , which are equivalent to the primitive compressible MHO equations, 
are solved with a modified version of the FAR code. A finite difference 
representation is used in the radial direction (p) and a Four ier series 
decomposition is employed in the angular variables a anrl c. The equat ions 
are solved with an implicit scheme which gives very rapid convergence to the 
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eigenfunction [3]. The boundary conditions are a non-porous superconducting 
wall at the last equilibrium flux surface. 
Stab il ity Results Fi gure 1 shows how the n=1 tearing mode growth rate (w) 
varies as the central beta (~ 0 ) is increased for a circul ar boundary JET 
equil ibria with q = 1.34(1 + (p/0.558)8)114 and Pe ~ !112. For this case the 
ratio of the resistive time """R (= a2f11

0
) to the po~oidal Al fven transit time 

"""Hp(= R01pm/80 ) is S = 105• This q profile is particularly unstable and has 
been used previously for disruption studies [5] . Despite this, a strong 
stabil i s in g effect is evident in Fi g 1 as ~0 increases. Figure 2 shows the 
velocity flow pattern at ~0 = 2% in the ~=0 plane for the same case as Fi g 1. 
The vortices at the q=2 surface are cl early evident and on the inboard side 
small vortices at q=3 and 4 are also evident. The compress ible (ratio of 
specific heats y = 5/3) resul ts and incompressible (y = oo) results shown in 
Fig 1 are generally in good agreement. This is because the sound speed ws = 
l(y~ 0Peq12q 2 ) (normalised to """H~) is greater than the growth rate for ~ 0 ~ 
1%. As ~0 + 0 however, ws + 0 \for y "' oo) and the damping effect of the 
sound waves on the tearing mode disappears for the compressi ble case. 
Analytically at large aspect ratio we expect the compressible and y = "' 
growth rat es at ~ 0 = 0% to differ by (1 + 2q2) 115 = 1.55 (for q=2); 
numerically this ratio is 1. 72. For JET ws » w is generally true and so 
this behaviou r near ~0 = 0 is of little pract i cal importance. 

The value of S = 105 used for Fig 1 is much lower than that in JET (S -
108 ) . As we raise S for this case at ~Q = 2%, the growth rate initially 
decays as s- 3/5 and then for S > 5 x 105 it decays more rapidly, and 
eventually becomes overstable (Fig 3) . The departure of the growth rate from 
the normal s - 315 tearing sealing and the overstabl e behaviour are caused by 
the average curvature stabilisation which becomes increasingly important asS 
inc reases. At sufficiently highS the curvature terms stabilise the tearing 
mode, but we are unable to study this regime because our initial value method 
r equires a growing sol ut ion. We can however estimate from the tearing mode 
dispersion relation given in [1] that for the case shown in Fig 3 (p

0 
= 2%) 

the tearing mode is stable forS> 107 • Since forS= 105, p
0 

= 2% the 
growth rate w « S315 (Fig 3) we can conclude t hat the average curvature 
stabil i sation effects are weak (at S = 105). Thus the stabi l i sat ion effect 
for ~0 < 2% in Fig 1 (S = 105) is due to the changes in magnetic geometry and 
poloidal mode coupling assoc iated with increasing p0 (and is not due to the 
average curvature) . 

For a l ess unstable circular boundary JET equilibrium with q = 1.1 (1 + 
(p/0 . 506)8)114, we find that for S = 105 the n=1 tearing mode is almost 
completel y stabilised by p

0 
= 1. 5% (Fig 4). In Fig 4 incompressible results 

are shown for q(p) held constant as P
0 

is increased and also for FdF/d<!~ held 
constant (where F=equilibr ium toroidal field). By ra ising ~ at constant q we 
are impl icitly changing the current profile which itself effects the g rowth 
rate; the difference between the FdF /d<i> and q constant curves (Fig 4) 
indicates that effects of finite-~ equilibrium profile modifi cat ions are 
relatively small. 

The results shown in Fig 4 are at the relatively low S of 105. At 
finite-p we again find as S increases that the favourable average curvature 
terms become more important and stabilise the mode. Figure 5 shows the growth 
rate trajectories as S is increased, in the complex w- pl ane for the same case 
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as Fig 4 (q-constant) at ~0 = 0.5%. Compressible and incompressible res ults 
are shown and can be seen to be in reasonable agreement. For thi s q ( 2 1.1(1 
+ (p/0.506)8)1 14 ) at JET aspect ratio the ideal ballooning ~-limit is ~Q = 
6%. Thus at S = 105 there is a wide r ange, ~0 = 1.5-6%, of compl ete stabil1ty 
to the n=l tearing mode and the ideal bal l ooning mode. At higher S the 
critical ~ for tearing mode stability will be even 1 ower (~0=0. 24% at S=l07 ). 

Fi nally we study the effects of shaping on the finite-~ tearing mode. We 
study a sequence of increasing 0- shaping with the outer boundary defi ned by R 
= R

0 
+a Cos (e + 6 Sine); Z =a K Sine. We define the D-shaping sequence by 

K = 1 + 26. Figure 6 shows how the growth rate varies as the D-shaping is 
increased fo r ~ • 0% and D. 5% at S = 105• Re sults are shown for q hel d 
constant as (K ,&) are varied and for FdF/d<l> held constant (with q0 = 1.1). 
The shaping results are strongly dependent on what is held constant , 
indicating that the effects of equilibrium profile modifications are 
important . The cu rves fo r ~ 0 = 0% and 0.5% are howe ver, approximately 
parallel for both the q and FdF/d<l> constant cases. Th i s shows that for these 
relatively modest level s of shaping there is no marked change in the 
stabil isation of the tearing mode as ~ i s increased. Although for the q 
constant case the reducti on in growth rate as the shaping increase s means 
that the curvature terms will stabilise the mode at 1 ower p (or S). 
Inc reasing the D-shaping also raises the ideal ballooni ng ~ -l imit . 

Concl usions and discussion The finite-~ properties of the tearing mode in 
JET have been studied computationally. The computations confirm the analytic 
results of Glasser et al [1]; there is a strong stabilising effect as~ is 
raised which results from the favourabl e average curvature terms within the 
resistive layer. There is also a stabil is ing effect arising from profil e 
modifications and pol oidal mode coupl i ng as ~ is raised. The i mportance of 
t he stabi1 is i ng average curvature terms i ncrease as S ( i e conductivity 
temperature) is rai sed. At large S the tearing mode growth becomes avertable 
and as S is raised still further the mode is completely stabil i sed. For 
moderatel y unstable q-profil es (6' - 5) we find that the n=1 tearing modes 
can be completely stabilised by ~ 0 = 1.5% at S = 105 (and~ = 0. 24% at S = 
107 ). Since for these cases the c ritical ~0 for ideal bafl ooning is 6%, 
there is a considerable region of complete stability to the n=1 tearing mode 
and i deal bal looning mode (~0 = 1.5- 6% at S = 105). For modest shapi ng (K 

= 1.4, 6 = 0.2) there is no clear effect on the finite- ~ stabi lity of the 
tearing mode . The critical ~ for ideal bal l ooning does however increase as 
the 0- s hapi ng is raised. Fi nally we note that critical -~ fo r ideal balloon­
i ng seal es as the inverse aspect ratio, 1~hil st the critical ~Q wh i ch must be 
exceeded for the average cu rvatur e terms to stabilise t he tear1ng mode scales 
as (R

0
/a 2 )113 for n«T. Thus the region of stability to the tearin tearing 

mode and ideal ballooning mode shrinks as the aspect rati o is increased . 
Ack nowl edgement We are indebted to the ORNL MHO group for providing us 
w1th a copy of the FAR code. 
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TRANSPORT PROPERTIES AND SAWTOOTH RELAXATIONS IN 1'HE FT TOKAMAK 

F. Alladio, M. Ottaviani, G. Vlad 

As~ociazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati, 
C.P. 65 - 00044 Frascati, Rome (Italy) 

l. EVOLUTION OF THE SAFETY FACTOR PROFILE DURING SAWTOOTH ACTIVITY 

The possibility that a magnetic trigger [1] is responsible for the saw­
tooth crash makes the attemp t o calculate the evolution of the current 
density profile on the base of the available measured data rather attrac­
tive. 

With such purpose we have solved, in cylindrical geometry, the coupled 
nonlinear equations for the evolution of the perturbed electron temperature 
and current density profile [2]. 1'be solutions have been explored i n a broad 
range of FT experimentally documented scenarios. 

An interesting behaviour turns out to be characteristic of all dis­
charges analyzed. We start after the sawtooth crash from a safety factor 
profile almost flat in the central region, as deduced from the Kadomtsev re­
connection model [3]. The time evolution of the safety factor in the centre 
exhibits a rapid increase, which rises the q larger than one, followed by a 
s lower decreasinlt phase. In the region between the centre and the mixing 
radius the safety factor profile turns out to have two q=l resonances. The 
outer one r = r 

2 
is calculated to be almost a fixed point at all times, 

whereas the inne~ one r = r 1 i s moving toward the centre r = 0 s t arting 
from the outer resonant surfa~e r = r 2 (see Fig. 1). In all the cases sofar 
analyzed the experimentally observed ssawtooth repetition time tR turns out 
to be very near t he time at which the inner resonance reaches toe magnetic 

1.2.-------------------, 
q(r) 

0.1 r (m) 
Fig. q(r,t) profile for different times during the s awtooth period 
tR : t = 0 (after reconnection); t 1 = tR/4; t 2 = tR/2; t 3 = 3/4tR; t 4 = 'R 
(befor~ reconnection). 
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axis and disappears. So we would be tempted to identify the magnetic trigger 
of the sawtooth crash with tbe simple condition q(O) = 1 on axis . 

Although a detailed stability analysis has not yet been undertaken, 
such kind of result could be interpreted with the ideas expressed in Re£ . 
[1]. The region i n which a radial displacement t is predicted by the ideal 
MHD stability theory is the one in between the two resonances r 1 and r 

2
. 

By enlarging such region the magnetic energy reservoir increa~es and su 
probably more susceptible to be depleted by the crash: however it is not 
clear to us why the crash should exactly coincide with the disappearance of 
the inner q=1 surface; on the other hand a more complete investigation is 
needed to have a full experimental evidence that this is the magne tic 
trigger. 

2. ANALYTICAL MODEL 

In order to make more explicit the dependence of sawtooth behaviour on 
the two characteristic times, the thermal diffusion time and the magnetic 
diffus ion time , we have to introduce some simplifications. 

Noticing that the relevant profile evolution happens inside a certain 
surface r = rk' we can fix the boundary conditions for the perturbed q and T 
at rk; the correct choice of rk appears t o be the point at which q is un­
changed after a crash. For parabolic profiles this radius is related to the 
q=1 radius r through the relation [3) rk = 2{{3 r . In the limit r~/a2 <<1, 
where a is ¥:be minor radius of the plasma, we ~an neglect the contribu­
tion of the perturbation of the ohmic input in the perturbed temperature 
equation, since the associated characteristic time is jus t a2/r~ longer than 
the temperature evolution time inside the rk surface. This fact decouples 
the temperature equation from the q equation. 

We have been led to the following set: 

0 

1 .! a 2 
o(T(r , t)) r ar (r P<r,t))] 

.! a 
r ar 

1 .! a r 2 

o(T(r,t)) r ar (q (r))] 
0 

(1) 

(2) 

where ~(r,t) is the perturbed electron temperature , X is the electron ther­
mal conductivity (assumed radially constant inside rk), PCr, t)=1/q (r, t)­
- 1/q (r), q (r) being the q profile after the crash, IJ is the magnetic 
perma!llility, 0o(T(r, t)) is the electric~l conductivity (~ssumed b.ereafter 
purely classical) and T(r,t) = T

0
(r) + T(r,t), T

0
(r) being the steady state 

electron temperature profile. 
From th~ above discussion we can su~lement Eqs (1,2) with the boundary 

conditions: T(rk,t) = 0, P (rk,t) = 0, T(r,O) = T (r)- T (r), P(r,O) = 0. 
Within the spirit of the approximation r~/a 20 <f 1 we 

0
can assume para­

bolic profiles: 
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to allow sawtoothing (but an appropriate value should be b 2 = 3/16 (r~/a2 ) 
from Kadomtsev's model). 

We also linearize the electric conductivity around the flat intial 
temperature profile. We get the following equation for P(r,t): 

ap(r,t) _ .!. a 1 .!.....£ (r2P(r,t))) ~0 at r ar a[T
0

(rk)) r ar 

(2') 

1 1 a 
{ (1 -

l T(r 1 t)-T(r 1 0~) .!. a r2 
a [T

0
( rk)) ; ar 2 T

0
(rk) r ar (q (r))) 

0 

Equations (1) and (2') have been solved by standard methods in t erms 
of radial Bessel functions. The results is conveniently written in the 
form: 

2r oo Jt(IJ~ r/rk) -t/ln 
PCr,t) PCr)asympt. - _!I L e a+ (3) 

r ln [~~Jl(jJ~) ]2 
n 

00 

l m n - 1 -t/ln 
e a+ n m - 1 -t/lm 

e X)) + I c I [(1 - l/la) (1 - t;!tx) lm 2 
m mn 

with PCr)asympt . (-b2 + 3/4 (r2/a2) (1-r2/r2 ), 1/tm = 2/3 X 
1/tn = 1/(IJ a [T (rk))) (~1/rk)2 befng the invers~ charac~eristic 
timgs (~~ agd 1Ji0 are the k~th zeros of the Bessel functions J and 

The coefficients Ln, Cm' Imn are defined as follows: 
0 

8b2Jo (~~) r2 
L c - 8 k 1 
n lln m 87 llo 3 Jl(~~); m 

I 
2~~~~ 

J <~!) J 1 (~~) mn Il l 2_ ~~ 2 0 n 

(1Ju/r )2; 
di'l'fu~ion 
J 1). 

Figure 2 shows the dependence of the sawtooth repetition time tR on 
t 1 , as obtained by Eq. (3) by imposing PCO,tR) = 0 (that is q(O,t ) = 1). 
Aftreement with the more complete numerical code [ 2) is found. T~e curve 
shows an almost linear dependence of lR on l , while the dependence on 
l is weak. This is consis tent with the deftsity scaling observed in 
oRmic experimeJ'ts. We have also run few cases with more peaked profiles 
T a (l-r2/a2) , V > 1 (Fig. 3), and we have found that the dependence 
of lR on t

0 
increases, according to what previously stated [ 2). 
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'!he scaling of the optimun p with current, in various elongated 
cross-section Tokamaks (elongation 2.5) , is compared with a number of 
well- known scaling laws given in the literature. In particul ar, the 
effects of triangular and rectangular deformations (D and racetrack 
shapes) and of indentation of the poloidal cross- section are consider­
ed . Significant deviations from t he known scaling laws are found and 
these are discussed with a view to constructing a configuration with the 
most favourable scaling . 

I ntroduction 

Plasma p optimization studies1 against ideal MHO instabilities, 
which predict a remarkable linear scaling of Popr with current I , have 
generally been limited to TOkamak cross section shapes of small to mod­
erate (-1.6) elongation. FOr those cases considered , the linear scaling 
br eaks down more or less abruptly when the safety factor at the surface 
qs is i n t he vicinity of 2 , so t hat the highest p that can be obtained 
occurs when % is a little above 2. By elongating the cross-section , 
the current for which % = 2 can be increased greatly and, if the 
linear scal i ng of Popt remained valid , a proportionate increase in 
Popt · would result. It is therefore important to determine if the 
linear scali ng can be extrapolated to cross-sections with large elonga­
tion . Recent optimization studies2, restricted to stabil ity against bal­
looning modes , suggest that the linear scaling does break down for elon­
gations between 1.6 and 2.0. Nevertheless, these studies ignored low n 
kink stability and were , as are all optimization studies , restricted to 
par ticular class of plasma profiles . 

An optimization procedure reported elsewhere3 has been developed 
and applied to circular cross-section plasmas, with which a p limit t hat 
was 50% above that predicted by the linear scaling law was obtained. We 
apply t hat procedure to the problem of optimization of a 2. 5 elongation 
racetrack cross-section TOkamak plasma. FOr this case , at low p , the 
operational regime in the (q0 , qsl space is restricted t o certain 
narrow windows j ust above the integer ~ values4 (q0 is the value of 
q at the magnetic axis) . We firstly show how the operational regime 
changes with finite p. '!he optimization study completes the picture . The 
optimized p limits against kink and ballooning modes, deviate strongly 
from the linear scaling law and , at moderate to high currents corre­
sponding to qs in the range 2 to 5, generally decrease with I. 

If one assumes that kink modes could be stabilized by a nearby con­
ducting shell , then the p is limited only by ballooning modes . We there-
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fore also determine the ballooning limits. These are significantly 
higher than those for the full optimization , but are still well below 
the linear scaling predictions and follow the same overall trend as in 
reference 2. M::>re optimistic results are obtained however, with regard 
to both ballooning limits , and to the complete s tabili ty limits by a 
strong triangularization (D shape) of the cross section. 

Kink and Ballooning @ Optimization 

'llle optimization procedure used has been described elsewhere3 but 
the key features can be summarized as f ollows : 

i) The zero f! stability is analysed thorot.r:~hly to determine the 
stability criteria for purely current driven modes and 
therefore determine a zero f! "operating regime" . 

ii) The pressure gradient p' ('l') and average current density J('l') 
over a flux surface are specified independentl y. 

iii) The profiles p ' ('l') and J('l') are specified in piecewise 
differentiably continuous sections. 

'llle operational diagram is shown in Fig. 1. The optimizati on proceeds at 
any given current , by increasing f!p from within the zero f! stable win­
dows. At finite f! (constant f!pl, the stable regime begins to close 
over and for f!p = 0. 4, the new marginal s tability l ine is indicated. 
Here , the f!p was increased by specifyi ng a finite pressure gradient as 
described in ref. 3. Note that the window for 1 < q0 < 1 • 16 closes up 
very quickly for qs < 3, st.r:~gesting that the highest f! may be obtained 
at lower currents, although for constant flp• the f! is proportional to 
I. 

Optimization curves for a family of current profiles with increas­
ing current channel width are shown in Fig . 2 for a constant normalized 
current of IN = iloi/RoBo = 0. 555 . The curves labelled A, B are always 
unstable: these are the rrost broad and have q0 always in the unstable 
window for 1.1 6 < q0 < 2. The curve C is close to marginal stability at 
zero f! and rapidly beccrnes unstable at any awreciable f!. The curve 
labelled D is t he optimun, having q0 well within the stable window, and 
also qs just above 3. As the current channel is narrowed further , q0 
drops below unity, the toroidal kink becomes unstable at zero f!, and the 
curves never reache a s t abl e point (E ,F) . The ORtimum stable f!, obtained 
from this family of current profiles , at a 02 criterion of 10-5

, is 
1.85%, corresponding to the point marked x. 

The results for f!opt vs I obtained from this study are shown in 
Fig . 3. The dips in f!opt correspond to the points where qs drops 
below integer val ues . OVerall, f!opt decreases with I. For the cases 
used in this study , kink stability alrrost always provides a rrore strin­
gent restriction on f! ballooning stability. 

The r esul ts i n Fig. 3 are sensitive to the parameters that were 
held constant, in the sense that the positions of t he minima shift if 
different values for t hese parameters are taken. lbwever, t he 011erall 
behaviour appears to be unchanged. The parameters were chosen in this 
study so that the q profile is always quite flat in a large region, with 
large shear at the edge where the pressure gradient is finite . A limited 
optimization was also performed for the window at q0 >2 , at one current 
with qs-3 , the f! limi t was quite low (~0.25%) and it remains to be 
determined whether this improves at lower currents. 
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Ballooning optimization 

For the calculations described above, no attempt to optimize the 
pressure profile against ballooning modes was necessary since the n = 1 
kink mode was always unstable at a l ower 13 than the ballooning roodes. l\n 
optimization against ballooning modes was also carried out , with kink 
stability taken i nto account only to the extent that the equilibria were 
stable to current driven kink modes (1.0 < q0 < 1.16). This opti~ization 
was done by locally adjusting the piecewise pressure profile until the 
ballooning and Mergier criterra were satisfied everywhere. The results 
are shown in Fig. 3. As found in [2] , at high current , the ballooning 
linit is markedly inferior to the linear scaling predictions and begins 
to decrease with I. The highest 13 obtained in our case is 4.6% at a 
normalized current of IN z 0.55. 

If the restrict ion that p' = 0 at the edge is imposed thus 
preventi ng Pfirsch- Schlilter currents at the edge (the average current is 
alsways zero) this 13 is significantl y lowered . For the full optimization 
this condition was imposed to reduce the mmber of free parameters and 
one could expect that, if it were relaxed, the 13 obtained could also be 
significantly higher. 

Discussion and conclusions 

The linear scaling law of [ 1) can not be extrapolated to large 
elongations above 2.04 The stability at high 13 is restricted by the 
encroaching unstable domain at q0 > 1 as 13 is increase. The 13 limit that 
is obtained using a finite family of equilibria is generally dercreasing 
with current with pronounced minima when qg is near integer values . If 
a larger dass of equilibria were used, the p limit would correspond to 
an envelope over a series of these curves so that the minima v.uuld be 
less pronounced but the overall trend would be expected to remain. 

Ballooning stability alone yields substantially higher 13 values, 
especially if p' is non zero at the edge. Removing this restriction for 
the kink optimlzation (would) also improve {s) the 13 limits obtained. 

More exotic current and q profiles may improve the 13 limits. The 13 
limits are also dependent on the shape of the boundary. For exanple , for 
an elongated D shape the zero ~ operating diagram has no unstable window 
above qs = 3, though is probably always unstable for qs<3. With a 
limited kink optimizat ion, the kink limit at one current of Iw0.565 
is already 3, 7%. Ballooning limits are also improved at low currents , 
though , in contrast to the results of [2], we find that the improvement 
is not great at larger currents (Fig . 3) . It is not yet clear whether 
the improvement for the D is due to the shape directly , or to the change 
in the current profile that is required to give the same q profile as we 
used for the racetrack. More exotic shapes , particularly indentation may 
improve this further stil l; certainly t he ballooning linits should 
improve. 
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'!he n = 0 axisymmetric mode and the n = 1 free boundary kink mode 
impose important constraints on the current configurat ion of Tbkamak 
plasmas , even at low ~ . 'Ihese contraints become more severe as the plasma 
cross-section is elongated in the vertical direction. 

The n = 1 kink manifests itself in the form of various instabilities. 
These can be classified on a (q0 ,qs) oper ational diagram. We show how t he 
stable operating regime of racetrack- shaped Tbkamak plasmas varies with 
elongation at low ~. The n = 0 mode can be stabilized by an active feedback 
system with a nearby conducting wall, but the proximity of the wall is 
l imited by tech~ological considerations , so this further restricts the 
stable operating regime. 

I ntroduction 

~timization studies, which are used to determine the max i mlll\ ~ that 
can be acheived within the constraints imposed by ideal MHO stability in a 
particular Tbkamak comfiguration , require a knowledge of the stability 
proper ties of the configuration at low ~ so that current-driven ideal MHO 
instabilities can be avoided from the outset. However , little is known 
about the kink stability of elongated plasmas so this must be determined as 
a first step to a ~ optimization study . The results of our study can be 
conveniently SU!llllarized on an operational diagram showi ng the marginal 
stability boundaries in a (q0 ,qs) space, where q0 and qs ar e the safety 
factor values at the magnetic axis and the plasma surface respectively . 

Axisymmetric modes are also important for elongated cross-sections, 
and , although these can be stabilized by a combination of conducting shell 
and active feedback , the proximity of the wall is limited, thus imposing 
further restr i ctions on the plasma profiles. In general , axisymmetric 
stability requires a sufficiently broad current profile; a sufficiently low 
ratio qg!q0 , whe:eas , for kink stability , this ratio must be sufficiently 
high . It i s therefore important to determine if there is a r egion of the 
parameter space that i s stable to both types of mode. 

We consider the stability of a class of racetrack-shaped cross-section 
plasmas and show how the operational diagram changes with elongation and 
that , at large elongations, it becomes increasingly difficult to satisfy 
the stability constraints . A number of deformations , notably triangulation 
and indentation are also considered and compared. 
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n = 1 Kink Stability 

The case of a circular cross-section TOkamak has been treated 
previously [ 1) and the s tability can be summarized by the requirements that 
q0 > 1 to avoid toroidal kink modes ( 1), qs > 2 to avoid n = 1 m= 1 kink 
modes and <is/qo > a(qo )qo, where 1 < a < 2 depends on the current 
prof ile, to avoid higher m (and n) surface kinks. As the elongation is 
increased up to 2: 1, this picture remains essentially unchanged, however, 
for el ongations greater than 2.0, a new instabil ity emerges which 
progressivley restricts the stable operating domain. The new instability is 
the q = 2 counterpart to the toroidal kink; it i s unstabl e for qQ < 2 and 
has the str ucture of a kink mode inside q = 2 wi th a large kinetLc energy 
contribution in the vicinity of the q = 2 surface and little mot ion near 
the plasma edge. In fact, in this case, the mode appears to be truly 
internal. As q0 approaches 2, the mode becomes l ess and less localised 
about t he q = 2 surface. We call this mode a "q = 2 toroidal kink". Similar 
instabilities occur for q0 < 3 and higher . 

A: Wall at Scm 

B : Wall at 4cm 
C : Wall at 3 cm 
0 : A114 walls a t 4cm 

Fig . 1 . N=1 kink and axisymmetric stability 
operating d iagram . 
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The unstable region is shown on the operational diagram in Fig. 1 for 
the case of a 2.5 : 1 elongation racetrack plasma with aspect ratio 4.4. 
fbr the study described by this figure, we have used a family of current 
profiles, characterized by quite flat q profiles near the center and high 
shear only near the edge. The unstable region is somewhat profile 
dependent, varying with variations in the l ocal shear of the q profile, and 
for some cl~sses of current profile; those with more shear in the central 
region (but the same (q0 ,qs)), the stable region can vanish for %<3. 
fbr elongations greater than 3, we have not yet been able to find any 
stable region, haHever, this does not preclude the possibility if the right 
profiles are found. 

Axisymmetric Stability 

Previous studies [ 2) have shown that elongated racetrack plasmas can 
be stabilized by a reasonably close side wall and the top and bottom walls 
removed to a relatively large distance. This is the scenario envisaged for 
the Lausanne TCV Tbkamak for which current designs allow elongations 
ranging from 1.0 to 4.0 in the same vessel. In Fig. 2, we show the maximum 
side wall distance dmax that is allowabl e for axisymmetric stabi lity, at 
various values of (q0 ,qs) , as a function of elongation E. Note that 
dmax becomes relatively insensitive to E for elongations E > 3 and even 
increases slightly. This is because the top and bottom walls begin to 
contribute to the stability at elongations E > 3. 

The unstable regions for various wall configurations (3 cm, 4 cm and 
5 cm and all four walls at 4 cm) are indicated on the operational diagram 
of Fig. 1 forE= 2.5. In particular, with a side wall at 4 cm or more, the 
stable region for q0-1 2 < qs <3 is inaccessible. Nevertheless, if the 
side wall is less than 4 cm away, the high current region opens up and, if 
the top and bottom walls are also moved to within 4 cm, a substantial 
region is accessible. The TCV design in fact envisages that the stabilizing 
influence of the bottom wall is available in a non-synrnetric 
configuration . Note that axisymmetric stability does not impose any 
constraints on the stable operating windows for q0 > 2. 

Conclusi on 

The n = 0 axisymmetric and n = 1 kink modes can impose quite sever e 
constraints on the parameters at which an elongated Tbkamak (E > 2) can 
operate in a stabl e configuration . Nevertheless, for elongations up to 
E - 2.5, s table windows are accessible and, in particular, high current 
operation is possible with q0 - 1 and qs - 2. (For a Tbkamak of 80 cm 
major radius, aspect ratio 4.4 and toroidal field 1.5 T, this corresponds 
to 730 kA. ) The stable windows can probably be widened further by a more 
judicious choice of the detailed q (or current) profiles. Furthermore for 
other elongated cross-secti onal shapes the operational diagram can have a 
completely different character, for example, with a D-s haped modification, 
the unstable region for q0 < 2 vanishes completely for qs > 3 but it 
closes up completely when % < 3. This may prove more desirable if high 
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current operation is not necessary. Axisymmetri c stabil ity is also 
improved. With indentations i n the poloidal cross- section , it appears that 
t he stable windows for k < q0 <k + 6 (k integer ) are r eplaced by s table 
wi ndows for k + 61 < q0 < k + 62 • Combinations may t herefore a l so prove 
effec t ive. 
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INTRODUCTION 

Dimensional i ty analysis of experimental series of data has revealed a new 
powerful l t ool for a deeper understanding of turbul en t physical systems . The 
analysis of theso-called strange attractors provides a tool to identify the 
frac tal dimension v of a time series . This f rac tal d imension is associated 
with the number of indipendent processes which charac terize the system , and 
i f it exists, it provides a distinction between deter mi nist ic chaos and 
noise / 1 I . Here it is used the well known definition of ~ as t he lim R + 0 
of the ratio (d log C(R))/(d log R); C(R) • 2/((N-1 )N) ·~. H(R -I Xi - Xj I ) 
where H is the heaviside function and Rj · = IX'i - xi l is\he Euclidean norm 
between all pairs of Xi whose component~ are the values of the single time 
series signal at D different de l ayed times : xi =I Xi , Xi+M, Xi+2~h .. xi+(D- 1)Mj 
D is the so-called embedding dimens ion and M is the delay time f actor . In 
the context of fusion r esear ch this method has been applied previously to 
the study of fluctuations on DITE, RFP , TOSCA and JET /2/ , /3/ , /4/. The 
present analy GiG exploits the poloidal divertor cnnf i vtr ations of ASDEX and 
its strong additional heating power which give it access to the new favour­
able H-confinement regime and allow it to approach MHD Beta limi ts /5/ . As 
a consequence a wider variety of fluctuation phenomena are observed by 
Mirnov coi ls and soft X-Rays diagnos tics /6/ . 

CHOICE OF DIAGNOSTICS AND DISCHARGE PHASES 

Different phases of a typical high power NI-heated discharge are analyzed . 
The important time t races of this discharge are shown in fig . 1. (Actually 
four shots are used of the same series becaus e of the high time-resolution 
diagnos tics (250kHz) recovered over different shots , 018041 , #18040 , 
# 18026 , 0 18039 . ) The anal ysis i s concentrated on the characteristic phases 
indicated in the same fig . 1. For comparison also an L- discharge is ana lyzed 
(#18024) . Diagnos t i cs used for characterization of the ~rnD fluctuations were 
soft X-Rays and ~irnov coils . For present analysis 5 s i gnals are considered: 
SXF and SXJ which are centra l X-Rays signal (q < 1); SXL and SXA which are 
peripheral X-Rays signa l s (q > 1) and A8SSW which is a ~lirnov s ignal f r om a 
coil located externally in the equatorial pl ane of the ASDEX torus . 

In general 10 windows of 8 ms each corresponding to 2000 data ·a r e taken and 
analyzed for each shot in order to give account of dif ferent physica l phases 
and to have enough data (at least if the dimensionality i s low) . For some 
specific situations, the windows cou l d be taken different, for a better de­
finition or much longer in order to have a bette r establishment of dimens i o­
nality or to distinguish between noise and chaos . 
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If the dimensionality is l ow it is found indipendent of the number of data 
from 1000 to 10000. Also for the delay time it is found a range of indepen-
dence of results with 5 ~ M~ 10, for N: 2000 (e.g.) , but in general 
M : 5 is taken. 

ASDEX RESULTS 

According to the preceding definitions results are presented phase by phase. 
During an H-shot one can distingu ish approximately four phases: They are 
shown in fig. 1 on the bottom border . 

Phase 1: Deep L-phase , after additional NI heating and before L+ H transi­
tion . Combined results from 018041 and 018040 . 

SXF: Y~ 1 at the beginning and then increases to I'~ 2 through splitting of 
dimensionality: V - /1.221 

0.8 } 

SXJ: v~ 1 at the beginning and then increases to V v 2.25 through splitting 
of dimensionality: v -n:H j 

SXL and SXA: V · 1 

A8SSW: value of dimensionality 2.25~ Y <: 3.5 

A S D E X ~ stH.ESSE •e- 2 SEC 

Z~lt Datum Schuss Dlagn. Signal 
13.54.33 14-1'()\1-85 18039 31 FD<O 

Massstab Faktor U>t. Glttg. OHs 
1.667 e.30e£+e1 ~ss.e e e 

Fig. 1 shows some inportant parameters during a typical H- shot: NI is the 
neutral injection interval, FDKO is the signal connected with H,( 
activity which points the L -t- H transition (indicated with an arrow) 
and BETAT behaviour. In the bottom side the four phases of the ana­
lysis are reported. 
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Phase 2: After L+ H trans1t1on, toward maximum BETAT . 0 18040. H-phase be­
gins with sawtooth in edge region and fishbone like signal in 
central region . 

SXF: Y- 3.3 

SXJ: "'~ 0. 75 

SXL and SXA: V· 

A8SSW: V- 3.5 

Phase 3: From BETAT maximum toward stationary phase with constant BETAT. 
#18026. 

SXF: y begins with value -- 1 and then increases up to V- 3. 6 

SXJ: Y- 3 

SXL, SXA: V- 1 in presence of well pronounced sawteeth 

A8WNW: 2. 6 ~ Y < 3 . 5 

Phase 4: Stationary H-phase at reduced but constant BETAT.#18039. 

SXF: y. 1 and after 2 .5 .: Y < 3,.5S Presence of a splitting of dimensio-
nality at th e beginning Y -l ~ : 75 J 

SXJ : noise 

SXL: >'• 0.85, SXA: Y- 1.2 with well pronounced sawteeth (fig . 2 and 3) 

A8SSW: y- 3. 75 

In comparison an L-shot was considered (BETAT max- const.) #18024. In ge­
neral the s ignals are very noisy and no definite values of dimensionality 
can be given. 

137 
A S D S: X- SCH..ILSSEbltfrnshl" : T•tn• t.]S(l) Tu.• 1.3669 ·~ 2 SEC: 
Ztll O.tUII Xhun Dle9". Sl!f1el Hussteb rMtOI'" lht. Clt\5. OHs 
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Fig . 2: Signals t r aces of two X-Rays chords during a time-window of 16 ms . 
SXA, the edge chord, shows definite sawteeth, while SXF, the core 
chord , exibits a fishbone-like structure. There seem to be no corre­
lation between t he two signals. 018039 
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Fig . 3: 
Dimensionality analysis for chord SXA sig­
nal . Same shot as in fig. 2 but for a longer 
period of 40 ms corresponding to 10000 data 
points . The result is identica l for 1000 
data point due to the very low dimens i ona­
lity. H=S is the delay time factor chosen . 
The embedding curves are simply connecting 
50 calculated points (10 per decade) . Loga­
rithms in base 2 are used . The straight 
lines which show the D-depending slope ·are 
constructed with the least mean square 
method, starting from the same calculated 
points. In the square window the slopes, 
that i s the gradients of the embedding cur­
ves as functions of embedding dimensions D 
are r eported . The asymptotic saturation 
value of the slope is the dimension. 
v~ 1. 2 in this case. 

The MHD activity present in ASDEX NI heated divertor plasma configurations , 
has in general a low dimensionality : v < 3.75 . Signals with a non-strictly 
convergent saturation slope are ascribed to noise. 
The edge soft X- Rays signals show a very low dimensionality: v- 1 during all 
phases . 
The central soft X-Rays signals, in general, develope a higher dimensiona l ity 
passing from L to H-phase and 1 < Y <: 3. 5. 
The Mirnov coil signal seems to have an higher dimensionality in respect to 
other signals during .. u phases with 3 <.: V < 3 . 75. 
In compari son the L-shot shows no information from edge signals and centr al 
signals because of their noi sy- like structure. 
Thus i n general t he ~ffiD activity is characterized by fractal dimensional ity 
associated with strange att ractors . 
The system seems to be characterized by two subsystems: a core regicn where 
at the end of the evolution a minimum of four indipendent processes is neces­
sary , and an edge region where for the most of time a unique variable could 
be enough to char acterize the system evolution reminding the theoretical ex­
ample of the non- linear logi stic map . 
In some cases the central soft X-Rays signal splits into two di fferent value 
of v. An X-Ray signal is an integrated information that is it t akes into 
account both central and edge X- Ray emission . Two different values of di­
mensi onality should indicate that the two subsystems are physically indipen­
dent /7/. 
It is to be noted that a y = 1 dimensionality value is obtained also in JET 
/3/ , when soft X- Rays diagnostics exibits sawtooth activity. 
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ELECTRON HEAT TRANSPORT IN A STRONGLY MAGNETIZED PLASMA 

Aldo Nocentini 

The NET Team , c/o Max-Planck-Institut fur Plasmaphysik , 
Boltzmannstrasse 2, 8046 Garching bei Munchen 

Electron heat transport due to binary Coulomb collisions in a 
magnetically confined plasma has been widely studied . For toroidal 
plasmas this has l ed to the derivation of the "neoclassical electron heat 
conductivity", which , as is well known, in tokamaks is disproved by the 
experimental results , with respect to both its order of magnitude and its 
parametric dependence. It is pointed out here that the parameters of the 
tokamak plasmas studied experimentally are beyond the range of validity 
of the neoclassical electron transport theory . In fact, the usual 
assumption on which the neoclassical theory is based is that a binary 
Coulomb collision is a local (in space and time) change in the velocity 
of the two colliding particles . Actually , this assumption is a good 
approximation only if the Larmor radii rL of the par ticles are much 
larger than the Debye length AD • In actual experi ments in tokamaks this 
condition is full filed by the ion population, but not by t he electron 
population. In fact, one has 

rL/AD • k IN(1013 cm- 3 )} 112 
I 8(5 tesla), (1) 

where k • 0 . 20 for electrons and 8 . 7 for protons. Hence, in order to 
apply the theory to the experiments, one has to take into accoJnt what 
effect the presence of the magnetic field has on the dynamics of 
electron-electron collisions . 

The properties of "binary drift collisions" among electrons, i.e. 
elect ron-el ectron scattering due to mutual electrostatic repulsion in the 
presence of a •strong" magnetic field (i.e . in the zero Larmor radius 
limit) are di scussed here. It is shown that in plane geometry dr 1ft 
collisions among electrons lead, in the case AD > rL~ , to electron heat 
conductivities completely different from those of the usual theory based 
on binary Coulomb collisions /1/ . In particular , for parameters which are 
typical of the plasma in front of the wall in tokamak experiments 
(N • 10n particles/cm3 , 8 • 5 tesla, T • 100 eV) the value of the 
perpendicular conductivity turns out to be much larger (by two orders of 
magnitude) and the value of the parallel conductivity of the 
perpendicular energy much smaller (by two or ders of magnitude) than the 
corresponding classical val ues. These results s houl d be taken into 
account in determining the transpor t properties of magnetically conf ined 
plasmas. Their consequences for tokamaks, a more detailed treatment and a 
comparison with preceding work /2/ are presented elsewhere /3/ . 

Firstly, we describe an electron-electron scattering event in the 
presence of a uniform , constant magnetic field (which we assume to point 
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in the z-direction) in the zero Larmor radius limit. The origin of our 
reference system is put in the center of mass of the two electrons. Let 
the distance p of the two lines of force on which the electrons lie 
before the collision (at t+-m ) be called the "scattering parameter" , and 
their initial (at t+-m) parallel speed (the parallel velocities being 
clearly opposite to each other) be denoted by v~. As far as the parallel 
(to B) direction is concerned , the two electrons move towards the z•O 
plane, slowing down under the action of the parallel component of their 
mutual electrostatic repulsion. If mv! < e~/p (where e and m denote the 
electron charge and mass, respectively), they are reflected before 
reaching the zaO plane and return toward the region they came from, 
accelerating again. If mv! > e 11p, they pass the zaO plane and continue 
accelerating always i n the same direction. As far as their motion in the 
plane perpendicular to B is concerned, they drift around the z-ax!s, in 
the positive direction, lkeeping their distance constant, under the action 
of the perpendicular component of their mutual electrostatic repulsion , 
Le. with velocity vi>£ - cE.L. /B, where c denotes the speed of light and E 
the electric field. At the end of this binary "drift collision" (at 
t++m) each electron has rotated around the z-axis by the angle 

where z( t ) denotes the (common) distance of the electrons from the z• O 
plane at the instant t. 

Hence, an electron-electron drift collision, i n the laboratory system, 
causes an orthogonal (to B) displacement of the two particles (with 
conservation of tne perpendiCular coordinate of the center of mass) , and , 
possibly (if the paral lel component of their relative velocity before the 
collision is smaller than 6v0 • 2etliiiii>, an exchange of their parallel 
velocities (while the perpend icular energy is conserved). A collision 
operator describing tnis would be non-local, hence essentially different 
from the collision operator of the classical (and neoclassical) transport 
theory. 

The perpendicular (to B) electron heat conduct! vi ty due to electron­
electron drift collisions is now evaluated for a plasma in thermal 
equilibrium, embedded in a uniform magnetic field and characterized by 
A

11 
> rL*- • The evaluation is .based on the simple stochas tic argument 

which, for the perpendicular electron heat flux q~, leads to the formula 
q"' • Nx~ V.L. T (where N and T denote, respect! vely, the number dens! ty and 
temperature of the electron population), where 

denotes the perpendicular electron heat conduct! vi ty. In eq . ( 3) the 
label 1 is used for the target particle, vu, • l'f7iii denotes the thermal 
speed of electrons , f denotes the (Maxwellian) electron distribution 
function and 6r.L. denotes the (orthogonal to B) dis placement of the 
particle 2 due to its drift collision with particle 1. 
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Equation (2) determines ~r~ . An approximate expression for it, for p i 
l 1p can be obtained by multiplying the " interaction time" 2 p/ I v11 - v111 I 
by the typical drift velocity ce/Bp1 to yield 

( 4) 

The evaluation given by eq. ( 4) is valid if I Vu - v111 I ~ 2e//iiiji and 
~r~ < p. The first condition is taken into account in the integration in 
v1N excluding the interval in which eq. ( 4) does not hold. The second 
condition is , in practical cases, much weaker than the condition p > ~e• 
which has to be taken into account to justify the use of the drift 
approximation for the electrons in the bulk. Fr om eqs. (3-4) it is seen 
that the main contribution to x~ comes from drift coll isions between 
electrons whose parallel veloci tie5 are such that during the collision 
they hardly pass each other in the parallel direction. Integrating over 
the velocities then leads to an integrand which depends on p as 1 1/P, 
showing that the main contribution comes from electrons ha•1ing the 
largest scattering parameter. This raises the problem of the convergence 
of the integral, due to the long range of the Coulomb interaction. Note 
that the divergence is here stronger than the logarithmic divergence of 
the classical case of Coulomb collisions in the absence of a magnetic 
field, hence the dependence of the result on the upper limit of 
integration is here stronger then in the cla5sical case. Cutting the 
integral on p at p • l 0 , we eventually get 

xf<cm2/s) • 30 {N(1o13 cm-3)]314 {T(100 eVl) 114 {B(5 tesla) r 2 , (5) 

which should be compared with the classical value x~ • 0. 4 HT-1 12e-2 

(where the same units have been used). 

The parallel (to B) conductivity of electron perpendicular energy due 
to electron-electron-drift collisions is now evaluated as 

(6) 

where l ,f • {vt.ll { lv~, v~ denoting the collision frequency relative to 
the parallel motion of electrons undergoing drift collisions, namely the 
inverse of the time a particle with parallel velocity vl.n needs to be 
stopped (in the !-direction) by diffusion in the !-velocity space . 

Recalling that the characteristic step in the parallel velocity space 
is j ust {vl.ll - v111 I if {v1.11 - v111 I < tJ.v0 and zero otherwise, using the 
label 1 for the target particle we have 

Vu+ t.vo 

v~ • {v21 { Jdp 21rp J dv11 Jd:::_1.1. f(:::_1) (v2 n -v 11 ) 2 /v~ 11 . (7) 

v1.N-6Vo 

Integrating over the velocities again leads to an integrand which 
depends on p as 1 1/P, showing that the main contribution comes from 
electrons having the largest scattering parameter, Again cutting the 
integral at p • l

0
, we eventually get 
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The exponential dependence of vPt on v21 is a consequence of the fact 
that an electron collides only with the electrons which are almost at 
rest with respect to it. Then, the integrand in Eq. (6) diverges for 
v2. 11 .. ~. Cutting the integral where the usual Coulomb collisions start 
t o compete with the drift collisions (typically at v2 11 /vth • 4), the 
parallel conductivity t urns out to be 

D.L 2 x1 (cm /s) • (9) 

which should be compared with the classical value x; • 1. 4 1012 T512 /N 
(where the same un its have been used) . 

It should be noted that these results, eqs . (5) and (9) , are only 
qual! tat! ve. In fact, their reliability suffers from the many 
approximations made to obtain them. first of all , the fact that the main 
contribution comes from particles having large values of the scattering 
parameter necessitated the somewhat arbitrary assumption that An is the 
maximum allowed scattering parameter, in order to obtain a finite result . 
The second i mpor t ant approximation directly affecting the numerical value 
in eq . (9) comes from the evaluation of the parallel velocities above 
which the diffus :on in the parallel-velocity space due to the usual 
Coulomb col lisio~s is stronger than that due to drift collisions . 
finally , as far as the relevance of these results to actual situations is 
concerned, we have to note that in most of the present tokamaks the basic 
condition of appl icability of the descr iption presented here , An >> rL&' 
is only fullfiled near the wall, while in the center it. is often only 
marginally fullfiled, if at all . 

finally, we briefly discuss the influence of the magnetic f ield on 
electron-ion coll i sions . As has been seen, the mai n contr ibution of drift 
collision comes from the interaction of particles having very small 
relative parallel velocity . In typical cases , t his velocity is much 
smaller not only than the electron thermal speed, but also than the ion 
thermal s peed. Hence , electron-ion collisions are of the drift type (for 
the electrons) only for the very few electrons having parallel speed of 
the or der of, or less than , the ion thermal speed , colliding with the few 
ions having perpendicular velocities much smaller than the ion thermal 
speed . Hence , we expect that , i n typical cases, their inclusion s hould 
not modify the classical theory based on Coulomb collisions . 

A useful discuss ion with r. Engelmann is gratefully acknowledged. 
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CENTRAL MASS AND CURREm' DENSITY MEASUREMENI'S IN 'IOKOMAKS USING 
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We report on the use of global m:xles of the Alfven wave to obtain 
information on the central mass and current density in t~-.0 tokamaks - 'ICA 
and PETULA. 

Introduct ion 
For many years the global eigerunodes of both the Alfven wave and the 

fast compressional wave have been used as a diagnostic of low temperature 
plasmas. However their exploitation for the diagnosis of tokamak plasmas 
has been minimal. Global m:xles of the fast wave have frequencies that 
reflect global parameters, such as the average mass density, and , as their 
popular name "cavity m:xle" implies , their frequencies are sensitive to the 
boundary conditions. Even less attention has been given to global m:xles of 
the Alfven wave since it was firmly believed that they only could be excit­
ed close to the ion cyclotron frequency wci , hence the name Ion Cyclotron 
Wave. This belief was overturned by the early AWH experiments on TCA which 
revealed well defined peaks in the antenna loading spectrum at frequencies 
just below the thresholds of shear Alfven wave continua, even at values of 
w/wci<0 .1[1]. A more careful examination of mhd theory indicated that 
such global modes , labelled as the Discrete Alfven Wave (DAW) , existed at 
this low frequency due to the presence of the plasma current. This fact and 
its close association with the continuum threshold , which is usually de­
fined by parameters at the centre of the tokomak discharge, makes the DAW 
interesting as a tokamak diagnostic [2 ,3] , particularly to have access to 
information froo the core of the discharge, such as the central current 
density , which is often difficult to obtain. In this paper we give a very 
brief theoretical background to the information available froo the DAW 
spectrum and describe the experimental installation on two tokamaks - 'ICA 
(a=O . 18m, R=0.61m, ~=1.5T) and PETULA {a=O . 17m, R=O. 71m, ~=2.8T). we 
present measurements of the effective mass Aeff(O) made during impurity 
puffing experiments on 'ICA and estimates of q(O) over a variety of dis­
charges. From PETULA we present preliminary measurements intended to eluci­
date behaviour of the central current density during LHCD. 

Theoretical Bac~round 
The shearfven wave continium can be defined for a tokomak plasma in 

the large aspect ratio approximation as 
wA(r) = [ 1/vA2 (r) k 12 (r) + 1/wci2 J-112 (1) 

where vA(r)=~[lloP(r)]l/2 , kl {r) =[n+m/q{r)]/R and n, m are the 
toroidal and poloidal wavenumbers. The continuum threshold "'rnin is 
defined by the minimum value of eq.(1) which is usually associated with a 
radius close to the magnetic axis . We are interested in t he first raciial 
eigenm:xle of t he DAW spectrum which occurs at a frequency w1 <Wmin· 
Naively we can assume that wl-"'rnin-wA(O) and see from eq.(1) the 
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dependence of w1 on both p(O) and q(O). In reality the separation 
llw=wl--wmin also depends on q( 0) as well as the ratio w/wci and the 
actual profiles of p(O) and q(O) near the axis. While sane analytic 
approximations exist to predict llw for restrictive conditions we prefer to 
calculate w1 directly. We remain in cylindrical geanetry and restrict 
ourselves to mhd theory with inclusion of ion cyclotron effects. '!his 
theory has proved a:lequate in predicting 01\W frequencies even for those 
mcxles that are excited indirectly by toroidal coupling [ 4]. 

Experimental Description 
Prev1ous stUd1es of the DAW spectrum on TCA have used the AWH antenna 

structure and the high power generator with its restricted frequency 
range ( 5 J. For diagnostic purposes we use an antenna consisting of t wo par­
allel bars, separated by -10cm, which encircle a poloidal qua:lrant either 
at the bottom of the plasma (TCA) or on the outside (PETUIA). A 200 W am­
plifier provides 1-5A of antenna current via a wideband matching circuit, 
while detecti.on is made 18Cf' toroidally from the antenna with a magnetic 
field probe close to the vessel wall and protected by a ceramic tube. A 
heterodyne detection system allows adequate signal-to-noise with less than 
10W coupled to the plasma. A typical scan of 2-10MHz in PETUIA is shown in 
Fig.1. 'lhe peaks of the 01\W spectrum can be identified by both the 
amplitude and phase relative to the antenna current. 'lhe toroidal field 
canponent ~ is used since it is least sensitive to the localised waves 
that the antenna can . excite in the scrape-off. varying the electron density 
between discharges and scanning the frequency during 30-70ms allows us to 
plot the DAW frequencies as a function of line-averaged density, shown in 
Fig.2 for deuterium discharges in TCA (IP.=125kA) and PEmJIA 
( Ip=147kA). Also shown are the theoretical frequencies for constant m:XIel 
density and current profiles. In rrost cases we have found t he dominant 
peaks to have wavemrnbers m=-1 and n<O since we restrict ourselves to 
w/wci<0.5 . · 

Of rrore interest is the variation in the DAW frequencies. In Fig.3 we 
illustrate the sensitivity of the technique to variation in central plasma 
parameters during sawteeth activity in TCA. In this case the frequency was 
swept slowly over an extremely narrow frequency range to enphasize the 
change of DAW frequency as revealed by the detected phase. TO follow a peak 
we can either sweep the frequency rapidly (in typically 5rns) over a narrow 
band around the nominal value, or use the phase information from the detec­
tor to track the peak , with a bandwidth up to 10kHz. I n Fig.4 we show pre­
liminary results for several peaks measured during IRCD at 3. 7GHz in 
PE'IUIA. 

Effective mass during impurity puffing 
Inject1ng a low z 1rnpunty 1nto a hydrogen plasma changes the effec­

tive mass Aeff=LlliAi from a value close to 1.0 up to a maximum near 
2.0 for fully stripped impurities. '!his lowers the 01\W frequency w1 by 
decreasing the Alfven velocity vA and introducing lower ion cyclotron 
frequencies wci . calculating the dependence of w1 on inpurity concentra­
tion produces the empirical scaling law illustrated in Fig.5. For the mag­
nitude of frequency variations in this case, small variations in the pro­
files p(r)/p (O ) and q(r) have minimal effect. '!he use of several peaks 
increases the accuracy of the measurement. In Fig .6 we show the derived 
value of Aeff(O) for discharges in TCA where the electron density was 
increased by a factor >3 by the injection of nitrogen. For comparison we 
also show the val ue of Aeff(O) as a function of density in "pure" hydro-
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gen discharges and a predicted curve for Aeff( O) if all the increase in 
electron density is due to nitrogen. Clearly the injection of nitrogen a l so 
causes an increase in h~rogen density. Such behaviour is confinned by 
measurements of the radiated power profiles. We note for the future that 
since tritium has an anomalous A/Z=3 this technique offers an accurate way 
of measuring the D-T mixture as a fusion discharge evolves. 

Central current density in Ohmic dischar~es 
We present 1n Flg. 7 the variation ln J:l.l\W frequency as a function of 

plasma current in deuterium discharges in '1\:A (Aeff=2.0). As both q(O) 
and the profile q(r) can be modified by a change in Ip we have calculated 
the expected dependence for a crude variety of model profiles. FIR 
interferaneter measurements indicate a peaking of "e( r) as I is 
reduced so t his has been included in the calcul ations. An estimate o'? q(O) 
can be made with an uncertainty expressed as being related to q(0. 5). Once 
again the use of several peaks i ncreases the accuracy. In particul ar low- n 
OAW ' s are generally more sensitive to changes in the current profile t han 
those of higher toroidal wavenumber. In Fig. 8 we see t he variation in DAW 
frequency at a constant value of Ip but with different values of ip. 
Peaking of the current profile at negative values of ip is reflected 1n 
an increase in frequency. 
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We report the attempt to use the 16- point ND- YAC Thomson scattering device 
on ASDEX (Fig. 1) for measurements of plasma radiation profiles as well. The 
system offers the possibility to measure three spectral ranges simulta­
neously: 780 - 880 nm, 900 - 970 nm and 985 - 1020 nm. 

The plasma light can be analysed in two different ways: 

As the Thomson scattering system is only transparent to high- frequency 
signals because ot the AC coupling ot the avalanche diodes, direct measure­
ment of the plasna light calls for a fast chopping technique. This is 
achieved by a special chopper wheel (Fi g . 2) in front of the large observ­
ation lens which interrupts the plasma radiation fast enough (chopper 
frequency 3 kHz) . 

On the othe r hand, without the installation of the wheel, it is possible to 
determine the plasma radiat ion by analysing the radiation shot noise signal 
(Fig. 3) which is necessarily detected during each Thomson measurement. 

Both of t he two possibilities have been applied . T~e first has the advantage 
of delivering the t i me evaluation of r adiation profiles . The installation of 
the chopper whee l in the present form, however, doesn't allow simultaneous 
measurements of the Thomson scattering , and the l~ck of ne, Te profiles 
prevent s direct comparison of the measured radiation with bremsstrahlung in 
t he same discharge. 

The second method yields averaged results during selectable time intervals 
of t he order of a few 100 msec or more . The calibration of the noise signals 
i s done by illumi nating the avalanche diodes by LED ' s with different inten­
sities. Owing to the simultaneously measured Thomson scattering profiles 
this method allows comparison with act ual bremsstrahlungs profiles . 

!Academy of Sciences , Leningrad , USSR ; 2present address : JET Joint Under­
taking , England ; 3univ . of Washington, Seattle , USA; 4cEN Crenoble , France 



The two methods show rough agreement of the brightness profiles, which are 
nearly the same in the 3 spect ral channels . In both cases the signals show 
relatively large statistical errors. The reason is the relatively weak 
plasma radiation in the infrared and the poor transmission of the elec­
tronics even at a chopper frequency of 3 kHz, on the one hand, and the small 
amplitude of the noise signal s, on the other hand . 

The absolute calibration of the measured plasma radiation can be done by 
comparing the signals with Thomson scattered signals in combination with the 
corresponding electron densi t y and temperature . As the same observation 
syst em is used for Thomson scattering and plasma light measurements , only 
laser power in the observation volume and the length of the scattering 
volume must be known additionally . 

Another method of Zeff calibration is comparison with values gained by using 
the measured electron temperature profiles in conjunction with classical 
resistivity for well-defined ohmic plasmas. 

As an example, we show the brightness and Zeff profiles before and after 
pellet injection in ASDEX. Figure 4 shows the time behaviour of the central 
electron density measured simultaneously by Thomson scat tering. About 12 
pellets are injected into the discharge between 1.4 and 1.8 sec. After 
pellet injection the density keeps the high value for about 0.3 sec without 
any gas puffing. Figure Sa shows the Abel-inverted radia tion profile aver­
aged over the 3 spectral channels in the ohmic phase (averaged from 0.5 -
1.3 sec), and Fig. Sb the profile in the high- density phase from 1.7 - 2.0 
sac. The radiation incre~ReR hy ~ f~ctor of more than 20 and scales as n2f/1: 
(bremsstrahlung). The scaling already indicates that there is no essential 
change of Zeff due to pellet injection. The corresponding Zeff profiles are 
shown in Fig . 6a,b. 

The results show that combined measurement of Thomson scattering and plasma 
radiation profiles is possible and reasonable. In a new system, e.g. for 
ASDEX Upgrade, we include this method by adding a second exit with de­
coupling for measuring plasma radiation directly without the complications 
of high- frequency coupling. 
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PERIODIC THOMSON SCATTERING DIAGNOSTIC WITH 16 SPATIAL CHANNELS ON ASDEX 

D. Meisel, H. Murmann, H. Rohr, K. -H. Steuer , G. Becker, H.S . Bosch, 
H. Brocken, A. Eberhagen , G. Fussmann,O. Gehre, J . Gernhardt , G. v. Gierke, 
E. Glock , 0 . Gruber , G. Haas, J . Hofmann , A. I zvozchikov l, G. Janeschi t z, 
F. Karger, M. Kei l hacker2 , 0. Kltiber, M. Kor nherr, K. Lackner, M. Lenoci, 
G. Lisitano , F. Mast, H. M. Mayer, K. McCormick , V. Mertens , E. R. Mtil l er2, 
H. Niedermeyer, A. Pietrzyk3 , W. Poschenrieder, H.Ra~p, J . Roth, F . Ryter4-
F. Schneider, C. Setzensack, G. Siller, P. Smeulde r s , F. X. So ldner, 
F. Wagner, D. Zasche 

Max- Planck- Ins titut ftir Plasmaphys ik 
EURATOM As sociation, D-8046 Garchi ng 

The Nd-YAG Periodic Scattering System (PSS) was deve lopped in teamwork with 
IPF of Stuttgart-University . At first a PSS with only one spat ial channel 
was successfully tested in the ASDEX- Tokamak in 1982 / 1/ . Subsequent ly an up­
gr aded system wi th 16 s patial channels was constructed. Thi s new sys t em is 
capable of measur ing Te, Ne-profiles at 17 ms intervals dur ing the entire 
ASDEX- Tokamak- di scharge . 
The PSS has been working s uccessfully for the last one and a half years as 
a s tandard diagnostic method in t he ASDEX- Tokamak. This means, that t he mea­
surement i s being automatically performed during all plasma-discharges . The 
Te- and Ne- values ar e stor ed in the ASDEX-computer a nd ever y user has the 
possibility to get the Te(r,t ) , Ne(r , t)-data for his own needs . 

The main purpose of the PSS at present time in the ASDEX is the determination 
of density- and temperat ure-profiles especailly in additional heating (Fi g.3 , 
4 ,5 ) or pellet injection-experiments (Fig. 6) . With respect to the Single­
Pulse- Ruby- Laser-Systems, the PSS has several advantages, the most important 
ones for Tokamak- physics are given below: 

I. No series~ f r e producable discharges are necessary to evalua t e the behav­
ior of Te(r , t) and Ne(r , t). 

2. The combination of Nd- YAG-Laser wi th detectors of high quantum-efficiency 
t ogether with an optics of high l uminosity, l eads to a scat tering device , 
where the photon-noise of the s ignals i s sufficiently small at normal 
Tokamak-densities . The additi onal plasma- light-noise is a l so sma l ler than 
in Ruby-scattering devices, becaus e plasma light is decreasing from t he 
visible t o the I R-region. 

3. The large number of scat t e r ing and background signals can be used to make 
a calculation of the error-bars of the measurements . The PSS can reach a n 
accuracy of about 5 % i n Te- and 3 % in Ne-measuremen t s in t he normal 
Tokamak- regi me. 

4. The detec tor s (Si-Avalanche- Diodes) give an extremely linear res ponse. 
Thus the PSS can work i n a wide r ange without saturation effects, e.g. at 
high densities or high levels of plasma light. Magnetic fie lds do not -in­
fluence the sensiti vity of the diodes. 

In some specia l discharges, the QSS is the only diagnostic method available 
for the reliable evaluation of Te, Ne-profiles , e.g. i n t he slide-awa y-region 
(Fig. 5) or during rapid densi t y variations. 

1
Academy of Sciences , Leningrad, USS R; 2Present address: JET Joint Under­
taking, England; 3univ . of Washi ngt on, Seattle , USA; 4cEN Grenoble , France 
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HAIN . FEATURES OF THE PERIODIC THOHSON SCATTERING SYSTEM (PSS) ON ASDEX 

Laser: 

~ Schematic of the optical set­
up of the QSS. 

The PSS simultaneously measures Te , Ne 
at 16 spatial points distributed over 
3/4 of the diameter of the plasma­
column (from z • -40 cm at the lower 
plasma-edge to z = 20 cm). The sca t­
tered light of every spatial point is 
spectrally divided into three parts by 
a separate polychromator (see Fig. 2) . 
A small fraction of the transmitted 
laser-light is divided into 48 refer­
ence signals in order t o calibrate the 
sensitivity of the detectors during 
the discharges. The main technical fea­
tures of the PSS are: 

Nd-YAG at A= 1. 06 ~m; 400 pulses with 0 . 8 Joule energy and 40 ns duration 
each. Repetition frequency 60 Hz. 

Detectors: 
Si- Avalanche-diodes; quantum efficiency up to 0.9; size 1.7 
1.6 X 10-13 W/IHZ. 

2 
mm ; NEP 

Range of Te- and Ne- measurements of the ASDEX- PSS: 
The PSS is capable of measuring kTe in the range of 150 eV (at the plasma­
edge) up to 5 keV (in the plasma-centre) using two matched types of filter 
polychromators . The l ower density-limit is a few x 1012 cm-3 . This limit can 
be f urther improved by averaging signals wi th respect to time . 

~ Spectral sensitivity of the 
filter- polychromator for the central 
plasma region. The ratio of the signals 
F2/FI is the basis for the calculation 
of kTe up to 1.5 keV ; at higher Te , 
the ratio F3/(FI + F2) is used . The 
sys t em is density-calibr ated by Anti­
Stokes Raman-scattering i n hydrogen 
/2/ . 
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EVALUATION OF TE(r,t ) AND NE (r, t) BY PSS DURING ADDITI ONAL HEATING IN ASDEX 

c" 

0 

~ Three-dimensional plots of Te and Ne of an ASDEX- dischar ge with Neu­
tral Injection (PNI = 3 MW). The behavior of Ne during Neutral-Injection in­
dicates, t ha t the discharge has changed from L- to H-regime . 
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~ Compari son of Te- profiles in an 
ASDEX-discharge during ohmic heating 
and during ICRH-minority heating (deu­
t erium in hydr ogen) with 600 kW RF­
pm~er. 
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~ Te-profile dur ing LH-
heating in ASDEX (open cir cles : 
ohmic profile before RF is 
switched on). 
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EVALUATION OF PLASMA-PARAMETERS DURING PELLET-INJECTION 
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~Density increase of up to 1.5 x 10
14 cm-3 by an 1nJection of a series 

of pellets using a centrifuge . Time-evolution of Ne at different radii 
(Fig. 6a) as wel l as the corresponding Ne- profiles show, that the dens ity 
raise occur s mainly in the plasma-centre, even when the pellet-injection 
has been discontinued . 

The PSS- r esults are the basis for furthe r calculations of plasma- parameters, 
e.g. heat- conductivity of electrons, diffusion-coefficients and so on . Pro­
fi l e measurements , which we have shown in a few examples, are necessary for 
any plasma- simulation by computer-codes or deter mination of the e nergy-bal­
ance of a Tokamak plasma . The PSS can deliver at present technical state the 
wanted parameters in a wide range of discharge-conditions. 

References: 
/ I/ H. Rohr, K.-H. Steuer, G. Schrarnm, K. Hirsch, H. Salzmann, Nucl. Fus., 

Vol . 22, No . 8 ( 1982) 1099-1102. 
/2/ H. Rohr, Phys. Letts., Vol. 81 A, No . 8 (1981) 451 -53 . 
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COMPARISON OF ICRH AND LH ACCELERATED HYDROGEN IONS IN NI HEATED ASDEX 
PLASMAS 

F. Ryter1, H. Bracken, A. Izvozchikov2, F. Leutere r, H. Maaaberg, H.M.Mayer, 
F. X. SB1dner, K. Steinmetz, G. Becker, H. S. Bosch, A. Eberhagen, 
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Introduction 

Max-Planck- Institut fUr Plasmaphysik 
EURATOM Association, D-8046 Garching 

In ASDEX, ICRH /1/ and LHH or LHCD /2/ have been applied separately to NI 
preheated plasmas in the L regime (H0 -. D+, energy EB). The coupling of these 
waves to beam ions (~) have been studied with charge exchange diagnostics. 
Possible synergetic effects are discussed in /3/ . Shots were made with 
EB • 29 keV and Es = 42 keV and in the latter case PNI or PRF were scanned . 

1. Experimental set-up 
Measurements were carried out with two neutral particle analysers. One 
"tangential" analyser (E • 0.1 - 55 keV) viewing opposite t o the NI beam 
direction with the same tangency radius RT at which the beam is injected 
(RT • 145 cm R0 • 165 cm) and with one "perpendicular" analyser (E • 0.5 -
200 keV) which can be scanned vertically. Perpendicular measurements detect 
only particles with V,/V = 0 . Near the edge, however, banana ions are seen 
at the orbit tips . The energy upshift can be better studied in the case Es • 
29 keV because of the uppe r energy limit of the tangential analyser . For the 
29 keV shots a diagnostic beam of hydrogen atoms was injected vertically in 
the poloidal plane of the perpendiular analyser and crossed the line of 
sight of the tangential one in the plasma centre. 

2. Results 
a) ICRH 
The following fea tures are observed with the tangential analyser when ICRH 
is applied: flux increase for E>Es, flux decrease for E<Es (Fig.!). Fast 
atoms are detected in the highest energy channel (47 keV for EB = 29 keV, SS 
keV for Es = 42 keV, Fig . 2) . This signal has a rise time and a decay time 
of 30 ms. The diagnostic beam has no effect on this signal. In the perpen­
dicular direction the active fluxe~show a t ail of fast ions up to 60 keV 
(Fig.3) and passive flux decay time is 30 ms at 40 keV. Passive fluxes at 
the plasma edge (r=a• 40 cm) with Es = 42 keV increase with PRp/PNI (Fig . 4). 

b) LH 
In the tangential direction, fluxes increase for E > Es, fl uxes remain 
constant or increase (10- 20 X) forE< E8 (Fig. 1). Fast ions in the 47 
keV channel, (SS keV for Es • 42 keV) are detected (Fig. 2) . Thi s flux is 
twice as large for <N,> • 4 than for <N,> • 2. The decay seems to consist of 
a fast part (few ms) and a longer one (lOOms). For the Es = 42 keV case, 
only the fast decay i s clearly visible. As for ICRH the active flux is not 

1CEN Grenoble , France; 2Academy of Sciences, Leningrad, USSR; 3present 
address : JET Joint Undertaking, England; 4univ . of Washington, Seattle, USA 
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visible for E > Es· In the perpendicular direction fluxes increase and ions 
are found till 60 keV. The 40 keV fluxes are twice as large for <N.,> = 4 
than for <N.,> = 2 in the centr e and equal at r /a • 0.6. 

3 . Discuss ion 
Under our geometrical conditions (RT(NI) • RT (Analyser) • RT) and with NI 
alone, the tangential analyser r eceives only passing eo-particles ori ginat ­
ing from the maximum of the ion dis tribution for each magnetic surface 
(Fig . 5). This is due to the relation, valid both for injection and detec­
tion: RT/R • v., /v (R is the radius where the C.X. collision happens, V., the 
parallel veloci ty and v the t ot al velocity). Then, for each position R, the 
ion distribution is peaked at the injection angle defined by v.,/v = RT/R 
which is the condit i on which must be fulfilled to receive neutrals from the 
position R. If the waves add pe rpendicular ener gy to some of the ions, a 
part of the distribution function is shi fted to higher perpendicular veloc­
ities and the parallel analyser does not rece ive any more fluxes from the 
maximum for each magnetic surface. If no compensations occur from other 
regions, the signal for E < Es should drop. On the other hand , ions with 
E > Es must be found. They can be detected af ter acceleration and collis i ons 
which place them onto the detection line of the analyser , both geometrically 
and in velocity space . Estimation of the main collision t i mes is given for 
~ ICRH and LH cases for 30 keV ions (ne = 5 • tol3 cm- 3, Te = 1. 5 keV and 
ne = 1. 5 • to l 3 cm-3 , Te = 1 . 5 keV correspondingly): 

ICRH 
LH 

slowing down on e 

25 IllS 

60 ms 

goo scattering 

50 ms 
115 ms 

1s to lOO ms 
1s to 100 ms 

These characteristic times as well as the confinement define the decay time 
of the signal after t he RF lurn off . 
For the perpendicular analyser a general f lux increase is expected. Tite 
experimental results show that both ICRH and LH waves add perpendi cular 
energy to ions which are clearly accel erated to high energies and neverthe­
less remain confined as discussed in the following . 

a) ICRH 
Ions which fulfil the r elation fliCRF(R) - 2flCH • k., .v., can be accelerated in 
the perpendicular direction. It happens in the resonance layer (R = Ro ± 4cm) 
if they have v., = 0 . Some of t hem can be banana ions having their orbi t tips 
in the resonance layer /4 ,5/. Ions can be accelerated outside of the 
resonance layer i f they have enough v., to fulfil the relation given above . 
These are passing or banana particles with large v., / v • Taking into account 
the k., spectrum of t he wave, we cal c ul a t e that acceleration is possible till 
r = 12 cm for E., • 29 keV and till r = 18 cm f or E., = 42 keV . Therefore beam 
i ons {passing particles) can be directly accelerated only outside of the 
r esonance layer. Beam ions first scatter to larger v~/v., before they can be 
accelerated in the resonance layer . Experimentally it i s shown by the 
absence of active flux (v., • 0 . 85 v) in the tangential a nalyser: I CRH does 
not affec t passing ions in the centre but off- axis acceleration is found . 
On the other hand , observat ions made with the perpendicular analyser s how 
that accelerated i ons with large v~ /v., a r e present in the pl asma centre . 

b) LH 
The LH inter action is not well located but particles must have enough 
perpe ndicular energy E~ to f ulfil the relation : N~ = 700 (A/E~)l/2 
( [E~) = keV, A • atomic number) 
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The perpendicular index N~ of the wave is calculated by ray tracing / 6/ and 
the next tables compar e the l owes t N~ values necessary for the int eract ion 
and t he highest N~ values given by the ray tracing method for different N11 

values: 

code 
2 

30-75 
4 

75-125 
resonance 
condition 

E~ 29 keV 
N~ 130 

42 keV 
108 

It appears that t he N~ val ues given by the code are too small to allow for 
interac tion with beam ions particularly for the <N .. > = 2 spectrum. This 
general problem fo r the LH experiments will not be discussed here. As for 
ICRH the absence of act i ve fluxes in the tangent ial direction shows that the 
interacting and accelerated ions in the centre have too large E~/E to be 
detected. Thi s is confirmed by the perpendicular measurements which show an 
active flux i nc r ease in the centre due to LH. 
Off axis acceleration happens and is enfavoured by the geometrical effect 
which provides t he out er sur faces with beam ions having more E~ than in the 
centre. The cont ribution of the non-central part to the fluxes could be 
large due to the high value of t he neut r al de nsity and explain the flux in­
crease for E < E8 • The life time of the ions generated off-axis is short er 
due to higher losses (charge exchange, confinement) and could account for 
t he fas t part of the decay t i me. The non central effects are more favourable 
in the Es =42keV case which provides the plasma edge with faster ions. More­
over i nteraction is expected further outside at higher density values. Shots 
made at 3 x 1013 cm-3 show flux inc rease of a factor 2 in the parallel di­
rection for E < Es and very fast rise time and decay time . The perpendicular 
observations show l arge off- axis f l uxes, simil ar to observed without NI /7/. 

Conclusion 
I t a ppears from this analysis that for both the ICRH and the LH waves giv~ 
perpendicular energy to beam i ons : 
- in t he centre, to beam ions which have made 90° pitch-angle scat tering 
- off- axis, to i ons which come almost directly from t he beam. This contri-

bution to the fluxes seems to be larger f or the LH case . 
For ICRH in particular, these two populations ar e separated both geometri­
cally and in ve l ocity space and cannot mix strongly according t o t he colli­
sion times. The second population might improve somewhat t he I CRH heating 
efficiency for NI preheated plasmas compared to that obtained in ohmic 
plasmas, nevertheless both for ICRH and LH the contribution of the 
accelerated ions to a is small / 1,3/ . 
The c l ear pa tterns shown in Fig . 4 as a function of PRF/PNI (RF powe r per 
injected particl e) indicate probably that the interac t ion occurs mainly with 
beam ions . They show the global i ncrease of the perpendicul ar energy of the 
ion distribution. For ICRH t he contri bution of the fast ions to the impurity 
product ion is very probable as discussed in /8/. 
Thi s work has been made in t he frame of a colla boration between IPP- Garching 
and CEA-DRFC-SIG (Grenoble ) , and project boards in both laboratories are 
gratefully acknowledged a s well as t he assi s tance of the t echnical s taff. 
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FUSION PRODUCT MEASUREMENTS ON JET 

G Sadler, P Van Belle, M Hone, 0 N Jarvis, J Kallne , 
G Martin• and V Merlo 

JET Joint Undertaking , Abingdon, Oxon , OX14 3EA, UK 
+Association EURATOM-CEA-DRFC/TS. CEN Cadarache . France 13108 

Neutrons from the D-D reaction and protons from the 3He-D reaction have 
been used for diagnostic purposes during the past year of operation . 

CODE CALCULATIONS OF FUSION PRODUCT SPECTRA (FSPEC) 

It is well known that a measurement of the Doppler broadening of the 2 .45 
MeV neutrons from D-D reactions in a deuterium plasma affords a 
determination of the plasma ion temperature Ti. Several author~ (refs 
1-3) have shown t hat the Maxwellian ion energy distribution of a plasma in 
thermodynamic equilibrium leads to a neutron energy spectrum which is 
approximately Gaussian with a FWHM proportional to JTi. These analyses 
include a number of approximations, e.g. the D-D reaction cross-section is 
usually assumec to be isotropic in the centre of mass (CM) system . The 
successful measurements of neutron spectra reported earlier (refs 4,5 ) 
have emphasised the need for a precise and reliable evaluation cf the 
relationship between the neutron spectrum shape and ion temperature. 
A numerical simulation has been performed as follows . The birth energy 
spectrum of fusion products M, from the reaction M, + Mz+ M, + ~. + Q 
taking place i~ a plasma is given by: 

' 3 3 dV, dVz dV, 

where o(E, - Et) 

with Et • ~ m3V 2 + (Q+K) + cos 0 
m:~ + m .. 

Q = Energy release in reaction, V - CM velocity, K = Kinetic energy of 
reactants in c~ . 0 = angle between relative velocity and velocity of 
fusion product in CM . 

The above integral can be solved by Monte Carlo sampling on a ccmputer. A 
code accepting numeric distribution functions of the form f(~) - f(V,~ ) 
has been developed, where ~ is the pitch angle of the reacting particle 
with respect to the total magnetic field. CPU usage is 7 . 5~s per sample 
9n a Cray 1 (200~s on an IBM 3087). Neutron spectra from the anisotropic 
D-D reaction in a thermal plasma were calculated resulting in an almost 
perfect Gaussian shaped spectrum with a temperature dependent shift 6 
and broadening W- FWHM/yTi. A convenient representation for these 
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quantities , based on a series of calculations (each using 3•10 7 samples) 
is found to be: 

w [keV~) • 82 . 7~ • 0.103 r 1 - 8 . 2 1o- • Ti ± o . o~ and 
t, [ keV) - 2.9~ + 3.~1 Ti - 0 . 034 Ti ± 0.4 for 1 ~ Ti (keV) ~ 20. 

APPLICATION TO NEUTRON MEASUREMENTS 

Neutron spectra are obtained " routinely" duri ng high yield discharges 
(Yn 210 ' 'n/discharge) with a 'He ionization chamber viewing the plasma 
vert ically from the roof laboratory. The width of the spectr um is 
extr acted by fitting the experimental data points (Fig. 1) with a gaussian 
convoluted with the detector response function using the maximum 
likelihood technique for Poisson distributions /4/. Computer simulations 
show that the correction whi ch needs to be applied to the line of sight 
data to yield the central ion temperature is small (-9%) and depends only 
weakly (±1%) on profile shapes provided that the density pr ofile is 
broader than the temperature profile . 
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Fig . 1: Examples of measured pulse-height spectra and deduced central ion 
temperatures . The broken lines show the deduced neutron energy spectra . 

The volume i ntegrated neutron yield is measured with 3 pairs of absolutel y 
calibrated fission chambers yieldi ng a measur ement of Y.na <av> which can 
be used to deduce the deuteron density if <av> is cal culat ed using the 
temperature measured with the s pectromete~. AThis combination of 
measurements has shown that the ratio of nd/ne for hig~ yield discharges 
is noticeably low (between 0.8 and 0 . 3, reducing with Te). These r esults 
are obtained assuning the ion temperature profile is the same as the 
electron temperature profile. 

One source of concern with the above analysis is ' that internal 'sawtooth' 
disruptions might lead to a preferential loss of fast ions from the 
central region of the plasma. A sensitivity analysis using FSPEC shows 
that the possible loss of all particles with E>27keV yields an over­
estimate of 10% in ~d for a Ti • 3keV case; a more gradual treatment , eg . 
exp-(ln2xE/12), or preferen t ial loss or parti cles with high V~ would lead 
t o a systematic error of less than 5% . 
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14 . 7 MeV PROTON MEASUREMENTS 

Protons from the D + 'He~ 'He (3 . 6MeV) + p (14.7MeV) reaction have been 
observed with the experimental arrangement shown below. The 'He ions 
originat ed either as r eaction products (D + D ~ n (2 . 45MeV) + 'He 
(0.82r~eV) reaction) or from the bulk plasma (by ' He gas puffing). 

I 

I 
v ... cuu~ro~vf.SS£L , 
PORt ANO TUB£ 

•• ••• ·c 

rig 2: Detector arrangement wi t h orhit examples at low and high current. 

By collimation only protons with V - VL are accepted by the detector. The 
detector line-of-sight is determined with the help of an orbit code and 
depends strongly on the plasma current , the hot centr~l core being visible 
only for currents below around 2. 8MA (r i g . 2). The performance of the 
system was checked at plasma currents around 1. 5MA (mainly during the 
current decay phase of discharges) yielding a Doppler broadening of the 
14. 7 MeV proton peak which was in agreement with other Ti measur ements . 

During H minority ICRr heating at low fields (BT ~ 2.6T) and plasma 
cur rents ( Ip ~ 2. 8MA) , protons originati ng from the central region of the 
plasma were observed . Enhanced sawtoothing could be clearly seen on t he 
ECE signal (Te) and the neutron yield. The proton yield , as derive d from 
a single channel analyser showed the same trend but with less pronounced 
sawteet h. The 2. 5MeV spread (rWHM) of the energy spectra around its 
nominal val ues '"as consistent with a 0 . 8MeV 'He population slowing down in 
the pl asma . 
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A systematic study of all discharges where data are available shows that 
the apparent 'He burn-up fraction ( - observed proton yield/ neutron yield) 
scales with Te ' while the e xpected burn-up fraction is proportional to 
(nd/ne)T~/ 2 , suggesting that the 'He slowing down is influenced by the 
RF . 

During 'He ICRF minority heating the central part of the plasma is not 
visible but bursts of protons coinciding in time with the sawtooth 
col lapse can be observed (Fig . 3) . Spect ra (Fig . ~) exhibit a downwards 
shift of -1.5MeV which can be converted into a 75ms slowing down time for 
15MeV protons (about hal f the sawtooth period ) indicating that these 
protons were contained before being thrown out by the internal disruption . 
On the other hand the finite width (10-20 ms) of the proton bursts, being 
comparable to the decay time of the neutron sawteeth, rather suggests the 
burning up of expell ed super thermal ' He ions . 

IAj MtV prdon siQrcll Ca.vJ 

1, • 2.7 MA 

e. • 3.1 r 
P111,• tMW 

3
Ht rrinority kotng 

SLOP£ 
40KeV lH., 

PUlSER 

/ 

47.0 47.t 472 47.3 -47.4 475 47.6 •u 47.8 47.9 •e.o •a 
TIME bec.l 

Fig. 3: Time depende~ce of 14.7MeV 
protons , neutrons and electron 
temperat ure during ('He) ICRF . 

10 " 20 

ENERGY CMeV1 
Fig . 4: 14.7MeV proton pulse­
height spectrum during low power 
('He) ICRF heating . 

SUMMARY AND CONCLUSIONS 

* A highl y efficient and exact code was used to calculate D- D neutron 
spectra from thernal plasmas . 
For high yields, ~d/n~ ratios between 0. 6 and 0. 3 are measured . 
Intense bursts of 14.7MeV protons are observed at the collapse time of 
giant sawtooth disruptions during 'He minority ICRF heating . 
The 'He burn up fraction observed dur i ng ICRF(H) heating s hows a very 
s t eep dependence on Te i ndicati ng a possi ble i nteraction of the RF with 
the slowing down ions. 

111 G Lehner and F Pohl Zeitschrift f Physik 207 , 83, 1967 
121 H Brysk, Plasma Physics , Vol 15, p 611 , 1973 
131 J Scheffel , Nuclear Inst. and Meth, Vol 224 , No 3 , p 519, 1965 
1~1 V Merlo et al, Varenna , Course and Workshop , 26 Aug-3 Sept 1965 
/5/ 0 N Jarvis et al , 12th EPS Conference , Budapest, Sept 1985 
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Ti PROFILE STUDIES DURING ICRF HEATING IN JET 

* * S Corti, E Barbato , G Bracoo , M Brusati , M Bures , A*Gondhalekar , 
F Hendriks , F Sand, A Taroni, F Tibone, V Zanza 

*JET Joint Undertaking , Abingdon , OX1q 3EA, UK 
ENEA Euratom Association, Frascati, Italy 

ABSTRACT 
After a brief description of the analysis code used , some measurerrents 
performed with an array of four passive Neutral Particle Analysers are 
presented. The main result of this study is the evaluation of Ti profiles 
both during ohmi c phase and ICRH phase of a JET plasma. A comparison of 
the experimental T1 profiles with those obtained from Transport analysis 
codes and a power balance computation performed using the JICS code are 
discussed . 

This paper describes features related to the analysis of neutral particles 
and the ion temperature in JET as measured with an array of four passive 
Neutral Par ticle Analysers. Ten energi es for two species (Hydrogen and 
Deuterium) are detected simultaneous l y i n each analyser , so that the two 
energy spectra can be obtained at any t ime of a discharge and at different 
spatial locations . The neutral particles emitt ed by the plasma are ionised 
in a gas stripping cell and energy and mas~ ana1y~P.n ln a B//P. geometry. 
The analysers have been absolutel y calibrated both for H and D. 

An analysis code /1/ taking into account all the relevant processes is 
available. This code , using the measured neutral particle fluxes, the 
measured Te and n profiles, taking the edge neutral density as a free 
parameter al lows Eo compute the neutral density and the Ti profiles. A 
value for ni/ne (ranging between 0. 5 and 1) is assumed, constant in radius , 
throughout t he calcul ation. 

To start wi th,a Ti profile is assumed as a parabola best fitting the four 
points obt a i ned performing a linear fit on the spectra given by the 
different oper at ional anal ysers . An iterative process is then adopted 
taking the x'of the fitting to the experimental spectra as the key 
parameter . 

In order to check the consistency of the calculated profiles with the 
experimental data , the value of the derivative of the spectra (i .e. the 
value of the temperat ure) corresponding to the radial location of each 
energy measured experimentally is super i mposed to the final profil e . In 
doing that, the assumption i s made that Tl be constant on a given magnetic 
surface , so that all energies , measured a ong different lines of sight, can 
be plotted on the same radial scal e . 

In Fig. 1 the profile obtained during the OHMIC phase of a discharge is 
soown. The horizontal error bars correspond to the halfwidth of the 
relevant source functions. 
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During Ion Cyclotron Resonance Heating the ion temperature profile is 
modified according to the location of the resonant layer and of the power 
deposition. By varying the value of the toroidal field it is possible to 
have the position of the resonant layer changed during the same discharge. 
Figs . 2 and 3 show respectively the profiles obtained in case of central 
and off-axis heating. 
The experimental Ti profiles obtained in this way have been canpared for 
the ohmic phase of a discharge with those resulting from transport code 
simulations. The standard transport model for JET has been used : i.e. 
neoclassical resistivity , Xe • 2XeCMG and Xi • 5XiCH• XiCH being the 
neoclassical ion thermal conductivity given in /2/ . The results are shown 
in Fig. 4. Good agreement is found between computed and measured 
profiles. The ion contribution to the energy replacement time in this case 
is half the electron contribution. This is mainly due to the deuterium 
depletion caused by impurities. 

The same ion transport model is used to simulate the ICRH phase of the 
discharge . In this case a more detailed analysis is needed, especially at 
high RF power, where sometimes the consistency between the various Ti 
measurements fai led. Results of the computation show that the NPA profiles 
can be consistent with the global power balance . However, when PRF~ 2 f 3 
P0, they would imply that a substantial portion (-80%) of the auxiliary 
power is absorbed by the main ions. The radial dependence of the ion 
neoclassical conductivity allows to obtain, in these cases, Ti profiles 
rather broad in the intermediate plasma region ( )VTi)< JVTeP while the 
height of the central peaking is inversely proportional to the width of the 
RF power deposition profile. If this picture was confirmed , it would have 
rather drastic implications on the global plasma parameters (e.g. Te would 
be much higher , during RF, than estimated so far.) 

The analysis of the power balance has been performed , both for the Ohmic 
and the RF cases, using the JET analysis code JICS /3/. Experimental 
profiles for electrons and ions have been used to i nfer power terms and 
local conductivities. 
The power balance follows the general Tokamak pat tern, with most of the 
input power being lost by conduction mainly through the electron channel. 
This picture is maintained (fig. 5) during additional heating: ie 
conduction losses scale with the total input power for both ions and 
electrons. 
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FIGURE 3 - As Fig. 1 but in 

case of ICRF off-ax i s heating 
(shot 6850) . 
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(c) FIGURE 5 - Power Balance Analysis 
during I CRH (shot 721 8) . 

(a) - Expe rime ntal profiles used. 
1 ) Ti-NPA , 2) Te- ECE 

(b) -Electron Power Balance : 1 ) RF 

power, 2) ohmic power , 3) e-i 

transf er, 4 ) radiated power , 

5) conduction 

(c) -Ion Power Balance : 1) RF power , 

2 ) e -i transfer, 3) e-x , 

4) convection , 5) conduction 
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DETERMINATION OF POLOIDAL BETA IN JET 

G Tonetti*, J P Christiansen , J G Cordey 
JET Joint Undertaking, Abingdon, Oxon , OX1~ 3EA 

*Euratom - CRPP Association , Switzerland 

Magnetic , diamagnetic , density and temperature measurements are used to 
calculate poloidal beta (B) by three independent methods. Comparison studies 
are made for a variety of plasma discharges in JET and error esti~ates are 
given . The results from the three methods are in good agreement for pulses 
with currents above 2MA. 

1. Definitions and Relations 

The poloidal beta (S) , the internal inductance (ti) and the diamagnetic 
parameter (~)are defined by the following integrals [1] over the plasma 
volume 

p, B, B~ denote pressure , poloidal field and toroidal field; R0 is arbitary 
but in practice chosen to be the torus centre. If the plasma pressure is 
anisotropic and plasma flow is included values S1 , S,, , SROT are found from 
(1) by replacing the pressure p respectively with the perpendicular and 
parallel components of the pressure tensor and with the flow energy [2]. 
Neglecting the f low energy, two relations are derived [1,2] from (1). 

A = 'I.B.L + '1.8.1 + Y:>ti • Y.S 1 + ( 1 - Y,.s )s2 , 

a 1 - ~ - s1 • 6s2. 

The Shafranov integrals s 1, s 2 are evaluated on the 

I s1 . S2 1 - --~- JB2 /2~0 { r r•n , Ro R•n} 
~OI Ro 

(2) 

( 3) 

plasma boundary via 

R dl , (~) 

the - denoting ur.it vectors in the poloidal r, toroidal R and Z directions 
and n is normal to the boundary; 6 in (2-3 ) is defined in (1]. In this paper 
we describe 3 calculations of B giving values referred to as follows: 

(5) 

These val ues are determined from (2) , (1) and (3) respectively. 

2. The MHO Beta 

SMHD is obtained from (2) . A is given by the integrals (~) obtained from the 
plasma boundary calculations [3]. For an elongated plasma ti can be evaluated 
separately. An empirical formula for ti in terms of the elongation E, minor 
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radius a , major radius R0 and the current moment Y2 has been given in (ij). 

Y2 + sa'A 5+E 2 

(E'-1 )a• c3 ~2 (E'-1) -~- + cij 
(6) 

The constants c1- c4 are adjustable parameters . From a study of nore than 
1000 JET pulses the following values were determined 

c1 - 2.15 (7) 

The values (7) have been obtained for JET pulses with E>1 . 25 and 0.9 <1i<2. 

3. The Kinetic Beta 

The integral fpdv of (1) is written as 

f pdv • e f~ (ne(x) Te(x) + ni(x) Ti(x)) n(x)dx , (8) 

were O(x) is the volume between adjacent plasma surfaces described by the 
parameter 0 ~ x ~ 1. The approximate geometry of the pl asma surfaces is 
derived from the boundary geometry using the Lao-Hirshman parametric 
description (6]. The plasma profile quantities required to evaluate (8) are 
obtained or approximated as f ollows: Te (x) directly from electron cyclotron 
emission; ne(x) from a parametric fit to data from 7 FIR interferometer 
channels; the ion temperature is assumed to be either 

Ti(x) a Tigeutrons ~ or Ti (x) • T~~A (1-x') 
Te (0) 

(9) 

where the central values Ti
0

are calculated from the neutron emission and from 
the neutral particle analyser (NPA) data respectively; the ion density is 
ni (x) • fHD ne (x) with the fraction of hydrogenic species being fixed 
(usually fHD -0.5 ). 

ij . The Diamagne~ic Beta 

This is calcul ated dir ectly from (3) using s ,, s, and 6 as previously 
described. The diamagnetic parameter ~ is 

81!B,.n ll4> 
~ -----""'-

~0 I• 
(10) 

In (10) the f lux change ll4> is der ived from the measurement li<I>M of a 
diamagnetic loop . The derivation includes compensation techniques implemented 
by hardware and software . The latter is 

(1 1 ) 

In (11) the subscripts refer to flux change due to: toroidal fielc coil 
expansion (thermal and mechanical) , coupling from the poloidal coil currents 
and from the plasma current . The hardware of the diamagnetic loop compensates 
for toroidal field and eddy currents in the vessel. Further details are given 
in [5] . 
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5. Comparison of e values 

In an isotr opic plasma the 3 e estimates should be in close agreenent. For a 
non-isotropic plasma (eg. with strong beam heating) the relations (5) would 
apply . On JET the values eKIN corresponds to e~ since the ECE and the NPA 
diagnostics measure T~ . For the JET pulses obtained so far non-isotropic 
effects are small and should not affect the comparison. Figure 1 shows the 
time evolution of e for 2 JET pulses with ICRH and neutral beam heating . Al l 
t hree methods are in good agreement on the increase of e. A large selection 
of e values for pulses with different current, field and plasma shape are 
shown in Figures 2 and 3; each symbol represents a value from one JET pulse 
chosen at the end of current flat top. Figure 2 shows a good agreement 
between eMHD and eKIN for the whole range of pulses. Figure 3 also shows a 
good agreement between eoiA and SKIN for currents above 2MA . For pulses with 
l ower currents further studies of the coupling term 6~I in ( 11 ) is needed. 

The errors on eMHD arise from the separation formulae (6 - 7) and are typical ly 
± 0.05 . 

The errors on eKIN are due to 1) approximate surface geometry (Q(x) of(9)) i n 
the axial reg i on , 2) the density profile fit, 3) assumed profiles for ni, T1 , 
4) errors on raw data. The horizontal error bar in Figure 2, 3 assumes 
relat ive errors on Te of 10% and on the density of 5% . 

The error on eDI A is proportional to B~/! 2 times the error on 6~. Fr om 
measured residual fluxes the err or 6eDIA = ±0 . 02 is found for I = 4MA, B0 = 
3.4T. A systematic error related to 6~ 1 i s apparent at low plasma current 
(Fig 3). 

6. Conclusion 

For a variety of JET pulses with I>2MA the results from the 3 independent 
methods of de termining e are found to be in good agreement. For I<2MA the 
compensation of the diamagnetic flux needs to be improved. 
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TinE IS TIMf /S 

Fig. 1. Time evolution of poloidal beta for a ne utral beam heated and an 
I CRH heated JET pulse . The increase in S is i n good agreement for 
the 3 independent methods . 
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CURRENT DE~SITY DISTRIBUTION IN THE TJ-I FRO~! SINGULAR SURFACES 
POSITION DEDUCED FROM VISIBLE CONTINUUM PROFILES 

C. Pardo, B. Zurro and TJ-1 group 

Division de Fusion, JEN , 28040 Madrid , Spain 

Determination of current density distribution in tokamak plasmas is 
ess ential for conf inement and stabilit y studies. Among the different 
procedures used for its measurement, the one based on the location of 
q-rational surfaces appears as one of the most powerful methods. It has 
been applied until now using x-ray arrays data and tomographic techniques 
( 1) . They a re quite sophisticated to be r outinarely implemented and for 
this reason we are exploring in t he TJ- 1 t okamak a similar method but using 
cont inuum profiles in the visible range and o ther spectroscopic features to 
locate the q- ra t ional surfaces. 

The existence of magnetic islands is closely related to the radial 
s t r ucture of bremsstrahlung continuum radiation: transport enhancement 
occurring through them makes small humps appear in the emission profiles 
close t o the singular sur face , due to i mpurit y accumulation near the ou ter 
bounda r y of the island (2) . This relationship has been confirmed through a 
perturbative experiment in the T- 7 tokamak , for the q-2 case (3) . 

We have applied this procedure t o ohmically heated discharges of TJ-1 
tokamak, a small device with R=30 cm, a=10 cm , operated for this experiment 
with a toroidal field of 1 T, line average density ne. : 2x10' \ cm· 1 and peak 
current of 40 ~~ - Visible profiles were obtained with a 1 m monochromator 
provided with a fast r ota ting polygonal mirror that performs repetitive 
scans of the plasma in . 4 msec . every 1. 5 msec ., with a spatial resolution 
better than 1 cm. A search in wavelength was done t o look for spectral 
regions of minimum emission and free of line cont amina t ion. Data herein 
present ed were ob t ained wi t h a bandwid t h of 4X cente red around 5233 ~ -

Visible continuum and Thomson scattering profiles were measured at 
discrete times of this TJ-I discharge in order to compare the current 
density radial distributi on ob t ained by two independent methods. Typical 
continuum measured profile i s shown in fig . 1; the position of rational 
surfaces with q-1. 5, 2 and 3 i s indicated by arrows in this part icular 
profile. The q- rational positions were f i xed at the radii where emission 
inflexions take place . Ther e are some facts supporting that these profiles 
in TJ - I cont ain information about q{r): humps appear at the same position 
for the same time through a serie of reproducible discharges, consecutive 
scans suggest island rotation and t he s t ruct ure in profiles is not always 
obser ved. 

Curr ent 
scans have 

density distribut ion 
been compared with 

and q profiles deduced from continuum 
those obtained from Thomson scattering 
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measurements assuming Spitzer model (j(r}xre(r)$k) . For 
cases, fairly good agreement between both q profile 
although, in general , q(o) ' s extrapolated from continuum 
higher t han those predicted by Spitzer model . The 
comparison is shown in fig. 2. 

t he three studied 
has been found , 

method tend to be 
less favourable 

Current density radial distribution obtained by these two methods a re 
compared, normalized t o t heir central value, in fig. 3. Peak Spitzer 
current is higher than t hat obtained by the other method , and thus central 
energy conf inement times are smaller than those deduced from q-rational 
location. More s i gnificant differences between both analysis are found for 
Zeff spatial dependence, as is shown in fig.4. 

In conclusion, 
emission in the TJ-I 
surfaces position. 
compared with that 
now, good agreement 
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FIRST SPECTROSCOPIC CHARGE EXCHANGE MEASUREMENTS 
DURING NEUTRAL INJECTION ON JET 

M G V von Hellermann , W W Engelha~dt, L D Ho~ton 
P G Ca~olan*, M J Fo~~est*, N J Peacock* 

JET Joint Unde~taking , Abingdon , Oxon, OX1 4 3EA, UK 
* EURATOM-UKAEA Association , Culham Labo~ato~y, Culham , Oxon OX14 3DB, UK 

INTRODUCTION Du~ing the fi~st phase of neut~al beam heating on JET advan­
tage has been taken of using the heating beams to develop an active beam 
diagnostic system based on cha~ge - exchange - ~ecombination - spect~oscopy 
(CXRS). The diagnostic is based on the cha~ge exchange inte~actio~ of fast 
injected neut~als as H0 and D0 with thermal fully st~ipped atoms such as 
H+ , D+, He•+ , c•+ and o•+ . The first two rep~esent the bulk of a a JET 
plasma and the othe~ the dominant light impu~ities. The cha~ge exchange 
~eaction is : 

H0 + zZ + H+ + zZ-l,* (n 1) 
beCllll beam ' z H0 0~ D0 a~e the lnJected high enr~iY neut~als , z the thermal (fully) ioni-

zed impu~ity of cha~ge z and zZ- • (n ,1) the impu~ity atom excited in 
quantum state (n , t) . 
The ~esulting ~ecombination ~adiation can be analysed by suitable inst~u­
mentation. The most intense ~ecombination lines are emitted f~om An• 1 
t~ansitions and lie in the VUV or soft x-~ay regions of the spectrum. At 
high beam ene~gies (E beam > 25keV/a .m .u.) the~e is app~eciable ~ecombina­
tion into high quantum states which emit in the visible region. ThP. vi­
sible CXR lines have a particular appeal as diagnostic indicato~s in an 
active thermonuclea~ expe~iment such as JET since the collected light can 
be t~ansfe~~ed via ~adiation ha~dened fi~e guides into a ~emote ciagnos­
tic hall. CXRS enables diagnostic access t o nuclei which a~e distributed 
widely throughout the bulk of the plasma , but which othe~wise a~e not 
di~ectly detectable in JET. In contrast to conventional line emission 
spect~oscopy the geomet~ic inte~section of a line of sight and the neut~al 
beam path determines a well defined active volume and hence gives a local 
measu~ement. The obse~ved exci t ed CXR flux is given by : 

d4>0. ,L) 1 L/2 n,1 
-- = - f0.) I ds•lnz(s) E nH(s,E) (ov)~x (E)! 

dA 411 -L/2 E ' 
Whe~e : nH(s,E) is the neut~al pa~ticle density at fra[tional energy E and 
locations, nz(s) the local (impu~ity) density , ovgx (E) the effective 

cha~ge exchange excitation ~ate at beam ene~gy E and quantum numbers n and 
t, taking into account cascading and 1 - mixing p~ocessess ( cf. FONCK . 
[1]) . Finally L the length of emitting inte~section volume along line of 
sight s and f( A) i s the spect~al profile 

f(A) • _1_ e -((A-Ao)/AD)' 
111AD 

The Dopple~ width and Dopple~ shift allow a determination of the tempe~atu~e 
and the bulk plasoa velocity . The local fractional neut~al beam particle 
dens ity nHo(R,E, t) can be de~ived by the recently developed PENCIL CODE (cf . 
WATKINS et al (2] ) . In addition to that code it is feasible to obtain the 
same information by measu~ing the electron impact excited and Dopple~ 
shifted Balmer -alpha spectra emitted by the fast injected neutrals (cf . 
PEACOCK et al (3]) The atomic physics data of the 
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involved excitation rates rely mostly on theoretical (cf. SUMMERS et al 
(4]) and partly on experimental data like those recently obtained from a 
CRX-experiment on ASDEX in pure helium discharges (PEACOCK et al [3 ]). 

EXPERIMENTAL 
The layout of the viewing chords and that of the heating neutral beams is 
described by Fig.!. At present two viewing chords are employed . A vertical 
line of s ight in Octant 8 intersecting the neutral beams in the plasma centre 
(Ra3.1m) and a second viewing line , which passes from a horizontal port in 
the adjacent Octant 1 to an intersection volume with the neutral beams at 
approximately half the minor radius (R=2.3 m). This viewing line enables 
measurement of toroidal plasma rotation. A multichord opti cal head , (8 
fibres) which will allow a complete radial scan , will be ins talled during the 
next shut down of JET. The instrumental equip-ment is an optical head 
(F/ 1.6) followed by a 150m, PCS 1000, f i bre l ink with an attenuation of 20 
db/km at 500nm. The spectrometer is a 1m Czerny-Turner with a 2160g/mm gra­
ting. The 1024 el ement intensified detector array has a quant um efficiency 
of 8 photons/count at 500nm. The total sensitivity of the system was absolu­
tely calibrated yielding a photon flux/count rate of 10' cm-• sr- • at the 
same wavelength. 
RESULTS 
The CXRS results obtained during the first NBI campaign have clearly demon­
strated the potential for measurement of local i on temperature, toroidal 
plasma rotation and impurity concentration. The ion temperature derived from 
the Doppler broadened CX-line profiles of oxygen, carbon and helium agree 
r easonably with values determined by independent ion temperature diagnostics 
on JET. There seems to be a slight increase of derived ion temperature with 
increasing Z. This needs however , further systematic investigation. As an 
illustration of the ex characteristic features the time dependence of the 
oxygen 10 + 9 (6068A) spectrum before and during NBI is shown in Fig.2. 
Analysis of fitted line profiles and background level gives the ion tempera­
ture , l ine i ntensity and continuum intensity (Fig.3) . A preliminary analysis 
of the calibrated photon fluxes making use of electron source rate data de­
termined by the PENCIL code [2] , exci tation rates taking into account com­
plete 1-mixing for the 10 + 9 transition [1], results in relative oxygen 
concentrations in the order of 2% of the electron density . The concentra­
t ion of oxygen relative ton~ appears to decrease during a NB pulse whereas 
the absolute l evel tends to 1ncrease slightly . This very preliminary analy­
s is is based on the assumption that only the full energy component contribu­
tes to t he CXR signal and that halo effects and excitation by meta stables 
from thermal atoms can be ignored . 
Comparison of JET pulses with comparable NB and plasma parameters , the spec­
trometer being tuned to the spectra of o•+ and c•+ respectively , indicates a 
value nclnoof 3 to 5 decreasing with increasing electron dens ity during 
injection Eo •2. These values are in rough agreement with res ults obtained 
by the usual transport analysis (cf . BEHRINGER [5]) . Further analyses are 
in progress which involve detailed modelling of the atomic physics and local 
neutral particle densities [2 ,4]. The tangential viewing line was used to 
measure temperature and toroidal plasma rotation at approximately half the 
minor radius (R • 2.3m). Typical values are in the order of a few times 10• 
cm/sec and the ratio of ion temperature Ti(R • 2. 3m)/Ti (R • 3.0m)•0. 6 . 
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Fig. 1. Experimental layout showing viewing lines and neutral beams . 
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MEASUREMENTS OF CHARGED FUSION PRODUCTS IN ASDEX 
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For normal deuterium operation in ASDEX (A = 4.1, lp = 250- 400 kA) the charged 
fusion products from the D- D reactions (3 MeV proton, 1 MeV triton and 0.8 MeV 
3 He) escape from the plasma on helical orbits to the upper part of the vessel. Since 
slowing- down can be neglected in ASDEX, the protons and tritons escape on identical 
orbits, because the trajectory depends only on the product m· v. The measurements of 
the charged fusion products give information on the ion temperature, fusion yield, and 
plasma behaviour j1,2]. 

Fig. l : Part of the ASDEX cross­
section with the manipulator on 
the right and a projection of a 3 
MeV proton trajectory. 
For the measurement the detec­
tor is brought near to the plasma 
on the dotted line. 

The charged fusion products were measured for ASDEX deuterium plasmas by using a 
surface barrier detector or nuclear emulsion foils, installed on a manipulator. Figure 1 
shows the ASDEX cross-section with the movable detector and a projection of a 3 Me V 

1 Academy of Sciences, Leningrad, USSR, 2 assigned to JET Joint Undertaking, 8 ENEA Frascati, Italy, 
•university of Washington, SeaUle, USA, •cEN Grenoble, France 
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proton trajectory. For measurements with the surface barrier detector it is necessary 
to have sufficient electr ical shielding and to keep the distance between the detector and 
the preamplifier short. 

With t he surface barrier detector , it is possible to measure the flux and t he energy 
spectrum of the 3 Me V protons , and that of the 1 Me V tritons , either. T he electric and 
magnetic distortions of the spectrum (about 50 ke\') are monitored by a pulser &ignal, 
that is additionally fed into the preamplifier. By fitting the spectra with a Gaussian 
profile, we get a spectral width, that can be corrected with respect to the straggliiJg 
in the AI foi l and the noise broadening, which is measu red by t he width of the pulser 
peak. This corrected width, for the protons as well as for the tritons, is related to the 
ion temperature by the equation 

D.E (FW H M) = 9 1.6 · ,ff,, D.E, T; in keV. 

Figure 2 gives examples of a proton and a tri ton spectrum. The spectra demonstrate 
that both widths (not yet corrected for the straggling) are about the same, and hence 
they yield the same ion temperature. The time dependence of the temperature, evalu­
ated from the proton spectra for a neutral-beam (H0 )-heated discharge in deuterium, 
is given in Fig. 3 in comparison with the temperature deduced from the neutron flux. 
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Fig.2: Spectra of protons and tri­
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Fig.3: T, from proton spectra and 
neu tron flux 

T, (k~o·\_;·1~._---~----~----~-----. 
ASOEX H 17GS';' 
:S80k ,\ '!JT. l .ax mlln~J 
:'\ I ll i ~1\\ I H 11 · 0' 

,. " 

In principle, measurements of the t ritons a re of great interest, since their lower energy 
makes the spectrum more sensitive to the reaction conditions than the p roton spectrum. 
However, the observation of the tritons is only possi ble in discharges with a low level 
of X- rays because these cause a background a t the low energies that may cover the 
tr iton spectrum. Moreover, the surface barrier detector application is limited by the 
saturation of the preamplifier in discharges with high background levels. 

2 
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Because of t he influence of the strong magnetic fields in a tokamak the measu rements 
of charged fusion products have to be supported by detailed particle trajectory calcula­
tions. They describe the ph ase space transformation of the charged fusion particles from 
the plasma to the detector. For measurements of the particle Huxes it is necessary to 
cakulate the efficiency of the collimated detector [3 J, and for the spectra it is important 
to know which particles (characterized by birth radius and pitch angle) can reach the 
detector. To get this information about the phase space of the observed charged fusion 
particles, we calculate their trajectories in the opposite direction, i.e. from the detector 
into the plasma. For each point of the orbit the distance from the plasma centre and 
the pitch angle are calculated and then the point is stored in a matrix of these phase 
space coordinates. This is done for d ifferent directions through t he collimator, weighted 
with the collimator transparency. Doing t his, one gets a phase space probability for the 
measurement of charged fusion products that depends on the charge and energy of the 
particle, on the magnetic fields in the plasma, and on t he orientation of the collimator. 
An example of such a probability calculation is given in fig. 4a, and it is obvious, that in 
this case the detector measures particles from the whole plasma volume. mainly starting 
perpendicularly to the plasma axis. ln this case (pitch angle of about 90") the in fluence 
of the poloidal field is very small , and so the details of the current distribution a re of 
no importance. Measu rements of the ion temperature are done with this collimator 
orientation. 

a b 

F ig.4a.b: Phase space probabilities for different collimator orientations 
Calru lation for ASDEX, l p = 400 kA, Br = 2.7 T , {31,=- 0.5 

Turning the collimator by 20° results in t he probability distribution given in Fig. 4b. 
wh ich measures only particles born at radii 2 20 cm, while the pitch angles are nearly thr 
same as in Fig. 4a. This dependence of the phase space distribution on t he collimator 
orientation can be used to deduce t he fusion emission profile from the Hux measurements 
at different orientations . 

This procedure can be applied to look for the fas t deuterium ions created by LH wave~ 
in ASDEX at densities above about 2.8 x 1013 cm- 3 [4 J. Figure 5a gives an l'Xa.mple of a 
typical spectrum from such a d ischarge at a collimat-or orientation as in FigurE> 4a. The 
spectrum of the protons and that of the t ritons show a su perposit ion of a widl' spectrum 

3 
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on the expected thermal peak. These central peaks (~E about 100 keV) correspond to 
the Maxwellian plasma bulk with an ion temperature of about 700 eV. The wider parts 
of the spectra (about 600 keV wide) are produced by the fast ions generated by the LH 
waves. The velocity of these deuterium ions is mainly directed in the poloidal plane and 
their energy is in the range of 25 ke V. Since the fus ion reactivity at these energies is 
about 5 orders of magnitude higher than at 700 e V the number of these fast ions must 
be correspondingly smaller. 

counts 
in 0.2s+-'-..._........_ ................ ....._ ....... ..._. ......... ..._......_. ......... ...._. ......... ~...._. ......... ...._. .................. ...._......_,'-'+ 

ASDEX # 19644 

60 (a) particles from the whole plasma 

4 

1000 2000 3000 Energy / keY 

ASDEX #19703-5 

15 (b) particles born at radii ~ 20 cm 

1000 2000 3000 Energy/keY 

Fig.5a,b: Spectra for two A SO EX- discharges with different collimator orientations. 
lp = 400 kA, B1 = 2.7 T , n. = 3.9 x 10 13 cm- 3 , LH (1.3 GHz) PnF = 900 kW 

With a collimator orientation as in Figure 4b (where only particles from the outer 
regions are detected) we obtain the spectrum given in Figure Sb. As expected, the 
spectra generated by the bulk ions are not detected any more. Since the contribution of 
t he fast ions appears nearly unchanged, however , one must conc lude that the fast ions 
a re created by the LH waves in the outer plasma regions, confirming the results from 
ex measurements js]. 
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I t is well known that tokamaks can be safely operated only within 
certain limits with respect ot the plasma current and density. If either of 
these limits is exceeded the discharge disrupts. The current is limited by 
the requirement that the safely factor at the plasma edge ~ be somewhat 
larger than 2 and the density limit is proportional to the average current 
density, n[m- 3 ) < 1020 Bt(T]/!R[m)qa). The density limit is generally 
thought to be connected with impurity radiation losses which cool the 
outer regions of the plasma so that the current density becomes small 
outside q ; 2. '11tus, the current profiles leading to density and current 
limit disruption are similar and are characterized by having very little 
current outside the q ; 2 surface. 

Waddell et al. 1 showed that many aspects of tokamak disruptions could 
be explained as the result of non-linear interactions of tearing modes of 
different helicities. Specifically they showed that the interaction of 
m/n 2/1 and 3/2 Irodes could be violent and lead to field line 
stochasticity and loss of confinement over some region of the plasma. 
However, violent interactions occurred only for equilibria sufficiently 
unstable to the 2/1 and 3/2 Irodes and the results of [ 1] leave open the 
question of how, or even if, such current profi l es might arise. 

The present simulations address the two interrelated questions of why 
and how disruptions occur and include selfconsistent evolution of the 
temperature and current profiles over transport timescales. The simulations 
intrinsically couple transport effects, which slowly change the equilibrium 
profiles, and resistive MHO instabilities occurring on shorter timescales. 
The stability of the MHO Irodes is determined by the equilibrillll profiles 
and when an instability occurs it can quickly and drastically Irodify the 
profiles. The si.rrulations show that sharply defined disruptive events , 
triggered by the 2/1 t earing !rode occur when q at the boundary of the 
current channel is lowered towards 2. The disruptions are perhaps best 
described as shocks propagating inward from the q = 2 s urface breaking up 
the magnetic surfaces and leaving turbulent plasma with poor confinement 
behind. 

The Irodel used is the lowest order reduced MHD system including a 
self-consistently determined temperature_~ith a highly anisotropic thermal 
coriluctivity, Spitzer resistivity T1 "' T h and ohmic heating "' ,j2 • The 
bourilary at r = a is asslll\ed nonconducting aril the magnetic field is 
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matched to a vacuum sol~tion. In the run described here, the resistivity at 
the centre wa~ T12 6x1o- and the heat conductivities were assumed constant 
K = 1.2 x 10- and ''I= 100 (for details of normalization, see [2]). 'Ille 
system was integrated numerically with 120 radial grid points and 20 to 35 
FOurier modes i n the e and z directions. A semi-implicit algorithm allows 
integration over transport timescales, using large timesteps when the level 
of perturbation is small. 

In order to force the simulation into the disruptive regime, the 
toroidal electric field was adjusted so that the total plasma current was 
slowly increasing, %(t) = %(0) exp( - t/tql, tq = 2x105tA, and 
qa went from 2.74 to 2. 49 in about 19000 Alfven t~es . 

Figure 1 shows the time history of the central temperature. During the 
first part of the run , when 12 > 2.65, sawtoothing occurs almost 
regularly and roughly in accordance with the Kadomtsev model 3 • 'Ille 
variations in the central safely factor q0 are very smal1Jq0-1I<0.02 over 
the whole sawtooth period and the q- profile in the cent al region is very 
flat. 

If the parallel thermal conductivity is made too small or the 
resistivity too large, the sawtoothing is replaced by a stationary 
m = n = 1 vortex in the central region. 'Ille vortex flattens the temperature 
profile and prevents q from going below unity anywhere. With a central 
resisitivity of 6 x 10- 6 sawtoothing occurs for KJ > 20. 'Ille threshold in 
K 1 decreases with decreasing 11 so that large tokamaks are well into the 
region where the reduced MHO equations predict sawthoothing. 

Figure 2 is a logarithmic plot of the total energies in the m/n = 2/ 1, 
3/2 and 5/4 A)urier components. In the beginning of the run , when 
qa > 2.65 , the 2/ 1 and 3/2 modes exhibit mild oscillations with a period 
considerably longer than the sawteeth period. The amplitude of the 
oscillations is strongly nepen<'lent on 'la• the oscillations almost 
disappear when qa > 2.8 and , as seen in Fig. 2, become very violent when 
qa < 2.6 eventually leading to the three disruptive events at 
t/tA =12600, 15800 and 18100. 'Ille oscillations are connected with 
periodic changes in the equilibrium profiles . When the current density at 
q = 2 is low, the m = 2, n = 1 tearing mode is unstable if the current 
density increases rapidly inside the q = 2 surface. 'Ille 2/ 1 mode then grows 
and creates an island at q = 2. If the island is sufficiently large it 
destabilizes the 3/2 mode primarily by displacing the current gradient and 
the q = 3/2 so that the current gradient becomes steep inside the q = 3/2 
surface4 • 'Illis causes the 3/2 mode to grow and produce at l east partially 
stochastic field lines. Consequently the radial thermal transport increases 
and the temperature profile is flattened between q = 3/2 and q = 2. Figure 
3 shows the temperature profile at t = 7300 when the 2/1 mode is growing 
(dashed line) and at t = 9125 after the phase of increased transport (solid 
line). At the later time the gradient just inside q = 2 have decreased, the 
2/1 mode is stable and the q = 2 magnetic island shrinks. The cycle repeats 
when the equilibrium broadens resistively so that the current grac'lients 
increase near q 3 2. 

At later times these oscillations become more and more violent because 
with a lower ~. giving a lower current density at q = 2, the 2/1 mode 
becomes increasingly unstable. When ~ < 2.6 disruptive events occur in 
the form of shocks propagating from the q = 2 surface toward the center of 
the plasma. During its inward motion the shock is carried by modes wi th a 
decreasing ratio m/n = q to remain in resonance with the magnetic field. In 
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particular , modes with m = n+1, n increasing, are strongly destabilized. 
Inside the shock , confinement is stil l good , whereas behind the shock, the 
flux surfaces have broken up and the plasma is turbulent. Figure 4 is a 
contour plot of the current density at the end of the first shock, 
t/tA = 12550. In the subsequent disruptions , the shock reaches further 
into the plasma and involves even higher m and n components . 

In these simulations the shock invariably stops when it reaches the 
q = 1 surface and leaves the central region relatively untouched. When the 
shock reaches q = 1, the current profile is close to a step function with 
the constant value j = 2Btl lloR inside the q = 1 region and j = 0 
outside. '!his profile is marginally stable to all modes with m = n and 
m = n+1 but stable to all other modes of the l owest order RMHD system. 

It is the author's opinion that the stopping of the front is a 
property special to the lowest order reduced MHO equations. 'Ihe temperature 
and pressure profiles in the final stage are similar to the current profile 
and fall off very sharply at the q = 1 surface. In the presence of toroidal 
and pressure effects , such an equilibrium 1>0uld be strongly ballooning 
unstable and it appears justified to asst.rne that full MHO effects 1>0uld 
lead to penetration of the q = 1 barrier and the final broadening of the 
current profile observed experimentally in ma jor disruptions. 
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INTRODUCTION 
Saw teeth are a phenomenon widely studied in tokamak~, but the underlying 
physical processes are still unclear. This is reflected by the number of 
different models proposed to explain the saw tooth oscillations , see e .g . 
[1- 6). The present paper is intended as an attempt to answer some of the 
questions on the underlying physics . The emphasis here will be on the period 
and amplitude of the saw teeth. F"or this purpose two discharges of the Tl 0 
tokamak [7) were selected and simulated with the transport code ICARUS [8) , 
in which models for the sawtooth oscillation were incorporated . Both dis­
charges are heated by electron cyclotron waves , but have a different toroidal 
magnetic field and thus a different power deposition profile . 

Two different models were used to describe the sawtooth dynamics , each 
being representative of a cer tain class of models. The first [2) belongs to 
the class of models which ascr ibe the internal disruption to the mixing which 
accompanies the fast reconnection of helical flux in or around the centre of 
the plasma. This model will be called the reconnection model. The second [ 6] 
belongs to the class of models which ascribe the i nternal disruption to an 
enhancement of radial transpor t, as caused by e.g. micro- turbulence generated 
by a degeneration of the X- point of an m=l , n- 1 island into a line [5) . This 
model will be called the tur bulent model. 

THE TRANSPORT MODEL 
The transport 
scheme [8) 

code solves the following set of equations by a Cranck Nicolson 
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where n is the neoclassical resistivity for Zef f • 2 . 2, Dn and 'an are the 
anomalous particle transport coefficient and inward drift , respect! vely , 
defined by 

(2a , b) 

Sn is the particle source , Xe is the anomalous electron heat conductivity , 

taken to be [7) 
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r < .15 m 

r ~ . 15 m, 
(3) 

PoH, Pei, Prad and PECH are the heating sources and losses (Ohmic, elec­
tron-ion energy equilibration, radiation, and electron cyclotron heating, 
respectively) and Xi is the ion heat conductivity taken to be a multiple of 
the neoclassical value. During additional heating x

0 
was multiplied by 1.5 . 

THE SAWTOOTH MODELS 
In the r econnection model [2) an m = 1, n • 1 island starts growing wh en 
q < 1. The island growth is exponential and the growth rate, Y, is given by 
the linear growth rate of the m • 1, n = 1 tearing mode in the undisturbed 
plasma, which is [9) a solution of 

r' - i r•("'•e + "'•i) - Y"'*e"'*i • 1/TR '~ • (~) 

where "'*e(i) is the electron (ion) dri f t frequency and 'R(H ) is the resistive 
(Alfv~n) time. In the transport code this growth r ate is multiplied by a phe­
nomenological constant, cy , in order to be able to reproduce the observed 
sawtooth period . If the island fills the region with q < 1, i.e., if 6 • rs• 
a disruption occurs on a timescale equal to y-•, during which particles, 
energy and flux are redistributed according to Kadomtsev [1) . 

In the turbulent model [6) an m • 1, n • 1 island grows , when q < 1, on a 
resistive timescale as appropriate for the nonlinear regime of the m • 1, 
n • 1mode [5), d 

<it 6
2 

• 3n. (5) 

When the island reaches its critical size 6c• [6), given by 

6c = A§_, S :: [r ~~ Ls (6) 

where A is chosen so as to reproduce the observed sawtooth period, an 
internal disruption occurs during which t he radial transport of praticles and 
energy is enhanced in the region inside and around t he q - 1 surface by a 
factor ( 10 t o 10') and the m • 1 , n = 1 island disappears (or is reduced 
substantially ). The duration of the internal disruption is a free parameter, 
taken from the experiment . 

RESULTS AND DISCUSSION 
Both discharges were simulated with roughly the same transport model and 
basic plasma properties . These data are given in Table I. In the turbulent 
model we took A • . 085 for both discharges . In the reconnection model we used 
cy • . 06 (.05) for discharge no 23517 ( -59~). The resulting evolution of the 
central t emperature is displayed in rigs. 1 and 2. In the case of central 
heating the turbulent model predicted a decrease of the sawtooth period , as 
seen in the experiment , while the reconnection model predicted an increase. 
Also, the amplitude is clearly too large in the reconnection model during 
heating . 

f or off- axis heating the sawtooth di sappeared altogetll er in the turbulent 
model, because S was strongly reduced. In contrast , i n the r econnection model 
the period hardly changed , but the amplitude vani shed while the q • 1 surface 
shifted inwards. Thus both models reproduced t he observations equally well: 
the former because the period became effecti vely infinite and the latter be­
cause the amplitude vanished. 

I n the case of central heating the turbulent model clearly s i11ul ates the 
observati ons better. The reconnection model , however, could be improved by 
using a different trigger criterion for the i nternal disruption. A simulation 
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adopting a fixed val ue of q on axis (e . g. , q0 = .9) as a criterion for an in­
ternal disr uption did not lead to a significantly smaller sawt ooth period 
during central heating. Instead, an increase of the period was again pr edict­
ed . 

One is led to the conclusion that t he trigger for sawtooth collapse has to 
be a very sens i t i ve function of the shear (in the turbulent model the period 
is proportional to !l-'). The energy redistribution is better described in 
terms of enhanced transport than by reconnection, the latter giving rise to 
too large an amplitude in the case of central heating. This is related to the 
fact that reconnection leads to hollow (or completely flat) temperature pro­
files immediately after the internal disruption , whereas the profiles 
preserve a maximum on axis in the experiment [7). 

Table I : Basic plasma and transport variables . 

T10-23517 T10- 23594 

Exp. reconn. turb . Exp. reconn . t ur b. 

Bt(l') 3 .0 3.0 3.0 3. 3 3. 3 3. 3 
l(kA) 335 335 335 335 335 335 
Zerr 2 .2 2.2 2.2 2.2 2.2 2.2 

<ne> (m-•) 5 1019 4.9 10 19 4.9 10 19 5 10 10 5.0 1019 5 .0 10" 
Xo - 0.3 0.3 - . 275 .3 

X m - 2.0 2 .0 - 2.2 2.0 

eo - 0 . 35 0 . 35 - 0.35 0.35 

Cv - 0. 9 1.0 - 0. 8 0.8 

Xi /Xn.cl - 3 3 - 3 3 
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FIGURE CAPTIONS 
F1g . 1: Evolution of Te(o) in case or cen t ral heating. 

a) experiment ; b) , c) simulation with the reconnection and t urbulent 
model , r espectively. 

Fig.2:Evolut1on of Te(o) in case of off- axis heating. 
a) , b) , c) as in figure 1. 
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1. Introduction 

Max- Planck- Institut fUr Plasmaphysik 
EURATOM Association, D-8046 Garching 

Due to the favourable confinement properties of the H regime, D values c l ose 
to the Troyon limit can be achieved in the ADSEX device at a neutral injec­
tion power level -3 MW. In many cases , the D limit is a soft one, i.e. D 
attains a maximum and then decays smoothly up to the end of the injection 
pulse . Disruptions, however, may occur both during the rise and fall of D. 

2. Temporal evolution of MHD activity in the case of soft D limit 
The investigations presented below are mainly based on the analysis of 
Mirnov probe s ignals . Due to the divertor geometry, only a fraction of the 
poloidal circumference could be covered, namely 102° at the outside and 44° 
at the inside of the torus symmetric to the midplane. The toroidal mode 
number n is obtained from 5 probes placed in t he midplane at the outer side 
distributed over a toroidal angle of 156°. Apart from a few n=2 cases not 
discussed in this paper, always n•l is observed. 

In ohmically heated ASDEX divertor discharges, MHO activity is very weak 
apart from disruptive ones; in this case the common m • 2, n = 1 precursor 
i s seen. Application of neutral beam heating at sufficient power level 
(maximum 3.5 MW in the case of H0 injection ) leads to a continuous mode 
which develops during the L phase and attains a steady state lasting up to 
the end of the injection pulse if the discharge remains in the L regime . In 
the case of t rans ition into the H- type confinement regime, however, the 
amplitude of the continuous mode decreases at some time after the H trans­
ition to a low level; in the further course of the discharge bursts occur as 
shown in Fig. 1. It is seen from Figs. 2 and 3 that these bursts have a 
fishbone-like character, i.e . increase and decrease of amplitude with a 
half- width of a few oscillations; they are referred to as fishbones in what 
follows . 

It is well known that H-type discharges exhibit another quite different kind 
of MHD activity, t oo , namely the so- called ELMs. The most prominent mani­
festation of an ELM is the sudden change of the equilibrium position of the 
plasma column by typically a few mm ( indicating a sudden decrease of the 

leA Technologies, San Diego , Calif., USA; 2Academy of Sciences, Leningrad, 
USSR ; 3Present address: JET Joint Undertaking, England; 4univ . of Washing­
ton , Seattle , USA; SeEN Grenoble, France 
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t (s) 
""J· d~M-M 

Fig. 1: Bp , Ha emission (traces a,c) 
and Be (traces b,d) versus time for 
shots No . 18030 (a,b) and 18034 (c ,d). 
Injection starts at 1. 13 sand stops at 
1.43 ~. The temporal evolut ion of ap 
is prac tically the same for both dis ­
charges . 

IPP3-IQ.Il91·11i 

Fig. 3 : Expansion of the sequence 
6-7-8 from Fig. 2. 

a ~ .... Jj - .... "V 
b 1 4l 
f----1'-
c Jjl 

Y1' 
d 5 6K 

U'-... 

10 ms 
"'''"ne nos-• 

~Examples fo r ELMs (events 
No. 1 , 4 ,5, 6,8) and fishbones 
(events No. 2 ,3,7) r ecorded by 
Mirnov probes (traces a,c) and 
Ha monitor (traces b,d). 

equilibrium parameter Bp + 
li/2) and a peak in the Ha 
emission. ELMs do not manifest , 
however, in the records of the 
Mirnov probes apart from the 
inward motion. 
It is seen from Fig. 2 that 
ELMs and fishbones may occur 
tndP.pP.ndP.ntly from each other; 
on the other hand, fishbones 
appear to be t r iggered by ELMs 
in some cases and, more 
frequently, ELMs appear to be 
triggered by fishbones . 

There are several features which are common to the cont i nuous and the 
fishbone- like mode, namely 
- The amplitudes meas ured at the outer side of the torus are much larger 

than those at the inner side . Amplitude ratios of 15 - 25 are typical; in 
many cases , the ratio must be even larger since no signals from the inner 
probes are obtained. Obviously, the determination of the poloidal mode 
number is particularly difficult in this situation . 
The frequency recorde d by the soft X- ray diode cameras coincides with that 
of the Mirnov probe signals. During the continuous mode, an m ~ 1, n = 1 
structure with frequency doubling is clearly seen . In the case of the 
fishbone-like events, t he amplitudes are much smaller. In some cases , 
doubling of frequency was observed i n near- center channels which indica t es 
that the q • 1 surface may s till be present . 
The mode propagates according t o the toroidal rotation of the plasma 
applied ' by the unidirectional eo-injection. Doppler shift measurement can 
only be obt ained f r om a small zone at R- R0 + 3a/4 . The velocity calcu­
lated from the mode f requency is systematically by a factor of 1.4 larger 
than the spect r oscopi c one. This discrepancy increases if an additional 
motion of the mode due to the diamagnetic drift i s assumed. Thus, the mode 
frequency appears to be governed by the central rotation velocity . 
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It is seen from Fig. 1 that the repet ition rate of the EU!s does not vary 
appreciably during t he rise and t he fall of 13. Fishbones appear more f r e­
quently in the 13 decay phase. The duration of a fishbone-like burst, 
however, is less than 1 ms and the island size estimated from the amplitude 
of B is typically of the or der of a few ems. Hence, for this type of shots, 
the observed MHO activity does not explain the decay of 13. 

3. Discharges dominated by an m•2, n=1 mode 
Another t ype is characterized by a dramatic change of the mode structure. A 
typical example is shown in Fig. 4. It is seen that at 1.29 s a continuous 
mode develops the amplitude of which increases suddenly at the inner side of 
the torus. A temporal expansion of this event is shown in Fig. S. The change 

1.25 1.30 1.35 

t (s) \PP3· klJ2M•H 

Fig. 4: 13P versus time for shot 
No. 18033. Injection starts at 
1.13 s. The first disruption occurs 
at 1.32 s: Trace a: Ha emission. 
Trace b : Be from a Hirnov probe 
located in the midplane at the out­
side of the torus. Trace c : Same 
for the inside. 

1.292 1.293 

t (s) 

Fig. 5: Onset of the m•2 oscil­
lation in shot No. 18033. Trace 
a: Ha signal (diode saturates). 
Trace b: Mirnov signal, nidplane 
outside. Trace c: Mirnov signal, 
midplane inside . The amplitude 
is enhanced by a factor of 4 as 
compared to trace b. 

of the mode structure is initiated by an ELM which is preceded by a fish­
bone. It is seen f rom Fig . 4 that the amplitude of the Ha spike of this 
particul ar ELM exceeds by far that of the preceding and the following ones. 
Afte r the transition, the mode continues to propagate in the direction given 
by the toroidal rotation; the frequency of it decreases, however, by a f ac­
tor between 2 and 4. Most remarkably, the ratio of the frequencies before 
and after the transition is close t o an integral number. Furthermore , it is 
seen that the frequency recorded before the tans ition remains with a small 
amplitude which lasts for typically 10 ms. Later on, only the "slow" mode is 
recorded . It is clearly an m • 2 , n = 1 mode, as shown in Section 4. 
In the case presented in Fig . 4 , the m = 2 mode leads to a disruption after 
30 ms. In the last ms before the onset of the disruption, the signal fre­
quenc y decreases drastically. In other discharges , t he m = 2, n = l mode may 
attain a saturated level and persist up to the end of the NI pulse . I n both 
cases , the island size is large and may amount up to 20 %of t he minor 
radius of the plasma column. It is seen from Fig. 4 that the onset of the 
m • 2, n = 1 mode leads to a violent decrease of 13 • 
Most frequently, the onset of t he "large" m • 2 moSe occur s nearly at the 
time at which 13 attains its maximum . In some cases, however , this mode 
develops already in the phase of 13 rise, in particular, if qa is low. 
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4. Discussion of the poloidal mode structure 
In the discharges considered here, the boundary q value is 3.5 < qa < 4.5. 
Hence the mode numbers m = 2,3 and 4 (if Qa > 4) are the candidates for the 
explanation of the mode structure. In a previous paper /1/, one of the 
authors investigated the effect of the toroidal curvature on the poloidal 
mode structure. In this model , the modes are created by surface currents 
flowing on rational magnetic surfaces parallel to the magnetic field. Typi­
cal examples for the modes m = 2,3 and 4, n = 1 are plotted in Fig. 6 where 
the phase is chosen such , that a maximum is located in the midplane at the 
outer side of the torus. It is seen that the amplitudes at the outer side of 
the torus exceed those at the inner side considerably. The amplitude ratio 
depends, of course , on Bp+ li/2, on the aspect ratio of the resonant 
surfaces and on the position of the plasma column and may amount up to 5. It 
is further seen that the mode structure is distorted towards the inner side 
of the torus wher e the distortion is rather moderate in the case n=2 but 
increases drastically with increasing mode number. 
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Fig. 6: Polar diagrams of the modes m = 2,3 , 4. The torus axis is on the 
left-hand s tde. 

While the m•2 mode discussed in the preceding section fits quite well into 
this picture, the continuous and the fishbone- like mode cannot be explained 
by this model. The observed out-in amplitude ratios of 15 - 25 might be 
ascribed to the occurrence of two modes, an even and an odd one, coupled 
such that two maxima coincide in the midplane at the ouside. It is seen from 
Fig. 6, however, that all three modes pretend an m=2 structur e as far as the 
outer side of the torus is concerned. This contradicts to the observed phase 
relations according to which phase reversal is obtained at poloidal angular 
distances between 45° and 60° {which would indicate a superposit ion of m=3 
and m•4 if the geometry were cylindrical). 
Obviously, rational magnetic surfaces with m> 4 are also present due to the 
separatrix. They ar e located, however, in a region with very large shear and 
hence very small island sizes. It is unlikely, the refore, that modes with 
appreciable amplitudes develop in this region . 

5 . Summary 
- Three types of MHD oscil l ations were observed, a continuous, a f i shbone­

like and an ma2, na 1 mode. 
- The decay of B can be attributed t o observable MHD activity only in the 

tases in which a strong m=2 , n=1 mode develops. 
- The continuous and the fishbone-like mode cannot be ascribed to currents 

flowing parallel to the magnetic field on rational surfaces. 

Reference: 
/1/ G.Fussmann , B.J.Green, H.P.Zehrfeld, Plasma Phys.and Contr .Nucl.Fus .Res . 

1980 (Proc.lOth Int.Conf .Brussels, 1980), Vol.I,IAEA, Vienna ( 1980) 353. 
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EURATOM Association , D-8046 Garching 

Introduction 
With high power auxiliary heating at incr eased plasma pressure many new MHD 
phenomena occur which can be studied most sui tably by observation of the 
soft X-ray ("SX" ) radiation . In the plasma centre NI excites lar ge m•l , n•l 
oscillations, the detailed behaviour of which depends on external parame­
ters. In divertor discharges with NI power ~2 MW their occurrence is re­
petitive and terminated by sawteeth. When NI is combined with ICRH the m• l 
mode often disappears after a first st r ong sawtooth which is followed by 
"precursor-free" l a=ge sawteeth . 

The hot spot model 
Detailed studies of the m• l mode and of sawtooth activi ty have been nade in 
ASDEX mainly based on the analysis of the signal s of two SX di ode caneras . 
In the case of s toro idal rotating pl asma and dis r egarding a possible 
poloidal rotation these signals represent the pr ojection of an asymmetric 
and helical radiation profile into t he viewed poloidal cross section. From 
comparison with ECE measurements we concl ude that the oscillating SX signal s 
are mostly caused by varying elect r on tempera t ures. 

Figure 1 shows an example of an m=l mode dur i ng NI rotating opposite to the 
elect r on dr ift direction . The behaviour of t he signals (doubled frequency , 
phase relations) can be wel l described by a rotating hot s pot with an 
extension 2D , which is much larger than the distance tJ. of its centre to the 
magnetic axis (Fig. 2). The hot s pot centr e describes a ci rcle with radius fJ. 
around the magnetic axis , the off - axis rotation of the hot spot affects a 
plasma roughly within the q • 1 zone. 

Assuming growing values of fJ. (at fixed D) we can distinguish three possi­
bilit i es concerned to a chord wi th distance Z to t he magnetic axis. These 
t hree cases and thei r character istic different features are exhibited 
schematically in Fig. 3a , b,c (the dashed curves belong to paral lel but 
opposite to the axis positioned chords with the same distance Z) . 

!Academy of Sciences , Leningrad, USSR ; 2Present address : JET Joint ender­
taking , England; 3univ. of Washington , Seattle, USA; 4cEN Grenoble , France 
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The sawtooth collapse 
Near- axis SX chords show even during the 
conventionally defined period of the saw­
tooth collapse a n oscillatory st ructure 
which seems to evolve from the m=l mode 
wi th t ypical deviations from it. Such 
traces were inter preted as relaxation 
into an m=O mode or a sudden change of 
direction of rotation . 

With the assumption of a growing 8 , 
however , the observed behaviour as seen 
in the near-centre chords can well be 
described by the hot spot model. 

Figure 3d exhibits the characteristic 
behaviour of two opposite chords during 
s uch a growth phase . The picture is 
"cons tructed" with the assumption of a 
transition from case I to case II and 
finally to case III each in a half 
period. Measured signals from two oppo­
site SX channels with a radial distance 
R = 2 . 5 cm (::: Z) agree very well with 
t his model - Fig. 4b demonstrates an 
example . 

Another example is present ed in Fig. 5 
(an expended section of Fig. 6) . Whi l e 
the central chord points toward a pre ­
cursor-free sawtooth the near-axis 
chords show clearly the development of 
a weak m=l mode which is followed af ter 
two periods by the sawtooth t r ansi tion 
with the typical evolution described 
above (Fig. Sa). Opposite chords with a 
larger distance R from the axis exhibit 
this transition one half period later. 

Heat wave propagation 
The developed picture based on the hot 
spot model explains the spikes in the SX 
traces and their irregular nature as 
often seen when SX signals are plotted 
on a large time scale (Fig . 6) . The 
traces of this example documer.t that the 
hot s pot does not reach the plasma edge 
and the mode is damped . TI1e hot spot 
decays and a heat pulse propagates to 
the pl asma edge on a t i me scale r oughly 
two orde r s of magnitude larger than the 
collapse time and with a velocity of 
about 104 cm/sec . 
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Fig. 5: A sawtooth t r ansition after a 
weak but rapidly deve l opi ng m•l mode, 
shown for opposite channels at differ­
ent distances from t he magnetic axis. 

Fig . 4: a) The central signal from 
a sawt ooth event with preceding 
m3 l mode . b) Vertically opposi t e 
near-axis signals during this saw­
tooth t ransition. The expended 
interval corr esponds t o the marked 
segment (by arrovs) i n Fig. 3d. 

~The inner spiral represents the 
path of the hot spot centre during a saw­
t ooth transition, t he outer curve describes 
the movement of a second hot s pot centre 
which is assumed t o originate from the 
f irst one. The marked t ime points corre­
spond to t he arrows of Fig . 4b and 8 . 
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MHO activity 
Together with the signals of a second camera the movement of the hot s pot 
from the example described in Fig . 4 was recons tructed. Fig. 7 shows the 
path of the centre of the hot spot , which s tart s from an mal mode (marked 
t i me point 1) and roughly describes a spiral. Afte·r the time point 4 the 
determina t ion of l'> becomes uncert ain. From time point 3 on a second hot 
Npot is clearly seen which rotates at a l arger radius. The phase relation 
between both hot spots i s well described by the assumption of a frequency 
ratio 3/2. Within the sawtooth transition the phase velocity of the inner 
hot spot decreases to about its half original value. During the m=l mode l'> 
is smaller than 2 cm, the centre of the mode activity is clear ly shifted 
outwards from the plasma centre and the mode structure is observed up to 
r :: 14 cm. 

Within the transition 2 t o 3 the value of ('> increases to about 6 cm and the 
mode structure extends to r :: a/2. The central channel shows at time point 3 
a first distinct minimum and does not reach again its maximum value when the 
hot s pot passes the horizontal channel at time point 4. It is assumed that 
the original hot s pot is deformed and breaks up simultaneously when ('> starts 
to increase. Its absolute minimum shows the central channel at tine point 5 
and a last clear relative maxi mum i s observed at time point 6. 

In the following phase the MHO activity within a/2 becomes complicated but 
remains regular and ends finally in a s tationary low frequency m=3 mode. 

A thermal wave on a equilibrium transport time scale does not develop in 
this case . Beginning from time point 3 the outer plasma region (r > a/2) 
shows growing signals. Already at time point 5 these signals reach a first 
maximum at the top and bottom of the plasma. These maxima are followed by a 
somewhat larger signal at the top and a tremendous burst at the bottum 
region rising only 50 ~sec after the beginning of the sawtoot h transition 
with a duration of 200 ~sec {Fig. 8). In this case the energy transport from 
the plasma core t o the edge caused by a sawtooth event occurs on an ideal 
MHO time scale. 

2 34 

1------400 ~sec 

Fig. 8 : SX s i gnals from the 
central and edge chord during 
and afte r the sawtooth tran­
sition of Fig . 4b. 

The sawtooth events discussed before were 
observed at the following experimental 
conditions. Fig. 4/7/8: 
!P = 380 kA, q8 ,cyl = 2.7; 
ne = 2.4 • lOlJ cm- 3 increased from 
1.5 • 1013 cm- 3 by means of a s t rong Ne 
puff; 
NI power 3.4 MW; L-mode discharge with 
m=l frequency of 26 kHz ; 
sample frequency 200 kRz . 
Fig . 5/6: 
!P = 380 kA; qa,cyl • 2.9; 
ne = 3.5 • lOlJ cm-3 
NI power 1. 7 MW+ ICRH with 400 k\i; 
sample frequency lOO kHz . 
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21 , Av. des Bains , CH-1007 Lausanne I Switzerland 

'Ihe results of studies of broadband magnetic and density 
fluctuations during ohmic discharges in the TCA tokamak1 are described. 

Introduction 

'Ihree different diagnostics have been employed to investigate the 
broadband spectrum of fluctuations observed at frequencies greater than 
the Mimov frequency ( 2 1OkHz in TCA): ( i) magnetic probes placed at 
various poloidal and toroidal locations in the shadow of the limiters, 
(ii) a triple Langmuir probe for scrape~ff plasma mejsurements, and 
(iii) a novel C02 laser phase contra~t diagnostic that yields 
line-integrated density fluctuations along selected vertical chnrds of 
the plasma cross-section. 

In Fig. 1 is shown an example of the power spectrum of the magnetic 
fluctuations. By rotating a probe, ensuring precise measurement of the 
probe angle with respect to the static field B.p, the fluctuation field 
has been determined to be polarized in the plane normal to the total 
magnetic field at the probe position (b1;b ... ~ 10-2 ). 'Ihe level of the 
magnetic fluctuations, meas~red 4 cm behind the limiter , is in the range 
[be(f>40kHz)/Be]rms = 10- -1o-4 • It is found to scale inversely 
with energy confinement time, suggesting a possible relation with 
confinement . 3•4 

The Langmuir probe measurements in the scra~ff layer show a 
high relative level o f fluctuation (ne/ne 2 50-100%) . Correlation 
between the fluctuations in density arrl potential yields an outward­
directed transport, which is dcxninated by the low frequency contribution 
(see Fig . 2) . 5 

From t he phase contrast d i agnostic it has been determined that the 
absolute level of the chord-averaged fluctuations is rather constant for 
r/a < 0. 5. '!.his s uggest s that the fluctuation level is largest in the 
gradient region (ne/ne 2 10% is estimated for r/a = 0.75). 

Comparison between diagnostics 

'!he results obtained from the three diagnostics can be compared 
with respect to their spectral and spatial characteristics and also 
their dependence on the plasma parameters. 

All three diagnostics yield power spectra that exhibit an rcx 
dependence above a roll-off frequency fc• Spectra determined from the 
phase contrast diagnostic viewing a central chord are considerably 
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Fig. 1 Fig. 2 Fig. 3 

broader than those obtaine? from the Langmuir probe, but quite similar 
for an edge chord that does not probe the bulk plasma (Fig. 3). Figure 4 
shows that fc gradually decreases from -150kHz for a central chord to 
the low values (30- 80kHz) measured by the Langmuir probe in the scrape­
off layer. This figure also shows that the spectral index a for density 
fluctuations is only weakly dependent on position. The spectral indices 
for both density and magnetic fluctuations are not strongly dependent on 
the plasma parameters. (FOr the parameters of Fig . 4, a ~ 3 for be.) 

Correlation measurements using the Lan~uir probes yield poloidal 
phase velocities in the range 1 - 5 x 10 an s- 1 (ion diamagnetic 
direction), while about 5 x 105 an s-1 is obtained from the phase con­
trast diagnostic (undetermined direction). 

Evidence of significant coherence over long distances has been 
obtained from both the phase contrast diagnostic and the magneti c 
probes. Figure 5 shows the spatial autocorrelation function of the 
density fluctuations obtained from tv.o scannable detectors. FOr 
frequencies up to 100 kHz, sizable coherence is observed between chords 
separated up to 7 cm. In fact, more than half the spectral power of the 
density fluctuations is associated with long wavel engths; 
krs = kcsfwci ~ 0.1 (edge) and krs ~ 0.3 (bulk) . These values 
are comparable to those predicted by strong drift wave models . 6 Although 
the poloidal coherence length for magnetic fluctuations is only a few 
centimeters, the examples shown in Fig. 6 demonstrate that significant 
levels of coherence have been observed from probes in diametrically 
opposite poloidal (6~=0, 69=~) and toroidal (6~=~, 69=~/2) planes. This 
substantial coherence is measured up to - 400 kHz, well above the 
discernible harmonics of the Mirnov frequency . (A somewhat irreproduc­
ible measured phase relation has hamPered interpretation in terms of 

+rol·oH"tqiAI"Cy 

oo 
oOO~ 

0 0~ 
0 

Fig. 4 

... ·1 0 1 
thord separation b.X {clftJ 

Fig. 5 
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t.Q = zo· 

Fig. 6 

wave propagation, as for the other t1>0 diagnostics.) Despite this 
observation of long coherence lengths, presumably along the total 
magnetic field direction, we have found no evidence of significant 
linear coherence between signals measured by the different diagnostics.7 

'Ihe parametric dependence of the level of density fluctuations 
measu~ed along a central chord (Fig . 7(a)) constrasts with that measured 
for be (Fig. 7(b)). Although i'ie increases linearly with ne, a 
decrease in be is measured if ne is increased. Also, fie does not 
exhibit the dependence with plasma current that is observed for be. 

Finally, the correlation dimension8 of the fluctuations has been 
studied. Signals fran each of the three diagnostics, filtered above 
40 kHz, yield a high dimension; v > 8 for the available resolution. Fbr 
signals containing a large low frequency component, no reliable estimate 
of the dimension could be obtained. 

Conclusions 

LOng coherence lengths have been measured for both density and 
magnetic fluctuations. 'Ihe possible importance of these measurements is 
stressed by the Langmuir probe results that show that the 
fluctuation-induced transport is dominated by the long wavelength 
contribution. Although density and magnetic fluctuations exhibit similar 
spectral characteristics , no direct connection between them has been 
observed. 'Ihe scaling of the density fluctuation level, ~ne ~ 
constant, does not indicate the same dependence on energy confinement 
time as measured for be/Be. Et:>wever , a rrore definite statement I>OUld 
require detailed measurements of the fluc tuation-induced transport in 
order to determine the role of the observed fluctuations i n energy 
confinement in tokamaks. 
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lntroductton 
l t has been observed on many tokamaks that the shape of the electron 

temperature profile is not strongly affected by other plasma parameters, but is 
only a function of the edge safety factor, qa; the so-called principle of profile 
consistency [I). Recently there has been renewed interest in this viewpoint, 
because of its strong imp I icalions for the next generation of tokamaks. This 
paper presents an analysis or electron temperature pror i le consistency in TFTR, 
and the results or experiments to elucidate the role of the current profi le in 
profile consistency. 

Egu i I jbr juro Electron Temperature Profiles 
Approximately one hundred TFTR equil ibrium electron temperature 

prof i les, with 2.5<qa<IO, O<PBeam< 13MW and O. l<f1e(O)(x1020)<2.5, were 
examined ror systematic variations or the profile shape. it was round that the 
profile shape outside q= 1.2 was only dependent on the minor radius, and was 
roughly independent of all other quantities, e.g., qa, aux i liary heating, and 
density. This was also found for heavi ly beam heated low density discharges 
that showed evidence of significant beam driven current, and for discharges 
with very different beam deposition profiles [2]. 

For full bore (a=0 .8 m) discharges, the inverse scale length, -d(lnTe)ldr, 
is ::: 3! I m-1 independent or density, beam power and, most interest ingly, of 
qa in the range 2.5<qa< I 0 (Fig. I ). The profile shape was approximately 
exponential forTe> 1 keV outside the sawtooth m1xing radius. 

In contrast, smaller minor radius plasmas (a= 0.55 m) have more nearly 
Gaussian Te profiles outside the sawtooth mixing radius and within Te>l keV, 
as observed in previous experiments. For TFTR reduced minor radius 
discharges Te ex exp(-r2/ 2o2) in this region, where a2fo2 ::: 4.5. it was not 
possible to determine a scaling of o with qa. 

In a tol<amak, the current density, J, and T e profiles are coupled in 
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steady state by the plasma resistivity. Thus, the observed constancy of the Te 
profile shape might be due to constraints on the current profile shape [3]. To 
study the hypothesis that the electron temperature profile is strongly 
controlled by the contraints of tear ing mode stability , a code which calculates 
Ll 'm.n from the equation 'V 1

2 q; = (mqR0/ (rBr(m-nq)) (dJ/dr) q; is used to test 
current density profiles (calculated from the observed time dependant Te 
profiles and neoclassical resisti vity) for stability to tearing modes. These 
inferred current profi les for normal (non-disruptive) TFTR plasm as are 
generally found to be marginally stable. 

Current Ramp Experiments 
In an attempt to perturb the Te profile, and the relationship between Te 

and J, the plasma current was rapidly increased (at up to 3MA!sec) after 
achieving f lattop, with ana without neutral Deam heating. The penetration or 
the current into the <lischarge was calculate<l using a time depen<lent transport 
code using the measure<l surface voltage and Te(t) profiles, and assuming 
neoclassical resistivi ty. The calculations were able to reproduce the observed 
1\ (Fig. 2). If all the extra current was localize<l at the eage or the plasma 
edge, the 1\ would have dropped to about 0.2. If the current profile remained 
in equi libr ium with the temperature profile, 1\ would have just droppe<l to the 
final value. There is no evident need to invoke an anomalous resistivity to 
simulate available measurements of the current penetration. 

During the current ramp, at high ramp rates, several bursts of MHO 
activity were observed as low order rational surfaces moved through t~1e edge 
of the plasma (qa=5.0, 4.5, 4.0). The burst at qa=4 was an m/n=4/ I mode 
which caused a fast <lrop in the e<1ge Te and a jump in 1\ (whiCh was 
reproduced by the resistive current penetration calcu lat ion). The t::.' stabil ity 
calculations using the calculated current profi les during the current ramp show 
reasonable agreement with the observe<l instability occurances (Fig. 3). At all 
other times during the current ramp, the Ll' calculat ions show the current 
profile to be stable. 

Even though the current ramp produced strong perturbations in the 
infer rea J pror i le. including reversal or dJ/ dr, the Observed perturbation to 
<l(lnT e)l dr was extremely small (Fig. 4), except due to the 4/ I MHO Durst at 
the plasma edge. Thus, in TFTR, the Te profile shape must not depend on such 
local quantit ies as J and q, or their gradients. 
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Conclusions 
it is found that in TFTR the electron temperature profile shape is 

constant outside the sawtoothing region and for Te > 1 keV. For full bore 
discharges this shape is roughly exponential, with an inverse scale length of 3 
m-1, independent of all other factors. including qa. Smaller minor radius 
discharges snow approximately Gaussian profiles. Furtner. by rapidly ramping 
the plasma current, this profile shape is seen to be independent of such local 
quantities as the current density and q(r), or their derivatives. 
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Figure I. Inverse gradient scale length of Te vs. minor radius for equilibrium 
full bore TFTR discharges for T e> 1 keV outside tl1e saw tooth mixing radius. 

Figure 2. (a) Plasma current vs. time during a current ramp. 
(I>) Measured and calculated 1\ vs. lime during current ramp. 

Figure 3. (a) Plasma current vs. lime <lurtng a current ramp. (I>) Bursts of 
coherent MHO activi ty observed on the Mirnov loops during a fast current ramp. 
(c) Calculated b. ' vs. t irne fr om the inferred current density profile. 

Ftgure 4. variation of <l/dr(ln Te) wi th t1me durmg a current ramp, for 
different shots and ior radii from 0.3 to 0.5 meters. 
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Introduction Initial RF and NB heating experiments on JET exhibit enhanced 
sawtooth activity accompanied by multiple hel icity MHO modes. The act i vity 
observed on internal coil signals has been compared with sol ut i ons of the 
resistive MHO equatiqns in full toroidal geometry including plasma shaping 
effects with no ordering assumptions by means of the FAR code.[ 1] Multiple 
helicity locked modes are also ohserved, which grow approximately linearly in 
time up to a critical amplitude that triggers the disruption. 

Multiple m Mode Coupl ing During centrally heated RF and NB heated 
discharges, the i nternal m=1, n=1 activity observed on ECE and soft X-ray 
diagnostics often becomes strongly coupled to higher m modes observed on 
magnetic pick up coils at the wall. Whfl e the frequency of the internal and 
external oscillations is the same, the pol oidal phase variat ion of the 
external mode is typically that o f m=3 or m=4, depending on q , with n=1 
dominant. The amplitude can reach 1 evel s greater than 10-'+ t 9 (wall), 
espec ially for 1 ow q, high auxiliary heating power discharges. The observed 
in/out ratio of the tangential field fluctuations decreases (increased 
ballooning) with inc reasing NB power at fixed q~ . 

FAR code calculations of multiple m mode coupling effects are in broad 
agreement with experiment. For an equilibrium with q~ =6 , q

0 
= o. 9 and an 

elongation of 1.4, the code predicts that an internal m=1 resistive mode will 
exhibit pol oidal magnetic fluctuations with m=3 at the boundary and an in/out 
ratio of 0. 2. This is to be compared with the observed ratio that varies 
from 0.2 to 0 . 6, de pending on q~. For the particular current distribution 
chosen, '1

0
=0 . 9, and 5=106 , the code predi cts a fluctuation l evel of 10- 4 

B
9

(wall) for an m=l isl anti width of 101. of the minor radius. The predictions 
are , however, quite sensitive to the details of the curr ent distribution. 
lncreasi ng ~ in the cal cul at ions decreases the in/out ratio of the pol oidal 
field fl uctua~ions in agreement with observations during NB heating. 



153 

Multiple n Mode Coupling Nonl inearly coupl ed modes of dif ferent toroiclal 
mode number n having frequencies propor tional to n have been obse rved. 8y 
combining coils from s i x toro idal locations with carefully chosen we ight i ng 
factors that enhance a parti cular Fourier harmonic and reject the other 
harmonics, combinations select ing n=l , 2 and 3 modes were constructed. 
During the current rise , 'il (n=2)=5% b (n=l) and b (n=3)~1% b (n=l). Be fore 

't -..; 't- 't -
disruptions, t he rati os increase to b ( n=2)~?.5% b (n=l) and b (n=3) ~5% 
h (n=l ), typically. During MHO activify associated-rwith enhanceJ sawteeth 
d~e to RF or NR heating, the ratios become b ( n=2)~10% 'il (n=l) and h (n=3 )~3% 
,_ 't 't 't 
b-r(n=l ). 

The n=l frequency in OH and RF discharges is usually between 500 and 
1500 Hz . With additional momentum from the NB in the opposite di rection to 
the apparent direction of toroidal mode rotation, however, the mode rotation 
reverses and the frequency may increase up to -5 kHz, depending on the NR 
power and density. This is consistent with a toroid~ rotation v~ocity of 
more than 9xl04 ms- 1. 

Disruption Precursors Preceding all disrupt ions studied th us far on J ET wi th 
lp>SOO kA, a stationary n=l mode grows , often l inea rl y , until dis rupt ion {Fig 
1 ). From the pol oidal variation of both the amplitude and phase of t he 
radial and tangenti al fields as the oscill ating mode slows anrl finally locks, 
the dominant mode was found to be m=2, n=l with m=l, n=l and m=3, n= l 
sidebands at -30% h{m=2) and even hi gher order sidebands, eg m=O, n= l 
at - 5% b{m=2). The r elative strength of the sidebands increases with t ime. 

The mode 1 ocks when the osc ill at i ng amplitude at the wall renches 
'il9-lOG, then grows to a level , depending on q<!J , of 1% B9(wall) for q<!J=5. The 
l ength of time for which the mode is locked depends on Ip and can be as short 
as 30 msec for l ow currents or~ 1 sec for high cur rents. 

The observed disrupt ion precursor activity compares well with m=2 
dom inated FAR code cal cul at ions. Fi gure 2 shows a FAR calcul ated f iel d line 
tracing plot with q

0
>l, exhibiting large m=2 and m=3 islands when c5b8/B8 

(wall) - 1% , whi ch occ urs shortl y after mode lock in Fig 1. For oh0/R0 
(wall)~ 2% t hese islands overl ap and destruction of the magnetic sur faces 
occurs . The calculated pol oi dal variation in the amplitude of tangential 
fi eld fl uctuilt ions rerr oduces t he observed i n/out ballooning asymmetry that 
arises from interfer ence between the dominant m=2 harmonic and its principal 
si debanrls. The cal cul atecl pol oiclal pha se variat i on of the magne tic 
fluctuations also agrees with experiment. 

Background MHO Level The ampl iturle of 1 ow frequency (<5 kHz) r~Hn activity 
betwe en sawt ooth col lapses can remain as low as 3xln-s B8 independent of RF 
and NB input power ann the posit i on of the hea ting zone. However , the 
precursor MHO activity, which may last for SO msec, and sawtooth induced 
magnetic perturbati ons rise sub stantially with NB power, often reaching l 0-4 

B8 (Fig 3). The growing n=l mode coi nciding wi th the sawtooth col lapse , whose 
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growth time is _slOO!!sec [2], can reach a n ampl i tude as high as 2x10-3 Be 
(wall) and be observed on the loop voltage [3 ]. RF heating generally shows 
less activity than NB heating , especially if heated off axis, though MHO 
levels of - Io-4 Be(wall) have occasionally been reached. 
Conclusions Both RF and NB heat i ng exhibit enhanced sawtooth activity 
correlated with edge magnet ic fluctuations that are combinations of mul tiple 
hel icity MHO modes produced through coupl i ng due to toroidicity and shapi ng 
with the driven m=1, n=l internal mode. The observed mode cou~ing effects 
are reproduced by the FAR code. In some cases, there is detailed ag r eement 
for the amplitude and phase variat i ons of the mode activity [ 4] . Locked n=1 
modes occur and gr ow prior to disruption, always locking in the same 
location, with the spectrum in m increasing prior to disruption. Only a low 
l evel of nz2 activity is present before disruption. The appa r ent ni rection 
of rotation of the MHO activ i ty reverses with NB!. The backg r ound MHO l evel 
between sawtooth collapses can remain as l ow as 3x1o-s Be independent of RF 
and NB input power and t he l ocation of the heating zone. Generally, however, 
t he average MHn act iv ity is an orner of magni tude higher during NBI than 
during RF or OH alone. 
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1 . INTRODUCTION 
A l~D transpor t code is used to examine the importance of energy 

confinement degradation, beam deposition profile, central pl asma fuelling and 
edge pumping in JET plasmas with neutral beam and pellet injection . 

2. MAIN FEATURES OF THE TRANSPORT MODEL 
7he transport models used to simulate JET ohmic plasmas (including 

target plasmas for neutral beam injection and pellet injection) are basically 
those used previously [ 1-3] and include: anomalous electron thermal 
di f fusivity of the ALCATOR - INTOR or Coppi-Mazzucato-Gruber form (xeAI• 
5.10' 9 ne-' or XeCMG~ 3.10"aBTne-' . '(RqTe)-'A -o.•) ; ion thermal di f fusivity 
of the Chang and Hinton form (4] ; anomalous diPfusive and convective particle 
f l uxes; oxygen/carbon and nickel impurities; neoclassical resistivity; 
classical energy transfer between electrons and ions ; and the K ado m t se v 
reconnection model for sawteeth . 

Following ) . ~] . a full cal ibrati on of the ECE temperature measurement 
removed the need for excessively high anomaly factor s (a1 ~ 10) on the ion 
thermal diffusivity , t hereby allowing a • conventional " transpor: model with 
Xi ::i 5XiCH ::i Xe to be acceptabl e. The present calcul ations use a 1 ~ 11. 

3 . NEUTRAL BEA~I INJECTION 
Neutral beam heating of JET plasmas is simulated using a multiple pencil 

beam model for additional power and parti cle sources and by increasing the 
transport coefficients over their ohmic values. 

The birth profi l e of fast ions is obtained from the attenuation of many 
filamentary neutral currents by electron impact ionisation, proton ionisat ion 
and charge exchange , including capture by impuriti es. The energy partition 
to the background ions and electrons is obtained by solving a Fokker Planck 
equation f or the slowing down of fast ions . The power mix assumed for 
hydrogen and deuter i um injection at different energies is given in the 
Table . 

Full Energy/Species 
(Eo) 

65kV/H 
80kV/H 
80kV /D 

-

Tabl e 
- -----
----
Fract i ons at 
Eo: E

0
/2: 
m 

E
0

/3 

69 : 23 :8 
63 :29 :8 
76 : 17:7 

Power 

At full energy Total 
(MW) (HW) 

3.7 5. 4 
4 . 2 6. 6 
7 . 8 10.3 

------- ----
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Confinement degradation dur ing NBI is simulated by increasi ng outside 
the q ~ 1 region the elec tron thermal diffusivity for ohmic pl asmas [2 , 3) by 
eivther a fix"d f actor, ae $2 , or a power-dependen t f a c t o r , aep" 
of Ptotal , edV;of PoHdV . 

Slmulations of t he ohmic deuteri um dischar ges of [2 , 3) but wi t h hydrogen 
or deuterium neutral injection at 80kV indi cate that maximum cent r a l 
temperatures are reached a f ter only 0 . 8-1 . 3s of addi tional r.eating and 
subsequently dec~ease as the centre is shielded from the neutral beams 
with 1 ncreasing dens! ty from beam fuelling. The highest temperature is 
achieved at the lowest starting density and with deuterium injection. These 
effects have been observed in the first e xperiments with NBI on JET . In 
particular, simulation of the med ium dens! ty discharge (JET Pulse 1171 ~5) 
fuelled to high dens! ties by neutral injec tion at 65kV shows the subsequent 
fall in t he electr on temperature from its peak after approximately 0 . 5s of 
heat i ng (Figure 1) . The calculated beam deposition profiles at the begi nn ing 
and end o f i nj ect ion are s hown in Fi gure 2. High i on temperatures have been 
achieved in l ow density plasmas by pumping the edge particle flux by moving 
the plasma off t he outer limiters , towards the inner wall . The l ow dens i t y 
discharge (JET Pulse 871 55) heated to high ion temperatures by neutral 
i njection at 65kV is also well simulated (Figure 3) . Even higher ion 
tempe ratures are predicted with the above models wi t h deuter ium i~j ection at 
80kV, provided beam fuell ing is compensated by edge pumping (Figur e 4) . 

~ . PELLET INJECTION 
The penetration of f rozen hydroge ni c pellets is calculated using a model 

that has been t ested aga inst TFTR, ISX- B and ALCATOR-C dat a [ 5) . The pellet 
surface is protected by a neutral gas shield of t hickness given by t he 
hydrodynamic s olution of the gas expansion ass uming s pherical symmetry [ 6) 
and a " t ube" of cold Ionised plasma , wh i ch extends alon~~: the ma gnetic f ield . 
The heat flux t o the pellet s urface is calcula t ed from convect! ve flows of 
electrons along the magneti c fie l d through both t he tube of cold plasma and 
the dense neutral gas shield and fas t neutral beam i ons normal to the 
magnetic field only through the neutral gas sh!eld , which they can enter 
since the i r gyro-or bits are larger than the e f fect! ve pellet ionisation 
radius. 

Cal culations usi ng the s tand-alone code for pellet i njecti on indicate 
that pellets up t o 6mm diameter and s peeds up to a t least 10kms-• ar e 
necessary to penetrate t o the centre of ,JET discharges with centra l densit i es 
and t emperatures up to 1020m-• and lOkeV r espect ively . Solid curves i n 
Figure 5 shOw the penetration for electron ablation only and a fixed ratI o 
between t he thickness of the ionised plasma tube and the cold neutral gas 
s hield. It s houl d be added that when the thickness of the ionised pl asma 
tube is kept fixed at 0.35cm (as derived from TFTR bench mark tests) smaller 
gains in the penetration depth are found wl th i ncreasing pellet speed . For 
these cases , the penetration o f low speed pe l let s , i n part i cular , is strongly 
reduced by ablation by fast i ons from 10MW of deuteri um i nject i on at 160kV 
(dashed curves) . 

Full transpor t code calculat ions indicate tha t lower edge recycling 
fluxes are achi eved with peaked density profiles mal ntai ned by continuous 
pellet injection and pumpi ng. However , r·adi a ted power l osses equal to the 
ohmic input power can result a f ter r elaxa tion of the density pr·oflle , and 
although this situation can be avoided by additional heati ng , when all this 
power has been used t o reach conditions close to l gn it ion , r eheat of the 
plasma i s not possible with this model in wh ich pellet injection does not 
lead t o improved confinement. 
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5. CONCLUSIONS 
The expectations of neutral beam i njection theory and conf inement 

degradat ion are borne out by NB! on JET , with r espect to both high density 
plasmas, i n which the electron and ion t emperatures are similar and the 
energy confinement is severely reduced and high temper a ture plasmas , in wh ich 
the ion temperature exceeds the electron tempera ture and energy confi nement 
is little affected when pumping the edge particle flux allows low densities 
to be maintained . 

The predictions of pellet injection on JET indicate that a push towards 
10kms- 1 appears to be warranted for JET , with somewhat improved penetration 
in the absence of fast ion effects and as a means of recovering penetration 
to the central plasma in t he presence of fast ions. The potential 
disadvantages , including substantial radiation losses and the failure to 
recover ign i tion-li ke conditions after pellet injection (unless confinement 
i mproves) s hould be considered together with the potentia 1 bene f i t s , 
including lower edge fluxes, peaked densi ties and high edge temperatures 
obtained with continuous pellet injection and pumping. 
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Fig 1: Comparison between theory and 
ECE measurements of t he el ectron 
temperature profile for JET pulse 
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neutral injection . 
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Fig . 3 : Comparison between experiment and theory 
for the temporal variation of the peak and mean 
electron and ion temperatures for JET pulse 07155 
(a) ECE and NPA measurements , and (b) simulation 
with 4xecMG and aep· 2.7MW is applied at Os and a 
further 2. 7MW at zs. 
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Fig.4: Predicted peak ion and electron temperatures 
with deuterium i njection at 80kV and various levels 
of edge pumping for (a) 0.4XeAI and ae• 1.5 and 
(b) 4xecMG and aep · 
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injection when the thickness of the tube of cold plasma i s fixed (a) relative 
to the thickness of the cold gas shield (--) and (b) at 0.35cm (-- -) . 
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PROriLE CONSISTENCY AND ELECTRON ENERGY TRANSPORT MODELS 

A. Taroni and F. Tibone 

JET Joint Undertaking, Abingdon, Oxon . OX14 3EA , UK 

INTRODUCTION 

Results from several tokamaks have been recently interpreted invoking 
t he concept of " Profile Consistency" (PC) first introduced by B. Coppi [1] . 

There does not seem to be a unique definition of PC (see for example 
[2-6]) . Here we adopt the following definition: i n tokamaks , with and 
without auxiliary heating, the plasma relaxes to a state wi th a •canonical " 
temperature profile 

(1) 

te2 being the temperature at a radius r, ~to the plasma boundary and 
outside which atomic processes and transpor t not related to PC dominate 
( 5 ,7]. a repr esents a "shape• parameter that can depend on global 
parameters such as qa (safety factor at the boundary), Ip (total plasma 
cur rent ) , Bt (toroidal field) , poloidal or toroidal a. The f amil y 

f (r ,a ) • exp (a(t- - ~ ) ] (2) 
d 

was originally proposed [2] as "canonical" shape, and we shall mainly r efer 
to it. However , we assume eq(l) to be valid in general only outside the 
region dominated by sawtoot h activi ty (r > r, • r (q• 1 )). Thus other 
expressions fo~ f may turn out to be more appropriate . Theory and/or 
experimental results are supposed to provide the information necessary to 
determine f(r,a). A first analysis of JET data is presented in [8] . 

2 . DERIVATION JF XePC 

Our approach wlll be an empirical one. We assume PC with some f (r ,a l 
and derive a series of consequences for thermal conductivity models used in 
transport codes , modifying and somewhat clarifying previous wJrk in this 
direction [ 3]. 

Following [ 2 , 3 ,9 ] we derive Xe from the steady-sta te electron thermal 
energy equation: 

(3) 

where P0 i s the ohmi c input term, Paux is the auxiliary heating term for 
electrons and Se includes ~ other local sources a nd sinks in the 
equation . 4> 1 is proportional to the electron heat flux at r•r• and 
convection i s neglected . 
Eq.(1) can be used to eliminate ate/or from eq . (3) [3,9]. Fur t hermore, for 
any f(r,a) it is poss ible to eliminate Te2 by introducing Te(r) , thereby 
obtaining a transport coeffic i ent constrained by PC and expressed in terms 
of local quantities, a and integral quantities. 



161 

Clearly Xe derived in this way <xePC) cannot be expected to 
from the relaxed state. We assume it to be valid after 
distribution has relaxed (e .g. flat top of IP in JET). 

If the profile shape (2) is assumed, one obtains 

XePC - 2a r• 

be valid far 
the current 

(4) 

Notice that Paux is treated on the same footing as P0 in this expression . 
If one considers a clean ohmic plasma with Te = T1, and r, • 0, then 

2 

r, V Bt 

41!a ~0R'ne(r) Te (r)-q(;) 
(5) 

where E is the (radially constant) electric field , I(r) the current inside 
r , V the resistive loop voltage , R the plasma major radius and ~0 the 
vacuum magnetic permeability . Eq . (5) gives essentially the Coppi -Mazzucato 
-Gruber coefficient [10) , which approximates the Xe derived in [2] . 

The main difference between XePC (5) and the coefficients proposed in 
[2 ,3 ) is due to the further assumption of a scaling, including a weak n(r) 
dependence, for some global quantity (e.g. V) made in [2 ,3 ) . It seems to us 
that if PC holds any global scaling - including V, the energy replacement 
time and its degradation with auxiliary heating - must follow (for a given 
density, resistivity model , impurity content and ion transport model) from: 

a choice of f(r,a) and possibly a scaling of a (i . e . numerical 
coeff icient in Xel in terms of global quantities (PC contribution); 
the plasma boundary model (or in its absence a scaling for r, and T>): 
the effects of sawtooth activity . 

The problem of connecting the PC reg ion of the plasma with the sawtooth 
dominated region needs further investigation. · Sawtooth activity can be 
reconciled with steady state only considering time averages over a sawtooth 
period . For example one can assume ~· - f~'(P0 +Paux+Se)rdr. This 
prescription is consistent with the simplest model of sawtooth activity : 
an enhanced Xe for r < r, . It can be used also with "reconnection" models 
and other choices of Xe for r < r•. However other expressions of~· • 
~, ( t), possibly more consistent with a "pulsating" model of sawt eeth , are 
to be looked for . Notice the connection be tween the choice of ~,(t) and 
the problem of the velocity of propagation of the heat pulses induced by a 
sawtooth collapse. 

We observe 
related to PC . 

under the same 

that other empirical transport coefficients are closely 
For example the assumption f(r , a)•l+(a/T,)(1-r/r~) leads , r,v 1:1T r 
approximations used to derive eq.(5) , to xe · . 

a~cR 2 n(r)q(r) 
This coefficient is close to the Neo-Alcator one . 
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3. NUMERICAL RESULTS 

The coefficient XePC given by eq.(4) has been extensively a nd 
successfully tested for JET ohmic discharges. Encouraging preliminary 
results have been obtained also for a number of Rf heated discharges . 

Figure la shows the temperature profiles computed with XePC in our 
transport code, for ohmic discharges at different densities. They have been 
obtained with r2 • a (the plasma radius) and prescribing re2 according to 
the observed experimental trend (Fig .1 b); a • 2.85 has been used. 

The influence of the plasma boundary transport model is illustrated in 
Fig . 2 . We assumed Xeb • XeBohm when r > r2 (• .8a ) . In this case Te2 
changes by chan3ing Xeb and the entire temperature profile follows. 

Figure 3 shows results obtained with XePC and RF heating. Again Te2 was 
prescribed according to the experimental trend and a • 2.85. 

The acceptable agreement between computed and experimental temperature 
evolution implies that XePC can indeed be used outside steady state. 

4. CONCLUSIONS 

Simple considerations allow to derive a transport coefficient XePC that 
we regard as being "genuinely PC". In comparison , coefficients derived in 
( 2 , 3 , 9) are t o be considered as "quasi-PC". A particular choice of XePC has 
been successfully tested i n the simulation of JET discharges . 
Our analysis shows that the success of XeCMG • XePC in simulating ohmic 
discharges in completely different devices can be explained by: 

the underlying "canonical profile" is close to reality and no strong 
change of a is needed in different cases; 
a "hidden" scaling is introduced in computations using XeCMG when the 
boundary value of T

8 
is changed. This aspect has always been 

disregarded in the past . 
Choices other than (2) , possibly less optimistic , are however possible 

for the "canonical profile", leading to other expressions for Xepe· 
In the absence of a quantitative theory and of more detailed 

experimental observations on PC , our analysis and results are to be 
considered only as indications that transport models can be ~edified to 
introduce the constraint of PC. This must and can be done taking into 
account appropriate models for the central and the boundary plasma region . 
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3-D MONTE-C.~RLO COMPUTATIONS OF THE NEUTRAL TEMPERATURE AND DENSITY 
DISTRIBUTION IN JET DISCHARGES 

R. Simonini , A. Taroni 

JET Joint Undert aking , Abingdon, Oxon. , OX1~ 3EA , UK 

I NTRODUCTION Detailed knowledge of the density and temperature of 
background neutrals in the JET bulk plasma is necessary for the 
interpretation of measurements such as charge-exchange emission spectr a f or 
NPA analysis . On the other hand , transport codes need averages of those 
quant i ties for evaluating source and sink ter ms . 

The purpose of this work is to calculate as accurately as ~ossible the 
distribution of the neutrals by means of 3-D Monte-Carlo codes , including 
the effects of toroidicity, non-circularity o r the plasma cross-section and 
poloidal and toroidal asymmetries due to t he limi ters. 

The resul ts are used to assess the validity of simpler a nd faster models 
based on assumptions s uch as circular cylindrical plasma syuunetry . Such 
codes are routi~ely used both for predictive and interpretative computations 
at JET. 

Typical ohmic JET discharges at low and high plasma densities have been 
considered . For the calculations , the 3-D Monte-Carlo code NIMBUS (1 J and 
an upgraded (3- D) version of the 1-D Monte- Carlo code AURORA [2] code have 
been used . For comparison with simpler models , t he 1-D code f'R ANTIC (3] 
(upgraded so as to incl ude a model of wall interaction~) and the model for 
neutrals used in the ICARUS code (~] were selected . 
GEOMETRY - The plasma and the chamber 3-D s tructure are considered in 
the f ollowing "complementar y" way in codes AURORA and NIMBUS . nMBUS does 
not allow for an exact t reatment of t oroid ic ity , but i s otherwise very 
flex i ble in i t s geometry : it can model a general s t raight cylinder, wi th a 
largely arbit rary configuration in the poloidal plane ; di f feren t materials 
can be assigned at various heights , with possibly periodic boundar y 
condi tions . Particle motion is fully 3-D . AURORA on the ot her hand can 
only model polo idal cross-sections defined by two matchi ng semi-ell i pses to 
allow for some degree o f triangulari ty , but with f ull toroidicity . Taking 
i nto account t hese features , a configuration of eight 3-D limiters have been 
considered in NIMBUS , neglecting essentially only the toroi dal curvature. 
In AURORA these limiters are replaced by a 2-D belt lying on the wall , thus 
the main approximation is the abse nce of any limi ter shadow both i n the 
toroidal and r adi al coordinate. 

For the 1-D ~alculat ions , t he t or oi dal ell i pt ical shells are replaced by 
a rea-preserving cylindrical c ir•cul ar shells . The limi t ers are taken into 
account only for ion recycling , while their area is neglected for neutral 
reflection which is considered to take place on walls only . 
PHYSICAL MODEL - The physical model in all codes assumes that t he plasma 
characte~ist ics remain fi xed in the calculation . Electron temper ature and 
density prof i les are read from JET Processed Pulse File (PP F) . The i on 
density profi l e is obtained by scaling the electron density by a depl etion 
f actor (typically , ni/ne· 0.6-0.8). The ion temperatu r e is made up by 



165 

taking the axial and average temperatures and then setting up a profile that 
follows that of the electrons. 

Test particles are neutral atoms or molecules (these for NIMBUS only). 
Target particles are electrons or deuterium ions . Impurities are only taken 
into account by assuming different densities for electrons and ions. No 
interaction neutral/impurity is considered. 

Wall and limlters are assumed to be fully saturated , and the total ion 
flux to the first wall is considered to be one tenth of the total flux , the 
rest going to the limiters . 

The neutrals are created either by recombination or by interaction of 
the scrape-off layer plasma with the carbon limi ters and the chamber wall. 
Interact ions with the chamber wall and the limiters are simulated by 
instantaneous backscattering or re-emission. NIMBUS allows for re-emission 
in both atomic and molecular state . The processes considered for neutral 
ion interactions are charge-exchange, ionisation by electron i mpact, 
recombination . In NIMBUS, also molecular dissociation and ionisation . 
RESULTS AND DISCUSSION - We report here results from two typical ohmic 
shots, one at low density, ne · 8 .~ x 10 12cm- • , and one at high density, ne • 
3 . 2 x 10 1 'cm-•. Since NIMBUS and AURORA feature complementary 
approximations to a "full" 3-D geometry, a cross-check of their results has 
been performed to assess the relevance of these approximations . As for 
toroidicity for JET, AURORA has been run with different aspect r~tios . It 
turns out that toroidicity plays a neglig ible r ole , all the discrepancies 
being well within the statistical errors. As for the importance of the 3-D 
structure of the scrape-off layer, comparisons of results from AURORA with 
results with NIMBUS averaged over the toroidal direction show that the 
presence or a 3-D scrape-off leads to an increase on the boundary neutral 
density of about 25% . Here NIMBUS was run with the option of re-emiss ion in 
atomic state . One may add at this point that re-emission in molecular state 
lead~ to a decrea~e in neutral density of about 30%. 

Poloidally averaged neutral density profiles computed by NIMBUS , namely 
nH(r,<f>)•1/(21!)fnH(r,.p,e)dB , are plotted in Figs . 1, 2 along the toroidal 
direction as functi ons of the distance from the limiter centre . A molecule 
is counted as two atoms . At limiter level, the neutral density drops by 
almost two orders of magnitude over a distance of 1 . 5m . 

The toroidally averaged neutral density profiles obtained by AURORA at 
various radii are shown in Figs. 3.~ for different minor radii at the mid­
plane , as functions of the poloidal angle. A marked poloidal asymmetry is 
present. In this case , an asymmetry is present even in the neutral 
temperature. In the high-density case , the asymmetry is more localised in 
front of the limi ter, and practically negligible as far as neutral 
temperature is concerned. 

Poloidal and toroidal averages o f neutral densities from 3-D AURORA are 
compared with 1-D ( 1. e . cylinders with circular cross-sect ion) results in 
Figs . 5 ,6, including AURORA in the 1-D mode . For the Monte Carlo 
simulations, the statistical errors for the computed radial profiles are of 
the order of few percent at the boundary , and 15% at the cent re of the 
discharge. We see that the shape of the plasma has some bearing ln the case 
of low density. Here the circular 1-D AURORA overestimates the neutral 
density at the boundary and underestimates it at the eentre by about 50%, 
due probably to the larger distance between source and centre in this 
boundary-recycling dominated case . For the same shot, the FRANTIC code 

M·ax-Piancl<-lnstltut fOr Plasmaphysfk 
6046 Garc!"ling bei Munchen 
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overestimates the central neutral density when compared to 1-0 AURORA. 
ICARUS, instead, est i mates the density well, but the central neutral 
temperature is somewhat overestimated. At high density, the agreement of 
the models is general ly better, except for the density from ICARUS, which is 
overestimated by about 70~ . 
SOME SENSITIVITY RESULTS AGAINST BACKGROUND ASSUMPTIONS - The details of 
the plasma profiles in the scrape- off do not influence noticeably the 
toroidally and pol oidally a veraged neutral profiles in the bulk plasma 
(about 10~ f or relative variations of the scrape-off e-fold ing length from 
0.5 to 2) . I n addition, variation of the rati o deuterium/electrons (keeping 
the electron concentration constant) from 0 . 8 to 0.5 amounts to negligible 
variations in the low-density case. For this case the neutral density is 
also rather insensitive to quite large (30%) changes in the temperature 
profiles by constant factors . At hi gh density the sens i t i vi ty to both 
changes is l arger : 15% at the centre f or the va riation of the depletion 
factor, ~0% for the variation of the plasma temperature (Pecombination 
effects). 

Finally, the neutral profiles are not very sensitive t o the wall 
composition, the differences between cases with pure nickel or pure carbon 
wall being just above the s tatistical errors . 
CONCLUSIONS - Toroid i city and the 3-D structure of the llmi t ers do not 
appear to have a strong effect on poloidally a nd toroidally averaged neutral 
profiles i n the bulk plasma , at least for the typical ohmic JET discharges 
examined. 

The s imple 1-D models reproduce sufficiently well the radial neutral 
profiles . This j usti fies the use of such models in transport codes where 
only averaged values of neutral profiles are r equired f or source and sink 
terms . In such codes other inaccuracies are more relevant t han those 
related to uncertainties in neutral profiles of the order estimated above . 

However, strong poloidal and toroidal asymmetries in neutral profiles 
are i ndeed present . They could play a role that remains to be assessed for 
problems where only the local neutral density or an average over particular 
lines of sight is to be considered , e . g. the determination of the ion 
temperatures fron NPA measurements. 
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Introduction: Investigations performed on ASDEX in a large range of plasma 
parameter s with and without neutral beam heating showed that the density 
limit is normally caused by energy losses at the plasma boundary / 1/ . The 
stronger gas influx needed to achieve higher densities leads to incr easing 
recycling l osses and increasing radiation at the edge . At a cer tain average 
density the discharge becomes unstabl e . It seems to be obvious that more 
efficient refuelling deeper inside the discharge, e.g. by injection of fast 
pellets , should result in a higher density limit. High densities have been 
achieved in several experiments by a fast density ramp up with a few pellets 
/2/ , /3/ , /4/ , /5/. In ASDEX also slow ramp up with a large number of pellets 
was applied and pellet injection was switched off or continued with reduced 
fr equency before the density limit was reached. Very high densities, 
favourable peaked density profiles and improved ener gy confinement wer e 
obtained even after stopping pellet injection. We conclude that pel l et in­
jection can change the transport proper ties of the plasma fundamenta l ly. 

The experiment: In ohmical l y or beam heated divertor discharges the deu­
terium density was first ramped up by gas puffing to a value safely belo>~ 
the limit . Then deuterium pellets wer e injected to f urther incr ease the 
density as slowly as possible until a disruption was detected. Gas puffi ng 
dur ing the pellet injection phase has been optimized i n contrast to ear lier 
work /6/ where it has been attempted to minimise recycling. The pellets 
(diameter 1.0 mm, length 1.0 mm) are cut from an extr uded rod of f r ozen 
deuterium and accelerated by a centrifuge to a velocity of typical l y 650 m/s 
/7,8/ . They can be individually trigger ed with a minimum time int erval of 
20 ms . The mass of each is measured wi t h a microwave interferometer system 
developped by the RIS0 National Labo ratory . One rod i s sufficient for 80 
pellets which may be injected in one burst. Normally 20 to 30 pellets were 
injected with a repetition rate of one per 30 ms . In some discharhes t he 
repetition rate was reduced after a few pellets or injection was swi tched 
off eo keep the plasma density constant . The 5 · Jol9 particles of one typical 
pellet correspond to a volume averaged density of I · Jol3 cm- 3 

Line aver aged densiti es : Figure I shows a Hugill plot of divertor discharges 
at the density limit . Allohmically heated discharges i n non-carbo~ised 

1Univer sity of Seattle, DOE contract ; 2Academy of Sciences, Leningrad , USSR; 
3present add r ess: JET Joint Undertaki ng, England; 4cEN Grenoble , Prance 
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vessel with gas refuelling lie close to the solid line. The points marked 
with figures indicate the best discharges achieved so far with pellet 
refuelling in three different scenarios: ohmically and beam heated plasmas 
in non- carbonised vessel and ohmically heated plasma in carbonised vessel. 
For optimization the pellet frequency and the amount of additional gas 
puffing have been varied. The benefit of wall carbonisation for ohmically 
heated pellet discharges is clear and much higher than for gas puffed 
discharges (not shown in Fig. 1). Low power beam heating increased nR/BT to 
about 9 in pellet refuelled discharges without wall carbonisation. It was 
not yet possible to exceed this value with wall carbonisation. High power 
eo- injection did not permit t o reach high densities without heavy gas 
puffing, so that no substantial improvement could be achieved with pellet 
injection at high beam powers . 

Profiles: Pellet injection permits a much larger relative increase of the 
fusion relevant central density than of the line averaged density usually 
plotted in Hugill diagrams . A comparison of density and electron temperature 
profiles f r om tvo shots close to the density limit, one with gas puffing 
alone, the other one with pellet refuelling, reveals dramatic differences 
(Fig. 2). Density pr ofi l es with efficient pellet refuel ling are strongly 
peaked in contrast to the rather flat gas puffing profiles. Te profiles of 
gas puffing shots normally stay peaked up to the disruptive end while Te 
profiles of pellet shots flatten shortly before the disruption. The time 
evolution of a pellet refuelled discharge which was driven close to but not 
into the density limit is shown in Figs. 3 and 4 . Before pellet injection 
(A) we observe a flat ne and a peaked Te profile . The radiation profile 
(Pr adl is peaked at the edge with negligible radiation on axis. During 
pellet injection (B) the density profile peaks, the central radiation 
increases exponentially , the Te profile stays peaked as long as the 
radiation profile is hollow. These charcu;L~ci~tic features are observed 
during the pellet injection phase and even a few hundred milliseconds after 
its end. Finally (C) the central radiation has strongly increased to a value 
comparable to the local power input and flattened the temperature profile. 
Te- and ne-profiles are similar to the ones at the density limit shown in 
Fig. 2 . Now the discharge disrupts at a density below the limit reached with 
continuous density increase. The radiation source has been spectroscopically 
identified as iron. An increase of low-Z impurities is not being observed , 
Zeff stays close to I. 

The disruption: In contrast to gas refuelled shots a further increase of 
the density with pellets is not prevented by edge effects but by central 
radiation. With flattening Te-profile the current density profile flattens 
until a stability limit is violated . A stability calculation based on fitted 
ne- and Te-profiles states that the ballooning limit is being reached. l.Jall 
carbonisation reduces the level of iron in the discharge by an order of 
magnitude, so that t he critical level of central radiation is reached later 
at a higher density. It has been found that additional gas puffir.g also 
permits to reach a higher density at a certain level of radiatior .. We have 
identified high-Z impurity radiation as the limi t ing factor. The level of 
radiation observed cannot be explained by the higher density, but an 
incr ease of impurities has t o be assumed. Enhanced impurity release can be 
excluded from spectroscopic measurements . The only possible explanation is 
accumulation of impurities . 
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Particle transpcrt: The initial idea was to obtain peaked density profiles 
by moving the particle source from the boundary to the centre, but the 
measured profi les cannot be explained by a peaked source term. The pellets 
penetr ate to slightly inside half the minor radius only . I n the discharge 
phase after pellet injection the only particle source is at the edge . 
Assuming that the particle transpor t may be described by a diffusion term 
with a diffusion coefficient D(r) and an inward drift term with a drift 
velocity v(r), we analysed nearly stationary phases of a pellet shot (C in 
Fig. 4) and of a gas r efuelled high density discharge (Fig . 2) . One finds 
that the gas puffing profile is very well approximated with v / D- r3, the 
pellet profile with v/D - r, however. Pellets, though not penetrating t o the 
centre, apparently change the transport coefficients throughout the plasma. 
The effect begir.s with pellet injection and lasts until a few hundr ed 
milliseconds afte r its end , the magni tude of the effect varies, however, 
during the density ramp up : the density gain associated with each pellet 
scatters and i s not proportional to the pelle t size (the firs t ones are 
normally very efficient) . High power eo- injection seems to prevent switching 
of the transport properties . The impurity accumulation obser ved may be 
explained by an inward drift as well , if the ratio of drift velocity to 
di ffusion constant is much higher for high- Z impurities than for deu terium . 
Because saturation has never been reached in the experiments a quantita tive 
description is r.ot possible. 

Energy confinement: The modified transport properties do not only result in 
good particle confinement but also in strongly improved energy confinement. 
Improvement of the energy con f inement is not caused by highe r densi t ies but 
is switched on by pe l let injection as we see in Fig. 3. Absolute values of 
up to 160 ms wer e achieved in other discharges . An improvement of the global 
energy confinement time of 80 % was observed in ohmic dischar ees only. 
High power co-ir.j ection prevents an improvement of the energy confinement 
as it prevent s peaking of the density profiles. 

Conclusions: Pellet injection is ab le to switch the confinement properties 
of a tokamak discharge fundamentally . This switching is possible with 
pellets penetr ating to the half- radius (there are indicati ons that even much 
smaller penetration depths are suffici ent). I mproved par ticle confinement 
and triangular <iensity profiles permit to achieve extremely high cent ral 
densities . Substantially improved ener gy confinement is provided in this 
transport regime . The problem of impur ity accumulation has to be solved 
which prevented to sustain this transport mode s tationarily and a way has to 
be found to sustain the regime with high hea t ing power. 
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Abstract 
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The paper compares the impurity radiation behaviour of two types of H- mode 
discharges. In the normal H-mode that reaches a quasi - stationary s t a t e the 
energy (and particle) losses within the oute r plasma half-radius are 
characterized by the repetitive burst-like exhaust into the divertor and 
constantly moderate radiation power losses. In cont rast, the burst-free 
variant of the H-mode with superior confinement properties is dominat ed by 
radiation losses gr owing continuously up to l OO % of the heating power . The 
time evolution of the impurity concentration and the associated radiation 
losses at the plasma centre is hardly influenced by the kind of H-mode. If 
the concentration of medium-heavy metals in the burst-dominated H-mode 
plasma is raised to sufficient ly high values , e .g. by the accumulation of 
intrinsic iron, the burst-free ( or burst-deficient) H-mode is triggered 
which after a new accumulation period usually ends by a radiation col l apse . 

1. Intr oduction 

During the normal H- mode / 1/ of neutral-injection heated divertor discharges 
in the tokamak ASDEX the energy and particle flow from the main plasma vol­
ume into the diver tor is modulated by highly repetitive bursts . vihile typi­
cal bursts exhibi t pulse l engths of a r ound 0.5 ms and power amplitudes of 
the order of I MW , the energy exhaust into the divertor is almost bl ocked 
during the quiescent intervals between bursts /2/ . 

In order to investigate the influence of the bursts, a discharge with a 
long-lasting burs t -free H-mode (shot jj 11447) has been produced n/ and is 
contrasted with that kind of H-mode endowed with the usual burst-pattern 
(shot# 11338). Both discharges have i dentical parameter settings at the 
be~innin~ of the NI- heating interval (I ~ 320 kA, Bt ~ 2 . 17 T, ne = 3 . 5 x 
10 3 cm- , PoH + PNI = 3. 3 MW, H0 + o+ t40 kV) tangential in jection in eo­
direction) except f or t he 4 cm outward shift of the plasma needed to estab­
lish the long-lasting burst-free H-phase . TI1e time history of various plasma 
parameters (ne , Bp, <E* etc . ) is discussed in Ref. /3/ . 

Fi gur e I shows t hat the bolometrically measured total volume power losses 
withi n the diver tor (RADDIV) /4/ dr op i nstantly at the L-to-H mode t ransi­
tion ( t ~ 1. 16 s) and remain at the l ow l evel of the ohmic phase th r oughout 
the burst-free 11-mode , whereas they recover time-averaged ove r the bursts 

!Present address: JET Joint Undertaking , Cul ham, England; 2Academy of Sciences, 
Leningrad, USSR; 3uni v. of Washington , Seattle, USA ; 4CEN Grenoble, France 
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with growing burst activity during the second variant of H-mode . The total 
radiation power Losses of the main plasma volume (RAD) are considerably 
higher in the burst - f r ee H-discharge, even during the preceding L- phase. 
This radiation enhancement indicates an impurity contamination of the plasma 
produced by its shift t o the outer stainless-steel protection limiters. The 
burst- free H-mode is terminated when, after a continuous radiation increase 
accelerated by a simultaneous rise of plasma density, the value of the main 
plasma radiation (RAD) equalizes the total heating power. 

2 . Radiation power profiles 
Figure 2 compares the two types of H- mode discharges at two discrete times 
with regard to their chord-intensity profiles measured with a 19-bolometer 
arr ay , and Fig. 3 presents the t ime development of the respective radial 
profiles of radiation power density (PRAo(r)) derived by Abel- inversion 
method . During each kind of H-mode the r adiation profiles evolve towards 
shapes peaked at the plasma centre . The repeti tive burst-like release of 
plasma energy due to the Edge Localized Nodes (ELHs) /3 , 5/ prevents any 
long-term i ncrease of radiation power a t plasma radii between a/2 and a . In 
this case, the growth of the central radiation peak is restricted to the 
inner half-radius and at t ~ 1. 260 s it i s reversed into a decay t owards an 
equilibrium profile identical to that at t = 1.215 s . In contrast, during 
the burst-free H-mode, where the energy outflow into the divertor is per­
manently suppressed, the radiation power losses grow unimpeded over nearly 
the whole plasma cross-section until the radiation collapse converts the 
discharge back i:tto the L-mode . The burst activity and the radiation 
enhancement thus act mutually exclusively as additional important energy 
loss mechanisms Nithin the outer plasma half- radius and , depending on the 
class of H-mode, both quantitatively substitute each other . The main plasma 
radiation becomes the dominant energy loss channel in the burst- free H-mode . 
Therefore, the energy flow in to the divertor (sPe P.g. RAn01v s i en~ l in 
Fig. 1) keeps loN and does not restore the previous L-mode level as one 
would expect for transport-dominated losses after the plasma equilibrium 
(with improved cJnfinement) is re-established . 

It is important to note that the chord - intensity profile of the burst-domi­
nated H-mode which ends up quasi-stationary stays always, even during its 
t r ansient central peaking , distinctly below the base profile from which the 
fatal radiation increase of the burst-free H- mode starts at taJ . 2l5s (Fig.2) . 

3. Radiation and impurity accumul a t ion a t t he plasma centre 
Correlation of the bolometric radiat i on profiles (Fig . 3) with those from 
VUV spectroscopy, soft X- ray tomography , temperature and density neasure­
ments makes evident that the radiation emission at the plasma centre is 
completely dominated by line radiation of highly ionized iron /3/ and that 
the central peaking of the radiation profiles reflects an impurity accu­
mulation taking place irrespective of the type of H-mode . Figure 4 demon­
strates that the presence or absence of bursts hardly influences the 
evolution in time of the local radiation power densi ty at the plasma centre 
(PRAD(O)) , particula r ly the time-constant of the exponential rise after the 
L- to-H-mode conversion . The absolute magnitude of PRAo(O), howeve r , is at 
any instant , including the pr.eceding L-phase, about three times h::gher in 
the burst-free M-discharges as compared with the burst-dominated one , due to 
the initial iron contamination . The iron concentration at the plasma centre , 
displayed in Fig. 5 , is derived f rom PRAo(O) by dpplying the tempera t ur e ­
dependent radiative power loss func tion for iron PFe<Tel /6/, that includes 
charge-exchange recombination with beam neutrals (n0 /ne • Jo-5) . 
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4. Internal triggering of t he burst- free H-mode 
Shot# 12218 (Figs. 6 and 7) shows that the burst-domina ted H-mode with 
moderate radiation losses may turn into the burst-deficient H-mode with 
disastrous consequences. The mode conversion occurs when the accumulation of 
intrinsic metal impurities during the burst-dominated H-phase raises the 
bolometric centre-chord intensity up to the threshold value of the burst­
deficient H-mode. The fi rst and the last step in the profile evolution 
depicted in Fig. 7 resemble strikingly their burst-dominated and burst-f ree 
counter-part s in Fig . 2 , respectively, because the burst frequency in the 
burst- deficient H-mode seems to be t oo low to slow down the impurity accumu­
lation. Our interpretation that a sufficient degree of plasma contamination 
with medium-heavy me t a l s is needed to establish the long-lasting burst-free 
H-mode agrees with the experimental observation that the burst-free H-mode 
can be trigge r ed externally by the laser blow-off injection of metals such 
as chromium and copper /7/. 
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INTRODUCTION 
The behaviour of impurities during ICRF heating after heavy carbonisation 
has been reported on before /1/. Further investigations have been carried 
out with modified antennae , clean limiter carbon tiles and an uncarbonised 
vessel . 
Presently three ICRF antennae are installed in JET. Their Faraday screens 
are made of nickel; one of the screens (2D antenna) is chromium plated. 
The antennae are protected by surrounding carbon tiles. The vessel 
consists of I~conel 600 (72% nickel, 16% chromium, 8% iron). The 
discharges are operated either on eight poloidal carbon limiters or on the 
inner wall carbon protection tiles . 

ORIGIN AND MIGRATION OF METALS DURING ICRH 
During ICRF heating , an increase of Cr line brightness from the bulk 
plasma is observed when the 2D antenna is active; an increase cf Ni 
intensity accompanies operation of the other antennae (2B or 6E). Thus it 
is evident that the antennae screens are the original sources of these 
metals . Observation of the 2D screen by visible spectroscopy >roves the 
existence of chromium influx during RF manifesting itself in intense CrI 
line radiation. In the course of operation with ICRH , screen material is 
deposited onto limiters and antennae protection tiles and subsequently 
eroded by the plasma . This is demonstrated by the behaviour of Cr I and 
Ni I lines in the respective visible spectra . As a consequence , the metal 
fluxes and concentrations in subsequent pulses increase in the ohmic part 
of the discharge before RF and higher concentrations result during RF for 
a given power . For constant RF energy , an equilibrium is established 
after a few pulses (Fig . 1 for the case of Cr). Lower RF energy or purely 
ohmic discharges lead to cleaning of the respective surfaces (Fig . 1) . A 
beneficial result of the metal contamination is a reduction of oxygen 
influxes and oxygen concentrations in the plasma (gettering) . 

Cr INFLUXES AND RELEASE MECHANISM 
Absolute Cr influx densities have been derived from Cr I intensities. 
They are roughly proportional to RF power and decrease during some months 
of operation . Indications are that H minority heating leads to somewhat 
higher Cr fluxes than 'He minority heating . 
Combining an analysis of Cr densities in the plasma and total Influx 
(using the antenna area) results in a Cr replacement time T of • 20ms. 
This value agrees with simulations of the plasma edge condi~ions , if the 
Cr atom energy is some eV (le sputtering, not evaporation). No 
significant shift (<0 .1 A) of Cr I lines in the visible spectrum could be 
detected, which means that the energy of the atoms is < 50 eV . Visible 
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He II line profiles yield an edge ion temperature of ~ 80 eV which is not 
affected by the RF pulse . Conclud ing from these obser vations , the release 
mechanism of er is probably neutral a t om or i on sputtering, but :he 
details are not clear. 

PARAMETER DEPENDENCE OF METAL DENSITIES 
An es timate of :he i ncr ease in Ni and Cr density duri ng RF i s 
provided by taking the incremental increase in Ni XXV and Cr XXI! 
l ine intensities , corrected f or th~ change in electron density, "e • 
by dividing the l i ne intensity by ne . The behaviour of nickel as a 
funct i on of RF power coupled to the plasma for a variety of conditions 
is shown in Fig . 2 . Open symbols denote H-minority heating whereas 
fil led s ymbol s indi cat e 'He-minority heating. In the ' He-case i: i s 
seen that , f or a given electron density, higher plasma current leads 
t o a somewhat larger increase in nickel density (3/ ~ MA, 3 x 10 1 'm-') . 
Lower ne l eads t o a higher nickel density , even at a lower plasma 
current (2 MA, 2 x 10 1 'm- •) . This behaviour is also evident in the 
H-minority data (2 MA , 1.5/2 x 10 1 'm-• ) . H- minority heating leads to 
higher metal densities than 'He heating , but the comparison in Flg . 2 
overemphasises thi s fact because of lower n i n some H cases . For 
several pulses the nickel concentration folfowing from a detailed 
analys i s is also s hown i n Fig. 2. 
A study of the Cr densi t y beha viour shows a steeper dependence on RF 
power than nickel does which is possibly due t o the previous carboni­
sations of the nickel screens. 
A heavy carbonisation (~8 hrs , 17% CH~) i n 1985 led to a reduction of 
the OH metal concentrations by about a f actor lOO and a very smal l 
increase during RF. Recover y t o the us ua l behaviour was obser ved aft e r 
about 200 plasma puls es , indicating an erosion of carbon layers on 
both antennae and limiters . The results measured t owards the end of ~hi s 

campaign (reported i n / 1/) fit i nto the present data set (pulse 5486 in 
Fig. 2) obtained many mont hs af t er the carbonisation. 

I MPURITY CONCENTRATIONS AND RADIATED POWER 
In spi te of a substantial i ncrease of metal line radiation during RF , 
the metal contribution to Zer f and Prad is relativel y small (Tabl e 1 and 
Fig . 3) . Impur i ty concentrations and contributions to rad iated power are 
der ived ·fr om VUV line intensities using an impurity transport code 121 . 
About 20% of the radiated power during RF is due to metals . The loca l 
r adiation in the plasma centre amounts to • 10 mW/cm' , as supported by 
bolometer and soft X- ray results/3/ . 

SUMMARY 
The Faraday screens of the RF antennae have been identified as the 
original sources of metal impurities during ICRH in J ET . Migration of 
meta l impurities from the antennae s creens to the limitP.rs and protection 
tiles has been obs erved , leading to a build-up of metal concentrations in 
ohmi c plasmas and aggravating the i ncr ease dur ing RF . I t has been 
observed tha t the l i miters and protection ti les are cleaned by operation 
without RF within a f ew pulses. 
Carboni sation leads to a t emporary reduction of met a l s before and during 
RF heating . 
In all cases , radiated power and Zeff of the plasma are dominated by 
contributions from light impurities (C , O) , and met a l s only contr: bute 
• 20% to Prad ' 
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F'ig . 3 
Calculated contributions 
from ca;-bon, oxygen , chlo­
rine and met als (nickel + 
chromium) t o the total 
radiated power. 
The calcula tion has been 
made for one time point 
before RF' and two time 
points during RF'. The 
r esult is compared with the 
t otal r adiated power as 
measured by bolonetry . 

4 5 6 7 8 9 10 11 12 13 
Time (s) 

U6805 
('He)D , 3.4 T, 2,0 MA , PRF' • 1. 66 f1W 

Before RF' (t- 5. 5 s) During RF' (t=10 .0 s) 

c : 4. 0$ of ne ~ - 1 
0 : 1.0 1. 3 
C~ : 0 . 04 0. 06 
Ni: 0.03 0. 04 
Cr: 0.02 0. 02 

zcalc . 
eff · 3 . 2 3. 6 

zbr ems. 
eff · ~ . 0 3. 5 

ne(O) : 1 . 93 X 
.. 

10 m 
_, .. -' 2. 79 X 10 m 

Table 1 Analysis of the impurity content of JET pulse 6805 before and 
during RF' heat i ng. Zerf is calculated from the i mpur ity 
mixture f or comparison with Zer r from visible bremsstrahlung. 
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RADIATION BEHAVIOUR DURING ADDITIONAL HEATING OF JET PLASMAS 

K Behr'inger-1. A Ed·~ards , H-U Fahrbach+, R D Gill , R Granetz, N Gottardi , 
H Jaeckel , G Magyar , ER Mueller+, A Weller+ and D Zasche ' 

Abstract 

J ET Joint Undertaking , Abingdon , Oxon OX14 3EA , UK 
+EURATOM-IPP Association, Garching 

Additional heating i n JET wi t h ICRH or NB! leads to an increase of t he 
total radi ated power. This i s partly due to t he density increase ca used by 
the applied heating method . The relative power loss Prad/Ptot reaches higher 
values with RF heating . The density incr ease can be partly control led when 
the plasma is attached to the inner wal l . 

Radiation sources a t the plasma edge lead to asymmetr'ic r adiat ion flux 
profiles . For this case the local emissivi t ies can be derived f rom the 
bolometer measurement by a tomographic reconstruction method. Reliable 
values f or the cent~al radiation can be evaluated from the sof t X-ray 
diagnostic when measuring with a 4.4 ~m Be f ilter. 

The radiative power loss of the JET plasma can be measured by bolometers 
in the energy range 5 eV 5 Eph 5 9 KeV and with surface bar rier diOdes (sof t 
X-ray diagnostic) in the range 300 eV 5 Eph 5 10 KeV . The lower threshold 
energy of t he diodes can be shifted t o higher values by using Be-filters of 
dl ffcrcnt thicknes~ . F'01· bot h diagnostics two camera systems are available , 
viewing the plasma from the bottom ("vertical cameras") and the s ide 
("horizontal cameras") on the same ports . In t he immediate vicinity two 
RF ant ennae are installed whi ch generate local radi a tion sources due t o thei r 
interact ion with the plasma . These sources contri bute to the bolometer 
signal as well as to the sof t X-ray signal (prov ided the l atter is operated 
without filter) . This may lead to an overestimat ion (up to a bout 10%) of the 
total radiated power derived from the vertical bolometer camera . 

At present additional heating on JET with RF or NB provides similar 
ma ximum power levels (PAH 5 5. 5 MW). The evolution of the electron dens i ty 
and hence of the radiated power during additional heating depends sensitively 
on whether the plasma is att ached to the outer l imi ters or to the inner wal l 
car bon protection plat es . A strong increase of the electron density 
(particularly with NO-heating) and of the radiation loss is observed when the 
pl asma is att ached t o t he outer limi ters . In inner wall operat i on , the 
density i ncr ease can be reduced or the density can even be kept constant . 
High radiation peaks may occ ur a t the plasma edges . F'ig. l shows the 
radiation flux distribut ion f or t wo NB-heated (Fig. la, l b) and two RF-heated 
discharges (F ig. le , ld) for limi t er operation (top) and inner wall operat ion 
(bottom) . The sudden appearance of a pronounced radiation peak at the inner 
pl asma edge dur ing the limiter bound discharge of Fig. l is due t o a shift of 
the plasma to the inner wall. 
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Bolomelry 
JET Pulse 7145 

Bolometry 
JET Pulse 7181 

15 

Rodiu~ (M) a Radi~s(M) c 
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Fig. 1 Brightness distribution measured by the vertical bolometer camera for 
NB- (left) and RF-heated (right) discharges. 

The relati ve power loss reaches 70% in the case of RF- heating 
(high <ne>) . It ~an be kept quite low for NB-heating, when the density 
increase Is contr~lled by shifting the plasma to tne inner wall (Fig . 2) . 
Even in the high jensity NB-heated discharges the relative power loss is only 
about half of that in the corresponding RF-heated discharge. 

The local emissivlties can be evaluated by Ab~l. Jnversion only for 
radially symmetric flux profiles . Using a tomographic reconstruction method 
Ill one can derive local emisslvities also when m • 1 and m= 2 deviations 
from the poloidal symmetry occur . Fig . 3 shows the emissivity distribution 
obtained from a tomographic reconstruction and from an Abel inversion (dashed 
curve) of the flux profile of the vertical bolometer camera. In the latter 
case the channels which are affected by the outer local radiation source have 
been omitted . 

The emissivity in the centre cannot be det·ived accurately whe~ 
asymmetries or hollow flux profiles occur. In that case the central 
emissivities can be obtained from soft X-ray m~asurements . Using a ~.~ ~m Be 
filter (Eph ~ 750 eV) leads to an at t enuation of the radiation prejominantly 
from the plasma edge and hence to rad ially almost symmetric emissivity 
profiles (Fig .~ ) . In this case the m= 0 component gives reliable values for 
the central radiation. For the hollow radial profile shown in Fig . ~ the 
contribution to the soft X-ray signal can arise from resonance lines of H-
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Fig . 2: Time history of the total radiated power (middle curves) and the 
volume averaged density <ne> (lower cur ve) for the input power given 
in the upper cur ves . The numbers at the middle curves give the 
relative power l oss Prad/Ptot · 

and He- like oxygen and/or f rom metalli c impurities in Ne- to Li-like states . 
Carbon line radiation is almos t completely s upressed by the ~ - ~ ~m Be filter. 
For the discharge of Fig .~ a concentration of- 0 . 09% metall i c i mpurties 
estimated f rom the soft X-ray measurements are in agreement with spectro­
scopic r esults /2/ . For oxygen l i ne radi~tion transport calculations usually 
show the radiat ion shell closer t o the plasma edge than one would derive f rom 
the soft X- ray emission profile . 
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STUDY OF LINE RADIATION ASYMMETRIES 

IN THE TJ-1 TOKAMAK 

B . Zurro, C . Pardo and TJ- 1 Gr o up 

Division de Fusion. J . E.N . 28 040 Madrid. Spain 

Observations of poloidal asymme·tries in hy d rogen jsotopes a nd 

impurity line emission, ( I ) (2) ( 3 ) (4) and ( 5), f r om tokamak 

plasmas have motivat ed reconsideration of partic l e transport 

processes in plasmas ( 4) . Poloidal a nd toroida l line radiation 

asymmctries hav~ b een a l so obse rve d i n stellarator plasmas (6 ) 
but they have been exclusive ly atr ibuted to ,;all inhomoge­

neities. 

I n t h is \vork , results of the s patial di stribution of hydrogen 

and ionized impurities states in thP. T.J -1 tokamak are presen-

ted. This is a small device ( R 30 cm, 

toroidally limited, operated for t h is exp e Pimen t 

dal fi e ld of T, l ine average density between 

a I 0 cm) 

\vith a toroi­

- 3xi0 1 3 cm3 

and peak curre nt of 40 KA . This device offers some adva ntages 

fop t h is measurements , since pla sma cross section can b e 

scanned at t\vO 902 separated vie \v s, and , high i onized states 

Padi.ate from the inner' core, due to the TJ-1 pla s mas tempePa­

tuPe ra nge ( Te' 400 eV). 

TJ-1 plasma e mission profiles between 200 600 nm ,; e r e 

measure d h'ith a m monochromator provided with a fast rota-

ting polygonal mirror (Fig . I ) t hat perfo r· ms repetitive p l asma 

sca n s in .4 msec, every 1. 5 msec . The opt ical system for ms 

t h e e nt r a n ce s lit image ( 902 rotated) at the quar tz wi ndow to 

get the maximum s pa tial resolution. Emiss ion profi l es are 

temporarily stored in t h e diskette unit of a digital oscillos­

cope to be lat e r t ransferred to a PD P-11 / 44. 

Typical H . ~ e mission profiles o btained t hr ough TJ - 1 side and 
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bottom ports are s h 01•n in Fig. 2. S ide pr ofile Fi g . 2a, s hOh'S 

a maximum a ro und the e quatoria l axis c hord, monotonically 

decreasing to.-ards the up and do.-n plasma e d ges . ll y drogen 

e mission profiles measu red from the b ottom •<indo"' exhibit a 

Fig. 2b . Similar systematic p eaking on the o u tsi de boundary, 

be haviour has been also o bse rved for spatial 

1vi ng radiat i on. 

scans of 11 1:1 

Line e mission from l o.- ionization states of impu rlti es (OI I , 

CIII, Cri , . .. ) radiating from the p lasma e dge pr•c,;ent s ide 

emission pr o fil es , Fig. 2c, similar to t h ose of h y dr•op;cn . T h ey 

peak aro und th e e quatorial plane ~;here t he i n te r action bet.-een 

the pla s ma a nd th e t o r o idal l imit e r i s stron ger . Thi s typ e of 

emission, in con trast with hydrogen , .-h en vie.-ed Lh ro u g h t h e 

bottom port s h ows typical t.-o edge peak st r uct ure, Fig . 2d, i n 

th is case the in-out asy mm e try c h a n ging aJ ong t he discharge 

d e p e nd ing on small va riati o ns of plasma posiLioni ng . T his 

h o rizontal asymmetry tends to b e more important for emission 

of lower ionized elemen ts, li ke is sho~;n in Fig . 3 . 

Signi f i ca n t ve rtical asymmet r· ies ha ve b een observed in higher 

ionized elements like OV, ~;hen probes ~;ere placed in the upper 

boundary at t h e same tor o idal sector as this s p ectral diagnos­

tic . This asy mmet r y was con sistent with 0 x \1 B clri rt, see 

Fig . 4 , si n ce its sense changed by reversing the to r oidal 

fi e ld. This a symmetry, th a t wa s not due Lo a local source or 

oxyge n , d isa ppea re d ~;ithout pr ob es . 

I n con clu sion, poloidal a symmetri es in TJ-1 l ine plasma r ad ia­

tion have b een observed, most of t hem seems to be r clatrd J ikP 

in ( 2 ) and (6) to geometrical asymmetri es in the vac uum 

c hamber and d iagn ostics of TJ- 1. 
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RESPONSE OF THE A L T- 1-PUMPLIMITER TO DIFFERENT PLASMA 
CONDITIONS IN TEXTOR 

D.Rciter (1), G.A. Campbell (2) and the ALT- I -Group 

1. Institut fUr Plasmaphysik der Kernforschungsanlage JUlich 
Association EURATOfi -KFA, P.O . B. 1913, D- 5170 JUlich; 

2. University of California at Los Angeles, 
Los Angeles, CA USA 

1) Introduction 
The main objective of the Advanced Limiter Test-I (ALT- I) programme is 
to study the capabilities of pumplimit ers for particle removal as an al ­
ternative to magnetic divertors . The ALT-I arrangement consists mainly 
of the exchangeable ALT- I pumplimiter heads , the vacuum chamber 

(Volume=700 1) and the pumping system (SS 1.5• 104 1/s). 

Maximum particle removal rates of 6•10
20 

particles/s were achieved , 
enough to allow an active density control . The removal efficiency 
P• S/Qin (Qin ' particle flux at the throat entrance, P: pressure) is 

found in the range 0.5 - 1.0, and, assuming ~p = ~e the estimated exhaust 

efficiency P•S/(Ne/~p) is 15% . 

Recent progress in pumplimiter modeling /1/ has led to a better under ­
standing of t he performance of pumplimiters in general. The ability to 
r eproduce experimentally observed pressure rises in the pumping chamber 
vs. different boundary plasma conditions within a few percents by a 
fairly simple and well understood theoretical model for the neutral gas 
encourages the step f r om the reproducing "interpretative modeli ng" to 
the predictive type of modeling. In this paper we will identify the im­
portant assumptions made in creating the model and those to which the 
results are less sensitive , by comparing experimental result s from the 
ALT-I pumplimiter experiments in TEXTOR /2/,/3/ with data ob t ained with 
the ~lonte Carlo Code EIRENE /4/. 

2) Pump Limiter Geometry 
One of the minimum requirements o f the ,model is to reproduce precisely 
the vacuum conductances for backstreaming from the pumping chamber t o 
the main plasma region. It turned out that a fairly detailed 3D de ­
scription of the limiter head geometry , comprising the throat and duct 
region (figs./ 1/,/2/) was necessary, even including a discontinuity in 
the crossection at the connection of the throat and duct components. The 

throat with a rectangular crossection (3.75 x 22.5 cm2) has a l enght of 
28. 6 cm. A duct is mounted perpendicular to it , with a rectangular 
crossection (28.5 x 7.4 (narrow) or 13.5 (wide duct)) and 84 cm long. 
This duct points outward and leads particles into the cyl indrical pump­
ing chamber. 
Vacuum conductances (H

2 
molecules , 300 Kelvin) have been computed for 

several geometr ies similar to the one of the ALT- I - VG head, and the ac ­
tual value for the narrow duct (wide duct) VG- head, 565 1/s ± 2% (880 1/s 
± 2%) , is in perfect agreement with the value determined for ALT- I -VG 
from the Helium pressure decay rate in the pumping chamber in gas puff 
experiments without plasma in TEXTOR (570 1/s , /5/). 
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3 ) Neutr al-Plasma Interaction 
Simulation was facilitated considerably by the fact that for the differ­
ent geometrical con f i gurations we are mainly interested in global quan­
tities. Since the code can handle continuously varying plasma parameters 
within one mesh cell, no mesh discretization of the 3D vol ume was neces­
sary (/4/ ,Append.). In the throat r egion (shaded area in fig. /2/) a 
plasma is defined by the numbers n, n. , T, T

1
, A , A , AT, AT and 

e 1 e ne ni e 1 
M, which are the mean electron density, ion density, electron and ion 
temperature, :he radial decay lengths for these parameters and the 
~lachnumber of :he flow parallel to B onto the deflector plate, respec ­
tively. The reaction rates for neutral-plasma interactions, which are 
selected from a data-library , are only those which can expected to have 
influence fo r the case studied. The range of relevant throat plasma pa­
rameters points to only three important reactions, namely ionisation of 

H-atoms by electron impact, charge exchange H+H+~H++H and dissociation 

of H
2

- molecules (via different channels leading to 2•H, H+H+ or 2• H+). 

Fig.3 shows the pressure (mtorr) in the pumping chamber vs. Te and ne, 

for ni = ne, Ti = Te' An = 1.5, AT = " • H = 0.3 , for no pumping /3a/ and 
e e 

for 7000 1/s pumping speed /3b/ in the chamber using "s tandard geometry" 
of the ALT-I - VG head (narrow (7.4 cm) duct, wide (3. 75 cm) throat). In 
/1/ these results are compared with experimental data, interpreted and 
discussed concerning their relevance for future pumplimiter design. We 
s hould point out here that the shape of the profile i n fig./3/ has a 
strong dependence on electron temperature for Te < 20 eV. This is a re-

sult of the steep increase of the production rate fo r ion-electron pairs 
from neutral particles H and H2 with increasing electron temperature 

(fig./4/) and much more distinct in the unpumped than in the pumped case 
(note the different pressure scales in fig. 3a and 3b). 

4) Wall Reflection Model 
Ions impinging at the deflector plate and neutrals hitting the walls are 
treated as prescribed by the "Behrisch Matrix" /6/ , which has empir ­
ically been extended for nonperpendicular incidence /7/. We have cross ­
checked the results with those from runs whe re the "~larlowe" - database 
/6/ and t he "Tr im"- database /9/ have been applied instead. Within both 
the experimental error margins and the statistical scattering i n the 
~lonte Carlo results no significant change (less than 10%) in the globa l 
values could be observed. This can be understood from the fact that in 
the very narrow throat and duct a neutral particle experiences many (> 
100) collisions with the wall during its lifetime in the system. Thus it 
does not carry over the details of one single wall collision into its 
contribut ion to e.g. the mean pressure in the pumpchamber. The same (and 
from the point of view of modeling helpful) observation was made with 
respect to t he assumptions for the dis tribution (in both phys ical and 
velocity space) of ion flux hitting t he neutra l izer p l ate. 
Of cour se, more detailed bu t experiment a l ly not observable features of 
the model, like energy spectra of the neutrals in regions close to the 
deflector plate, are sensitive to these more complex boundary condi­
tions. On the other hand, they lead to much higher computation times (up 
to a factor 2), thus we routinely apply the simpler but still fairly 
complete "Behrisch-~latrix", using the "Trim" -data only occasionally for 
crosschecki ng. 
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5) Design Considerations, Conclusions 
Three different geometries of the pumplimiter head have been used in the 
experiments by now. They made access ible different throat lengths and 
both open and c losed configurations. In the calcul ations an even wider 
range of geometries could be evaluated. 
We consider the effective conductance of the plasma filled throat for 
backstreaming from the neutralizer plate into the bulk plasma and the 
conductance of the duct and pumping sys tem. 
It is clea rly demonstrated by both real and numerical experiments 
( / 1/ , /3/ ) that high r emoval efficiencies r equire sma l l ratios of the two 
conduc tances ment ioned above. The conductance of a plasma f illed rec­
tangular throat decreases with increasing electron temperature. This 
"plasma ant iplugging" via e lectron-neutral interactions is counterac ted 
to some extend by the act ion of the ions , the "plasma pl ugging" (charge 
exchange). In the calculations the latter effect depends on the assump­
tions made fo r t he velocity d istribution of the i ons in t he throat vol­
ume. Until now we always assumed a shifted but otherwise i sotropic 
maxwel lian distribution. First numerical results seem to indicate that 
in cases with high pumping (i .e. l ow neutral pressure in the throat) 
more realistic , anisotropic d istributions can have a significant (+25%) 
effect on the pressure built -up in the pumping chamber. 

/ 1/ G. A. Campbell , D.Reiter et al., to be published 
/2/ W. Bieger et al., Proc Int Symp. on Plasma Wa l l Interactions 

Jlil ich ( 1976) , 609 
/3/ A.E.Pontau et al. ,J.Nucl. ~!at 128 & 129 (1984),434 
/4/ D.Reiter,Jlil - 1947, (1984) 
/5/ G. Thomas , Sandi a Li vermore , private Communication 
/ 6/ R. Behrisch, Summer school of Tokamak reactors, Er.i.ce (1976) 
/7/ D. Rei t er,A. Nicolai , J. Nucl. ~tat 128 & 129 (1984) ,458 
/ 8/ G. Bateman, PPPL Applied Physics Report No. 1 
/ 9/ W.Eckstein, IPP Gar ching, private Communication 
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PER FORMANCE OF TEXTOR WITH OHMIC HEATING IN THE 
PRESENCE OF GRAPHI TE LIMITERS 

G. Fuchs , G. Waidmann and the TE XTOR-Team 

Institut fUr Plasmaphysik, KFA-JUl ich, Assoz i ati on EURATOM-KFA 
5170 JUlich, F.R.G. 

Abstract 
The operational limits of Ohmic heating in TEXTOR with graphite as 
limiter materia l have been explored up to plasma currents of 0.5 MA. The 
results are compared with former exper iments usi ng stainless steel as the 
mai n limiter material. The parametri c dependence of the global energy 
confinement timer follows the Goldston scaling . The polo idal ~ 
sea 1 es proporti on a~ to n I I . A saturation effect was observed· ~R 1 the 
high density regime. e P 

Introduction 
In the field of plasma wall interacti on studies on confined tokamak 
plasmas TEXTOR has paid special attention to the influence of limiter and 
liner material s on plasma performance. After the demonstrati on of metal 
impurity removal from the core of the plasma by in si tu surface carboni ­
sation /1/ the stainl ess steel limiters were exchanged against graphite 
limiters. One objective was to show that the transient behaviour caused 
by decarboni sation could be avoided and t he exclusion of metall ic impuri ­
t1es coul d be extended over longer periods of experimental work . 

The TEXTOR machine was operated at full lay-out values: I = 0.5 MA, 
Br = 2T and current pulse durations of more than 3 sec. MBre recently 
tne magnetic field was increased to B = 2.6 T allowing operation at a 
higher safety factor. With graphite 1Tmiters t he loop voltage dropped 
below 1 Volt resu lting in a ~ulse duration of 4 sec. Cylindri cal qt= 2 
values were reached . The q =1-surface had a diameter of 2rs = 34 cm 
for I = 480 kA showing a regular sawtooth activity with a period between 
7 andP4o msec depending on machine operating conditi ons . Metallic impuri­
ties could be suppressed effectively at the expen~e of an incr~jsed_3 carbon impur ity concentration . Average densities ~8 = ~33 x 10 cm 
were obtained for Ohmic heating and n = 5.7 x 10 cm for plasma s wi th 
additional ICR-heating. e 

Operational ReTime of TEXTOR 
The operationa limits of TEXTOR in case of Ohmi c heating are shown in 
Fig. 1 for different wall and limiter conditions . Operation with graphite 
1 imi ters is presented by the symbo 1 s ~ :> A . ( ~density disruption, 
> 1\ stable discharges) . The symbol a stands for a disruption with 

ca rbon ized steel l imiters and carbonized l iner , +for density disruptions 
in the current ramp down phase . The circles • show for a compa rison t he 
s ituati on obtained before wi th cl eaned metal walls and steel limiters. 
After ~ perioo of intense cleaning and repeti t ive baki ng the performance 
with graphi t e limiters gradually improved so that simil ar density limits 
were obtained as found ~efore with ca rboniged_ ~i ~i ters and wall surfaces . 
A maximum va lue 1 ~f ~2=_ne R/BT = 4 .9 · 10 m T 1 was reached compared 
to M= 4.5 · 10 m T 1 reported earlier /1/ . 
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2 3 5 

0~-----.-----.------r-----.-----_, 
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neR/Br!x 1019m-2r 1l 
5 

Fig. 1 Operational regime of TEXTOR for metallic limiters and walls ~ 
carbonized l imiters and walls a+ and graphite limiters and carbonized 
walls <>>A. 

The density limit showed again a linear dependence on plasma current up 
to a transition region where the q- limitation enters in the vicin i ty of 
q = 2. A clear improvement is seen with respect to the steel limiter 
s huat ion where only q1 = 2. 3 was reached as the q1-l imi t /2/. No memory 
effect after hard disruptions was observed when working near the critical 
limits . However, the graphite limiters store and release gas duri n9 a 
discharge cycle and influence strongly the density obtained in subsequent 
discharges. The source and sink properti es of graphite limiters play an 
important role in the particle balance. The electron temperatures 
measured on axis by ECE T (Ro) are given in Fig. 2 in the form of a 
scaling law. Te increasesewith plasma current and decreases inversely to 
the square root of average density from 1.3 to o.6 keV. 
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Fig. 2 Electron temperature on ax i s versus the ratio of plasma 
current to the square root of electron density. 

Scaling Laws for Ohmic Heating 
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The plasma /lp 1 was measured by means of a compensated ma.9netic loop. 
Its parametri2 dependences were studied experimentally. /~Pol increases 
1 i nearly with the average density n and decreases ~1i th the p 1 asma 
current I . For the highest densityea slight deviation is seen after the 
li near inerease, i ndicating a saturation . For the linear part a scaling 
law of the form 

n. - ( -3 - 1 fJ Pol 4.8 x 10-9 ne/ IP cm . A ) 

was deduced (s. Fig . 3). A comparison with the situation of carbonized 
steel limiters ga~e a similar but somewhat lo~1er scaling value 
/.JPol = 4.3 X ~o- ne/Ip. The sa t uration effect , however, was not evident 
1n tnese experiments . 
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The global energy confinement time z;-f' was also studied as a function of 
average electron density and plasma cDrrent. Cf' increases at first 
l inearly with dens ity and tends to saturate for q 1~ 4 . For smaller 
q1-values this effect is less clearly visible . With graphite limi t ers a 
pronounced detachment effect of the plasma from the 1 imiters was observed 
for the higher densities. Especially in the early state of graphite 
limiter operation of TEXTOR, when larger amounts of impurities were 
released , a retraction of the plasma from the limiters was recognized. 
The power loading on the limiters was strongl y reduced and a major 
ene rgy loss due to radiation from the boundary plasma ~1as measured /3/ . 
The dependence of C• on q1 is shown in Fig. 4. The scaling law of 
Goldston /4/ is included as solid curve . A good agreement is 
demonstrated. The data favour a square root dependence on q1. Maximum 
values l:'E = 100 msec were recorded similar to the situation observed 
already for carbonized stainless steel limiters. 

TE 
(m se 

100 

50 

TEXTOR: OHMIC-HEATING 

Deuterium 
• Graphite Limiters 
• Carbonized Steel Limiters and 

Carbonized Liner Surfaces 
n,= 3 X 1013cm-J 
a = 46 cm 
t =I sec 

Fig. 4 Global energy confinement time (;"E versus ql 
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Wall Carboniza t ion i n ASDKX: A Colla t ion of Characteris tic Results 
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Max-Pl anck-Institut fu r Pl asmaphysik , EURATOM-Associat ion 
D-8046 Garching/Munche n, FRG 

The aim of this pr esentation is to describe the procedures of carbonization 
and decarbonization fo l lowed on ASDEX , and to summarize the most 
significan t changes of discharge par ameters observed under the various 
experimental conditi ons with carbonized walls . 

Carbonization and Decarbonization. 

Carbonization , a method originally proposed by the Julich IPP Group 
/1/ has been employed before on TEXTOR /2/ and JET /3/ to reduce hi gh Z 
impurit ies from the wal l material in discharges. In cont rast to the 
philosophy on TEXTOR and JET, wher e ca r bonization was executed with wal l 
t empe r a tures above 150° C, room t emperatur e conditions wer e used on ASDEX, 
without any obvious d isadvant age. From August 85 t o March 86 nine 
carbonization and five decarbonization runs were done . The walls were in 
carbonized condition on thirteen exper iment days . The system for glow 
discharge cleaning /4/ was also employed here . Methane was admitted to the 
D2 or H2 discharge via the divertors to prevent local overconcentration . 
Typical discharge ~arameters during car bonization were p{D2) • 4.lo- l Pa 
and p{CH4) • 9 .10- Pa with the discharge off, When t he discha r ge is 
switched on (U • 400 V, I • 2.0 A) the partial pressures change a s 
depicted in Fig. 1 . The exponential transitions are reasonably well 
described by a first-o rder different ial equation with the time constant 
given byz-,.. = V/S fo r "off" and?;'"= V/(Sv + S*) for "on". V is the 
vesse l volume (26m3), Sv is the speed of the vacuum pumps, and s* 
represents the s peed by which CH4 disappears from the gas phas e caused by 
the disc harge. H2 shows practically t he same time constants as CH4 and is 
obvious l y pr oduced by c r acki ng of CH4 - The t i me c ons t ant s yield 
S = 2600 1/s (onl y 1/4 of the ful l pumping system was employed) and 
s* • 1500 1/s . The latter corresponds to a "cracking r a t e" of 
3.5 1019 molec . /s , while the current of 2A i s equivalent to 
1.2 · 1019 ions / s . An analysis of the ions leaving the discharge by a time­
of-fl ight analysis indicates that the current is mainly carried by 
hydrocar bon ions . Consistent with this is the observed deposition ra t e 
based on the table of inte r ference col ors as given by the Julich group /5/. 
Obviously , CH4 is more cracked than is directly deposited . The radical s 

lAcademy of Sciences , Lenigrad , USSR; 2Assigned to JET Joint Undertaking, 
England; 3ENEA Frasca t i , Italy ; 4university of Washington , Seattle, USA; 
SeEN Grenoble, France . 
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formed in the gas phase do not lead to carbonization on contact with the 
wall but seem to react to CmHn as indicated by the mass spectrum. 
A detailed particle balance was not attempted, but summing up the 
partial pressures of fig. 1 yields a slight increase of total pressure with 
the discharge on . It also explains the simultaneous drop in t he ionization 
gauge indication since CH4 is replaced by H2 and HO. 

The carbon deposition was limited to the plasma chamber, and not 
homogeneous owing to its geometry with corners and protrusions. Film 
thickness judged by the interference colors varied from 500 to 1500 A, with 
a mean value of about 1000 A af t er 6 hours carbonization. The deposit ed 
film were not analyzed otherwise, but all observations suggest they were 
the typical amorphous a- C: H layers /1/ . Effect and behavior of the 
deposits during discharges are shown in fig . 2 for the radiation of C and 
Fe. Typically, one carbonization lasted for 50 shots (one experi~ent-day) 
with ICRH being most abrasive . The second car bonization was for 2h on top 
of the ol d layer . 

Decarboniza t ion in pure Hz turned out to take about t en times as long 
as carbonization, i.e . , 60 hour s . But , the presence of a few permille of 
oxygen from resid ual H20 , a leak or de l iberate admission was found to 
considerably speed up the c l eaning . A mixture of 0.5 % 02 in Hz reduced 
the time t o 12 h, but lead to an increase of residual H20 · A mixture of 5 
to 10% 02 in He cleaned the machine in less t han 3 hours. It was followed 
by a deoxidation phase in a mixt ure of He and Dz and pure 02. (The best 
deoxidant is CH4,) However , discharges after this procedure were 
characterized by poor density limits and other deviations from normality . 
Still, global radiation and 0 radiation were normal, but unusually high 
radiation of fluor (probably from decomposition of teflon) was f ound. So 
far , the actual origin of the problem r emains unresolved. 

The effects of ca.rboniz:ation on discharges 

As already experienced previously with the large toroidal graphite 
limiter in ASDEX, the presence of large amounts of carbon in the plasma 
chamber can significantly affect the recycling behavior of hydrogen. 
Obviously1 hydrogen atoms sti ck to the carbon surface without a high 
probability for recombination, as compared to steel at room temperature , 
thus large amounts of hydrogen stay in the vessel between shots . But, in 
contrast to JET, only minor problems with density control at very low 
densities were e~perienced. This is certainly due to the fact that the 
divertors , which dominate the recycling flux , remained uncarbonized . 

ICRH: The success of carbonization r eported from TEXTOR /2/, especial l y 
with respect to ion cyclotron resonance heating, was a s trong motivation 
also to investigate carbonization on ASDEX. Indeed, concomitant with a 
reduction of central radiation from Fe by a facto r of ten, the total 1CRH 
power of 2.4 MW could now be launched. Without carbonization and only 
ohmic preheating the power limit was l. l MW due to disruptions caused by 
strong central Fe radiation . Typical values of Prad!Ptot = 20 % were found 
and the improvemen t in radiation losses is also evident from Fig . 3 showing 
the fractional radiation increase per ICRH power coupled into the plasma 
for various wall conditions. Also, the degradation in/:"" E during I MW of 
ICRH wa s only down to 70 % of the ohmic value, instead of 60 % for 
uncarbonized walls . A comparison of radiation profi les shows slightly 
increased boundary radiation for the carbonized case being mostly due to C 
radiation. 
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OH+NI:In the ohmic phase preceeding neutral injection, spectroscopic data 
show a 2.5-fold increase in e-radiation with carbonization, a slight 
decrease in 0-radiation and a reduction of Fe- radiation by a factor of ten, 
still , the global radiation is little affected . Increased 7:- E in the 
s aturation regime (ne> 3 1019 m-3) as depicted in figure 4 indicates a 
reduced share of central radiation. This is fully corroborated by the 
radiationprofiles showing the shift of major radiation to the boundar y . 
Al so for NI the degradation of energy confinement in t he L-regime was less 
severe (figure 4), and the power limits for obtaining the H-regime in Dz­
discharges were hardly influenced by carbonization . However, the H-regime 
was not of the same quality showing a highe r and more stochastic ELM 
frequency . The difference is par ti cularly obvious in the values of the 
poloidal beta, which reached only values of 55 % of the critical value 
instead of 70 % before carbonization. This behaviour might be associated 
with the increase in global radiation which is essentially due to high 
boundary radiation of C under carbonization . 

LH: Also lower hybrid heating has profited from carbonization extending the 
working range to 5 to19 m-3. Radiation showed now a much smaller increase 
with ne and L~-Power . Previously, the s trong influence of Fe , caused by 
generated fast ions at higher density (ne> 2 to19 m- 3), had led to 
disruptions a t neu3. 5 ~ 1019 m-3. Problems with density control below 
1.2 to19 m-3 limited t he ope ration regime for experiments with current 
drive. 

Pellet injection: Extremely high central densities of 2 . 2 1020 m-3 could 
now be reached as the reduced Fe- i nflux eliminated the thermal collapse 
observed without carbonization . The regime, thus attained, showed unusually 
long energy and particle confinement. The Murakam1-parame ter n R/Bl' for 
q a 2.7 increased from 6 tol9 m-Z T-1 (without carbonization) to 
8 . 5 1019 m-2 T- 1. 

In conclusion, we see ICRH as the main beneficiary of carbonization but the 
reduced influx of heavy wall impurities extended the operational range 
quite generally . Only in the quality of the H-regime are negative effects 
of the increased boundary radiation seen. Carbonization can be regarded as 
a rather simple and efficient tool to change wall conditions and study 
plasma wall interaction. Though divertor discharges are less susceptible to 
impurities the results on ASDEX confirm those of TEXTOR and JET, all of 
which show that , for the ttme being, carbon is the best wall material. 
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PELLET INJECTION INTO TFR PLASMAS : 
MEASUREMENT OF THE ABLATION ZONE 

TFR Group 
(presented by H.W. DRAWIN) 

Association Euratom-CEA sur la Fusion 
Departement de Recherches sur la Fusion Controlee 

Centre d'Etudes Nucleaires 
Boite postale n•6 , F-92265 FONTENAY-AUX-ROSES CEDEX, FRANCE 

Photographies of deuterium pellet ablation c l ouds show luminous 
striations extending along the magnetic field 1 ines. Measurement of the 
angle of inclination of the striations with respect to the toroidal magne­
tic field direction yields the safety fact~§ q~5l . Spectr oscopic measure­
ments lead to electron densities of n :!; 10 m and temperatures ranging 
from T = 1.6 eV to 20 eV near the aBlation center. It sometimes happens 
that photographies show for an individual pellet striations under angles 
incompatible with the picture of "classical magnetic islands" imbedded in 
otherwise well-behaved magnetic surfaces, suggesting a more complicated 
structure . 

Experimental set-up 

Fro~en deuterium pellets were injected into plasmas of the Fontenay­
aux-Roses Tokamak TFR (major radius R = 0 . 98 m, plasma radius a = 0 . 18 t o 
0 .19 m) during the current plateau 'Gsing a single-shot pellet injector 
delivered by the RISO National Laboratory (Danemark) [ 1 ] . The pellet 
parameters are : length = 2 mm, diameter , 0 . 6 mm, velocity , 600 m{~ · 
average number of deuterium atoms per pellet entering the plasma ~ 8. 10 . 
The pellets were par t l y doped with neon ( 1 %) in order to increase the 
visible l ight intensity (contribution from ionised atoms to the emission) . 

The pellets are i njected in radial direction, perpendicularly to the 
magnet i c s urfaces. The injection plane is slightly inclined with respect to 
t he horizontal plane. 

The pellet trajectory is observed under an oblique angl e B (r) wi th 
respect to the injection plane , see figure 1 . The injection plane is either 
focused on a photographic film or on the plane of the entrance slit of a 
spectrograph . A photomultiplier equipped with a DB - filter and connected to 
a fast acquisition dev ice (100 ns/sample) yields a high time resolution of 
the D a-emission . Fast electro-mechanical s hutters e nsure t hat light is 
only measured during pellet injection . 

Results 

1 . Photographic measurements : The t ime-integrated photographic pictures of 
the luminous t rajectories show zones of strong and weak emission. These 
bright and dark zones extend in form of striations along the magnetic 
field direction . The whole ablation cloud shows a drift in the direction of 
the el ectron current of the discharge . We could obtain unstriated , bent 
pellet trajectori es as shown in Fig. 2 of Ref [ 2 ] for very low plasma 
currents I . 

Figure 2 shows densitogrammes of an ablation cloud for 12 equidistant 
toroidal positions . 
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On each photography appear , together with the ablation cloud, machi­
ne-internal reference points indicating the toroidal direction. We measured 
a radially dependent inclination of the striations with respect to t he 
toroidal direction. Reversal of the directi on of the toroidal magnetic 
field (without changing the current direction) reversed the angle of i ncli­
nation . The striations thus seem to fol l ow the magnetic field direction. We 
have tried to determine from the angle of inclination the safe-:;y factor 
q(r). An example is shown i n figure 3. The squares refer to the 
inclination, the dot at q = 1 is from soft- X ray measurements, q(a) is from 
the total plasma current I. The broken curve is qualitative interpolation. 
The continuous curve has been cal culated with the Spitzer electrical 
conductivity using as input data the measured values of electron temperatu­
re T (r), electron density n (r), current I and radius a . 

e It happens that phot8graphies show "well behaved main striations" 
which are connected by "secondary striations", as if magnetic surfaces at 
different radii were linked by magnetic channels with strong r adial 
components. An example is shown in figure 4. 

I n extreme cases, a series of "well-behaved main striations" is 
locally interrup~ed by striations forming an X. This is schematical ly shown 
in figure 5 (original photography presented in the poster session ) . 

The observed angles between the crossing striations (pertaining to 
the same pellet ) are much too large to be compatible with the direction of 
the magnetic fie l d lines in the X-points of classical magnet ic isl ands. 

It might be that these features visualize particular , still unknown 
properties of the magnetic structure during a short time interval. Another 
explanation could be that the plasma column undergoes during a short moment 
a kind of very fast os cillatory movement. 

2. Spectroscopic measurements : By aligning the entrance s l it of a spec­
trograph parallel to the maenetic field lines, i . e . , parallel to t he stria­
tions , we were able to obtain time- integrated sp~ctra of individual stria­
tions along the magnetic field direction z . The strongly Stark-broadened 
D B-line yields the electron density n (z) along the striation. Integrating 
over the D B- profiles yields t he (~elative ) particle density n

4
(z) in 

quantum state n = 4 of n•. Assuming a degree of ionisation of 10 %, the 
local thermodynamic equilibrium relations yield T(z) . The results of the 
spectroscopic measurements are summarized in figure 6. The high degree of 
ionisation explains why the striations are aligned parallel to the magnetic 
field. 

From n (z) and T(z) follows B (z) « 1 along the visib l e part of the 
striation, i?e. thermal expansion of the ablation c loud pushing away the 
magnetic field does not take place. 

The observations cannot be explained by the "neutral shielding mo­
del" [3 1 nor by t he "energy transduction model" [ 4 1 

[1 1 H. Sorensen et al . , P•·oc . 9th Intern . Vacuum Congress and 5th I ntern 
Conf. on Solid Surfaces , 26-30 sept .1983, Madrid, paper I.lO .OR2 , p . 
196 

[2 1 V. Andersen, Proc . 12 th Europ . Conf. Contr. Fusion and Plasma Phys . 
2-6 sept.l985, Budapest, Contr. Papers, Part II, p . 648 

[3 1 P.B. Parks, R.J . Turnbull, Phys. Fluids 21 (1978) 1735 
[41 F .J . Mayer, Phys . Rev . Lett . 55 (1985) 1673 
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BETA AND CURRENT LIMITS IN THE DOUBLET Ill TOKAMAK 

E. J. Strait, M.S. Chu, G.L. Jahns, J.S. Kim, A.G. Kellman, L.L. Lao, J.K. Lee, 
R W. Moore, H. St. John, D.O. Overskei, R.T. Snider, 

R.D. Stambaugh, and T.S. Taylor 
CA Technologie3 Inc., P.O. Box 85608, San Diego, CA 92138, USA 

Neutral beam heated discharges in Doublet III exhibit an "operational" beta Hmit, 1 

as shown in Fig. 1, which is in good agreement with a simple theoretical scaling law: 

I (MA) 
,:3(%) ~ C a (m)B (T) (1) 

where I is the plasma current, a is the minor radius of the discharge, and B is the toroidal 
magnetic field, and in the experiment C is about 3.5. Major disruptions have prevented 
operation of discharges beyond this Hmit, despite numerous attempts where the available 
heating power would have permitted it. These disruptions appear to be due to a low 
mode number kink or tearing instability. Similar operational Hmits have been reported 
in other tokamaks,2 - 4 although these limits are not always due to disruptions. 

4 

\ d sep > 
-4CM 

- 2 CM 

The observed beta limit in Doublet Ill 
follows Eq. (1), independent of discharge 
shape, over a wide range of discharge elonga­
tion t<. (1.0 to 1.6), triangularity 5 ( - 0.1 to 
+0.7), safety factor q (1. 7 to 6) and topol­
ogy (limiter, single- and double-null diver­
tors). Plasma shape and separatrix topol­
ogy enter indirectly by determining the max­
imum value of I laB and thus the maximum 
beta which can be reached within the con­
straints of Eq. (1). Elongation in particular 
allows a larger I I aB for a fixed value of q: for 
Doublet Ill, I laB <X t<.112 (t<.2 + 1)l2q. Lim­
iter discharges were obtained with t<. :::; 1.6 
and q as low as 1.7.5 Such discharges 
form the right-hand boundary of the data 

0 o.JI.o:...._.,.....-o.,...4.:.........--o~ .• ---.~~1.2-..,---.1.6-..,-~2.D ~~~~:;!!:/ ~:~u~ t~-~he %~~re!~:~ 
kink instabiHty prevented operation at lower 
q. Similar disruptions restricted divertor dis­
charges to lower currents, corresponding to 
I I aB ;S 1.1 for well-diverted configurations. 

I(MAI/alml BITI 

FIG. 1. Beta vs. I I aB for many Doublet Ill 
discharges, from MHD equilibrium fits. Oper­
ational limit of ,:3 = 3.5 I I aB is shown. Max­
imum attainable I I aB decreases as the dis­
tance from limiter flux surface to separatrix 
varies from negative (limiter) to positive (di­
vertor). 

Several expressions approximated by 
Eq. (1) have been reported recently for 
the theoretical beta Hmit of a tokamak 
with respect to ideal MHO instabilities.8 - 10 

The coefficient C, which contains the ex­
pHcit dependence on plasma shape, is e i­
ther a very weak function8 or independent 

of shape. For ideal external kink modes with low toroidal mode number n, and no wall 
stabilization,8 ·7 the ~redicted value of C ranges from 2.8 to 3.2. For ideal infinite-n 
ballooning modes,7 - 0 the value of C ranges from 3.7 to 4.4. A conducting wall at a 
distance from the plasma surface of half the minor radius raises the kink mode limit t o 

\ 
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equal the ballooning mode limit.7.8 The experimentally observed value of C falls in the 
middle of this relatively narrow range of predictions, making it impossible to distinguish 
by the value of C alone which instability is responsible. Therefore we must examine the 
detailed behavior of the discharge near the beta limit. 

Major disruptions are the only phenomena clearly and universally identified with 
the operational beta limit in Doublet Ill. These disruptions have a number of features 
in common, most of which are illustrated by discharge 46167 (Fig. 2). The sequence of 
events can be divided into three phases: a triggering event, a predisruption phase, and 
the disruption itself. 

1.00 

AAB. UNITS 

kA 

kA 

4.0 -!-:=~~== ........ =*~~.._:~ 
AAB UNITS 

AAB UNITS 

GAUSS 

" 

" 
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FIG. 2. Behavior near the beta li1Tllt in a typi­
cal discharge (46167): 1=0.48 MA, B=l.73 %, 
t<:=l.O (circular), q=3.1, /3p=l.21, /3=1.89%, 

{3 aB/ I =3.0. Lower traces show B 9 obtained 
by numerical filtering e.nd integration of Mirnov 
loop signal. 

The triggering event is usually the fall 
of a sawtooth (918 msec in Fig. 2) although 
occasionally a neutral beam switching on 
or off seems to provide the trigger. There 
may be an unusually large precursor to the 
triggering sawtooth and a large burst of 
Ha light at t he limiter. In discharges with 
q ~ 3, the inversion radius of this saw­
tooth is often significantly larger than that 
of earlier sawteeth, occurring close to the 
q=2 surface. This suggests destabilization 
of the m=2/n=1 mode, and in such cases 
this event might better be termed a minor 
disruption. 

The predisruption interval typically 
has a duration of less than half a sawtooth 
period, and is sometimes very short in dis­
charges with q < 3. Energy confinement 
becomes poorer, resulting in constant or 
slowly decreasing beta in constant beam 
power. In discharges with q ~ 3, this seems 
to be due to a deterioration of confinement 
outside of the q=2 surface, as shown by the 
soft x-ray emission from this region declin­
ing continuously. This is consistent with 
the presence of a slowly growing 2/1 is­
land. The more abrupt character of the 
disruptions when q is below 3 may be due 
to the proximity of the island to the lim­
iter. A rise in Ha light at the limiter and/or 
nickel line radiation indicates a stronger in­
teraction with the limiter. The MHD ac­
tivity is characterized by an n=1 mode ro­
tating at low frequency (less than 5 kHz). 
The poloidal mode number observed in the 
interior by the soft x-ray diodes is m=1, 
while the Mimov loops usually detect m=2. 

In some cases the soft x-ray diodes also show m=2 near the plasma edge. In some cases 
the rotation of both the plasma and the MHD mode slows down continuously from 10-
20 kHz in the beam injection direction to near zero during the predisruption phase. This 
mode may be seen at low amplitude long before the last sawtooth, but begins to grow at 
or soon after the sawtooth, with small or zero real frequency and a growth time of a few 
milliseconds, until the final disruption. 
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The behavior observed before and during these disruptions seems consistent with 
a model which h as been previously proposed for low beta disruptions: 11

•
12 The fall of a 

sawtooth oscillation creates a steepened current density profile inside the q=2 surface. 
This destabilizes an m=2ln=1 tearing mode. In the ensuing premsruption interval, the 
211 island causes poor confinement near the plasma edge. Interaction with the limiter 
cools the edge of the mscharge, causing further growth of the island. Growth of the 211 
island may also destabilize the 111 mode. The zero or near-zero rotation velocity reduces 
the stabilizing effect of the resistive (LI R ~ 1 msec) vacuum vessel wall. Rapid growth 
of the mode then results in msruption. The unstable mode becomes more kink-like for 
q < 3 as the q=2 surface approaches the plasma edge. 

The identification of the msruption as a 211 kink or tearing mode is supported by a 
linear stability analysis of several mscharges near the beta limit with the resistive MHD 
code CART(3 using profiles from MHD equilibrium fits.1 4 The safety factor q ranged 
from 2.2 to 5.3, but the q=2 surface was always found at a minor ramus of greater than 
0.8a. In all cases, the structure of the unstable mode was predominantly 211 for t he 
magnetic perturbation, while the pressure perturbation appeared as 111 near the center 
and 211 near the edge. This is in qualitative agreement with Mirnov loop and soft xray 
data. These results were insensitive to variations of the plasma or vacuum resistivity in 
the simulations. 

Detailed analyses of ideal MHD stability were performed for a number of mscharges 
using pressure profiles consistent with both kinetic and magnetic data.1 The ideal exter­
nal kink mode was found to be stable. However, the mscharge with highest beta in Fig. 3 
was calculated to be unstable with respect to ideal high-n ballooning modes inside 0.6 
of the plasma's minor ramus. In some mscharges near the beta limit, including this one, 
an oscillation with unusually high toroidal mode number (n=3 to 5) is observed inside 
0.8 of the minor radius, which may represent the !ow-n end of an unstable spectrum of 
ballooning modes. The higher n part of the spectnuu would be very difficult to detect 
with Mirnov loops and soft x-ray modes due to limited toroidal resolution of the detectors 
and small signal size. 

In neutral beam-heated Doublet Ill mscharges, the current profile broadens with 
increasing f3 aB I I, as shown by decreasing intern"! inductance 1., (Fig. 4), and the current 
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density gradient at the edge increases. e, is not the fundamental parameter for the beta 
limit, since it depends on q and discharge shaping, but it does provide an indication 
of profile peakedness. Broad current profiles have larger shear, which is favorable for 
stability to pressure driven kink modes15 and ballooning modes, 16 but may be more 
unstable to tearing modes. A sawtooth oscillation may finally trigger the instability by 
causing an additional downward excursion of e, (Fig. 2). 

In all power scans, beta rises linearly with heating power (constant dfJ/dP), until the 
limit is reached (see Fig. 3). There is no evidence of the saturation which is predicted by 
models in which ballooning modes cause progressive deterioration of energy confinement 
as beta increases, and greater portions of the profile reach marginal stability. However, 
ballooning modes in the interior could drive the discharge toward broader pressure and 
current profiles, accounting for the decrease in f; at high beta. The tearing mode may 
be destabilized before a change in global energy confinement becomes detectable. 

In summary, the maximum beta values attained in Doublet III discharges are in good 
agreement with the scaling law f3 ~ Cl/aB, with 0=3.5. The discharges which reach 
this limit generally terminate in disruptions. Phenomena observed before and during a 
beta limit disruption are very similar to those for disruptions at low beta associated with 
current limits: q ~ 2 for limiter discharges and q ~ 3 for divertor discharges. Within any 
set of similar discharges, the maximum values of f3 aB/ I are found for the discharges with 
the lowest values off;. This suggests that both types of disruption are due to a current­
driven kink or tearing mode, which becomes unstable as the current profile broadens due 
to low q or high beta. Ballooning modes may play an indirect role by causing the current 
profile broadening observed at high beta. 

This is a report of work sponsored by the Department of Energy under contract no. 
DE-AC03-84ER51044. 
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MODELLI NG Of H-MODE DISCHARGES BY THE CONfiNEME NT AMELIORA ­
TION fR OM A LOCALI ZE D REDUCTION Of fiELD ERGDDICITY 

A. N1colai and G. H. Wolf 

Institut fUr Plasmaphysik der Kernforschungsanlage JUl~ch 

GmbH, Association EURATOM-KfA, P . O. Box 1913, D-5170 Julich 

1 . Introducti o n 

The e l ectron energy conf1nemen t time is signific a ntly l ower 
than predicted by neoclassical theo r y . This ap plies to 
H-mode and even more to l-mo de discharges . Attemp ts to ex­
plain this behaviour include drift instabilities , island 
format i on by tearing modes a nd the development of regions 
with field line ergodization . In particular, r esist i ve MHO 
activi t ies cause major magnetic islands 1n the v i cinity of 
rational flux surfaces, and at higher Op, pressure driven 
modes may evoke numerous sma l l islands / 1/ . Their common 
feature is an erosion of the system of nested flux surfaces 
in cer t ain plasma regions characterized by a low shear and 
a high pressu r e gradient al low i ng dissipation by MHO 
activit i es . This results in an enhancement of the effective 
radial tr ans port caused by transport paral l e l to ergod i c 
magnetic f ield lines being inclined relatively to the 
toroida l direction . In c ase of diver tor configurations in 
the vicinity of the separatrix a shear-stabili z ed layer can 
be expected, because the safety factor q va r ies strongly 
the r e . This layer provides the enhanced confinement during 
the H-mode, especially for the electron energy . 
In the present paper an attempt is made to account for 
these effects within the frame of a Id - transpo rt code by 
introducing a mean inclination angle of the ergodized field 
lines S (r) = ( Br/B > with a local minim um at the 
effective s eparatrix r adius ( r=rsl (Fig .l ) . (B i s the 
total magnetic field strengt h, Br the radial field 
component and < ... > denotes the average over an ot'1erwise 
unperturbed flux s urface) . The angle t (r) used earlier 
already /2 - 4 / for lhe description of a del i berately 
ergodized boundary layer replaces those anomaly factors 
which are generally used in transport codes to simulate the 
observed elect r on "cross fie l d" transport . In case of 
llmiter configurations without separatrix values around 
l o-4 lead to a suggestive agreement of the cJmputed 
parameters with the experimental results for both, 
ohmical l y and additionally he a ted plasmas . 

2. Ma gne tic fi e l d s truc t ure 

The following assumptions concerning the magnetic field 
structure are employed in the Id-transport code / 2-4 / . 

1 . The island s tructure / ergodization does not cause major 
dis r uptions or otherwise influence th e dynam i cs of the 
discharge . 
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The mea n inc lination ang le ~ (r) 
is mainly given by the value at 
the bulk value £ b and the t he 
SpeciflcaJly , £. 0 l0- 4 , £ b = 2 
employed in Fig . 1 . 

var1es w1th radius. It 
the plasma center £. 0 , 

separatrix value £. s · 
x lo-4, £. s = lo-5 were 

3 . The parameters E- 0 , E b are assumed to be timeindependent; 
however , for (. s which can be tr eated as a constant as 
well, a Znd option is foreseen by Introducing a 
timedependence via the shear parameter A. The latter is 
defined as in the Mercier criterion by 

A • I "'f' 2, 
..,/\... '/"'•" lv 
~0 is the vacuum permeabili t y , ~ the rotational 
transform and X the toro i dal flu x function ; t h e prime 
denotes the derivative wi th respect to the volume V. The 
timedependence 

f.. s = ( 2 . 1) 

is assumed i n this option accountin g for the fact 
t h at increasing shear enhances the stability at r=rs · It 
was expected , that by this way the onset of the H-modc 
/5 , 6/ might be explained : The initial shear ..A0 provides 
some bar r ier against heat conduction thus steepening the 
temperature and the cur r en t density profile at r = r s 1f 
sufficient power is deposited in the core plasma. This 
yie l ds a further increase in .A. if we a s sume in a lst 
step that the derivative k' at r = rs is proportional to 
the local current density there . Hence a mutual 
reinforcement of the confinement improvement and of the 
toroidal current density a t the boundary occurs . 
Saturation is reached when the current densit¥ becomes 
f 1 at . 

3. Trans p ort model 

Th e model of ref . /7/ had been adopted throughout. In th1s 
mode l an averaging along the unperturbed flux surfaces •uas 
introduced and the effective radial particle , electron and 
ion energy flux densities were derived from t h e paral l e l 
flu x de n sities. 

4. Re s ult s 

The calculations are based on ASOEX parameters / 8 / : major 
radius R = 164 cm, minor radius a = 41 . 5 cm, toro i dal field 
Bt = ZZ kG, plasma c urr en t lp = 300 kA and maximum density 
nmax = 8 x lol3fcm3 . For the independent £. -values of F 1g.l 
the temperature profi l es at t 500 ms are displa yed In 
Fig.Z; neutral injection heating with the power Pb = 3 . 5 MW 
was sta r ted at t ZOO ms . Although the profil e s are 
flatter than those obtained experimentally, the c ore plasma 
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temperature is 2 . 4 keV, in rough agreement with the 
experiments /8/ . In Fig.2 the difference bet111een Ti and le 
arrises fr o11 the mode l as s umpti o ns l'lith dominant electron 
energy losses. f o r timedependent £. s the evolution of the 
current density (a) and of the e l ectro n temperature (b) a re 
shown in fig.3 ( £, 0 = E. b = 2 • lo- 4, £. s . = 0 . 25 • 10-4). 
The initially peaked current density flattens because of 
the uniform resistivity. Hollle ver , this flattening s tarts 
already during the OH-phase so that an abrupt trig ge r i ng 
during the NI-phase, as observed experimentally, could n o t 
yet be reproduced. 

The calculations s how, that the st ri ki ng difference between 
the L and H mode ca n be attributed to significan t cha nges 
of the electron therma l t ransport, as has been concluded 
from the experimental data already /8/ . Our mod el explai ns 
the e ni gma tic r e duction of the electron transport at the 
edge by the shear stabilization in th e v1cinity of the 
separatrix whi ch lo ca ll y reduces the radial field 
components and thu s the mean inclination angle . Eve n if 
this reduction initially might b e small , the resulting 
flattening of the cu rrent density in c rea ses the shear and 
thus improv es the confinement. It seems ho111ever, that at 
least an artificial lower limit of the resistivity is 
requir ed to pre ve n t the cu rrent density from becoming 
f r ozen in. 
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A PHENOMENOLOGICAL INTERPRETATION OF TRANSPORT LIMITS 
AND SLOW-TIME EVOLUTION IN TOKAMAKS 

F.A. Ha as ani A. Thyagaraja 
Culhllm Laboratory,Abingdon,OXfordshire,OX14 3DB 1 UK 

(EURATOM/UKAEA Fusion Association) 

1 . INTRODUCTION 

Tokamak discharges have been run with ani without auxiliary heating 
for pulse lengths long compared with particle and energy confinement 
t imes. Their gross behaviour can be summarised in terms of experimentally 
measured temperature and density profiles and global quantities such as 
current . These slow- time evolution phenomena are the subject of the 
present investigation. The key difference between our model and many 
previous 1- D or 3/2- D (Hugill 1983) models of transport in tokamaks is the 
explicit and crucial use of the pressure- balance and poloidal - Ohm ' s law . 
While there is no direct measurement of the resistivity perpeniicular to 
the magnetic field, it can be shown that the law of conservation of · 
momentum for electrons ani ions is incompatible with Spitzer-like poloidal 
resistivity and the observed particle flux. This was first pointed out by 
BICKERTON (1978), who showed the poloidal resistivity to be 100 times 
Spitzer in order to match experiment . 

2. EQUATIONS AND PHENOMENOLOGICAL BASIS 

We consider a cylindrical plasma of minor radius "a" and periodicity 
l e ngth 2~. We set Te • Ti' and neglect radiation in comparison with 
anomalous thermal conduction. Given the sources and appropriate boundary 
conditions , the variables n(r , t), Te(r , t) , vr(r , t), p(r , t) , s 0(r,t), 
Bz(r,t) are determined from the equations below. Thus 

(1) 

with the energy equation expr essed as 

(2) 

~ 1 (je8z - jzse) with p = 2nT (3) c e 

The poloidal ani toroidal components of Ampere's & Ohm ' s equation are 

~11 jz ~ ~ (rBe> , ~11 j e - ~ Bz (4) 

vrsz 
TIEP e 

1 OAZ vrse + E (t) Tlzj z (5) -c- cor+ c ext 

with TJe ani llz the poloidal ani toroidal resistivities, respectively . 

Using Equations (3) a ni (5) we have 
V = - D On U (6) 

r n-ar- - ' 
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where 
C ~'le C 

2'1EJP 1 dT CT]iji z8 e 
D = ~ and u = ~ - - + --;;-r-

Bz Bz T dr Bz 
(7) 

Coppi and Sharky ( 1981 ) have proposed on purely empirical grounds that the 
plasma velocity should take the form of Eq. (6) , wi th however, D- Xle " 

Taking 'lz to ~e S~i tzer this leads t o 
'le X1eBz ne 'te 

'lz - c21nep 
(8 ) 

which has the value of order 10 2 under typical tokamak conditions . By a 
mo r e general consideration of our basic equations , we are in fact , led to 
setting Tle/Tlz-B~(a)/B~(a) which is of comparable o rder. This implies from 

Eq . ( 7) that Dmax - c 2Tlz• 

3. STEADY-STATE ANALYSIS 

we begin by consider ing the ohmic case with negligible particle 
sources a nd sinks , so that the diffusion d riven current vr Befc is small. 
The anomalously large 'le ensures that the poloidal diffusio n driven 
current makes a negligible contri bution to the radial pressure balance. 
Thus 

(9} 

We follow the experimenter's procedure of writing the radial energy 
balance as 

1 d dTe . 
r ar (rnXeff Or"" )+ EextJ z O 

where Xe ff 

2n Xeff 

is an effective thermal diffusivity . 

( 10) 

These equations lead to 

+d(.tnn) 
onn'l'T 

(11) 
~ llz" 

Since we have shown that D- c 2T]z it is clear that D- Xle- c 211z• 
Combining Eq(10) with toro i dal Ohm's law and setting jz • Iplna2 , then 

12 
Xeff "' ~ T~ 5/2 ( 12) 

Exp eriment shows t hat Xeff = const/n' and hence we obtain 
Te lp ~1 5 and (by Eq( 11)) n "' r~1 5 , for the ohmic scalings . 

We next consider auxiliary heated discharges. We have found that the 
deg radation in K1 (• n x1> for ISX- B can be most simply represented by 

nT 2 taking K 
1

- K lohnA1 (-;;-:!} , where A1 is a constant order unity. Replacing 
Be 

scale- lengths by .. a", using Be= 2IP/ ca, paux= Ptot/2n2a 2R and introducing 

r l:( r l•fo rSpdr, o ur basic equations lead t o the scalings 
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C'', n ~ 

where C, C" , C"' are geometrical constants am Tlo is defined through 
Tlz ~ floTe 312 :. We observe that the con fine-confinement time degrades like 

Pt~t63 whilst ISX- B (NEILSON et al., 1983) report, pt0t66, It scales 
with current as Ip1•7 while ISX- B quote 

0 

1 .5 
I The temperature-current scal ing of I 0•6 is somewhat worse than p 
t~ ohmic scal ing of I~ · 8 • The density current rel ation is very similar 
to ohmic, the particle source controlling the slope of the line in the 
Hugill diagram. Finally, we note that DOUBLET II, POX and ASDEX are best 
represented by a linear ~pal dependence for x1 • However, the scalings 
for Te and n in Eq.( 13 ) are not significantly affected, while 1conf 
shows L- mode scaling. 

4. INTERPRETATION OF SLOW- TIME PHENOMENA IN TOKAMAKS. 

We have applied the above model to ISX- B, DITE am ASDEX; in the present 
paper, however, we shall only report the results relating to the latter 
two experiments . In simulating discharge no. 161 29 for DITE no attempt is 
made to describe the start-up phase. Instead the total plasma current is 
specified to be Ip = 110 kA and is held fixed throughout the 
calculation; the other parameters are Btor = 13.5 kG, beam power Paux= 
685 kW, a•25 cm, R•120 cm am zeff=1.2 (HUGILL et al. 1983) . 

The initial plasma density profile is taken as parabolic while the initial 
temperature profile is a gaussian . The Edge values of n and T are 
held fixed throughout the calculation . The evolution is carried out for 
150 ms and during this time we have a uniform gas feed rate S (r , t ) . 
This i s not available from experiment , but is obtained from ~ a ~· 

p p 
where 1P is taken as 25 ms . It must be stressed that this is a free 
p arameter and its choice is justified by the qualitative agreement of the 
cal culated wave forms with the observations . The form for x1 is that 
suggested by GRUBER (1982), namely 

1 1/2 -1 /2 2 1 
Xl • c 1n- (r,t ) T

8 
(o ,t)Te (r,t)cm s-

with c 1- 4.8 x 10 17. we take Tlz to be Spitzer am TJefTJz• (Bz(a)/Be(a ))2 

Fig.1 shows the line-averaged density ne cal culated as a function of 
time. After the density "clamp" sets in n e falls slightly to the end 
of the simulation. Considering the simplicity of the model, agreement 
with experiment i s remarkably good , as it is for the ~pal ' Te(o , t) and 
the l oop voltage v1 (t). When neutral beams are i njected into an 
ohmically heated target plasma in ASDEX, the first 10-100 ms of the 
injection phase always show a deterioration of the particle am e nergy 
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confinement c0111pared with the ollllic values. After this low confinement 
(L-phase ) the discharge either evolves into a high-confinement (M-phase) 
or remains in the L-mode depending on the experimental conditions. 
(KEILHACKER et al., 1984). We are able to simulate many of the features 
of this L-H transition without invoking divertor action or changes in 
edge physics. The parameters pertaining to discharge no.9910 are: I •380 
kA, n •4 x 101 3 cm- 3, Btor• 2.2 T and Paux • 2.9 MW. In this case i~ is 

neces:ary to take SP 2 3.5 x 101 3 - n(r,t)/~ where 1p= 0.05 s, and 
Tle/Tlz takes the . same form as DITE. The degraCiation of x1 vitb beam­
power is most s~ply represented as a linear ~pol dependence. Thus 

T (o,t) 112 81ti'IT 
X. n-1(r,t)K (_ e ___ ) (1+ ~ 1.5) with K • 3 x 1o17 =-1 s-1. 

1 lo!Jn Te(r,t) Be(a) !ohm 

The results show that up to 30 ms from the start of the beam i'ie falls 
slightly (see FIG 2), while Te and ~pol rise sharply. The subsequent 
behaviour also follows experiment very closely. our results suggest that 
the L-phase is a density clamp analogous to that seen in DITE. 

REFERENCES 
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ANALYSIS OF THE INVARIANCE PROPERTY OF THE ELECTRON TEMPERATURE DURING 
AUXILIARY HEATING IN ASDEX 

H. Murmann, F. Wagner, G. Seeker , H. S . Bosch, H. Bracken, A. Eberhagen, 
G. Fussmann , 0. Cehre, J . Gernhardt G.v.Gie r ke, E. Clock, 0. Gruber 
G. Haas, J. Hof mann, A. Izvozchikovl, G. Janeschitz, F. Karger 
M. Keilhacker2, 0 . KlUber , M. Kornherr , K. Lackner, M. Lenoci, G. Lisitano , 
F. Mast , M. H. Mayer, K. tlcCormick, D. Meisel , V. Mertens , E. R. MUller2 , 
H. Niedermeyer , A. Pietrzyk3 , W. Poschenrieder , H. Rapp, H. Rohr, J . Roth, 
F. Ryter 4 , F. Schneider, C. Setzensack, G. Siller , P. Smeulders2, 

F.X . Soldner, K. - H. Steue r , D. Zasche 

Max-Planck-Institut f Ur Plasmaphysik 
EURATOM Association, D-8046 Gar ching 

A crucial and still unsolved problem in t okamak physics is the understanding 
of anomalous heat transport across the magnet ic field via heat conduction of 
the elect r ons . All efforts to establish a universal expression for the 
diffusivity Xe as a function of l ocal plasma parameters which is valid also 
for auxiliary heating have failed so far. The problem has become even 
greater since it became evident that plasma confinement deteriorates during 
addit ional heati ng in a paramete r range t hat is still ver y close to ohmic 
hea ting conditions . The conventiona l way of thinking is tha t additional 
heating of plasma affects its temperature locally accor ding to the energy 
deposition profile. Consequentl y t he elect r ical conductivit y o ~ T3/2 will 
rise and thus the current density profi l e takes a new shape dete rmined by 
the power deposition profile . This statement is, however, in clear cont ra­
diction to the experimental finding: electron temperature profi l es exhibit a 
remarkable invariance to external inf l uences and possess a very character­
istic shape . An example is given in Fig. 1 showing temperature profiles as 
taken wi th a new Thomson scatte r ing device with relativel y high spatial 
resolution using a 60 flz Nd : YAG laser. The profiles are normalized t o the 
central value and represent four different cases: Ohmic heating (OH) alone , 
OH with addit ional neutral beam i njection (NI) with differen t power deposi ­
tion. In one case 29 keV DO-particles were injec ted into a relatively high 
density target plasma. The beam power is then deposited at radii of 25 ... 
30 cm . This is compared to the case of 40 keV no injection in a l ow de nsity 
pl asma with peaked power deposi tion . Although the central Te values rise 
appreciably , the relative Te-profile shapes remain unchanged. This profile 
inva r iance has been further checked in discharges with addition of Ne 
impuri ties, which clearly documents tha t rather 1/T•dT/dr and not dt/dr 
keeps constant . Profile consistency has also been confirmed in cases with 
and without sawtooth activity . Despite the lack of sawteeth the Te profiles 
are found to be consistent and are still affected by Qa• The electron 
density profile ne(r), however, becomes steeper in this case. Another 
example of this disparity is a discharge with pellet refuelling during which 
the ne(r) profile is changed enormously while t he Te-profile shape keeps 
practically fixed (Fig. 2). 

It is well-known, on the other hand , that Te-profiles can easily be 
influenced by the choice of the safety facto r qa, i . e., the ratio of the 

IAc11demy of Sciences, Leningrad, USSR; 2Present address: .JET Joint Under­
tak ing, England ; 3univ . of Washingt on, Seattle, USA ; 4cEN Grenoble, France 
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toroidal magnetic field to the plasma current . Amazingly, this statement has 
also proved to hold for additionally heated plasma discharges: the Te-pro­
file shapes a r e influenced in the same manner by qa as in the OH case , 
regardless where the heating power is deposited . This is demonstrated in 
Fig . 3 for two cases with identical plasma current but variable t oroidal 
fie l d with qa = 2. 9 and 4. 7, respectively. Profiles are normalized to the 
peak value again and do not change shapes when NI-power is applied. The 
dependence on qa, however, is quite evident and can be summarized impress­
i vely for a large variety of plasma conditions in a plot of Te(O) /<Te> 
versus qa, where <Te> is the volume averaged electron temperature (Fig . 4). 
Te(O)/<Te> represents a measure for the peakedness of a Te profile and shows 
a characteristic q-dependence. The tendency is similar for ne(r) profiles 
but many exemptions exist which do not fit to the same characteristics , e . g. 
discharges with pellet injection or witout sawtooth activity / 1/ . 

So far we concentrated on OH an NI conditions. When the plasma is addi­
tionally heated by high frequency radiation e . g. ion cyclotron resonance 
heating or lower hybrid heating, the profile i nvarianc e has ·to be restricted 
to a region r > q, when' q might be interpreted a s the radius of the q = 1 
surface . In both cases the heating effect is higher in the plasma center. 
Obviously this region r ~ r1 is a confinement region of its own, and has to 
be t reated separately in comparison to the region r > r1. But if the Te­
profiles are non1alized to a value at a radius where the influence of the 
q = 1 surface is negligible one observes that all profiles coincide amazing­
ly for r > r 1 within the error bars of the diagnostic and yield an almost 
constant slope 

(1) ~; = (4 ± 0 . 3) m-1 for r > q • / 2 

for all discharge conditions (see Fig. 5) . If we apply the same procedure to 
merely OH and NI heated discharges , we note that eq. (1) is valid as wel l. 
I n t his case t he deviation from eq. ( 1) for radii r < r 1 is only due to the 
different qa values (Fig . 6). Thus , the profile steepening fo r large q3 

values (Fig . 4) is mainly caused by phenomena within the q = 1 surface . Then 
t he plasma tur ns i nto the high confinement regime during neutral injection 
(NI(H)) the Te- profiles deriate slightly f ro10 the general shape due tu an 
additional edge temperature rise. 

The dominant role of q alone to constitute the Te profile shape is quite 
obvious and points to the current density profile as a leading quant ity to 
be invariant. This is also supported by the obse r vation that the inversion 
radius of sawteeth is only a function of q and otherwise remarkably con­
stant /2/ . Via the coupling Te(r) o: j(r)21~ , the temperature profile ls then 
forced to become invariant, too. There are indeed reasons for j(r) to take a 
"natural shape" arising from very basic principles a s minimization of 
magnetic field energy in a plasma column with a given t oroidal c urrent I. 

Ref e r ences 
/ 1/ Gehre, o., et al ., this conference 
/2/ Wagner , F., Phys. Rev . Letters, to be published 
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PARTICLE CONFINEMENT IN OHHICALLY HEATED ASI>EX PLASKAS 

0 . Gehre , G. Becker , A. Eberhagen and H. S . Bosch, H. Bracken , G. Fussmann, 
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H. Niedermeyer, A. Pietrzyk3 , W. Poschenrieder , H. Rapp , H. Rohr, J . Roth , 
F. Ryter4 , F. Schneider, C. Setzensack , G. Siller , P . Smeulders2, 

F .X. Soldner , K.-H. St euer, F. Wagner , D. Zasche 

Hax-Planck- Ins ti.tut fiir Plasmaphysik 
EURATOM Associa t ion , D-8046 Garching 

Abstract: The anomalous part i cle transpo r t in ohmic deute r ium and hydr ogen 
discharges is investigated by scans of the plasma current , density and 
toroidal magnetic field. At smaller current or larger ion mass more peaked 
density profiles are found . The flux- surface-averaged transport is analysed 
by computer simulations. It is shown that the inward drift velocity is 
i ndependent of the poloidal and toroidal magnetic field and the ion mass 
number but inversely depends on the density and electron temperature. 

, Empirical scaling relations for the electron heat diffusivity and the 
diffusion coefficient are also presented . 

Introduction: Anomalous diffusion and inward drift in ohm1cally heated 
(double null divertor) discharges are investigated in the ASDEX tokamak by 
extensive parameter studies . For deuterium and hydrogen plasmas the vari­
ation of the density profile ~ith plasma current Ip , toroidal magnetic f i eld 
Be and line-averaged density ne is explored . Several series of discharges 
are studied in which only one of t hese parameters has been scanned . I n all 
cases , data measured during long curren t and density plateuus are analysed . 

Di agnos t ics : The electron density ne is measur ed by a multichannel HCN-lase r 
inte r ferometer /1/ working a t a wavelength of 337 pm . Figure 1 shows the 
arrangement of the viewing chords with respect to the ASDEX plasma . The 
electron density pr ofile ne(r) is constructed by a fit procedure for the 
measured line densities of the horizontal channels. A modified parabola of 
t he form ne(r) • ne(O) [1 - (r/a)f.l]C< describes the profile inside the 
separatrlx while an exponential func t ion with a typical decay l ength of 2 cm 
is used outside . For the rather smooth profiles found in ohmically heated 
discharges, this method yields good accuracy . 

The electron temperature Te is derived from the extraordinary mode of the 
second harmonic of the electron cyclo t ron emission (EC.,;) from the plasma . 
Its intensity is regis t ered by a four - channel polychromator , constructed to 
observe simultaneously four slightly different wavelengths between 2 . 0 ~ A~ 
3.0 mm corresponding to four radial positions in the plasma about 6 - 8 cm 
a part from one another. The complete Te profile can be established by a 
sequence of at least two identical discharges with properly varied wave 

!Academy of Sciences, Leningrad , USSR ; 2pr.,sent add re ss : JET Joint Under ­
t aking, England ; 3univ . of Washington , Seattle , USA ; 4cEN Grenoble , France 
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length settings of the polychromator . For details of the ECE diagnostic 
employed see e . g . Ref . /2/ . 

Analysis of the particle transport by computer modell ing: The steady-state 
particle balance equation with anomalous outward diffusion and anomalous 
inward convection r eads 

(I) 

where ri is the flux density due to ionization of cold atoms which mainly 
takes place near the plasma edge . 
The experiments are simulated with the BALDUR transport code /3,4/ . For 
deuterium and hydrogen plasmas the computations fi t the measured ne(r) and 
Te(r), the central ion temperature Ti(O) from CX dJagnostics and the 
poloidal beta llp from the diamagnetic loop. The following expressions for 
the electron heat diffusivity Xe and the diffusiou coefficient D are to be 
used for best fits in ohmi cally heated plasmas: 

D(r) • 0.2 X~(r), (3) 

\Jhere Be is in kG, ne is in cm- 3 and Te is in keV. Ai de'lotes the ion mass 
number . Note that the ion mass dependence given holds under pure deuterium 
and hydrogen plasma conditions after glow- discharge cleaning . The ion heat 
diffusivity Xi used is one time the neoclassical values according to Chang 
and Hinton. For the anomalous inward drift velocity vin • y(r/rw)2 is 
applied instead of the Ware pinch . Y is a factor whose parameter d~pendences 
are investigated by scanning lp and ne, and rw is the wall radius (r,_ • 49 
cm). As illustrated by Fig . 2 , this model yields the measured profile 
variation, characterized by ne(O)/<ne>, on Ip , where <ne> is the volume­
averaged density. For deuterium vin ~ - 550 (r/rw)2 cm s-1 is used while for 
hydrogen vin • - 710 (r/rw)2 cm s-1 is applied. The inward drift velocity is 
found to be independent of the plasma current. In Figs . 3 and 4 , examples of 
computed density and temperature profiles from these scans are compared with 
the measured r esults for deu t eri um and hydrogen, respectively. 

Results of the density scan are presented in Fig . 5. For a given electron 
temperature the inward drift exhibits an inve rse ne sc.1ling . Scanning the 
toroidal magnet ic field (see Fig. 6) yields a weuk rise of the me.1sured 
ne(O)/<ne> values with increasing Be which is ascribed to the variation of 
t he q=1 radius . These scans show that vin is independent of the poloidal 
magnetic field Bp, Be and Ai but it depends inversely on ne and Te . Equa­
tions (2) and (3J and Bc/q = R0 Bp/r yield 

vin(r) "- Ail/2 1 D(r) Bp(r)- f(r) (4) 

independently of Be, ne and Te . Smaller currents and ldrger ion mass corre­
spond to higher lvini/D , i . e . more peaked density profiles, ln agreement 
with the measurertents. The vin scaling given b)" Eq . (4) differs from the 
previously used relation vin/D = - 2a r /a2 with a being a constant . An 
explicit dependence of Xe• D and vin on Zeff was not identified in the 
scans . 
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LOCAL TRANSPORT IN TOKAMAKS WITH OHMIC AND INJECTION HEATING 

G. Becker 

Max- Planck- Institut fUr Plasmaphysik 
EURATOM Association, D-8046 Garching 

Abstract: The anomalous electron heat diffusivity Xe is investigated by a 
power scan of the injection heating and by the time evolution of L (low 
confinement) discharges. It is shown that deviations from the ohmic scaling 
occur if the non-ohmic electron heating locally exceeds the ohmic power 
density. The change in scaling is attributed to the injection heating with 
its different dependence on the plasma parameters rather than to other 
instabilities or 6aturation effects. Constraints on Xe are deri ved from the 
electron and ion energy equat ions and the shape of the measured electron 
temperature profiles . For small injection power complex Xe scalings result 
which cannot be represented by superposing the ohmic and L scalings. 

Introduction: As reliable microinstability-based diffusivities are not 
available at present for tokamaks with ohmic and auxiliary heating, prefer­
ence is given to empirical scalings determined by means of transport modell­
ing of many series of discharges. The flux- surface- averaged elect ron heat 
diffusivity Xe and the diffusion coefficient D exhibit a scaling in injec­
tion-heated plasmas which greatly differs from that with ohmic heating 
/1- 4/ . It was demonstrated that the ohmic transpor t scaling is not a univer­
sal plasma quality which is independent of the heating method . One possible 
explanation for the different scaling is that neutral injection changes the 
transport mechanism, i.e. the underlying instabilities and/or satura tion 
effects . There might exist a threshold parameter which distinguishes between 
the confinement regimes. Another possibility is that the transport mechanism 
itself remains unchanged and the Xe scaling is modified by the injection 
heating with its different variation with the plasma parameters. These 
questions will be pursued by studying the transition between ohmic and L 
transport and by following the time evolution of L discharges /5/. The paper 
deals with the anomalous transport in the ohmic , L and intermediate regimes. 
Results from transport computations (with the BALDUR code /6 ,7/) are used. 

Constraints on Xe with ohmic and inject i on heating: The steady-state elec­
tron and ion energy equations and measured Te profile shapes are used to de­
rive constraints for the electron heat diffusivity . In the stationary ohmic 
and neutral-beam-heated phases of ASDEX characteristic shapes of Te(r) are 
observed . This is illustrated by Fig . 1 , which shows an example of the time 
evolution of the electr on temperature profile in an L discharge with an in­
jection period of 4CO ms and an absorbed beam power Pabs • 2 . 0 ~~ . As can be 
seen, a Gaussian shape i s found during the stationary ohmic phase . After the 
beginning of neutral injection (t0 n = 1.12 s) , the Te profile changes to an 
approximately triangular shape which is then maintained during the whole in­
jection period . The 'confinement zone' (hatched in Fig . 1) is definedbyrqaJ < 
r < 0 . 9a, where the plasma radius a is equal to the separatrix radius of 4Ucm. 
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Neglec ting the ion hea t conducti on, the steady-state electron and ion energy 
equations yield 

( 1) 

with njt2 = Et jt · The power density of the ASDEX neutral injec t ion system 
can be approximated by Pb(r) • ab/r with ab = Pabs/(4n2 R0 a ) and major 
r adius R0 • After i ntegration it fo l lows that 

1 I dT ,-1 Xe( r ) = [~Et Bp(r) +ab) n.( r)- _ _ e . 
4n dr 

(2) 

Wi th Pb = 0 and Te(r) = Te(O) exp(-ar2/a2) one obtains the constraint 

XOH ( r ) • c a2 E Bp(r ) 
e Srr a t rn(r )Te(r) (3) 

Lar ge injec tion power and Te(r) Te(0)(1-r/a) yield t he cons traint 

L -1 -1 
Xe(r) ~ a a b Te(O) n(r) . (4) 

Comparing the cons traints shows that the Xe scalings depend on the heating 
method and its •tariation with the plasma pa r ameters . Neut ral in j ec.t:ion does 
not introduce a Bp(r) dependence in cont rast to njt2· Owing to j " ( r ) -
Te (r)3/2 the ohmic heating a nd electron temperature profiles are s tongly 
c oupled , whereas Pb( r) depends on the target density and i n j e c t ion energy . 
It is obvi ous from Eq . (2) that the t r ansport in the i ntermedia t e range 
cannot s imply be r epresented by superposing the ohmic and L scalings , but 
that rather compl ex, mixed Xc scalings occur . ThP. hP."m hP,.r tng modi Hes t he 
ohmic contribution by changing Et and the Te profile shape and the ohmic 
hea t ing modifies t he beam contribut ion . 

Transition between ohmic and L transport: The confinement in the inter­
mediate range between OH and L scaling is s tudied by simulating a se r i es of 
discha r ges at n = 2 . 5 x 1013 cm-3, lp = 380 kA, Zeff • 1.5 and PoH = 0.52 ~M 
with various injection powers . Figure 2 shows the i ncrease of the e l ectron 
heat diffusivity with rising a bsorbed beam power . Obviously, at sma l l Pabs 
equal t o 0 . 3 and 0 . 6 ~ the Xe values clearly exceed the ohmic result 
(cr oss ) in t he middle of the confinement zone at r = 2a/3. This explains the 
observed dec r ease of the global ener gy confinement time TE /2/ . The Xe 
profiles wi th ohmic heating and Pabs = 0 . 6' MW are presented in Fig . 3 . 
Special a t tention is paid to the local ratio of the injection and ohmic 
heating power densities. Resul ts f or various absorbed beam powers are shown 
in Fig. 4. It is obvious that Pb/(nj t 2) ~ 0 . 3, where the influence of beam 
hea ting should become important , is already exceeded with Pabs = 0 . 3 ~ . As 
shown above , the corres ponding Xe and TE are indeed found to deviate from 
the ohmic scaling. With Pabs = 0.6 and 0 . 9 ~. neutral injection becomes 
dominant in the confinement zone . This expl ai ns the obse rved fas t t r ansition 
of TE to the L scal i ng . For Pabs ~ 1.2 ~M t he beam power density is large 
compa r ed with n j t2 , which agrees with the essentially pure L confinement 
found . The powe~ scan shows that the t ransition to the L regime correlates 
with the ratio ?b/(n jt2) , Both the deviation from the ohmi c scaling and the 
approach to the L confinement occur at power density ratios which agree with 
the expected values . Acco r ding to t he electron energy equation , injection 
power s of this level perturb the ohmic state . The associated change i n 
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confinement suggests that the Xe scaling responds to the auxiliary heating . 
The fact tha t the coupling between the ohmic heating profile and Te(r) is 
broken up with neutral injection should play an important role. A.s the 
smallest injection power sca r cely modifies the plasma parameters , such as 
density and temperature gradients and poloidal beta, a transition to other 
instabilities and/or saturation effects, i.e . to a different transport 
mechanism, is very unlikel y. 

Transport behaviour after neutral injection: A. characteristic time develop­
ment of the diffusivities Xe and D in L discharges was found by means of 
transport simulations /1 , 2/ . It was shown that t he L phase persists for 
about 100 ms after the end of injection . As the slowing-down time of the 
fast beam ions is only about 10 ms , the injection power rapidly decays. It 
is thus concluded that the L transport does not require the presence of 
injection heat ing, beam fuelling and direct ion heating . Simulation& of many 
L discharges revealed that the phase with the ion-electron energy transfer 
rate Pie > 0 also lasts for a time span of about 100 ms, which suggests that 
the L phase is maintained by non-ohmic electron heating. 

The t ime development of the electron temperature profiles measured after 
injection is shown in Fig . 5. Although the beam power is negligibly small, 
the Gaussian-shaped Te profiles typical of the ohmic phase are only reached 
after about 80 ms. The central steepening of the profiles results from the 
electron heating due to Pie• which is largest in the plasma centre. Profiles 
of Pie/(njt2) after neutral injection which were determined by simulating 
the L dischar ge with Pabs • 2.1 MW in Fi gs. 2 and 4 are presented in Fig . 6. 
The absorbed beam power is negligibly small a t t-t0 ff = 43 ms , so that the 
only non-ohmic heating is due t o Pie. Owing to Pie a transport scaling 
different from the ohmic one shoul d t hus persist in a considerable fraction 
of the plasma cross- sec t ion. Cl ose to the e nd of the L phace, hovevcr, the 
ratio of the power densities has become so small that the scaling becomes 
almost purely ohmic . It is concluded that deviations from the ohmic scaling 
occur if the non-ohmic electron heating (due to neutral injection or ion­
elec tron energy transfer) locally exceeds the ohmic power density. 
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1. INTRODUCTION 

In ASDEX a comparison of ohmically heated divertor discharges with gas fuelling (GF) 

and pellet fuelling (PF), with out any gas puffing after a gas puff "start-up" phase, has b een 

done [1]. 

With a large Interval b ctwccu succeosive pellet s (Alp "' 40 ms) t h e density otayed below 

2 · 1010 m - 3 and only small differ ences r esulted in the radial p lasma parameter profiles and 

the transport behaviour comparing PF and GF d ischarges at th e same d ensity. With 

Alp"' 35 m s a medium density of n, "' 3.3 · 1019 m - 3 resulted where the pellet penetration 

depth increased up to ?: 25 cm, primarily a consequence of the continuously falling electron 

temperature {shot PM) . The PM density profiles are much more p eaked than the profi les 

of the gas-fuelled d ischarge GC at the same density n, , whereas the PM T, profiles b ecome 

only slightly broader compared with the GC T, profiles (see Fig. 1). The correspondin g 

T,(o)/(T,) values for both discharges are still within the scatter of t he data showing pofile 

consistency at the corresponding q~ = 3.4: T.o/(T,) = 2.2 + 2.7 [2] . In the PM discharge a 

distinct increase of the totally radiated power and of the radiation power d ensity in the 

plasma centre is observed and aawteeth are absent after 1 .1 a. With still further reduced 

Alp < 33 ms the density is lin3ited to < 5 · 1019 m - • by a r adiation collap se and is comparable 

with the density limit of a GF discharge. Only combining pellet injection and gas puffing 

and using wa ll carbonization considerably higher densities can be obtained [3]. 

This paper d eals with a detailed comparison of the radial transport of the PM and the GC 

discharges with the transport analysis code TRANSP [4] using the measured radial profiles 

of n, Te and radiation losses. 
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2. PARTICLE TRANSPORT 

In the PF discharg .. the particle fluxes r inside r < 0.75a are solely deter mined by the 

decrease of the particle content after the pellet injection event, whkh is equal to the pellet 

fuelling r ate there. Only for larger r > 3/4a has the particle recycling flux (and the gas puff 

rate In GF discharges) to be considered as an additional source term. From the calculated 

r at r = 30cm (Fig. 2) a N = r. 2.rR. 2.rr = 1021s- 1 is obtained therefore, which is equal 

to l:>Npell«/ l:>tp. The total particle confinement time has been estimated from pressure 

measurements in the divertor chamber to increase from 60 ms (GC) to about 100 ms (PM), 

yielding only a small recycling flux 2 · 1010 m -• s- 1 at r =a in t he latter case. 

The particle flux r can be modelled by the ansatz r(r, t) = - D!f/; - nv;,., where v;. is an 

anormal "inward drift" velocity. Fits have been tried to yield a consistent description of D 

and v;n over a pellet cycle by using 1) v;,. = v(a)r2 fa2 , yielding D(r,t), 2) v;,. = 3~D, yielding 

D, 3) D = 4000 cm2 fa , yielding v(r,t) and 4) D = 0.2 + 0.4x" yielding again v. The electron 

thermal diffusivity Xe was det ermined from the energy transport analysis (s. Sec. 3). In 

practice scatter Is large, but model S) can b e excluded and models 2) and 4) give about 

equal r esults for D and v, correspondingly. The same model, D = O.Sx, and v;" = 3~D, 
describes also GF d ischarges with constant or rising density (5]. 

3. ENERGY TRANSPORT 

The global ener gy confinement time rE: = W0 J/(Ph,..-W0 l) arc dep;raded in the P:M discharp;e 

from 72 ms (GC) to a pellet-cycle-averaged value of 44 ms due to three effects: 

1. The total plasma ener gy is smaller in PM as the temperatures are decreased and the 

density profiles are strongly peaked (accountin g for 20% of the decrease in rj,). 

2. Radiation loss•• are increased from 110 kW {GC) to 160 kW (PM) (accounting for 

10%) (see Fig. S). 

3. Non-adiabatic fa st losses (t:>W::; 2kJ) occur after each pellet event const ituting a time­

averaged loss rate of about 50 kW for the quasi-steady PF discharge s tate (accounting 

for 10%). Thlo energy loss is an order of magnitude higher than the energy required 

to ionize all injected particles. It is further equal to the time-averaged energy increase 

during the pellet cycle shown in Fig. Sa for the quasi-steady discharge phase. 

Due to the deep pellet fuelling the convective energy losses P • .,.. = ~k(T. + T;)r exceed 

the electron conduction losses throughout the plasma in contrast to the GF dis charges 

(Peond,• > P • .,.., P,o4 for 11, < 3 · 1010m-3
; Fig. Sb). The cycle-averaged {J and {Jp + li/2 values 

of the kinetic analysis agree with the magnetic measurements. 

The local transpor t analysis shows further that within the error bars the cytle-averaged 

thermal heat diffusivity~~ can be described by the scaling XcMo- (n~·8T.,) -1 derived from 

GF discharges (5], ahowing no major change in the anomalous transport m echanism. But 

Xe Is la rger than XCMG just after the pellet Injection event (t = tp) and smaller at the end of 
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the pellet cycle (t = tp+6t0 } (Fig. 4.}. On the other hand, the ohmic input power is strongly 

changing over one pellet cycle, too, due to the T. decrease at the pellet injection event and 

the corresponding increase of the loop voltage UL (e.g. t0 + 5ms: P( OHM) = 650kW, t0 +6t0 : 

P( OHM)= 450kW). Therefore a description Xc -{Pcond,./21rR)/ (n.T. :fo;Uf:}, where Pcond,e is 

a certain fraction of the input power P( OHM) = UL · I and :{;;~ --~Is fixed by the profile 

consistency (s. Fig. 1; r• may be the q = 2radius},is strongly suggested and supported by the 

results given in Fig. 4.b. One then obtains a local diffusivity Xe - B,UL r"2 / (R2n.T. q) which 

ia derived under the assumption of profile consistency and la essentially equal to XCMG = 

3.4 · 1016B,a/(Rn~· 8T.q) Jm2 /•,T, m, keVJ with UL- a· R/ r"2
• The ion heat conductivity Is 

about one to two times the neoclassical one and much smaller than X• both for PM and 

GC discharges. 
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ABSTRACT 

A fi xed frequency reflectometer on JET is used to make localized 
measurements of density changes. During sawtooth oscillations , the 
effects of the central density collapse are clearly seen outside the 
mixing radius. The timing of these density pulses is compared with model 
predictions to derive the particle diffusion coefficient , DP . Values of 
D • 0 . 5 - 0.8 m2 /s are derived , in good agreement with those obtained by 
ogher means. 

EXPERIMENT 

Measurements of electron density changes are made using a microwave 
reflectometer which launches waves at a fixed frequency F0 in the ordinary 
mode (~//~) / 1/ . Tot al r eflection occurs where F0 equals the local plasma 
frequency. This cor responds to a critical density ne ~ F~/80.6 (MKS 
units) . A simple i nterferometer det ects movements in this layer 
throughout the plasma pulse. Gunn oscillators with frequencies of 20, 
34 . 5, 49 and 600Hz have been used on different pulses to probe density 
layers at 5 . 10 18

, 1.5 x 10 19
, 3 x 10 19 and 4. 5 x 10 19 m-• respectively. 

In recent JET experiments the central density n0 was typically 3 - 5 x 
10 19 m-• , so that a 350Hz beam reflects well outside the sawtooth mixing 
radius . 

The reflectometer uses a single antenna to launch and receive waves along 
the hor izontal mid-plane (Figure 1) . A l ong, oversized (WG10) 
transm iss ion line directs radiation to a tunable crystal detector, whi ch 
measures the interference signal . Signal/no ise ratios of up to 200 are 
obt ained. Using a low- pass filter to reduce the effect of MHD 
fluctuations with f > 500Hz, the delayed effect of the sawtooth collapse 
is clearly observed . ~~f:f~ogical 
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MODEL OF DENSITY PULSE PROPAGATION 

A 1-dimensional numerical model is used to simulate the density profile of 
a sawtoothing plasma . First , an equilibrium is allowed to evolve assuming 
full recycling with a realistic neutral penetration depth , a uniform 
diffusion coefficient DP and an anomalous pinch term Vp = DP r/a 2

• This 
gives a profile in good agreement with JET measurements. The sawtooth 
activity is now included by a periodic instantaneous flattening of the 
density profile in the central region out to the mixing radius Rm. This 
central pertur bation then evolves on a diffusive time scale . The effect 
on the density at different radii is shown in Figure 2 . For the region of 
interest , we find the time of arrival of the maximum density change (TP) 
scales linearly with the distance from Rm . 

I n pr evious similar work on the propagation of the sawtooth temperature 
per tur bation /2 , 3 ,4 / , the time f or the pulse to reach the edge , Tp(a) , was 
shor t compared to the sawtooth period 1st • and consequently each pulse 
behaved independently. For dens i ty perturbations , however , the two times 
are comparable (both -lOOms on JET) . This leads to a sensitive dependence 
of TP on 1st • which is summarized in Figur e 3. Similar curves have been 
plotted for the time at which the pulse is first seen (T, in Figure 2) , 
which has a different scaling with radius . 

The influence of the assumed pinch velocity on our results has been tested 
by using two different values: V

0 
• 2D

0
rta• and v

0 
s 0 . 2D0r/a 2 • The 

predicted delay times for these cases vary by less than flve percent while 
t he equilibrium density profiles are of course very different . This shows 
that the derived D

0 
is not sensitive to variations in the pinch term . 
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DATA ANALYSIS AND RESULTS 

To derive the diffusion coefficient we use density pulse times measured by 
the reflectometer during a series of similar sawteeth. Information f rom 
other diagnos~ics is also required . Data used for the ohmicall y heated 
JET discharge 7010 (IP u 3MA , BT = 2 . 9T) are summarized below . 

Par ameter 
a 
b/a 
Rc( 1. 5 x 10"m') 
Rm 
T, 
Tp 
Tst 

Value 
---;-:-Q7m 

1. ~5 
~. O~m 
3. 75m 

8ms 
51ms 
93ms 

Diagnostic 

Magnetics 

Mul t ichannel PIR interferometer 
ECE grating polychromat er , Soft X-rays 

Reflectomet er and 2mm transmission 
I nterferometer 

TP is compared t o t he model pr edict i on as discussed above. For this case 
D u 0.81m 2 /s . Using this value , we also fit the first arr i val time T, t o 
w~thin lms. Figure ~ shows the good agreement between the measur ed and 
predicted pulse shape. This gives confi dence in the model as well as the 
values of Rm and Rc . For pulse 6276 , which has higher densi t y due to RP 
heating, we f!nd D • . 62 dur i ng hea ti ng and .~8 afterwards. So far we 
have analysed i nsuPficient data t o determine whether there ar e systematic 
changes with RF heating or plasma parameters . Varying Rm• Rc and the 
delay times w! thin experimental tolerances , we estimate an uncertainty of 
± 30$ . This could be improved significantly by using 2 or more 
frequencies s !multaneously , reducing the sensitivity to Rm . Such an 
experiment is planned i n the near future . 

dRe • lmm 

Time (sec) 

!o) Modened Pl.liu (r m· .6o, 'fsr • .104 "' ' ' 

" 0 0 

5 .. -
~ 

·~ 
a: 

dR~temrn 
cJfl, .;, /•-M~" 

~ 
~\ 

~~\ 
~ 

J 
~ w IV 
13.50 13.70 

{b) Ob strvcd Pul su, Shol 7010 

Fig . Coraparison o( obs~rved and predicted movements· of Re (Pulse 7010 , 
0 • 0.81 m1/s). 
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CONCLUSIONS 

A s imple fixed frequency reflectometer is able to make localised 
measurements of density perturbations in the outer regions of the 
di scharge due t o the sawtooth collapse. The shape and amplitude of 
the observed pulses agree with predictions of a numerical model. This 
gives a new and more direct technique of measuring particle diffusion . 

Detailed analysis of an ohmi cally heated JET discharge (pulse 7010) 
gives a value of DP- (0 . 81 ± 0 . 25)m 2 s- 1

• On other discharges DD 
falls in the range 0. 5 to 0 .8m2 s - 1 • No scaling with plasma parameter s 
has yet been attempted . 

The cumulative effect of the sawtooth densi ty perturbations is f ound 
to be important . With only one measurement point , the value of D is 
sensitive to experimental error s , in particular to error i n the r~dius 
of the critical density, R

0
. Thus we have at presen t an estimated 

uncerta inty of ± 30% on D . This er ror would be reduced by ha ving a 
larger number of data poinrs (more reflectometer frequencies). A 
multichannel reflectometer is planned on JET. 

The results obtained are in good agreement with the mean values for DP 
derived from density profile changes during RF heating /5 , 6/ . 
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FIGURE CAPTIONS 

Fig. Schematic of JET Reflectometer . 

Fig . 2 Predicted movements of density layers at different radial 
positions across a sawtoothing plasma . (r0 • Rc- R0 ) . 

Fig. 3 Dependence of N - (R - Rm)/TP on sawtooth period. 

Fig. Comparison of observed and predicted movements of Rc (Pulse 7010 , 
D • 0 . 81 m2 /s) . 
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INV ESTI GATION OF ELECTRON TEMPERATURE 
PROFI LE BEHAVI OUR IN JET 

DV Bartlett , H Bindslev , M Brusati , DJ Campbell , J G Cordey , 
A E Cos t ley , S E Kissel , N Lopes-Ca.·dozo* , B van Milli gen* , P E Stott 

JET Joint Undertaking , Abingdon Oxen DX1~ 3EA, UK 
* FOM Ins ti tute for Plasmaphysics , Rijnhuizen , Netherlands 

1. INTRODUCTION 

The character is t ics of the electron temperature profil e in JET hcve been 
examined for a wide variety of plasma conditions. Both ohmically heated 
plasmas (2 . 1 < Br < 3. 5 Tesla, 1 < ne < ~ x 10 19 m-• , 1 <reo < 5 keV, 1 < 
Ip< 5 MA ) and t hose with s trong additional hea ting ( RF and Neutr al Beam 
powers up t o about 5 MW) have been s tudied . 

The temperature da t a have been obt a i ned f rom electron cyclotron emission 
meas urements . The s pat ial and tempor al resol ution of the diagnostic systems 
employed pe r mi t a detailed study of the profile behaviour to be made. 

In thi s paper , both global i nf ormation (volume averaged quantities) and 
lo<.:iil lnfor·matlon (eg . temperature gradi ents ) are examined to see if t hey 
show any s cal i ng wi th other pl asma parameters , and whether thi s can be 
related t o any of the theories of profile cons i s t ency [1 , 2,3 ] . 

2. THE ELECTRON TEMPERATURE DIAGNOSTICS 

All the temperature da ta pres ented here have been obtained fr om measurements 
of the second harmonic (extraordinary mode) of the electron cyclotron 
emission (ECE) . The observation direction is along a major radi us on , or 
close t o, the plasma mid-plane . These measurements provide reliabl e 
temperature i nformation for all plasma condi t ions of interest here a cross a 
major radius range from just inside the plasma centre to almost the plasma 
edge (ie . R = 2 .8 to- ~.Om). The measuring instruments and techniques used 
in the JET ECE diagnostic system have been described in detail elsewher e 
[ ~) . Two instruments are used in the present s tudy: 

1) All the temperature profil es are produced by an absolutely calibrated 
Michelson inter f erometer which measures the whole ECE spectrum about 300 
times during each JET di scharge . The spatial resol ution of the profile 
both parallel an d perpendi cular to the line of s ight i s about 0. 15 m, 
and the time t a ken for each measurement is 15 ms . An im portant 
character i sti c of thi s ins trument for the current i nvesti gat ions is that 
t he temperat ur es deduced are absolutely cal ibrated to within ±10%, and 
the relative systematic error within any profile i s about ±5% . Despite 
this accuracy, the uncertaint ies in the spectral response of this 
instrument are a limiting factor in the present analysis . 

2) A 12-channel gr·ating polychromator gives the time dependence of the 
temper ature at fixed pos i t ions in the plasma . Its spatial resolut ion , 
about 0 . 06 m along the line of sight , and its response time , a bout 5 ps , 
are well suited to the present t ask . 
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3. GLOBAL TEMPE~ATURE BEHAVIOUR 

Figure 1 shows t he ratio of the peak temperature to the volume average as a 
function of qed e for a large number of discharges with ohmic, ICRH and 
neutral beam he~ting. These data were taken at the end of the current flat 
top when the plasma was in a steady state and sawteeth wer e present . 
Although the peak electron temperature depends on a number of plasma 
parameters, the shape of the profile appears to be strongly l inked to the 
safety factor at the edge of the plasma , qedge· Also shown in figure 1 is 
the time development for a typical ~ HA (qed e • 3) pulse . It is only when 
the plasma has reached a steady state with t~e current fully penetrated 
(about 3 s econds into the f l at top) that the correlation of Te0/Tav with 
qedge is observed . The inductance shows similar cor r elation with Te0 / Tav· 

The scatter in the Te0 /Tav plot is not due to sawteeth since the data is 
averaged over a time longer than the sawtooth period. It is probably related 
to the net input power profile (input power minus radiated power) , the 
temperature profile being much narrower when the total radiated power is 90~ 
of the input power . Plasmas of this type are shown by the crosses on figure 
1. There is also an apparent tendency for the profile to be narrower during 
ICRH where the heating profile is very peaked ( *) , and broader during neutral 
beam heating which has a l ess peaked depos ition profile (~) . 

The radius at which q = 1 (which we equate approximately to the sawtooth 
inversion radius measured by the 12 channel grating pol ychromator) is also 
closely correlated with qed e as shown in figure 2. This , of course, is not 
surprising since the curren~ dens ity profile is determined by the temperature 
profile once the electric fields have fully penetrated the discharge . The 
confinement i ns ide q = 1 is largely determined by sawtooth activity and the 
region of prime interest for confinement lies between q = 1 and qedge• The 
parameter Te0/Tav may be a fairly coarse measure of the profil e shape in this 
confinement region and in particular scatter in the exper·imental data could 
mask signifi cant differences i n profile shape . VIe have therefore looked in 
more detail at the actual shape of the profiles. 

~ . LOCAL TEMPERATURE BEHAVIOUR 

"igure 3a compares three temperature profiles measured in the steady state of 
ohmic plasmas wi th difference values of qed e · Due to the different ohmic 
power inputs and densities the pea k tempera~ures for these three discharges 
vary considerably. The gradients (VTe • dTe/dR) of these three profiles are 
shown in figure 3b: again there are large differences . In part c) of the 
figure, the ratio VTe/Te is plotted . These curves show a trend with qedge' 
across a wide region outside q • 1, the slope decreases with increasing 
qedge • To examine this behaviour, it is convenient to fit a straight line to 
these curves (outsi de q - 1) , which implies a Gaussian fit to the profiles. 
Figure ~ shows the slope of the fitted line as a function of qedge for a 
number of ohmic discharges. Although t he quality of the fit becomes poor at 
high qedge (when the profile becomes more triangular) there is a correlation 
with qedge . 

With additional heating the picture becomes more complicated. The localised 
deposition of ICRH power ins i de the q = 1 surface produces greatly enhanced 
sawteeth , but little change in the electron temperature outside q = 1. 
Figure 5 shows an example of a plasma with 5 MW of ICRH (plus 2 MW of ohmic 
he~ting) and qed e • ~ - Even in this case , where the add it ional heBting 
gives a sllght !~crease i n both the temperat ur e and its gra<H<>nt nnt.,;in<> ~ • 
1, the vTe/Te ratio remains constant . 
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With neutral injection, t he temperature can i ncrease across the whol e 
profile. When the i njected power is comparable t o the ohmic i nput power, the 
VTe/Te shows a change of shape, as shown in figure 6. Since a number of 
plasma parameters are being changed simultaneously (eg. density), it is not 
clear which is responsible for this effect . 

5. CONCLUSIONS 

The analyses made so far on the JET data permit some tentative conclusions to 
be made. A range of temperatures and temperature gradients are obtained for 
different plasma conditions. The profile shape, represented by Te

0
/Tav or 

the slope of VTe/Te, also shows considerable variation but appears t o be 
correlated with qed e · A Gaussian fit to the profile shape outside q • 1 
works well only at fow and moderate values of qedge· The changes i n profile 
shape wi th additional heating are small , and more detailed analysis is 
required to determine their cause. Further work on these poi nts is in 
progress. 
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Figure ( 1) : The ratio of peaK to 
volume average electron temperature as 
function of qedge for a l arge number 
of JET pulses . The symbols are: 

o Ohmic plasmas 
* With ICRH 
ll With NB 
x High radiated power 

The curve s hows the time evolution for 
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a typical qed e • 3 plasma . The plasma 
current reach§s its flat top at the 
point marked F, and begins to decay at D. 
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Figure (2): The sawtooth 
inversion radius as a 
function of qed e for a 
number ofJET oh~ic plasmas. 
The inversion radius is 
obtained by examination of 
the data from the t welve 
channel ECE polychromator. 
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The slope or the VTe/Te 
curve as a function or the 
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of the plasma (qedgel for 
a number of ohmic pulses . 
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Figure (5): Variation of the profile shape with ICRH heating. The solid 
curve is the or~ic phase and the dashed curve 1 second arter the start or 
5 MW of ICRH. Although Te and VTe change , the VTe/Te curve shows only 
a slight outward shift . 
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Figure (6): Variation of the profile shape with neutral beam heating . The 
solid curve is the ohmic phase and the dashed curve 1 second after the start 
or 5 MW of heating (several times the ohmic power) . In this case the 
VTe/Te curve shows a distinct change or shape . 
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ELECTRON DENSITY TRANSPORT IN JET 

A Cheetham, J P Ch~istiansen , S Co~ti, A Gondhalekar , F Hend~iks 

J Hugi l l*, P D Mo~gan, J O ' Rou~ke and M Watkins 

JET Joint Unde~taking , Abingdon, Oxon OX14 3EA, UK 

* Culharn Labo~ato~y, Abingdon, Oxon OX14 3DB, UK 

This s tudy is based upon absolute measurements of Ha or Dn emission at 

va~ious locations , of elect~on density using a 7-channel FIR interfe~omete~ 

and of neut~al particle ef f l uxes using a NPA. Plasma f uelling with 

auxilia~y heating is investigated and t~ansport coefficients dete~ined for 

a range of plasma parameters . 

FUELLING AND FLASMA EDGE BEHAVIOUR 

During an OH discharge, the density evolution closely follows that of 

the plasma current , [1 ) . The appli cation of auxili ar y heating pulses of 

duration a few seconds produces an increase in the elect~on inventory, oNe , 

which scales approximately linearly with the additional power, Fi g. 1 ,while 

dNe/dt falls throughout the heating pul5e . Dut'lng NBI , asymptoti cally the 

ratio of increase in electron inventory to t he number of electr~ns injected 

by the beam, ~e/NNBI ' does not vary app~eciably with NNBI' Fig. 2, and i s 
- 0.8. In cont~ast, starting from the same initi al conditions , admitting 

Ng· 2.8 x 10'' atoms into the to~us by gas puffing produces a relative 

increase oNe/Ng of - 0. 4. 

During both ICRF and NB!, the global particle confinement time t pg 

d~ops during the heating pulse, consistent with the plasma being more 

impe~eable to the recycl ed neut rals , due t o its higher edge density . For 

a se~ies of shot s in which onl y the dens i ty is vari ed , and whe~e the vessel 

has been condi~ioned by a number of discharges, tpg at current flat top 
l!t -] 

varies inversely with ne at densities~ 1.5 X 10 m , (1). At lower 

densities the reverse dependence has been seen. However , f or the same 

settings of the discharge parameters , the values of tpg obt a ined for a 

large collection of OH shots over a per iod of many months show a 

s ignifi cant spread at a given ne' varing by a factor of 2 or more. Apart 

f rom uncertainties conqerning the spatial uni fo~ity of the Ha/Daemission, 

the spread in , can be understood in terms of a shot-to-shot variation in 
pg L -

the neutral i nflux from the l imiters ~H' at fixed ne , depending on the 

recent histo~y of the machine , Fig. 3. 
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ELECTRON DENSITY TRANSPORT IN JET 

Density Profile Constancy is a striking feature of electron density 

build-up in JET. Figs . 4(a) and 5(a) show the line integrated density 

along seven vertical chords through the plasma . Fig. 4(a) is for a plasma 

with ICRF. Fig. S(a) is for a similar plasma with NBI. Observe that, in 

both cases , after the plasma current and aperture become stationary , the 

ratios among t he seven line integrated electron density signals remain 
nearly constant (within l ess than 5%) as the discharge evolves in time , 

indicating that :he density profile shape remains nearly constant - see 
Figs. 4(b) and S(b). This indicates that the magnitude of the elect ron 

density transport coeff icients adjust themselves as the plasma heating 
source, electron source and electron density change, so as to maintain a 

nearly constant density profile. 

In order to determine the electron density transport coefficients , the 

density transi ents as shown in Fig . 4(a) and Fig . S(a) have been analyzed. 

The continuity equation governs the density evolution : 
an (r , t) 
ate a Se(r ,t) - V • re (r,t). 

The spatial form of the radial electron source function Se(r) is calculated 

using the neutral density profile arising from edge neutrals only, 
recombination neutrals do not contribute to the electron source. Se(r) is 
then normalized at the edge using the absolute Ha measurement. 

Ionization of impurities is also a source of electrons . We have 
simplified this by multiplying by a factor (usually 1.6) the electron 

source due to ionization of neutrals . Fig. 4(c) shows such a computation . 

This gives us a measurement of the radial electron flux . 

In NBI discharges the elect ron source consists of, in addition to 

ionization of edge neutrals , ionization of beam neutrals. Fig. 5(c) shows 

the electron source function at the start of NBI . This source is strongly 

time dependent ; as the plasma density increases , the beam- generated 

source flattens . 

The measured electron flux re(r) is interpreted in terms of a model of 
el ectron transport consisting of diffusive and convective driving 
terms, [2] : 

ane(r) 
re(r) = - D(r) _ a_r_ + ne(r) VP(r). 

D(r) and VP(r) are assumed not to change during auxiliary heating . The 

magnitude of the diffusion coefficient D determined above is in agreement 
with that determined by analysis of density sawtooth propagation [3] . 
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The analysis desc~ibed has been pe~formed fo~ a la~ge numbe~ of ~ heated 

and a few NB! discha~ges, cove~ing a la~ge pa~amete~ ~ange in B~, I~ ,Paux 

and ne. Fig. 6. 
CONCLUSIONS 
1. ICRF and NBI heating p~oduce inc~eases in the plasma elect~on invento~y, 

which a~e compa~able unde~ simila~ conditions , despite the differences in 

fuelling. The inc~ease scales app~oximately linearly with applied powe~. 

2. Hyste~esis behavio~ in the va~iation with ne of the H o~ D influxes 

from the limlte~s leads to a spread in pa~ticle confinement time. Vacuum 

vessel conditions influence ~ecycling and pa~ticle confinement. 

3. The ~esults of the elect~on density t~anspo~t analysis, whilst yeilding 
credible ~esults do not p~ovide a detailed insight into the t~anspo~t 

mechanisms. The t~anspo~t coefficients do not depend in any systematic way 
· on the externally cont~ollable pa~arneters. It seems plausible that 

transiently, the t~ansport coefficients assume a magnitude so as to 

prevent the density p~ofile deviating f~ f~om a p~efe~~ed shape. Wo~k is 

in p~o~ess to explo~e if the meas~ed 

othe~ d~iving terms such as the plasma 
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HYDROGEN ION TRANSPORT IN TOKAMAK PLASMAS 

K.W. Gentle, B. &chards and F. Waelbroeck 

The University of Texas, Austin, Texas USA 

The response of a system to a slow change near equilibrium is a natural way to 
observe transport characteristics. In particular, the response of a tokamak discharge to an 
oscillating density source is a sensitive indicator of particle transport. 1 A strong 
modulation of the small continual gas feed required to maintain a plateau tokamak 
discharge directly produces a small modulation of the edge density where the neutrals are 
ionized. The amplitude and phase of the perturbation as it propagates toward the interior 
depends distinctively on the transport coefficients. Experiments have been done on the 
TEXT tokamak2 (R = !m, a = .27m) over a broad range of discharge parameters : 
IT<BT<3T, 100 ka ~ I ~ 400 kA, and I~ n ~ 6 x J019m·3• The external gas feed has 
been modulated at frequencies from 10 to 40Hz and the density response observed with a 
six-channel FIR interferometer along vertical chords at -16, -8, 0, 8, 16, and 24 cm with 
respect to the major radius. 

The experiments are analyzed with the standard model of diffusion and inward 
convection. Although simple, it is generally quite satisfactory. The observations can be fit 
well with appropriate choices of V and D, and values of best fit are uniquely determined. 
The flux and particle conservation equations in this model are 

rr = -Don - V ~ n 
dr a (1) 

( an) 1 
rD (Jr + r ~(rv ~n) + P(r,t) (2) 

where P(r,t) is the production rate, averaged poloidally and toroidally. In steady state, Eq. 
(2) can be fully integrated to express the density as 

no(r) =e-si7zi fa 
r 

rt 
0 

(3) 

P(p)pdp (4) 

with r 0(rl being the radial flux from the sources inside r, and S=a V /D. Since ionization 
rates are significant only near the edge, the profile from Eq. (3) is Gaussian in the interior, 
~ith a shape determined only by S. To facilitate comparison with experiment, the chord 
mtegrals of n(r) are computed as a function of radius to provide curves upon which the 
experimental points sho uld lie. The adequacy of this fit is illustrated in Fig. 1, which 
compares the best fit of Eq. (3) with the experimental points for chord averages. There are 
only two free parameters: n(o), set by a multiplier on the production rate, and S; the shape 
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f P(r) was fixed by Ha profiles. The equilibrium density profiles can thus be used to 
~btain one constraint on D and V by determining a value of S. A value of best fit is 
typically determined with an accuracy of± 20%. 

The time-dependent analysis is more difficult. Assuming a separable time 
dependence e1Wl for the perturb~tion, ~q. (2{ .can be solved in the source-free interior in 
tenns of confluent hypergeometr1c functiOns: 

ii(r) = NoM(iwaJ2V, I, Sr2/2a2) e-Sf/2a
2 

(5) 

The region of ionization at the edge is neither observable with sufficient spatial resolution 
to permit analysis 11or tractable mathematically. The net effect of the sources is simply to 
provide a boundary condition for Eq. (5) at a radius where sources become significant, 
r-24 cm here. Although simple-to impose mathematically, this boundary value is not 
observable experimentally. A solution for the edge region must be developed to obtain 
chord integrals for comparison with experiment. Since the neutrals penneate the ionization 
region quickly, a simple but .Plausible assumption is that the source te'!" retains its 
equilibrium fonn and has a umfonn phase mdependent of radius. A solutJOn to Eq. (2) 
may then be constructed from the Green's function and manipulated to a form similar to 
Eq. (3) as 

2 2/a ii(r) = M(r)e·Sr /2a 

r 

r (p )e Sr 2/ 2a2 

--..,..--dp 
M2(p) 

r 
0 

r = 
P(p) 
- M(p)pdp 
D 

(6) 

(7) 

. from which chord integrals can be obtained for comparison with experiment. The 
arguments of M are those of Eq. (5). For convenience, the results are normalized to the 
central channel as unit amplitude and 0° phase. 

Typical comparisons with experiment are shown in Figs. 2 and 3, which show the 
chord-integrated amplitude and phase of the oscillations as a function of radius. The points 
are observed values, and the solid lines the result from Eq. (6) for the values of V and D 
which fit best. The model is certainly adequate in the sense that the curves of best fit are 
generally within the experimental errors. The largest error is generally in the amplitude of 
the outermost channel, which may be partly explained by sensitivity of this point to plasma 
position and may also indicate an oversimplification in the treatment of the edge. Optimal 
values of D and V may be obtained from nonlinear fitting routines, but formal error 
analysis remains impractical. One useful measure is illustrated in Fig. 2, however, in 
which the broken lines represent results from Eq. (6) for somewhat different values of the 
transport parameters; the fits are clearly worse. 

Although Eq. (6) can be taken to the asymptotic limit of pure diffusion and the fact 
that the best fits do not occur in that region implies significant inward convection, the 
strength of that inference is illustrated in Fig. 3, where the broken lines represent attempts 
to fi t the data with purely diffusive transport. The failure is clear. It is often impossible to 
produce phase differences as great as those observed. At best, the value of D which best 
fi ts phase implies completely wrong amplitudes, and a reasonable fit to amplitude implies 
phases much too small. Inward convec tion is essential to explain both the equilibrium 
profiles and the time response. 
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Over the range of discharge conditions, S =2±1. Density profiles are always peaked 
with modest variations in degree. The values of D and V show considerably greater 
variation. The results do not fit a simple relation, but some patterns are clear. For a set of 
discharges differing only in density, both D and V vary as n-1. There are also variations 
with current and toroidal field. The best regression fit to the data is that for both D and V 
varying as (nq)-1, which is plotted in Fig. 4. The trends as well as the scatter ~e clear. 
These are scalings in terms of the global discharge parameters; there is no evidence to 
suggest that they be taken as local scalings. 

These results may be compared with various other transport processes. The inward 
convection is generally stronger than the neoclassical prediction by more than an order of 
magnitude; diffusion is even larger. The values forD and V are generally similar to those 
inferred for impurity transport in TEXT,4 although the scalings differ. Comparing with 
thermal transport,2 the scalings are similar with Xe- (2-4)0. 

A few discharges in deuterium have also been analyzed. The diffusion coefficient is 
systematically lower than in hydrogen, but no other consistent pattern is evident. 

Although this simple D and V model characterizes the large-scale particle transport 
well in many cases, it is inadequate in some cases. It clearly fails as the density 
approaches the density limit,5 above which the discharge disrupts, or if the discharge is 
strongly perturbed by being moved hard against the inside or outside limiter. Such 
discharges appear to have significantly enhanced values of D and V at the edge, preserving 
the value of S for the equilibrium profile, coupled with reduced values in the center. The 
core behavior may be consistent with V= 0 or neoclassical pinch. 

Work supported by the U.S. Department of Energy. 
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2. R.V. Bravenec, et al., Plasma Physics and Controlled Fusion 27, 1335 (1985). 
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TRANSPORT IN BEAM-HEATED ASDEX DISCHARGES BELOW AND IN THE VI­

CINITY OF THE BETA LIMIT 

0. Gruber, W. Jilge, H.S. Bosch, H. Brocken, A. Eberhagen, G. Fussmann, 0. Gehre, J . Gemhardt, 

G. v. Gierke, E. Glock, G. Haaa, J. Hofmann, G. Janeschits, A. avo•chikov, F. Karger, M. Keil­

hacker, 0 . Kliiber, M. Kornherr, K. Lackner, M. Lenoci, G. Li.sitano, F. Maat, H. M. Mayer, K. Mc­

Cormick, D. Meioel, V. Mertens, E. R. Muller, H. Murmann, H. Niedermeyer, W. Poochenrieder, H. Rapp, 

H. Riedler, H. Robr, J. Roth, F. Ryter, F. Schneider, C. Sehensack, G. Siller, P. Smeulden, F. X. Soldner, 

E. Speth, K.-H. Steuer, 0 . Vollmer., F. Wagner, 

Max-Planck-lnstitut fiir Plasmaphyaik, EURATOM Aasociatlon, 

D-8046 Garching, Fed. Rep. Germany. 

1. INTRODUCTION 

Radial transport and eon.finement propert ies of ohmleally and beam-heated ASDEX dis­

eharges are otudled u sing the PPPL transport analysla code TRANSP(l] and m easured 

radial plasma profiles and global parameters . Results are that the anomalous electron 

thermal transport Is dominating In low-density ohmle as well as "L" beam-heated ASDEX 

plasma&. I t leads, however, for t hese regimes to different scaling laws of the global energy 

confinem ent time [2]. At high-density ohmic and "H" mode beam-heated discharges the 

neoclassical Ion heat conductivity and convective losses (H mode) are comparable to the 

electron losses and tend to dominate the energy b a lance. 

The Ion heat conduction Xi Is described by two times the n eoclassical value calculated by 

C. Chang and 7. Hlnton In all discharge phaaes (OH, L, H, H•). Thereby a Xi of three tlmea 

Xi,noocl fits the central Ion temperature meaaured by the energy spectrum of CX neutrals 

whereas a Xi = Xi,noocl yields for the calculated T; profiles the measured n eutron fiuxes. 

Experiments show that the electron temperature profile shape in ohmieally and beam­

heated "L" discharges Is only lnfiuenced by the safety factor q•(a)[S]. According to this 

concept the elctron thermal diffusivity x,(r) depends dlreetly on the eleetron thermal eon­

ductive loss P,ond,c across the magnetic surface with radius r, which Is a cer tain fraction of 

the input power. From the definition Xc = -(P,~d,c/2.-R)/(n,T, f.~) and from the "profile 

consistency" argument f;; l!j: !::! -a-;;, (where r• may be the q = 2 radlua, and Q is a func­
tion of q•(a)) one obtains x,(r)- P,~d .• (r)/ (n, (r)T,(r)r"). The definition of a local x. which 

depends on local plasma parameters does not seem to b e appropriate. In this paper the X• 

values deduced from the t ransp ort analysis of OH, L and B mode dlsehargeo are used to 

show whieh d eseription is applieable. 
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2. PROFILE CONSISTENCY IN OHMIC AND BEAM-HEATED "L MODE" PLASMAS 

In nearly steady-state ohmic discharges Xe can be described by a local parameter dependence 

x,(OH) = X C MG ~ (B,a/ R)f(n~· 8T,q) [2]. But in ohmic ally heated pellet discharges only the Xe 

values averaged over one pellet cycle agree with X C M G o whereas a description in agreement 

with "profile consistency" depicts also the time-resolved Xe measurements and yields an 

explanation for the scaling given by XCM G [4]. 

L-mode discharges at q•(a) "' 2.6 have been studied u sing H• -+ D+, n• -+ n+, D• -+ o+ 
injection with 14.5-40 keV maxlmum energy/nucleon yielding about the same norma lized T, 

profiles (Fig. la), despite quite different heat deposition profiles (see Fig. lb), total heating 

powers (Ph= Pl>i +P,. +PoH = 1.5 + 4.1MW) and densities (n, = 4.1010 + 11.3 ·1010 m-3). The 

electron heating (P., +Poll) exceeds slightly the ion heating (PI>i ) and T; ;::; T, is obtained. 

Accordingly the central confinement times r.f: = Wv1f (Ph - Wv1) are increasing with off-axis 

heating deposition, whereas the global confinement times are about the same. The deduced 

x,(r) values given in Fig. ld can well be described by Xe ~ Pcond,,/(n,T,r2
) for rt=l < r < O.Ba 

for individual discharges, and at a fixed ramus of r = 2a/3 the relation (x,n,T.) [2o/>~ 
Pcond,,(2a/3) holds for different discharges too. At that radius Pcond,e"" (0.5 + 0.65) Ph holds, 

showing the dominance of electron thermal transport in the L mode over the entire d ensity 

range. 

Despite this good agreement a fit of Xe depending on the local plasma parameters 1p, ne and 

T, has been tried with the limited. data base at presen t available (not only the discharges 

described here). Good agreement'r.;'btained with a scaling x. (L) ~ r2 /(1'-6(r)n~·3 (r)T.(r)A;)1 
wh~; Is the ion mass. This parameter dependence wlll be tested using a simulation code 

to reproduce the measured temperatures. We are aware of the "explosive" nature of the 

1fT, dependence and that the limited parameter set may give a misleading tendency with 

Inherent correlations of the chosen local parameters. 

3. H-MODE CONFINEMENT BELOW AND AT THE BETA LIMIT 

Beam-heated ASDEX discharges with D0 -+ o+ show an H mode confinement of 

rE(a) = 0.2I[MA, a] independent of the heating power for plaamas with {3 < 0.9{3, and {3, = 
0.0281/ aB<I MA, m, T]. Reaching the {3, limit the energy confinement times decrease with 

increasing heating power. This confinement factor of 0.2 s/ MA is more than a factor of 

2 better than reported from D m and PDX discharges. At higher plasma currents (Ip > 
400kA) or lower q• values ( < 3) the confinement factor la decreased ( rf:(a) ~ 60m• ~ 0 .15Ip) 

[5) . Together with H 0 -+ D+ and H• -+ H+ injection results, a scaling r.f: (H) = O.liA; is 

deduced. 

At these high confinement times and therefore high plasma energies (see Fig. 2n) the con­

vection losses (P,on, f Ph"' £rk(T. + T;)jr (E), with the particle flux rand the medium energy 

(E ) of the injected n eutrals) and the Ion conduction losses are comparable to the elctron 

conduction losses (see Fig. 2b). These are now only between 0.25((1.1 = 310kA, q•(a) = 4) 

and 0.4(1p = 410kA, q• (a) = 2.7) of the total heating power over a large part of the plasma 
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cross-section. At t he higher pla8Dla current the neoclassical ion heat losaes arc reduced 

(x;- 1/ I'). The ion heuting by the beams exceeds the electron heatillg with D•- D+ injec­

tion (P,. .li 3Pbe) 8Ild the contribution of the beams to the total p value Is about 25%. This 

fact results ill the dlffercnce of the r;, values with 8Ild without the beam contribution given 

ill Pig. 2c. The conflnemcnt time rs illcludes only the conductive 8Ild convective losses 8Ild 

shows the ln.flucnce of the radiation 8Ild ex losses on r;,. 

For these H-mode discharges no description compatible with "proftle consistency" is avall­

abl+t prescnt. But the local parameter depcndence of x. (L) glvcn above ftts also the x. (H) 
values coverillg now a parameter r8Ilge of 0.6 .li x . (L, H) .li 3.7m2 / • , 200 ;S I .li 360kA, 2.8·1010 .l) 

n • .li 11 · 1010 m - 3 , 300 .li T. ;S llOOeV, 1.3 .li A; ;S 2. The X• for the discharge near the p limit 

described ill Pig. 2 is above this scalillg derived from discharges below the p llmlt. 

4. CONCLUSIONS 

In OH Bild L mode discharges the concept of "profile consistcncy" Is supported by pellet 

injection 8Ild strongly varied deposition profiles, respectively. In H-mode discharges no 

consistent picture has evolved up to now. But also a dependence of X• on local parameters 

seems possible ill both L 8Ild H mode. D0 - D+ injection provides high confinement times 

with a scalillg r;, = O. l!A; j s, MAl for q"(a) > 3 8Ild with strong Ion heatillg. At the P limit 

confinement degrades with illcreasing X• compared with X• below the P limit. 
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STABLE REGION OF FEEDBACK CONTROL IN TOKAMAK DEVICE 

Z.Shen, S.Zheng, L.Wang 

In s ti tu ~.e of Physics , Chinese Academy of Sciences, 

Beijing, China 

Abstract: An experiment of feedback control has been conducted 
in CT-6B tokamak, on which the Ohmic heatine and equilibrium 

field are controlled. A stable region of feedback control in 

the parametric space con ~isting of four feedback gain factors is 

foun n and compared with the prediction of a linear feedback 

theory. It is shown that the experimental stable region is less 

than that predicted by the theory. 

Introduction: Feedback controls of the position of plasma column 

or/and other plasma parameters have been implemented on a number 

of tokamaks/1-7/. Classic~l or optimal control models applied 
on these control systems were formalized on the basis of a 

linearized treatment of the dynamic equations . To examine the 

linear control theory , an experiment has been conducted in CT- 6B 

tokamak on which both the Ohmic heatine and vertical f ield coils 

are controll ed to maintain the plasma current and the plasma 

horizontal position at their desired values. The experimental 

results about stable regions are compared with the numerical 

results of a theoretical model . 

Theoretical model: For reason of simplicity, we make the 

following assumptions : 1, The vertical displacement of plasma 

column is negl ected. 2 , The effect of the eddy current induced 

in conducting shell or vacuum chamber on the plasma is described 

by an equivalent electrical circuit equation, in which only 
dipole current component(cosine function distribution) is taken 

into account . 3, The iron- core transformer i s regarded as a 
linear element. 

The dynamics of the system can be formulated by using a 

equilibrium equation along wi th the circuit equations which 
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include the plasma channel(p), primary winding of transformer(t) 

vertical magnetic field coil(v) and conducting shell(s) 

ft ( Lpip-Mptlt -Hpviv-Mp> I s]=-Rrlr *( -Mpt Il' + Lt It- Mtv Iv-Mu Is) ~ut- Rt lt- k, (zp- Ipo)- 1<. CX- Zo) 

ft (-M,vlp - Mtv 1t + L. 1• - M vs Is)= L/ 11 - Pv l.,tlc, (Zp-Zpo ) + lc4{Y-Io) 

ft- ( -Hps lp- Mu It- Hvs Iv +l~ z,)=- fls 1s 

'F,. = 11r• to.
7 (.to~ - t.t +p1-{')I;-~1~ + ':l~•r. _1~s I,) z, = o 

where R := R0+X and ki(i==1, 2,3,4) are feedback gain factors ; the 
desired equilibrium values are identified by the subscript "0 "; 

Fx i s the r esultant for ce acting on the plasma column . If the 

deviations of the state variables from their equilibrium values , 

whi ch are denoted by small letters , are much less than the 

equili brium value s , the above mentioned equa tion se t can be 

lineari zed a s the follows : 

H ( )<!it ) & + .l it H ( * ~K " • " 
0 / , / ~t + H.(/.l at H 0 (1,3)dt+ • I, )~t cLI 1 - ,.,- ,,.-

He)&+ ( Jiv Lis ~ 1. • >,I ;w Ho >,1) -;r.t + H.(>,JJ cl~+ H0 (1, 4 ) ~ = <1, -llviv+h ip+tr•r 

H (I •J &+ u , 1 • J u"' + JJlil+ t Jx 
0 , dt Po , .Jt" HotJ• Jf Ho I,<;)Ji ~- R$ <s 

Ho (4,•JW +Ho (*, •J ft'" + Ho (4, 1)W+ Ho t/1.~) ~:=<I,. 

where the elements of mRtrix H0(i , ,i) and A1,A2 ,"4 can be 

represente d throug h the equilibrium values of the state 

vari ables. The stability criterion of the system is that the 

real part of the solution of the equation 
H0 (1,t )w+ k, H0(/.~ ) <.l Ho( /,)Jc.l Ho('• '-J w+ k, 

Ho ( z, >)1.1 t fl 01 Ho(>,J)o.) t<o (>,'+Jw-k~ H0 ( 1, I) w - jc) 
=0 

H0 (3, 1)W Ho 0. >JIJ tio U,J)<.l+ R~ Ho (l,I#J>ol 

Ho (4, 1) Ho (I#, •J Ho (4, 1) H• (t..s.) 

is less than zer o. Therefore a feed back stable condition can be 

calculat ed for a set of plasma parameters and a s tabl e r Bgion 

can be found in the parametri c space consistinp, of four feedback 

gain factors ki . 



Experiment: CT-6B is a small conducting-shellless iron-core 

transformer tokamak. The main device and plasma parameters are: 

main radius R=45cm; radius of limiter a=12.5cm; toroidal field 

Bt=13kGs; skin time of vacuum chamber ~v=0.3ms; plasma current 

lp=30kA; electron temperature Te=250ev ; electron density ne= 
(1-2)*1013cm-3. The plasma current and horizontal plasma 

displacement are measured by a Rogowskii coil and cosine wound 

coils respectively. 
The feedback control is carried out by two analog power 

supply systems. The feedback control power supply for the 

heating field is a capacitor bank, which discharge current can 

be adjus ted by a current controller consisting of a conpensating 

r e gulator in parallel with a linear regulator. The maximum 

output current is 0.1-0.2 Ip/N, where N i s the turn number of 
the primary winding of the transformer. The feedback control 

system for the vertical field consists of two group of feedback 

coils and a quick responce power supply. The power supply is a 

six-phase full wave rectifier, which output current can be 
regulated by a high power regulator. The system can generate 

20% of needed vertical field for maintaining the plasma 
equilibrium. The two feedback systems, having 1ms responce time, 

are driven by the signals of plasma current and horizontal plasma 

displacement, which output are proportional to the deviations of 

the signals from desired ~quilibrium values taken at a given 
moment. Changing the weights of two input signals for the two 

feedback systems, the four gain factors can be chosen for the 

study of the stable region . 
The stable and unstable experimental points are plotted in 

k
1
-k

4 
and k

3
-k4 planes respectively as shown in Fi g. 1 and Fig. 2. 

The bounda rys of the stable regions calculated theoretically 

are shown in the same di a grams. It is apparent that the stable 

region obtained in the experiment is less than the theoretical 

prediction. In the above mentioned formulation, some state 
variables are not taken into account , in which the interaction of 

the plasma with the limiter and its effect on the change in the 

plasma density would be the most important factor, which is hard 

to be described by a physical model. 
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THE TOKOLOSHE CURRENT-CARRYING LIHITER EX~ERIHENT 

O.E. Roberts, D.P. Coster, J.A.H. de Villiers, J.O. Fletcher, 
P.B. Kotze, G. Nothnagel, J.R. O' Hahony and D. Sh e rwell 

Plasma Physics Group 
Atomic Energy Corporation of South Africa 

INTRODUC'r ION 

The present program of experiments and related theoretical studies on the 
low aspect ratio tokamak, " Tokoloshe", centres on the perturbation of 
~100 kA reference plasmas by the current pulse in a single fully poloidal 
coil. Among the effects to be studied are: 

(i) Changes in recycling of both fuel and impurity ions caused by 
strong radial field components near the coil. We remark that the 
perturbing field is never strong enough to give a separatrix of 
the t oroidal field in the present work (Fig. 2(a)). 

(ii ) Magnetic island formation, particularly m/n 1/ 1 and 2/1 . 
Islands are induced by a simple poloidal current (Fig. 6) because 
of the very low aspect ratio of Tokoloshe. 

The influence of ( i) and ( i i) on both internal and major disrupt ions is 
of particular interest. 

Here we report preliminary experimental results and c alculations for a 
pertur bing coil within the fully poloidal limiter. (Poloidal Limiter 
Coil, PLC). Later , it is intended to install another coil external to 

· the vacuum c hamber and at a different toroidal location (Pol oidal 
External Coil, PEC) in order to facilitate separation of effects (i) and 
(ii) (see Fig. 1). 

EXPERIMENTAL RESULTS 

Most experiments to date have been with limiter coil pulses of ~ 10 ms 
duration starting at t ~ 15 ms with BpLc/Bf> = ::o.085. Characteristic 
field penetration time to the q = 2 surface (r:::: 17 cm ) and t he q = 1 
s urface (r t:: 9 cm ) are :::2 ms and ::: 15 ms respectively . 

Wi t h BpLc/Bjl!l • 0.085, the signal from a moveable Langmuir pr obe biased 
at -50 V located 40 mm in the toroidal direction from the limiter (F i g . 
1) increases by 2 to 4x (Fig . 3) for 0.23 ~ r ~ 0.25 m (the inside radius 
of the l imiter and the wall radius a r e 0,24 m and 0.28 m r espectively). 
This arises from inward radial d i splacement & of field lines by S. 0.025 m 
in the region of the limiter (Fig. 2(c) - calculations for a fi lamentar y 
limiter current). There are little o r no changes to the HO< and visible 
radiation signals or to the MHO activity, but the OVI 1032A intens'ity 
increases dramatically ,by up to::: l OOx (F i g. 3). 



257 

Fo~ BPLCIB ~ = - 0.085 t he Langmuir probe signa l decreases in the 
vicinity o f the l i miter (Fig. 4). The H- signa l is f ound to decreas e 
sl ightly but there is little effect on the OVI signal. If the Ho( 
i n tensity is be low a critical l evel at the time the limiter coil is 
swit ched on, .....---;;;-ajor disruption is a lways precipita ted. This is 
apparently a r esult o f the c hange in edge condi t ions rather than 2/ 1 
island formation by the limiter coil sinc e the observed 2/1 mode 
amplitude at coil switch-on t ime can vary over quite a lar ge range 
wit hout influencing the disrupt i on. The latter proceeds in the normal 
way i.e. with a slowing down of the 2/1 mode, considerable growth of the 
is land width which probably l eads to 1 shor t-circuit ing 1 to the limiter 
(Fig. 5). When th e limit er coil is switched on at 30 ms 1 at which time 
sawtoo thing is visible as a modulation of the m = 2 mode, the modu l ation 
is clearly suppressed (Fig. 3). This again appears to be du e to a change 
in e dge conditions . 

CALCU LATION S 

Field line calculat i on s wer e perfo rmed with the PLC field superimposed on 
the field approxima t ing an ideal MHD equilibrium for Tokoloshe at 
t = 30 ms. For this case (q\l'(a) = 4.4, q(o):: 0. 7) island forma t ion is 
seen for BPLC ant iparallel to BT and with axia L BPLCIB</>~0 . 01 
(Fig. 6 (b)) . In pa rt icu l ar m/n 1/1 and 2/1 modes are excited, 
consis ten t with the results of a Fourier power spec trum of 8_,_ on the 
equil ibrium magnetic s u rfaces . J,a r ge scale regions of stocha s ticity are 
seen n ear the limiter for BpLc/H9)~0.05 . 

For ilPLC parallel t o Bp muc h weaker i sland f ormation is seen with th e 
1/1 island now on the inside o f a po l oidal cut at the limite r (fl = 0) 
(Fig . 6(a) ) . Tne is l and formation in this case is a result o f the strong 
outward displacement of the flux surfaces i n Toko l oshe. 

As a first step in interpreta t ion of the effect of the poloidal c urrent 
on exis ting tear ing mode islands , cal culations have also been performed 
with t he limite r co il field (BPLc/Bjl> = -0 . 05 1 Fig . 6(b)) super imposed 
on a quadrupo l e field (BQuad/ Bjl> = 0.002, Fig. 7(a)) orientated to 
produce islands shifted in e with respec t to the limi t e r coil i slands 
( Fig . ](b)). Kere we see a distinct shift in e of the resultant l/1 
island with respect t o both the PLC and quadrupole 1/ l island s when t hese 
islands a r e of comparable size . Note that the quadrupole field imposed 
on a low aspect ratio machine c reates an extensive stochas t ic region near 
the edge (Fig . 7 (a)). 

CONCLUSIONS 

Preliminary experimental r esul ts have shown th e PLC produces marked 
changes in edge conditions which can influence HHD behaviou r . The 
calculations ind icate that the formation of large i slands can be 
expec t ed. These should become more appa r ··m t af ter a planned increase of 
2x in the amplitude /duration of the PLI.: , longer plas ma cur rent pulses and 
the addi tion of t he PEC. 
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* RESONANT HELICAL IHNDINGS IN TOKAMAKS 

A.S .Fernandesx, ~! . V.A . P .Heller , I . L. Caldas 
Institute de Fisica Universidade de Siio Paulo 

C.P. 20.516 , 0 !498 - Siio Paulo, SP, Brazil 

ABSTRACT: The Chirikov condi tion has been applied t o estimate the helical 
winding current threshold for ergodization of the magnetic f i eld lines in 
large aspect-ratio tokamaks. Overlapping of magnetic islands created by 
external wind ings and by a helical surface current on a rational nagnetic 
surface has been considered . Toroidal corrections have been also conside red. 

We consider a large aspect-ratio tokamak with circular cross­
section , represen ted by a per iodical cylinder with length 2nR , and assume 
the t~kamak ~ca ling Bz/B8 = R/a, where a is the minor plasma radius. 
B 1s un1form and j ~ jo(1 - r

2
/a

2)Yz, where jo and y are 
z constants. 

The magnetic surfaces are given by 

... 
B • 171jl ~ 0 (1) 

We consider l lji1/Y ol << 1 nnd the linear superposition 
equilibrium described by ljlo( r) with a resonant helical 
described by ljl 1 (r , u), where u~e - nz and a-~ . ljlo 

of an unperturbed 
perturbation 

is given by 

ljlo I: dr' 
r' 

(nB - mR 
Be) a z ----ro- (2) 

and 

~ 0mRI r )m cosmu ljll .:: -b-na 
(3) 

or 

~.JoRrm , n + 
'h 

r - m 
2a 

cosmu 
r 

(4) 
m,n 

Eq. (3) correspond s to perturbations created by external currents I flowing 
(wi th opposite directions in adjacent c~ndu~tors) in m pairs of hel ical 
windings, equally spaced , with radius b 1

'
2

' . Eq. (•) corresponds to 
spontaneous tearing perturbations due to the resonant helical curr ent sheet 

j = J 0 o(r - r ) cosmu (S cos v + z sen v) , 
m, n 

where cotgv • nr . The resonant perturbations create m magnetic islands 
around the ratioWa~ magnetic surface with q(r ) s m/n. m, n 

(5) 
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We suppose that sof t disruptions observed in tokamaks are caused 
by the superposition of magnetic islands created by different r esonant 
fields . The helical winding current thresholds for ergodization of the 
magnetic field were esti mated applying the Chirikov condition 

/::, + 6 I I > 
m,n m ,n 

r - r , , I 
m,n m , n ' 

(6) 

where 6 is the island half - width. The condition (6) is satisfied for I 
grea t erm~Ran the values plotted in the Figs. (1) and (2) as a function of 
q(a) . 6m n was calculated in two differen t ways : taking into account the 
changes in ~o and ~ 1 over the islands widt h and also negl ecting these 
changes. All magnitudes were adjusted to fit TBR data( 3 ) (a•8cm, b=11cm , 
R=30cm, B = 0,41) and the dependence of Jo with q(a)is in <tgreementwiththe 
da ta repo~ted in the Ref . (3) . 

On a l a rge aspect-ratio tokamak t he maj or effect of the coupling 
between helical fi eld and the toroidal curvature is t he appear ance of 
m'= m: 1 magnetic islands on the rational surfaces with q = m' / n. The 
toroidal cor rections were taken into account by multiplying the constant Bz 
by the factor (1 + ~ cose)-1 . Expanding the differential equations fo r 
the magnetic fie ld l1nes in terms of the aspect ratio we obtained 

B' . vx = o X Xo + 

where 

X = 
0 I: dr' 

r' m'-m 
(- a-) (nB - ~B) 

and 

m' 
~ m I r 

0 

2iTam' - "bm 

for the windi ng perturbations and 

z r a 

cosm'u ' 

for the current sheet perturbations, where u'=6 - mn;R 

(7) 

(8) 

(9) 

( 1 0) 

x was used in the same manner as the str eam function ~ to calcula t e the 
wid th of m' magnetic islands at the q=m' / n surfaces. An example of winding 
currents required for ergodization, due to t oroidal correcti ons , is plotted 
in the Fig. (3) as a funct ion of q(a). 
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EFFECTS OF MAJOR RADIUS COMPRESSION IN JET 

A Tanga, N Gottardi , A Hubbard, E Lazzaro, P Noll, 
E Springmann , A Taroni. 

JET Joint Undertaking , Abingdon, Oxon, OX14 3EA 

Introduction 

Major radius compression in tokamaks is a tool for achieving high plasma 
pressure •,• , • , •. Its attractiveness depends also on the fact that the 
compression can be made " adiabatic" and then the plasma quanti ties are 
expected to change according to simple laws (') . 

In JET the appl i cation of a fast increase of vertical field has produced a 
displacement of the plasma column in major radius with the toroidal field 
constant in time . Typically t he time necessary to detach the plasma from 
the l imiter , until it reaches the f inal state i n the contact wi t h the 
i nner wall , was 0.15 + 0.2s while the gl obal energy confinement time was 
0 .5 + 0.7s . Parameters of the discharges analysed are presented in table 
I . Since the vertical field is not completely decoupled from the plasma, 
the increase of the vertical field causes an increase of poloidal flux. 
When the plasma is compressed the increase of pl asma current is due for 
one t hird to the effect of the compression and for the rest to t he 
i ncrease of poloidal flux. The situation is illustrated in the figur es 
1, 2,3. Fig 1 shows the flux contour as obtained by the equilibrium "one 
I NDENT B (') before the radial compression. Fig 2 shows an analogous plot 
for the plasma , 0 . 19s later after the compression . The plasma is in 
contact with the inner wall and the cross section is hardly changed. The 
expected result i n an i deal adiabat i c case starting from the conf iguration 
of Fig 1 is shown for comparision in Fig 3. Here the equilibrium 
configuration was calculated usi ng the code ESCO (• ) . The fluxes on the 
vacuum vessel are the same as in Fig 2 but the q profile and the toroidal 
and poloidal fluxes inside the plasma have been conserved and the 
adiabatic constraints ( 7 ) have been verified. It is evident that a pure 
adiabatic compression would have produced a smaller plasma . Moreover the 
increase in plasma current would have been only - 110kA against the -
360kA observed experimentally. The variation of flux as given in t he 
tabl e is in agreement with the changes in plasma current and variation of 
inductances. 

Changes in plas~a parameters 

In terms of other plasma parameters a noticeable i ncrease of t he peak and 
of the volume average el ectron temperature has been measured by el ectron 
cycl otron emission and it is shown in Fi g 4. It should be noticed t hat 
the increase of the peak and average electron temperatures is more slow 
than the compressi on which takes place between t ~ 8 and t = 8.2 seconds. 
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some enhancement of the sawteeth activity ls also present . The time 
evolution of the ion temperature , as deduced from neutron emission is 
shown in Fig 5. !n Fig 6 the radial p~ofile of the electron density is 
shown as obtainej by Abel inversion of the interfer~neter d~ta. There is 
a noticeable peaking of the electron density profile subsequent the radial 
compression. It should be also mentioned that ne scales approximately as 
c• , c being the initial major radius divided by the fin~l one , ~sit is 
expected f<'om the adiabatic ~c<~ling . The total radiated powers as 
obtained by the integration of the multiehor•1 bolometer camera , during the 
compression shows only a small variation (in this c~se a <'eduction) , 
canpared to the gtob~l input power . This fact would suggest that the 
resistive losses are not substantially enhanced by the radial 
comp<'ession . 

Conclusion$: 

According to the ~·1i:th:ltlc taws the temperature should scale with the 
compress! on ratio to the ~/3 . Thus one would have expected a 10% increase 
Ln Te and Ti while the experimental values are respect! vely an inc~case 
by 20% ~nd 30% shown in Table 1. This is probably due to the appreciable 
ohmic contribution as it is shown by the analysis or t.he ·~.-~gnet l c dat~ . 
It is obviously dlfflcult to quantify in detail the balance of the power 
fluxes in a transient, however' the increase of both the ion and electron 
central temperature is much faster than the resistive skln tl:ne <~nd may 
t hls sugge::~t the pr'esence of an anomalous penetration of the plaema 
<)•l•'<'ent which may contribute to the increase of the plasma temperatu<'e . 
The elctron density scales in agreement with the 3diabatlc scalings . It 
should be stres::~ed th<~t, despite the elative changes in plasma parameters 
being small , there seems to be an e•Jha'lcetnent L n the the<'mal content of 
the discharge which seems to origi•late both from the flux variation and 
from the radial compression . 
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TABLE I 
Before Ip t Br 
Compressi on 2.03 8.02 2.92 
After 2.39 8.19 2.92 
Compression 
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0r 
1.6 
1.8 

"' 6.95 
7;34 

Qb 
5.4 
5;6 

Li 
1.15 
1.09 

Compression ratio C - 1.07 

Adiabat ic scalings(') 

T .. c • h . 1.09; n .. ·c•- 1.15; Ip .. c- 1.07 

Experimental values 

- 1 .20; - 1 .30 

Br - Toroidal ~ield i n tesla 

t - time i n seconds 

(ilT = toroidal flux 

ljl • poloidal flux 

T i 1 ( 2 ) • ion temperature before 

(after) the co~pression 

Fig 

Poloidal flux contour of the plasma 
before the compression . 

= 1. 16 

I p • plasma curretn (MA) 
q • safety factor at plasma boundary 

b 
a - ~oloidal beta 

p 
li a internal inductance 

T • electron temperature before 
e(2) 

(after) the compression 

n • electron density before 
en(2) 

(after) the compression 

Fig 2 

Poloidal flux contour of the plasma 
after the compression. 
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ANALYSIS 0? CURRENT AND TEMPERATURE PROFI LE FORMATION I N JET 

D.J . Campbell, J . P. Chr i st iansen , E. Lazzaro , A.W. Morris+ , M.F . F. Nave , 
F. C. Schueller and P. R. Thomas 

JET Joint Undertaking, Abingdon , Oxon , OX1~ 3EA, UK 
•sal'iol College , Oxford University 

INTRODUCTION - The study of of current format i on in a tokamak i s 
important both at the practical operation level and at the fundamental level 
of identifying basic transport mechanisms and r eg imes . Here an analysis of 
observations on the formation of tokamak tem•~r~ture and current profiles in 
JET is presented . The time evolution of these profiles has been studied for 
a large number of plasma discharges using the equilibrium i dentifi cati on 
codes IDENTC and FAST, and the ECE measurements of electron temperature 
profiles . 

It i s found t hat plasma resistivity is neoclassical during the current 
flat-top , from which we deduce that ECE temperature profile measurements are 
consistent with current profiles deduced i ndependently f rom magnetic signals 
by the equilibr:um codes. The effective resistivity is subs t antially higher 
tha n neoclassical during the initial stage of the current rise and , as a 
result , the current penetr ~tion occurs on a timescale which is much shorter 
than the neoclassical skin time . The penetrat i on enhancement depends on the 
cur r ent and density ramp rates . Furthermore , during this early stage of the 
discharge substantial MHO activity is observed. The assoc iation between 
this activity and ~lie pr oces:o of current penetr,.ti.on has been i nvestigated 
by analys ing the path followed by typical discharges in the par ameter plane 
(q0 , qa)• where qa is the safety factor . 
CURRENT PENETRATI ON BY RESISTIVE DIFFUSI ON 
MAGNETIC ANALYSIS - The t or oidal component of Ohm' s law can be written 

11eff • E~/J0, (1 l 
where neff includes the resistive effects 6f any instabilities which may 
occur . Fm· steady t oroidal f i elds, t h i s may be written 

a~ [ a 1 a a• l 11eff ~ llo -:IT 1 R ~ 11" ~ + W <I>· (2) 

Equation (2) is solved for a time sequence of inverse Grad-Shafranov 
equilibria fulfilling Dirichlet boundary conditions pl us an opti mal f it of 
Neumann conditions [1] with cur rent density profiles taken in tte functional 
class: 

J+(R , oj>)-I0 (~ R/R0 (1-oj>+b( 1 - oj> ) 2 )+( 1 -~ ) R0/R (1 -Ijl+a(1-oj>) 2 ) ) , (3) 
where a , b, ~ are the parameters to be determined . Once t he calculation i s 
validat ed by checks of compatibility with other diagnost ics , the accuracy of 
the evaluation of q0 is of the order of 20~ if the error i n t he data is 3% . 
PLASMA RESISTI VI TY - Profi l es of plasma resistivity are der ived from 
local par amet ers obtained by diagnostic measurements. The principal data 
a r e Ie(r) from ECE [2], ne(r) from microwave or far-infrared i nterferometry, 
and Z~ff from visible Br emsstrahlung measurements . ' Spit zer ' resistivity is 
cal culated from 

ns - 1 . 03~ X 10-• Zelf ~(Zef ) ~n A/T >/z , 
where Te is i n eV , and the neoclais cal resfstivity rrom 

where 
n • gns • 

g- (1-fT/( 1+(v. l)-'(1-CRfT/( 1+(v.l)-' . 

( ~ ) 

(5) 
(6) 
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Explicit forms of the coefficients a(Ze rr >• ~ . CR, the electron trapping 
factor fT , and the collisionali ty v* are given in [3). The principal 
sources of error in these calculations arise from the measurement of Te(r) 
(±10%) , and Zeff (the profile is assumed to be flat). 
RESULTS - The evolution of the principal par ame t ers of a pulse selected 
for analysis is shown in figure 1 . Figure 2 shows a comparison of radial 
profiles of ~eff (crosses) , ns (full line) and ~· (dashed line) at several 
times during the rise phase and flat top of this discharge . Once the plasma 
current has reached its equilibrium value, the profiles of resist i vity 
derived from ma~netic analysis and from temperature measurements are in very 
good agreement [4) . However , during the first 2s there are significant 
differences between the two , and particularly during the first O.?s , where 
neff is significantly higher than ~* · Thus, the current penetration occurs 
more rapidly than can be explained by neoclass ical resistivity , which leads 
to this enhancement in the calculated value of neff over ~·. This might be 
explained by magnetic relaxation , as discussed in the next section. 
ROLE OF MHO INSTABILITIES IN CURRENT PENETRATION 
TYPE OF I NSTABILITIES PREDICTED FOR THE CURRENT RISE - to investigate 
the relationship between the observed MHD activity and the processes 
affecting current penetration, we have analysed the evolution of typical 
discharges in the parameter plane (q

0
, q~) [5) . By drawing the boundaries 

of various MHO instability regions , obta1ned from the model of [6J , in this 
plane , it is possible to interpret the processes accompanying current 
penetration . Figure 3 shows a scatter plot of a sample of JET pulses in 
this plane . Several time points are included for each pulse . It is 
r emarkable how few points lie centrally in the ' stable • region . 

For clarity we discuss the trajectory of a particular pulse (2214) which , 
as shown in figure 4, passed through all regions of the plane. 
Identification of the times of interest which are labelled in the figure can 
be obtained from the pla,.ma current trace in figure 1 . Detailed 11agnetic 
equilibrium calculations show that the current profile initially exhibits a 
significant skin effect, and that it becomes gradually more peaked as the 
trajectory reaches the equilibrium state . It is also found that the 
trajectory reaches q0 -1 at approximately the same time as sawteeth appear, 
and that it remains in this condition during a substantial period of the 
current decay . Thus , there is qualitative agreement between the form of the 
J (and q) profiles at various times and the region in which the trajectory 
l i es . 

Th is relationship between the J profiles and the regions of the (q0 , qa) 
plane is further illustrated the two other cases shown in figure ~ . These 
trajectories show very distinct pat terns of evolution . Pulse 2442 starts in 
the qa< q

0 
sector and then remains entirely in the 'kink' sector before 

disrupting during the flat top . Its current density profile starts hollow 
and peaks 3s after breakdown , the trajectory then being in the 'kink ' 
region . This is i n contrast to pulse 221~ which has a similar slow rise , 
but enters the 'kink ' region earlier and also becomes fully peakec earlier 
(after 2s) , terminating within the ' tearing-internal' band. The third 
example (shot 20l4) is rather unusua l , but interesting , because it always 
has a peaked current profile and , as expected , it crosses only the ' tear ing' 
region . 
CURRENT REDISTRIBUTION BY MAGNETIC RELAXATION - The trajectories 
described here show a significant correl ation with the spectra of MHO 
activity observed . Figure 5 shows the magnetic activity signal fer pulse 
2442 plotted as a function of the safety factor, qa . Investigation over 
many pulses during the current rise shows that trajectories lying In the 
'double- tearlng'/'kink' regions exhibit MHO actvity spectra of this form , 
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i.e. with distinct peaks close to rational values of qa, that is qa - m/n 
with n • 1 or, sometimes, n • 2. Evidence for the redistribution of J for 
pulses such as 2442 is shown in the plot of ~i versus Qa (fig.6). This is 
further supported by observation of negative spikes in di/dt. Trajectories 
which have crossed into the •tearing ' region have MHO spectra which are 
generally less structured with peaks of the signal often uncorrelated t o 
integral values of Qa· The same is true for the evolution of ii. 
CONCLUSIONS - The evolution of current and temperature profiles in JET 
may be understood in terms of the trajectory of the discharge i n the (q

0
, 

q~ ) plane. It is f ound that the plasma evolves through regions in this 
plane which are predi cted to be MHO unstable. While substantial MHO 
activity is observed, which is correlated with r apid current penetration, 
the occurrence of MHO instabilities generally has no deleterious effect on 
the flat- top performance . As the MHO activity decays, current penetration 
approaches the neoclassical value, and becomes neoclassical as the cur rent 
plateau value is reached. Generally the plasma current flat - top is reached 
with QQ- 1, and this state is maintained into the decay phase . 
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HUNAIIAY ELECTHUN CUNFJNEtii;NT STUULES LN Tllli TJ-l TUKAtiAK 

L. Hotlri~ucz, A.l'. Navurru nncl 'l'J-l Group 

Division de Fusion, JEN, 21!040 tladrid, Spain 

lNTitODUCTlON 

Hunaway c.lectrun study is nn important topic not only because of thei r 
potential deleterious effects on any device but for the possibility to use 
them as a heating method (I) or to stabilize heliacs, as the proposed TJ-ll 
by JEN, in achieving the second stability regime (2) . 

On th e small tokamak TJ-1 (Jto~.J m, a-.1 m, 1>~.1 2 m, ll< 1.6 T, 
lp< 60KA) , runa"ay electron behaviou r has been studied using a collimated 
scintillation detector (J cm i. lNa(TI.) ) by measuring the energy 
c.ll striUution of the: photons due to rumnuty electron bremsstrahlung. The. 
typical experimental setup was modified so pulses · could be temporaly 
resolved and up to [our di(f:erent spectra accumulated during the TJ-1 
t.llschargc so runawayu coulJ be studied clu 1:lng tile hulld-up , plateau nntl 
runc.lowu of the dischaq~c. The system wa:; co.d.lbratcd usint~ a Cs 111 sou rce 
resulting 10 KeV/ch ntul , previously to the measurements , the nngulnr 
distribution of the radiation was determined to optlmi?.e the detector 
posit: ion to get the maximum COUIH rat.:c, ohtalnint; 1t Nl0 4 c/s (ot- n midplane 
posit ion 20° out u [ the pe rpcoHilcu la r. 

TIIEURY 

For spectrum i11tcrpretation a utollel, ns::wmln1~ only the toroic..lnl 
coonponent of tile e lectron velocity and including relativistic effects, has 
been devel oped . Solving , for the tall of the assumed w.axwellian 
c..llstril>ution of thermal electrons in the plasma, numerically the e•tuatlou: 

dtme V/ dtm{(Ane/V
3 

me) (~+l/~ )+(AnJV
3 

"'i) ((m;.~ /me +1)} V-eE( t) 

{ • 2 v 2 2 'lz where A-e nelnll/41t£0 , o~(l-v /c ) , "ell) is the electron (ion) density , 
111 e (l) is tile elect r on (ion) mass, v the turoidal velocity of the electrons 
and E(t) the applied electric field , it is possible to deduce the energy 
tlistrilmtion of the runaway electrons. Figu re shows the two extreme 
cnses: gausSiilll \,.lhen the con( iucmcnt t:Juu.! ("l:"R) is shortct· t:lwn tl1c thermal 
equilib-ration tJmc (~ anc..l 11 sllc.lc-uway" for 1:R'>> Z"e2~ · Uecause of t he photon 
energies in TJ-1 are always moderate, be low 500 KeY , the thin t arget 
approach can he ilssumctl for the runaway e lectron intc ril ctions in the 
simulntion of the lwnl-X-r~y spcctrn for the n!Jovc mentioned distrlbutlons. 
figure 2 shows t he simula tion result for a slide-away distribution. No 
clenr differences appear for the spectrum or a go:J.UsSlan dlstrlbution, only 
dif fere nt slope as it is shown at fi(1urc 3 whP.re the nss umcd Ll\ in the 
simulation is plotted vs. the inverse of the s l o pe of the obtained 
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spectrum. In order to determine the type of distribution the deduced 
must be compared with~~· that can be estimated from (J): 

m'/;~-
(: •(----- ) ('r/ 1'-! n;) 

~!j. JlV2e4 

that for TJ-I plasmas is in the order of 40 f s. 

EXPERIMENTAL RESULTS 

On the TJ- I tokamak runaway confinement time and density (n") have been 
measured for different operational conditions : Ip scan (from 20 to 60 KA) 
and BT scan (from 0.7 T to 1 . 5 T) . Figure 4 presents the measured photon 
spectra for the different ~imes along the discharge in one of these series 
(44 KA, 1T) . The results from the hard-X-ray spectrum analysis using the 
above mentioned model are sumarized in Table I. 
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~R is ob t ained from the spectrum slope u sing the dependence shown at 
figure J. n R is deduced from the total measured spectrum area, the 
geometrical parameters of the detection set- up and the measured angular 
distribution of the radiation. 

From these results it f ollows that ~~ is almost constant along the 
discharge and its value is similar to i':"r , particle confinement time, in 
TJ- 1 and that n • increases along the shot. BT sca n shows no C::R dependence 
on BT and a systematic decrease of n 1\ when ll r increases . Similarly . I r scan 
shows no ~R dependence on 1

1
, ; only high If produces better confinement 
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during t he initial l>ui l d up of the plasma l>ut, after a systematic 
appearance of f luctuations i n the tot al f lux of hard-X-rays , as s hown in 
figure 5, the confinemen t lowers to the values of smaller 1~, nR decreases 
when I p increases. 

Hard-X-ray f luctuations have been found in almost any dis char ge . These 
fluctuations are accompani ed by spikes in the loop voltage and precede the 
appearance of MHD activity in the discharge, and they s eem to follow 
Parail' s model (4). In an attempt to characterize them, a camac controlled 
digitizing s ystem, with sampling freq~enc~ ue_ t o 500KHz , was used to store 
hard-X-ray and othe r plasma signals (B6 , ne , tpP , etc) as shown at f i gu r e 5 . 
From Fourier analysis of these data a dominant frequency around 10 KHz was 
obtained for t he runaway fluctuation and no clear correlation with the 
other magnitudes . 

SUMHARY 

Runaway elec tron confinement time in TJ-I seems to be independent of lp 
and BT and when , in plasma build up , highe r (;.t appears it returns to the 
normal value following a sudden appearance of hard- X- ray fluctuations . 
Runaway density decreases when Br or I p increas es . 
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TURBULENT HEATING OF THE TORTUR TOKAMAK BY FAST CURRENT PULSES 

TORTUR TEAM: N.J. Lopes Cardozo , C.J . Barth, B. de Groot, H.A. van der Laan , 
H.J. van der Meiden, W. van Toledo, W.A. de zeeuw, H. de Kluiver . 

Association Euratom-FOM, 
FOM-Instituut voor Plasmafysica , Rijnhuizen, Nieuwegein, The Netherlands 

In the TORTUR tokamak (R ~ 0 . 46 m; a • 0 . 085 m; Bmax ~ 3 . 0 T) turbu ­
lent heating effects, due to fast (10 ~s) toroidal current pulses from a 
high voltage bank superimposed on the plateau current, ha ve been investi­
gated. The additional heating across the column could also be used to 
determine the thermal diffusivity x as a function of r . 

Evolutions of various plasma ~arameters are shown in Fig . 1 . During 
stage I the electrons are rapidly heated, presumably due t o ion-acoustic 
turbulence invoked by the large current increment . This is due to the dis­
charge of ca11acitor C 1 ( 1 mF ; 5000 V) coupled to the 0 . 25 Vs iron core 
transformer . i - 3•107 A/s; Etor ~ 25 V/m . EtoriERA > 0 . 1; (wce'•pel' • 4 . 
(ERA is the runaway field strength.) Then current-driven ion-acoust ic tur­
bulence can occur [ 1 , 2 , 3] . 

A plateau s tate (II in Fig . la) is maintained up to 40 ms . (Bank C2 • 

0 . 4 F; 500 V; Ip ~ 60 kA . ) Maximum e-values are near Troyon's limit . Density 
and temperature profiles are rather broad . Now the turbulen t heating due 
to the fa"t r.urrent. pulses (III in Fig . la and the following) is discussed. 
Bank c, (25 ~F, 50 kV) is connected to a copper shell . A thin liner 
(0 .1 5 mm) ensures fast fi eld penetration (<1 ~s) . Pulseparametersare: 
Trise • 5 ~s ; Et or ~ 1 kV/m; ~Ip ~ 60 kA ; E/ERA 5 40. Then , (probe measure­
ments [4,5]) strong dissipation occur s initially in a skin-current region, 
of about 2 cm . Conductivity is strongly reduced typically : alac1 • 2.4•10-• . 
Dissipation is probably due to scattering of unstable electrostat ic ion­
cyclotron and ion-acoustic modes , together with the scattering interactions 
of tail-accelerated electrons ( v » vth l with bulk plasma modes via t he 
anomal ous Doppler effect [6] . On a log-time scale Figs . 2e and 2f show the 
tail temperatures and partial densities of non-thermal electrons near the 
skin as derived from accurate 90°- Thomson scattering . I ncrease in Te is 
found near the axis, together with density increase (~n/n • 20$) already 
during the pulse . (Retardation < 4 lJS . ) 

Our explanati on is the col l apse of the unstable skin- current ~rofile 
which leads to current transport to the centre and plasma heat ing by adia­
batic compression and wave transport [3) . In the following decompression 
the temperature and dens i ty increases are apparently lost , especially near 
the edge (6t = 10 ~s) . These losses are small (< 30%) compared t o the di s ­
s ipated energy . The bulk is thought to be stored as extra poloi dal magnetic 
energy of the peaked-up current profi l e which remains after the implosion 
and removal of the current pulse . During this removal , again , a s kin re­
gion i s formed, even with local current reversal [4] . In Fi gs . ld and 2a , 
Te and Ti increase again , reaching real thermal maxima in about 6t • 2 ms , 
followed by a cha~acteristic decay time from which T£ • 2 ms is obt ained , 
comparable with TE of the stationary fase . Evolution of the plasma kinetic 
energy is modelled by 

I 
I ~ 
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dWk 
-- + dt 

Wk is the energy of the plasma (/3/2 nek(Te+Ti)dVp; 'M the relaxat: on time 
of the distorted magnetic profile; llWp the energy dissipation of the high­
voltage pulse; Vp the plasma volume; 3WB/3t the power losses to the wall 
( about 2• bolometer values). Best fit (Fi g. 3) is for 'M • 1 ms and TE • 2 ms 
(is very reasona,le in view of llL/ llRp, changed self-inductance/changed 
plasma resistance) . 

Fig. 4 shows the density fluctuation spectrum during plateau (stage II), 
obtained fr ·om scattering of 4-mm waves at r • 65 mm under 90° [7]. Waves 
between 20-700 kHz can be interpreted as unstable electr·ostatic drift waves 
in a tokamak [8) . Real frequencies are around electron-drift frequency: 
w*/211 . Periodic g~owth and quenching (~ 0. 6-1.5 kHz) are close to 0.01 w* , 
tRe expected growth rates [8) . Similar modulations are found in v1, thee 
ECE-spectra and the i n periodic formation of non-thermal tails in F(v ) . 
Amplitude modulations with comparable period ic times are also f ound t or 
waves of 1-3 MHz and 10-50 MHz (Fig . 5d , f) . The first is tentatively con­
nected to magnetic (Alfven and magnetosonic) waves . On the Thomson spectra 
satellites are fo~nd near the Alfven speed . Their amplitudes 6 show a sim­
ilar t ime behaviour (Fig . 5e). The highest frequency regions (Fig . 5f) 
could be the density-gradient type of current-driven instabilities due to 
f ormation of runaway electron tal ls near 100 keV (occasion ally confirmed 
by X-ray and ECE spectra [3)) . Because all regions show about the same 
period , a coupling is suspected , made plausible by the estimation of about 
the same k

11
-values and growth maxima (kl p1 • 0 . 2) for all regions. 

The fast - and different - variations of fluctuation spectra, X-rays , 
etc., will be discussed now. In the first 5 ~s of the compression period 
after st.al'ting the pulse . strong current-driven fluctuations enhance the 
spectra first near 10-100 MHz , followed by the 1-3 MHz Alfven wave region 
(see also X- ray burst: runaways seem to be lost to the wall, Fig. 6). 
While these spectral regions are totally quenched , the drift waves are 
strongly growing to a maximum in about 200 ~s, and then decline to the 
plateau values. This growth occurs in the relaxation period of the current 
profile . During the decrease of the 20-700 kHz waves the non-thermal (run­
away) tails are formed again and the l-3 MHz and 10-?.0 MHz regions are 
growing in intensity . (See also Thomson-scattering satellites in Fig. 5e) . 

The radial t emperature increment due t o t he turbulent heating pulse , 
as obtained from ECE-spectra , and the subsequent decrease in time can be 
used t o deduce Xe( r ) . For r ~ 40 mm the decay time is independent of r , 
only determined by 'E · Thus the diffusion equation could be separated Into 
space and time. Near the axis Xe = 0 . 6 m2/s , slowly increasi ng towards the 
outside (n (o) • 6•10" m-• ) . Carerras-Diamond' s model for the resistive 
ballooningemodes results in x • 0.5 m2/sec [9) . 

e 
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Finite {J and Vacuum Field Studies for t he Helias Stellarator 

P . MERKEL, J . NUHRENBERG, R. ZILLE 

Max-Pianck-Institut fur Plasmaphysik 
/PP-EURATOM Association 
D-80~6 Garching bei Miinchen 

The achievement of magnetohydrodynamically stable stellarators with medium ({J} val­

ues (,::. 0.05) at medium aspect ratio A(lO ~ A ~ 20) is a major challenge to stellarator 
research. In continuation of earlier configuration studies 1l a class of l = 0, 1, 2, 3 stel­
larators is described which is called Helias 2l because it combines features of W VII-AS 
and Heliac. It comprises stellarators with A = 12 which are stable to Mercier, resistive 
interchange, and ballooning modes at ({J} = 0.05 as is discussed below. In addition, Helias 
vacuum field studies are presented. 

The geometry of Helias equilibria is given by their aspect ratio A, number of periods N, 
and 8 parameters which define the shape of the plasma boundary as 

R = A +Ro,1cosV + (1 - d1,0- docosV)cosU + d2,ocos2U 
- d1,-1 cos{U- V) + d2,- 1 cos(2U- V) + d2,- 2 cos(2U - 2V) 

Z = Zo,1 sin V + (1 + d1,0- docosV)sin U + d2,osin2U 
+ dt,- 1 sin(U- V) + d2,-1 sin(2U -V) - d 2,-2 sin(2U- 2V) 

Here, R, Z, t/> (V = 1/!N) are cylindrical coordinates; U is the poloidal parametrization. 
Thus, Ro,1 and Zo,1 define the radial and ver tical displacements of the p lasma column, 
i.e. the t. = 1 content, d o the l = 0 content, d1,0 the t. = 2 axisy=etric content, d 1,-1 
the l = 2 stellarator content (elliptical cross-section turning 180° per field period), d2,- 2 
the l = 3 stellarator content (triangular cross-section turning 240° per field period), d2,0 
and d2,-1 the indentation. 

Figures 1 and 2 show a Helias equilibrium with t he above parameters given in the caption. 

Fig.1: Flux surface cross-sections at V = O, ~, 1r of a Helias equilibrium obtained with the 

BETA code 3l with N = 5, A = 11.5, Ro,1 = 0.8, Zo,1 = 0.4, d 1,0 = 0.1, d o = 
0.07, d2,0 = 0.05, d1,-1 = 0.29, d2,- 1 = 0.24, d2,- 2 = 0.07. {fJ} = 0.05. The 
pressure profile is characterized by p = Po(1- s). 

The equilibrium shown has no net toroidal current (more precisely, J(s) = 0, where J is 
the toroidal current and s the flux label), (fJ} = 0.05 with a parabolic (in radius) pressure 
profile so that the pea.k {J-value is 0.1, and a finite-{J well depth of about 0 .09. The twist 
per period tp lies in the range 0.1 < tp < 0.14 so that low-order rational values of the 
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Fig.2: Perspective view of the Helias plasma boundary. 

twist per period are avoided (only Lp = ~ and~ are crossed), on the one hand, and the 
lowest-order rational values of LT% and 1 are avoided as well, 0.5 <LT< 0.7. The parallel 
current density is strongly reduced as compared with an l = 2 stellarator, as evidenced 

by (Jl / il} ~ 1. The reduction is also significant if compared with W VII-AS, where the 
corresponding number is 4. The equilibrium is stable or marginally stable to all local 
stability criteria which have been evaluated hitherto. Figure 3 shows the evaluation of 
Mercier's criterion, which appears to be safely stable except for the narrow regions around 
Lp =~and~-

Fig.3: Values of the Mercier (solid line with circles) and the resistive interchange (bro­
ken line with circles) criteria as functions of ..jS, which represents the normalized 
average flux surface radius. The ordinate is taken as the exponent (shifted by 
%} occurring in the asymptotic theory of local ballooning modes; negative values 
represent imaginary exponents. The solid line without circles shows the Mercier 
criterion with the ~ and ~ resonance included. The BETA run evaluated here has 
NS, NU, NV = 30, 48, 36; extrapolation to zero mesh size just slightly lowers the 
curves. 

The righthand side shows three pressure profiles as functions of ..jS. PI is the profile 
used for the results shown in the lefthand part; P2 is the profile corresponding to 
marginal resistive interchange stability excluding resonance effects; P3 is the profile 
including the Lp = ~. ~ resonances. 

These formal violations of stability criteria involving the parallel current density are really 
manifestations of the existence problem of 3D equilibria and can be eliminated by small 
regions of flattened pressure profile. Helias configurations with smaller shear avoiding 
these resonances could also be realized if more refined MHD theory showed this to be 
of advantage. With the value of Mercier's criterion at s = ! as a reference value, it 
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is concluded t hat a substantial improvement in stability is obtained in comparison with 
Heliac results 4l (in the normalization used in 41 the Helias and the Heliac values are 0.03 
and -0.03, respectively) . Also shown in Fig.3 is the resistive interchange criterion , which , 
of course, is more stringent but s till approximately marginal in this configuration. 

The resistive interchange criterion is, for the case of vanishing net longitnrlinal current , 
identical with t he applicability condition of a sufficient stability criterion s) and wit h the 
stability condit ion for peeling modes 6l, which adds significance to its use for selecting 
viable finite-,8 stellarators. Moreover, it has been shown 71 that island growth (as a func­
tion of .B) is connected with resist ive instability. Thus, the occ11 rrence of the rcsonances 
may be presumed to be harmless under these circumstances. As illustrative information 
three different pressure profiles are shown in Fig.3. 

The profile PI is the one actually used in the equilibrium computation. T he second 
profile is obtained from marginal resistive interchange stability in the following way: 

' -excluding resonance effects, we calculate P 2 = J ds'(V" I (j~onr e riP~ 2 j\7 sj2) ). Thus, P2 
1 

is too optimistic (pessimistic) for an unstable (stable) value of the resistive interchange 
criterion, because the decrease (increase) of the well depth is not taken into account in the 
above formula. Closeness of PI and P2 indicates a marginal situation more clearly than 
the actual values of the criteria. The third profile PJ is obtained by t aking into account 

- 6 - -resonant effects in j and defining PJ = J ds'(p~ (j~onruf l \7 s j2) I u: .. Ji'V' sj2 )). Ir. the present 
I 

context of evaluating stability t his regularization of the parallel current dtmsity is more 
natural than Boozer's method based on t he classical diffusion a rgument 8 ) . Both ways are 
of course closely related and lead to the same analytical behaviour of the pressure profile 
near the resonances. Narrowness of the flattened regions and, correspondingly, closeness 
of the profiles (and ,8-values) alleviates the doubts connected with the 3D nature of the 
equilibrium. The above arguments also rely on the dependence of·• on ,B. Figure 4 shows 
the (.B) = 0, 0.05 twist curves. F inite .B has little effect on L in contrast to the s ituation 
in ATF and W VII-AS. 

I .0 ~ 

O.!S - ~ - -- -· 

0 -~~.o:-----o"'.-:-s ---..,;.;': 

Fig.4: The total twist values LT as functions of .,fS for the (.B) = 0 and (.B) = 0.05 cases. 

The righthand side shows the solution F of the one-dimensional ballooning equation 
for the equilibrium of Fig.l evaluated at LT = ~· The variable ?> is the contracted 
toroidal variable which varies between 0 and 1 as the field line closes on itself, 
which corresponds to 35 field periods of the equilibrium. The field line starting at 
U = V = 0 is considered. A zero of F would indicate ballooning instability. 

Figure 4 (righthand side) shows the evidence for ballooning stability. Here, we evaluate 
the one-dimensional b allooning equation 9l at LT = ~, i.e. we consider a localized m = 
7, n = 4 mode (which should not be influenced by resonance effects within one period) 
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on the full torus. The potentially dangerous oscillatory curvature terms (apart from the 
favourable average magnetic well) manifest themselves in the minimum of the ballooning 
solution but are apparently not strong enough to drive a ballooning instability. This 
result is in accordance with our previous result 9l that ballooning instability occurs in 
stellarators only if the Mercier criterion is violated. 

The choice of the parameters of the particular Helias configuration presented in Fig.l may 
be characterized as follows: A decrease of any of the 9 parameters A, Ro,1, Zo,1, ~1,0, 
~o. ~2,0, ~1,-1 1 ~2,-1, ~2,-2 decreases the Mercier and resistive interchange stability. 
Thus, while one may want to decrease all of these parameters, e.g. for easier realization, 
this imposes a penalty on the stability properties. Apparently, the nature of stellarator 
optimization is such that the optimum occurs at the boundary of the optimization domain, 
this boundary being given by side conditions, e.g. minimum acceptable ,0-value, maximum 
acceptable aspect ratio, maximum acceptable geometrical distortion. 

Since finite-,0 3D codes do not yet provide a reliable insight into the quality of mag­
netic surfaces, vacuum field calculations for Helias were performed with NESTOR 10l . 
Figure 5 shows the Poincare plots of three Helias vacuum fields; despite the strong three­
dimensionality of the configuration the quality of the surfaces appears to be very good 
and the radial extent of the detectable islands small if the occurence of the lowest or­
der resonances (e.g. ~) in the outer region of the confinement domain is avoided. In 
particular, a strong decrease of island size is observed for tp < ~· 

Fig.5: Poincare plots of Helias vacuum fields with the surface parameters as given in 
Fig.l, except ~1,- 1 = 0.27,0.32,0.39. 
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I ntroduct ion 
The plasma behaviour a t the W7A stellarator (1•2, m=S; almost shea rless 

~~~~ ~ 0 .01 ) has been shown strongl y dependent on the magnetic t wist 
number-\: = 1/q . So far "resonances " with a deterioration of the confinement 
are identified at rational twist numbers of ~ - m/n; e.g. 1/2, 1/3 , 2/3. 
For r ational twist numbers at the plasma edge strong l osses have been 
found . Island formation and convec tive losses may be responsible :or these 
perturbations, especi ally with strong influence at low temperature edge 
condit ions. Shear hence modifies the position and extension of such 
islands . Shear can be introduced by internal e ffec ts: An inhomogeneous 
current dens ity dist ribution of the remaining current Jp and the plasma 
pressure distribution va ry the twist number profile. 

The influence of shear on the confinement has been demonstrated fo r 
" currentless" di scharges maintained by ECF 70 GHz (200 kW , 0.1 s pulse 
duration) and by NI at higher B /1 , 2/ . 

A detailed ana lysis seems rather difficult, since no direct measurements 
of the ~profiles are available . Some indications from temporally and 
spatially resolved measurements of ECE temperatures and soft X radia tion 
for varied ~ profiles seem in agreement with the picture of perturbation 
by quasistationary islands. Optimum confinement has been found for values 
of the twi s t numbers close to but not at~ - m/n; e . g. 1/3 , 1/2, 2/3. In 
these regions the low ord er m/n resonances ar e l ess dense . Numerical 
studies of the magnetic configurations perturbed by error fields confirm, 
tha t even the vacuum magnetic surfaces of these ~ values are rather 
insens itive to perturbations. By control of the edge value far from main 
resonances the confi nement can be optimized: Eithe r the r emaining plasma 
current or the current of the helical windings ha s to be programmed . 

Torsatron operation of W7A 
The W7a stell arator with 2 sets of helical windings allows to produce 

vacuum configurations with variable shear. By unbalanced current s 6 JHx ~ 0 
to the helical windings positive or negative shear up t o ~~ ~~ < . 2 can be 
realized. The otherwise almost shearless W7A stella r ator field can be 
modified by the superposition of a 1=4 Torsatron f ield det ermined by6 JHx• 
Fig. 1. Depending on the sign of~ J Hx the cent ral val ues of -f"o can be 
larger or smaller t han the edge va lue. Keepi ng ~JHx cons t ant ~-scans can 
be carried out . Proport ional to ~ JHx the t or oidal and vertical field 
components o f the helical system have to be compensated . 
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Mode of operat ion 
For various magnetic configurations the confinement has been 

investigated . Due to technical const raints arising from the interaction 
forces between the various coil currents the experiments are restricted to 
a main field B0 = 1.25 T. To avoid loop voltages the plasma is generated 
and heated at steady magnetic field by the application of rf at 70 GHz. For 
the second harmonic heating the power absorbed by the plasma is roughly 
PIN"' 120 - 150 kW. During the discharge with At ~ 100 ms the plasma 
density increases by gas puffing for optimum confinement close to the 
c utoff density "eo~ 3 •1013 cm-3 /3/. Shot by shot the central value of -t"0 
is controlled by variation of the JHx' 

Vacuum shearA't/1: • + .1 
Starting at l ow density, low B and low current Ip Fig . 2 summarizes the 

energy content W depending on the central twist number -to for various A't/t . 
The minima correspond to the location of ~ • 1 /2 at the edge. The small 
plasma current Jp contributes to the edge value with -t P = .032 Jp 
(Jp kA). The current increases almost linearly during the discharge to 
Jp ~ + 1 kA. In Fig. 3 the energy content W is plotted in a similar way 
with A'l. / t = .1 for .(0 at different time delay At . With increasing Jp the 
edge value 1 /2 is reached at lower-t0 values . Consequently also the 
perturbation according to t = 1/2 is reached at lower t 0 values . In 
addition to the edge effect also the perturbation according to 
~0(0) = 1/2 is i ndicated . For edge value~- 1/2 the reduction of W is 
caused by smaller densities . Apparently the perturbation is localized at 
the edge, thus an increase of the external gas flux can counteract: Fig. 4 
shows, that the dependence of W on the density is almost at the optimum. In 
Fig. 5 the case A~/~ • -.1 is given for comparison. The plasma current Jp 
reduces now the vacuum shear At/1< . At higher densities the discharge 
becomes unstable aml shows periodically a rapid decrease of the energy 
content, as indicated by the shadowed regions. Similar to the case, where 
the negative shear has been produced by induced currents, in Fig. 4 for 
higher densities and B values the confinement becomes worse. The 
persistence of the perturbations for..t; 0 = 1/2 at the centre for Figs. 3 and 
5 indicates, that the current distributions must be hollow. Such current 
density distributions are expected for the bootstrap current peaked at the 
pressure gradients dp/dr . 

Conclusion 
For the described experiment the central pressure is limited to 

B(O)~ .5 %. So far plasma driven instabilities seem not indicated . 
Concerning the variation of the confinement only modifications of the 
equilibrium by the plasma pressure are important. Resonances at the edge 
and in the entire plasma lead to perturbations and have to be avoided for 
optimum confinement : Thus shear has to be restricted. Comparing the 
confinement properties of W7A close at ~ = 1/2 for various shear the 
positive shear with A-t / :r. ~ . 1 is favourable . A hollow current density 
profile may indicated as predicted for the bootstrap current. Consequently 
the unstable conditions at -t- 0 • 1/2 for negative shear may be explained by 
a reduction of the shear depending on Jp . With higher B an increasing net 
current and the secondary currents influence the~ profile /4/ . Due to the 
link of pressure profiles, transport and ~profiles a control of optimum 
confinement will be difficult. But nevertheless by shaping~ of the vacuum 
configuration some corrections are possible and for the advanced 
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s t ell arator a further decrease of the parallel component of the secondary 
currents, pressur e effects may be reducible. 
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Introduction 
Currentless plasmas produced by ECRH have been extensively investigated in the 

WVII-A stellarator / I / and the Heliotron E device / 2 ' . Electron temperatures of up to 
2.5 ke\i could be reached , the electrons being in the long-mean-free-path regime. Ions 
stay at. a much lower temperature because> they are heated only by the electrons. Since 
ions and electrons are largely decoupled in ECRH discharges and ion thermal losses are 
small compared with ele>ctron losses, these discharges are appropriate for studying the 
electron power balance. Furthermore. the radiation losses in ECRH discharges are not as 
dominant as they are in l'\81-heated discharges. In contrast to ohmically heated dischar­
ges, plasmas with ECR heating do not show tearing modes and sawtooth oscillations. 
We therefore expect the electron thermal conductivity to be determined by Coulomb 
coll ision processes or high-frequency turbulence only. Unfortunately the electron power 
deposition is only vaguely known in ECRH discharges. Either one has to rely upon the 
resu lts of a ray-tracing code with a classical absorption mechanism or to extrapolate 
the radial power deposition from the measurements of the non-absorbted power at the 
wall opposite t he antenna. Such measurements were made in WVII-A , so t.hat a rough 
picture of the rad ial power deposition is available. 

The Transport Modcl 
In the following pap;;i:-i:he analysis of the elrctron power balance is done with measu­

red data from W\'11-A. Thl' measurements were taken at a magnetic field of IT and 
2.51'. With t.hf' power of one gyratron , the parameter regi111e rould he Pxtended to 
'1". :S 2.5 ke\-' and a maximum density of 5.4 x 1013 ""' -" · Hadiation losses are measured 
by bolomet.ers and are t.aken into account in the power balanr<'. The TE.~1PL transport 
code solve~ a coupled system of second-order d ifferential t>quations for the ion and elec­
tron temperatures with the density profile taken from the experimen t. A steady-state 
solution is obtained with given boundary value' for density and t.emperat.ures. The inde­
pendent variable iE the effectivt> plasma radius r. corrections due t.o the elliptical shape 
of the magnetic surfaces being neglected. The sys tPm of equations is 

(1) 

(2) 

In these equations x, and A, are the coefficients of thermal conductivity. In our 
model neoclassical t ra nsport coefficients as 1\iven by Shaing et al. are used / 3/. These 
coefficients are the sum of neoclassical losses X• .IJ H (Hazeltine- Hinton) and ripple losses 
and they provide a srnoot h t ransition from the Pfirsch-Schliiter regime to the plateau 
and the long-mean-free-path regime. 
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I n fig. l th<' neoclassical electron th,·rmal conductivity with different temperatures is 
shown as a funrt.ion of col lisionality. 
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Fig. 1: ~eoclassical electron thermal conductivity, r = 5cm, t = O.J 

The anornaloug elert ron I hcrmal conductivity as found in ohmically heated p lasm as 
in W VII-A is addc·.J to th<• ll<'orlassica l l<'r!Tls. The hypothesis is made ·.hat the• samt' 
anomaly is also present in net curn·nt free plasmas. As discussed by Gruber / 4/ . the coef­
ficient in fron t of Xc may dt' pend on the magnetic fie ld and aspect ratio of the ohmically 
heated plasma. Th is rei at ion is 5ugg<'StPd b~· cornpa.ring several tokamak •xperiments: 

ll I 
Xt ,., = const H .. -

1 
., 

. H "1~ · 
(3) 

ln W V ll-A the anomaly coefficient Cnn is C0 , ~- const B,) a/ R = 3 X 10 18 at Bo = 3 T . 
Qr (r) is thf' powN df'posited into the elertron, . in principle it has to be calculatl'd 

self-consistent ly as a function of thl' plasma parameters. In the present model, however. 
tht' deposition profile Q , (r) is described in the following form 

(4) 

where {J, is a profi le parameter which allows one to describe ei ther " centrally peaked 
profi]p (largt' :J,) or broader profiles (small H,). The centra l value of the heating power is 
cakulatPd from thP measured total hea ting power, which ranges between 50 and 140kW . 
P « is t.hP powPr ni'Ji,·prpcJ from t he electrons to the ions and PRod is t he radiat.ed power. 
The radiat ion power i' IIIOdelled according to the experimental data. 

R esults .!:l_I!!J Cm~.d!.!.~!Qns. The results of the simulations show that plasma losses 
can be dt>scril<f'd by H c-ombination of neoclassical transport and anomalous transport 
where thP anomalous thermal cond uctivity is the same as found in ohmically heated 
discharges of W VIJ-A. Owing to the (nT113 )- 1 -dependence of Xe,an this transport. 
mechanism clea rly dominates the outer regions of the plasma column , where temperatu re 
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and dc·nsity are small. With neocla"ical transport cocflic ien ts the calculated ckctron 

temperature profiles show a parabolic s hapc•. t h<' lliOr<' b~ll-shaped experimental profiles 
only being reprod ucible if thl' anomalous trans port co<'fliric•nl is included. In th<' c~nlral 
region neoclassical cffens play thl"' dominant rol~ . Pspc·•·inlly il th~ collisionality is low 
and electrons approach the long-rll<'an-fr c<'- palli rcgi11n' . "hen · rippk lo" ''' hcgin to 
dominate. In fit:~ . 2a temperatun· profil<' tak~n at 11 IT is ~hown together with the 
calculated profile. T he t ranspor t r<•efficient.s sho" n in h~. :1 indicate• lh<' dominating role 

of the ripple losse~ :n th~ innN n·l(i111<· of t l11• pia""" col"'"" · T!a· 11c·orl.os,iral 1 "'"'IH>rl 
coefficient!; also becntnP largp at ~lllall \·alues or IIH· IOi ill:uncd tran ... f'onn. 1.\iun· \ .. J/1/ 

is proportional to 1/ t. it dominat<·s over the oth<'r l<'rm~ at ~mall iota. The analysis of 
a discharge with B - 2.5T and t = 0. 1 (fig. 4) s hows lh<tt in th<' rcntral rej:\inn of the 
pla~ma the coefficient ">.<,1111 is the dominating one. lu di,chargl'' " ith ll'JJ!f>Natures 
below 1.5 ke\1 and high density {n(O) =- 2 - 4 Y JO"'cm :<1 tht· anomalou> lht'rmal 
cond11 ctivity is tlw dominat.ing lc•rrn all over tlte plasma radiu , . 

By comparing disc harges at lJ - J T and H :o 2.5 T it i' possible to draw conclus ions 
abou t the dcverH.Icncc of lit<· rlla!\nl'lic fi .. ld. Reducing 1 he field froru 2.5 T to IT cun­
ciderably enhancrs the neocla$sical losses . whcr<•as tht> anomal~· factor C 0 ,. ('ither s tays 
consta nt or is ev<'n r<'dured following the formula (3). In all discharges a : JJ =- 2.5 ']' 
the anorwtly factor Ca,- :!.f> •. 10 " gave a rather good lit to tin• <>xperimeatal profiles. 

Simulation of disrl:argc•s taken ill n = IT with t!tC' S31Jl(' aJJOJJ!itly fartor gi\"('S poor 
agreeme111 with 1 ht• experim<'JJI<tl lindings, the tcrJJpNattll"<'' ~·i<' ldc·d h~ tl1<• rakulnl iom· 
being too low. In order to reprodure profil es at lJ J T. C ,, ha' to he chosc·n sumller 

than 2.5 • J0 1'. T ill' best fit of discharges 'fi" 42222- ... "'"' ubtaiJJl'd with C,. ., 1 .' 101
" 

whirh, support s 1 he lin<'ar dq>cndcncr of C.,, on I ht• JJ tagrwr ic fic·ld. 

If instead of th<' anomalous tlwrtnal rondn c tivit y " ' giw·n by thc· \\"\"11- :\ formula 
an lntor-like dcpt'JHlence with\ ...... protJOrlionalto J ,, i' used it b diffirclt to obta in 
a good fi t to 1 hl' experimental profiles. tl)' a proper rhoire of tltc• factor ;t is easy to 

rPproduce the rentral valuC' of the• rlertron ternpc•ratnre. but the profile fit is pour in the 
outer plasma region . 

Although all ronrlnsion' on thP trnm-porl JJwl'i t<tn i"' " havc• In be• runsidered with care 
and caution there is no doubt that the anomalous thermal coJJduction J.>lays a large role 
in ECR-hcated plasmas . especially in the boundary region. The exact sca ling laws are 

not yet known. since power deposition is not known accur ately enough and parameter 
dependences have not yet b~en investigated as has bPen done in OH discharges. Since in 
th~ central region neorlassiral effects and anomaly effects are comparable, distinguishing 
between the two and deri,·a tion of scaling laws arc> particularly diffirull. Anoth<'r problem 
for ana lysing the t ra.nsport mechanisms is t he sratter of tlrP expt>rimental data due to 
the reproducibility of the disrhargP.s as can bP s<'<'ll frorn tlr<• fit:~ur<•s. T his mak!'s it 
difficult to decide which theoretical profi le is lttE' best fit. ThP error bars coming from the 
reproducibility of the discharges also int.rodurP' error ba rs on rondusions altout transport 
mechanisms. In s pite of t hese object-ions. then' Iran· IH•<'n not )"PI an~ contradictions to 
the hypothesis that Xo,un is the sa m<• as in olrm ically lrc·;ti Nl disrharges. A consequence of 
t his result would be that X•,an is not ca used by th<' ohmic h~ating rurrtont. and therefore 
could appear in any net current-free stellarator. If the favourable temperature scaling of 
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x.,an persists, however , this loss mechanism would be negligible under reactor conditions. 
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IIELIAC-TORSATRON TRANSITION iN A 8-I'~:RlOIJ 111-.l. ll:UN 

J. Cuasp and J.A. Fabregas 

Junta de Energia Nuclear (JEN) . Hadrid , Spain. 

As it has been described elsewhere [1, 2] the ltellcon device i s a 
helical axis configuration of "Heliac" type who emerged n s a lateral result 
during the TJ- ll configuration sea r c h phase ( 3 , 4]. lt con"l"ts of an 1• 1 
external helical coil that creates the toroldal magnetJc field and at t h e 
same ti1n~ produces the magnetic axis helicity . This cul l Is wrapped arounc.l 
the central structure (the hard core) formed by two mun· t·u JIH: a clrcular 
one, placed nt the helix centre , nnd another l • l in tc rual hc l ll:al cull wlth 
the snmc period than the outer one but shifted half n peri od . In this way 
the Helicon differs from TJ-ll only in the replacement u( the 32 TF culls 
by a single helical coil, minimizing the total numhcr of cu ll" · From 
another point of view it can be considered ulso as nn 1.., 1 lun::1 l ruu wlth 
two "Push,cr" coils placed at the device center . 

ln a former study ( 1,2] the 4 , 8 and 12 period c.:nses were explored 
finding good magnetic surfaces of "heliac" type for ll"' ' ' and 8 period 
devices and of "torsatron" type for 8 and 12 pcrlu•l" , In addition 
flexibility proper tie s were shown also, as well as t he very hl~o resultant 
L values and tha difficulty to obtain e:onfieurations with uta~nctlc wPLI. 
except for the 8-period case that in consequence was cunslUcrc!d ns the most 
promising case. 

In consequence we have continued the study of t he con[igurntlun 
properties for this 8- period case stressing this time the possibility tu 
pass, almost continuously j from configu[ations with 11 lu.!l i:H.: 11 nt~ r(accs to 
thnt of the 11 torsatron 11 type by changing only the curn·nt :a~ tt1nf~ of the 
different coils. 11Heliac- kind 11 surfaces corre s po nd to magnetic 
configurations that wrap around the hard co r e leavinll it l oo"iue the helix 
described by the magnetic axis (Fig . 1 and 2). lloo the uthor hand 
11Torsatron- like" surfaces do not encircle the hard c ure hut ln stcnd lcnvc 
it outside the helical path of the magnetic axis (Figs. ) aood '•) . lluth 
kind of surfaces can be found in t he U- pcr!od llcllcon. 

Schematic upper views of the 8- period Helicon a re s huw oo loo Figs . 1 and 
3, the dimensions have been scaled- up to the final size ur TJ-11 , for the 
radius of the outer 1•1 helical coil and 6 . 4 cm for the r;o<l i " " u( the Inner 
one . To produce an ave rage magnetic field of 1 T a 'JH KA current i" 
needed in the outer coil. Two supplementary circular vertical rLcl<l coils , 
2.25 m of radius, placed at!: 0 . 56 m high , allow to s hift t loe noat\netic axis 
position . 

With the s e global parame ters we have done cxtCIHdvc ~a:aus alluwiuf~ 
variations of the circular and helical coil curren ts ( 1<:.: ;uo<l lh<) as weJ l 
as modifications of the ma.:netic axis position (lt11x) cuntrulled I>)' the VF 
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coil) current (Ivf) , 

The · scans show the existence of three non overlapping regio ns. they are 
shown in the diagram of Fig.5 plotting the values for the hard core current 
(lt•lcc+lhc) and arbitrary hard core current ratio (lhc/1 t). The firRt 
region (Rax .$ 1.65 m, lt ~ 500 KA) corresponds to "llcllac" surfaces , the 
second one (Rax j!, l. 74 m, It f 700 KA) to "torsatron" surfaces. Sepa rating 
both regions there is a "forbidden" zone where no magnetic sur fnces exist. 
As it can be seen from the plot simultaneous changes in both VF coil and 
hard core currents allow the crossing of the forbidden region and in some 
cases the jump is possible even maintaining one of the constant parameters 
(for ex. vertical line It • 600 KA in Fig. 5). 

The best heliac surfaces are found around It N 675 KA and Kax ~ 1 . 74 m. 
Figs. l and 2 represent the case Ice • 641 KA, Ihc • 34 KA and lvf • -159 
KA (Rax • 1. 74 m), average plasma radius is more than 16 cm and there is a 
slight magneti c well (2%). Toroidal disy.mmetry is rather laq1e (>7 cm) and 
very visible. lligh rot ational trans forms at axis arc reached for these 
configurations ranging from 2.2 up to almost 6 (4 . 10 in the case of Fig. 2) 
and, as it was shown in [1 , 2], the ~ values depend strongly on the hard 
core current distribution (Ihc/It ratio), nevertheless ave raRe radius 
shrinks quickly leaving only a narrow window of useful lhc/lt values (or 
each It and Rax couple. 

On the other hand the "torsatron" surfaces are obtained for larger 1\ax 
values that correspond, mainly, to VF coil currents of the same direction 
than It. The best configurations are obtained around lt-250 KA and 
Rax .... 2.14 m, Figs. 3 and 4 show the case Icc•325 KA, Ihc• - 75 KA, lv f•+54 KA 
(Rax•2 . 14 m) (note that Ivf has now the same direction 11s lt). For the 
shown case average plasma radius is more than 16 cm, helical excursion 
surpasses 32 cm and small magnetic wells may appear in sorr.e cases . 
Neverthala55 flaxibility is now almost lost: vary 5light variations ara 
observed in all magnitude& when the current ratio (Ihc/lt) i s changed, 

In addition an extremely high magnet!~ ripple at axls is obse rved ln 
these cases (78% ~or the Fig. 4 case compared with 25~ for Fig . 2) 
originated by the so external situation of the magnetic surfaces. This high 
ripple -value should have adverse consequences on equilibrium and transport 
properties for torsatron- kind configurations. 
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TOP VIEW 

fin_!. Top view of 8- period 
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EVALUATION OF CONFINE~IENT TIMES FOR THE FLEXlllLE II ELIAC 'fJ- ll 

J . Guasp 

J unta de Energia Nuclear (JEN) Madrid, Spain. 

The TJ-ll is a helical axis stellarator of Heliac t ype , endowed with a 
very high flexibility, to be built at J EN [1), (Fig . I ) . I n order to hav e. 
some estima tions for the expec ted plasma paramete rs in t he device , 
pre liminary evalua t i ons of confinement times have been done us i ng a simp l e 
model. Such eva luat i ons complement deeper transport studies that are now 
under develo pment [2]. 

We have used a simple analytical model f or the magnetic fie l d intensity 
near the magnetic axis: t hat of a straight Heliac l3), (4), taking in 
accoun t only the first helical harmonic and with first order toroidnl 
corrections added. The r esulting coefficient s are adjusted to f it t he 
magnetic axis posi~ion and the ripple dependence with TF coil current 
modulation for the TJ- II configuration. 

As transport mod~l we have chosen the expresions for particl e nnd heat 
fluxes given for Stellarators by Kovrizhnykh [51, [6 J t ha t aLlow the 
possibility t o include ,;.:l(cunsl s ten t rad i al ambipolar electric field 
effects, the selfconsistent electric fie ld value can be ob tained by 
cancelation of the total particle flux. Finally we assume pa r abolic radi a l 
profiles for density and tempera tures. 

The results of the model for the different heating scennrios planned 
f or the TJ-ll are the following: 

a) For 400 KW of ECRH, a centra l dens'ity of 2xl0l) cm-J and Te/Ti=3. 33 
the global energy confinement time ~E dec r eases steadily with the central 
va l ue of Te (Fig. 2) givi ng 4 ms at 700 eV . Below 400 eV l.ec re11ains highe r 
than~ et but at 700 eV 't:Ei. gu rpasses 1:ec. in 20% . 

The influence of the electric field is ve r y high, indeed a cha nge of 
e tj>/Te from 0 . to +1. produces an increase of 'te by facto r 2.1 at 700 eV . 
When se l fcons istent E-field is us ed (Fig.Z) its value goes fr om ed/Te=- 0 .59 
a t lOO eV up t o - 0. 10 at 700 eV. The th ree usual roots: ionic , electronic 
and unstable l6] , [7] appear at 670 eV. The electronic root gives a hi gher 
'( E value (~10 ms) but remains unaccesible below I. 9 KeV . 

The dependence with de nsity for the same Te /Ti rntio is shown nt l'ig . 3, 
l:e. inc reases with density for Te lowe r t han"' 2 KeV r eversing its behaviour 
a t higher temperatures when the electronic root is reached . 

The quoted results corresponds to absence of toroidal cu rrent 
modulation, that is with a value for the magnetic ripple ~t axis of 10%, 
when a 15% factor in modulation is used r ipple decrcnscs to 17. and our 
model predicts a c l ea r increase of 'te:. Never t heless t his e ffect hns lesser 
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in(lucnce tha u the E-[lc:ld, this f a c t i s l l lust r n tcd :\l F I1~. J where 
rcl,t i ve l osses, evalu:t led from the particle confineme nt tlmc ( or ions at 
ne(U) •)x lO l) cm-)Te(O)a700 eV and Te/Ti~). ]) , a r e re pre s ented ve r sus the 
E- po tc ntlal for thre e mo dula tion factor s . ln additio n thf!'i mod11liltlon 
\l e pendence s ee ms t o be muc h weaker whe n mo re cotnp ! i c nte J mudcls , nuw 011 

developmen t, are used. 
b) For I ~nl NB injec tion at ne(O)=Jx l OIJ cm - ) and Te / Ti=O.I,S a similn r 

behaviour appears , at Te•700 eV 'tE amounts t o 9.0 ms . 

We l'ave calculated also the equilibrium temperatures at several l1entl1'G 
powers and densities us ing a global simplified cod e (zero-dlm•ns ionnl, 
static, frozen radial profi les inc l uding Bremms t rahlung losses and elect r o n 
energy t ransfer) leading to the foll~)ing n)sults: 

a) For 4UU kll ECRII, ne (O) d 2xl0 cm - and no modul11tlu n, " " ohtnln 
Tc(U) • 700 e V, Ti (U)d\90 eV , 'Ce a4 . ) ms, ~· •0. 72 7. the o:cl fc un~Js Lcn t 

E-putcntia l c •l·/Tc is ab ou t -U. 10. 
These results nre compa t ible wi th direct cx t r.:Jpui ;ltions (rom 

exper ime n ta l da t • published fo.r othe r Stellarators (8]. 

b) For l ~lW NB i nject i o n, 807. efficiency , 110 modul:at iun nnd 
n e(O) -=)xiO l) cm-3, we obtain: 

Te(U)•7UO eV, Ti(O) • l47U eV , r-E •9.0 ms, p
0
•2 . 67. 

In addition for every HI~ of NB absorbed, the increase i11 f·· is about 
2%, so that the apparent equilibrium limit of the device, tha t seems to be 
abou t ~; 9% should be a t tained around 5 MW. 

Di r ec t scaling-up t o the configuration predicts t hat Lawson crit er i o n 
should be fulfi lled f o r a major rad i us de vice of 12 m nnd a 6 'I' "'"gnetlc 
field. 

Calculations f or microwave pe ne tratio n have 1=; hnwn th:~t the most 
fnvourable p6s lt ion is found at a toroitlal angle or 1(,0 in jcc tccl from 
hclow . For 2U <:117. 0 1u.l l T ( lst ha rmonic) the X-cuturr tloc!> ew t ''ILc rfcn; 
wJth the rcsonunce at Dvera~c line c.Jens.itlc s lowe r Lh;m l . lxiO J cm-) 
(F1g . 5), the same si tuatio n ap~ea rs at 53 . 2 Gllz (2nd . hn nuoni c) for avcrn,~c 
densities lower than l.6x l 01Jcm-) (Fig.6). ll lgher cle11s lties h rin1: the 
Cttto ff ~l1ead t l1e resonan ce a nd can impair tl1e l'cne tratlo t1 at 1•lasma c~11trc . 
This me ans tha t [or higher c.lenslties s upplemen tary heating will be n~ellcd . 

NU penetration has been s tudied a l so, extremely favou r il!Jle t.:mncllt l n l 
directions have been fou nd (Fig . I ) g i ving 1 tota2 path inside the pl as111a o f 
2.) m and a val ue for J ne.d1~669xl0 3 cm- at a n ave rage density of 
2xl0 I] cm- 3, this means that an absorption efficiency higher than 80% could 
he attained widely (a value of about 250 is required for 27 KeV bea111s). 
Finally the eff e ctive beam width is about lO cm. 



301 

PEROIHO • 3.0 E13 CH- 3 I 

FIG 3 

DEPENDENCE OF LOSSES WITH CUHAENT 
MODULATION AND WITH ELECTRIC FIELD 

~ 

28 GHZ liST HARMONIC! 
m .. = J.J .. lo~"cM-~ 

Dependence or TE with 
centra l n

0 
and Te. 

Fl G_..Q 

53. 2 GHZ (2ND HAR~ION I Cl 
ffi"e = 1. 6 .1 0°CM- 3 



302 

REFERENCES 

[1]. J; Guasp, J . L. Alvarez-Rivas, et. al., 12th EPS Conference, 
Budapest 1985. Eur. Conf. Abstr . Vol. 9F, Part I, p.44l. 

[2). E.R. Solano, to be published. 
[3). N.M. Zueva, L.S. · Solov'ev, Plasma Phys. 8 (l966) 765 . 
[4]. J.H. Harris, J.L. Cantrell et al., Nucl.~us . 25 (1985) 623 
[5) . L.M. Kovrizhnykh, Nucl. Fus. 24 (l984) 435. -
[6.]. L.M. Kovrizhnykh, Nucl. Fus. ~(l984) 851. 
(7]. D. E. Hastings, T. Kamimura, J~ompt. Phys . 61 (1985) 286 
[8]. Heliotron-E Group, Proc. 5th lnt . Conf . Stellarators Schloss 

Ringberg 1984. EUR- 96l8EN . Vol.!, p. 145·---~====~~ 

~- Top view of TJ-1 I ond 
best NB position . 

.... 
0 

' 0 

I 
10 

TA UT CM SI CETR=3. 3 MOO=D. 0 

10 J 
TE CE\' I 

E.l.L?. 
Dependence of TE wit h 
centrol Te. 



303 

OPTIMIZATION OF RF PLASMA HEATING IN URAGAN 3 TORSATRON 

N.I. Nazarov, v.v. Plyusnin, T.Yu. Ranyuk, V.T. Tolok, 
O.M. Shvets, V.V. Bakaev, B.V. Kravchin, Yu.K. Mironov, 
o.s. Pavlichenko and A.S. Slavnyj 

Kharkov Institute of Physics and Technology, Ukrainian SSR 
Academy of Sciences, 310108 Kharkov, USSR 

Our earlier papers 0 ,2] were devoted to the development 
of an efficient method of currentlesa plasma production and 
heating with ion cyclotron and Alfven waves excited by un­
acreened helical frame-type antennae in the URAGAN 3 torsa­
tron. It was shown that similar antennae could be used to 
produce a low-temperature, yet sufficiently dense plasma by 
launching a fast magnetosonic wave (FMSW) near the cut-off 
frequency [3]. The plasma thus created is used in URAGAN 3 
to clean the surfaces of the RF antennae and helical ~~nding 
casings in the vacuum tank. 

This report describes the attempts to optimize the RF 
plasma parameters in URAGAN 3 through exploration of the effect 
of the RF conditioning, gas pressure in the vacuum tank and 
RF pulse duration. 

The experiments were carried out with a frame-type antenna 
fed with RF current at 5.4 MHz which permitted a spectrum 
in the range from 35 to 200 cm to be obtained. 

Effect of RF Conditioning on Plasma Parameters 
The RF conditioning was performed by means of RF discharges 

created in hydrogen under gas filling to a pressure of 
1x10-4Torr in the tank pre-evacuated to 5x10-7Torr. The pulse 
duration (~RF) and repetition rate were 20 ms and 0.2 pulse/a, 
respectively. The confining magnetic field B

0
c0.2+0.5 kG and 

absorbed RF power P ~100 kw permitted the plasma of average 
density ne~1x1o12 cm-3 and electron temperature Te~10 eV to be 
created using FMSW. 

The effect of the number of RF discharges (after evacuating 
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the tank) on the plasma parameters was studied under the fol­
lowing operating conditions: B

0
=4.8 kG, p=1.4x10-5Torr, P = 

500 kw, and~RF=3 ms. The mass-spectrometric analysis revealed 
that at the start of the RF conditioning procedure the dis­
charges facilitated the formation of molecules of water, car­
bonic oxide and hydrocarbons as a result of plasma-wall in­
teractions. As the cleaning proceeded further, the CIII and cn:I in­
tensities gradually decayed, the plasma energy built up and 
soft X-radiation increased (Fig. 1). The time variation of 
the plasma parameters at the start of the cleaning (a) and 
after 5x103 cleaning discharges (b) is shown in Fig. 2. It can 
be seen that after 5x1o3 RF discharges the plasma parameters 
are stabilized, the initial pressure simultaneously decreasing 
to 1.5x10-7Torr. The RF conditioning now precedes all RF plasma 
experiments on URAGAN 3. 

Plasma Parameters as a Function of Pressure 
While the vacuum tank (70 mj) is being filled with gas 1 

on the outside of the plasma column there is a permanent 
fairly dense gas blanket (rLH~~1x1o12cm-3 ) which provides 
a constant influx of molecul ar hydrogen to the plasma edge 
during the discharge. Together wit h the molecular hydrogen 
to the plasma edge flows a certain amount of light and heavy 
impurities present in the tank in the gaseous phase or re­
leased from the metal walls exposed to the plasma. The con­
tributions of the hydrogen and impurity influxes to the par­
ticle and energy balance would change as the gas pressure is 
changed. To ascertain the role of the atomic processes re­
sulting from these fluxes, in the particle and energy balance 
the plasma parameters were measured for the hydrogen pressure 
varied in the range (1.4+6)x10-5Torr after long RF discharge 
conditioning. Fig. 3 represents the plasma parameters (at t= 

3 ms) measured versus the hydrogen pressure: average electron 
density, Oil and CIII intensities, electron temperature from 
soft X-R.measurements, total plasma energy content as measured 

n.T 
with 'Y -loops [2] , and energy confinement time 'CE= fi<nT> • 
determined at the end of the RF pulse . It ~an be seen that 
as the gas pressure decreases, the OII and CIII intensities 
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decay while the total plasma energy content, electron tempera­
ture and energy confinement time increase, with the electron 
density changing negligibly. The observed build-up of 
the plasma energy content and energy confinement time can be 
ascribed to l ower power losses by hydrogen excitation, ion­
ization and charge exchange due to the decreased hydrogen in­
flux to the plasma edge. Less clear are the decreased OII and 
CIII intensities. It is evident, however, that the maximum 
plasma parameters can be realized under certain (optimum) hy­
drogen pressure. In this case the plasma energy content and 
plasma confinement time increase with the increasing RF power 
input (Fig. 4), and } =.SW c: o. 5%. 

Effect of RF Pulse Duration on Plasma Parameters 
It was not possible to maintain the plasma parameters 

reached by the third millisecond: as the RF pulse duration in­
creased, the plasma energy, electron density and energy con­
finement time decreased, with the OII and CIII intensities in­
creasing (Fig. 5). Whether the observed deterioration of 
the plasma parameters results from the plasma cooling due to 
the radiation losses is the subject of our further investiga­
tions. 

1. O.M. Shvets, A.G. Dikij et al. , In : Heating in Toroidal 

Pf~~~~ (Proo, tt~ ~t·S~p., Rome 1 1984) 1• p. 51J.. 
2. y.V. Bakaev, S.P. Bondarenko et at•• In: flasma Physics and 

Controlled Nuclear Fusion Research (Proc.10th Int.Conf., 
London, 1984) Paper I AEA CN-44/D-1 - 3. 

3. s.s. Kalinichenko, P.I. Kurilko, A.I. Lysojvan et al., 
Fizika Plazmy, J, N 1, 118, 1977. 
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Fig.1 Plasma parameters vs 
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Fig.2 Time variation of 
plasma parameters: 
a) at the start of RF condi­
tioning, b) after RF condi­
tioning. 
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BEAN-SHAPED ADVANCED STELLARATORS WITH MODULAR COIL SYSTEMS 

F. Herrnegger and F. Rau 
Max-Planck-Institut fur Plasmaphysik 

!PP-EURATOM Association 
D-8046 Garching bei Miinchen 

A bstract 

Bean-shaped Advanced Stellarator configurations with a nearly plane magnetic axis, 
small shear, an aspect ratio of A = 10 - 12, and m = 5 field periods around the torus 
are investigated. These configurations are given by Dommaschk potentials. Associated 
modular coil systems with a coil aspect ratio of about 5.5 and 18 to 6 coils per field 
period are derived. For such vacuum field configurations with a magnetic well, values of 
Uu/ JJ.} = 0.8 to 2.2 are obtained at t = 0.48 to 0.31. By comparison, the corresponding 
values of W VII-AS are Uu/ JJ.} = 2.2 to 1.9 at t = 0.39. 

1. Introduction 

Advanced Stellarator configurations I) with an average magnetic well are characterized 
by a reduced drift of particles away from a magnetic surface, reduced secondary currents, 
and thus by a reduced Shafranov shift of the magnetic surfaces compared with a classical 
stellarator. Configurations like the Advanced Stellarator Wendelstein W VII - AS 2) 

are shown by numerical computation to allow an average value for the equilibrium­
{J of up to approximately (fJ} :::< 5%3), whereas calculations of the stability-{J yield 
considerably lower values. On the other hand, spatial axis configurations like Helias 4) 
afford prospects of stability-{J values of up to 5%. 
in the present paper, Bean-shaped Advanced Stellarators with a nearly plane magnetic 
axis and associated modular coil systems are introduced where the magnetic field is 
represented by Dommaschk s) potentials. Modular coil systems are derived from these 
potentials. Typical parameter values are m = 5 field periods, aspect ratio of the last 
closed magnetic surface A = Rrla = mLpl27ra =< 10 to 12 (a is the average minor 
radius of the last closed magnetic surface and Rr the major torus radius), a magnetic 
well of the vacuum field (V' - Vci)/Vc( down to -2.5%, twist (rotational transform) at 
the magnetic axis around t 0 = 0.4, and small shear. 

2. Configuration Studies 

We consider three different examples of Bean-shaped Advanced Stellarator configura­
tions (see Fig.l), which are characterized by a certain indentation of the vertically 
elongated magnetic surfaces at the beginning of a field period (FP). The dependence 
of the twist t{r} and the specific volume V' = f d€1 B (normalized to its value on the 
magnetic axis) on the average minor radius r of the magnetic surfaces is shown in F igs.2 
and 3. Configurations with labels FZH are given in Dommaschk potentials, those with 
FFR are from a system of 9 twisted coils per FP. For comparison, the standard case of 
W VII-AS is entered, too. All configurations have a magnetic well (V" < 0). 

As a figure of merit in comparing the different configurations we use the average ratio 
Uu/iJ.} and the quantity J' = ((B5/B2)[1 + Uu/JJ.) 2

]}, where Bo is the reference mag­
netic field at Rr and ( ... } denotes the average on a magnetic surface. J' is a measure 
of the Pfirsch-Schliiter currents and also appears in the stability criterion of resistive 
interchange modes. The ratio (ill I JJ.} is obtained from the poloidal variation of J dl I B 
taken along a field line over one field period. The quantities iu and JJ. are the absolute 
values of the secondary and the diamagnetic current densities, respectively, which scales 
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as 2/t for a. standard stella.ra.tor like W VII-A and are reduced by a factor of about 2 
in the Advanced Stellara.tor device W VII-AS. 

Fig.l 
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The configuration FZH310 (see Figs.l - 3) is characterized by a. twist number at the 
magnetic axis t 0 = 0.38, a small field modulation 6 = (Bmaz - Bm;,.) / (Bma• + Bmin) -
10% and a deep magnetic well of l!.V' /VJ = - 2.5%; the reduction of the secondary 
currents is comparable to the W VII-AS configuration in the boundary region and is 
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moderately improved near the magnetic axis: 'Ju/J'J.}az ~ 1.70. The configuration 
FZH298B has t 0 = 0.425, a field modulation at the axis o - 25%, and a small parallel 
current density of 'Ju/h}az ""0.82. The configuration FZH253M is characterized by 
to = 0.43, a moderate field ripple on axis o- 12% and 'Ju/iJ.} 4z ~ 1.37. 

3. Modular Coil Systems 

Modular systems of non-planar coils are derived for such configurations with a coil 
aspect ratio of around A, = 5.5 and a number of coils per FP of 18, 9, or 6. For 
a typical number of 9 or more coils per FP the original configurations are reproduced 
with sufficient accuracy, whereas with 6 coils per FP a slight magnetic hill of the vacuum 
field is developed. 

In the following example, a coil system representing the configuration FZH253M is 
given. As a first step, a toroidal surface with elliptical cross-section and an aspect ratio 
A, = 5.5 is defined, where the elongation of the ellipses varies between 1.6 (at the 
beginning of a FP) to 1.2 (middle of a FP). The geometric centre of the cross-sections 
moves radially inward and outward by an amount of D.Rf RT = 0.07. On this surface 
18 surface current lines s) are computed. The discretization of this surface current 
distribution for a modular system of 18, 9, or 6 coils per FP is made straightforward by 
choosing the corresponding current lines as coil centres. At a major radius of RT= 500 
cm we use radial and lateral coil dimensions of 36.4 cm and 20 cm for the system with 
9 coils per FP. At a gross current density of j ,1 1 = 30MA/rn2 the total coii current of 
2.2 MA introduces a magnetic induction of B 4 : = 3.7 T at the magnetic axis. 
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Fig.4 Angular map of surface current 
lines (top graph) . View of coils 
from top (middle graph) and from 
inside (bottom; '{), 0 are toroidal 
and poloidal angles) . 

Fig.5 Cross-sections of the magnetic 
surfaces and shape of the ad­
jacent coils at 0, Lpf4, Lp/2 
of a field period. 
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The top plot of Fi~.4 shows the shape of the 18 surface current lines of one field period 
in an angular p lot l'P• 0 are the toroidal and poloidal angles); the second and third plots 
show the top and inside views of the modular system of the non-planar coils. There are 
5 different coil shapes in the set of 9 coils per FP. The triangular cross-section of the 
magnetic surfaces is at <p = 36°. The toroidal excursion of the coils is kept moderate by 
choosing an adequate aspect ratio of the surface where the surface current distribution is 
calculated. Configurations with other twist numbers to = 0.37 ... 0.46 at the magnetic 
axis are obtained for different values of the coil aspect ratio A, = 5.6 . . . 5.3 which gives 
an extended parameter range compared to the original configuration FZH253M. Figure 
5 shows the cross-sections of the magnetic surfaces and the shapes of the adjacent coils at 
toroidal positions 0, Lp(4, Lp/ 2 for t 0 = 0.37 (configuration FFR497). In comparison 
with W VII-AS, the coi aspect ratio is increased. 
4. Summary and Conclusions 

As ·s~ow.n in Fig.6, the Bean~sh'!'ped Advanced Stellarators (aspect ratio A = 10- 12) 
prov1de Improved values of 0n/J.L)versus t compared toW VII-AS. For comparison, the 
corresponding curve for W VII-A and the relationship 2/ tare also given. Configurations 
with best values {in/iJ.)az = 0.82 and J;, = 1.72 are found for A ~ 12.4 with a marginal 
magnetic well. 
The BETA/ BBG 6) code is used to compute the finite-P magnetohydrostatic equilibria. 
An example is shown in Fig.7 for FZH747, a data set similar to FZH298B. Prelimi­
nary finite-.0 computations have shown the expected reduction of the Shafranov shift 
accompanied by a small change of the twist profile. 
The influence of the bean shape of the magnetic surfaces on the stability remains to be 
stud~ie~d~·~~--~----~~--~~ 
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Fig.6 Average normalized parallel cur­
rent density vn/iJ.) as a func­
tion of twist t for various stcl· 
larators (RT=200 cm). -

Fig.7 Cross-sections of t he magnetic 
surfaces a t fJo = 0.07 for con­
figu ration FZH747 {A = 10.4, 
•o. •• = 0.39) . 
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Calculation of the Influence of Supratherrnal..Electron Radiation on 

ECE Spectra, with oblique Direction of Observation 

M.Tutter,WVllA-Tearn • 

Ma.x-Planck-Institut fiir Plasrnaphysik, EURATOM Association 

D-8046 Garching, FRG 

The plasma is considered with respect to the electrons as consisting of 

a thermal main part and a small optically thin supratherrnal part. The 

thermal part is described on the basis of temperature and density profiles 

as measured via Thomson scattering. Concerning energy and density dis­

tribution of supra thermal electrons, the following assumptions seemed most 

practicable [1] : 

(1) exponential shape of energy distribution function, 

being zero below a certain energy , 

(2) rat io q = vnfv.t = const, 

(3) arbitrary density profile. 

The emission of the thermal main part is calculated by means of the 

optical depth and Kirchhoff's law ,that of the su prathermal part by means of 

the single particle radiation formula. The latter emission is partly absorbed 

in the thermal background on its way to the observer. 

For the optical depth of the thermal plasma expressions given by several 

authors [2] - [6] are used . The calculation is done onedimensional with 

sheath model. 

The total radiation of a suprathermal electron per solid angle unit in 



312 

direction e with respect to the B-field is [7] : 

e = e2w2 f: ((cos~- .Bu )2 J2 (x) + .82 Jfl (x)) [W] 
871' 2toC I sm9 I J.. 

-1 
- o- mode ><- moo(e 

The distribution funktion is: 

1 E-EOO 
f(E) = EO · e--=- for E ~EGO 

The emission of an electron gas of density n (radiation power per volum 

unit, frequency unit and solid angle unit in direction 9) is calculated from 

the line radiation, as energy per frequency interval : 

.i(w)=e ·l!:l I dn I dn I dE I I dE I - = - · - = n ·I( E)· -
dw dE dw ··-- dw 

cose 
a=--;:== 

v1+!r 

I dw 1- lwb ±1 ( 1 _ a'Y ) for 
dE - m 0c2 "'12(1- ,a

11
cos9)2 ~ 

FuMK= 
1 +q2 

1 + q2sin29 

{
'Y < FuMK 
'Y > FuMK 

Fig.l shows the o.mode lines e fore< 71'/2 for growing energy E starting 

at EGO = 0 : at first the positiv Dopplershift dominates (the gyrating 

flllftrons 1'-Pproa,~h the observer) the relativistic decrease of frequency, it is 

fJJ/Wb > 1. For 

E > EuMK = moc2 
• (FuMK- 1) 

the resulting increase of frequency decreases again. The line density there 

gets infinity, caused by the assumption q = const . For 

2a2 

E> moc2 · ---
1- a2 
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w/wb < 1 holds.Thecurvesshow j(w) for both modes. Fromq:::::: 2 on FuMK 

is already near its asymptotic value 1/ sine; so even when electrons with a 

distribution in pitchangle are present a pronounced maximum of emission 

near 1/ sine can be expected. Because the frequency there is greater than 

lwb at the point of emission , no reabsorption by the thermal background 

plasma takes place on its way outside to the observer across the decaying 

B-field of a toroida! machine, and as its frequency has a. nearly constant 

distance to lwb(r) for q > 2 (for q = const exactly constant), one can get an 

image of the supra.therma! density distribution superposed to the thermal 

temperature profile obtained from the measured spectrum, at least in the 

case when its energy distribution is independent of radius (s.fig.2). 

In reality the energy distribution of the suprathermals is hardly indepen­

dent of the radius; but a measurement with e f: rr /2 should at least give a. 

clear indication on the presence of such electrons with tiJI f: 0 . 
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• see H.Renner, this conference 
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Fig.l: O.mode lines € for 6 = 70° and frequency spectrum around 

a cyclotron harmonic FB for both modes; B-field = constant. 

~:+---~~--~--~--~~--~--~--~~~~--~--~~ 
"' 

Fig.2: Computed profile {by r - 1/ F from the frequency spectrum). 

Lower curve: shape of the (arbitrarily chosen) suprathermal 

density distribution , upper one: the addition of the undamped 

suprathermal emission upon the thermal one {dashed). 
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EXPERIMENTAL DETERMINATION OF THI! LOCAL IIEAT CONOUCTIVITY 
COEFFICIENT C)(e(r} IN THI! W VII-A STI!LLARATOR 

H. J . HartfuB, H. MaaOberg, M. Tutter, W VII- A Team* 
Max-Planck- Institut fur Plasmaphysik, 

EURATOM Association, D-8046 Garching , FRG 

ECRH Group** 
Institut fur Plasmaforschung der Universitat Stuttgart 

D-7000 Stuttgart 80 , FRG 

The local electron thermal conductivity coefficient~e(r) has been 
measured applying a modulation and correlation technique to the stellarator 
plasma of Wendelstein VII- A (R a 2.0 m, a a 0.1 m, 1 • 2 , m~ 5). The 
method is based on the fact that the power deposition of electron cyclotron 
heating (ECH) is locally well defined in the plasma centre. If the 
deposited power is modulated with proper frequency and amplitude, a heat 
wave is generated whose outward propagation is dominated by electron 
thermal conducti•tity and which is detectable by temperature sensitive 
diagnostics. Amplitude, t.Te(r), and time lag, 6t(r) (or phase), relative to 
the generating signal as function of distance, r, to the plasma centre 
determine 'X,(r), the quantity of interest / 1/. 

We used a single gyrotron (70 GHz , 200 kW , lOOms) for plasma build-up 
and heating. Its output power, PNo• was square wave modulated with 
amplitude l>PN after reaching quasistationary plasma parameters. The 
crans1ent electron temperature , Te(r) , has been determined at eight 
discrete radii, ri (i ~ 1 ••• 8), on the high field side , r ~ 0 
(-a~ r ~+a) , of the plasma column by means of a multichannel heterodyne 
radiometer /2/ measuring the electron cyclotron emission (ECE). 

The time lag At(rt) of the electron temperature modulation Te(ri,t) ~ 
Te0 (ri) + ATe(ri) •e wt was evaluated via Fourier transform of the cross­
correlation function interconnec ting the modulating signal and the response 
to it. Different modulation frequencies ~/2~ between 100 and 
1000 Hz and different types of discharges (see below) have been 
investigated. 

The evaluation of the experimental data is based on the following 
theoretical model: In an axisymmetric geometry the balance equation for the 
electron energy W is used: r~ W/CJt - div Q + PN - P1 , where the per?endicular 
heat flow Q is given by n(r) Xe(r) grad Te(r) (n being the time independent 
electron density). PL are the power losses via i on channe l and r adiat ion. 
All transport processes not rela ted to the elec tron temperature gradient 
are neglected. Purely sinusoidal power modulation PN(r , t) ~ PN0 (r) + 
~PN (r)•etwt and elec tron temperature response as g iven above are assumed . 
Electron temperature dependence for both the heat conductivity coefficient 
~(r) and the power loss PL is considered by l owest orde r Taylor expansion 
in time. Since the temperature modulation is small, .~ Te/Teo ~some per 
cent, the balance equation splits into an equa tion for the electron 
temperature Te0 (r) (stationary balance) and an equation for the complex 
modulation amplitudeATe(r) which is solved numerically and fitted to the 
experimental quantities to gain Xe( r). 

~* see H. Renner et al . , this conference 



316 

.} 
2l f-
~ fo >-.... 
Vi z 
UJ 
0 

~ z 
0 

~ 
a: 
t; 

~ UJ 
_J 

UJ 

F 

J L 
100 

ELECTRON TEMPERATURE [ eV) 

Fig. 1 : The parameter range of the different types of discharges 
investigated. 

Discharge A: t: <: 0.5, lp = - 4 kA , 8: -t. "'0.5, lp = + 4 kA, 
C: t ~ 0.5 , Ip = free, D: '!. "'- 0 . 5 , Ip = free, E: c = 0.2 , Ip • -2 kA, 
F: C = 0 . 2 , lp = free, G:-t. ~ 0.5 , Ip =free. 

Different types of discharges have been invest igated to check the lj.e_ 
dependence on r otational tran~form and shear and on the main turoidal 
field. Figure 1 g ives central electron temperature and density for s ix 
different types and the corresponding changes during the discharges (bars) . 
The changes are usually monotonic. Discharges A to F correspond t o 2 . 5 T 
main field, first harmonic ordinary mode EC-heating. Type G is conducted at 
1.25 T, second harmonic extr aordinary mode ECH. Except in case D, the 
discharges are guided well below the cut-off density, 6.2 • l019fm3 for A-F 
aud 3.1 • lo19fm3 for G respectively , to avoid significant refraction of 
the ECH beam. It is a crucial experimental c ondit i on for the applicability 
of the modulation method that clear separation between the power deposition 
and the zone of observation is accomplished . In Wendelstein VII-A with 
plasma radius < 10 cm, this condit ion is difficult to fulfill. The power 
deposition profile is at least 5 cm wide, so heat wave propagation can be 
observed only between 3 and 8 cm in maximum . The electron temperature 
profile should have its gradient regime clearly outside the deposition zone 
and the electron density profile should , according to the model , be as 
broad as possible. In addition electron temperature and density should be 
high enough to assure high single pass absorption of the ECH beam to avoid 
wall reflections with subsequent boundary layer absorption. 

The rigorous experimental demands are verified best with type A. The 
results are discussed in detail in reference /3/. Beyond that Figure 2 
presents the results in comparison to theoretical results on the basis of 
neoclassical transport /4/, clearly demonstrating the usefulness of the 
method . Only an upper bound for the local trans port coeffi cient can be 
derived at best from the other discharge types investigated. Only small 
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Fig. 2: ?<e-results obtained with type A discharge fo r dif ferent modulation 

frequencies in co~prison to t heoretical studie s based on neo­
classical theory, 'Xe,neo · An anomal9~s contribution as found i n 
OR discha r ges, Xe, OH • i s included.~ 57829 - 57896 . 

time lag is found in type E and F discharges which is even decreasing fo r 
r > 5 cm due to incomplete singl e pass absorption followed by wall 
reflections and diffuse power deposition in the plasma boundary layers. 
Still stronger decrease is observed with type D because ECH beam r e fraction 
doesn't allow for localized depos ition in the plasma centre . 
Discharges B and C have rathe r nar row elec tron t "mpera ture profiles with 
gradient regime not sufficiently separated from the deposition zone for 
clear conclusions. 

Figur e 3 gives the eva lua tion of discharge type G, ECH at 2nd harmonic X­
mode. Unfortunately the discharge is not as stationary as types A-F. Both 
central electron temperature and density va ry by more than a factor of two 
during the modulated heating phase. In addition they are connec t ed with 
profile changes. The rather large discrepancy to the r esults evalua ted 
from the stationary balance, based on the profiles as measured at the 
beginning of the modulated phase, may be due to these imperfect 
experimental conditions. 
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Fig. 3 : ~e(r) evaluated for a 1.25 T, type G, discharge heated with 2nd 
harmonic ECH. Included i s the result obtained from the stationary 
balance. 
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Radiation i n most of the Wendelstein VII-A plasmas has been doninated by 
oxygen impurities. In discharges that have been sustained by NB heating, 
starting from OH-target plasmas, beam injected oxygen along with some 
oxygen influx from the walls of the vacuum vessel has been shown to account 
for the observed radiation losses. In some particular cases also high Z 
radiation (Fe) was observed to yield some contribution to the radiation 
losses at late times during the discharge, when the elect ron temperature 
dropa. These experimental results were summarized in /1/ and compared with 
transport calculations. 

The knowledge of time history and radial distribution of the relevant 
ionization stages are thus of large interest, in particular in connection 
with numerical transport studies. In this paper we will report on 
measurements of time history and to some extent also on spatial information 
of oB+ and o7+ intenRities. 

The plasma under consideration starts out from an ECR (70 GHz) produced 
target plasma, which is further heated and sustained by NB injection 
( 'V 750 kW) after the ECH power has been switched off. 
-Central densities up to B x 1013 cm-3 and electron temperatures between 

300 and 600 eV, with ion temperature slightly above the electrons, have 
been achieved. (For a more detailed description of NB heating from ECR 
target plasmas see paper /2/ at this conference.) Figure 1 shows some 
parameters of such discharges, but with a second ECRH pulse applied in the 
late NE-injection phase. During the time interval shown, spectroscopic 
measurements of o7+ and oB+ will be compared with code simulations. 

By injection of energetic neutral hydrogen atoms from a separate 
diagnost i c injector (E0 • 26 kV , I 0 = 6. 5 A, species mix E0 :E0/2 :E~/3 
'V 20:30:50, half width 'V 4 cm and lit z 15 ms) highl.Y excited o7+ ions 
originate from ex-recombination~+ oB+ 4 ~ + o7+) /3/ . Radiation from 
the B2R9/2 4 72G7/2 transition at A= 2976 A was observed spectroscopically 
from the intersection volume between the line of sight of the spectrometer 
and the diagnostic beam. The intensity of this radiation is given by 

B~x = _!___ ~ 
4Tr j= l 

A 

2 
[Photons / cm s sterad] 

where <crv>j is the ratA coefficient for excitation, j denotes the 3 beam 
components with density OJ and the integration is across the diameter of 
the diagnostic beam. 

There is no temperature dependence in <av> and from ne-profiles and 
l i ne density measurements also "T is calculated to show little variation 
throughout the §~am cross-section . Therefore from the observed signal we 
can derive f nO dl as a function of time. Moreover since the ne and Te 
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profiles are flat within the beam cross-section with steep gradients 
outside, this line integral is also a measure of the behavior of the 
central density of nOS+ and can be compared with a transport model. 

On the other hand, t he same transition is also observed with the 
diagnostic bea~ off. In this case it must be due to e l ectron collis i onal 
excitation and thus this signal is proport iona l to the o7+ density 

L 0 7+ 
f n (r ) n(r) q( r ) B dl [Photons/cm

2 
s s terad) 

4TT 0 e 1s-+np 

where q1s+np is the rate coeffic ient for electron collisional excitation , 
B the branching rat i o and L the plasma diameter. 
It is interesting to note that Doppler temperature measurements from the 
passive (electron excited) and active (beam excited) signal lead to the 
same ion temperature and support the interpretation of the signal as being 
due t o electron excitation. 

COMPARISON OF MEASUREMENTS WITH SIMULATIONS 
The total soft X-radiation from the intrinsic impurities for this 

discharge type is shown in Fig. 2a. The increase of the central raditaion 
is desc ribed reasonably well by the 0 VII + 0 VIII radiation calculated 
with our neoclassical transport code SITAR /1/ with a 1 % oxygen beam con­
tamination and a wall influx of 0 raising from 1.9 x 1018 to 4.7 x 1018 s-1 
during the discharge (Fig . 2b), At the late stage of the discharge, 
however, the soft X-radiation is not correctly reproduced by the oxygen 
simulation. In order to reduce the discrepancy, high Z material has been 
included in the simulations for this discharge type (Fi g. 2c). In fact, 
oxygen radiation cannot account for the drop of the soft X-radiation 
observed late i n the discharge, as Te decreases. In addition high Z 
material in low density neutral beam sustained discharges seems very 
likely, since l ocal Fe-fluxes of about 2 x 1011 s-1 originating from 
sputtering by fast ions on lost orbits at the vacuum vessel wall have been 
measured earlier /5/. The code results of Fig. 2c were obtained with a Fe 
influx increasing from 1.9 x 1017 to 4.7 x 1011 s-1 during the di scharge. 
T~fl a teep fncp:~sp of ~he .,:af~ulatjj~ 0 VI:J; , t Q VIH ra<Hati!lll. '!~ ;! , ~ps filii 
i ~ ~qsentially • apnsequence of the Te drop observed after swi~~h!ng off 
the ECH pulse. The re lat ed decrease of the oB+ density is clearly confirmed 
by ex-recombination measurements (active signal) mentioned above . The 
measured and calculated oB+ densities are shown in Fig. 3. 

The time evolution of the e lectron excited passive signal for the same 
discharge type is shown in Fig. 4. The simulated signal has been obtained 
by using the equation for B~- given above with the electron density and 
temperature taken from Thomson scattering measurements, the rate 
coefficient from calculations by P.R. Summers /4/ and the o7+ densities 
from the transport simulations. 

The time evolution of the signal is very well reproduced by the model up 
to 90 ms. The small discrepancy shown at later times is believed to be 
caused by the uncertainties in the electron temperature due to temperature 
interpolations between the measured temperature profiles. 
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MAGNETIC FIELD STUDIES NEAR SEPARATRIX 

E . Harmeyer, J . Ki61inger, H. Wobig and F . Rau 

Max-Planck- lnstitut fiir Plasmaphysik. EURATOM Association 
D- 8046 Garching, FRG 

Vacuum magnetic fields are studied in the vicinity of the separatrix of modular Advanced 
Stellarator coil configurations with reactor dimensions. A modular divertor appears to be not 
feasible because of the complicated field structure. Rational r- values inside of and near th.e 
p lasma edge should be avoided. A system with romparatively small islands at t = 5/ 1 I 
outside of the separatrix is seen to be relatively insensitive against a rn = I perturbation and 
should allow the use of pumped limiters for edge control. 

Int roduction 

In stellaral.orR. the closed magnetic surfaces are sepa rated from t.hr region of ou ter open 'field 
lines by a usually well defined separat.rix. lt was often proposed to use t h is characteristic of the 
stellarator topology for a "natural" divcrtor , in order to achieve an rdg• control of the plasma. 
For toroidal systems with l = 3 modular non- planar coils. flux bundles of the separat rix region 
were found to encircle the coils at particular positions / I / .and the l WTOH \1 fusion reactor 
:' 2 1 is designed with a modular divertor. 

For modular Advanced Stella rators like the Garching experiment Wendelsl r in \ ') 1- AS. ma­
gnetic vacuum fields and also finite-8 topologies f 3 / inside the scparat rix were published so 
far. D etails near and outside of the separatrix are of intere~l. iu un..Je1 tu stud~ tht: que~t ion of a 
modular divertor in such fields with reduced secondary currents. \ 'acuum fields of 111odular roil 
systems in fusion react.or d imensions are considered. having major radii of H = 25 or 20 11'1. 

and 6 coils in each of t.he 5 field periods. Figure I shows a schematir of s uch s~·sttms. In t he 
first. part. of thr paper . t hr spatial strur.t.ure of 1 he magnet ir field outside of the s~paraLrix is 
investiga ted numerically by follow ing fi eld lines. The second part conrentratrs on till' presence 
of "natural" magnetic islands in the vicinity ofthr scparatrix at rational ,·alues of the rotational 
transfo rm, gi\'es evidence of their removal by the fields of resonan t current.s, and shows effects 
or superimposed perLurbation fie lds. 

Figure I: Schematic of a modu la r Advan­
ced Stellnnotor. showing t he contours of the 
plas ona. of hlar~krt and shield , •.s well as the 
coils for three or t.he five field periods. 

~~ 
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Flux Bundles Outside of Separatrix 

For a modular coil system similar to that of Figure I with R "-" 25.5 m and a"eragr radii of 
the coil <:enters , T c "' 5.8 m , a number of 100 field li nes is launched outside of the separatrix , 
at distances of 10 t u 20% of the average separatrix radius, r .• "" J .6 m. (Startin~ points in 10 
equally spaced toroidal planes wit.h in 11 field period. at I 0 poloidal positions of approximately 
equal angular and locally different radial distance; integration st.ep width sm all compared t.o 
the grid siZ<· of stored local field values). The intersectiou point s of the fie ld lines arc marked 
on t•l1ip1i<·ally shapt"d uut.e r su rfarf's. At a surface with itVcrntv • radius r-::: 2 · r:~ 1 tlu: symmetry 
pal tcru of the startiug puiut s i, >till \'isibl~. The foeld lirll'> ruerg~ a t r - :1.5 m. see top left of 
Figure 2, (abscissa .. J field perrod. orduralc I minor circumference). They show a reasonable 
concenlrat ion at r -= :~.81n ( lu\\of"r left pari of the Figu re). where 70 intersection point.s are 
obtained aft er 2 minu tes CP l; time of the Garching CRAY- l computer. At r = Sm , one 
of the fi eld line clusters is absent and I 5 minutes CPU time are required for a bout the same 
number of imerst·ctions. Rcversiug the direction of integration , the patt.ern is mirror reflected 
as expected. but only 10 ~1 morr intersection points appear after a doubling of t he CPU time. 
Tlw lengt.hs of the field lines for this case range bet.wl!en 3.5 and I 00 times t.lw ci rcumference 
2rrR = l60m 

In coudusion of th is part: The initially poor field line concentration, their differen t lengths, 
and th~ rhange of L're position of the intersection points when vary ing the aspect ratio of the 
boundary surfaces, makes such magnetic structures undesirable as to connect the p lasma edge 
to divertor plates. 

:T-Ti-JI-1 
I 1\ . 
I ! I t l 

J.l·il JJ IJ_ 
·m..6 - ~ T i- -

J_li.ll __ 

·:. 

t rt\21 1 

Figure 2: Angular plot of intersection 
points for average minor radii of r = 3.5 
and r = 3.8 m , respectively and contou rs 
of the non- planar coils. 

"Nat ural'. Magnetic Islands near Separatrix and Perturbation Fields 

The Advanced Std larator proper! ie' of the magnetir \'atuum fie lds depend on the s pecific 
shapes of the coil bores and of the c·w11.ours of t lw toroiclal exc:ur,iorrs. The coi ls pro~ide a 
rot ational 1 ransform t which can he easily changed in tilt' computations by a small vanatwn 
of the coil aspect ratio. Sysi.Prns wit.h a low numher of e.g. 6 c·oi l ~ per field pt'Tiod t.cnd t~ 
show SOnlf nt-gati \'e ~hear .. Airt·aciy without t ht• inf1uenrt· or f'XLCrnaJ per t.urb.a Lio11S1 "nalura)" 

magnetic islands ran be seen near tire plasma edge. at a ral imral value of the rot.ational transform 
t = 5 ' !\ , with inLeger l\ = 9 ... 13. Such islands were demonstrated i 4 ,' in the vacuum 
field studies for WVII- AS. 
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An examplr of !0 comparatively large islands is shown in t he left part of Figure 3, for the 
toroidal positions of 0 and 1/ 2 field periods. ln this particular case, outside of each X- point 
(0- point), further 0 - points (X-points) exist in an otherwise open field topology. In order to 
reduce the size of the natural islands , small currents outside of the islands and "resonant" with 
c = 5 / 10 were considered by A. Schliiter and W . Lotz 1. These currents reduced the island size 
in the case of WVJI- AS, at resonant t = 5 / 10 .. . 5 113 

Following that approach. resonant currents are applied for the above example. Two current 
polygons arr obt.ained by an outward projection of the inner 0- and X points, towards points at 
a radial rl istann .. of nbout RO 1;f. of t.ht' spparatrix rnrlius. sPP ins(•r1 of f igure 3. Thf• whole rl1ain 
of inner islands is removed b~ currents which introduce about 0.2 '(, of the average magnetic field 
at the position of tlw neighbouring island. Tlw out er 0 -points are still present , see tup of the 
right half of Figure 3. l ncrca"ing t.hc currents in the same current polygons from 30 to 50 k A . 
removes the islands of a similar ca"e at r = 5/ 9. In these two examples, the aspect ratio of tlw 
resulting conHgu ration is approximately t.he same as that of et co11figurat.ion wil h ea m·ighbouring 
irrational value of t he rotational t ransform. 

1 W.Lotz and A .Schlii~er : 

/ 
--cf--,"---1-+.-J-- ';> 

!( 

2. 

!:_!gurr 3. left part : 
Magnrt.ir vanlllll'l fi •·ld at 1 -- 5 ,' 10 with 10 

nflt.ural islands and t)w intcrst•rtion points 
of two current pnl~ gons fort heir rrmo,·al, at 
t.oroidal position> of 0 und I · 2 field periods. 
rt.'spr·ctivt-1_\. 
Right part : :Maguf'l.ic· VHcuurn fie ld aL the 

beginning of the field pNiod. islands at r = 
5 ' I 0 r<•moved br opposing currents in po­
lygons as shown schematirally in 1 he insert 

privat.e communic ation of their unpublished result5 for the fields of Wende)Jtl tin VII · AS 
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T he effect of a homogeneous horizontal perturbation field is studied for the above configu­
ration at t = 5 / 10 , and for a different system, ASRA6C with R = 20mandrc = 4 .57m . 
Whereas in the first case a homogeneous horizontal pert.urbation field lly j lJ = 4 · Jo-• intro­
duces a drastic reduction of the separatrix radius, ASRA6C with a prime number of 11 islands 
outside of the separatrix allows perturbation fields up to a value of 0.2 % of the average field 
B = 5.3 T , at a small reduction of the separatrix radius, as shown in Figure 4. 

Figure 4 : Magnetic vacuum fi eld of .'\SRA6C: showing 11 nat.ural islands outside of separatrix 

at a valu;~f t = 5,111 , and elfert of a homogeneous horizontal perturbation field By / B "' 0.2% 
introducing a small reduction of the separatrix radius. 

Summary and Conclusions 

Frum the observed cornplicut.cd s tructun· of vacuurn field lines ouUtide the separat.rix it. ap .. 
pears that a modular divertor is not f••asihle in Ad,·anccd Stellarators as studied so far , unless 
the Aeld topolog~ could be changed by the action of further and yet unknown external currents. 
Magnetic islands at rational 1- can be efficiently removed by small outer resonant currents, but 
the aspect ratio of the resulting configuration is not improved. Therefore, configurations at a 
neighbouring irrational rotational transform arc• preferred, avoiding inside and near the plasma 
edge rational t = M/ N , with low integer values of !vi and N . Several such data sets are 
known. An example with comparati vely small islands at t = 5 / 11 outside of the s<·paratrix 
is seen to be relatively insensitive against a m = I perturbation and should allow the use of 
pumped limit.ers for edgt control. 
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RADIATIVE LOSS IN CURRE~TLESS PLASMAS 
OF 

HELIOTRON E 

s. Besshou , S . Morimoto, 0 . Motojima , H. Kaneko , K. Kondo , T. Mizuuchi, 
T. Mutoh , H. Okada, F. Sano , M. Sato, S. Sudo, Y. Takeiri, H. 7.ushi , 
T. Baba, K. Hanatani, M. Nakasuga, T. Obiki , A. Iiyoshi and K. Uo 

Plasma Physics Laboratory , Kyoto University 
Gokasho, Uji, Kyoto, Japan. 

Abstr act 
This paper describes recent measurements on radiative loss in the 

Heliotron E currentless plasmas. A bolometer a r ray with seven channe l s and 
wide angle bol ometers are used to estimate the profile of total radiative 
loss. Electron cyclo tron resonance heating f53 GHz, 500 kW) and NBI (4 MW, 
150 ms) produce and heat the currentless plasma simultaneously. In low 
density regime (ne~3 x l013cm-3), steady stat e radiative loss power is 40% 
- 60 % of estimated absorbed NBI power, where radiative loss at plasma 
boundary is dominant . In higher density regime (iie2:.5 x 1013cm-3) , t he 
central radiative loss often increases with t ime. Volume integrated 
radiative loss increases generally with absorbed neutral beam power. 

1. Int roduct ion 
The Heli otron E device (major radius R=2.2m aver age minor radius of 

plasma rp• 0.2m) is an asymmetric toroidal sys tem with large rota tional 
transform and shear [1 , 2]. The r adiation losses of the plasma depend 
s trongly on the heating me thod (NB or ECRH) . In the NB-heated c urrentl ess 
plasma , the total radiation losses increase up to 40-80 % of absorbed NB 
power, thus often effecting on total energy balance . This p~per describes 
further development of bolomet"ric measu r ements in Hel iotron E after the 
previous pr eliminary report [ 3] . 

2. Bol ometers and Exper imental Setup. 

The metal -resis t or bolometers 
a r e of the t ype described 
i n Ref . [4] . Figure l 
shows the ar rangement of 
a bol ometer array which 
looks the plasma horizon­
tall y . The time resolu­
tion is about 3 msec and 
the detection l imit in 
plasma discharge is 
approximately 0.2 mW•cm-2 
at a 300 Hz band width . 
As the 7-channel sys t em 
is mounted at a position 
(unperturbed porthole 
far f r om NB, ECH and gas 
puff) which is assumed 
to be r epresent a tive of 

{10 kn , 10 ~m stainless s t eel absorber) 

BOLOMETER ARRAY 

POLOIOAL alOSS SCCT10N 
Of HEUOTRON E (AS Of 1983 - 1985) 

the plasma, the total 
radiation power and, Fifl .. l Arrangement of bolometer array i n HELIOTRON E 



local radiation levels are 
derived fro~ measurements. 
A local emissivity is obtained 
through assumptions on the 
geometry of toroidal 
isoemissivity flux sur faces . 

The other bolometers are 
also set in toroidally 
separeted positions(a bolometer 
array in three vertical chor ds , 
and two wide angle 211 bolometers 
at wall). These bolometers 
are necessary to find both 
toroidal a~d poloidal 
asymmetry of heat flux to wall . 
The wide angle 211 bolometers 
have faster time resolution 
( Sl ms) with higher heat flux 
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BOLOME1EA MRI\Y 
I"':JtTIOJ,S 

'''" ,.,. 
..... 

Fig. 2(a) Chord intensity of bolometers 

to detect rapid energy loss to walls [3]. 
in low density ECH+NBI case. 

The bolometers with thin nickel resistor and Si02 insulator are reliable 
in high hard x-ray dose in Heliotron E(S 104 rad,~ 1 rem/shot). Bolometer 
systems have measured to tal r adiative loss power( VUV photons and neutral 
particles) in curr entl ess plasmas during 1983 - 1985. 

3. Results 
3.1 Radiation loss in low density case( ne =(2-3)xlol3 cm-3) 

Figure 2(a) shows the Rhord intensity of bolometer array in currentless 
ECH + NBI (3 MW in port, H +H+ ) at high field 1.9 T. Figure 2(b) is the 
power signal of bolometers . Figur e 2(c) is the profile of emissivity 
after inversion . At the start of NB! (tc360ms) emi~~ivity is high at plasma 
boundary. During NB! central radiation gradually increases higher with time. 
In this low density case, however, total radiation loss is not severe for 
total energy confinement . A long pulse (NlSOmsec) NB! heating is feasible . 
Figure 3 shows the total radiative loss and plasma parameters. Total 
radiation is about 450kW. Electron density increases with time due to 
fueling of NB! and int ernal ener~v does not saturate. 
The total radiative loss is 50% of calculated absorbed NB! power, 900 kW. 
A 2nbolometer also indicates450-SSO kW of total rad iation independently. 
Central emissivity,0.3 W cm-3 is not severe in central power balance . 
However total radiation becomes volume loss (flat profile) during NBI. 

BOLOMEIEA MAl\ ... ecw~ •• , -I 
HT 2S1SI \PIICIM a 

~~L...-c;;:.~_.( 
~· 
:· 
\\ • 

IIOUJ1ETER NIMY 

Fig. 2(b) Power signals of bolometers. Fig. 2(c) Profile of emissivity . 

.... 



LOW DENSITY CASE 
8h>=·1.9T, EQt+NBI 

ISO 

tl257S8 
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BOLOMETER vs. NBI (port) POWER 

%~------~------t2------~------~4 
PNer;oAT(MW) 

Fi g . 3(b ) Total radiative loss vs. 
TIME(ms) NBI port power in low 

density and high field 
Fig.3(a) Plasma parameters in low density case . Bh~l. 9 T. 

Shine through power is 507.-60/. of NBI port through power in this low 
densit y case. Three neutral beam lines,BL- 2(6=28°) ,BL-3( 6=0° ,perpendicul) 
and BL- 5( 6=0° ,110) have nearly perpendicular injec tion angles. 
Impurities(Fe) f rom beam dumper(stainless steel) can be the source. 
Internal energy by diamagnet ism(S] increases up to 10 kJ. Steady state 
temperatures,Ti(6=0)~1000 eV and Te(0)~450 eV , are observed. Figure 3(b) 
s hows the total radiative power vs . NBI port power i n low density case . 
Data points include typical ohotc in 1983-1985 year after .5ufficient 
titanium gettering to wall. Detected bolometric power is a lmost in 
proportion to NBI port power. Consider ing that calculated absorbed power 
is 30%-~0% of NBI port power, about 50% of total absorbed power is radiated 
in low density regime . 

3.2 Radiat ion loss in high density case (ne=5xl013cm-3) 
Radiative loss in high density currentless plasma often s hows the accu­

mulation of impurities at plasma center. Figure 4(a) shows the profile of 
emiss ivity in ECH+NBI (2.6Ml4) at average density 5xlol3cm- 3 . The emissivity 
at plasma center increases with time up to about 0.81·1·cm-3, which i s about 
half of deposited power of NBI . Figure 4(b) shows the total radiative loss 
power vs. timp and plasma pa rame ters . The total radiation increases up to 
750kW (about 68% of absorbed NB power), wher~absorbed NB power , Pabs• is 
estimated by the decay of internal energy(-~~? =l . lMl~). In this case, 
central r adiation within ha lf a radius increases linearly with tine . 

The bolometric central chord intensity increases linearly with time, 
which is well correlated with the central chord of the soft x-ray emission 
and the intensity of the FeXVI l ine . VUV spectroscopy shows that radiation 
from iron impuriy amounts to 40% of the bolometer power. Poloidal magnetic 
f luctuation often appears when stored energy exceeds about 15 kJ at 1.9T. 
The increase of impurity source with density o& stored energy is possible . 

3.3 Radiation loss in low field (Bh~0 . 94T) and high density case 
(ne <:5xlol3cm-3). 
Radiation losses i n l ow field case have severe effect on plasma energy. 
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... 

Fig . 4(a) Profiles of emissivity 
lll high density ECH+NBI at 1 . 9T. 

Figure 5 shows the tot al radi ative loss 
power vs. time and plasma parameters. 
Electron cyclotron resonance at 2nd 
harmonics produces hydrogen plasma and 
total 3.6MW llBI power heats plasma fur ther . 
The density i ncreases up to ~xlol3cm-3 
with gas puffing. When total NB power 
( 3 . 6~rn) is injected t hrough port s , total 
radiati ve l oss i ncreases sharply with time. 
Considering t hat effective absorbed NB 
power l s about 500kW from ( oW I 0 t I tc 
lOOms> the increment of radlat~on loss 
(l,OQ- 500k:·J) during t•l00ms~l20ms is almost 
equal to absorbed NB power . Energy loss ;­

to wall is often observed bya 2~ bol ometer fl 
and ion saturation curr ent wi thin 1 msec ~ 
after onset of spikes in poloidal magnetic -
field (about 0.5-1% at 20kHz)· Thus the 
MHO activi ty is one of the candidates fo r 
radiation enhancement. 

Titanium get tering to both walls and 
NB ion sources is effective, but not 
sufficient t o reduce impurity (Fe , and 0). 
Further reduction of impurity radiation 
is necessary to study MHO property in 
currentless high de~sity plasmas . 

HIGH DENSITY CASE 
8h•·1.9T. ECH(53GHtl+NBI 

! 500 

o~o~· ~~~~~~~~~ 

Fig. 4(b)" 1. 9 T. 

4 
3 
2 
1 
0 

500 

HIGH BETA (LOW FIELD) CASE 
Bh• ·0.94T. ECH(2nd. Hormonlc:)+NBI 

--------------r--- ---. 
Tl(t •oO• : ~T-~O) 

~~-...; 
0~0~~~50~~~100~~~1~50~ 

TIME(ms) 

Fig . 5 Radiative loss in lo~ field(0,94 T) 
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ECRH EXPERIMENT ON HELIOTRON E 

M. Sato , H. Zushi, 0. Motojima, H. Kaneko, K. Itoh, S. Sudo, 

T. Mizuuchi, K. Kondo, S. Besshou, M. Iima, S. Kobayoshi, 

A. Iiyoshi, K. UO 

Plasma Physics Laboratory , Kyoto University, Gokasho, Uji, Japan. 

1. Introduction 

The currentless plasma, produced only by electron cyclotron 

resonance heating, has been developing in Heliotron E device(l),(2). The 

steady state plasmas can be obtained up to the average electron density 

of 3 x w19ni3, uhich is close to the ordinary mode cutoff density for the 

fundamenta l resonance of 53. 2 GHz , by increasing the microwave output 

power up to 500 kW level. The electron temperatures are 1. 2 to 0. 7 keV 

depending on the electron densities. The microwave absorption 

efficiencies are 50 to 70 % in average. 

properties are now under study. 

2. Experimental results 

The energy confinement 

The microwave are injected into Heliotron E vacuum chamber uith TE02 

mode. The magnetic field is 1.9T at the plasma center. The rf power is 

varied from 160 kW to 500 kW by changing the numbers of gyrotrons. Fig. 

1 shows a typical example of temporal developments of line average 

electron density and electron and ion temperatures. 

These parameters are kept constant during rf pulses. The bolometric and 

soft X ray signal intensities are also constant at the flat top values . 

As the flat top times are much longer than the decay times of electron · 

and ion temperatures, we might expect that stpady state plasoa can be 

maintained only by electron cyclotron resonance heating in the hel ical 



332 

sys t e ms s uc h as hel iotrons a nd s tellarators without any increase of 

impurities . 

The radial profiles of the elec tron densities , electron and ion 

t emperatures a re meas ured by FI R and 2 mm microwave interferometers, ECE 

and Thomson scattering and neutral particle analyzer res pectively. The 

elec tron densj t y (Ne(r)) i s f l at for the average density of 2.5 x 1019~3. 

At the lower de ns ity it becomes to the hollow profiles. Fig. 2 a a nd b 

shows Te(r) , Ti(r) and Ne(r) for the higher (Ne; 2.5 x 1019m-3) and the 

lower (Ne ;0.6 x Io19m3) densi ty cases. The internal energy of the 

electron and ion com ponents are calculated by the in t egration (We ,i<X J~e 
0 

Te , i 'y dr) . The rf energy deposition profiles are estima ted from the 

electron e nergy decay time ( Z Ee decay>• if we assume that it does not 

change between r f pulse and just af t er the pulses. The total rf 

absorption ef f i c i encies are a lmost in 50 to 70 %, depending on electron 

temperature and average dens j ty . Less than one thi rd of the absorbed rf 

powe r is deposite d inside a half radius of the plasma. The profile is 

flatter than that of expected by the single pass ray tracing cal culation 

for TEo2 mode injection. 

§3. Energy confinement 

The central electron tempera tures (Te(O)) are plotted to the density 

normalizedinput power (Pr/Ne) in Fig. 3. The heating rate becomes small 

as Prf/Ne increases. The elect ron componen ts are in t he plateau region at 

near the plasma cen te r (r/a < 0.2) . The dotted line in the figu r e 
;,. 

illustr ates t he values Te(O)c:x (P rf /Ne )"5. On the other hand, both 

electrons and ions a r e in t r apped particle region in the radius 0 .2 < 

r /a< 0.8 • The more detailed energy confinement property is now under 

study from the vie w point of neoclassical theories. 
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STATIONARY FIELD PROFILES AND PLASMA CONFINE~lliNT IN RFP CONFIGURATIONS 

V. Antoni, H. Giubbilei , P. Nart in, D. Herlin, 
S. Ortol ani, R. Paccagnella, M. Valisa 

Istituto Gas Ionizzati del C. N. R. - Associazione Euratom-CNR 
Vi a Gradenigo , 6/a - 35131 Padova (Italy) 

In the q < 1 Reversed Field Pinch (RFP) configuration both the poloidal 
and the toroidal magnetic f i eld components var y across 
radius forming a high shear distr i but i on with q ranging 
~2a/3R on the axis to% - a/4R at the plasma edge . The 
sligthly affected by the pressure s ince (J.J./Joo )% B% 0 . 1 
tic fie l d distribution is essentially characterized by 
t ically f 1 J IJ should be uniform but experimentally 1J 

the plasma minor 
f r om typically 
configura t ion is 

and then the magne­
IJ = 1J (J,. /B) . Theore­

o 
decreases with minor 

radius and is smal l or zero at the edge . This is because plasma confinement 
and wal l interact ions r equire a col d edge plasma where little c urrent flows. 
It has been found that the experimental distributions [ 2 ] are weil descri­
bed by 1J radial profiles of the form 1J = IJ(o) [ 1- (r/a)C!. ] . Therefore two 
useful quantities are introduced to parametrize the equ i librium configura­
t ion s : the on axis q value which is related to IJ (o) by q (o) = 2/RIJ(o) and 
a which characterizes the width of the parallel current density UisLrlUu tiun 

ranging between 2 < a< 8 . 
Varying these parameters, an ideal and resistive ~ffiD stabili ty analysis 

of these profiles with B z 0 has been carried out . A completely stable re­
gion for both ideal and resistive current driven modes has been found. The 
resulting stabili ty boundaries are shown in fig. 1 in terms of q(o) and q(a). 
The stable region i s delimited by internal modes (with resonant su~faces in­
side the q = q (o) /2 surface) and external modes (with the resonant surface in 
the q < 0 r egion). In the same figure are a l so r eported the experimental va­
lues of q(o) and q(a) showing that RFP configurations lie typically in the 
s table region below the uniform IJ theoretical limit and close to ::he resi­
stive internal modes boundary . In this way it is found that the ex:ernal mo­
des are not very significant in tha t they arise in conditions which are sel­
dom produced experimentally . On the o ther hand it can be seen that a lower 
limit exist s on q(o) as q(o) > 2a/3R associated to the appeareance of m= 1 
internal resistive unstable modes. This limit on q(o) was previously sugge­
sted from experimental considerations [ 3] and can be interpreted as an up­
per 1 i mit on the on axis c urrent density as J

0 
:> 3B0 /v0 a . Although on avera­

ge the experimental profiles are stab l e t o current driven modes resistive 
diffusion tends to destabilize the configuration leading to lower q(o) by 
peaking the current distribution on axis. A par t i cular example , often reali­
zed in experiments , is that of sustained discharges where both the plasma 
current and the toroidal magnetic flux are constant in time . With these boundary 
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conditions resistive diffusion would lead to a decrease in q(o) (due tO the 
increase of the current density on the axis and the decrease of the magnetic 
field). When q(o) drops below a critical value, q.;y 2a/3R, the internal mo­
des are excited and these modes are probably responsible for the current re­
distribution which restores the initial tearing mode stable configuration 
and so forth in a cyclic fashion. In fig. 2 is reported the experimental be­
haviour of q(o) measured by magnetic probes inserted in a low current low 
temperature plasca . Similar large and periodical oscillations with frequen-
cies in the range 
as shown in fig. 3 
amplitude of these 
of the reversal of 

5 < f < 10 KHz a re found in externally measured quantities, 
for SXR signals , for a higher temperature discharge. The 
oscillat i ons were found r 3] to increase as a function 
the toroidal field but it was suggested that,althoughwith 

lower amplitude they are always present in the plasma. 
On the other hand RFP di scharges are a lways characterized by a persi­

stent turbulent activity which in normal conditions,is comparable to the 
coherent activity occuring in the central region. This background for magne­
tic fluctuations has a relatively high intensity (b/B% 1% at I<l>~ 100 kA) 
and it does not show a clear time periodicity. On ETA-BETA 11 it has been 
found that these fluctuations have correlation l engths A~ $ a /2 , Ato >a. 
They show essentially m • 0 and m= 1 poloidal components and the intensity 
is peaked around the reversal surface [ 4] • This turbulent background is 
commonly referred to the competition of many resistive modes allowed by the 
low q configuration [ 5) as suggested by the finite ll MilD stability analy­
sis. 

The ultimate effect on the plasma of these modes have been studied by 
a field line tracing code. The experimental spectrum and amplitude of these 
magnetic fluctuations result in ETA-BETA II in a wide s tochastic region in 
the plasma as shown in fig. 4. The related magnetic diffusion coef ficient DM 
has been computed and the estimate of the electron thermal diffusivity, 
Xe·~v\, gives a typical value for ETA-BETA II of xe:(:SO+ 100 m2 /sec 
correspo'i,ding to a confinement time T :> 100 )Jsec in good agreement with 

e 
the experimental value. 

The stochastic region i s due to the combination of many m= 1 and m • 0 
modes and practically extends up to the wall . However in the region between 
the wall and the reversal surface the edge effects as field 
errors and impurity release are dominant. Then, in analogy with the tokamak 
[ 6 J, it can be dist inguished a plasma wall interaction edge region which 
extends between q (a) < q < 0 and a confinement region defined by 
0 < q ~ q(o) /2. While the edge region depends on the different experiments and 
is essentially determined by their technologica l features , the intermediate 
region is re lated to the nature of the RFP confinement. It has been observed 

, that .also adding the internal modes which periodically occur· in the · central 
region,.the thermal diffusivity in the confinement region is slightly affected. 

The thermal diffusivity has been computed from the plasma power ba lance 
in stationary conditions using the experimental RFP profiles and assuming 
that the dominant energy loss is due to heat transport . The typical values 
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found in the confinement region are quite insensitive to the detail of the 
profiles and are typically at least an order of magnitudt! higher than the ion 
neoclassical value, in good agreement with the stochastic model. 

CONCLUSIONS 

The MHD stability analysis shows that q(o) is limited in RFP, as in 
tokamaks, by current driven modes resonant in the central region of the pla­
sma which restore the current distribut ions when a critical value is exceeded. 

On the other hand the persistent turbulence typical of a RFP turns out 
in a wide stochastic region in the outer par t of the pl asma and transport, 
in present experiments, is well described by stochastic processes. Thus , in 
analogy with the tokamak , 3 regions can be identified for the RFP as shown 
in f i g. 5: 
a) a centra l region, with (q{o) /2) < q::; q(o), where periodical oscillation s 

dominate ul timately limiting the on axis current density and leading to 
a l ower q(o) limit as q(o) > 2a/3R; 

b) an intermediate region 0 < q~ q(o) /2 completely stochastic , almost insen­
sitive to the .other regions and more related to t he turbulent nature of 
the RFP; 

c) an ou t e r region q(a) < q < 0 where plasma-wall interactions, atomic proces­
ses and edge phenomena are dominant. 
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EQUILIBRIUM AND STABILITY Or A REVERSED FIELD PINCH 
WITH A RECTANGULAR CROSS-SECTION Or THE TORUS 

J.W. Edenstrasser , University of Innsbruck, Austria 

w. Schuurman, Association Euratom-rOM, rOM-Instituut voor Plasmafys ica , 
Rijnhuizen , Nieuwegein , The Netherlands 

Introduction 

Present-day RFP-experiments usually have a circular cross-section. 
In the paper we set out to investigate whether elongated cross-sections 
might be favourable to stability . 

The model consists of a plasma in the force-free Taylor state 
V• B - ~B, surrounded by a perfectly conducting torus with a rectangular 
cross-section. Special solutions of the force-free equation have been 
known for some time . The case with no hole in the torus (cylindrical 
spheromak) has been considered e.g. in Ref . [1) . The toroidal spheromak 
(zero toroidal f ield at the boundary) was treated in Ref. [2). We gener­
alize the results of Ref . [2) to the case of a non-vanishing, possibly 
reversed , toroidal field at the rectangular boundary , in order to make 
them appl icable to belt pinches and reversed- field (RFP) conf ig~rations. 
The general ax i symmetric equilibrium solution (m•O) of the force-free 
equation with eigenvalue ~ is constructed . The stability of this axi~ym­
metric state is then determined by the statement that if a perturbed 
solution of V•B • ~·B has an eigenvalue ~· that is less than ~ . the axi­
symmetric equil ibrium is unstable. The F-9- diagram and its dependence on 
aspect ratio and elongation of the torus is also discussed. 

Solution of V•B • ~B for a torus with rectangular cross-section 

The solution of V•B • ~B in cylindrical coordinates (r,e,z) can be 
represented by 

B • ez • Vljl + ~ V • ( ez •VIjl) , 

where ljl is determined by the scalar Helmholtz equation 

/)ljl + ~ 2 ljl - 0 0 

For the components of B we hence obtain 

Br • - .! ~ - .! a•ljl . B • ~ 1 a•ljl 
r ae ~ araz • e ar - ~r aeaz 

( 1) 

(2) 

(3) 

We consider a force-free plasma enclosed by a perfectly conducting 
toroidal shell with rectangular cross-section of height b, width a , and 
major radius R. We choose the centre of coordinates s uch ~hat the 
appropriate boundary conditions become 

( Eq. ( 4. 1)) ; (Eq. (4 .2)) 

The axisymmetric solution of Eqs. (2), (3) with boundary conditions (4 .1) is 
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.!. k k' Z' (k' r) cos ny - .£ cos ay + ~r sin ay 
~nnno n r 

s8 = I k~ z~ (k~r) sin ny + ~ sin ay + ~ cos ay 
n 

where we have defined 

(5) 

z0 (khr) is a linear combination of the ordinary Bessel functions J , Y 
if ~· > k~ and of the modified ones if ~· < k~ . Primes denote diffgren9 
tiation with respect to the argument. 

Special axisymmetric (spheromak) solution 

For c • d ~ 0 particular solutions exist satisfying boundary condi­
tions (~.2) that lead to the eigenvalue equation 

J 
1 

( s) Y 
1 

( Ys) - J 1 ( Ys) Y 
1 

( s ) = 0 , 

with s ~ k' (R - ~ ) · y = ~ • £ a 
n 2 ' 1 - £ ' • 2R (inverse aspect ratio) , 

Thus, we obtain the discrete eigenvalue spectrum for ~ 

(8) 

where sy(£) is the v-th zero of (7) and E is the elongation. In this 
solution the toroidal field at the boundary vanishes, it thus corresponds 
to a drum-shaped spheromak with a central hole. 

General axisygmetric (RFP and belt pinch) solutions 

If c ,d • 0, we must expand cos ay and sin ay in a cos ny seri es in 
the interval (0,'1) , before applying the boundary condition (~.2) . This 
does not lead to an eigenvalue equation for ~ but to a set of inhomogene­
ous equations for an, bn in the linear combination 
z (~r) • a J ( ~ r) +bY (~ r). The result is o n n o n n o n 

d sin a'l 
• c 1 - cos a'l 

(9) 
Y' (d- Y' (d+) 

a • Q I o n) o n } 
2n-1 n ,....-:;£ -~ 

where we have defined 



4a2 sin aw 
Qn = c 1 - cos a11 

and d± - d ( 1 + £) ; 
n n -

343 

( 1 0) 
(2n-1) {a2 - (2n-1) 2 ) dn 

~ 2ii 
dn • ~ {ii' - [(n~~)w]•} ; a • ;E (11) 

This equilibrium state has a non-vanishing toroidal field at the 
boundary and a continuous spectrum of 11 and may therefore be taken to 
describe belt pinches and RFP' s with a rectangular (elliptical or race­
track-like) cross-section. Since the coefficients strongly converge like 
1/(2n-1)', the main features or these equilibria are already determined by 
the first term Z0 (k/ r ) . 

For the toroidal magnetic flux ~ and the toroidal current I we obtain 

~ - ~ [2E L {Z (d+)-Z (d-))+c11 tnY (£)]; I • IJ~ · 2(a+b)<B 
1

> 
11 n• 1 o n o n ii po surface . 

The pinch parameter e becomes 

<Bpol> 
surface 11ab 

6 • ""'<"'"Bt-_,>c:.::.c..:...:=.:--- • 2(a+b) 
or cross-section 

(12) 

• _j_ 
1+E (13) 

Finally , F in the familiar F-a-diagram is found to be 

d 
F- 2aE [2£ I-"- {Z' (d+) + z· (d-))+ _c_t _ _ + c sin aw tn Y(t)] • 

~(1 + 2E) wE n 2n-1 o n o n ii (1-c•) 1 - cos a11 

( 14) 

After replacing ii by 9(1+E) we obtain F • F(B;t,E) and from stability 
requirements it follows ii ~ llmax(c,E), limiting 9 by 

llmax(c ,E ) 
9max(c,E) < 1 + E 

Explicit F( 6; c ,E)- diagrams with the stability limit ema/E ,E) taken into 
account, will be discussed in a forthcoming paper. 

Non-axisymmetric solution 

In order to investigate the stability of the axisymmetric equilib­
rium , we need the non-axisymmetric solution m " 0. The particular solu­
tions ~m(r,S , z) from Eq. (2) satisfying the boundary conditions (4.1) are 

~m • F:(r,z) sin me + F~(r,z) cos me , 

with 
s(c) 

F • m Zs(c) (k' r) sin ny + r±m {cm± sin uz + dm± cos .. z) . 
m n s(c) ~ 3(c) ~ 

With the aid of Eq . (3) we find from the boundary conditions (4.2) 

(15) 

( 16) 
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(17) 

We now expand sin ny , sin ay , cos ay in (0,11) in cosine series a nd 
find for each mode a set of ij linear algebraic equations for the infinity 
of coefficients a , b , of the Bessel function pairs Z (k' r ) . From the 
truncated coefficPentsn matrix we obtain the eigenvalu'l!s "needed in the 
stability analysis . 

stability 

We apply the s tablli ty criterion derived in Ref. (3], necessary and 
sufficient for resistive modes and Taylor-relaxed states, and sufficient 
for ideal MHO modes. The eigenvalue ~ must be smaller than ~m• the smal­
lest eigenvalue for which the solution satisfies the additional boundary 
condition Btang • VX with X a single- valued function, leading to 

~ < ~m m Mi n ( ~ 12 , ~ 1 ( m• 1 ) } • (18) 

Note that the special spheromak states with eigenvalues ~ are not allow­
ed conmparison states, i . e . there exist stabl e RFP' s or ~~lt pinches with 
~ > ~,, or even ~ > ~"' · In Fig. 1, ~ 11 , ~ .. and ~ (mm 1 ) are plotted as 
functions of the elongation for £ • 0.25, showing the limitations in the 
pinch ratio e. 

. 5 I. 5 2 2.5 3. 5 
8 

Fig. 1 

Stability diagram for 
£=1/4 as function of the 
elongation E. The stabi­
lity region is limited 
by the ~(m=1) cu rve. The 
special spheromak solu­
tion ~ 11 becomes unsta­
ble for Ea6 . 3 . 
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RESISTI VITY OF REVERSED FIELO PINCH PLASMA 

H Tsui*, A A Newto n, M G Rush ridge* 
Cul ham Laboratory , Abingdon, Oxon OX 14 3DB 

(UKAEA/Euratom Fusion Associat i on) 

*Depar tment of Pu re and Applied Physics , University of Manchester 
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UK 

Introducti on 

The magnetic fie ld configuration of a Reversed field pinch (RFP) [1] ha s 
a near mi ni mum magnet ic energy with the toroidal f iel d (R

41
) reversed i n the 

outer regi on of the plasma improving the i<1eal MHO stahil ity . The 
completely rel axed minimum energy state (MES) ha s ~"oi = ll~ [2 , 3] with 1-' 
constant everywhere and in cyl in<1rical geometry is described by t he Ressel 
Funct ion Model (BFt~ ) . In exper iment , 1-' = 1-'(r) is approximately uniform in 
the central 50-80% of t he plasma radius and reduced in value in the outer 
regions [4 , 5] w' th profiles descri bed approximately by the t~odified Ressel 
Func.tion Model (MBFM ) [6] . 

The rel ationship between t he resistivity on ax i s (11(0)) and t oroi<1al loop 
re s istance (V<I>/!<1>) in RFP based on three dis tinct physics models are 
cons idered. When fiuctuations are neglec t ed , they become [ 7 ]: 
1. 11c(O) arisirg from the simplified Ohm' s 1 aw applied to t he axis, 
2. 11w(O) arising f r om the global magnetic energy balance, 
3. 11k(O) arising from the global magnet i c hel icity balance, 
and give different estimates of 11(0) . 

Comparison of Resistivities: 11c(O), 11w(O) an<1 11k(fl) 

w k c w In the special case of the RFt~. 11 (0) = 11 (0) an <1 11 (O) > 11 (fl) as seen 
in figur e l, where 11c(0 )/11w(O) i s pl ot t ed vs the pinch ratio 9 = B

9
(a)/[R<I>] 

where [ • • • ] denotes the average over the plasma radius a. In general wh en 
1-'(r) is decreasing towa rd s the outsi <1e of the plasma we find that 11w(O) > 

11R(O) as seen in fi gure 2, where 11w(0)/11k(O) for the MllFM is plotted vs 9 . 

Contributi on due to Fluctuations 

In a steady st ate RFP, we find that the 9 is relate<! to the ratio of 
power input to th e rate of hel i city input hy: 
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!l0a f! .. .J.. d 3x 
9 = T )f.!!_ cllx ( 1) 

This expression reduces to an obvious identity in two limiting cases: 
1. i = E

41 
is constant , ie the force free paramagnetic model; or 

2. J.L(r) is uniform (BFM). In all other cases, including those observed 
experimentally, the re must he additional cont ributions to the integrals. 

To investigate the contribution due to fluctuations, we define e* as 
the equivalent of e neglecting fluctuation s and e)(pand the integ rals in (1) 
by separating the variables into time averaged and fluctuating parts such as 
R = B + B 

-o 

+ (f ~<jz, - <uxR>.i - <uxR .I> d3x)/ J~j 2 dax 
9* --------------~-~~~~------o~----------~0~----

l + (J~<}.R> d3x I J~j .B d3x) 
-- ""() -o 

e 

lloa f'l.io 2 d3x 
where 9* =-..- and < .•• > denotes a time average. ' J ~l.a·~ d

0
x 

In HBTXlA, the field profile can be described by the MRFM with r 1/a = 0. 7 
and ~ ( r)/~(0 ) = {1-(r/a) 5 • 6 )-31 2• In figure 3, we plot 9* vs e for the 
above profiles showing that 9* <e . The parameter c = 9/9*- 1 represents 
the fraction of power coupled to the fluctuations (see later) and is about 
0.2 at a = 1.5 for HBTXlA typically. 

Based on the characteristics of the magnetic fluctuati ons estimated from 
experimental observat ions in HBTXlA [R], we find that the contr i but i on to c 
due to fluctuations in the hel i city input integral (maximum- 1 x 10-3) is 
negligible compared to that in the power input integral (maximum - 6). 

Calculation of Resistivity in a Steady State RFP 

We introduce two factors f 1 and f 2 to take account of the helical current 
flow and the radial tem peratu r e distribution approximated by T (r)/T (0) ~ 1 
- ( r/a)v. These factors for the MBFM and v=6 are plotted inefigur~ 4. In 
experiment , the factors are selected according to the measured e, F = 
s

41
(a)/[R

41
] and the temperature inde)( v to give 

k v4> na2 
~ (0) = fl f2 r; 2nlr (2) 

where na2 the cross-sectional area and 2nR the length of the plasma. 
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Conclusion 

We find that the resistivities on ax is based on t hree d i st i nct physical 
models are different and i n general Tlc(O) > Tlw(O) > Tlk(O) when 11(r) 
decreases towards the plasma edge; the differences can be attributed to 
turbulent fluctuations. Since the global helicity bal ance is insensitive to 
fluctuations , Tlk(O) is the most accurate electrical measu re~ent of the 
plasma resistivity . The ratio Tlc(O)/Tlk(O) is a measure of the additional 
electric field generated at the ax is and Tlw(O)/Tlk(O) a measure of bot h the 
powe r throughput coupled to the fluctuations and how close the magnet i c 
field confi guration approache s the relaxed minimum energy state. 
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Ftg 1 The ratio of the res1sthh1es "'c{O)I,"'(O) 
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OHtHC HE.~TTNG IN VJI.RIOUS DENSITY REGIMES IN ETA-BE.'TA II 

A. Buffa, L. Carraro, G. Costa , F.Flora, L. Gabellleri, L. Giudicottl 
P. fnnocente, S, Martini, S . Ortolani, M.E. Puiatti, P . Scarin 

lstituto Gas ionizzat1 del C.N.R. - Padova lltalyl 
IAssociazione ~uratom-CNRI 

lNTRODUC't'lQJi Th~ ~:,•[A-BETA II la: .12~ m, k=.65 ml current f'lat-top 

phase has been studied over a set of "'200 pulses at I= 150 kA. The 

relat i vely slow decrease of the- density throUCJh the flat-top <>nd Ita 

var i ation from shot-to- shot allows to study the p~ and TE behaviour 

in d i fferent UN regimes . The previously quoted [1, 2 J dependence o f 

on 1/N is confirmed and a negative depe ndence of TE 

on I/N i s also f ound . A more thorough i nvestigation of the IBpur itie s 

Zeff time behaviour and a discussion of the various possible models 

fo r estimating plasma resistivity allow to make firmer ipoteses on 

the nature of the resistivity anomaly fact o r . 

RESULTS Electron temperature and density profiles have been meas­

ured by a 5 - point Thomson scattering system [JJ at 8 different times 

and ar~ shown i n Fi<JIJ.la anrl lh. 'f'he t.ime Pvolut. i n n nf the ciiamP. t.Pr­

integrated e l ec tron density has been also measured by a 2- colo r in­

terferometer and the comparison of the two density measurements shows 

good agreement. The p8 negative dependence o n 1/N [l, 2J i s con­

firmed by thi s renewed and wider set of measurements. The energy 

confineme nt time computed according to the definition 
J [ 

TE " 8 poRP~ V 
'Z 

also shows a clear t endency to decrease With 1/N, as shown I n fig.l 

where each point corresponds to the time of the Thomson scatte ring 

measurement and to a different shot. This is due not only to t he 

decrease of ~8 • but also to a strong tncrease of t he r esistivity ano­

maly factor. Indeed computing the reststivity anomaly factor on axis 

defined as 
~(_)_) __ 
Tlspttzer 101 

l eads t o the values of z:fffOl whi ch are shown against time 1n fig.3 

and against I /N in fig . 4. Despite the large spread at late times and 

at high l /N, which is partl y due also to uncertainties in the Thomson 

scatter i ng measurements, z:ff<OI is found to rise from ~1 .5 to ~10. 
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Measurements of the t1me evolut1on or the emiss1on of i ron and 

oxygen t o ns by a qra~1ng incidence ~pectrometer ~=88°1 a nd of the 

time and space behaviour of the oxygen ions by a 7-chord visible 

spectrometer have been made, ~·ram these data the following upper 

limits for the absolute densities of the dominant impurity ions have 

been derived: <OV S5 ·10 18m- 1
, FelX I 1016m- 1

• ClVIII S5• t 016m- 3
, 

CV S5•l0 16m- 3
). fn fig.5 the time behaviours of the higher ioniza­

tion stage populations measured for oxygen are shown, A time 

resolved upper limit for the effective ion charge Zeff can therefore 

be · derived and is compared in fig.3 with z:ff(OI. 1t i.s worth not­

ing that the highest Zeff would imply a ~100% dilution of the plasma. 

A possib l e explanation for the factor JZ between z:11 <0 l and Zeff 

may be g1ven in terms of a dynamo contr1bution. Indeed the resla­

tivlty on ax i s, n"'<OI, has been computed for these data according to 

the Ohm ' s law a s : 
V.,.<O I z 

n"'<O I = ZR }- fi 

where Vz<OI i s the on axis voltage and fj is a form factor for the 

current dens1ty profile approximately equal to 1 / 4 ( 4 ), Better esti­

mates of the resistivity, i.e. in principle free from the dynamo con­

tribution, are possible from a globa l power or helicity balance 

<nw,nkl [5J, but these are crucially dependent on the assumed current 

density and temperature profile. 

tribution, by using the ~ & p model 

field profiles and by assuming 

expressions for nw<OI and nk (OI can 

For the case or a stationary dia­

C6J with ~ / ~(01=1-(r/a)~ for the 

Te/Te<OI=l-(r/al~ the following 

be obtained 

a 

2wRict-(r/ai~J- 112 J 2 ( rl 
) 

2wrdr 

0 

a 
I I . 

2wRIC l -<r lai~ J- 3 2 ~(rl•~(rl 2wrdr 
} 
0 

The profile dependence 1s then highlighted in fig.5, whe re the 

nw<O itn"'<OI and the nk<Oi t n"' <OI ratios are s hown for several~ and~ 
values. For realistic current density and temperature profi l es, e.g. 

~~4 ~~2, a factor nw<Oi t n"'<OI~l/2 or nk<Oitn"'<Ol~L/4 may be 

obtained . 
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Therefore it seems that by assuming the maximum estimates for 

the impuritiy densities and by adding a dynamo contribution, even 

the highe st Z~ff ( OI can be accounted for. On the other ha·nd the 

radial profiles of the impurity ions which have been measured indi­

cate that Zeff should be close to unity on ax1s, which leaves the 

question still ope n. 
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FULLY I~WLICIT SOLUTION OF ~~WELL'S EQUATIONS IN THREE DI~ffiNSIONS BY 
PRECONDITIONED CONJUGATE ~ETHODS WITH AN APPLICATION TO REVERSED FIELD 
CONFIGURATIONS* 

D. V. Anderson , E. J . Horowitz, A.E. Koni ges and D.E. Shumaker 
I 

National ~~gnetic Fusion Energy Computer Cenler 
Lawrence Livermore National Laboratory 
Livermore, California 94550, USA 

~HO analysis of the reversed field theta pinch predicts a gross 
instability known as the till mode which should gr ow on an Alfv~n transit 
period time scale . Experimental observations of such configur ations show 
no such instability . Rathel equilibria are seen which persis t for 
compa r atively long periods< l. To analyse this stab l e behavior one must 
use a kinetic model from which one may learn what mechanism is responsible 
for t he observed behavio r. For this study, and others , we have built a 
full 30 non- linear plasma particle simulation code that uses particle ions 
but flu i d electrons in t he quasi- neutral approximation 2l. 

The need for this 3D s i mula tion coi ncided with the availabili t y of the 
first Cray -2 mul~iprocessor computer installation. Our code , QN3D, has 
been designed to make full use of the features of this computer including 
indirect vectoritation, multilasking . and t he large memory capability . As 
such it has been designed t o empl oy algorithms t hat are fully parallelized . 
Presently , i t is an explic it code and in particular uses an explicit field 
solver to evaluate the electromagnetic fields from a Darwin model . 

We are planning, in the f uture , to modify the code to use particles La 
r epresent the electrons and t o use the full elec tromagneti c field 
equa t ions. Then explicit methodology will restrict Lime steps to the 
fastest phenomena occuring usually at the elec tron plasma or cyc l ot ron 
frequency . To go beyond these short lime scales we intend to adapt the 
direct implicit t echniques to our code . Looking ahead to this goal we have 
formula t ed a ful ly implicit technique for solving the electromagnetic field 
equations . We r eport here on the progress in the development of this field 
solver and compare it t o the explicit one presen tly in QN3D . 

Over the past decade t here ha s been r apid progress made in the 
techniques for solving sparse, linea r matrix systems . While direrl solvers 
based on Gaussian el imination are found superior for smalle r matrix 
systems, semi - iterative methods ar e preferred for larger order matrices 
bo th for r easons of memory r equirements and of compu t a tional speed . 
Preconditioned conjugate gradient (PCG) methods have been used to solve a 
wide range of the partial differential equations (PDE) of physics . 
Typically , a PDE operat ing on a 2D or 3D scalar field would be discretlzed 
by f ini te element or finite difference techniques and then so lved by an 
appropriate PCG solve r. For example , a 3D PDE that produc es an as:;mmetric 
mat rix could be solved by the I LUCG3 code(3) . This code allows a 27 point 
operator s t encil which quite naturally arises in many applications . The 
global matr ix , one ob t ains , is block tridiagonal with block elements that 

*Work performed under the auspices of the U. S. Department of F.nen;v bv the 
Lawrence Livermore National Labora t or y under contract )la . \-1-7405-ENC:-1,8 . 
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are themselves bl ock tridiagonal which in t urn have sub-elements t ha t a re 
tridiagonal elementary mat rices. Alternatively , the resulting global 
matrix can be described by its band structure. It has 27 non- ze r o 
diagonals arranged in c lus ters each of t h ree elements width. By s t oring 
just these sub-diago nals the PCG codes economize on memory. Many of the 
preconditioning techniques rely on approximate fac t orizations that prese rve 
the sparsity of the operator matrix . 

For the solution of the Darwin form of Maxwell's equations we find a 
coupling between the three spatial components of E which can be expressed 
as, 

Here w, s , h, and R represent physical quantities known from previous 
time levels. When discretized , this system again presents a block 
tridiagonal superst ructur e if the index of the spatial component is made 
the f astest turning one . But now the third level tridiagonal matrices 
possess dense 3x3 sub-matrices as element s --the smalles t level matrices are 
no longer trcdiagonal, but are penta-diagonal. A generalized operator has 
3x3x3x5 = 135 stencil po ints . Sub- bands tha t were 3 points wide a re now 
5+1+5 = 11 points wide . Given t hat these 3D spatial operators always 
produce 9 such sub- bands we r eadily see that the mat rix has 9xl 1 • 99 
sub- diagonals . 

We solve this mat r ix by the ILUCG method . First, incomplete factors L 
and U are obtained and used to transform the ori ginal matrix problem into a 
new one that has a very small spread of eigenvalues. Next, the transformed 
sys tem. is put into normal form by multiplication by the operator transpose . 
This widens t he el~t;uv .. lu" svr.,au--enlarges t he condit ion number by the 
square--but i t yi elds a formally symmetric matrix problem for which the 
conjuga te gradient (CG) algorithm may be applied . By applying the 
t ransformation and the conversion t o normal form a l gebraical ly , one derives 
the ILUCG algorithm from the CG one . 

The ILUCG algorithm can be viewed as a seq uence of dot products of 
va rious sub-vector s . These sub-vectors are po r tions of the r ows , columns , 
source vector , solution vector , and other temporary vectors of the 
algorithm . For the case reported in the ILUCG3 paper, t hese vect ors are 
rather short and no attemp t was made to vectorize t he computer for them. 
Here we have gene ralized those methods by introducing innermost loops to 
perform al l the dot products . Since we do not stor e the gl obal matrices we 
must use an indirect indexing technique to relate the index of the 
innermost loop to the i ndices of our compressed storage arrangemen t . Given 
the Cray-2 aoility to vectorize arrays with indirect indices, we obtain a 
code that i s f ul ly vectorized. 

Fo r the purpose of determining the convergence pr opert ies of this 
method we have set up matrices corresponding to di fferent numbers of 
coupled PDE's . We use a r andom number generator to speci fy the e l eme nts of 
a prelimina ry matrix which is then forced to possess a given condition 
number and skewedness . The tes t pr oblems are generalizations of the ones 
presented i n Ref . 3 and used a 9x11x13 gr i d (with sk~w = 1.1, diagp m . 01, 
fr1apc = 0 . 0) and a relative error cri t e rion of 10-1u . The Tabl e gi ves 
results for runs done with up to f ive cou pled PDE's. A figure of merit is 
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the ratio of solution time to the numbe r of non- zero matrix elements which 
we dub "t ime per term." Not e how i t improves with more coupling. 

To test the f~)s ical corr ectness of our new field solver, which we 
have named CPDES3 (coupled par tial differential equation solver for 3D) , 
we have used it in the particle code to pr opagate Alfven waves. It is 
compa r ed to our existing explicit field solver. The two f ield solvers and 
the anal y t ical theory a r e all in good agreement. We realize that the 
i mpl icit solve r is intended for problems wi t h l onger time scales, so fo r 
the wave pr opagation are one would pr obabl y choose the explicit solver . It 
is not clea r that even the tilting mode simulat ion will require the 
impl icit solve r over the explici t one, but we intend to use these 
simulations as a t est bed fo r CPDES3 t o imp r ove it fo r later applications 
on t he t r anspo r t a nd equil i br ium t ime scales where the explicit solve r will 
be too expensive . 
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TIMINGS FOR CONVERGENT RESULTS 
Num. Num. Num. of T ime Time 

of of Linear Dec. Total per per 
PDE's Diagls. Eqns. Time Time Eqn. Term 

1 27 1287 .462 3.78 2.93e-3 1.08e-4 
2 63 2574 2.18 9.39 3.65e-3 5.79e-5 
3 99 3861 5.11 17.23 4.46e-3 4.50e-5 
4 135 5148 10.03 29.57 5.74e-3 4.25e-3 
5 171 6435 16.03 41.85 6.50e-3 3.80e-3 
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MINIMUM MAGNETIC ENERGY PR INCIPLE FOR A WEAKLY RESISTIVE 
TOROIDAL , FINITE-a PLASMA 

J.B.M .M. Eggen and W. Schuurman , 
Association Euratom-FOM , FOM-Instituut voor Plasmafysica , 

Rijnhuizen, Nieuwegein, The Netherlands 

Abs t ract The cylindrical equilibrium profiles as predicted by a minimum 
magnetic energy principle for a relaxed weakly resistive , finite-a plasma 
are expressed in terms of measurable quanti ties . To these relat ions the 
first-order toroidal corrections are derived. In a compari son of the the­
oretical profiles with experimental data of the ETA-BETA-Il expe~iment at 
Padua, good agreement is found . The F-a-diagram is also given . 

Introduction An extended version of Taylor•s minimum energy principle min­
i mizes the magnetic energy Ws of a relaxed weakly resistive , finite-8 
plasma enclosed by a perfectly conducting metal wall for fixed potential 
energy E :=: f! B2 /21lo + p/(Y-1))dT (closed system) , magnetic helicity 
K :=: f A·B dT and longitudinal flux '!' . The minimization is further con­
strained by the force-balance equation Vp • j •B. This model is a special 
case of a general model introduced in a previous work [1] . 

In the present work the resulting equilibr i um pr ofiles in a cylindri­
cal plasma are determined in terms of experimental quantities . The 
requirement of phys le ally accep table profilP-s put" 1 i m i ti! t 1 ons nn thP. 
allowed values of the quantities . To improve the comparison with toroidal 
experiments , the f lrst-order toroidal corrections to the cylindrical 
equilibrium profiles are derived together with a formula for the toroidal 
shift of the magnetic axis of the plasma. The resulting theoretical 
equilibrium profiles are compared with experimental data of the 
ETA-BETA-II experiment at Padua . 

The model and resul ting equilibria 

The mathematical f ormulation of the variational principle reads: 

6W::; 6Ws- a6E- A/ 21lo 6K- ~6'1'- 1/(Y-1) 6/IJ( X)•(Vp-j xB)dT = 0 , (1) 

where a , A , ~ are constant Lagrange multipliers and IJ(X) a space-dependent 
one. For a cylindrical plasma of radius a with translational and rotation­
al symmetry , all quantities depend only on the radial coordinate p£[0 ,a] . 
The equilibrium profiles are found to be ((1] , Bp(p) = 0) 

1+>:a k 
Bz(p) • B0 C0 (vp) (2) Ba(p) • B0(o~) 

2 C1 (vp) (3) 

1 a 1 
p(p) • [M .,-:a So (C6(vp)-1) + 1]p0 (~) 11 (p) = Y,ap , (5) 

where a0 ::; 21!0 P0 1B6 
-Y. 2-Y 

(6) V • A(o(1+Ka)(l- a )) K • Y-1 
and Cn • Jn . 0 = +1 if K ) 0 and ( -1 1<:) < a < 

or if K ( 0 and a < 1 or a > -1/K . 
Cn • In . 0 = -1 otherwise 
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with Jn the ordinary , In the modified Bessel functions of the first kind. 
The sol utions (2)-(5) depend on the Lagrange multipliers ~ and a , and t he 
normalization constants B0 = Bz(o) and p0 = p(o). 
These equilibrium quantities yield the following related quantities: 
poloidal current density: l ongitudinal current density: 

B B 
j 9(p) = v .....£ c, (vp) (7) jz(p) = .....£ -1 ~ C0 (vp) (8) 

llo lJo -a 

longitudinal current : 
2naB ~ 

lz = __ o (o1+Ka)2 C,(va ) 
lJo 1-a 

(9) 

longitudinal flux: 
2B

0
na2 

~ = --va-- c,(va) (10) 

The values of the parameters v(~) . a, 8 0 and p0 distinguish different 
discharge regimes and in order to have a positive pr essure , they must 
satisf y ( [1 ], Fig . 1): 

c~ (vp)-1+{"Y-1)('-ale0 /a ~ [ :> ] 0 if a/(1-a) > [<] 0, p£[0,a] . (11) 

The Eqs. ( 9) and ( 1 0) can be inverted to obtain the parameters a and va 
(or ~a) in terms of the longitudinal current and flux: 

(12) 
I 2

- oC ~ ( va) 
a • ----- ( 13) 

I2+KoC~ ( va) 

[( 12) is a : ranscendental equation to determine va in terms of ~; i t 
may have s everal roots vna· To each root corresponds an an· For given B0 
and lz the tot al magnetic e nergy i s a function of vna only; for gi ven 
va l ues (vnal we choose the one that minimizes H8]. 

u,Jing t he expressions for va and a , Eqs. (12) and (13), we can 
ex press t he equil i brium quanti tities, (2) - (5), in terms of t he 
experimental quanti titles I z . '!', Bz(o) and p(o) . As an example, the 
condi t i on of positive pr essure , Eq. (11 ) , becomes (see Fig. 1): 

oC 2 
( va ( ~ ) ) - 1- B Y. 

i :o I -~- -----0 l 2 
c,(va<~> l ( 1 ~ ) 

c~( va (~) )- 1 
1.0 

0 
m 
0 

F 

~ 0.6 
~N 

0 
"-

f 
0.4 

0 . 1 :J. 2 0 . 3 0 . 4 0 . 5 0. 6 

- ~z /2-rra28o 
Fig . 1. Real ls ti ~ p~essure pr of iles 

as determi ned by '1' , Iz , 80 . 
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!::~:~!i!S!:~= letting the pressure go to zero in the interval [O,a], we 
can use Eq. ( 4) to express B0 in terms of a and va (or Iz and '!') . This 
enables us to express both F and S in terms of va for given Bv• where 

Bz(a) 
F:: <B) 

z 
This yields 

s
6
(a) 

s = <B;> 
the F-9-diagram as given in Fig. 2. 

fpl (Y-1 )dt 
(15) 

First-order toroidal corrections to the cylindrical equilibrium profiles 

Usi ng the familiar technique of an inverse aspect ratio (& :: a/R) 
expansion of the Grad-Shafranov equation we determine the first-order 
toroidal cor rection to the cylindrical equilibrium state . In pseudo-toroi­
dal coordinates (p , e, ~), defined by: 

x • R(1-* cose)cos<j>, y • R( 1-* cose)sln<j>, z • psinlj>, (16) 
a the corrections for a rotationally (~ • 0) symmetric plasma equilibrium 

of circular cross-s ection are: 
( l) B sine ac (va) 

Bp (p,e) = E ~p~a [ ~~ 1 (p'-a' )C 1(vp )+(1+Ka)( C~(va) C1(vp)-C0 (vp))] , 

B cose p'•a• 
& ~~a [~~ 1 ( ---P--- C1(vp)+v(p 2 -a 2 )C0 (vp)) + 

( 17) 

vaC
0

(va)-C 1(va) aC ( va) +vp 2C1(va) 
+ (1+Ka)( C0 (vp)-

0 
pC

1
(va) C1 (vp ) ) ] , (18) 

C1 (va) C (va) 
s~d(p,el • l!,&30 cose [£ c0(vpl•zy-~)< 1 ) (p 2 -a 2 )C 1 (vp)+~) C1(vp)) 

a av• 8 +Ka 1.. 1 \ va 1 ( 19 ) 
( 1)( & cose ( ) o [av ( 2 'l ( ) P p,e) = --ry-11 C0 vp ~ y=J p -a C1 vp + 

Pgc (v ) a 
t (1+Ka) ( C~(va) C1(vp) - pC0 (vp))] . (20) 

The toroidal shift PM of the magnetic axis is determined by 
Be(PM•11) = 0. 
Combining Eqs. (3 ) and ( 18 ) to obtain the total Be(p,e) and expanding 

this expression for s mall p, we find as an approximate expression for PM' 

1-a a(va) 2 vaCo(va) 
PM • &).Tii [ 2(y- 1)- ( 1+Ka)( 2C1(va)- 1)] ( 21) 

Comparison with ETA-BETA-11 
Using the f ollowing data [2] of the ETA-BETA-11 experiment at Padua 

'I' • 9 mWb (& • 0.19) 80 • 0.56 T lz • 180 kA 

(the pressure ls only very 

va • 2.70 a • 0.19 

(22) 

r oughly known), we find the parameter values: 
s• 

Po ~ ~ - ~ • ~3 kN/m' (23) 2110 Y-1 1-a 

T 
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and the corresponding profiles as predicted by the theory are given in 
Fig. 3. This figure also shows measured values of B~(p , n) and s9(p ,T), 
The calculated B~(p,n)-profile is in very good agreement with the 
experimental data; the calculated Be(p,w)-profile has the correct shift of 
the magnetic axis , but there is a growing discrepancy for larger val ues of 
p/a between Be(p,w)-experimental and Be(p,w)-theoretical since we calcula­
ted a to obtain the measured current and according to the theory 

Iz • 2na Be(a,n)/110 • (2~) 

However, it should be noted that this discrepancy can be significant­
ly reduced by allowing a deviation of the order of 10~ in the current, 
yielding a lower a. This also affects p0 very much, Eq. ( 23) : 
p0 1: 12 kN/m 2 • 

p(r )/po 
···•· ......... 

\ ,_ 
\ 

·· ... 
\ .... 

·. 
\ . 

... 
... 

... ·· .. .. ·•. 

-0 . 2L_ __ L_ __ L_ __ L_ __ L-~ 

0.0 0 . 2 0.4 0 .6 0 .8 1.0 0.0 0.2 0.4 0 . 6 0.8 1 . 0 0.0 0.2 0.4 0 . 6 0 .8 1.0 

Fig. 3. 

- r/a - r/a - r/a 

Calculated equilibrium profiles with experimental data of 
ETA- BETA-II . 
( _____ cylindrical solution; ..• .. toroidal solution) . 
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STABILITY 0~ TAYLOR STATES WITH RESPECT TO THE M • 1 MODE 
IN THE PRESENCE 0~ A VACUUM LAYER 
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Abstract 

The minimum energy principle of Taylor is extended to the case where 
a vacuum layer is situated between the weakly resistive plasma and the 
perfectly conducting wall. The second variation is investigated for m ~ 1 
perturbations and a necessary and sufficient criterion for s tability is 
derived. The results are identical to those found by means of the resis­
tive mode analysis. 

I ntroduction 

Taylor' s variational principle [ 1] minimizes in the cylindrical 
approximation the magnetic energy of a toroidal plasma column enclosed by 
an infinitely conducting wall. The minimization is subjected to the con­
straints of constant longitudinal flux and magnetic helicity K • / A•B dt 
(Lagrange multiplier -A/2) . The minimizing magnetic field "~~isfies the 
Euler equation V • B • AB and its Bessel solution has among others the 
merit of correctly demonstrating the reversal of the longitudinal field 
component, as observed in reversed field pinch experiments. 

A minor shor team! ng of this theory is its i nab!l i ty to descr 1 be 
plasma equilibria with a finite a, and equilibria with a current density 
that falls off rapidly towards the wall . In order to describe the latter 
type of equilibria we introduce a vacuum layer between the plasma and the 
wall and minimize the total magnetic energy subject to the plasma 
magnetic heli~ity and other constraints , necessary to let the occurring 
boundary terms in the principle vanish. 

The first variation, yielding the equilibrium states has been dealt 
with in Ref . (2]. In our paper we investigate the stability of the equi­
librium states with respect to m • 1 perturbations by means or minimiza­
tion or the second variation derived previously [3]. As in the case with­
out a vacuum layer the resulting stability criterion turns out to be 
identical to the one obtained with a resistive mode analysis. 

Calcula tion 

We consider a toroidal plasma column surrounded by a vacuum layer 
and a perfectly conducting wall with circular cross-section (radius b). 
In the variational principle, both the vector potentials and the position 
of the plasma edge are varied and acquire stationary values at minimum 
total magnetic energy of the configuration . Necessary constraints are the 
conservation of the toroidal fluxes in the plasma and in the vacuum 
region, the poloidal vacuum flux (the plasma-vacuum interface is ideal ly 
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conducting), t he magnetic helic l ty of the plasma and t he f l ux through t he 
hole of the tor us . The boundar y conditions for this model are the 
continui ty of the vector potent ial and of the magnetic pressure across 
the pl asma boundary , and the magnet ic field being tangential at the 
s urfaces of the plasma and the metal wall. Mi nimization of the general-

ized energy W • f (6 2 /2~0 - ~12~0 A·B)dt + f 6 2/2~0 dt for cylindrically 

symmet ric equili:ria with perturbations oB :cc . "' ei(m0+kz) and wi t h the 
perturbat ion oa of t he plasma radius r =a chosen in the radial direct ion, 
l eads t o a first variation given in Ref. [2] and to the following second 
variation [3]: 

~ 
~06 2W = t<Y.<oBpl 2 

- 2 6Ap·6Bp)dt+~Y,(oBvl 2dt+~ 2R(B 2 vz<al-Bpz(a)}(oa ) 2 • (1) 

We consider t he case wi t hout zero- order plasma sur face curren t , so that 
t he last term i n ( 1) vanishes . 

The per t urbation 6Bv i n the vacuum follows f rom V•oBv • 0 , V•o Bv = 0 : 

6Bvr - i iA,Im (krl + A2 Km(krll . 

6Bve = m/kr oBvz • m/kr IA , lm(kr) + A2 Km(krl l , 

wher e I m, Km denote t he modif i ed Bessel f unctions . oA t hen follows fr om 
oB • = v • oA. 

(2) 

The variations in the plasma being free , we have to minimize 62 W. I f 
we define the Rayleigh r atio 

f( Vxo A) •6Adt 
p 

f(Vxo A) 2dt+f(Vx6A) 2dt 
P V 

f(VxoA) · oAdt 
p 

(3) 

we have o2 W • Y,c 2 ( 1- ~RA) so that we have to find .!. , the maximum of RA• 
a 

and t he stability criterion becomes a l: A. Putting oRA • 0 we find the 
Euler equation in t he plasma: 

VxVx oA - aV•oA • 0 , ( 4 ) 

and a surface ccndition on the plasma boundary 

(5) 

I t can be shown that (5) is satisfied because of the conti nuity at r • a 
of t he f i rst order par t of 62

• 

The solution of ( 4) r eads: 

imaD . (( 2 _k 2 ) 1r, 
6Br = (a'- k'lr •m a r + _ _:io.:k:::D:___Jm ((a'-k'lr,rl ' 

( a 2 - k 2 )Y, 
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6Bz d DJm( wr ) , 

- ~ Jm(wr) + ~ J~(wr) + x' (r) ' w r aw 

6Ae 

6Az 

= ~m<wr)-QJm(wr)+im x(r) , 
aw r w r 

• Q Jm(wr)+ikx(r) , 
a 

(6) 

where a 2 -k 2 
::: w2 > 0 and x(r) is a potential function to be determined 

from the boundary conditions. For a 2 -k 2 <0 an analogous solution is found 
with modified Bessel functions. 

Application of the boundary conditions and the auxiliary condition 
6A = 6a•B0 , following from E+v•B • 0 as discussed in Ref . [2], l eads to 

b 
the expression for aO,m,k,Bm • a;>: 

mk aJ,Oa) 
[{J 0 (Aa)-~1 (4a)JJm(wa)- ~~(wa)]{I~(kb)K~(ka)-I~(ka)K~(kb)}-

-{~ Jm(wa)+~~ ( wa)){J0(Aa)+:a J 1 (Aa))!Im(ka)K~(kb)-I~(kb)Km(ka) ) • 0 . 

(7) 
The marginal form of Eq. (7) , where a is replaced by A, is also 

found from a resistive mode analysis ("6'-method" , see e.g. Ref. [4]). 
This stems from the fact that in the marginal state 6' + 0 the boundary 
conditions to be applied are the continuity of 6Br and B2 at the plasma 
edge and 6Br = 0 at the wall, conditions that are also fulfilled by the 
minimizing perturbations in the variational approach. Thus, it is 
satisfactory that the agreement between resistive mode analysis and 
Taylor' s variational principle, already present without a vacuum layer, 
still exists in the presence of such a layer. 
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Numer ical results 

Equation (7) has been evaluated numerically for m ~ 1. At fixed val-
b • 

ues of k and Bm - a the curves a(A) are determined, exemplified in Fig. 1, 

where A • Aa and X = aa. In view of t he stability criterion a ~ 1, it is 
seen t hat the marginal value of A is indicated by points where 
a(A)- branches i ntersect the line a " A. The value of A, thus found as a 
funct ion of ka at fixed Bm still shows a mi nimum as in the Taylor case 
<sm s 1) . For instance, for Bm- 4.0 , A reaches a minimum of 2.39 a t 
ka • 0 .~. At growing Bm the minimum in the curve A(k) shifts to lower k 
and to lower A, the latter effect expressing the destabilizing i~fluence 
of the vacuum layer. Details of the numerical results of this stability 
analysis , also in comparison with the ideal MHD predictions, will be 
given in forthcoming papers . 
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PLASMA CONFI NEMENT PROPERTIES IN REB-RI NG SPHERATOR 

S. Kubo , K. Harihar a, Y. Tomita, H. Matsu i , T. Tsuzuki and A. r·1ohri 

Institute of Plasma Physics , Nagoya Universi ty, Japan 

l . I NTROOUC Tl ON 
In t he experimental device SPAC VII, t he f iel d configurat ion like 

spherator is fo rmed by injecting a relativistic el ectron beam (RES) where 
the internal solid conduct or of spherator is repl aced by a slender REB ring 
(1,21. This configurat i on has a currentless region useable for plasma 
conf inement outside the REB current channel,i .e ., 'REB ring core '. 
Important features for plasma confinement: high magnet ic shear and deep 
magnetic well are both present in this currentless region . This attractive 
magneti c configuration had been checked in spherator or levi tron where the 
part icle diffus ion coef f icient was worse by a factor 6 than t hat predicted 
from t he classical theory in the temperature range Te < lOO eV l 31. 

To confi rm these good conf inement properties in REB ring core 
spherator, a multi-channel HCN laser interferometer with fa st time 
reso lu sion have been used to measure the temporal and spat ial electron 
density evolution. Here, pl asmas were addi tively supplied with a plasma 
gun to see detail s of parti cl e diff us i on for different parameter s such as 
q-value and poloi dal field. 

2. EXPERIMENTAL ~RRANGEMENT 
The toroidal device SPAC-VI I ( Fig. 1 ) has a vacuum chamber of the 

inner diameter of 166 cm and the maximum width of 42 cm. The toroidal 
magneti c field is generated by a current (500 kA maxi mum, 80 ms e-folding 
time) in a single center conductor. In order to proceed from RE S-ring 
formation to major rad ius compression of REB-ri ng, the time-varying axial 
magnetic fiel d is used . The REB injection is performed with the plasma 
anode met hod [l J, by the use of a MARX generator: PHOEBUS-III (90 kJ , ZMV, 
1. 5 ~s pulse wi dth) . To help the REB-ring formation £21, a resistive shel l 
of l ms skin ti me is instal led i nside the vacuum chamber. The core minor 
radius of the RES-ring i s inferred from t he spatial di stribution cf X-ray 
emissivity measured with a nine-channel X-ray col l imator system. The 
multi -channel HCN laser interferometer is composed of five sets of 
interferometric l ay arrangements and two HCN lasers of sl ight l y different 
wave l engths ( Fig. 2 ) . The main l aser beam is spl itted into 5 beams . 
Then, after mak ing each beam to pass doubly through the pl asma , the beam 
i s combined with another reference laser beam. These combi ned beams are 
rectifi ed with Shottky Barrier di ode mixers. The output beat si gnals are 
analized by TTL logic so that direct reading outputs can be obtained . 
Thus, fast time evolution of the density profi l e can be obtained easily with 
high rel iabil i ty . 
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3. EXPERI~IENTS 
In Fig .3 are shown typical time dependences of r ing current !Rand the 

line integrated electron density nel. At t =l.O ms, a coaxial plasma gun 
was fired to satisfy the plasma anode condition in front of the cathoderlJ. 
When an REB was injected at 2 ms, a toroidal REB ring of about 25 kA was 
formed within few microseconds and it continued for about 20 ms without 
further acceleration . Return current induced in the setup phase of ring 
produced a high density plasma which was immediately confined by the ring. 
Initially, the plasma density attained to about 2 x 1013 cm-3 at the central 
position and had a relatively broad spatial profile. This return current 
decayed fast and then the density profile settled to a certain one about 1 
msec after the REB injection, while the plasma density decayed s l owly with 
time. The REB core radius inferred from the spatial distribution of X-ray 
emission was about 6 cm at half maximum. This peaked current profile was 
held almost the same until the current terminated. Here, the REB ring core 
were formed and the currentless region for plasma confinement exten~s from 6 
to 12 cm. 

The REB itself hardly interacts with the neutral gas left unior.ized 
since the ionizati on cross section is so small in this REB energy range. 
The ionization time estimated with measured neutral density and beam 
parameter is a few tens of ms . The validity of this estimati on was 
ascertained from tne experiment that the electron density profile and its 
time evolution were hardly affected by adding neutral gas as much as that 
left unionized . Jn the other hand, the main electron loss mechanism except 
the diffusion may be t he recombination, but its characteristic time is so 
long ( of the order of sec ) that this effect on the loss is neglig ible in 
this case . Therefore, the global electron confinement ti me can be roughly 
estimated from the observed density decay time. Typical confinement time 
is about 2 ms. This value is worse by a factor 4 to 5 than that estimated 
from the classical theory. 

In such an experimental condition, both the source and the sink terms 
in the diffus ion equation can be neglected. Th i s simplifies the derivation 
of the diffusion coeff ic ient. In cylindrical coordinates the diffusion 
equation can be experessed as 

31 _ ...Ll( r 0 .l.!L ) = S = 0 
';>[ r br • or 

where, D. is the transverse diffusion coefficient . The diffusion 
coefficient can be expressed in terms of the quantities which are obtained 
from the observed density profile and its time evolution as 

D = ... 
1 n d , at r 

r ..l.lL 
a r 

assuming the axi-symmetry. Here, the raw data points on the radial 
density distribution at each time are smoothly connected with an appropriate 
fitting function and then it is Abel-inverted to get n(r,t). Examples of 
diffusion coefficients found in this manner are shown ir. Fig .4(a). The 
coefficient o. increases with radius . It is prominent that D. grows up 
outside the radius of nearly q=l. The diffusion coeffici ent estimated from 
the classical theory is in the order 103 cm2sec4 . 

It is important from t he view point of confinement to see the diffusion 
in higher q region . However, the derivati on of diffusion coefficient in 
such a region becomes difficult because of low 5/N ratio . To avoid this 
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difficul ty, a plasma gun set at the center conductor was fired 5 ms after 
REB injection ( t=7 ms )(Fig.5(a)). The plasma density was built up at the 
plasma periphery and decayed in about 2 ms. On the other hand, the 
increment of the visible light intensity decreased in about 0.5 ms and 
became the same level as that before the gun plasma injection (Fig.5(b)). 
This indicates that, once the injected plasma was cooled down, it was no 
longer an origin of plasma source. Whence the diffusion coefficient can be 
derived in the same manner as before the additive plasma injection. This 
method enables the more accurate derivation of the diffusion coefficient in 
the high q peripheral region . In Fig.S(c) are shown the Abel-inverted 
density profiles. The diffusion coefficient at high q region becomes 104 to 
105 cm2s-l(Fig.4(b)). There is a clear tendency that the diffusion 
increases steeply as q passes over 1. This dependence of o~ on q may be 
attributed to MHO-instabilities near the rational surface, 
micro-instabilities, or other diffusion mechanisms. The dependence study.of 
t he diffusion coefficient on Te and field parameters are now on going. 

4. CONCLUSION 
The plasma confinement properties in the REB ring core spherator have 

been studied with the HCN laser interferometer system havi ng fast time 
resolution power. The global particle confinement time is 2 ms which is 
worse by a factor 4 to 5 than that estimated from t he classical theory. The 
diffusion coefficients derived from the measurement in both cases without 
and with the addtional plasma injecti on are of an order 103 cm2 s-lfor q < 
and 105 cm2 s- l for q > 1. This diffusion coefficient have a strong 
dependence on the safety factor q. The dependence is roughly as D~oc qZ.. 
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Fig. J. Typical timeevolutions of IR' nel. 
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CONFINEMENT OF HEV IONS I N A DENSE PINCH* 

V. Nardi, C. H. Luo, C. Powell, J . Brzosko 
Stevens Institute of Technology , Hoboken, NJ 07030, USA 

A. Bortolotti , F. Hezzetti 
Universita di Ferrara , FE 44100, Italy 

Abstract Pinhole imaging from the i on emission of a deuterium plasma focus 
pinch shows a multiplicity of localized sources of ';3MeV iom (''hot spots"wit h 
linear dimensions not greater than the pinhole diameter lOO ~m) which are 
embedded in a diffuse source (the pinch image) of ~ 1 ~leV ions. The ion 
energy distribution in the pinch image is obtained with a space resolution 
better than SO ~m . Data from Thomson spectrometers with a 2 ns time resolu­
tion indicate t hat low energy ions (E < 1 HeV) are ejected ~ 100 ns earlier 
than the high energy ions (E > 1 HeV) . The observed characteristics of the 
D- D neutron emission [(i) spread o f neutron energy spectrum, (ii) neutron 
pulse duration, (iii) total neutron yield] are consistent with a novel 
mechanism of ion acceleration and ion confinement within local ized regions 
of smaller dimension than t hose considered in earlier workl. A method for 
increasing the neutron yield by increasing the volume of the "hot spo ts" 
has been tested with a positive r esul t : ~ 4 x 109 D-D neutrons/shot with 
a 6 kJ , 16 kV, 6 Torr D2 filling plasma focus discharge . This has been 
achieved with the insertion of sui t able field- distortion elements in the 
interelectrode region. 

1. Previous measurement s 1 have shown that t here is a strong correlation 
between the D-D neutron yield n in one shot of a plasma focus system (PF; 
5-10 kJ capaci t or bank at 14- 18 kV) and the maximum value E of the 
neutron energy En detected in the same shot. If we plot th~·~~erved n 
(measured by silver activation counter) in a series of 102- 103 shots as a 
f unc tion of the corresponding En,max we find that n is uniformly increasing 
with En,max [En~ (D/6<)2 m/2; 6< is the neutron time of flight on the 
distanceD~ 1846 cm from the PF source to the NE-102 scintillation detector] . 
We have additionally found t hat the intensity of the ion emission from the 
PF pinch at 0, 45", 90" is randomly changing from shot to shot without 
correlation wi t h n . The energy spectrum of the D+ emission in different 
directions is determined by (i) compact Thomson spectrometers2 and by (ii) 
pinhole images of the PF pinch with differential filtering of the ion 
emission. The nonuniform distribution of etched ion tracks on CR-39 targets 
forms a sharp- boundary image of the pinch and the typic~l parabolic pattern 
from defl ected ions in the Thomson spectrometer . The D emi ssion from the 
PF pinch in a high-yield shot with n ~ 3 n can have such a low intensity that 
no pinhole image is formed, and no appreciable amoun t of tracks is formed 
on CR- 39 targets of t he s pectrometer i n any direction; t he o• , 45" , 90" 
dir ections are usually monitored i n each shot ; n is the mean value of n on 
a typical series of ~ 100 shots in t he same conditions of fil l i ng pressure p, 
and capaci tor voltage V0 • On the other hand, also a shot with n ~ 0.5 n 
*Work supported in part by AFOSR (Washington , DC) , MPI (Roma , Italy) , 

ONR (Arlington , VA). 
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can produce a sharp image of the pinch on CR- 39 targets in any direction 
and a strong parabolic. pattern in a Thomson spectrometer. It is generally 
true for shots with n < n - few exceptions - that if we compare two shots 
(a,b, say) which have about the same total emission !N(Ei)dEi we f ind 
Na(Ei)> Nb(Ei) in the high-energy wing of the spectrum if na > nb• This 
is no longer the case in shots with n ~ 3-4 ft where N(Ei) is essentially 
undetectable by spectrometers and imaging systems. The increase of n with 
~ max and the decreasing ion emission N for increasing values of n > 3n 
inAica te _that the pinch self field and the related ion trapping is one of 

Fig . 1. Neutron yield n as a function of En,max (in MeV) from a series of 
120 shots. Each data point is obtained by grouping together the n, 
En ,ux (T0 f) values of all shots with the same En,maxt 6 fo· The 
vertical coordinate is the mean value ?1, and the vertical error bar 
is the standard deviation of each group of data . E

0 1
max is ob­

tained v ia the neutron time o f flight Tnf from the PF source to the 
scintillation detector at a distance 0""1486 cm. The scintillator/ 
photowltipl ier system was in satu6ation conditions for the neutron 
signal; Tnf • T0 1 + D/c, c "" 3xl01 ; T01 is the time bet ween the peak 
of t h e first x- ray pulse - photon energy > 1 MeV - and the t ime at 
which the neutron signal on the oscilloscope displa y reaches the con­
veniently chosen value of 1 Volt; the NE-102 detector is in a box 
with lead walls 6 cm thick (see Re£.3). The horizon tal error bar is 
deteni.ned from the time of flight error :!: 10 n s . 

Fig. 2. (a) Time l ag TL in the emission of D + ions a s a function of the ion 
energy Et f r om a Thomson spectrometer with nanosec time re1olution. 
The. 1 MeV ions are emitted about 100 n s after the 70 keV ions in the 
same pulse. (b) Photograph of the CR- 39 target (single shot) of the 
Thomson epectrome ter from which we have derived TL . The v e rtical 
coordinate gives the field induced displacement OB of the ions. 
The pinhole entrance o f the spectrometer has a dia. of 50 um 
(• diameter of the neutral particle spot in the low left corner of 
b). The period of the time dependent component of the electric 
field E - \ol'hich ic cuparpocad to a conccant componenc of a bout the 
same s trength - is ""' 17 nanosec . 

Fig. l ' 
Fig. 2 ' 

' 
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rta. 2. (b) All date reported in this p11per have been obtaine-d wJ th 
a ho1l ow cent e r el cctrode (anode} .. 
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the factors which control the magnitude of n . The other factor clearly con­
t rolling n is the rate of decay of the self- field which determines the ion­
accel erating inductive fields and the observed En, max· The long ion confine­
ment time inside the self- field- dominated plasma of the PF has been 
previously established also from (a) the production of 14 MeV neutrons via 
T-D secondary reactions in PF discharge with a pure D2 filling , and (b) 
from the contact print - from 2.4 MeV o+- ion tracks on a screened CR- 39 
target - of a plasmoid ejected from the PF pinch region4 , We have used a 
Thomson spectrometer with ~ 2 ns time r esolution for determining the rela­
tive time of emission of 0 . 1- 1 MeV D+ ions. A periodic electric field Er 
~ 2 kV/cm, per iod ~ 17 ns, has been applied to the pole pieces (8 kG) of the 
Thomson spectrometer described in Ref. 2. The relative time of the ion 
impact T(E1) on the CR- 39 target is determined by the phase difference of 
the Er f i eld . The time of flight from the PF source at the distance d0 
from the Thomson target (close to the pole pieces) is Tf(Ei) • do//(2 Ei/m). 
The difference in the time of emissi on ( time lag) for ions of energy Et and 
of energy E2 TL(Eil•Ei2) = T(Eil) - Tf(Eil) - [T(Ei2) - Tf(Ei2)] is 
reported i n Fig. 2 as functi on of the ion energy [the time origin in here 
arbitraril y chosen at T(Ei2 = 65 keV) = 0]. The high- energy components of 
the o+ ion beam at 3 Torr is detected from t he nucl ear activation of a Cu 
target at o• , 2.5 cm dia., 11 cm from the anode end ~63cu(d,2n) 63zn, half 
life T • 38 min, threshold Ei,th ~ 8 MeV; 65cu(d , p) 6 Cu T = 5.1 min, 8 
Ei,th ~ 5 MeV) in less than one shot every ten, with N(Ei ~ SMeV) ~ 10 • 
The corresponding fluence d2N/dEdw is only ~ 10 times higher t han the 
fluence measured with a high-resolut i on magnetic analyzer2 with an accept­
a nce angle dw (~7 . 8xlo-5) SO times smaller than the solid angle dw = 4xlo- 3 
sr intercepted by the Cu target . 

2 . The thickness of the current sheath in the interelectrode gap and the 
possibility that more than one current sheath may form in thePF breech 
region are dominant factors which contr ol n . We affect these factors with 
the insertion of field distortion elements (e.g. , a knife edge , ke) in the 
interelectrode gap . The best results have been obtained with a circular ke 
of length L • 7.5 mm inserted at the PF breech on the insul ator sleeve 
(the outer e l ectrode dia. is 10 cm, the center electrode dia. is 36 mm, the 
dia. of the pyrex insulator sleeve is 44 mm) . The ke has been tested by us­
ing two locations: (a) In contact with the pyrex surface or (b) by 
increasing the ke diameter , a t a distance d from the pyrex sur face, The 
lar ger diameter ke re.du<:(•S the emission of impurity ions from t he pyrex 
surface. This improves the performance of the PF (the misfirings are 
el i minated, see fig . 3) because the current density i's sharply peaked in a 
singl e sheath. The ke increases by a factor > 2 the volume of the hot spots . 
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EXTRAP AS A DYNAMIC SYSTEM 
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1. QUALITATIVE DISCUSSION 

The most obvious way t o build a magnetic f usion reacto r i s to drive a 
strong current a l ong a plasma co lumn . The associated poloidal magne tic fie ld 
induced by t h is curren t provi des then for the plasma confinement, heating 
and compression . The conf iguration based on t his i dea is cal l ed Z-pinch, 
whir.h was a main topic of fus i on r esearch during its early years in the f i f­
ties . Unfortunately, this scheme was found to be ext r emel y unstable. The 
suggestion that bounding a Z-pinch by a purel y transverse (withou t toroidal 
f i eld at all), octupole magnet i c field mi ght st r ongl y enhance the plasma 
stabili t y of a Z- pinch was put f orwa r d by Lehne r t in 1974 / 1/ . He sugges ted 
t o call this configuration EXTRAP. His idea was conf irmed by further experi ­
ments /2/ . Stable discharges were attained in linear EXTRAP configurations 
for around 50 ~sec, which corresponds t o around 50 Alfven transit t imes . 

We turn over to the qualitative discuss i on of EXTRAP configu ration as 
compa r ed to the c l assical Z-pinches . Both configu rat ions have the 0-point i n 
the magnetic field at the axis . Obviously the idea l MHD theory is incapable 
in treating it, because some assumpt ions invoked in this theory are notvalill 
there. This fact , however, does not prevent t he Z-pinch from being ~nstable. 
Bes ides, linea r EXTRAP is non-circular at the periphery and has four well 
l ocalized X-point s , determining t he for m of the separatrix . The sep£rat rix 
arises as a result of the pinch curr ent combi ned with the opposite ci rected 
octupol e field , generated by the pa rallel currents in the external conduc ­
tors . As shown in /3/ t he effect of the non-cir culari ty seems to be rat he r 
weak and does not prov i de for stabi lity . Kinetic effects might be impor tant 
in the cl ose vicinity of X- points , as discussed in /4/ . Howeve r in the pre­
sent s tudy we r e t ain th e fluid approach and suggest that X-points affect the 
energy outflow in a certain way accord ing to a plausib l e scaling , given be­
l ow. This assumption is very l ikely to be fulfilled in EXTRAP, beca~se of 
the h igh collisionality of EXTRAP plasma . The second important aspec t, pe­
culiar to t he EXTRAP configuration, i s t he enhanced rigidity of this confi­
guration, a r ising from current rods and the external magnetic field , gene­
rated by them. The excess of t he total magnetic field (Z-pinch field plus 
the octupole field) over the plasma pressure might be the main reason for 
the enhanced stability . The exte r nal magnetic fie l d , stored between the 
pinch plasma and rods prevent their direc t contact . Finally , unlike the 
classical Z-pinch equilib rium a rises where the magnet i c f i eld inc r eases wit h 
distance from the boundary of the pinch . He r e , we show how such equi l ibrium 
can be attained. The third important di f ference between linear EXTRAP and Z­
pinch is how a discharge is initia t ed and ramped-up du ring the build- up 
phase . The format ion of the discharge in EXTRAP starts at the 0-poir.t , whe r e 
both the pinch fiel d and the octupole field i s zero, and buil ds up radia lly 
ou twardl On the other hand i n the cl assical Z- pinch the initial breakdown 



373 

occurs at the outer surfaces and then the discharge builds up radial ly in­
wards . This experimenta l observation proves the fac t that the energy loss 
mechanism in EXTRAP i s drastical ly differen t from this in the conve ntional 
Z-pinch . As shown by us before /5/ in EXTRAP the ener gy loss is sma l l com­
pared to ohmic heat'ing in the initial phase of the dischar ge and in the 
s t eady state is determined by the scaling governed by the octupole f ield (see 
eqs. (6) , (7)) . Gi·,en the lack of experimental data on the peripheral plasma 
conf inement, in th e present study we sugges t a scaling for the net ene r gy 
loss with plasma density and temperature . It allows us, by using the self­
similar methods to solve the strongly non-linear system of equations . \Oe a lso 
briefly report some preliminary results on the stability of EXTRAP, consi­
dered as a strongl y non-linear dynamic system and conc lude with some specu­
lations abou t the stability properties of it, emphasizing that the dynamic 
prope rties might be r esponsible for enhanced stability of EXTRAP. Finally 
some practical suggestions a nd impl i cations of this theory for current and 
fo rthcoming experiments a r e described. 

2. TINE-DEPENDENT EQUILIBRIU~l I N A PINCH 

We cons ider all par ameters to be bo th time and spatial dependent. In this 
part of the study i n order to simp lify for the reader we list t he Haxwell and 
transport equations . Besides , we employ cylindrical coord inates a nd assume 
the system t o be cylindrically symme tric. 

Cons i dering transport equations, we ge t for the particle balance : 

'dn fdt +d(nrv) / rdr D 0 ( 1) 

The momentum balance reads i f viscous effects ar e neglected: 

nmdv/d t = - -;;r{Jr + jzB/c (2) 

In the present s tudy we consider only fast processes with a typical time 
sca le much shorter~ ~ 

'C -'< {l;res 'C Alf ) 1/¥ j J.. + J3 :: { (J) 

He re J. ,B and lr are numbers dependent on the type of the resistive insta­
bil ities , appearing in this configur a tion , their timescal e , however , is of 
the same orde r of magnitude . In other .-or ds we cons ider the case of the l a r ge 
magnetic Reynolds number , so t hat : 

dslii t + d( vB) / Jr::o 0 (4) 

Final ly the energy balance in the cyl i ndrical geometry r eads : 

3(ne + nildT /2dt + pd (rv)/ reh +d( rq)/ ch = Q (5) 

Integrat i ng Eq . (5) over the plasma cross - section and as suming that the 
plasma t empera t ure profile is almost f l at we got the equation : 

3NdT/dt + 4NTdR/Rdt =I 2 /rtR2fi-L (6) 

where R is the radius of the pinch and L i s the energy loss of a pinch. 

In EXTRAP L i s very small during the bui ld-up phase of the discharge , un­
til the pinch radiu s R reaches the s epa ratr ix. The ene r gy loss te rm L then 
drastically increases and t he expansion of the di scha rge is terminated . In 
the class i cal Z-pinc h just the oppos ite is valid . In the present study we 
consider Eq . (5), simplified as follows . The term Q sca l es as 

Q = nT/-r; (7) 

where 't: i s essentially the ene r gy confinement time of the octupole field . It 
is assumed to be a constant . The energy is assumed to be transpor t ed primari-
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ly by convect ion, owing to t he X- point s at the periphery. 

We are looking for the self- s imilar solu tions of Eqs. (1,2,4,5). The sel f 
s i mi l ar variab l e is chosen as x=r/R. The pinch radius is also a function of 
time, even during the flat-top phase of the discharge . The velocity of con­
vection i s taken as v=rdR/Rdt . Then all physical parameters of the probl em 
are functions of x and t and the factorization of Eqs. ( 1, 2,4,5) becomes 
poss ible. 

Solving Eqs . ( , 4) we obtain 

n = N0R- 2(tl fn(x) ; B s 0R- 1(t)f8 (x) (8) 

Factorizing also th e temperature T=T( t ) f T(x) and requiring that: 

()CfnfTftP< ~A1 xfn(x) (9) 

fs C)(fsxl/xClx = A2xfn(x) (10) 

we get from the momentum balance : 

( 11) 

where A1 and Az are arbitrary constants . It i s import ant to emphas ize that 
the number of equations (9, 10) is l ess than the number of profile funct i ons, 
therefore one of t hem i s arbitrary and may be chosen either from the experi­
ment or from some other constraints , for example from the condition of the 
increasing magne tic field at the peri phery and some other stab i lity consi­
dera tions . It is wor th noting that to fulfill this constraint f n (x) has to 
be non- zero at t he peri phery of t he discharge . 

Considering now the energy balance we get: 

T(t) ~ ToRo4/3R(t) -413(exp-t /~)2 /3 ( 12) 

Su bsLiLuLlng now Eq . (12) into Eq. (ll) we get the e quat ion describing 
strongly non- linear oscillations of the pinch boundary with damping : 

d'R/dt' ~ a bR-4 /J(exp-t/ ) 2/3_c /R (1 3) 

Equation ( 1)) was solved numericall y and the result is shown in Fig . 1. If 
~>> t , i . e. t he confinement time of t he octupole field is much longer than 
the pulse duration, these oscillations are almos t una ttenuated and the solu­
tion describes s trongly non- linear adiabatic oscillations . They are extremely 
s trong in ampli tude and the maximum and the minimum plasma temperature at a 
given observat ion point can easily va ry by factor 3-4. Thi s conc l usion seems 
consistent with the qualitative experimental observation made by Thomson 
scattering diagnost ics, where such drastic variations of the plasma t empera­
ture were observed. If ~ decr eases the oscillations are damped more effi­
ciently and the pinch collapsetafter a smal l number of t he oscill ation 
periods. However, the scaling of the energy losses will probably change as 
well and th e whole problem has to be reconsidered with some other scaling . 
Finally we emphasi ze that most of t he r esul ts obtained above are r athe r sen­
sitive to the f orm of the scal i ng of t he ene r gy loss . The phys ical picture 
might change drastically i f some other loss channel s are inserted ~nto the 
plasma. 

3 . STABILITY ANALYSIS 

Here we r eport some prel imina ry results on the stabil ity of EXTRAP confi­
guration taking into accoun t ou r previous r esults described in Sec . 2 . First 
of all, axisymmetric rods and their magnetic f i e ld a re "transparent" for per­
turbations , directed parallel to t hem , but t hey provi de a strong stabiliz ing 

i 
I 
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i nfluence on perturbat ions, perpendicular to the Z-axis. In order t o use thi s 
effect most efficien t l y the magnetic field pressure outside the current rods 
has to exceed the plasma pressure in the pinch, so that the B value is some­
what less than in the classical Z-pinch. On the other hand, the additional 
octupole magnetic fie ld provides an enhanced stability. 

Secondly, it is well known that the sausage instabi lity can be stabilized 
in the Z- pinch if the pressure profile fu l f ills the condition that the 
Kadomtsev term r dp/pdr has to be small. However, in the Z-pinch with a sharp 
boundary this term goes to infinity at the boundary and the equ ilibrium be­
comes gr ossly unstable . J .R. Drake anticipated that in EXTRAP the situation 
should be different and the Kadomtsev term is small at the peripher y . This 
assumption is consis tent with our model, where , owing t o the scaling chosen, 
density and temperatur e profiles turn out to fulfil! this condition, In other 
words we point out t he physical mechanism which migh t provide for the diffe­
rence between EXTRAP and t he classical Z-pi nch. Fu r t hermore we pr esent the 
perturbation analysis of the self s i milar pinch in the stationa ry equi l ib r ium, 
cons idering only t he simplest example of the axially symmetric mode with 
m=O . The growth rate of the fastest growing eigenfunctions, in units of the 
Alfven frequency, is plotted as a function of sausage wave number , normalized 
to the pinch radius in Fi g. 2. At short wave lengths the growth rate satura­
tes at 2tAlf- t, unlike the growth calculated from simplified models of the 
c l assical Z-pinch . On the other hand , most dangerous gl obal free boundary 
modes with long wavelengths get more stable with decreasing pinch radius. 
Owing t o the extreme steepness of the curve in Fig. 2 , the factor 40 or 50 
may be easily obtained if t he pinch radius i s decreased by a factor 3- 4. 

Therefore, cons idering the pinch radius R as a parameter and having the 
strongly non-linear oscillations of it in mind , the enhanced stability of 
EXTRAP might result from t hese oscillations. This analysis must be extended 
tu Lhe kink instai.Jility and also higher-order modes . Final l y it nhould be 
mentioned that the stability properties of the dynamic system might be dras­
tically different from the static system. Therefore to answer the question 
of stability of the dynamic system t he sophisticated stability analys i s, 
accordi ng to Lyapunov criterium has to be performed. 

4. PRACTICAL IMPLICATIONS 

At first we sugges t trying experimentally the new scheme. According to our 
calculat ions, this scheme will be favourable from the s t ability poin t of view 
and will also a llow the new machine, EXTRAP Tt, to run with longer pulses 
than is possibl e with the present transformer. The current in such a system 
can be induced by drivi ng the primary current with a certain pulse form in 
the conducting vacuum vessel outside the rods . 

The second conclusion from results described above, is that the physical 
processes taking pl ace in EXTRAP are functions of the energy loss mechanism 
and its scaling with the main plasma parameters. 

Atta i ned r esul t s seem to indicate : the positioning metallic s t ructures in 
the close vic inity of the pinch , such as vacuum vessel, sparkplugs for igni­
tion and so on will either devastate the stability properties of EXTRAP or 
dras tically increase t he requirement on the external toroidal f i eld. As it 
fol lows from the present study t he decrease of the current rise t ime leads to 
the same effect without det eriorating the octupole field confinement. In­
creasing the ene rgy losses at the periphery and destroying the confinement 
properties of the octupol e field may l ead t o the degeneration of EXTRAP into 
the classical Z-pinch. 
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INITIAL EXPERIMENT IN A COMPACT TOROID FORMED BY 
MAGNETIZED T-TUBE (+) 
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Middle East Technical University, Electrical and 
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INTRODUCTION 
In recent years, extensive investigations on the spheromak 

and the field reversed configuration have been carried out /1-
3/ . The spheromak con f i guration, in which a compact toroid 
plasma is confined by poloidal and internally generated tor­
oidal magnetic fields, ha s attr acted much interest because of 
its possible applicability to a f usion r eactor /4/ . 

In our previous s t udy, i n order to produce a compact tor­
aid by means of four magnetized T-tubes; a conceptual desi gn 
and expected results had been presented /5/. 

In this work, it has been demonstrated that a compact tor­
aid may be formed by a singl e magnetized T-tube. 

I n the foll owing paragraphs the explanation of the system 
and subsequently t he results obtained will be submitted and 
interpreted. 

SYSTEM DESCRIPTION 
The system generally consists of the T-tube having a ba se­

ball coil, the capacitor bank , the controlled spark-gap swi tch 
and the vacuum system. 

The base-ball coil has two functions . Firstly, a belt shap­
ed plasma current channel occured between vertical electrodes 
is pushed into the hor izontal leg of the T-tube by the back­
strap line. So it comes to existance of a mutual inductance 
between the part of t he plasma current channel (time varying 
and non-linear properties ) entered into horizontal l eg and the 
base-ball coil itself . In this case, the base-ball coi l termi-
nated by a load resistor only generates a magnetic field per­

pendicular to plasma ring. Consequently, reconnecting t he plas­
ma current l oop produced between the verti cal electrodes, it 
transforms into a shape similar to the conchoid of Nicomedes 
L-(X-a)2(X2+y2 ) = b2x2 and (r = b+aseca)7f unction. 

Secondly, this ring formed is pushea into the flux conser­
ver and then the compact toroid with a purely toroidal magne­
tic fiel d is produced inside the flux conserver. 

DIAGNOSTICS USED 
In this study generally those known diagnostic techniques 

used in the high-beta systems are taken into considera t ion. 
In this content, in or der to investigate the electrical 

characteristics; the diagnostics such as the voltage divider, 
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the Rogowski coil and operational integrator are utilized. Be­
sides pin-hole filter combined with the integrated photographic 
technique (with and without post fogging) is also applied. Only 
a base-ball coil is used as an external magnetic probe. 

The Tektronix 454-A oscilloscope and HP-1744/A storage os­
cilloscope with its own polaroid camera are the recording sys­
tems for transient waveforms. 

RESULTS OBTAINED 
By means of the calibrated Rogowski coil and the fast inte­

grator, the electrical characteristics have been investigated. 
In Fig. 1, the plasma loop current of the T-tube versus 

time is shown. In this figure, the time scale is l.o1us/div 
and the vertical axis Ip[(t) is 42.0 kA/div. 

On the oscillograms taken from loaded base-ball coil (see 
Fig. 1) pushing the plasma loop from T-tube towards the hori­
zontal leg can be observed. As a more detailed results in this 
figure; a comparison at the identical sweeping time, between 
the initial condition of the plasma loop current which is deter­
mined by the Rogowski coil and the signal taken from base-ball 
coil, have been i llustrated. 

According to this results, the drift velocity of the plasma 
6 -1 logp is about 5xl0 ems • When the base-ball coil is rotated 

90 ; as it is also shown in Fig.l, there exist no signal on it. 
So it is understood that the plasma current loop belt has a de­
finite position and it is possible to evaluate this MHD pro­
perty by the angular rotation of the base-ball coil. 

The plasma voltage on the T-tube have been measured by the 
voltage divider. In Fig.2, these results have been shown by the 
integrated signal and non-integrated plasma voltage waveforms. 

By the help of these two oscillograms and the relation of 
vp[(t)=-d/dtL-Lp[(t)Ip[(t)_7 (1) 

it is possible to evaluate the changing of the plasma inductan­
ce in time. 

On the other hand, calculating the logarithmic decrement 
found from the oscillogram, the approximate plasma electron 
temperatures have been determined . Combining the Spitzer's re­
sistivity formula by the expression of the LCR circuit's log­
arithmic decrement, for the electron temperature 

Te = L-(DTPA)/(6.5xlo-5cB[p[)_7 - 213 (keV) (2) 
may be written; where Tpis the period, A is the cross section 
of the plasma current loop (pinched and pushed), C(B) is the 
capacitance of the stor age bank, [(p[) is the length of the 
plasma loop and the logarithmic decrement is given by D=Log(e) 
z-v11v2_7. 

According to the experimental results the values of the 
electron temperature calculated by Eq. (2~, have been found 
between 5 .7 and 10.0 eV. 

The electron densities may be calculated by the current 
parameters of the plasma loop. So the electron density n (t) 
is given by / e 

ne(t) = L-(l.05xlo11Ip[(t)/AT; 2_7 (3) 
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where Ip[(t) is the plasma loop current and Te is the electron 
temperature in eV. Using the integrated photographs taken from 
the plasma loop, the thickness of plasma channel transfered in­
to horizontal leg may be found, Therefore the electron density 
may be approximately calculated from Eq. (3) since Ip[(t) and 
T are known. From the experimental results electron densities 
of 6x1o16 - lo17cm-3 have been determined. 

CONCLUSIONS 
Without using any complex and programmable magnetic fields, 

by using only a base-ball coil, self controlled magnetic fields 
on the mode of magnetic flux feed-back by the plasma ring have 
been produced in the duration of 10.0 - 15.01us. Thus the plas­
ma current loop pushed towards the horizontai leg of the T-tube 
have been transformed firstly t he conchoid of Nicomedes func­
tion and then r econnecting into o closed elliptical current 
ring. This is the main current r ing serving as the toroidal 
field of the compact toroid in oblate or prol ate shapes with 
respect to plasma injecting mode to the flux conserver. 

Although they change according to the experimental condi­
tions; the plasma voltage, t he plasma current, electron tempe­
rature, the electron density and the life t ime of the toroid 
are in the ranges of 5 - 8 kV , lOO - 150 kA, 5 - 10 eV, 
1016 - lo17cm-3 and l OO - 150;us respectively. Experiments 
have been carried out usi ng a back ground Ar gon filling gas in 
the pressure range of 50 - 550 mTorr. 

(+) This work was performed under a cooperative agreement 
between Turkish Atomic Energy Authority and I AEA Vienna , 
the Divisi on of Research and Laboratory , under Contract 
No.: 3823/RB. 
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A compact toroid formed by an alternative method and con­
fined by its sel f generated toroidal magnetic field is submit­
ted . Depending on the operating modes; an electron-plasma ring 
at high densities between 1015 and 5xlo16cm-3 , the temperatures 
in the range of 25 - 90 eV and life times about 5 - 6 ms with 
disruptive instability have been determined. Nevertheless for 
the critical values of the gas pressure between 60 - 65 mTorr, 
a stable operating regime has been obtained and life time of 
the toroid a t that condition is about 2 .5 - 3.5 ms. In addi­
tion , at the gas pressures between lOO - 150 mTorr; it is pos­
sible to obtain an ion-plasma ring with the densities of 
1015- lo16cm- 3, the ion temperatures of 3- 5 eV and life time 
of 2.5 ms. During the experiments, the back-ground filling gas 
of Helium has been used. 

INTRODUCTION 
In view of the recent rapid development of toroidal con­

finement systems towards a break-even plasma state, a serious 
question arises as to wheth er t h e present tokamak approach 
will indeed reach the final goal of a commercia lly feas i ble 
nuclear fusion react or . In this sense, the compact toroid re­
search /1/ is complemantary to tokamak research a nd will im­
prove t he understanding of pl asma physics in toroidal devices, 
as the overall optimization of the toroidal experimental ar­
rangements. 

Compact toroid magnetic fusion concepts /2/ a re those for 
which the confining magnetic field are de termined by currents 
flowing within the plasma itself and for which no material 
s t r uctures are required to link the torus. 

Concepts in this class, which includes sph er omak / ? -5/ and 
f i eld reversed configuration /6 - 7/, offer reactor advantages 
that result from simplifi ed geometries of the confinement cham­
ber. 

The fie ld-reversed confi guration is a prolate toroid formed 
with no toroidal field . The plasma within the separatrix is 
confined by closed poloidal field generated by internal tor­
oidal plasma current. 

The spheromak cofi guration has been successfully formed by 
three different type of production schemes of : i) the magne t -
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ized co-axial injector; ii ) the field reversed 9 pinch with 
canter column Z discharge and iii) electrodeless quasi-static 
scheme /3- 5/. 

In our previous study, in order t o produce a compact tor­
aid by means of four magnetized T-tubes; a conc~ptual design 
and expected results had been presented /8/ . 

In ~hi s work ; modifying above mentioned sys t em, four C- guns 
with 90 aparts have been l oca ted inside the octagonal float­
ing flux conserver of 40 litres, j ust like in the conventional 
T- tube by the influence of current in opposite direction on the 
back- strap which is settled down outside of the flux conserver, 
have been used to push the plasma rings towards the centre. 

Since the profile of this structure looks like to the 
C letter , we will call it as C-gun. 

By this purpose, the design and construction of a small 
scale sys t em having a storage energy of 2 kJ per C-gun has been 
completed. In this experimental set-up gener ally those known 
diagnost i c techniques used in conventional high-beta system are 
taken into consideration. 

Preliminary experiments have been done using a back-ground 
fill i ng gas of Helium with a pressur e range of 40 - 150 mTorr 
in a single C- gun. In this content t he main plasma parameters 
have been determined as follows: the electron densities be-
tween 1015 and 5xlo16cm-3 ; the electron temperature i n the range 
of 25 - 90 eV depending on the gas pressure; the life time of 
dense toroid generated f or 5 - 6 ms with the sawtooth pertur­
bation but i n the stable case in the range of 2 . 5 - 3.0 ms; 
the volume averaged total beta, 0. 15 - 0 .18 ; the form factor 
of elliptical shaped plasma b/a = 1.37; the ~afety fac tor q = 
0.6; poloidal current density 200 - 300 A/cm and l astly Troyon 
- Gruber constant of about 3 . 

If the results obtained are evaluated with respect t o a MHD 
theory /9/ developed recently and other studies / 10/ , then this 
system rea lized takes place in the categori es of ' High Beta 
Spherical Torus' or 'Spherical Pinch Tokamak ' . 

THE DEVICE 
By the main points, the experimental arrangement has an oc­

tagonal 40 litres f loating flux conserver which is the vacuum 
chamber at the same time. The back pressure i n the flux con-

- 6 server is 5xl0 Torr . Fou0 C- guns have been inserted around 
the flux conserver with 90 aparts. 

The system consists of 2 kJ capaci t or bank for each C-gun, 
the spark-gap switches controlled by self genera ted UV ring 
and other needed diagnostic measur ing equipments . 

The main diagnostic techniques used are: the Langmuir elec­
trical probes; the vol tage dividers ; the paramagnetic l oop in­
cluding a fast integrator ; t he magnetic probes ; the Rogowski 
and base-ball coils; the L-R fast operational integrators ; and 
visible light spectr um analyzer. 

Besides, the fast storage oscilloscope of HP-1744/A and t he 
other conventional fast oscilloscopes of HP-180/C and Tektronix 
454/A have been used during data recording . 
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RESULTS 
Preliminary experiments have been carried out by a single 

C-gun alone. Al though it depends on gas pressure, the operat­
ing period of C-gun is a bout 50 - 60;us. On the discharging 
circuit of t he C-gun, the crowbaring technique has not been 
used. The current passing through the C-gun is 85 - 120 kA and 
damped sinusoidal in shape. During this period, a toroidal 
field in the form of damped sinusoidal again has been observed. 

According to the oscillograms obtained from the high impe­
dance, current limited Langmuir electrical probe or in other 
words the variation of the plasma space potential in time, be­
tween 40 - 60 mTorr gas pressure, just at the ending of C-gun 
operation, an electron ring has occured immediately and after 
600 1us the microinstabilities due to the density fluctuations 
continuing 1 .0 or 2.0 ms have came into ahead. 

Following this phase, the density fluctuations have become 
more stable for 6.0 - 8.0 ms and in about 20 ms, the plasma 
space potential has approached to rest. 

On the other hand, the signals taken by a single turn para­
magnetic loop, have shown the toroidal field variations mod­
ulated by the sawtooth oscillations in the gas pressure range 
of 40 - 60 mTorr. Under this condition, the frequency of the 
sawtooth oscillations and the duration of toroidal field of 
electron ring were about 6.0 - 10.0 kHz and 5.0 - 6 .0 me respec­
tively. 

In order to find a correlation between the oscillograms 
belong to the different plasma parameters, the time base of 
recording oscilloscope has been synchronized by the light pulse 
of the photo transistor facing to the discharge. 

According to the results obtained, from the visible light 
spectral analysis, using different optical filters, in the 
first 100 - 250 1ue typically, the temperature of the electron 
ring has increased and evaluating the paramagnetic loop signals, 
it has understood that the electron temperature can rise up to 
90 eV. Besides, the evaluations made parallelly by the plasma 
space potentiale have indicated that the electron density can 
rise up to 5xlo16cm-3. 

At that time a fair l y high toroidal magnetic fields of 
about 15 - 25 kG have been formed. The poloidal current densi-
ties of 200- 250 A/cm2 , corresponding to 15 - 20 k-helical 
pitches encircling throughout the flux cons erver have been cal­
culated. 

An ion ring has produced instead of the electron ring when 
the gas press ure approaches to 100 mTorr or higher values. The 
l ifetime and the maximum temperature of this ion r ing are 2 .0-
3 . 0 me and 5.0 eV respectively . In the rather critical pressure 
limits of 65 - 75 mTorr, a stable and exponentially decreasing 
electron ring with a duration of 2 . 5 - 3.0 ms has been produced. 
The electron t emperature of this ring is approximately 25 - 30 
eV and the density varies betwe en 1015- 6xlo15cm- 3 . 
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CONCLUDING REMARKS 
The preliminary experimental findings obtained from a high 

beta spherical torus recently realized are being submitted. 
Although the C-gun resembles to the conventional T-tube, from 
t he view point of operational principles, the device submit­
ting in this study has an alternative arrangement. 

By means of the C-guns i nserted around the octagonal float­
ing flux conserver and background filling gas, they have been 
possible to produce the long life (2.5 - 6.0 ms) , dense 
(10l5_ 5xlo16cm-3 ) and hot (25 - 90 eV) electron and warm ion 
rings. 

The plasma rings have been confined by the influence ita 
self generated toroidal magnetic field and electric field gen­
erated in the flux conserver itself. 

The electron-plasma ring formation has determined the spec­
ifications of the aspect ratio and safety factor of the torus. 

The flux conserver may also be used as a cavity with some 
additions on it. Thus high frequency heating method may become 
applied. 

Besides, using some external poloidal field, it is possi ble 
to perform the ohmic heating mechanism. 

According t o t he experimental results obt a i ned , the strong 
paramagnetism has been observed and it has been understood that 
the turbul ent heating has become dominate in the toroid at this 
situation. Furthermore the MHD instabilities at the compact 
toroid has shown a pecularity of the classical tokamak plasmas . 

(+)Research is sponsored by IAEA Vienna, under contract No.: 
3823/Rl/RB with the Turkish Atomic Energy Authority. 
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RFP PHYSICS AND EXPECTED PERFO!UtANCE IN RFX 

V. Antoni, S. Martini , S . Ortolani 

Istituto Gas Ionizzati del C.N. R. - Associazione Euratom- CNR 
Via Gradenigo, 6/a - 35131 Padova (Italy) 

The RFP plasma magnetic confinement system consists of a current distri­
bution which is close to the theore tical force- free minimum energy state de­
scribed by 'J x B • iJB with 1J = 1J (J,/B) = const ( 1], which characterizes 
many magnetic configurations fougd in nature L-2-_7. In the laboratory since 
the confinement of plasma pressure is the goal and material walls are always 
in some contact with the plasma , the configurations depart somewhat from the 
theoretical ones , but a continuous process of relaxation acts to limit this 
deviation and to maintain the distribution against the resistive diffusion 
process. In this way a balance is achieved between diffusion and relaxation 
which , in present experiments, allows to confine plasmas with values of 6 of 
reactor interest obtained by ohmic heating only. 

~~-'!~~~~!i~!~..£<!~!~~ 
The RFP operates in a region of parameters space which, similarly to a 

tokamak, is bounrlerl in tPrms of plasma rhmsi ty ;lnci q v:~l11PS. ThrPP p:~r;~mP.tP.rs 

can be conveniently used to character i ze the RFP [3 7: I/N , 0a\J I/(2na< B.p>) 
and 0 = 1J aJ I 28 • a/Rq . The ratio of plasma cur-;,ent to line 

0 
density, 

0 0 Q 0 0 
I/N , is related to the tokamak Nurakami parameter nR/Br by the expression 
nR/BT= 107/(2nq • I/N) and describes both a high density limit, which can be 
interpreted in terms of a balance between ohmic heating and impurity radia­
tion losses , and a low density limit probably related to an excessive value 
of the streaming parameter. In general , although many pinches can easily ope­
rate at low density , it is clear that when operating close to the high densi­
ty limit lower impurities , higher 6 and longer confinement times are obtai­
ned ( 4 , 5) . 

- The pinch parameter 0 is related to the parameter I = I/a8 (MA , m, T) , 
of t en used to describe the tokamak 6 l imit, by the relat~on I • 50; for a 
RFP 0 is theoretically bounded between 1.2 and 1.56 (1 7. Thi~ upper limit 
would correspond to a total toroidal current limitati;n a-;, I< 3na < B.p > /1J0 

this limit is not precisely found in experiments and the total current can 
exceed this value by 30- 50% . However the central value of q , which is rela­
ted to the parameter 0

0 
as q = a/(R0 ) , is limited experimentally and 

theoretically [ 6] by resist~ve tlllD ~nstabilities as shown in fig. 1 where 
the region of operation of a RFP and, for comparison , of a tokamak is repre­
sented. The limit on q can be interpreted in terms of a current density 
limit as J S 38 /(\J af which is however less severe than in tokamaks . In 
fact the to~oidaY cu~rent density in the RFP can be typically 3R/(2a) times 
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larger than in a tokamak and , in addition, there is a poloidal current densi­
t y comparable to the toroidal one. 

In practice t he boundary for s tabil ity to external m= 1 modes (i.e. mo­
des resonant outside the toroidal field reversal surface) shown in fig. 1 i s 
not very significant since it corresponds to configurations with deeperfield 
reversal and lower qa values than t hose generally measured . Although the q 
and 'qa val ues for typical experimental mean field profiles lie in the stabl~ 
r egion of fig . 1, resistive diffusion increases 0

0 
by peaking the current 

distribution on the axis and tends to destabilize the configuration forcing 
it across t he unstable internal modes boundar y. These internal m= 1 modes 
(resonant inside the toroidal field reversal surface) are probably responsi­
ble for a current redistribution which restores the initial tearing mode sta­
ble configuration and so forth in a cyclic fashion. These period i cal oscil­
lations have been observed in experiments [ 6] and show a " sawtheet like" 
waveform similarly to tokamaks. 

In summary the density limits and the range of possible q values can 
be used to represent the RFP operation on a Hugill plot similatly t o a toka­
mak as shown in fig . 2 . The RFP operating region extends up t o values of 

1 I I qa I ~50 . 

~-~f~!~-~~-~£~[f~~~!~~~~~ 
Although not yet as c learly characterized as for the tokamak, a l imits 

are becoming apparent also for the RFP, both theroetically and experimental­
ly. 

According to MHO theory average a "-307. would be possible fo r ideal kink 
s tability and 6"'20% for tearing modes s tability [7 ]. R"sistive g-modes 
are probably the 6 limiting instabilities . These modes are characterized by 
high toroidal period i city ( n > 10) and their resonant surfaces accumulate 
near the reversal surface . Their ultima t e effect is to generate a largevolu­
me in the plasma where the field lines are stochastic leading to enhanced 
electron transport. I f relaxation is driven by resistive instabilities, both 
current driven (in the cen ter ) and pressure driven (in the outer r egion) , the 
resulting B limit can be seen, more than as an MHO B limit, as the outcome 
of compet ing processes of relaxa tion and transport against ohmic heating. In 
present experiments thi s balance results in 6"- 10%. 

The data f r om present experiments covers about one order of nagnitude 
for plasma current , densi ty, I/N and confinement time . Though linear current 
scaling of Te has often been quoted in the past , it is now clear both t heoreti­
cally and experimentally that the 6e or the Te dependence on I and I /N is 
the most suitable description of RPP confinement behaviour. A negative depen­
dence of Be on 1/N i s found on ETA-BETA II { 4 , 5]. Energy confinement ti­
me and consequentl y the Lawson parameter , nTE , also display a negative depen­
dence on I/N in ETA-BETA II, which is made st r onger than that of Se by a mo­
r~ t~an linear increase of the resistive anomal y facto r z:ff wit h I/N 
I 5 / . However if one compares the best results of each experiment and more­

-;,ve; uses the same models and definitions, ae ~ const ( "- 0. 1) emerges quite 
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clearly as a likely RFP scaling as shown in fig. 3 . At the same time, though 
compl ete control of the time behaviour of the density is s till diff icult on 
present experiments , it is proven that if Zeff is kept reasonably low it is 
possible to operate with low I / N. Th i s would al l ow to foresee a constant z:ff and an ene rgy confinement time scaling as I 312 or ntE"' I5 / 2 . 

As suming that stochas tic magnet i c fields c reated by resistive ~lliD tur­
bul ence determine the transport , two theoretical scalings have been sugge­
sted. For turbulence due to resist i ve g - modes the B is predicted to r emain 
constant , i.e. the temperature scales as T "- (I/ N) I (a 7. This scaling cor­
responds t o a variation of the fluctuation amplitude -as- b/B o: S -1/2 and 
i s consistent with experimental r esults . On the other hand, assuming t hat 
t earing modes are responsibl e for stochast icity leads to a scaling for T and 
B a s [9) : 6"-a-116 ( I/N) - 113 I-113 ; T"-a- 116 (I/N) 2/3 r 2/3 . This sca­
ling may not be r uled out on t he basis of the pr esen t experimental dat a and 
the corresponding curve is also shown in f ig . 3 . 

RFX 

Although the re are s till uncert a int ies in the exact parameters dependen­
ce of the heating and confinement of a RFP it is c l ear that t he plasma ohmic 
heating current must be increased substantiall y t o discr iminate between the 
various possible scalings . The main unresolved question in terms of physics 
is of course the nature of transport, whereas in terms of pa rameters it will 
be crucial whether or not 6 will remain constant as the current is increa­
sed. Various sets of plasma parameters expected in RFX are listed in table I 
according t o the different scalings discussed above. The value of 6tE which 
can be uf th~ urdec of 1 ms iu RFX is of paclicular interest . In fact the 

i gnition condition and the Lawson c riterion can be combioed to give 
n TE T ~ 3 • 1024 m- 3 s eV which can be written as 6 t s2 ~ 2.4 T2 s 

o o E o 
Assuming as technologically feasible a value of B

0 
< 7 T we find 

6 TE i: 5 • 10-2 s. Ifhoweveralimi ton B
0
/a (i.e . J) is set as B/a< 10T/m 

0 2 -2 2 0 
it follows that 6

0 
TEa ~ 2• 4 • 10 m ·s. 

!i~l~!:~'!q_~ 
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1. Introduction 

It has been observed in JET and other tokamaks that the limiters become 
contaminated by material from the walls (1) (2) and in JET they are the 
main source of impurities in the plasma, although for current plasma 
discharges in JET the metals do not contribute significantly to the energy 
balance in the plasma centre. The analysis of the metal concentration on 
the limiter of JET gives indication on the erosion and redeposition 
processes for all impurities. These analyses have been carried out after 
the various periods of operation in 1983, 198q and 1985 and have been 
described in detail elsewhere (3). The general features common to each 
period of operation are that the concentrations of metals have minima (-
3x1020atoms m- 2 ) near the centre and maxima (some 1021 atoms m-•) near the 
edges. However the detailed distr ibutions differ significantly for the 
three operating periods. In the present paper we discuss the possible 
mechanisms of contami nation and some of the possible explanations f or the 
observed s patial distributions. 

2. Limiter Contamination and Cleaning Processes 

The possible processes by whi ch metals from the wall may be transferred to 
the limiter are: (a) Glow di scharge cleaning (GDC). (b) Pulse discharge 
cleaning (PDC). (c) Disruptions or runaway electron interactions with the 
wall, leading to wall evaporation. (d) Arcing at the wall . (e) Charge 
exchange neutral sputtering of the wall. The contamination of the 
limiters by metals is clearly the integral effect or some or all or these• 
processes. We have experimental evidence that all of these processes have 
occurred during the period of interest on JET. 
Processes (a),(b) and (c) are expected to give a fairly uniform deposition 
flux onto the surface of the limiter. Process (c) may also result in 
discrete metal splashes and droplets on the limiter . Processes (d) and 
(e) would result in a deposition flux on the limiter peaked at the outside 
edge where material entering the scrape-off layer from the wall will be 
first ionized and swept along field lines onto the limiter. 
However, the spatial distributions are modified by subsequent exposure of 
the limiter to tokamak discharges. Because of the limiter geometry in JET 
atoms sputtered from the limiter s urface have a high probability of being 
ionized and entering the pl asma . When these impur ity ions subsequently 
diffuse out of the plasma they will be redeposited primari ly on the 
limiter. 
Direct experimental observations of impurity erosion from the limiter have 
been made spectroscopically. Early in the 1985 operating period one of 
the limiters was accidently contaminated by iron when a stainl ess steel 
probe was destroyed by a disruption. During the subsequent series of 
discharges the iron influx from this l imiter was initially very high , but 
progressively fell to a negligable value after about 1 week. Simi lar 
results have been s een more recently when nicke l and chromium deposited in 
discharges with r.f. heating have been removed in subsequent discharges 
without r.f . 
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3) Modelling or Erosion and Deposition Processes 

In t his section we examine in more detail the distri but i on of Ni on the 
limiter tiles from the 1983, 1984 and 1985 experimental period. Ni is 
chosen because it is the major wall ( inconel 600) consti t uent. We first 
discuss empi ri cal fits to the measured distributions and then propcse a 
s imple model which may explai n some or the observed erosion and deposition 
phenomena. 

Fig . 1 shows the Ni concentration per unit area of the limiter for the 
three limiter t i l es of interest plot ted as a function of the r adial 
distance into the scrape-off layer X = r - a and divided by cos a to take 
into account the geometry of the limi t er surface relative to the toroidal 
magnetic fi eld li nes . Where a is the angle between the s ur face normal and 
the toro ida l magnetic field. We ass ume that the impurity distribution on 
the limiter is due to erosion and deposition and that this is composed of 
three terms: 
(i) a unifor m layer of metal s C

0 
which represents the accumulat ed 

deposition due to glow and pulse di s charge cleaning and t o di s ruptions; 
( ii ) an erosion fluence Ce exp (-x/A ) cos a which represents the removal 
of metals from the limiter duri ng to~amak discharges ( iii) a redeposition 
fluence Cd exp (-x/Ad) cos a whi ch represent s the redeposition of metals 
from the plasma. Thus t he resulting concentr ation on the limiter surface 
is 

C(x) - C - Ce exp ( -x/ Ae) cos a • Cd exp (- x/A d ) cos a . [1] 
For simplicat?on we will assume that Ae = Ad and thus t he dif f erence Ce 
Cd represents t he net eros ion. 
Tne date f or the 1983 limiter is best f itted (figure 2) by C0 • 2 1022 

atoms m- 2 and C - Cd = 2. 08 1022 atoms m- 2 , le. there is an initial 
uniform deposition consistent with the extens ive glow clearing dur:ng this 
period of JET operations and a net erosion during subsequent tokamak 
discharges. It cont rast the 1984 l imiters is best fitted with a very 
small uniform deposi t, Co • 0 , and with net redeposition in tokamak 
d13Char·g~s, Cd- Ce • 1.07 10 ' 2 a t om3 m-' . The difference between the 1983 
and 1984 cases is not fully underst ood . Ther e may have been a lower 
r a tio of glow c l eaning per tokamak discharge in 1984 , particularly towards 
the end of the operati ng period resulting i n the i nitial contami na tion 
being completely ~edeposited . It may also be signi f icant that during this 
period of operation the limiter sur face temperature was raised t o around 
1500°C compared to $ 700°C during earl ier operation. A detailed surface 
analysis (4) s uggests that diffusion of Ni into the bulk of the li~ iter to 
a de pth of several ~m took place due to the higher s urface temperature. 
This would allow Ni to accumulate in the limiter at a depth where it would 
be protected against erosion but subsequently measured by t he PIXE 
a na lysis technique which measures to a depth of several ~m . Using the 
alternative technique of Rutherford bac kscattering wi th whi ch a surface 
layer of about 10~m can be analysed, the concentrat ions on t he actJal 
s urface have been found to have a distribution similar to that fou~d on 
the 1983 limiter . 

The 1985 data (figure 1) has a distri but ion s imilar to that for 1983 near 
to the centre , but i ncreases s harply at x - 20nm a nd i s much higher on the 
outer part of the l imi t er. The step coinc i des with the radi us of the 
leading edge of the car bo n shield s ur round i ng t he RF antenna which had 
been installed at the start of 1985. It seems r esonable that the carbon 
s hields which also act as limiters af fect the scrape off layer and reduce 
the net erosion on the outer part of t he limiter. 
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To examine these processes further we have developed a more detailed model 
of erosion and redposition in the scrape- off layer of a tokamak 
discharge. 

The model is presented in more detail elsewhere (5) and we only give here 
a brief summary . We assume that the Ni distribution on the limiter is 
eroded by sputtering due to deuterons, light impurities (carbon) and self 
sputtering during plasma discharges . We also assume that the eroded flux 
of Ni enters the confined plasma and is then redeposited on the liniter by 
diffusion perpendicular to the magnetic flux surfaces. We assume further 
that the sputtering coefficients are energy dependent and therefore 
decrease with increasing radial distance from the leading edge of the 
limiter. By using measured data for the relative particle fluxes, the 
relative coverage of the limiter surface with metal (described by the 
factor f in figure 3) the scrape-off layer decay lengths and the p:asma 
temperature at the limiter we get the erosion and deposition rates as 
indicated in fig. 3 . 

One result is that the limiter is split into an erosion and deposi:ion 
zone the formation of whi ch depends on the plasma boundary parameters . In 
our example this deposition zones is at x ~ 15mm for kT• 100eV . 

Another result is that erosion rates on the limiter surface are about 
1020 atoms/m'.s at x . 10mm . Thus an initial thin film surface coverage of 
10 21 atoms/m2 would be eroded off in 10s . This is consistent with 
spectroscopic observation of the rate of which a limiter appears to clean 
up following contamination . 

Erosion of droplets , however, which have been detected with diameter of up 
to 100 ~m on the limiter will take much longer to erode . They may 
represent a more persistent source of Ni. 

In view of this model we suggest that the surface concentration on the 
limiter does not ~each steady state, as long as processes are present 
which contaminate the limiter in its erosion zone. This may occur in 
processes as mentioned under (a)- (c) in section (2) . 

4) Conclusions 

A more detailed analysis of the metal distribution found on the JEf 
limiters fr om three different operational periods indicates that t~e final 
distribution is largely affected by erosion and deposition processes 
caused by the plasma . Contamination of the limiter surface is probably 
due to tokamak operational processes as GDC and PDC as well as transfer of 
metal from the walls to the limiter in disruptive discharges. For a 
complete description the results suggest that the limiter surface 
conditions (temperature) and the positioning of the limiter in the torus 
relative to other structures (r.r. antenna) have to be taken into account . 
A theoretical model describing the 1983 limiter erosion and deposition 
processes gives results whi ch are qualitatively in agreement with 
experimental observations during discharges. 
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SPECTROSCOPIC STUDY OF HIGH OENSITY PHENOMENA IN OITE 

N C Hawkes , J Allen, S J Fiel ding , J Hug i ll , PC Johnson, 
G M McCracken and N J Peacock 

Introduction 

Cul ham Laboratory Abingdon, Oxon, OX14 30B, UK 
(Euratom/UKAEA Fusion Assoc iation) 

As the hi gh density limit is approached in DITE , there frequently appear a 
range of phenomena whose common feature is the formation of a cool extenderl 
region in the boundary of the pl asma. These phenomena encompass : (1) 
strongly emitting, poloidal ly asymmetric regions positioned on t he midpl ane , 
at the innermost najor radius ( ' MARFE') and (2) the formation of a 
poloidal ly symmetric, weakly emitting layer sheathing a shrunken plasma 
column (' det ached' pla sma). Efforts ha ve heen made to produce these 
phenomena repeat ahly in order t o study their propert ies . The TFTR scheme, in 
which the plasma current is rerluced whilst simultaneously gas -puffing 
strongly , has been appli ed with some success , as has the simpl e application 
of a strong qas puff. Spectroscopic and holometric studies were nade of many 
of these di scha rges . 

Instruments 

The following inst ruments were used in the charac ter isation anrl measure1~ent 
of detached plasmas and MARFES, figure 1 i l lustrates their pos i tior around 
the t orus : 

A visible/quartz-uv monochromator spatia l ly scanned t he plasma in the 
vert i cal direction every 8 mS , vi a a rotating mi r ror. 

A radially viewi nq, non-scanning VUV, instrument coverinq the wavelength 
region 10- 170 nr1 (1] was used at the sal'le toroi dal posi t i on as the visibl e 
Instrument. Thi s was 1 at er replaced by another i nstrUI"ent covering the range 
30-170 nm (2]. Both instrul'lents were equipped with mul tichannel diode ar ray 
detectors . 

A CCO camera equipped with interference filters with passbands correspond ing 
to impurity lines in the visihle had a li ne of sight tangential to the major 
radius, intersect i ng the inner poloidal 1 imiter. 

A Langl'luir prohe on a reci procating dr ive 1,ade radial scans of the outer 
regions of the plasma once per di scharge. It scanned VP.rt i Cilll y from ahove 
the plasma to 4 on inside the 1 imiter radius . A ~ i·d l ar prohe made 
measurement s in the hori zonta 1 pl ane . 
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A 13 channel Bolometer camera gave a full spatial profile of total radiated 
power along a major radius. 

MARFEs are seen in DI TE in high current , high density discha rges , 
particularly in helium . They have been observed in deuterium but tend to be 
associated with detachment as mentioned bel ow. MARFEs are seen clearly on 
the bolometer (figure 2a) and the CCD limiter viewing camera. They are 
characterised by t he formation of a bright , radiating region centre~ on the 
median plane near the inner edge. The camera shows the poloidal extent of 
this regi on to be roughly± 45° . Observations of the VUV emiss i on along the 
major radius show an increase in radiation f rom low ion states (C ll , lll,O 
ll,lli , IV) when the MARFE appears . It is observed that different t ransitions 
of Cl!! increase by di fferent amounts and from these increases we infer a 
1 ower 1 imit temperature of 5 eV for the MAR FE. The effect of the MAR FE 
diminishes at high~r i on states (above Cl! ! and 0111) consis tent wi t h a upper 

limit temperature of 10 eV. The timescal e for MARFE growth is of the order 
of 100 ms - many times the energy conf inement time. The re is no evidence of 
any effect on impurity concentration in the centre of the plasma. The 
scanning vi s i bl e instrumen t and the halometer show less or no effect of the 
MARFE at the outer maj or radius. There has heen no attempt to quant ify the 
toroi dal symmetry of the MARFE , hut i ts effect on diagnostics at greatly 
differing toroidal posi t ions i s qu~l i t~tively t he same, suggesting t hat it is 
toroi dally symmetr ic. 

Detached Plasmas 

Deta ched pl asmas have been produced in low cu rrent (100 kA, q- 8) discharges 
near (above 70% ) the density limit by strong gas puff ing in both deuterium 
and helium. The bol ometer (figure 2b) and the CC() camera show a layer 3 cm 
wide around the ou:s ide of the discharge with very low radiation losses . 
Probe measurements indicate a fall in edge el ect ron temperature (from 10-1 2 
to 6- 8 eV) bu t only a small ri se in densi ty as detachment takes place. As 
the plasma density i s increased over a range that includes both attached and 
detached plasmas a reduction in high Z (i ron) and an increase in low Z 
(carbon) radiation i s obser ved . The re i s no sudden change in radiation at 
the onset of detachment, but a smooth var iati on with density , impl yi ng that 
the detachment i s no t responsible for any change in pl asma impurity content. 

Detached MARFES 

We have experimented wi t h the t echn ique used by the TFTR group ( 3) for 
producing detached pl asmas in deute rium. This was found to produce a f1ARFE, 
wh ich detached froo the inner limiter. The plasma never recovers poloidal 
symmet ry, the MARFE persisting to the disruption. This type of di scharge was 
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studied with the spatially scanning visible spectrometer which recorded 
emission profil es from many different ion states of oxygen and carbon. A 
simple 1-D transport model was used to describe the outer region of the 
plasma . In this model it is assumed that neutral particles enter the plasma 
~ti th thermal velocities, undergo ionisation and subsequent recombi nat i on and 
are transported by convection towards the plasma axis. Ionisation rates are 
gi ven by Bell [4] and recombinat i on rates by Summers [5] ; diffusion is not 
incl uded . The observed ion state radiation peaks are thus associated with 
different temperature regi ons in the plasma. The spatial profiles are then 
inter preted as shrinkage of the plasma temperature profile as shown i n figure 
3. Also shown on this figure are the largest possible radii for the q=2 and 
q=3 surfaces. As the density increases the temperature in the region outside 
the q=2 su rface decreases continuously. Th is implies a corresponding 
contraction of the current densi ty pro fi le and a reduction in the current 
fiowing in the outer region. The cold edge of the discharge approaches the 
q=2 su r face as the density rises t o the disruptive limit . 

Conclusi ons 

We have been able to produce detached discharges in OITE in deuterium and in 
helium. It ha s been found much eas ier to produce MARFES in heli um than in 
deuterium. Roth effects are features of high density plasmas (near the 
density limit). 

Oetached plasmas have a boundary tanperature of 6-8 eV within 2 cm of the 
limiter as compared to 10- 12 eV for an attached discharge . The density 
in this region in a detached discharge is only slightly (-20%) higher than in 
an attached discharge. A layer of cool plasma (less than 7-10 eV), whi ch can 
be several centimetre~ thick and with very low radiation sheaths the main 
plasma column . 

MARFES have a tanperature of bet1~een 5 and 10 eV. They are pal oidally 
asymmetric, usually appearing at the inner minor radius, nea r the rnidpl ane . 
MARFES and detach1qent seen to be independent phenomena, hut hoth being high 
density phenomena have been observed in the same discharge. 

There is no evidence of any effect of the MARFE or detachment on the cent ral 
concentrations of either light or metallic impurities. There is an 
underlying trend of light impurity radi ati on to increase with density and of 
metals to fall . 
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Introduction: 

Fachhochschule JUlich, 0-5170 JUlich, FRG 
INRS-ENERGIE, Varennes, Quebec, Canada 
JAERI, Tokai, Japan 

When ICRF power i s applied to tokamak plasmas one observes in general not 
only the intended plasma heating but in addition several uni ntended and 
undesired changes in plasma properties /1, 2/ . As one consequence of the 
rf-pulse a large amount of hydrogen gas is released from the walls or from 
the limiter and the plasma density is increased significantly. This is 
usu111ly 11Ccomp11nied by 11n influx of light 11nd heavy impurities, the type 
and magnitude of which depend on the experimental arrangements; frequently 
the plasma composition is changed considerably and current disruptions are 
triggered. It is suspected that the release of hydrogen and impurity 
fl uxes is not only connected with the heating of the p 1 asma core - as 
expected and predicted by theory /3/ - but also with a presently not fully 
understood transfer of rf-energy to particles in the plasma boundary and, 
may be, even directly to the wall • . 
By measuring the heat flux deposited at the l imiter and the fluxes and 
densities of all important particle species at interesting parts of the 
wall and limiter system, we have tried to localize the particle sources, 
to determine their strengths in dependence on the rf-power, and to iden­
tify the underlying physical mechanisms, as far as possible. 

Experimental arrangements: 
Experiments have been performed in TEXTOR with carbonized walls and gra­
phite limi ters /4/ at I =4BO kA, !;=2T and a plasma radius of r=46 cm. The 
parameters 1 ~f ~e ~hmi;?ally 1¥.at~ target plasma have been varied in the 
range 1·10 cm- s. ne,;;4.5•10 cm- and 0.5 keV~Te(0) ~ 1 keV. The impurity 
concentration was typically 3 ~ C, 1.5 ~ 0 and 10-3 ~ metals . With the 
ICRH system on TEXTOR up to 2.25 MW of rf-power could be coupled into the 
plasma with two all-metal antennas at r = 4B.5 cm which were also 
carbonized. The rf-heating experiments performed at 27 HHz, i.e. at the 
fundamental cyclotron resonance frequency of the minority ions (H) or 
2cuci (0) in a deuterium plasma with less than 1 ~ hydrogen /5/. With 2 MW 
of rf-power an i ncrease of ni!(O) up to 50 ~ and of T (0) up to 50 % was 
observed. For the investigat1on of the plasma edge eflects the fluxes of 
the 0-, 0- and C-atoms from the main limiter and of the 0-fluxes from the 



400 

antenna and from the wal l have been measured by emission spectroscopy /6/ . 
The fluxes from the ma in limiter and the antenna are measured in atoms per 
cm circumference /7/ . The line averaged electron densities have been 
determined at r = 0 and at r = 40 cm using the HCN i nterferometer /8/ . The 
radial profile of ne has been obtained near the edge (46cm-50cm) f rom the 
emission of a thermal Li - beam /9/ and far in the limiter shadow (;;>50 cm) 
by a movable double probe / 10, 11/. 

Particle fluxes and densities during ICRH: 
The tempera 1 behaviour of ne in the cent er and at r = 40 cm is shown in 
fig. 1. With the maximum rf-power of 1. 8 MW coupled into the plasma an in­
crease of ne(O) by a fact or of 1.3 and of ne (40 cm) by 1.7 is observed. 
At r = 46 cm and far in the limiter shadow this factor increased up to 
2.5-3.0, indicating a broadening of the density profile. A comparable in­
crease is measured for the 0-fluxes emitted from the main limiter (factor 
2.0), from the antenna (3.0) and from the wa ll (2.6) taking the mea n 
val ues during a sawtooth osci llat ion at 0.8 s and 1.2 s respectively 
(fig . 2) . The fluxes of 0 and C, measured at the ma in limiter, increased 
by a factor of 2.3 and 1.8, respectively (fig. 3). The dependence of these 
fluxes on the rf-power is shown in fig. 4. Only a slightly different ri se 
of 0 and C- fluxes was observed over the whol e power range. The ratio of C­
fluxes to D-fluxes from the main limiter as well as that of 0-fluxes from 
the limiter to D-f luxes from the wall is approximately independent of rf ­
power suggesting t hat the limiter is the main C-source and the wal l i s t he 
main 0-source. For the i nvestigated power range the D-and t he light 
impurity fluxes did not show a satu ration effect . In Fi g. 5 the relative 
change of the ne in t he center and at 40 cm is p 1 ot ted as a function of 
rf-power, showing that the profile broadens with increasing power. This 
broadening of the profile is demonstrated also by profiles (cf. fig. fi) 
derived from the Li -beam measurements. From the radial density profiles 
and from the D-fluxes a degradation of the pa rti cl e confi nement time can 
be deduced, which reaches nearly 50% at 2 MW. 

Discussion: 
Since the deuterium flux from the l imiter as well as the oxygen and carbon 
fluxes inc reases by about a factor of t wo, the plasma composition does not 
change signi f icantly . The plasma had an all carbon surrounding and as a 
consequence the meta l fluxes were only negl i gibl y small. In order to 
i nvest igate also the reaction t o be ex pected from a metal wal l , a 
stai nl ess steel plate was i nstalled at r = 52 . 5 cm with the surf ace almost 
parallel to the f ield 1 ines . The iron flux from thi s pl ate was measu red by 
laser induced fluorescence /12/. As shown in fig . 7 (see also fig. 4) the 
iron dens i ty i n front of t he plate increases by about a factor of ten. 
Si nce the signa l disappears , when the target is withdrawn to r = 55 cm, it 
is obvious that bombardment by ions and not by neutrals i s responsible for 
the sputtering. At kT = 5 eV, measured with probes near the wall, the 
sheath potential is below the threshold energy of 40 eV, and therefore the 
sputtering cannot be induced by a thermal pl asma. At _least a part of the 
ions mus\3have supra-t~erma l energies. In order

1
;o expla i n a

2
flux densi ty 

of 2 · 10 Fe atoms/cm s, a flux of about 1 • 10 D-atoms/cm s with ener­
gies of about 500 eV is suffici ent. Thi s wou ld be only 10 % of the 
measured flux of 1 • 1016 D-atoms/cm2s from the wall (cf. fig. 2). 
As shown in fi g. 8 the flux of D-atoms from the wall jumps to its f inal 
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Fig, 7: Temporal devel opment of t he 0-
fluxes from the main li miter and the 
Fe! density in front of a SS- target 
at 52.5cm i n a rf-heated plasma. 
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Fig . 8: Temporal response of t he n 
(40 cm) , the H/D wall fluxes and tRe 
0 VI intensity in the core plasma on 
rapi d changes in the ICRH-power, 

value within 1 ms af te r switching on the rf-power, while the flux at the 
limiter (not shown in fig. 8) and ne (40cm) increase on a much slower 
time scale (of the order Tp l· A possible explanation of these observati ons 
is that the D-flux as well as the Fe-fluxes are induced by fast ions. The 
short time constant, the bad sc reeni ng of the wall by the limi t er and the 
slow response of the limiter suggest that the fast ions are generated in 
the limiter shadow or that they have a high v,_/v, rat i o, Partic l e fluxes 
and densit ies at t he limiter radius increase both by a factor of about 
two. From this observation we conclude that the tempera tures Ti and Te at 
the edge are not significantly increased by the rf . Therefore the neat 
l oad at the limiter is expected to i ncrease only by a f actor of about two. 
This expectation is in contrast to the preliminary observation that the 
limiter l oad can increase by more than a f actor of six (2 MW rf ) compa red 
to the ohmic phase with the scrape-off layer thi ckness remaining constant , 
One explanation for this discrepancy would be the occurrence of large 
T il /T i 11 ratios. 
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BEHAVIOUR OF THE PLASMA BOUNDARY DURING ICRH IN JET 
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** Dept of Electro- Physics , Technical University of Denmark, Copenhagen 
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1. Introduction 

A knowledge of the properties of the plasma boundary layer and their 
changes during the application of RF powe r ls of general interes t. Measure­
ments of electron temperature and density are needed to understand the 
behaviour of impurities in the edge region. Radial profiles of elect r on 
density determine, ln addition to other parameters , the coupling resistance 
of the ICRH antennae. The energy flux is needed f or designing the limiters 
which are shaped to homogenize the radially dependent heat load . A very 
important par ameter for the proper design of a limiter is the e- folding 
length for the energy flux. The total flux is also needed to understand the 
confinement of particles and energy during ICRH heating and from the density 
profile the diffusion coefficient D1 in the boundary may be est i mated. 

2. Experimental 

The JET scrape-off layer has been studied with 2 sets of sing l e Langmuir 
probes mounted at two different poloidal and toroida l pos itions. 

360' 

L 

(i) A movable array of 4 probes (LPT in Fig . 1) introduced through a 
vertical port scans the boundary plasma near the top of the machine 
from the wall up to a minimum distance of 60 mm from the first 
closed flux surface defined by the limi t ers. 

(ii) An additional set of two probes located ln a 
of an ICRH antenna (LPl and LP2 in Fig. 1). 
monitor the plasma at distances of 15 mm and 
from the limite r sepa r atrix (magnetic ripple 

180' 

ANTENNA 0 - LPT 
I 

L L 6B L L L 

s lde protec t ion tile 
These two probes 
27 mm, r espectively , 
taken into account) . 

o· 

ANTENNA 
/ '-

20 2B 

0 - 8 0 [] 0 0 0 0 LP1·o [)] 
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Fig. 1 

B . 
I 5m 

Unfolded view of torus wall as seen from inside with 8 carbon 
limiters (L), 3 I CRH antennae (28, 2D , 68) and Langmuir pr obes (LPl , 
LP2, LPT). 
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Langmuir 1-V charac teristics (-
0.5 second intervals du rin& the 
a singl e characteristic (lJ . 

100 V < V < + 10 V) were take n at typically 
plasma-pu~se, with a r esolution of 50 ms for 

3. Results 

Host of t he r esults reported here have been obtained using the 2 
antenna pr obes. The I-V scans have been arranged to determine the boundary 
properties befor e , during a nd after each 2 to 5 s l ong RF Heating pulse . 

Fig . 2 shows the i on saturation current !sat • the electron density n , 
the electron temperature T , the edge density n and the deposited powe r ~d 
versus radius for a typical discharge {1 = 3.5e~1A, BT • 2.9 T, f nedl ~ 
(8 •• 10) x 1019 m- 2) in which up to 6 HW fcRH power was added to the 3 HW 
ohmic plasma . The density as calculated f r om !sat Rnd Te is obt ained by 
assuming T • Ti and the deposited power flux density is derived from 
yl T witfi y • 10 . 

sat e 
As a gener al observation all the parame t e rs increase at both probes as 

RF power is appl ied , with an exponential decay of the parameters toward the 
torus wall[ 3] . The particle f lux rises rapidly , with a time constant 
between 0 . 25 and 3 ms . The rise time in the RF power is • 0 . 25 ms . Rise 
times in Ha and Clll light have also been measured , and these a r e faster than 
the sampling rate , ( < 5 ms) . l<e find that the e- folding length for !sat 
increases from Alsat= 6 . 6 mm (for Ptot = P0 = 2 . 8 MW) to 10 . 2 mm at Ptot • 
8.3 MW (Fig. 2). 

The dens ity behaves similarly : A increases from 9 mm for the ohmic 
ne 

target pl~sma to 13 .2 mm at P = 8 . 3 MW . The temperature rises from an 
average of 30 eV in the ohmict31'scharge to 45 eV with RF heating , as recorded 
by probe LPl. The T radial profile also flattens . The hea t flux a t the 
fi rst probe rl ·~s frllm 1.3 x 106 W m- 2 for P

0 
= 2 .8 MW to 3 . 3 x 106 W m- 2 a t 

8 .3 N\1 total power. 
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are consistent with those measur ed 
with the top Langmuir probe 
array at similar dischar ge 
conditions if one takes into 
account that the field l i nes 
a re compressed by a facto r of 3 
(mid- plane compared to top) 
r 1-J l· 

The observed increase of 
all the e- folding lengths i s 
mo re pronounced for a 2 MA 
discharge than at higher plasma 
curren t s ( as demonstra ted fo r 
Aisat Jn Fig . 3). The curves 
appea r to steepen as more RF 
power is added tn the 
discha r ge . 

4 . Discussion and Conclusi ons 

Fig . 3 e-folding length for ion satur a t ion 
current versus total power for 3 
different target plasmas (D with 
5% 3He) . 

I t was found that electron 
density , temperatu~e and hence 
deposited powe r a l l increased 
during 1CRH . The relative 
in c ~ease l s highe r towards the 
wall - leading to a broade r 
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Fig. 4 Fluxes to the antenna limiters (at 
rs- r

0 
• 13 mm) versus Ptot" 

boundary plasma during I CRH. 
(The absolute increases at the 
radii of LPl and LP2 are 
similar . ) 

All parameters decay 
exponentiall y towards the torus 
wall. This is deduced from 
measurements taken between 15 
mm and 60 mm from the 
separatrix. However one has to 
be cautious when extrapolating 
the measured data towards the 
plasma edge (dashed lines in 
Fig. 2). 

The belt limi t ers for JET 
and the side protection tiles 
for the second generation I CRH 
antennae have been designed 
assuming a power flux e-folding 
length Ap • 10 mm. The 
measured values are in that 

range. However, the increase in Ap with power, taken in conjunction with 
the increases in !sat and Pd, imply that the total particle flow and the 
total power flux to the lim!ters increase strongly with RF power. The 
calculated fluxes to the antenna l imiters which are at r - r 0 = 13 mm are 
shown i n Fig. 4. About 3% of Ptot is incident on the antenna limite r s and up 
to 20% on the 8 carbon limiters. The increase of A and Pd in the boundary 
with heating puw~r i s a matter of some conce rn . P 

The short timescale over which the boundary parameters increase 
(0.25-3 ms) is also observed for the Clll and H radiation. (The line 
averaged plasma density also increases during reRH , but more slowly.) This 
i mplies that the plasma boundary is directly heated by the RF, the 
responsible mechanisms remain to be investigated. 

The observed increase in e-folding lengths sugges t s an increase of 
perpendicular transport (and/or inc r eased heating and/or ionisation i n the 
s.o .L. [3]) . 

The rise in electron dens ity with the associated flattening of the 
density profile shoul d result in little change in antennae coupling 
resistance - which indeed has been observed. 

References 

1. S K Er ents , J A Tagle , G M McCracken, P C Stangeby and L de Kock 
(Submitted to Nuclear Fusion). 

2 . P C Stangeby, S K Erents, J A Tagle, GM HcCr acken and L de Kock, 12th 
European Conference on Cont r olled Fusion and Plasma Physics (Budapest, 
Hungary, 2-6 September 1985) , Vol. 9F,Il,p 579 

3. S K Erents, J A Tagle, P C Stangeby, G H McCracken, T Huld and 
L de Kock, to be presented at Vllth Int. Conf. on Plasma- Surface 
Interactions in Controlled Fusion Devices (Princeton, May 1986) . 



407 

IMPURITY PRODUCTION DURING ICRF HEATING 

G. Janeschitz , G. Fussmann, J .-M. Noterdaeme, K. Steinmetz, A. Izvozchikovl, 
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Abstract: 

Max-Planck-Institut fur Plasmaphysik 
EURATOM Association , D-8046 Garching 

ICRF heating at 2ncH was investigated for a variety of different target 
plasmas and heating regimes. In all cases a significant increase of the 
radiated power, caused mainly by a higher iron concentration in the plasma , 
is observed. Neither the moderately improved particle confinement nor a 
reduction of impurity screening on account of changed plasma edge parameter s 
is responsible for the high radiation losses, but enhanced wall erosion is 
required to explain the experimental data. The impurity production mechan­
isms are not yet fully understood . Impurity sputtering by oxygen and carbon, 
however, could be experimentally excluded as possible production processes. 
In all experiments a clear anticorrelation between wave absorption and 
impurity production was observed . Moreover, we find that suprathermal ions 
are produced in the plasma edge region by the non-absorbed ICRF power . lt is 
assumed that these particles are responsible for the excessive impurity 
production. 

General statements and features 
ICRF heating at the second harmonic of hydrogen has been launched into 
different target plasmas (pure H, mixed H/D, and He; OH and NI preheaterl). 
The influence of wall carbonization has also been investigated /1/. As 
already outlined in /2/, in any case a significant increase of the impurity 
concentrat ion (Fe , Ti - non-carbonized; C, Ti - carbonized) in the plasma 
and a concomitant enhancement of the radiation losses are found. In the non 
carbonized case the radiation profiles measured by a bolometer array are 
peaked in the plasma centre, whereas with carbonized walls the plasma 
radiates mainly in the edge region. Though the volume-integrated radiation 
losses are comparable in both cases (-45 % of input power), high-power ICRH 
(up to the maxinum available level of 2.5 MW) can be launched into ohmic 
discharges only under carbonized conditions . Without carbonization the 
maximum ICRF power is limited to 1.5 MW owing to disruptions. In NI pre­
heated discharges no power limit is oberved and the radiation l osses are 
significantly reduced under both circumstances . 
These observations underline the importance of impurity radiation in the 
case of high- pover ICRF heating . An enhancement of the central impurity 
density can have various causes. We first checked the following possib­
ilities : 
- The impurity confinement in the core plasma is assessed from the decay of 

the TiXX line radiation after Ti injection by means of laser blow-off 
techniques into OH, ICRF, NI and combined NI/ICRF-heated plasmas. It is 

lAcademy of Sciences, Leningrad, USSR; 2CEN Grenoble , France; 
3present address: JET Joint Undertaking, England; 
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found that the corresponding impurity confinement times (Tr in the case of 
OH: 49 ms, NI: 19 ms, ICRH: 32 ms, NI+ ICRH: 33 ms) are increased by a 
factor of -1 . 5 when ICRH is added (PNI = PrcRH = 0.8 ~~). This marginal 
improvement of central confinement cannot explain on its own the enhance­
ment of the radiation losses . 
Larger changes of the plasma edge parameters, which could result in a 
deterioration of the screening eff iciency could not be substantiated by 
edge diagnostics . 
Consequently, enhanced wall erosion is required to explain our findings. 
The first hypothesis on impurity production mentioned in /3/ assumed that 
vertically drifting ions are accelerated in the resonance layer and 
release impurities at structural elements in the vicinity of the upper 
stagnation point. This hypothesis, however , had to be discarded on the 
basis of more extended investigations including spectroscopic Fe-flux 
measurements described below. In the following we pr esent new experimental 
results with respect to the impurity production mechanisms. 

Fe flux measurements 
A double mirror system , specially developed for poloidal scanning, was used 
to measure spectroscopically the Fe fluxes originating in the vicinity of 
the upper and lower s tagnation points, as well as from the inner wall 
(Fig . 1). The spectrometer used was a 1.5 m Cerny-Turner visible nonochroma­
tor equipped with an 0~~ diode-array camera providing a high resolution 
(1000 channels , A/dA = 6000). The evaluation of the spec tra is rendered 
difficult by blending of the weak Fe! lines with strong li~ht impurity 
lines . For evaluation we used the 3719.9 R and the 3734.9 X Fe! resonance 
lines. The system allows measurements during NI and combined NI + ICRF 
heating phases , but fails because of intensity problems during the OH phase . 
As ~een from Fig. I , no drastic increase of the Fel fluxes with t hP 
onoct of ICRH occur s 1n contras t to the strong enhancement of the Fe concen­
tra tion in the core plasma. Furthermore, in striking contradiction to the 
hypothesis mentioned in /3/ no up-down asymmetry in the fluxes is found 
(Fig . 1). 

Sputtering by impurities 
The possibility of sputtering by highly ionized light impurity ions, such as 
o+8 and c+6, which compa red with H+ and n+ have a much higher sputtering 
yield (-20% instead of -1 %for H+) , was checked by puffing oxygen and 
methane during the ICRH pulse. According to CX recombination/line intensity 
measurements of CV! and OVIII the concentrations of these light impurities 
were increased by a factor of 1.5. No change, however, of the Fe density 
(deduced from the FeXVI intensity) in the plasma could be seen. Self­
sputtering of iron as a dominating mechanism can also be excluded , since 
under these circunstances the Fe signals should increase exponentially 
during the ICRF pulse, whereas generally a stationary behaviour is seen . 

~H-heating in pure He plasmas 
ICRH at 2QcH was applied to a pure helium plasma (nH+fnHe++ $ 3 %) . In this 
case no heating could be established and a low power limit at 200 kW exists. 
The FeXVI line intensity, the total radiation l osses and the eletron density 
ri se steadily during the whole ICRF pulse. In accordance with this behaviour 
we observe a reduction of the Ha divertor radiation, which is representative 
of the power flow into the divertor. Puffing hydrogen during the ICRF pulse , 
in order to increase the~ concentration to nH+/nHe++ -10 r., result s in a 
moderate heating of the plasma and the power limit is shifted up to 500 kW . 
The radiation losses and the FeXVI line intensity become stationary and are 
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reduced by fac t ors of 2 and 4, res pec t ivel y, at the end of the ICRH period. 
In this case the Hn divertor i n tensi ty does not change when ICRH (200 kW) is 
applied, indicat ing a power flow into the divertor dur ing I CRH comparable t o 
the OH phase. A similar t ype of discharge heated by 500 kW ICRF is presented 
i n Fig. 2 . In this case we stop hydrogen blowing 200 ms prior to the end of 
the I CRF pulse . As is clearly demonstrated in Fig. 2, all radiation signals 
(FeXVI, bo lometer, soft X-ray) s tart to rise immediately after the end o f H2 
puffing. A similar increase is found in the H° CX-part icle flux at 10 keV 
or igina ting f r om the plasma edge (Fig. 2) . These par ticles are produced by 
the wave and can be assumed to be representative of the behaviour of the 
non-confined high ener gy ions . 
It is important to note that in contrast to the above- described relations no 
changes were observed when puffing deute rium instead of hydrogen int o pure 
He discharges . 

Br-scans 
In order to change the posit i on of the resonance l ayer of the 2QcH I CRF in 
the plasma, the t or oidal fie l d BT was vari ed in a sequence of dischar ges . In 
all these expe r iKent s a minimum of the radiation losses is found when the 
r esonance l ayer is located in the vicini t y of the plasma cen tre (Fig . 3) . 
Furthermore, the H° CX part icle flux at 17 keV shows the same tendency. On 
the other hand , the heating efficiency (lower inser t Fig. 3) is maximum for 
the opt i mum position of the resonance layer . These results also suppor t the 
interpretat ion deduced f r om the He experiments that the variation of impur­
ity density with the position of the resonance layer /3/ is caused by 
changes of the wave absor ption . 

Conclusions 
ICRF heating in He discharges revealed a cl ear anticorrelation between wave 
absorption and in.purity produc t ion . Consistently wit h these observa t i.on~=:: , WP. 

find strong i nd i ca tions that changes of the i mpurity densi ty as a function 
of the resonance layer position can a lso be explained by a varia tion of t he 
absorption conditions. Impurity s puttering as a possible process fo r en­
hanced wall erosion c ould be excluded by appropriate puffing exper iments . 
Spectroscopic Fe-flux measurements di d not yiel d strong poloidal asymmetri es 
in t he accessible range at the top and bottom divertor entrances and inner 
wall region. The observed Fe f l uxes r oughly co rrelate with the additional 
power input bu t no excessive increase is found in the case of I CRH. There­
f ore, it must be ass umed that the excessive wall er osion takes place either 
a t a closer di stance t o the antennae or at the oute r wall regions which 
could not be obser ved. From CX-flux measurements we learned that - part i cu­
larly in the case of bad I CRH absorption - high-energy ions (>5 keV) are 
produced in the pl asma boundary r egion . These pa r ticl es are ltkely to move 
on purely confined banana orbits and may hit the oute r torus wall a t grazing 
incidence. Under these cond itions enhanced s puttering is to be expected . 
This effect could possibly expla in the disc r epancy mentioned in /2/ , whe r e 
it was pointed out that wi th a maximum s puttering yield of 1 % (H0 - Fe) for 
normal incidence the necessary H0 / H+ f luxes cannot pe achieved under reason­
abl e a ssumptions . 
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Fi g. 3 : Various plasma parameters 
during ICRH : t otal radiation losses 
(bolome ter) , r e lative fluxes of fast 
pr otons at the plasma edge and plasma 
energy con tent as a function of the 
posit ion of the resonance layer (Br­
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l ation of imp uri t y pr oduct ion and hydrogen 
concentra tion in a He discharge during ICRF 
heating (2 flcH) . 
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PLASMA FLOW IN A COLLISIONAL PRESHEATH REGION 

R. Chodura 

Ma.x-Pianck-Institut fiir Plasmapbysik, EURATOM Assodation, 

D-804.6 Garcblng, Fed. Rep. Germany. 

ABSTRACT 

Plasma flow from a source to an absorbing wnll is studied in an 1-d kinetic pnrtide model 

with Fokker-Pianck collisions. The sheath forming in front of the wall in order to preserve 

amblpolar particle flow affects the beat flux in the upstream presbeath region. Flow profiles 

and electron velodty distributions In the presheatb are calculated for different collislonali­

ties. Electron beat flux for different mean-free-pa th lengths is compared with values from 

dassical Brnginskii heat conductivity. 

1. INTRODUCTION 

In motst Cu~:~iou devices the plasma edge is in c:ontact v ia magnetic field linP..A with a m aterial 

wall, e.g. limiter or divertor plate. Plasma diffusing outward from the core into or gener­

ated within this scrape-off zone flows predominantly a long field lines to the plate and is 

neutralized there. A schematic and simplified view of the scrape-off layer is a 1-d stationary 

flow between a plasma- and energy-creating source and an absorbing wall. The flow i~ de­

terinlned hy the properties of the source (which includes Interactions with the b ackg round 

neutral gas), by the transport properties of the plasma and by the absorption properties 

of the wall. If the source gen erates equal amounts of positive and n egative charges, the 

flow to the wall is SIIlbipolar. Since ions and electrons h ave different mobilities, BIIlbipo­

larity must b e maintained by an electrostatic sheath in front of the wall which reflects a ll 

incoming electrons wbltb energies lower than the potential drop to the wall. Thus, the 

electron distribution In the sheath is truncated: reflected electrons with energies higher 

than the potent ial difference to the wall are lacking. In a r egion upstream of the sheat h 

the untruncated electron distribution Is restored by collisions. This r egion is called the 

presheath. 

The sheath and presbeath regions have characteristic dimensions which are respectively 

much smaller and comparable to the mean-free path length of plasma particles. It is, 

therefore, necessary to treat these regions by a kinetic model includ ing collisions, i.e. by a 

Fokker-Pianck model [1, 2 ]. 
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2. MODEL 

The numerical model consists of an 1-d electrostatic particle code including velocity changes 

by collisions. The coefficients of dynamical friction (.C.uu)ap and diffusion ((.C.vu)'). 1, 

({.C.v.l.)').~t of a particle a are determined from the local moments of the distribution fp of the 

collision partners fJ under the assumption of nearly Maxwellian f p . The source is assumed to 

be well separated from the wall such that there is no particle and energy production within 

the presheath and sheath region. Electrons are generated with a linite tempera ture Tdl , 

ions as cold. Additionally, the p lane of the symmetry :z: = 0 within the source is treated as 

heat bath: all electrons passing through this plane leave it with a Maxwellian distribution 

of temperature T,0 , thus simulating electron h eat conduction from the core plasma. The 

wall at :z: = L is assumed to be totally particle absorbing. No magnetic field is taken into 

account, i.e. the magnetic field is either absent or perpendicular to the wall. 

Whereas the sheath has a thickness of only a few Debye lengths the presheath has an 

extension of the mean-free path of an electron with energy of about the sheath potential, 

which is for realistic cases by 3- 4 orders of magnitude larger. In order to treat sheath 

and presheath with the same model, the latter had to be reduced to a comparable size by 

artificially enlarging the collision rate. 

3. RESULTS 

Figure 1 shows profiles of particle flux 

r = 1 , ... v.d3 v, 

ion flow velocity V; = r / n; , where n; is the ion density, electron energy flux 

electron heat flux 

q, = m,/2 I f, (v - V,)2 (v. - v .. )d3u, 

and potential t/J. The space coordinate :t is normalized to >.o = >.o (no , T,o), the Debye length 

at no and Tdl where T.o is the temperature of electrons generated in the source and no = 

f0/u~eo with r 0 the total electron production per time of the source and v,,0 = (Tdl/m, )112
• Go 

is the ion sound speed at Tdl, Co = (T,o/m;) 112
• The collisionality of the flow is indicated by 

the mean-free p ath length >. for 90° deflection of an electron with energy 3/ 2T,o by collisions 

with other electrons of density n 0 and the same temperature. 

Electron flux f o crossing the sheath and being absorbed at the wall consumes more energy 

than that being transported convectively, i.e. 5T.,ro, 5 = 2 + e(t/J, - t/l ., )f T., as compared to 

5/2T.,r0 (index s and"' for sheath edge and wall respectively) . The additional energy flux 

demand must be transported conductively from the source, i.e. by heat flux q,. Far upstream 

from the wall q, is maintained by a twist in the elctron distribution due to the temperature 

gradient (Fig. 2n). Lea• than a relaxation length in front of the wall the electron distribution 
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becomes a Maxwdlian with a truncated upstream wing due to the Jack of the wall-absorbed 

electrons (Fig. 2b). This relaxation length is determined by the diffusion length AD;// of 

reflected electrons into the truncated tail of its velocity distribution, 

with l>u the diffusion interval, u; = 2•(</1, - </lw)/m" and ((l>uu)2
) the coefficient of parallel 

diffusion at ve = Ue. In case of Fig. 1, 

As shown in Fig. 3, the collisional heat flux q, is nearly independent of x. Figure 4 shows 

the collisionnl heat flux for different ratios of mean-free-path length A to system length 

L with n0 fixed. For comparison the same relation is plotted for the classical Braginskii 

h eat conductivity 1< = J<QT"12, 1<Q oc A I:!J. Under the assumption of spatially constant q, 

determined by the edge value q, = (6 - 2.s)r0 T,., 6 = 4.4, q, is given by 

I q, J11• ~.!:_ _ T112 
(6 - 2.5)ro + 2 "'o 9'- ' 0 · 

The Fokker-Pianck curve is shifted toward lower q, values indicating a heat flux limitation 

l<il at large mean-free-path lengths. 
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COHERENT PLASMA STRUCTURES IN THE UNSTABLE 
EDGE REGIONS OF A LINEAR QOADROPOLE 

R. Cherry and J.A. Elliott 

OKIST, P 0 Box 88, Manchester H60 lQD, OX 

The UMIST linear quadrupole (Phillips et al, 1978) operates as 
a steady state machine. The confining magnetic field is produced by 
two parallel conductors each of which carries the equivalent of 26000 
amp- turns, creating a maximum field of some 2000 Gauss just above the 
conductors. The fie ld null point lies on the separatrix, a figure 
of eight which encompasses both conductors and forms the division between 
the 'shared' and the 'private' flux (Fig .l ). 

Plasma from a duoplasmatron, is injected alon g the separatrix 
at one end of the device. The plasma expands, fills the ' shared ' and 
'private' flux regions and moves down to the end of the quadrupole 
whilst under the influence of various grad B and E/B drifts (Daly and 
Elliott, 1982). Plasma density and temperature vary with "/I (the 
radial flux coordinate which arises from the magnet ic field geometry) , 
the maximum density being 5 x 109 cm-1 with an e lectron temperature 
uf up to lSev (sec Fig.2). In term• of IIJ/T we calculated that the 
transition between the average stable magnetic field and the unfavourable 
c urvature occurs at 0. 34 , the so called 'critical surface'. We define 
a second coordinate 'z' which represents l ongitudina l displacements 
in the quadrupole. 

A number of fluctuations have been observed in the quadrupole, 
notably the ' shallow well flute mode ' and the 'drift mode '. Both of 
these have received extensive theoretical (Hastie and Taylor, 1971) 
and practica l (Carter et al, 1981 ) attention. 

One type of fluctuation which is very interesting, but difficult 
to interpret occurs at the edge of the confinement region of the device. 
These fluctuations (see Fig.3) have a 'spike' like structure a nd repre ­
sent a deviation from the local density of some 500%. The ' spikes ' 
have been observed to take a number of forms. They can display either 
a l eading or trailing skirt and seem to be able t o travel e ither towards 
o r away from the duoplasmatron with a speed of the order of 500 m/s. 
Their movement in ljJ /I appears to be almost . instantaneous, (i.e. 
) 105 m/s) if indeed they are moving in $/I: they may be extended struc­
tures in /I. Of all their properties, perhaps the most peculiar 
is that of thei r dependence on residua l gas levels. The ambient nitrogen 
partial pressure has been shown to be a critical factor in determining 
the form and appearance of the phenomenom. 

As a consequence of their position in the MHO-unstable region, 
the ' spikes' were initia lly believed to be the non-linear limit of 
the interchange mode. This conc l usion is attractive as it offers a 
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c omplete pictur e o f plasma escapi ng ac ross t h e magne t ic field i.e. 
the drift mode would pass on plasma t o the flute mode, wh ich in turn 
would pass it on to the inte r c hange (Rusbridge private communication.) 
However, c r oss- corre l a tions ( Bendat and Piersol , 1971) a nd bi s pect r a 
(Kim and Powe rs, 1979) between the variou s modes sugge s ts t hat on l y 
the flute and the d rift a re i nt imately r e l ated . Furthe rmore, e ven 
though the frequency of occurence of the 'spikes ' i s b roadly similar 
t o the ' flute' f requency, t here seems to be no phase relationship be tween 
t h e two. 

Models other than those which depend sole l y on t he inte r change instabil­
ity conce p ts have been propounded (e.g . the 'vacuum cleaner model ' 
(Willia mson, 1985) and it was ideas such as these which s uggested t hat 
an external source for the 'sp ikes ' was increasingly like l y. 

Further investigation closer to the duop l asmatron reveals tha t 
the ' spikes ' are in fact the result of the steepening of a r e la tively 
low frequency (300 Hz) oscil l a t ion . The pu ri ty of thi s osci l lation 
immediately suggests that i t is e l ect romagnetic in or1g1n, ar1s1ng 
in the pla sma source. The 'spikes' are then seen to be the resul t 
of a simple wave, the amplitude of whic h becomes l arge compared with 
the background pla sma onc e i t has moved i nt o the more tenuous regions, 
the steepen ing effect being the essent i a l non-linearity ( c .f. l ong 
waves on a s l opi ng beach) . We note at this point that al though the 
steepening effect is quite clear, the tempora l progression is such 
tha t t here is an apparent reversa l to tha t usually predicted (e.g . 
Chen). The 'spikes' h ave exhib ited l ead ing steepened edges a s well 
as the more common trailin g edge, although t h e type of ' spike' observed 
does no t appear to correla te with the appare nt direc tion of t he 
z-v e l ocit y. This may well have fa r reaching implica tions o n t he plasma 
flow in the ou t er r egions. We believe intuitively that the s t eepened 
e dge wi ll be the l ead ing edge in the plasma frame, and the apparent 
revers a l may then be caused by convection o f the p l asma past the station­
ary probe. 

Considering that the l ow frequency wave is propagating pe r pendicu l ar 
to B, ha s t h e ion-ac oust i c ve locity nea r the separa trix (a low fie l d 
r egion ) and seems able to ste epen, one is tempted to identify it as 
a magne t osonic (or compressive Alfven) wave. However, this i nterpreta­
tion is incons istent with that which is obse rved in t he outer reg ions 
whe re the magnecic fie ld i s comparatively l arge and the p lasma density 
sma ll . Under t hese co nditions t he magnetoacous tic wave (which i s a 
composite of the Alfven and acoustic wave) s hould assume the Alfven 
v e l ocity (ab out 107 m/s) in ' z '. In fact, as me nt ione d, we observ e 
a ve l oci t y of only some 500 m/s (which is the same order as the acoustic 
v e l ocity wit h the same plasma conditions but in the absence o f the 
magnet ic field). Furthermore the frequenc y of an Al fven wave in the 
qu adrupo l e i s of the order o f megaherz, many orders greate r than that 
of t he observed oscillation. 

The ve l ocity profile with ljJ /I of the ' spikes ' a nd the initial 
waveform is imprec i se , even to the extent of ambiguous direction of 
the 1 spikes 1 in 1 z 1

• We know that the wave is subject to very variable 
conditions. We observe l a r ge velocit y, magnetic field, tempera t ure 
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and density gradients in the quadrupole not forge tting the all i mportant 
turb lence causec by the drift wave and the , flute fluctuations. These 
conditions seem to combine, rendering the wavemotion complex even though 
the geometry of the system is comparatively simple. 

In conclusion, we have discussed the properties of highly structured 
fluctuations found in t he MHO unstable regions of a l inear quadrupo l e. 
These were previ ously thought to represent some form of t he interchange 
instability (Will iamson , Hewi tt, Daly et a l , 1985), but have been shown 
to be an independently generated waveform , extending through the shared 
flux and f inally reaching its nonlinear limit in the tenuous plasma 
in the edge of the device. These 'spikes ' may be a cont ributory loss 
mechanism i n these oute r edge regions, but it has yet to be determined 
whether or not they are signifcant when compared to other loss mechanisms 
operating . 
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DENSITY PROFILE FROM }!ICROWAVE REFLECTOHETRY AND CONFINEMENT PRO?ERTIES 

OF A LOWER HYBRID CURRENT DRIVE SUSTAINED TO~!AK DISCHARGE 

G. ICHTCHENKO - H. BOTTOLLIER- CURTET - M. GONICHE 
and the PETULA GPoup 

A.\.6oc<.ation EURATOM-CEA - VepaM:ement de 
Rec.hVLchu .6Uil la. FtU..ton Contl!.oUe 

CENG-85X - 38041 G~enoble Cedex (F~ance) 

Two millimeter wave reflectometers using the extraordinary mode of propasa­
tion , have been installed on Petula in order to investigate their potentia­
lities for application t o large r tokamaks / 1/ . 

By sweeping the frequency range 75-110 GHz , it was possible to measure the 
central par t of the density pr of ile. Both s ides of thi s profile ar e accessi­
ble to the measurement if the density does not exceed a ce rtain limit, which 
in our case is about 2.5 1013 cm- 3 on the axis. (The exact condit i on applies 
on the densit y gradient and requires that 

d(wp
2

) < w /R everywhere) (2) 
dR we 

The addition of a second reflectometer working in the range 60-90 GHz allo­
wed the determinat ion of the external part of the profile (R > 10 cm). 

The detector output results from the beat between a r eference wave and the 
wave reflected by a cut - off layer in the plasma. It exhibits a number of 
"fringes" which can be as large as lOO for each range of swept frequenc ies. 
The profile calculation is a step by step procedure using the frequency dif­
ference between two successive fringes. For a given frequency w, the locus 
of the possible reflection points on a diagram Ne(R) is determined by the 
cut-off condition : 

WP
2
• = 1 - ~ (Fig. 1) 

u1
2 w 

To start the calculation, it is necessary to determine f or the stcrting 
frequency the intersection of thi s locus with a density curve dete rmined 
with another method. The particula r case of a zero densi ty can be also con­
sidered, but a threshold density cer tainly exists , under which the evanes­
cence of the layer between the cut-off and the resonance is not l ar ge enough 
to ensure a proper reflection of the waves. It may be calculated by integra­
ting the r e fractive index between cut-off and r esonance . The result is in our · 
case of the order of 1011 cm- 2 .However, a movable multichannel grill i nterfe­
rometer gives us a profile of the scrape-off plasma which can be used in 
conjunction with the re flectorneter measurement s. 

The result ing profile is presented on Fig. 1 with and without L.H. current 
drive application. The peaking which is observed at a low central densi t y and 
for a moderate RF input power , is consistent with the obse rved increase o f the 
internal inductance. 

The effect of L.H. current drive application is particularly marked on the 
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scrape-off l ayer plasma , whose density can be decreased by more than an 
order of magnitude . 

It is generally observed that i n these condit i ons of moderate R.F. level , 
the scrape-off density has the same temporal and parametric dependence 
than the loop vo ltage, but when the input R. F. power is furthe r inc r eased, 
this effects saturates whi le the loop voltage continue to decrease (Fig . Z). 

If one cons iders that the drop of the s cr ape- off layer density corresponds 
to a steepening of the profile near the l imiter radius, and that this 
scrape- off plasma is due t o the compe t i t ion between the para lle l particle 
diffus i on and a transport of mass parallP.l t o the magnetic field , such a 
steepening can be due either to an enhauced transport along the magnet ic 
lines or to a r educed diffusion flux across the last closed magnetic s ur face 
just touching the limiter . 

Both mechanisms do probably exist, s ince Langmu ir pr obe measurements, made 
in comparab le experi mental conditions have shown that the electron t empera­
ture increased by about 20 % under RF application. Assuming that the parti­
cle dri f t towar ds the l imiter has the sound velocity , the hea ting of the 
elec trons can account on ly for 10 % i n the steepening of the density gra­
dient which then can be explained on ly by a reduction of about a factor of 
2 of t he particl e f l ux escaping the cent ral p l asma . 

Note that the total particle content of the plasma remains approximately 
constan t or slightly inc reases like does the to tal energy content , while 
the total i npu t power decreases under the shcrt-circuiting of the induced 
voltage . Simi lar observat i ons has been made a l so on Ve r sator /4/ and the 
improvement of the particle confienement a ttributed t o a s t abi l iza tion of 
the anomalous Doppl er ins tab ility. The ref lec t ometry me thod provides al so 
a mean t or s tudying the turbulence wi th an enhauced sensi tivity to a reflec­
tion zone . 

For this pu rpose a s ine-cos ine arrangement has been added on the 75- 110 GHz 
r eflectometer in order to determine unambigously the phase of the reflected 
wave when working at a fixed inci dent frequency . A fast Four ier transform 
procedu r e can be applied i n order t o determine a fl uc t uation s pec trum . 

Fig . 3 r epresent s t he recorded phase versus t i me i n a situati on where a 
m • 2 mode is crossed by the probing millimeter wave beam, and Fig . + a 
typical drift wave turbulence spectrum obtained by ave ragi ng 4 spectra 
recorded during 4 compa rab le shots . 
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DEUTERIUM AND IMPURITY FLUXES IN SCRAPE-OFF LAYER OF TOKAMAK 
STUDIED BY COLLECTING PROBES 

S.A.GRASHIN, Yu.A.SOKOLOV 
KURCHATOV I NSTITUTE OF ATOMI C ENERGY, MOSCOW, USSR 
V.H.ALIMOV, I.I.ARHIPOV , A.E . GORODETSKY, A.P. ZAKHAROV 
HISTITUTE OF PHYSICAL CHEMISTRY, MOSCOW, USSR 
G.A.'NARDAUSKAS 
INSTITUTE OF SEMICONDUCTORS , VILNUS, USSR 

Deuterium (hydrogen) and impurity fluxes in toroidal and 
poloidal directions and ions (~ and H) energy in the scrape-off 
layer (SOL) of TM- 4 and T-1 0 were defined by collecting probes 
method. 

Monocrystalline Si-probes fixed to a special holder were 
exposed without time resolution a t different radial positions 
for 1 shot on ~1 0 ( Fi g . 1) or for manyshots (from 5 to 500) on 
~~4 . Toroidal fluxes in e- and !-di recti ons were defined. 
Transversal f lux was defined as the flux on the poloidal side 
of the holder on T-1 0 (Fig .1.) and as the flux perpendicular 
to the chamber wall on TM-4. The main tokamak and plasma para-
meters are, TM-4 : R=53cm,r =10cm,rL=8,5cm, Il;1 5k0e , I =22- 25kA, 
Ne= 2- 3"1013cm-3, tpul=O, OJs . 
T-10: R=150cm,r .. 39, 5 cm,rL=26 ,5 cm, H; 25k0c, I·200kA , 1Je-=4x 
x1 013cm-3' tpul~O, Bs. 
TM-4 was operat ed with hydrogen, T-1 0 - wi th deuterium. 

The surface study of exposed probes was fulfi lled by the 
secondary ion mass-spectroscopy (SIMS) and by the reflected 
high energy electron difraction ( RHEED). snm allows to obtain 
the depth distribution of implanted hydrocen, deuterium , and 
impurity atoms. The implantation depth is FWHM of the profi les. 
Calibration for the absolute measurements of deuterium was done. 
A Sihffi-signal from the monol ayer of deuter ium absorbed on the 
surface of a reference probe under exposure fo mo~ecular deute­
rium at room temperature corresponds to 8 •1 0 4cm- • T!:e absolu­
te calibration for impurities was not done . The depth distr ibu­
tion of D, Li, C~atoms i n the probes exposed on T-10 f or three 
radial positions are i n Fig . 2. The r efrence signal is also e i ven 
there . Implantation depth and trapping vs. fluence predicted by 
the code /2/ wer e used for definition of the i ons ener gy. We 
also used data on ranges HPand Din Si f rom /1/. Implantat ion 
de pth varied from 4A to 22A in our experiment. 

RHEED was used for the determination of atom displacement 
amount in the lattice of Si-probe under plasma bombardment. 
Changing the angle e be tween the analysing electron beam and t he 
surface of Si-probe we scanned the probe in depth . The angle e 
at which the diffraction piclure from the non-disturbed lattice 
was r egistered , gave us t he number of amorphisied l a yerG n=n

0
6 , 

where n0:400,10-3~ 9~10- 1 /3/ . The number of a tom displace-
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ments i n the lattice F = 1·101?n cm- 2• In our case , from 20 to 
1 atomi c layers were ~orphisied. To produce an atom dj.splace­
ment in the lattice the implanted i on/atom must have the energy 
higher than the threshold ener gy Eth/4/. The threshol~ energy 
is different f or different kinds or i mplanted ions ; E•h = 150-
200eV for hydrogen, ~h =80-100eV for deuterium, E~~ = 25- JOeV 
for i mpur ity /Mo or F~- like/ . Having determined F , one can 
estimate the f lux of the incident ions/atons withdt~1e energy 
higher than the threshold one . 

The data on the energyof deuterium, E, on the amount of 
trapp .. d deute~iwn F and on the number of atom displacements 

i; th<> SOL 0-.p • rp_l,)6 are P-iven in Table. ' l!'n• 
N r , cm E, eV Fn 1016at/cm2 jFd 1 o 1 r1 cm-2 

i - side , e- ' 
p- i - , e- ,p- i-, e-' ,p-

I . 32 ' 1 40-100 J0-80 1-20 1 , 6 2 , 6 1 '1 J , O 2 , 0 1 ' 6 
II. 34 , 0 10-40 10-50 1-10 1 ' 6 1 ' 5 0 , 6 
III )6 ,4 10-20 10-20 1-1 0 1 ' 6 1 '2 0,25 1 ' 5 0 , 6 O,J 
The electron temperature T detennined at the same radii with 
Langmuir probes is chRngedefrom 2eV (r=J6 , 4cm) t o 10 eV (r=J2cm) 
Thus , the longitudinal energy of deuterium is a few times high­
er than T • 

On Tfl.:-4 the ene rgy of hydrogen ions, defined wi th the 
probes coll ected transversal flux at the wall radius , was E = 
=20-70 eV that is also a fevr t imes hie;her than T at the same 
:..·adius . The transversal hydrogen flux on TH-4 wa'§ 
<D= (1 - 2)·1016cm- 2s- 2 , that is in :1greement wi th the flux ob­
tained from t he particle balance . 

As the toroidal fluxes are much greater than the t ransver­
sal ones and due to the long pulse duration on T- 10 the probes 
have been saturated by deuterium even for 1 shot. In t hi s cas e , 
the amount of trapped. deuterium slightly depends on the fluence 
and one can only rouc;hly estimat e the toroidal flux value. These 
flu:x:es were independently defined with Langmuir probes: (/) = 

2 19 - 2 - 1 rf', 18 - 2 -1 . = . 10 cm s at r=J2cm , 'V = 2 ·1 0 cm s at r=J4cm , <j) = 
= J , 5· 1017cm- 2s- 1 at r=J6cm. 

The f l ux of ions wi th the energy higher than the threshold 
one is about 10- 2 of the total flu."r i ncident on the probe. This 
ratio is true for both toroidal and transversal fluxes . I n our 
case, the atom dj.splacements in the Si- lattice can be provided 
by the fast io:J.s/atoms with ener gy E~ 1 50-200eV, related t o the 
tail of ion distribution function. However , the same effect 
ca:r. be caused by the a toms of impurities ( Fe- like , !>to) for wi;ich 
the :;:;;.... is noticeably l ovrer. The transversal f lux of the Cr 1.ons 
on T!.~~ estima·~ed by their deposi tion on the probe, wa s about 
2 1014cm- 2s- 1 the.t coincides with the hi gh energ~· part of hydro­
~::en :flux . Thus , vre can ' t point out the mo.in reason of Si amor­
phisation and

1 
therefore, the main reason of the spl~tteril"..g . 
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An as~metry in Qestruction of the lattice on i - and e­
sides was clearly obael"'red on T- 10 and TU- 4. The number of 
diaplacementa on t -aide (T-1 0) a nd on e- aide (n'l-4) exceeded 
e._few times that one ~n the opposite a ides a t any radial posi­
t~on. It can be explaJ.ned by the en...l-J.anced. hydrog en flux, for 
example , due to the plasma. rota tion or by the el"..hanccd f lux of 
impurities from one side due to the l ocal source of such impu­
rity. An enhanced concentration of Cr on the i - side of tl:e 
probe (T- 10) is consis tent with the second v ersion. 

Conclusio:lS : 1 . The ion ener.e;y is of the order of 10-100eV 
and some t i mes hir,her than Te at the same radii in the SOL of 
T- 1 0 and TM-4 . 

2. The parti cl2 fluxes a re (1 - 2)-1o16cm- 2s - 1 and 101 7- 10~~-28-1 for t r ansversal and toroide.l direc tions correapondir..cl~· . 
3. The s tudy of the collectinc; probe s by R.l-illED ca•:e o.dcli tional 
esti mation of the f l ux •:li th the enerey higher tllan the thr eshold 
ene r gy. This flux is about 1 o- 2 of the total particle flux . How 
we can ' t say \7hich of the pl asma component (high enervJ part of 
D/H distri bution or hea-;~r impuri t i es ) pla:• the decis i ve :<·ole 
fn the displacement emergence and , therefore , is <.:he mai!1 source 
of the sputteri ng. 
4 . An assymetry in dis truction of t he la'.;tice of Si -pr obe were 
observed . It could be botr_ due to the plasma rotation a nd ";h e 
pre s ence of a local impuri ty source. 
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ERGODIC MAGNETIC LIMITER ON TEXTOR 

G.Fuchs, K.H.Oippel, B.Giesen, F.Schllngen, G.H.Wolf 
and the TEXTOR Team 

Institut fiir Plasmaphysik, Kernforschungsanlage JOiich GmbH, 
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INTRODUCTION 
"Ergodic magnetic Hmiters" have been proposed as an instrument to further reduce 
the particle confinement in the boundary, in particular to achieve some cooling 
effect, to enhance the fluxes into the pump limiter, and, perhaps, to obtain some 
impurity shielding. Generally speaking this method might help to approach the fa­
vorable regime of high recycling localized in the boundary under non-divertor con­
ditions I 1,2,3/. The proposed method is to destroy the containment by superimposing 
small radial magnetic fields (on the average a few 10· 3 of the main field) which are 
resonant along those field lines where the containment is to be broken. The over­
lapping of magnetic islands resulting from such fields leads to a stochastic field line 
pattern; the appearance in a Poincare plot is shown in fig.l. For some special cases 
Liapunov coefficients /4/ have been calculated to test the field for stochasticity. 
For experimental convenience the perturbation field coil system on TEXTOR is a 
compact and localized magnet, which excites a multitude of helical modes and thus 
allows to study both, effects in the plasma boundary and in the core. 

PERTURBATION FIELD COILS 
The perturbation field coil system mounted on TEXTOR (cf. fig.2) is a magnetic 
octupole, which is plugged into a rectangular porthole (80 cm x 65 cm) without 
breaking the vacuum. The four 16 turn coils are capable to carry 8 kA for 5 s. 
They are bolted together using distance slices to produce the desired gap width. The 
net force to the system is almost zero. The 250 kW power supply is controlled by a 
programmable function generator. The perturbation field and its Fourier coefficients 
have been calculated, the results have been published / 5,6/. 

EXPERIMENTAL RESULTS 
Experiments have been performed for plasma densities n=l...4xl013cm·3 (line aver­
aged), plasma currents 1=200 .. .480 kA and with a main field of 2 T. (for the machine 
parameters see /7 /) 
Plasma Boundary 
The most obvious effect in the plasma boundary is the appearance of a luminescent 
pattern being more clearly pronounced in the thick luminous layer which is usually 
found in high density discharges (cf. fig.3). Although the interpretation of the pic­
tures is impeded by the tangential viewing, the pattern strongly suggests the forma­
tion of magnetic islands. Similar patterns are also reported in / 8/, where they are 
explained as being due to excitation of the backstreaming neutrals by plasma 
streaming along the island rims. The regions between the x-points of the islands 
and the wall appear dark, most likely because the field lines there are connected on 
both sides to the wall over short distances. The interior of islands cutting the wall 
or a limiter is supposed to appear dark for the same reason. When the plasma cur­
rent is varied, we observe that islands move along the minor radius just as expected 
from field line tracing calculations. These "optical islands" persist even in those 
cases where strong perturbation fields have been applied and ~tochasticity is expec­
ted to exist. A structure in the boundary layer is also found from Langmuir probe 
measurements and from H "" and impurity (0 5+,cH) luminescence. Depending on 
machine settings and plasma position, the above mentioned signals increase or de 
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crease under the application of the perturbation fie ld. There is a general tendency 
for Haluminescence to increase and for impurity luminescence to decrease. 
Ergodization in the boundary layer has been used together with the pump limiter 
AL T - I. Again depending on specific discharge conditions, increases or decreases of 
the gas pressure in the pumping chamber have been observed. An example is given 
in fig.4, where an instantaneous rise of the gas flow into the pumping chamber is 
followed by a delayed but more pronounced increase; the latter can be attributed to 
a change of the density profiles and the particle confinement time. 
Plasma Core 
Not only for the boundary layer but also for the core plasma rather intriguing but 
yet no clear-cut results have been obtained at this early stage. Depend ing on dis­
charge conditions in a rather subtle way both deterioration and improvement of 
core confinement have been fo und. Discharges with high plasma densities 
(>3xl013cm-3) are less sens itive to confinement deterioration at a given level of the 
perturbation field than those of the low density regime. The most pronounced effect 
observed in the plasma core is a turnover to new discharge conditions which are 
characterized by a flattening of the density profiles in such a way that the total 
number of particles is reduced (factor<2) whereas the density in the boundary is 
increased. (cf. fig.5) Whether or not this turnover occurs depends on the plasma 
parameters and on the perturbance field strength. The dependence on the strength 
of the disturbance f ield is very sensitive: a variation of only 2% can lead to a 
changeover from one case to the other. The drastic change of the plasma conditions 
is delayed up to 0.3 s with respect to the application of the perturbation field . 
Occasionally, the plasma shows pronounced MHO-activity before the perturbation 
field is energized. In such cases the MHO oscillations are instantaneously stopped 
probably due to mode blocking; alternatively the onset of such modes has been 
observed during the ramp-down phase of the perturbation field (cf. fig.6 and /9/). 
During the turnover the density and current density profiles develop shoulders in 
the gradient region / 10/. This observation coincides with a shifting of the helical 
m=2 n=l mode signal derived from the Mirnov coils and indicates that a stationary 
m=2 n=l mode is established. (Note that fo r a broken symmetry there is an uncer­
tainty in the Abel inversion of the profiles.) 
In a few experiments perturbation fields have been also applied together with ICR 
heating at power levels of up to 2 MW at 1=480 kA. For the higher density regime 
investigated there, no negative effect of the perturbation f ield on global plasma 
confinement has been observed. 

CONCLUSIONS 
First "ergodic limiter" experiments on TEXTOR have shown, that the external per­
turbation f ields effect both, the boundary region and the core. In particular, pro­
nounced and stationary island structures in the boundary layer are observed. Inter­
nal MHO oscillations have been suppressed by rather low amplitudes of the magnetic 
perturbation f ield, an effect which may be desirable for extending the stability 
range of the plasma. In case that larger amplitudes of the perturbation field a re 
applied, however, the global confinement is negatively affected. These negative side 
-effects can be reduced or suppressed by a more elaborate a rrangement of the ex­
ternal magnetic field coils; in an y case larger devices permit a better separation 
between the desired perturbation of the plasma boundary and the undesired large 
amplitude perturbation of the plasma core. 
Both, boundary and core effects will be subject of further experiments on TEXTOR. 
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.Ei&...J. Poincare plot made for TEXTOR 

using the values R=l.75m, a=0.46m, 

lp•360kA, B =2T, IE=6.6kA and the 

ansatz t =0.3[ I-( 1-t 2) 3·3]/ t 2, t =r/a. 

The machine axis is to the right. 

fi&...1. Schematic of the perturbation 

field coils (total current up to 

128 kA turns) on TEXTOR. The coils 

can be tilted by ±I 5' towards the 

horizontal plane. 



.Ei..&......l Tangential view into TEXTOR 
with the perturbation field energized. 
The picture was taken before the onset 
of profile flattening. Discharge 
parameters as in fig. I. 

fll. flol'•l•t br 
A8H lft<ftnion 

• I I(N '"" "" ..,..,,., I!Jtf;t 

fi&......2 Plasma density profiles derived 
from the HCN interferometer measure­
ments for the same discharge as fig 4. 
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~ Effect of the perturbation 
field on pump limiter performance. 
lE is the perturbation coil current 
(90 kA at flat top). The upper solid 
line is the pressure in the pump 
limiter chamber, the lower solid 
line is the derived particle flux 
into the chamber. 

.Ei.&....§ Blocking and unblocking of 
MHO modes with m=2, n=l (different 
discharge for the left and right 
hand side of the figure). The two 
growing MHO oscillations to the right 
are separated by a minor disruption; 
they coincide with the pressure rises 
seen after turnoff of the pertur­
bation field in fig . 4. 
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1 . INTRODUCTION 
I n Alfven ~<ave heating calculations the antenna is usually modelled by 

a hel i cal curr ent sheet si tuated in a vacuum region surrounding t he p l asma. 
Actual antennas have radial feeds, and many plasmas have a significant den­
sity i n the scrape- off-layer around the antenna. We include both of these 
effects in a kineti c t heory anal ys i s using a cyl indr ica l pl asma model. 

Fourier decomposition of a typical ant enna curr ent configurat i on 
results in a helical current sheet plus a radial volume current. For given 
toroida l and pol oida l wavenumbers, the ratio of radial to toroidal antenna 
currents can be expressed as a f unction of a parameter~ . We eva luate t he 
dependence on ~ of the ant enna resistance, and the energy deposition p•·o­
file in the plasma, both with and without a low density plasma around the 
antenna . 

2. PLAS~1A AND ANTENNA MODELS 

n 

They 

The plasma parameters are typj~a l of the TORTUS tokamak. 

r 11 cm, r 12 cm, r = 14 cm, R = 44 cm 
t a w 0 

J' 0, Bcf> 0. 7 T, n. = 6 . 7 X 10' rad s - 1 
1 

2 X 1019 m-3 ' T 2T. 400 eV , H plasmas eo eo 10 

The fol lowing density and temperature di stributions arc consider ed . 
are parabolic for r < r ,, with an exponential tail. 

(i) Vacuum a round the antenna - the plasma ends at ri; 
neCr1)/ne0 = 0 . 05 . 

(ii) Plasma around the antenna - the plasma extends to rw 
(iii) St andard temperature profil e - the temperature ~<hen 

r > ri is about 20 eV. 
(i v) Anomalous temperature profile - the temperature in the 

region r > r 1 is very lo~< (chosen so that vci ~ w). 
This is an attempt to simulate possible anomalous 
absorption of ~;ave energy in t he edge pl asma. 

Disc rete antenna configurations can be Fourier decomposed into a sum 
of modes which have the form 

J o(r-r ) -.,.. i n a H(r)r e 11 

[ 

(~+~~) (m+H r ) ., i (m8+k z-wt) 

-mn a (!+~2)1 r (l+~2)l -

~<here kn = n/R0 , H(r) = 1, r a r S r., (othen;isc 0) and tan- 1 ~is the pi tch 
angl e of t he helical current in the discrete antenna. We consider cases 
with wavenumbers given by (m= -1, n = 2) and (m= -3, n = 2) . 
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The wavefields in the plasma and vacuum, generated by the antenna 
current , ar e calculated using kinetic theory 1

• 

The antenna impedance i s defined as 

Z - J E ·J* rdr mn -mn -mn 

3. DISCUSSION 

I n Figs . I and 2 the antenna resistance is plotted as a function of w 
for vari ous cases. The peaks in these diagrams cor respond to e igenmodes 
of the surface electrostatic ~<ave1 • 2 

• 
3 (SEW). 

The position-dependent po~<er deposition P(r) i s calculated from the 
divergence of the energy flux . In order to assess the edge heating it is 
appropriate t o consider the radial profile of the po~<er deposition/electron 
(Pn(r) = P(r)/ne(rl) . Figs. 3 and 4 sho~< pn vs r; the t op and bottom graphs 
are for w = 2. 5 x 107 and w = 4 .5 x 107 respectively . 

We make the following observations: 

(i) When t he antenna i s in vacuum then , for any specified wavelllode 
(m,n) , the amplitude (but not the shape) of the energy deposi­
t ion profile depends on the orientation of the antenna (~). 

(ii) When the antenna is surrounded by plasma the energy deposition 
profi l e depends slightly on ~. especially when r 0 ~ r 1 . 

( i ii) Incorporating an anomalously high res i stivit y in the edge plasma 
damps out the SEll' eigenmodes , and leads t o a large energy 
deposition in the edge plasma when r 0 ~ r 1 . 

(iv) The percentage energy deposition near the antenna i ncreases with 
increasing lm l . Therefore, discr ete antennas whi ch have a small 
poloidal extent (and therefore have Fourier modes with large lml 
values) mar give large edge heating , as ouggested uy Borg et al. ' 
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