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Preface 

The 15th European Conference on Controlled Fusion and Pl asma Heating was organized by the 
Boris Kidric Institu te of Nuclea r Sciences, Belgrade, Yugoslav ia , on behalf of the Plasma Physics 
Division of the European Physica l Society (EPS). It was held in Cavtat, near Dubrovnik, from 

16 to 22 May 1988. 

The 15th Conference co ncentrates on experimental and theoretical aspects of Plasma Confine­
ment and Plasma Heating. The programme, format and schedule of the meeting was determined 
by the In ternational Programme Committee, whi ch was appoin ted by t he Pl asma Phys ics 
Division Board of the EPS. The Programme Committee selected 19 invited and 24 ora l con­
tributed papers. 

This vol ume contains a ll accepted contributed papers received in due time by the Organizers . 
It is publ ished in the Europhysics Conference Abstracts Series and it follows the rules for 
publication of the EPS. The 4- page extended abstracts were reproduced photographically using 
the camera ready manuscripts su bmitted by the authors who are therefo re responsible for the 
quali ty of the presentation. Post-dead line papers are not inc luded in t hi s volume . 

All invited papers wi ll be published in a special issue of the journal "Plasma Physics and G.9.t;l­
trolled Fusio n". This journal may also publish rapidly an extended version of contritiu'ted 

I 
papers, following an accelerated refereeing procedure. 

The Organizers would like to acknowledge the support of t he Serbian Science Research Council 
and the tec hnical assistance of the Publ ishi ng Departme nt of the Boris Kidr ic Inst itute of 
Nuclear Sciences. The Conference has been organized under the general sponsorship of the 
Union of Yugoslav Societies of Mathematici ans , Physicists and Astronomers, member of EPS. 
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ELECTRON CYCLOTRON HEATING (ECH) OF THE CURRENTLESS AND 
"TARGET" CURRENT PLASMAS BY AN ORDINARY WAVE IN THE L-2 
STELLARATOR 

E.D.Andryukhina, D.K.Akulina, G.M.Batanov, M.S.Berezhetskii, 
G.s.Voronov, N.P.Donskaya, K.S.Dyabilin, L.V.Kolik, 
L.M.Kovrizhnykh, N.F.Larionova, K.M.Likin, A.I.Meshcheryakov, 
A.E.Petrov, S.N.Popov, V.I.Roshchin, A.V.Sapozhnikov, 
K.A.Sarksyan, N.N.Skvortsova, I.S.Sbitnikova, O.I.Fedyanin, 
Yu.V.Khol'nov, M.G.Shats, I.S.Spigel' 

General Physics Institute, Academy of Sciences of the USSR 
117942 Moscow, Vavilov street, 38. USSR 

During the last time the experiments on ECH ( ECR at 
the fundamental harmonic of the electron gyrofrequency 
WOD G)H€ ) of plasma by an ordinary wave have been carried 
out in the L-2 stellarator [1J (R. 100 cm, a = 11.5 cm, 
I • 2, m = 14 ). P 

The results of ECH of "target" current plasma by an 
ordinary wave were published in [2] • In the present report 
the main results of experiments on ECR production and heat­
ing of currentless plasma by an ordinary wave in the L-2 
stellarator are given. The comparison with ECH current 
plasma is carried out . 

The Gau8sian microwave beam parameters and conditions 
of the beam launching in the vacuum vessel from the low 
field side were the same as in [2J • Wave power was injected 
in L-2 Po = 100 kW in one experimental series and in the 
other series the power reached Po D 160~180 kW. 

At first let us consider the results of currentless 
plasma production and heating at Po = 100 kW which is the 
same as in [2J • 

In Fig.1 temporal evolutions of the main plasma para­
meters is shown: the average densitYD ( 4 mm interferometer), 
the central electron temperature Te(O)e( laser Thomson scat­
tering ), plasma energy content W (diamagnetic measure­
ments ) and the radiation power P ad (piroelectric detector). 
Prom the dependence on ne (t ) (see Fig.1 b ) it follows 
that after the gas ( hydrogen ) breakdown and plasma buildup 
the density is nearly constant during the heating pulse and 
it is equal to ne~ 7.5 1012cm-3• The electron temperature 
Te(O) and plasma energy W grow with time ( see Fig.1d,c). 

The maximum values of Te(O) and W achieved at the end 
of the heating pulse are accordingly equal Te(0)=0.8~1.0keV, 
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W'" 180+200 J. 
The ion temperature Ti is measured by the neutral par-

ticle anelyser.The rate of ion heating changes in time, for 
the first 0.5 ms faet collisionless heating up to 50 eV 
occur, then the rate d~creaees so that at the end of the 
pulee Ti~ 80 eV. The ion distribution is nonmaxwellian only 
during the first 1-2 me of the heating pulse. At the same 
time the burst of the density fluctuation intensity at fre­
quences close to ion cyclotron and lower-hybrid ie observed 
DJ· ~ The energy confinement time vE defined by diamagnetic 

measurements at the time of the switching-off the heating 
pulse is equal to ~E =} ms. The value of the absorption 
power calculated at the same time is Pabs~70 kW, that gives 
the absorption coefficient de = Pabs • 100% ~70%. This 

~ 
value occurs to be in good agreement with the calculated one­
pass absorption coefficient that is equal .to ce = 75% [4 J . 

At last we note that currentlees plasma heating effi-
ciency is close to ? = 10~12 eV/kW/101}cm}. 

The comparison of these experimental data with the re­
sults of current plasma ECH \2J shows that in the case of 
ECH of currentless plasma higner values of Te(O), W, ~E 
and 2 are achieved. In particular value ~E is 1.5 times 
more and ~ is 2 times more than in current plasma. 

Now we consider the experiments of ECH of currentless 
plasma by ordinary wave with higher power Po::160~180 kW. 

In Fig.2 temporal evolutions of the same plasma para­
meters are presented . From the dependence ne(t) ( see Fig.2b) 
it follows that the density is nearly constant during the 

- 12 - } heating pulse and it is equal to ne~7.5 10 cm as at 
power Po"" 100 kW. With the increase of the wave power the 
radiation power slightly rises up to Prad~12~15 kW. As it 
follows from Fig.2c,d Te(O) and W did not essentia lly grow 
in spite of the launched wave power is more than 1 . 5 times 
hil>her. So, maximum values of T (0) and Ware ·equal to , 
TelO) = 1~1 . 2 keV and W = 190~ e2}0 J. One can see from 
Fig.2~,d that temporal evolutions of Te(O) and W noticeably 
changed in contrast with Fig. 1c,d. The maximum of Te(O) is 
reached about } ms and then the temperature is constant or 
slightly decreased. The saturation is observed in the tem­
poral evolution of W. 
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At present we have preliminary results about electron 
temperature and plasma density radial profile. The profiles 
are broadening by the end of the heating pulse. 

The energy confinement time ~E is the same as in the 
experiments with a lower waves power and is close to ?'i."" 3ms. 
The energy confinement time is obtained by means of the dia­
magnetiC measurements at the heating pulse switch-off time. 
At this time the absorbed power Pabs • 70.a0 kW that corres-
ponds to ae = 40.45% although the calculated one-pass absorp-· 
Hon coefficient is C£.. = 75%. 

Thus, with the increase of wave power following peculia­
rities are observed in the experiment: 

1. The saturation was observed in the dependencies Te(t) 
and W(t) in the second half of the heating pulse; 
took ~ia~e:eak growth of the maximum values of Te(O) and W 

What were the reasons of these peculiarities? 
It can be proposed that the absence of the temperature 

and energy linear growth with the increase of Po can be con­
nected with the entry into" superbanana " region for L-2, 
when Te~ 1 keY. In this case the absorption power must rise, 
but it is not observed in the experiment. 

It is possible that the quasilinear relaxation [5J is 
developed at the introduced power. This process must lead to 
the decrease of the real absorption coefficient in contrast 
with the linear one-pass coefficient. 

It is also possible that the local energy deposit takes 
place near the wave introduce region. This part of the absor­
bed energy can not be measured in the present experiments. 

At last it should be noted that in the peripheral plasma 
region the absorbed energy cannot be measured either, because 
the confinement time of the peripheral energy is less than 
the resolving time of diamagnetic measurements ( ~ 0.5 ms ). 
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ENERGY DEPOSITION PROFILES OF SIMULATION OF ECRH IN THE 
L-2 STELLRRATOR. 

, 
Likin K.M., Ochirov B.D., Skvortsova N.N. 

General Physics Institute, USSR Academy of Sciences, 
117924, Moscow, Vavilov street, 38, USSR 
'Institute of Automation and Electrometry. 630090, 

llovosibirsk,USSR 

The determination of energy deposition profiles is of 
Bome interest in the electron-cyclotron resonance heating 
( ECRH ) experiments in the magnetic traps . As experimental 
measurements of energy deposition profiles are connected with 
certain difficulties, it is necessary to carry out the simu­
lation of propagation and absorption electromagnetic waves 
in plasma for the representation ot these profiles, 

This work is the continuation of our earlier published 
papers [1,2J • Numerical calculations were made in the geo­
metrical o~tics /approximat1on. Ray tracing equations are aa 
follows [3J : aXi fdt = dG fok, ,dKifdt = -dlJf()Xi, 
where Xi - unspeoified spatial coordinates, Ki - compo-
nents of phase gradient along ray traj ectory, ~ - diapersion 
relation for the defined wave type. 

The power varied along ray trajectory is defined by the 
equation: dPj/dt. = -P;'2,Jmkjco]cL..; , ,wher,\' Pj-
the power emitted by the antenna in the /. -ray; £ - the 
coordinate along the ray traj ectory; Jm Kt - cyclotron 
damping coefficient, d..; - angle between ray and wave vec­
t ors. The d eposition energy is averaged over magnetic sur­
faces of the stellarator. 

Numerical modelling was carried out for the calculation 
of deposition energy profiles during ECRH by the ordinary 
wave in the L-2 atellarator. Some characteristic parameters 
of this device are: Ro = 1 m, 8 0 c 0.175 m t magnetic field 
Bo = 13.4 kG. The magnetic field in the L-2 stellarator has 
rather complicated configuration ( Fig.1 ). Magnetic surfaces 
are aSBumed aa follows: <'1-=1> b"(<.) Co1 S"'c,coS2(e-Ny,) , 
where cL - the peak amplitude of the basic toroidal harmonic; 
'f)('1.) =8./80 R.,/j(tj ; tJ<f = 7. , 

Temperature and density distributions are varying due 
to the atellarator regimes. The ordinary wave was launched 
in plasma aB the Gaussiao beam from the low magnetic field 
aide. Generator frequency was the first harmonic of the elec­
tron cyclotron frequency. Microwave power was at the level 
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150 kW. 
The ray trajectories for the currentless plasma are 

shown in Fig.2. Energy deposit,on profile is shown in Fig.3 
for this regime ( R is the average plasma rediua ). The total 
absorption coefficient is equal to 0.43 in this case . 

The next regime ia repreaented in Fig.4. It ia the ohmic 
heating ( OH ) and ECRH of plasma. The parametera of plasma 
are the same as for the previous regime. but the centre of 
the magnetic surfaces is shifted by J cm outside from the 
stellarator axis. It can be seen that the energy deposition 
profile becomes wider while the total absorption coefficient 
is the Bame as for the currentless plasma. The electron tem­
perature aB the function of R may be expected wider in this 
experimental regime. Our simulations demonstrate that the 
energy deposition profiles depend very little on the tempe­
rature profiles ( central e lectron temperature is equal to 
0.4 keY ). In varying plasma density profiles the energy 
deposition profiles are changed. The average plasma density 
is constant in these calculations. 

The energy deposition profile is represented in Fig.5 
for the electron density profile: ne(R) = ne (O)(1-R6). 
Comparing with the regime where ne(R) = ne(O)(1-R~) (Fig.1 ), 
it can be seen that this profile became narrower. The energy 
deposition profile for higher central electron temperature 
( Te(O) = 1 keY ) is shown in Fig.6. To tal absorption coef­
ficient in this regime is equal to 0.74. 

The most interesting results are obtained for the Gaus­
sian beam slope in the minor section plane of the stellarator. 
Total absorption coefficient increases up to 0.49 if the beam 
is sloped. towards the "saddle" region of the magnetic field 
( d.. = +3 0 ), but the energy deposition profile becomes wider 
,"'ig.7) in the comparison with the regime in Fig.1 ( oG = 0°). 
The total absorption coefficient decreases up to 0.22 if the 
beam is sloped to the oppoai te side (d. = _50 ). In this case 
the energy deposition profile becomes narrower and energy 
density is near 10 W/ cm 3 at the first magnetic surface 
which radius is equal to 1 cm. Qusailinear effects have to 
be taken into account during ECRH for this high energy den­
sity. 

In the launching Gaussian beam from the high magnetic 
field side the energy deposition profiles are close to the 
same profiles when the beam is laWlched from the low mag­
netic field side. The total absorption coefficient ,does not 
exceed 0.5 for th~ plasma regime: ne(O) = 1.125·10' cm-3 ~ 
ne(R) = ne(O)(1-R ), Te(O) = 0.4 keY, T.(R) = Te(O)(1-R ), 
Bo = 13.4 kG. 
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MICROWAVE SCATTERING ON PLASMA DENSITY FLUCTUATIONS IN 
THE L-2 STELLARATOR 

Batanov,G.M., Kolik L.V., Sapozchnikov A.V., Sarksyan K.A., 
Khol'nov Yu.V., Shata M.G. 

General Physics Institute, USSR Academy of Sciences, 
117942 Moscow, Vavilov street, JB, USSR 

In this report the results of investigations of low­
frequency ( in the range of 4-50 kHz ) plasma waves for OH 
and ECH regimes in the L-2 stellarator are presented. The 
c Jllective scattering diagnostics ( incident wavelength 
Aie 2.5 mm ) was used to measure the scattered radiation 
( the linear d~ension of the scattering volume Ls = 4 cm ) 
at the angles &5 = 15°, JOo and 45° with the respect to the 
incident beam. This corresponds to the scattering from the 
waves with wavenumbers k .... = 6, 13 and 20 cm- 4 in the poloidal 
plane. The angle resolution corresponds to the wavenumber 
resolution t.~I(.l= 4 cm-' • After the homodyne detection of 
the scattered wave low-frequency signals were amplified and 
digitized. Then the autocorrelation function (AF) and the 
Fourier transform of AF ( with the fast Fourier transform 
algorithm ) were calculated. The instruments applied allow 
to obtain the frequency spectra in the range of f = 4-500kHz 
wi th the resolution '" f = 2 kHz for three angle channels 
simultaneously. BeSides, the development of the scattered 
signals was studied using selective voltmeters with the 
bandwidth of Af ( t.f/f = const. = 0.1 ). 

In Fig.1 the oscillograms of the scattered wave at the 
separated frequencies are presented. Figs.1a,d show that the 
signals have a nburst lt character. The frequency and the du­
ration of the "bursts" depend upon signal frequency. Such 
nature of the waves in the drift wave frequency range was 
already noted in the TP'R tokamak [1J • It is also noteworthy 
that the oscillations at the frequencies f = 20 ~ ( Fig.1a) 
and f = 100 kHz (Fig.1b) have totally different behaviour. 
The oscillograms shown in Fig.1 were obtained dur~ ECH 
of currentless plasma ( ne = 8·10i2 cm- 3 , Te(O) = 900 eV, 
B • 13.4 kG ). At the end of microwave power pulse ( Pee>! = 
180 kW, Fig.1c ) the intensity of the oscillations at the 
frequency f = 20 kHz (Fig.1a) decays over 10 milliseconds 
whereas the oscillations at the frequency f = 100 kHz (Fig.1b) 
decay over J-4 ms ( corresponding to the estimation of the 
'lfzJ.5 ms ). 
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The frequency srectra of plasma waves with the poloidal 
wavenumber k~· 6 cm- are presented in Fig.2. These spectra 
were obtained during the time interval T = 0.5 ms. In OH 
regime ( Fig.2a ) plasma had the following parameters: 
Ip = 14 kA, B • 12 kG, ne = 10!3cm-3, T.(O) = 400 eV, the densi­
ty profile n.(r) • n.( 1_(r/a)2), the working gas- hydrogen. 
During the ECH of currentless plasma ( Fig.2b ) the parameters 
were: PEC~ - 100 kW~ B = 13.4 kG, ne- 7.10'2cm"3, Te(O) = 800eV, 
n.(r) = n.( 1-(r/a) ), the working gas - helium ( a • 11.5cm­
the mean plasma radius ). In the ECH regime of current less 
hydrogenium plasma ( the spectrum in Fig.2c ) parameters of 
plasma were as follows: n.(r) • not 1-(r/a)6), P£C~ • 100 kW, 
B = 1).4 kG, ne = 8'lO'2cm-l, Te(O) = 550 eV. The comparison 
of the spectra shown in Fig.2 reveals the following featuresl 
frequency range corresponding to the maximum of the spectral 
density S ( k ... , c.J ) depends greatly on the density profiles 
and weakly depends on the electron temperature. The spectral 
density maximum corresponds to the frequency w/29r = 130kHz 
in the case of the parabolic profile of n.(r) and relatively 
high electron temperature ( Fig.2b ). At the same time when 
the density profile is broadened ( Fig.2c ) the major part 
of the spectral density lies in the frequency range f~20 kHz. 
It should be noted that the frequency spectra obtained at the 
different values of k ... are not distinguished from each other. 

Such behaviour of the spectra is in agreement with the 
expression for the spectrum of short-wavelength drift waves 
( K.l..p i > 1 ) [2] : 

Te ky v:;., { -E.- In ne 
e..) =-Te+Td1+k2Z~e) Y29r /(',L C)x ifFe" 

An estimation for the parameters in the scattering volume 
Te = 200 eV, Ti = 40 eV gives a value f = 60 kHz. 

The spectral density S ( 1<: ... ) • SS ( k.l.' W ) c£w as 
a function of the wavenumber K ... in OH regime is shown in 
Fig.). The intensity of the waves in the range of wavenumber 
from ~.l. = 6 cm-' to K.1. = 20 cm-' decreases by the order of 

ict~W~i' 1000 Te(O), eV 
~ 
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In different heating regimes the wave intensity can 
change several times. The lowest relative leve l of fluctua­
tions was observed during ECH of currentless plasma: 

on. In e ~ 2 ' 10- 2, whereas in the OH regime onlne is equal to 
5.10-2. The values of spectral density S( 1:,,,> for KJ. = 6 cm- 1 

and electron temperature in the centre of plasma for different 
heating regimes in the L-2 stellarator ( OH, ECH of current 
plasma, ECH of currentless plasma ) are shown in Fig.4. As 
it is shown the temperature achieved during the heating pulse 
is higher when the fluctuation level is lower. The dependence 
of Te = f ( (6'n/n.,)2) can show the connection of the drift 
waves intenSity with the transport phenomena. 
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CURRENTLESS PLASMA HEAT TRANSPORT IN THE L-2 STELLARATOR. 

Andryukhina E,D., Dyabilin K.S., Fedyanin O.I. 

General Physics Institute, Academy of Sciences of the 
USSR, 117942 Moscow, Vavilov street, 38. 

Experiments in the L-2 stellarator have shown l1,2J 
that it is possible to create currentless plasma with 
ne g 101Jcm-3, Te (0)-1 keY, Ti (0)-0.1 keY by ECRH. In these 
conditions the confining magnetic field structure is deter­
mined by external windings only and there is no drift motions 
ifi plasma due to the heating current. These circumstances 
allow to make the comparison of experimental reaults with 
the neoclassical heat transport theory in the stellarator. 

Electron temperature ~rofiles, mean plasma density, 
diamagnetic Signal, radiation losses, absorbed microwave 
power, ion temperature were measured in our experiments. Nume­
rical simulations were made for plasma energy balance by 
using neoclassical heat transport theory. The calculations 
were carried out in the frame of the model proposed in paper 
[3] • These calculations allowed us to follow the behavior 

of the measured plasma parameters during the heating pulse. 
The L-2 parameters are: R = 100 cm, rp= 11.5 cm ( sepa-

ratrix ); helical windings; 1 = 2, m = 14, rotational trans­
form t (0) = 0.2, t (rp ) .0.8; ECRH: >--= 8 mm, Po .200 kW, 
t = 10 ms. 

The microwaves of the ordinary polarization were launched 
into the vacuum chamber from weak field side via waveguide or 
quasi-optical system. The heating showed resonant behavior 
with the magnetic field; there was an optimal heating depen­
ding on plasma density. We present here the results which 
correspond to the optimal heating conditions. 

The results obtained for one set of experimental condi­
tions ( depending on the microwave power value and the trans­
mition method) are shown in Fig.1. One can see from these 
Figs. that after breakdown the mean electron density grows 
during 0.5 ms up to its maximal value and then remains con­
stant. The electron temperature in the plasma core increases 
during 2~J ms and then smoothly saturates. The absorbed power 
has a similar behavio~t sometimes it even decreases to the 
end of the heating pulse. We will not present here the details 
of ion heating mentioning only that after 2 ms Ti(O) reaches 
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its lirnat value. The radiation losses in these experiments 
are only a small fract ion of the absorbed power (- 15% ) and 
therefore do not play a significant role in the plasma energy 
balance. 

Comparing numerical calculations of plasma energy balance 
with the experimental results we consider two important fea­
tures: the dynamics of heating and radial temperature pro­
files and the dependences of central electron temperature 
and plamna energy content W on the value of the absorbed 
power . The dynamics of heating has to show that the used func­
tional dependence of the heat transport coefficient on tem­
perature and density is correct. The radial profiles depend 
more on the magnetic field structure. 

Fig.2 shows the calculated ( solid line ) Te profile i 
for Fab ~ 60 kW , t = 4 ms. In calculations Fab(t) = 60(1-e-~), 
~ = 2 ms, and Fab(r)is uniformly distributed inside the 

volume with r~ 0.4 rp' which correspond to the experimental 

data ( see Fig.1 ) and one-path absorption simulutions [4J • 
'fhe experimental data were taken from Thomson-scattering 
measurements at the end of the heating pulse. 

Fig. )a shows the diamagnetic signal ( solid line) and 
the calculated plasma energy ( dashed line ), Fig .)b shows 
experimental data f.or Te(O) and the calculated curve ( dashed 
line) Te(O) during the heating pulse. Guod agreement of the 
calculated curves with the experimental results shows that 
the used model seems to be correct. 

Making a final conclusion from the comparison of experi­
mental and calculated data let us consider two curves shown 
in Figs .4a and 4b. These curves represent dependences Te(O) 

and W on the value of the absorbed microwave power Pab for 
the end of the heating pulse . In fact the launched microwave 
power is changed in the experiment and that causes the chenge 
of the absorbed power. 'fhe elec tron temperature for small P b 
increases very fast with the power input increase but then a 
this increase slows down due to strong dependence of the heat 
transport coefficient on the temperature. The energy content W 
still increases more rapidly. The calculations show that it 
can be due to broadening of the electron temperature profile, 
but it is difficult to estimate this fact experimentally from 
(fhomson scattering measurements . By the way it is clearly 
seen from Fig.4 that the experimental data ( dashed area ) 
are in good agreement with both calculated dependences Te 
and W on the absorbed power. 

Sununary. (rhe nwnerical simulation of currentless plasma 
energy balance in the L-2 stellarator based on the neoclassi ­
cal theory of the heat transport makes it possible to describe 
the dynamics of plasma heating by };CRH method . (11ime dependence 
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of the electron temperature, its profiles and plasma energy 
containment during the heating pulse were calculated. The 
experimental data are rather well described by the oalculated 
curves. The experimental dependence of electron temperature 
and diamagnetic signal on the input power do not contradict 
the results obtained from the proposed theoretical model. 

Acknowledgements. The authors are grateful to ECRH 
team, Dr. Larionova,N.P. who made Thomson-scattering measure­
ments and Dr. Shpigel',I.S. for the helpful discussion. 
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L-2 STELLARATOR PLASMA. ROTATION IN OHMIC HEATING REGIME 

Voronov G.S., Donskaya N.P. 

General Physics Institute, Academy of Sciences of the USSR 
117942 Moscow, Vavilov street, 38, USSR 

The interest in the subject of plasma rotation has grown 
up in the recent years as a result of understanding the impor­
tant role of electric field in transport processes. 

Plasma rotation in L-2 stellarator was measured from the 
Doppler shift of lines emitted by the main gas He and oxygen 
and carbon impurities ions. Two channel monochromator with 
high quality plane grating 1200g~/mm was used in the fir~t 
and second orders ( the inverse dispersion - 13 and 6.5 A/mm). 
The apparatus function is Gaussian with half-width 0.5X. 
Quartz window limits the available spectral range above 2000A. 
Two space channels were oreated by opaque screens at the en­
trance and exit slits. Radiation from ~ach part of exit slit 
is directed .by mirrors to separate photomultiplier. Plasma 
radiation is directed to the entrance slit by a system of 
mirrors. Toroidal rotation was measured along tangent line 
of the magnetic axis, parallel and antiparallel to the direc­
tion of toroidal magnetic field. Poloidal velocity was measu­
red by comparing spectral profiles of impurity lines viewing 
along two tangentials to the same magnetic surface. Such 
measurements are independent on an exact wave length setting 
of spectrometer. It needs usually 15-20 shots to measure the 
line counter. The wave length changes from shot to shot for 
both channels simultaniously. 

To collect experimental data we use a computer working 
on-line with the experiment. The Doppler line contour and the 
constant back ground are determined by four parameters e, F t 

T, ft" 2/- » 
f< C 'I"~ ,up /- mc'(,< -),) / 2 KT). "J 

The special code was used to fit the optimal values for these 
parameters from experimental data by the nonlinear minimiza­
tion mean-squares method. The accuracy of temperature T and 
wavelength ft,( the contour center ) are determined m~inly 
by discharge reproducibility and waa 'r~ 10 eV, )a - O.021\.. 
Corresponding uncertainty in rotation velocity is 1 km/so 

Experimental results are shown in Fig.1 and 2. The direc­
tion of plasma poloidal rotation coincides with that of the 
electron diamagnetic drift. The maximum value of poloidal 
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veloci ty Vp~ 1.5 km/s occurs in the middle part of the plasma 
radius. The direction of plasma poloidal rotation changes its 
sign at the plasma edge ( r ;> 10 cm ). The direct ion of toroi­
dal velocity coincides with that of the plasma current and 
toroidal magnetic field . Its magnitude is 4 km/s. The direc­
tion of toroidal magnetic field and ohmic current are the 
same as usual in the L-2 stellarator, since in other case 
the discharge becomes unstable when the total rotational 
transform comes to zero. So we can change the direction of 
magnetic field and ohmic current only simultaniously. 

'Ne expected that in that case both components of the 
rotation velocity should change their signs while their va­
lues should stay the same. But the situation is more com­
plicated. Poloidal velocity is reversed as we expected, but 
its value changed and the radial profile of 1fp altered 
( Fig.1 ). Toroidal velocity decreased, but its direction 
did not change. So, the direction of Vt became opposite to 
magnetic field and current ( Fig.2 ). 

1 Vr km/s 
Vp km/s 4 

-----
2 

0 

::=~~-;~cP 
2 0 

- - --- " " 
r cm 5 

"'---" 
r cm 

-2 

Fig.1. Fig.2. 

It looks like if we have two parts of rotation velocity: 
one. which changes its sign when magnetic field and current 
are reversed, and the second one whose direction does not 
change. This constant rotation velocity value is 2 km/a. 
The reason of that asymmetry is not yet understood. Probably, 
this is connected with asymmetric stray fields that could 
change the magnetic field structure. Some asymmetry in elec­
tron and ion temperature profiles and radiation l osses ha s 
been observed too. 

We can estimate the value of radial electric f ield in 
plasma from the experimental values of toroidal and poloidal 
rotation velocities: " 

~ ._ 8 ~ - f.I. 2-;- T. (I:>; ;- 'n) t. - p C 1"'0 C eZ r1, "r;" (1) 

This equation was obtained from the radial force balance 
and it includes no assumption. We suppose tha t ion density 
profile is similar to electron density profile ne(r) which 
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waS measured by multichannel submillimeter interferometer 
and occured to be parabolic. Ti(r) profile is taken from 
Doppler measurements. 

The radial electric field ia negative. Its value reaches 
-30 v/ cm (Fig.3). The sign of electric field does not change 
when the magnetic field is reversed and its value changes 
slightly. 

-10 

-20 

-30 

E V/cm 

In accordance 
toroidal rotation 

5 10 

Fig.). 

with neoclassical theory , poloidal and 
velocities are: 

n enc. C. 'r,. (- " 'LE ( ) T' r.J (2) 
'Ut = e 2./3 ----r- - 1 -1< /. - n 

P' I 

The coefficient K depends on collision frequency ch~ing 
from K = ~5 on the plateau to K = -2.1 in P!irsh- Slutter 
regime. Experimental values of rotation velocities conside­
rably differ from neoclassical predictions pol01dal velocity 
is 3-4 times more, but toroidal component is an order less. 
The decrease of the magnetic field leads to the increase of 
rotation in accordance with (2). 
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ANALYSIS OF ECRH IN THE TJ-II FLEXIBLE HELIAC USING RAYS 

Introduction 

C, Alejaldre and F. Castej6n 

Asociaci6n EURATOMlCIEMAT para Fusion 
C.I.E.M.A.T. 

28040 Madrid, Spain 

R.e. Goldfinger and D.S. Balchelor 

Oak Ridge National Laboratory 
Tennessee. V,S .A. 

Previous studies assuming linear propagation of microwaves in the range of the 

first or second electron cyclotron frequency, launched into a slab stratified plasma 

confined by the magnetic configuration of the TJ-II Heliac to be built in Madrid, have 

shown ECRH as an efficient way of heating and controlling the temperature profile in 

this device!, Unfortunately the particularly difficult TJ-n geometry, questions any study 

that does not take into consideration the full 3-D geometry of the device. The 3-

dimensional. ray-tracing code RA YS2,3 developed at Oak Ridge National Laboratory 

has been adapted to the geometry of the TJ-I1 flexi ble beliac . Using RAYS a study 

,taking in lo consideration the limitations of the actual vacuum chamber for access 10 the 

plasma, has been conducted to obtain the optimum posi tion of ray launching from the 

point of view of maximizing power deposition and controlling the temperature profi le. 

The power absorbed by the plasma in "one-pass" is shown to have maximum values of 

the order of 40% for first harmonic propagation in the O-mode and 90% for X-mode 

propagation in the 2ed Harmonic. The spatial absorption region is of the order of 2-3 

ems. and therefore ECRH st ill looks as a very convenient way of temperature profile 

control in this device. 

RAYS code 

The ray trac ing is carried out by integrating the Hamiltonian form of the geometrical 

optics equations using the two-component, cold plasma dispersion relations 
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Q!. _ I Q!. __ (OO)OO IOk 
ds - n dt - sgn oW~O I okl 

where the dispersion relation is, 
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~_ I ~_ (OO)oO lor 
ds - IV gl dt - - sgn owloo I ilk l 

and the coefficients El. £2. £3 are defined as 

=~ CJ.) • m . cc, I e,l 

The TJ-I! vacuum magnetic field is obtained using the code AVAC4 with two vertical 

field coils, thirty two helically distributed coils and a helical coil wrapped around a 
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Figure 1 
Poloidal projection 
of jOllr O-mode 
rays launched at 
'1' =5.6°, 8=-20°. 
The magnetic 
sUrfaces and the 
mod-B curves afe 
also shown. 
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circular one to fann the so-called hard core in a configuration appropriate for TJ-lI. The 

toroidal magnetic flux function 'If was obtained from a fourier representation of the three­

dimensional f]u x surfaces5. The plasma densi ty and electron temperature are assumed to 

be constant at the flux surfaces and given by the function: 

'1'0 
d =tanh -
o I!. 2 d = c 

In the TJ-II Heliac, plasma breakdown and heating will be ini tially based upon 

an ECRH system consisting of a 200 kW, 28 GHz. gyrotron. To obtain more relevant 

plasmas two 56 GHz gyrotrons able to deliver 400 kW will be provided. 

Figure 2 

Poloidal projection 

of X-mode rays fo r 
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of flg.l. 

oo=560 Hz. 
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Taking into considerat ion the physicallocalion of the windows and the situation of the 

cut-offs and resonances, a study has been cond ucted to de termine the optimum posi tion 

for ECRH healing from the point of view of this linear theory. In figs. 1,2 the trajec tories 

for rays coming from the window corresponding to the toroidal posi tion 5.625° are 

shown. At this toroidal position the resonance region is accessible for rays comi ng from 
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the "low field" direction and they reach it in regions of high plasma density. Fig. 1 

corresponds to propagation in the O-mode of the first hannonic with a central plasma 

density of .65 x 1013 cm-3 and a centra l temperature of 1.8 keY. Fig. 2 shows the 

trajectories for rays propagating in the X-mode at 56 GHz into a plasma of central density 

1.5 x 1013 cm-3, Tc(O)= l keV 

A fully relativi stic 

absorp tion module is 

used in the code to 

evaluate the fractional 

abso rption of wave 

energy given by 
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Figure 3 

Fractional power absorbed/or propagolion in Ihe x-mode. 

nc(O)=1.5 x 1013, Tc(O)=O.8 keV .• U> = 56 GHz. 

Typical one-pass power absorption values, for the same conditions of figs. 2-3 are in 

the order of 40% for heating in the ordinary mode of-the first harmonic and"" 90% for 

the x-mode of the second hamlonic. see figure 3, that agree well with those found in 

Ref.1. The loroidal position shown. <I> = 5.625° has been chosen for ECRH heating for 

both:accessibility and power absorption, although considerations for quasi-linear effects 

have nOI been taken inlo consideration in the present analysis. 
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EXPERU1ENTAL STUDIES OF ENERGY TRANSPORT OF ECRH 

PLASMA ON HELIOTRON E. 

o 1 B 07 

N.Sato, H.Zushi S.S udo, K.Itoh , K.Noda, ".M utoh, S. Morimoto, 
F.Sano , K.Kondo, H.Kaneko, T.Mizuuchi, Y.Takeiri . H.Okada, 

Y.Nakamura, S .Kobayashi, M. lima, O.Motojima, A.liyoshi, K.Ue 

Plasma Phys ics Laboratory Kyoto Unive rsit y 
Gokasho, Uji, Kyoto , Japan 

1. Introduction 
The energy transport has been investigating on ECRH current less 

plasma in the nest ed magnetic field wi t h high rotational transform and 
high ri pple produced by helical windings[l] "-'(3]. The radial profiles of 

electron and ion temperatures, e lectro n density and microwave power 
deposition profi l es were measured to evaluate the energy flux and 

transport coefficients. The polarity of radi.al electric field, Er, are 
observed by the measurement o f poloidal rotat ion of plasma. The impurity 

ion particle confinement time are also observed by the blow off si.licon 

injection method. The informations from the plasma boundar y are obtained 
by the poloidal array of thermocouple rs. 

The energy transport near the half radius can be expl ained mainly by 

neoclassical theory in the trapped particle region with r adial elect ric 

fie l d. The anomalous transport i s dominant on the out of the half radius. 

The energy transport in th e center and particle transport have not been 

clear yet. 

2. Plasma parameters and radial profiles 

The mic r owave frequ ency , radiative mode of ante nn a and pow e r a r e 

53.2GH z ' TE02 mode and 150 kw",,650 kw, respectively. The almost all the 
plasma parameters, such as elect ro n and i o n temperatures, electron 

de ns ity , i ntensities of soEt x- ray , VUV im purity line emissions an d 
bolometric signals reach to the steady sta te values in the beginning of 10 

to 20 m sec of rf pulse. Duri ng rest o f the pu lse, the paramete rs c an be 

kept constant only by control of gas puffing. Here, steady state means 
that the pulse length is much l onger tha n the cha r acte ristic time of the 

p~rameters. The electron density pro f iles are m ~as ured by 6c h FIR 

interferometer. The line 8verage density can be changed fr om 0 .6 x 1019 

m- 3 to 3. 3 x 1019 m-3• The elect ron temperatu r e (Te(r))and it' s time 

e volution (dTe(r)/dt) are detected by electron c yclotron emtssion alo ng 
the l .)nger axis of magnetic surfacp . 
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Fig.l shows the el ect ron and ion temperatures and density profiles of 
l ow density plasma at the power levels of 150 kw and 650 kw. If we assume 
that the electron energy transport does no t c hange with and without rf 

pulse, the power deposi tion profile can be est i mated at the pulse end as 

Pabs( r )=1.6 x 1019-1t(Te(r) . ne(r)) (w/m 3). 

The deposit i on profiles are also evaluated by r f pulse modulation as shown 
by dashed line in the figu r e. The estimated power by this method i s about 
two times la r ger than that of pu l se end. The reason of the di sc r e pancy 

bas no t been clea r. The e rr or bars on qeEXP include this un certainty i n 

Fi g. 2. 

3. Ener gy transport 
The e lectron heat f lux can be obtained experimentally as 

where, Te(r) , ne(r), Pabs(r), Pei(r) a nd Prad(r) are avera ge d over the 
calcula t ed magnet i c s urfaces. 
Te(O) a nd l ineave r age density ne are varied from 0.9 to 1.7 keV and from 
0.6 to 3.3 x 1019m-3 , respectively by rf power and gas puffing. Fig.2 a,b 

s how the co mparison of qeEXP with that of neoclassical theory for ne-:::::' 1 x 
1019m-3 plasma . The radiation loss Prad ( r ) is negligi ble sma ll in s uch 

low density plasma. Using expe ri mentally obtained Tr(r) and ne(r), we 

estimate the neoclassical va lues of qePL and qeRiPple[3 , which are large 
eno ug h to explain the heat transport by the theory at 0.3 r/a 0 .6 . If 

the t r ansport is mainly go ve rne d by neoclassical theory , qe EXP and heat 
conduct ivity -Xe EXP sho uld be close to the theoretical pr ediction 

i ncluding the parameter dependence on ne(r) , Te(r) , '1 Te and }J **. 
Fig . 3 shows A eEXp(;qeEXp / 1.6 x 1019 x ne(r) rTe) vers us Te , 

i ncluding a ll the data obtained by the series of experi ment. It e has t he 
dependence close to Te

3 ...... 3•5 which correspond well with rippled transport 

of Te 3•S . 
As for the collision freq uency ~I **(=Ve/wht h) ' if 0. 1< ~ **' the 

normalized heat flux qeEXp/qePL increase with I /V **. (Fig.4) 
Howeve r, in the low collision regi me V** ( 0 .1, the heat flux does 

not increase so rapidly as 1/ )J **. 
The direction of poloidal rotation of impurity ions shows that r adial 

electri c potenti.al i s positive in the low collision regime. The electric 

fields are estimated to be 100"'" 200 V/cm at O.6 :::" r /a. Unfortunate ly, we 
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do not know the velocity of rotation in the central part of plasma . The 

particle flux balance calculation, based on the data of neutral particle 
density DoCr), can also suggest posit ive potential with i n the half radius. 

The parameter dependence and absolute values of electron heat flux 
can be explained well by neoclassical theory in the wide collision 
frequency range, especia lly if .... e consider the radial electric field in 
the low collision regime. 

The heat flux out of the half radius is governed by anomalies 
transport, since the absolute values and parameter dependence Bre 
completely different from neoclassical theory as shown in Fig.3. Plotting 
QeEXP to DeCr)\7rT, we know that the effective heat conductivity ~e exist 
in 0.8"-"2 m2/s at r/a""O.8, which are almost the same order of the other 
ECRH experiments on toroidal devices. 

The gross energy confinement time l~ is fitted to, 

Z G - 4 1 x 10-8 p-O.56 n-0 .45 
E - • eOO e (sec) 

as shown in fig 5. 
The particle transports are now under investiga tion. The dens ity 

decrease i n the plasma center can not be exp lained only by neoclassical 
theory. 

Reference 

[1 ]K .Uo et al., Proc. 11th Int. ConE. on Plasma Phys. and Controlled 
Nucl. Fusion Research (kyoto, 1986), IAEA-CN-47/D-I-1. 

[2]A.Iiyoshi, M.Sato, O.Motojima, T.Mutoh, S.Sudo, M.lima, S.Kinoshita, 
H.Kaneko t K.Uo, et al., "Confinement of a Currentless Plasma in the 
Heliotron-E.n, Physical Review Letters, Vol. 48, (l982)p. 745. 

( 3 ]K.ltoh; Proc. US- Japan Workshop Anomalous transport in toroidal fusion 
devices, Feb 1987, p.73. 

;,r/ill be contributed to Plasrr Phys. and Controlled Fusion 



---

Fig . I(a) 
Padial P wh ' rofiels 

1 t e ci 

473 

20r----

F i o f T g . l(b) 
e , ne P 

Te by 1 abs 

) 00E-;:--~-

!'\ " a. 

-:!. a. )0 
x 
w 
• cr 

' .. l .~ 

~ 

)();oO~)~~~~-'j 
0·) )0 

V'H, 

Fig . 4 
I! .'l~' de of pen den c 

q I e 
eEXP q ePL 

Blao..:k . rcles; 
J(X) c.L r c l es ; 

Pab as er 
s at XX) p ulse end 

F· ~g. 2 (a) 
f1 r~sons of Fig. 2 (bl Co mpa . 

ux w~th e l ect r neoclass' on heat 
~cal th 

)0 eory 

)O'r----

0·) 

I ' 
{" 
• 
/ 

.3'54)~~ I o 2·0 5 
T.{k.v) 

-..-----•• 

rfiJ ,,0 8 

0·03 -------

.; : 
>=>-f·02 

~ 

0·01 

'. . . . .. . ~ .. , .. 
• • 

Fig. 5 
Scaling 0 
confime f Gross 

n t time 

Fig. 3 
;,(eEXP v . s Te 

0.03 
1 .. <) 

energy 



L174 P 1 B on 

,'INITE- BETA El'FEC'l' ON NEOCLASSICA L TnANS PORT III 'l'OllSATnONS 

V . ~.Bykov , D.L.Gre kov, A.A . Shishkin , 

Insti tute oJ Physics a nd 'J'ec hnology , the Ukra:Lninn Acauemy o f 
~c i ences , Kha r kov J 10 108 , USSR 

L.Go.rcia , J . H. He.rri s , and J.A.Home 

Oak Hidgf! Nu Ltonal Laboratory, Oak Hldee , ~lennessee , USA 

.F o r reduction 01' Lh e neoc lassical t ranspo r t c oefficients 

in the regime wl1crc Dl.. ,XJ.. ... 1/,.) in tOI's atrons, l.t specia l 

vlindi ng 1av/ cnn be used, as deEcribetl in refs. /1,2 /. The 

helic.::.:! cond.uctors must be arranged so that the winding pitch 

an6le ir; s[;eeper on the insjde tllun on the oulside of t h e 

torus. 'rhi~3 requi rement can be fulJilled by cho()~illg a n egn ­

Li_ve modulaLion coefficient d...< 0 in n helical winding laVf of 

Lhe Iorm (m/l) 'f = ~ - 01. sin ~ • Here In is the numb~r 01' mag­

ne1.ic f i eld pe riod s on the torus, 1 Is ihc polo.ical mull.i ­

pollll'lty 01 the helical field , y? and 0" orB, r e spectively , Lb.e 
c 

pololci.al and ~oroicinl anglcs, wiLh 1) mC!:1SurCu. f r or:l Lhc direc -

tion opposite La the principal normal La ti le cj r' culrJ]' ru:in of 

.:l t()run . 

For a rJinding 1a\"1 wit h cJ..< 0 , th e ['.:~pli ~ll ~.~ 0 ;: t h r. 

helical rippl e in ! B I ,Etlong tile f i eld lines j:) l ncren8 GG. on 

the inside o f tht-! LoruG ar.d is dEC l'Cu.::ed on the ou Lside of 

Ll1~ tor us. Such a npaLifll vuriatj,on in I.G I I'csult G in a I'Icl!k­

ening of t he '7 B dr i ft of par t jcl~s trappec. in ~ hc hel1c 3J 

ripple Vlells / 3/ and t hus reduces the plasma tr,",nsp ()I'~ ~oet" ­

ficients in t h e '[/y rec:ime . 'l'h(~ Sil-;!lt: ::..nd Ilmp l j~ u d (~s o f 

8a~ell i te harmonics o r t. he main !lei.ico.l :ie.!.c: bar.-wnic play 

a cruc i al rol e ill det cri:1l.n i n[: tlle U:1..'; l1 ::'.'~:!. 'l c 0 :' this effect . 

'Phe prcsence of equilibriiA.1:1 plo.:;rnCl cll],l'ell~.G, hO\';f.! V fH', 

can stgni.iicantly al t e r the harmoni c contcn~ or: Lhc l:1agnet .Lc 

field va r iation alonG the lines of i'o.!:'ee . principDJ.l:,r bcc:;'l.nse 

of the out'ilUrd shift of Lhe !llLlgneU,c :JUI' .i: UC (! S :d finl1;(: 

pla.sma p r essure nilh the resul t t ha t Lile t).':::.ns901' L coc '·-
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ficients increase /4,5/. 
Therefore, it is important to establish wh'ether the ap­

parent transport improvement seen in vacuum fie l d configura­

tions with 01..< 0 (in comparison with configurations having 

d..;>0) is retained at finite f' = 85<P/B6' 
The present study concerns the behaviour of the geometric 

factor D, which determines the magnitude of the transport co­

efficients D..l.. ,Xi"" 1/"; , at finite plasma pressure. TV/o 1=2 

torsatron configurations with the same coil aspect ratio 

(R/a'" 3.4) and number of f ield periods (m=8) but with differ­
ing modulation coefficients cl.zQ/R and cl = - Cl IR are com­

pared. The two configurations differ in the angles of rota­
tional transfer on the outermost closed magnetic surface of 

the vacuum approximation, i. e . t at the plasma boundary c (0 0 )= 

0.65 and 1. 2 for ci.= - a/R and aiR, respectively. Hence, 
the .fo eq values determined by 2 f} (Q,) Q,/R tUrn out to be 
different for the systems considered. To perform a correct 

comparison between the two traps (at as most equal conditions 

as possible), the P (0) values were chosen such that the 
p.,(O)/ po, ratios were close for the two torsstrons. To have .r .) eq 

outermost magnetic surfaces of nearly the same size, the 

transverse magnetic fields (averaged along the circular axis 

of the torus) were chosen to be Bl. IBO = 2% and - 2% for d. = 

aIR and - Q/R, respectively, 12/. These configurations were 
chosen only as an example of the torsatrons with the satellite 
harmonic content of the magnetic field differing in sign, and 
should not be considered as optimum with respect to other 

parameters .. 
Plasma equilibrium and variations in the IBI distribution 

along magnetic field lines due to finite beta were studied 

using a three-dimensional equilibrium code NEAR (vlith a fixed 

plasma boundary ). As seen from f i g. 1, the I BI modulation 
alonB the field lines does not change its behaviour with the 

plasma presence: the bumps of the helical magnetic field in 
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I B I are localized on the inside 01' the torus at cl.. = - Ci/R and 

on the outside at cl.. = Cl.. /R . F'or the analysi s \'le have chosen 

the surfaces with ·'1'/Q~0.22 - 0.25 at C ('2,) = 0 . 7 and 0 . 4 

for cl. = ct/R and d... = - Gt/R , respectively , i.e. , t he surfaces 

whose size is ap proximatel y half the plasma r adius .. ~'he near­

est satelli.tes fl-l and Et+ i r e Lain their signs re lati ve to 
the main helical harmonic tl (fig. 1) . In the cl. = - a./R 

torsatron , the t Hi /El rl:l.t i o decreases as .)3 increas es and 
this prov es to be El negative ef fec t be cause the neares t satel ­

lites a t t [t i /cl<'O reduce the geometric i'actor in D..l. , XJ.d 1/\). 

The geometric factor D is expressed in terr.Js of the field 

harmoni c parameters as /1, 2/ 

') -:y, ... C 2 l- c e (c" )2 J 
l) c c ~ c {." ; ," t \ - CO t 02 + '/t O'" , 

",here ¥ l' ¥ 2' ¥ J are the functions of CHI/ft , Clt" /CZ / 2/. 
'rhe comparison of D values for t he same A (0)/ A values at r .req 
ftxed 't.:;. /0. ratios shows t h em to be by a factor of ·1.5 - 2 

lower in the tors at rons with cl. = - a / R than i n ~he,:).. ,,:::: a / H 

tor~atrons ( fig .. 2). 

The results obtained lead to t he fol lowinS conclusions .. 

1) At fini ~e plasma pressure , as in t h e cas!) of a vacuum 

con figu r ation, the proper choice of the modulation coe f ficient 

of helical conductors can ei'fic:"ently change the modulatIon 

ttnd harmonic content 01' ! n I ann thus decreas: ... ~ neoclassical 

transport coefficien ts in the 1/y' r egim e .. 

2 ) From the analysis of the confJGurflLiono con:::;id~reLi 

above as an example i t may be s e,::r. tnet t.l: ~ .. ;:: i. n ll,\~ ? (0)/-:; .) e q 
value does not actually altcl' :.~:0 ..i:' pt:u c L";"on facto r L\ , X.l...~ 1/y' 

calculn. t ed in the vacuum D.ppro~-:,np..l ';.on [;c b(! bet':!cen 1. 5 elld 2 .. 

1'he rednc tion fact or could oc r.Jlwll ! [:O .L' !,:! F:us~~n ~ i Hl (ay 5-d 

t imes , incluJing ~ hc l'inj tc oc:Lf..l. c ......... :x) , :L.~. Llw ~) \':::. 111 (; i'fcr ,:;. 

determined only by the no.~·.;lli .. ,:: :~ ncu l ' ~-;3 t- to lh r~ 

monic (f '1 1, m), i. e . J 1.:.' ~hc .. 5.: .. :..:,. ' a~ :;:It.'.J11.1tes 

pr'c ss ed . 

.sup -
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J) Further efforts are required to develop such a con­

figuration with cJ..<.0, which Vlould combine the improv ed trans­

port with good MHO propertieo. 
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MAGNETIC SURFACE DESTRUCTION DUE TO EQUILIBRIUM PLAS MA 
CURRgNTS IN TOHSA'rRONS 

A. A.Shishkin, V.E.Bykov, V.G.Pele ·tminskaya, I\ . V. Khodyachikh 

Institute of Physics and 'technology, the Ukrainian Academy 01' 
Sciences , Kharkov 310108, USSR 

Equilibrium plasma currents create the magnetic fields 

that disturb the vacuum magnetic configuration. The most dan­
c;erous effect produced by these equilibrium currents in stel­

larator- type traps is the interruption 01' the magnetic sur­
faces and a rapid escape of Lhe field lines from the confine­

ment volume, i.e., the magnetic surface destruct ion . 110 find 

out the .fo values (p = 8JLP/B~ ), at which this effect occurs, 

is one of the most important practical goals of the theory of 

plasma equil ibrium in Gt~llaratorG. 

'l'he problem has been studied in this work fo1' 1=3 and 

1=2 torsatrons v/ith different winding laws of helical conduc­

tors on the basis of a new procedure involving an nnal:{tical 

calculation of equilibrium current magnetic fie l d components 

and a numerical solution of field line equations for the to ­

tal magnetic Jield that includes the vacuum fie ld and the 

field from equ i librium plasma currents. Our approach differs 

from the previou s one /1/ in two points .. Firstly, the ana­

lytical components 01' the equilibrium current -induced magneL­

ic field comprise thc basic characteristics of a three - dimen­

sional geometry of torsntron cO:1figurationo, in purUcular, 

the satellite harmonic content of the magnet ic field and the 

mngnetlc surface functions /2/. This circumst.anc e ['.1 10ws onc 

to judge La \'/hioh extent t his or that trap j s ade qll ~tc Lo 

the 1'.1 & S configuration /3/. Secondly, the presen t proc e d.ure 

is iterative and self-consistent at each step (I f':._.J1!J ~. n CI' 0(ln()s . 

'I'he changes in Lhe configuration oocurring a t It prGcf:G :;"r;.!; 

Eltep, i.e .. , at a lOVler p valun, al'e in LroduGC:u LnL o Li-,£ p: ;u i -
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libriurn current field components at which the magnetic sur­

faces are calculated at a subsequent step when J3 is higher. 

In this respect our approach is close to that developed in /4/. 

Figure 1 displays the results obtained with our procedure 

for two torsatron configurations (1=), m=8, R/a..~ 3.6). These 

have the same dimensions of the last closed magnetic surfaces, 

a. 0::::: 0 . 39 t and nearly the same angles of rotational trans ­

form aL the plasma boundary, t (Qo)~ 0.52 - 0.57, but differ 

in modulation coefficients 01.., in a helical winding law 

( m/l )4'~i1-o(sin;r, where 'f' and iT are, respectiVely, the 

angular variables along major and minor circumferences of the 

torus. The modulation coefficients were chosen to be 01. ~ 3a/R 
f or one torsatron configuration and cJ. = - aiR for another. 

This difference is responsible for the different satellite 

harmo.nic content of the magnetic field, in particular, 

ce±~ IEe < 0 for cl. ~ - Q./H and Cw lEt:> 0 for cJ.~ JQ/R, 
where c.e.teti are the IEI expansion Fourier coefficients at 
(f.m )(f±i.m) harmonics. 

A significant effect caused by equ~librium currents is 

the stripping of the magnetic surfaces and splitting of the , 
family of nested surfaces into two independent regions of 

essentially smaller dimensions . In the example considered, 
the des truc tion caused by a plasma with j> (0) = 5% in t he 
torsatron with cl... = - Q./n is nearly t he same as that in the 
.0/. ~ J Q/H torsatron wi th a.ft (0) ~ J% plasma. In other 

\'lords, torsatrons \'lith Cf::tf ICl< 0 ensure higher fi values 
(by a factor of 1.7) than torsatrons with c /;:1 Ice> 0 do . 

Similar effects are observed in 1=2 torsatrons. In the 
Uragan-21l ( m~4, Rla. '" J . 8 ) a plasma with p ( O)~ 0.5% causes 

a reduction by 1/6 in the mean radius of the last closed 

magnetic surface, whereas in the ATF-1 torsatron a aestruc­

tion IJ." ,1 /J of the plasma radius is caused by a p (0) = J~' 

plasm~:9'~he limiting equilibrium j3 value can be enhanced 

in each specific case through correcting the surfaces by 
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ying external trans verse magnetic fiel ds. 

The undertaken study leads to the f ollowing conclusions . 
An essential effect of equilibrium currents is t h e mag­

I .e tic surface dest ruction (reduction of t he plasma confin e ­

IItt~!t volume and , hence , a r educed plasma li f etime ). I t is 

this effect t hat r est ric t s moot s trongly the per'rnl.ssible 

crit ical plasma pressure CJ3eq) in s tellarator t raps, in par­
ticular , torsatrons . 

2) 11he exten t of magne t ic surface destruction due to finite f 
can be controlled by choosing an appropriate helical vtinding 

law for a to r satron. This i s a consequenc e of the reduction 
of equilibrium curren t~cos ~. and current-i nduced transverse 

magnetic fie l d values by means of a proper choice 01' the 

satell i tA ha r monic content of t he magnetic field . 
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A COMPACT TOnSA'fRON ,'OR DEMONSTRATING l'HE PEASIBUITY OP 
A '['iIO-COMPONENT BJRNING REGIME 

V.Z.Amelin , V.E . Bykov , E.D .Volkov , A.V.Georgievskij , 
Yu.N . 1<uznetsQY, S.A . Lebed ', A.V.Longinov, S . A. MartynoY, 
S . S .Pavlov , V.A.lludakov, Yu.F.Sergeev, K.N.Stepanov, 

A.V.Khodyachikh 
Institute of Physics and 'J:echnology, the Ukrainian Academy of 

SCiences , Kharkov 310108, USSR 

Calculations of reactor-stellnrator parame ters give 
rather large dimensions of these devices /1, 2/ . The minor 
radius a.." of the plasma in such a reactor generally ranges 
from 1 to 2 rn , and t he as pect ratio A = R/a~ ~ 10. To ensure 
t he proper plasma confinement, it is necessary to have rat her 
high magnetic fields B- 5 T. The construction of such a reac ­
tor rlOuld be rather costly. Even with t h e parameters satis­
fying Lhe demons tration experiment J where the po\'/er enhance ­
ment factor Q = P'£N/PH,-.J 1 (PTN is the thermonuclear fus ion 
po\'!el" (neutrons + cC. - particles), PH is the poweI' oC allL!jtional 
heating) , the reactor s ize and costs would be too g reat . 

In the early seventies there appeHl'ell an idea of creating 
a compact reactor using a t \'lo-cornponent burnine regime whjch 
can be realizeu by injecting Et beam of THS t neu Lrnls /J,4/. 
'llhe present work studies the possibility of a demonstrat ion 
experimenL jn !l ste l lara tor system, where Lhe tVio-component 
burning r eGime is achieved wi th a c;yclotron absorpt.ion of 
slow wa ves by ions of one of the D-rtl plasma componcnt fl / 5/. 
In this case, a major portion of particl es of the "hot " com ­
ponent ac quires Lhe cn erg j.es suff iciently high to promote the 
D-r.L' reaction, thereby Jacili taUng the atta.inr:!ent of the r e­
g imes vliLh Q ~ 1. The tran~porL theory for stellarators pre­
di c -Ls essen tial lOGses in a hot thermonuclea r planma /6/, and 
t;}d n determines lar ge djrnen sioIls of n reactor - stellarator. 
Note that the grce.tesL energy transfer occuc's in. Lhe region 
wherf) t he collisiont'!.l frequency is close La the frequency of 
plasma 1'0 tation in Lhe mnbipolaI' electric field. Because of 
an essential difference in collisionul fr~qlw nci('u Jar elec ­
t r on and ion componen ts HL typical reactor plnmnn parameters , 
the losses are proportional to ~~L in the electron chann~l , 
and to ""Y;.'/l in Lhe iO!l channel . 

Taking from / 6/ the expressions 1'0:(' thf' rluxu; in Lhc 
energy bulance wj. Lh due account of brcmss tI'(> ... hlunt;, 3.nd p.l so 
c.ssuminc Lhat all RF' power needed to hea~ the "hot !! componcnt 
s hould be transferred to t h e col d pe rt of the pl'::lama via 
Coulomb in Ler:tc tl ons , Lhe characterj stic pe.r'UWJ ~eI's of the 
device can be relat(~d to pl asma paramet ers and Llw hc::.:.tjng 
absorbed power .. 'l'hj s re l at ion has the: .corm 
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s &/"'( ) 
? 9/2 3/2 a 3.8·10 T. 5.28+K, 

l_3.19.IOi. Ch (5.5-K.)+]) -e.P' II<;!"· (1) 

- D4 (7.IO'S(611)RF -951'/2+~) 
\: W+I .• I'P 

where Tj is the temperature in 10 keY units, ~h is the ampli­
tude of the helical magnetic-field inhomogeneity, <6r>., is 
the DT-reaction rate, i!£ . = ('if;/"Ij )C\. , K· = 174>/"1i ' 
VI = ElT, E is the av~:rah 3"hot" component en~rgy, N is the 
Plasma density in 10 4 cm- , Ph is the specific RF heating 

D " '~Nv,~· . power, ;:;-...'-1. ""rh J = et 1. 
It ;rol'tows from 151 that Q ~ 1 at Te:;: 5 keV can be 

achieved ~y the use of a two-component burning regime with 
a deuterium minority in a tritium plasma at ~ - 1014 cm-3. 

Figure 1 shows demonstration device parameters vereus 
plasma concentration (Ne) at Te = Ti = 5 keV and the optimum 
concentration of deuterium ions (9.5%). Shaded are the regions 
associated with inhomogeneity in ambipolar potential values 
(- 2.3~K~4.5). The parameters were calculated assuming that 

u n;:; 0.6 rn, B = 6 T, eh = 0.15. As Been from the figure, the 
low density region is characterized by relatively low heat ing 
power levels and small ~ -values, while the aspect ratios 
are rather great in this region. The latter a dds to the device 
cost and increases energy consumption to generate the magnetic 
field. The high density region (Ne" 1.5) typically shows high 
levels of the power required for addit.ional heating, rela­
tively low aspect ratios and high ~ values. Thus, the region 
of N between 0.7 and 1, where A'" 1 0, PH = 30 to 40 MW and the 

values are within permissible limits, is best suited to 
our purposes. Yet, the hi gh density region (N ~ 1.5) seems 
attractive from the standpoint of performing a demonstration 
experiment in a relatively small device, though in this case, 
the problem of high input power level s has to be solved. 

It seems most convenient to carry out the demonstration 
experiment in the regime with tritium as an ion minority. In 
this case, the Q ~ 1 regimes can be attained at a plasma tem­
perature Te~6.4 keV. Figure 2 shows the device parameters 
versus the plasma density with tritium being the "hotH mi nor­
ity. It may be easily seen that here the required RF heating 
absorbed powers and device dimensions ~re somewhat greater. 

Note that PH ia proportional to N and to the plasma 
volume. It fol l ows from (1 ) that A does not change if D = 
&'/' Ji I/R a" remains constant. It is then evident that PH may 

be reduced either by proportional ly increasing the devi ce 
dimensions or by enhanc i ng the magnetic field. The analysi s 
of various magnetic system desi gns and reasonable parameters 
of the demonst ration device shows that the feasib i lity of the 
two-component burning regi me can be demonst rated using a rela­
tively small torsatron with a plasma radius of 0.5 - 0.6 m 
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and an aspect ratio ranging betwe en 5 and 10, the heating 
power reaching several t ens MV/. The magnetic field value 
should be sufficiently high ( 5-6 T) in this case . 

The improvement of confinement properties by increasing 
the minor cross section of the trap or by r aising the magnetic 
field value may lead to a more compact system with lower 
aspect ratios and reduced input power levels for RF heating • 

. Two types of s teeply bent torsatrons with helical 
winding (HW) periods mb = 1 and fib = 2 have been considered 
as possible va riants of the design. The mb= 1 type was a 
rather easy for fabrication compact torsatron /7/ .... '1ith a very 
low HW aspect ratio (Ao = n/a, = 1.3-1.5. A = 1.5 - 2.5) . 
VIi th these low Ab values t he HW was a set of current coils 
(~ = 2, 3, 4) deformed in accordance with a special law and 
arranged on t he torus with a circular or elliptic minor cross 
section. The coil s are mechanically linked ~'Ii th each other . 
The des ign admits a modification wit h planar circular coils 
/ 8 , 9/. It has been demonstrated that the variation of the 
magnetic system parameters gives -t (an ) = 0.1 - O. J, an /ah = 
0.4 - 0.5 and the elliptici ty A = 1-4. Thus. there is a hope 
that the proper ]:> values and good confinement properties 
for the demonstration device can be attained . According to 
/7/, the magnetic configuration of Borne modifications of the 
design shows a peculiar behaviour, namely, owing to the plasma 
column shift to the centre of t he torus , t he actual toroidal 
inhomogeneit y Et is approximately by a fact or of 2 lower 
than the an / R rat io. rrhus, j.n its confinement properties 
this system may be equivalent to the device with the aspect 
ratio twice as large. 

'rhe second type was a magnetic configuration of an 1=2 
torsatron with four fie ld periods. It has been established 
that in this system at A ~ = 1.6 there exist closed surfaces 
with A = 2.6 and the transform angle t = 0.4, and thJs 
allows us to consider this system as a suitable device for 
the demonstration experiment. 
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Introd uction 

Experimen tal op eration of the Advl,ll1Cl,d Tnl""illnl I"arili ly ("TF) [11 hegali in January 1988. 

The d~'vice is a cont. inuous-coil , ( = 2 t(lr~ilt!""1l willl major radi\ls Un =: 2.1 Ill , averagl! Ininor ra­

dius i:i = 0.27 m, plas Jna \'(,]uJn£' l' = a.1 111:1, an'rap;l' lllap;IIl"t.ic liPid n il axis Bo -::: 2 T , rflt.u l i"l1al 

tran sform 0.3 < I: < 1.0 (ty pi("ally), all d ,Ill ~ 1 1 11)·s lahilil\'-clplilllizl'd, nexi hh' magnetic' ("c, llIig­

Ilration. It wi ll he used to iI1\'esl igale a !lllmher n f I"r"illal \"Ilntille1ll('nt pllysics I" pies, Il1 ninly 

£i "i te-bel.a s t.ability limits , Ic'\\'- ("olli si'''l alil)" tramp.,r ! , elt' l' l ric lit,I(] ('ffc-("\s, pa" l ic k <I11r1 e ll ('rgy 

cont ro l, and long·pulse fl perat.i nll. n("lml t s I"rll!ll I hl' initial "lwr;1ti"l1 "I' N IT a t Rn ::-: O.!)!", T <Ire 

p rese nted in terms or (]) g('neral n])(·' 1" 1I 1.inp; charad l'I"ist.ics, (2) ~l'nllH I · harmOllir !):~ · C] [", l:'1t'C" ­
troll cyclotron plasma in it ia tion, and (:1) Iwnlin g with ,£ 20U kW "I' ,,[('c t ron cydulrlll1 h t'a til lg 

(EC I-J ) and S :l50 kW nl" Iwul ral ht'a m inj£'(" lioll (NBI). 'I'll(> main uhj('rlivf' ill t h is brif' f phase 

was l n esta bli s h basic npcral ing C"apabi lil i('s .,1" till' [,wilil V, sc , tilt:' fl' 5' IIt5 do nnt relled "pt.imi1.f'd 

perforn lance. 

Gelle r a l Op erHt iug C hanH: t,e ri s t, j(:s 

A cross sed ion o[ AT F' with t.lte coil s, ty pical ,-a lnliat(,d maguetir sur[uccs, and ("oll s l ant · IRI 

contours is ShOW l1 in Pig . 1. III titl'se cX IH'ri llH'nt.s I h(' Illagllel ie COl/ fi gu rat ion is est ablishcl l about 

1 s before d ischarge initiatiulI and h(,ld colls t aul fo r aboul 2.5 s. The plasma is produ ced by 

injec t ing a -s; 0.5 tor r · L puff o[ H2 gas into t lt e: \',j('ll11m vessel (vulull1 e 104 L ) ab ou t lOO ms 
before applyi ng t.he microwave (8e ll ) power , a5 show ll in Fig . ~( a ). T ht' lille d('n sit.y "/I~t is 

Ilwa5med by a 2' mrn intt'fferome ler a ln llg 11 O.GS-m hl,rii':IlI1Lal chord. 'i'nroidal plasma 1'1ITrP III s 

measured during t lu' discharge are -::: J .5 k A,s" Ilwir (·akulal l·d ('ffect UII 111(' rnll lig ural iUII is smal l 

(c.g., tH(O) < 0 .04). Two wall cond ilio"ing Ilwlhods ha\'(' I)f'f'n uSt,d tu rllIl £': gluw dise" harge 

cleaning and fundamenta l e l('droll e.rdulrnn r('SlIl1al1C(' (EC H.) discharge' clean ing. T .r p ically, 

these proced u res a re applied d a ily I"nr pe r i"ds ,,[ 12- 24 hllllrs P{'f d ay. Pulsed e.xpc r illlcn1.al 

' n~$ei1rch sronsorc~.l by t he ORiec of Fusion Entrl>.V, !I .S. DCpi1 rLnl<'nt nf Encrgy, n "dn rOl1L rlli"t 
D I~-AC05-840R21400 wilh Mart in r-,·!<>r; .. Lt" Energv S}"SI~III$, 1nl". 

1 Uuiversity of WiSCOllSiu, Madison, WI, U.S.,\. 
1 Auburn University, Auburn, AI., U.S.A. 

JKyolo Ulliv~ rsilY, Kyoto, J apan . 
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FIG. 1. Cross section of ATF in the 
plane of the ECH launcher , showing mag­
netic Sllrfaces and constant·I BI surfaces . 
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FIG. 2. Experi mental signals for ECH 
and ECH+ NBI discharges. T he gas puff 
and ECH power signals in (a) apply to 
both cases. 

operation with Ben pillS N UT. is nlso found to be an effect ive co ndi t ioning technique, as explained 

below. 

Electron Cyclotron P lasma Initia tlon 

Microwave power i'ECH ~ 200 kW is supplied by a single &y rotroo and trans mi tted to the 
device via a 6.35-cm-diam evacuated waveguide syst.em (with no window at the device interface) 
operating in t he TEg2 mode. The power is radiated in a wide-angle (11 0 half-angle) pattern frolll 
an open-waveguide launch point located on t he low-field side about 1.2 m above t he midplane. 
Plasma breakdown is optimal when the initial H2 fill pressure is about 5 X 10- s t orr and t he 
second-harmonic resonance layer is close to the saddle point in IB I, ill general agreement with 
the nonli near t heory of Carter et a1. [2J. To confirm t he IB I- dcpf' ndellce , systemat.ic scans of 
the magnetic field strength were made by varying t he helical wind ing current to determine t he 
range over which breakdown could be obtained . The range was found to be qui te narrow-
0.93 '$ Bo '$ 0.96 T {3.2%)- sirnilar to that fou nd in Heliotron-E [3]. Over t his range, t he 
second-harmon ic resonant surface (1 81 ::::: 0.947 T) sweeps through t he shaded region shown i ll 
Fig. 1 , whi c.h depicts t he toroid al plane in which the ECH launcher is located. The initial rate 
of density buildup depends on PEC I~ , H 2 fi ll pressure, and wall condit ioning history, bu t in the 
bes t cases to date , n~ rises to 5 X 10 18 m ~ 3 i ll < 10 OIS. 
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Electron Cyclotron and N cutral . Beam Injection Heating 

After the breakdown phase~ with the d ischarge iti lJ sustained by ECH power alone, the density 
continues to rise as shown in F+g, 2(b ), despite the fact that , typicaiJy, no further gas puffing 
is added . Spectroscopic measurements Qf absolute line intensities show a steady influx of light 
impurit.ies, principally C and 0, as exemplified by the 0 VI <'m.ission signal shown ill Fig. 2(c). 
Analysis of the exhaust gas from the sy~tem after a discharge indicates - 10% concentrations of 
CO and H]O. FUrthermore, the rate of cI€"llsity rise after t he breakdown tends to r1ecr€'ase as a 
result of wall conditioning, as show n ill Fig. 3, consistent with the long-term buildup being due 
to impurities from the wall. Comparing the density behaviors obtained with normal gas puff and 
with no gas puff (Fig . 4) shows that the initial density contributed by the H2 gas puff produces a 
constant pedestal on the subsequent density evolution. The achievable density rist> ill th is initial 
transient increases with the g~neral cleanup of the machine through wall conditioning . 

In regard to the power balance, a bolometer located ...... 0.5 m from the ECH launcher de­
tects power ftuxes equivalent to several times the total inpu t power . The interpretation is that 
this signal is dominated by microwave power undergoing multiple reflections; thus, the effec­
tive single-pass plasma absorption is small , consistent with the nOli -optimal launch geometry 
described above. The microwave power losses from the system are also estimated to be small , so 
that nt'ariy lOO% of the power is calculalf.d to be absorbed ill multiple passes. The spectroscopic 
measurements are consistent with most of the power being radiated in partially stripped stages 
of C and 0, subject to some uncertainties in the absolute calibration and the axisymmetry of 
the radiation. Ion temperatures determined by impurity Doppler broadening steadily decrease 
as the density rises, and similar trends are seen in the electron temperatures estimated from line 
excitation levels and from fundamental electron cyclotron emission. In the late stages, a peaking 

and suhscqllE'nt. gradual dec reasE' in the dE'llsit-y freflllf'lItly O"tltS as well, as in the NTIT case 
in l<~ig. 2(b). These experimenta l oiJservations , as well as supporting time-dependent transport 
modeLing, are all consistent with a gradual impurity bui ldu p r.ombined with insufficient. power 
(at present) to overcome the resulting radiative losses. Simi lar behavior has been observed in 

"h~g{~~~~~~~~g[~~~~~l I.I"GCIC r EC~·OC ( CR-DC CR·D GDC, rl lCCRR __ noccl 
ITSiAiifoc t • ~ 
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FIG. 3. Performance improvements , as 
measured by the decrease in ane / dt, 
due to wall conditioning and pulsed 
ECH+NBIoperation. 
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FIG. 4. Early density evolut ion with and 
without usual gas puff. 
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Heliotron-E, as well as in tokamaks where it is t.ypically associated with disruptions. In a stet­
larator such as ATF, however, the magnetic configllration remains intact, and the slow density 
decay (7"n S 50 ms) after the power is turned off is indicative that good particle confinement 
still exists. Electron-beam measurements of the magnetic su rface quality are in progress. 

The behavior is qualitatively similar when NB! heating is applil:'d at low power (typically 
350 kW) and moderate energy (25 kV) for short pulse lengths (35 ms). Tallge.~tial co-injection 
is used , and ne ~ 8 x 1018 m- 3

, ~o the calculated shinethrough 10s5 is < 15%. Despite the 
added power, the final collapse is not avoided because the impurity levels increase with NBI , 
the dens ity' rises a.t a. faster rate (Fig. 2(b)), aud X-mode cutoff near the cellter begins to reduce' 
the ECH power absorption . On the other hand , ECH-only shots after ...... 50 ECH+NBI shots 
showed ~vidence of improved behavior (slower density rise, as shown in Fig. 3, and no collapse), 
indicating that even short-pulse NBI may cOll di~ io ll the walls in a way that leads to reduced 
impurity influx. Diamagnetic measurements (Fig. 2(d)) show that the stored energy (Wd) peaks 
at 2.5 ± O. 7 kJ within 20 ms 'after beam turn-on, making it possible to estimate the global energy 
confinement time, TB == H'{I/ Pllb. ::::: 1 illS. The total absorbed power Pllb. is calculated to be 
365 kW, taking beam shinetluough and microwave cutoff into accoUllt. The equivalent average 
temperature estimated from the diamagnetic flux, kTd == VVd/ (3-ne V), is about 140 eV. This is 
consi stent with temperatures inferred from other diagnost ics; for example, Tj(O) = 260 ± 40 eV 
is obtained from charge-exchange spectroscopic measurements. 

Conclusions 

The initial, low-power experiments on ATF have established some basic operating charac­
. teristics of the device'. Second-harmonic plasma initiation successfu ll y produces target plasmas 
with densities sufficient for NBI , using only 200 kW of ECH and a non-optimized laUllch con­
figuration. Following t.he init ial breakdown phase, t he discharge behavior is strongly affected 
by light impurities, which dominate the particle sources and the energy losses and frequently 
lead to a radiative coUapse. However, there are indications that the good particle confinement 
typically seen in stellarator devi ces exists in AT'F as well and evidence that Impurity levels can 
be reduced through extended wall conditioning and ex perimental operation . In future opera­
tion, the wall conditioning procedures will be augmented with the addition of vessel baking and 
gettering capabilities, and a more directed ECH launch sr.heme will be implemented. 
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EFFECT OF TRANSVERSAL MULTIPOLE FIELDS 
ON THE STELLARATOR CONFIGURATIOJI 

Pustovitov V.D. 

P 1 B 12 

I.V.Kurchatov Institute of Atomic Energy,Moscow,USSR 

A magnetic system in torsatrons includes the coils of two 

types.The main coils are helical with unidirectional currents 

providing longitudinal and helical magnetic fields necessary 
for plasma confinement.The second type includes circular con­

ductors.Their objective is to compensate a transversal field 
produced by the currents through the helical coils.Combinding 
the currents through circular conductors,one can also solve 
another problem:to produce an axially-symmetric poloidal field 
necessary for the plasma shape and position control.Thefirst 
large-scale experiments of such a kind are planned to be per­
formed on the ATF-torsatron [ 1 J • 

Let us consider an effect of a separate harmonic of an 

external field: ~ Bm [m ~ J 
B = - ~ V( 0 cosmu) e~ 

m mb - J ~ 

on a stellarator (t orsatron) configuration. Here 
the quasi-cylindrical coordinates connected with 

(1) 

( ~,u;;) are 
a geometrical 

axie of the system, b is the characteristic transversal dimen­
sion. 

Let us assume that averaged vacuum magnetic surfaces are 
circular in the absence of the fields (1).Under the field (1) 
their form ( V =const) is changed : m 

2 S B ~ V = b2 S Yh(g)dS + 2A mE m bm cosmu • (2) 

Herej"h ( g) is the vacuum rotationa~ transform at Bm=O,Bo is 
the longitudinal field strength at the geometrical axis of the 
system; ,,=R/b,R is the radius of the axis.We didn't take acco­
unt of toroidal corrections in (2) which can affect the geomet-
ry of magnetic surfaces near the axis J QOt Bee [2J , at 
low Bm - magnitudes. 
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The configurat ion of the surfaces W ~ conet, number 

and positions of singular points depend on the profile Jh(~) 

and on the multipolarity of an external field. For a wide ran­

ge of stellarators JIh can be represented by a formula 

When J o F 
m .::;. 2 can 

2 2 
Jh = J O + (Yb -.fO ) j' /b • (}) 

0, as seen from ( 2), only harmonics of (1) with 
affect the near-axial surfaces. An effect of higher 

order harmonics is manifested at the periphery : the greater m, 
the less their effect on a central region. 

~ 

A homogeneous vertical field, .-+ B..l. '1 in our model shifts 

the surfa~es W = const towards le~B l 1 and slightly distorts 

them. One can effectively control the plasma shape via a quad­

rupole (m=2) and a hexapole (m=}) fields. It can be necessary 
to provide the stability of a high-pressure plasma in stellara­
tors. One can easely find the limits within which such appli-
cation of multipole fields is possible: 

I B21 < B~r = yoBO/A , 

I B} I < B)r = 2Y yo( J b -)"0 )' Ba/A 

(4) 

An excess over a critical value, B~rt is accompanied by split­
ting of the axis and by the emergence of an internal figure­
eight separatrix. When the magnitude of the hexapole field ex-

cr ceeds B) I a 
tices emerges. 

triangular separatrix with islands near its ver-

A critical value B~r corresponds to a maximal elongati­

on, Et of a magnetic surface passing through the points ~ =b, 
u = O,C[,which is obtained without splitting the axis: 

E4 = 1 + 4j>O/(Jb -Jo) • (5) 
The quantity E turns out to be rather low: e ~ 1.35 for ATF, 

E = 1.2 for LIVEN'-2. Singleaxis configurations with highly­
elongated croBs-sections can be obtained in the stellarators 

with a low shear (E :::: J at Jb'10 :'O' 1.05). When BJ=B); singula­
rities emerge at a distance 
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(6) 
cr 

When B3 > B3 ' they are splitted into a hyperbolic and an 
elliptic axes: 

Je - j'h (7 ) 

A hyperbolic point rapidly moves towards the centre with a ri-
. I cri cr se ~ B3: fh= d 2 at B3 B3 = 1.25. 

N ha ( ) cr cr ate t t in the 1=3 stellarator yO=O B2 =B3 =0. It me-
ans that the single-axis configuration in the 1=3 stellarator 
can be obtained only in the absence of quadrupole and hexapole 
fields. In the stellarators with )"0 =0 an octuPole field at 

IB41 > BOjlb l A can also cause the emergence of an inter­
nal separatrix. 

Let us obtain a dependence of a plasma column displace­
ment, ~ b t as a whole, on B1. at a finite plasma pressure. This 
problem was considered in [)-51 on the basis of extremely -

simplified approaches. The general solution to this problem 
can be found with the virtual casing principle [6 I . For a 
plasma column with circular (on average) boundary at the para­

bolic profile ~h it can be obtained analytically: 
b { BR 3 [, 

B 1 = - - B / In - - - ) - nO II t::, + 
2R b 2 ) ( 8 ) 

+ (aYh)' l a
2 

+ 2(},b -),0 ) t::,3/b 3J} a =b 
Here B

J
= J/2ILb is the field of a longitudinal current, J 

at the plasma column boundary; jl is the rotational transform, 
~(a) is the toroidal displacement of magnetic surfaces, a = 
CODet, respective to the axis f ~O, /:).' =d.6/da. In derivation 

of (8) it has been assumed that I t::, I « 1 near the boundary. 
Determination of a derivative t::,' included into (8) needs 

a solution to the internal equilibrium problem. 

stellarator of the WVII-A t~pe tl. (b)~ -.f->IJeq 
re profile t where J' eq= J O lA. In this case, 
it follows from (8) that 

In a shearless 
at any pressu-

when B J ::;0, 
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tlb B1 A 
= - - + • (9) 

b BO JO 2f> eq 
From this it folloVls that the plasma. coltunn, at high jJ close 

toJ3 ' should be displ aced to a distance of the order of a 
eq 

half of the minor radius in the absence of B1• It is clear 
that it is possible to reach suchfo without plasma colunm 
collapse on the wall (limiter) only when a displacement 6. b 

is compensated by a vertical field B1• This conclusion about 
the role of a vertical field in the shearless stellarator 

contradicts the statement made in [3 J disclaiming the neces­

sity in B1 within such a system. 
One cannot succeed in obtaining a simple relationship 

like (9) in the high-shear stellarators because of a more 
complicated dependence of t!. (b) on J} . In this case, however, 

one can see that at high l' ' when /:/ Cb) ~ -1, the displace­
ment6 b turns out to be intolerably large in the absence 

of B
1

• 
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BOOTSTRAP CURRENT IN STELLARATOR CONFIGURATIONS 
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Neoclassical transport theory predicts the existence of a net toroidal current, the 

so-called bootstrap current. The presence of this current in stellarators of the next 

generation (WENDELSTEIN VII X, LHS , etc .) can affect the stability behaviour 

and the confinement properties of these systems. Therefore it is desirable to reduce 

its value in order to attain a nearly currentless regime of operation. 

The theory of bootstrap currents has been established in several papers [I], 

[21, [3]. In the present paper a numerical evaluation of the geometrical coefficient Cb 

characterising the effect of the geometry of magnet ic surfaces on the bootstrap current 

is given for several advanced stellarators with reduced Pfirsch-Schliiter currents. 

If the magnetic field B(T},~) on a magnetic surface is given in terms of a Fourier 

series: 

B = L al,m cos(/~ - m,) + bl,m (/ry + m,) 

where ('1, d are the poloidal and toroidal Hamada coordinates, the coefficient 

Cb depends on the rotat ional transform t; and the coefficients al,m,b',m' Cb wi ll be 

normalized to an axisymmetric configuration with the same aspect ratio and the same 

rotat ional transform. 

As has been pointed out in [1] the driving term for the boots trap current is the 

parallel viscosity < B· 'iJ . 11'> with 1I' i ,k - (PI! - ppJ.)(njnk - ~6ik), nj = Bd B. 11' is 

the anisotropic pressure tensor in the Chew-Goldberg-Low form . 

The rdevant term h i of the perturbed d istribution function h 
lated from the drift kinetic equation (see Ref. 4) 

(1) 

has to be calcu-

B (V' - 1 u') V vB 
-. ulI-B . vhl - C[hd = 11 ,' .L ( j B· )/0 

v ln 
(2) 
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fa = local Maxwellian, C =: collision operator, Vj is the lowest order plasma 

flow of each particle species j within the magnetic surface. 

kTN' 
Vi = [-q_ N) + <l>' (,p)JV, + AiB 

) ) 
(3) 

Nj(t/J) = plasma density,~(,p) = electric potential, Vo is a poloidal vector with 

V o x B = "'" and "V. V o = O. The vector Vo is proportional to Bp. see in [11. 

After evaluating < B . \l''lrj > and using eqs. (1), (2) and (3), the geometrical 

bootstrap factor Cb is: 

( f( ' 1,)B-\7B _l{' I, V , -\7B}3 ) 
Cb - VII - 2" V .c -B--L (Vii - 2" vi)!, B d v (4) 

In the collision dominated regime this reduces to: 

(5) 

which can also be obtained from Braginskii's form of the bulk viscosity [51. In 

the plateau limit eq. (4) coincides with the equations given by Shaing, Solano [31. 

In the long-mean-free path regime the coefficient has been given by Shaing et al. 

(21_ A numerical investigation of it has been done by Ohkawa (Cb = (f. )Gb) (61_ 
lt can be shown, that the bootstrap current is zero if the Pfirsch-Schliiter currents 

vanish (ill = 0 - Cb = 0) therefore it is expected, that stellarators with low Pfirsch 

- Schliiter currents also exhibit small bootstrap current. 

In Helia.s configurations [71 the parallel plasma currents ill are as large as the 

diamagnetic currents h .. A 4-period configuration is shown in Fig. L Locally t he 

boots trap current is not zero, however, integration over a magnetic surface yields 

nearly zero toroida l current (see table I) In table I the normalized geometrical boot­

strap factor Cb (OT Gb) is given for several S~ellarator configurations, beginning with 

Wendelstein VII-A. Cb = 1 corrsponds to the equivalent a,xisymmetric device. 

As shown in table I the boots trap factor in the Pfirsch-5chliiter regime is negative 

in most cases and differs appreciably from unity. However, the absolute va lue of 

the bootstrap curent is negligible in the collisional regime. in the plateau regime 

circulat ing particles carry the boots trap current. In W VU - A the factor Cb is of the 

order one, but in the W VII - AS already a smaller C" ar ises . In Hel ias configurat ions 

(last three cases in table. I) various cases with large or very small boots trap factors 

can be realized. 
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In the !oong-mean-free-path regime (last column in table 1.) the three Helias 

cases show low boots t rap current too. 

As has been pOlnted out by Shaing, Callen [11 the boots trap current in con­

ventional stellarators or torsatrons can change sign across the plasma rad ius, thus 

making the integral boots t rap current very small. The analysis presented here proves 

the existence of Helias type configurations with vanishing bootstrap current on every 

magnetic surface. 
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Method- direct Fourier Ref. 3. Ref.8. 

System Radius [cml 

W-V11 A 1.1 0.0005 ... -0.12 ... 1.0 -0 
5.6 -0.274 -0.3 0.99 -0.12 
10.1 -0.88 -0 .94 0.96 -0.25 

W-VII AS 5 2.77 2.05 . 0.72 -0.03 
10 0.86 0.11 0.6 -0.11 
20 -1.53 -1.78 0.2 -0.2 

HC5El 9 -8.64 -4.6 -2.2 -2.16 
27 -8.65 -4.8 -2.2 - 1.1 
45 -8.83 -5.3 -2.4 -3 

BSX52 11 7.4 10 0.18 -0.03 
21 8.4 15.3 0.31 -0.15 
30 11.3 23 0.29 -0.06 

HELIASK 3 -9.7 .. -9.1 -1.33 -0.08 
15 -9.3 -8.8 -1.43 -0.11 
31 -7.7 - j.7 -1.30 -0.2 

HS4E8 13 -0.1 -0.056 -0.02 
30 -0.1 -0.03 O. -0.22 
42 -0.15 -0.072 0.1 

HSVll 10 -0.056 -0.056 -0 .02 -0.04 
27 -0 .6 -0.64 -0 .03 -0.09 
45 -0.36 -0.85 -0.04 -0.09 

TABLE I Bootstrap coeffic ients Cb or Gb of different stedarators. 
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MHD STABLE fJ- REGIONS IN e = 2,3 STELLARATORS 

1. Introduction 

F. HERRNEGGER 

Max-Pianc.k-Institut fur Plasmaphysik 
[PP·EURATOM Association 

D-8046 Garching bel Miinchen 
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An average magnetic well (VII < 0) of the vacuum field s of small shear is one 
mechanism to stabilize l ,2) MHD-unstable free-boundary modes. In the present study, 
a class of t = 2,3 stellarator configurations, which are characterized by an average 
magnetic hill or well and small shear, are analysed with respect to free-boundary MHD 
modes. The analysis is performed by using the stellarator expansion procedure STEp3). 

The various vacuum field configurations are given in terms of Dornmaschk potentiais4) 

and the notation of Refs.2,5 is used. Table 1 gives two examples uf l = 2,3 vacuum 
fields. These configurations consist of M = 5 field periods of period length Lp and 
aspect ratio A ~ 10 (A = RT/a = MLp/27ra, a is the average mi nOT plasma radius , 
RT is the major torus radius). The value of the twist (angle of rotai,ional transform 
divided by 27r) is in the range of 0.56::; t::; 0.67 (see Fig.2). The speci fi" volume V' can 
be varied by changing the axisymmetric dipole and quadrupole fields 2,5. (resulting in a 
displacement of the magnetic axis with respect to the outermost magnetic surface) or 
by adjusting the t = 3 fields having 5 or 10 field periods around the torus (see Fig.l). 

By these means the dependence of the MHD stability of global modes with low values 
of the toroidal mode number n on the magnet ic well of the associated vacuum fie lds can 
be studied. In all cases the the pressure profile is approx imately a parabolic function 
of the minor radius r, p ~ Po(l - (r/a)2), and the pressure Po (measured by Po on the 
magnet ic axis) is varied (stability parameter). The finite-tJ equilibria are net-current 
free. As examples, the Figs. land 2 show the magnetic surfaces, the twis t t and the 
specific volume V' as functions of r / RT of two configurations with magnetic weil and 
hill. The configuration FZH207B has a very small aspect ratio of A ~ 5. 

2. Stability Results 
For the stability computations the equilibrium mass density p is assumed to be p ...... .JP 

and the plasma region is surrounded by a vacuum region with an electrically conducting 
wall at infinity. In the STEP procedure the mode number n is a free input parameter 
(l ::; n::;: 6 for the present study) whereas the various poloidal Fourier modes associated 
with each n-value result from the computations. The m-numbers given in the Figures 
correspond to the resonant Fourier mode with the dominant amplitude. In all cases, 
about ten Fourier modes in the ne ighborhood of the resonant mode are sufficient. 

In Fig.3 the normal ized eigenvalues are plotted as func t ions of /30 for several u nstable 
free-boundary modes where the corresponding magnetic vacuum field has a magnetic 
hill of (.6. V' /V;)vac = 2.81 %. The modes are characterized by the mode numbers n, m 
and the node number in radial direction. All modes shown here have no radial nodes 
except those of the curve with bold squares (n = 3, m = 5) which have smaller absolute 
eigenvalues and are more localized than the corresponding modes without radial nodes. 
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Fig.!. Contour plots of magnetic surfaces of vacuum fields at 
0, Lp/4, Lp/2 of a fie ld period with period lenth Lpj 
left : to = 0.57, tb = 0.65, A = 10.3, 6.V'jV: = - 2.3%, 
(jll lil.)'z = 2.75, J;z = 8.54; 
right: t o = 0.41, t"IJ = 0.67, A = 5, b..V' j V: = 14.3%, 
(jll/iJ. )az = 2.95, J;z = 9.73. 

FZH2078 

Reducing the magnetic hill of the vacuum fie ld to (6.V1jV;)vac = 1.38%, the absolute 
eigenvalues are becoming smaller (see FigA). One observes that the n = 3 and n = 6 
modes show a resonance feature, are unstable for small.Bo-values (i. e. - hRT/UA)"l > 0) 
and are stabilized at higher po-values (Po 2: 2.6%, second s tability region for t hose 
modes). However modes with different n (n = 4, n = 5) appear which are localized very 
close to the magnetic axis or the plasma boundary. The s table po-window is very narrow 
in this case. For equi lib rium configurations with (.6.V'jV;1vac = 0.96% (and smaller, 
see Fig.5), the absolute eigenvalues of t he unstable modes decrease further and a small 
stable region around Po = 2.3% can be observed where no unstab le free-boundary modes 
with n = 1,2, ... ,6 investigated so far have been found. Another stable p-region is found 
for 3.3% :$. Po ~ 5%, the width of which depends on the magnetic well depth. In case 
of a magnetic well (.6. V' jV~)vac = - 0.2%, no unstable global modes are observed for 
/3. ~ 3.5%. 
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as functions of T / RT for various vacuum fie ds. 
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The solid curves are for the configuration FZH207 A 
from a fie ld line tracing code and the correspon­
d ing values from STEP are indicated by open cir­
cles. The additional curves (squares and tr iangles) 
obtained by STEP show the variety of vacuum 
fields (V" positive and negative) used for the sta­
bility computations. 

( o.VIV~Iv.x..2. 81·1. 

~. 

Fig.3. Normalized eigenvalues as func­
tions of {Jo for n = 1,2, ... 6 
'free-boundary modes with no 
or one radial node (to vac == 
0.59, tb v ac = 0.61).' The 
mode structure is changed 
if 130 increases. There are 
many other modes with smal­
ler absolute eigenvalues. 
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Tab l e 1 a ~ 
0 

fI£LD CONfIG. fZH207A CC~ l . 0, 3/88 
MP£R,IANP,RA,BZO/ IDN,M,L,ANP 

5 21 1 .00£+00 -6 . 160E-03 
1 0 3 -2.800E-Ol 
1 5 1 -3. 240E-02 
2 5 1 3.240E-02 
1 5 2 -1.550£+00 
2 5 2 - 1 .550£+00 
1 5 3 - 1 .500E-Ol 
2 5 3 5.000E+00 
1 5 4 -4.450£+01 
2 5 4 -2 . 440E+Ol 
1 5 5 -1.000E+02 
2 5 5 1.100E+02 
1 5 6 -4.810E+02 
2 5 6 1 . 120E+02 
1 10 3 -4.500E-00 
2 10 3 4.500E-00 
1 10 4 4.630E+Ol 
2 10 4 4.580E+Ol 
1 10 5 2.640E+02 
2 10 5 -2.350E+02 
1 10 6 3.000E+03 
2 10 6 1.500H03 

N 

~ 
(t:N' IV' o)vAC=I.38 r. 

~ 

> 
"-

>-
0:: ,., 
~ 

I 
N 

~ 
0 

I 
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n=6 

P, 
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I , 

I I n=3 
I , 

I , 

Table 1 b 
fiELD CONfIG. fZH2078 CC~0 . 9, 3/88 
MP£R,IANP,RA ,BZO/ION,M, l ,ANP 

5 25 1.00£+00 6.161E-04 
2 0 2 1.080E-Ol 
1 0 3 -4.876E-04 
2 0 4 -6. 638E-04 

: ~-;!-P_L~--:;.L,_'j\~~A_?~·n-=--~_~:_-~"'L,-~_~L5~ 
0.0 2.0 4.0 % 

~o 

i g ~ ~:gg~~~g~ FigA. 
1 5 1 2. 238E-03 
2 5 1 -2. 239E-03 
1 5 2 -1.544E+00 
2 5 2 - 1.546E+00 
1 5 3 -2.152£+00 
2 5 3 2.950E+00 
1 5 4 -3. 452E+Ol 
2 5 4 -1.437E+Ol 
1 5 5 -1 .008E+02 
2 5 5 1.106E+02 
1 5 6 -4.813E+02 
2 5 6 1 . 119E+02 
1 10 3 8.502E-Ol 
2 10 3 -8.507E-Ol 
1 10 4 2.631E+Ol 
2 10 4 2.584E+Ol 
1 10 5 2.638£+02 
2 10 5 -2.346E+02 
1 10 6 2.991E+03 
2 10 6 1.505£+03 

Eigenvalues vs {3, for n/m = 6/10, 3/5, 5/9, 4/7 
free-boundary modes. 

I I I 
0010 - (l:JV'/V~)""" ~O.96 "I. 

"-
" 
er: 
~ 0005 -T -

00 
o 3 ' I, 
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Fig.5. Eigenvalues vs {lo for n/m = 6/10, 3/5, 5/8 
free-boundary modes. 
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VIRTUAL CASING PRINCI~L~ FOR ST~LLARATORS 

Pustovitov V.D. 

I.V. Kurchatov Institute of Atomic mergy, Moscow, USSR 

In the sharp plasma-boWl:!:1ry ID') 1. ·':. L t.he general equilibri_ 

um problem is naturally splitted into internal and external 

ones. They can be solved independently, when the boundary is 

known. 'fhis simplifies the solution of equ ilibrium and s tabi ­

lity problems in which radial distribut i ons of equilibrium qu­

antities is of importance. J:t'. th:"5 C3.se the external problem 

is solved after finding a configuration with desired properti­

es and serves for determining the external magne t ic fields ne­

cessary for i ts formation. The confining field in tokamaks is 

calculated from the known internal s olution with a ·:.~mple and 

effective virtual casing principle r 1 I • I t is bused on the 

idea of replacing external currents by the current 

- r· --J i = _ B n ( 1 ) 

whi ch flows on the surface coinciding with the plasma boundary. 

Here B is the equilibrium field strength at the plasma boundary, 

r; is the external normal. It is not difficult to find El f i eld 

produced by the currentR (1) in tokamalcs. However, this prob­

l em becomes complicated for the systems which do not possess 

an axial symmetry, see [2 1 • It' or stellara tors with a plEme cir­

cular axis it is convenient to use a simpler approach based on 

the possIbility of describing these systems by two-dimensiunal 

(averaged) equations.It is well known that such an approach is 

rat her precise [31 • It is· also important that a two-dimensio­

nal image of a stellarator does not differ in its geometry 
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from a tokamak. Let us show how one can determine an external 

confining field by the known field at the plasma boundary. using 

this model. Here and then we mean average quantities indepen­

dent of a longitudinal coordinate> and a smoothed axially 

symmetric boundary. 

A poloidal field averaged over 5 in a stellarator can be 

represented in the form r 4 ·] _ 1 

B = - [V( jJ - jJv ) V:;-] • (2) 
p 2Jj; 

where Wv is the averaged poloidal flux of helical field 

( llv =0 in tokamaks). The field (2) has a normal component not 

equal to zero, when Wv ~ 0, on the surface W =const coinci­

ding with isobars. Due to this, a direct transfer of the results 

[1J to our case is impossible. In order to reduce our problem 

to that solved in [1J let us consider an auxiliary vector 

field b instead of Bp - -b = Bp + b* • (J) 

where b* i s the poloidal field determined in the plasma by a 
formula 

b* = (4) 
It should satisfy the equation divb*=O, rotb*=O and the same 
boundary conditions as those for B in a vacuum. For the field - -b the problem of finding its component bext produced by exter-
nal "currentsll is stated in the same way as that for a tokaniak 

[ 1 J. Assume. as in[ 1 J. that an ideallyconducting cas·ing is pla­

ced at the plasma boundary, and a current passes through it: 
ic [b n -]. (5) 

Together wi th a volume current rotb it is a source for the fi--eld b in the plasma. The total field o.f these currents equals 

zero in a vacuum. In other words: 
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r bext = Bext + b~xt 
be = ') 

_ ( -bp1 = -(Bp1 + bp1 ) 

in plasma 
(6) 

in vacuum -where be - is the field pr~du~ed 
ducing a vector-potential A=Aes=r 
field, one final l y gets 

by a 

A'V5 

surface current i c • 
for each component 

Intro_ 

of the 

( rAext + liv/2Tt: - rAj. 

\ rlcpl - rAj. 

in plasma 
(7 ) 

in vacuum 

Here we have takan account of the fact that, by defini!ion, 

bpl;~j* - is the field produced by the volume current,j*=rotb*, 

and b:xt=b*-b.*- A circular current js' distributed across a 
cross-sect ion $: :::;const within an area produces a field 

[v(rA) v,J 

where G is ~ he source function. For the surface current 
(8) 

(5) 
flowing along the boundary, 1t of this area jsdS should be 
repla ced by i,dl: 

rAc = - 4 G (B + b*) dl , (9) 

Here dl = [ ;, n' ·l dl'. An integral of the type (8) for rAj' 

can be reduced to contour integrals via the second Green's 

fannuls 
-+ 1.\..li cG 

dl + - ~ ...:!. - dll + 
25L r' I n' 

liv 
? 2gj; , (10) 

? =1 in plasma,? =0 in vacuum. Substituting these expressions 

Ac and Aj * into (7), one obtains an explicit expre~ion of un­

known quantities in terms of an equilibrium field B at the pla­

sma boundary and the function Wv ' representing averaged vacuum 

surfaces in the stellarator: 

~G B dl + 2- ~ liv ~ dl' = 
z.Ji, ':Y r' On' 

When liv~O, Eq.( 11) coincides with 

in plasma 
( 11) 

- rAp1 in vacuum 
the known resultl 1] for a 
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tokaIDak" 
The equality (11) completely determines the confining fi­

eld necessary for creating a desired plasma configuration. In 
the simplest case of circular (on average) boundary,Eq.(ll) 

0<> 

rAext = Bl-R~COSU - L [ bR R". + linl 
n=2 2n 4~ 

gives 
~n 

cosnu , 
bn ( 12) 

Here b - is the average radius of a transversal plasma ora ss­
section; ( ~, u - are quasi- cylindrical coordinates connected 
with its centre, R ie the radius of 
axis,~ and Vn are the coefficients 

the functions Beu and liv at S = b; 

b [ 8R 
B~ = - 2R HO ( ln ]; - 1/2 ) 

a geometrical stellarator 
of the Fourier series for 

R lil J 
( - Hl + ::::::-2) .( 1) 

b 2'!Lb 
One can see from (12) that B~ is 

tical field . The relationship (1) 

the external homogeneous ver-

allows one to find B displa-

cement of the plasma column respective to a geometrical axis 
in B stellarator after solving an internal equilibrium problem. 

The relationship (1) is applicable to both stellarators 
and tokamaks.In tokamaks lil=O , HlrvHo=J/~ b, where J is the to­
tal plasma current.From (1) one obtains B~J in this case.Aa 

known,the plasma equilibrium in a tokamak is impossible without 
such a field.In stellarators the dependence of B..L0n equilibrium 
parameters has entirely different nature because of a term V1 ' 
in the right-hand side of Eq.(l) and auxiliary terms in Hl ' 
whi ch are proportional to the plasma column displacement.The 
equality (1) can be realized in a stellarator even at B~ =0 
t oo. 

1 Shafranov V.D., Zakha rov L. E., Nucl . Fus i on, g (1 972), 599 . 

2 Hitchon ':I.N.G., Fielding P.J. , Preprint CLM-p605 (1980), Culham. 
J Carreras B. A. , Hi cks H. R., Hol mes J . A. et a l. Phys.Flui ds , £§. 

( 198) , 3569. 
4 Pus t ovHov V.D . Nucl. l'usi on, 26 ( 198) , 1079 . 
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GUIDING CENT ER STUDIES AND MONTE CARLO CALCULATIO NS 
FOR A MODULAR HELIAS 

E. Harmeyer, J. KiBlinger, W. Lotz, A. Montvai" , F . Rau ,and H. Wobig 

Max- Planck Institut fUr PJasmaphysik, D- 8046 Garching , FRG, 
EURATOM- Association . 
• Guest from : Central Research Institute for Physics, H- 1525 Budapest, Hungary. 

Abstract. Collision/ess guiding cent er orbits are calculated for D+ ions at 80 ke V 
in a modular Helias system with af p ~ 3D, where a is the minor radiust and p is the 
ion Larmor radius. Most particles are circulating and well confined. Various orbits of 
trapped particles are seen. Deeply trapped particles are lost after typically 100 oscilla­
tions, those with reflection points close to the local Bma.x stay in the system for times 
up to 15 ms. Pitch angle scattering or a radial electric field can reduce these losses. 

Monte Carlo calculations show the expected improvement of particle and energy con· 
finement of the Helias topology, compared to that of a classical stellarator. A radial 
electric field improves the neoclassical ion confinement at low collisionalitt"es. Estimated 
confinement times are rp ~ 360 and rE ~ 170 ms for a system with low effective ripple 
at a/ p '" 100. 

Introduction. The future experiment WENDELSTEIN VII·X, the next step I in 
the Garching stellarator program will use a HELJAS configuration ;;::: Helical ,Advanced 
~tellarator. Such configurations have reduced Pfirsch·Schluter currents, improved confine· 
ment. and stability properties, e.g. the prosped to achieve a reactor relevant ({J ) 2:: 5% 2. For 
a typical mod ular coil set with 48 non· planar coils , M ;;::: 4 field periods, R = 5 m, aspect ratio 
A ;;::: 10, average induction (B) ;;::: 4 T along the helical magnetic axis, the roLat ional transform 
is ~ == 0.74 ... 0.78 between the ax~~and the edge . . . 

T he main reasons for studying coll ision less guiding center orbits is to estimate the effect of 
trapped part.icles on neoclassical transport, and the problem of a·part.icle losses in stellaratot 
reactors. Three different Heli as coil configurations have been analy zed in a recent study 3, the 
magnetic field being the vacuum field generated by the modular co il s: 

HS5R4 a reador·size system with R = 20 m, a == 1.6 rn, B ;;::: 6 T, 5 field periods, and a 
maximum 1/2·6 B / B on t.he magnetic su rfaces between 2 % €magnetic axis) and 15 % (edge) . 

The ot.her two systems are in t.he size of a 'next-generation' experiment: 
HS5K: R ;;::: 5 m , a = 0.4 m, E = 4 T , 5 field periods, 1/ 2· 0 E / B = 15 - 30 %; 
HS4V , R = 5 rn, a = 0.5 rn , B = 4 T, 4 field period" 1/ 2·6 B / B = 3.5 - 15.3 %. 

Owing to the difference in 0 B / B, ~ hese configurations differ in t na fraction of '-\rappcd 
particles, w[,ich is a maximum in HS5K. On a magnetic surface the contours IEI = const. 
dete rmine the accessible regions for t rapped particles with fixed E / J.£. Local minima of B 
caused by the modular ripple, see Fig. 1, are particularly dangerous for particle losses. The 
dotted areas in the middle and lower parts of the figure indicate regions of nearly vanishing 
drift. velocities. Their gross structure is similar to that. of the IB I·contours, hence p articles 
which are reflected at these locations can stay in the system for long times . 
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Guiding center orbits are calculaLed in the absence of elect.ric fields. The local effective 

drift velocity is obtained in order to estimate the part.icle confinement at low coll isionality. 

In the HS5R4, 3.5 MeV fusion alpha particles (velocity v = 1.3· 107 m/s, Larmor radius 
p::::: 4.5 cm) are investigated . In the two other cases the ratio pia ~ 1/30 is kept constant 
by choosing 80 keY D + ions with velocity v = 2.8· lOG m/s and a Larmor radius p = 1.6 
cm. The guiding center orbits arc launched at the local field minimum on magnetic surfaces 
with average minor radii T = 1/16 ... 1/3· a. This corresponds to peaked profiles of alpha 
particle production in a 'burning' plasma, and to a central deposition of high energy particles 
produced by neutral injection or by ion cyclotron heating in the next-generation experiments. 

General results: 

For a Maxwellian distribution function most of the particles circulate and are well confined. 
Their drift surfaces deviate from the magnetic surfaces less than the value Lle = p/ ~ of a 
classical stellarator. This is caused by the 'drift optimization' of the Helias topology. The 
observed improvement factors range between values of 2 to 10. 

A large variety of orbits is seen for trapped particles, nearly all of them are lost eventually. 
Deeply trapped particles are lost in ripples between the modular coils . Moderately trapped 
par ·c1es with E / J.L ;::; BSep stay within a field period. Their average drift velocity is reduced 
below Vtor = V· piR, which is that of an equivalent axisymmetric toroidal field B ...... 1/R. The 
magnitude and sign depend on the pitch and starting point. Particles with E/J.L;?; Bsep can 
overcome the helical ripple, extend their path through several field periods, and increase their 
'lifetime'. Collision less t rapping and det.rapp ing processes lead to frequent transitions among 
various states of trapping. Then the second adiabatic invariant changes its value, and there 
are large deviations from the magnetic surface given by the starting point. Particles reflected 
at a mirror field Bmirror ;::; B Max behave nearly like circulating particles and stay within the 
system until the end of the computation, or they are finally lost in a local ripple of the coils. 
Trapped particles a re influenced either by pitch angle scattering or by the effect of a radial 
electric field with potential <p. Both polaritics are beneficial: since the energy TVO + /.LB + e</J 
is constant, an increase of VII can transfer trapped particles to circulating ones; a reduction of 
VII restricts the accessible range in minor radius for the particle. 

Quantitative detai ls for HS4V : 

In the recent study 3 the particles werc launched close to the point. of BMin, the local field 
minimum, see Fig. 1. All types of orbits are covered in scans of vl./v. Particles starting at 

r/a = 1/ 3 are circulating for Vl./v;:; 0.942, and have 6e/p = 0.3 to 1.3 (improvement fact.or 
~ 2). There are fewer trapped particles in this systcm than in HS5K. 

Trapped 80 keY D+ ions are lost in modular ripples at vl./v ;?; 0.98. Near a rat io 
Vl./V ~ 0.99 the vertical drift changes sign. These particles stay in t.he system for a rather 
long time. Moderately trapped particles at values Vl./v ;:::; 0.96 oscillate within nearly the 
whole length of t.he field period . They show an average vertical drift velocity Vd = 0 .13 cm/ J.LS 
which is small compared to Vtor = 0.8 cm/J.l.s. Trapped particles at vl../v ;::; 0.96 leave the 
init ial field period with a radial 'banana width' of Llb/ P ;:::; 2.4 and show large deviations from 
t.he magnetic su rface given by the starting point. These particles are lost in a modu lar ripple 
within t ;:::; 1 ms. Nearly circu lating particles with Vl./v ;::; 0.947 are followed up to a time 
t $. 7.7 ms without getti ng lost. They behave approximat.ely like a pair of circulating particles 

with velocit.y direct. ions parallel and opposite to :B and show small deviations from magnetic 
surfaces. 
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In the present. paper we concentrate on the most. recent configuration, HS4V12. Fig. 2 

shows the radial d istribution of the magnetic field. Close to the magnetic axis the ripple 
ratio is small, hence there is a low number of trapped particles. Slightly different numbers 
of Vl./v are valid for circulating and trapped part.icles, especially when they are started near 
the locations of the neut.ral inject.ion beams foreseen for WENDELSTEIN VIT-X, Le. at values 
above Bsep. High-energy ions produced by neutral injection have Vl.IV .$ I, and there is the 
danger that the particle gets lost in a local ripple between two of the modular coils. Such a loss 
is shown in Fig. 3, and occurs at t = 2.2 ms. The longest t ime of a similar orbit observed so far 
is t = 15 ms, which is long compared to a ty pical pitch angle scattering t.ime. More detailed 
investigations are requ ired to estimat.e the efficiency of neutral injection for this system. 

Monte Carlo calculatio ns were performed 4 in stellarators of general geometry and in 
tokamaks wiLh and wit. hou t ripple. Neoclassical transport coefficients and confinement t imes 
are computed ove r wide ranges of mean free paths, ra t. ios of plasma to Larmor radius, and 
radial electric fie lds. The results for monoene rgetic particles can be represented by simple 
formulas using a t ransport coefficient normalized to the tokamak plateau value and a mean 
free path normal ized to half the connection length. Transport coefficients obtained with mo­
noenerget.ic particles subjected to pitch angle scattering and energy relaxation are convoluted 
with a Maxwellian energy distribution. A radial electric field increases the neoclassical ion 
confinement at low collisionalities. 

The Helias system used for these calculations is similar to that for the guiding center 
studies, but has a smaller effective ripple amplit.ude of ~ 1 %. The analysis is done for an 
average induction (B ) = 4 T, at a surface with aspect ratio A = 20 for 0+ ions at kTi = kTe 
= 6.4 keY, i.e. for a ratio alp ~ 100. For a radial electric field with potential e4JlkT = 1.5 
we estimate in t.he Imfp regime for l' p,i ~ l' p,e particle and energy confinement times l' p ~ 360 
and 'TE ~ 170 ms. These values are much larger than the respective numbers for a classical 
stellarator, 'Tp ~ 80 and 'TE = 34 ms. The relevant data for HS4V12 arc being investigated. 

Conclus ions: In cont.rast. to ci rculat.ing part icles, which in Hclias configurations clearly 
exhibi~ the effect of drift optimizat ion and are well confined, deeply trapped high*energy par­
ticles tend to be lost after about 100 reflections . Moderately trap ped to nearly circulating 
particles stay in the system for longer t imes, but trapping in t.he modu lar ripple appreciably 
enhances losses. The longest time observed so far for a trapped 80 keY D+ ion is t = 15 ms, 
in the field of a modular coil se t . Pitch angle scattering or electric fields can reduce the loss of 
trapped high energy ions, but trapped a-particles in a stellarator reactor will not experience 
the confining effect of the E-ficld. A basic requirement is the fraction of \,rapped particles be 
minimized by minimizing t.he ripple 0 BIB in an otherwise optimized configuration. 

Monte Carlo calculations show the expected improvement of particle and energy confine· 
ment of t.he Helias topology, compared to that. of a classical stellarator. A radial electric field 
improves the neoclassical ion confinement at low collisionalities. Estimated confinement times 
arc 'Tp ~ 360 and 'TE ~ 170 ms for a llelias system with low effective ripple at al p ~ 100. 
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ION HEAT CONDUCTION IN 1'HE 1=2 STllLLARATOil 

Yu.V.Gott 
I.V.Kurchatov Institute of Atomic Energy,Moscow,USSR 

Stellarator is one of the candidates for a fusion reactor 

prototype at present. Therefore, the problems related with ion 

heat conduction in the facilities of such a type are of great 

interest. 

As known [1] nobody has managed yet to find a solution 

applicable to any frequency of collisions, "\Iii ' for the kine­

tic equation representing the behaviour of particles in a 
stellarator. 

An analysis of this equation shows that the diffusion and 
heat conduction coefficients for ions are proportional to ~. ,3/4 

, ]11 
in the range of low collisions1 ::requencie s [1J or t o-).ii [2 ; 

meanwhile they are proportional to 1/ -V ii in the range of high 
collisiona1 frequencies and to ~ii1/2 in the intermediate one. 

One should add that the boundaries among these ranges have not 

been precisely determined, and the behaviour of these coef ?i­

cients within transition zones is unknown. 

In 1982 L.M.Kovrizhnykh found a solution to the kinetic 
equation (in the so -called'~ -or Krook's a ppr oximation) which 

is true for any frequency of collisions [3J . This distri buti­
on function for calculations of thermal ion f luxes in the 1=2 

stellarator is used in a given paper. 
Let us consider an ideal stellarator, i.e . such a trap, 

where the magnetic field is determined by one helical harmo-

nics 

Here, 

Hcal 

! is 
nding, 
torus. 

.B ~ 150 (1 - ,,/n GOI if - l ,J'i ) Cc> l(.,;- - J Z) ) (1) 

<: (f) = .6 j~ (d t :) , is the number characterizing the he ­

field magnitude, I t t '1-) is the modified Bessel's function, 
the multipolarity, ~)I' ~lJ-;/~,J,., is the period of helica l wi-

Ct -= fiR, r and R are the minor and major radii of the 
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A solution to the kinetic equation is found in terms of 
the variables r and ~ which are related with the ordinary vari­
ables r andf (with respect to c~ in the first approximation) 
by the following relati~nships: 

Z < i -~ '" ~i C.<M !' ('1'- - ,, 2 ) 
("/)' '" Z ( fL ) 

- £, It' 05"" .' jJ / '.- - ... 2) <; < <; +~, "" y -

In this case, the distribution function for ions trapped by a 
'P ' helical field has the form: J ""'"01'1''' 

1 
F (z,'I')' 1- e 

<f '" 
J ;; t; e cl'!" () r ~ J 

'f - .;;; uI;; all [ 
where ro=r(:S) - is the integral of a drift equation, J. ;J'v.; c/S 

- ._s the longitudinal invariant, 2{ ' I~(J: -/,,-8 -. e'l'/ is the lon­
gitudinal component of velocity, 9' i s the electric plasma 
potent i al, jY is the magnetic moment of a particle, 

:J ~ JZ ( E t «) - ( 1- K'j KM) I 

pB -YJlI CO 

.i .e': 1 r (E - /,, 8 ." - C' <f' . El'/' B, ( d 'f' ) /(1;,/,13,,) I 

&(k ) and K(k) are the full elliptical integrals of the first 

and se oond kinds, . j 
,) _ ~ 11 8+' ~ ?Iw) 
. tt' (E) . .:;;. (w 1)3/.2 is the frequency of ion-ion collisions, 

w 

j /w) ': Nw f'- ~ + (1 + 1!.2t.J) J.r;; e" 'cl< ) , 
o 

w ; 1£ - ",<P}/r(2) - £ < ~. t i- / ,,, (11. I) Il. 

_w e is the 
Maxwellian distribution function. 

Later on, all the linear dimens ions will be normalized to 
the plasma radius, a. 
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Using the distribution function ()).let us find an energy 

through a magnetic surface with the radius r: 

G' : JJ;~V' Je!'!' Z;-z /E - c>'l"j;= 
- J; (5) 

2,.r ~ -'-' - ~ J/.'::>r is the radial component of a drift velo-
l f'2B .. ~'r~ '7)E 

31 ~ . / "/ ,;1'31.5'; b" ( 'if T) l, t, /!(,) oIw ,," w 

y ~ w /,/1 - (.:t k 2 - i )~, - f~ CM « ) J 

The results of numerical calculations for the energy flu­

xes, using the formula (5), show that these fluxes do not ex-

ceed a 

(at 

tions in the plasma parameters and 

cility. Here 3;5 r/ta 2/ Y1 T 
Ope :;- 7f7 \ C , e -~---, 

'7. et 2 c- fi 
t'),. {I.. :: I,;) 

" 

A 

-y 

in a wide range of varia-

in the parameters of the fa-

I r-d;.~ T J ; 

z.:: re> r.-L ' 
, ... (. cl. 

" 
is the thermal veloCity of a particle. a - is the La-

,[j 12 0 
rmor radius of a particle with i':=T(o); T(r)='r t(r);, J . ; -,:- . ~ 

o 1- .,... V I 1:;12. i:.,,: 
- is the ratio between the frequency of collisions and the fre-

quency of motion along t he banana trajectory in the toroidal fi-
r:- ?>0 T 3'1 / . 

eld; Vt' t' -= 457 n e"). I Cl '';; i A;" - is the safety factor; ,{, is 

the angle of rotational transform.'!he formula (7) is true for 

C~/f:h.f: O.1.In the opposite case, a considerable number of 

trajectories along which the particles trapped within a helical 

field are moved intersect the wall of the chamber and the parti­

cle losses cease to have a purely-diffusive nature. 

It is of interest to compare the ener&y losses from the 
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plasma due to the particles trapped within the helical and to­

roidsl fields_ 

Let us asseume that 'Y-" L '" 1. Then, the energy losses 
related with the 

are equal /4) to 

where 2.. _ I EJ~ i T I 
f;- ?"" I 

field 

(8) 

2 .IV '" 2 
when et =0.02; Bt,=0.2; ~o=0.015; q=5; t=1-r =O.~Q/Qt = 10- • 

Thus, one can see that it is possible reach a state,when 

an energy flux through an ion channel determined by the heli­

cal magnetic field will be less than a flux determined by the 

toroidal field, by choosing a combination of such parameters 

as et, Ilh' Po ' q, 
In conclusion the author would like to express his grati­

tude to L.M.Kovrizhnykh and E.I.Yurchenko for useful discus­

sions. 
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In stellarator configuration studies the optimization of plasma equilibrium properties 
and the realization of the magnetic field geometry by external currents can be treated 
separately. The Helias class of MaD stable stellarators has been obtained by study­
ing fixed boundary equilibria /11. The equi libria are characterized by strongly reduced 
parallel current dens ity and a magnetic well. In order to realize these equi libria experi­
mentally a method has been developed to determine external coi ls which will produce the 
appropriate magnet ic field (NESCOIL code). In [2[, [3[ one finds a detailed description: 
On a closed surface surrounding t he plasma equi librium a surface current distribu tion 
is determined such that the field, B, produced approximates the vacuum field of the 
plasma configuration. This is achieved by requiring that the normal com ponent of jj is 
minimized on the plasma surface 

F " r (B. n)'d/ = m ini JaR (1.1) 

The outer surface is given by mapping the unit square 0 ~ tL < 1, 0 :5 v < 1 of the two 
angle-like variables, u and v, onto one period of the surface: 

rn.,"" 
T = L TmnCOS 27r(mu + nu) , 

m=O,n=-n~ 

m.,n, 
Z = L zmnsin 27r{mu + nv) , 

2n 
I(J=-V , 

np 

(1.2) 

where (r, IP . z) are cylindrical coordinates and the usual s tellarator symmetry is ass umed. 
The surface current density with the same periodicity can be expressed by a potent ial 
W(u, v) defined on the surface: 

i =nx Grad >li(u,v), (1.3) 
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where Grad is the gradient operator on the surface (xu -Grad 'lI = '11", xt/ ,Grad w = '11,,), 
ii is the exterior normal to aD, and XU1 Xv a.re the derivatives with respect to tL and v 
respectively (Fig. 1). The general ansatz for w(u, v) can be written as 

~ , Jp 
w(u,u) = ~ Wrnn sin21r(mu + nu} - -v - Itu I 

m=O,n=-N np 

(1.4) 

where Jp and It are the net poloidal and toro idal surfa.ce currents, respectively. 

H the closed contours of the surface current are sufficiently simple then the current may 
be discretized into a finite number of infinitely thin filaments, which will approximate 
the external coils of the configuration. However I the coils for a realistic device have 
to satisfy a number of additional conditions: The minimal (maximal) plasma - coil 
distance must be prescribed. The curvature of the coils and the current density in the 
coils must not exceed certain limits. 

For this purpose a further optimization step has been added: The outer current carrying 
surface is varied systematically by varying the Fourier coefficients Tmn , zmn. Again, 
F is minimized, but this time the above mentioned side-conditions are expressed as 
constraints (penalty functions) in the miRimization. 

2. Applications 

The Helias configuration is considered to be the most promising candidate for the 
W VII-X device 141. 'Preliminary data for the W VII-X are: major radius 5 m, as­
pect ratio A ~ 10, magnetic field B = 4 Tesla, minimal coil - plasma distance dmin ~ 
0.2 rn, maximal coil curvature Kmax = 0.2 m and maximal coil current density imax = 
40 MA/rn', 

aD 

Fig.! Poincare plot of the 5081 Helias field. Fourier harmonics imn of the potential 
taken into account have m :$ 4, 1nl :$ 4. Fourier coefficients Tmn l zmn of optimized 
current carrying boundary have m :$ 4, 1nl :$ 4. 
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Two optimized coil configurations which have been computed for the Helias cases 5081 
and 5099 are presented here [5]. Characteristic properties of the 5081 Helias are: number 
of periods np = 5, aspect ratio A = 10, rotational transformO.8;::"L;::"l, ballooning stable 
up to ({3) = 0.05. In Fig. 2 one period of a coil system is shown. Fig. 1 shows the 
Poincare plot of the magnetic field produced by 10 coils per period. A magnetic well 
of 1.9 % is obtained. The configuration may also be of interest as a candidate for an 
island-divertor concept with divertor regions at the tips of the bean-shaped and the 
triangular cross-sections. 

Fig.2 One period of modular coi ls for the 5081 Helias stellarator. Coils per period 
Ne = 10, major radius R = 5 rn, min imal and maximal distance of coi ls to 
plasma dmin = 0.19 rn, and d max = 0.32 rn, maximal curvature at coil boundary 
It = 5 m-I, coil cross-section q = 0.18 x 0.28 m2 • 

' .. ' 

Fig.3 Poincare plot of the 5099 Helias field. Fourier harmonics ~mn, of the potential 
taken into account have m ~ 4, 1nl ~ 3. Fourier coeffic ients Tmn. zmn of optimized 
current carrying boundary have m ~ 4, 1nl ~ 4. 

The 5099 Helias case differs from the 5081 case only with respect to the rotational 
transform, which is almost constant with L = 0.9. The magnetic well is 1.8 %. Figure 3 
shows the Poincare plot for this case which is produced by the coils shown in Fig. 4. 
There are 10 coils per period each carrying the same current. 
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Fig.4 Modular coils for the 5099 Helias stellarator. Coils per period Ne = ID, major 
radius R = 5 rn, minimal and maximal distance of coils to plasma dmin = 0 .22 
rn, and dmax = 0 .34 rn, maximal curvature at co il boundary K. = 4 m-I, coil 
cross-section q = 0.2 x 0.25 m2• A magnetic field B = 4 Tesla is achievable with 
current density j = 40 MA/m2, 

3. Summary 

The NESCOIL code has been extended to take into account important practical con­
straints on the properties of stellarator coils. The code has been used to compute coil 
configurations for some possible W VII-X designs. Having found the coils producing 
the external field , one can study free boundary plasma equilibrium using the NEMEC 
code [61, [71. In particular, the change in plasma properties with ({3) and with the 
superposition of a vertical Bz-field can be studied. 
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MHO equi librium studie s in stetlarator-type configurations are very 
complex because their intrinsic 3-D character. Although very eff icient 3-D 
equilibrium codes have been developed, the computational time inverted in 
their calculation renders them inadequate for data analysis. For certai n type of 
configurations, MHO equilibrium studies can be reduced to a 2-D problem by 
the method of averaging . 

Greene and Johnson 1 proposed an averaged method based in the 

expansion C'f the equilib rium equations in powers of the inverse aspect ratio E. 

This method has been very successful in explaining stellarator properties, and 
has been tested versus 3-D codes. However, due to its assumptions, the 
approach is inadequate for helical axis systems. 

Hender and Carreras 2 proposed a method that uses vacuum flux 
coordinates. The zero-order approximation is the vacuum field. The main 
restriction is that the method is only valid in the case of toroidally or helically 
dominated shift. In the case of realistic helical axis configurations, as in the 
TJ-II flexible heliac, the helical shift can be significant for some magnetic 
configurations, but it is clearly dominated by the toroidal shift, rendering the 
method suitable for equilibrium calculations. 

The specific vacuum flux coordinates employed are those described by 
Boozer 3. For a vacuum, the magnetic field may be written in contravariant or 

covariant form as Bv = BD pVp x V(8-tvcp) = g6 Vcp, where 'v (p) is the rotational 

transform, 9B is a constant, and Ba np2 = <I> is the toroidal flux. The radial 

variable is p, while 8 and cp are, respectively, poloidal and toroidal-like angles. 
The ordering of the metric elements and different magnetic field 

components is discussed in Ref. 2. To lowest order, the averaged equilibrium 
equations yields a Grad-Shafranov-type equation for the averaged poloidal 
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where and 

, with 

( 2) 1 Bv IDI=- -
pgB B2 

o 
D is the Jacobian of the coordinates transformation, gii are the metric elements, 

and ( ) denotes average over the toroidal angle <po The averaged plasma 
pressure is p, and F the covariant component of the magnetic field in the 
loroidal direction. 

The Grad-Shafranov equation is solved numerically using the vacuum 

magnetic information as input, and a given p('I') profile. The averaged 
equilibrium flux is then calculated by imposing either flux conservation «=<v) or 
zero toroidal cu rrent on each flux surface. The last condition is the most 
relevant for steliarator operation, and can be written in the vacuum flux surface 
coordinates as 

dp dF d 11 1 dF d II P ( _PP ,hI' _pB 1 d'l') 
~OgB d'l' + F d'l' dV a pdpd9 - d'l' dV ~<v g ap + g Pas pdp d9 = 0 

where the integrals are calculated over contours of constant '1', and 2nV is the 
volume enclosed by each flux surface. 

To calculate '1', the Grad-Shafranov equation is so lved first by assuming a 

given dependence F = F('I'). This problem is solved iteratively in the vacuum 

flux coordinates system with the boundary conditions p= BP = 0 at the edge. 

Once 'I' has been obtained, we solve the ordinary differential equation for the 

F('I') required to give zero net current within each flux surface. The value of F is, 
in general, different from that which was used to solve the Grad-Shafranov 
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equation, and it is necessary to ite rate the solutions of both equations until F 
co nverges. 

Finally, we present the numerical results. Fig. 1 shows the comparison of 
the shitt obtained for the so-called CT6 configuration. CT6 is a 6-field period 
1=2 torsatron with plasma aspect ratio 4, and { ranging from 0.32 at the center to 
0.95 at the edge, described elsewhere4. This is a planar axis configurati on, 
and is a appropriated test for the code. We compare this method (CHAV) with 
three-dimensional calculations using VMECs and calculations using RSTE06. 
The later solves the equations of the Greene and Johnson stellarator 

expansion. The pressure is proportional to 'Jf2 , and the value of peak beta is 

normalized to the critical beta value Pc= { !/A, where {e denotes the value of 

the rotational transform at the edge, and A the aspect ratio. The results 
obtained by using the three codes are very similar. 

The results shown in Fig. 2 correspond to the "standard" T J- II 
configuration 7. For this case, { is almost flat, ranging from 1.46 at the center to 
1.49 at the edge. The RSTEO code has not been used in this case, because 
the classical average method cannot be applied to configurations with helical 
magnetic axis. The comparison between CHAV and the three-dimensional 
code VMEC shows an error close to 20%, consistent with the ordering assumed 
in the expansion. 

Fig. 3 shows the flux surtaces reconstruction in real space of the vacuum 

and Po = 12.92% cases for the CT6 configuration. Fig. 4 shows the flux surfaces 

of the vaccum and Po = 1 0.32% for the standard T J- II configuration. In this case, 
the shift is more marked in the toroidal cut corresponding to a fourth of fi eld 
period . 
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The conception of low-aspect-ra tio stellE'rator with a 

simple coil configur a tion has been pro pozed recently i n 
Ref./ l /. An important fe a ture of this stellarator is l ow 

amplitude of the helical field ripple (Eh)' so the.t AEhrt<1 , 
where A is the aspec t r atio , EhCt i s the ripple ampl i tude a t 

the pl asma edge. 
The purpose of the present wor k is to eXHmine the confi­

nement of bulk alpha particles (~rapped end untrapped) in the 
low-aspect -~atio stellarator. The drift losses (particle con­
f i nement time T ~ A Cl

2
j( PL V), with (l being the plasma mi nor 

r adius, V and fL the particle velocity and gyroradius, res ­
pec t ively) are considered only. 

Let us cons ider t he model magnet ic fie ld 

b ~ [VB, = 1- Et C,:'~ () - ~- h C,- , (Ny-' -i'l'). (1) 

with B0 ~ l>'(F=O) , E, =f/{ClAl, e o.nd /If the multipolnrity and 

the number of field periods. A toroide l system of coordinates r, e , ~~ is used, where f the f l ux surface r edius , (J pond '1 ' 

the poloidal and toroidal angl es. To compute orbits of both 
trapped and circula t ing partic l es we use conscrvRtion of the 

a ction J / 2/; 
312 1 /1 -I 

Y·= 'f-G'(2 !:n)o.E h) pc ·'K EC.- ). (2) 

Here is the f lux f unction 

D) 
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<. is the ro t a tional transform, and ",,2= (E"+ f'-H ftCoo e)/(2.h1";' 1. 
As the majority of alphas will be produced at the central re­

gion of the plasma column the first to be considered are the 
orbits of the particles passing through the neighbourhood of 
the magnetic axis. An orbit equation of these particles is 

given by 
X 4t!-5 __ ,,(e-f)J Ii A X 2f-3 _ ,,(f- f)'(I+X2) S 2 '-0') B =0 (4) 

with X = ;/0.., S = ho A /( ~,,«), j =0 J {-).. the cosine of the lo­

cal pitch angle on the axis. It follows from Eq.(4) that par-
_{{2(" 1/(4f-5) 

tieles with O>./>f.=CeA 0 (C2=0. 94, C3 =0.99) are toro-
idally trapped and all the rest part idles are untrapped. The 
largest radial excursion (X M ) has the trapped particle with 
,j. = .l~ + 0 . To a high degree of eccuracy this excursion can 
be approximated by 

)( = Ce Z(5)2/'1e-5 
M' (5) 

Fig.1 shows the maximal radial excursions (Xn.) of the par­

ticles under consideration, as a function of ~ , for f=2 and 
e =} stellarators. It follows from Fig.1 that the dependence 

of P'IA on f in e =3 stellarator is sufficiently weaker com­
pared to that in l=2 stellarator. Hence, in l=} stellarator 
the untrapped particles make a more sufficient contribution 
to transport processes. It follows from Eq.(5) that the con­
finement criteria for the particles passing the a.xis is 

-2. _flZ 
fc/Clce ta-A. (6) 

'fhis criteria makes the serious demands for the stellarator 
parameters. In particular, for {=}, ~,,"=0.2, A=4 /1/ the con­

dition (6) givesPJ«<10-2• 
Let us now assume that condition (6) is satisfied and 

the losses of alphas in the first bounce period are negligib­

le. Obviously, in this case the trapped particle losses are 
caused by the orbit transformation of the toroidally trapped 
particles into the unconfined helically trapped ones. A pro-
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bability of the transformation is /2/ 

w =-V, 2/2 £ p,.vE;, (-I + 0 UE (NEJldjlt?I)) (?) 
t->e 8 Jl f t "t t J 

where (le :;::;S.~h5il1 e . Except the narrow region in the vicinity 

of O~.Jl W-t--.,.e is positive below the plasma midplane (a toro i­
dal drift being directed down) and equals 0.2 at the plasma 

edge for the stellsra tor with JVCt =0.02, e =3, Eh"- =0.05, A =4, 
'£a=0.3 as in Ref.1. It follows from Eq.(7) that W(o<Ct) '>W(Cl) , -, [ 

and thus, after a few bounces "'f WCa) the trapped particle 
woul d be transformed into localized one. 

The behaviour of the localized particles can be derived 
from the fol lowing invariant /3/ 

J
it 

= F-:, ~(<>tL), (8) 

where ~(",,-2) = E(", ) _(-1_<£2) KC"') , KCle) and E(<£.) are the com­

plete elliptic integrals of the first and second kind, ",,'.; 1. 
Taking iIlto account that ",z(f •• B.):j and +(,) = 1 , with p. , 

G~ the the coordinates of the point where the orbit transfor­
mation takes place we find the transformed orbit. The elemen­
tary analysis of the equation J,,(a.TI)=~, shows that all 
transformed particles are lost if Et.I,/Eh(l.>1 and 1.2 for e =2 and 

€=3, respectively. Thus, in the low-aspect-ra tio stellarator 
all the trapped particles escape from the plasma column ex­
cept the narrow region IJl-el.~.i:!N«1 defined by the conditi­
on \)0 IV .. _ e >0 • 

Integrating over the loss region we find that more tha.n 

90% of all trapped particles ere lost when EtlJEh (:...> 1. Since 
30-35% (for A=4) of all born particles are trapped ones the 

fraction of lost alphas is about 30%. 
An important question to discuss is the influence of the 

field's harmonic structure on the particle confinement. One 
can show that at least in the case of the superposition of 
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of the harmonics lVi th e =2 and l =3 the drift losses do not 
change. Therefore, one can hardly hope to improve the confi­
nement by the fie l d co il op timization. 

Evidently, the losses may be influenced by the electric 

fie l d induced by the alpha particle losses. Hence, the elec­
tric field should be t aken into account t o get the self-con­
sistent solut i on of the probl em. 

2 0.) 

b) 

~j ________ J-__ ~ _ _ __________ ~ 

f. 0 J=GJi-~ 1 

REFERENCES: 

Fig.1. The maximal redial 

excursions ( xm) of the 
particles cross i ng the 
axis versus j: (the co­

sine of the local pitch­

angle on the axis) for 
1:=2 (curve lIa n ) and 1=3 
(curve "b lt ). 
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The original heliac SHEILA[l ], which had three field periods, major ra­
dius R=18. 75cm and mean radius of its outer (bean-shaped)magnetic surface 
a = 3.1cm, has been converted into a so-called 'flexible' heliac[2] by adding an 
l'= 1 helical winding around the poloidal ring. Highly reproducible plasma con­
figurations arc obtained in the range of 0.7:5 1(0) :5 1.86 when the current ratio 
C = Ih / Ir is varied from -0. 13 to 0.25, where Ih, Ir are the currents in helical wind­
ing and poloidal ring respectively. Adverse effects of the low-order resonances on 
particle confinement have been observed experimentally and reported in [3]. 

In this paper we show detailed comparisons between the plasma pressure 
profiles measured by Langmuir probes and the computed vacuum magnetic sur­
faces and show that we can account for some apparent disparities which appear 
for configurations with t(O) close to uni ty by including the effect of known error 
fields. 

The experiments are conducted in highly ionized argon plasma produced by 
a weak oscillatory discharge. Typical parameters are listed in Table 1. P lasma 
density and electron temperature profiles are measured at two toroidal positions, 
at rP = 60° by a Langmuir probe which scans horizontal chord 16mm above the 
median plane, and at rP = 1200 by a second movable probe which can reach most 
of the plasma cross-section. The pressure profiles are obtained from the product 
neTe by assuming the ions to be cold. 

As the field due to the oscillatory ohmic heating current in the plasma is much 
smaller than that due to the quasi-steady currents flowing in the external coils, and 
the plasma beta is very low, plasma pressure distributions can be directly compared 
with the computed vacuum configurations. The data taken from pressure profiles 
have been ploted against a parameter X which labels each magnetic surface[IJ. Two 
examples, for C=0.15 and 0.25 which correspond to configura tions with t(O) = 1.62 
and ~(O) = 1.86 respectively, are shown in Fig.I. In most cases, as shown in 
Fig.I, the pressure values are very close to each other at any given magnetic 
flux surface as calculated from the ideal coil currents and locations, and their 
dependence on the different flux surfaces lies within experimental uncertainty on 
a single smooth curve. However, for configurations with !(O) close to unity some 
obvious discrepancies can be seen, e.g. in the positions of the magnetic a..xcs and in 
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the lack of 3-fold symmetry with,p. A careful check has revealed a small error in the 
poloidal ring position. Vacuum field calculations which include this geometrical 
effect confirm that the error fields caused by the horizontal displacement (about 
1.5mm) of the poloidal ring break the three-fold heliac symmetry by adding a 
predominantly m=l,n=l field harmonic which has most effect on configurations 
which include an t = 1 surface. Their effects on magnetic axis locations are shown 
in Fig.2, where we compare the measured peak pressure positions for different 
values of C, at the two nominally symmetric planes tP = 0 and rP = 120°. 

The magnetic islands which result from the resonance between the surface 
t = 3/2 and the m=2, 0=3 vacuum field harmonics inherent in the heliac geometry 
can be experimentally identified with certain features observed in profiles of both 
the plasma pressure and the floating potential. An example is given in Fig.3 in 
which islands appear on both sides of the main closed surface region when the 
t = 3/2 surface is near the edge. The measured pressure profiles show that the 
pressure gradien t is generally larger inside the closed surface regions, including 
those inside the small islands, while the profiles are significantly flatter in the 
ergodic regions. The floating potential also changes noticeably at the boundaries 
between 'closed' and 'open' field line regions. 

Low frequency (10 - 20kHz) density and magnetic field fluctuations in Lang­
muir probe ion saturation current signals and in magnetic probe signals are ob­
served and studied. When the magnetic field is decreased below a critical value 
corresponding to Pi .-v at where Pi is the ion Larmor radius evaluated at T", the 
plasma becomes very quiet . This dependence of the density fluctuations on mag­
netic field strengtll is similar to that seen in early drift wave studies in Q ma­
chines[4J. As the threshold is exceeded, the fluctuation first appears as a single, 
coherent mode. When the magnetic field is increased further more frequencies 
appear. 

The structure of the coherent mode and the dependence of its levels on radial 
and poloidal positions are measured in configurations with different rotational 
transform ranges. The toroidal and poloidal mode numbers n and m, measured 
and expressed in terms of straight-field-line coordinates, and t he wave numbers 
directly measured along the field lines both indicate that the wave propagates 
nearly perpendicular to the field lines in every case, i.e.n/m ~ I. The fluctuations 
are present throughout the plasma, but the relative fluctuation level peaks towards 
the plasma edge. It also varies by a factor of up to 7 to 8 around a given surface 
cross-section, whose cause is uncertain. 

The magnetic field fluctuations perpendicular to the fielrllines, which have the 
same frequency component, are smaller than the density fluctua.tions by a factor 
of 0({3). This is consistent with the nature of the fluctuations being electrostatic 
rather than magnetohydrodynamic[5]. 
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Table I. Typical parameters 

,., 

'\forking gas 
Filling pressure (Torr) 
Magnetic field strength (T) 
Magnetic field duration (ms) 
Plasma duration (ms) 
Equivalent plasma radius (m) 
Plasma density (m-O

) 

Electron temperature (eV) 
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'.0 

It,l1r .. O.1S 

~ 1141 = 0° outside 
7!J!l! • 41 = 0° inside 

7f ., =60: Inside 
~ ., =60 outside 

• • 
• 

•. s 

• . 
• 
! 

'.0 
flux surface parameter X 

argon 
9 x 10- 5 

0.15 < B < 0.19 
30 - 45ms 
10 -15ms 
0.035m 
1 - 3 x 10" 
6 -8 

(b) 

1nI1 , ,,, 0.25 

• 

• • 

%.0 

• 

0.5 1.0 1.5 

Hux surface parameter X 

• 

Fig. l : Pressure taken frolll pronles at two toroidal locations tP = 60° and tP = 1200 plotted as 
functions of flux surface parameter X. ' Inside/outside' refers to the position of the plasma 
with respect to the m inor axis. 
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Fig.2: The positions of peak pressure measured along mid-plane chords at 4> = 0 and 4> :::::: 1200 

for various Ih/ In compared with the magnetic axes compu ted to include the fie ld error. 

major radius (m) 

Fig.3: Three chordal pressure scans for ih/Jr :::::: 0.075 , along mid-plane and 20 mm above and 
below the mid-plane, at tP:::::: 120°. The appropri ate vacuum con fi gurations arc shown on 
the r ight. The heavy lines indicate the ergodic regions and the arrow heads correspond to 
the bou ndaries between closed surface and ergodic regions. 
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Fig.2: The positions of peak pressu re measured along mid-plane chords at I/J ::;: 0 and q, = 1200 

for various Ih/ lr, compared with the magnetic axes computed to include the field error. 
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Fig.3: Three chordal pressure scans for Ih/Tr :::: 0.075, along mid-plane and 20mm above and 
below t he mid-plane, at q, = 120°. The approp riate vacu um configurations are shown on 
the right. The heavy lines indicate the ergodic regions and the arrow heads correspond to 
the boundaries between closed surface and ergod ic regions. 



Alternative Confinement I:! 
Schemes 11 

, . 

. . 

. . 



-
533 o 1 C1 13 
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G. A. Wurdcl1, P. G. \Veber, K. F. Schocnberg, A. E. Schofield, 
J. A. Phillips, C. P. Munson, G. Miller, J. C. Ingraham, 

R . B. HowelI , J. N. Downing, R. E. Chrien, T. E. Caytol1, 
L. C. Burkhard t, R. J. Bastasz*, S. E. Walker', 

A. M. Prcszler', P. G. Carolant, and C. A. Buntingt 

Los Alrunos National Laboratory, Los Alarnos, N111 87545, USA 

*Sandia National Laboratory, Livermore, CA 
t Phillips Pctrolcwn Co., Bartlesvillc, OK 
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Introd uction: Heating of ions to levels Ti '" Te is a common feature of the ohmi­
cally driven reversed fie ld pinch. 1,2 Because of the several millisecond electron-ion 
equilibration time, a non-ohmic ion heating mechanism is indicated.3 Dcpal'tures 
from Ti ~ Te have been observed to Tirv 3 - 4 x Te in ZT-40M," and also to the 
opposite extreme of Ti rv 0.3 Te on HBTX-1B. s An understanding of the mecha­
nisms of ion heating in the RFP is 11 key ingredient to basic understanding of the 
RFP configuration. vVe present measurements of ion energy distributions and tem­
peratmes, over a range of experimental conditions, to build an experimental basis for 
theoretical interpretation. In cooperation with several laboratories, we have assem­
bled on ZT -40M the most complete set of ion energy and supporting diagnostics yet 
employed on a. modern RFP. These include a low energy time of flight (TOF) neutral 
particle spectrometer, Doppler broadening spectrometers,6,1 neutron activation coun­
ters , time-resolved neutron rate detectors, silicon sample implantation edge probcs,7 
a time of flight neutron spectrometer,8 and a charge exchange neutral particle an­
alyzer (NPA).9 The results reported here are an initial survey of ion measurements 
under two non-standard plasma conditions: deep-reversal ramped current discharges, 
ilnd limiter insertion into standard 120 kA flattops. 
Hot Ion Mode: In ZT-40111, it has been previously observed that neutron rates of 
order 1 x 1010 n/s are produced in deeply reversed 100-200 kA ramping disc1u1.rges. 
The neutron emission is not associated with startup, but occurs during the las t. 
two-th irds of the plasma lifet ime." Neutron emission has been observed in high­
o flat tops, F-0 pumping shots, and high-8 ram ping discharges. Rtuming similar 
deuterium discharges with the same current ramping rate, but at shallow reversal, 
drops the ncutron rate below the detectable threshhold (rv 1 X 107 n/s), whi le also 
reducing the general fluctuation levels. We have used the NPA and TOF to measure 
the emitted deuterimn ncutral flux, perpendicular to field lines, for two high neutron 
flux conditions. The 5-chalmel NPA is set to three successive energy ranges to cover 
the neutral flux spectrum in three bands on a shot to shot basis . Figure 1 shows 
the slope obtained from the In( dN / JEdE ) vs. E, referred to as Tt, for three enel'gy 
bands: 0.5-1.3keV, 1-2.7 keV, and 2-5.5kcV during 100-190 kA camping shots, a.s 
well as the electron density and loop voltage time dependence. For slightly different 
plasma conditions ("slow-start" ramping 'O ) , we fit a composite NPA spectrum in 
Figure 2 (data points are solid circles) to Cl. theoretical spectrum (shown as a solid line) 
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modelled with the code NEUCG2.11 The fit assumes TieO) = 1.0 keV , 1~(O ) ::; 350 cV, 
nAO) ::= 2.7 x 10 19

m ,-3, .:W.eV edge temperatures , and functional forms of (1- (r/a)2)2 
for ion tcmperatme (slfl111ar to HBTX3), and (1 - (r/a)") for electron temperature 
and density. A rccalibralion check of the NPA wi ll be done at Culham to veri fy the 
ol cler calibrations presently in use. Neut ron rate Maxwellian equivalent temperature 
for the profile above is estimated at TteV.! == 1.4 ± 0.3 keY. Macroscopic fluctuation 
adivity is seen in nearly all t ime resolved diagnostics, and both m=l and m = Q 
activity is present in t he plasma. The NPA shows periodic flux bursts, with brightness 
changing by a factor of 20-40x on a timescale of 100 Jlsec, simultaneously with bursts 
on Do I'I nd CrI light monitors in the same toroidal sect ion. These disturbances 
I'vtate toroidally with velocities of 0.5 - 3 X 1O"m/s, in the electron dia.magnetic 
dircctionY The NPA spectra indicate a 20% decrease in Tt during flux maxima 
relative to the minima . 

Neutron activity is measmed by a number of techniques. Three independently 
ca.librated, absolute neutron yield activation measurements are uscd: Arscnic , Silver, 
(lnd Indium. Arscnic l3 and Indium H measurc fast ncutrons, while Silver responds 
1.0 thennalized neut.rons . All three measurements agree to bett.er than a. factor of 
two. Time dependent neutron rate is obtained from a Li6 I crystal, and a. detailed 
comparison of the NPA and neutron rate temperature is in progress. The neutron 
emission is grossly symmetric around the torus, as measured by five thermolumi­
llesccnt dosimcters . A crude neutron energy spectrum has been obtained from the 
Phill ips Petroleum Co. time of flight neutron spedrometer, indicating that the neu­
trons are 2.5 IvIeV in origin. Further measurements with better statist ics, perhaps 
resulting in a direct neutron spectral measurcment, are being planned. 
Li mite r I nsertion: Single limiters of different designs have been inserted into both 
ZT-40~1[lf> ruu) HBTX-IB ,5 with a significant difference in plasma response. In ZT-
401/1 both the electron and ion tempcratures rcmained constant with iimitcr insertion 
(up to 6 cm) whereas in HBTX-1B Ti increased from 300 to 400 eV for a 6 cm 
insertion depth while T" fell from 300 to 200 eV. As a cross-check, the HDTX-1B 
paddle was therefore installed on ZT-40M at the same titTle as the NPA. The usual 
orientation was with t he paddle face perpendicular to the major radius. Up to an 
inser tion of 2.5 cm (relative to t he local vacuum vessel wall), the location of the 
paddle was shadowed by poloidal ring limiters located at each side of the diagnost ic 
section. Insertion experiments ,verc performed at a nominal 120 kA pla:;ma Cllrrent. 

The paddle perturbed the local plasma, causing the equilibrium there to shift 
away from the tile. An increase of 3-4x in the radial magnet ic field at the midplane 
por t in the paddle section, edso indicates the plasma moved radially, locally. However 
the global equil ibrium positions were not affected, while the poloida l gap positions 
were feedback controlled. Similarly, F and e, measured some 90° toroidally from the 
paddle iocation, showed no significant change. 

The paddle edge surface temperature wa.s determined using an infra- red camera. 
At a 7.5 cm insert ion the edge reaches the graphite sublimation temperature after 
2 ms. As a resul t, deuterium and impurities arc released from the paddle, causing an 
increase in the line average electron density as measured at 3 111S for deep insertions. 
Concomitantly the electron temperature on a.x is (Thomson scattering) drops from 
140 eV without the paddle to 80 eV. The ion temperature from Doppler broadening 
of CV drops from 140 to 120 eV, setting TiCl' /T" at unity for insertions to 10 cm and 
[I t about lA at 15 cm insertion. Core ion temperatures est imated from the NPA and 
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TOF are higher, and remain near 200 cV for all insertion depths. Increasi'ng loop 
voltage with limiter insert ioll, and the T;/Te ratios are shown in Figure 3. We note 
that insertion depths of greater than 9 cm exposed some of the stainless steel paddle 
support structure to the plasma, although the trends seen in Figure 3 are established 
before tlus is a potential problem. 
Discussion: The quantity (l-'1]kI1]w), where T}k (71w) is the global plasma resistivity 
determined from magnetic helicity (energy) balance respectively, indicates the frac­
tion of ohmic input power absorbed by fluctuations in the discharge. 16 In principle, 
the power absorbed by fluctuations is available to drive the RFP dynamo and/or ion 
heating.3 This quantity is a strong function of the plasma parameter 0 and, indepen­
dently, of the rate of current rise as seen in Figure 4. The hot ion mode shots have 
e '" 1.7- 1.8 and a r.mping rate of 14 - 19 kA/ms, with (1 - ry, /ryw) '" 0.4 - 0.5 
at 5 ms. The limiter insert ion series of discharges had the lowest possible theta val­
ues (to scrape off as much of a field p itch length as possible), and the current was 
flat to within 2 kA/ms. These shots have (1 - t]k/t]w) -=:: 0.25 for limiter inser­
tions to 15 cm, and show weaker ion heating. The strong experimental correlation 
of (1 - t]k/t]w) with ion temperature is indicative of fluctuation-driven ion heating. 
The mechanism may be self-limited by large sawtoothing modes which appear for 
high values of 0, causing periodic energy dumps to the walL 
SUlluuary: A neutral particle analyzer (NPA) has been used on ZT-40M to measure 
the neutral deuterium spectra to an energy of8 keV. The NPA has confirmed the exis­
tence of a hot ion population during deeply reversed ramped discharges. Preliminary 
neutral flux modelling is consistent with ne = 2.2 X 1019m-3 , Te(O)", 300 - 400 eV, 
and a strongly peaked ion temperature profile1 with Tj(O) '" 800 - 1100 eV, though 
the neutron yield indicates a higher energy tail may be present. The extra ion heating 
is attributed to flu'ctuations driven in the plasma under deep reversal and/or current 
ramping conditions. With insertion of a paddle limiter into no.::mal discharges, we 
confirm the HBTX result that Tj(O )/Te(O) increases with insertion depth, although 
appmently due to a decrease in Te rather than an increase in T j • Global energy 
confinement is degraded with limiter insertion 1 as is the electron energy confinement 1 

while ion power balance details require further study. 
This work is supported by the USDOE, PPC, UKAEA, and EURATOM. 
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ted neu tral flux during deep reversal ram ping 
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COMPARISON OF THE THEORY OF FLUCTUATION-DRIVEN DIFFUSION WITH 
EXPERIMENTAl OBSERVATIONS FROM HBTX 

o E Evans Bnd H Y W Tsui 
Culham Laboratory. Abingdon. Oxon, OX14 30B. UK 

(UKAEA/Euratom Fusion Association) 

INTRODUCTION Modified moment equations describing a steady state plasma 
in a reversed field pinch in which an outflow of plasma is balanced by an 
influx of neutrals subsequently ionized to become new plasma deep within 
the discharge have been derived (1]. Among t he consequences of this 
analysis are that the outflow of plasma is driven by fluctuations in the 
fluid velocity and density . There is a drag force exerted on the fluid 
by the new particles, and the work done in overcoming this drag is 
directly associated with the mechanism whereby the dynamo provides 
non-Spitzer heating. Whereas the electrons continue to acquire energy 
Ohmically as well. ions have no source of heating apart from this if 
collisions are ignored. The particle recycling also causes loss of 
kinetic and thermal energy. 

RADIAL PROFILES The equations of thermal energy balance that relate 
dynamo activity to ion temperature Ti • electron temperatur e Te ' plasma 
density n and the plasma source S for ions and electrons have the form, 

•.•• (1) 

where Q, representing the gain in energy by col lisions with members of 
the opposite particle species, is taken as zero for ions and ~j~ for 
electrons. The quantity S is the number of new plasma particles m- 3 s- 1 , 

and the other symbols have their usual meanings. 

Manipulation of this equation, recalling the axisymmetry of the mean 
variables and setting r = £oVr, produces an expression for the ions: 

and the for the electrons: 

L~ 
n ar J o 

.•.• (2a) 

•.•. (2b) 

from which temperature profiles could be deduced relative to that of the 
density no(r). The quantity ~t = meS/(en) 1 is an effective resistivity 
due to the requirement of replenishing the momentum constantly being lost 
by particle recycling. 
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Instead of calcula ting detailed profiles, we note that terms like 
(lIT) (aT/ar) ~ -l/AT(r) where AT(r) is an indication of the width o f the 
T profile. The negative sign convention is adopted because in general 
Te. Ti • and n have alar < O. Accordingly. the foregoing equation can be 
rewritten, for ions : 

AT . -~An 
AT,An =1 + [J~i2 -1] ... (3s) 

1 

.•. (3b) 

where Ee = ueo/ve th ' the usua l streaming parameter for electrons, and 
ii = I~il/vi th is the ion fluctuation streami ng parameter, I~il being 
the rms value of the f luctuation . In both cases, the denominators are 
the relevant thermal velocity. 

In equations 3a and 3b, the term r is positive definite for positive S so 
the relative widths given by the terrr.s on the left hand side are 
determined by the s i gns of the expression in square brackets on the 
right. For example, eq 3a indicates that, provided the level of fluid 
velocity fluctuations exceeds that of the ion thermal speed, the ion 
temperature profile is broader than that of the density. Since this is 
opposi te to what is found in HBTX plasma (2 ). we may conclude that I~il < 
{(2Ti /mi) except near the axis. 

NUMERICAL ESTIMATES On axis. symmetry considerat ions demand that the 
radial flux should vanish, i.e . l' '" 0, and eqs 3a and 3b thus provide an 
opportunity to deduce some numerical consequences of the model in a 
rather simple way. Thus on axis, eq 3a indicates t hat 2 ~il/3 = lor 
I~il : f(3/2) Vi , th' In HBTX, a typical axial value for Ti might be 
200 eV [3 ]. so on axis, I~il '\, 1.7 x 10 5 ms-i. Armed with this 
number , and the knowledge from experiment of the amplitude of magnetic 
field f luctuations, at least at the plasma edge, namely'\, 4 x 10- 3 tes l a 
(4], and the strength of the dynamo on axis , '\, 5 Vm- 1 , one can compute a 
value for the degree of correlation g : @Xru/I~IIB:1 one might expect to 
measure between velocity and magnetic field fluctuations on axis . The 
result i s only about 1% . This degree of correlation is readily 
achievable and may account for the apparent insensitivity to initial 
condi tions observed when an RFP is set up. Since the axial dynamo 
activi ty increases with the loop voltage V$ and Ti( O) = mi<~i2>/3, the 
ion temperature on axis increases with v~ . This is consistent with the 
observations in the tile insertion exper~ment in HBTX [5] . 
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One may likewise deduce the degree of correlation needed between the 
velocity fluctuations and those of density to account for t he observed 
diffusion rate. Suppose I~I = f no where f s 1 and g is the correlation 
coefficient. Then r ~ noD/a ~ gl~1 [~I or gfnol~I . So (gf) ~ D/(al~I). 
Taking O.25m for the plasma radius and the experimental value of D ~ 100 
mls-1 [6] gives (gf) ~ Z x 10- 3, Thus, if density fluctuations are 10%. 
the coefficient of correlation between ri and ~ has to be only 2%. 

From the on-axis result of eq 3b togetner with quantities known from 
measurement in HBTX, estimates of ~t/~ , S and the diffusion coefficient D 
may be constructed . On axis equation 3b reduces to 

... (4) 

Assuming the current density on axis, i~(O) ~ 43~ ~ 4 x 10 6 Am-l for 
kA toroidal current, and using Te(D) ~ 200 eV, we find ~t/~ ~ 0.03. 
Hence, in these normal conditions , ~t is negligible compared to ~ . 

200 

The new resistivity ~t does become important in low density discharges . 
In HBTXIB, the characteristic low density discharge had I~ = 80 kA and 
Te(O) = 800 eV , which produced a high electron energy confinement time . 
The significance of ~t in this regime is revealed using eq 4 in the 
following table in which j~(O)/J~ ~ 4 as estimated from F and e values. 

TABLE 

n lxlO 19 lx l O18 BxlO l7 6xlO l7 5xlO l7 

(m- 3) 

Eo 0 . 06 0 . 59 0 . 74 0.98 1. 18 

~t/~ 0 . 004 0 . 6 1. 2 2.6 25 

It can be seen that when n $ Ixl0 18 m- J , ~t becomes more prominent than 
the conventional Spitzer resistivity . Moreover , it is seen to increase 
steeply with the streaming parameter., e: , and so may be expected to 
discourage runaways. In fact , the pa\~tlcle recycling imposes a limitJ.ng 
value of ((3/2) upon the electron streaming parameter. 

Knowing the experimentally determined value for resistivity on the axis, 
~(O) = 0 . 28 x 10-~ Om for Te(O) = 200 eV under normal conditions , allows 
us to calculate the source strength S through the definition of ~t. We 
find for these rather typical HBTX conditions S ~ 10 23 m-ls- 1 • This 
produces the numerical estimate D = 155 m2s- 1 which compares very 
favourably with the measured value quoted above. 
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CONCLUSIONS Predictions from moment equations modified to take account 
of fluctuation-induced outward-direct ed plasma flux and a compensating 
plasma source deep within the discharge have been compared with 
experimental observations from HBTX plasmas. Under typical HBTX 
conditions. the ratio of the source- i nduced resistivity to the Spitzer 
one i s , ~t/~ < 0 . 03 , but an achievable reduction in density might 
increase ~t so as to domi nate the resistivity and influence the plasma 
behaviour , in particular, in such a way as to discourage runaways , and 
impose a l imiting value on the electron streaming parameter . 

The relative widths of the radial profiles of Te {r), TiCr) and 0o(r) are 
determined by the source S. Using the known profile ordering in HBTX the 
rms value of t he f luid velocity fluctuations is shown to be less than the 
ion thermal speed everywhere but near the axis, where I~ il = {(3/2) 
Vi th~ 1. 7 x 10 5 ms- 1 fo r Ti(O) = 200 eV. This number together with the 
known ISI allows the degree of correlation between the ~ and ~ in the 
axial dynamo to be computed. The result is that only 1-% correlation is 
required . The degree of correlation between rl and ~ needed for the 
particle flux is found to be 2% fo r 10% density fluctuations. 

Under typical HBTX condition, the value of the source strength 
S ~ 1013 m- 3 s - 1 corresponding to a diffusion coef f icient 0 ~ 155 m2 s- 1 is 
in favourable agreement with spectroscopic measurement . 
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ANALYSIS OF LINER CURRENT DISTRIBUTION 
AND INDUCED ERROR FIELD IN RFP DEVICE 

Shunjiro Shinohara 

Department of Physics, Faculty of Scie1fce, University a/Tokyo, 
7-3-1 HOlIgo, BUllkyO-kl< , Tokyo 113 , Japall 

INTRODUCTION 

P 1 C1 15 

Recently, Reversed Field Pinch (RFP) devices have produced oxperimen­
tal results indicating a favorab le increase in plasma parameters with an increase 
in the plasma current. However, the field errors degrade the plasma and must 
be minimized in order to get the better plasma performance. I{et~ we calcu­
late the liner current in the port section analytically and discuss it ·ftom. a view 
point of the error fields. 

ANALYTICAL SOLUTION 
For simplicity I we assume 311ane geometry of the liner wi th the Circular 

or elliptical ports. From the fiui mechanics with two dimensional geometry 
without the vorticity and compressibility, the outer solution of the uniform 
flow in the presence of a circular cylinder is f = U(Z+R2/Z), where f = <I>+;'I' 
(<1>: velocity potential, '1': stream function) is a complex velocity potential, U is 
a constant flow velocity, Z = x+iy is a two dimensional position and R is a 
radius. Here, '1', <1>, V<I> and U cOfJcspond to the e lectric flux fu nction, elec­
trostatic potential <1>, electric field -E and constant applied electric field -Eo (x 
direction), respectively. The current density j is eX'pr~ssed as ElT] (11: resis­
tivity) on the liner . In the hole (vacuum) region (E * O and j = O) , f = 2UZ is 
derived from A/= 0 and a continuity condition of the tangential electric field at 
the boundary (liner-vacuum interface). 

Utilizing the Joukowski transform ation of Z = ~ + a2/~, (a = constant<R) 
and flow angle et with respect to the horizontal axis of x, we have the following 
equations on the liner and in the vacuum region , respectively , for an elliptical 
port. 

f = U(e-ia~+R2eia /,), (1) 

f = 2 U e- ia Z - i (a/R)2 i . (2) 
1 - (a/R)' 

Here, i is a complex conjugate of Z, and an elongation of the ellipse I( 

is (R2+a 2)/(R2 - a 2) ("'1). Note that values of \]1 and E" (normal component) 
are not continuous across the boundary, although qJ value is continuous. 

LINER CURRENT AND ELECTlllC FIELD DISTRIDUTIONS 
First, a circular port is considered. Figure l(a) shows the contours of 

'W, which shows the electric field and current flowing (on the liner) di rections, 
when the constant h'o (x direc~ion) is applied. In Fig.l(b) , the contours of <I> 
are shown. The electric field E = -V$ hecomes smaller ncar the circu lar surface 
of y = O, and is constant of Eill = 2Ho in the VUl:uum regio n. Fig.ure l(c) shows 
the contours of vlJol, where io is a constant value at the infini te distance away 



from the port. The distor­
tion of the current density 
distribution near the port is 
evident; the value of VIJol 
has the maximum value of 2 
at the top and bottom tips of 
the port and zero at the port 
surface on the midplane . 

Next, an e lliptical 
port with K=2.7 is con­
sidered, as this shape is 
similar to the side port , 
] 9cm high and 7cm wide, in 
the REPUTE-l device [1]. 
Figure 2(a), (b) and (cl 
show the contours of \V, <IS 
and liIJol, respectively, in 
the presence of Eo (x direc­
tion), which is para llel to 
the minor ax is of the e llipse. 
At thc top and bottom tips 
of the port, VIJol has the 
maximum of 1+K=3 .7, and 
Ejl/ is constant of 
(1+K)Eo~3.7Eo· 

Contrary to the Fig.2 
case, the current disturbance 
and the maximum current 
density are smaller when the 
electric field is along the 
major axis of the ellipse; 
both the maximum value of 
VIJol and E,,, IEo are 
1+ (]/K)~ 1.37. In sum­
mary I Um3x /)01 and IEh! IEol 
increase rapidly as 1 + K and 
decrease slowly as 1+ (lIK) 
in the presence of electric 
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1'1 

(c ) 

FilA: 1 Contours of 'I'(a) , 
<I>(b) and V/jul(e) for a 
circular port. 

lal 

Ibl 

lel 

FI~ . 2 Contours of 'I1(a), 
<1>(0) and V/j,l(e) for an 
elhptical port . 

fields, which are parallel to the minor and major semi axes, respectively. 
The disturbed region of the current density extends to an order of one 

port size WIJol is - 1 at the outer region). In the REPUTE-I , the liner current 
distribution in the port section is not affected by the presence of the neigh­
boured port, because the toroidal distance between the port sections is 36cm. 

ERROl! MAGNETIC FIELD DISTRIBUTION 
Using the analytical liner current, the induced error magnetic fields are 

computed from the Biot Savart's formula. Figure 3 shows the contours of the 
magnetic fields on the z=1 plane for a circular port (z = O, R=l). Here, the z 
axis is taken perpendicular to the (x, y) plane. From this fi gure, 111.,1 has the 
maximum near the port edge on y= ±x, Br has the maximum on (O, ~3) and 
the minimum on (0,0), and IB,I bas the max imum ncar the port edge on x~ O. 
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With the increase in the z direction, the value of y to have the rnaxim"Jrn By 
increases rapidly, whereas the positions to have the maximum IS,I and 18,1 
depart from the port edge to the outer side slightly. Figure 4 shows the con M 

tou rs of the magnetic fields on the z ~ 1 plane for an elliptical port (z ~ 0). 
Here, K is 2.7 (minor and major semi axis lengths are 0.4 and 1.08, respec­
tively). Tbe similar results witb tbe circular port arc found. 

Fi~ . 3 Contours of B,(a) , B (b), 
B,(e) and iB l(d) on z~l plane (or a 
circular port. 

Fi~. 4 Contours of B, (a), BJ(b) , 
B,(e) and iBKd) on z~l plane for an 
ellipticaJ port. 

The e-folding length of the magnetic fields in the z direction is con­
sidered . Figure 5 shows the relation between the magnetic fields and the posi­
tion Z~ (normalized by a port radius) in the z direction for a circular port 
Uo = lA/m). The important error field considered experimentally is the B: 
field, which is equivalent to the radial ficld for the cylindrical geometry. Near 
the port IB;I has the maximum of about 10- 2 Gauss and the e-folding length is 
about 0.3. Without a port hole, IB\' I has a constant value of BrO= .... rJo 12 for 
the plane case regardless of the posiHon, while, for the cylindrici'!! case without 
a hole, Br (poloidal field) is zero within the cylinder when the surface current 
flows along the central axis. Therefore, 88 r = 8 \" -8 ro is equivalent to the inner 
poloiclal fi eld for the case of the cylin dcr with a ·pOI:t holc . From Fig.5, we can 
see B8), has the maximum near the port (a bout a half of the maximum IB.I 
value) and By approaches to .... nio 12 as z increases. 

In Fig.6, the relation between the magnetic fields and the position Z· 
(normalized by a major semi axis length) is shown for an elliptical port 
Uo= lA/m). The same trend with the cin;ulnr port is found; the absolute value 
of R; near the port and the e-folding length of /J ~ arc la rger and smnller by 
nhollt 20%, respectively, thnll those with the circular port. When the current 
flows along the major axis for an elliptical pun, rhe induced error fields are 
smaller; the B: value is reduced to abUlH half of it for the elliptical port with 



the current 
flowing along 
the minor 
axis, and the 
e-fo lding 
length nor-
malized by 
the major 
semi axis 
length 
"'0.25. 

Now 

is 

we apply the 
numerical 
results to the 
REPUTE-! 
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the case that 
the plasma 
current 
il' = 200kA 
and loop vol­
tage 
V, = IS0Y, iD 
becomes 
17kA/m as 
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the toroidal res istance of the liner (minor radi us is 22cm) is 6.Smn. Then, Bn 
i.e., the radia l field Bn is estimated to be 180 Gauss near the port, which is 
10% of the poloidal fie ld generated by the plasma current. In order to reduce 
the error field, an increase in the liner resistance and a decrease in the plasma 
resistance arc necessary . Reducing the port size does not decrease the max­
imum error field near the port as long as jo is not changed, although the region 
of having the large error fie ld diminishes . 

CONCLUSION 
The liner curren t and electric field distributions near the port for the cir­

cular and ell iptical cross sections are solved analyticalix in the plane geometry. 
The U/)ol values become the maxima of 1+1( and l+tl/K) near the tips of the 
major and minor semi axes, respectively, which are perpendicular to the Eo 
direction, and zero at the ti ps of the other semi axes . The disturbance in the 
current density distribution extends to about one port size. 

The dominant error field is a H. one , which has the maximum value near 
the point of the maximum current density (port edge). The e-folding length (z 
direction) of B~ i~ about 0.25 -0.3 normalized by a characteristic radius of the 
port. However, the maximum value does not change with the port size as long 
as )0 is not changed. 
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Recen tly edge plasma phenomena have been a great interest in the 
toroidal plasm as, as it is thought to play an important role in the confinement 
of the main plasma. Plasma fluctuations and turbulence arc considered as a 
possible mechanism for anomalous transport in the tokamaks. RFP 
configuration has a reversal surface of the toroidal magnetic field near the edge 
region. A lot of the rational surfaces exist near the reversal surface, conse­
quently fluctuations or turbulence arc expected to have a high level compared 
to tokamaks in the edge region . In this paper we describe the results of 
fluctuation measurements using Langmllir probes and magnetic probes in the 
edge plasma of the REPUTE· 1 RFP, which has a major radius of 82 cm and a 
minor radius of 22 cm Pl. 
Measuring system 

A s~uare array of fOllr single Langnlllir probes (5 mm separation 
between adjacent probes) is used to measure the plasma density and the float· 
ing potential at the edge plasma . The ion saturation current is measured with 
the bias voltage of typically 50 V between two single probes, amI floating 
potential of the plasma is measured using the unbiasing single probe which is 
connected to the vacuum chamber with an I Mfl resister. The magnetic fiuctua· 
tions arc measured by a pair of magnetic probes (8 mm separation), each of 
which can pick up th ree compone nts of the fields and their fluctua tions with a 
good frequency response up to 250 kEfz. 

PrOl)Cl'tics of Etlgc I'lasma 
Parameters of typical discharge in our experiments arc as follows: the 

plasma current Ip -... 150 kA, the loop voltage V,-200 V, the pinch paramete r 
0-2.0, the reversal ratio F --- O.4 , and the chord·averaged ,electron density 
n .. --3X.10 13cm - 3 . The tim.e derivat ivc of the toro idal fields ill , the poloidal 
fields I1p, the radial fields 11ft and the ion saturation current f J U, mcasured at the 
edge region (r- 19cm), arc shown in Fig.1. Magnetic fluctuations are 3-4% 
of the total field amplitude, anti the toroidal component fluctuation s predom· 
ipate by 2-3 til]1es over. those of the poloidal or radial component: 
IB,Il1lrIIIJ= 2-4%, lBp//J lrllls-IB/BlrIllJ= 1-2% Density fluctuations are found to 
be typica ll y 10% - 30%, estimated f rom l {ul asslIming the fluctuations of clec· 
tron temperature arc neg ligible. 

Radial profiles of I J(II , [loaring potential V" Il l' /J p and their fluctulltion s 
measured with a shot·to·shot radial Sl:i1l1 of lhc probes, are shown in Fig.2. In 
the reversal region of the taroillal field ( r - I7clll ), (I) I.HII has a steep gra· 
diell!, (2) V{ has the minimum value , (3) tlucl u<ltioJl levels of J) p /JI" I. .. " , and 
Vj arc higher than those in the other regions. 



li'Juctuation Spectra ~ ~ ~ ~ 
Power spectra of frequency are obtained fo r ii, (P, B" B" and B,. near the 

reversal region (r-18 cm), shown in Fig .3. No coherent modes are observed 
in either spectrum, showing broad spectral properties, and spectral indexes for 
frequency p ~1.4-3 .7 are obtained. 

Wavenumber spectra of fluctuations are obtained using a technique 
introduced by BeaIl et al. [2]. The results are shown in Fig.4(a) for k, 
(toroidal direction) and in Fig.4(h) for k, (poloidal direction) . Asymmetry of 
spectra in plus and minus direction of kx'or k\, is not observed. As in the case 
of frequency spectra, no coherent modes are observed in the wavenumber 
spectra. Spectral indexes for wavenumber q are in the range of 1.7-3.6 for kx 
and 2.3-4.6 for k, .. In each case of the density, potential and magnetic fluctua ­
tions, the wavenuinber spectra in toroidal ciirection are broader than those in 
poloidal direction, which mean that the fluctuations have longer correlation 
length along the field line than across the field line. Calculations from the 
wavenumber spectra show typical correlation length along the fi eld line are 
about 2 times of that acorss the field line. This result is similar to that in the 
tokamak measurements [3J. 

Confinement and Fluctuations 
Fluctuations are classified to electrostatic and electromagnetic ones . 

Heat _fl ux caused by electrostatic fluctuatiolls is proportional to < /iE>IB or 
1'<ii£>18 if the temperature [Juct!latiollS l' are negligi ble . Phase difference 
and coherence between ii and (I> are measured at the edge !Jlasma_ of 
REPUTE~l, which are shown in Fig.5. Phase difference between ii and <I) is 
found about 'IT throughout the frequency range. Consequently, almost no heat 
flux is induced by the electrostatic fluctuations, which is contrast to results in 
tokamaks [3]. 

A collision less model proposed by Rcchester et a\. [4] , wh ich gives an 
estimation of heat transport caused by electromagnetic fluctuations, is con· 
sidereu to be appropriare for RFPs. Heat and particle transport arc considered 
to be induced by stochastic magnetic fields, which are produced by overlap~ 
pings of different islands resulting from several helical modes as in the reversal 
region of J3,.FPs. This model gives an effective perpendicular energy diffusivity 
Xr-1i!?V"IB/BI2 [41. where V c is the electron thermal specd. Taking Te- lOO 
cV, 18,.18 -2% in our case, the energy confl1lcment time Tt: is estimated to be 
-85~s, assuming that the whole of the plasma experiences this stochastic dif~ 
fusion. This value is consistent with the estimation of T1:"-60p,s from the 
energy balance, assuming [,=[e-lOO eV and thc rauiution loss power is 70% 
of ohmic input. 

Conclusion ~ ~ ~ 
~ Radial profiles, frequency and wavenumber spectra of B(> 13/1 • Bn 'I and 

<I) are measured by Langmuir probes and magnetic probes in lhe edge plasma 
of the REPUTE~l RFP. Fluctuations have relative levels of 1·4% for the mag~ 
netic fields and 10-30% for the density. In the reversal region of!J1> it is found 
that fluctuation levels are higher than those in other regions, corresponding to 
localized existence of the rational surfaces. No coherent modes are observed in 
either frequency spectra or wavenumber spectra, spectra indexes {J - 1.4 - 3.7, 
q-l.4-3./ for k., and q ....... 2.3-4.6 for k\ are o btained. The typical correlation 
length of fluctuations along the field line is Hhom 2 times of that acorss the Held 
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line. Almost no heat flux due to electrostatic fluctuations is observed, and 
energy confinement time estimated from energy diffusion induced by stochastic 
fields are found to be consistent with experimental parameters, which suggests 
that confinement of RFPs is determined by a high level of magnetic fluctua­
tions. 

Reference 
[1] N. Asakura et aI., Plasma Phys. 28 (1985) 805. 
[2] l.M. Beall et aI., l. Appl. Phys. 53 (1982) 3933. 
[3] S.l. Levinson et aI., Nucl. Fusion 24 (1984) 527. 
[4] A .B. Recbester et aI., Pbys. Rev. Lett. 40 (1978) 38. 
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REPUTE-l is one of RFP device, which has a major radius of 82cm, and a 
minor radius of 22cm[1]. Various improvements have been performed with car­
bonization, matching the vertical coil waveform with the plasma current. It is 
observed that the ion temperature is extremely high in tbe discharges after 
"thorough wall conditioning", which implies the wall condition after a few hun­
dred normal discharges with several times carbonization. In this paper we 
report the experimental results about both ion temperatures after and before 
"the thorough wall conditioning", which we call "the wall conditioning". 

Spcctroscopic Systems 

An lm visible spectrorneter is used for Doppler broadening measurements. 
The observable wavelength of this spectrometcr is from 200nm to 300nrn. The 
cylindrical lens is set at the exit focal plane, and magnifies the entrance slit 
image on the surface of 8-ch photomultipliers.The instrumental width of each 
channel and the separation between channels are both O.015nm in the range of 
200nm to 300nm, when the second diffraction is used . The optical system has 
an movable mirror which allows the observed position of the plasma to be 
changed. The impurity lines observed with this spectrometer are mostly those 
of light impurities, such as oxygen and carbon. The ion temperatures are meas­
ured using impurity lines, mainly CI1J(229.6nm), CV(227 .1nm), and 
OV(278.1nm). Figure 2 shows time evolutions of carbon and oxygen lines in 
the typical discharges, where the plasma parameters are as follows; the plasma 
current is 250kA at the Oat top, the loop voltage is 180V, and F, 0 are -0.4, 
2.0, respectivcly(Fig. 1). 

Ion Temperatures Before anti After "the Wall Conditioning" 

Before "the wall conditioning". the ion temperature T; was measured mainly 
from Doppler broadening of OV(278 .1nm). Th.is is because CV(227.1nm) had 
weak intensity at the current flat top. In fig . .}, the ion temperature at the 
current flat top is indicated as a function of the line-averaged electron density iT". 
which is measured by CO2 interferometer. It is apparent from this figure that 
the ion temperature increases with thc decrease of the electron density. 
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Sratistical analysis gives the following scaling of ion temperature; 

VI; 
Ti=2 .0-_-, 

n, 

where Tj is in cV units, Jp in kA , and iif.' in l020rn -3, and the above parameter 
ranges arc following; Ip. ne are from lOOkA to 250kA, from O.l x l02om -3 to 
2.7xI020m - 3[1]. In this analysis the partial correlation coefficient between Tj 

and ne is absolutely larger than tbat between T j and lp. Therefore, the ion tern· 
perature has the essential dependence on tbe electron density. 

After "the wall cond itioning", CV(227 .1nm) has been observed with the 
strong intensity, and "pump-o ut" phenomena have been reduced io lower density 
discbar~es; the line-averaged electron density arc often maintained to about 
l.Ox IO-Om -3 when the peak electron density is 1.2x I020m -3. The dependence 
of the ion temperature at the current flat top on the electron density is shown in 
fig. 4. The plasma currents of these data are about 250kA. In this figure open 
circles and closed circles correspond to the ion temperature from CV and av, 
respr.ctively. This figure also shows the increase of the ion temperature with the 
decrease of the electron . density. In low density discharges about O.2x l020m -3, 

the ion temperature from CV is above 700eV. The ion temperature from CV is 
a few times higher than that from av in lower density discharges 
« 1.0 x 10,om -3), while in higher density discharges (> 1.0 X 102Dm - 3) both tem­
peratures arc nearly same. Figure 5 shows both time evolutions of ion tempera­
ture from CV(227.1nm), and OV(278.1nm) in lower density discbarges. In 
lower density discharge the ion temperature from CIII(229.6nm) is about 90eV, 
which almost agrees with that from av. Therefore, the position of av is more 
close to the plasma edge in lower density discharge, and the ion temperature 
from CV reflects at the plasma center. 

Comparison with Condntivity Electron Temperature 

In this section we compare the ion temperature with the conductivity e lec­
tron temperature. The electron temperature has been estimated from the plasma 
resistance through the Spitzer's formula. Assuming that ZeiJ' and the geometri­
cal factor are 2 and 8, respectively, the conductivity temperature at the current 
flat top is written as 

I 
T~o(eV)~70( ;, )213. 

where Ip is in kA units. From this formula the electron temperature in 
REPUTE-l RFP is about 100eV in tbe optimum discharges both before and 
after "the \vall conditioning". After "the wall conditioning" the ion temperature 
is higher than the conductivity temperature in electron density below 
l.OXI020m- 3, while this phenomena are found in the electron density below 
0.5 x l020m-3 before "the wall conditioning". 
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The ion temperatures are plotted 
Here, the drift parameter is defined as 

versus the drift parameter in Fig. 6. 

Vilr Ip 
~ ~ 

V,II TIa 211 re [

In )05 
3kB ~~O 

Note that according to this definition the drift parameter is not local, but global. 
The fig. 6 shows that the ion temperature is higher th an the conductivity tem~ 
perature when the drift parameter is larger than 0.025 . The relation between 
MHD activity and this extremely high ion temperature is being studied in 
REPUTE-1 RFP. 

Conclusion 
The ion temperature of REPUTE-1 RFP from the Doppler broadening of 

CV(227.1nm) is above 700 eV. This resuits from "thorough wall conditioning". 
In REPUTE-1 RFP the ion temperature is higher than the conductivity tempera­
ture when the drift parameter ~ is larger than 0.025, or in lower density 
discharges( < l.O x 1020m - 3) before "thorough wall conditioning". 
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RECENT RESULTS FROM THE ETA-BETA 11 RFP EXPERIMENT 

Antoni V" Bagulin M., Bascgg io E., Bassan M .. Burra A., Carraro L., Costa S., Fiar G., 
Giudicotti L., in oQcc nl c p , Martin P .• Martini S., Noonan P.G."'''', Orlo lani S .. 

Paccagnella R, Puiutti M.E. , Sass B."', Scario P. , Sorcnscn H .... . Valisa M. , 
Villorcsi P"Weisberg K. ... , Zago S. 

iSlilU\O Gas lonizzati del C.N.R. 
ENEA-EVRATOM-CNR Assoc iat ion 

Padova, Ital y 

The injection o f pell ets with mass of '" 10 20 deuterium atoms and ve locit ies of 

'" 100 rnls results in high dens it y (<: 1 0 20 m-3 ) sustain ed discharges. Three 

examples of th e line avera ge densi ty time behaviour a re s hown in ri g. 1. In this 

type of discharges the values of 13 a TC sustained in lime al abou t Pac;;?: 6% and the 

res istivi ty remains low and c lose to classica l throu ghou t the pulse. Thi s is in 

contrast to th e generally lower ~ and higher res istiv it y values associa tcd with th e 

lower densi ty di scharges [1 1. 

Multic ho rd inte rferometry · and multipoint T ho mson sca ll cr ing have becn 

used to ga in in sight in the density and tcmperature profilcs lime evolution durin g 

pelle t injec ti on. Figu rcs 2 and 3 show respect ivcly examples of the density profi les 

obtained by Abel inverti ng the interferometer d a ta , and of the tempe rature 

profiles ave raged over many di scharges. In most of the di sch argcs. at 

the dens ity pro fil e is hollow. Ho weve r discharges with pe ll et pe rformed 

lat e r s tages 

a ft e r low 

de nsi ty shots show nat o r peaked densi ty profi les s uggesting tha t in add ition to 

the pe ll e t ab lat ion, gas influx and recycl in g u nd e r d ifferent gas wa ll loadi ng 

condi tions may play an important ro le in de te rminin g the density profi les. To 

illustrate thi s point. in Fig. 4a and b are drawn the profiles fo r two su bsequ en t 

shots performed afle r low density di sc harges. 

* Ri so Nat ion al Laboratory, 
** Cu lh am Labo rat ory . U.K. 

Denmark 

IIY· 
.. unchoO 
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In order la discriminate among the various phenomena det erminin g the 

li me behaviour of the average de nsity a simple 0-0 model has been used 10 

simula te the plasma density and power ba lance. First, discharges without pellet 

injec tion have been considered and , with particle confinement times of about 50 

~l S, a recycling coefficient R ;;;: 0.9 is necessary to simulate the measured time 

behaviou r. Assuming the same particle confinement times and wa ll recycling, 

the measured time depend ance of the densi ty for discharges with peil et injection 

corresponds la pellet ablation limes of lypically 0.5 ms. Thi s simulat ion should be 

app ropialc to describe discharges whe re gas wall loading effects due to previous 

high density shots can be neg lected. 

In Fig. 5 are compared the density measuremen ts by the multi chord 

interferometer and the single chord interferometer, located respectively 1200 

and 60 0 apart in toroidal angle from the pe llet inj ect ion port. Density 

di sturbances are seen to propagate with a veloc ity> ..... 5 103 m/s ; the lower values 

are too slow com pared with the ion sound speed unless an e ffective length 

account ing for particle flow alo ng fi eld lines is considered. 

The low and high density dis charges also differ in term s of magnet ic 

fluctuation ampl itudes, and of impuri ty line emission as illustrated in figures 6 

and 7 respectively. In particular the lower temperatures co rrespondi ng to the 

highe r de nsities discharges [11 arc probab ly associated with the relatively larger 

flu ctuation ampli tudes (fig. 6) and the lower ion impurity sputterin g from the 

wall (sce fig. 7). In particu lar from fig. 7 it is seen that the FeI lines arc onc 

order of magn itudc less intcnse in the high density di scharges with pellet 

compared to those measured without pellet injection . This difference can be due 

10 both an hi gher edge electron temperature and an increased sputtering in the 

lower density regimes. 

REFERENCES 
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LINEAR MHD STAB ILITY PROPERTIES OF RFP CONFIGURATIONS 
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In this pape r the linea r resisti ve MHO stab ility prope rt ies of Reversed 
Field Pinch (RFP) confi gura tions, arc ana lysed for a plas ma in contact wi th a 
per fec tl y conduc tin g wall and in cy lindri cal geometry. In p articu lar we eX lend 
prev io us work [I ,2J rega rding th e fixed bou nd ary and th e free boundary force 
free cases, by studying the effec ls on stability of an hollow ~=I-l o J ·B/B2 p rofite 
and of finite pressure. The pressure equilibrium profil e is introduced using a 
parameter whic h spec ifi es the dev iati on from the Suydam 's stab ilit y cri terion. 

HOLLOW 11 PROFILE 

A s tabil ity analys is of RFP co nfi gura tion s with eq u ili brium fie lds 
charac teri zed by an hollow 11 pro fil e find s its motivation on an ex perimen tal 
basis. Magnetic probes have been inserted in th e Eta-Beta II expe riment [3] and 
in some cases the reconst ru ction of the IJ. rad ial profil e fro m the magnetic fi e ld 
data has shown evidence of a IJ. hollowness. By using the ll' tecnique. a marginal 
stability ana lysis of hollow 11 configu rations described by the analytic 
exp re ss ion 

200 
~( r)=-a- (~.-c' [ i -e< p( -c(r-rM )'»)) 

has been pe rformed. In the rad ial interval [0, rM] c' is defined as 

and we have chosen c=lO. In th e radial interva l I rM, al e' is defined as 

and c has been set 10 1. Hollowness is present if IJ.M > I. 
The new feature introduced by the hollowness. i.e. Ihe exis tence o f an 

inner region wilh a positive dlJ. /dr, results in the appearance of a new kind of 
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internal m= 1 modes: these modes arc resonant between the axis and the radiu s 
where ~ is maximum and are well distinguishable from the usual m=! internal 
modes also from their Iypical e igcnfunc lions (scc fig. I). For example in the Case 
0 0 =1.4 and IlM=1.2 it is possible 10 obse rve that if I'M equals 0.6 o r 0.5 the 
correspond in g configu rations arc stable, but if fM is decreased to 0.4 the 
configuration is dcstabili zcd by m= I internal resonant modes excited by the lOO 
high dll ld r close to the axis. 

The results of an ex tensive parametric analysis of m= I modes for the cases 
I'M:::0.5 and 0.6 are reported in fi g. 2. The marginal stability curves arc drawn on 
a 00 vs Ill>! plane: the region of interest is limited by the curves F=Q (F=B41(a)/<B<jl» 
and cl>T=O (<b T is the total toroidal flux ). For each case (with fM fixed) two curves 
are shown, corresponding to th e excitation of in ternal and exte rnal current 
d ri ven modes. The be haviour of external modes does not diffe r quali tatively 
from the re sults obtaine d in previous analysis !'l], s ince they arc re lat ed to the 
negative ~ gradient beyond th e reversal s urfac e. In the present case the 
configurati o ns w ith r),l=0.6 arc of course more unstable for the m= 1 ex terna l 
modes, s ince they are characterized by grea te r I d~/drl values in the external 
region. 

Moreover Fig. 2 s hows that internal modes are large ly affected by a 
variation of r),l and ).1 M . As expected, smalle r values of rM an d greate r ~M' 
resulting in larger va lues of d).1/dr in the in te rnal region, corres pond to more 
unstable configuration s. The c ase r~I=O.5 is particularly interesti ng, in fac l in 
Ihis situation, varying JlM up 10 ).1M=1.15 does nOt innucnce the st :.tbili ty. Since ~M 
gives a measure of th e hollowness of the profiles,. we conclude that there is in 
corresponde nce to each va lue of rM (above r~I=O.4) a criti cal ratio ).l~slJl(O), Jl( O) 
being the on axis ~,beyond which th e int e rnal modes arc destabil ized. In 
particular for the case r).4=0.5 if ).1M exceeds th e on axis IJ. by 15 %, th e s tability is 
s ignifican tl y influenced by the hollowness. 

FINITE ~ MHD STABILITY 

The equili brium sta te is obtained solving the equations 

which with x(r)<l corres ponds to satisfying th e Suydam's condition. Varying the 
value of X (w hich he re is assumed co nst ant al ong th e radius) between 0 and 1, 
imposing the constra int of vani s hing press ure at the wall and c hoosing a ).l 
radial profile of th e form ~(r)=200/a[ I-(r/a)a] , it is poss ible to obtai n 
equilibrium RFP configurations which reproduce well th e e xperimental 
magnetic field profiles. The linearized resis ti ve MHD eq uations are solved in thi s 
c ase as an eigcnva lue problem assumi ng co ns tant resistivity and density, and an 
incompressible plasma. The study as been restrict e d to modes with poloidal 
periodicities m=D. l , in a wide range of normalized to roidal wavenumbers K=ka . 

In fig. 3a, b (0 0 =1.95, 0.=4, S= 101 (S is the magneti c Reynold's numbe r), X=O, I) 
the spec trum of external m= 1 and 111 =0 modes is shown, while Fig . 3c (0 0 =2. 0.=2, 
5=10 1 , X=O,I) refers to 111 = 1 int ernal modes. The val ues of 0 0 and a arc chosen to 
co rrespond to a force - free un stable configuration in the 00 -0., just beyhond th e 
idea l syabi lit y limit [I J From Fig.3 it is clear that finite pressure modifies the 
curren t driven (ideal and tcaring) part o f the spec trum (at low i) and a lso 
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elttends th e spectrum at high k va lues . If X*O the long waveleng th parI of the 
01== 1 spectrum is due 10 ideal pressure driven modes. 

For m=O (Fig. 3b) al thi s va lues of 90 and (l onl y pressure drive n modes a rc 
found . A stabili zi ng effect is observed for m=l ex Lernal and m=O modes by 
decreasi ng eo at a fixed a value. In particular the grow th rales of the ideal 
interchange rn = l modes vary rap idly both wi th 90 and p. For example for 90 =1.85 
and a=4, they a rc not present if <P>< 10%. By decreasing further 90 (al a fi xed a 
and X) only the res isti ve pressure driven part of the m=O,1 spec tru m survives. 
but U1 C growth ratcs, of th ese g·modes become smalle r and small er. For example, 
for a=4($= 10' , X= I), if 9 0 = 1.68 th an r =$-], i. c. the growth rate is comparable with 
the res istive diffusion ti me of the configuratio ns. 

A s imilar dec rease o f the grow th rates has been obse rved for m=1 internal 
modes if 90 and X are fi xed and Cl increased. Fixing 90=2 (5= 103, X= I ) at Cl =2.28, the 
maxi mum value of the growth rate is around S·]. Moreover the position of the 
maximum of the spec tru m var ies la rgerly w ith 9 0 for m=O and m= 1 external 
modes (Fig. 4a, b) whi"le does not depend very much on 90 and Cl for m= 1 internal 
modes (Fig. 4c). 

Finall y in Fig. 5 "~ limits" for m=O, 1 modes (m=1 external and internal) are 
given in the <:ase Cl=4 and S=103 • In the fi gure is al so repo rted the boundary due 
to ideal m=1 pressu re driv en modes al low K (dashed curve), whic h is strongly 
dependen t on 9 0 , The ~ li mi ts for res isti ve pressure driven modes are dedu ced 
fixing a lower bound fo r the growth rates at r =$ -]. This gives values of <~> around 
8% for m=1 ex terna l, be tween 4 % and 10% for m=l interna l and 4% for m=O 
modes, in typical region of operation of RFP, 1.7S:90S: 1.9. Although these J3 limit s 
seem to be not too unreal istic [4] for actual RFP experiments (at low S values), it 
is clear that th e cri terium used he re to determine th ese "~ limits" is qu ite 
inappropri ate at large r va lues of p lasma conduc tivity. In fact, s in ce th e 
pressu re dri ven modes scale like $-]/3 for large S, it is obv ious that the J3 li mi t 
becomes neg legible at large $. 

In conclusion , while in prev ious work [1,2J th e im port ance of curren t 
driven m=l modes in the re laxation of RFP toward th e m inimum energy Slate, 
has been po intend o ut, in this paper the e ffect of fin it e pressure has been 
consi de red. Wit h fin ite J3 many res istive g- modes a re origi nated, well below the 
Suydam's condit io n , and in corresponden ce to reso n ant hig h to ro idal 
wavc numbers. For these modes the associated islands can eas ily ove rlap [5 ], 
lead ing to magne ti c s tochasti city in th e ex te rn al region of th e plasma and 
dete rminin g t he cha ra c teri s ti cs of the tran spor t. T hus on ly nonlinear 
simul at ions o f plasma dy nam ics, inc luding se lf consistent calculat ions of 
trans port coeffic ient , can give an estimate of tru e J3 l imits, wh ile the present 
linear analys is can o nl y suggest the way to op timi ze RFP pro files aga ins t idea l 
and resis tive interch ange modes. 

[ I] Antoni, V., Merlin , D. , Ortolan i. S .• Paccagnella, K, Nuclea r Fusion II (1986) 
17 11 

[2 ) Merlin, D ., Ortolani , S., Paccagnc ll a, K. in Controlled F us ion and Plasma 
Phys ics (Proc. 14th Europ.Conf. Madrid 1987), VoL 11/0 , Part 11 , p.442 

[3 ] Anton i, V., el a l. , in Mirror-Based and Fie ld-Reve rsed Approaches to Magnetic 
Fusion , Varen na (1983), Vol. 11 , p. 107 

[4] Antoni, V., et a l. , in Controll ed Fus ion and Plasma Physics (proc. 14th Europ . 
Coof. Madr;d 1987), Vol. 1I/D, Part n , p. 532 

[51 Rechcstc r, A.B., Rosenbluth . M.N., Phys. Rev. Leu. !!L(1978) 38 
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IMPURITY DIFFUSION IN RFP PLASMAS 
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A one-dimension al diffusion code has been implemented to s imulate the 
impurity diffusion in various RFP plasma condi tions. The basic equations are 
paraboli c wi th non linear coefficients and source terms; to solve thi s initial 
va lue prob lem a C ranck Nicho ison scheme with an adjustable degree of 
impl ic itness is used . Time centering of the transport coefficients is accomplished 
using a predictor-corrector scheme. In cy lindrica l geometry , assuming the 
coronal atomic model to evaluate the source tenns, the diffusion equa tions may 
be wrilt en as: 

where Z is th e atomic number of the considered species, Si and a i are, 
respec tiv ely, the ionization and recombination coefricient for the ion ic species i 
and ri is the corresponding diffusion flux. 

To derive the expression of the ion nux ri a classical transport model has 
been assumed; however, to accoun t for the high diffusion regimes typical of a 
RFP plasma, the classical f1uxes are en hanced by a space-dependen t coefficient 
K(r). Properly se tting the function K(r) it is possible to s imulate the transpo rt 
condition s ch aracte ri zi ng th e plasma. 

The assumed bounda ry cond itions are: 

i=1,2, ... Z+1 

ani 
(a;1r~a ~O or n i (a)~bi i.2, ... Z+ 1 and r 1 (a)~ - R }: i#1 ri(a) + r 0 

where R is the recycling rate at the wall and rO is a neutral impurity influx from 
Ihe wall. The cond itio n wilh R=I, rO = 0 corresponds to a constant 10lal impurity 
numb e r. 

The mode l is suitable for studying the diffu sion o f lig ht impuri ties and up 
to now it has been imp lemented for oxygen, which is the principal impurit y in 
ETA-BETA H, and carbon, whose effect may be important in machines with a 
carbon til e covered liner. 

To so lve the diffus ion system typ ical ETA-BETA JI temporal behaviours of 
T e and ne have been considered as measured for discharges with and without 
pellet injection (see Fig. 1 where the data with pell e t injection correspond to 
symbols in fu ll ). The profiles of the com ponent s of the magnet ic field have been 
eva luated solving thc eq uat ion V x B = J.l B with J.l ( r)=J.l (0) (I-(r/a)4) and 



neglecting the pressure effects . 
The examples of the oxygen ion population obtained in the two difrerelH 

discharge conditions (wit h and without pellet injec tion) are shown in Fig. 2 and 
3. Two difrerent times for each condi ti on arc shown , corresponding to the 
ionization phase of the imp urities (200 J.ls) :md to (he flaHop phase of the plasma 
current ( 1 ms). The assumed Te and ne profiles arc: Te(r)=Te(0)( 1-(r/a)4) and 
ne(r) = ne (0)(1-(r/a)4) and (he tota l oxygen concen tration has been tak en to be 
10 18 m- 3 . correspondi ng to about 1% of the elec tron density. To simulate the 
transport in ETA-BETA 11. the classical express ion of the nuxes has been 
multiplied by a factor K(r) accord ing wi th [ I ]. 

The Zeff profi les obtained for t=1 ill S are simi lar to that derived from 
spec troscopic experimental results on ETA-BETA 11 12], showing a val ue close to 
1-1.5 in a large region near the plasma centre, with a pronounced peak near the 
pl asma horder. The ion distributions obta ined in these two plasma conditions are 
very simi lar at the ea rl y time and show some difference only at the late r ti me, 
acco rding to the fact that the T e and ne tempo ral behaviours related to the two 
conditions differ mainl y during the flat-top phase o r the plasma current (Fig. 1). 
From the ion popul at ions obta ined in the case withou t pellet injection some line 
emissivities have been calculated. to compare them with the lines measured by a 
mult ichord spectrometer [3}. In particu lar the OIV A=341 1 A and DV A=5606 A 
du ring Ihe flat-top phase and the DVI A=3434 A du ring the early phase have been 
considered; the re su lts are reponed in Fig. 4 , show ing a s im ilar rad ia l 
dist ribu tion. The em issiv ity absolute val ues ag ree within a factor of two; 
however, to obta in more reliable values more com pl ex atomic mode ls than the 
coronal would be necessary, to take into account the popula tion distributions 
among ground, metastable and exci ted states. 

The results obta ined for carbon impurities are substantia ll y si milar. In 
particula r. an analogous Zeff profile is obta ined , as shown in Fig. 5 fo r example 
wit hout peliet injection and with a ca rbon concentration of 10 18 m- 3 . 

Howeve r, the effective charge profi le is large ly affec ted by the Te and ne 
profil es. To illustrate this point. various Zeff radial p rofil es ob tained with 
different T e and ne profi les arc drawn in Fig. 6 and 7. Fig. 6 shows that peaked Tc 
profiles lead 10 an effective charge profile decreasing wit h radius, whi le a 
hollow Zeff profile is obta ined with a flatter T e . Mo reover a lower max imum value 
for Zcff is ob tained if a flatte r ne profile is cons idered as shown in Fig. 7. 

In conclusion. the oxygen line emission and lhe Zeff profiles measured in 
ETA-BETA 11 have been sim ul ated by an impurity diffusion model. The efrec ts of 
various Te and ne profil es on the diffus ion ha ve been studied. showing that 
different Te and ne profiles, more than the parti cular impurity spec ies and the 
Te and ne tcmporal behaviours, may justify differc nt effective cha rge profiles 
measured in vario us RFP devices [2,4]. 
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INVESTIGATIONS OF BREAKDOWN BETWEEN PLASMA-FOCUS 
ELECTRODES 

Sz.Brandt, A.Jerzykiewicz , K . Kociecka, W. Naw rot 

Institute for Nuclear Studies, 05-~00 Swierk, Poland 

The experimental studies of breakdown processes between 
plasma-focus electrodes have been undertaken within a program 
of the neutron emission optimiza tion from the PF - 360 facility 
Cl) . For this aim an auxiliary stand has been completed. Thus 
it has been possible to perform certain tests of different 
electrodes and insulators dimensions and shapes at various 
experimental conditions. The electrodes have been supplied from 
a low eneryy HV-pulse generator that enabled an initial 
volt age-rise steepness adjustment by charging voltage changes. 
The breakdown voltage and current have been measured by means 
of a resistive voltage divider and a shunt, respectively, 
connected with a fast oscilloscope. The response time of the 
measurement system was lower than 2 ns . The breakdown 
characteristics ha ve been estimated for the hydrogen pressure 
range from 1 up to 30 Torr, at the voltage-rise steepness ~SO 

+-120 kV/J-ls, for an electrode set shown in Fig.1 . The 
breakdown voltage on the su r face of the insulator has been 
measured in the case of quartz tubes being put on the outer 
electrode rods and the complex breakdown voltage - in t he case 
of the tubes being taken off . There have been used two kinds of 
alumina insulators CFig.2). The inner and the front surface of 
the insulator " A" were covered with a thin silver layer in 
order to shield the space between the insulator and the outer 
electrode from the magnetic field induced by the cu rrent in the 
inner electrode. The insulator "B" corresponded to that used in 
the PF-360 device . The measurements have been performed at both 
vol tage polarities, when charging a 0.25 or 0.8 ~F capacitor (C 
in Fig . I) to 30 and 50 kV . 

A typical shape of measured voltage has been shown in Fig.3 
in which the analized values have been also pointed. The 
investigations results have been shown in Fig.~ ( insulator "A") 
and Fig . 5 (insulator "B") and can be summarized as follows: 
- the breakdown voltage (V2) measured with the insulator "A" 

actually was not dependent neither on the pressure, nor 
CE polarity, nor on charging voltage and capacitance in 
ranges given above . 

an 
the 

- the comparison of the b~eakdown voltage on 
surface with the c omplex one has indicated 

the insulator 
that at the 



insulator "A", the breakdown has occured an the surface only. 
_ in the case of the insulator "8 " being used and the polarity 

being negative the breakdown voltage ( U2) has increased eve n 
2 - 3 times, compared with that measured at the positive 
polarit~ . In such conditions same breakdown events at the 
front of the electrodes have been observed . 

- the breakdown voltages Ul and U2 at the positive 
were much lower than those measured previously 
Pf-350 facility . 

polarity 
with the 

In order to explain the l ast result the measurements with 
the PF-350 device have been started. They have been performed 
at an electrode set shown in Fig.l. There has been applied the 
positive voltage polarity only. It has been found out that the 
breakdown voltage depended mainly on the capacitance of the 
storage bank ( fig.5 ). The results were comparable to those 
measured with the auxili ary stand only at the low capacitance . 
The breakdown voltage and the voltage-rise steepness (fig.7) 
were increasing with the bank capacitance. It sl10uld be 
stressed that for the whole range of experimental conditions 
the voltage-ri se steepness measured i n the PF-360 device was 
not higher than that measured in the au xi liary stand . So, the 
differences in the voltage-rise steepness have not been the 
cause of the breakdown voltage increasement. It see ms that the 
influence of the magnetic field is the only cause which could 
explain this phenomenon. 

Cons idering that the breakdown voltage depends on the 
storage bank capaCitance it is necessary to take into account 
the fact that the circuit inductance diminishes with the 
increase o f the capaci tance. It involves the increasement of 
the Uo/L value which is equal to the initial current-rise 
steepness in the circuit. Th is parameter connected with the 
magnetic field magnitude has been mentioned as one of the most 
important in the considerations of the neutron emission 
limitations (2,3) . 

The conclus ions that result fr om the investigations 
presented above are the following: 
- the magnetic field influences strongly the breakdown voltage, 

especially at the negative voltage polarity. 
- as the result of the voltage increase on the insulator 

surface there can occur a breakdown at the front of the 
insulator or of the electrodes, which involves the diminution 
of the neutron yield from Mather type plasma-focus devices. 

(1-) JERZYK I EWI CZ, A. ,et al., Proc. 11 th European Conf . on Contr. 
Fusion and Plasma Phys. IAachen, 1983/, Part I, pp ~8S-~88 

(2) PATTERSON,E . L., Sandia Laboratories Research Rep. SC-RR-69 
-233 

(3) JERZYKIEWICZ,A., KOCIECKA,K., KOCINSKI,L., Proc.~th Int . 
Workshop on Pf and Z-pinch Research. IWarsaw 19851 pp 71-73 
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The RFX device, currently under cons truction a t Pn d ova, will take Cl major s tep in pushing 
the parameters of Reversed Field Pillch experimen ts into a ne w regime. RFX is designed for 
currents o f up 10 2MA <lnd pulse le ngths of 250 inS. In o rd er to achieve the most effcctive 
opera tion in Ihis ncw regime, it is imporlillll to attain a better theore tical understanding of the 
pl.15ma dynnmics and transport. Pul se lengths in the present RFX design will be compilrabl c to 
the resis ti ve decay time of the shell. However, in order to optimize active plasma posi tion 
control and minimi ze magneti c field errors, a thinner (more resistive ) shell may be required in 
the future and is presently under design. It is cri tical, therefore, to understand RFP dynamics in 
the presence of a resi s ti ve shell in order to preserve the dy namo eHect and ensure the 
maintena nce of reversa l. A be tter underst<lnding of RFP dynamics and transport in the specific 
RFX parameter range will also be necessary to make reliable p redictions of beta values and loop 
\·olL,lges for the RFX experiment. A new numerical model has been developed to address th ese 
RFX design issues. The model, a three dimensional, nonlincar, resist ive MHO simulation 
cutic, is used to make esli ma tes of the oplim um shell th ickness for the RFX n~s istive wall and 
the change in loop voltage expected when RFX is opera ted with a resisti ve shell. 

11. NUMER1CALMODEL 

The numerica l model used here [1 J 10 study RFX dynamics solves the full nonlinear 
res is tive MHO equations in three dimensions. Cy li ndrica l geometry is u sed with a 
pseudos pe..:tr,\1 spatial represent ation. The equations arc advanced in time using the semi­
impli cit method 12,3 ], which a llows much liHger time steps than would be possible with an 
explicit method. The code is boundL'd at r=rw by a shell, which may be chosen to be either a 
rcr(L'C t contiu ctor or a resistive shL'1I with a spN:i(ied time constan t. When a resistive she ll is 
chnscn, Cl second conductor may be plac\..-ct at a radius outside of the resisti ve shel l. This second 
(unducto r is used to represe nt the posit ion of th e toroidal ficld coils, wh ich can ,lCt as a 
co nducting w,lll on the time sca les at" reve rsed field pinch experiment s. The fo rll1ul ntion of the' 
resistive wa ll bo undary conditions hns been ubtai ned previously by 1-/0 [4]. 

~ l\.'r manen t address: Universi ty of Wisconsi n, Madi son, Wl, USA. 
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Ill. R ESISnVE SHELL COMPUT A nONS FOR RFX 

The primary purpose of the resistive shell computations is 10 assist in determining the 
optimum shell thickness {or RFX. The relevant experimenta l parameters arc minor radius 
TW=SO cm, aspect ratio R/ rw=4, Lundquisl number S=4.2xl 07, Alfven time tA=O.27 jl5eC, and 
the toroidal fi eld coils are located a t radius Tc=62 cm. The toroidal field coils arc considered to 
be a perfect cond uctor since thei r time constant, 190 ms, is comparable to the pulse length of 250 
ms. Our computat ions indica te that a reversed equilibrium state can be maintained in RFX 
with a resistive shell having a time consta nt longer than the plasma relaxation time, which is 
much shorter than the pulse length. Th is slate, however, will be characterized by a larger loop 
voltage than would be fo und in shots with a perfectly conducting shell. These results are 
consistent wit h those of Ho [4], who found for d ifferent parameters that the final relaxed sta te 
with a resist ive shell is independen t of the shell resistivity and that for cases with rc/rw<1.4 the 
loop vo ltage is la rger by apprOXimately two percent for everyone percen t increase in the radius 
of the outer conductor. 

In order to simulate RFX operation with a resistive shell, we use the {ollowing p rocedure. 
The initial cond itions are chosen to be a modified Bessel function model (MBFM) and a low 
level of fluctuations is inlroduced. As an example we fix 9=1.8 and choose S=3xl03. The other 
parameters are the same as the RFX parameters described above. The reason for choosing the 
lower value of 5 is that realistic experimental va lues are too large to be practica l for use in three 
dimensional computations. It is important that the resistive d iffusion time be longer than the 
nonlinear plasma relaxation time. We have found the relaxa ti on time to be approximately 200 
tA for this case, so that 5=3x103 is a sufficiently large value. For thi s example wc also make the 
assumption of zero beta. The equilibrium is initialized with a perfectly conducting she ll at rw. 
The plasma then evolves until it reaches a relaxed steady state. The plasma relaxation occurs as 
resistive diffusion des troys the initial reversed equilibrium, but a new reversed helical 
equilibrium state is eventually established due to the nonlinear interac tion of the d yna mo 
modes. The dominant unstable modes have m:::1 and n=-7 to -10. After this new s teady state is 
reached, the conducting wall is replaced with a resistive shell ha ving a lime constan t of 
tshcll=360 tA. The plasma is aga in allowed to relax until it reaches a new steady state (about 4 
shell times). The structure of the plasma may be seen in Fig. 1., which shows surfaces of 
constant current. Figure la shows the initial cylindrical equilibrium. Figure lb shows the new 
helical steady state after relaxa tion in the presence of a perfectly conducting shell. Finally, Fig. 
lc shows the plasma after relaxa ti on with a resistive shel l. This new multi -helical state is 
much more complicated that the state ex isting in the presence of a conducting shell and the 
amplitude of the distortions is considerably larger. These large amplitude di stortions are 
associated with a higher toroida l loop voltage. Figure 2 shows the evolution of the loop 
voltage from the time the conducting wall was replaced with a resistive shell until the final 
relaxed state is reached. In the final state the voltage is 33 percent larger than in the state with a 
conducting shell. This increase is comparable to the 40 percent increase that would follow from 
Ho's results. In RFX, this 33 percent increase is what the simulations would predict with a 
shell having a very short time constant, e.g. 10 ms. n,e voltage increase in the final relaxed 
state is independent of the shell time constant. Therefore, in order to significantly reduce volt­
second consumption, the shell time must be a substantial fracti on of the pulse length . 
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Fig. 1. Surfaces of constant current, showing the initial equilibrium (a), the rela xed state in the 
presence of a perfectly conducting shell Cb), and the relaxed sta te with a resistive shell (c). 

Fig. 2. Toroidal loop voltage as a 
function of time from the 
introduction of the resistive shell 
(1=0) to the final relaxed stale (1=4) 
in units of the shell time. 
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IV. SIMULATION OF START-UP 

Wc have also performed thrcc dimensional simulations of start -up processes beginning 
with a cold uniform plasma in a uniform toroidal magne tic fie ld. A loroidal current is driven 
through the plasma, leading to compression, Ohmic healing and relaxa tion 10 a reversed sla le. 
The transport model used here includes, in addition to Ohmic heating, thermal conduction, 
Bremsstrahlung radialion, and temperature dependent resist ivity. The current is increased 
IinC<lrly from zero for 500 Alfvcn limes until 8 =1.8, after which e is clamped al this value. The 
evolution of the field reversal parameter, F, as a function of time is shown in Fig. 3. Note that 
reversal is achieved by a sequence of two sudden relaxation even ts, corresponding 1('1 the 
destabilization of the m=-1 dynamo modes. The final stat e has F=-O. lS, 9=1.8, and Pp=D.12. 

Fig. 3. The reversa l parameter, F, as a 
function of time for a cold start-up 
case. "fAD is the Alfven time at t=O. 
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Sustaioment of reversed field pinch (RFP) plasmas in OHTE for times much longer 
than the resistive shell time was previously reported [1·3] . Recently, the OHTE power 
supply was upgraded and the resistive shell experiment has continued. The purpose of 
the upgrade is to extend the sustainment time and to significant ly increase the plasma 
current beyond the previous level of up to 200 kA. Tills paper reports the results of 
the experiments. 

The OHTE dev ice (R = 1.24 rn, a = 0.18 m) has a thin resistive shell with vertical 
field t ime constant of 1.5 ms. After setting up an RFP plasma within 2 ms, the plasma 
is sustained by firing sustaining capacitor banks in sequence. The recent power supply 
upgrade added another sustaining bank (120 mF, 5 kV), increasing t he total bank 
energy from 1.8 MJ to 3.3 MJ. A chopper power system was also installed for more 
precise control of vertical fields. 

With the upgraded system, reproducibili ty of discharges sustained over 10 ms has 
been greatly improved. Thus, we are able to examine more detailed characteristics 
of sustained RFP discharges. Sustained RFPs are relatively insensitive to equi librium 
posit ion changes of a few mm from optimum. However, most discharges show an 
increase in the toroidal one-turn voltage at some time during the discharges. The 
amount of the increase is tens of percent , and it occurs in less than 1 mSi the plasma 
current starts decaying afterwards. This current decay frequently leads to termination 
of the diseharge. An example is shown in Fig. 1. Figures (a), (b), (c) and (d) are 
plasma current 1, toroidal field at the plasma edge, one-turn voltage V , and toroidal 
flux inside the vacuum liner. The voltage starts increasing at 5 ms. Increased MHD 
activity is suspected as a cause of the resistance increase. Analyses are made on the low­
pass·filtered signals obtained from the 128 pick-up loops, 32 toroidally by 4 poloidally, 
covering the entire torus. The total energies of m = 121 , m = I, m = 0 and m = -1 

are examined as a function of discharge time. It is found that the energies of both 
m = 0 and m = 1 (internal mode) sharply increase preceding the resistance increase. 
The energies of m = - 1 (external mode) and 121 also often increase at the same time. 
These are non· rotating (locked) modes. An example of the mode energies is shown in 
(e), (f), (g) and (h ) of Fig. 1. Each m mode consists of several n modes. The raw 
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pick-up loop signals indicate that the locked modes are toroidally localized, typically 

within one quadrant of t he entire torus . However, the location of the modes varies 
from shot to shot. The locked modes sometimes cont inue for a few InS, but sometimes 

cease within one ms. However, the one-turn voltage tends to remain high. A possible 
explanation for this is that the locked modes connect the inside and outside field lines. 

As a result , the plasma temperature drops and the plasma resistance increases. 

The plasma current has been increased to 328 kA. The minimum attained plasma 

resistance R is consistent with the scaling law obtained in the OHTE conduct ing shell 
system 

R(mil) = [I:~;)r3/', 

as seen in Fig. 2. High curreot discharges often exhibit a sudden, fast termination 

(hard termination ), particularly when the plasma density is very high. Figure 3 shows 

the attained reversal time vs. the ratio of plasma density to plasma current nl T. The 

attainable reversal time decreases as n / I increases. The inner wall of the OIITE vacuum 

vessel is entirely covered by graph.ite tiles . When the plasma current increases, n/ I 
lends to inc rease more than linearly. ill particular, if t he density keeps increasing, the 

di scharges tenninate hard . TIllS problem has been overcome by implementing heli um 

glow cleaning in order to reduce t he hydrogen wall loading. 

Even when the discharge does not terminate, the minimum plasma resistance at 

the current peak (i.e., V/ I) tends to be high for high density shots. Figure 4 shows the 

plasma resistance normalized by the current dependence, V [1 /2 vs. nl I. This indicates 
that ni l for good discharges is lower than 5 x 10 14 m - 3 . A-I, wh.ich is consistent wi th 

the typical RFP density limit. The measured electron tempera ture is proportional to 

plasma current , and the coefficient is approximateIy 1 eV /kA. Therefore, tills density 

limit corresponds t.o the poloidal beta value {Jp of about 20%, assuming a uniform 

pressure profile. 

Plasma stability is examined by use of a Freidberg- Hewett resist.ive code. The 

analysis shows t hat both m = 0 and m = 1 modes can be unstable for a Lundquist 
number 5 ~ 104

• The growth rate nonnalized to Alfvcn time ITA. increases approx­

imately from 10-4 to 10 - 3 as /Jp varies from 0 to 20%, but has a weak. dependence 

on S. The calculations also show increased growth rate for a steeper edge current 

densi ty gradient, in particular at low {Jp. This general trend matches the experimental 
observations. 

In conclusion , the plasma sustainment was limited because of the sudden increase 

in one-turn voltage preceded by both the m = 0 and m = 1 locked modes. The plasma 

characteristics are strongly tied to high plasma density, suggesti ng tLat t. his is the res ult 

of the {3, limit . 
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R=V/I (mO), reference line R=(I/100)-1.5 
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Introduction It is a general finding in RFP's that ions are heated by 
non-col1isional processes. This is clearly the case when T; exceeds 
Te(l , 2), but preceeding these results, when more typically T1 ~ Te(l) , 
collisional heating was also ruled out because the electron-lon 
equipartition time greatly exceeded the energy confinement time . The 
observation, first noted in HBTXIA' and then more clearly shown in 
HBTXIB 5

, that Zeff was too low to account for the plasma resistance. even 
at relatively low values of TIN (5 x 10- 14 A.m), led to considerations of 
edge losses of magnetic helicityS,1. The scaling of loop voltage with 
current on HBTX1B' also reveals an anomalous voltage , 6V~ , which 
decreased with removal of the carbon tiles. Helicity balance 
considerations revealed that only a small fraction of the power I$6V$ 
would ohmically heat the electrons'. In an ion power balance model l 6V$ 
is assumed to augment the ion heating and calculations of Tio/Teo agree 
with many of the observations in HBTXIB'. The model also gives the Ti 
profile (Ti(r) ~ Tio{l-(~)')') wh ich agrees with the NPA measurements in 
HBTXIB' and ZT-40M', and the f l uorescence scattering results from 
HBTXIB' . In this paper we inc l ude fin i te ~8 effects, consider the 
electron power balance, derive scaling laws of Tio/Teo and further 
examine and analyse some of the assumptions used ln the original model l • 

These mainly consisted of assuming (i) a constant ~ profile over a wi de 
cur rent range, although the F/B rela t ionship changes, and Cii) the 
electron power loss on axis is dominated by convection , which enabled us 
to obtain the diffusion coefficient for the ion power loss. 

Finite Baeffects Inclusion of pressure gradients. in the so-called 
Modified Bessel Function Model lo , alters the ~ profile required to 
maintain the same F/e va l ues . The MBFM, modified to include pressure 
gradients , is used to calcu late ~ and 1 distributions from which F and e 
are obtained . We find that it is ~6 ' rather than the relative pressure 
profile, which dominates the FIe relationship . Results of the 
calculations are shown in Fig 1 for e ~ 1.4 and 1.7 where it is assumed 
~(r) " ~(O){I - (~)r) and r is varied from 2 to 12. In HBTXIB , in common 
with other RFp!s , decreasing 1$ is genera lly accompanied by an inc rease 
in ~8 ' IFI and 6. Consequently , the ~ profile often remains fair ly 
constant . For example , in HBTXIB I$~ 80 kA had ~8~ 25% , 6 " 1.7, F " 
-0 . 2 and I$~ 220 kA had ~8~ 9% , 8 " 1.4 and F " -0 .06, both conditions 
requiring r ~ 10 as used in t he orig inal ion power balance model l • This 
justifies the implicit assumption of a constant ~ profile in the method 
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used in extracting the anomalous voltage . 8V~, from a current scan 8 • 

Since I~6V~is found to dominate the ion heatlng 1 the inclusion of ~8 
effects i s crucial to the assump t ion of constant ~ profi l e. 

Electron Power Balance The relative profile of the diffusion 
coefficient, O(r), calculated from the particle balance! can be fitted 
by: OCr)'OCO) {l + 7 C~)'} and where OCO) C' 50m's-') was obtained after 
assuming the electron conduction losses to be negligible on axis. These 
estimates compare well with those derived from spectroscopic 
measurements S and from turbulent convection calculations for HBTX1Bll . 
The corresponding equation for the electron power balance is: 
- ~ Sr(rO ~r Ue) = ~j2 where Ue = ~ nekTe' The resultant Te profile, 
shown in Fig 2. and using a parabolic density distribution. is typical of 
RFP's. The profile is similar to that given by Robinson 12 using 
turbulent convection. The solution satisfying the boundary conditions 
dTe/dr = 0 at r = 0 and Te = 0 at r = a can be shown to lead to : 
Teo'" = 6.5 x 10-' (I.' leff)/(a'neo OCO». The scaling of Teo with lib 
and ne is similar to tnat found experimentally] (i .e. Teo ~ I~.! ne- O • 5 ). 

Using HBTX1B values of a = 0.25m. I~ = 220 kA. neo= 3 x 10"m-'. 
OCO) = 50m' sec-'. leff = 2 we obtaln Teo = 215 ev which agrees well with 
the measured value of 250 ± 40 eV. It therefore seems reasonable that 
diffusion losses dominate the electron pm/er ba i ance. at least on axis, 
as assumed in our earlier ion power balance model to obtain 0(0). 

Normalised Calculations of Tio/Teo First we derive the DCa) from the 
electron power balance on axis. It can be shown that 
OCO) = C,~CO) 1~'/C6rr'a' neok Teal where ~ is the Spitzer resistivity and 
C, is a profile constant CC,= jICO)/U~l') . The diffusive power loss of 
the ions on axis is given by : WiCO) = -C~) Sr Ir 0 Sr Ui } Cfor r - 0) 
where Ui = ~ nikTi' Equating Wi{O) with the non-ohmic input power. 
I.,iCO) - ~j'CO). lt can be shown that: 

Tio/Teo = Cl'a)-'ICi' V~/Vp - l} 
where a determ i nes the near-axial ion temperature prof i le 
CTiCr) = Tio 11 -aC~)'}) . V. is the loop voltage and Vp = C1/~)I~,i.~ d'x 
for the bulk plasma' and C,= [B$lj.CO)/[~,i.~l where ~Cr) = ~Cr)/~CO) . 
Calculations! yield a value of a ~ 2.5 which ;s close to the a ~ 2 as 
estimated from NPA measurements on HB1XIBl and ZT-40Ml . Plots of ~8 ' Cl 
and C2 as functions of 8 are shown i n Figs 3a a~d 3b for a selection of 
axial total beta's C~o = D. 3% and 8%) and assuming ~Cr) = ~CO)ll-C~)'·}. 
ToCr)a TeCr) = T~o 11 - C~)'} and neCr) = neoll -C~)'} . We no t e that C, 
is fairly insenslt;ve to ~8 as it depends mostly on the ~ and n profiles , 
in contrast to Cl which decreases substantially with increasing ~o ' 
Since 0(0) ~ Cl ~e-l these results are in accord with the increased tE 
general ly found at low 1$ in RFP's which also record the highest ~8 I S . 
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High e Conditions The foregoing ca l culations of profile averaged 
Quantities assume ax;synmetry. Howe'/er, at elevated 8 1 s (S.t 1.7) helical 
plasmas can be observed 1l and are of ten accompanied by sawteeth-like 
behaviour in soft X-rays and T; and a large increase in magnetic 
fluctuations. B. The increase in loop voltage ;s higher than expected 
from calculations assuming axisymmetry with a consequent reduction ;n tE' 
For example , in HBTXIB (220 kA and edge limiter tiles in position), 
increasing 8 from 1.35 to 1.75 resulted in V~ increasing from ~ 30V to 
~ lOOV13 much greater than the ~ 40V expected for axisymmetric plasmas . 
The results suggest that it ;s the greatly i ncreased g rather than 
increased velocity fluctuations which susta i ns the RFP configuration in 
these conditions . with the consequence of greater field line 
stochasticity and reduced confinement and a smaller increase in ion 
heating from viscous damping of the fluid velocity fluctuations. 

Conclusions The basis of an earlier ion power balance model have been 
further analysed and some of the assumptions justified . Profile averaged 
quantities have been derived all owlng generalised expressions for Tlo/Teo 
and 0(0) to be used on all RFP ' s. Results from HBTXIB and ZT-40M support 
the model. Different physics apply at elevated 8 1 s ; in particular the 
resulting helical configurations , enhanced loop voltage , reduced lEand 
increased B. 
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Large amplitude low frequency oscillations which are in phase across 
the minor radius have been observed in soft X-ray emission since the 
removal of limiters from HBTXIB Reversed Fiel d Pinch for plasmas with small 
field reversal. These oscillations , due to variations in el ectron 
temperature , are in phase with edge magnetic field measurements and in 
antiphase with oscil lations in plasma resistivity and ion temperature . 
They occur near the lowest measured values of plasma resistance and 
therefore do not appear to degrade plasma confinement . 

1. SOFT X-RAY OSCILLATIONS 
On HBTXIB since the r emoval of limiters large amplitude coherent 

osci llations in the frequency r ange 750 Hz to 2 kHz have been observed in 
soft X-ray (SXR) emission , see example in figure 1, for plasmas at all 
toroidal currents , I~ , from 70 kA to 512 kA , and low values of F 
(=B~(wall)/B~) . They occur when t he measured plasma resistance is close to 
its lowest values . The oscil lations are observed using a twenty chord 
surface barrier diode (SBD) array at one toroida l location . The diodes are 
fitted with 5000 A copper foils and so , for the range of electron density 
(ne)' impurity mix, electron temperature (Te) and conf inement time in 
HBTX 1B, are predominantly sensitive to line r adiation from oxygen VII 
(ls2- 1s2p) at 574 eV . The fractional abundance of this species is almost 
constant under HBTX1B conditions , hence the SBD signal intensity (ISBO ) 
depends only on the excitation rate coefficient at constant ne. For the 
electron temperature range considered here , I SBO a n~lTe2 [1] . 

The oscillations with typ i cal peak-to-peak amp11tude of ~30% of the 
signal are clearly visible on all chords of the SBD array and are in phase 
across the plasma minor radius . Chord integrated radia l profiles and their 
corre sponding Abel inve rsions have been calcul ated a t the peak and the 
trough of oscillations and show no change in shape. The data show no 
evidence of contraction of the plasma column during these large 
oscillations, nor the existence of an inversion radius in the SXR emission . 
The ratio of rise to t o fa ll time of the oscillations is typically 3 : 1 but 
on some discharges this ratio is as large as 10 : 1 . The line averaged 
electron density measured by a three chord interferometer remains constant 
and t he relative impur ity density, inferred from a polychromator , does not 
change , suggesting t ha t the oscillat i ons in SXR emission are due to 
variations in Te. This interpretation is supported by oscillations in 
antiphase at the same frequency in the plasma resistivity , calculated using 
helicity balance and the Modified Bessel Function Model (MBFM) . 
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2. COMPARISON WITH OSCILLATIONS IN OTHER PARN1ETERS 
The large scale modulation on the SXR flux is accompanied by 

oscillations at the same frequency on discrete magnetic field pick-up edge 
coils. These data show oscillations with mainly m=l. 101=5 and 
non-rotating behaviour. Some m:O structure is present but is much weaker, 
[2] . In figure 2, in a discharge at 310 kA , the SXR emission (top trace) 
is compared with data from an m:l cosine wound Rogowski coil (bottom 
trace) . We observe a phas2 where the m=l mode amplitude and SXR signal 
increase , which we interpret as an increase in Te , followed by a more rapid 
collapse phase on both traces perhaps due to some magnetic reconnection 
process where Te falls . 

NQ measureable fluctuations in the poloidal magnetic field at the 
wall, Be(a), occur. The toroidal field at the wall, 8$(a), exhibits 
coherent oscillations of about 30% around a mean value of 10 mTesla. 
During the fall phase of SXR oscillations increases in toroidal flux of 6% 
are observed. Quasi-linear calculations (3] of the flux generated by 
fluc tuat ions with the m and n numbers quoted above indicate that the 
oscillations increase the reversed toroidal flux at the wall by 1 mTesla, 
or 10% of the mean value . The corresponding decrease in poloidal flux at 
the wall is only 0.6 mTesla . or 0 . 3% of the mean value . 

Coherent oscillations have also been observed on HBTXIB with limiters 
and other experiments , but only for deeply reversed, tu rbulent and 
resistive plasmas, eg [4] and references therein. These oscillations are 
also accompanied by closed F-e trajectories, see figure 3, which are 
similar on all experiments. The experiments operate to the right of the 
locus of Taylor minimum energy Bessel Function Model (BFM) states due to 
both finite ~~and non-f l at ~-profiles , where ~=j.B/B2 . During the 
oscillations 1n SXR emission the discharges describe closed trajectories in 
the F-8 plane suggesting that the osci ll ations are caused by the recovery 
of an initial state from which the plasma departs periodically . An 
expanded trajectory (see inset) shows ,using the MBFM, that as the SXR 
emission falls the cur rent pro f ile is broadening and is peaked when the SXR 
emission is a maximum . From the finite · ... idth of the trajectory we infer a 
phase difference between the oscillations in <8$> and 8$(a). 

If the SXR oscillations are due to changes in Te in phase across the 
plasma minor radius, it raises the question of where the electron energy 
goes during a fall in SXR emiss i on since it does not appear at outer radii , 
ie. there is no inversion radius . Impurity lines representative of edge re 
viewed by a polychromator confirm that Te does not increase near the edge . 
Measurement of ion temperature (Ti ) versus time using a Neutral Particle 
Analyser (NPA) , see figure 2, shows that the peak ion temperature 
oscillates in antiphase to the SXR emission . Thus the observed variations 
in Ti could maintain the energy density constant l ocally and thus not 
reqU1re the outward transport of energy or an inversion radius during the 
fall phase of an oscillation . 

To explain the F-8 trajectory by a change in ~8 would require, in the 
example shown, an increase in ~8 from about 6% at the trough to 8% at the 
peak of the SXR emission . After allowing for the osci llations in Ti , this 
would require excursions in Te of ±l SO eV around a m~an of 430 eV, as the re 
is no evidence for a change in either ne or Be ' Since the SXR emission is 
proportional to Te l , the ampl itude of the SXR oscillations indicate 
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excursions in Te corresponding to <so eV. This suggests , when the measured 
excursions in Ti are included, that ~8 remains constant during an 
oscillation per10d and consequently that the F-9 trajectory is 
predominately due to changes in the current profile which are not detected 
using the SBD ar ray. I f the ~-profile is described by ~(r)=~(O) [l-{r/a)~] 
changes in ~ from 6 to 7 would explain the change in F and 8. 

A remarkable fea ture of the SXR signals is the rapid fall in signal 
intensity across the plasma radius when the applied loop voltage is removed 
even though 1$ takes several milliseconds to decay and ne remains constant . 
This reduction in SXR flux coincides with a sharp fall in the photon count 
rate observed using a Si(Li) detector filtered to detect bremsstrahlung 
radiation above 1 keY in photon energy, suggesting a rapid fall in Te ·when 
ohmic input power to the plasma is stopped, even though the power input to 
the plasma remains approximately constant at 7 MW via a decrease in the 
magnetic energy. The width of the radial SXR emission profile does not 
change during the run-down period . A calculation of the MBFM Cut-off 
Radius indicates no change in the ~-profile either . This fall in Te 
coincides with an increase in Ti , see figure 2, again indicating that some 
mechanism may be trying to maintain a constant kinetic energy density 
during a discharge even when V$ is turned off , 

The time taken for the rapid changes in Ti seen in these two phenomena 
indicates tha t the ions are not heated classically via collisions with the 
electrons (5) . If the indicated fall in Te is due to some turbul ent 
reconnection process then the i ons may be heated by an increase i n MHD 
activity during this period. 

Simulat i ons [2] show that many aspects of the coherent magnetic 
oscillations (m=l , n=5, wa l l locking, Ims timescale) seen on HBTXIB at low 
F can be explained by a resistive wall mode resonant on axis. The growth 
rate of this mode is very sensitive t o both wall position and plasma 
profiles and could have been triggered by the removal of limiters, bringing 
the marginal point for the mode inside the shell where it can grow on the 
liner timescale. As the mode amplitude increases the marginal point may 
move outside the shell where t he mode is stabilised, producing the obse rved 
cyclic behaviour. 

3 . CONCLUSIONS 
Large amp li tude oscillations in soft X-ray emission, in the frequency 

range 0 . 8 to 2.0 kHz, have been observed since the removal of limiters from 
HBTXIB for plasmas with low F. The emission oscillates in antiphase with 
Ti and the plasma resistivity suggesting that the SXR oscillations are due 
to fluctuations in Te , The SXR emission falls rapidly when the applied 
electric field is removed while Ti increases during this period. The 
inverse behaviour of ion and electron temperature seen in these two 
phenomena suggest a trend towards constant ~e during a discharge. The 
large scale"coherent oscillations observed on a range of plasma parameters 
occur when t he measured plasma resistance was near its lowest values . The 
oscillations are interpreted as a resistive wall mode whose marginal point 
has been brought inside the shell by a small change in plasma profiles 
caused by the removal of limiters . 
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FLUCTUATION-DRIVEN DIFFUSION AND HEATING IN THE REVERSED FIELD PINCH 

H Y W Tsui and D E Evans 
Culham Laboratory . Abingdon. Oxon, OX14 30B, UK 

(UKAEA/Euratom Fusion Association) 

INTRODUCTION This paper explores the possibility that fluctuations 
can provide a mechanism to account for the anomalous diffusion , ion 
heating and loop voltage observed in reversed field pinch plasma. There 
is spectroscopic evidence for outward diffusion of plasma in the CuI ham 
reversed field pinch experiment HBTX. The diffusion coefficient D = 100 
m1 s- 1 is significantly greater than can be explained by collisions al one 
[1]. Fluorescent scattering (2] reveals a population of neutral 
deuterium extending far into t he discharge , and this could provide a 
source of new plasma to balance the outward flow implied by the radial 
diffusion (3). A process of this kind , that is, inflow of neutrals 
balancing outflow of plasma , is consistent with a steady radial 
plasma-fluid velocity . However , in the RFP, fluctuations in the magnetic 
field and in the fluid velocity have been invoked with some success to 
explain the dynamo (4) that sustains t he reversed field configuration. 
It has been shown (5) that the departure from the fully relaxed Taylor 
state is associated with non-Ohmic energy loss from the dynamo activity 
which may provide ion heating. An imperfect boundary with ~ . ~ # 0 , which 
can enhance dynamo activity t hrough leakage of helicity, increases this 
non-Ohmic energy throughout (6). This has been observed in experiments 
as increases in the loop voltage (7) and ion temperature [8) . Here, the 
equations governing the processes of diffusion and heating by 
fluctuations are established. A companion paper (9) compares some 
predictions of the theory with experiment . 

As in previous work, the influence of fluctuating quantities in 
standard equations under steady state conditions is investigated . We 
introduce into the Boltzmann equation a source term S(~ , t)O(y) , which 
means particles are born with no velocity. The fact that in HBTX the 
neutral population actually has temperature close to that of i ons is 
ignored . It is expected that the f inite neutral temperature has no 
global effect but may influence the ion temperature profile. By 
integration over velocity in the usual way (see for example , [10) ) we 
obtain the 2-fluid moment equations for continuity, momentum balance, and 
thermal energy balance . Then variables are separated into mean and 
fluctuating parts and averages are formed . Our attention is restricted 
to plasma confined within a torus in which mean variables are 
axisymmetric so that they vary only in the radial direction. 

CONTINUITY EQUATION With < . . . ) denoting the average over time and a 
flux surface , the continuity equation is separated into mean and 
f luctuating components by treating particle density and fl uid velocity as 
sums of mean and fluctuating parts : n = no + ~,~ ~o + ~ . and letting 



the radial mean fluid velocity ~o.~r = 0: an~/a t + ~.<~~) = S; 
a~/at + ~.(no~) = O. Recognizing that I <n~) 1S a non-vanishing 

partlcle flux, and setting ano/at = a<rl1)/at = 0 to describe a steady 
state , allows us to write the foregoing equations as 

V.I = S ; no<rlV.~) = I·~no .. . Cl) 

MOMENTUM EQUATIONS We now aim to write equations for kinetic and 
thermal energy balance for ions and electrons separately. Without loss 
of generality, the mean fluid velocity of the ions will be deemed to 
vanish so that the net electric current density = -eno~eo ' Ions are 
assumed to be sing ly charged, viscosi ty and radiation are ignored, and 
pressure i s treated as a scalar . 

The momentum balance equation f or the ion and electron fluids are: 

... (2.) 

... (2b) 

The only new terms in these equations involve S and represent the 
rate of change of momentum due to birth of new plasma with zero mean 
velocity . The negative sign implys that ions lose momentum to newly born 
plasma to accelerate it to the average velocity. In other words , since 
the rate of appearance of new plasma exactly balances the loss of old 
plasma, which is accompanied by a loss of momentum , work must be done in 
compensation . This says that the appearance of newly ionized material 
gives rise to an effective resistivity. ~t ' addit ional to the Spitzer 
quantity . More explicitly, by converting eq 2b into Ohm ' s law form, 
-Rei/en can be identified with ~i , involving Spitzer resistivity , while 
the other t erm involving S becomes (meS/e 2 n1 )i = ~ti. 

PLASMA HEATING BY DYNAMO ACTION We next form the dot product of ~i 
and ~e with eq 2a and 2b respectively , and add, setting , a/at = 0 for 
steady state, to get 

(~·i - ~j2) = ~i·VPi + ~e · VPe + (miui2 + meue 2 )S 

. .. (3) 

The term (miui2 + meue2)S = 2nCXmiui1 + Xmeue1) (S/nJ which is the 
rate of change of fluid kinetic energy due to S , consists of two halves. 
The first replenishes the loss of fluid kinetic energy to the particle 
recycling at a rate SIn . The second which appears as heating (see 
eq 6) is the work done to overcome the drag force exerted by the newly 
born zero momentum part icl es on the fluid . 

Once again separat ing variables into their mean and fluctuating 
parts, we average to obtain an expression for the dynamo power available 
for non- Spitzer heating when fluctuations in resistivity and temperature 
are neglected, namely 
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n If_ 1 (n'_~> + V·llIlleU eo 

.•. (4) 

We note by virtue of quasi-neutrality <~~i) and (~~e> are equal . So 
• 'V\, '\.'\, '\,'1. 

the part~cle flux I = <n~> = <n~i> = (n~e> ' 
The power given by eq 4 constitutes only a part of the total dynamo 

power, which, using Poynting ' s theorem , can be shown to be the sum of a 
part deposited locally and available for heating, and an energy flux 
[6] : 

... (5) 

The Ihs of the equation above will be recognized as the total dynamo 
power , while the first term on the right hand side is the non-Spitzer 
heating and the second is the transport of the dynamo power. 

The right hand side of eq 4 sums all the processes by which the 
dynamo changes energy locally . The divergence terms account for influx 
and outflow of energy ; those explicitly involving S are the ' drag ' force 
heating discussed above , and it can be shown using eq 1 that 

'\, '\, '\, '\, 
-<PiV ' ~i + PeV . ~> = (Ti + Te) I·Vno/no 

corresponding to a thermal expansion/compression of outflowing plasma. 
This exchange of ene~gy between heat and fluid is a new condition to the 
dynamo . 

The dynamo generates non-Spitzer heating of electrons and ions 
alike. Although the electrons continue to acquire energy ohmical ly as 
well, ions have almost no other source of heating but the dynamo. But 
scrutiny of eq 4 reveals that heating is a function of S such that when S 
vanishes so does every term on the rhs of the equa t ion , implying that 
particle recycling is necessary for this ion heating mechanism . It is 
dynamo heating of ions that prevents the plasma from reaching the fully 
relaxed state and determines the ~ = iO'~o/Bl profile . 

THERMAL ENERGY BALANCE Turning next to the equations of thermal 
energy balance we have, for either ions or electrons, neglecting the heat 
conduction term, 

n(a/at + ~.V)JT/2 • Q - p V .~ + Xrnu's - (JT/2)S .•. (6) 

As is customary , Q represents the gain in energy by collisions with 
the opposite species , where Qi + Qe = ~jl . The first of the two terms 
associated with the plasma source Xmuls, is t he rate of conve r sion of 
kinetic energy into thermal energy , due to appearance of new particles . 
The second , -(3T/2)5 , accounts for the fact that the plasma is obliged to 
heat the newly born particles , and in doing so , is cooled by the heat 
they take up . 



CONCLUSION A mechanism by which fluctuations in fluid velocity and 
density could account for particle diffusion and heating has been 
identified. 

A mathematical model for a steady state plasma like HBTX , whose 
radially- outward particle flux arising from and driven by fluctuations is 
balanced by a source of new plasma internal to the discharge has been 
constructed by taking moments of the Boltzmann equation with the source 
term S(~,t)O(y). The particle source within the plasma gives rise to a 
new resistivity ~t = meS/(en) 1 which adds only a few percent to the 
Spitzer quantity in normal HBTX plasma [9]. It is different from the 
resistivity attributed to edge helicity loss . The work done in 
overcoming the drag force exerted on the fluid by the new zero-momentum 
particles provides non-Ohmic ion heating, Bnd though i t originates in the 
dynamo, this heating does not consume the whole dynamo power, which, 
through a Poynting vector term, also sustains the f i eld reversal . 

The throughput to ion heating prevents the plasma from reaching the 
fully relaxed state, determines the ~-profile, and provides an 
explanat i on for the experimental observation that the increase in loop 
voltage by increased helicity loss at the boundary results in ion 
heating . It is shown that the expansion or compression of the 
out-flowing plasma contributes to the dynamo by exchanging energy between 
heat and fluid motion , and according to this theory the fully re l axed 
Taylor state is only achievable when there is no particle recycling . 
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I. Equilibrium. In the axisymmetric shearless system of 

magnetic confinement with field Boo 'V '±' X \7 'f' and anisot­

ropic pressure p 1.) 11 -=- Pi.) 11 (':t) B) the MHD plasma equili b­

rium is described by the equation L1] 

(1) / E) y) =- _ ~I 
\/'l 'CLV Cl'±' ) 

The eqUilibrium is calculated by basing on the numerical 
solution of equation (1) in the domain bounded by the fixed 
(not varying vii th growing pressure) magnetic surfaces: sepa­

rutrix Is. and ideally conduct i ng wall rw 1 on which 'f'-=O 
and Y'" 't'W' (Fig. 1). In the vacuum domain between rev and 

the actual plasma boundary Jp ,where '±' = y? ' the homo­

geneous equation ( 1) with pl.~pn=O is satisfied . 
It is assumed that the system is symmetric with respect to 

the plane r",- and the ener gy flow through the butt- end G-
is absent : tl, x Yl T =0 0 . 

The form of the functions PL, II C '±', B) used in 

t he calculations WB [3 determined by a choi ce of the distribu­

tion function 1- ( E.. I/ J.,() "t) from the clas s of functions 

of the f orm \=GU::,~)·F(V,'iJ, V=:;4/'--; F=O 
for V <- Vo = i /Bmcu._C 't'). Three choices of the function 

F ( V, 'i') were considered: 
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0) F2 ""CV-VO )/V) 

(4) F;>, "" V- Vo , 

In the general expression 

P L, 11 ('1', B) =-f (fLmcnJ 't'). ?~ 11 (8/8rn",,-, Bma).. IBm ""))i 
for each kind of particles ~ ,that differ by location 

in the system t the pl.i"Y1Cl.X C~) describes the"radial ll 

function of pressure while the functions P1.~" are de­
termined by the choice of FCv, 't') • 

For solving the equilibrium problem we used a modifica­

tion of the numerical method [2J based on the computational 
grids adaptable to the magnetic field lines '1:"("<,;,J = <-Ol1.st, 

2. Stability conditions. We use the sufficient and ne­
cessary conditions for s tability ofaxis ymmetric equilibria, 

that are based on estimates of the kinetic term in the Krus­
cal-Oberman functional from above and below [3J. The s tabili­
ty problem is reduced to determining the property of 

positivity of respective quadratic forms : t he two-dimensio­
nal forms for finite values of wave number rn... and a series 

of one-dimensional forms (on each magnetic s urface) for 
small- scale modes ~_ = [4, 5J. 

The properties of distribution fun ctions ( 2)-(4) were 

compared with respect to the mirror ins tability follm .... ing 

from a negative value of t'"= 1+ e,-LoPl- /'d B • In the zo­
ne of small field strength in a cusp the requirement ~>O 
restricts the pressure from above while the requi rement of 

the flute mode stability - from below. As a result , for dist­

ribution functions with a sufficiently high degr ee of ani­
sotropy (in particula r, for function (4)) there a re no stable 

profiles p1.vnc..:x.- C't') near B= 0 • The function 
(2) is not physical and exibits a nonregular behaviour of 
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pressure near magnetic mirrors where also 7: < 0 . In the 

computations considered here the distribution function ()), 

free from the above faults, was used in a cusp, and the 
function (4) w"as used in a main trap. A portion of general 

particles was assumed small. 

). Computational results. The "radial ll pressure profi-

les ptrno..l:... (~) in an external part of the main 

trap (':t > '-J' ,,) and p'Lrno..:x.( 'i) in an internal 

part of a cusp C '! "- ':t • ) were optimized [5J. As a re­

sult the maximal small-scale mode limits foe; with res­

pect to stability were determined, and the minimal pressure 

p f r-no.."X.. l 't"ctd ) near zero field in a cusp was obtai-

ned for different {!>c. • Here /3,; =2plrnrACL ('f,,)/8~, 
B l.. is the minimum of the vacuum magnetic field strength 

at the plasma .... vacuum boundary, i =- -t, c ., '±' "'* descri-

bes the location of pressure maximum; ~~d describes size 
of cusp domain where the adiabatic law is violated. In the 

computations under consideration 't' p = 0.5 ':tIN', 

':tl<= O.S '!p, ':I"o.q=- 0.001 'fp. 
Figures 2 and ) show the stability deterioration for 

the tandem mirror-cusp system with growing f3 : a stabi-

lizing role of the cusp decreases (f3t: //3<- drops), the 

plasma losses near zero field increase (p'irnCtJc. (l.J!ad)/ 
/ p'f:mo.x.( 'l:'lf) grows). For the modes with finite m 

the stability limits #~ are determined by increasing 
proportionally the pressure in the tandem mirror. For suf­

ficiently large f3 c. S:- D. OS, when unstable displacements 

become essentially unflute,the pressure limits appreciably 

differ at finite V>'L f r om nt.. --'>' c.o .. For example, at 

{3c. = 0.19 we have O.6~ <.. p%<.OJ <. f3~ <. O.7S <. (3't<. 0. 8, 
f3t: = o. <, . REFERENCES 
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IN TRO DUCT IO N 
Pa r tic l e co n fi ne me n t i n a t ande m mi r ror dev i ce invo l ves th e 

s upp,-ess i o n o f both axia l and r adia l losses. Lo ng ax i a l co nfine ment has 
bee n ach ieved i n th e t"mal ba tTie t" ex pe r i menls on TMX-U[ 11 a nd GAMMA IOr2 ). 
Fo r t he nex l s t ep a fte t" t he es t abli s hm e n t of l o ng ax i a l co nfine me n t t he 
rad i a l lranspo d becomes i mportan t . The no na mb ipo l ar pa t"ti c1e flu x ca n 
be meas ut"ed in te rm s of a net current fl ow in g i n to e nd p l ates. Th e 
scali ng of no nam bi pola r t·ad i a l co nfi ne ment time , r ... NII

, has bee n 
i nves ti gate d w i t h t"es pect to pote nti a l s[2.3] . Th e bc hav ior of r ... N II i s 
exp l ai ned by t he neoclass i ca l theor y a nd t he no na mbi po l a r r a d ia l 
t r ansporl ca n be s uppresse d by fl oa ti ng th e e nd-p l ates in GA MM A 10 [ 4 1. 
The r esid ua l pad i c\ e loss es a t"e a mb i po l a t" l osses w hi ch ca nno t be 
meas ur ed by t he pa r t i c l e curren t meas ur e me n t direc t l y beca us e i t 
co ns i s t s of eq ua l ion a nd e l ectr o n f lu xes i n th e ambipo l a r t r a ns po r t . 
We have i nvestiga ted ambi polar losses by co mbin i ng t he ioni zatio n so urce 
measure ment a nd t he to t a l pa d i c l e ba l a nce . Th e s pec tros co p i c s tudi es 
o n imp ut"ities i n GAMMA 10 p l as mas w i ll a lso be descl*ibc d bd e fl y . 

PA RT ICLE BA LANCE IN UN PLUGGED CASE 
The ion 

co ntri butions 
dN 

e -­
dt 

pa rticl e ba lan ce e qua ti o n 
of irn pu,"j ti es . i.e., le f f i s 

i s w r i tte n 
nearl y equ a l 

neg l ect in g t he 
to uni t y , as 

w hCt-e N is the lotal nu mbe r o f plasma pat-ti c l es i n co n fi nem e n t r eg i o n, 
1:; i s th e ioni zat i o n so urce cun-ent, I . i s th e ax i al ion-loss cur r e n t , 
L. NA is t he r adi a l no nambipo l ar - loss CUlTent a nd 1/\ i s t he a rnb i po l a r ­
l oss cun-e nt. Th e l e t-m l A is de t e rm i ne d as the r es i d ua l l oss CUI"re n t 
t"e quil-ed to ba l a nce l he eq ua ti o n. The i oni za ti on source Is can be 
es tim a te d fro m I\ a e mi ss i v ity a nd the co ns id el"a ti o n o f a t omi c pl-ocesses 
i n c lud ing co ll isiona l- I"ad i a ti ve mod e1[5J. lI a detecto r s, cons is te d o f a 
co ll ec t ion l e ns, an in te l-fe r o me tr i c fiitc l- a nd a photod i ode a l"e p l aced 
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at the ce ntra l cell a nd othe r pad of th e machine to v iew a pl asma 
I"adially . The ax ial obse r vatio n o f Ha e mission f,-om the machine e nd 
occa s iona ll Y. Each Ha detection syste m is abso lu t e ly ca li brated by 
us i n g a s ta ndat-d l amp. The cross - ca l ibration wi th l ase r fluoresce nce 
s pectr oscopy has bee n carr ied o u t ,-e ce n tly. 

At first the parti c le bala nce has been in ves tigated in the case 
where the particle so urce a nd the power sou rce a r e loca li z ed o nl y in the 
central ce ll a nd thc t"c is no ax ial - plugg ing. Th e p las ma is sta t-led up 
by in jec ting a sho r t pul se gun-prod u ced p l as ma f rom both e nd s o f 
GAMMA 10 a nd is sustained by appl y ing an ICRF pul se of 9.6 MHz f r eq uency 
t oge th e l- w ith ga s puffi ng. Th o ug h t he ICRF a n te nnas a r e lo ca t e d a t bo th 
e nds of the ce ntral ce ll. o nl y t he eas t a nte nna is exc i ted in t h is case_ 
The ce n t r a l ce ll l ine dens ity, the cen tra l chof-d lI a brigh t ness at th e 
ce n tral ce ll a nd both c nd - loss ion flu xes aloe s llo wn in fi g_ 1. The net 
cu rrent d ue to no na mbipo\ar l"ad ia l tra nspor t is neg l igib le in t h is case, 
beca use the e nd plates a r e f1oated_ The l"ad ia l profil e of Ha e mi ss ivity 
has been o btained t hroug h Abel- invel-sion of measured r ad ia l lI a 
brig h tness Pf-ofi i e . The r adia l end- loss flu x profile has bee n meas ur e d 
by usi ng movab le e nd - Ioss-a na lyze rs . In the steady state the ax ia l loss 
curre n t nearly equa l to t he source current in th e co re r egion of wh ich 
the r adi us i s s ma ll er than o ne hal f of t he ce ntra l ce l l limiter radi us 
(R L = 18cm ), for exa mp le I s =7.3A and 11 =7.5/\ at 12ms. I t is co n f i rmed 
that a mb ipo la r losses are s ma ll in t.he unplugged case . 
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PARTICLE BALANCE IN PLUGG ED CASE 
End p lugg ing cxpc l"irn ents a r e carri e d out with a co mbinatio n o f 

sloshin g: ncub-a l beam i njection (NBI ) and elecl" o n cyclotru n ,-eso na nl 
hea ti ng (ECRII). The e lec lros la tic po tentia I for-m ed a l lhe fundame n lal 
ECRH resonance r-eg io n is ' fo r e nd plugg ing, a nd that a t th e seco nd 
harm o ni c r eso nan ce i s (01- the the rma l balTi c t- w hi ch i s a deep po te n l ial 
wel l to r ed uce e l ec tron t herm al conductio n act-ass the ha r-ri c l-. The 
ce n t r al-cell plas ma is heated with lCRF power-. The typical dala a l-e 
shown in Fig. 2 togethe r- with the time se qu ence of th e heali ng syste ms. 
Strong s uppression of bo th e nd toss fluxes a l-e o hsc l-ved d UI-in g th e t i m e 
whe n the ECBH pOW e l" for- plu g i s applied. In th i s period bo th the i on 
co nfining poLenli a l and the potential d i p at th e barTicr" an: o bser"ved. 
In t h i s case [ ~ and L. 1<1 " i s negligible in Eq. (1), th e n I s s hou ld be 
balanced with the pa r-ti c l e b u ildup rale if l A is a l so s mall. Th e cor"e 
i onizat i on s ource cun-ent detennille d from lhe same pr-oced ure me nt i oned 
above and t.h e partic l e bui l dup r-ate is shown as a fun ct i on o f tim e in 
Fig. 3 . DUI-in g s trong end plugging (fr om 8 to 13ms) the ioni zatio n 
sout-ce cU ITen l is bala nced with the pal-ti c l e buildup t.e nn well. 
Thct-efOI-e a mbipo l ar l osses a re small in a plas ma conf ined by axial 
potentia l s. 

IMPURITIES IN GAMMA 10 
Impurities in the GAMMA 10 ha ve also bee n invesl i galed by usi ng an 

UV- v i s ibl e spec trorn e t e r·. Do minant impuriti es are C and 0, and no metal 
impuhties al-e obse '"ved c l ea rl y. The intens ity level o f l i ne r ad iati o ns 
i s reduced by a f acto r o f 5- 10 afte r- t he extensive wa l l co nditi oning by 
pulsed p l asmas. th o ug h it takes about 1000 s ho ts . Hecently ECB 
discharge c l ean i ng (EC R-DC) has been carTi ed ou l. l a s horten the tim e 
required f or wa ll co nd i t i onin g. Light impuril i es have bee n obse l"ved to 
be stl"O ngl y r edu ce d afte l- th e ECR - DC. 

SUMMARY 
To account the t o tal padicle balance in cludin g the ambipolar" 

r adial t r ans po r- t, fla e m iss i vi t y meas ureme n t has bee n perfo rm ed by mea ns 
of absolute l y ca libra l e d Ha detection syste ms . The pa di c l e ba lan ce has 
been inve s ti gated 1'0 1" lhe tw o cases of t he co nfine menl co nfi gurat ion, 
one is without ax i al pl ugg ing and another" is th e nonn a l ope r a ti o n of 
GA MMA 10 wilh s b-ong p l ugg in g. In both ea ses l he arn bipo l a r loss CUITent 
i s detennin ed lo be s mal l. 
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AVERAGE MINIMUM-B IN AN AXISYMMETRIC STEEPLY­
CURVED MIRROR 

V.V.Arsenin 

I.V.Kurchatov Institute of Atomic Energy, Moscow,USSR 

P1C2 26 

A compact mirror of simple geometry is described,where 

the MHD stability is produced by large sign-inverted curva-

ture • . 

The mirror is shown in Figure. The magnetic field as a 

function of the coordinate along the field line has two mini­

ma and the field line curvatures near them have opposite signs. 

The whole mirror is filled with plasma so that a perturbation 

in the electrical potential in a flute-like motion is constant 

along the field line, !f= if(</jexp (im B ). Here If is the flux 

coordinate, e is the asimuthal angle. For simplicity (in or­

der it would be possible to use analytical expressions) let 

us assume that a hot component determining stability is aniso­

tropic, PL»P" ' and concentrated in the vicinity of longitu­

dinal field minima. Let us designate these regions with in­

dices 1,2 • The potential energy of a flute-like perturbation 

in a low pressure plasma (~« 1) has the form [1, 2J 

(1) 

Here cJ,. is the .P;'sitive constant, j. is the longitudinal co­

ordinate, 'i7 J = B . Let the plasma occupy a layer, Ll tf' thick , 

which is much less than a distance to the axis and a field 

line curvature radius. Let us choose "a magnetic surface within 

the layer and assume '/'=0 there. Let us deSignate the field on 
this surface as Bo(1) , a current distance to the axis 2:0 (-1), 
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its curvature Ko (1) • Here j is the length counted off along 

the field line, ds =d;t/8o • The quantity B within the layer 

.L). er is represented by the following expansion 

clll 2 

(3=(3/1)- ~oCf+ 1(7+ ~oW)r+Ko2)B'fZ2+ ... .J (2) 
o 0 0 0 

where I' is the angle between a normal to the surface </1=0 and 

a radial direction, d =1:><{/2 (3 is the thickness of a magne-o 0 

tic tube, prime means differentiation with respect to j . Let 

us assume that the quantity B./B3 has a maximum, as a fun-
ct ion of 'f , at f.//= 0 and monotonously decays from this sur­

face to the boundaries of the layer 4'f for both (1,2) hot po­

pulations. Then for stability i s sufficient to satysfy two co­
nditions: 

5 Ko P.L j.,; == 0 (J) 
la 8 3 /"" 

with an accuracy not worse than Kot! (absence or compensation 

of the curvature effect described by the main order ~-term 

in 05/00/) and 

dll 

Ko c.D:\ JI + K 2 > 0 T + Zo d 0 (4) 

in the regions 1,2, where P.L =I-- o. 
The case Ko'" 0 , d II > 0 (concave tube of force) corres­

ponds to Andreoletti's mirror [),4J ; stabilization due to 
d II > 0 at Ko'" 0 (effect of a concavity in the magnetic tu­

be "hidden" upon the general curving background) has been dis­
cussed in [5] ; the syst ems with average min B, where Ko cusf>O 
is of importance at least in one part of the trap, a re descri~ 
bed in [6] • The stability of the trap considered in this pa­

per is due to an effect of large curvature related with t he 

third item in 3q. (4). In difference from a term with K.o C01f ' 
this item does not vanish with a distance from the axis. 'fhere­
fore it is convenient to single it out in a "pure" form, consi­
dering t he case Ko Go '» 1, that corresponds to the transition to 
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a plane layer geometry. To sat i sfy (4) in this limit it is 
sufficient to have 

8(~)'(+ 
o 130 
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Figure captions 

Mirror di agram: a - configuration of fie l d l ines, b -
fie l d and pressure distributions along a field line, 

a - pressure distribution acr oss field l ines. 
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ELEcrRON PEN1 IN A '~AG~E1'IC "I:lROR 

Zhao Hua, * Yang Si-ze 
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* ullt!r of- ,."toNtit P~'/'''lS, CCA5T (World LQbordO~7) 

There are v~ riou s ways(l) o f heating a magnetic mirror 

plasma. Ar.ong those are electron cyclot ron wave resona nce heat­

ing(ECRH)(2,3), n eutral beam injectlon(N'BI)(4,5), the electron 

bea:r, henting(~i!:q)(6 ), etc. In this letter one of the author s 

(Yang) pro"losed to use the ECRH trappin g of a hi gh energy gyra­

ted electron beam which i s g~nerated from a gyrotron tube a nd 

incident direct l y into the magnetic mirror axially to heat 

the pl amma. The advantage of using this method is tha t only a 

sm<lll ::;-:RH powflr for trappin5 of electl'ons is required. Trapp_, 

ing rate i s hi gh.Thus high ef f icient use:f.electric power i s obt­

ained withou t t~e costly magnetic field system wh ich is used to 

convert the gyrotron electron beam energy into electl'on cyclo­

tron wave energy. 

The high energy gyrated electron beam is axially injected 

i nto the mirror fro~ one end and right - hand circularly polari z­

ed wave is incidented fro:n the other as shown in Fig-l: 

Mlr:RO Bm 
',V.4 IfS 

> 
ELSCTRON 

PEAM 

______________ +-____________ -. z 

Ti'ig-l. The diagram shows the 

location of the injected 

high energy gyrated electron 

beam and the incident direc­

tion of microwa ve in a mirror 

magnetic field. 
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A magnetic field of the for m: 
'1 • B(z) ~ BO(l+(R+l)z/ZT) ( 1 ) 

is used. Where BD is the field strength at t he midplane, R the 

mirror ratio, z the axial distance from the midplane and ZT the 

distance at the mirror throat from the midplane. If t he Z8RH 

resona nce surfuc e for injected beam is se t at the midplan e , 

th en the Doppl e r shift ed resonance condition f u1f111s: 

W +k z .v,.( z=O) =lUco (2) 
v/hereWand k z are the wave freouency a nd wave nu mber,~,(z=O)the 

parallel velocity of gyrated beam at the midplane and WeD the 

electron cyclotron fre quency at the midplane. Since the beam 

and the wave are incidented from opposite ends, so the fre quen. 

cy o f th e incident wave W is always smaller than the electron 

cyclotron frequency at the midplane. There f ore the incident 

wave inside the mirror region satisfies the propagation of a 

whistler wave and there is no resonance interaction of micro­

wa ve with the background plasma because of W<Weo. 

~he parallel and perpendicular velocity o f the elec tron 

beam at every location is assumed t o be a singl e value. Also 

we Dssum e that the motion of electrons ot injected beam a long t he 

magnetic field inside the mirror is adiabatic except a t the re­

sonance region where a ju~p in per pendicular ene rgy ~w~ can 

occur. Hence the magnetic moment of the beam electrons before 

reaching the resonance a t midplane i s: Ai= .ll* V.t.i/28m 0 '.'ihere Bm 

is the field streng th at mirror throat, "'loT (vlIT ) is perpendicu ­

lar(parallel) veloci ty at the throat. 7here is a jU illP in ma gn e­

tic moment at resonance : iO}J. :::Awj../Ro. After crossing the resonan-: 

ce at midplane the magnetic mo~ent of th e beam electron a long 

the fi eld line maintains a con s t ant: jJ=po1"A)J. Then the parallel 

vel oc ity v.I (z) aft er cro ssing the re so na nce is : 

v.t( z) = \l,1T-; \.1~ t ).AWL/m - .2)J.B(Z)/m 

; v,:r 1 ~H 1- Br Z)/B",)-t ;..111. (1- Br Z)/l3o)/m ( 3 ) 
Prom e(luation (3) , if VI~ ( Z ) ~ J f or certain z , where J z l~ 'lT 

then th e injected electron will be trapped in the mirror. For 

critical condition z= -ZT' t he perpendicular energy gain r equi -
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red to trap the injected electrons is: "w.~mV"~(IR-'). I )') 
To obtain Jl~for an inject ed electron crossing the resonan­

nce zone, we consider only the non-adiabatic equation of motio~ 

The field of the right-hand circularly polarized is: 

Ex=±Eo*exp[i(kz *z4>t)]. Ey=tEo'exp[i(kz·z~·t)J. Ez=O (4) 
where we have assumed k z to be a constant, which coresponds to 
a low de,nsi ty of background plasma. To be pricise, the disper­

sion relation of whistler wave has to be used to obtain k z . The 

solution of interaction equation between electron and microwave 
is: Y.lt} =J~/WB'" ( V,r .... fl'Y:) - ef.Wlt)/m. J Q<pH J: Welt,).tt' J (5) 

where W(t) can be considered as the effective time that an ele­
ctron interacts with microwave while crossing the resonance. 

The energy gain ... W .... in one transit from t=O to t=tb . the 

time par ti cle bounce back at the mirror throat at the other end 
• is that: "w.:t"'[I~lt.t.)I·-IV.(t=o)I'J 

= trn./eli.Wlt.)/m/'T/eli.W{t.)lttrc.oS 1f r 6) 
where ~ is considered as the phase angle between the electric 

field and particle. Substitu ting ( 6) into (3') yields: 

i'" / H.Wlno)/", t t e &.Iwlt .) III"'r (,oS" f' t "'- U,T!OI-') 1 7 ) 
The phase an gle between the incident electrons and electric 

field is purely random. Those particles for whi ch angle ~ sati­
sfies: 11/'1" If. = C<>S -It ( lA'T(IR-') -/eh Wlt.}/"'-") /2 'UT 1 eF. Wlt.;V""J (8J 

will be trapped in the mirror. With the trapping of high gyrat­

ed electrons in the magnetic mirror,the electric potential of 
mirror pl asma will be droped due to the extra negative charges 
appear in. And more low energy electrons which confined in 

the mirror will run out mirror faster than the trapped high en-

ergy ones. During the potential dropping, the t rap p"ed 

high energy electrons will convert a part of parall el energy 
into pot ential energy of el ectrons and the trapped el ectrons 

bounceback at the midplane a nd other place of the mi rror, the 
resonance condi tion (2) will not be satisfied due t o t he elec­
trons parallel velocity decrease. Hence the trapped part icles 

will stay in mirror for a comparatively long time. So we rough­

ly con s ider the heating efficiency of this method is: 



f" i c.oS-t[(~T/(R-l) -leE.W(h)/mI')/;/V'rleE.W(t,)/mJ (9) 
if lI'r!tR") </eli.wltw/", />-, then I{ ~r·i •. 

The advant age of shoo ting th e electron beam a nd microwave 

from di ffer ent end s can be s een fr om (2) that the wa vefrequenc­
y is a lways smaller than the electron cyclotron fr equency at the 
mi dpl a ne o f magnetic mirror, therefore i t get s r id o f the prob­

lem of usin g very high frequency gyrotron . Besides of this, 

the microwave can propagate to the midpla ne even in a dense pl­
asma, because it is a whistler wave . 

In a dense pla sma the k z is then mo dified a ccording t o the 
di spersion rel ation of a whistler wave. 

~~C· = w·[ If wf~/u)("". -w) J (10) 

wher e wr~ is the plasma fre c uency , we ca n see that the requir­

ed wave frequency is reduced even further f or a hi gh den s e pl a ­
sma, 

The tra pping of the electron beam can produce a negative 

pot ential i nside the mirror which can be used as a therma l bar­
rier i n ~ tande~ mi rror. The nega tive potential do es not effec t 
the tra p ning efficiency, but sl ows dQ1,I,'n the electron paral lel 

velocity which ca use a shift of fr equency to satisfy th e reso­
nance condition. 

Lik e-lii se a high en ergy gy rat ed io n beam can be tra ppe d in 
a magnetic mirror wit h IC RH. 
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LOWER AND UPPER LIMITS OF THE PINCH RADIUS IN EXTRAP 

B. Lehnert 

The Royal Institute of Technology, 8-1004 11 Stockholm, Sweden' 

1\bStract A siJIllle hyl:!rid MHD-kinetic rrndel is presented for Extrap which 

is a Z-pinch 1nmersed in a JIBgIletic octupole field. The lOOdel results in 

a lower and an upper stability and equiJibrillll limit for the pinch radius, 

being consistent with so far performed experiments. 

Introduction An example of a linear E>ctrap configuration [lJ is given in 

Fig.l where a Z-pinch with the total current J and average pinch radius 
- p 
a is inmersed in an octupole field generated by curren.ts J v in four 

external rod conductors at the 

distance BV fraIl the pinch 

axis. A nagnetlc separatrix is 

f'onred with four x-points at 

the axial distance "x. In addi­

tion to the resulting transverse 

(poloidal) rregnetic field !!. a 

rather weak axial (toroidal) 

field ~t can be superimposed. 

Extrap theory is still at an 

early stage, and several 

attempts have so far been made 

to explain the exper:iJnentaliy 

observed macroscopic stability 

[2-5J. In this paper one such 

attempt is presented which is 

based on a collisionless 

y 

magnetic separa!rix 

o 
z ~t 

a, 2 

/ 
/ 

/ 

Fig.I. A linear E>ctrap system. 
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twbrid M1-lD-large Lanoor radius (LLR) model. 

Kinetic Effects Extrap is a high- bet a system in which the number 
a 

6 i = J (dr/a i ) 
o 

of ion l...arm:>r radii a
l 

within the pinch radius is limited . In present ex-

per'llnents 4 ~ e i .t 8. The corresponding kinet ic phase-mixing and damping 

effects are expected t o become substantial for all perturbation wave 

lengths A = 2n/k when ka
i 
~ 0.5 [6,7]. This implies that all wave 

lengths A ~ AC = (4n/6
i

)8: which form an integrating part of a perLurt>­

ation will be "smeared out" and damped by LJ...R effects. In the experiIrents 

Ac ::: 28. 'theref ore the entire f ine-structUC'e of any perturbation should be­

come damped, and only the near~ rigid displacements of the plasma cross 

section beoome unaffected. 

Additional phase-mixing and dispersion effects arise in a high-beta 

system with large magnetic field inhomogeneities, due to t hermal dispersion 

and differential ion-electron lTX)tj.on of the guiding centre drifts [8J . In 

this roodel it is thus asst..Il1'll3d that the spectrum of all axial \\ave lengths 

A
Z 

,< Azc in Fig.I i s damped by s uch effects. Here AZC ::: (32n/8i )a is 

defined by the condition that the tirre for dii'ferential drift rootion along 

the axis by a distance >../4 becomes canparabl e to the time for an Alf'ven 

wave to propagate around the pinch cross section. 

Lower Pinch Radius Limit In this first attempt to combine ~ and kinetic 

t heory, the perturbat ion fine-structure is sorted out, and only rigid dis­

placements and axial wave lengths >"z >.- >"zc are considered. 'This residual 

class of perturbations can then be treated by conventional MHD t heory. we 
firs t turn to t he case where a < a and limit ourselves to plane or 

x 
spiral-shaped kink-like perturbations which are one of the roost irrportant 

instability rrodes of the pinch. 1he energy principle with included surface 

(~) currents due to t he octupole field inhomogenei ty [lJ then yields 

the stability condition 

L " n~a~ (Jp/Jv ) ., (VoFJ<Q/4n2K)2[Mc ± ( J p /4Jv U (1) 
_ 'I 

where F
k

• 7/5 for a current density profile j/jo = 1 - (r/a) and a 

slightly non-cjrcular cross section, a plasma density no and temperature 

To at the axis, Q = J~/T o' K s tandiJ'lg for 801 tzmann' s constant, and 
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Mc = -a + [b + (Cf~/Q)J l/2 (2) 

where a 0 1.7", b 03.81, c 02.53x1Q5 and f t [1 + (Bt /Bpa)1-l/2 

with Bpa deooting the transverse field strength at the pinch surface. 

The plus and minus signs in eq . (1) refer to coparallel and antiparallel 

pinch and conductor- CUf'rents. Condition (1) applies to a range Mc ~ 2 

where 6
i 

(18 and 0 ( B
t 

(B /2. 8:ince Q ~ 82 at fixed values of "\. "\. pa 
n • the result (1) :implies that there i s a limit of a/a below which the 

o x 
pinch beccmes lnlStable. 1his is due to the fact that the plasrm is in a 

region where the octu~le field i s weak. i. e. when the pinch radius is 

srrall. 

Upper Pinch Radius Limit Provided that no\, increases rrore slowly with 

J than J
2 • the pinch radius will increase with J. Since a is a p p _ p x 

slow function of J/Jv ' a/a.,,; will then approach and even tend to exceed 

unity. In s uch a case the plasrm. pressure gradient ~p will increase near 

the p:inch boundary, as seen from the Bennett relation. When Bia.,,; 
approaches unity the plasrra will then either becane OOll.ooning unstable. or 

there will be a lack of equilib['ium. 1he driving force of the ballooning 

lOOde is proportional t o IYpl / l.!! + '!!t 12 and has a IIBldJrum :in t he planes 

through the axis which pass through the x-points of Fig.l. It reaches the 

stability limit when a approaches 8
X

' Also an equilibr-iun of the Bennett 

type beccmes limited t o a rmxinurn value of nslo/J~ as a approaches ax' 

Both cases thus result in an upper limit of a given by 

U " n~a~(Jp/Jv) {l/[l ± (J p/4Jv U) ~ (UoQ/4n2K)2/2 (3) 

Canparison with Experiments 'Ihe present results are illustrated by Fig.2 

in which the regions to the left and right of the lines represent instabi­

lity or lack of equilibritITI. In the drnain between the lines there could 

exist unstable roodes not being treated in this context. A superimposed 

axial field Bt = Bpa/2 slightly IOOdifies the l ower limit. The rectangular 

areas represent the parameter ranges of so f ar performed experiments [2-5J, 

where ill and 'm denote earlier linear and toroidal sector devices, and U. 

and Tl present linear and ru1..ly toroidal devices. For ill and 10 a lower 

:tability limit has been observed at JlJv 0 (0.25, 0.36) and 

a/ax 0 (0.57, 0 .62), respectively, in agrearent with condition (1). For Ll 



and 1'1 the values of a/ax are 

somewhat below unity and 

Jp/Jv == 2 and sarewhat above 2, 

so far without any sign of 

rracroscopic instability. 

L, U 

[m"'] 

ballooning unslable, 
or lack of pinch 
eguilibrium 

, 
, 

15 e~ 

Fig.2. The pinch radius limits, 
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In the present paper we study a kind of breakdown in which the energy balance plays an 

important role. In gas discharge research the concept of the Townsend first coefficient is 

usually used 10 describe the ionization process and the ionization rate depends only on the local 

parameter Elp. i.e., alp = f(Elp); here E is the externally applied electric field, p the filling 

pressure of the background neutral gas, a the Towl1send first coefficient, and the function f is 

an empi rical relation. This geometry-independent fannula actually requires a special energy 

balance structure where the energy flow can be omitted. Fortunately it works well for most 

types of gas discharges, including some fusion plasma breakdownsll .21 , However, this 

mechanism still fa il s sometimes and here an example is given. So special care should be taken 

when using the Townsend first coefficient in cases where the energy flow is serious, 

Let's first describe the magnetic fie ld 

configuration, the Extrap[3! pinch, in which 

the d ischarge is carried. Extrap. in its original 

form, is a fusion confinement concept which 

is basically a z-pinch immersed in an octupole 

field produced by four external conductors, 

It can be a linear or a toroidal device, but only 

the electrodeless toroidal Extrap is considered 

here. At the beginning of the discharge all the 

magnetic fie ld is supplied by the external 

source. A poloidal field, which is produced 

by four rings and is supposed to stabilize the 

pinch later on, is inhomogenous across the 

discharge cross section and generally has 

three nuUs (BR = Bz = 0), as shown in Fig. 1. 

A {oroidal field of {ypically 500-1000 Gauss, 

which did not appear in the prototype of 

Fig.l A flux plot of the poloidal magnetic 

field typically for the EXlrap configuration, 

three x-points or nuUs can be seen. 
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Extrap, is applied for achieving breakdown in experiments. The existence of the octupole field 

and the weak toroidal field (compared with the tokamak) leads the field lines directly to the 

surrounding walls. The c harged particles are thus driven to the walls along the field lines by 

electric fields in such a way that they can only be hindered by clastic collis ions with the 

neutrals. So the confinement is almost absent before the plasma current is built up and the 

plasma behaves like an open system. The energy flow due to the particle losses is therefore 

serious: the particles are heated at the central region and lost to the wall with their high energy 

before giving enough ionizalions. This energy loss mechanism leads to a substantial change to 

the ign ition condition of the Extrap discharge at low filling pressure range and can explain the 

unusually high lower-threshold of the filling pressure observed in tbe experiments. 

To fonnulate the breakdown problem a fluid model is used to describe the electron motion in a 

weakly ionized gas. Ions are considered as either decoupled from the electron motion (free 

motion) or moving with the electrons (ambipolar motion), depending on whether the Debye 

length is much larger or smaller than the characteristic length. The particle loss can be 

described by an eigenvalue problem: 

AE" = V (Q-( VIl + nEIT))_ (1) 

Ail!2 is equivalent to the discharge radius in the magnetic field-free case. The tensor n 
reflects an anisotropic influence of the magnetic field. For the free 111otion case it has the foml 

v 2 + oil --v co+co ID v ID + ID ID 
cl R el 1 R; cl; R z 

J 
v2 + oil Q VCO+IDCO --v CO + ill ill (2) 

w2 el z ; R cl ~ cl R ? z 

-v (iJ + (J) CO 
el 9 I R 

V OJ + CO (J) 
el R z ~ 

v2 + oil 
cl , 

Here vel is the electron-neutral elastic collision frequency, and (wR' Will' wz) = cB/m the 

vcctorial electron gyro-freque ncy. Cylindrical coordinates (R,qJ,z) in a toroidal geometry is 

used. The particle balance can then be written approximately in the [onn 

A = Vjoflj - Do A£ (3) 

A is the growth rate of the electron density, Vjoni the ionization frequency, and Do the diffusion 

coefficient of electrons. The ignition condition for the breakdown can be expressed as A > O. 

The energy balance is coupled to the problem by the fact that the eJeclron temperature is needed 

in order to evaluate Viofl i ' Doand A£ in Eq.(3). The estimation of the particle losses from 
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Eq.(1) allows the energy balance to be written in an algebraic fonn: 

3.6x1O"E21p = 6.3xI0")..ET21Ip + 4.0x lo'Tp 

+ l.5J..T+ 33xIOI9PLiI,fjn<cO'iI'> (4) 
The filling pressure p is in mTorr, electron temperature T in eV and others in SI. The L.H. 

side of Eq.(4) is the joule heating, the first lenn of the R.H. side corresponds to the energy 

outflow, the second is the elastic collision loss, the third is the time-dependent energy increase, 

and the fourth is the inelastic collision losses. At low filling pressurep (-10 mTorr) the major 

energy loss is the energy outflow which is inversely proportional to p, and at high p(>20 

mTorr) the inelastic collision losses (which are proportional to p) seem to dominate. Heavy 

energy outflow at low p leads to a fairly high (compared with lokamak) filling pressure 

threshold (-5mtorr) below which no breakdown is possible. From Eq.(4) it can be seen that 

only at high p, where the first and the third terms of the R.H. side of Eq.(4) can be omitted, 

does the temperature T scale with E/p, which is actually the implicit condition for which the 

Townsend fOffi1U la a lp = I(E/p) applies. Generally the concept of the Townsend first 

coefficient seems not to be applicable when energy flow cannot be omitted. 

The solution of the eigenvalue problem (1) becomes nonUivial when an inhomogeneous 

poloidal magnetic field is considered. At the nulls of the poloidal field Eq.(l) becomes 

singular in a sense that the coefficients of the 2nd-order derivatives are much smaller than 

those of the 1st-order derivatives. This means that the eigenfunction (electron density) 

concentrates near the magnetic mills :md decreases rapidly in the strong field region, as shown 

in Fig. 2. Physically this corresponds to the facl that the discharge will develop first at the 

central nulls, because there particles can be confined for a longer time. However an overall 

es timate of the particle loss rate needs a 2·d imcnsional solution of Eq.(1) because of the 

inhomogeneity of the poloidal fie ld. 

The space-charge effect is considered in an ambipolar fonn. The ambipolar motion influences 

the results mainly through its effects on the eigenvalue AE. The effects of the am bipolar motion 

on confinement in an inhomogeneous magnetic field, where the electrons arc magnetized but 

the ions are not, is found to be interesting. With a strong electric field the particle confinement 

is slightly improved. But the particle confinement can be even worse for the case with 

ambipolar motion if no electric field is applied. 

The curves of breakdown voltage versus filling pressure for different parameters are calculated 

numerically and are compared wi th the experimental results, as shown in Fig.3. 
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Fig.2 The densi ty distribution n(R,z) (eigenfunction) over dlC discharge cross section. 

Correlation with the poloidaJ field (Fig. I ) and strong 2-dirnensionality can be seen. 
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High space resolution imaging with a pinhole camera of the plasma 
focus pinch (from X-ray and particle emission) indicates the existence of 
localized hot spots which · are the sour:::e of the hard component of the 
~inch emission () 3 MeV 0+ ions Rnd > 10 keV X-rays) 1-4. These hot spots 
(with typical linear dimensions of 10-200 ~m) are embedded in an extended , 
diffuse SOLlrce of softer radii'ltion (X- rays , ion and i on cluster's) which 
form t.he profile of the plasma focus pinch. The hot spots are clearly 
linked to the filamentary fine structure of the ~inch from X-ray pinhole 
images which show space correlation and overlapping of those element.s of 
the pinch fine structure. 

We present here independent data whi()h supports the ubiquitous nature 
of these elements of the pinch fine-structure. 

Important lnformation about plasma hot spots which are the sHe of 
high nuclear reClctivity and of the acceleration, confinement and/or 
em ission of high energy ion beams (HEa, say) has been obtained from (d,n) 
nuclear reactions involving heavy nuclei CA ~ 15) 5 . During our experiments 
the discharge chamber of the advanced plasma focus (APF, S.1y) fed wi th a 
7 kJ (at 17 kV) c.1pacttor bank was filled with a suitable mixture (e.g., 
02 and t(2 or D~ and C3De) with an atomic ratio , r, of heavy nuc l ei as 
large as r ~ 0.15/1 . The a+ radioactivity of the reaction products in the 
gas was measured after eClch APF shot and, at the same time , we have 
observed the g+ radioactivity from (d , n) reactions in solid external 
targets of lOB, I~C, I"N, IGO (axial, 0°, and side-on, 90°, directions). 

The "effective " n+ energy, Ee , fitting the observed amount of each of 
those reactions is Ee > 2 MeV if we .take the 0+ energy spectrum of the 
form i14lIdE '" 4l0E-m with m ~ 2.5 ± 0.5 and CPo as determined from the 
observed 0-0 neutron spectrum and other data 5 Special precautions were 
taken for a correct identification of the reaction products in the gas and 
in the solid targets . From the observed B+ radioactivity of each species 
in the pl~sm~ and in the external targets (in the same shot) we determine 
the (d,n) reaction yield , Y, of each reaction; the measured neutron yield , 
Yn , provides the yield of the D(d ,n)]He reactions . Our data from many 
shots indicate: (i) a linear correlation among all measured yields yts of 
the heavy ion reactions; (ii) functiorlO"tl dependence. Y - Yn 2 on the neutron 
yield. For a specifiC reaction the measured ratio of the yield in the 
plasma, Yp , and the yield in the external t·arget, YET' in the same shot 
can be equated to the analytic expression, i.e., 

(1 ) 
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In this equation the only unknown quanti t y is nT , n-is the to t a l density 
of nuclei in - and T i s time of the HEB t ransit through- the plasma 
target . A - is a unit dependent constc. nt , a-accounts for the a+ 
s elfabsorbtion in the ex ternal targe t , y( E) ~ f o(dE/dx)-ldE I s the 
experimental thick target yi e ld of a monoenergetic beam • a- i s the 
(d , n) reaction cross-section. In the i ntegrals the lower limit Is the 
reaction threshold energy a nd the upper limit is the highest observed 
e nergy o f the ejected 0 1- HES , Le ., .. 10 MeV . 

rrom Eq . ( 1) we find 3' 10 12 cm- l s < n l < 1. 2 ·1 0 1 l cm- 's from shots wi th 
Yn"; 10 " inde pende ntly on r , for all-reactions ' ... ith 12 C, l "N in the 
plasma , .;,nd lOB , 12C, I"N, 15 0 in the solid externa l targets . The 
uncertainty in the dete t'minatian of n1 depends on the detector geometry, 
the accuracy of the cross-sect ions and the relative f l uctuatlons of the B+ 
activity for a specific va lue of Yn. Ey taxing an "effective " life- time 
of HEB (inside the r eact ing plasma region, possibly a multipli c 1ty of hot 
spots) equal to '( .. 25 ns (where 1 is the FI'/HM of our neutron emission 
slgnal from an fJE-102 scintillation detector) we find 1. 2 , 10 20 cm- J < n < 
4 . 8 ,10 20 cm-I . This value of n (a minimum value estimate) contradicts the 
value fr om usual dens1ty measurem~nts (n exp ~ 5 '10'8 cm-') with a 2mm 
spatial resolution 6 . Alternati'/e 8.ttempts of expla in ing the observed 
hi gh value of Yp/YET (spec ifi cally Yp/YET '" 0 . 03 for ' lC(d ,n ) t IN with r '" 
0.15 i n the f11 l ing mixture) fail as : (a) the assumpt ion of an anomalous 
concentration of the heavy nuc lei with an increase o f r 1n the hot spots, 
a bove the i nit ial value of r i n the f il ling gas , decreases the 
reaction-fitting value of n by factor a 4 fo r the henvy ions but 
Simultaneously de creases Yn by a-factor - 3 in contradiction with the 
obse r' vat tons , Cb) the assumption of a signl fi cant slow ing down-ove r 
extended plasma regions-of accelera ted D+ ions from the hot spots changes 
Yp/YET but it re qu i res (for a n estimate o f Yn consistent with the 
measurement ) an HEB papul~tion of such a magnit ude (via ~o ) that it would 
exceed the c"lpalJitor bank energy (the D+ slowing-down time wou l d also be 
too long , 1.e., about 3 times longer than neutron signal F'WHM). 

Slncp. no valid a lternative is found to the pic tu re of high-density 
hot spots where the bulk of the nuclear reactions takes place we conclude 
tha t the heavy-Ion reaction yi eld is an excellent supporti ng argument i n 
fav our of the hot-spot ex i stence and leadi ng role . The validity o f the 
concept o f high-density hot spots requires that the hot-spot dimensions 
are srn ,~ll enough for not Si gnificantly contributing to the direct 
mCr.lsur<Jments of n with space resolution of .. 2 mm . By assumi ng that a 
multiplicity 0f hot spats can change n not more than 10% ( the 
e xperimental uncerta in ty in a direc t me~suremen t of n ) we estimate a ho t 
spot diameter of about 100 ~m , in agreement with our direct exper imen t al 
observation. 

The pinhole image of the pinch from particle emission is recorded on 
a CR - 39 target (wlth su1table ion fi lters) where the nonuniro~m 
distrihution of etcher. tracks of ions and ion cluster's indicates t ha t some 
of the 100al l zed sources of D+ ions with energy 2-4 HeV have dimens 10ns 
smalle,· than t.he pinhol~ diam,:,ter • 100 )lm. Thp. small dimensions of the 
loci'llized sources nnd t.he extreme collimation of the ejected HEB's o f 
mi,~roscapic diam~ter arc cons i stent wit-h an accel~rating - field intenslty 
of ~ 1 CV/cm. A compression in the HEB time of emi ssion which is similar 
t o the ~Jpace com;Jression o f a localized HEH SOUI'ce 1s r e v'~i1 l p.d from time 



615 

r'~~solved Thomson spectrometcr data (the curation of the ion pulse i3 
shorter the higher is th~ ion energy; e . g ., slow i ons , 100 keY 0+, are 
eJe~ted 50 - 100 ns earlier than 1 MeV 10n3)5,7 . An l~crease in the 
quantit y o f these hot spots (with a consistent increase of the neutron 
yield Yn and of the he~vy- ion reactions in the pinch) was obtained in our 
experiments ~ith th~ insertion of suita~le field distortion elements in 
the interelp.ctrode eap. This establish the possibility of controlling and 
incre~lsing the amo unt of hot-spot activity for a variety of practical 
appl ications . 
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Fig . 1. ?inhole im':lge of the ;Jinch fr'om the nonuniform distribution of 
etch€"d 11')11 tracks on i'I CR-39 target ~plnhole diaMeter 150 \Jm; 45 0 ). The 
V-shaped image of the j>lnch is <::aused by a 5 kG permanent. magnet inserted 
behind the pinhole, bet'.Iecw t.'"te pinhole and the target; the electrodes are 
ilt the left. :'he :!I':!gnet i nrluco: s the s;111ttlng of the ;)lnch image by 
defl~cttng the ~+ iOl1s but lt is not. affectinG the trajectory ot' the hea.vy 
~l1Jsters wtth ;:/m ~ O. :he ,':! !usters '!t the right dlsintegrilte l<3ter than 
the cluster at the Ipft . !lote diffusIJ imago of hot pl.:;sma (>mitUng a 
relat.lvely ~Pl,ll! fr<1('Uon CIf np.Jtrons ( .. 3M, of toL;:;l) - low side of imag'? 
The lower part of the V-shaped image along t he horizontal electrode axi:>; 
is fo rmed from the heavy clusters . The f oealization of the current reaches 
a maximum at the right side - this pinch region with a maximum of current 
density ejects clusters with a longer life time . 
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Fig . 2 . Zero d egree pinhole image of the plasma focus pinch. The central 
figure shows t h e t ypical diameter o f t he HEB ( = 1.5 MeV of 0+) ejec t ed 
at 0° _ Some magnification for 1, 2 , 3 , 4,5 , 6 reporti ng details of center 
photograph; #1 reports ion t r acks of central spots behind 25~m my l a r screen . 

I • • 
~.'" 

• • 
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INTRODUCTION 

In ·.I e-s t i;:at i :)n orl c01.lpact t oro i d (CT) 1 1,2 1 is comp l ~ r'lent~r / 

to tol<amak ,"e se-al'·ch a.ld Ni I 1 improve the ullde r standing o f plasltla 
phy sics in t o roidal oje v ices, ,·,i th CTs permitting an o v erall 
opt imi zation Ot the to ro i ~al e xp er imenta l arren3ements . 

I n 1 985 . liE' preSEnted 2. concEpt u a l s "ystem dE?s i,;n I·o r the 
rE?~ l jzation of aC T , USi ll'; four magnet ized T - t ubes . alld 
d isc ussed the results to be e x pected 1 3/, Furthel·, Ne constructed 
a small -scale de v ice with sin,;le mag n etized T-t ub e a l~d presen te d 
the prellm i narj e ~~ per· i!llent .?1 resul t s / 4/. Su bsequE?ntl /, modif >' ing 
t ile co n v entional T - t ube , we developed a C-gun, In our prevlouS 
stud y , i t has been demonst ra ted e xperimE?lltall j tll a t b / means o f 
the C- gun i n flu x conserver a CT ma y be forme d in two differen t 
behav iours 15,6/ . In t ilE latest stud / 17 1 th~ findi n gs werE? 
eva l uated i n th e li g ll t c f mi llimum energ~ state /81 and helicit y 
inject i on concepts.. I n tllis ~',ork. the- initial resu l ts related to 
the genE?rat i oll of a CT differen t pa !" ticula,' I >' froltl the c l assical 
sph e romaks are giVEn. 

GE NERATION OF DR J FT t-JAVE 

Th~ C - gun is ~ neva l and a lt ernat i ~e ~ ersiDn ef c on v entional 
magnetic~ Jl ; dri ve n pl asma gun . It s e iectl'ica l c h a ract er ist i cs 
conform ,-Jith the Critical Damp i n3 and Und':-I· Oar"pi l) 9 Nodes ( CO,..1 

ard UO!'>!) Ot ope r ation depe"dirr3 upon t h e bacl{ groul",d gas 
pr,:.ssuf e 15.6 / . 

l·)he~·r t.he distance be t.·,een th e v e l tica] electrodes is not 
Cha !lged according to the back ground gas pressure in the c ritical 
ranqe o f 4 0 - ;'0 IIIT orr , the discharge through the \o' er· tica) 
electrodes o f the C - gun O C CUI" S with the a i d o f the i nn e r Na I l s of 
tl~e flu ~ conSErve r, Thi s ,·esu ll is v e r y natura l, s in ce th e 
di~t ance between the v e rtical electrodes is la r ge r than the 
d i stal,CE- l· ronl these electrodes to the lo}all . 
the curren ts passing through the inner Na J I 
er '? i'·, op p o!;it~ di r ect i Gl1 s . Bec ause o l t h eo 
b e- t l- '202f' th'2 1·l a ] J and back st r op, the se-I" ial 

In this condi tion , 
and the bacl: strap 

mutual 
le akage 

i n':lucta nce 
inductance 

':I ' tl·,e c.ep acit c f D.:u·· j: ~jrcuit t:.ecc;mes :'hlalle-r. Th us th E< dischar-ge 
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ends a5 can be e xpected i n the CDM. 
In the CDM, the shock heated electrons in the plasm a belt 

with energies around 20 - 50 eV, interacting witll the torold a J 
magnetic field produced b y the current tllrougll the closed loop o f 
the plasma belt and back strap, a he l ic al plasma current channe l 
is formed. Thus ,·lithout a poloidal, toroidal flux translation. a 
tor-oidal field together- I-11 th a cul""t'ent channel (E· la:/er p l"o dllc~d 

b y the energetic helical eiectr-ons) at the flu x con:;;er v er ma:,,' be 
generated. This procedure fits to the pl" inciple of he licit ; 
injection. On the other hand, b y means of the self toroidal 
magnetic field of the C- gun directl y . it has been gene ra ted tile 
ion c y clotron wave in CDM scheme. So. due to the effects of the 
ion c yclotron wave a nd tile densit y profile of E - la~e l " at the 
beginning , in the reasollab l e back gl' ou n d gas pr"essure betl",een 40 
and 70 mTorr, drift wa v e ins t abilities in the freque nc/ range of 
4 -25 kHz have been distinguished . 

DIAGNOSTICS USED 

Taking into account the specifications of the prob l eM lo be 
in vestigated, the maitl diagnostic techniques such as LangMui'" a nd 
electrical surface probes, magnetic loops a lld charge-ex change-
cell ha v e been used. In order to measure the plasma resisti v it y 
for a unit length and then to determine tile floli i ll tile curt"ent 
chann@i , a high impedance, f l oating electrical su r face probe has 
been eMp l o~ed.This probe is ve r y simil ar to a simple double probe 
and its ope ra ting po i nt is at the space p otentia l of the plasma. 
Besides, to reduce th e surface impeda nce, the terminals ot the 
probe hav e shunted ,",ith 6.5 mOln.ls. The prima ,-y I"Ill"odlng of a 101"1 
impedanc@ transf ormer to the probe and the 3econdar r to the data 
proceeging channel a-ftel' an operational inte-grctor hav e been 
connected. 

The charge-e xchange cell without an / I~agnetjc anal / zer is 
a simp l e i onization ~e lJ and it essential] :, beha \/ es lii{e a 
cylinderical Langmuir p rob e with a radius of 5.4 cm and 18 cm ill 
length . In t his c y linder the back ground ga s at the pr essure s of 
40 - 70 mTorr is i onized b y the run - al"J2 / f:;'lectrons. Th!? cell lal-: e!S 
part on the way of v acuum connection of the flu x conser v er and b y 
me ans ot some interface u nits, it has been elec t r ical 1/ i50lated 
from eithe~ flu ~ conser v er or vac uum s y stem . Its pl~ce is at the 
angular distances of 45 and 180 degl' ees " "om the C-gun and the 
electrical surface probe respectivel y . 

When the Langmuir and tile electl" i ca J surface probe signals 
are correlated b y the plasma space potalltial va riations of t i,e 
cha l"ge-e xchange cell I-11th respect to time , it has b een seel1 tha l 
the drift wa v e alternances and the densit y fluctuations are at 
tile same phases . Thus during the on-set and after the ofF - set of 
the C-gun. it has bee n possible to determine the fluctuation 
phases of t he C- gun. 
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EXPERIMENTAL OBSERVATIONS 

By means of a passive conducting rod, located near the 
centre of the flu x conserver and parallel to the vertical wall 
of the C-gun, the upper and the iOI'II"" ltJalls of flu x conser v er are 

short circuitedi also the currrent passing through the ",all is 
t r ansformed to a closed-loop current, the discharge on capacitor 
bank circuit is suddenl y cut - oft , a potential difference between 
the electrodE'S of the C - gun up to 7 0 kV occurs. This v oltage 
decay s e xpcnentiall y in 1.5 us to 6-8 kV, which 15 the minimum 
thres hold voltage of the capacitors, according to a time constant 
of the e x ternal dischargE? circuit of 250 ms, this v alue continues 
for the lifetime of the CT. 

While the drift wav e is going on, th~ floating potentials of 
the charge-e xchange cell are 350- 40 0 V. The respecti ve Langmuir 
probe potentials ar~ 100- 150 V, the cell currents are 350-400 uA 
and the probe currents are 100-150 uA. 

The variations on the plasma space potential of the charge 
e xchange cell generated probabl y b y means of the transverse shock 
f r ont of the densit y fluctuations are changed between 10 kHz and 
25 I<Hz . On the other hand, the drift ",av e frequencies on the 
electrical surface probe are in the frequenc y range of 4 - 6 kHz. 

Calculating the e xperimental data on Spitzer's resistivit y 
fo r mula, the a varage electron temperatures in the range of 30-45 
eV have been found. The ma x imum electr·on densit y is about 5XI0" 14 
cm-3. I,.Jhile the C-gun on - set, the volume averaged beta is about 
0.12. The lifetimes of the CT hav e been lasted 5 ms or even up to 
20 ms depending on the back ground gas pressure bet",een 40 and 70 
70 mTorr. 

CONCLUSIONS 

This compact toroid is not an unstable state of a tor-aid in 
MHD property having the microinstabilities, but it is a closed 
wa v e - electron ring which is the cur r ent channel modulated b y the 
drift wav e itself. Taking into c05ideration the guiding centre 
approx imation, for the electrons in this character, one can 
mention from the closed loop formation in the flu x conser ver. The 
mutual inductance betaoJeen E - Iayer and the flu x conser ver can 
confine this s ystem. Due to the current channel of t he CT 
modulated, the azimuthal a nd toroidal field distributions may not 
be in clasical meanings. Nevertheless in the period of 5-20 ms 
passing up to the diffusion depending on the back ground gas 
pressure, it is a hot and dense plasma ring conser v ing its 
properties. Here, it has been seen that a CT "'hich is not a 
convent i onal spheromak can be real i z ed. The dens i t y prof i I e of 
E - layer and its variations versus time' are nol'l in vestigating. 

Consequentl y . a eT model is expected l·jhich is occured as a 
closed loop in the E - Iay ers conSisting of temperature and density 
fluctuations and serial plasma spheres like a string beads. 
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ABSTRACT 

It has been understood that a spheromal.< (SK/CG-l, · World 
Survey of Acti v ities in Controlled Fusion Research B 1986 Edition, 
IAEA Vienna, p. 197) ca.n be formed using a C - gun, l-.lhen the 

back ground gas pressure in the floating flu x conser ver is 
~e lected in the range of 70-250 mTorr. As a result of evaluation 
0+ signals taken from the magnetic a nd electric probes and the 

total flux l oop, it has been seen that this procedure is in a 
ver y close agreement with the minimum energy state ( k = uoJ/B = 
constant I and magnetic h~licit y injection concepts. Measurements 
have been done in either poloidal or toroidal planes on a cross 
sect ion at the angular distance of 135 degree from the gun. At 
th e beginnin~. the ion c yclotron waves at the frequenc y range of 
10 - 15 MHz which are generated b y the field of C- gun dit' ectl y and 
which are damping in the first half period of 5 u s, rethet' mal i ze 
the shock heated electrons b y the C- gun , hav ing average energies 
betl.,een 15 and 35 eV. All of these phases are comE' together on 
the ohmic heating consept. Thus, a portion of 8-10 % of the ban~ 
~nerg )' is interchangE'd into thE' plasma vo lume of 1381 cm3. The 
sp heroma k plasma parameters obtained are as follows: the E'lectron 
densities and temperatures are in the ranges of 10 ~ 14-5X I0 ~ 15 

cm-3 and 20 -30 eV, the toroidal-poloidal flux densities at 7 cm 
distant -from thE' wall of flu x conser ver are about 600-800 G. and 
the volume av~raged beta c a l c u lated are betl-Ieen 0.006 and 0.085. 

INTRODUCTION 

The spheromak conf iguration has bE'en succesfull y formed b y 
three different t y pe of production schemes of: i) the magnetized 
co - a x ial injector; ii> the field rev ersed theta pi nc h I.,ith the 
center col umn Z discharge and i i i) electr"odless quaSi-static 
scheme / 1 -3/ . 

In order to produce a compact toroid (CT) b y means of four 
magnetized T- tubes1 a conceptual desigri and its e x pected results 
had been presented / 4 / . 

In our p rev ious stud y , it has been ~xpel' imentall y 

demonstrated that in the flu x conserver, using a C-gu n, the ~T 

particularl y in two differen t behaviou r s ma y be fo rmed / 5 /. 
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E5p~ciall y in spheromaks, as in the Los Alamos (eTX ) and the 
Osal{a (CTee) devices 16 ,71, the tor-oidal fields at the flu x 

conserver are produced b y the poloidal fi~ld injection 
(magnetized co-axia l plasma gun) through the f· fux conser v er. This 
is a tor-oidal poloidal flu x translation mech~i5m and it can be 
explained b y the magnetic helicit y consept fS/. 

Although, the spheromak formation schemes a r e different from 
each other, in practice, to arrive to needed Lawson's fusion 
energy product, it I'd 11 be necessary some additional heating 
systems together with the confinehent techniques. 

In this study, bearing in mind this approac:hment, agreeable 
heating and confinement mechanisms in the spheromak plasma 
generated b y the C-gun have been investigated and from the vie'" 
point of conceptial design, some a ddition al heating a lt e t' natives 
have been pr·oposed. 

THE DEVICE 

The e xperimental arrangement has a 40 L octagonal floating 
flu x conserver ,·,hich is a l so the vacuum chamber either . The back 
pressure in the flu x conserver is 5 XI0 A - 6 Tor r . Four C-guns in 
90 degrees aparts are a rr enged around the flu x con~erver. 

The C- gun is nova l and alternative v ersion of the 
conventional magneticall y driven plasma gun. The vertical two 
e l ectrodes at the toroidal plane in the flux conser ver and the 
back strap outside the conserver are the main structure ot· the 
C-gun. Its electrical characteristics conform with the Critical 
Damping and Under Damping Modes (CDM and UDM ) depending upon the 
back ground gas p re ssures. 

The s y stem consists of 2 kJ capacitor bank for each C-gun, 
and the spark-gap SNitches contro ll ed by self generated UV r1ng. 

The main diagnostic techniques used ar·e: the Langmuir 
probes, paramagnetic: and total f l ux l oops, the magnetic probes , 
the Rogowsk i coil,t he L-R f ast operational integrator and visible 
light s pectrum ana l y zer. 

RESULTS 

By the present !5tatus of the SK / CG-l machine dt-i v en b y the 
C-gun, ,·,h1ch is presented here, have not the additional heating 
and conf 1 nement techn j ques )'et on it. 

The opel'sting pet' lod of the C-gu n is about 50 ·- 60 us. The 
ma x imum toroidal magnetic flux densit y generated b y the poloidal 
loop current of 150 I~ A of the C-gun is appl' o x imatel y 15 - 20 kG. 
and the internal electric field is 900 V/cm . The optimum Helium 
gas pressure is 2 00-250 mTorr. 

It has been determined that, in the initi a l phase of the 
discharge lasting 2- 4 us and at the f requ enc y region oi 10 - 15 MHz 
the i ntense ion c yclotron wa v es are gener a ted and as bein9 in the 
ma9netic beach, the plasma electrons are ret hermali zed b y the 
damping of these waves in a few microseconds. The ion c yclotron 
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waves have been detected di~ectl y b y a magnetic piCk-up coi l at 
an a l'I9u 1 03.1"- distance of 135 degrees f p om the C-gu n . It has been 

under!5tood that the mer,tione-d iOI1 C y clotron Nav es hav e a 

propagation v ector and according to the guiding cent er 
appro x imation prinCiple, it is conser v ing the characte r istics of 
a closed l-taYe motion in the l' lu x conser ver . 

On the total flu x measurements, it has been obser v ed that 
the diamagnetism is begining again at the initial phase of t h e 
d i scharge. After the off-set state of the C-gun, the diamagnetism 

i s translated into paramagnetism. Depending on the total flux 
deca y time, the par amagnetism duration is abou t 2.5 - 3 .5 Ma. 

On the other hand, tl)e ahock heated hat electrons in the 
plasma bE" I t b y thE" E"nl!l'r g i E"S 0 " Q5-60 E"V , e j tllE"r ion i ZE"S thE" bacl{ 
ground gas at t h E" pressu r E"s of 200 -250 mTorr, or thermalize this 
plasma collecti v el y . 

According to the mE"asurements carried out b y the Langmuir 
pt' obe and paramagnE"tic loop, after reconnection, in 0.5 - 1.5 us 
the E" l ectron tempE"raturE"S of tl)e splleromak plasma hav E" been found 
at'Qund 15-35 eV. 

CONCLUS I ONS 

T he main results Qbtain~d in t his wo rk a re: 

-In the il1itial phase of the discharge, th~ shock heated 
e l ectrons of tl,e plasma belt, eithe r ionize tl)E" bacll gt'ound gas 
(He, 200-250 mTo!'t'l o r thet' malize t h e electrons in this plasma 
medium. 

b y 
-By the influence of t he toroidal field (15 -20 kG ) 
plasma be l t inside the flu x conserve r and the bac~ 

closed heI i cal cur' l'I:' nt channel in t h e- flu x conser v et' 
into e- x istance. 

produced 
stt'ap, a 

is com ing 

- The- energetic helical e l ec tr on~ in tile current ch annel are 
fo rmed t h e E-Iay er and as in t ile beam-plasma intet'actio ns, under 
the influence of toroidal fie l d, the- ion c '1 c l otrot) waves (10-15 
MH z) are generated. Damping this wa v es in 3 - Q us, the electrons 
in the plasma channel are rethermalized. 

- The paramagnetism at CT is p robabl ; tile e vent of the self 
toroidal magnetic fiE" l d of the helical current c h annel. 

-In the heating mechani sm, 
heating, r ethE"rmalization b y 
ohmi c heating b y p a t' a ma gneti sm . 

there e x ist the phas~s of; shock 
ion cyc l otron Ha v e- datltpin9 a t)d the 

, For the confinement of CT, the mut u al inductance betw~~n the 
flux conserver and th~ E-Iay er is fairl y effective. In additio t) , 
it is supposed that , th~ electrons with c l osed h~lical orbits 
behave as the tor o id al el ~ctron field coils. 

-' Du~ to t h e mu tual inductance between tll~ bach strap and the 
wall of flu x COtlServe l', The ene r gy transfer from capacitor bank 
to thE" conserver is possible. Thu~, because of the edd y cut' t' ents, 
the f l u x c ons er v er contains the se l f poloidal fields. 
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- The C-gun is a new magneticall y driven 
plasma gun. By means of the C-gun, either a CT 
pre-heating of the CT is realized. 

hi gh e fficienc y 
is f ormed , or the 

Consequentl y , these initial experimental re~ults and thei r 
original const r uctional . p roperties of SK/CG-l hav e shown that, 
the effecti v e a dditional heating methods can e x tensi v el y used on 
it. In this content; i) b y means of the e x te rna l poloidal fields, 
some additions to the ohmic heating and confinemant, ii) using 
the floating flu x conserver as a cav it y , the high f r equenc y 
heating and iil) appl y ing the modulated poloidaI magn etiC field, 
the current dri v e processes can successfull y be rea lized . 
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Equil ibrium (9 = con stant) field configuration of 
toroidal Z pinch ZP-2 is examined for discharges of a plasma 
current below 22 kA. Field and current profiles a gr ee with 
a modified Bessel function mode l . Pressure distribution is 
deduced from magnetic field profiles and gives ap of 10 to 15io. 

Field fl uctuat i on s, observed during setting-up and equili­
brium stages, are investigated by means of magnet i c probes 
inserted in a p l asma . Evolution of local t oroidal fields of 
m=l mode leads to spontaneous generation of toroida l field flux 
during setting-up stage. It is also shown that m=O an d m=I 
field fluctua tion s during equi libr ium stage ar e correlated 
with regenera tion of the field flux. 

For a d i scharges of p l asma curren t as high as 40 kA, the 
plasma of electron temperature of 90 eV and aver age electron 
density of 5 x 10 13 cm- 3 is obtained. 

1. Introduction 
In a toroidal Z pinch, the plasma current i s produced by 

induction of OH coils, while toroidal magnetic fie l ds are 
spontaneously gene r ated from relaxation of field configurations. 
Then, the tor o idal Z pinch provides a class of toroidal plasma 
confinement schemes which does not have toro idal coils and)ma y 
show promise for plasma confinement systems in fusion use l 

. 

In the previous repor t 2
). we have shown that a nea r ly force 

free field configuratio~, similar to that of spheromak, is 
established in ZP-2 plasmas. Typical parameter trace s of a 
discharge are shown in Fig . 1 for loop voltage V1oo \" OH coil 
current I OH ' toroidal plasma current I , toroidal f ux loop 
signals $1-4 and pinch parameter e. The discharge is initiated 
at t:100 us. Pinch parameter e of 1.3 to 1.4 is obtained and 
is held cons tant during the discharge (constant 8 stage). 
However, field fluctuations of m=l mode persist during equili­
brium stage. 

In the present report, we examine details of equilibrium 
of the plasma with the aid of numerical calculations. Physical 
mechanism of spontaneous generation of the field flux is 
discussed in relation to m=l kink mode in a linear Z pinch. 
Relation with f i eld fluctuations observed during equilibrium 
stage and flux regeneration are also investigated. 
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2. zp- 2 device 
Details of ZP-2 device are described elsewhere 2 ) and we 

describe briefly its outline. Figure 2 shows a cross sectional 
view of ZP- 2 device. The vacuum vessel is a 1.5 mm thick 
stainless steel liner with insulating brakes and consists of 
four sectors. Each sector has 18 mm thick connection flange 
and is connected to each other wi th 15 mm thick Teflon flanges, 
of which the plasma side is covered with a 5 mm thick ceramic 
limiter. The plasma current is produced from induction of OH 
coil current. 

3 . Equilibrium field configurat i on 
We calculate field and current density distribution from 

magnetic field measurements, as seen in Fig. 3. Using pseudo ­
toroidal co~rdinates (p , 8, s) and ar b i trary functions F and 
G of the radius p , we express fi e ld and cur rent profiles as 

F G 
Bo = 0, Be = (l+p/ Reose)' B, (1+p/Reose) , 

, 0' 1.G. 1 • PF 
pap (Hp/Reose)' J p = ,JO = - (Hp /ReosS) ap' J , 

Field profiles are obtained from expansion of F and G in 
powers of p as 

where p is measured from the magnetic axis. Coefficient G' s 
and D' s are calculated from best fitting to magnetic field 
profiles. We define two parameters IlII and \..l.l as 

'B 
"11 = 1& , xB 

"L =~ 
which represent the parallel and perpendicular 
densities. Figure 4 shows profiles of u//' u1 ' 
q (p) = DBr;: IRBa and ~lasma pressure P normalized 
pressure 1/2(B ~ + Be )' The different type of a 

a. P(O) 
Bfl'll) , , a = 

p B~. wall' 

<P> 

current 
safety factor 
by ma gnetic 
are defined as 
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We obtain 8 0 of 12.9'/: and Bp of l3.2io for the field configu ­
ration shown in Fig. 3. 

4. Fie l d Fluctuations 
Figur e 5 shows time evolution of toroidal and poloidal 

field profiles immediately after a discharge. Local toroidal 
fields with positive and negative directions appear during 6 
to 10 u s after appearance of t he po l oidal field The points 
where the troidal f i eld is maximum agree fairly \.,.ith the points 
where the poloidal field i s null. Then. the points are regarded 
to represent the center of the plasma. The inside to roida l 
field, which includes plasma center, persists whereas the 
outside field disappears, and net toroidal flux is generated . 
It is shown theoretically that m=l helical deformation in Z 
pinch produces positive and negative toroidal field inside and 
ou tside the plasma center. Tben, we conclude that th e local 
f ield inside the plasma contr ibutes to the spontaneous gene­
ration of the field flux. As the plasma current rises, the 
toro idal field increases and a quasi - equilibrium ( B=conscant) 
is established . However. field fluctuations persi st during 
equilibrium stage. Figure 6 shov.'s time evaluation of average 
fie l d fl ux 4l avg , time derivatives of flux l oop signals d ~l _ 4./dt, 
radial shift 6 R of toroidal current channe l, th e ratio £ of 
the edge toro iila l fie l d to peak toroidal field. and width of 
toroidal and poloidal current channels d p . dt . Shift 6 p 
represents m= l mode and width dp , d t m=O mode Apparently. 
regeneration of the field flux i s correlated with rn=O and m=l 
field fl uctuations. 

5. Hi gh current operation 
Soft x-ray emission is observed after burning of elll 

impuri ty line . The electron temperature Te is evaluated from 
relative ahsorption of soft x-rays through a luminium foil. 
usin g two silicon-barrier diodes equip ped side and down por t s 
at the same toroidal location. The elect ron temperature of 
90 eV is obtained fo r a discharge of the plasma current of 
40 kA . Spectroscopic measurements indicate appearance of cv 
line late in the discharge and support so ft x-ray measuremen ts. 
The electron density i s determined f r om a CO 2 laster Hich e lson 
interferometer a nd gives the average line electron de nsity of 
3 to 5 x 10 13 cm- ·;. The electron density i s nearly const a nt 
during discharges Poloidal beta Bp i s calcula ted from plasmA 
paramete r s and is about 10%. 

References 
1) K. Sugisaki and K. Hirano: Bull . Electrotec hnical Labo r ~t0rv 
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RECENT RESULTS OF THE TOROIDAL SCREW PINCH SPICA Il 

H. S. Lassing, J. Lok, A. F. G. van der Meer, G. A. Navratil*, D. Ocpts, A. A. M. Oamens 
and M. Verreck 

Assoc iation Euratom-FOM, FOM-Instituut voar Plasmafysica, Rijnhuizen, 
P. O. Box 1207,3430 BE Nieuwegein, The Netherlands 

1. Introduction. 
SPICA II is a loroidal screw-pinch device with an elongated minor cross-section (R= 0.45 

m, b/a= 0.7 m 10.3 m). The physics objec tive is to study the production and evolution of 
piasm<ls with high (local) values of B11 J. Dense plasma colunms are obtained by shock heating 
and they should be stabi lized by force-free currents flowing in the dilute plasma occupying the 
region between column and conducting wall. Earlier reports on the experimental resu lts can be 
fou nd in Refs.[2] and [3]. The experiments in SPICA II were temlinated in October 1987. In 
the preceeding months more than 1000 discharges were made, the majority in the normal, fast, 
screw-pinch mode, a number in the "slow" screw-p inch mode (without shock heating) and a 
few in the reversed-field-pinch mode. The results from Ihis laller mode wi ll be discllssed 
elsewhere. With the discharges in the "slow" screw-pinch mode we have tried to reproduce the 
high-f3 plasmas obtained in the Japanese TPE-2 device 141. In this mode the power crowbar 
banks are switched on when the pred ischarge current and the bias field have reached their 
maximum value. It turned out that at these low plasma cllrrents ($; 70 kA) the stabili zat ion by 
the conducting wall could not prevent d isastrous plasma-wall contact. ft is concluded that for 
this mode of operation a pu lsed vertical field, like in TPE-2, is essential. After a few remarks 
about the diagnostics, the remainder of this paper will be restricted to a discussion on the 
resuils obtained in the normal screw pinch mode. 

2. Diagnost ics . 
As reported before, the aluminium shell of SPICA 11 contains a large number of viewing 

holes. Twenty-two of these holes in one poloida l c ross-sec tion are used to observe the 
emission of plasma ligh t in the near-infrared [3].The viewing angle of the fibres is shown in 
Fig. l, together with the viewing chords of the interferometers. The s ignals frol11 the separate 
channels are digita ll y recorded and processed after the shot. In the infra red region the 
contribu tion by recombination and line radiation is sm3ll , and since E/kT e« I the emission 
intensity can be written as dP(E)/dE=::ne

2T e-I!2. The weak dependence on Te is of little 
importance in SPICA 11 where the temperature profile is r3ther flat. The emission profile in the 
near-infrared C3n therefore be ide ntified wi th the profile of ne'2. A reconstruction of the 
emission profile is made by a maximum entropy method , without making additional 
assumpt ions on the structure of the source. The software has been developed by Holland and 
Nav ratil to de termine densi ty profiles in the Columbia Un iversity High Beta Tokamak 
experiment [5]. There has also been an increase in the number of pick-up coil s. The poloidal 
magnet ic fie ld at the wall has been measured at 20 positions in one cross-section and 12 at a 
different toroidal angle. A softw,ue package, to calculate from the magnetic measurements 
globa l parameters like the radial and vert ical shift of the c urrent cen tre, Bp, the internal 
inductance etc., has been developed. 

" Pcnn'lOcnL addrcss: Plasma Physics Laboratory, Columbia University, Ncw York, N. Y., U. s. A. 
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3. Plasma operation. 
The predischarge ph<lse. A series of predischarges, without main discharge, was 

made,while scanning the input parameters to investigate the role of the predischarge conditions. 
It is concluded that a low tempera ture plasma could be produced with a degree of,ionization 
between 10% and 80% in the filling pressure range from .5 to 2 Pa. The ionization could be 
achieved with a unidirectional plasma current (in contrast to the ringing di scharges used 
before), resulting in a strongly reduced interaction with the quartz wall. The toroidal magnetic 
field in this plasma has been varied between I and 10% of the value in the main d ischarge. The 
variation in density is abollt 10% from shot (0 shot, the spatial di stribution is unknown. 

The fonnation phase. During the fonnation the safe ty factor at the wall, qI' is kept almost 
constant. Sl igh t changes are inevitable, since the plasma inductance is strongly related to the 
shape of the plasma column, hence influenced by the difference in horizontal and verti cal 
contraction. Most of the discharges were done with qr around 2 (l "" 0.4 MA) and a filling 
pressure of 1 Pa. The highest temperature that could be obta infd reliably was 100 eV, 
measured with the multi-point Thomson scattering at lOlls, and the maximum vahle of the 
local B was around 27 % (Fig.2). A scan in qI from 0.75 to 3.4 did not show a significant 
difference in T e- and ne-profiles nor in the density traces from the interferometers. Varying q 
over this range was only possible by varying BT, so one would expect a change in Te , as was 
observed in the earl ier (ci rcular) devices. It should be remarked that also the observed B-values 
are no t in accordance wi th the mod ified snow-plow model [IJ which pred icts B-values in the 
range from 40 to 70%. An attempt was made to reach higher temperatures by operating at low 
fi lli ng pressures (0.2 Pa < Po < 1.0 Pa). These discharges appeared to be very unstable. The 
fonllation can be described by a horizontal implosion on a short timescale (2 I-1-s) and it vertical 
compression on a longer timescale ($;10 I-I-s). During the first few Ils the plasma column shows 
an extreme elongation. This observation, made earlier from so·eak pictures, is confirmed by the 
piCk-up co il s and by tomographic reconstruction as illustrated in Fig.3 . 

The decay phase. In spite of all the attempts, no discharges were found wi th a compression 
lasting longer than 200 ~s. In fact in the majority of the discharges the densi ty was suddenl y 
lost within 50 )ls. The observed, irreproducible, lifetimes do not seem to be correlated to any 
external parameter, except for the filling pressure. The lifetime tends to decrease wi th a 
decreasing po. From the limited number of measurements with Thomson sca ttering data at 
times later than 10 ~s, but before the sudden loss of compression, we conclude that the central 
values ofTe and n remain constant, but that the width and the pos ition of the column change 
in the horizontal prane. From the magnetic field measurements we conclude that the current 
di str ibution is very broad and e lon gated (1:2) during the whole discharge. Most often this 
toroidal currenl distribution is maintained much longer (up to 500 )ls) than the density 
distribution. There is no experimenta l ev idence that impurities play an important role in the 
discharges. In Fig. 4 some parumetcrs of a shot with a relative ly long lifetime are shown. 

COllclusion. The method of shock heating is not suitable to produce high-B plasmas with 
strongly e longated minor cross-sec tion if one relies completely on wall stabili zation via 
force-frce currents. 

Acknowledgements. The authors wish to thank Mrs. B. 1. J. Grobben, W. Kooijman, W. J. 
Mastop, B. 1. H. Meddens and P. H. M. Smeets for opera tion of the machine and for their 
assistance in diagnostics and data- handl ing. 
This work was performed under the Euratom-FOM assoc iation agreement with financia l 
support from NWO and Euratom. 
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Fig. 2. Te- and ne·profile in the 
-7 equatorial plane at 10 ~s in a 
discharge with Po= 1 Pa, Bc= 
0.01 T and BT = 0.8 T 

rig. 3. a. A digital streak picture of a discharge 
with relatively long compressed phase. (top: 
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Fig.3b. Reconstructed emission profile in a poloidal cfoss·section at t = 4 ~s. showing an 
extremely elongated column, 
c. profile at t = 12 Ils after vertical compression. 
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INVESTIGATl ON OF CONVERGENT DEUTERON BEAMS 
'IITI! !N A PENETRABLE ELECTRODE SYSTEM 

I NT RODlJCT I ()H 

Salta rl Institute fOl" Nuclear Studies. 
05--400 Swie l"k,Poland 

P 8 C2 24 

Th E< paper n:'pol' ts on st udi ~5 o f i;\ pe netrable electrode 
s ~t d~s19 lled f o t" lhE: generatI o n o t convenIe nt deuteron b~ams 
requ Ired t or tbe cyll ndri col ion implosion / 1-2/ . 
£xperHllental glud:i,~s t,':IVe been pertorrn~d mainly with the 
MA.JA--(i O facilIty e qlll P p ecl wit h rJllJltl -rod cy lindrical 
elec t lodes 01 qUdsl-C OrlJ c al ~'!l eS wlt h d i fferent inter-
0,,\ I t'CLI ' udl~ 9dP:::':. 

EXPEHIMENTAL RESULTS 

"1'1""01 mass and ene r"gy a nalYSIS o f lhe ion beams emitted 
Cl l o ng Z-aX IS, a s w'--~ 11 as tlm8-- r eso l ved measurements of the 
deuteron pulses . h ave beell performed / 3-41 e specially for th e 
quasi - conl c al electrode:;:; s u pplied by a 48.uF condenser bank 
charged up to 40 kV. In o rder t o st udy a s patial s tructure. 
several series o f stereoscopic observations with a i o n­
pinhole c amera which wen:: equlPped with CN track detectors , 
have been carried out. On the basis of those measurements, 
it was possible to determine the location and approximate 
dimensions of i on sour ces . It has been found that for the 
so-ca lled slow l"egi me of the operation lat T-210 usl in the 
system of the cyli ndrical electrodes Isee Fig.1! as well as 
in that of the yua s i -coni cal ones Isee Fig . 2!. there is 
f o rmed an i on fOCusslng regi o n of about 40 mm in dia. and 
about 80 mm in l ength. 

Using th e CN films with and without add iti onal AI - foil 
fi iters, it has beE'n shown that the ion foc1 In question are 
fOl'nled u s ually by clf'..' utenJns with e nergy >30 keV. The s -harp 
(contras t) lon pinhole pictures tak en under the conditions 
di:;cribed above s uggest a balistic chara c ter of the ion 
mo tion. Analo90us measurements performed for other modes of 
tIL E- operation. i.e.. f or a medium regime at T=160 J,1S and for 
a fast r e gimE: at T= 120 /.1S. have shown that the ion pinhole 
pi ctu r -e take n at the distance of 40 cm are blurred and they 
have a background of some 107 ions/cm2 These effects suggest 



lower efectivity of the focussin~ o f Ion beams in the o ther 
operational regimes. 

Simultaneously with the IOfl rneasuremerlts In the MAJA 
facility. thel'"e have also been performed observations of a 
plas ma by means of X- ray pinhole cameras lequipped with 10 
urn- thick Be-filters/. In all the cases. when a marked ion 
fo cus was formed. there was also obse rved a distinct reg-lon 
of the X- ray emission /see Fig.!. Fi g .2 / . The plasma focus 
region. as observed in the X- rays. has been ~bout 10 mill in 
diameter and about 60 mm i n leng th. i.e .. co nsiderably 
s fnaller lhan the jon f oc u:3 1-eg l0n. It shou ld also be nClt ed 
that in suc h cases the neutron yjeld has r eached the maximum 
value o f the o r dBr of 10 9 neutrons/ s hot. 

CONCLUS IONS 

Thc5e ob~ervatlOllS s h ow some i ntenlependence between 
processes of Ion/electron accel~rati on and the yield of the 
fusi o n r eac tl u n s in the lI1ulti - }'f)d electrode systems. 

It [nay be c oncluded that the MAJA-60 k,] faCIlity. based 
011 the h 1 gh-cLlrr e n r. low-,p t'essure d 1 scha 1-ge between Pdrt 1 c I e-­
transPoJ ·e nt. mult Jrod elect r odes . IS the effIc ie nt sburc e o f 
convfJl"gent .i o n hearns. 
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MAjA-60 fa c lLit y equipped 1t.lit h the cy li.ndrica l penetrable 
electrodes an d o peultecl in a nsl.m.: ree; ime'" I..)i lll a time delay T= 
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Fig. 2. Ion pinhole pictures in the ~lAJA facility for t he 
quasi-conical electrodes and a s l ow operation mode (r=210 11S). 
Below - an X-r ay pinhole picture t aken side-on , and en larged 
ion-density map corresponding to t he e nd-o n ion picture. 
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STABILITY OF EXTENDED TAYLOR STATES IN A WEAKLY RESISTIVE, CYLINDRICAL, 
FINITE P PLASMA TO HELICAL PERTURBATIONS 

J . B.M.M. Eggen, Eindhoven University of Technology, 
P.B. 513, 5600 MB, Eindhoven, The Netherlands. 
W.Schuurman, FOM-Institute for Plasma Physics, 
P.B. 7, 3430 AA, Nieuwegein, The Netherlands. 

Abstract: The stability of cyiindrical symmetrical equilibria as predicted 
by a minimum magnetic energy principle for a weakly resistive , cylindrical, 
finite-p plasma, to helical perturbations with dependence exp (imB + ikz) 
on the cylindrical coordinates B,z is investigated. A Rayleigh ratio method 
is applied to obtain the sign of the second order generalised energy func­
tional of the describing energy pr i nciple for various perturbations. An 
eqUilibrium is stable if this sign is /XJsi tive . The resulting stabil Hy 
condition 1s firs t given in terms of equilibrium parameters and then trans­
formed to a condition on the total longitudinal piasmaf1ux 'P. This "condi­
tion is ~/21taBo> 0.1 . 

The model and its resulting egui l ibria . 
An extended version of Taylor's minimum magnetic energy principle [ 1] for 
the relaxation of a weakly resistive,cylindrical, finite-p plasma enclosed 
by a perfectly conducting metal wall minimises the magnetic energy Wb of 
the plasma for fixed magnetic helici ty K= fA·B dr and total longitudinal 
flux ~ with the total potential energy E= J (B-B/2po + p/( ., - l) } dr and 
force- balance P = v p - j x B = 0 as additional constraints . The mathe­
matical formulation to determine the extrema is then: 

6W = 6 { Wb - a E - A K - ~ ~ - J p.p dr } = 0 (1 ) 

where a.A,~ are constant Lagrange multipliers and p(r) is a space dependent 
one. For a cylindrical, infinitely long plasma of radius a with rotational 
and translational symne lry the extremal profiles are derived in (2]. If we 
r estrict ourselves here to equilibria describing reversed field pinch (RFP) 
experiments with peaked pressure profiles. character i sed by 0 $ 0 < I, the 
profiles are: 

Bz(r ) = BoJo (or) ; 

p (r) " p,[a(J:(ar) - 1)/(l--a)( ,-1 )P, ' +1) ; 

Be(r) = BofJ1(or) 

p er) = ar/2 

(2a,2b) 

(3a , 3b) 

with I n the ordinary Besselfunclion of thp. firsl kind. fi ~ {( l+Ko )/( I-a)} , 

K = (2-.,)/(.,-1) , Po = 2Popo/B~ I ., = 5/3 and Oi = hi / ( l +Ka)(l-a)}. 

Stability of the egui libria. 
To determine whether" an extremwn of the form (2 , 3) is an unstable equilib~ 
rium (maximum ) or a stable equilibrium (minimum, or true equilibrium) the 
second variation of the gener alised energy functional has to be cal culated. 
For the used model this second variation can formally be expressed as: 

a a a a a f' 6 W = 6 Wb - A6 K - 06 E - ~6 ~ - ~-6 Pdr 

and this functional can explicitly be written as (vxOA = oB ) 

O'W(OB) = (l-a)JOB, OBdT - ,JOB'OAdT + Jp, (vxOB)xOBdT 

(4) 

(5) 
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If 6'W > 0 for all allowed per t urbations the extremum is a minimum and th~ 
equil i brium is stable. The idea is to determine the perturoation that ex-

tremises a~w and to cal culate 62.W for this per t urbation. This is however 
not straightforward since it has to be determined whether this ext remis ing 
perturbation itself is a mi nimum or maximum. To avoid t his complication we 
wil l cal culate (5) by means of a Rayleigh ratio technique [3] . Wc will con­
sider two classes of perturbations: 'free' perturbations that satisfy only 
regularity and boundary constraints imposed by t he surrounding perfectly 
conduct ing metal wall, and 'restricted ' perturbations that have t o satisfy 
also global constraints. In both cases purely symmetrical (m=k=O) perturba­
tions have to be treated differently from helical perturbations. 

1. Free perturbations 

To calculate 6 i W with a Rayleigh ratio met hod we rewrite (4,5) as 

air = ( l - a )c'( l - AR ) 
-, , f ' R = c ( 0 K + ~ · O PdT) /{A(l-a)} . 

(6) 

Now suppose the max imum of R equals M- 1
: max {R} = M- 1

• Then f or 0 ~ a < I 
a necessary and sufficient condition for stability is: M > A. After 
straightforward calculus it follows that the perturbations that maximise R 
have to satisfy the equation: 

( l -a)M-'vxOB - oB + l /{( , -l )A} vx{vx (OBx~) + px(vxOB)} = 0 ( 7 ) 

For perturbations of the form 6B= (6Br (r) ,6Bs ( r ) ,6Bz (r»exp (ims +ikz ) t his 
equation can be written out in components, that can be combined into one 
solvable ordinary differential equation. The solution has to satisfy 
6As (a)=O for the m=k=O mode and 6Br (a)=O for t he other modes (due to the 
perfectly conduct ing metal wall ). This condition yie lds M i n terms of a and 
A. For both symmetrical and helical perturbations M can be given in terms 
of the equilibrium parameters and the mode numbers rn , k by the 
transcendental equation: 

(l-b ) mJm(,) + b, Jm-, (,) = 0 , 8 ) 

with ,' = ( l -b' }/a" b=k( l-a)/M and a,' [( l-a)/M + a /{( , - l)A})(l-a)/M. 
Using this resul t the stability of the equil ibrium is given in fig. I. in 
terms of the equilibrium parameters A and o. 

2. Rest r icted perturbations . 
In our model we took he l icity , potential energy, flux and force- balance as 
constraints for the extremalisation of the magnetic energy. If we require 
t hat these constraints a l so hold in f irst order the perturbations ~8 and 5p 
must satisfy: 

OK 2foB ' A,dT 

oE = f (OB ' B, + 

== 0 aP 

5p ) dT = 0 

V6p - {( vx68 )xBo + (vxB o)x6B} = 0 (9a,b ) 

M . (a) = 0 Mz(a) = 0 
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Eqs.e:i )~]B) are the first o rder cons tra j nts, Bo and Ao are the equilibrium 
profi l es ( denoted by s ubscr ipts zero) . Eq. ( lOb) expr esses conservation of 
total toroidul flux and eq. (lOc) corr esponds to t he flux t hrough the hole 
of the 'torus' being ze r o. In addition the fi r st order b oundary condi tion 
used t.o derive the profiles (2 , 3) has to be SC1tisfied: 

5p(a) + Bo (a ) ·58(a) = 0 ( ll ) 

This appr oach has been performed i n [4] for the helical and symmetrical 
modes. The r esult for the symmetr i cal mode was that the equilibrium is 
s lable if 

A'/{(l+Ka)( ] - a )} < ( 5 . 324 .. ) ' (12) 

For t he he lical modes only some s pec i al cases were investigated and we will 
now comment fUI"ther on the anC1lysis for the helical modes. 

For helical modes eq. (9b) together with v ·aB = 0 determine the 
perturbations completely. These equations can be reduced to the familiar 
infinite conductivity equation or the marginal Hain- Lusl equation with 
ir5B r ( r ) replacing ( as the dependent variable. Th i s equation should hold 
throughout the plasma region . But for certain values of the mode numbers 
m,k t he plasma ['egion inc ludes points for which m/rsBjJo (rs )+ kBzo(rs ) = 0 . 
These are singular points rs for t he describing differen tia l equation In 
the case of finite resistivity t.his equation should be replaced by a more 
exact four th order equation in t he vicinity of lhe singular points [5]. It 
seems therefore too restrictive to require ap = 0 to hold ( a velocity term 
will be needed to obtain balance in first order in themOm~~~~~quation ) . If 
we nevertheless solve the desc ribing equation it follows that only for cer­
tain m,k values non-trivial perturbations exist. As a res ult of this it i s 
possible thC1t some of t he most dangerous free perturbations are not allowed 
a nymore and t hat the stability region will become greater, 

Stabili ty in tenlls of experimental quantities. 
Up till now the equilibr ia were described by the Lagrangian multipliers" 
and a . These parameters are determined by the value of K a nd E. They can 
also be related to expp.riment.al quantities. Oflen the longitudinal flux and 
c urrent are measured in an exper iment. Using t he equilib rium profiles 
eq . ( 2,3) these quantities c an b e expressed as: 

}JoT = 2nB o fJ
1

(or ) ( 12a,b ) 

These relations can be inverted to yield A and a in terms of tota l flux and 
current. The boundary of the stability regi.on in f ig.l can approx ima t ely be 
expressed as oa < 3 . 11 . I f we use eq . (llb) we can t ransform t.his condit i on 
into a condit i on on t he f lux 

'1.' / 2na~Bo > 0 . 1 (13 ) 

The criterion oa < 3 . 11 also implies that a RFP will be stable according to 
this model if it has n o more then 30% reversal at the wall in t he 
longitudinal magnetic field: 

(14) 
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Discussion. 
From the previous sections and fig.!. wc can conelude that an equilibrium 
as det f.lrmined by (1 ) is certainly stable if it is s table to the 'free' per­
lurbations. The condition to be met then is that oa < 3. 11 , 0[" that (13) 
or ( 1,1) hold. The ciiffel"CnCe in results between t.he obtained stability c ri ­
terion for free and restric t ed perturbations dell1Qnstrates t hat more con­
straints on the perturhalions yield a larger slable reg-ion for the equilib­
ria since the most dangerous perturbations may thus be eliminated . The 
lower bound on the flux is in agreement with i ntuit ion: larger F means a 
lower value of aa, which corresponds with lesser peaked profiles for the 
magnetic field components and an equilibrium should become more stable if 
its profiles get flatter (more constant ). Since the mode l used here is an 
extension to Taylor's pr" jllciplL' it i s wort.h to noLe th;·t\ Tay ll)]" 's stabilit.y 
resuJ ts are recovlS'T'ed if the paramet.er a is set to :t.ero. 
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Fig.l. Stability of the equll ib ria ~s lundi.oll of the pa r'Jmptf'1I"S A and a. 

Acknowledgement: 
This work was partly performed under the Euratom- FOM association agreement 
with fi nancial support from ZWO and Euratom. 
References: 
[1] J.B. Taylor, Rev. Mod. Physics 56 (1986) p. 741. 
[2J J.B.M.M. Eggen and W. Schuurman, Proc. 13th Conf. on. Contr. Fusion and 

Plasma Heating, Schliersee, lq-18 April (1986) ValID C,Part I, p. 356. 
(3] J.W. Edenstrasser and W. Schuurman, Proc. 1984 Int. Conf . on Plasma 

Physics , 27 June - 3 July, Lausanne. 
[4] J.B.M.M. Eggen and W. Schuurman, Proe. 14th Conf. on. Contr. Fusion and 

Plasma Physics, Madrid, 22- 26 June 1987, Vul 11 D,Part Ill, p. 1115. 
[5] H. P.Furth , J.Ki11een, M.N .Rosenbluth, Phys. of Fluids 6 ( 1963 ), p. 459. 



~1 o 8 C2 26 

MAGNETIC PROPERTIES OF THE SPHERICAL TORUS 
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The Heidelberg Spheromak Experiment (HSE) uses the theta-z-pinch 
formation method to create compact field reversed plasmas (Spheromaks) with 
both poloidal and toroidal plasma currents . These plasmas are about 
spherical and have a full diameter of 24 - 30 cm. For two axially aligned 
toroids (doubly toroidal configurations) a length of up to 60 cm is 
possible. Spberomaks with plasma currents up to 300 kA have been created. 
With internal multiprobe arrays the magnetic structure of the toroids has 
been investigated during formation and decay. 

While previously the standard operation of the experiment aimed at the 
production of spheromaks and doubly toroidal configurations of the 
spheromak-type /1,2/, we have modified the device and thus have been 
able to achieve for the first time the generation of spherical tori with 
aspect ratio 1.1 /3/. These configurations have been named and studied 
theoretically by Peng and Strickler /4/. The spherical torus differs from 
the spheromak (where there is no linkage of material along the center axis 
of the toroid) by the existence of a current carrying central conductor 
which adds a vacuum toroidal field to the magnetic configuration. Hence a 
spherical torus is a tokamak with a very low aspect ratio . While the q­
value of a spheromak is everywhere below unity (ideally it is around 0.82 
near the magnetic axis and decreases to 0.72 towards the separatrix), a 
spherical torus has a tokamak-like q(axis) >1 and q increases towards the 
separatrix. We have also investigated two axially aligned spherical tori. 

For the purpose to generate a sperical torus the experimental device 
was equipped with an axial conductor. Two methods of operation are possible 
/3/: (1) if the conductor is unshielded against the plasma, part of the 
poloidal plasma current can commute onto it, (2) with the axial conductor 
being insulated against the plasma discharge we can drive an externally 
generated current through the conductor. Thus, (1) the current along the 
axial conductor will be appropriate to the self-relaxation of the plasma 
while (2) we can apply any desired external current (and hence any vacuum 
toroidal field) onto the toroid up to the technical limit of about 30~ of 
the usual maximum plasma poloidal current. 
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Spheromaks are unstable to n=1 tilt and shift modes. In presence of an 
axial (currentless) conductor stabilization is achieved only if the 
diameter of the conductor becomes appreciable compared to the minor radius 
of the plasma /5/. This is not the case in HSE, where the axial conductor 
has a diameter of 15 mm. However, if a current of sufficient amplitude 
(in HSE more than 15~ of the poloidal plasma current) is driven along the 
central conductor, the tl1t- and shift modes are suppressed and the plasma 
decays stably on a resistive time scal e. 

We have investigated the magnetic topology by internal magnetic probe 
arrays which allow the simultaneous measurement of all three components of 
the magnetic field at ten radial positions in the range of r= +- 12 cm. In 
order to obtain a two-dimensional picture of the plasma, a shot-to-shot 
scan was performed for different axial probe positions. 

Fig. 1 shows the measured poloidal flux pattern in the r-z half plane 
of a spherical torus for two different times, the intervals being 6V' = 1 
mWb. At t = 2~ ~s the separatrix length is 28 cm, the diameter 26 cm. We 
have already presented magnetic field profiles both in radial and axial 
direction for the 
spherical torus which 
demonstrate the close 
accordance between 
experimental and 
theoretical equilibrium 
/3/. For the analytical 
solution of the 
equilibrium differential 
equation we used a 
streamfunction which 
varies linearly with the 
poloidal flux. Such a 
dependence is to be 
expected if a complete 
relaxation into a 
Taylor-state takes place 
/6/. Experimentally we 
find a non linear 
relation between the 
stream function (i.e. 

\'~"25I>t~~~\ , , , , 

SI5I.XX 

, 

Fig. 1 

the poloidal current) and the poloidal flux only during the early 
formation, when the z-pinch dominates and flux amplification takes place. 
During the whole equilibrium decay phase a linear dependence is present. 
This is demonstrated in fig. 2 which presents the poloidal current versus 
poloidal flux at t= 25 ~s where the flux at the magnetic axis is 4 mWb . 
Note that the individual measurements shown scan the whole r1z plane of the 
confined plasma. The figure shows that a current of about 35 kA flo ws in 
the axial conductor at the investigated time point. 

For the plasma pressure, we find that durinR the early formation phase 
an inverted pressure profile is most consistent with the magnetic 
measurements. Lateron the maxi mum pressure clearly is seen on the magnetic 
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axis. The relation of plasma pressure to poloidal flux can be assumed 
best to be linear, 
however I from the 
measurements any 
exponent between 1/2 and 
2 might fit into the 
scatter of the data. 
This is because the 
determination of the 
radial and axial plasma 
pressure profiles from 
magnetic measurements is 
inaccurate since it 
results from the 
difference of large 
quantities. 

100 

50 

I lkAI 

. : 

Fig. 2 
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3 ~ ImWbl 
We can, however, infer the volume averaged beta from the magnetics. 

Such a study was performed for two axially aligned spherical tori. The 
details will be reported elswhere /7/. Here we refer to the measurement in 
one of the two toroids where we find ~values between 11 and 13 i, lower 
than estimated in our preliminary investigations /3/. The present value 
results consistently both from (1) a consideration of the measured magnetic 
energy i.e. the relative contributions from the poloidal, the plasma 
toroidal. and the vacuum toroidal field energy as compared to the 
corresponding contributions which are anticipated theoretically as well as 
(2) from profile fits . Fig. 3 shows a fit of the experimental radial 
magnetic profiles in the symmetry plane of one of the aligned tori with (a) 
a force free numerical calculation (Fig. 3a) and (b) another one assuming 
an average beta of 12i (Fig. 3b), both at t • 32 ~s . From our present 
investigations we anticipate that these results are valid also in the case 
of 6. single (standard) spherical torus. We note that the approximative 
analytical solution of the equilibrium differential equation in the 
symmetry plane / 3/ cannot be used for a determination of the pressure. 

= 

i f 
.' 

_D.S 1 r 
T I r. .. ) om' 

Fig . 3. Fig . 3b 
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Considerable effort has been spent on the determination of the q-profile 
for various experimental conditions. Fig. 4 shows the q-profile for various 
time slices for the same scan which was used for the evaluations of figs . 
1 and 2. Since the current through the conductor can be considered as a 
free parameter at least in 
the case when the current q!tlJ),---------.---------.--, 
is driven externally, S15 1. xx 
intuitive ly one might 
expect that the q-profile 
would vary with the 
applied current. 
Experimentally, with a 
unshielded conductor, we 
almost always find a 
linear stream function 
and a q-prof ile as shown. 
It seems that there is no 
stable smooth transition 
to the spheromak case 
where q is below unity and 
decreases towards the 
separatrix. Decreasing the 
applied axial current, the 
plasma becomes unstable. 
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In conclusion we find that in the modified HSE device spherical tori 
(both single ones and two axially aligned one) are very well described by a 
Taylor-like relaxed equilibrium with a stream function 1("1") = 10 + Illf 
where 10 1st the conductor current and 11/ ~ the eigenvalue of the 
configuration which is independent over the crossection. The q-profile, as 
is the whole equilibrium, corresponds well to the one anticipated for the 
spherical torus /4/. 

This work was supported by the Deutsche Forschungsgemeinschaft 
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Smal l aspect ratio devices have received considerable attention in 
recent years, especially from Peng and co workers (1]. They have a number 
of potential advantages over tokarnaks of conventional aspect ratio. The 
most stable equilihria are naturally elongated and D- shaped allowing a 
substantial reduction of the currents in poloidal and, particularly . 
toroidal field windings required to sustain a given plasma current . 
Theoretically the volume averaged ~ is high, though ~I is smal l and the 
paramagnetic enhancement of the toroidal field can be substantial. The 
toroidal field gradient in the discharge centre is reduced and IBI tends to 
remain constant on the outside of the flux surfaces, reducing the width of 
banana orbits . At small aspect ratios current profiles cafi be found which 
are stable to tearing modes with qo well below unity [2). 

We have studied a number of these issues and also considered some of 
the problems associated with reactor designs based on this concept . 

Equilibrium and stability 
A series of equilibria have been studied with uniform external vertical 

field and bell-shaped current distributions at aspect ratios down to 
1 . 02 . Fig.l shows their elongation, K as a function of Rla for low~. The 
flux surfaces for a case with volume average toroidal ~, <~T>=30% at 
R/a=l . OB are shown in Fig.2 . Even at these high ~ levels, the paramagnetic 
enhancement of the toroidal field is substantial, amounting to a factor ~ 3 
for this case as illustrated in Fig. 3. The q-profiles are typically flat 
near the centre, with qo<l and strong shear close to the boundary. At low 
~, qo approaches the value appropriate for a spheromak (0 . 825) as BT is 
reduced towards zero . 

The stability of these equilibria has not yet been tested but , from 
previous work (2) , we anticipate that only slight modifications to the 
current profiles will ensure stability for m=1 tearing modes . Profiles of 
this type stable to m~2 tearing modes can also be found [3] . At more modest 
aspect ratio, R/a=1.78 equilibria stable to high-n ballooning modes at <~> ~ 
13% have been found with qo ~ 1. It should be noted that these could still 
be unstable to low-n ideal modes (infernal modes) near the centre , where 
there is an extended region of low shear . 
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Reactor Prospects 
Reactor studies, such as the Ignition Spherical Torus at FEDC and the 

Advanced Tokamak Reactor at LASL have identified some of the major problems 
of the tight aspect ratio , in particular the difficult des ign of the central 
column and the need to generate and sustain a plasma current, Ip ~ 20 MA by 
non-inductive means. 

To minimise the recirculating power required for con t inuous operation , 
the plasma density. n should be maximised , because the thermonuclear power, 
PTN~nl whereas the power required to sustain the current , PCD~ n. A O-D 
power balance analysis indicates the optimum burn temperature is ~ 25 keY 
and that the condition PeD < PTN/20 leads to 

~co 
0,1 n(lOlOm-l)j(MA m- 1 ) 

PCO(MA m- 3 ) 

8 . 3 0.52 j(MA m- 2 ) 

n (10 1 0m- 3) 

where ~CD is an arbitrarily defined current drive efficiency and (at T = 
25 keY) ~I is defined as 16 n(10 l 0m- J )/I(HA) j(HA m- 2 ). 

(1) 

Equation (1) brings out the importance of ~CD and ~I in determining the 
plasma current and hence the reactor size. A current drive efficiency. 
~CD ~ 0.8 , is needed to keep Ip<20 MA with ~I = 0.5. This is close to the 
theoretical maximum for coupling to re l ativistic electrons by fast waves. 
In any case, ~CD)0.52 is required to avoid the conventional tokamak density 
limit at jln < 1 (units as above) . 

We may note that continuously operating tokamaks with more conventional 
aspect ratio would generally have higher critical values of ~I (~2 say) , 
allowing a reduction in either ~CD or I D. However, the scaling of energy 
confinement time may independent ly set a lower bound on Ip of order 10-20 HA 
in order to achieve a sufficiently high value of ~E ' 

Experimental Reguirements 
Devices which can confirm the properties of tight aspect ratio 

equilibria are urgently required to make an impact on the design of next­
generation experimental reactors. Some information on mhd stability may be 
obtained by adding a central , current carrying rod to spheromaks , as 
reported recently from the Heidelburg s?heromak experiment [4]. Another 
option is to compress a conventional to~amak discharge by a factor ~ 3 in 
major radius while simultaneously reducing the to roidal field. Such 
discharges cannot be sustained by conve~tional transformer action but should 
be capable of exploring very low aspect ratios, Rla ) 1.1. 

At Rla ~ 0.5 m/0.3 m, a steady- state device seems feasible with BT{vac) 
~ O.s-I.OT, increased by a factor of 2 due to paramagnetism, using 
water-cooled copper conductors and Ip ~ 1-2MA driven by a few MW of LH 
andlor ECR waves. This should be capable of studying start-up and current 
ramp at ne t 10 19 m- J and low~. It woald also contribute to the technology 
f or continuous operation and provide ne .... information on long time scale 
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plasma-wall interactions and wall chemis try. Injection of high speed 
pellets should allow transient , high-~ , joule-heated discharges to be 
studied . 

Conclusions 
In principle, the low aspect ratio tokamak offers the prospect of a 

compact , high-~. continuously operating reactor design which could have 
substantial benefits in cost and size compared with the conventional 
approach. Such potential justifies a vigorous theoretical and experimental 
programme to study the unique properties of this configuration . 
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1. INTRODUCTION 

Strong edge fluctuations are a characteristic feature which 
distinguish the L-mode phase of JET X-point plasmas from the relatively 
quiescent , high confinement (H) phase . Periodic spikes , seen by several 
diagnostics viewing the outer r egion of ~he plasma, usually appear with the 
application of ICRH or NBI, i nitially at a repetition frequency of ~ 1-2 
kHz. If sufficient power is applied , the spikes slow to a frequency of ~ 
100 Hz before disappearing at the L- H transition. Under some conditions, 
the H-phase is followed by a further period of similar spikes, during which 
a reduction in the global particle and energy content occurs . This 
sequence of Land H phases can be repeated several times during a discharge 
(see Figure 1). 

Previous studies of the coherent edge spikes have relied mainly on 
data from magnetic pick-up coils and soft X-ray diodes /1 ,2 / . Detai l ed 
measurements, described below, have recently been made with a number of new 
diagnostics. These include Langmuir probes and pick-up coils near the 
X-point position , a poloidal D~array and a multichannel reflectometer and 
an EeE heterodyne radiometer v~ewing near the midplane. Comparison of the 
observed local perturbations with global changes, presented in Sec t ion 3, 
leads us to conclude that convection of particles from the outer region of 
the plasma during the spikes could be responsible for much of the observed 
reduction in plasma energy . 

2. LOCAL MEASUREMENTS OF EDGE FLUCTUATIONS 

A typical series of spikes leading up to an L ~ H transition is shown 
in Figure 2. The magnetic coil nearest to the X-point s hows a field change 
of up to 9 T/S. The rise time of the initial spike is 50 ~s, while the 
burst of activity lasts for ~ 300 ~s. A simultaneous spike of similar 
shape occurs on the current of all of the Langmuir probes in the X-point 
tiles. Previous analysis using a po1oida1 array of coils has shown 
simultaneous changes in ~ at all locations, with a magnitude largest at the 
top and bottom of the plasma and weakest at the outer midplane . The field 
perturbation which would be produced by a current flowing in the scrape-off 
layer has been calculated using Langmuir probe data for a similar discharge 
(Figure 3), and is consistent with these measurements. 
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Reflectometry and Da measurements show well correlated but slightly 
slower changes. The coherent detector signal of the 18 . 6 GHz channel of 
the reflectometer, which corresponds to a critical density of 4.3 x 10 18 

m- l (re/a = 0.92), shows a phase change of ~ n. Taking the density 
gradient from FIR interferometer measurements , a local density change o f ~ 
1.1 X 10 18 m- 3 (25%) is calculated . The effect on a second channe l with 
ne= 1 . 9 x IDlY m- l (re/a = 0 . 83) is much smaller. indicating a perturbat i on 
localized outside this radius. More complete analysis of bne(r) should be 
possible when the f~ll 12 channel system is operational /3/ . During the 
same period, a 75% ~ncrease in Dq emission is seen along the chord viewing 
the X-point, indicating substant~al recycling of particles at the divertor. 

On a discharge with a lower field of 1.7 T, the electron temperature 
at r /a = 0.93 was measured using a heterodyne radiometer. Sharp dips of 
20-38 eV are seen , corre lated with the fluctuations on other diagnostics . 
At the end of the L-phase the edge T~ is 450 eV, 200 eV above the ohmic 
level. During the L ~ H transition lt increases by 100 eV in ~ 10 ms , 
apparently due to a sawtooth heat pulse . This jump does not occur on all 
discharges. 

Soft X-ray measurements made on 2 MA X-point discharges in 1986 give 
further information on the topology of the perturbations. The outermost 
channels of the vertical poloidal array show an increase in ~ 80 ps, while 
the effect on inner channels is reversed and on a slower time scale of ~ 
800 ps. This indicates a disruptive-like instability originating near the 
edge, with an inversion radius of r/a ~ 0.9 . The r elative amplitude of the 
perturbation on different chords shows a strong localization to r/a ~ 0 . 7 
(Figure 4). The inversion radius is no longer visible with this diagnostic 
due to the loss of its outer channels . 

3 . EFFECT ON GLOBAL PARTICLE AND ENERGY CONTENT 

Near the start of NB!, the plasma density and energy are rapidly 
i ncreasing and there is often no abrupt change in ~ or ~ at the initial L ~ 
H transition. The global effect of the edge spikes is more clearly seen 
during the short L-phases later in the discharge . For example , during the 
first such phase of Pulse 13806 (Figure 1). the volume integrated particle 
content Nt8t' obtained from t he FIR interferometer, shows a mean net loss 
of 1.5 x 1 19 particles (0.4%) for each of 17 spikes . For comparison , this 
would correspond to a local decrease of 10 1a m- l extending over ~ 8 cm and 
is consistent with reflectometer and soft X-ray measurements. Calcul ations 
based on the typical enhancement of I at (~ 85%) give 4 x 10 19 additional 
particles reaching the X-point tiles auring a spike /4/ . Da measurements 
show that in this L-phase an average o f ~ 5 x 101a particles/spike are 
recycled f r om the divertor region. While these values have absolute 
uncertainties of ~ 50% . they indicate that a rapid outward convection of 
particles associated with edge spikes could cause the observed global loss. 

The plasma energy W, as measured by the diamagnetic loop, shows 
similar time behaviour to Ntot but has a smaller relative change during the 
L-phase . In the above case , there is a mean decrease of 7.6 kJ (0.2%) per 
Du spike , which could be accounted for by convective losses if the 
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particles ejected have a mean energy of S 1 . 56 keY. This is only half the 
average plasma energy and is equal to the electron temperature at rla = 

O.B, inside the i nversion radius for the edge instability inferred from 
soft X-ray data. The conclusion t hat increased losses during the L-phase 
are associated mainly with convection from the outer region is supported by 
specroscopic observations of Ni radiation , which continues to increase 
steadily in the centre while decreasing near the edge /5/. 

While t he i nitial transition from L to H-mode is necessary to at t ain 
improved confinement, the subsequent appearance of short L-phases may have 
operational advantages. Since the f luctuations appear to eject relatively 
cool particles , high plasma energies are achievable at lower densities than 
would be present in a continuous H-mode . This may be a useful means of 
controlling plasma density and avoiding disruptions, which will be 
increasingly important at higher currents and heating powers. The regime 
at which L-phases reappear has not yet been fully explored . They tend to 
occur earlier, and be of shorter duration, in discharges with a small 
separation from the outer limiter. 

4. DISCUSSION AND CONCLUSIONS 

Experimental data on JET indicate that fluctuations localized in the 
outer region of the plasma (r/a ~ 0.9) are important to the physics of the 
L ~ H transition and to corresponding changes in Ntot and W. The gradual 
decrease in their frequency and the fact that parameters between spikes 
(eg . Da , Isat) are very close to those in the H-mode suggest that the 
plasma passes through a region of marginal stability before reaching a 
quiescent H-mode . Understanding the nature of the instability should help 
to assess the conditions necessary for the improved confinement. 

Recent measurements and analysis of pressure and shear profiles in the 
outer region of the JET plasma 16,7/, show that conditions are stable to 
ballooning modes during the L-phase. They only marginally approach the 
second stability region at the L-H transition, although the measured Te of 
450 eV should be sufficiently high to attain this 18/. There is also 
evidence of currents flowing in the scrape off layer during the disruptive 
spikes /9/, though it is not clear whether they are a cause or effect of 
magnetic perturbations. Parameters in the divertor region are being 
assessed to see whether they support t he presence of a thermal barrier. 
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THE ROLE OF THE SCRAPE-OFF LAYER IN X-POINT DISCHARGES IN JET 

P J Harbour . L de Kock . S Clement , S K Erents, N Gottardi. 
A E"Hubbard , M Keilhacker, E Lazzaro. P D Morgan, D Stork, 

D D R Summers, J A Tagle and A Tanga 

JET Joint Undertaking, Ahingdon. Oxfordshire, OX14 3EA, UK 

INTRODUCTION 
The plasma parameters in the X-point divertor in JET have been 

measured using an array of Langmuir probes in the divertor target tiles and 
supported by measurements of Dq radiation (20 with eCD camera viewing the 
target tiles; 10 using a poloidal array of telescopes) and bolometry. The 
Langmuir probe measurements show that t he saturated flux of ions, I SAT ' 
parallel to the magne t ic field is about 10 A cm- 2 at the divertor 
separatrix in ohmic discharges . In L-mode with NBI it increases by a 
factor < 2, depending on power level (PNSI < 7 . 5 MW) and then decreases 
when H-mode is established. The scrape-off thickness, hISAT' i s the same 
in ohmic and L-mode but decreases when H-mode is established. The 
corresponding values of electron temperature at the divertor target are 
Te t ~ 30 eV (OH) and ~ 50-60 eV (H-mode). L-mode temperatures are not 
reported here because of rapid fluctuations in parameters. During ICRH the 
values of ISAT increase by a factor s 5 and Te also appears to increase . 

There are 40 po1oida1 bands of graphite tiles in JET (1987/8), shaped 
to col lect the diverted plasma. The plasma impinges on two separate 
patches on each po1oida1 band (figure la). Eight Langmuir probes are 
flush-mounted in the target tiles, being designed to receive the inner 

L. 
CCD 
1987/8 I 

.Ic· ~~'C;'f""" ---,,-,,--,,-,,--c.-c.-' -~'--'-.-: ~". 'CC" ::,,":_-~--,-1_- -_--, -_--_" -_-",-

(') 

I') 
1 
1 
1 
1 +I _ _ A 

W ~ 

P8 

~ Geomet r y of the X-point divertor in JET. (a) Shovs two bands of graphite 
t arget tiles vith scrape-off layer impinging on Langmuir probes Pl-4 and PS-8 . 
(b) Shows the tiles and probes and t he view of the CCD camera. (c) I s a poloidal 
section through the tiles vith X-point positions, estimated from our data, Xl 
(0 10722), X2 (11 14083), X3 (11 14820-34) and X4 (8 14883) . (Rtop = 2 . 630 m). 

I 
! 
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(high field side) and outer (low field side) diverted scrape-off layers . 
Fig. l(b) , (c) shows more detail of the experimental arrangement , including 
the view of the eCD camera , which actually covers 3 bands of tiles , whereas 
the Do telescope array views a sector midway between two bands of tiles . 
The position of the X-point and hence of the inner and outer separatrices 
in the divertor may be varied : examples for several discharges are shown in 
Fig . l(e) . The Langmuir probes and D telescope are in Octant 8 and the 
eGD camera is in Octant 6 , viewing ti1es in Octant 5 and Octant joint 5/6 . 
EXPERIMENTAL RESULTS 

Figure 2 shows the variation of parameters in a typical beam-heated 
discharge . The flux of ions towards the target measured by one of the 
probes, I SAT ' varies i n a very similar way to the 0a (CCO) intensity at the 
same location on the tiles, but there are some differences between these 
signals and the intensity of Du measured between the tiles , Du (POL) . 
During the ohmic phase of the discharge (t ~ 12 s), Da and IS AT are fairly 
constant but with small inverse sawteeth. With NBI they increase and 
fluctuate rapidly. The fluctuations (ELMs) [1] are best shown by t he ISAT 
trace because its sampling rate was faster for 12.1 s < t < 13.1 s. The 
fluctuation rate decreases in the late L mode and at 12.5 s the H Inode is 
established with much more quiescent signals, again with inverse sawteeth , 
more prominent than before . There is an H ~ L transition at 14 s and a 
series of L-H-L transitions thereafter . Each group of ELMs, especial ly the 
first group , shows maximum and minimum values of ISAT which are typical of 
Land H modes respectively . The power radiated from the X-point region 
(not shown) varies in a similar way to ISAT and Du' increasing from ~ 0 . 9 

MW (OH) to ~ 1.2 MW (L), then decreasing to 0.8 MW (HI) and rising slowly 
during the H-phase to ~ 1 . 2 MW (H2) with bursts of up to 1.8 MW in later L 
phases . The total electron content. N. is also shown in f igure 2 and in­
creases rapidly during Land H mode decre_.a~s~l~·n~g~a~t.Te~a~c~h~s~u~b~s~e~q~uTe~n~t~L=.p~h~a~s~e~ . 
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Poloidal profiles of Da and I SAT ' taken at the times indicated in 
figure 2, are shown in figure 3 . The profiles are measured in terms of the 
po!oidal distance, s, from the target tiles at the top of the torus, RtQP ~ 

2.630 m (figure 1 b.c). As is evident from fi gure 1 (c). only the X-po~nt 
(X2) and outer scrape-off layer are visible for this discharge (H 14083) . 
Probes 1- 4 are not facing the plasma directly but are shadowed by the apex 
of the tile and corrected as described elsewhere [2]. The profiles of both 
D and ISAT agree in showing a well defined maximum at the outer separatrix 
w~ich appears to move to smaller radius during the H-phase. The profiles 
of ISAT are flatter than for Du' but both show no change between ohmic and 
L mode. Outside the separatrix the profi les are exponential with hrSAT ~ 

133 mm (OH), 122 mm (L). Profiles in H-mode are steeper with hISAT = 102 
mm (HI), 92 mm (H2). The values of hISAT quoted here are measured in the 
s - direction and will be modified later to equivalent midplane values . The 
similarity between scrape-off thickness in OH and L phases suggests, that, 
as with limiter discharges, there is no change in D1 with NBI . The 
decrease in AISAT by ~ 25% in H mode suggests a strong decrease in D1 to 
D1 (H) ~ 60% DI(L) and even larger decreases have been observed. 

The H-moJe was studied in detail in a series of 3 MA, 2. 1 T discharges 
with 7.5 MW NBI C# 14820- 34). Figure 4 shows the average values during 
the H-phase of T~, ISAT and Da' The profile of Du on the electron drift 
side shows a max1mum at s = -8 cm and that for ISAT shows a maximum at s 
-6 cm . Taking the outer separatrix at s = -7 ± 1 cm the data suggest that 
the maximum in Te is not on the separatrix but further out into the 
scrape-off layer. The reduction in Te at the separatrix is believed to be 
related to local recyc l ing and finite thermal conductivity. The Du profile 
on the ion drift side of the target tile shows the location of the inner 
separatrix . Extrapolating the ISAT and Te profiles to the inner separatrix 
suggests that ISAT is larger and Te smaller than at the outer separatrix 
and this is supported by other data (eg. # 14338 ohmic phase). The 
different T values at opposite ends of the same flux tube in the 
scrape-off layer lead to differing sheath potentials, causing electric 
current to fl ow around the scrape- off layer [3] . Currents of up to 10 A 
cm- l have been measured, especially during the ELM phase [lJ. 

The measured parameters from figure 4 have been used to calculate the 
density in the divertor (nd = 2 ISAT cs/e) and the heat flux parallel to 
the fie ld at the target (P 11 t = 8 ISAT Te) and these are shown in figure 
5(a) which also shows values of parameters at the midplane (~, Te m) 
derived using Spitzer conductivity and the sheath convection as described 
in [4] . The power flux to the target in these 7.5 MW discharges can be 
compared to that in a 9 MW discharge , # 10755 in 1986 [5J in which p~uter 
was determined by infrared thermography to be 10 MW m-I onto the target 
tiles . The maximum H-mode value of PII t for this discharge was 60 MW m-I , 
agreeing well with the 57 MW m-I deduced here with Langmuir probes, even 
allowing for the difference in power. The profile of T~ m is monotonic 
despite the dip in the separatrix values of T~ in the d1vertor . Both T 
and nm are consistent with LIDAR and ECE pro~lles [1]. e,m 

Figure 5(b) shows profiles of mean free paths in the outer divertor. 
The Coulomb mean free path (1 m < Aee d < 8 m) is always smaller than the 
connection- length, hence allowing a temperature difference to develop 
between midplane and divert or as i~ shown in figure 4 and Sa. The mean 
free path for deuterium atoms, ADl ) is also shown. This has been 
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evaluated using AD(O) = v(O)/[od<oV)] with (av) = <ov>(Te ) and with v(G) 
taken at 1 eV or at Te , The mean free path for D atoms with energy s 1 eV 
is always smaller than ~ in the divertor (= 110 mm, see figure Sa) and so 
slow D atoms (and D2 molecules) are almost always ionised in the divertor 
in their firr~ transit of the scrape-off layer . Faster charge exchange 
atoms have h ) > ~ except at the outer separatrix . This may be critical 
and will be studied in more detail. 
CONCLUSIONS 

The plasma parameters measured in the divertor suggest that DI CH) s 
0,6 D

1
(L) , The power flow deduced agrees with that from 1986 discfiarges . 

The power and particle flow will be discussed in [2]. All atoms and 
molecules recycling from the divertor near the separatrix may be ionised 
locally but further out in the divertor scrape-off layer (larger s) the 
fast recycling atoms will escape from the divertor. 
REFERENCES 
[l~A:~ubbard et aI, Edge Fluet. Measts . During X-Pt. Plasmas in JET . This Conf. 
[2] P.J. Harbour et aI , 8th Int PSI Conference, Julich, Hay 1988 . 
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(I+] P,J. Harbour , Nuclear Fusion 24 No 9 (1984) 1211. 
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PLASMA EDGE EFFECTS DURING ADDITIONAL HEATING IN JET 
WITH BELT LIMITER CONFIGURATION 

p 3 0 64 

H Brinkschul te , S Clement+. J P Coad, L de Kock, S K Erents*. G Neill, 
J Partri dge*. J C 8 Simpsono and J A Tag1 e 

JET Joint Undertaking , Abingdon , Oxfordshi r e , OX14 3EA , England 
• Culham Laboratory , Abingdon, Oxfordshire , OX 14 3EA , England 
+ Association CLEMAT/EURATOM , Madrid, Spain 

Surface Analysis Technology PLC , Ascot, Berkshire , SL5 7PW , England 

Introduc ti on 
The efficiency of ICRH heating and current drive with Lower Hybrid 

waves i s influenced by the properties of the plasma boundary. In 
addi tion , ICRH heating has a strong effect on the edge plasma: the plasma 
parameters denSity , temperature and particle flux increase . A knowledge 
of all these effects is essential in understanding the influence of t he 
edge plasma on the behaviour of the confined main plasma during 
additional heating (impurity generation and transport , transition from 
L-regime to H-regime in discharges with magnetic separ atrix , particle 
conf inement duri ng neutral beam fuelled di scharges , etc). 

Since the summer of 1987 , the original arrangement of 8 discrete 
limiters in JET has been replaced by belt limiters (to allow heating 
powers up to 50 MW). Two toroidal rings of narrowly spaced carbon tiles 
wer e mounted close to the outer wall of the vacuum vessel, both rings 
separated by .. 1 m above and below the equatorial plane. Al though the 
plasma boundary showed generally the same behaviour as for the discrete 
limiter configuration [, - 3] , new f eatures were found with the new full 
toroidal belt limiter configuration with a total input power up to 22 MW. 

Experiment 
During the last upgrading of JET a large number of diagnostics for 

the scrape-off layer (SOL) were installed as shown in Fig 1 . 
- 20 fixed Langmuir probes in the belt limiter t iles at Il different 

toroidal and poloi dal positions. 
- 2 fixed Langmui r probes in each of the I CRH antennae si de 

protection tiles in octants 1D and 5D , at different radial positions . 
- An array of 6 Langmuir probes (3 facing the electron drift direc­

tion and 3 the ion drift direction). These can be posi tioned at any 
radial posi tion from the wall through the intermediate top vertical port 
in octant 5D. 

- A fast transfer system (FTS) containing a collector probe 
(rotatable during the pulse or between pulses) and fixed Langmuir probes, 
entering the torus .. 40 cm above the equatorial plane in octant 7D. 

Toroidal and Poloidal symmetries and SOL Thickness 
Measurements wi th the 20 bel t Umi ter probes biased at -10aV 
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Fig 1 : Unfolded view of the torus wall as seen from inside with 2 belt 
limiters (BL) , 8 ICRH antennae ( lD to 8B), 2 4 Langrnuir probes 
( LP), reciprocating probe (RP) and collector probes (ep) on FTS . 

revealed all particle fluxes to be identical to within ± 10 % indicating 
that the plasma is toroidally symmetric to be better than 2 mm and con­
sequently that the power is deposited uniformly on the 2 belt limiter 
rings . This simplif i es the investigation of the plasma pr ope rt ies in the 
poloidal direction which can be done at any convenient toroidal 
location. 

The 2 belt limiters define 2 different areas for the SOL : an inside 
or high field area « 1 m above and below outer mid plane) and an outside 
or low field area (> ± 1 m away from the outer mid plane). Both areas 
which are analysed by the corresponding probes - are separated by the 
plasma tangent lines on the bel t l imiters , (last closed flux surface 
LCPS) the exact location of which is unfortunately not known in JET 
with a precision better than 1 - 2 cm from the magnetic flux surface 
calculations . 

Fig 2 gives the particle flux e-fold ing length as a [unction of 
total ICRH heating power for 3 differen~ cases: a) and b) the 1986 
discrete limiter configuration, b) after conditioning of the machine by 
heavy carbonisation, and c)-d) the 1987-88 belt limitel' configuration for 
the inside area . For all plasma curr ents , the flattening of the profiles 
due to RF heating is al ways less pronounced fOl' the bel t l1miter 
discharges than for the discrete limiter configur a t ion . The boundary 
behaves differently when the plasma is heated by neutral beams (NB) where 
the SOL thickness does not change with total input power . Fi g 3 shows 
almost constant particle flux (~I) and deposited power (~p) e-folding 
lengths for 5 MW NB heated discharges whereas ~I and ~p in crease by a 
factor of 2 for the same RF power . 

The latter has been attributed to direct deposition of RF power in 
the boundary causing an increase in the diffusion in the edge (01) or an 
ionisation in the boundary layer [3] . However, machine conditio~s and 
density behaviour (Figs 2 and 3) clearly show that flattening is associ­
iated wi t h these effects as well as diffel'ent phasing of the ICRH 
antenna [lj] . 

The behaviour of the SOL ins i de and outside the belt limiters is 
presented in Fig 4 , and was investigated for discharges with ohmic 
heating up to 3 . 5 MW and RF heated discharges up to 10 MW. For all 
cases, the SOL thickness is less outside (~ne ~ 6 mm, after correction by 
a factor of two for field line compr ession factor for 4 MA discharges) 
than inside 0ne-::::;' 10 mm). During RF heating pl'ofiles fl atten ou t side 
(~ne:;;' 13 to 24 mm f or lj MA discharges) but do not change insi de . The 
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edge parame t ers also increase during additional heating outside the belt 
limiters (oe(o) '" 0 . 8 x 10 18 t o 1 , 3 X IOlr , F' :g ll) remaining almost 
constant inside the belt limiters. 

Parti cl e and Impurity Fluxes during Additional Heating 
The total particle fl uxes to the belt 11mlter from the outsi de and 

inside areas were determined from the appropriate probes in the belt 
limiters . During ICRF on JET the main speci es neutral influxes always 
increase with a magni tude which is proportional to t he leRH power, as is 
shown i n F'ig 5 for the fluxes measured by a probe located 211 mm from the 
LCFS in the ar ea between the belt limiters . These fluxes are generally 
higher in Helium discharges than i n Deuterium discharges for the same 
amount of total input power. 

The impurity influxes also increase during RF heating in JET . The 
behaviour of IH and C i mpurities in the SOL dur ing high power combined 
heating discharges ( ICRH and NBI) was investigated with the collector 
probe mounted in the f ast transfer system . The probe was r otated from 
pulse to pul se yielding the radial distribution of the int egrated 
depOSition from each pulse. Ten consecutive high power discharges were 
recorded with up to 20 MW total input power. Fig 6 shows the Ni deposi­
tion increasing as a function of total RF inpu t power. The impurity 
production is less when the power is applied i n stages and/or t he RF 
antennae are powered in dipole configuration . This Ni deposition is 
found to depend linearly with the total integrated He flux measured with 
the Langmuir probes located at the same posi tion of the collector probes, 
on the FTS. This correlation is shown in Fig 7 and is remarkably good 
for the data gathered wi th these two independent diagnostics [5]. 

Conclusions 
For the bel t Umi ter configuration, the general behaviour of the 

plasma boundary upon application of different types of heating does not 
change significantly compared with discrete limiter operation. 

The generally observed flattening of SOL profiles during RF heated 
discharges Is dependent not only on RF power level but also on the 
density rise during heating and machine configurati on and wall 
conditioning. 

- It is found that SOL prof iles outside the belt limiters are 
steeper than inSide , when field line compression is taken into account. 
This is surprising in vi ew of the shorter connection l engths between 
bel ts. 

- A very good correlation has been obtained for helium fluxes and 
impurity fluxes measured by collector probes and Langmuir probes. Ni 
fluxs increases with additional input power, and is less during RF heated 
discharges with the antennae in dipol e phasing than in monopole phasing . 
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Abstract 
The temperature rise of the ALT -11 pump limiter surface during a TEXTOR-discharge is 
observed by an lR-camera. The complex tempe rature pattern is explained by geomet ri c 
effects, toroidal field rip_pie and plasma flow asymmetries. A twodimensional heat transport 
code calcu lates the heat flux densi ty impinging on the surface from the temperature rise. 
Results from "test" and "real" discharges with and without add itional heating are presented. 

1. Introduction 
Thermographic obse rvat ions of a li miter surface have severa l benefits: The surface 
temperature by itself is an important quantity for Questions li ke melting, evaporation or 
thermal stress. The temperatu re distribution over the surface can indicate non-uniformities 
in plasma heat flux. Additionally, by including the heat conduction into the bulk of the 
limiter, the heat nux density to the limiter can be derived quantitatively. In this paper the 
IR image of the ALT -11 pump limiter surface is described and reasons a re give n for the 
observed complex pattern. For the further analysis of these data the two dimensio nal code 
package TWODEPEP is applied and several proposals for its use are given. This program 
package allows one to presc ribe either the heat flux or the temperature rise as boundary 
conditions. Results of th is ana lysis for both kinds of boundary conditions are presented. 
The heat transport code also connects the surface with the bu lk temperature and thus 
allows a direct comparison between IR and thennoco uple data. 

2. The ALT-JI Configuration 
Textor/I/ is a medium size tokamak with a major radius of 175 cm, a minor radius of up 
to 48 cm and a cur rent of up to 0.5 MA. The discharge length for Ohmic or ICRH heated 
discharges is up to 4 s. Recently the large surface area AIt-ll pump iimiter/2,3,4,5 / has 
been installed. ALT -11 surrounds the torus like a belt located 45° below the ou tboard 
midplane. The belt is subdivided into eight blades of about 140 cm lengt h, 28 cm width and 
a thickness of 1.7 cm. The blades which are individually movable in the radial direction 
consist of an Inconel base plate covered with graphi te tiles. The tiles have a size of 
approximately 110 • 140 • 6 mm". The surface facing th e plasma is designed to be tangent 
to the plasma edge over the cente r 2/3 of the area. It is contoured in the poloidal 
direction such that a constant heat flux will be incident on the outer 1j3 of the surface if 
the plasma has a radius of 44.5 cm and a power e-folding length of I cm. 
The temperature pattern is reg istered with two IR scanne rs positioned in the equatorial 
plane looking nearly tangentially into the torus. To avoid disturbances by the magne tic 
fie ld a NaCI relay lens system is insta lled between a TEXTOR window and the camera. By 
chan ging the positions of the field lens and the camera, different views or a blade can be 
achieved. 

3. Temperature Distribution on ALT -11 Blades 
The temperature rise pattern gives an overview of the heat flux distribution on the blades. 
The heati ng depends on plasma parameters like plasma current, line averaged 
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density,impurity content and others. It is found that th e hea tin g is not uniform over the 
who le blade toroidally o r poloidalJy; typica l structures of different scale lengt hs appear 
during the discharge . The r ipp le of the toro idal magne tic field causes a modulation wi th a 
wavelengt h of half a blade lengt h. The modu latio n amp li tude is inversely proportional to 
the power e- folding length and it is found 10 be more dis ti nct at low electron densit ies 
than at high ones. Add itionally, a top - bottom asym metry is found. Th is asymmetry is 
attributed to different plasma fluxes in the ion and elect ron drift d irect ions. At low 
electron densit ies (ne ~ 1.'019 m-3), a three times hig her heat flux is found on the ion 
drift s ide as compared to the electron side. At high densities (ne> 3. 1019 m-3), the heat 
flux is lowe r and nearl y symmet ric. Finally there is a third distinc t e ffect seen on each 
tile: On the upper part of the blades, the left edges of the tiles are preferentially heated 
whi le on the lowe r half the right edge is more strongly heated. The heat flux asymmetry 
over this distance of only 10 cm is quite substant ial and varies by a factor of abou t two. 
The effect ca n be ex plained by the fact that eac h graphite tile is to roidally flat; this leads 
to an asymmet ry between the sur face normal vecto r and th e' D-field. 

4 . Ana lys is of Thermographic r ... leasu remcnts 
a. T he TWODEPEP Code 

To derive quantita ti vely the heat flux rrom th a sur face tempe ratu re r ise observed on the 
tiles, a heat transport calculation is performed. The simple approximations such as the 
semi- infinite or the very th in heat conductor arc not val id because the experimental t ime 
of three seconds allows the heat rront to penetrate the 6 mm thick gra ph ite tile: Howeve r, 
a radial temperature g radient is expected to persist during the experimental time. Also, the 
tiles are not uniform ly thick so that a I dimensional model is not applicab le. Therefore a 
two-dimensional heat conduction code is applied to the tile geometry. The TWODEPEP 
program p:lckage /6/ solves up to two co upled part ial differential equations which are first 
order in time and up to second order in two space coord inates. Arter defining the partial 
differentia l equation in a preprocessor language inc luding the tempe ra ture dependent 
graphite material properties /7/, the contour or the tiles must be prescribed. This can be 
done in the given case with a set of difrerelll arcs such as straight lines, circles and a 
sp line fit approx imat ion of the pl:lsma facin g arc. For each arc a dirferent type of 
boundary condition such as heat flux or surface temperature can be prescribed. For testing 
the thermal response of a tile it is convenient to prescribe the incoming heat flux; thi s is 
here done with step functions along the sur face to sce the heat wave expansion or wit h a 
tim e dependence to si mulate changing heat fluxes. For the a nal ysis of actual discharges the 
temperature value observed at the surface is prescribed in the form of a two dimensional 
matrix (surface pa ramet{'r M and time) whic h yie lds the heat flux as a function of time. 
The finite element code TWODEPEP allows to solve the differential equations by diffe re nt 
mathematical methods which can be preselected depending on th ei r stability. Initially a 
triangulation has to be defined and these triangles are automatically subdivided by the 
program to a level which is selected beforehand. Fig. I shows the c ross -sec tion of a ti le 
and its final triangulnlion. The tile is oriented in space as it is in TEXTOR. This set up is 
chosen in o rder to later fit the magnetic field structure to the tile geometry. 
The program provides different output options. One of the most informative graphs is the 
temperature or heat flux along a give n curve. The plasma facing surface is one of these 
curves. In figure 2, the ordinate number represents points aloog this curve from th e left 
corner point ( 0 ) of fig. I to the tip of the tile ( 50 ). Other conven ient curves are cu ts 
perpendicular to the surface in order to see the temperature distribution inside a til e 
during a run. In fig.3, the ordinate numbers I < M < 20 represent a rad ial c ut at A, 21 < 
M < 40 a cut at Band 41 < M < 60 a cut at C. Finally. it is also possible to plot the 
temperature o r flux of a given point as a function of time. 
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b. Results of the Ana lysis 
T he c urves in fig. 2 represent the ther mal history of the surface. In this run, the power 
flux to the t iles is constant in t ime during the first two seconds (10 W/cm2) and. decreased 
li near ly 10 zero in the third seco nd . The order of magnitude of the heat flux in an actual 
TEX rOR discharge is presen tly comparable to this "test-discharge". Spatially, the heat 
flow is a step function where only the outer 2/3 of the tile has a uniform non-ze ro hea t 
flux. This bo undary co ndi tion demonstrates the heal transport through the tile section of 
constant thick ness. Curve number I gives the temperature distribution 0.1 s after the 
beginning of the heat pu lse. It also represents the heat pulse pattern, The temperature at 
2.5 s is shown in curve 2 and at 6 s in cu rve number 3. From the picture, it is deduced 
that the heat p ropagates abou t 14 mm (i.e 5 points in fig. 2b) during a typical TEXTOR 
di scharge. This is some what larger than the spat ial resolu tion of the IR - camera. After 
abo u t 6 seconds the heat front has smeared out to 28 mm. 
In fig. 3, for t he same boundary conditions, the heat distri bution in the tile is p lotted for 
three d ifferent cuts at a time t=2.5 s. The ·start temperature in this run is 1500 C. It is 
ob vio us tha t the heat penetrates mo re easi ly through a thin carbon piece (curve B) than 
through a thi c k onc (curve C). But even in the thickest spot, the heat wave has pene trated 
through the ti le. The nearly consta nt temperature gradient in the tile pers ists as long as 
the inco ming heat flu x is constant. About I s after the end of the discharge the radial 
temperature gradient in the tile becomes fairly flat. This heat equalizat ion after the pulse 
is also seen in the surface temperature: It peaks a t the end of a "test discharge" and 
converges at the given flux condit ion t(l 85% of the maximum val ue. The ana lysis of the 
radial heat profile co nnects the su rface temperature reading to those of the thermocouples 
embedded half way into selected tiles. It is found that the temperature rise given by the 
the rmocoup les amoun ts to 50% - 75% of the surface value during most of the discharge. 
Acco rding to the code calculations both values shoul d agree after about one second . This 
allows the calibration of onc system against the other. 
Finally, the curves in fig. 4 show the time dependence of the hea t flux at one surface 
point derived from act ual discharges. The lower cu rve represents an Ohmic discharge a nd 
the upper one a discharge with ICRH - heating. The ICRH - pu lse s tarts at t=0.8 sand 
lasts up to t= 1.5 s. The ICRH power level of 300 kW is comparable with the Ohm ic power 
(350 kW). The additional heat flux to the tiles is here rough ly in agreement with the power 
ratio. The absolute value of the heat flux density (here about 7 W /crn'/. and up to 20 W /cm 2 

at low densities) is st ill very low. It is more than one order of magnitude smaller than the 
design value for the ALT -11 blades. This leaves enough safety margin for successfu l 
operation with NI + ICRH hea ti ng of TEXTOR at a full auxiliary heating power of 6 MW 
for 3 s. 

S. Conclusions 
The program TWODEPEP is a powerfu l tool 10 analyze the heating of the Umiter surface 
obtained by IR measurements. The code has been applied to the ALT - 11 lim iter blades in 
o rder to simulate and evaluate plasma discharges (Ohmically and fCR heated). Heat fl ux 
de nsities at Ihe limiter surface and temperature distributions in the limiter bulk have been 
o btained from the obse rved temperature pattern on the limiter tiles. 
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Introduction 
The ALT-IJ pump limirer is an axisymmetric toroidal belt installed in the TEXTOR 

tokamak. The toroidal geometry of this limiter has resulted in significant modifications in the 
boundary plasma compared to operation with the TEXTOR poioidal lirniters. Since the 
particle exhaust capabilities of the pump limiter are ultimately determined by the the core 
plasma emux and the plasma condi tions in the scrape-off layer (SOL) leading to the particle 
collection and pumping ducts under the belt , a study of the boundary plasma characteristics 
has been made as part of the ALT-II program. The SOL density , flux, and electron 
temperature profiles are measured by a scanning double probe located on the horizontal 
midplane, two Li-beam diagnostics located on the top and bottom of the machine, and an 
array of 2 1 Langmuir probes mounted under the limiter blades. Measurements of the SOL 
plasma parameters and characteristic profiles by these diagnostics are used to determine the 
core efflux and global particle confinement time, characterize the edge plasma during belt 
limiter operation with ohmic and ICRH heating, and explain the particle collec tion and 
removal efficiency of the pumping system. 

Experimental Arrangement 
The ALT-II pump limiter[I,2] in TEXTOR[3] consists of eight radiaUy moveable Inconel 

blade segments which form a full toroidal bell located 45" below the outside horizontal 
midplane, Each blade is covered by shaped graphite tiles and equipped with particle collection 
scoops and vacuum ducting under the blade. Standard conditions in the tokamak during 
ALT-JI operation are: ne = I to 5x10 13cm-3, BT = 2.0T, Jp = 340kA, R = 1.75m, a = 44cm. 
During ICRH heating, the two pairs of antenna located 180· toroidally apart and on the 
outside-top of the torus are normally positioned at a=47cm such that a 1.3cm gap exists 
between the bottom of the blade and the antenna for particles to flow into the collection 
scoops. 

The scanning probe diagnostic is a pneumatically driven double probe which scans a 
distance of 15 cm, moving from behind the TEXTOR liner to near the limiter tangency point 
in a time of abollt O.lsec. The two Mo probe electrodes are insulated by a ceramic tube, 
which is protected on the outside from plasma bombardment by a floating graphitt' tube with 
an outside diameter of O.5cm at the probe tip. The probe has a remotely adjustable insertion 
depth so that changes in the limiter position can be followed, and has been inserted into the 
limiter tangency point without damage. The probe voltage is periodically swept ±70V by a 2 
msec ramp such that a double probe curren t-voltage charac teri stic is acquired at every 0.4 cm 
of motion into and out of the SOL. The probe moves approximately 1.2mm during the time 
of each voltage sweep. After each shot the probe characteristics are automatically fitted and 
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analyzed by the data acquisition system, and profiles of the plasma flux , density, and electron 
temperature ploued. 

The standard direction of the toroidal field and plasma curre nt in TEXTOR is such that the 
plasma flowing in the ion drift direction in the boundary passes along the bottom of the torus 
and strikes the lower side of the toroidal belt. Likewise, the plasma flow in the electron drift 
direction crosses the outside (large major radius) of the torus and strikes the top of the belt. 
The toroidal belt and plasma neutralization plates effec tive ly bifurcates the torllS, and the 
particle collection is accomplished by separate scoops on the ion and electron drift sides of the 
belt leading to common vacuum duc ting. The scanning probe is normally located on the 
electron drift s ide of ALT·n. The Li·beam diagnostics on the top and bottom ofTEXTOR are 
then used to determine the poloidal symmetry of the density and elec tron temperature, and 
their respective scrape-off lengths. One thermal Li-beam[4] from a heated oven is located on 
the bottom of the torus and 45° toroidally from the scanning probe. The second Li-beam 
diagnostic utilizes laser ablat ion[5] to propel Li and C into the edge plasma, and is located on 
the top of the machine, 180 · IOroidally from the scanning probe. The themlal Li -beam 
provides density profiles, and the laser ablation diagnostic produces both density and electron 
temperature profiles. 

SOL Measurements 
Typical density and elec tron temperature scrape-off lengths, measured by the scanning 

probe on the outside horizontal midplane duri ng operation wi th ALT-JI fo r two shots at low 
and high density, are shown in Fig. " The limiter is positioned at a=44 cm for these ohmic 
deuterium shots. Increasing the line averaged density result s in an increase in the edge plasma 
density ne near the tangency poin t, and a decrease in the densi ty e-folding length . T he 
combination of a higher tangency point density and shorter scrape-ofr length resuhs in an 
almost constant collection of ions by the electron drift side scoops, which collect from 45.7 to 
48.2 cm for this limiter position, as the core density is increased. 

T he electron temperature profiles shown in Fig.l illustrate the tendency of the edge T e to 
decrease rapidly and the profile to flatten as the core dens ity increases. The electron 
temperature is found to vary strongly only within 1 to 2 cm of the limiter tangency point, with 

A.Te in this region ranging between 0.5 and 2 cm. Beyond 2 cm from the tangency poin t, the 

Te profile is always very fl at during ohmic heating with A.Te > 4 cm, and the temperature 
varies only between 5 and 12eV as the core density changes. 

The SOL structure with ALT-IJ is markedly different than operation with the poloidal 
TEXTOR limiters[7] or a modular limi ter such as ALT-J. Modular limiter systems, espec iall y 
with near integer q values at the boundary, can have flux tubes with extremely long 
connection lengths to the limiters and therefore regions with very long e-folding lengths. 
With a toroidal belt limiter; the average connection length 10 the limiter is the same at any 
toroidal or poloidal angle in the torus, and the longest connection length is approximately q 
times around the tonls. The effect of this difference is shown in Fig.2, where the density and 
Te profiles are plotted for the case of one A LT- IT blade at a=44cm (a modular limiter) and the 
remaining 7 blades f0n11ing an effective belt at 47.5 cm. In the region of the single blade, the 
ne and Tee-folding lengths are both greater than 4 cm because the probe flux tube is not 
directly connected to the limiter. Starting at the position of the belt limiter, the ne and T e 
characteristic lengths decrease 10 the stand.ud va.lues associated with ALT-Il. 

The SOL ne and Te are found 10 be toroidally symmetric with ALT-IJ from ~Ul evaluation of 
the Langmuir probe data from the 21 probes in the scoops. The values of ne and Te in the 
scoop reg ion are an order of magnitude lower for ne and a reduced by faclor of 2 to 3 for Te 
wi th ALT-JI compared 10 da ta from the entrance region of ALT-I[6]. The tenuous edge 
plasma in the shadow of AL T -II results in the majority of the convective losses going 10 the 
belt iimiter, willt a reduced amount of particles going to the liner walls. It is estimated from 



the probe and Hex data that less fhan 15% of the core eftlux reaches the liner during nannal 
operation with ALT-II, compared 10 30 to 50% found wi th the poloidallimilers and ALT-1. 

Poloidal Asyrnmetries 
The toroidal belt acts to separate the fl ows 10 the limiler from the inside and outside of the 

IOms. The e-folding length from the scanning probe on the outside midplane always exceeds 
the e-folding lenglh on the bonom/inside of the torus from the thennal Li-beam by a factor of 
1.5 to 2 for non-detached plasma operation, independent of the ion and electron drift 
directions. The poloidal Ane asymmetry is shown in Fig.3, where the SOL density profiles 
are plotted for Ihe three diagnostics during ohmic operation with ALT-II . While the outside 
midplane ne e-folding length is found to always be longer than the bottom Li beam, the laser 
ablation ne e-folding length from the top of the machine is Iypically close to the value from the 
scanning probe. The data from the Langmui r probes in the scoops of ALT-II also supports 
the inside/ou tside e-folding length differences found by the three edge profile diagnostics. In 
addition, the electron temperatures measured by the laser ablation system, the scanning probe, 
and the ALT-IJ Langmuir probes agree very closely. The observation of a longer density e­
folding length on the outside of the torus may be explained by a major radius scaling for the 
perpendicular diffusion rate. The profiles on the outside and lOp of the IOrus are similar 
because there is no belt limiter between these regions to separate the plasma flows. 

The values of ne at a given radius from the three diagnostics are usually within a factor of 
3 for normal tokamak operation. It is not known if this difference is due to a true poloidal 
density asymmetry, or if it is due to diagnostic position mis-alignment and differences in the 
data sampling times. However, the plasma ne, Te and e-folding lengths measured by the three 
diagnostics are within abou t 20% for detached plasmas, indicating that a strong poloidal 
symmetrization occurs. The SOL for a detached plasma with ALT-H is characterized by a 
very low Te (-5eY), but the flux to the limiter is not greatly modified by detachment. 

ICRH Modifications to lhe SOL 
Operation with [CRI-I auxiliary heating modifies the boundary plasma parameters and 

profiles. Figure 4 shows typical ne and Te profiles from the scanning probe during 1.33 MW 
ICRH heating. The ICRH is found to shorten Ane near the tangency point to tcrn or less, and 
broaden the ne profile deeper in" the SOL. The electron temperature is seen 10 increase by at 
least a factor of two everywhere in the SOL with ICRH, and the value of ATe also decreases 
near the tangency point. The ne and T e profiles tend to develop bumps deep in the SOL, with 
the size of the perturbation depending on the ICRH power. The non-unifonn profiles with 
ICRH are also observed with the laser ablation diagnostic. Report s of both increas ing and 
decreasing SOL ne and Te profiles found in the literature for ICRH heating may be due to the 
details of where the measurement is made. The profile modification appears to be caused by 
d irect coupling of the rf power into the SOL plasma. The increase in both flux and 
temperature deep in the SOL may be responsible for the hydrogen and impuri ty release often 
observed during ICRH heating. 
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Introduction 
Studies of the boundary plasma have been carried out in the DITE 

tokamak both with inside-launch electron cyclotron heating at the 
fundamental resonance (1) and with a new large pump-limiter (2). In this 
paper we present firstly a preliminary assessment of the response of the 
edge plasma to ECRH, and secondly an assessment of the particle handling 
characteristics of the pump-limiter in ohmic discharges . 

Before October 1987 the limiter configuration on DITE comprised a full 
poloidal ring of 0.26 m minor radius centred on 1. 17 m and adjustable top 
and bottom rails , all of carbon . In order to accommodat e t he ECRH antennae 
near the inside wall , the plasma major radius was increased to 1. 19 m and 
the rail limiters were used at a minor radius of 0 . 21 m. In October, the 
poloidal limiter was replaced (see Fig. l ), on the inside wall , by a 160 0 

arc, and on the outside mid-plane, by a pump-limiter. Both are in carbon 
and have radii of curvature of 0.24 m centred on 1.19 m. A more detailed 
description of the pump-limiter is given below . 

The main diagnostics of the edge plasma on DITE are Langmuir probes on 
reciprocating and incremental drives . The new limiters also have arrays of 
built-in probes , 11 in the inner-wal l limiter and 8 in the pump-1imiter . 
This arrangement gives good poloida l and radial cover in the boundary 
plasma. 

Response of the Boundary Plasma to ECRH 
The ECRH installation on DITE comprises three 60 GHz, 200 kW Varian 

gyrotrons delivering power to three antennae on t he high field side of the 
torus (3). Each antenna assembly has a rotatable grooved mirror which for 
this work was used at an angle of 45 0 to the major radius. 

The response of the boundary plasma to 240 kW of ECRH is illustrated in 
Fig. 2 for a 2T, 100 kA helium discharge on the rail l imiters at a density 
of 2.7x101t m -3 . The probe data was obtained at a distance of 24 mm behind 
the last closed flux surface using a retarding-field deposition probe (1) . 
The increase in J sat wi th ECRH is a consequence of i ncreases in both 
Teand ne in the scrape-off plasma. When looked at on a finer t ime-scale , 
close to t he limiter r adius, the increase in J sat occurs in ~ 3 ms after an 
initial delay of ~ 1 ms . This behaviour is probably due to increased 
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par ticle transport out of the main plasna in the presence of ECRH . Close to 
t he wall , J sat increases in less t han 500 ~s ; such a short time-scale could 
be explained by thermal desorption of a t oms/molecules due to the residual 
ECRH power at the wall . Changes in Te in the scrape-off plasma occur in 
l ess than 10 ms , which is however the limit of resolution of the present 
equipment . The retarding-field deposition probe also allows Ti to be 
es t imated ; results obtained so fa r show no evidence for an increase in edge 
Ti with ECRH . Although the absolute leve l of density fluctuations increases 
wi t h ECRH, there is l i ttle change in t he value when normalized t o the 
i ncreased density . 

Fig . 3 shows the relative change i n electron density at va r ious 
di stances behind the last closed f l ux sur face as a funct i on of t he major­
r adial position of the cyclotron resonance . Helium , 100 kA, rail-limiter 
di scharges were used at ne ~ 1. 3xl 0 1 9 m- J , and with 315 kW of ECRH . Also 
shown in this figure is the increase in the poloidal ~ , which is a measure 
of the heating efficiency . At higher densities, the heating is optimised 
when the power is deposited near the magnetic axis, but at the value of 
density used in the figure, effective heating occurs with the resonance 
displaced outwards, consistent with Doppler-shifted resonance absorption 
(4). The relative change in edge density is lowest when heating is 
optimised , and is highest when the resonance is placed well to the inside of 
the magnetic axis . 

Data from the probes closest to the main plasma confirm that there is 
little change in the scale-length of the density gradient in that region . 
Close to the wall there is evidence for a larger increase in density when 
there is poor heating. An Ha moni t or looking at a patch of the wall shows a 
similar trend . This is consistent with increased thermal desorption from 
the wall either of hydrogen or helium (the Ha monitor is sensitive to a Hell 
line); a sniffer probe tuned to the gyrotron frequency shows that the 
residua l power at the wall increases as the heating efficiency reduces . 

For these experiments two of the antennae gave a mixture of ' 0 ' and ' X' 
modes with a broad (12 0 ha l f-wid t h) antenna pattern. More recent 
experiments with a pure mode launched f=om one of these antennae show 
broadly simi l ar results, suggesting tha: the broad desposition profile 
associated with the mixed modes and wider antenna pattern had little effect 
on the edge data. 

Particle Control with the Pump-Limiter 
The pump-limiter (Fig . l) was designed for particle control, with only a 

minimal allowance for energy handling on the front face . It comprises a 
single piece of carbon, 430 mm high and IBO mm wide . The front face is a 
section of a cylinder, with a radius of curvature of 0.24 m. Although the 
tip radius is 2 mm, when allowance is made for the toroidal shape of the 
plasma, the 30 0 angle neutralizer faces are set some 7 mm back from the 
last closed flux-surface. A moveable surround with carbon side plates 
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allow.s 'the throat aperture to be varied from 0 mm to 25 mm. The surround is 
crudely sealed into a 0 .1 ml rectangula r tank by means of a PTFE skirt . Two 
5001.5- 1 (nominal) turbo-molecula r pumps provide the main pumping on the 
tank which is also equipped with a titanium getter . 

Langmuir probes are built into the limiter on both faces , at 7 , 5 mm and 
17.5 mm from the last c l osed surface (inner limiter probes are at 3 mm and 
15 mm). In the throat (at 7.5 mm) local ne and Te va l ues up to O. 6xl0 19 m- l 

and 60eV have been measured. Parameters extrapolated to the last closed 
surfa ce from observations in 2 . 2T, 100 kA deuterium and helium discharges 
vary with line-average density as shown in Fig . 4. There is litt l e 
difference be tween observations made on the electron and ion sides of t he 
pump-limiter. The probe data allows estimates to be made of the total 
part i cle flux incident on the limiter and of the f lux entering the pump­
limiter throat, which here was set at 20 mm. The result is shown in Fig. 5. 
for the helium discharges . 

The exhausted par ticle f lux is estimated from t he pressure rise in the 
tank measu r ed with a Baratron gauge . Allowance is made for backf low through 
the t hroat (blocking is ignored), and t he incoming particles are assumed to 
be He++ ions. Fig. 5 shows the result; about 18% of the incident flux in 
the throat is captured, which represents an encouraging 6% of the total 
leaving the plasma. Without pumping in the tank, pressures of about 2 x 
10- 3 torr are observed both in deuterium and he lium . Use of t he turbo-pumps 
reduces the pressure by a fact or of about 2 , and in deuterium a further 
two-fold reduction is achieved by gettering in t he tank . When the width of 
the throat is varied, there is little increase in the tank pressure for 
openings greater than 8 mm. A wider throat was used in the exper i ments in 
order to take advantage of the full set of Langmuir probes. Further 
experiments are planned to explore the performance of the pump- limiter for a 
wider range of condi tions . It is in routine use in the current experiments 
with ECRH , and with it , reproducible operation at low density has been 
possible, whi ch had proved difficult with the previous conventional limiters 
in the absence of gettering in the torus. 

(1) R. A. Pitts et a I., presented at 8th PSI conf. (Julich 1988). 
(2) P. C. Johnson et al., presented at 8th PSI conf. (Julich 1988) . 
(3) M. W. Al cock et al., 14th Europ . CORf. Contr. Fusion and Plasma Physics 

(Madrid, 1987) 813 . 
(4) A. C. Riv i ere et al., t hese proceedings . 
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TOKAMAK EDGE PLASMA TRANSITION TO THE 
STATE VIITH DETACHMENT FROM LIMITER 

Tokar' m.z. 

Institute for High Temperatures of the USSR 
Academy of Sciellces, Moscow, USSR 

p 3 0 68 

l.As it has been observed in the experiments on a number 
of tokanaks /1-4/ the edge plas~a is detaohed from a limit er 
when some parameters are changed. In the state with "detached 
plasma" (DP) the power put into a discharge is transfered to 
the wall in B. form of the neutral e.nd light impurity radiat­
ion. ':ehe transition to the DP state has a sharp character and 
~ay be induced by t he growth of the mean plasma density n 
dt~ing a gas puffing /1/, the decrease of the current i n the 
dischar ge /2,3/ or t he power of an auxiliary heating /1/. The 
forma tion of p. lIvirtual lir.d ter ll /4/ is seemingly analogou s 
to DP . The study of the transition to the DP state is of 
grea t interest since i t' s realization in a reactor may bB one 
of the perspective ways for the solution of the plasma sur­
face interaction and impurity control problems. 

In the present paper we consider the mechanism of the 
discharge trans ition to the DP state based on the edge plasma 
cooline instability due to the charge-exohange of the light 
impyrities on t he hydrogen atoms arising as a result of the 
plasma recombination on the liner surface. The density of 
t hese atoms n:, is sufficently homogeneous on a magnetic sur­
face i n contrast to the neutrals born on the limiter. nt 
grows with n increase as a result of the growth of the plasma 
flows into the scrape_off layer (S OL), js' and on the liner, 
j~. Due to the charge-exchange the impurity ionization equi~ 
ll.brium is displaced to the state with higher concentration 
of the ions of small charges and t he radiative losses of 
energy grows sharply. The cooling instability mechanism under 
consideration differs from that discussed earlier by t he 
nature of the impurity recombination process. It's more ef_ 
fective when the distance from the lirniter edge to the liner, 
A , is sufficiently small and results in the poloidal sym­

metric transition to the DP state. 
2. Let 's consider the case when the charge..,.excha.nge on 

hydrogen atom outweighs of other impurity recombination 
processes. The densities of the impurity ions with different 
cherges, nz , caD be determined from the following system of 
the particle balance equations (we don 1t t ake into a cc ount 
the i mpurity transport aoross tr..e :m~ .. gneti c field): 

k 1 ,2 w 0 - i nn, + Kcna n2 ~ 

( ) 
z ... 1 Z IN Z , z+1 w 

, < z < Zc ki nnz_,-kc na nz-ki I1nz + KC na nz+1= 0 
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K
i

Z C-1nn I - le zen wn = 0 
zc- c a Zc 

where k Z are the constants of the i mpurity ionization a nd 
charge_~*8hange; t he i ons vdth cha rges no more t han t hat in a 
coronal equilibrium, zC' are taken into actount because the 
densi ty of the ions with Z"> Zc is s mall. 

If the t ot al concentration of the i mpuri ty. Jz = r nz/n . 
i s given the solution of Eq .... s (1) has a form: 

nz = n JI • d..zl LoC
Z 

( 2) 

where cX
Zc 

= 1, c( z .... 1 = o<.z • TIa" 'kc z/nki Z 

The quantity new can be obtained from t hp- foll owing con_ 
siderations. According to Ref. /6/ the neutrals appearing 
duri ng the plasma recombination on the material surfaces in 
a t okamak localize i n the wall-near-region with the width of 
the order of I = 1 lnoo-lC."H ~ .1!o211 ~lasma \'lean density 
in the region , 6 * = V ki - (ki + k c )mi/T , lei , c are the ioni_ 

za tion and charge_exchange of t he hydrogen at oms . no depends 
on n and as a rule no:::l: 0.5+0. 8n in the dischar ges \Vi th gas 
puffing . The value of no deter mi nes t he plasma flux into t he 
SOL .. j • The plasma density gradient in the v/all'2near-regi on 
is of tHe order of no l I and js '" D.L ' no lI'" D" ' no 0'*. For 
Alcator like scaling of diffusivity _ D" = A/n - one has: 

0) 

The plasma flux on, the liner surface is j,.,= js· exp (- A I'; ). 
where (5 = -V D~L/V s is t he density fall length across the 
magnetic fiel d in the SOL , L is t he line of force length; 
Ds is the diffus ivity in t he SOl" assuming conste,ntj V~ :::I 

;;;~. During the char ge-exchange the neutra ls avgUlr~ the 
plasma temperature and the ion heat velocity vi;;; T/ mi. 
Hence 

naw = j,/vi " Ana 6' */vi • 8xp(_AI8) (4) 

The value of 8 depends on t he plasma temperatur e i n the 
SOI" Ts ' which can be determined from the heat balance. Ne g­
l ecting the volumetric losses and sources of t he energy i n 
t he SOL we equate the heat flux from the we.ll_near_regian , 
qs , to the flux trar.sf ered t o t he liner and limiter by t he 
charged particles : 

- " ' T qs - 6 Js s 

where K = 5 • 10 17 I • 

(5) 

As it fol lows from Eq- s (3 ) ,( 5 ) an i ncrease of no r esulw 
in T decrease and hence t he growth of 0' • According t o 
Eq .( ~) thi s brings to the nonlinear increase of naw• 
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The energy losses from the Vlall_near .... regioTI, Qr, due to 
the impurity exci tation depend on the electron and impurity 
i on dens:iti e s and intensity of line radiation: 

Qr = n L nzLz (6) 

z ~ ~ 
where Lz :::I j'"i;.. k i,j Z E L,~ t k l,j~ are constants of the axei tation 
from the s t~te j J Ej~' iA the tra:lsi tion energy. 

The radiation oooline rates of the li6ht impurities, JJz, 
h':ive the Aberp maxima for the lit~um like ions. In the car­
bon case Le = 5.10-10 aV .om3 • s- ; L2 = 10-8 eV· om3 • s-1; 
13 = 5 ·10- eV.0f',3. s-1; L4 = 10-9 eV.cm3 • s-1. 

As a first approximation we assume the plasma parameters 
are cons tant over the Vlallenear ... region and put them equal 
their mean values in the region no, To_ In this case the heat 
belance in t he wall_near_region has a form 

qo = qs + Qr· I 

where qo is the heat flux from the 
charge. Using the Ex-s (3),(5),(6) 
ion fo" To: r L L 01. 

f(To ) = -I z z 
0. L dz 

central part of the dis­
one can obtaine the equat_ 

where e 0 = T /To " 0.5 . 
Fig . 1 snows the dependence f(Tol f Ul cnlal'ed with the 

typioal value~ of parameters: A = 2.1 01 cm-1s- ; K = 7,5; 
0* = 5 • 10- 5cm2 ; deuterium is the discharge gas, t he con_ 
centration of carbon impurity, fr , equals 1%; the impurity 
charge .... exchange cross-section t5 c Z have been taken froD 
Ref~/8/ and in th!l hydrQgen atom en!lrgy range of lO+19,08V 
13 0 '" 2·io-15 cm • cS c,) '" 1O-15 0m , <5 4 ~ 3.10 50m2 ; 
k~ = 0 . 18To/Si m; the ionization cons¥ants k . Z were cal­
culated £y formulas of Rcf ./9/; the geometric o~aracteristic s 
correspond to the TEXTOR devioe /1/. 

The dependence f(To) has a nonmonotonous character since 
the first term corresponded to the energy radiative losses 
has a sharp rr.aximum with To when the lithium like ion con­
centration is r.~x.i!llum. The plasma temperature in the well­
near-region is determined by the i n t ersec tions of the curve 
f(11

0 ) \vi th the line y = p, where p = qo/no. If the initial p 
value , Po , exceeds the maximum f ,'nlue, f l' than with p dec­
rense the discharee evolves iE accordance wi t h AB section of 
the curve :f( To ) .. The decrease of p IHay be stipulated by the 
increase of no or the diuulJUtion of qo" I n the point B cor­
r espondet; to the minimal f value, f2' the well_near_region 
plasma passes into ~he state C where the energy balance is 
defined by the impurity radiation, i .. e .. "DP" stete .. 

'l'he theoretical deper..dence of the heat flux onto the 
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limit er QL on no is represented ~n Fig. 2a. The calculations 
have been done for qo ::::: 0.8 W/cm J corresponded to the expe .... 
riments of Ref. /1/. There is also the experimental dependen­
ce of QL on n taking from Ref. /1/ on the Fig. 2a. Tho calcu_ 
lated data are in a good agreement with experimental those 
with no = 0,75 n. According to the Ref. /1/ the slump of QL 
i s attended with the s}lsrp growth of the ratiation intensi ty 
D wall of the deuterium neutrals coming from the liner. This 
may be explained by the nO'1.1inea1' growth of dw with no e 

~:he particle and energy losses t'rom a tokamak discharge 
have a balloning character i.e. qo and js depend on the 
poloidal angle e. As it follows from Ex-s (2),(3) the lithium 
like ion densit~ and the radiative losses of energy are pro­
portional to ne which depends on e analo~ously js. Due to 
identical dependences of all terms in Eq .(7) on e the tran_ 
sition to the DP state consided here is a poloidal-symmetric 
one. This result agrees with TEXTOR data /1/. 

1. Pospieszczyk A. e.a. , J.Nucl.l.later. 1987, V. 145-147, 
p.181; Castracane J. e.a. Nucl . Fusion, 1987, V.27, p. 1921 

2. Strachan J.D. e.a. Rep. PPPL-2379, Princeton, 1986 
3. McGracken G.M. e.a. J.Nucl.Mater. 1987, V. 145~147 , p.181 
4. Vertiporoch A.N. e.a. Plasma PhysiCS, 1982, V.S, p.437 

(in Russian) 
5. Ohyabu N. Nucl.Fusion, 1979, V.19, p.1491. 
6. Vasiliev N.N. e.a. Plasma Physics, 1982 , V.8, p.37 

(in Russian) 
7. Sengoku S. e.a. J. Nucl.Mater. 1980, V.93-94, p.75 
8. Phanenf R.A. e.s,. Rep. ORN1-6090, Oak-Ridge, 1987 
9. Lotz W.Z. Phys. , 1969, V.220, p.466. 
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STUDY OF 3DG~ PLASMA PARAl'/[j~T3R[j UNDi!:R OHMIC 
fL~TING AND 3CRR ON T-l0 TOKA1:!Al< 

07 0 65 

Berezoyskij ~.L., Vasin N.J~., Vershkov V .. A. ,Grashin S.A. 
r.1aksimov Yu.S., Bedvedev A.A., Pimenov A.B ., Sushkov A.V., 
Titishov K.B., Chankin A.V., Ziegenhagen G. * 
I.V.Kurchatov Institute of Atomic Energy,Moscow, USSR 

*Academy of Sciences of GDR , Central Institute of Electron 
Physics, 1086, Berlin, GDH. 

The properties of the edge plasma in T- 10 with Ohmic and 
~C -heating up to 2 .1 J;1\V of plasma-deposited power have been 
measured with IpZ200 kA, B "'YI', ne = 1 .5-4xl013cm-3, q(aL)=4.8. 
The limiter system consisted of the main rail (81=32 cm) and 
poloidal r ing (a1=34.5 cm) graphite limiters. The chamber 
walls (aw=38.7 cm) were also shielded with the stainless ste­
el limiters at aL=36. 7 cm. 

Several carbonizat i ons of the chamber [1J during the expe­
rimen ta.l campa i e;n were carried out at low walls temperature, 
using CH4. As a result, sharp enhancement of the worlcing gas 
flux from the walls in successive shots have be en observed, 
leading to the reduction of electron and ion temperatur es in 
the plasma bulk. 'l'he l ife-time of injected potassium turned 
out to be short and typical for the S-regime [2 ) • Some chara­
cte~istics of one carbonization, nine days long, a re given in 
Fig.1. A number of discharge is counted off along the abscis­
sa.Spectral line intensities H9 / .D", GIII , CV, CrI and OV we­
re measured 

180 0 toroidally apart from the main limit er cr oss-sec­
tion in !l steady state of the discharge. <Tr is determined by 
the bri~htness of H ,:;>/.D~ line, usini:, the coefficients 
from [31 • Jffective plasma charge, Zeff, was obtained from 
the measurements of visible continuum. 

The '~18ntron temperature and half-sum of the ion satura­
ted currents of LanGm1lir pTobes are also shm'm. The probes ha­
ve area 3=0.12 cm2 and were mOlUlted on the ion and electron 
sides of the Tail lliniter near the lirniter tip, 0.45 cm out­
side the last closed flux surface. 

The main impurity in the discharge wes the carboll,where­
as the contri bution of metallic tmpurities and oxigen to 
Zeff Elnd integral radiation losses ViaS neglig ble. Just after 
the carbonization carbon and working gas fluxes from the limi­
ters and walls were maximal, as well as the Zeff=2. Degassing 
of the chamber durtng the discharges led to the sharp reducti­
on of C and HID influxes with gradual repl acement of hydrogen 
by deuterium. 'rha influx reduction corresponds to El. drop in 
Zeff dO\'m to 1.3 •. f-Iovre1rer, at the same time the amount of in­
t':] gral rad ia·U.on loss from the discharge was unchanged, Prad 
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probes. The rise in edge ne just after the carbonization cor­
relate with the interferometrically obtained broadening of 
the ne(r) - profile . Up to now we are not abl e to explain the 
differ ence in the behaviour of Prad and carbon influx. 

Working discharge cleaning of the chamber surface reduce 
the gas influx to pl asma column. To sustain a given ne addi ­
t ion gas puffing i s necessary . Fig . 2 exhibits the behaviour 
of s ome plasma parameters during t he ne rising phase of the 
discharge and after switching the valve off . The Elec-
tron temperature , Te , was measured by Langmuir probe at r = 
= )6. 2 cm, the probe ne value dosn 't change significantly du­
ring the discharge .. One can see that during the density rise 
Te remains at low level of 5 eV. The density rise is accompa ­
nied by a rise in the MHD- activity of the m=2 mode and integ­
ral radiation l osses. After switching the valve off at 280-th 
ms a drop in Ul oop , Prad starts; however, Te 2-fold rise oc ­
fureB only 120-140 ros later, that is cl ose to the plasma co-

Unm skin-time. 
Thus, one can s ee that the neutral influx from the valve 

results in cooling of the plasma periphery ; meanwhile influx 
from the walls does not in~uce the plasma column contraction . 
The measurements of DJ. Doppler-broadenines on the wall and at 
a place of the valve location reveal a v ery similar energy of 
neutrals about 7 - 9 eV . Different influence of inf luxes from 
walls and the va l ve on plasma parameters may be due to the l o­
cality of particl e source unduced by the valve, as in the ex ­
periments on J f T-2M [ 4 ] • The similar behaviour of the plasma 
column edge was also observed i n TlrrTOH. , where the plasma re­
mained in the "attached" state with fresh carbonized walls up 
to critical values of 1'\,,[5J • _ 

The temperature and density de pendencies on ne for ion 
and electron sides of the rail limiter t ip, measured by pro­
bes, are sho'M1 in Fig . ) . Te and ne values in the case of the 
fresh carbonization are significantl y larger than before the 
carbonizat i on . As t he data Vlere taken during , or just after t he 
end of density build up pha.se , 're - rise with carbonized walls 
is obviously due to the reduction in gas puffing . In both ca­
ses Te"Vne-2• Att ention should be paid t o t he difference in ne 
on i and e-sidesof the limit er with ne-growth. This confirms 
a recently-proposed hypothesis of preferential plasma trans ­
port t hrough an external circmnference of the torus at h i eh 
ne [6], as the magnetic field lines transit from . -side of the 
limit er to an external part of the torus in these discharges . 
Results from the limiter t ip show that this asymmetry probab­
ly is peculiur t o the plasma column, but not a limiter ef fect . 
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Two gyrotron sets at AI.= 3.7 nun and A.2.=4.0 lIWl. which al-

lowed us to change the input power radial profile [7] were 
used on T-1 0. The edge parameters. a s in the plasma bulk. ha­
ve a weak dependance on resonance zone position. In the case 
of a periphery heating (I' = 15-16 cm). maximal parameters we­
re obtained for a shorter time than those under central hea­
ting. The ECRH-power dependence of the sum of ion saturated 
currents t o i-and e-limiterprobes is shown in Fig.4. As a re­
ply of the ECRH-power. fluxes are about 3 times enhanced; they 
are slighty large on carbonized walls. An electron temperatu­
r e has a 1.5-2 - times rise on average, although there ere BO­
me discharges with a 3-times rise. The plasma edge Te and ne 
dependences on the heating power measured with Langmuir pro­
be at radius 1'=34.5 cm are shown in Fig.5. Te does not change 
with the ECRH-power increase. Relative increase of ne during 
ECRH for three radial positions of the probe i s presented on 
Fig.6 . Maximal increment in ne occurs near the wal l. that 
corresponds to an increase in the e-folding decay length from 
1.0 cm to 2-3 cm. 

Astimated to~~l flux onto the rail and circular limit el'S 
rises from 1.5x10 under Ohmic heating to 3x1022 particles/s 
under ECRH, that, apart from the reionization Bourse of neut­
rals in scrape-off layer. should be equal to out flux from 
the plasma column. Astimation of convective power flux to SOL 
Q .. =5IJ.Te • using the probe data. is close to the input power 
of ECRH. Sharp rise of a particle flux from the limiters un­
der ECRH does not allow the edge Te to increase. As the Te(O) 
rise under ECRH. this means. that the Te(r) - profile relati­
vely shrinks. This may be the reason of the confinement deg­
radation with increased heating power. 

Also should be noted a diff.erence in the behaviour of 
ne(r) - profile under heating before and after carbonization. 
In the case of carbonized .wal ls a large influx of hydrogen 
atoms to the plasma from the walls and the peaked n~(r) - pro­
fi le are abserved. Before the carbonization, the netr) - pro­
file becomes more flat. The difference may be related, BS in 
the Ohmic regime. with different influence of the fluxes from 
the wall and the valve. 
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1. INTRODUCTION 

Passive collector probes are often applied for the diagnost ic of impurity and hydro­
gen isotopes Huxes in the scrape-off layer (SOL) of tokamaks' plasma/ l,2 /. This paper 
concerns analytical resu lts of the measurements of angular and radial distribution of 
atoms deposited onto the surface of cylindr ical probe during its t ime- resolved exposure 
to the plasma discharges in carbonized TEXTOR with graphite limi ters. The main 
point of the investigation was to compare the influence of different lirniters in TEX~ 
TOR upon the fluxes of oxygen , metals (Ni + er + Fe) and deuterium in the plasma 
edge. Moreover, it was also important to determine the correlation between the oxy­
gen concentration and the concentration of metals and deuterium collected on exposed 
surfaces. 

The investigation was carried out with two cylindrical graphite probes (A and B) 
which were rotated during the exposure. The probes were shielded by titanium hausing 
with a slit open to the" ion drift" side. The information concerning the probe system 
and experimental details is given elsewhere /3/. During the exposures of Probe A and 
B the configuration of limiters was different but the basic plasma parameters were very 
simi lar: maximum current 340 kA, dens ity about 3.1013 cm- 3

, magnetic field 1.6 or 2 T 
and shot duration about 3 s. Probe A was exposed in the presence of the main poloidal 
limiter (ML) at the position 46 cm and ALT I pump iimiter at 50 cm whereas in the 
case of P robe B, additionally, the toroidal pump limiter ALT 11 (not actively pumped) 
was at the position 46 cm. The probes were always p laced 2S rem from the p lasma 
egde. 

The analysis of metals and oxygen deposited on the surface was performed by 
means of Rutherford backsc.attering spectroscopy whereas nuclear reaction analysis, 
3 H e(d, p)4H e, was applied in order to determine the concentration of deuter ium. 

2. RESULTS 

Figure 1 a-c illustrates the results for the time-resolved measurements of areal con~ 
centrat ions of metals, oxygen and deuterium deposited on the surface of Probe A ex~ 
posed to one plasma discharge. In the case of the plots for oxygen the background 
level (0.8.10 16 cm- 2) of this element was substracted. The shape of the time-resolved 
plots for a ll t he analysed a toms is similar. In the beginning of the dischartt:! the con­
centration increases to the maximum value followed by certain steady-s t ate level and 
next decreases steply in t he final period of the shot. However, areal concentrations of 
respect.ive species differ distinctly. The values characteristic for the steady~state level 
which is approximately related to th~ " flat top" sta.ge of the p lasma discharge are equal 
to 5.1014 cm~ :l for metallic atoms, 8.10 15 cm~2 for oxygen and 6. 8.1016 cm~2 for 
deuterium. 
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More precise comparison of the results obtained is available by the determination of 
oxygen to deuterium (CO / CD) and oxygen to metals (CO/CMe ) concentration ratios. 
For corresponding analysed points one obtaines 0.12 + 0.02 and 15 + 2 for CO/ CD and 
CO/CM~' respectively. Similar results have also been observed for other probes expo.sed 
in carbonized TEXTOR in the presence of ALT I and the main poloidal limi ter / 4/ . 
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Fig. 1. Area] concentrations of metals, oxygen and Jeuterium deposit ed on 
Probe A and Probe B as a function of the discharge time. 

Analogous set of data obtained for Probe B is shown in Figure 1 cl-f. The results 
for single (diarnont points) and double (crosses) exposure of the probe surface to the 
plasma discharges are collected. The amount of atoms deposited during one discharge is 
roughly twice lower than this detected after two subsequent overlaid discharges. Single 
and double exposure leads to the similar distribution of deposits but these time-resolved 
spectra are more complex than those recorded for Probe A. The accumulat ion of im­
purities and deuter ium atoms is noticeable mainly at the begining and the end of the 
exposure. This feature will be discussed below. 
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Other dis tinct differences between the results for Probe A and B are connected to the 
tota l concen tra tion and to the concentration ratios of spec ies deposited on the probes. 
First of a ll , the area] concentratio ns determined on Probe B are several times lower than 
those characte ristic for Probe A. The exposure of the second probe to one di scharge yield 
followi ng concentrat ions: 0.2 - 0.5 _10 14 cm- 2 fOT metallic atoms , 0.5 - 1.5 .10 15 crn- 2 

for oxygen and 2 - 5 .1015 cm- :2 fo r deuterium. This very low amount of deposited 
species strongly influences on accuracy of t he determinat ion of the concent.ration rat ios 
for correspond ing analysed points on the probe surface. The values of CO / CD and 
CO/GMt. are in the range 0.2 - 0.3 and 40 - 60. However, even t his rough es t imation 
indicates that thE> deposition rate of metals has been distinctly reduced in comparison 
to t he situation observed fo r Probe A. Simultaneously, relatively higher concent ration 
of oxygen is noticeable. 

The plots in Figure 2 a and c present radial distribu t ions of oxygen and other atoms 
on two probes. One observes characteristic /2,4 / exponential decay of the areal concen­
trat ion of deposi ts . High decay rale is especially pronounced for Probe B. However, for 
a given vrobe thE> slope of t he plots is approximately the same which indicates similar 
decay rales for all the species. This suggestion is partly confirmed by the determination 
of concentration ratios fo r respect ive points . The values of GO / CD and GO /GMe are in 
the range: 0.10 + 0.02; 14 + 2 for Probe A and 0.24 + 0 ,04; 50 + 10 for Probe B. The 
resu lts for the oxygen to deu terium ratio are shown in Figure 2 band d . 
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Fig. 2. Radial distributions of impurity and deuterium atoms and radial dependen ce 
of oxygen to deuterium ratio on Probe A and Probe B. 
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3. DISCUSSION AND CONCLUSIONS 

The results obtained for two analysed probes can be discussed in terms of limiter 
configuration and processes responsible for deposition of plasma species onto surfaces 
exposed to the tokamak's discharges . 

The concentration of deposile"d atoms is very low on the surface of Probe B which 
was exposed to the plasma in the presence of the toroidal ALT 11 limiter.Taking into 
account that other experimental conditions for both the probes were almost the same 
(see introduction) one concludes that ALT Il, even not active ly pumped, very effectively 
reduces particle iluxes in the scrape-off layer of TEXT OR. Reduced fluxes are observed 
for all kinds of species but especially for metallic impurities . This result can lead to 
the suggestion that the limiter in use can be rather excluded as the main source of 
impurities in the machine. 

In principle, probe technique allows to collect mainly ionized particles from the SOL. 
However, the results reported above stimulate to consider the contribut ion of neut rals 
to the deposition processes. The t ime-resolved plots for Probe B (Fig. 1 d-f) show the 
increase of the deposition rate of species in the final period of the discharge when plasma 
current is decaying. Moreover, such effects have been detected on other probes exposed 
uncler similar configuration of limiters. The increased depos ition rate is noticed not only 
for impurities but also for deuterium atoms. This feature may indicate that the result 
observed is not caused by pre- or post-experimental artifacts (i.e. contamination) but 
is connected to the deposition of particles originating from the plasma. Our proposal 
is that the effect described is attributed to the deposition of excited neutrals onto the 
probe surface. Probably, neutrals always influence, to certain extent, the deposition 
phenomena investigated by means of collector probes. However, the contribut ion of 
neutral fiuxes is small and can be noticed only on the probes which collected, due to 
the exposure conditions, relatively low amount of deposits. 

The last problem to be considered here is connected to the values of Co/Cv and 
CO/CMe. Oxygen concentrations are 5 or 10 times lower and 15 or 50 times higher (de­
pendently on the probe) than the concentration of deuterium and metals, respectively. 
Such results cannot be simply explained by the formation of heavy water or metallic 
oxide molecules due to the reaction of atmospherical oxygen with deposits when the 
probe is exposed to air after the experiment. For a given probe concentration ratios 
are relatively stable indicating that the correlation between the amounts of respective 
species is not accidental but is influenced by processes responsible for the deposition 
of particle fiuxes (containing also considerable amount of carbon) onto the collecting 
surface. These problems are dissu'sed carefully elsewhere /4/. 

The measurements performed prove the strong relation between cond itions in the 
machine and deposit ion rate of particles onto the probe surface. Thus, the collector 
probes ca.n be considered as an useful tool which sensitively reRects the behaviour of 
impurity and hydrogen isotope Boxes in the SOL. 
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Abstract The study of the Scrape-Off Layer (SOL) during Alfvcn wave heating may lead to a 
better understanding of the antenna - plasma interaction. The SOL of !.he TeA lOkamak has been 
widely investigated by means of Langmuir probes [1,2]. The aim of the present work is to present in 
dClaillhc influence of the Alfven wave spectrum on the SOL. The experiments have shown that the 
plasma boundary layer is strongly affccted by the RF, in particular the ion density, the electron 
temperature and the floating potential. In TCA, as the spectrum evolves due to a densi ty risc. the 
passage of the Alfvcn continua and thcir associated eigenmodes ( DA W ) induces a Slrong deple tion in 
the edge density of up (0 70 % during the continuum part and a dens ity increase during the crossing of 
an eigcnmode. The floating potcntial becomes negative during the continua and even more negative 
crossing the eigenmodes. This behaviour changes as a function of the power transmitted to the plasma 
through the antennae, especially we have fo und with MHD modes a change around 100 kW. The 
profiles of the basic parameters are modified , depending on the wave spectrum. MHD mode activ ity 
which call occur during the RF phase considerably aHers the behaviour mentioned above. Finally, the 
modu lation of the RF power allows us to characterize the difference in coupling, for the continua and 
the eigenmodes, between the Alfvc.n wave field and the scmpe-offlayer. 

INTRODUcnON The antennae for additional heating are always placed in the scrape-off 
layer of tokarnaks. Thus, the plasma boundary strongly interacts with the wave fie ld and, 
moreover, the behaviour of this boundary plasma could be connected wi th the efficiency of 
the wave heating. Therefore a good knowledge of the plasma boundary can help the 
understanding of the coupling between the wave and the core plasma. To analyse the scrape­
off layer we used Langmuir probes which give infomlation on its principal characteristics 
such as ion density, plasma potential and electron temperature. One aim of the TeA 
Tokamak being the study of the Alfven Wave Heating (A WH), we present here the influence 
of the RF wave field on the scrape-off parameters. 

EXPERIMENT The TeA is a medium sized tokamak with the fo llowing parameters: R = 

0.61 rn, a = 0.18 m, BIp s: 1.5 T. The working gas was H2 or D2 with currents of up to 130 
kA, which gave a safety factor at the edge greater than 3, 

The RF wave field is produced by eight groups of antennae regular! . .." spaced 
around the torus, four on the top and four on the bottom, three centimeters away from the 
plasma. 

The Langmuir probes are located in the outer eq llatorial midplane toroidally 
opposite to the limiter. The four probes can be moved radially in the plasma ix>undary. They 
are made of Molybdenum wire and measure 5 mm long and 0.5 mm d iameter with 5 mm 
between them to foml a square. Two of these serve to measure the ion density (absolute and 
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fluctuations) by the means of a current probe with a frequency bandwidth from DC to 50 
MHz. Another gives the floa ting potential in a frequency range of DC to 20 MHz, and with 
the last one, swept from -130 V to 80 V in 1 ms, we can have a rapid calculation of the 
electron temperature. 

RESU LTS Us ing periodic cylindrical geometry to describe the toroidal plasma, the 

Alfven wave can be excited with the fo llowing dispersion relation where 00 is a funct ion of 
the radi us via the mass density and the safety factor: 

2 
ro I r I 

2 
Ba 

with n and m the toro idal and poloidal mode numbers. When a density ri se occurs, 
according to the MHO theory, shear Alfven waves (continua) are generated in the centre and 
move towards the edge. Besides thaI , we observe global eigenmodes ( DA W ) which are the 
low frequency counterpart of the ion cyclotron wave. These modes are superimposed on the 
continua and give the spectrum as shown in the previous papers on Alfven waves in TCA 
[3]. In Ihe scrape-off layer, the Alfven wave fie ld yie lds a strong perturbation in the ion 
density and in the floating potentia l. Firstly , when a shear Al fven wave appears, the ion 
density decreases ve ry rap idly and stays at thi s low level ( dow n to 30 % of the Ohmic 
value) during all the presence of thi s mode (fig. 1 ). During this time, the floacing poten ti al 
decreases regularly and becomes very negative ( -30 Volts ). As a global mode enters the 
plasma, the density increases and reaches a va lue often higher than tha t of the Ohmic value. 
The floating potential becomes still more negative ( lip to -60 Volts ). 
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This behaviour is clearly seen in fron t of the antennae where the influence o r the 
wave field is the strongest ( fig 2 ). During the continua, in case or mode activity, the edge 
densi ty rises. This explain the two c llrves on fig 2. Behind the antennae, which are also 
limile rs in a way, the density is very low nnd the plasma intemcts oniy slightl y with the 
wave. 

Looking more precisely on the 1000ding curve, we can observe, just after the 
passage of a globnl mode, some smnll oscillations /41 , which are also revealed with high 
sensilivilY in our dala. 



It is known that the presence of MHD mode activity usually increases the density 
in the scrape·off layer. In TeA we observe thi s phenomenon in Ohmic conditions. When 
Alfven waves are injected, we find that, for an RF power greater than 100 kW, the mode 
activity is too strongly established so the decrease of the density does not occur, but the 
density goes up continuously. For smaller powers ( ~ 100 kW), the density decreases and 
the mode activity stops. In figure 3 we show the difference of the density taken at (WO times 
in the RF pulse as a fu nction of the power delivered to the antennae. 
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Fig. 3. 

For the shots withou t any modes, we have shown the density and the floating 
potential as a function of the power delivered to the antennae ( fig 4 ). The aim of this 
measurement was to verify a model which would explain the dependence of the loading on 
the RF power. 

According to this model, the scrape-off layer, interacting with the local wave field 
of the antennae provides a sink for the direct dissipation of the antenna current (5). When the 
RF power increases, the scrape-off layer is swept away and changes the antenna loading. 
The behaviour of the density agrees with this model. Our experiment however needs a more 
complete set of data on a wider range of power. 
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Some experiments were carried out on 

the tokamak to study the dynamic response of the 
plasma [6]. The RF power can be modulated. In 
thi s case, the modulation was fixed at 500 Hz 
and the peak to peak amplitude was almost twice 
the usual mean value. A calculation provides the 
gain and the phase of the transfer function from 
the input trace (RF power) to the output tface (J 
sal) as shown in thO"figure 5. We can see the 
difference of the gain between the continua and 
the discrete mode. This means that there is a 
strong interaction between the wave fi eld and the 
scrape-off layer durin g the continua so we can 
say that a non-negligible part of the e nergy is 
deposited in the plasma boundary. When a global 
mode enters the plasma the coupling is more 
efficient wi th the bulk plasma and the e nergy is 
beuer deposited in the plasma core. 
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CONCLUSION All the measurements reveal a strong interaction between the wave field 
and the scrape-off layer. We show the difference of the behaviour of the plasma boundary 
especially when the spectrum of the wave field evolves. We find an important decrease of 
the edge density due to RF power deposi ted which could lead to a dec rease of the impurity 
transport. The RF power seems to be more deposited in the plasma boundary during the 
continua. The boundary plasma density can be very strongly modified by the RF power, the 
modulation of the RF power and the mode activity. 
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The formation of hydrocarbon species by interactions of graphite with 
hydrogen leads to chemical erosion where the erosion yields are target 
temperature, flux density and particle energy dependent . Methane is one of 
the major volatile species in the H- C system. Therefore , the principal 
objective of the present study is the methane formation , particularly at H+ 
energies lower than 100 eV, which will give useful information to assess 
the lifetime of graphite components in a fusion reactor. 

The measurements were performed for graphite temperatures of 450 -
lOOOK, H+ energies of 20 - 300 eV, and H+ flux densities of 3x l 0 11 to 
3x 1 0 I ~ H+ Icm:s. In general, the magn i tude of peak methane yields 
decreases with decreasing particle energy at constant flux density . The 
temperature- dependent methane yield profiles are very pronounced for 
particl e energies of >100 eV/H+ at temperatures between 500 - 900K, whilst 
those for particle energies <100 eV/H+ are much less sensitive to 
temperature . It is interesting to note that the temperatures of peak 
methane yields shift from 625K to 725K, when the particle energy varies 
from 20 to 100 eV. At particle energies of >100 eV , the temperature of 
peak methane yields remains almost constant. 

INTRODUCTION 
Graphite has been proposed as a first wall protection and divertor 

armour material f or NET , because of its low Z and excellent mechanical and 
thermal properties. In addition, it has a l ow neutron absorption cross­
section and retains its strength at high temperatures , which are . 
particularly relevant to long pulse and high heat flux tokamaks, e .g. NET . 

It has been recognized that erosion of graphite due to plasme contact 
will be one of the major limitations for using graphite as a plasma- faCing 
material. The mechanisms responsible for this erosion include : physical 
sputtering , chemical erOSion , radiation-enhanced sublimation and thermal 
subl tmation. Each of these mechanisms dominates over a particular 
temperature range: 0) physical sputtering : T < 500 K; (ii) chemical 
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erosion: by hydrogen, 500 < T < 1200 K, and by oxygen, T ~ 500 K. (iil) 
radiation- enhanced subl imaticn: T > 1300 K; (lv) thermal sublimation : T > 
2300 K. 

The formati on of volatil e species by interaction of hydrogen and 
oxygen with graphite leads to chemical erosion . The erosion yields have a 
strong dependence on target temperature , flux density and particle energy . 
Methane is the major volatile species tn teh H-C system ; therefore, the 
principal objective of the present work is to study the formation of 
methane due to H+ i nteract ion wi th graphi te as a funct ion of target 
temperature and particle energy , particularly in the very low ion energy 
regime . 

EXPERIMENT 
All experiments wer e performed 1n the Uni ver si ty Qf Toronto UHV ­

accelerator faCility , which is described elsewhere [1]. H+3 ions were 
produced by a high- flux, low- energy , mass- analyzed ion accelerator , and 
impacted on the sample at an angle of -30 0

• The resulting beam spot was 
estimated to be -0.2 cm 2

• The beam intensity was measured on the sample , 
with the sample biased (to reduce secondary electron emission) to +5V for 
H+3 energies <300 eV , and +20V for H+3 energies ~ 300 eV. 

The sample was made of pyrolytic graphite, supplied by Union Carbide , 
in a strip of dimensions 50 mm x 6 mm x 0 . 2 mm . The sample was ·clamped at 
both ends by stainless steel jaws , and was heated resistively . Before a nd 
in between experiments , the sample was annealed by heating to ~ 1500 K for 
several hours . The sampl e temperture was measured by o ptical pyrometry . 

The methane produced by chemical sputtering was moni tored in the 
residual gas , via the mass 16 Signal, by a diffp.renttally pumped quadrupole 
mass spec trometer . The quadrupole was calibrated in situ using a know leak 
of CH4 , and was operated at a constant total pressure (mainly H2) in order 
t o ma intain a constant conditioning of the ionizer region, and therefore a 
constant sensitivity to CH4 · 

RESULTS AND DISCUSSION 
The methane yields , Ch4/H+ , as a function of graphite temperature are 

given in rig. 1, for H+ energies of 20 to 300 eV. In general, the 
magn i tude of the peak methane y i elds , Y m' decreases qu i te strongly wi th 
decreasing H+ energy, and this trend is clearly shown in ng . 2. (The two 
100 eV cases in Figs . 1 and 2 correspond to different H+ flux densities). 
The temperc:ture- depe nden t methane yield profiles are quite pronounced f or 
particle energies of > 100 eV/H+ at temperatures between 500 and 900 K. 
For lower ion energies , the yield is less sensitive to the target 
temperatures . This broadening of temperature profiles has also been 
observed by other researchers, e.g . Ref . 2 . 

It is interesting to note t hat the temperature of the peak methane 
yield , Tm. shifts from - 625 to 725 K when the ion energy varies from 20 to 
300 eV/H+ , see Fig . 3 . Also shown on this figure ~s the Tr'f! value for CH4 
production due to sub- eV HO interac ti on with graphite l3 ,lj ] . The Tm 
values for the very low energy ions appear to be tending toward the value 
of Tm in the ~3Ub- eV HO bombardment case . The largest shift in the Tm 
value occurs f or H+ energies between 50 and 100 eV/H+ . It is found from 
Fig . 2 that this is also a region of strongly shifting Ym values, and it is 



notes:! from Fig . 1 that the a.ct ivat ion energles (slopes of the temperature 
profiles) are changing as well. Previously , it has been shown (see Fig . 4 
in R~f. 3) that the composition of hydrocarbon spec ies produced , as shown 
by the ' ratio of CH4 production to total hydrocarbon produc tion , also 
changes in this energy regime. 

It is expect ed that the observed changes result from a strong 
reduction in the nuclear energy deposited in the near-surface regi on of the 
graphi te . For H+ energies S lOO eV, [ 5] there is a drop in the energy 
ava i lable for the breaking of C- C bonds in the graphite lattice, which is a 
requirement for the H+-C chemical sputtering process [4]. 

CONCLUS IONS 
While there is no clear threshold f or chemical sputtering as a 

function of H+ ion energy , it appears that there are changes in the 
dominatlng ract ion mechanisms for energies near and below -100 eV/H+. 
Four observabl e features all suggest t his conclusion : (i) decreasing peak 
CH4 yield, (i1) decreasing Tm value , (iil) decreasing activation energies , 
(iv) increasing impo r tance of hydroca r bons other t han methane [3]. 
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IMP URITY FLUX ONT O THE D IVERT OR P LATES OF ASDEX 

A. P. MartinelJi, E. Taglauer, and ASDEX Team 

Max- Planck-Institut fur P lasmaphysik, EURATOM Association, 
D-8016 Garching, Federal Republic of Germany. 

ABSTRACT 
Fluxes of metallic impurities onto the divertor plates of ASDEX with different 

plasma parameters were collected and resolved in space and time by means of five 
carbon strips wound parallel on a cylindrical core rotating during the discharge. 

Ion beam accelerator analysis (Rutheford BackscaLtering Spectroscopy (RBS), Pro­
ton Induced X-Ray Emission (PIXE) ) of five carbon strips exposed to the plasma show 
a different distri bution of the Fe and eu atoms across t he scrape-off layer (SO L). The 
Fe fluxes collected in the centre of the SOL are re lated to the Fe content in the cen­
tral plasma; the Cu deposition has a maximum value close to the Cu divertor plates, 
indicating evaporation or sputtering from the plates. 

INTRODUCTION 
In earlier measurements prior to the "hardening" process, the Fe fluxes in the 

ASDEX divertor obtained by means of a collector probe were correlated with the Fe 
dens ities measured in the main discharge chamber by using a transport model [1]. 
First measurements with the collector probe differently positioned in the divertor of 
ASDEX after "hardening"are now reported and discussed, as a basis for establishing 
again a correlation between probe results in the divertor and plasma. parameters in the 
main chamber, for the new ASDEX configuration after "hardening". 

MEASUREMENT LAYOUT AND METHOD 
The cross-section of ASDEX after "hardening" , with the time-resolved collector 

probe positioned in the divertor chamber, is shown in Fig. 1. The collector probe is 
connected to the NNW window and consists essentially of a cyl indrical head, which 
can be rotated by a stepping motor, and of a manipu lator to insert the cylindrical head 
into the divertor chamber, and extract it. 

The collector head consists of a set of five graphite (PAPYEX) strips wound parallel 
on a cyl inder. During the plasma discharge the cylinder is rotated behind the fixed 
shield, which has five apertures, 4 mm in diameter, 14 mm apart, so that particle 
Huxes from the plasma can be collected. As a rule, the apertures are perpen .. licular to 
the toroidal magnetic field, so that only ionised particles are collected. The aperture 
diameter defines the local resolution and, together with the rotation speed, the time 
resolution (a few hundred ms). 

After plasma exposure, the cylinder is withdrawn from the divertor chamber and 
the five strips are taken off and analysed for metallic impurities by PIXE and RBS 
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using a 2.5 MeV van de Graaf accelerator. 
T he measurement res ul ts show cave rages (atoms/cm 2

) on the strips between 1/ 10 
of a monolayer (roughly the detection limit) and a few monolaycrs. 

EXPERIMENTAL RESULTS 
Figure 2 shows the ClI and Fe fluxes calculated from the measured coverages on 

strip 1 (1 cm from the Cu divertor plate), on strip 2 (2.'1 cm from the eu divertor 
plate)' and so on, as a [unction of time during discharge no . 21007 (Nl discharge). 

The eu nux attains a maximum value of 6.10 16 atomsjcm 2 s, a factor of 10 h igher 
than the correspondent maximum Fe flux . 

It, is seen in Fig. 2 that after about 1.2 s both the C u and Fe sign als strongly 
drop. At the corresponding spot on the graphite stri p one observes a s urface-structure 
change. T his change is a consequence of high-energy deposition during neut.ral beam 
injection; the deposited metallic impurities cannot be fur ther observed . 

Figure 3 shows the Cu and Fe deposits collected on s t ri p 1, strip 2, and str ip 3 
(3.8 cm from the p late), as a function of the time during discharge no. 2186l. 

It is again seen that the Cu coverage (flux) is a factor of 10 larger than the Fe 
coverage (flux) on strip l. 

It is a lso observed t hat the coverage (nux) on strip 2 during NI is strongly reduced. 
Again, surface examination of the strip shows a subst.antial structure change. This 
indicates that s tr ip 2 has reil.ched a high temperature during the NI, highe r than strip 
1, which shows no surface alterat ion though closer t.o the divertor plate than strip 2. 

This is explained by the pos ition of str ip 2 on the separatrix, where the ~nergy 
deposition is maximal. 

DISCUSSION 
Further experiment.al res ults support the trend shown by the above reported re­

su lts obtained wi th t he collector probe in the ASDEX d ivertor after the "hardening" 
process. By way of discuss ion and preliminary conclusion the following can be stated: 

- collected Cu and Fe fluxes arc very different in value and show different radial 
dependences. 

- collected Fe fluxes correlate with the Fe fluxes measured in the main plasma 
chamber and do not appear to be directly generated in the divertor chamber. The 
overall Fe outftux from the plasma can be determined by taking the va lues of t he 
Fe Huxes over the width of the SOL in the divert.or and integrating t.hem over the 
circumference of t.he divertor and the fo ur diver tor sections (upper, lower, inner, outer). 
Overall Fe fluxcs up to 5 .10 16 s - I are obtained. 

- measured Cu fiuxes close to the Cu diver tor plates arc a factor of up to 10 h igher 
than the Fe fiuxcs; this indicates erosion of the divcrtor plates. 

R EFER ENCES 
II I Taglauer, 8., Nuc\. lnstr. and Meth. in Phys. Research B13 (1986)2 18-224 
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FIGURE CAPTIONS 
Fig. 1. Schematic cross-section of the ASDEX Tokamak after "hardening" show­

ing the posi tion of the collector probe in the upper divertor chamber. 
Fig. 2. Cu and Fe fluxes on strip 1 (1 cm from the divertor plate), strip 2 (2.4 

cm), strip 3 (3.8 cm), strip 4 (5.2 cm) as function of the time in discharge no. 21007 . 
Fig. 3. Cu and Fe deposits (and fluxes) on strips 1, 2, 3 as functions of the time 

in discharge no. 21861. The upper part shows the discharge parameters Ip (plasma 
current), ne (electron density), and NI (neutral beam injection). 

WATER COOLED 
DIVERTDR PLATES 

ASDEX 

Fig. 1. Schematic cross-section of the ASDEX Tokamak after "hardening" show­
ing the position of the collector probe in the upper divertor chamber. 
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STUDY OF EDGE ION THERMAL ASYMMETRIES IN THE 
TJ-I TOKAMAK 

B Zuuo and TJ·I Group 

Asociaci6n EURA TOMlCIEMAT. 28040 Madrid. Spaill 

INTRODUCTION 

Some tokamak data suggest that panicle and energy transport in tokamaks could be 

somehow poloidally asymmetric (1). In this paper, a new method which sheds some light 

on this problem, is being explored in the TJ·J tokamak. We contemplate the plasma edge as 

a place through which incoming and outcoming panicles have to pass. By probing the edge 

ions using a method sensitive to their energy, it seems plausible to observe the preferential 

poloidal angles. if they exist, for particle outflux. The existence of boundary regions richer 

in hot ions should be revealed by studying the Iinewidth of some emission lines along 

different plasma chords. 

It has been experimentally observed in tokamaks that highly ionized particles can reach 

the plasma edge (2), where they are accelerated by the sheath potencial producing surface 

sputtering. Line emissions of CV! and CV ions have been detected at the TJ-J plasma 

boundary and must be assigned to charge exchange recombination (CXR), because the low 

edge electron temperatures are in sufficient to excite them. But with line integrated 

diagnostics, using spatially resolved measurements, it is not easy to separate this radiation 

from that due to electron excitation at the plasma core. For this reason, although the CXR 

radiation could provide direct infonnation about the outflux asymmetries of central hot ions, 

it is notlhe most appropiated in the case ofTJ-I. 

On the other hand, states of ions with much lower ~harge can be populated by single 

or multiple charge exchange cascades. The width of lines from these intrinsic edge 

ions could reflect also these poloidaJ asymmetries. These processes have been recognized 

recently to play an important role on the radiated power balance at the plasma periphery (3). 
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EXPERIMENTAL 

The measurents presented here have been performed in ohmically heated discharges of 

the TJ-I tokamak (R= 30 cm, a= 9.5 cm), operated with plasma currents of around 40 kAt 

toroidal field from 1 to 1.2 T and line average density of around 2 E 13 cm-3, The hydrogen 

and impuri ty temperatures have been measured by scanning the Iineshape of a se lected line 

at a preprogrammed time of the discharge, using a 1 m monochromator provided wi th a 

rotating refractor plate. An optica l system, using a se t of three milTors, fomls a 900 rotated 

image of the input slit close 10 Ihe tokamak window. One of them can be rotated, on a shot 

10 shot basis . to perfonn the measurement along any selected plasma chord. rn addition, it 

can be rotated at high velocity to obtain repetitive emission profiles during the 10 - 20 ms of 

the plasma life. 

RESULTS 

We have studied the Doppler linewidth of the following spec tral features: Hp 4861 A, 
CHI 2296 A, 4647 A and OIl 4416 A along different plasma chords using a set of good 

reproducible discharges. Results of these measuremems are plolted in Figs. I to 4. The 

main feature common (0 all these scans is that the temperature reachs a maximun for chords 

passing around the magnetic axis, being smaller (by at least a factor 2) for chords going by 

the tOP and bottom plasma edges. The lower edge ion temperature deduced from all these 

lines is around 40 eV . For a fixed position the temperature increases almost linearly with the 

puffing level. The hydrogen temperatures were deduced from the HB line wings; the 

maximum proton temperatures (80 - 90 e V) for this disch,uge is in good agreement with the 

that deduced from the charge exchange neutral spectrometer. Besides the edge thermal 

asymmetry already memiolled, the most remarkable feature observed is the different 

temperature found for cm ions using two distinct spectral lines. unambigously assigned in 

the literature to this ion. This could be an experimental fact supporting the population of 

edge ions via CXR of outfl ux of cen tral energetic ions. However, a more detailed study 

of the popUlation of states in which these lines are originated must be c;:uried out in the 

future to assess this interpretation. 
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In summary, edge ion themml asymmetries have been observed in ohmically heated 

TJ-J plasmas, which could be due to asymmetric poloidal transport of particles. This 

transport must be more important for poloidal angles closer to the equatorial plane in order 

to account for these experimental results. 
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B1"'!iAVIOUR OF BDGil PLASMA UNDER ICRB IN TO-2 TOKAMAK 

Artemenkov L.l., Vukolov K.Yu., Gatt Yu.V., Gurov A.A. 
Kovan I.A., Monakhov I.A., Mukhin P.A., Papkov L.N., 
Schwindt N.N., Yusupov K.Kh. 

I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR 

SUMMARY 

P 7 0 71 

The behaviour of edge plasma under ICRB at a fundamental ha­

rmonic of hydrogen ions in operation with and without divert or 
was experimentally studied on the TO-2 tokamar.Radial and tem­
poral plasma density, ni' and electron temperature,Te , depen­
dences in a scrape-off-layer were registered with a five-lamel­
la probe. The RF-power launch in both regimes was accompanied 

by a rise in n i and by a weak reduction in Te- A correlation 
between the behaviour of edge plasma dens i ty and fast ion flu­
xes emerging under I CRH was noticed. A phenomenon of edge pla­
sma pumping-out was observed under weak r ecyc ling after swit­
ching the RF-generator "anlt. 

A strong damping of fast magnetosonic waves and an effective 

plasma heating at a fundamental cyclotron frequency of hydro­
gen ions was registered in the ICRH experiments on the TO-2 to­
kamak.The heating was observed in pure hydrogen plasma [1] 
PRF =100 kW, 
D-H mixture 
cm-3• A set 

13 -3 0% 6-Ti '" i~Te '=- 100 eV, ne = 2.10 cm ,and in a 5 , 
C2J : PRF = 150 kW,£> Ti "'LITe = 200 eV, ne = 2.1013 

of obtained data, however, does not allow one to 
explain the mechanism of heating. In this connection , the stu­
dy of the edge effects accompanying the heating and,in particu­
lar, an estimate of t he role of Alfven resonance, localizat ion 
of which under given conditions is at the plasma column peri­

phery, are of a great interest. 
The studies were done in a purely-hydrogen plasma in both 

regimes: with a magnetic divert or configuration (separatrix 
radius, as = 13.5-14.0 cm) and with a li.J.-niter, its role was 
performed by the ICRH - antenna (a ~14.5 cm). The typical pa-
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rameters of an Ohmic stage of the discharge are: I =)0 kA, 
_ 1) -) p 

Vp _2V, Bo=1.2T, ne=1.5 10 cm ,Tio =100 eV, Teo=200 eV. 
The power launched into the plasma was PRF=150 kW at f=18.) 
MHz in the regime with a divert or and PRF =100 kW in the di­
vertor - free regime. A rectangular RP-pulse, 5-10 mB long, 
was Used. An antenna with double elutrostatic screen and with 
protective graphite covering was located at a low toroidal fi~ 
eld side. The antenna included a number of elements preventing 
a direct excitation of surface waves. 

The edge plasma parameters were registered with a movable 
five-lamella probe. A constant bias at the lamellas (from zero 
up to - 48 V) provided the probe signals corresponding to five 
points on a volt-ampere dependence and an opportunity to mea­
sure the electron temperature, Ta' and the proton density du­
ring the discharge [)] • The probe was located in a cross-sec­
tion shifted respective to the antenna in a toroidal direction 
at an angle 120 0 , and it could be translated along the major 
radius of the torus. 

A spatial (Figs. 1,2) and temporal (Fig.) behaviour of 
the edge plasma parameters is shown. One can see that an incre­
ment in the plasma density and some decrease in the electron 
temperature take place after switching the RF-generator IIOnn. 

Both processes are more pronounced in the regime with a limi­
ter. The power deposition into the plasma had a multimode na­
ture dependent on density at a low plasma quality factor, 
Q =30-50. A correlation among the behaviour of an RF-field of 
fast magnetosonic waves, the flux of fast atoms escaping from 
the plasma column and the plasma edge denSity was observed.A 
characteristic length of ni-decay under ICRH was increased in 
both regimes. The divertor magnetic configuration was characte­
rized, as a whole, by lower densities and by higher Te Wlder 
Ohmic heating and under ICRH as well. The dependence of Te on 
the radius was rather weakly pronounced. It is interesting to 
note that differences in n. and in T , obtained under OH and un-

~ e 
der ICRH, are reduced with the motion of the probe into the pla-
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sma interiour. 
As it has been noted, the RF-power input is accompanied by 

some reduction in the Te that is probably related with a co­

oling of the plasma periphery due to an entry of impurities, 
the content of which under ICRH is increased by sputtering of 
the chamber walls and by that of the antenna with fast partic­
les. A reduction in Te also confirm the absence of periphery 
power deposition under ICRH in TO-2. 

A phenomenon of "pumping-out" the edge plasma after swit­
ching the RF-generator "on" in the regimes with low recycling 
(Fig.4) was registered. This effect discussed previously 
(see, e.g. [4] ) is probably related with the edge plasma po­
larization by an electrostatic potential of the RF-antenna. 
It can play an important negative role under ICRH, increasing 
an opaque zone for a fast magnetoBonic wave and deteriorating 
the antenna - plasma coupling. A given phenomenon of "pumping 
out", as a rule, is masked by enhanced recycling under ICRH. 
Therefore it was clearly observed \.U1der the conditions when 
the chamber walls were carefully degassed and the fluxes of 
fast particles, emerging in the procesp of exciting fast mag­
netosonic modes in the plasma, were absent (compare Fig.), 
with Fig. 4). 
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PREDICTIONS FOR ICRF POWER DEPOSITION IN JET 
AND MODULATI ON EX PERIMENTS DURING SAWTOOTH-FREE PE RI ODS 

F. Tibone. M. P. Evracd1, V. Bhatnagar , D. J . Campbell , J .G. Cordey , 
W. Core , L-G . Eriksson2, J.C .M. de Haas3 . H. Hamnen2, T. Hel lsten , 

J . Jacquinot . S. Knowlton, R. Koch' , H. Lean4 , r. Rimin!, 
D. Roberts5 , D. F. H. Start , P. R. Thomas , K. Thomsen . D. Van Eester1 

JET Joint 

2Chalmers 

4Culham 
5Princeton 

Undertaking , Abingdon , Oxon ., OX14 3EA , UK . 
1 LPP-ERM/KMS. Brussels , Belgium. 
Univers i ty of Technology , G6teborg , Sweden . 
3FC1'1 , lIR i jnhuizen Tl , Netherlands . 
Laboratory. Abi ngdon , Oxon. OX14 3DB , UK. 
Plasma Physics Laboratory . New Jersey . USA . 

Theoretical Predictions . Various computational tools are available at JET 
for prediction of leRF power deposit ion pcofiles : these _include the gl obal 
wave cqdes LI ON and ALCYON [1 ,2J , a ray-tracing code [3J and a simpl i fied 
model lqj based on a parametrization of full wave code results . These 
codes can properly describe fundamental minority and 2nd harmoni c majority 
heating, and direct electron heating due to transit time damping; the 
redistribution of power from the minority energetic ions to the background 
plasma is computed by solving the relevant Fokker-Pl anck equation. No 
satisfactory model is available for local electron heat i ng due to rrode 
conversion (experimentally observed in some of JET scenarios, see below) . 

Fig . 1 shows a representative example of comparison between results from 
full wave anc r~y-tracing codes. They refer to on-axis minor i ty heating of 
H in a D plasma, with strong single pass absorption. There is good 
agreement on the fractional power absorbed by the various species, and both 
codes predict strongl y peaked deposition profiles. The local pow~r density 
in the center i s typ i cally t wice as high for the ray-tracing as for tIle 
global wave code; however, this figure is sensitive to the local geometry 
assumptions (volume effects) and to small uncertainties in the exact 
cyclotron resonance location related to magnetic field corrections . While 
this implies that we cannot rely on predictions in the vicinity of the 
magnetic axis , the integrated power absorbed within r - (O. 3-0 . q)a , Le . 
the sawtooth region, is nearly the same fo r the two codes and is consistent 
with the experiment. The power deposit ion for cyclotron absorpt io~ 
predicted by the two codes differs more for heating scenarios with weak 
absorption , for which full wave calculations yield less peaked profiles . 

Narrow deposition profi les are also predicted by all codes for JET 
off-axis heating , with the reson~lce position as far out as r - 0.6a . 

The assumption on the minority spatial distribution in t he plasma i5 a 
major source of unce~tainty for all predictions. Only spa~se evidence is 
ava ilable on the total number of minority ions in each experiment. and it 
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is even difficult to assess the unceetainty of this datum . The minority 
radial density profile is arbitrarily assumed to be either un ifonm , or of 
tIle same sllape as the measured electron density profile . 50% vaL~iations in 
the assumed minority concentration near the cyclotron resonance can yield 
changes of the same order tn the computed l ocal deposition . A similar 
variation in the overall minority concentration can also affect 
significantly (20-30%) the power distribution to the different species . 

Modulation Experiments During Monster Saw teeth . Since the upgrade of the 
JET leRF power system to 8 generators/24~d . it has been pos3iole to launch 
into the plasma very higllly modulated RP pulses with liP up to ± 2 . SMW, 
supe~imposed on an ave~age powe~ in the range 5-10MW . The simultaneous 
disappea~ance of sawteeth at these levels of RF powe~ has allowed us to 
obtain mucll clea['e~ expecimental data than in previous experiments tSJ . 

Figu~e 2 ~efers to one of the most ~ecent ~esults : a square wave 
modulated RF power of 7 . 2±1 . 6~d at 4Hz was launched into a deuterium 
plasma with ]He mino('ity , yielding a tlTeo of rno('e than ±200eV . in phase 
with the RF power . 

A fast-rourie(' - transform-based analysis [5J shows that the Te-response 
is still visible at 12Hz , the fi ('st harmonic present in a square wave . 
This supports the idea that dir"ect elect('on heating is the lar'gest 
cont('ibutoe to the obsecved Te mo(Julation. Indeed, the transmission of 
pO\.Jel~ th('ough the minority acts as a s upplementary integ~ato[" , decreaSing 
the ampl i tude of the response by a factor w't"il - 4.5 in the 4Hz case (w .. 
modulation frequency, lS - fast ion slowing- own time) . Thus , even lf only 
30% of the total powe(' was directly absorbed by electrons , this effect 
would dominate the picture. 

Information on the ratio between direct and indirect bulk plasma 
heating can be obtained by analyzing the effect of rrodulat i on on the plasma 
energy content ~l. This effect is clearly visible on both magnetic measure­
ments available at JET, Wdia f('om c1iamagnetic loop (H1;Iia= 3/2 Wr, including 
the non-tl1ermal component) and Wrnhd fran mhd equilibnum calcul- at i ons 
(Wmi1d .. 3/2 H~+3/4 Hr). Four:ier analysis yields for Wis case ilWrniJd - 42kJ 
and ,.IWdia- 5bkJ , cor~espondlng to ilW r = 38kJ, 6.11 11 .. 9kJ and ilW(alllsotcopic) 
'" 20kJ. Thus we estimat~ that only 40% of the RF power results in tI le 
creation of an ani sot ropy in the veloc i ty dist('ibution of the minocity . 
Hmlever, it should be stressed tllat this deduction is particularly sensi­
tive to uncertainties in Wjia and Wmhd • and requires further conficm3.tion . 

In o('de(' to compa('e the modulation experiments with tileOl'Y, we tdcn 1101/ 

to a caGe of H minority heating in 3He, where the effect of dil~~ct ~lect('on 
heating is expected to be low . Fig . 3 presents both amplitude and pi133€ of 
I.He (r) resulting from Fouriel~ analysis , co["rected for the modulation of the . 
magnetic axis sllift , responsible for up to l'OeV in LITe in tile gt'aJient zone 

Of the total modulated RE=' power (llP .. 1. '11'*1) , 80% is !:J€erl in the 
modulation of tile energy content . Plasma energy ,nodulation amount:=; to 
jWmhd- 34kJ and tlWd · a .. 62kJ, corresponl1ing to l!.H , .. 41 kJ , oH" '" 2kJ and fl.W 
(anisotropic) '" 3?kJ . This means that 85% of tile power goes to pl~oducc an 
anisotropiC minority population . Consiriering t.hat part of th~ ec;naining 
power will be absorbed by bulk minority ions , ~Ie concludi? tilat dicAct 
electr'on he8.ting is indeed a minor effect in tllis expeciment. 

The Te-response has been simulated IJsing a diffusion equ:l':.ion rOr~ the 
elect('on energy in cylindrical geornetr~y , witll radially const<3.f1t 118;lt 
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diffusivity . The assumed power deposition profile on the minority (a 
Gaussian with width 20cm) c l osely resembles those predicted by the various 
codes . The modulated component of the Ohmic power input has been found to 
be negligible, and non diffusive energy losses have been neglected. The 
model also allows for a smal l component of direct heating to be taken into 
account . A good agreement is found (see Fig . 3a and 3b) assuming Xe(O) z 

2-~m2 /s and a small amow1t of direct electron heating (5- 10%) . thiS value 
of Xe near the plasma center is consistent with the local power balance , 
and 15 as large as that preViOUSlr ~easured in the outer plasma using the 
heat pulse propagation technique 6J . 

Conclusions . Predictive calculations of ICRF power deposition profiles in 
JET using various numerical tools yield a consistent picture, in 
qualitative agreement with experimental evidence. Quanti tatively the 
agreement is satisfactory, but the codes tend to overestimate the power 
density near the plasma center, and cannot describe situations where direct 
electron heating via mode conversion is important. Poor knowledge of the 
minority distribution in the plasma can cause a sIgnificant uncertainty in 
the predicted deposition profiles . 

RF power modulation experiments have been successfully attempted during 
lImonster sawteeth ll , without destabilizing the sawtooth-free discharge. We 
have presented a D( l He) case where significant direct electron heating has 
been observed , and the measured T -response profile is dominated by this 
effect. Such a scenario is outsiae the boundaries of applicabili ty of our 
theoretical models. 

We have also shown results for a lHe(H) plasma , where minority heating 
is clearly dominant. Tneoretical predictions for power deposition can 
reproduce the observed amplitude and phase of ATe(r) if an electron thermal 
conductivity Xe : (2-~)m2/s is assumed in the central plasma region . 
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~ Predictions from ray- tracing (solid) and global wave code LION 
(dashed l ines) for H minority heating in a deuterium JET plasma. Due to 
the high temperature and toroi dal mode number, mode convers ion is . 
negligible for this scenario . 
Fig.2 Electron temperature traces at different radii (from the ECg poly­
chromator) fOr a modulation experiment in a deuterium plasma with l He 
minority. RF power modulation at 4Hz ; <P RF>=Z.2MW, AP:±1 . 6MW . Ip. 2MA, 
Br-3. 4T, neO:4.3~10'9m- ] , TeQ- 7keV. p is a normalized flux coordlnate. 
Flg . 3 Amplitude (a) and phase (b) of the Te response versus major radius , 
corrected for the modulation of the magnetic axis shift. 3He(H) plasma 
with I p-2MA , BT=2 . 1T, modulation at 5Hz , <P RF>- 5MW, 6P=± 1. 7MW . The solid 
lines are the result of the model as def ined in the text. 
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ROLE OF ANTENNA SCREEN ANGLE: DURING ICRF HEATING EXPERIMENTS IN JET 

M Oures , V Bhatnagar, S Corti , G Devillers 1 I B Denne, M Forest 2 , 

T Hellsten. J Jacquinot , D Start 

JET Joint Undertaking, Abingdon , Oxfordshire. OX11l 3EA , England 

I Attached fr om University of Grenable , France 
2 EURATOM/UKAEA Association, Culham Laboratory 

Introduction 

To eliminate the excitation of the E:, ccmponent of RP' field. the 
screen e1 ements of JET antennae wer e ins tL 1 ed at an angl e of 15 D 'oil th 
respect to the torolctal fi eld . This implies that the elements are 
aligned with the magnetic field during the discharges with Bob '" 3 . 11 T and 
Jp - 5 MA for whi ch the desi gn was opti mi sed . Tot es t the effects of the 
magnetic field line direction at the plasma e dge w1 th respect to the 
antenna screen elements , SOOle RF' heating experiments were carried out 
with a I'eversed direction of toroidal fiel d . Exper iments were performed 
with the same target plasma conditions B, - 2 .1 T, I!jl • 2 MA, lHe(H) 
heating scenario and density < n > '" 1. 7 - 1 . 8 x la' m-so The antennae 
were phas ed as monopoles wi th KlI spectrum peaked at KII .. 0 m-I . A few 
discharges in the reversed fiel8 condition were run a~ somewhat higher' 
field B$ '" 2 . 25 T . 

Coupling Resistance and the Plasma Edge Parameters 

In the reversed field case the coupling resistance Rc is typical ly 
30 % lower as plotted in F'ig 1 , Also the time evolution is different. 
In the normal case , the coupllng resistance is strongly modulated by the 
radial e igenmodes of the magneto-acoustic (MA) wave . Elgerunodes result 
fran the densi ty i nCI'ease caused by the RF enhanced neutral b:as and 
impurity inrlux . In the reversed field case , the eigerunode activity is 
less eVident , despite the density increase as a function of power being 
the same . The plasma edge density and temperature were measured by the 
Lan gmuir probes placed in the protection tile of the RE' antenna . There 
is e vidence that the average value (integrated over the RE' pulse ) of 
density in front of the antenna screen increases from 2 X 10 15 m- l to 
11 x 10 ' 6 m-3 in both cases . Also temperature incl' eases from 15 eV to 50 
eV in the normal case , The measurements suggest that in the t'eversed 
field case , the temperature profile flattens and the increase of 
temperature in front of screen is tower. 
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Heating Efficiency 

In both cases the minority cyclotron layer was placed in the centre 
of the plasma. A number of significant differences in heating efficiency 
was observed . In the reversed field case: 

a) The rate of increase of Te(O) and < Te > with PRF/( n > was 30 % 
lower. The example of Te(O) time evolution is plotted 1n Fig 2 . 
HMonster " sawtooth phenomenon shoul d be noticed . 

b) The energy increase as a function of applied power can be character­
ised by the incremental confinement tine ~INC - 6W/(PBF - 6PQ) ~ 0. 16 sec 
which is lower by 30 % than in the nomal case (Fig 3). The plasma 
stored energy is derived from the electron temperat ure profile, ion 
temperature of plasma centre, density profile and Zefr . The same 
difference of 30 % is obtained from magnetic measurement . 

c) The ion temperature increase measured by x-ray spectroscopy 
ind i cates no substantia] difference in ion heating . Electron temperature 
profile does not show any particular feature in either case . Also the 
neutral hydrogen spectrum does not indicate any substantial difference 1n 
formation of an energetic hydrogen minority tail . The deute r ium fast 
tail is starting to form due to the second harmonic minority heating in 
both cases . 

Neutral and Impurtiy Influxes 

When the RF power is applied, the density increases. The radiation power 
increases roughly linearly with density but somewhat faster in the 
reversed field case. The ratio Prad/PrOT versus PTOT is plo t ted in 
Fig~. The higher radiated fraction can be correlated to the enhanced 

w~ 
(10' J) 

~o -

• Normal Br ci'ection 

o Reversed Br direction 

. . 

'1OT = po· p~ (MW) 

Fig 3: Plasma stored energy as a function of total power input 
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influx of metals , mainl y the nickel . In fi.g 5 the intensity of NiXXV 
line normalised to density is plotted vel'SUS t he POW€J' input. It 
represents the number of ni ckel ions along the li ne of Si gh t. Also the 
intensities of oxygen OV and carbo n CIV lines eiffer' tn the 2 cases. 
Intensity of the oxygen line is higher l'oughly by factor 210 the 
reversed field case , while the crv intensity is lower . This might be 
cOI'rel a ted to Imler deuteri um i nrluxes as measured by Da emission 
recorded al ong th e l1ne of s i ght intercepting t he l imitel' s . No 
difference is observed mo nitm'ing the He! l ine . 

Conclusions 

A clear diff e r ence in the i mpurity influxes a8 well as the heating 
ef fic iency was observed between the discharges with normal and rever'sed 
directioll of the toroidal field. Also , the coupling rcsi::;tance differs 
substantially . The results indjcate that the coupling to MA wave 
respectively t o slow wave is differen t in the 2 cases , The parallel 
component of the Rr electri c field is minimised when the sCl'een elem ents 
al"e ali gned along the magnetic field , 
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Fig 4 : Fraction of radiateo power 
as a function of t otal power 
input 

Fig 5 : MeasUI'e of nickel ion 
density a s a function of 
total power 
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IDE NTI f I CAT I ON OF RADIAL AND TOROID;\L EIGENf1)OES IN THE COU PLIN G 
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The fast wave dispersion relation: k~ = k~S - k ~ - k5S - ki 
applied to t he sl ab can be conS i dered 1n a manner analogous to that used 
by Stix [3] to ident if y and track the eigenmodes of the system; kx' kz 
and ko refer to radial , toroidal and f ree space propagation. Sand Dare 
the usual sum and difference terms of the dielectri c tensor. 
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The electric field at the antenna placed just outside the fast wave 
cut off layer is the sum of the incident wave E fron t he antenna , plus 
the multiply reflected I~aves , attenua';.ed by cc a~a phase shlfted by 6 each 
transit around and across the toroidal slab to give : 

Ey antenna 
E 1 + e -0 + i B 
y, e -a + l ,j 

In the fuLl computation the atte~tuation ~ is determined by a mode 
convel'sion algol'ithm (Co l estock and Kashuba llj ~ ) dependent on the 
minority concentration and tempel'ature . 

The power P, del ivered by the antenna may be written in terms of the 
antenna curre~t 10 and this E field . Using .i" the antenna' F'ourier 
spectrum and Ey the F'ourier transform of Ey ' the coupl ing resistance Rc 
is then writt en : 

R _ 2P 
c - ~ 

1 
r;r 

For '. « 1, as expected neat' kz '" 0 , and nearly radial pt'o~agation , 

13 " 2 kxd . When kxd = nTT , the last f actor' of the int egrand is a giving 
an enhanced real contribution . i-Ihen !"xd .. nTT, the last factor is 
icot 13/2 and the contribution i s imaginary . 

F'OI' et large, as expected for large kz, the integral is unchanged 
fl'om the single pass model. 

These resonant contl'ibutions \~ith kxd .. nli will be referred to as 
II poles" and they define the radial eigenmodes . 

Contl'ibutions occul'ring for' va l ues of kx having corresponding vaJ.ues 
of kz with large values of the F'ourier transfor'm of the antenna current 
can make dom1 nati ng I'esonant contri buttons to the coupl ing resi stance . 

Because the kz value associatea with these strong resonant 
contributions changes as the plasma parameters evolve in time, the pO\Oler 
absorption spectrum in kz varies in time and does not have the same shape 
as the Fouri er transform of the an tenna current . F'or monopole phasing, 
as kz apPI'oaches zer o , the antenna output inCI'eases (because of the 
Four ier transf orm of the antenna current and I~educed attenuation while 
tunnelling frcxn the antenna to the plasma), and reflectivity increases . 
Thus , I·le bet the highest contri buti ons to Rc ' le ei senmode onsets when 
the density and magnetic field are set to values which access a radial 

eigen~l~d~o: i ~~e t~~~;~:l p:~~e~~:~~e:r~~ c~a~~ed so that . eg th e Alfven 
veloc. ty is l' educed, the dispersion r'elation between kx and kz e nSUI'es 
that eigenmodes wi th successi vely higher' tOI'oidal mode numbers al'e 
accessed in or der . Each of these higher kz modes has decreasing 
reflectivity . and the antenna output in the monopole phasing decreases 
with n so we obta in a decreasing cOLpling reSistance giving tile 
asymme~ ry typi cal of the peaks in t he data presented in F'igs la and 2a . 

F'or the dipole phasing there is a zero antenna output with n , ~ 0 so 
that poles at small n . cannot con t r i bute significantly to the coupling 
resistance . For larg~r values of 11

9
, changes of the ~ntenna output are 

small and no variations of the the mean coupling resistance are ~xpected. 
Only small variations of the coupling resistance are seen because of the 
stronger absorption . 
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Results and Discussion : 
The Alfven speed varies with both magnetic field B and density . 

When B changes the post tian of the ion-ion-hybrid. cut=-off layer changes. 
effectively changing the slab thickness . In add i tion , in high power ICRH 
heating pulses , changes in Z-effecti ve change the mass density . These 
pOints are all taken into account , where appropriat e in calculating 
changes to the optical path length . The spacings of the onse t s of the 
eigenmodes seen in the data of Pigs la a nd 2a are t hen found to 
correspond very well to changes of the optical pa t h length by }. . In Fig 
2d the 51 ope of kx d agai os t radi al mode number is close to one . 

, 
To fit the peak-to- valley ratios and shapes of the peaks in the 

coupling resistance da t a , the minor i ty concentration is varied a t kno wn 
temperatur e in the mode conversion algorithm . For the data of Fi g la , 
the best fit (Fig 1d) was obtained with 20 % hydrogen mi nority ion 
concentration , a val~e close to that measured via charge exchange . 

In Fig 5 an individual eigenmode was tracked . The electron 
temperature was among the highest with the level of RF power used 
(10 MW), even though during the peak temperature, the high cou pling 
resistance is evidence of a high ref lection coefficient and thus low 
absorption of energy per pass . The elect r on temperature profile 
conformed to those normally obser ved both in the valley at 51 . ~ sand 
near the peak, eg at 51 . 83 s . Stored energy and C I II impurity radiation 
i ntensi ty are not dependent on the exci tation of ei genrnodes . 

In a pulse not shown, 12 M~I of RF power produces T e .. 9 . 5 keV and 
Ti .. 8 . 0 keV at times when there is eigenmode excitation . But the 
peak-to-valley ratio is very small at these high temperatures so t hrough­
out almost the whole range of kz. there must be high absor'ption per pass. 

In dipole phasing thE. variations of coupling resistance are much 
reduced compared with monopole phasing particularly when using hydrogen 
minority species heating, even when dramatic changes of density and 
temperature occur , eg during pellet injection . 

Sawtooth-free periods are achieved both with monopo!e phas i ng in 
which eigenmode excitation is observed and also with dipole phaSing , so 
that no special effects are attribut abl e to eigenmodes in this regard. 
Conclusions 

Though there are in some cases l arge excursions of the coupling 
reSi stance , the excellent ICRH heating results obtained with the new 
antennas installed in 1987 are important evidence that the existence of 
eigelllnodes does not cause problems in the physics of ICRH heating at 
these high temperatures , and that techn i cal pr'oblems which eigenmodes 
might cause through large variations of the coupling resistance are 
reduced at high temperatures. The data presented is all for hydrogen 
minority species heating; He l minority species heating gives a more 
complicated set of coupling resistance peaks which we have not modelled. 

We acknowledge with pleasure the contributions of the JET RF 
Division technical t eams and the JET operating teams . 
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G.A.Cottrell, G.Sadler, P.van Belle, D.J.Campbell, J.G.Cordey, W.Core, T.Hellsten, 
J .Jacquinot, S.Kissel, D.P.H.Start, P.R.Thomas and J.Wesson 

JET Joint Undertaking 
Abingdon, Oxfordshire, OXI4 3EA, England 

1. INTRODUCTION AND EXPERIMENTS 
A series of experiments is currently in progress on JET to study and optimise 

ICRF-driven fusion reactions between the highly energetic 3He minority ions and the 
thermal deuterons during central high power RF heating at ur-wc(3He). The reaction 
rate in the tai l was monitored by measuring the flux of 16.6 MeV "(-ray photons from 
the D( 3He,? J 5Li reaction3,'. With. coupled RP power to the plasma of 11.5 MW, the 
fusion yield so far achieved (in charged particle fusion products) is p(u,= 50 kW, 
giving a Q-value of ~ 0.5%, the highest achieved so far in a tokarnak. Because of the 
strong non-linear variation of reactivity with RF power density, it has been possible to 
derive the effective RF power deposi tion radius in the plasma by data fitting. The 
value derived, Cd = 0.3 rn, is close to that obtained from RF modula.tion experiments I 
as well as predictions by a full wave code. 

Up to 11.5 MW of ICRH power was coupled to the plasma in the (3He)D 
regime with plasma current: I = 2 MA-5 MA, toroidal field: B~=3.4 T, electron 
density: n,=(2--4) x lO19m'3, :'runority concentration: (1.6% ~ ~ {E n(3He)/n,} ~ 
8.0% ), and In = (32-.35) MHz giving central heating with the resonance located 
within 0.1 m of the magnetic axis. The 3He was injected into the target D discharge at 
t = I sec before the application of the 3-5 second RP heating pulse. In discharges with 
Pr( ~ 5 MW, long duration sawtooth-free periods (r6t ~ 3 s) were routinely ohtained'. 
In other cases, normal sawtoothing behaviour was observed. The D[ 3He"l 5Li 
(16.6 MeV) reaction cross-<!ection is ~ 10'5 of that of the charged particle fusion 

Figure 1. 
Typical "(-ray energy 
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heating in the (3He)D regime. c 

c 
Plasma parameters: I = 2 MA, (ti 

_ P19·3..c 
~ = 9·4T, ne=2.5x 10 m, ~ 
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cross--£ection in the range 0- 1 M€V. The 16.6 MeV ,),-flux was measured using 
calibrated NaI and BGO scintillation detectors3

. A typical ')'-ray energy spectrum with 
RP heating is shown in Figure I. The shape of the spectrum at E')'~ 10 MeV is caused 
by the natural line width (1.5 MeV), the instrumental resolution, and the existence of 
a second line at E, = 13.5 Mey3. Below 10 MeV, the ')'-ray emission originates from 
3He-t C reactions7

. The variation of ')'-ray count rate with RF power is shown in 
Figure 2 for a number of discharges. Within the present range of JET parameters, the 
')'-yield varies as N')' a p,;h, implying that Q"a P,;h. 

Figure 2. 
Variation of "{-ray count 
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the energy range (I f-fO) MeV 
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2. THE MODEL AND METHOD OF ANALYSIS 

10 

RF Power (MW) 

The ICRH-driven minority tail was simulated using the steady-state, isotropic 
Stix formulation'. The minority velocit~ distribution function, f( v), was calculated up 
to a maximum energy of 10 MeV (= mv /2), beyond which orbit losses are expected to m . 
be important for the present range of plasma current in in JET and contributions to 
the reaction rate are in any case small. The local 3He-D reaction rate was then 
calculated; 

V 2 R(3He-D) = 41fIld J Om V dv f( V) u( v) 

where u(v) was taken as the Asher-Peres nuclear cross-section5
, and nd is the 

deuterium densi ty. The plasma model contained an admixture of three ionic species, D, 
3Re, and an impurity assumed to be carbon with concentrations of the ion species 
adjusted initially to equate the model Z,rr with the experimental value (derived from 
measurements of the visible bremmstrahlung). 

In applying the model to the experimental data, there were two main 
uncertainties. Firstly, there was no direct measurement of the absolute density of the 
minority ions. Therefore, in the present analysis, it was assumed that the the helium 
inventory (measured using the observed density increase at the time that helium was 
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injected into the discharge) was subsequently conserved and, moreover, was 
everywhere proportional to the plasma electron density. Secondly, there was no direct 
measurement of the RF power density. However it was possible to use the present 
')'""ray data to obtain an independent estimate of this quantity. The model wllll 
calibrated by Illlsuming that a fraction, /i, of the total RF' power coupled to the plllllma 
was coupled to the minority ions within some plasma deposition volume, Vd' The 
remaining fraction (l-p.) was attributed to possible mode conversion, ion cyclotron and 
Landau damping and transit-t ime magnetic pumping. Analysis of the results of RF 
modulation1

, fast ion energy content with leRF heating6 as well as the results of full 
wave ICRF predictions, suggest that J.I. ~ 0.75, a. value which we use. The effective 
volume averaged electron temperature used in the model WaB 0.67 of the central value, 
a factor needed to bring measurements and predictions of the of the fast ion energy 
content in leRF heated discharges into agreement'. 

Figure S. 
Galculated IGRF-driven jusion 

reactivity shown as a function "I (j') 

of RF power density for the t~piCfl M.s 
JET parameters: ne = 9)( 1(; m , 
volume-averaged temperatures a: 

<Te> = <Ti> = 4.5 keV, 1F 4% and 
Z,rr= 2. 

10 
16 , ___ ,--___ ,--__ -----, 

15 

10 

o 1.0 _
3 

RF Power density (MW m ) 

A plot of the calculated local fusion reactivity as a function of RF power density 
is shown in Figure 3 for a typical set of JET parameters. The curve shows a 
characteristically steep rise in reactivity for RF power densities up to a threshold of 
approximately 1 MW m-3, and thereafter a saturation. This behaviour is a consequence 
of the quasi-Maxwellian tail folded with the fusion cross-section which increases 
strongly with energy up to a maximum (at E ~ 0.5 MeV) and thereafter decrelllles. The 
integrated reactivity can also be seen to decrease at the higbest RF power densities 
where too large a fract ion of 'He ions now appears in the far tail (E ~ 0.5 MeV). 
Because the JET ')'-ray data spans a considerable range in RF power density, it was 
possible to calibrate the model (Illlsurning Vd to be independent of RF power) using the 
measured relative fusion reactivities for a number of discharges with different RF 
powers. This makes use, in effect, of the strong variation and saturation shown in 
Figure 3. By minimising X2 with respect to the unknown deposition volume, a value 
Vd = 6 m3 was obtained, equivalent to an effective deposition radius of Id = 0.3 m. 
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This value is consistent with the <Te> ta..l{en in the fast ion energy analysis and is 
close to that obtained from analyses of RF modulation experiments. It was adopted in 
the model to compare measured and predicted values of the fusion power shown in 
Figure 4, where the code was run for the individual plasma parameters relevant to each 
discharge. It can be seen that reasonably good agreement was obtained between the 
experiments and the modelled fusion yields. 

Fig"re 4. ~ ro 

c 
o 

'" :J 

Compltrison of measured and "U 

calculated [GRF-driven fusion yields " 
from (3 He)D nuclear reactions. The ;;: 
calculated yields are based on the 
isotropic Stix model as described in 
the text with plasma parameters "-
relevant to each separate discharge 
in the dia!J1·am. 

. " 
, 
• • 

• 
o 60 

Predicted Fusion Yield (kW) 

3. CONCLUSIONS 
In experiments currently under way on JET to study the 3He-l D ICRF-driven 

fusion reactivity, an effective Q
rf 
~ 0.5% has been ach ieved with the application of 

11.5 MW of ICRH heat ing power to the pl1l.'lma. The variat ion of Q" during 
systematic scans of plasma parameters has enabled the calibration of a simple Stix 
model and will be useful in the future to validate more comprehens ive codes in the 
prediction of non- thermal fu sion yields based, for example, on fundamental heating of 
deuterium in tritium. 
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RESONANT ION DIFFUSION IN ICRF HEATED TOKAMAK PLASMAS 

T. Hellsten and W. Core 

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

1. Introduction. Wave induced particle transport occurs during ICRH of 
the ['esonatin~ ion species due to absorption of the waves toroidal angular 
momentum [1 ,2 J. For an asymmetric toroidal wave spectrum in which there is 
a di rect input of wave toroidal angular momentum to the pl asma, the 
resonating ions will undergo a radial drift across the magnetic flux 
surfaces . The direction of the radial drift will depend on the toroidal 
direction of the wave . For a symmetric spectrum the drift vanishes and 
only a diffusion term remains . 

The diffusion i ncreases with energy. In large tokamak plasmas with 
intense ICRF heati ng ions are heated up to the MeV range for which 
RF-diffusion becomes important. 

The simultaneous diffusion in real and velocity space caused by the 
RF-field can lead to a pump out of parti cles from regions with high power 
densities, flattening of the heating profile and reduction of the average 
energy of the resonating ions . rurther , space charges set up by the radial 
diffusion leads to a toroidal rotation of the plasma. 

The diffusion problem has been studied by reducing it to a 2-D , time 
dependent diffusion equation, 1-0 in velocity and 1-0 in real space, which 
is solved by a modified version of the BACCHUS code [3] . 

2. The Reduced Diffusion Equation . As an ion resonates with the wave at 
the cyclotron resonance it will change i ts perpendicular and parallel 
velocity. An increase in the perpendi cular velqcity can lead to a 
transition from a passing orbit to a trapped orbit . ror trapped particles 
the orbit width is increased. When the parallel velocity is changed for a 
trapped particle this leads to a radial displacement of the turning point 
in a direction depending on the sign of the parallel wave number [2J. To 
measure the particle transport in real space we represent the trapped 
particles by the minor radius of their turni ng pOints and passing particles 
by the minor radius where their drift orbit intersects the cyclotron 
resonance. We assume the wave spectrum to be symmetric so that the drift 
term vanishes . A diffusion equation in real and velocity space can then be 
obtained by adding the corresponding diffusion term in the quasi-linear 
RF-diffusion equation [4 J yielding 

li - C(f) • Q(f) • D(f) 
at 

D _ l~ (DR? r li) 
[' ar ar 

(0 
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m ' r vi (n".;:;) «(6v~ )'> 
DRF"~-- ~ for' trapped particles I W lOci Ro Tb 

Co fo'[' passing par:ticles 

where C and Q are the quasilinear diffusion operators describing 
thermalisation due to Coulomb collisions and ion cyclot~on heating, 
respectively_ The perpendicular' velocity at the cyclotron resonance is 
denoted by V~I n~ is the to~idal mode number, m the poloidal mode number, 
q the safety factor, R the major radius, r the minor radius, w the wave 
frequency , wci the cyclotron frequency. tb the bounce time for t~apped 
particles and 6v~ the averaged incr-ease in v~'as the ion passes the 
cyclotron resonance. To obtain Eq.(l) we have assumed the cyclotron 
resonance to pass through the magnetic axis and that the poloidal 
cross - section of the magnetic surfaces are concentric circles. This time 
dependent, 3-D diffusion problem is r'ather' difficult to solve. He wish 
therefore to reduce it further by integrating it over the pitch angle in 
the velocity space. To do so, we have to make an assumption of the 
anisotropy of the velocity distribution . By using various assumptions for 
the distribution function we can get upper and lower' limits for the 
diffUSion. A lower limit is obtained by assuming the distribution to be 
isotropic yielding a pitch angle averaged diffusion coefficient 

(mi v)' 2? l",kL) lE_I 
, 

[",k~ Jj 0, n _M_ [J' • I n+1 
Bo m.n. n-1 

1 1 wci E. wci 

K • ern • • m/q)/ZewR (2) 

where ~ is the ratio of the trapped particle intersecting the cyclotron 
resonance to the total number of particles, ~ is a characteristiC pitch 
angle for trapped particles intersecting the cyclotron resonance, k~ the 
perpendicular wave number, PM the local power denSity for a Maxwellian 
velocity distribution in the absence of higher order finite gyroradius 
correction. 

For intense ICRH the particles tend to become more trapped and the 
isotropic model will underestimate the number of trapped particles . An 
upper estimate of the di ffusion can be obtained by assuming all particles 
to be trapped having orbits intersecting the cyclotr on resonance which 
yields 

(3) 

A third mo r e realistic model can be obtained by assuming the low energy 
ions to be isotropiC and the high energy ions to be trapped ions. We 
assume the t ransition between these models to take pl ace at the velocity Vy 
[4 , 5) above which the pitch angle scattering becomes negligible. The 
following model for the diffusion coefficient can then be constructed 

03 • g(v) O2 (ij) 
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g( v) - (1 - 3,,' J (1 - a) + a 

v2 
2 ~~~1~+~(~V~/V~'_)L'~~~OT 

3(1 + (v/v')' + (v/v')' J 
V*2 .. 0.25 Vy 

The fonn of \j2 has been chosen such that <vf.> .. <V 2y2) where <V(i> is the 
averaged parallel velocity squared calculated with the BAFIC code [6J . 

3. Numerical Results. The effect of FP-induced diffusion on the velocity 
distribution models were calculated f or the fol lowing scenario with these 
models : mi nority heating of H in a D-plasma at t he fundamental cycl otron 
resonance nH(O)-3.5xl01Icm-J, nn=3.5xl013cm-1 , "1 ([')=n(0) exp(-O.5 [' 2 ) , 
T([')-To exp(-1 . 75 r) . To· l 0 keV , f~33 MHz and q\r) ~constz l. The wave 
field 15 detennined such that a Maxwell ian velocity distribution should 
have in the zero gyroradius limit given rise to a flux surface averaged 
power density profile per) a Po exp (- 20 r 2) . For a large central power 
density and a long slowing down time the ions will near t he centre diffuse 
to high energies . The high energy ions will then diffuse away from the 
centre to regions with lower wave fields and cool down there. They will 
tnen diffuse back again but now with a lower rate since their energy is 
reduced . This leads to a pump out of resonating ions from the central 
region. Fig .1 shows the evolution of the resonating ions on the magnetic 
axis for the various models . Fig . 2 shows how the density profile evolves 
in time as calculated with model 3. Fig.3 shows the density profile at t a 

1.5s for the various models . In the absence of neoclassical diffusion the 
density profile does not reach a steady state. On the long time scale the 
neoclassic diffusion have to be included which wil l reduce the density 
depletion . However , the velOCity distribution normalized locally in space 
reach a steady state after about a slowing down time (15). Fig.~ shows the 
averaged velocity squared for the var ious models compared to that in the 
absence of spatial diffusion, normalized to the velOCity at r=O before 
heating . 

Acknowledgement . The authors are grateful to Drs . K. Appert , S. Succi and 
J . Vacl avik for providing the BACCHUS code which has been modified to solve 
the diffusion equations . 
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ANALYTIC THEORY OF ABSORPTION, CONVERSION 
A ND REFLECTION OF THE FAST MAGNETO-SONIC WAVE 

AT THE SECOND-HARMONIC LAYER 

AJlan N. KauJman and Huanchun Ye 
Lawrence Berkeley Laboratory and Physics Department 

University of CaltforniaJ Berkeley CA 947110 

One of the outstanding problems in ICRF heating of tokamaks is the mode­
:onvi!rsion process at the second harmonic gyro-resonance layer. The complexity of the 
>foblem is largely due to the presence of the several waves, i.e., incident and reflected 
nagneto-sonic waves, ion-Bernstein wa.ve, and particle modes (which are analogous to 
,he ballistic modes in Landau damping). As a consequence, most of the work done 
m this problem has involved heavy numerical analysis. By considering the problem 
n wave phase space (x-k space), however, we can not only simplify it great ly, but 
tlso gain a better understanding of the physics of the process. In phase space, the 
node-conversion occurs at two points, and by expanding the dispersion functions at 
;hose points , we can derive (using the WKB approximation) two sets of coupled linear 
irst order equations: 

[w 'f k,cAi b.(x, t) = ". J d"1I p(x, t; "11) 

[w - kll"1I - 211;(x)[ p(x, t; "11) = 11("11) b. (x,t) 

.vhere w _ iD/Dt, kz ------+ - iD/Dx, b'f(x,t) is the magnetic perturbation of the magneto­
ionic wave (=F denotes incident / reflected branches), and p(x, tj VII) is the (VZVIf) moment 
)f the perturbed distribution function (it is thus termed pressure-an£sotropy wave). 
J(x,t;vlI) contains both the ion-Bernstein wave and the particle modes, which can be 
:onstructed by van Kampen analysis. Solving these equations, we can then obtain the 
:oefficients of transmiss ion, reflection, conversion and absorption analytically. These 
'esults are compared with those obtained by other authors using different methods. 
)ur model also gives rise to a new phenomenon which we call the linear ion cyclotron 
~cho. 

The merit of the present approach is its power and simplicity. It can be extended 
¥ithout much difficulty to more realistic geometries, such as magnetic field with rota­
.ional transform and general density profile of plasmas in tokamaks . 

• This research was supported by US DOE under contract number DE-AC0376SF00098. 
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I-ARAMETRIC DTSTABILITIES OF J.N INHOMOGENEOUS PLASIIIA NEAR 

ION- ION HYBRID RESONANCE UNDER ION CYCLOTRON HEATING. 

T . A . Davydova , V. l.l. La shkin 

I nstitute for Nucleex Reseech of the Ukrainian 

Academy of SCiences , Kiev 28 ,USSR. 

It is now an established fact that one of the most 
principal mechanism o f RF pO'Iver absorption under ion cyclo­

t ron range o f fr e quency plasma heating of a Toli:arna.lc is the 

co nversion of the fas t magneto- acoustic wave into the strong 

damping plasma wave near the i on-ion hybrid resonan c e point 

(
"'W

1
W

1 
)'" W .. :::; W,ll..'·h T U. Cl (11 • 

l~ w 1 -+ wi pi ~ 1 

Pump fi eld amplitude incre8ses considerably in the re30 -

nance domain (2] and therefore one could expect the r i Sing of 
the dif ferent paremetric instabilities vlhich C2m be addi tio­

DE le turbulent) meche.nism of RF pOv'ler absorpt ion.The pur2.!llet­
ric instabilities can lead also to format ion of fn st tails 

on t he partic le dis tribution func tion. This can influence 
both on the proces3 of anomal ous transport e.nd the process 
of linear conVersion . 

J.1e.re.metric ins tab ilities of uniform pump fie ld a t Wt~wii. 
( wt - pump frequency ) have been considered i n [3- 5). The decay 
of the p ump v/e ve into £l.l1other ion-hybrid Vf8.Ve und the drift 
mode weB analysed in [31. The basic disperSion eque.tion i s in­

correct in (4 , 51 " 
I n the present :report t he parRmetric instD.bili ties are 

studied for the case of nonuniform pump field resulting from 
the linear conversion in the vicinity of the Wi.~ resonance 

po i nt €l. t wo=Wi~ 

Let us consider the model of pl ane strat i f ied pla sma. 
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Uniform magne tic fie l d is diree ted along the z-axis and p I e.­

sma density mono tonically decreases a long the x-axis. 

The field formed due to linear conversion near the ion- ion 
hybrid resonance point is almost electrostatic and directed 
along the x-axis. It's amplitude El) (1) has the following form 

JF.v'iT(:r\X p [i~ +it(T),h] 
E,(x)- \ 1=, (, (f) 

, for x'>"> 6 

, fo r \x\<6 

where {j,~(RIL)113 , 'L -the inhomoe;eneity scale, 
1 ! 

1 

(1) 

! I 2 2:: 3 'iJ"r' w~. R;-W ..• '~\. '(w~t~._~W~,7)+(~w7t-_-4-W~'~)---
~, L ., ,. .. c.i. 

c,,( \) i s the f. iry fllnction, 1=, is 

I ,Wp. 
,~(w.)=2W"hwl_~t ) 1 ' 

' I t~ 

the maximum field amplitll-

de in the resonance domain, I:; 1t Z -denotes of ion species. 

The development of the electrostatic perturbat ions of a 
plasma loca ted in an uniform electric fieldE=Eo SlrtWIlt. (in 
the dipole approximation) for the case of presence of par­
ticles of many species can be described by the equation 
( for W« w, ) [ 3 ] 

'\ '\ \1"rJII11
1
[(.lII_ lf )(j/\_lf )-\~!ll ~\ ] =O 

1-1 L L ~ f" • ( 'I ~ if.. ( 2 ) 
<,,\ \,j,- l 

where If,; Je, lw) - pertial permittivity of particles of l{ind 6" 

It: = Jf,(w±w,) .~=HIlt< ,G\=H2.:lf; 
_ I ~I~K' Eo< + KJ.' ·C \\ w;, (B,fKE])l Jilt _ .. 

)J-t- m w" Wi_W l -) B'w'lt..l-w'-)2. «1 ,K is the wave 
! e ""'J' CC~t6 

vector, 1<.1: (Kx, \(,.) .1J.1he relative mo tion of the different 
species of ions ple.ys the main role for the exit i ng of the 
insta.bili ty at we"::: w~i " ." e 
tE'.bili ty( Wc .= W.: ~ and the 

consider the purely .srowing ins­
decay is not poss ible) Vii th \£\»1 
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In thet c ase the etlue.tion (~) l:l c,Y De pre sell-~eu .i.n tne ":"U:':"lil 
1 ;«1 X~ (w3) [ C 

- -1- &'(w,) w'- E' ~ (3) 
W, 1 

Yi11ere.)J. -=-\;iA4 -;U1 \ ,,,Ht; J..L'l! liuenc;,/ m~;';Iil!<\L.,.;n.O=-TKlK- <'0 t.1.0 r 

D + H pl£l.f_mlC,!) "The equation (J) descriiJf)s the pur(!l~;- ,~yor i;~ . ..; 

ina ~c.l)2.1 i ty , i t11 the ::",I'OW ~h rete 
\, ~ (L ¥.'(w.) [_ ii!)'il 
6 2 £,'(w,) 

The ,srovt h re. tc is L't ila: i ';lU!2 1:'t D.~t= 
In the cane of the llol1unifoTn r'Ul"11 field c1csc:-ibcd 

by (1 ) 011e CPl1 ob t cin the ui f1'crellt i c,l cql1E'_tion of IV order 

['-«!H'))'V'~i~:[1- ~;("')\1-\')lr"+4; [Hd;(1-\'l]t+ ~:' <t ~ 0 
\'!!1erecti _A¥J(w,)E! ,,;..-:::.!..,S=.!- '~= K~ ,)..-=.~ 

'~'(we) WeR' 6) b l! w, 

l el e1 l' [w~ (w(/ .j. Wct) J' A= , t - ,t ,(= ,. , cnd ,«<1. 
Wll(W~-W(l) \,"~\W~-lo.L ) WO ~ w(jw(~ 

The equation ( ~) 11['s the sin.:.:;nlf'.l'itZ! r-.t <1:::;;:'1 tjlerefore it 

is incorrcct n~:::'r d;~1 . 1.i:11i8 Si'l ~;tll['rity r1f!.y be r(';_~oved 

by ):1e£'.::'l.8 or Glare e}~f'.ct cr'lculntion of {liol 'ernion i :1 t he 

cxpreosion for 1} • The ['.~"l['.lysis O!'!OV:f3 that cq. (1;. ) 

used a t d; < 'J../(c.H) . Il\hcn r;c hevc K1 ":» (6X);:t cnd 

stE'.blc ::lodes flre e:-::cited \"Iith tile ""';l'o':!th rf'.tCf:J \ .. 

~).; ( )'( ')l Ih-.:((+<) r:z 
--~ Kl~ ,«,- 1 1- ') 

d" ((.01.-1 

e.nd \'iidth 01 the loce.lizctioll do:::r.in 

(1i:J:) ~ [1 - ~;('H\]'/' "t(t",,) 6 < r:, 

l 

C['.l~ be 

h nl1-

( 5) 

lot ~ (K;C: 
I.Llhe c;ro\".Jth rL'.te is 2.t m8.:;;·imum for the l;loc.e h -.;: 0 . TnkinG 

the trensfor:.lcu. vmve i nto Hccount nel:c it possible to con-

sider the modes locctcd in the don<lin i.1ore than b. • In 

this ce.se the c;rov.'th retes ere l r..sD then oneE: .'.:;iVCll LJy (5). 

Il'he Gencre.liZ',[> tioE of (1) for the cc.sc! oi nonnnifon:l 

pump fie l d l:U?] ~e it possible t o ,'escr ibe £·.lso the (IEEsi(lecc~r-
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- the instability caused by Landau damping on e l ectrons. 

In this CEs e Re w '" b '» ~i'YI W • This instability for nondissi-

pative case and uni form pump field has not the threshold 
unlike the pure ly growing inst8.bility considered above . 

In t he nonuniform field on the weak exce edi ne; of the thre­
shold a; ~ 1/K;t:.' this i nste.bility is abso l ute with the growth 

rate( o,=w,KlR'i1 , B= ( J(, - II;·\ )( ~, - j{:·\)/IS\' Jf.' (w. ) ) 

¥. = " I; B 0, w;, Ji'- 0, ex p(- .} )[ _ (~hH) J 
Wo 1. w" K; 1t"T~ 2. Kl v;.e 2 K~ 11"; ~ J1Z' «0 K, & 

EI.nd the v/ i d t h of the l ocalizat ion domain less than 6 

Thi s inste.bili ty c an lead to ele e tron hee tinS sinceRe W""k: i'ltr •• 

The thresholds calcula ted above can be cas ly exceeded 

~n exper i ments on ID' ple.sme. heating in tokama.1cs.Under some 

conditions this thres ho lde. oe.n be entirely ce.used by the 

nonunifor mi.ty of the pump fie l d i n the resonance r egions. 
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PLAS!~ HEATING AND QUASI-STEADY-STATE CURRENT DRIVE 
AT HALF-INTEGER ION CYCLOTRON I'REQUENCY HARMONICS 

IN THE 'fOROIDAL OMEGA DEVICE 

I.A.Dikij, S.S.Kalinichenko, A.B.Kitsenko, A.I.Lysojvan, 
S.V.Prikhod'ko, T.Yu.Ranyuk, K.N.Stepanov, O.M.Shvets 

Institute of Physics and Technology, the Ukrainian Academy of 
Sciences, Kharkov )10108, USSR 

Introduction. In connection with the ongoing search for 
effect~ve methods of plasma RF heating and driving currents, 
much attention has been given recently to the properties of 
short wavelength waves (l1s10w" waves), in particular, ion 
Bernstein waves (IBVI). Thus, it appeared possible to employ 
a nonlinear cyclotron wave absorption at half-integer ion 
cyclotron harmonics /1,2/, as it was first predicted in /3/ 
(see also refs. /4,5/). 

In the present work we have investigated i) plasma heat­
ing by launching short wavelength (k.Lj'ti'" 1, kJ.» k" ) slow 
waves, and ii) quasi-steady-state current drive in a toroidal 
plasma at the ion cyclotron frequency Wet' and its half-integer 
harmonics (n/2)Wci , where n = 1, 3. 

Experiments have been performed 
in Omega \Vi th no ro tational 
transform /6/ (major radius of the torus R = 44 cm, vessel 
radius r = 10 cm, plasma radius G= 6 cm) and with a smooth 
adjustment of longitudinal (Bo ~ 10 kG) and transverse (B~~ 
0.1 kG) magnetic fields. RF power (PRF;S200 kW, f = ).2 MHz, 
LRF :;610 me) was delivered by the use of two antennas ar­
ranged in the torus and designed as current-carrying frames 
elongated along the magnetic field /6/. The controlled phase 
shift of RF currents in both antennas, ± tJ.tp, ensured the 
formation of RF radiation spectra, differing in kif , with the 
RF field structure enabling the excitation of axially non­
symmetric (m f, 0) electromagnetic (fast) and slO1'/ \'/aves (fig. 
1). The ex~eriments were performed at a hydrogen pressure of 
PH2 ~ 5·10- Torr. The antelU1a-emitted RP power was used simul­
taneously for plasma creation and heating, ~nd also for 
driving currents in a plasma. Owing to the Ez component in 
the RF field structure of the antennas and the finit e width 
of the k" -spectrum, we could create the plasma with a den­
sity ne(0)~(1 - 8 )'1 0 12 cm-) in a wide range of magnetic 
field values (Q =W/W,i = B,;/Bo = 0.4 - 6). Toroidal currents 
of different values and duration were generated for the same 
magnetic field range. When the pumping wave f requency UJ was 
in coincidence with half-integer harmonics of the ion cyclo­
tron frequency (n/2) wci , (n = 1, 3) t /lnd also for W = 0.8~i' 
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there occurred a resonant enhancement of both the plasma 
energy content, nT, and the current generated in the plasma, 
lp (fig . 2). The plasma current magnitude, duration and direc­
t~on depended in a complicate!Lvmy on a vari ety of the para­
meters: !BOt ±B..L t ±4!p, PH2' nT , TIe - The analysis of the 
oscilograms suggests different possible regimes for a current 
drive (CD) , including the operation at a quasi-steady state 
of the tokamak-type plasma discharge with q ?:: 4 (fig. 3 ) . 
The direction of the driven current changed to its reverse 
with the change in the sign of the phase difference of an­
tenna RF currents (fig. 4). This CD due to the waves travel ­
ling along the torus showed up most clearly at Q:5 o. 5 and 
Q ~ 1.5. Note that the value and even direction of the cur­

rent changed as the magnetic field Bo direction changed at 
a fixed phase difference ijJf. Besides t as seen from the analy­
sis of the current density profile t at Q ~ 1 and Q :> 1 
(except the Q ,.... 1 range), the currents flow in opposite di­
rections on the external side of the torus (away from the 
axis)(see fig. 5). 

As mentioned above, the antennas could excite both long 
wavelength electromagnetic waves (the Alfven wave at Q ..:: 1, 
and fast magnet osonic waves at $Cl :> 1 for a high-den si ty 
plasma) and short wavelength (k..L9ti:5 1) IIslow" waves (a short 
wavelengt h branch of the Alfven wave at Q"", 1 and lBW atS2>1). 
Even for the first toroidal modes 1 (1 = k, R) the Z.=w/ffK,,'ifTe 
ratio is not large. This can cause the electron Cherenkov 
absorption of the waves, the heating of electrons and, hence, 
initiate the CD (Te ~ 40 - 90 eV. lo ~ 0.3 - 2). According to 
the data given above, only a fractl0n of the currents observed 
depends on the wave directivity and may be associated with 
t he CD. However, most of the current portion may probably be 
due t o dipole equilibrium currents and a diffusion bootstrap 
current. 

The nT peak at Q "'0.8 may be the result of a linear 
cyclo t ron absorption of the electromagnetic wave, and the 
current generation associated with this wave was observed 
previously /7/. The absorpt ion is especially great after the 
wave c onversion int o a slovl wave in the local Alfven reson­
ance (AR).-Eegion (knC/W) 2 '" w')i/(~i _ W2). 

The nT and Ip peaks at Q ~ 0.5 may be due to a nonlinear 
cyclotron absorption of the wave by resonance ions with the 
velocity 'If,,= (W - (n/2)Wci)/kl/ • This absorption predicted 
in /3/ is particularly great for short wavelength oscillations 
with kiP" ~ 1 13.4/: 

.7:,Kr '" O. j~; K;T' e.<p [- (2;;, ~~"/] I (n = i , 3, ... ) 

where U = c(E/Bo) is the amplitude of the ion oscill ation 
rat e in the wave field. At Q~ 0.5, the antenna may launch 
a slow wave at t he plasma periphery with k] '" (mi/melC 1~2_1lk~ 
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This wave can also result f rom the electromagnetic wave con­
version in the AR region. At Q '" 1.5 the lBW can directly be 
launched by the antenna. 

'The nonlinear absorp tion of these waves can be very 
strong the optical thickness being 7: ~ Imkr A R ~ 0.1 (i)/l~,) 2 . 

. (R/P,; 1~1, I'Ihere AR = (ku'l.~JW)R is the width of the absorp­
tion zone. As in the case of linear cyclotron resonances, 
wz nWd, the peaks of the currents generated at Q:::::: (n/2) 

may be due to a preferential absorption of slow waves by 
particles with 11,1::> 0 (or?h/..c:::: 0 ) /8,9/, which actually occurs 
at 7:> 1. 

The peaks at Q = (n/2) may also be related to a linear 
cyclotron absorption by molecular ions H+2 at CJ = I7wC'H~ 
(n = 1, 3). The density of these ions in the discharge ~ay 
be sufficiently large at low Te_ 

Summary. In the present experiments on plasma creation 
and heatlng in the toroidal device Omega by the use of the 
naves ( c..v "'" W ) running along the torus, \'le were able 
to realize CD discharges and attain n quasi-steady-state 
tolcamak-type regime (q ~ 4). The current generation may be 
attributed to the wave absorption by resonance electrons and 
ions , and also to equilibrium and bootstrap currents. 

11'he resonant enhancement of plasma heating and CD at 
W", (1/ 2 )cJe i ,Wo: O/2)We ; and w,>,W,i vias observed . As 

shown by estimates, the peaks at half - integer harmonics may 
be due to a nonlinear cyclotron absorption of short wave­
length modes (k.J.f\ i "" 1) by resonance ions. 
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a Bo = 0.5 kG; 
b Bo = 2.5 kG; 
c Bo 5.2 kG. 
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ION TRAPPING Ej;'F'ECT ON CYCLOTRON FA:; l' ;.1AGNE.Vj'OSONIC WAVE 
ABSORPTION I N A l'OKAr.\AK 

D.L. Grekov , A. I.Pyatak 
Institute 01' Physico and Technology, the Ukrainian Academy of 

Sciences , Kharkov 310108, USSR 

and 

M.D .Cllrter 
Oak Ridge National Laboratory, Oak Ridge, rll ennessee, USA 

Up to the present the theory 01' ion-cyclotron absorption 

of fast magne tasonic waves (FMSV/ ) in tolcamaks has been based 

on the interaction of the v'av~s with passing ions /1, 2/. As to 

t he trapped particles , their amount was considered to be too 
small to contribute essentially to the li'MSVI absorption (e.g., 

the I.Iaxwellian ples:--:- with equal transverse TJ. and longitudi­

nal Tn temperatures comprises trapped ions by a factor of 

1/[£t. less than passing ones , et being the inversc aspect ratio~ 
However, it appears unreasonable to neglect the role of 
trapped particles in cyclotron F'\lS\'/ damping, becausc many of 

these particles , having a low velocity 1.fi1 along the field 
lines, stay in the resonance region for a longer time in con­
t rast to passing ions , and t his may result in the enhancement 
of their interaction wi th the wave. 

It is therefore of i nterest to elucidate the role of 
trapped ions in the proc ess of cyclotron absorption of l"'MSW .. 
Yie solve t his problem by considering an interaction between 

FMSW and resonance ions at a mult iple cyclotron resonance 
(w ; nw", n ; 2 , J ••• ). 

In the case of large-size tokamaks, the FMS\" electric 
field can be written , just as other perturbed quantities , 
in the form of a single harmonic 

f(~,~,i;);€(r,~)exp[' ( SK , Jr+m,\l"- t\-wt)J (1) 

where ~ is the coordinate along the major azimuth of the 
tokamak, iT is the poloidal coordinat e . 

fJ.'he expression for perturbed distribution functions of 
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~-specie8 particles t~ is derived from t he kinetic equation 

by the method of characteristics as 

.t . Jt ct:'O~] > 

t,.=-2.~'" J.Lt' lil'(t.'h t'+ ~ <ll"-~ E ({I) ( 2 ) 
_Co 

where C = 1)'2/2 is the total energy of the particle related to 

its mass , ~ = V~2/2B is the transverse adiabatic invariant , 

B = B( 1 + CtCOSV) is the magnetic field of the tokamak, B is 

its value on the torus axis, and ~Od... (6 ,fL) is the Maxwellian 

distribution function with TJ. f; Tu-
The integral in ( 2 ) i s extended along the unperturbed 

particle trajectory that combines t he Larmor rotation and the 

guiding centre motion along the field line. 

The guiding centre motion in the poloidal direction is 

given by if 
cl~_ \Ji, <])-)_+...!:-[26tc(Z':x,1_i -cos'iT) J l: 
;;rr,- CYR --q,R L 1+6t(2":/-0 ' (}) 

Here «?=I£-~~Ci'Ct)J/(2P Bct) def i nes the ion trapping ( f or 

trapped particles 0 ~ "" .. 1), q is the stability factor. 

Inside the narrow resonance region, if it is located far 

away from the ,'iT = O, Jl. points, eq. (3) l eads to the relation 

between ~ and the running value of the coordinate 

'V-~~~<o4, lfHl'-t)+ ,.n..'O-if6\t '-t)2j Lj (4) 
l :;r «, 

where <5 = :!: 1, f , = (2"" -1 - COS\) , 'I: 
lh=(<'-Ct£.)'h/ {fR' [htt(zac'-O]J ~ (5) 

The second term in eq.(4) is essent i al f or the ions which 

experience a strong deceleration ( f 1 « 1). 

Using eqs. (1), ( 2 ) and (4) for the l eft- and right­
handed polarized components of the plasma current density 

j±= j + L j r:..- , we obtain the following expressions 
~ - v~ ~ t 

. +- ~Joe' S 3 \ (dto I;)~"")( '2. E+J J E' '2.i~)\ LS (t ,t'l, 
~" -~7.oom" ;, V:Cd~.~1Ij'1\ilC +e;~ \J,t-I + n·. ,,'. e _.;; J.t, (6) 
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= = t 
.- - .TSe2 Iv;-ol i 1 \at. I )lo<\)(J J Et 2it ]Z E-)i cs (t',t) 1 , 
~d -:~_::-o( ~ 1. alf~:::tlj( DC +B () ~ n-i ":1 e + 11H _-Le !.At (1) 

where S(t.', t)" - w(t'-t) + KII~R (t C ~)+ rci:uJt'"'\ l" )It'; K" - (h'1- tcy )! -1, R, 
Jh.CIS.\iJ./Ww.) is the Bessel function.Kl=K~+m'/~;,,=ocd~(m /rK "). 
In (6) and (7) we have neglected the longitudina l component 

of the electric f i eld Ell , which is justified for FMSW. 

Substituting (6) and (7) in the t.laxVlell equations , 

assuming tS.\JL«WCd.. and using the IIcold" approximation for 
electron currents , we obtain the following dispersion equa-

tion '20-2 00 00 

_ uJl :i..(nd)(K.l.Pd 'li;L [;222(o.o_,,2\, d:x2 
i 11J:v;.' IJF 2"·2n!(n-2)! Ut J e J -'4 (it){i"'<ilI (-"- )~i')KJJ (8) 
where 0 -co coslf 1 Z l . 

I (a,\T, 2, IS.) =Jd~'~ -(n~1-;~~ 'lexf[-'~1. (':' U) • -nco> ir -~ ~l l' t')'V'c-
- ">C;. :l.A C-lW('L ~..l :L. 

- if!t~ s~n'ij-(n ~1 ;0-~ !It.iO. 2)~': ce~<;:Li""-(sin2h 2.{ 2co,2%,)~':"1 _ (9) 
.l ~ 2 2,.L ~2 ~ ft 1 J 

Here 2 -1 

~ 1. = CL q, R/(.(2 Pi » Pi" 1fT.l. ' .:;JoL ' \lA" P;l(~\fn,mi /:2., l\ W = uJ- nu.) v, , 
VT.L = (T.l.!m,) 'I; "I." IITd1lT 1I , + 2 " C"l'ct,. -1'/+ 1+ etCo,',)') h 

Let us put K.L = Ko+t..K ,161-\1« K o ' where 'K.Q = W/'VA • Then, 

for D. K we have ()Q 00 

6K = ,(n-I)(K.l.po)2n.2"1!;,1. (JuL(,,,~_~2\ oI~:n'31(",,)'i),l,t-;o) . (10) 
ko .fit 2.n-I ",!(n.-2)1 g j L,~td,,-

• ~ - 0Q ,oS Z 
Vie shall write the expression for the damping fac tor given by 

the imaginary part of t::.k/kO in the long wavelength limit, 

where kllq,R « If.l • The damping factor Pt. ' averaged over the 

magnetic surface and determined by the contribution from 

trapped ions (cos{jf 2 < ae.- < 1 ), is 

2. I 'lh-2 'f'\.. 'K; 2. ~ ~.;- 1 ( ) 
j ~ (n-~) (2n+iJl,(K.l.p,1 ') ---.i::_1_1 _ 1..:'l~0\-CO'v~J :_ 11 

t Zln.inl I:tsin%o ~o(21<+1)('H) !kl L~ 21\,~-co,iTu) +1 

where ~o is the point of the local resonance. Hence, for the 

damping factor le contributed by passing ions we have 
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l ~-t i !( ~(n-I) (2n+I)I!(I-;~Pc) _~-:i2"- 1_ r "LLtt<1-C OS~')JK+2} 
C 2Lntlnlct5'n~o ~. O(2 K 'I )(" -K) !KTlj h,2 cl~ - cOS\)o)+1 ,(1 2) 

Equations (11) a nd (1 2) lead to the criterion of the predomi­
nant contribution from trapped ions to the wave absorption 

r- >R [ETtI (n..!)2. +~J' 
'I T~ CZMI)2r2(ntf) ",wc, (13) 

Besides, the condit ion r>- R "'~ Clcosao\~I) must, be fulfilled. 
n.. UlC.l 

The criterion (13) has the same f orm in the short wavelength 
region and is not very sensitive to the resonanc e number. For 
the second-harmonic resonance (n:;2) we have 

'f" > R 171 += R IA wl (the minus sign corresponds to the case 
1lj ~ n Wc,l. when the resonance line is on the low 

o H" field side, 6 W < 0) 
yv> I' \'\..w. cc 

It is evident that for the central position of the resonance 
zone, and especially, for its location on the loVl field side 

(6 W < 0), the RF power in the great er part of the plasma 
volume is absorbed predominantly by trapped ions even in the 

Maxwellian plasma with T.L;::; 1'11. 'rhe ef fect of the predominant 

FMSW damping due to trapped ions increases as the Tl./Tll ratio 
grows . 

If the resonance zone is on the high field side (~W > 0), 
then the contribution of trapped ions to the wav e damping 

factor may exceed that from passing ions in the plasma 
peripheryo 

Thus, in spite of their relative minority in the tokamak, 
the trapped ions may absorb an essential ID' power fraction of 

FMSW at a multiple cyclotron resonance. 
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ICRF ANTENNA SYSTEM FOR EXCITING SW" WAVES IN A PLASI',1A 

A.V.Longinov, V.A.Lukinov 
Institute of Physics and Technology, the Ukrainian Academy of 

Sciences, ~larkov 310108, USSR 

The possl bili ty ths.t slovl waves (SW) can directly be 
excited in u maenetoactive plasma in the frequency range W",-,Wp,' 
was first indica ted in /1-4/. First experiments on stellara- L 

tors /5,6/ and tokamaks /7,8/ have demonstrated this method 
of HP power coupling to the plasma t o be a viable alternative 
to a conventional method of fast - nave excitation. 

Here 'He investigate the antenna for SI'/ excitation, de ­
signed as a set of metal screens arranged near the plasma sur­
face /2/ (sec fig . 1). RF power sources were connected to the 
slots between adjacent ::Icreens by coaxial or waveguide trans ­
mission lines. The reactive component of the antenna impedance 
can be compensated by means of reactances Zc. This antenna 
design was first used experimentally in /5/. 

Our statement of the problem and the methods of its solu­
tion are similar to those in / 2/, with the difference that we 
investi6ate the wB~f w.( w,~ case. In this range together with 
nonpropagating slow electromagnetic waves (SEN,) there exist 
propagating sloVl kinet i c (ion Bernstein ) waves (SKI'!) in a 
plasma. Hence , in contrast t o /2/, the solution of the ~:lax~·lell 
equations for a plasma i s sough t as a superposition or SEW and 
SKW fields with un additional condition Ex =0 at the plasma­
vacuum boundary. As demons trated in /2/, and later in /9/ 
where the problem of the SKW coupling by the antenna as a cur·­
rent layer was first investie;ateu, the excitation 01' a fast 
wave can be neglected. The dispersion equation for the waves 
considered can be written in thi s case as 

b£Nl."-(E.<+ S££l~) NZ +El> (Ec N,;) = 0 , 
where 2 '2. 2 2 2 ( 1 ) 

1 W,e ~ S~ 3 "re 7=;::WO!P",~W~=-,=", c,= + w;r - W2_W2. , ' c. =2" Cl (W2_W.>:)(W2_4W,2) , 
e ~ ...~.., X2 2Wl-. ' _ w _ -x' 2" t 

E.H=1+ K2 ,r.(HCVn'Z;W(l.)),r:'- K V; ,W(x)-e. (1+_=Iedt). 
!lUTe liTe dT o 

An important role in the SKH excitaLion may belong to surface ­
wave eigerunodes ( SWEi-lI) /2/. In the fini te plasma temperatur e 
case, the dispersion equation for these modes has the form 

K,j 'S.,(~,-K;<)+ ljK~- ~2.~~;,(Kf2- Kt,+ ~2"-C3~(KlI- K"t))th.(JK~- ~:d) = 0 (2) 

Here k .l 1 2 = (W/ c )lIl. 1 2' where Il l. 1 2 a r c the roots of eq. 
(1). For SWEU, ItnKIl is hom~ero and is 'aetermined by the SKW 
coupling to the plasma, and the damping length et = 1/111'1 Ku for 
moderate distances between the plasma and the screens d 
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appears rathe r great ( e. »il\!= 2']Tc!W), Vlith HeN" = Re CKl,!«!~ l 
and increasing as d decreases. Here we analyse : ac t ive (ReZ) 
and r eact ive (ImZ) components of the input impedance of the 
slot related to the unit length along the y axis, the quantity 
Q = IImZ I/ ReZ responsible fo r resonance properties of the an­
tenna, and the eff i ciency rt,. defined as a ratio of the pO\'/er 
coupled to the plasma to the ohmic losses in the screens . In 
our analysis Vie have employed the following plasma parameters: 
ni = ne = 4 '1011 cm- 3 , Ti = Te = 200 eV , W !W., = 1. 95 , B o = 
4 T. (llhe operat i ng gas is deuterium , stainless steel is chosen 
as a screen material. The phase shiit between voltages in ad ­
jacent slots i s equal to:;r • Long ( e ~7ilv) a nd short (e ~"-ilv) 
antennas as ~VIO most typical cases Vl ere considered . 

Pigure 2 shows Rc 2 , ImZ, Q and 't. versus the gap d 
for a long antelma (e =3?-,=1 500 cm ). It may be seen that the 
input. impedance takes on purely active values at <1. ::::::: 0 . 62 cm , 
and d ::::: 1.05 cm (v/hich corresponds to the resonance excitation 
of single Si'/EMs \",ith HeN " = 1.8 and neN " = 1.5 ) and also at 
d~ 0.5 cm and d ~ 0.77 cm ( the multimode resonance condition 
/2/). Between these d values , lhe inpu t impedance is a com ­
plex qua.ntity , the Q value being relat ive l y small. Fo r small 
d , the S\'IBM damping l englh e' becomes comparable with the 
screen l ength e , and this acc ount s for the reduction of the 
oscilla tion ampli tude HeZ as a function of d . The efficiency 

tt- is r ather high for smal l d , however, ohmic losses may 
become essent ial with the gap growth. 

In fig . 3 R~Z, ImZ , Q and '!. are plotted against d fo r 
a short a ntenna l e = 0.2 Av = 100 cm). In contrast to the 
case of a long antenna, the d dependence of Z is monotonous , 
and 1mZ shows a capac itance -like behaviour, excep t for the d 
values below 0 • .3 cm. Note that here Q reaches higher values , 
and the efficiency t'(.. is also essentially hie;her. 

Figs. 4-6 show the field /Ex/ distribution in the edge 
plasma for long ( f i gEl. 4, 5 ) and short (fig. 6) antennas. I n 
all the figures the field amplitude complies with the r equire ­
ment that the ave2aGed specific RF power flow t o th e plasma 
should be 10 n/ cm • r"ie; . 4 i llustrates the cane of El. rela -
tively large gap d = 0 . 77 cm wi th e'";» e • 'rhe f i eld structure 
displays the i nterference 0 r two SWEi.1s wi lh Nil = 5/.3 propa­
gatine; in oppos i te d irections . Figure 5 depict s t he field dis -
tribution fo r small d values, when e/~ e. • Here the field arn-
pli tude of the SVlEr:l propasa bng alone t h e scr een over the 
length e falls off by a fact or 01 10 as a result of the 
SKn excitat ion. The important charactcrj.stic property of ~he 
lone; antenna is the predominant excitation of small-Nu waves, 
i rrespeclive of lhe slot size 8 and the screen length e. • 
'l'rIis detcrl7l i ncs an insignif i cant Cherenkov absorption in the 
plasma edge region. As SCen from f ig. 6 , t he f ield 8tructure 
along the z axis i s more unii"orm here ( d. = 0 . 77 cm) t ha.n in 
the long anlcnna ctwe . However , here again the srn:r..1 play::. 
a cruc:i.al role in t h e Sl~"·/ excitation .. 
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As is evident from figs. 4-6, the distinguishing feature 
of the SK\'/ excitation in a sharp - boundary plasma is a great 
field Ex amplitude even at moderate RF power flo\'l6 to the 
plasma. This situation, typical also of the loop antennas, 
can cause some undesirable effects (e.g., an enhanced impu­
rity influx, arc discharges between plasma and screen surfaces, 
etc.) that would restrict the level of t he power coupled to 
the plasma. 

Further efforts are needed to improve the situation (e. g. , 
the choice of optimum edge plasma parameters and profiles; 
the use of antennas with a well developed radiating surface , 
etc. ), otherwise th e possibility of a direct 31UI excitation 
with hiSh levels of RP power coupling may appear problematic. 
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ICRF HEAI'ING 1,lo'l'HOD USIHG 1'iiO-SPilCI ES 10" i\lJmXTUH" 

A.V.Longinov, S.S.Pavlov, K.N.Stcparlov 
lnstl tute of l)hysics and Technology, the Ukraini.an /I(!nciemy of 

Sciences, Kharkov J10108 , USSH 

'rh0 plasma RF heating method, widely u sed i n recelJL 
years, is based on Lhe cyclotron absorpLlon of Lhe faot /Trode 
(FW) of tile f ast magneto sonic \'Iave ( F'i,iS\1 ) by minori t y ions 
(usually )11e). Ifhis me thad , however, has canDi d erable 11 mi La­
"Lions in heating regimes wiLh a high absorbed specific power 
due Lo the formation of high energy tails of the r.esonant 
particle (RP) distribution f unction (RP Idnetj_c pressur'e 1-ise, 
weaken ing of the Coulomb interaction be t- v/cen RP and bulk ions 
and HP unnanas escape from the discharge , especially in l~cla­
tively small Lraps ). The report deals wi t. h Lhe plasma heat .i..ng 
method based on Lh e cyclotron absorption of the sl ow mode (Si-I) 
01' l!' i-:1SW by JHe ions .. 

Jil igul'e 1 shows t h e esoence of the met.h od , exhibi t ing the 
quaIL La ti ve de pendence of ~he transvers e re f.rac L i Vt,: index 
squared Hf fo r I!\I and SH versus the r.1Ujor .radius H. in the 
tokarnalc equatorial plane. Tile ( U+H ) plasma ( nil/nU = 0.) - 0.8 ) 
with JHe minority .i011:J (nHe/no = 0.01-0.1) is u13e u , the Fi·j 
being exci Leu from the HFS .. The }\/ propagatlng in to Lh e p.lasma 
will pas~, one by one , t he JI'W-S'rl c onve r s ion laye(' (CL) .in the 
vicinlLy of the D- H- JHc ion-ion hybl~id .resonance (·jst Cl,), the 
fundamental leH layer fo r JHe ions locatL!ti in the p l a.sma. 
column cent re and, propagating lo the plasma periphel'Y , i t. 
will pass th:rough Lhe D-H lon-Ion convGrsion laye r ( 2nd CL ). 

!i'o r 'l 'He»Tdt the li'r/-Si'I con ve rs ion uffects in t he 1st (;1 
J:1ay be l'elaLively weak. Bes.Ldes, at h I gher 3lie concen LraLions, 
the 1"'il absorption in Lhe ICH luyC?!' for JHe may also be rela­
tively \'leak. Therefore. Lhc decisive role In the Ill+' [.loner ab­
sorption \,/ill belong La thE: el' rect s l~elat.-ed to tbe y ,;I<-;"I con­
version in t.h e 2nd CL ami a subsequent S::J absorption in t.he 
wzWc layer for JHe lor~s. Since Lhe 8:;/ is (i small - scale one, 
its abaorption by t.he r.JinGri t y I ona will lead La lhe cut-of f 
of high energy tall s of the Hi:' di!3 Lrlbu Liorl f UI10 l i on (1.; ';: . the 
filetllOd of hea\ry-ion mlnori Ly heat.i.!"lg Ill). A~ opposed tu tbe 
me i hod usI ng cyc.LoLron l,r\:j absorp;;:.iurl , th is cv I. - o ff wil l r:HiLe 
l t possible La .incrcao0 €:::3senl i ally ~ b.e ljOr<;.~cn of Lhe jJOW8!' 

heaLi11g t he bull~ i ons t t o lir.l.i. t Lh~ h.P lilfj e ~ i.c pre;;;sure value 
and to dirr.inl ~;h the energy J.osses dU0 Lo fast Ill' Jeavj.ng the 
trap. To realize hlbh- powel' hea-;;in g l'e:,;imen , .i.L i::; impol'tan L 
~lla~ ~ji' CJuld I'ca(;h thf..: le.i{ layer even r OI' re l ati ve ly high 
JHe lil":'no.l'ii.Y concent r'o. t i un::; I-..J/. '';''11 i::l heaLiug scenario CfiJ1 b e 
rG£lliz e c. in r elaLl'l e1.'l sr:1~ll-si~e LJ:ap:.3 ( :.se e oelm·,). 

'~'.iIE J: eu3i b i.Lity 0; ~l1c scenn:riu :.;ugg~1::l Led can be cxc:'1p ­
lii led uy Llti:! '.i' u :-:lun- J LU:-:w13.;r IJI \'IiLh l~o = ~~i Ci:J, 0 .. = ~O cm , 
n 0 q " I · « -,) J 1 On .. ,- - J ·11-/ '- (l ,- 1-; m " 0' U e \' o = • .J 1. , _I~ .. =. c., , :. 1 'i, = • . ) I ..!. t.' = .1. i = '- t 
'l\i-i e = 1 ;-:.eV . _'.i.gU2C ;.: d10r,l~ ~ i l.~ l~e :.:; u.!. Ls oJ culcu'5..!.:lt l. Ull1J .1.· 0 1· 
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the Fi,iSH excitation, propagation and absorption in the HFS 
regime Jar the toroidal numbe r m=4. The calcula tions \'Jere 
carried out for the pla.sma cylinder model described in /2/. 
The f igure shows the main field components Ez and Er t the 
kineLic RP power flux (Pk) and the profiles of the energy ab­
sorbed by ions (D'). l"igure 2 exhibits practically a singlc­
pass absorption 01 the excited wave due to the FH-SrI conver­
sion in the 2nd C.L , R = 65 cm (no interference effects in the 
field E", sLruct:ure). The SW excitation effect displays itself 
in short . wavelength field. C;r oscillations and in the onset of 
Eke The l"IV absorption due Lo Lhe cOIlversion in the 1 st CL and 
damp.ing in the W::;;'WcHe.1ayer are Vleak in Lhis case (smal l bump 
in Di). Figure 3 diffors from Pig . 2 .1n Lhat the li'II1SW is 
excited. f rom Lhe 1..10'3. In this t'!ase, 1.he conversion effects in 
the 2nd CL are also predominant and ~he energy deposition 
profile is close to that [or the lII"S excltation regime. Hate 
tha t the enel'gy deposj Lion profile shows an essential asymme-
t.ry relativQ to Lhe point ,"here W = WCHe , and this can be 
used, in princlple , for current d:;'-'ive /4/. 

Now compare two hea.ting Gcenarlos using the cyclotron 
absorption 01' FW and SYI by JHe mInorl ty Ions at a high level 
of HP power deposited in ~lie plasma. IJ.'he Golution of t h e one­
dimensional kinet.ic equation Jar the HJ? tlist.ribution funcLion 
f'( V.) wi Lh the boundary eondi Uon r ' (V.) = 0 (V. > VLO, ) takes 
Into account the oanana losses. IJ:'he VlOc;. is I.he maximum V.1. 
value of 3He jans in the plasma core ,'/hose ba1W.l1a traject.ories 
do not. exLend beyond the plasma column. r'igure 4 presents .Lhe 
resulLs obLained fur t.he plasma wiLh nIl/nU = 0 .7, ne =3.10 1J 
cm- ) and fl'e = '1\ = 500 eV, the specific HF power, _PH.F, ab­
sorbed by Jllc lons (nHe/ nO = 0 . 05 ) being 1.5 W. em! • 1n Pig. 
4, l' / PH}' and Pi versus VLCS are presented for both cases 
(l'g £5 the RF power deposited in deuLeroons, protons and elec­
tr n5, rl is the speclfic HF power deposited in deut erons and 
protons; K1 <5D was assumed to be 0.J7 in the absorption 
layer, where u; = WCHe ). 

As seen from Pig. 4, in the .l!-,rt case , the portion 01 Ill' 
power carrIed away by HI) from the discharge becomes appreci­
able even at rat.her high VL"c; values (VLC ':> /VTD = 14). At VLCc;,< 
12 "TD this port i on becomes predominant . By contrast , in the 
S\'I case , the n.F losses become important at consldera.bly lower 

Vi.(..os • Ii'igure 4 cxcr:tplifies the V ... C~ eJfec t on the particles 
with VII =0 be ing .in t h e cen~re of the column at Cl plasma 
CUl"nmt I = 120 kA in the Tur.1an-J tokamak. It may be seen 
that under these condi tions and '.',i Lh 1:"11 heating in high- pov/er 
regimes (}>RF'" hl.cm - J), the HF pOr/er losses due La RP escape 
become es s ential , whereas in the ~.r;1 case, the losses ure 
substantially lower . Even nhen ~he losses are negligible for 
the both cases , the Pi value is also hlgl1<3r~n the S',i aosorp­
Lion case . '.rhus , the empluyment 01' the proposed method 01' 1U' 
plasma heating may provide regimes with a r elatively high 
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specific power absorbed In the plasma and a predominant 
heating of the majority ions. This heating scenario may be 
especia.lly elI.lclcnt in small-size tokamaks and stellarator's. 

A sim.1lar scenario with Lhe ,PH excitation and its sub­
sequenL conversion to SYJ may be realized in a D+H plasma wi th 
3He replaced by tritium (the power will be absorbed in this 
case at the second cyclotron harmonic for tritium ions). 
In this case , the method proposed seems particularly attract­
ive for the realization of a two-component regime of II thermo­
nuclear reactor /1/, where direct excitation of high-powe .t.'" 
SW presents serious problems. 
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APPLICATIONS OF THE 3-DIM ICRH GLOBAL WAVE CODE FISIC 
AND COMPARISON WITH OTHER MODELS. 

T. Kriicken, M. Brambilla 

IPP Garching, EURATOM Association, Fed. Rep. of Germany 

INTRODUCTION. The code F ISIC solves the integro-differential wave equations 
for h.f. waves in the ion cyclotron frequency range in the fin ite Larmor radius ap­

proximation in tokamak geometry. The equations are discretised by a sernispectrai 
approach, using cubic Hermilc finite elements in the radial direction, and an expansion 
in Foufier modes in the poloidal direction. The latter allows the analytic evaluation of 
the orbit integrals along magnetic field lines in the presence of a poloidal component 

of the sLatic magnetic field. The code is thus able to describe mode conversion to ion 
Bernstein waves, ion cyclotron damping at the fundamental and at the first harmonic, 
and electron transit time and Landau damping, in full toroidal geometry. A detailed 
descript ion of the model and the numerical method will be given elsewhere / 1/. First 
results from FISIC were presented in /2/. Since then a few improvements have been 
made, particularly in the description of collisional and electron damping. 

Here we present two simu lations of ICH in ASDEX (R = 167 cm, a = 40 cm, 
Bo = 2.24 and 2.265 T, Ip = 350 and 380 kA, ne(O) = 6.1013; other parameters 
specified below)' the first with low, the second with high single transit absorption 
according to simple estimates. For both cases we have run several toroidal modes, 
roughly scanning the spectrum excited by the antenna. We have used throughout 
between 80 and 100 radial elements, and 33 poloidal modes, ensuring good convergence 
within reasonable CPU time. The results are compared with those from two simpler 
codes, based on a slab model and on ray tracing, respectively. Agreement is good on 
the whole, but interesting purely toroidal effects are also identified, particularly on the 
efficiency of mode conversion and the propagation of ion Bernstein waves. 

SECOND HARMONIC HEATING OF A D+ PLASMA. The first example is a 
pure Deuterium plasma with TD = 2 KeV heated at the second harmonic cyclotron 
resonance (J = 33.5 Mhz). In this case we expect weak single pass absorption, good 
efficiency of mode conversion to lBW, and excitation of global eigenmodes. These 
are indeed clearly seen as peeks in the power spectrum scanning the toroidal modes 
(Fig. 1). Comparison with the slab-model calculations shows qualitative agreement, 
although matching of the individual peaks cannot be expected due to the d ifferent 
geometry. Fig. 2 shows contour p lots of the real part of Ez for one of the two resonant 
modes, nrp = 14. The pattern is dominated by the poloidal modes m = ± 1 (as 



751 

confirmed by examination of the poloidal spectrum). lBW are clearly visible to the 
high field side of the resonance, althoJJgh for th is mode their amplitude is small. 

The total antenna resistance is found to be RA ::::: 2.36 Ohm, against RA = 7.6 Ohm 
in the slab model. The latter value is closer to the experimental one. The discrepancy 
might be due to the fact that the model of the antenna is more idealised in the fully 
toroidal code. Of the total power, 81.3% is absorbed by the ions, 4.4% by electron 
TTMP, 0.1% by ELD and 15% by damping of the lBW, which is a direct measure 
of mode conversion. In s lab geometry model conversion to lBW is considerably more 
efficient (62.2%), mainly due to modes with low nrp (lnrpl ~ 5). This illustrates one 
essential difference between slab and fully toroidal simulations: in the latter even nrp = 
o corresponds to a quite broad spectrum of kll values, a feature which considerably 
reduces the efficiency of mode conversion . 

SECOND HARMONIC HEATING OF H+ IN A D+ PLASMA. The second example 
is a two component plasma consisting of 25% Hand 75% D, preheated by neutral beam 
injection to central temperatures of 8.8 KeVand 4.4 KeV, respectively. lCRf! is applied 
at w ~ 2ncH (J = 67 Mhz). In this case the single pass absorption is large even for low 
toroidal modes, suppressing mode conversion; therefore excitation of cavity eigenmodes 
is not expected. This is confirmed by the nrp power spectrum (Fig. 3), which shows 
almost no structure. Agreement with the slab simulation is even better than in the 
previous example, the major discrepancy occuring again for nrp = O. In s lab geometry 
this mode with kll = 0 is very poorly damped (mainly by residual mode conversion); 
being non resonant, it is also poorly coupled. Broadening of the effective kll spectrum 
in the real toroidal geometry leads to much better damping by le harmonic heating, 
so that the minimum in the power spectrum at nrp = 0 is nearly washed out. In 
the <toroidal simulation therefore the radiated power is almost completely absorbed 
by harmonic ion cyclotron heating (98.3%); the rest is absorbed by electron TTMP 
(0.9%) and direct lBW damping (0.8%). For the total antenna resistance we obtain 
RA = 8.19 Ohm, compared to RA = 10.2 Ohm in the slab simulation. 

Finally, Fig. 4 shows contour lines of the imaginary part of Ex. for nrp = 16. The 
large single transit absorption is evident here. Moreover, both the wave pattern and 
the power deposition profi les are in this case very similar to those obtained with ray 
tracing applying the code RAYIC / 3/ . 
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PARTICLE ACCELER,ATION NEAR, THE FARADAY S HIELD 
VIA CYCLOTRON HARMO N I C INTERACTI ON 

D URING ICRF P LASMA HEATING 

Satish Puri 
M PI nir P lasmaphysik, E:URATOM Association, G<ll'ching bei .Vliinchcn 

Energy absorption in the edge region via cyclolroll-harmon£c interaction ciuril1(J 

ICRP heating 0/ thermonuclear plasm as is examined. It is shown that the electric field 

ripple caused by the closely spaced Faraday shield conductor!) gives rise lo large efleetiuc 

perpencticular wavenumbers, re s Idling in strong cyclotron harmonic damping. Ana/yticnl 

expression for the particle acceleration rate, taking into (lccolIll/. lhe radial evanescence 

of the perpendicular electric field, is derived. For the ASDEX fast 1uauc ICRF hulling 

parameters, it would be possible to accelerate the Z = 3 carbon impurities to energies 

in excess o/lOOeV in less thon101LS. These obseruations haue been confirmed through 

accurate numen'cal integration 0/ the particle's equations 0/ motioll.. The role 0/ the 

plasma sheath is considered alld a simple Faraday shield design capable 0/ mil.igotil1 {J 

both the cyclotron-harmonic interaction and the iihealh ejJects is Sl/.{j(Jcsted. I mplications 

0/ direct impurity heating in the vicinity 0/ the Faraday shield for the case 0/ lo'W­

frequency heating schemes such as the AI/ven wave heating are examined. 

L CYCLOTRON HARMONIC INTERACT ION 

We consider the lincarized motion of a par ticle in a unifo rm magnetic field Bo 
and an electric field E (f', t) = f dk E(k) exp{i(wt - k' i)}, where k = kx j; + kg g + k, z 
and the hats rep resen t un it vectors . Let Er,1 = Ex. ± iEy, k1 = k ~ + k~ = k5 - k;, 

tan 1/.1 = k,,/k%, and k . r = k1.Tg sin (wct + 1/.1) + k;zv;zt, where Tg is the gyroradius, Wc 

is the cyclotron frequency and V z is t he particle's velocity along Bo. Change in the 
perpendicular velocity V1. = V% + ivy may be expressed in the form 

l:.V.L = ~ ~exp(-iw,t) J dk LJn(k.L , ,)cxp(-in,p) 

" 

x J dt [E,(k) exp {i(w + w, - nw, - k,v,)t} 

+Ej(k) exp {i(w - w, - nw, - k,v,)t}] , (1) 

where 1] = Ze/lvf A, is the charge to mass ratio and J(k1.Tg) is the Bessel funct ion of 
the fi rst kind and order 71.. 

The electric field spectrum E(k) in Eq.(l) is weighted by t he modulation factor 
.M = In(k 1. Tg)exp (-in1/.l) . Since, in the case of the ICRF an tenna near field, k~ is 
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imaginary while ky is real by definition, t/J assumes imaginary values. One obtains 
exp(- 2it/l) = (k. - ik.)/(k. + ik.). Writing k. = i lk.l, and for the case k. < 0, 
exp(- 2it/l) = (lk.1 + Ik.I)/(lk.I - lk.l) . For Ik.1 ;» Ikzl, exp(-2it/l) = -4k;lkl. Ap­
proximating the Bessel function as J"(k.cT,) '" (k'tT;)/{2"n!) gives M '" (i lk,IT,)" 1nl. 

For fast wave ICRF antennas, large electric field gradients with correspondingly 
large Ikyl, occur directly in front of the Faraday shield . Assuming n = 2, W = 3wc and 
~t the time available for acceleration, Eq.(l) yields 

(2) 

Upon integrating the 
Eq.(2), one obtains 

differential equation obtained after replacing rg by 1JJ.../wc in 

t '" 1 9" 1/ ' Z 1/ ' B5 T .- I/ ' 
10 • '/ k2 E I 

, I 
(3) 

where t 10 is the time required for a tenfold increase in the kinet ic temperaure Ti defined 
as Ti = {1/2)MAvl/e, measured in electron volts. 

For the ASDEX fast wave ICRF heating at the fundamental hydrogen cyclotron 
frequency w = WcH, impurity harmonic resonances C:+, C~+, and 0:+ (the subscripts 
denote the cyclotron harmonic number while the superscripts stand for the particle 
charge) occur at some location along the azimuthal arc spanned by the antenna. The 
dominant among these is the Z = 5, third harmonic carbon resonance C~+. For the 
ASDEX parameters, Bo = 2.5T, Ikyl ~ 10cm-1 , corresponding to a 3mm gap between 
the adjacent Faraday shield conductors and E ~ 300 V cm-I, it would take the carbon 
impurity atom approximately 5.0 jJ.S to be accelerated from 1 eV to 10 eV. In further 
2.9 J).S and 0.5 jJ.S, respectively, the particle will attain energies corresponding to 100 eV 
and 1 keY, respect ively. 

In the case of the second harmonic heating at w = 2WcH, the deuterium resonance 
Dt would be the dominant harmonic resonance. Starting with 100 eV energy, the 
deuterium ion will require about 60 jJ.S to be accelerated to 1 keV. The initial 100 eV 
will have to be supplied via the sheath acceleration process. 

In the foregoing examples it was assumed that the particle orbit possesses the 
optimal phasing with respect to the electric field for maximum acceleration. 

These results have been confirmed through accurate numerical integration of the 
particle's equations of motion in a steady, uniform magnetic field and an electric field 
produced by applying a voltage across two infinite cylindrical conductors (Fig. 1) . 

A simple solution to the problem prese':lted by the cyclotron-harmonic interaction 
might consist in using a Faraday screen consisting of thin, inclined vanes in the form of 
a Venetian blind (Fig. 2). Ey in th is case is substantially uniform, thereby effect ively 
suppressing the cyclotron-harmonic acceleration. 
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Fig.2 Venetian blind Faraday sc reen 

2. PLASMA SHEATH EFFECTS 

In the conlour ABeD (A, D, E and F extend to infinity) in Fig. 1, the electric 
field is primarily concentrated along nc and J E BC ' dl ~ I j.toJI· da, in the absence of 

a plasma sheath. If the contour EDGF were lo be used for estimating the e lcctr ic fie ld 
along BC, the diminished contribution of the magnetic induct io n is compensated for by 

the x-component of the eleelric field along Efl and CF; which, or course, disappears 
in the presence of a plasma sheath, leaving on ly t he magnetic induction component 

contributing to the fi e ld between B C, as was also the case in the absence of the Faraday 
shield. The missing electric field component along ABC D reappears as the tangential 

electric field in the sheaths along the curved parts of the contou r. Neglecting the sma.ll 
contribution to the magnetic induction from the induced Faraday shield currents [11. 
the following picture emerges in the presence of the s heaths: 

(i) There is no material reduction in the electric field along ne in comparison 
with the field present in the absence of the Faraday shield. 

(ii) The contr ibutions from the contours ABE <lnd FCD end up as sheath po· 

tentials (not necessarily symmetric). Together these poten t ials add up to the fields 
short-circuited by the Faraday shield conductors . 

For the Venetian blind Faraday shield configuration of Fig. 2, since the s hort· 
ci rcui ted fields extend only over the thickness of the vanes, t he s heitth potenti<lls would 

be correspondingly smal l. Thus the integration f E · dl a lon g the contour Jl BCD in 
Fig.2 is not materially affected by the introduction of the Faraday sc reen; the potential 

gradients making negligible con tribution to the predominantly rotation" l elect ric field s . 
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3. IMPURITY ACCELERATION FOR LOW-FREQUENCY HEATING 

For the low-frequency electric fields, the velocity gained by the particle in half a 
cyclotron period is given by .6..vJ. ~ 2E.l./Bo. This corresponds to an energy gain of 

6.T, '" 2 X 10-8 (E.L I Eo) , A . (4) 

The energy gained in this case is independent of the degree of ionization and increases 
with A. Thus the low Z iron impurities could be accelerated to potentially damaging 
energies, unless care is exercised in limiting the electric field to 

(5) 

where Tmo% is the maximum admissible impurity ion energy. Assuming Tmaz: = 50eV 

corresponding to a sputtering yield of < 1% for the iron impurity ions, E.1. 5. 17 kV Jm 
for the ASDEX parameters, allowing a coupling of over 3MW per antenna. The 
recycling problem may be further alleviated by coating the Faraday screen with a low 
atomic weight material such as carbon. 

4. DISCUSSION 

Indirect evidence of cyclotron-harmonic acceleration is indicated by the selective 
etching of the Faraday shield at two symmetric az imuthallocatioDs possibly correspond­
ing to the third harmonic deuterium resonances for the case of w = 2WcH ICRF heating 
in ASDEX [21. High energy deuterons, presumably generated in the edge region, have 
also been observed in ASDEX. 

The large sheath potent ials could also lead to a uniform sputtering of the Faraday 
shield by direct ion acceleration 13J. Under appropriate conditions, the sheaths could 
eject high energy ions which, in turn, would undergo rapid cyclotron-harmonic interac­
tion. A better understanding of the role played by the sheaths must await availability 
of precise experimental data. 
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We solve the linear electrostatic wave equation for an inhomogeneous 
bounded plasma in an inhomogeneous magnetic field using a hot model valid 
to all orders in Larmor radius . This leads us to so l ving a homogeneous 
second order integro-differential equation wi th two boundary conditions. 
Thus we are able to find wave solutions, for any given density and 
temperature pro f iles, having wavelen~ths even smaller than the Larmor 
radius . 

1. Introdllctioo 

The linear wave equations in the Ion Cyclotron Range of F r equency 
(ICRF) have been thoroughly studied using f irst cold models and then hot 
mode ls. We are now able to solve the full electromagnetic 1-D problem, 
i.e . three compo nents for the fields, using the hot model with an 
expansion in Larmor radius up to s e cond order [1]. This implies a very 
complicated form for the die l ectric tensor [21 and it would not be 
reasonable to go t o third or higher orders, even though we can find cases 
where the second order expansion breaks down . Moreover Bernstein waves , 
which may have wavelengths comparable to Larmor radius , are not o nly 
important in the well - known mode conversion mechanism, but may also be 
used to heat the plasma via direct launching [31 There f ore , there is a 
need for a hot model valid to all orders in La rmor radius . 

2. Physical Problem 

We study the electrostatic wave problem of an inhomogeneous bou nded 
plasma in a slab geometry. The magnetic field is parallel to the z-axis 
and the plasma is inhomogeneous along x and extends from x~xpl to x=xpr. 
we first solve Vlasov and Poisson equations in Fourier space [4J. As the 
p l asma is bounded we have to transfOrm back to real space, which is done 
by using the following integral representation of the modified Bessel 
function I j (z): 

n 

~ f z cos9 
e cos ( j 8 ) de 

o 
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A5Suming a Maxwellian equilibrium distribution function and neglecting 
the electron Larmor radius and ky , we get: 

{ l + 

( {l -
W'- k v 

+ 
ce z Te 

with 

K(x,x ' ) 

n 

f dS -"c",o.::s-,-{ -,:j S,,-),-- ( 
- sinS exp-

o 

'" 
+ f K(x,x ' ) <l> (x ' )dx ' 0 

'" 

(X-X , )2(1+cos9 ) 

4p2sin2e 

(x " -
) exp(-

(1) 

(2) 

x+x ' 
-2-)2 (1-cos8 ) 

and Zjcr - Z(wrjwccr/kzvTcr)' where the subscript e stands for electrons and 
er for ions species. (0 , Wc' v T ' AD are the plasma and c yclotro n 
frequencies , thermal ve~ocity and Debye length respectively. Z is t he 
plasma dispersion function corresponding to the NRL formula. 

We see that the kernel is symmetric and rather complicated . The 
theta -integral is singula r at a-o , x=x ' and at a=-x, x " =(x+x ' )/2. These 
singu lari ties give a global si ngularity of the kernel K (x, x ' ) 
proportional to In lx-x ' I , which is a weak and integrable singularity. But 
if we integrate over theta directly , the 6-singula rities are proportional 
to 1/6, which are not integrable numerically. Therefore , we have to do at 
least two integrations analytically or use special cha nges of variables. 
As we use a finite element method (with linear basis functions) to solve 
(1) numerically, we can manage to perform the integrations over x" and x' 
analytically. Thus we take care of boch singula ritie s and end up wi th a 
well-posed numerical proble m. 

We have c hosen the following boundary conditions: 
q, . (Xpl ) '"" 0 
q,' (Xpr) - -1 

which means that we specify some surface charges simulat ing a n antenna on 
the right plasma bounda ry. 
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3 . ReSlIlt s 

We shall present t he results of an argon pla sma 'l'he typical 
parameters used are: xpr- -xp1=3cm: density' n=10 17 m- 3 k z = lOOm- 1 ; 
Bo - O.2T: Te -14eV, T~=O.leV. Ttle d1spersion re lation is sho wn in F ig . 1. 
We conside r the regio n between the third and fourth harmonics. We take 
the s um over j in Eq. (2) betwe en -la and +10 . Note t hat this summation 
is not time-consuming at all, enabling u s to solve (1) at any harmonics . 

~le have chosen t hese parameters because the two branches are 
decoupled and because both waves have comparable amplitudes , which is not 
always the case. We shall c hange the magnetic fie ld and the electron and 
ion temperat ure profiles illus t ra ting the effect of the boundary , 
cyclot ron damping and t he i nfluence on the wavel e ngths of t he 
ion-acoust i c and the Bernstein waves. 

Let us first l ook at the dependence of the waves, in particular of 
their wavele ngths , on the electron and ion tempera t ure profile s. The ion 
acoustic wa ve is mainly af fected by the electrons, whereas t he Bernstein 
wave depends on the ions. This is clearly s hown in Fig. 2 where we have 
an elec tron temperature profile going up from 2eV on t he right hand side 
of the plasma (i.e. at the antenna) t o 30eV on the left, and for the ions 
from O. 05eV to O. 5eV . This gives us , from t he dispersion relation, 
wavelengths for t he i o n acoustic wave f r om O. 9cm to 3.7cm and for the 
Bernstein wave from 2mm to 6mm respectively. The wavelengths calculated 
from t he solution, Fig . 2 , follow well these va riatio ns , i .e. fol low wel l 
the t emperature prof iles. 

Modifying the value of the magnetic field allows us to change the 
ratio oo / wci-3 .95 at one edge to 3 . 60 a t the other edge of the p lasma . I n 
the region where oo / ooci= 3 . 95 we expect the 8ernstein wave to be strongly 
damped . This explains why only t he acoustic wave is emitted in the Lo w 
Field Side (LFSl case, Fig. 3a , wherea s both waves are exci t ed a t the 
antenna in the HFS c ase, Fig. 3b . On the left plasma boundary, both wa ves 
can be reemitted. But due to the cyclotron damping mentioned abo ve , the 
8ernstein wave can reappear only in the reg i on w /wci-3.60, Fig. 3a. 

Conc l" s i o n 

We are able to s olve the electrostatic wave equation in a I - D 
inhomogeneous bounded plas ma with hot pla s ma model valid to all orders in 
La rmo r radius . Therefore, we can resolve consistently wave s olutions 
having wave lengths even smalle r t han the Larmo r radius. 
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Fig 1· 

Dispersion relation, 

ro/ roci versus kX·P(f' of 
the homogeneous argon 
plasma with pcr - lmm. 

Fig 2· 

Imaginary part of 
solutio n <b (xl versus 
x in the case of 
inhomogeneous electron 
and ion temperature 
profiles. 

E'ig J. 
Imaginary part of If) (xl 
versus x in the case 
of a inhomogeneous 
magnetic field, 
proportional to 
11 (Ro±xl , for LFS 
and HFS respectively. 
The same scale for 
both plots. 

a) ro/roci -3. 60 at x-xpl 
and 3.95 at x =xpr · 

b) ro/roci -3 .95 at x-Xpl 
and 3.60 at x =xpr· 
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Abstract · For the first time, in an ICRF heated tokamak, parametric 
decay instab ilities were observed in t he plasma edge . Two types of decay 
processes were found . Those instabilities provide a mechanism for the 
direct energy deposition, seen i n many t okamaks, o n the ions and 
electrons of the scrape off layer. 

IntrOd!!ction· During hydrogen second harmonic heating at 67 MHz Ill, 
frequency spectra were measured with an electrical probe. The measuring 
probe is 1 00 toroidally away from one ICRH antenna , and 170 0 f rom the 
other . The target plasma can be pure hydrogen or a hydrogen-deuterium 
mixture (n H/ne -25 to 100 %) , ohmically heated (POH~450 kW) or preheated 
by neutra l injection (PNI-0.B-3 . 5 MW). Analysis of the frequency 
spectra, revealed the presence of parametric decay effects 12/ . 
Parametric decay is a proce ss by which a wave, called the pump wave 
(index 0) , decays nonlinearly into t·NO modes (index 1 and 2). These 

modes have to fulfill the selection rules : Wo = Wl ... w2. and Ko = K1 ... 1<2. . 
Theoretical studies 12,31 indicat e that several types of parametric 
decay processes can occur, two of which have been observed on ASDEX. 

parametric decay processes · In a first type , the pump decays into an i on 
Bernstein wave with frequency close to the pump wave (2e in Fig . 1) and 
a low frequency electron quasimode (obscured in t he spectrum by the zero 
frequency peak of the spectrum ana l yser) Growth rate estima t es 12/, 
predict that the convective threshold is easily exceeded. 
In the second process, the pump decays into an ion cyclotron quasimode 
(with frequency near the ion cyclotron harmonic of an ion species in the 
edge, w, = Wc,) and an ion Bernstein wave (with, according to the 
se l ection rule W2. = Wo - Wl)· The study of this p r ocess can benefit from 
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thorough analysis previous ly performed in a small research machine /4/ . 
Because of the dependence of the frequen c y of the quasimode o n the 
magne tic field, it is possible to identify t h is mode unequh·ocally. In 
Fig . 1 three spectra, at differen t toroldal magnetic field, and for a 
fixed pump frequency (6 7 MHz) show clearly how the frequency of the 
quasimode IH depends linearly on BT , and how the frequ ency of the 
corresponding ion Bernstein wave 2H the n obeys the selection rule. In a 
mu l tispecies plasma (i - H, D) , we find that this proces can occur for 
both species . In a machine with carbonized walls, there are even 
indications that C at different ionisation stages can be the ion spec ies 
supp orting t he quasimode . On first tu~n o n o f the RF in a shot, a mo r e 
complicated spectrum (Fig. 2) can appea~, with spl i tting of the peaks . 
Thi s is thought to be due to the initial outgassing of the antenna , 
which can change the boundary temperature directly in front of the 
antenna, and the isoto pe con centration . .,(I-,----------------~ 
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Dependeoces' Whether or not the Hand D decay processes were observed, 
depends strongly on the plasma composition and heating conditions. By 
varying the toroidal magnetic field, at constant pump frequency, the 
position of the second harmonic resonance layer was varied between 
r--0.22m and r-+O. 38m, with respect to the plasma centre at R-l . 67m 
(with a =O.40m and the antenna protection limiters at r-O.45m) This also 
changes the ratio WO/We Lln the edge between 2 . 87 and 2.03 . Fig . 3 show 
some of those conditions. 
In a H plasma, with 0.45 MW of ICRH, on the antenna closest to the 
probe, the decay processes were observed only for positions of the 
resonance layer r<-O . 13m ( wo/wci>2.7), with data available only up to 
r-+O .16m (WoIWci-2. 3) In a D and H mixture (30 % H) with IMW ICRH, o n 
the antenna furthest from the probe, and 1.7 MW NI, they were observed 
only for r<-O . 22m or r>0.38m (corresponding to wolwc i>2.9 o r <2 . 0). 

20 20 

iii • 
"0 • 
~ • • • 
5. • • • • :I: • • • N 10 • • 10 • • "0 • i 
E • " • 

NI power (MW) • lCRH power (MW) 
0 0 

1 2 3 4 0 o .• 0 . 8 1.2 

Fig . . . Dependence of the 2H peak 00 Fig. S . Dependence of the 2H peak 00 

NI power. Co< 1 . 2 MW of ICRH ICRH power, no NI power 

An additional H gas pulse made the instabilities appear, for a near 
central position of the resonance layer (r~0 . 03m), under all conditions 
(any antenna, down to 200 kW ICRH, any NI power) A clear 
anticorrelation, however, was then found between the amplitude of the 2H 
peak and the neutral i njectio n power, as shown in Fig. 4. The amplitude 
of the 2H peak, measured under steady state conditions, increases with 
I CRH power (Fig. 5) This is i n contrast to an experiment where, as the 
power was ramped up , the amplitude remained almost cons tant. Those 
effects can be understood in the following way: a better absorption of 
the fast wave, provided by the preheating with NI, will reduce the 
elec tric fields in the edge and thus the growth rate of the 
instabilities . The instabi lities are also reduced by a higher NI power 
through the increased boundary temperature (theory predicts that the 
growth rate of the instabilities decreases for increasing b ou ndary 
temperature). Higher RF powers result in higher RF electrical fields, 
and thus more instabilities. The heating of the boundary, due the 
instabities themselves , seems provide a type of f eedback mechanism, so 
that, when the power is ramped up, the amplitude of the instabilities do 
not increase. We have also observed the instabilities, with a receiving 
probe located on the inside of the tokamak. Although fewer peaks were 
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pres~nt o n tne spectra, the lH peak , wi~h the frequency corresponding to 
t he magne t~c f i eld at the outside egde of the plasma could, under some 
cond i t ions , b e identified. 

Impo r tance o f those parametric 

direct energy deposition in the 
I CRH. On Alcator, JET, Texto r, 

decay iostabi Hties ' In many tokamaks 

scrape off l ayer, was observed during 
among others, increases of electron 

t empera tu r e s in the edge were observed . On ASDEX, fast deuterons were 
observed in the edge, with second harmonic hydrogen heating /5 / . To 
e,.:p lain the Fe production at a target plate in Textorj6/, one has to 
postulate the presence of fast ions, accelerated in the perpendicular 
d i r ection, in the plasma edge. The parametric decay instabilities, 
observed o n ASDEX in the second harmonic regime, can provide the much 
s o ught a f te r mechanism to explain the direct energy deposition in the 
s crape of f layer . Measurements to find them in t he minority regime were 
ma d e on Te x t or, where now parametric decay instabilities have also been 
observed 17/ . 
Edge electron heating could be associated with electron Landau damping 
of the quasimode . Anomalous ion heating and the production of a 
suprathermal ion population could result from the damping of the ion 
quasimode. The i on Bernstein waves, excited in the edge, may be absorbed 
also on impurities in the bounda~y . The parametric decay processes may 
also partly explain why not all the RF power coupled to the plasma is 
found back in t he bulk plasma . Since the probe wa s not calibrated, we 
can make no estimate of the total power tran sferred from the pump wave 
to the decay modes. 

Spmmary· with the observation of those instabilities an important step 
was made in the understanding of the direct energy deposition on the 
ions and elect r ons of the scrape o ff layer. This direct energy 
deposition could be partly responsible for some of the impurity problems 
encountered with the ICRF heating method . Further investigation of the 
parametric decay instabilitie s may provide clues on how to avoid them 
and ca n thus contribute to an optimisation of the ICRF a ntennas and 
heating scenarios. 
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1. Introduction 

o 8 E1 30 

The second harmonic ion cyclotron range of frequenc ies (leAf) heating 
exper iments have been car ried out at 120 MHz with hydr ogen plasma in JT-60. 
A phased 2 x 2 l oop antenna was developed for cont rol of the radia t ed 
k.-spectrum (1], wh ich has been confirmed to be ve ry impor tant t o opt i mize 
the second harmonic ICRF heating (2) . The peak position of k.- spect rum can 
be changed from 0 to 15 m-I with the phasing from (0,0) mode to (n ,D) mode, 
where the former in the parentheses is the toroidal phase difference and 
the latter the poloidal one . After part of t he TiC coat ed fi r st' wall and 
the a ntenna guard limiter were replaced with the graphite ones , increment 
of radiation loss during the ICRF healing has been substantial ly reduced. 
The combined heati ng of the second harmoni c ICRF and s trong neutral beam 
injection (NBI ) has been i ntensively i nvestigated. In jec tion power l evels 
of the second harmoni c ICRF a nd NB! are approximately 2 ~fw' a nd 20 MW , 
respectively . The second harmonic I CRF heati ng with ohmic pl asmas has been 
also studied. These experiments we re perf ormed in ( it", D) and (0,0) modes with 
the diverted plasmas havi ng the outside x- point . 

In this paper , ef ficient incr ease in the plasma stored ene rgy with beam 
acceleration and the a ntenna- plasma coupling at H-mode transition dur i ng 
the combined second harmonic ICRf and NBI heating a re described. Compar i son 
be tween on-axis (Br :: 4 T) and off-axis (Br = 4.5 T) heati ng wi th ohmic 
pl asmas is also presented. 

2. Combined Second Harmonic I CRF a nd NBI Heating 
(a ) Efficient inc rease in the slored ene rgy with beam acceleration (3) 

During the combi ned heating, a r emarkable beam accel e ration was 
observed in the low elec lron densi ty region. ne = (2-3 .5) x 1019m-3. We a l so 
confirmed that the beam acceleration t ook place near the plasma center with 
on-axis ICRF healing (2). Recently, a strong syner getic eff ect, name ly , 
effici ent i ncrease i n t he slored energy has been observed during the combined 
heati ng of t he intense NBl and the ICRf of ( R,O) mode accompanied with t he 
beam acceleration. Figure I shows the incremental energy confinement time 
Tine against ne obtained for diff erent auxiliary hea t ing methods, where 
Ttl!e .. i1W/ i1P and i!'Yi i s the incremental s t ored energy due to the addit iona l 
heating power i1P. I n the lo .... er density regi.on, Ttne of ICRF during the 
combined heating is grea tly improved because the beam acceleration becomes 
dominan t with decreasing e lectron density. The value of ([ne of ICRF during 
the combined heati ng i s more than 200 ms for B., =4T and nc = 2. 2 x 1019m-3 . 
This value is about three times as l arge as that of NBI heating alone or 
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the second ha rmonic IeRF heating alone. 
The scaling of (tnc with the beam acceleration is given by 

<Em: = llb"T s + TtBC
, 

where T/b is the rat i o of the ICRf power absorbed by the beam ions t o the total 
IeRF powe r , Ts the i on- e l ect ron relaxation time and Tflr the inc remental 
energy confinement time of t he bulk plasma (3). The data of Ttllc for the 
combi ned heating sho .... n in Fig. 1 are repiotted as a function of l"}b'Ts in Fig. 
2. The eva lua tion of l1b is performed with the expressi on of the IeRF po .... er 
density deposited on the i ons .... hose velocity distribution has the 
non-Maxwell i an beam- induced and rf- induced tail (4). A good fit to the data 
is represented as 

rtllC (msec) = 17b"Ts + 53. 
Si nce the constant term (53 msec) i s consistent .... ith t he value of TtBC (50- 60 
msec) during s trong NBI heating [5], T£nc of IeRF dur i ng the combined heating 
i s conf i rmed to follow the scaling mentioned above. Then, we can conclude 
that the stored energy of t he fast ions inc reases c l ass i cally. 

The inc rementa l s t ored energy of the fast i ons is also analyzed wi th 
the self -consiste nt code which takes into account the global wave structu re 
and t he quasi - linear velocity space diffusion (6). The experime nta l results 
are consistent with the calculation ones from the self -consis ten t code. 

The fast ions enhanced by the ICRF consequently r ises an effective ion 
temperature nff wh ich i s defined as the averaged i on energy over the who le 
velocity space . The value of nff evaluated for the best s hot increases from 
12 keY during NBI heating a l one t o 22 keY during the combined heati ng. 

(b) Antenna- pl asma coupli ng at H- mode transition 
Short period H- mode phenomena were observed i n both (0,0) and ( rr ,0) 

modes during the combi ned heating. As shown in Fig. 3, the line - i ntegrated 
e l ectron dens i ty fnccll and the stored energy h" gradually increase in both 
modes jus t af ter the intens ity of Ha suddenly drops. At this transition fr rnn 
L- mode to H- mode. the dens ity profile becomes flat a nd the density gradient 
near the plasma edge becomes steeper in both modes. The antenna coupling 
resistance also changes rapidly in both modes. The coupling r esista nce 
increases wi th the elec tron density in L-mode plasmas (7]. At the transition, 
the coupling resistance i n (0,0) mcxie dec r eases f rom 5.9 t o 5.5 n although 
the e l ectron densi ty increases. On the contrary, the coupling r es ista nce 
in (1[,0) mode increases from 1. 5 to about 1. 9 n. These coupli ng results at 
the transit i on qual i t atively agree with the calculated ones with the three 
dimensional mcxiel of loop antenna whe re the change of the electron de nsi ty 
profile is take n into account. In the cal culations, t he sleeper de nsity 
gradie nt a nd the decrease of the electron densi t y neal' t he separa trix 
generally reduce the coupl i ng resistance. But the flattened densi ty profile 
and t he s l eeper density gradient shorten the l ength of evanescent layer f or 
the exci t ed fast wave wit h relat i vely large k. , which may i nc rease t he 
coupling resistance . Then , the wave exc i tation of such larger k.-spec tru!11 
as (;r, D) mode can i mprove the coupling i n H- mode plasmas. Therefor~ . it is 
possi ble t o design an IeRf coupl er whose coupling r es i stance scarcely c hanges 
even a t the H- mode transit ion with the appropriate k.- spectrum (8J. 

3. Second Harmonic IeRF' Healing with Ohmic Plasma 
The second harmonkICRF heating was car ried~out with ohmic plasmas of 

ne ~ (2- 3 .5 1 x IOI !l'1f 3 , in whi ch emphasis was placed on the comparison 
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between the on~axis and off~axis heating. In the off- axis case, the second 
harmonic resonance layer is at r ~O.4 m. The ion temperature near the plasma 
center has been measured .... ith the Rutherford scatteri ng method. The ion 
temperature rose fr om 1.8 to 2.2 keY at ne = 2.2 x 10 19m-3 during the ICRF 
injection of 0.9 MW. The difference of the ion temperature bet .... een the 
on- axis and off -axis cases was not observed clear ly . On the other hand I 

t he 'di fference of the e l ectron temperature was clear. The time behaviours 
of e lect ron t emperature T~iI at five positions of r = 0, 0.2. 0.4, 0.6, 
0.8 III during on-axis heating are sho .... n i n Fig. 4. The electron temperature 
is est i mated from the soft x- ray absorption method . During t he on- axis 
heating. the larger sawteeth appear in the central electron temperature. 
Their period becomes l onger by a factor of about 2.5 than the one before 
the ICRF pulse. The central elect ron temperature rises from 2.0 to 2 .6 keV 
at ne = 3.2 x 10 19"t3 during the IeRF injection of 1.6 MW. Thus. the e l ect rons 
near the plasma center are well heated in the on-axis heating. On the 
contrary, the electron temperature during the off-axis heating rises 
broadly. The sawteeth in the central electron temperature change slightly 
before and during the ICRF pulse. The data of the incremental energy 
conf inement t ime for t he second harmonic ICRf heating alone are plotted 
against ne in Fig. I . In the lower e l ectron density, the inc remental energy 
confinement time is enhanced i n both on-axis and off-axis cases similar to 
that of the combined heati ng. It seems to be due to the beam component 
produced by the ICRF. 

4. Conclusions 
It is experimentally confi rmed that t he fast ions are efficiently 

produced and well confi ned in the plasma core during the combined second 
harmonic leAf and NBI heaLing. The stored energy of the fast ions is found 
to increase classically. 

Improvement of the coupling in ( l[ ,0) mode at the H- mode transition was 
observed for the first time. It is shown that the wave exc itation of such 
larger k.-spectrum as (x ,O) mode improves the coupli ng in H- mode plasmas. 

The electron temperature profi le with on-axis heat i ng is more 
cent rally- peaked t han that of off- axis heating. 
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THE Je ll!' ANTENNAS FOR TI'TR* 

D.J. HolTman, P.L Colestock,t W.L. Garclncr , J.C. Hosea,t A. Nagy,t J. Stevens, t 
D.W. Swain, J.R. Wilson t 

Oak Ridge National Laboratory. Oak Ridge, Tennessee 37831 , U .S.A. 

Two compact. loop antennas have been designed to p rovide ion cyc lotru n r eSOtHlnt 

frequency (lURF) heating for TPTR. T he antellnas ca.n convey it tot. a l of 10 MW 
to accomplish core heating in either high-density 0 1' high- tem pemture p ]aSlTIa5. The 
near- term goal of heating TFTR plasmas and the longer-term goals of Cil se in han­
dling (ror remote maintena.n ce) and high reliabil ity (i n an inaccessible t rit ium tokamak 
environment) were major consi derations in t he a nten na designs. The compact loop CO Il­

fig urat ion fac ili tates handling because the antennas fit completely throug h their ports. 
Conservat ive design and extensive test ing we re lI s~d to a ttai n the reli ability requ ired 
(or TF'TR. T his paper summarizes how these an tennas will accompli sh t hese goals. 

The Ant.enna D esigns 

Two antennas have been designed , fabri cated , tested , (Jnd inst.flJled on TrTR. One 
antenna, built by Prin ceton Plasma Physics Lfl boratory, is d~sigm>d to couplt~ G MW 
for 2 s at 47 M I-Iz through t he 74- by gO-cm Bay M port; the other , built by Oak Ridge 
National Laboratory, is designed to couple 4 MW t hrough the 60- by 90-cm Bay L 
port. Figure 1 shows the layout of the lJay L antenna; Pig. 2, the layout of the n ay M 
a ntenna. Each anten na can he installed through its port a nd C(l ll muve =.::: 10 C Ill rela.livc 
to the plasma. Each one has a pai r of current straps th<lt can he imlependently phased 
to control t he launched k spect rum. Bot h will operate at e lT-level powt'r densities (on 
th e Paraday shield) of ;::::: 1.2 kW / cm 2

• 

Although t he antennas were principally con st ructed for core heating of a. hol, den se 
plasma, they were a lso intentionally des igned wi th diffenmt ft'fllures to provide eX1 H~­
rience in opt imizing antenna design on fu ture machines like err. One Fa raday shield 
was buil t so that its Ti C-coated elements would be relatively warm du ring () p ~ration i 

the other shield 's graphi te-covered element~ will be acl ivcly cooled. Dt'signs for err 
antennas call for matching by either sl ubs or capaci tive st ructures. To hdp resolve thi s 
issue, one anten na is matched by va ri able capa.citors at both ends of the current strap 
a nd is fed centrally. With prnperJy chosen capacitance values, the antenn<l can be made 
to have a 50-0 impedan ce at t he feed poi nt. Th is an tenna is t unable fronl 35 to 68 
]\11Hz on t he presently install ed sl ruclure and can be nwdified without break ing vacuum 
fo r 60· to 80-MHz opemtion. The other antenna is end-fed, with all ma.tching accom­
plished by ex ternal stubs. By phas ing the feed li nes, each strap can be made to operate 
as a. magne tic dipole or ctuad ru pole. The di fferences between t he 1'wo configu rations 
are summarized in Ta ble I. 

· Resenrch sponsored by the Offi ce of Fusion EIlI: rsy, V.S. Department of Energy, I1nd er contract 

DE-AC05-fl40R21t100 with Ma rtin r ... lariett.1. Energy Syst.ems, Incorporated. 

tprince loll Plasma Physcis Labora tory, Princeloll , New Je rsey 085'14, U. S.A. 
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Table 1. Bay L and Bay M antenna 

characteristics 

Bay L Bay M 

Total power (MW) 4 6 
Frequency (MHz) 40- 60 47 
Pulse length (s) 2 2 
RF material Copper Silver 
Matching 

Location Internal Edernal 
Method Capacitors Sl ubs 

Current strap 
impedance (n) 62 40 

Relative phase 
o.~ velocity (%) 81 43 
n.ES 

Feed poi nt Central End 
Number of straps 

per port 2 2 
Port size (cm x cm) 60 x 90 74 x 90 

F ig. 2. The Bay M antenna. 
Shield power 

density (kW / cm2
) 1.2 1.2 

Antenna motion (cm ) 1I 11 
Faraday shield 

Coating Graphite T iC 
Material inconei 625 Inconel 625 
Cooling Active Inertial 

Side wall 
configuration Closed Slotted 
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Power Co nsiderat.ions 

To couple all of t.he power, either re lat ively high-voltage, high-cmrent. capa hi lities 
or high loading is required. The compad loop configuration he lps to il1crease loading 
by pe rmitting the backplane to be almost totally recessed. Both <lntennas have t hi s 
feature. To quantify the effect , the hackplane is placed 20 cm (instead o[ 4 cm, as an 
internally mounted antenna might require) from the current str<lp in the Bay L coup ler, 
which increases the plasma flux linkage a fador of 2. To [mthe r increase the coupling 
of the Bay NI antenna, the antenna sidewalls are slotted, whi ch improves coupling by Ft 

factor of 5 during in-phase operation. The Ba.y L antenna sidewalls cHe closed to preven t 
plasma penetration, bu t coupl ing modestly improves (J.2 ti mes ) during ollt -of-phase 
operation. Both antennas have high flux linkage and should have bette r coupling than 
anten nas with close backpla nes. The voltage and current reql1i rements for filII power, 
shown in Pigs. 3 and 4 as functions of distributed pla.sma 10<Ld, are similar for the two 
'Lntennas. Por the Day L coupler, the slight electrical asynJnlelries in the circuitry and 
different strap impedance give curves different from those for Bay M. At the rated 
voltage of 50 kV peak , the efficiency of the antenna with the graphite F'araday s hield 
is 96%; of the antenna with the TiC shield , 98%. 

Test ing 

Both antennas were subjected t.o numerous tt~sls t.o prove t.hat t.hey wO ll ld ope r­
ate reliably in T FT Il: disru ption thermal load tests nf the Faraday shie ld elements, 
mechanical tests of the vacuum feedthroughs , ba.keollt tests, other miscellaneous tests, 
and high-voltage tests of the entire assembly. The la st are the most importa.nt in 
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qualifying the ass~'mbljes for high-power operation. Both structures were subjected to 
high-voIlage, long-pulse tests in a variety of environments, including vacuum, gas , mag­
netic fields , a nd plasm as. Especially after the antennas were baked out, none of these 
items degraded t he antennas' voltage capabilities. Both made reliable 2-5, 47-MHz 
pulses at 65 kV peak. This exceeds the 50-kV design value. 

Sp ect ral Considerations for Heating in TFTR 

The spect ra l design of the antennas must accommod ate good pl asma heat ing a nd 
the constraints imposed by the ports. The larger port sets t he lower limit of k ~ 4 m -I , 

However, calculat ions for TFTR indicate that central ion heating is peaked around 
k ~ 10 m-I , Figure 5 shows that the outgoing wave damps over 40% of the power on 
t he 3He minority in the core on the fird pass. This case is for 47 M Hz, 6 X 10 13 cm-3

, 

5% minority in a" high-l1 deuterium plasma. Virtually no power is damped directly on 
!.he electrons. T hus, the antennas were designed wi th two current straps per port to 
generate k :::::: 10 m- I in Bay M . The smaller port in Bay L res tricts the out -of-phase 
spect r um to be centered on 15 m- l, well within the spect ral peak of ion heating. Since 
TFTR runs u nder a variety of conditions, includi ng dense hydrogen discharges, the 
achievable range of k is from 4 m - I to 15 m - I. T his, combined with the frequency 
range of the antennas, will ensure that jon heating is accomplished. 

Conclusions 

The antennas (or TFTR have heen optimized to heat the hot , dense plasma. In­
tentional differences have been designed into the two antennas to help selection of 
important featu,res for future heating experiments on TFTR or ClT. 
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Fig. 5. (a) Wave damping on the 3He minority as a (unction of kll ' The absorp­
tion from the high-field side is vir tually the same as that from the low-field side. 
(h) Propagation of the wave through TFTR. Little reflection is seen. 
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TEXTOR and ALT-II TEAMS 
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IPP, Nagoya University, Japan 

1. SUMMARY. 
The predominantly high fi eld side (HFS) antenna system (called OLD in this paper) of 

TEXTOR has been replaced by two low-field side (LFS) antenna pairs. Each pair can be fed 
in phase or out of phase (respectively 0 or n configurations). The initial observations are 
the following : (i) in the n configuration the interaction with the wall is reduced. Further 
improvement is possible with appropriate choice of wall condition (wall carbonization with 
lin er at 400°C or, above all , boronization) (iil the electron and ion heating efficiencies 
are roughly the same for the three antenna configurations (OLD, 0, n) in agreement with 
theory. For LFS excitation the anticipated influence of the presence of minority is observed. 

2. TEXTOR ICRH SYSTEMS AND PROPERTIES OF THE NEW ANTENNAE. 
The ICRH system hitherto used on TEXTOR has been described in various papers [see 

e.g. 1] and its performances discussed therein. Two independent heating lines are each fed 
by one 1.5 MW generator. Before 1987 each line was connected at the LFS to a )J4 antenna. 
The two antennae were placed in the same poloidal plane so that they completely surrounded 
the plasma and provided mostly a HFS excitation. This antenna configuration allowed as main 
heating scenario mode conversion in a (H)-D plasma ; al sufficiently low minority 
concentration, minority or w '" 2wCD heating was also possible [2,3.4 ]. 

In 1987 a new antenna system compatible with the toroidal pump limiter ALT-II 
requirements was installed in TEXTOR. It is constituted of four identical LFS antennae which 
are grouped in two pairs situated at diametrically opposite toroidal positions in the 
tokamak. A peculiarity of these antenna pairs (of electrical length AI7) is that, due to the 
choice of their geometrical parameters, they can be fed in phase or out of phase without loss 
of plasma loading. This properly is illustrated in Fig. 1 which shows the active power 
spectrum versus k/ for the two phasing configurations (0 and n) computed by means of a 
3-D code [5]. The power spectrum when only one antenna of the pair is fed is shown for 
comparison. The deduced plasma loading specific resistance R [5] of ,one antenna of a given 
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pair is respectively 2.2 and 2.4 il/m for the 0 and n configurations and the parameters 01 
Fig. 1. The approximate independence of R with respect to configuration, for the same 
antenna-plasma distance and plasma characteristics, has been experimentally confirmed. 
As shown in Fig. 2 R exhibits a linear increase when plotted versus the electron plasma 
density near the edge (at r "" 40 cm). A corresponding data set for the OLD antenna, which 
has a lower loading due to its geometry, is also shown. For a power PA = 1.4 MW applied to 

one antenna pair and R = 3 nlm the antenna input vol tage amplitude is only 25 kV. 

3. RESULTS AND DISCUSSION. 
3 a Theory The subdivision of the deposited RF power in the (H)-D plasma into direct 
electron heating via mode conversion (DE), electron heating though (he minority (ME) or 
ion heating though the minority (M I) is evaluated as a function of the minority 
concentration for the configurations 0, n and OLD. This is done from the dispersion seen by 
a ray propagating from the antenna in the equatorial plane [4] following the method 
explained in Ref. [6J . The absorptivity of the plasma is defined as being the fraction of 
radiated power FG absorbed in a full transit (Le. going one way and back over the plasma). 
The results are given in Table 1 for the best conditions of absorptivity (maximum FG) and 

for a radiated power PRF = 0.5 MW and a central chord density neo = 4 x 1013 cm·3. It 
appears that, although the absorptivily of OLD is greater, the ratio of power deposition in 
Ihe ions and the electrons is approximalely the same for the 3 configurations. For LFS 
excitation, the n configuration has a beller absorptivity and leads 10 relatively larger 
heating via the minorily. 

Configuration OLD 0 IT 

Maximum FG .85 .40 .60 

Power DE .77 .70 .45 
repartit ion ME .03 .13 .33 

MI .20 .17 .22 
Table 1 

3 b Waif interaclion Tile plasma-wall interaction is significantly altered by switching 
from 0 to n phasing. Figure 3 shows the dependence on PRF of a number of relevant 
signals: the RF induced rise in line density II ne ' the increments in brilliance of a CV and a 

OVI spectroscopic line (IlBCV and .1.BOVI resp.) and the global bolomelric radiation increase 

6Prad. The data pertains to a base OH plasma with 2.0 < neo (1013 cm-3) < 2.5 with 
carbonized walls and a wall temperature TL of 400°C. Two antenna pairs were fired in 
rapid sequence on the same plasma, one pair in 0 configuration and the other in n. 6ne 
scales roughly as CPRFo.8/neoO.7, and has almost no Ip dependence. For these conditions the 

factor c == 1.65 (units: MW, 1013 cm-3) in the 0 configuration, increasing to 2.9 when TL 
is lowered to 150°C; for the Il one, c is reduced to 1.1 for T L == 400°C. It is clear that for 
this last condition the inflow of wall -released neutrals is strongly reduced. Whereas Ihe 
oxygen radiation is significantly lower with n phasing, carbon shows an opposite, yet much 
weaker tendency, probably connected wit h the difference in spatial localization of the 
respective sources. As a result L\Prad is reduced by about 25 %. Detachment-free operation 

Max-Planck-Inslilut ILl' Plasmaphvsik 
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for 1 antenna of the array 

05 

10 

Fig. 1. Typical power spectra of the new 
antennae (distance antenna-plasma: 5.6 cm, 
parabolic density profile with neo ~ 3 x 
10 13cm·3 ). 
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with IIle o-an tenna is then possible for the given plasma condition, whereas the O-antenna 
causes the plasma to detach al about 900 kW of power input. The improvement seen with the 
n config uration agrees with the thecretical larger absorptivity. 

The factor c can be further reduced to 0.55 at TL = 150°C for the n configuration by the 
use of wall boronization (B-C wall coating [7]). The radiation level is also appreciably 
reduced. The data pertain ing to the OLD case with carbonization have already been well 
documenled in Rels [8 ,3,2J, 
3 C Heating results Fig. 4 shows the evolution of the cen tral electron and ion 
temperatures. resp. Tea and Tio, during an ICRH pulse exceeding 2 MW. The main trends 
se""o from a first analysis of the results with carbonized wall are the following : (i) The 
global energy increases in the 0 and n configurations with the same auxiliary confinement 
time as recorded previously for the OLD antenna [2,3]. (ii) In spite of smaller values 01 FG 

lor the 0 and n cases, the radiated power PRF is nearly completely retrieved in the bulk 
absorption as for the OLD case (see [4] for measurement method), so that the power 
fraction involved in the wall interaction is smal l. (Hi) Electron and ion heating efficiencies 

1la"" neo 6T afPRF seen with carbonized wall for the 3 cases are given in Table 1I {(H)-D, 

Ip "" 0.35 MA, 8t '" 2 T) together with the relevant density ranges. The precision on 'Il is 

about ± 20 %. As theoretically expected 11e and 'Ill remain, within the errorbars, roughly 
the same for the 3 cases. (iv) The analy~is of the central power deposition by the methods 
used in [2] indicates that the power deposition profiles for the 0 and IT cases are more 
peaked than in the OLD case but do not become as peaked as the OH power profile. The power 
density coupled to the electrons (DE) has also decreased as seen from the transient 
behaviour of the sawteeth, in agreement with Table 1. (v) For the n configuration, the 
energy increase due to ICRH measured from diamagnetism is larger than that derived from 
MHO equilibrium ; it is also larger than for the other configurations. This is attributable 
to a larger minority energy tai l for this configuration as expected from theory. 

Configuration 11e 11i n eo (1013cm -3) 

OLD 790 775 1.8-3.3 
0 690 950 2,2-3,3 
n 900 770 2,9-3,5 

Table II (11 is expressed in eV 10 '3 cm-3/MW) 

REFERENCES, 
[1 J G, Van OoSI el aI. , Fusion Technology, 12., 449 (1987), 
[2J A.M. Messiaen et al., Plasma Phys. and Contr.Fusion,.2.a, 71 (1986). 
[3J G,H. Wolf el aI., ibid"a.e., 1413 (1986). 
[4 J R. Koch el aI., Europhysics ConI, Abslracls (Madrid 1987) Vol.11 D, Pari Ill, p,924, 
[5] A.M. Messiaen et al., Heating in Toroidal Plasm as, Eur 7979 EN, Vol.l, 243 (1982). 
[6] R.A. Weynants, Healing in Toroidal Plasm as, Int. School of Plasma Phys., Vo l.I , 211 

(1984), 
[7J J, Winler el aI., PSI Conlerence, JOlich, May 1988, 
[8 J U. Samm el aI., Plasma Phys. and Conlr, Fusion, .2.9., 1321 (1987), 



778 P 8 E1 33 

OBSERVATIONS OF HARi10NICS AND PARAMETRIC DECAY INSTABILITIES 
dur ing ICRF heating on TEXTOR 

R. Van Ni euwenhove. G. Van Oast, ,].-n. Beuken, L. De Keyser. T. Delvigne. 
P. Descamps, F. Durod i ~. M. Gaigneaux, M. Jadoul, R. Koch, O. Lebau, A.M. 
~1ess;aen. J. Ongena, X.M. Shen, P.E. Vandenplas, G. Van Hassenhove. R.R. 
Weynants 

Laboratoire de Phys i que des Pl asmas - Laboratorium voar Plasmafys i ca 
Association "E'lratom-Etat belge" - Associat i e "Euratom-Belgische Staat" 
Ecale Royale r~ i'i taire - [3 1040 Brussels - Koninklijke Mil i taire School 

Abstract I~easurements performed with electric and magnetic RF probes in the 
scrape-off l ayer of TEXTOR during ICRF operat i on revea l the presence of 
large-amplitude harmonics of the RF generator frequency, as well as three 
types of parametr i c decay instabiliti es . The large amplitude of the harmo­
nics is not due to the RF generator, but could be due to the nonl inear 
sheath effect at the antenna. The first type of parametr i c decay instabi­
lity is identifi ed as decay into an ion Bernstein wave and an ion cyc l otron 
quasimode, the second as decay i nto an i on Bernste in wave and a low fre­
quency e l ectron quasimode. Si.gnal s at the half-harmonics of the ge nerator 
frequency are al so seen and have been interpreted as parametri c fast-wave 
pump decay into two i on Bernste in waves in the i nter i or of the plasma. The 
presence of such nonlinear effects provide mechanisms which can modify the 
e nergy depos iti on profile. 
1. IntrdodllCiion There is growing evidence for a direct link between t he 
'"Url'inten e ~-induced changes in edge plasma parameters and bulk plasma 
properties. These changes are observed on several tokamaks (TFR, PLT, JFT-
2M , Alcator-C , ASDEX, TEXTOR, JET, ..• ) and with different heating sce­
narios. 

S[vfral strong effects of ICRF on the edge parameters were seen on 
TEXTOR ' : density rise, instantaneous electron heating , modif i cati on of 
scrape-off layer (SOL) profiles, influx of li ght and/or heavy impuri ties, 
increased heat fl ux to the limi ter s , and creati on of energeti c i ons in the 
SOL. Furthermore, an i mpor tan t dc current was measured betwee~ ICRF-antenna 
and liner, roughly eight times hig her than in the ohmic phase . 

The observed non1 inear RF phenomena on TEXTOR, namel y harmonics gene­
rat i on and parametric decay in stab iliti es, could be cand i dates to exp l ai n 
the di rec t ICRF energy depos it i on in the edge Iflh i ch can 1 ead to impur i ty 
problems. 
2 . Experimental conditions The di scharge- and ICRF-heating conditions are 
dlscussed e lse\', here~-:-rne RF probes ar e located at the low f i e ld side in 
the equator i al plane, abo ut Im away from one ICRF antenna pair and almost 
diametr i cally oppos ite to the other antenna pair. The RF electric and mag ­
netic fie lds in the SOL can be simultaneously measured in two orthogona l 
d irecti ons (y and z) using two e lectric dipoles and b/o single-turn l oop 
antennas , all mounted on a rad i ally movable man ipulator. The probes can be 
ali gned with respect to the total magnetic fi eld. A pneumat i c fast-driv e 
manipulator equ i ped with a double el ectric probe is also used. The probe 
Signals are either fed to a spectrum anan lyzer or to linear RF det!~ctors 
with selectt:!d fi1 ters. enabl ing to obse rve the funrlament3.l dnd harmoni: 
frequencies simultaneously . 
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3. Harmonics The RF spectrum of the different signals shows the presence of 
llarmOnlcs--oT the generator frequency (see Fig. 3) under all plasma- and 
heating conditions, even at very l ow l CRF power l evels (order 10 kw): The 
amp litude of the second harmonic signal on the e l ectric probes ;s usually 
of the same ord~r of magn i tu de as that of the fundamental. The frequency 
spectrum measured by a magnetic pick-up coil l ocated insi de the ICR F an­
tenna box does not r eveal harmonics in the absence of plasma, implying that 
they cannot be due to the high power RF generator. Theoreti ca l ca l cu lati ons 
show that the non linear s heath behaviour of the e l ectric dipole probe (con­
sidering it as a double probe) ca nnot be responsible for the observed high 
ampl itude harmonics. Furthermore, these harmoni cs are also detec ted when 
the probe i s positioned in the vacuum region between liner and vessel where 
a probe sheath effect can be exc luded. 

The waves at the harmonic frequencies might be generated at the ICRF 
antenna by the nonlinear sheath effect. [ffets due to the presence of a 
sheath and ens ueing changes in the plasma edge are observed on TEXTOR 3 and 
strong nonlinear sheath effects were seen in another frequency domain 5 

The ratio R of the amplitude of t he signa l at freq uency 2lLJand that 
at the generator frequency w for t he poloidal electri c fi eld component Ey 
is found to be of the same order (typically 50 to 70 %) as for the toroida1 
electric field component (E2 ). For the ~agnetic fie l d components R is typi­
call y 10 t for By and 6 % tor Oz. A typical time evol ut i on of the fundamen­
tal and second harmonic Ey-components is shown in Fig. 1. 

The nature of the \'/aVeS at the harmonic frequencies has not yet been 
identified. However, from the high amplitude of the harmonics it i s suspec­
ted that these waves can lead to a significant RF power deposition in the 
SOL, a lthoug h part of the power is probably also 1 aunc hed toward s the i n­
terior of the plasma. Experiments with modulated RF power show that R sa­
turates r a ther quickly at a power l evel of about 200 kW, reaching a value 
of approximately 50 to 70 % for the electric field components. 

The observed very signi ficant Ez-component (Ez/E = 30 % for the fun­
damental as well as for the second harmonic signal) t6get her with the small 
Bz (2(,J) but large Ey (21.}) are not compatible with a mag netosonic wave, and 
point at the presence of an electrostatic type of wave. 

The separate excitation of the anten na pair close to (AI) or far away 
(A2) from the probe s gives some indications concerning the toroidal propa­
gation of the harmon 'ic waves in the SOL. The measurements s how that R 
corresponding to A2 ;s usually 2 to 4 times lower than R corresponding to 
Al (see Fig. 1) indicating an important toroidal decay (see Fig. 1) . 

Rad i al profiles of E , measured with the fast-drive probe l ocated at 
about 1 m from Al during Ya single discharge, reveal a strange structure 
(Fig. 2). The position of the peaks is found to be independent of pl asma 
density, toro~dal magnetic field and plasma current, thereby excluding sur­
f~ce waves or global modes as possible expl anations. Preliminary 
measurements indi ca te however that this structure is changed when the ICRF 
antenna position is slightl y varied. The details of the structllre !:.how that 
the position of the peaks in the radial profile of the second harmonic E -
signal correspond to dips inside the main peaks on tfe fu ndamental s;gnar. 
r~ore details will be give in an separate publication . 
4. Parametric decay instabil ities Three _types of parametric decay instabi­
rlTIeST~D1) are det.eCteflntneSOl of TEXTOR during ICRF, in both single 
and b/o-ion species plasmas. 
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4a. POI involving quasi modes For the first time i n an ICRF-hcated tokamak 
tw~1j~es oT parametric -decay i nstab; 1 i ti es were observed ; n the SOL of 
ASnE X' cl ur i n9 hydrogen second harmon; c hea ti ng. The same two types 0 f PO I 
are also found on TEXTOR for plasma- and heating conditions differing from 
those i n ASD[X. 

The first type. corresponding to the sideband 20 and the low frequency 
decay mode 1:) in Fig. 3 was identified as decay into an ion Bernstl?iOl wav~ 
(IBI'I) and a deut~r;um ion cyclotron quasimode (IQf4) excited near the deu­
terium ion cyclotron fre quency in the SOL. The second type, corresponding 
to the sideband 2e and the low frequency decay Have le (here not clearly 
observable due to the zero frequency peak of the spectrum ananl yzer), was 
identified as decay into an ISH and a low frequency electron quasi mode 
{EQ~1}. The indices 0,1.2, <lnd 3 refer to pump, low frequency decay mode, 
lower sideband wave, and upper sideband wave. respectively. 

No conclusions can be dra\~n from the absolute amplitude of the diffe­
rent modes. since the sensitivity of the probe can be different for each 
mode. and since all the signals which do not correspond to decay modes .'ire 
sa tura ted. 

Both types of POI a re observed in 2,'t.O(o) heating (almost pw'e 0) as 
well as ig the minority heating sclleme D (H). In contrast with previous 2X­

periments ~Ihere I CRF poltlers belo~1 200 k~1 could not be applied, parametric 
decay is observed on TEXTOR for very low power levels (order 10 kW). It is 
not yet clear if this depends on partinu1ar wall conditioning procedures 
shuc~ as carbonization on boronization . The POI are not observed in H­
and l~e(H)-plasma:;. Parametric decay phenomena are observed when A1 ·'is "'ell 
as when A2 is excited. The decay \~ave amplitudes are much weaker on t he 
magnetic probes. As seen on Fig. 3, sideband modes (2 i ) and low frequency 
modes (2·), exc i ted near a cyclotron or cyclotron harmonic of i mpurity i on 
species In the SO L, were observed. At lower densities, generally more peaks 
corresponding to impuriti es appear. Sidebands are also observed around the 
harmonics, demonstrating aga in that the harmon i c signals correspond really 
to waves and are not due to a probe sheath effect. Hhen the RF power is 
further increased above threshold, the decay mode amplitudes quickly satu­
rate, but the peaks broaden and sometimes split up. 

4b. POT involving half-harmonics Si gnals at half-harjnonic5 of the 
genentor"""""""f'i'eQiiency we,"e-aetected lFT9n 4) in the O(H) and H,(H) mi nf2ity 
heating schemes, simi1<lrly as on TFR . They have been ;nt~rpreted as 
parametric fast-wave pump decay into t~IO Bernst~in \HVes. occurring in the 
interior of the plasm. and providing a mechani srn for major; ty ion heating 
in an otherwise minority heating scheme. 
5. Discussion The clear experimental evidence for the existence of harmonic 
waves ln the SOL for all discharge- and ICRF cond iti on~, as well as of pa­
rametric decay phenomena for a more limited variety of experiment:!.l condi­
tions, provide possible mechanisms to exphi n the observed ·ji l'ect energy 
deposit ion to electrons and ions ;:1 the SOL. and JCRF-induced side-effects. 
Especially the occurrence of harmonics may also partly exp13 i n w~IY not a ll 
the RF polt/er whi-:h is coupled to the plasma is deposited in the cen tral 
bulk plasma. A thorough understanding of these phenomell3. may b~ the \oJay to 
improve ant~nna design as well as the heflting scenados SI) 3.S to min imize 
the possible impact on the plasma heating performance . 
. I\ck nowl edge:ncnts The r1.uthors are very grat~ful to Dr. O. Goebel ::tnd J. Cor­
bp. t t'""'0fwe-irrrOR AL T - I I tp.am for the use of thei r fast-drive prob"!. 
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ON A POSSIBlLI'rY OF REALIZING A HIGH- POVlER RIo' HEAVY MINORITY 
ION HEATING OF A PLASMA 

A. V.Longinov , S.S.Pav l ov, A.A . Chmyga 

Institute of Physics and Technology, the Ukrainian Academy of 
Sciences, Kharkov 310108, USSR 

Recent progress in coupl ing high l e vels of RF power to 
the plasma and the development of methods for first -wall 
condi tioning of magne t i c t r aps vii th an aim of reducing the 
impurity influx to the d ischarge encourage physicists to in­
ve stigate RP heat ing regime s wit h the cyclotron absorption of 
fast magnetosonic VlUVCS by minority ions at high input powers . 
In this case , however , the l i mi tat i ons of t h e minority ion 
heating method such as n r educed heating of bulk ions and an 
enhanced kinetic pressur e of resonant particles , become essen­
tial . The method of heavy minori t y ion heating is more f ree 
from these limitutions , t~ough its application at a high 
specific power ( p ~ 1\"I/cm ) requires relatively high concen­
trations of heavy minority ions . This would raise the effec­
ti ve charge in the plasma , 6. Zeff >-. 1, whi ch muy lead to some 
negative effects . 

This repo r t deals \,tith the feanibilit y of the method of 
heavy minority ion heating at a high specific RF power with­
out involving an ad d itional enhancement of :leff- The essenc e 
of our propooa l lies in the employment of the elements with 
Z/lt < 1/ 2 , e . f!, ., Bc and JC lso tope ( Z , A are the charge and 
mass nwnb crn, r e spectively) us firs t \'Iall materials of the 
chamber , that might also be used as a heavy ion admixture /1/. 
Figure 1 shovIs the behav lour of K,l ~cl Vcr:3US W /Wcd in a 
deuterium plasma wi ih a. 1~3 hydrogen minority at lle=3.1 013cm - 3 , 
Ti = Te = 10 ke V, I'l lI =J. As i s se en f rom the f i gure, the w~ 
2 Wc~e. and Wo::: 2 Wcl~c :l.ones lie in t he region , where the slow 
v/ave ( S',I) exl s t s anu the K,l~d pal'umc Ler is ra the!' l arge 
(K.l~d""'1). The heaLing rne~.;hod using the 13C isotope CEln be 
J'ealL.:.ed , for example , through carbonizat.ion / 2/ using 13C_ 
base methane instend of U cOllven-;;ionally employed methane CH4 
based on 12C . The carbonization of Lhe chamber wall surface 
resul ~s in the i'ol'maLion of the coaLing consisting of 1Jc 
isotope-enriched compound s . Hence , in Lhe process of the 
plasma- r/all int.eruction it is lJC thut will come to the plasma 
i nstead of 12C . Since after the car bonization the carbon con­
centration i n the plasma may be :'athcr high ( Zeff",2-J /JIl , 
it viill ensure the attainment of t h e high conccll"ration of 
heavy minority resonant ions (1)C isotope ). Simi l arly , a high 
concentration of heavy minorities can be achievetl by using 
7Li isotope or beryllium as first -Y/all component materials 
( c . g ., a diaphragm , eLc . /4/). 

As an example , ne oho.11 consider l;he foaslbility of l;he 
proposed met hod. in the dev ic e ha'f i ng the \Tl!:T parameters ( RO = 
300 cm, et.. = 100 CIll , 130 = J 'r ) VIi th u fast mode excita tion of 
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fast magneto sonic waves from the high magnetic field side. 
The problems of excitation and absorption were investigated 
using a numerical code similar to that of /1/ for the follo w­
ing plasma parameters: ne = 3_1013 cm-J, Tj. = Te = 10 keY, 
H(J%) and BeC 15~) being the minority species in a deuterium 
plasma. The W = 2 WCSe zone lies in the plasma core. Computa ­
tions were performed [or the toroidal ffi =2 mode under the as­
sumption that TBe = 50 keY. Figure 2 illustrates the field 
components Er and Ez ' the kinetic flux Pk and the profiles 
of energy deposit i on in ions (Di) and electrons (De) . It is 
seen that in spite of a relatively low hydrogen concentration, 
the fast wave (F\'I) pene tration through the opacity zone in 
the two-ion hybrid resonance region is negligible, and there­
fore , the absorption by deuterons and protons does not prac­
tically occur in the cyclotron resonance region (R = 3J7.5crn). 
The main part of the injected RF povler goes to Be ions due to 
the absorption of the 31-' excited in the two-ion hybrid reson­
ance region because of the fast-ta -slow wave conversion (the 
region of the kinetic flux Plc onset in l!'ig. 2). 

For certain plasma parameters, the efficient fast -to­
slow wave conversi on may also occur /1/ during the F\'I exci ta­
tion from the low magnetic field side . Figure J exemplifies 
similar calculations for the T-10 tokamak (RO : 150 cm

1 
cr.: 

35 cm , BO : 3 T) with the plasma parameters: ne : 3·10 3 cm-3, 
Ti = TE1v = 5 keV, the working gas being deu terium vii th H( O. 2% ) 
and 1Ju..1%) minorities, Tc = 50 keY and m=4O' The W = 2 WCI'~C 
zone is in the·centre of the column. As seen f rom Fig. 3, 
despite the excitation regime from the low magnetic field 
side, the power portion absorbed by deuterons and protons is 
relatively small (::::: 20% ), and most af the injected power is 
absorbed by 1JC ions due to sn generation. 

To demonstrate t he feasibil i ty of the proposed method of 
plasma heating, Vie present the calculated results for plasma 
heating dynamics. '£he resul ~s were obtained from the solution 
of the 1-D kinetic equation similar to that used in /5/ with 
taking into account the Coulomb inte.ract ion of the heavy 
minority ions with deuterium and electrons oi lhe bulk plasma. 
In the example considered, nd = ne = 5.1013 cm - 3, Ti = 18 keY, 
and the heavy minority ion concentration corresponds to 6 Z eff= 
1 (13C ~ 3%, Be ~ 6%). In the cyclotron absorption regIon 
the parameter k.i.~d was chosen to be 0.7 and 0.9 for 1JC and 
Be, respectively. Figure 4 shO\"l6 the portion of the rJ~ pm·,er 
that goes to deuterium ions , ]!~, Ver51lS the specific Hi' poneI' 
absorbed. by the minority ions 101' Te = Ti = 18 keV and l'e = 
6 keY, Ti : 31'e : 18 keY. It may be seen thac in spi to of 
rather high PRF values ( 2 - 3 YI/ cm3), the main part of the Rii' 
power heats t he deuterons even in the caDe of low electron 
temperature. The same figure depicts the dependence of the 
relative kinetic pressure of resonunt particles ft'= n: m: < v_.?-> 

2.(I'\.~ Ti..+n~TI?.) 
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on ~nF . The , kinetic pressure ?£ lhe minority ions may be 
domwe.nt (jJ> 1) at PRF > 2 . 5 \1 / cmJ for Ti = T . = 18 lceV anu. 
PRF> 4 rI/cmJ at TFJTe = 18 keV . Hote that wi'b, t he heating 
me thed based on Lhe Jl il absorption by hydrogen i ons wi th 
n /ni < 10% and employed un der simj 18.r conditions for pm'!er 
levels PRF ~ lW/cmJ, the pOI'/er go i nG for ion heuting 1s abou t 
1~ , ft'» 1 t and the Ti» Tc regim e i s unat tainable a tall 
be cause of a low Pi value . 

mIllS , the cmploymen L of 3pec:ial ma terial s (13 C, Be ) in 
fi r st l'mll coatings or components makes it possible to realize 
high- pmveJ' plasma heating regimes \',i th a predominant hea ting 
of Lhe uulk ions HiLhout an aduitional Zcff enhancement of 
t he discharge . 
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ICRF FULL WAVE FIELD SOLUTIONS AND ABSORPTION 
FOR D-T AND D- 3He SCENARIOS 

J . Scharer and R. Sund 

Department of Electrical and Computer Engineering 
Unive r sity of Wisconsin , Madison 
Madison, Wisconsin 53106 U.S.A . 
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ABSTRACT We consider full wave solutions [1] for fields and power absorp­
tion in moderate and h i gh d~nsity tokamaks . These include O-T scenarios 
f or JET and eIT and a 0- He concept for NET. Opt im um single pass 
absorption cases for O-T operation in JET and CIT are considered as a 
function of the kl spectrum of the antenna with and wi~hout a mi nority He3 
component near either the fundamental deuterium or He resonance . It is 
found that at elevated temperatures )ll keY , minority (10%) fundamental 
deuterium absorption is very efficient for ei ther fast wave low or h igh 
field incidence or high field Bernstein wave incidence . In addition , 
scenarios with ICR~ operation without attendant substantial tritium 
concentrations are found for second harmonic higher concentration helium 
(33~) heating in a deuterium plasma . The harmonic heating with substantial 
concentrations should provide enhanced Q operation for typical energy and 
particle confinement times with moderate fusion yields . This scenario is 
also found to be attractive for larger machines the size of NET . ~or the 
high field, high density operation of CIT , we find a higher part of 
the kl spectrum yields good single pass absorption with a 5% helium 
concentration in D-T . ~or 3He- D operation in JET we find the second 
harmonic ion Bernstein wave absorption by the helium from the high field 
side to be particularly good. We also consider the i nfluence of fusion 
react i on products on the absorption process to determine optimum heating 
scenarios for future tokamaks . 

I. INTRODUCTION We consider wave absorption in the _~CRF for minori ty 
fundamental and second harmonic heating for D-T and 0 He plasmas. Of 
primary concern is finding a single pass absorption of the ion species in 
the plasma core for kl spectrum appropriate for a launching antenna . We 
also consider both startup ion concentrations and those for maximum fusion 
power operating conditions which provide strong single pass absorption for 
the ions for ion cyclotron frequency range waves. 

To examine the efficiency of ICRF absorption we use a computer code 
corresponding to an appropriate definition power absorption and the 
associated conservation relation for inhomogeneous plasmas developed by 
McVey, Sund and Scharer [1 ]. The code correctly solves the propagat i on 
and coupling of incident fast magnetosonic waves from the low field side 
or fast or ion Bernstein waves incident from the high field side of the 
machine to ion Bernstein waves in the resonant core region . 
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II. D-T AND O-T-(3He ) ICR~ ABSORPTION We first examined the absorption 
for second harmonic tritium for high field, high density CrT parameters 
(Ba = 10 T, T = 10 keV and ne = 5 )( lQl11/ cm 3 , and 50/50 OfT). The single 
pass absorption for tritium is quite low «20%) for al l of the kl 
spectrum . As noted by Scharer et al . [2], the tritium absorptivity always 
lies below that of the deuterium at the second harmonic for this range of 
plasma pa3ameters. This curve illustrates that it is difficult to rely on 
minority He absorption for ohmic startup conditions and make a transition 
to second harmonic tritium absorption as the plasma reaches the 10 keV 
operating conditions of eIT. A minority hydrogen to second harmonic 
deuterium transition would be more productive for a CIT startup scenar i o 
if the hydrogen concentration could be substantially reduced during the 
startup . 

The 5% minority 3He case in a 45%-45% deuterium-tritium plasma as a 
function of the k l spectrum for CIT parameters is illustra ted in Fig. 1 . 
One notes that the 3He single pass absorption of 65% peaks at a high k l 
of 18 m- 1 • The associated electron absorption is 12% and the tritium 
absorbs 4% of the incident fast wave power from the low field side for a 
20 cm absorption width near the core of the machine . At elevated tempera­
tures one has to be sure that the electron absorption over the whole 
machine profile via Landau and transit-time damping is not stronger than 
the ion heating in the core. One also notes that a substantial fast wave 
reflection (>40%) from the helium cycl otron resonance occurs for lower 
«10 m- 1) values of k l ' 

For JET oper ating conditions for Ba = 3.45 T and k l = 6 m- 1 at an 
electron density of 5 )( lO13/cm3 at 4 keV with 10% deuterlum resonant at 
the fundamental at the core the fast wave provides 51% absorption to the 
deuter ium and 3% absorption to the electrons. When the other parameters 
are held constant and the species temperatures are raised to 10 keV the 
fast wave provides 68% absorption to the deuterium and 4% to the 
electrons. We also find that the ion Bernstein wave incident from the 
high field side provides 92% absorption on the deuterium and 5% absorpt i on 
to the e l ectrons . These results yield good absorption and possibil i ties 
for breakeven for reasonable confinement times in JET . 

HI. SINGLE PASS FAST WAVE ABSORPTION FOR JET AND NET D_3He PLASMAS We 
consider optimum absorption scenarios for cases in which a high concentra­
tion of 3He is desired to provide a hi gh fusion yield without the use of 
substantial tritium concentrations or neutron activation . This is an 
interesting case to study confinement and plasma heating by the 3.6 MeV 
alpha and 14 .7 MeV protons produced by the reaction. 

We first considered JET parameters at high helium concentrations . 
The best case is second harmonic 3He heating . We assume machine 
parameters of Ba = 3 . 45 T with an elect]on density of 5 )( 1013 on the axis 
and a species concentration of 25% He/50% D at 10 keV. Full wave 
solutions for k I = 6 m- 1 yield 113% helium absorption, 6% electron absorp­
tion and negli glbl e reflection for fast wave i ncidence from the low field 
side, 27% helium and 6% electron absorpt i on from the hi gh field side for 
the fast wave and 75% helium and 3% electron absorpti on for the ion 
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20.0 

Bernstein wave incidence from the high field side. Mode conversion for 
the fast wave from the low field side is negligible whereas 15% of the 
incident wave of both the fast and ion Bernstein modes are converted from 
the high field side . 

When the parallel wavenumber component is changed to kl ~ 10 m- 1 , the 
fast wave absorption from the low and high field sides is 32% to the 
helium and 7% to the electrons . For the ion Bernsteln wave 'incident from 
the high field side the helium absorption is 91 % and the electrons are 4% 
for the central core 20 cm. One notes that the fast wave absorption for 
JET at the second harmonic is fairly good whereas the 10n Bernsteln wave 
absorption from the high field side is excellent . 



We next consider NET at a 7 keV temperature for all species with an 
electron densi ty of 1. 78 K 1014/cm3, a toriodal field on axis of 5 . 6 T and 
a minor radi us of 1. 7 m. The helium fraction Is taken to be 2% init ially 
to achieve op timum single pass absorption at lower temperatures . The 
electron absorp tion is a small part of the heating (7%) with the majority 
of the 65% single pass total absorption done by the helium species. The 
production of ion tails should broaden this absorption curve and increase 
the single pass values. 

Next, we consider NET operated as a 0_3He machine at high concentra­
tions of helium to increase the fusion power output . The magnetic field 
is 5 . 0 T at a maj or radius of 5 m with a core electron density of 
1.4 K 1014/cm3. At a frequency corresponding to the helium funda'mental at 
the core , a helium temperature of 80 keV with ·a deuterium temperature of 
40 keV and an electron temperature o~ 20 keV with a helium concentration 
of 14% and a kl = 8 m- 1 yields 8n; helium and 12% e l ectron absorption in 
the 20 c m core region. At an ion temperature of 40 keV with 33% of the 
helium d i stribution having a tail temperature of 200 keV and all other 
parameters the same, 50% of the fast wave incident power goes to the bulk 
helium i ons and 29% to the tails with 19% going to the electrons . This 
means t hat an ICRF amplifier and arltenna designed for minority helium 
absorption in D-T could provide r easonable absorption at higher ooncentra­
tions in a D- 3He plasma when the temperature ls increased. 

At higher concent rations of helium, the fundamental absorption 
degrades but the second harmonic fast wave absorption on the 3He is quite 
effi cient . At a helium concentration ' of 25% with 10 keV plasma tempera­
tures and a kl = 8 m- 1 , the helium absorption is 85% with a 7% electron 
absorp tion . ~t more elevated ion temperatures of 50 keV wi t h 40 keV 
electrons and 25% helium concentrati ons , a paral l el wavelength of 
k l • 4 m- 1 yields 75% absorpt i on by the hel ium and 25% by the e l ec t rons in 
tfle 20 cm core. 

IV. SUMMARY These results indicate that good ICRF ion absorption ca~ be 
obtain~d in hotter, moderate to hi gh density tokamaks in both O-T-( He) 
and 0- He cases. However, particular a tte ntion to ICRF antenna deSign and 
coupling physics a s wel l as core species concentration will have to be 
car ried out to avoid substantial reflections and dominant electron heat ing 
f or higher t emperature tokamaks . 

*This research was supported in part by DOE Grant DE-FG02-86ER52133 . 
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Ion cyclotron heating by the magnetosonic wave is a widely used supplementary 
heating method in present day tokamaks. Good heating efficiency has been achieved, 
at least in larger devices [1 , 2\, generally with most of the rf power deposited in the 
central region of t he plasma. A common feature of the experiments has however been 
the product ion of a large amount of impurities. Although the precise mechanism of 
impurity production is not yet well understood, it must be related to the fraction of 
the rf power absorbed close to the wall, which may in turn be a consequence of the 
high rf fie lds close to the antenna. As t.':le contro l of impurity production is crucial in 
all ICRF heating experiments, and the quantitative evaluation of the rf field profiles 
is an important tool in understanding the problem, the large number of numerical 
investigations that have been performed [3 - 6] is justi fied. 

We consider here the case of minority heating of an axisymmetric toroidal plasma of 
circular cross-section. We neglect finite Larmor radius and electron inertia effects but 
take into account finite parallel temperature vit of the minor ity ions. We approximate 
the toroidal plasma. by a straight plasma cylinder and require all quantit ies to be 
periodic in z with period 211" R where z is the toroidal coordinate and R the major 
radius. We assume further: 

(1) 

a) B = e.Bo(1 - rl RcosO) + e,BorlqR 

b) n , (r) = n,(Oli1 - (r ls) '] for 0 ~ r ~ p 

n,(r) = n,(p)e - ('-p) !, fo r p ~ r ~ 5 

c) E(r.O.z) = LEm(r) oexp]i(mO +N.p - wt) ]' 
m 

.p = zl R 

We consider a deuterium plasma with a minority of hydrogen ions. We introduce 
rotating coordinates for the perpendicular components of the electric field: E~ = 
Er ± iE{1 where E{ ~ E8 - (rjqR)Ez, so that, neglecting terms of order rjR with 
respect to unity, we can write the plasma currents Jp in the form 

(2) " 
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where j = 41fiwJ;,jc 2
• OJ = gjBo/mjc is the ion cyclotron frequency at r = 0 

and ITj = V47rQ;nj/mj is the ion plasma frequency. If electron inertia is neglected, 

it follows that "11 ~ 00, so that Ell" 0, E.,. -(r/qR)E. and E," E •. 
An expression for u;!;,n has been evaluated in [7,81 . Note that the expression found 

in [7] is correct in spite of what is affirmed in [8 ]. It is indeed easy to see that both 
eq. (2.14) and eq. (2.15) of [8] have the same singularities associated with zeros of their 
denominator i.e., [.6.w/(wci€tll~ll /u + Po = m + p. We use here a simpler expression 

valid when collisions are sufficiently high, i.e. v » v l~h /qR. From [9 1 we have for 
W=flH: 

(3) 

where I' = (r /PII )' / [N + (m + n) / (2q)[' and PII = " 11" / flH. From eq. (3) it is clear 
that, even in the case when kll = (N + n/q) / R --+ 0, the plasma current J+ remains 

limited: IJ+I:S(llj, /c')[Rf(INPIII + JrPII/q)[lE+1 
We assume a perfectly conducting wall at a radius r = w, and an antenna at r = s 

approximated by a sheet current distribution: Ju:.t = J=(O) 5(r - s) expli(Nr/J - wt)J 
with J =(O) = J: for 00 - t::. S 0 ~ 00 + 6. and zero otherwise. 

We have integrated Maxwell's equations numerically for several va lues of the 
toroidal mode number . To this purpose the plasma radius was divided into M su bin­
tervals and a Runge-Kutta method used to integrate Maxwell's equations in each 
subinterval. The M free constants which arise in this way were eliminated by using 
the boundary conditions at r = s. Note th2.t this method tends towards equivalence 
with the finite element method as 1'Y/ becomes large. It has however the advantage that 
the integration step length adjusts itself independently of M, which can therefore be 
kept relatively small. The integration time increases as the cube of the number m of 
poloidal harmonics taken into account , which can be a major limitation of the method 
when applied to a large device. One can estimate roughly the number of poloidal har­
monics required to correct ly describe the fields in large devices. From eq. (3) we have 
for I'::P Im - n[, 

(4) 
Rll' [ 1f (m-n)'( n m-n)'(PIl)'] + i---'i exp i lm-nl-- -- N+-+-- -
r c2 2 2 q 2q r 

so that m must be larger than 2/[ INPIlI/r+ JPII/(qr) I. 
The following parameters, appropriate to ASDEX, have been chosen: R = 165 cm, 

w=50cm, s= 45cffi, p=35cffi, B o =2.5T, q=2, n~(O)=5 x 1013cm-3, 
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nH / nD := 0.03, TH = 2. keY. The spatial distribution of the rf fields has been evaluated 
for several values of the toroidal modenumber N, and 80 = 0, 6. = 7r/4 which 
corresponds to low field side coupling. To avoid too large field gradients close to the 
ion-ion hybrid resonance layer, a small collisional damping w = OH + iv has been 
introduced, where v = vtl' /OH. Fig, (la) for N = 0 and Fig. (lb) for N = 20 

show the radial dependence of J~1f' P(r, 8)dO where P{r,8) is: (i) the total rf power 
absorbed by the plasma per unit volume, lii) the rf power absorbed by the minority 
ions via cyclotron damping, (iii) the rf power absorbed by the majority deuterium ions 
via second harmonic cyclotron damping. Note that we have assumed the deuterium 
ions to be cold so that the rf power absorbed by deuterium has been evaluated non 
se lf-consistently assuming a posteriori TD = TH . For this reason the total power 
absorpt ion given in (i) consists only of fundamental cyclotron damping and collisional 
damping. The units are arbitrary but the value of J:" was the same in both cases. The 
total rf power coupled to the plasma in the case N = 0 is approximately eight times 
greater than in the case N = 20 which is in qualitative agreement with experiment 
[10). Note however that in the case N = 0 most of the rf power is absorbed via mode 
conversion (in our case simulated by collisional damping) while the rr power directly 
absorbed by the minority ions via cyclotron damping is in both cases of the same order 
of magnitude. 
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Fig. l-Radial dependence of rf power absorbed per unit volume for (a) N = 0, (b) 
N = 20: total (solid line), W,H damping (do.ted line), 2W,D damping (dashed line). 

Fig. (2a) for N = 0 and Fig. (2b) for N = 20 show the distributionoflE+(r,O)1 
over the minor cross-section. The units are again arbitrary but the total rr power 
absorbed is the same in both cases. It is clear that in the case N = 20 (k,p = 
0.12 cm-I) the electromagnetic fields are higher close to the antenna (thi::; effect is 
even more accentuated for larger values of N). For this reason one would expect less 
impurity production close to the antenna in the N = 0 case which would be in 
disagreement with exper imental evidence [10) if the majority of the impurities were 
produced close to the antenna. 
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Fig. 2-Distribution ofIE+(r,O)1 over a minor cross- section for (a) N = 0, (b) N = 20. 
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ANALYSIS OF PLASMA COUPLING WITH THE PROTOTYPE 
DIU-D ICRF ANTENNA ' 

P.M. Ryan , D,J . Horrman, T.S. Bigelow, F.W. Baity, W.L. Gardner, M.J. Mayberry,t 
ICE. Rothe 

Oak Ridge Nat ional Laboratory. Oak Ridge, Tennessee 37831, U.S.A. 

Coupling to plasma in the H-mode is essential to the success of future ignited 
machines such as ClT. To ascertain voltage and current reql1irements for high-power 
second harmonic heating (2 MW in a 35- by 50-cm port) , coupling to the DIH-D 
tokamak with Cl prototype compact loop a ntenna has been measured [1,2J. The result.s 
show good loading for L-mode and limiter plasmas, hut coupling 2 MW to an H-mode 
plasma demands voltages and currents near the limit of present technology. Wc report 
the technological analysis and progress that allow coupling of these power densities. 

Introduction 

Loading on the DIII-D prototype antenna at 30 MHz ranged from 1 to 3 fl in 
diverted L-mode, beam-heated discharges and was approximately half that for H-mode 
12J . Loading in limiter discharges was as high as 6 n over Lhe 40-cm current strap length. 
tn general, this range of loading is being used to assess antenna power capabilities. Our 
goal is to provide 2-M W capability for frequencies from 30 to GO M Hz, based un these 
measurements. If the prototype antenna is unchanged , the power capabi li ties scale as 
shown in Fig. 1. Plasma loading must be increased by a factor of 2 at the high power 
level to maintain a voltage maximum below 30 kV (the prev iulls limit ·on commercial 
capacitors) and by a factor of 4 to keep currents below 650 A. The only ways to ensure 
operation with some margin of safety are to (1) improve the voltage capabilities of the 
high-voltage elements and (2) modify the antenna structure to link more flux to the 
plasma. 

High-Voltage Tests and Improvements 

To improve the voltage capabilities of the <l-ntenna, we have d~velop~d and. test.ed 
two capacitance matching structures . These structures were tested to full voltage dur­
ing long-pulse to cw operation in the ORNL RF Test Facility (RFTF). Constraints on 
the structures include range of capacitance required, room for housing the structure, 
and cooling requirements . The required capacitance ranges from a m inimum of 10 pF 
to a m aximum of 150 pF. The total space available for these s t.ructures is approximately 
25 cm in diameter by 1 m long. Although it can be 1 m long, the active pad must 
be less than ::::30 cm because of upper frequency (60- 80 MHz) considerations. The 
available cooling technjques implicitly limi t the pulse length or the cu rrent density in 
moving parts. 

In RFTF, we first tested a Jennings CWV 250 capacitor, rated at 650 A rms and 
30 kV peak. This commercial capacitor reached its maximum rated voltage at 25 MHz 
in a cw vers ion of the prototype antenna after some slight modifications to a corona 
ring. The maximum voltage was li mited by availab le transmitter power. An equi valent 
Comet capacitor was successfully run at 900 A cw, 30 kV. Both capacitors we.e tested 
under a variety of conditions, including good vacuum, high gas pressure l magnetic 
fields, fields plus high gas pressure, and plasma. The maximum current is limited by 

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract 
DE-AC05-640R21400 with Martin Mariella Energy Systems, Incorporated. 

tGA Technologies, Inc., San Diego, California 92 136, U.S.A . 
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Fig. 1. Maximum power 
capability of the unmodified 
antenna vs plasma surface 
impedance (Zp). The an­
tenna loading (in ohms) is 
O.0843 Zp ' Fig. 2. T he ORNL capacitor for the TFTR antenna. 

internal cooling on the moving bellows. These voltage and current ratings had to be 
improved , so high-current, high-volta.ge ca.pa.citors we re developedj one by Comet for 
use on Tore Supra and one by ORNL for use on T FTR. 

The Comet Capacitor for Tore Supra 

Specificat ions for the Comet capaci tor included 750 A rms at 80 MHz, 50 kV peak, 
an d 13 to 150 pF cw. Although the actual full voltage of 50 kV is as yet untested, 
the capacitor's in t.ernal electric fie lds at full voltage were t he same as tested on RF'I'F, 
:::::: 100 kV Icm . T his high field allows a 15:1 capacitance range in the allotted space. 
The on ly major principle that was untested was the current rating. This was tes ted to 
fu ll cw current on a "capacitor killer" at ORNL. 

The ORNL Capacitor for TFTR 

The second approach was to design a capacitor specifically for fusi on ll se. The 
ORNL design (Fig. 2) is the same as the commerci a l des igns, except that motion is 
accommod ated by fineer stock and no cooling was permitted for the 2-s rC pu lses. The 
range of capacitance (14 to 97 pF) was sacrificed to reduce the internal electric fie lds 
to 43 kV Icm at 50 kV. Thi s capacitor was fully tes ted in an antenna structure alld 
sustained 65 kV, 800 A at 47 M Hz for a variety of test conditions . On the basi s of the 
t hree capacitor tests in real a ntenna structu res, it is bel ieved tha t the DlU-D anten na 
voltage and current li mits can be pushed to 50- 60 kV and I kA fo r 2 s. 

Antenna Improvements 

The DIJ1-D anten na design was analyzed with a two-dimensiona l magnetos t atic 
model simila r to that of Mall [31 and Chen 141. The analys is solves for t he Pllloidal 
component of the vector potential, Ay, from which the magnetic fie ld nod strap indu c­
tance may be calcu lated ; the plasma. surface is ass umed to be a conducting boundary. 
Two coupl ing factors are also calculated: the cunell t cou pling factor or specific ra­
diation res istance R and the voltage cou pling factor RI L2 . The specific radiation 
resistance is the ratio of the antenna loading resi stance per unit length to the plasma 
surface resistance, 
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where L' is the inductance per un it length and the plasma resistance Rpl,,~m ... has been 
integrated over the loroidal direction, This factor indicates how well the toroidal flux 
is coupled to the plasm a surface; it depends on ly on t he launcher geometry and plasma 
position and is indepe ndent of plasm a pr.gperties. 

The voltage coupling factor RI L2 is proportional to the loa.ding per st rap volt and 
depends on the operating frequency as well as the antenna/ plasma geomet ry, 

Here L is the normalized inductance per unit length (L = V / /-Lo), Vo is tile maximum 
allowable voltage excursion, s is the total strap length including leads, and h is the 
poloidal extent of the s trap (radiati ng length). 

The analysis has been validated by comparison with the elf>ciricaJ measurements 
performed on a bench-top model of the DIIJ-D antenna [51. The experiments used a 
vector impedance meter to measure the antenna indu ctance and res istance, with sheets 
of dissipati ve material serving as a resiost ive "piasma" load. Four different current straps 
were studied: 

Thick ness W ;dth 
Strap (cm) (cm) 

Beanpole 2.54 2.54 
Popsicle Stick 2.54 8.00 
Fat Man 5.50 8.00 
Surfboard 2.54 16 .00 

The cavity was 20 cm wide and the di stance from first wall to II plasma" was 6.25 cmi 
the positions of the current strap and the back wall were adjustahle. After accounting 
for the lead inductance, the electricallength , and the residual resisti ve losses , the model 
calculations and the experi mental measurements for resistance and inductance agreed 
quite well . For example, Fig. 3 is a comparison of calculat ions and measurements for 
antenna loading, normalized to the resistance of the dissipati ve surface, as the cavity 
depth changes . The success of the calculations prom pted li S to reanalyze the DIII-D an­
tenna geometry to esti mate the improvement in coupling due to the proposed changes. 
T he modifications included (1) removing the back tier of rods from the Faraday shield, 
(2) moving the current st rap forward by a distance corresponding to t he thickness of 
the back tier of tubes, and (3) retracting the back plane from the current strap, thus 
minimizing undesired retu rn currents in the back plane. 

Increasing the cavity depth from 15.24 cm to 17.78 cm with the strap posit ion 
kept constant increased L' by 8%, R by 18% , and RIL2 by less than 1%. Decreasing 
the distance between strap and first wall fro m 5.08 cm to 3.10 cm with the depth 
held constant decreased L ' by 1 %, increased R by 75%, and increased RI L2 by 79%. 
Changing both st rap position and cavity depth inc reased L' by 4%, R by 93%, and 
RI L2 by 80%; the power coupling should increase by about 80% for short pulses, for 
which the antenna was previously voltage limited , and by about 93% for long pulses, 
for which the antenna was current limited. 
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Fig. 4. Maximum power capability 
of modified antenna vs plasma surface 
impedance (Zp). T he anten na loading (in 
ohms) is O.1626Zr 

Conc1usions 

Ultimately, the goal of achieving high power density in the H-mode requires the 
pursuit of technology development and optimization of the a.ntenna structure. The 
results of our efforts a re illustrated by comparing the power limitations in Fig. 1 with 
those of F ig. 4. With 60-kV capability, a factor of 4 in power capability was gained. The 
antenna modification produced another factor of 1.8. T his gain will be confirmed by 
more coupli ng measurements in t he DllI-D tokamak this summer. These improvements 
should allow us to meet the high-power target for DIll -D . 
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RF STABILIZATION OF EXTERNAL KINK MODES 

J.P. Goedbloed* and D. A. D' Ippolito** 

*FOM- Instituut veer Plasmafysica , Nieuwegein , The Netherlands 
**Lodestar Research Corporation , Boulder , Colorado , USA 

In tokamaks external m=l kink modes are stabilized by the geometric con­
straint that the modes should fit into the torus. This condition , when ex­
pressed in terms of the current , is the well-known Kruskal - Shafranov limit . 
No such simple device is available to stabili ze the higher-m modes. Since 
these modes depend on details of the current distribution, which cannot be 
controlled very well at present , it is a realistic starting point to expect 
instabilities with respect to m>2 modes when the safety factor a t the plasma 
surface Ql<2. This condition ( i .e., its high-S generalization) also puts a 
limit to the maximum achievable S predicted by the Troyon scaling law since 
it restricts the plasma current and , hence, cuts through the monotonically 
increasing function S (I ) predicted by that law . Hence , it appears impera­
tive for high-S tokamak 4>operation to find a reliable method to externally 
control the m~2 external kink modes . 

In a completely different context the opposite problem ar i ses , viz. the ap­
parent absence of external kink modes in current- carrying solar coronal 
loops , as evidenced by their long life-time , spanning many orders of magni­
tude of the charact eristic growth- time of these i nstabil ities . Here , anchor­
ing of the foot pOints of the field lines in the photoshere is generally 
considered to be the responsible agent for stabilization. 

One possible way of stabilizing external MHD modes in a tokamak is t he ap­
plication of a strongly evanescent external 1CRF surface field, such as the 
near field of an i on Bernstein wave antenna . This field produces a pondero­
motive force at the plasma boundary which introduces an additional positive 
definite surface term in the ideal MHD energy principle . This term repre­
sents the work done by the MHO modes agai nst the ponderomoti ve force (1]. 
Hence , the problem can be cast into a variational form: 

611 .. 0 , A ::: WIN , (1 ) 

where WMHO is the usua l form of the ideal MHO energy principle , WRF is the 
additional energy due to the ponderomotive force, a nd N is a special normal­
ization involving the displacement at the plasma boundary only . 

We have computed the effect of the new term WRF for the stability 0:' exter­
nal kink modes in a low-B plasma for two idealized cases : 1 ) a single coi l 
toroidal antenna situated at e=o and producing a field A(S) at the plasma 
boundary which couples the poloidal harmonics exp(imS) [Fig . l] . 2) a poloi­
dal antenna system at </1 =0 (which one could imagine to consi st of a poloidal 
array of toroidally l ocalized ion Bernstein wave antennas) producing a field 
A (4)) which couples the toroidal harmoni cs exp ( i n</l) [F ig. 2] . 



For the toroidal case , WRr for a strongly evanescent RF field may be written 
as 

(2) 

where (lRF i s the parameter introduced for the description of RF stabiliza­
ticn of ballooning modes [2], and xCe) is the amplitude of E;(r,e) at the 
plasma edge. Exploiting the normalization 

N e 2', f X'(S)dS • (3) 

(which yields a reasonable estimate for the growth rates of external kink 
modes and evades the problem of the superposi ticn of continuum modes) , the 
discretized version of the variat i onal principle Cl) becomes 

A - WIN .. [I:~mx~ + Halm- ml XmXnt ]n:x~ • (lj) 

where am and xm are the Fourier harmonics of ACa) and X(a), respectively, 
and the Am'S are the different eigenvalues of the system 1n the absence of 
an RF field. Notice that n is still a good Quantum number for this case . 

To fix the p.Quilibrium, we have arbit rari ly chosen a diffuse current profile 
j$- l-W, where W is the poloidal flux, which is unstable with respect to 
m--l,-2,-3 for all n",O. In a similar fashion, the antenna function A( e) has 
been assumed to have the following shape : 

Me) = Ao exp[-(2/e~)sinZ l/ZS] , (5) 

where Ao measures the amplitude and Sw the width of the RF field at the 
pl asma boundary. 

In Fig. 1 the lowest branches of the eigenvalues Am are indicated by the 
dashed curves labeled "without Rf". These exhibit the instability of the m= 
-1,-2,-3 external kink modes for the unperturbed low-B plasma. The average 
influence of the Rf field is easily found by adding the Fourier harmonic a o 
to Am: This yields the dotted curves labeled "no coupling" in Fig. 1, which 
present an overestimate of the stability. The full effect of the coupling of 
all the poloidal modes through the R[!, field is obtained by solving the 2D 
problem expressed by EQ. (~). This yields the drawn curves . 

In Fig. la the results are shown for a highly localized RF field. These re­
sults are very similar to the ones obtained in Ref. [3] for the problem of 
stabilization of external kink modes by a toroidal limiter . For that case it 
was shown that the stabil1zation is only apparent when a finite number of 
harmonics was taken into account . (The I imi t of i nf i ni tely many harmoni cs 
convergp.d to the case without a limiter.) This stabilization now becomes 
genuine whlO'!n an RF field of finite extent is considered (Fig. lb).Thls is 
analogous to the stabilizing effect by toroidal limiters of finite extent 
[4] . Clearly , the m~-2 and -3 kink maces are easily stabilized, whereas even 
the Kruskal-Shafranov limit for the m--l mode is relaxed to Ql=0.7. 

figure 2 shows the analogous results for a poloidal antenna system as de­
scribed above . Here, thp. results of Fig . 2a are again quite analogous to the 
ones obtained for poloidal limiters [3J, whereas Fig. 2b shows that the m~-2 
external kink modes are also easily stabilized by a poloidal RF field . The 
Kruska l-Shafranov 11 mi t for the m=-l modes (not shown here) shi fts to Q I '" 

0.17. Hence, it is possible in tokanaks with RF to mimic the effects of 
line-tying which is so effectivlO'! in stabilizing solar coronal loops [5J. 
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Fi nally, it should be noticed that the required antenna structures ' do not 
have t o mat.ch the struct ur e of the expected unstable modes. nei ther in space 
nor in time. 
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ANA LYS IS AND SIMITLAT JON MEASUREMENTS 
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N. T. LAM , J. L. LEE, J. SC: HA RER, Il. JOST 
E led.r ical and Comput.er Engineeel'ing Departme nt 
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~'r a.d ison , '''-'I 537U6 lISA 

ABSTRACT 

P 8 E1 94 

Ilf';c~nl. experiments have indicated t.h e iml1orl.ance of I,he IT-mode r onfinemell i. in 
tokamaks wi l.h di vertors. To s inllLll\t.e the l1 -mode, we take t.he edge plRsma. 1'0 CO II ­

sist. o f a pedestal of varia,ble leng! h followed by a region of variah le gra.dien t. indicat. ive 
of Tt 1.0 I-T-rnnrle eelge density transit.ions . A rad iation ~:nndit. inll is assumed from in­
side the plasma, wit.h both slow and fast. waves t.aken inl,o account .. We consider t.hree 
different. lallllcher geo rnet ries : di elecl.ri c- filled red-ang ular , ai r- filled dOli hie-r idged !tll c! 
folded waveg ll ides . The eigenmodes a nti eigenvallles of I,he ridged and rolde-d wn.vegnir\es 
fI rc o bt.ained from llitz's variat iona l met.hod. The advant.ages a.nd d isadvant.ages for each 
launche r are rli scw>sp.d for plasmft parAmeters appropriate 1.0 CIT a nd NET . \"'e tinrl t.hat. 
t.he addit.ion ,A' t.he lower densit.y edge region raises the laun c.: lLecl fast. wave rd ledioll coef­
ficient bu t t.h a t proper tailo ring of the wavegu ide laullcher a ped ure and 11 : , l1u sped rum 
call optim ize the coupli ng t.o IT-mode profiles. We ftlso present. results for t.h e c(l1Iplill g: 
propert.ies o f a. s imu lated pln5mft- loaded wavegllide I"lHlplf'L 'Ne perfurmed rt" fl t'('t.ioll 
measurements by t.enninat. illg t.he d ielectr ic- fi lled waveg uide coup ler wit.h an equ iva lent. 
loa.d whi('h y ields t.he same complex refl edion coeITkient. aJ the guide-plasma il1t~r ffl , cp' 

as UwJ. ca lnda.t.ed for reali s t. ic e dge densit.y prnfile pl(1..8 ma.:> , IntilH:l. ive iwd r(~s il:it . i \'!' IOil.rl.-.; 

a.1nll g with a n impedance t.ran:; formal ion were applied to rea li ze t.he normal ized pl"s1"l1<1 
impedall c.:e a t. the wavegll ide itperiure, "MeaSlIl'elllellt s fo r plasnm impedill lces using lil t! 

t.illle-clnllla.in gett.ing feat.1I res of all HP 8510 llctwork <tna lyzcr (l1)l.il i l l t~d an il l (lIlt rd ll,\·t.i llll 

coeffi cient of the plasma-k,aded waveguide coupler at. 85 to.'l ll z , " = P"d / f'""., (f' :::::: ll. ~) 
and o btained good agreemelll bet ween Ihe m~aS IIJ'el1lellt s ilnd 0 111' allalytica l modd. 

INTRODUCT ION 

Fnr {,Ollp ling TCRF power into l.okamak plasmas, c(J il fln l.ellnCls have ti ll cn~ed ('d ill pro­
dl1 cing ' 1]'> t,o t. 5 All 'v\! / ant.ennit and flu xes ~ , r 7 "'W /cm~. In n. fn5io 11 reador envi]"(lII IlH!III" 
a wilvegllide launcher may he more advantageous because of it.s s t.rud.1L1"ill rigid. ' . .\', CO Ill ­

Jiild.ness <u ld p' lwe r handlillg capahiJjly. \,Vc prese ld. illlill y t.il"ill illld exper ilnellt.al :,t luli t's 
0 11 a dielect ric- fi ll ed rect.iUlguliu· wavegllide suiLah le fo r near-l.<; nn cOllp lillg t.es ts (,f IC IU' 
he;d.ill g . 

"' Wor k suppor t.ed hy DOE grant.s DE-F G02-8681l52t3J <l ll d DE:-FG02-86E ll5J2tS. 
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PLA SMA IMPEDAN CE 

Let :I: = ra dial direc tion ; y = p oloid ,, ] direct ion ; z = tnrn idal direct. inn. fn the 

w;~vegllidc;, l iI.: tJ'all~Vel':,e field s ca.n he wr it.t.en as lillear COl1lhiIlHt.iv ll 1> " I' T E illlll T~f 

IT\I,oe:>, i. e . 

ET = L E'(Yi Z ) [.·I,exp(i!1,x) + B,e'l>( - i!1,x)] , 
11:;: = L Dl" ff, (y , ,) [.· I,exp (i!1,x) - B, exp( -i-l1,x)] , 

(J) 

(2) 

where i31 = axial propagat ion constant. of the e mode; E((y, z) and {i r(v, z) mode 
t ra.nsverse fi eldsj D't." = mode a.drniUance. The TElO mode corresponds t.o e = "I , alld it 
is the only mode which call pl'opag.de for the ,~'aveg llid e dimensio ns o f illl eres t .. Tlnls , 

At = 0 for f. > 1. 
[11 l he slab model, the plasma fields are Pourier-analysed as, e. g. 

(3) 

Continuit ies of ET ami fiT at. t.he int.erface (x = 0) and mode or t.lwgonalit.y y ield "­

formula for t.h e l'C'Hect ioll coefii cienl I"' = BI I Al ill terms of t.he surface adtllit.Lnll('(" tensor 

} :~l defi ned as 

(4) 

Assume a cold p lasma, To es t.imat.e }-='r , we use the method or Ben; and Th eilha.he r 
111 spf'I' iali z('d 1.0 t.he. caS(A E: = 0 (I.hi i> npproximnt.intt is good for th t" plas ma. [1f11'01.I1 It'I.('I";; 

we are cons idering, s ince the slow wave is st.roHgly eva.nescc nl). Ass nn ling a fadi ,d ion 

cl"lnditio n from ins ide t.he plasm a, l he differe ntial equat.ioll s d e.termining ) 7" ha ve IJeen 

:-; ~, l ve.d 11Ilrne ri ra.lly by a llultge- J(nU a. a lgnrithttl. CiVe ll t.h e re ftt'"( ·t i •• tl n,dfk it:: lt t. f', one 
cn n de lill e aiL equi valent. s urface plasma impedance by t.he fOl"JlHl la ZI' = Z",( l+ I'}/( I _ I') 
wilh Z", = wavegllidf' impedan ce for the TELO mo de. 

We consider a e lT -li ke plasma wil h the following parame t.e rs : edge riensil.y / ct>lIl,er 
densit.y = 1% ; major (minor) radius = "1 70 (55) cm ; Hu = lO A '1'; I- I rV I' pl;nHna 

wit.h nn = 2.0 )1: JO H cm- 3 nncll % IJe 3
. To silllLlla Je the ff -Illod e, we til kt"' tIl e pl as ll ln 

de nsity I.n cons is t. Ill" a pedestal foll owed by it region of gaLl ss ian variat.ion. The waveg llide 

has CL widt h of 30 cm il nd is fi lled wilh n die-l e rl.ric o f Er = 8 1 . The hen l.ing is "I I he 

second lL<lnn() lLic rreqn f' I I("'y 01" t.ril.iul1"I J = 95 ~nTz (Zw = 5"1.70.). 1 'iL.lll t' I li sts lIl t' 

power relied iUII J r J:! au<i plal:i ma impedalL ce fu r various wa veguide ht: ig; h JI) allJ ped t;l:i !.al 

Icngths. Up 1.0 JO TE a.1Ld 5 T t,,! i"lIod es have been incltlded in the cnlclllnli"ll. 
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Tail le: I t r t:! and Zp for var io1ls waveguide he igl.hs 

Il( <"rn) Power l'efiedioll coeffici elL t Pl asma impecl;u\f'e (0 ) 

pt:'dc::.lill :W.U 0. -11 43.5 + j79.0 
leng l h :W.O 0.52 'n.1 + j 95.0 

= 0.0 cm 10 .0 0.69 33.2+j I21 .0 
:~---,;;;;i;:,;i" , 30.0 0.59 32..! + j 96.8 

Ieug. h 20.0 0.71 26.6 + ii12.5 
=!) .O Cll1 J 0 .0 0.82 19.8 + j 135.3 

l>C"ci t'sl.,,'I--30.0 0.67 29.7 -I- j 110.7 
lellg th 20.0 0.79 2Ll + j "125 .3 
= 10.11 cm 10 .0 0.88 l<I.3 -I- j 144 ,] 

Not.e l it e hIgh l"f'act.alJce values . The power reflection coeffic ient. increases as t.h e 

wavcgll idt> height. dec reases a nd the pedes tal length increases . Th is means t.h a t. aLt.o 
FT-mo d e I,ransit.ion would affect ICRF launcher coupling ad versely. lIoweve r, it sho uld 
s till be poss ih le t.o des ig n it waveguide aTl'ay with prope r phas ing} so as to Illilxillli ze 
("uup li ll g ill the II - Il"lf)dt:: regime . 

LA BOUAT ORY EXPEBlMENT S 

\Ve use it 24 cm x 12 cm rect.augn lar waveguide as a lahoral.ory versiflll of the htullcher. 
Deionized waleI' (Er = 78 ill t.h e lC RF) is chosen as t.h e dieledric filling the wa.vegllirle. 

\Ve h .. we ado pted a short.e r! pl'Oile excil.(ltion scheme. and flnalyzc:d it til eo rel.icillI .v in 

refere ll ce f2l Fur a matched wi:ivegllide ( Zp = Z", ), we vary ts ::; ui ~ t.all ce IJdween 

pl'nhe and shorl.ing plat.e and measure \ SII I = magni t.nde of I'eflcci.ioll coellicie lll, at. the 
prohe for va.rioll ~ p ro he radii , ove r a fiO - l~O f.,·THz range. An HP8510 ll Pl.work ana,lyser 

has been lI sed ill the measurements . Figlll'e 1 shows t he measured and t. ho;;nretica l I S I 1 ! 
vs. Cs fnr t. he indicat.ed wavegllide and probe pa rameters . The \'w\) curves agrce fairly 
well, es pec ially near t.h e o ptimall.\' t.uneci region where I.he power coupling efrk if: IH'Y call 
reach 90%. A ~ mall int.e rface ofrsel has been induded in t he theo retical 1l1o dd. Our 
ex periments also show I,ha!. deillllized wal.er gi ves <t ll a verage Q of 18f> at 1110 M lI z ;:}ne! 
{Ill ,d.I.t'1111ill.i41l1 codl id ent o f . 13 dB / ft , which are C011 sidered iu:c.:e pl.u.!)!e 1"411" ialJ.,rat.ory 

tes ts . 
In rignre 2, we plol. I s; 1 I = magnit.JHie of reflect ion coeffi c ienl at. I.he prn he wit. h 

fe-sped t.t. fs f.11" a 1 •• ,ul t'cI waveguide, wil.h a simlliat.t"cI Zp = 8.fi + j <( fin. T he nl(~aS l lre-­

menis are c.: ilrried out. a t a freqllency f = 85 Mllz , wit.h a copper probe o f radius r = 1.05 

CIll . Note I hill. t.h e discre pancies between the measured and t. heore t.i cal \' ,\.llIes are larger 
in t.ht' Opl.illlil.l l"eg inn and s mflll er in t.he de. t. llned regio n. Eve n lo r t.hi s ,·as t' o f I"dil.l.ive ly 

large misrnaldl , I 8;\ I Cill) decrease to 0.4 , corresponding to an opl. ima l po wer coup ling 
etlicie nc)' o f nearly 84%. This suggesl.s t hat it. may be possible 1.0 des ign tllll ing schemes 
for t. he plasma 1nading range of in i.erest for ICRF. lvreasm ements 011 a li.lded waveg llicle 

cou pler are ill p rog ress . 
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Introduction 
Measurement of the plasma response to power input modulated at angular 

frequency w, where Wc ~ I, • being a characteristic thermal transport time, 
in principle allows t he power deposition profile and energy transport 
coefficients to be estimated. Developing previous studies of this kind (I, 
2, 3]. we have applied modulated electron cyclotron resonance heating (ECRH) 
to tokamak discharges in DITE and measured the resulting fluctuations in 
plasma temperature, density and soft X-ray emissivity. The data are 
interpreted in terms of an effective coe f ficient of thermal diffusivity, 

X~C, which is compared with the corresponding values obtained from an 

analysis of sawtooth heat pulse propagation, x~P and the steady-state power 

balance, X~B 
Experimental Method 

Discharge parameters used for these experiments were: major/limiter 
radius 1 . 20/0 . 21 m (He'· plasma) or 1.19/0.24 m (D· plasma), plasma current 
100 kA, density 0 . 6-3x1019 m- l • The major radius of EC resonance was varied 
from 1. 1-1.4 m. Power from a 60 GHz Varian gyrotron oscillator was launched 
from the high field side of the discharge in X-mode at an angle of 45° to 
the major radius vector . This was 100% modulated at frequencies of 143 or 
333 Hz f or pulse lengths up to 160 ms and peak power levels up to 200 kW. 

The plasma response was measured using two soft X-ray diode arrays 
viewing from the top and side with a total of 40 channels , giving a 
resolution of 11 to 19 mm ; a 4-channel 2 mm microwave interferometer; a 
14-channel heterodyne receiver for EC emission at the fundamental frequency 
with a spatial resolution of 16 to 21 mm, and a similar receiver for 2nd 
harmonic emission. The typical modulation levels observed with these , , 
instruments were ~e/ne < 2%. (I/I)SXR ~ 10% p/p and (Te/Te)ECE ~ 20% p/p. 
Comparison of the latter two modulation levels suggests ISXR oc ~ with a ~ 
0.6. This is consistent with recombination radiation from fully ionised C 
and 0 impurities given the cut-off in diode sensitivity below 1 keY. Most 
of the data to be described was obtained , ... ith the soft X-ray arrays . 

The nth Fourier component of the qua~tity X is represented by the 
complex quantity nX, where Arg(nX) is the phase with respect to the power 
input (i.e. Arg(nprf ) : 0) and Arg(nX)<O corresponds to a phase delay . 



These components were obtained by fast Fourier t r ansform of the digitised 
data or by subtraction of the slowly- varying part of the signals followed by 
least squares fitting of a sinusoid , which gave essentially identical 
results. Boxcar analysis on the modulation period was used to check for the 
presence of sawt ooth oscillations locked in phase with t he modulated power . 
The effect of sawteeth on lISXR is usually negligible because their 
perturbations are smaller than those produced by modulated ECRH and/or they 
are not locked i n phase . A case with fairly large , locked sawteeth is shown 
in Fig . 1. Even for this case, the effect on Arg(lI

SXR
) is estimated to be 

small because the sawtooth is almost a linear superpositi on on the 
under l ying waveform . There is no large change in Arg(lISXR) at t he sawt ooth 
inversion radius, as seen in other experiments (4) . In order to obtain the 
profile of local soft X-ray emissivity, this was represented by a sum of 
four or more Gaussians of different widths whose amplitudes could be 
adjusted to cover a wide range of shapes, including centr al hollows. 
Re(lI SXR) and Im(lISXR) were fitted separately but using the same geometry 
as for the slowl y varying part of the signal, averaged over the period of 
analysis (usually the major part of the modulated pul se train). 

A simple 1-0 model of the deposition and transport of heat [31 was used 
to estimate the radial position and width of the deposition profile (assumed 
Gaussian in shape) and XEC. These parameters are adjusted until a plot of 

e 
Arg(lI SXR) versus r matches the experimental results, as shown in Fig. 2. 

ihe heat pulse following sawtooth collapse was used to estimate XHP 
e 

either from the slope of the graph of time-ta-peak v ~r2/8, or from the 

formula x~P ;~ t (~r Arg(lISXR»-2 where .st is the sawtooth period [5]. 

At low densit; the calculation of XPB from the central, steady-state 
e 

electr on power balance in ohmic discharges is relatively straightforward 
because radiation and equipartition are small, so that most of the power 
input is lost by electron conduction. The electron temperature profile is 
fitted by Gacssian or parabolic forms and we take leff = constant with 
Spitzer or neoclass i cal resistivity. 
Results and Discussion 

In comparing chord average values of lISXR from the top and side 
arrays, a difference in the radial variation is immediately observed. 
Assuming lISXR to be a f unction only of tne slowly varying part of the 
emissivity , I SXR ' this difference can be explained by an oscillation of the 
major radial position of the discharge centre of order 1 mm. On the steep 
sides of the SXR emission profile this small movement is sufficient to 
produce oscillations in the top array signals comparable with those produced 
by direct heating. The ECE and microwave interferometer diagnostics will be 
affected in the same way but to a smaller extent . The phase of the radial 



oscillations is not what would be expected for the Shafranov shift inside a 
rigid boundary in our case . The phase is modified by the radial position 
control system, which has a response t~~e comparable with the ECRH 
modulation period. To make estimates of x~C, lISXR from the side array only 
has been used, for which the effects of the radial motion are an order of 

magnitude smaller . 
The most complete data sets have been obtained for He discharges, with 

a = 0 . 21 m and n in the range 1 . 1-1 . 7 x 10 19 m- 3 • At rla ~ 0 . 5 we obtain 
XeEC 

= 2.3-3.2 ml;-l with estimated errors of ±0.6 m1s-1 , XHP 
= 2.0-2 . 8 ml s- 1 

PS e 
and Xe = (OH) 1.5-2.0 m1s-l. It should be noted that there is no evidence 
that the global value of LE is degraded during ECRH at the low density and 
l ow power levels used in these experiments. Thus, as in other devices [5] 
there is a tendency for the estimates obtained from heat pulse propagation 
to be large r than the steady-state value. However , we are not yet 
completely confident of the ECRH modulation technique. Central values of 
phase delay are observed, particularly with off axis heating, which are 
either too small (<0 .5 radians) or t oo large (>1 . 6 radians) to be explained 
by our simple model. Locked sawteeth are present in some of these cases but 
do not provide an obvious explanation . In some conditions we have seen a 
complex response on off-axis SXR chords to a step function increase in ECRH 
power. The signal increases on a short time scale and then decreases , as 
illustrated in Fig. 3. This would suggest two different processes are 

responsible for the SXR signal . Electron density variations seem to be 
ruled out by the ~-wave interferometer resu l ts but changes in impurity 
t ransport are a possibility . Final ly , the modelling of the heat deposition 
and transport is oversimplified. For example, there is no i ndependent 
confirmation of the Gaussian profiles used to represent heat deposit i on and 
there is no term to represent the variat ion of the ohmi c input produced by 

temperature perturbations . 

Conclusions 
A promising start has been made in developing the measurement o f 

electron heat transport by modulated ECRH . The values obtained are of the 
same order as those from sawtooth heat pulse analysis and ~ 2x larger than 
from the steady state energy balance. Further refinements to the electron 
transport analysis and better measurements of f and ~ are needed to make e e 
further progress. 
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INTRODUCTION 
Electron cyclotron resonance heating experiments with high field side 

(HFS) launch at 60 GHz have been carried out on the DITE tokamak wi th 
emphasis on scaling with resonance location, electron density and 
launch-angle. At the fundamental resonance the X-mode can be strongly 
absorbed for kl lf 0 but the right hand cut-off prevents access to the plasma 
when the wave is launched from the low field side. When launched from the 
··iFS this limit is avoided and the cut-off density can be, up to twice the 0-
mode cut-off value, given by [1] 

trJ 1 2 trJ 
(if) = (l - nil ) (1 + if) (1) 

for a semi-infinite slab plasma. Here ~ is the applied wave frequency , trJp 
is the electron plasma frequ ency , nil'" ckll/w and Wc '" eB/mo ' Earlier 
experiments on FTl (2] and 0111 (3] showed that significant heating can be 
achieved at line average densities (ne) up to more than double the value at 
which the X- mode left-hand cut-off is present on axis and it is of interest 
to study this effect further. 

In addition , HFS launch requires kl11 0 and this leads to damping of the 
rf wave on tail electrons and is of interest in the context of down-shifted 
resonance heating [4] . Absorption can only occur where the resonance 
condition is satisfied, that is , 

w 
if = r(1 - n~11 cos 9) (2) 

where r'" Cl - Vl/C 1 ) -X, n"" ck/w , PII '" tI and e is the angle between k and 
B. with appropriate values of r , ~I I and cos e, (2) can be satisfied for 
wc/trJ ~ 1, the down-shifted resonance condition. In previous down-shi(ted 
resonance experiments in JFT2M [5), WT2 [6]. and PLT (7] power was absorbed 
under conditions where a substantial distortion of the electron distribution 



was present, due either 
slide-away conditions. 

EXPERIMENTAL ARRANGEHENT 
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to l ower hybrid heating or operation under 
In DITE the distribution is close to thermal. 

The experiments were made in He plasmas with R = 1.2 rn, a = 0 . 21 m and 
Ip = 100 kA, 3.4 ~ qa ~ 4 . 6 . By operating in helium the discharges are we ll 
controlled and reproducible with a recycling coefficient close to unity. 
The rf power was launched from the HFS from three antennas using two designs 
[8, 9] . Each antenna was connected by a transmission line (10] to a 60 GHz 
Varian gyrotron capable of an output power in excess of 200 kW for several 
seconds but used f or these experiments for pulse lengths up to 0.25. The 
mirrors used to direct the rf power towards the magnetic axis could be 
rotated so that the launch angle 9 with respect to the toroidal field could 
be varied between nominally parallel and anti-parallel values. 

Electron temperatures are obtained from the SXR spectr um and from the 
ratio of helium and hydrogen--like lines of silicon observed with a Bragg 
spectrometer [11] . A Michelson interferometer provides Te profiles. 
Density profile data is obtained from a movable 4 channel and a fixed single 
channel interferometers. 

EXPERIMENTAL RESULTS 
Values of lp' Vloop ' ~p (diamagnetic), ~p (equilibrium), 'H alpha' 

intensity, resldual rl power and total radiated power are shown in Figure 
as a function of time for ne = 1.5 x 10 19 m-] and PRF = 315 kW . At this 
density little change in ne is observed when ECRH is applied but a clear 
fall is observed at higher ne' The change in fnd! across the profile, 
fiJnd!, from multi-chord interferometer measurements for ne (central chord) 
3 x 10 19 m-) shows a flattening of the profile. At this density Te(o) 
increased from 750 ± 100 ev in the ohmic discharge to 1050 ± 100 ev during 
heating. A residual rf power detector located about 180 0 toroidally from 
the antennae, is used to assess the fraction of the rf power absorbed by the 
plasma. At ne=1.5 and 3.0 x 10 19 m-] the absorption is >95% when the 
resonance is in the central region of the plasma. 

Variation of resonance position 
With the HFS launch of the X-mode with kll # 0 strong absorption is 

expected before the wave reaches the cyclotron resonance zone. The extent 
of this depends on the electron temperature (Te) since the absorption occurs 
where the Doppler shifted resonance condition is satisfied provided t here 
are an adequate number of electrons present at that point with the r equired 
VII' In addition the absorption coefficient is inversely proportional to ne ' 
Thus with a sufficiently high value of Te and low neeffective central 
heating can be expected when the cyclotron resonance zone is displaced 
towards the low field side - the downshifted resonance effect. 

Results obtained at a power of 315 Kw using all three antennae (66% of 
the power in the X-mode) are shown in Figure 2(a) for two values of ne ' 
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:For Rres ~ 1.4 m there is an increase in V~. leading to increased ohmic 
leating which may be the reason for increased fi~ when the resonance lies in 
:his region.) Corresponding single-pass absorption values for X-mode from 
-ay tracing calculations are plotted in Figure 2eb). For these calculations 
1 Maxwellian electron distribution was used. The absorption zone for the 
:onditions corresponding to point A of Figure 2eb) lies close to the axis, 
lot at the cyclotron resonance. The energy of the electrons in Doppler 
-esonance with the wave is about 5 keY whereas Te (O)=1.5 keY for these 
:alculations. There is no evidence from the SXR or HXR diagnostics that a 
;ignificant hot electron population is present. The ECE spectrum shows a 
lown shifted peak consistent with a small hot electron population. Using 
:he estimated temperature and density of this group ray tracing shows that 
_t has very little effect on the results obtained with the thermal plasma 
.ssumption . The results therefore provide clear evidence for Doppler 
:hifted resonance absorption (down-shifted resonance) in a near thermal 
,lasma . 

'ariation with electron density 
The earlier work with HFS launch on 0111 (3) showed no fall off in 6~p as 

ie was raised to nearly twice the velue corresponding to cut-off on axis . 
. t 60 GHz, Wp~/wl:=l at ne~4.46xl01gm-l . Using equation 0), (with the 
·elation R.nll ~ constant appropriate to toroidal geometry and the measured 
.ensity profile) the cut-off density for a launch angle of 45° with respect 
o ~ and for the resonance zone at R=1 . 27m is ne=3.8xl0 1g m- l . As ne is 
ncreased above this value the power will be absorbed increasingly nearer 
he plasma edge . The values of 6~p as a function of ne observed in DITE 
re plotted in Figure 3 for two sets of conditions. These both show that 
he heating efficiency falls rapidly above ne=3.8xl0 1g m- l . The difference 
n behaviour compared with that observed in 0111 is possibly because the 
resent data is taken wi th the resonance off-axis or is taken in helium 
ischarges for which the ohmic "E varies nearly linearly with ne in this 
ange . In contrast in the deuterium ohmic discharges of 0111 [3J a very 
trong 'turnover' in the LE variation is seen. The edge heating produced 
y ECRH at high ne may be recovering the ' degradation' in LE in the ohmic 
ischarge in that case. 

UMMARY 
The heating effec t (~~p) for ne=1.3xl0 1'm - l is maximum when the 

esonance zone lies at R = Ro + a/2 which is consistent with Doppler 
hifted (down-shifted) resonance absorption in a thermal plasma. 

The heating effect in helium discharges fall s to zero as ne increases 
bove the value for which the cut-off appears on axis in contrast to similar 
xperiments in FTl and 0111 in hydrogen or deuterium. 

CKNOWLEDGEMENT The authors wish to acknowledge the high quality work of 
the ECRH and DITE operating teams and of the COMPASS and DITE diagnostic 

earns in support of these experiments . 
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Fluctuations in the poloidal compone nt of the magnetiC field have been 
measured on DITE (8=24 c m ; Ro=120 c m ) up to a frequency of 300 KHz, using 32 
Mirnov coils arranged in t w o sets ot 16, toroidally displaced by 90·, 
Both the low frequency (t<50 KHz) region of the spectrum, corresponding to 

macroscopic MHD modes, and t he high f r e q uency one (t>50 KHz), where 
broad-band srn.all-scale tiuctuptions are observed, have been investigated / 1/. I t 
has been recognized that the two classes of oscillations behave in time as 
independent phenomena (Figs. la, b). However, the comparative study ot their 
dependence on the main parameters of ohmic and EC heated plasmas can yield 
usetul intormation on their relative roles in determining the measured 
anomalous transport, this question remaining so tar unanswered /2,3/ . 
The ohmic data refer to target plasmas for ECRH (60 GHz, 400 KW for 200 ms, 

XM from high rleld side), with the main parameters varying In the following 
ranges: 30 kA < Ip < 150 kA; 1 T < Eq< 2.5 T; 3 . 4 < qo. < B; 711:1012 cm- 3 < fit < 

4Hl013 cm- 3 . The gas used was either hydrogen, deuterium or helium. 
In these conditions, the low frequency MHO activity is rather quiet, its 

amplitude being in the order of 'Be / Bp - 10-3 . Typical power spectra are shown 
in Figs . 2a , b . Cross-correlation analysis allows the identification of the main 
peak as a m=3, n=l mode, with a secondary m=4, n=2 component. The rms level 
is very dependent on the edge q value (see the step in Flg.l due to the crossing 
of q=3 . S at the edge) . Both the amplitude and the frequency of the two peaks 
are observed to increase when the density Is lowered (Figs . l,2), the mode 
structure remaing the same. 
This activity can be affected by the injection ot EC power, depending on the 

resonance position . Fig.3a shows a case of stabilization of a m"S, n .. l mode tor 
resonance at -6 cm, while when the resonance Is progressively shitted towards 
the outside first no ettect and eventually strong destabilization are observed 
(Fig.3b, a m=4, n=l mode Is destabilized tor resonance at +15 cm). 

The high frequency fluctuations, characterized by a broad-band spectrum 
(Fig. 4), have amplitudes in the order of ·Be/ Bp -10- 6- 10 - 5, and show a strong 
inverse dependence on plasma density (Fig. 5), a weaker direct dependence on 
the plasma current (Flg . 6) and no measurable dependence on the toroidal field . 
Unlike the MHO activity, they are not affected by rational q values (Fig. i) . 
The coherence of these tluctuations is short in time, being in the order of one 

cycle. Cross-correlation analysis shows that, while tor the low frequency 
modes the spatial coherence is - 1 all around the torus, the broad-band 
fluctuations show a finite correlation length, which is much shorter in the 
poloidal than tn the toroidal direction/4,S /. The correlation within the same 
toroidal sector decreases to noise level for coils poloidally displaced by about 
M=4S", 611: .. 23 cm - a (Fig . 7a). On the other hand, it can be very good (-O.B) 
between two coils located in different sector s, which are toroidally spaced by -
2m (Fig.7b), provided they are close to the same field line in the edge r egion . 
Fig.8 shows that, by varying the plasma current, the correlation between two 
coils achieves the maHlmum value tor a rotational t ransform at r - a which 
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effectively corresponds to their angular displacement. A marginal corre lation 
observed at the second pass ot the f ield line arter 4/4 and 5/4 ot a torolda i turn, 
or at the pass after ~/~ the other w ay round, indicates that the toroida l 
corre lation lengt h is in the order of t he toro[da\ circumference (t:.x .. 7.35 m). 
The above-described experimental evidence suggests that the high frequency 

perturbat10ns in the current density assume the form ot long, narrow 
filaments lying on magnetic surfaces and extended along the field lines. The 
external coils are sensitive to the outermost ones, which lie at the plasma edge. 
Inner perturbations, elsewhere observed to increase towards the plasma centre 
/5/, give a contribution to the eHternal field which is null on average because of 
their stochastic nature. 

Assuming that the field measured by one coU is due to the closest filamentary 
perturbations, w ith contributions tram the different filaments weighted by 
their distance tram the probe, then a measurement ot the radial decrease at the 
f luctuation level outside the plasma can provide information on the transverse 
size of the filamentary cells. This measurement has been performed by Slightly 
(!.lcm) displacing horizontally the plasma edge from one fiHed coils, and will be 
improved in the near future by the use ot a reciprocating magnetic probe. 
From the present measurements, It can be deduced on the basis ot e. simple 
model that the cell radiUs is smaller than the distance between two adjacent 
Calls (6H-10 cm), but not much smaller than the distance of the coil trom the 
plasma edge (6H-3.S cm). The transve:-se size of the filaments is smaller at 
higher frequenCies, and Increases with increaSing plasma current and 
decreasing density, conSistently with e. shrinkage of the poloidal correlation 
curve observed at high currents and low densities /1/. 
Fmally, dUring the injection of EC power, the whole high frequency spectrum 

is observed to increase (Fig.9) /6/. The enhancement is '" 30% for central reso­
nance position and depends strongly on the resonance location. It is maHlmum 
when the resonance is at the high field side ot the tok.amak and gradually 
disappears when the resonance is shifted to the low field side (Fig.l0). 
The same behaviour is shown by the increase in the Ha emission measured 

both at the limiters and at the walls, which on DITE, where no gettering is 
applied, is the only visible effect that could be related to the deterioration of 
particle confinement during ECRH, usually seen as a drop in the electron 
density /7,6/ . Both phenomena appear to be inversely correlated with the power 
absorption and heating efficiency of the EC waves /9/, either In the case of 
non-localized launch or well-localized wave beam. 
Further investigation of magnetiC fluctuations on DITE will therefore examine 

the question whether their enhancement during ECRH is due to edge interaction 
with the e. m . field or is an echo of internal processes, somehow correlated 
with particle and energy confinement. 

11/ P.Mantica, S.Cirant, J.Hugill, IFP report FP 66/3, Milano (1966) 
/2/ P.C. Liewer, NucLFus. Vol.2S No.S (1965), p.S43 
/3/ C.Z.Cheng et ai., Pl.Phys.and Contr.Fus., vol.29 No.3 (1967), p . 3S1 
/4/ Ch. P. Ritz et aI., 29th APS meeting, Plasma Physics Division (1987) 
/5/ S.J.Zweben et aL, Phys. Rev. Lett. ~2 (1979), p.1270 
/6/ S. Cirant, P. Mantlca, Proc. ot EC-6 Workshop, OHtord (1967) 
/7/ L.Argenti et a l. , Proc. 14th EPS Conf. on Contr.Fus Plasma Phys., Madrid 
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An elec t on cyclotron r esonace heating ex periment has bee n 
performed by using a gyrotron system for t he fundamental a nd 
second harmoni c reso na nc e heat ing on CT- 6B tokamak. Obvio us 
change~ are obse rv ed in sof t X ray r adiat i ons, eJ.ee t ron 
cyclotron e miss ion, displ ace ment of plas ma col umn, impur'ity 
line r.3diations , a nd bremsst rahlung radia tio n \':hen the he<=lt ing 
pulse i s injected, indi cating t he increase of the plasma 
elect ron temperature. 

The elect r on cyclot r o n reSOni.lnCe heating (ECRH ) i s one of 
the promisi ng methoa o f a uxiliary heating in to r o i dal plasma 
a na has received co nsiue r ab le att entions /1/ . Recently, an ECaH 
expe rime nt has been co na uc t e d ~ith success on eT - 6B tokamak in 
InGt itute of Physics , Chinese Acad emy of Sc i e nc es. 

C'l' - oB tokamak is fJ smal l iroll - core trasformer and 
conducting silel l le:.3b r ese;l rch cevice/?/ . The main dev i ce a nd 
plaf::i:n3 paramet ers in th i s experimen t are as fol l ows : main 
raaiu5 R=4;,cmj minor raaiU5 of plasma a= 12c l1j toroidal mae;ne t ic 
field B~ =5 . 8- 1)kGs ; plasma curr e nt Ip =20- jOkA ; Ohmi c heal ing 
pow e r POr. =70- 1 OOkI"Vj ave r aged electron temperat ure 'l'e =150- ?OOeV ; 
line a veraged electron aensit y nQ. =(1 - 2 )*1013 c m-.3 ; energy 
co n I'in e men.t time "t"e =O . 7 - 1 ms ; particle con fine:nent t ime -C p ~3 - 5:ns. 

The power sou r ce o f E.Cr?i1 is i:! D40.5.? type gyrotron 
man ufactur"ea Dy Ins~ifute of Elect r on i cs , Chi nese AC3deruy o f 
SCiences , operati nG at 54 . 340Hz and in circul~ r T~ mode . rte 
heating microwa ve is launched thr ough ~ horn a ntenna installed 
on the outside of the vacuum vessel(~e;lk field l au nch) ~ith 
power output :-;O - 100!{N a nd pul:::e length 1-6 ms . 

Be~iQes the com l1on elecL.rOrnaE;neLic '1I eFlS ure:nents , the 



plasma a ens ity i s ~easurea by a n HeN far infrared l as er 
interferometer , t he electron cyclotron emissions at lB . ? and 
70G~z are aetecLed by t~o receivers respectively , the soft X 
rays from aifferent c horas of plasma colu mn are measured by a 
Au( Si) s urface barrier detector array , the vis i ble Rnd 
ulLraviolet r ediaLions are d~~.ectei ~y an optic8 1 fibre a nd 
monochrometer s ysl e m, a nd the vacuum ultraviole t r adial ion is 
rie t ected by a n one met er VUV spectromete r . 

~ set of typica l expe r i mental oscilloc r a ms is show n i n 
Fig . l . The main experime nt a l results can be summari~ed as 
follo\',s : 

1, A substa ntial outward dis pl acement of the plas ma 
colulnn is oeserved during the heating pulse. A typica l chan ge 
valu e i s 1 cm for 3 2 ms heat i ng pulse . It indicates a rise of 
the polo ida l ~ va lue due to the heating . The onset and 
ter :nina t ion of the displacement are delayeo to that of t he 
heating puhie oy a short t ime ahout 0 . 7 - 1 ms, which i s eo u,3 1 
to the energy co nfinement time -c. - . ,. 

2 , £nha nc eme nts of Lhe cyclotron emissions at le . ? and 
70 GHz are observ ea auring the .'leating pulse, which a re hiehe r 
than the background va lue by an order of magnitude , e nd sho!!! 
a very short de l ay to the heat i ng pulse. These en hance d 
emis s ions sho uld be e lec t r on cyc lot ron emisaions du e to t he 
extra thermal electrons produced b'y heating microwave . 

3 , Obvious i ncreases o f e~iss i on in te ns itiAs o f tbe 
hydro gen a Lomic li~ee H~, H~, imouri ty lines al l 3973 A and 
4649 I , 0111 ~760 4 , OIV j4 10 A, DV 629 K, OVI 10j2 A, CIII 
4647 1, CrI 42>4 l, .s well as toe bre.sstr. hlu ng i n 4760 A and 
5j60 It are obs erved during t he :'leating pulse with dif f e r e nt 
delay times . The increas e< o f int ensities are the r esults of 
the ext r a thermal electron e xcitation~ or the rise of 
trmpeI'8 ture o f Lhe plasma , [) 110 cou l a no t be attibuted to Lh e 
incr eas e of i ln9uriLie~ ~i n c~ the i .~pu rities ~ould be 
accumul"L-eu in ;:~ tokam:J:.c nlasma bu t the inten!..> itics of Lhe 
i :nnurity lines r eturn t.hc ir initiRl va l ue a f te r Lhe hea Ling 
pulse in t.he expe rime nL . 

4 , Liov ious incre :.ses of soft X r ay radia tiom:> in the 
different channe l s Brc obs erve~ during th~ he~ting pulse , 
of which the rise a nd ~e lay time Rre about 1 ms . The different 
ch~nnels bhow the different increase amo unts and ~i th 
ui ff erect aelay time Detween the cha nnels due to the 
propago Lion of the heel t pulse in r ac.io l direct ion in th e 
plasma . It hes became clc;)r t ilat Cl rema rkable local hea ting 
is ac hiev ed c urin g the heating pulse. 

5, A ucleclable ti r op in loop volt aGe is ouserved auring 
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the hea ti ng pulse fo r more powe r f ul hea ting s ho ts. In t his cas e 
it is estimated ~ hat the conduct i ng t empe rature of the plasma 
increases 10-20 eV due to the ECRH . 

6 , No obvious change in the line ave r aged electron 
dens i ty , hard X r 3Y rediation , and the saturation ion current 
of a Langmulr probe installed in the limi t er shadow region is 
observed . 

In conclusion , the evidence of the bulk plasma heating 
due to trhe effect of an electron cyclotron wave has been 
observed in this experimen t . The low heating effeciency is to 
be expected. This is an over - ce nse plasma heating experiment, 
since the density of t he hot plasma cente r is higher than t he 
cut-off density(l . 5*101'3 cm

P

..3 ) for the O- mode propaga t ion. 
X- mooe cut - ef f regio n is reached before the O- mode cut -ID ff . 
Therefore , in the fundamental frequency resonance heating, 
the heating effect seems due to the multi - reflection of wave 
in th e vessel and tunnelli ng effect. X- mode heating has higher 
effecienc y at high electron temperature fo r t he second 
harmonic resona nc e heating . But the toroida l fi eld i s weak in 
this case , the plasma temperature is lower. 'rher"e fore , the 
experimenta l results in the two cases a re similar to each 
other . However , some phenomena should be further studied i n 
the dense plasma cas e. 

The authors wou l d like to express thei r thanks to the 
Associat i on "for Plasma Studies . 
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Fig . 1. A set of typic a l discha r ge oscillograms on CT- ~B 
tokamak including plasma current IP ,OIII 5760 n 
impurlty line 0 - 3760, horizontal displacement times 
plasma current DX~IP(positive shows inward) , 
electron cyclotron emissi on at 70 GHz ECE , 
mi crow a ve heating pulse ECRH , soft X ray r adiations 
SX- 4u( r~ 5 . 8 cm chord), S X - 5#( r~3 cm chord) and 
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5;"' - 6#( ce n l I'a l cha nn e l). The b r o ken lines s ho\'! 
the case wi Lho ut ECRH. 
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EFFICIEIICY OF' ELBCTHON CYCLOTRON HEH'ING IN FT-1 TOKAMAK 

D.G.Bulyginsky, S.G. Kalmykov, M .. Yu . Kantor, M. M .. Larionov, 
L . S .. Levin, A . l . 'l'okunov , S.Yu.Tolstjakov, N.V . Shustova 

A. F. loffe Physical - Technical Insti tute , Leningrad, USSR 

Energy confinement degradation under electron cyc l otron 
resonance heatine; ( ECRH ) Vias found in a number of tokamak ex­
periments . The analysis of energy balance and its temporal 
evolution in prll-1 experiment /1/ has sho\'m, that already in 
the initial staes of ECRH pulse t h e growth rate of a plasma 
energy llW/dt is small~r than t he microwave power absorbed in 
a plasma . HOVlever, the time reso lution was rather poor . In 
laser sea t tel'ine: Illeasurements it \'/8 8 0.3 ms , in diamagnet ic 
ones i L "vas limited to -- 0.2 lllS due to the eddy currents in 
the discharge chamber walls . The investigation of a time de­
penclence of dW/llt in the very beginning of ECHH pulse Vias the 
goal of B new set of measurements. IL ViaS believed that the 
rad iation and transport losses were unchanged during this ti­
me. 'rhe improved Version of di amagnetic measurements waG used. 
'£he diamagne tiC probe coil of N = 16 turns was uniformly dis­
tributed along the toroidal discharge chamber. Provided that 
the diacharge current \'!ould be constant and the eddy currents 
could not ari se in the chamber Vla l ls, the voltage of this 
eoU V(t ) and the total plasma energy VI v/ould be connected by 
the simple equation : 

V(t) == K dW' 
d.8o dt 

(1) 

Eo - the toroidal masne"tic fiel d , 01. - t h e geometric factor 
of the experiment .. In real conditions I the carr'ection on eddy 
cur.rents must be taken into account: 

t 

J~. oiL (t-i,)c/t, 
o dt, dt ' 

(2 ) 

where L( t) - the sldn function 0:" the discharge chamber , or 
the .response of a diamagnetic coil to the application at t =O 
of a step- like voltage S to the discharge chamber in poloidal 
direction . !-{cally, L( t) is measured by the application of a 
step- like vol tage to the toroidal field \'/inding of a tokamak. 
It true value of dW/dt in the beginning of h"'CRH can be obtained 
from (2). 

'l'okamak F'1'-1 ( R = 62 cm , a = 15 cm , BC1~ 1.2 T ) waE' ope­
rated at I = 30 kA, ne = 0.6x10'3 crn"'"3 , FOH = 65 kW. Two gyro­
tron gene.ratoro ( 30 . 6 GHz , 2x100 kW ) fed tv/o microwave anten­
flae of Vlasov type , having rather broad radiation patterns . 
One of' them excited in a plasma mainly extraordinary (x) wave 
from the inner side of a torus , another one - mainly ordinary 
(0) wave from the external s i de. Fundamental resonance condi-
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tions (4) = W cp ) were used in experiment. As the initial sta­
ge of ECRH was studied, the pulse duration was limited to 0.5 
InS. Some pick-up oscillations disturb the dia..ma8netic signals 
during first 40y s of ECRU pulse , after this time interval 
the true data on dV/fdt are available. Microwave power losses 
in waveguides and i n discharge chamber walls were carefully 
measured .. The waveguide attenuation was found to be 10%. To 
evaluate the wall losses, measurements of a quali t y factor of 
a discharge chamber were fulfilleu. 1'he attenuation of a mic­
rowave signal passine th.['ough the discharge chamber from gy­
rotran to the probe horn antenna was measured in a normal 
discharge and in vacuum conditions. '£he comparison of signal 
attenuation in both cases has shown that only 10% of a power 
j . s lost in t he chamber walls under ECR conditions. So, 80% of 
a total power of gyrotrons, or about 160 kW is absorbed by a 
plasma during ECRH. 

The results of diamagnetic measurements of a plasma ene1'­
e.,y evolution are presented in Fie.1,2. Fi<?", 1 shows dW/dt (in 
kW) calculated using equations (1) and (2) in the case of a 
central position of ECR at Bo = 1.09 T, re = 0, when the most 
efficient heating is observed .. The role of the correction on 
eddy currents introduced into equation (2) is clearly seen .. 
In Fig.2 the same data calculated by equation (2) are presen­
ted at some positions of ECR in a plasma cross-section, from 
re =-9.4 cm to re = +4.7 cm. Data obtained lead to the fol ­
lowing conclusions: 

1. The maximal value of the power, spent for the increase 
of plasma energy at the moment of ECRH start, dW/dt(O), is 
not more than 60 kW, though the total microwave power aboor­
bed by a plasma is about 160 kW. 

2. The time constant describing the enerey increase durine 
ECRB, as well as its decrease after ECRU terrninntion, is 
about 1 ms and is equal to t.he energy life time of an ohmic 
heated plasma befo r e eCRl-I. 

Fig.) presents the data on cVI/dt(O) (i n kW) ,depending on 
the position of BCR, re. 'rho cases of combined operation of 
both gyrotrons and separate ECnI I by internal X" wave and ex­
ternal 0 wave antennae al'e shovm . In Fie.4 the enerGY increa­
se of a plasma Q (in Joule) after 0.5 lTIS ECRH pulse is sho\vn 
in the cases mentioned above. It follows from Fig.) and 4, 
that dW/dt as well BS Q undt:r combined operation of both e;y­
rotrons are equal to the sum of thcoe values under their se­
parate operation. So the lineal' dependence of the plasma heo.­
ting rate on the applied EGflH pO~'/er is observed up t.o Fec.RH 
= ) POH • 'rhe internal X r:;).ve heatint; is rathel' more ef.flci.­
ent than the external 0 wave one, and in both caser-; th~ beat 
reoults are found at the central positlon of l';CJ{ ZQ1~e .. At re. = 
= 0, dW/dt(O) and Q under ECRH by X wave arc 1 .. 4 times hi6hel' 
than by 0 wave. 

'1l he method of treatment of diaHlHl;netic sif,nalo used lle1'£ 
avoids the lirni tat ions of a sldn aud enables us to find the 
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t ru e value of dn/d t( O) at the start of :r;cnn pulse (excluding 
f irs t 40J.l G) .. It \':a o found that rat her slow processes of mo­
difiea tion of II'e t ne and plamna pressure radial profiles re­
crarded i n /?,3/ as a reason of i ncr ease of electron thermal 
~onductivity and energy confinement degradation, in our expe­
r iment can not explain the fast increase of energy losses un­
de r EGRH . 'l'his increase is f ound lo be just at the start of 
ECRH. Resul ts obtained in this experiment and in /1/ can be 
explaj ned as follo,'/s: some part of the microwave power radia­
ted in to t he plasma is absorbed thcouSh the electron cyclo­
tron mechanism in a plasma core and results in the electron 
hea Ling. Analysis of the dynamics of Lhis heating and cool ins 
has shown that the electron thermal conductivity does not 
change essentially under ECRH. At the same time an essential 
part of EeRH power, exceeding 60% , also is absorbed. in a pla­
sma , but does not lead to the increase of a plasma energy . 
rl'hiD poweI' i s loot during very short time t not exceeding 40 
JA s . The nature of Lhis loss process ls not clear yet. Some 
explanatioIlo are sugeested : 

1. Due t o broad radiation patterns of antennae and refrac­
tion in a plaama a g:r'eat deal of the ray trajectorieo are de­
flected to the perj_phery arid are undergoing the reflections 
on the di.ocharge chamber walls. The X waves may be absorbed 
there through a linear conversion in a Bernstein wave. 'l'his 
process may take place in a cold peripheric plasma , including 
the s hadow o f a limitel' .. The absorbtion in a limiter shadow 
wa s not taken into account in the ray tracing calculation of 
ECflH in l<'T- 1 experiments /4/. 

2 . Basic processes of absot'btion in Ben frequency range 
lead to the i ncrease of tranoversal ener gy of electrons. So 
the production of high er-erey electrons trapped in magnetic 
f ie l d ri pp les becomes possible .. 'l'he confinement of these par­
t"icleG is poor, their dr:Lft tjme is about 20,u s . Locally 
t rappe d elec trons mt:l.y absorb and caery out of a pla8ma a mar­
k ed part of a rnicro\'lt:1ve pO\'Jer. 
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LOW-POWER ECH RESULTS IN TEXT' 

K. W. Gentle, B. Richards, D. C. Sing, M. E. Austinttt, Roger D. Bengtson, R. 
V. Bravenec, D. L. Browert , G. Cima, P. H. Edmonds, R. Gandyftf, R. L. 
Hickokttt , S. K. Kimt, Y. J. Kim, N. C. Luhmann, Jr. '. S. C. McCooi, D. M. 
Patterson, W. A. Peebles1, P. E. PhilIips, Ch. P. Ritz, Terry L. Rhodes, William 
L. Rowan, P. M. Schochtf , and A. 1. Wootton. 

Fusion Research Cenler, The University of Texas at Austin 78712 

Introduction 

Initial results of electron cyclotron heating have been obtained in the TEXT device. 
A single 200kW gyrotron at 60GHz has been used to couple a maximum of 110 kW into 
the plasma in an "" 15 fiS pulse using O-mode outside launch in the midplane. For these 
experiments, the target plasmas in this device of 1 m major radius and 0.26 m minor 
radius range in density from 1 to 4 x 1019 m-3 at a plasma current of 220 k.A and a toroidal 
fie ld for central resonance of 2.16T. The heating power was applied to these q(a) =3 
discharges during a unifonn plateau with sawteeth. 

The heating efficiency and associated changes in density profile, particle 
confinement time, central and edge electrostatic fluctuations, and magnetic fluctuations 
have been examined over this range of densities for the ECH layer placed at R=1.00, 
0.92, and 0.87 rn, the latter corresponding to B= 1.9 T. As in the early CLEO 
experiments 1, heating efficiency is found to drop sharply when the resonance moves 
outside q=1. A similar drop in efficiency occurs as the central density approaches the 
O-mode cutoff (4.4 x10 19 m-3 ). Strong effects on particle transport and fluctuations 
persist for conditions beyond those of optimum heating. 

Healjn o Results 

The ECH effects are illustrated in Fig. 1, which shows the time histories of the 
ECH pu!se. the central electron temperature (from second-harmonic ECE), and the line­
averaged density for the ECH resonance at the plasma center. The electron temperature 

nearly reaches equilibrium ('re",,7 ms), but the density does not. The fact that the heating 
pulse is too short to reestablish an equili brium is a limitation, particularly with respect to 
inferring changes in particle transport. 

The results for heating efficiency are summarized in Fig.2, which shows the 
various effects observed as a function of mean de nsity and resonance position. Included 
are the increment in Bp (as inferred from the equilibrium, the times being too short for a 
change in internal inductance), the increment in central temperature from ECE, and the 
decrease in ohmic input power. The similarity in consequence of raising the dens ity or 
moving the resonance off center can be simply understood from the ray tracing and 
absorption calculations. As the density is raised, refraction effects become si&nificant, 
deflecting the principal absorp tion from the core toward the periphery. The effect is 
equivalent to moving the resonance position off axis. This explanation is con finned by 
analys is of soft x-ray emiss ion, which shows that the absorption occurs entirely within 
7cm of the magnetic axis for low density central resonance. However, the signature of 

I AC. Rivicre, Scvemh APS Topical Confcrence on RF Heali ng, Kissimmcc, Florida 1987. 
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central heatiny, rhe increase in the slc,pe of the saw le~th, disappears as the mean density 
reaches 3x I 0 9 m-3 or the resonance IS moved off aXIs. 

These effects also appear in Fig. 3, which shows electron temperature proliles from 
both Thomson scattering and EeE for low density central heating and from ECE for higher 
densities. The ECE is calibrated to Tholl1son scattering in the OH discharge; Iheyagree 
within error bars for the ECH increment, although the Thomson value shou ld be 
systematically lower because it was nol taken at the end of the ECH pulse. Includ ing the 
concomiUUlt density decrease. the results are consistent with the increments in B. An 
energy accounting which includes the drop in OH input is consistent with absorption of 
70% to 80% of the inc ident ECH power and no degradation in confinement time for central 
heating at densities below 2x 10 19 m-3. 

Density Profiles and Particle Confinement 

A set of typical density profiles taken du ring an ECH pulse is shown in Fig. 4. The 
profiles are based on 5 or 6 chord FIR interferometric data which spanned major radii from 
R=O.84 m 10 R= 1.24 m (with RO= 1 m). During the pulse, we observe a local decrease in 
the electron densi ly during Ihe ECH pulse of up to 10%, wilh Ihe maximum decrease at 
<ne>""'" 2.5 x 1019 nr3. Usually, the density is still Changing allhe end of the pulse ill spite 

of a particle confinement time, 'rp, of approximately 10 ms. As seen in Fig. 5, the spatial 
dependence of max imum local density drop is a function of plasma density. (For the low 
density central heating case, the apparent "increase" in densi ty at the edges may be an 
anifact of the inversion technique used.) As the central dens ity is varied from under-dense 
to over-dense, we see the position of maximum local change move from the inner to the 
outer regions of the plasma, presumably due to refraction by the plasma bending the rf 
away from the central axis and changi ng the absorption profile. As expected, changing the 
resonance position by changing the toroidal field also changes the spatial dependence of the 
local density decrease. 

Figure I includes the change in the measured particle source taken from Ha 
measurements as a function of time. We note that, although we see a decrease in the 
electron density in the plasma, the particle source at the edge always increases. T his 
implies that the particle transport itself must be Ch;:ulging duri ng the application of ECH. 

Fluctuations 

Density and potential fluctuations during ECH have been measured in the interior 
wi th a Heavy Ion Beam Probe and at the edge with Langmuir probes. Small increases in 
the interior were observed, but they may be no more than would be occasioned by the 
density changes caused by ECH. The effects at the edge were more pronou nced. 
Significam increases in the density fluctuations and large increases in potenti al fluctuations 
were found, although the edge density and temperature only changed modest ly. Since the 
edge probes were at the major radius for resonance, thi s result may represent a spec ific 
local effec t of ECH. There arc other observations, for example the immediate increase in 
impurities at the edge, which suggest some direct edge effects of ECH. 

Magnetic fluctuation s were measured with probes within a few centimcters of the 
limiter radius. The spectmm above 50kHz, which has been identified in TEXT as ari s ing 
from edge fluctuation s for thi s anangement, rises immediately by approximately 50% 
under all ECH conditions. Lower-frequency effec ts are more variable: a pronounced 111=4 
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mode ap pears for central heating at low density; various modes with m=5 to 8 ap pear at 
other conditions, but ampli tudes with ECH al most double. 

Since there is no evidence of degradation of energy confinement and only modest 
changes in particle transport are implied by the changes in density, onc would not expect 
gross changes in fluctuat ions to be driven by this mild heating. 

Conclusions 

The initial ECH experiments on TEXT reiterate the general conclusion that power af 
the electron cyclOtron resonance is efficiently absorbed and provides an efficient method of 
heating. However, the heating efficiency in these experiments was high only for centra l 
deposition. If the deposi tion was moved away from the center, either by placi ng the 
resonance off axis or raising the density to refracllhe waves away from the core, heating 
efficiency dropped. Total absorption remained high, and peripheral heating and panicle 
transport effec ts persisted. 

The density drop often observed to accompany ECH is shown here to be a 
consequence of changes in particle transport coeffi cients , albeit modes t ones , and not 
merely a consequence of changes in edge conditions or recycling. The largest changes in 
flucluations are associated with changes at the edge. 

*Operated by The University of Texas a l Austin under DOE Grant No.DE-FG05-
88ER53267. 
t lnstitute of Plasma and Fusion Research, University of Californ ia, Los Angeles, 
ttRenssellaer Polytechnic InstilUte, Troy, New York 121 80. 
t ttAuburn Universi ty , Auburn, Alabama 36849 
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PREIi)NIZATION AND START-UP EXPERIMENTS WITH ECRH ON THOR 
T OY.AMAK 

S .Cjrant, L . Argenti, G.Cima, P . Mantica 
fstltuto d! Flslca del Plasma, EURATOM!ENEA-CNR Ass . 

C.Mz.roli, V.Pelrillo 
Vmverslla degJi Studl dl Milano 

Expoenm..:>nts on plasma productIon and current start- up With Ee waves 
hJv~ becn performed on Thor lokamak by injecting u p to 80 l~Vl of 
microwave power- at 28 GHz with a pulse length ot 5 msec. The waves 
v.'(-n:· l..\unched from the low toroidal field side, perpendicularly to the 
ma8netlc tleld and polarIzed as an O-mode /1/. A corrugated mIrror on 
t hc- inne!" wall rolated the polarization of the reflected wave by 90deg, 
provIding a perpendicular X-mode launch from the high field side . 

tTo? lOJ1lzatlon 

A four" chann"l microwave interferometer and Thomson scattering 
have been used to dIagnose the plasma productIon at dlijerent tllhng 
pr('ssurc.-s, with only the toroida l field switched on and set at 1 Tesla in 
th e centre during ECRH , In Figs . la, lb, lc it IS shown that the plasma 
is bein~ producC'd 'Nith a delay relatively la the start of the 1'.f . pulse, 
vvhlch IS rough Iv Illversely proportional to the working gas pressure . It 
i::. 3150 seen that the line average density value slightly increases and 
tfie elect ron tempel-atul~e decreases with the gas pressure . The tIme 
;:, -;oluti on of Uw lin~ density measured by one horizontal and three 
vertIcal lnterferometrlc channels is shown in Fig.2, clear Iv 
':!':~l .... n~tratl:1 ·; th.:\t the plasma fills most of the vacuum chamber since 
t he "'arly br'eakdown phase, contranly to the expectations fr om the 
u::.u~,;J EC , bre~l,::dov.rn modelling /2/. Wary.ing gas pressures much lov.rer 
thd rl 10-0:· torr were pr..:vented by wall out~assing when ECW 'Nere 
inj:;>cL.:· ..:! Durins tlll~s<:> ('xpcriments an u nexpected net toroidal current 
up tc, '-lOll A was observed ( Fig 3), very sensiltve to t he filling pressure 
( Fi:!: ·1 ) E.:in-; its din·ctk-.n reversl:?d by inverting the toro idal field, a 
claSSIcal current drl'.!e mechanism IS excluded. SInce the current could 
be c~nc(,}lC'd by the 3ddition of a vertical field of 17 gauss in a proper 
direction, ItS ongln has been aSCribed to the presence of a s t ray vertlcal 
m~gncti(' fi~Jd g~nerated by the toroidal magnet, VYhich in fact has been 
estJmat,..d by Independent measurements to be between 15 and 20 gauss . 
Altholl;6h not p~rticularly relevant with respect to the main aspects of 
ECRH, thIS phenomenon IS instructive since it well fits fairly simple 
moct~l::. d~scribing .:iritts in toroidal configurations and the prl?dictions of 
hl~.h energy electr-on generation with EC waves in low- density plasmas 
/3/. Furthcnnore, s ince the rolational transform 50 introduced can well 
explalO thl? sprl?acimg of the discharge Inslde the vessel. useful 
indic.:"ttion'3 c.)n be draVYn for the best use of EC preionization ir. larger 
deVices The toroiciaJ field gradient induces a vertica l drift which 
(\('pentis on the l~nergy of the electrons, its direction being thl?n the same 
tor tht? particles f10winlit III opposite toroldal directions. On the contrary, 
th .. ~ ',lertic~l drift due to the presence of a vertical magnetic field is 
opposite In the two torOldal directIOns, so that an asymmetric 
(o:1iin;:'m;:'nt, 3nd hen('(' a current, results . The electrons carrying the 
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CU tT .... nt nl0'.'~ W"lth thl? parallel velocity v=Bv RQinl a t which the vertical 
dri ft s can c.'2j (out if Ul(' ,),PP1~opl'i<1te values are introduced, and laki ng 
Into account ttH? estlma'tes 01 the stray field , an energy of a tevv tens 01 
keV is ob t.).ined Furthennore, the In!:?3n density of the carriers can be 
deduced (ron1 thli' measured current, si nce l=nevSq, where q IS the 
electron charge and S thl? cu r rent channel cross section . If the proper 
v aiu(>s are Introd uced, ne turns out to be less than 1% of the total 
'.'o lume aver"aged I?lectron density. The presence of fast electrons is 
confirmed by th e ECE radlalive temperature above 1.5 keY In Fig.5 the 
Cl.lrr<2nt m"'~L'I ~. ur·ed at different values of the magnetic field is compared 
""I th the one ca lculated assumIng that I"'one oBv, where ne 0 IS the 
p('~-..I: denslty :Jbt3 ined from the density profile , 'In Fig , 6 three normalized 
denslty p r 01lies are shown correspondIng respectively to an almost zero 
toted vcr·tiud fj..:-ld, to the str.?ly field due to the tor-oidal winding alone 
~'\ nd to an Ic"ven !l:ratt?r one, obtaIned by addln~ an external vertical 
fkId fit ::cnj field the curr"ent is negligible and the plasma is peaked 
around the resonance. With the tendency to tIll the external part o r the 
":"~:;'3('}, i ll ~l.gn, ... ~ment v,Iith th e usual picture /4/ . When no ext ernal fi elds 
an? supennlpl)sed to the s tra y on e the current is almost at maXimum, 
.l.nd tlw pl3sm.?l fill s the ch.?lmber following the magnetic surfaces , By 
further IllcreaS lng the magnetIc field the losses cannot be balanced any 
mon : b('ct)usc .?l too high energy is required, so that t.he cl1rrent drops 
and thle? den sity profJi e becom es hollow . 
1\11 UIC'se fe.)turC's c.:"t n be reproduced by modelling the breakdo ........ ·n and 
plasrna ~elleratlon by ECRH WIth a zero dimenSiOnal computer code 
-.\.'l1i(.h t~'I.I~ ... ~ 5 into ~1.c(:ount the presence of a given toroidal cUl7ent /6/ 
The steady ::.tate va lues of the mean e lectron density, temperatu re and 
the bn'')Y.do','.fn delay ca n be reproduced -....vith good approximation , Al50 
the tIme evolutIOn 0 1 the denSity and the expansIOn caused by the 
CU l"Tcnt .)t"(' satisfactori ly described by the code 

Curr~nt st ar't- up 
The !?trect at EC prelOnlzatlOn On a Thor tokamak d ischarge IS descnbed 
in Fig,7 The loop voltage at start-up is s u bstantially reduced) '....,ilh i'I 

Ilux savml!, 01 40 mVsec over- a total flux 5wlng of .21)0 mVsec The 
d.:-n::.ity build-up is much f.?lster than in the put"\?ly ohml ':- dischar:{.€ " Th\? 
tIme denvatlve 0 1 the plasma cu rren t 15 unchanged, the mam effect 01 

pn'ioni<:~'t i8n b\?ing the drastic shortening of an initial h igh rl?s lstivi ty 
tr"2I.nSlent phase The plasma parameters at s teady state v"ere the same 
.15 for" a normal di'5charge v/ithout preionization In spite of the faster" 
density bUIld-up and the slightly higher s teady-state loop volta~e, also 
thl' ::.upr~th.:rnMl content typical of Thor plasmas /5/ -....vas left 
sUbstant Ially unchan ged bv EC preiOnlZat l') n 
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HOT ElECTRON RI~C FOR'HTlO~ I ~ HR HE.ITED Pl.\ $MA 

If.t'!r. Zhorla1i:lI! l1A!\ GIHlngde E .Y.W!\~G 

"'=Olll k .. ,(>s lf'fJ! In::.lilll!r o f Ph~· :;irs.L('~ h nn.Sirhunn P.R.Chi na 

I t i $ prrJlJ)~'!d by R(,l ~"II I ' lltlh ('I ill'" rhlll illlr oilll r tiOIl of II hi gh lY I' ue r ge l i r 

l, rr.PI'",d p:Htj'le:. illto ,I lu" lImak tlll0\i :> ,1jrrd :.1<1101 1- :1"· ... :.:. In fl iP !'rr olld s ln h [(, 

r("!lime. The IHHticl('~ iHl' Ilk" :; [Q:;i1iu9 ions whi r h lirE' proposl'd to !' I(lhilize the 

lIIirror mild li"". Rnl Ill!' :-Iosn ing ion:. llrt' qifrir u l l 10 pro'\ufe ill 

1(I\.ll:llnk. 1\ i~· ,Irmo[: :; trrdpd I ,~ H ~ II pi fit'" that thp !'IIH9plir' Irapp",j 1'\1.'1' \rOIl $ 

'11 11 I". QI'Ilt'rOi poj ill fI ItJbm,d, h ~ ErRH. rh ... rl1<'T!lY of :1\,. ,':(lI'I!'f)n:. is limilrri ~y Ill(' 

rel~li\'i:qi, .jPtlluina . In thi ~ I'lI tH'r, I'n.llnr!' frrq'Il't1" } i s tukt'n in t o rtl'l:Ollllt. The 

2Q.-,( 1- t; y -(H (" . ( J+6IP. ) . ' 2P .~ O 

till' jllve r sl' u:'ller t ralio, w lIlt' \\ave 

frl'qu('ur"'Y. Q . :hl' !J:rofrr'l"rli' ;' of Ihl' "lr,-lrOIl. {oI Ihl' hOlllll'l' frrqlll.'Jlr y. the 

IIA V" IIl1mlon rt ::.~ m · i~tf'rl \\i l/ I 111(' I,OUIIIP rr {'qlJ "II" ~, J Ih(' togi1wliuili in\'nTiillll, P, is 

hrll f or~. the ma9!1!:'ti' ~I om{'t\ t. ~:ith I ~llrr~a::;i I! 9, Ihp. rplath'istic 

IlI 'J idrrl. Thl' (' IH'f3Y of 111'.' hrf\ l r/1 rl r rlroJl s is iU f'frnsr.d fIHI!! "f , hut 

.~,'t il.hil!~ r) f :h· 1'lj~'''' 1 1 O\' ''T\II[1PI',1 i ~ tand ~ . Thl' energy eSl ima t ru 

f",ln l I) r 1. 2 ''JIllP;1(1',1 .,j l i,lbll' S"', Thp rill9 slrrw t ·!fI.' forlll etf ,,~. thl' 

"';", lre.I:' i. !"!('~"111r.!, 

111' 1 un j IIg i 5 

[ im i led by 

incfr nses by 

energe t ic 

TI ~ .. P \ il r rtl'1~1!1 le n" ~. "n" !he tfal1 s iti'Jn f roll] thr prt ~,s in9 e[edron 10 I lle t;appl'u 

''I t' ' 1rl'lI ,t,,·j·IG FFH Jw: I'''''H J1 '.'rfurw u ,\ h~ Wlllltl 1'1 ill ' " on ,\1'~ - 2 mirr or mar h inp. 

T! ~ " tr!ll'pill~J "ffil i"II'~ i s ahout 70-~O l)PP' I'Il!. ::"gn l i\'e plJ l en t ial is ohsr f\'f'u i n 

!I II.' I'l "~I !I ~. T! H' .. (!~;r ~:":t~lI r rrn"1I1 i1l n I 'J ~ anl{lk ~,j I I hl' pn former! in thl:' nea T f U!Tl Te. 

THEOR'" 

Thl' ! ~' pi 'i'l l orrtrrin~ in l oblllllk b giHII as U'i lla\. ThrT!" is a strollg iJi'tgnetic 

fi ('i,r ;r; ,I lok"r.lak, ~.(l thr lar .. rrr r il.l;us of nn ,.!p,tfall i ~ .1Idr slIat\rr than wave 

l pngtlt of thr I'tertrOfl (~ r tolron wa\·f'~ (lwl Ill" rh;lTil"lrri s li( grnllient length. 

1;1 :!!, 11.;i:' ,m:",·lr .; '· ' :~~ l"m, ./t{' rJ "Ullc l i r fie(rl~ hilVt' tor o ida[ nnd polo idal 
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Cf)l~ l)one n t s 

( 1 ) 

where y =-RA. , A, is rll e ~j cOJUPOIlt'1I1 of ,lie ma!jueri \ 'lI! tl or pOIP.Jlli'li . FrulrI lill' 

eqllll.tioll of the maYllrtir lill(" ',, 1:' get 

\' .=RQ B nf k RC. ( 2 ) 

to till! fi r ~~ orde r ut" I~ TtI'.) ulI\lel"lurbc'! lIalllilloui au ur a ciLar!jc{i p.J.rlilll! 0.: 01 " loe 

w ri ;~CIlIt S 

11.,=1 2[ I P,-e,:,,! ' ~P , ; +1 2R ' Q ( 3) 

ill(' li' I.VUpOlle llt vf lJH! Jll.!!/IIt' i ; 1 , tH. lo l 

y ~' r(ltiO!1 i ~ ~ (I f <!p i r\ tha t thr' ll !lr:l\ l rl ,·rll)ci l:, :I IIIIO S 1 lI or:- lW \ ; JHIJ : ~ " i , l ,I il{'~i f}, l. 

W(' traHs form R, ~ 1 ,·nr,li ll<J t~':' i ·l t O <l 9!1i ol ill9 l Pnl n ~.~I;>III b. a~: i n!.! fI ~1'1l(' r n l i [l 9 

fUll'" \ j 011 

F,=D ,, [ I, 2( 2-2) ' llg'J> -R,Z lnR ; ( l i 

I ' 11' : , . .' : ~ : : ," 

IL=;i.,p.( l -c ) +1 2FO ~ 1 , [iP' . I 6) 

f . :::-p .~ i3 -p ~ 19 Cl . 2A 

1'[I\oi r !~1 1l llgl t' nl thl' i:a llitW'1 tip. Frolll Eq.(7), 1I'l' hrw r 

( 8 ) 

)f,=e ct>.e:<¥ [ i ( 1<2 -w L) te. c. ( 9 ) 
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;+-llPfe salOlli b, J:.. Uf·!J l .. ~ I r. .!, j illJ e ~-wrjauie t,lI! Le r.JllIIlJllli ed L:, USil19 ;; geJl eralill9 

f,mr! i on 

f ,=( 2P-2Ia-(,l t )P. +(f I 

whe rl! p~ I'I JHI J i\ffo' dl ~ J!"~ IIIDmenlll r OJlju9aJe 10 '41 allJ Cl respedively. 

If on ly the I l h [ '.-" ILllIlC i ~ t ~k~ 1I in to [\ rr;oullt, WI' h1\\'e 

H=2\' ., ( 1-£) P. - WP.- Ol ,, ( I -HP.) 

Tl' ''''p ,~ 1. ( "I (O$IV . 

;\ 1II.'m{ulU~1 t~}l C ihunillOlliaLl i :. oLle.1. Lled 

[o-PQ,P , ! , (A) 

( 11) 

( 12) 

( 13 ) 

( 14) 

( 15) 

Tit ... i"H1., imtt tni r xru rdoJl ~ p._ Ocr"IIJ"S Oil the srpnr al ri x in Ihp pha sE" spac e and is 

9'i\" f'u IJ.: hri !! the ~('pnr (l tr i:\ \IIidl h. 

( 16 ) 

From I he Te SOIHIlH: e (oull i I j Oil, I he sepa r a I i on of adj at. e ll I re son an ces j 5 gi ven by 

( 17 ) 

Slochns /i c mot i on lakes plat: e \\I]ienever sepnralrices of Jleighboring i sland s 

Q\'er!ap. :-:egle r t ing the difft'fence of the IllUx imulIl excursions i n the adjacent i s tand s. 

'AI' r:m lIH ;!Il:r!l' iz(' tll(' (l\I'rlap I.'olllli l iou'" 

2ilP , oP, >2.'3 ( 18 ) 
ibl i :.. , P Ft , \. Ilf'ft' 
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( 19) 

where Il =v'. " zv'". E, =2C'/V' .. , x= (j-E) "' ... 4f.\ "' w.-1 / 2, '"" is Ihe iuilinl parallel 

velocity at 8 =0 point . 

HEATING PROCESS 

In order to estimate the Il .... We devi se the method ,i f two isLanrh; overlap, 

the r\erlron ran jllmp from one island to thp alll\']". ('haIl9~!> a It the lime UIl t i I : I , 

reaches i Is maximum, for whirh the neighboring islam!s sepnr~te. The mnximuIU increase 

of Il i s ! J( .\) pp!J. T for earh s t ep. where 6. T is Ihp step Length. For thl' 

pnr<lmelers £ =O.lH,p=O.512:~ !O-', nnd $ .=11 : , lI'e gel ,,'.0'1.2 .-,. '2':\' 1; 11here v" 

,",Hirs. The ma"imum pHpendirulnr energy j~ yrrntrr than that prr~f'llterl h:,' H~ll " . \ al. 

The distrihlllion ftllltlion i s given by 

( 20) 

( Z i ) 

Ihl' ':omparisoJl ht'tw('rn our [Ps-ults aJllI l!H> r('~lIlt·: Ui ',1'1l fly fbu f'1 11!'" I:; gin'Jl,Th r 

rillg pt'ak ~ !tif ted towrnds 9 ;: 0 point. Tht' filiI \\' idtll fit ll!llf p:a:.; illlum hf" · (\nle~. ~nl<lller. 

RI' f{'rrrl'.·('~ 

M.N.Rost'lIhluth t'1 ai, Phys.Rev.L t'. t1.,iJ, 1%7< 1983). 
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METHOD OF DETERMINATION OF ECR EMISSION POLARIZATION 
CHARACTERISTICS IN TOKAMAK CONDITIONS. 

Lazarev V.B. 
I.V.Kurchatov Institute of Atomic Energy,MoskoVl,USSR. 

The question about polarization measurements of elee -
tron cyclotron emission (ECE) arose in connection with the 
problem of safety factor q(r) determination in tokamak 
plasma /1,2/. The first experiments performed by fast-scan 
Michelson interferometer /),4/have shown that intensity of 
ordinary and extraordinary modes are comparable as a re­

sult of multyreflections and depolarization on the wall of 

a chamber. This fact does not allow to measure the rotati­
on by a simple method. Recently /5/ it was shown theoreti­
caly that there is effect of limiting polarization, which 
essentialy restrict the possibility of safety factor de-

termination through the ECE polarization in tokamak con-
ditions. So there are two unsolved problems: strong depo­
larization due to walls and the effect of limiting polari­
zation. 

The objectiv of present paper is to show that at least 
the first of these problemes can be solved by measuring of 

correlation matrix elementes for componentes of stochas -
tic field of ECR radiation 

( 1 ) • 

In terms Bij one can determine a Stock ' s parameter 
which completely caracterize a partly palarizing radi~tion 

So=Bxx+ Byy 

S2=Bxy- Byx 

B - B xx yy 

-i (B - B ) xy yx 
(2). 
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":11e1'e .so and 3 1 deline iJ. V U.Lue uud ratio of polari zuli­

on ellipse exes j S2 relates Wlli th the rot.ation of a xes :. 

8
3 

is a defIerence of circular wave intensities whith op­

posite rotation. The polarizo.tion d egree o f: Ef:ft rad iation 

in tokamak conditions according /),4/ is S1/S0~ 0,2. 

~'his preven ts the measurments of small rota1.iuns (E:l­

Bp / Et'" 0,1 rat! ) by a simple method. 

However, if one can measure the elements Bij (1:) ( i t 

is posible by polarize.tion- type Michelson interferometer) 

the angle e may be def inde through Fourier componer~ ts 

'" Bij from co nd ition B~y + BY.x= 0, where Bij - correla-
t i on matrix in t he coordinate system related whith pola­

rization ellipse. I n this way one obtain following rela-

tion 

e ( W) 1 2 al'ctg 
B..J 
xy 

- B" yy 
(3) • 

IJet us consider the meaning oJ formula (3). B~and B;y 

ar e spectral intensities of ordinary and extraordi nary mo­

des . Both this functions are real as a resalt of .a parit;Y 

of the nutocorrelation fW1ctions B~i Ct), B~y' B~ in gene­
ral case are complex functions and a re depended on the C01' -

< *> BQ ~ w relation Ex· Ey . But the sum xy + Byx = 2He o Bxy at 
:-my case is real and defines the rotation angle of polari­

zation plane. 1lhe imaginary part of function BW is re -xy 
letad with fase defference betwen the orthogonal compo -

nents of E-field. Note that formula (3) is strietly valid 

only for radiation on the emission surface because it do­

es not take into account a change of polarization state 

during propagation through the plasma to the receiver de­

vice. Let us consider this question in more detail. 

'rhe change of polarization mainly depends on the orien-
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tation of wave vector and magnetic field as far as spect­
ral range . At first let us consider the case when EC ra -
diation propagates along major radius to low field side. 
In this case for tokamak configuration there is no radial 

component of magnetic fild, but as was shown in 15,6/ po­
larisation limiting takes place at the same conditions. 

Due to this effect polarization IIfollows" to the rota­
tion of the poloidal magnetic field up to external pIes -
me region where electron density is small. In order to es­
tima te the condit i ons in which this effect is significant 

one can use following relation /5/ 

where Kot Kx - wave vectors for ordinary and extraordi­
nary modes, L - the lenth of ray tracing. For modern toka­
mak conditions this Criterion is met in the central and 
intermediate plasma regions for a frequency CJ~ ( 2 + 3)G{e 
For that geometry according to the theory /5,6/ angle e 
has not changed in 2 (.J ce range and must be over 

e (CJ) - q ( a )-1, a / R 

(a-limiter radius, R-major toro id radius~. Such experi -
ment may be interesting from point of view examination of 

theoretical predictions in connection whith limiting po -
larazing effect-. 

But different experiment is possible. Let's assume that 
receiver antenna is shifted up or dow;p. and "observed" 
plasma in the major radius direction. In this case there 
is radial component of poloidal magnetic field along the 

ray tracing and for this reasone Faraday rotation must 
take place. So by means of measuri~g of function 9 (GJ) 
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_I. is posiule to restore q (1') in any reb ..LJi i . :u !--,~·,.)l· i­

le ne (1') is 101Orm. 

However, one can try to determine densi ly dis Lrj out:LOL 

i.long the ray vii th the imaginary part 0 f Bx...""t'.: [l.u:r.i ::"on 1 

":Thich is related to the fa se shift. 

't' (" ) t [. (B'" B" )/(B'" BO») ~ = arc g , xy - yx xy + yx 

The fLLl1ction 'f' (CJ) is caused by the defi'erenc c bet -

'.-:een refraction index of the ordinary and exi..rao.1'dinary 

,Jodes. 

Note in conclusion that suggested method can be ase -
.::ull not only for tokamak but 101' investigation of Een 
I'D.diation in other [iystemes. 
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PERFORMANCE OF THE 70 GHz/ 1 MW LONG-PULSE E C R H SYSTEM ON THE ADVANCED 
STELLARATOR W VII-AS 

W. Kasparek , G.A . MUller, P,G . SchUllar , M. Thumm 
Institut fUr Plasmaforschung. Universitat Stuttgart 

0-7000 Stuttgart 80, Fed . Rep . of Germany 

V. Erckmann 
Max-Planck-Inst i tut fUr Plasmaphysik, EURATOM-Association 

D-80Q6 Garching, Fed. Rep. of Germany 

1. Introduction 
Built up and subsequent electron cyclotron resonance heating (ECRH) of 

net-current free plasmas (ne ;:;1 .8-5 .3 . 10 19 m- J
, T eo:;2.3-0.6 keV) using a 

single 70 GHz/200 kW/lOO ms pu1se gyratron has been pr oven to be a powerful 
method to create a target plasma for neutral beam heating in the stellarator 
W VII-A [1). For the new modular stellarator W VII-AS a 1 MW/70 GHz 10ng­
pulse microwave system is under construction which comprises five subsystems 
each designed to generate, transmit and radiate into the plasma 200·kW of 
millimetre-wave power with pulse length up to 3 s (2] . Low-loss power trans­
mission from the gyrotrons to the W VII-AS device and mode transformation to 
achieve a linearly polarized, pencil-like microwave beam are basic requests 
for optimum ECRH appl i cations. The high-power long-pulse performance of this 
W VII-AS ECRH system is described in the fo llowing paragraphs. 

2. General Description 
Each subsystem consists of a 200 kW/70 GHz gyrotron, a highly oversized 

circular waveguide transmission line and a quasi-optical wave launching an­
tenna for plasma irradiation in the linearly polarized fundamental TEMOO 
wave mode. This Gaussian mode is ideal for the use with focusing mirrors and 
polarization twist reflectors. The conversion of the circular symmetric TEOn 
gyrotron output mode mixture (mainly TE02) to the HEll hybrid mode, which 
couples with approx. 98% to the free-space Gaussian mode is performed by a 
sequence of highly efficient mode transducers (mu lti-step mode conversion: 
ETEOn ... TEOl .. TEll" HEl 1) [3 ). The intermed i ate TEOl wave is appropriate 
for weakly attenuated long-distance propagation through over moded smooth 
wall circular waveguides (1.0. = 63.4 mm). The balanced HEll hybrid mode is 
radiated from an open-ended, circumferent ially corrugated, oversized circu­
lar waveguide (1.0. = 63.4 mm) . The polarization plane can be changed by 
simply rotating the serpentine TE01-to-TEll mode transformer around its axis 
[3]. The four transmission lines which are fed by the long-pulse gyrotrons 
(VARIAN VGE-8007) are mounted in two pairs at two adjacent tangential injec­
tion ports of W VII-AS and launch their microwave power from the I·)w-field 
side (O-mode for fUndamental or X-mode for 2nd harmonic heating). The fifth 
waveguide line is fed by the 100 ms pulse gyrotron (VARIAN VGE-8070) and 
radiates the millimetre-wave power from the high-field side (also from the 
outside of the torus. but with rev ersed magnetic field gradient, with a 
choice of X- or O-mode polarization) (2]. Arbitrary elliptical polarization 
of HEll, which is needed for current drive experiments by l aunching EC-waves 
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with the wavevector at oblique angles relative to the magnetic field, is 
achieved by polarization converters in the TEl l mode sections [4]. The mOde 
purity in the transmission lines is conserved by us i ng waveguide diameter 
tapers with optimized non - linear prof i le together with circumferentially 
corrugated , gradual waveguide bends \~ith varying curvature distribution and 
matched corru ga tion. The overall efficiency in the desired mode of a Com_ 
plete transmission line was calculated and measured (at low power levels) to 
be approx. 9ot. At high power l evels the microwave power and the mode spec­
trum at the outputs of the gyrotrons as well as at various positions in the 
transmission lines have been measured by special calori lneters and wa ve number 
spectrometers , respectively. 

3 . Microwave Generator System 
Each microwave power module contains a commercial 70 GHz/200 kW gyro­

tron (with complex TE01/TE02 cavity) , cooling systems for the t ube and the 
mic rowave window, high precision electric power supplies for the magnets, 
the collector voltage (80 kV) (developed by IP? Ga r ching) and the gun anode 
voltage (developed by IPF Stuttgart) and a tube protection circuit [5]. Pro­
gramming of the gun anode voltage allows a fast modulation (0- 50 kHz) of the 
gyrotron microwave power for heat wave exper iments in order to analyze the 
thermal transport of the electrons [6]. Careful control of the various gyro­
tron parameters (accuracy S 10- 3

) turned out to be the basic requirement for 
stable tube operation at the opt imum parameter set f or maximum output power 
and highest achievable mode purity. 

The mode compositions of the four gyrot rons i mp lemented in the system 
until now were analyzed in detail employing different wavenumber spectrome­
ters [7] . The tubes exhibit a purity of the TE02 output mode between 80% and 
95~. The main portion of the parasitic modes is due to the other TEOn modes 
(1-151. TE01 . 3~ TEOn (n~J) and 1~ asymmetric modes). The higher-order TEOn 
modes are probably excited by the TE02 working mode in the internal collec­
tor tapers of the gyrotrons . The high TE01 mode content may add i tionally 
directly originate from the complex cavity of the tube and depends sensi­
tively on the different operationa l parameters. This high TE01 mode part 
cannot be tolerated since the f i rst part of the waveguide sys t em (see chap­
ter 4) consists of a dO\oJn-taper from 63.4 mm to 27 .8 mm 1.D. and a gradual 
gOD-bend. the curvature and l<la11 corrugations of I<lhich are optimized for a 
pure TE02 mode. I n this bend the TEOl part of the wave would suffer strong 
mode conver sion into highly attenuated asymmetric modes increasing the risk 
of rf - breakdOl</n in the waveguide. The TEOl content is t heref ore reconverted 
to the TE02 mode in front of the TE02-bend by properly designed . phase­
matched mode transducer sections [3] . The phase adjustment was performed by 
varying the axial position of the converter within one beat l.Javelength of 
the two modes involved . The mode composi t ion was determined I<lith a k-spec­
trometer installed after the TE02-bend and a 1001. TE02-to-TE01 mode trans­
former. Optimum phase matching is reached if the TE02-signal is minimum. The 
results for the tube VGE 8007/1 (transmiSSion line no. 2) is shown in Fig.l. 
The initial mode mixture (15% TE01, 81% TE02 and ~% other modes) was conver­
ted to approx. 961. TE02 and 41. other modes. 

In the case of the 100 ms-pulse gyrotron an amount of 61. TE13 was 
measured which results from an asymmetry within the tube. A serpenti ne-type 
mode converter I<lhich exactly handles the given TE02/T£13 mode mixture to 
produce a pure TE02 mode was designed and is being manufactured. 
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JL Transmission Line System 
The follo\~ing table gi ves an overview of the basic waveguide components 

of the transmiss i on line between one of the long-pulse gyrotrons and W VII­
AS. All components were developed , systematically improved and manufactured 
by the IPF Stu t t ga r t. The ind i ca ted typical total losses (mode conversion 
and oh mi c lo s ses) were determined experimentally i n specific low-power 
tests . All experimental values were found to be in very good agreement with 
the theoretical calculations. 

compone nt 

down-taper 

mode converter 

corrugated bend 
(90 ') 

mode converter 

up- taper 

down-taper 

corrugated bend 
(90 ') 

k-spectrometer 

corrugated mode 
filter 

mode converter 

(polarizer 

corrugated mode 
converter 

corrugated bend 
(47') 

corrugated 
up- taper 

barrier window 

w. g . modes purpose/features t otal losses 

TE02/TEOl reduction of gyrotron output w.g. < 0.1% 
diameter from 63 .~ to 27.8 mm 

TE02/TE01 mode purification TE02/TE01.TE02 ( 0.1$ 

TE02 sinusoidal curvature, corrug. depth 
0.3 · (A/4), arc length 1.74 m ~ 1.5'1. 

TE02~TEOl periodic radius perturbations, 
8 main per iods, length 0.87 m 0 .4$ 

TEOl enlargement of w.g . diameter from 
27 . 8 to 63 .4 mm, length 0.71 m, for (0.1'1. 
long- dis tance transmission (30 m) 

TEOl reduction of w.g. diameter from 
63 . 4 t o 27 . 8 mm, length 0 . 71 m (0.1$ 

TEOl triangular curvature, corrug. depth 
O.2·(A/4), arc length 2 . 40 m ~ 1.5% 

TEOl powe r and reflection monitor < 0 .2% 

TEal attenuation of spurious TEmn (m~O ) 1 
TMmn modes by 90- 99$ , length 1.2 m ~ 1'1. 

TE01~TEll periodic curvature perturhations, 
8 main periods, length 2.53 m 2 . 7'J, 

TEl l arbitrary elliptical polarization 3" ) 

TEl l~HEll nonlinear variation of corrug. depth 
from Al2 t o )/4, length 0.37 m 1'1. 

HEll sin 2 -curvature , corrug . depth A14. 
arc length 1.50 m ~ 1% 

HEll enlargement of w.g . diameter from 
27.8 to 63 .5 mm, length 0.70 m ( 0.2$ 

HEll corrug. w.g. , sapphire, FC75-cooled ,,, 
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As result of the mode purification procedure described in chapter 3 , the 
TEOl sections of the transmission l ines (40-50 m long) including 3 tapers , 2 
gradual bends and 2 mode transducers were routinely operated at full power 
and with a pulse length of 0.7 s \.Jithout any mode filters (w .g . not pres­
su rized), The measured mode purity at the input of the TE01-to-TEll mode 
transducer is 97$ (see Figs. I and 2) and the power losses are only 5$ 
(10 kW). High-power long-pulse tests of the TEll/HEll transmission line sec­
tions close to the torus are presently accomplished. 

The pulse lengt h limitati on to 0.7 s is du e t o reflections fr om the 
compact, solid material absorbing load [2]. The l ow heat conductivity of the 
fire clay causes glowing of the material, which alters the absorption char­
acteristics of the load. To improve the applicability to full gyrotron pulse 
length (3 s), modifica ti ons of the load are carried out : enlarging the 
volume of the absorbing material and increas ing the cooling ef ficiency by 
directing the blower-driven air stream through numerous axial holes in the 
cylindrical fire-clay absorber. 
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Fig . 1: 
Mode spectra of TE modes measured i n 
70 GHz W VII - AS transmission line 
no. 2 at the output of the TE02-to­
TEOl modes converter (upper part) and 
after the TEOl bend (lower part). 

0 : 
Fig . 2 : 
Thermographic burn pat t ern of the 
TEOI mode (97% mode purity) in 70 GHz 
W VII-AS transmission line no. 2 at 
t.he output of the TEOI bend . 
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M ILLlMETER-WAVE GYROTRONS FOR ECRH" 

H. Jory, K. Felch, H. Huey, and E. Jongewaard 

Varian Associates, Inc. 
6 11 Hansen Way 

Palo Alto, CA 94303 
U.S.A. 

ABSTRACT 

P 8 E2 41 

Gyrotrons are being developed to produce long-pulse or CW power output at frequen­
cies of 106 GHz and 140 GHz. The goal of the 106 GHz gyrotron is 500 kW output with 200 
ms pulse length. The goal of the 140 GHz gyrotron is 1 MW CW output. 

An in itial experimental version of the 140 GHz gyrolron has been constructed with the 
goal of demonstrating peak output powers of up to 1 MW for pulse lengths of a few ms and.GW 
output powers of up to 400 kW. The design uses a TE,5.2., interaction cavity wh ich results-in a 
TE,s.2 output mode. Initial testing of the tube has been completed. Output powers of 300 kW 
have been obtained wi th pu lse lengths of around 1 ms. 

The 106 GHz gyrotron employs a similar type of configuration. Testing is currently 
scheduled for August 1988. 

140 GHz 1 MW EXPERIMENT 

This experiment was conducted during 1987 to produce as much power as possible at 
140 GHz and to obtain thermal des ign information for wh ispering gallery mode gyrotrons. The 
tube has the same basic configuration employed in earlier ci rcular-electric-mode gyrotrons, 1.2 
(as shown in Figure 1), except that a TE 15.2.1 cavity is used.3 The power output in the TE 15.2 mode 
is brought out axially through the beam collector to an output window at the top of the tube . Table 
1 summarizes the design parameters. 

In initial testing, the gyrotron produced output power up to 300 kW peak with pulse 
lengths around 1 ms. Operation at longer pulse lengths or higher peak powers was prevented 
by spurious oscillations occurring in the beam tunnel between the gun and interaction cavity. 
At high peak power or long pulse length, the spurious oscillation activated protective circu itry 
and turned off the gyrotron. 

Figure 2 shows power output versus gun-anode voltage for several values of beam 
current. Reasonab ly good dynamic range was observed with gun-anode voltage var:ation of 1 
kV, producing power variation of order 2 to 1. The dynamic range at the high end was limited 
by spurious oscillation rather than gun-anode current. Output efficiencies were in the range of 

• The 140 GHz gyrotron oscillator is being deve loped under contract with Lawrence livermere National Laboratory. 
operated by the University of California for the U.S. Department of Energy under Prime Centrad W·7405-eng-48. 
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FIGURE 1. GYROTRON OSCILLATOR 
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TABLE 1. BASIC DESIGN PARAMETERS 

Beam Voltage 
Operating Current 
Cavity Magnetic Field 
Cavity Average Beam Radius 
Cavity v l./vu 
t!Jvj vl. 
Beam Thickness 
Magnetic Compression 

80 kV 
35 A-50 A 
5.55 T 
0.53 cm 
2 
<0.04 
0.59 mm 
30 

17 to 19 percent, which nearly agreed with predicted values for that range of beam voltage and 
current. At the normal design values an efficiency of 25 to 30% is expected. 

To allow thermal measurement of microwave power dissipated in various parts of the 
tube. tests were made with pulse repetition rates that produced 15 kW average output power. 
Power losses were measured in the beam tunnel , the interaction cavity. the tapered output 
guide, the collector insulator, and the output window. The results, except for the beam tunnel, 
agreed well wi th calculated values. For example, the output window losses as a percentage of 
output power were 3.8% compared with a predicted value of 3.1%. 

The losses in the beam tunnel did not vary in proportion to output power and were higher 
than expected in many regions of parameter space. This behavior, together with the observa­
Uon of occasional spurious frequencies in the output, led to the conclusion that spurious 
oscillations were occurring in the beam tunnel. This was later verified further by disassembling 
the tl,Jbe and observing the damage pattern. 

The distribution of the spent electron beam on the collector was also measured during 
the tests. The measurements were made at a level of 80 kV, 16 A The results indicate that the 
existing design should be capable of handling an 80 kV, 25·30 A beam. 

FUTURE PLANS 

The 140 GHz, 1 MW experimental gyrotron is being rebuilt wi th design changes in the 
beam tunnel to eliminate the spurious oscillations. Testing of the revised tube is scheduled for 
May-June 1988. 

A 106 GHz gyrotron, that employs a configuration similar to the 140 GHz experimental 
gyrotron, is also underdevelopment at Varian. The goal of this tube is to generate output powers 
of 500 kW fo r 200 ms pulses. Tes ts on this tube are currently scheduled tor August 1988. 
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KINETIC EFFECTS ON ELECTROI'! CYCLOTRON EMISSION DURING 
ELECTRON CYCLOTRON HEATING IN TOKAMA KS 

G. Giruzzi 

Association EURATOM-FOM, FOM insliluul voor Plasmafysica 
"Rijnhuizen". Nieuwcgcin, The Nclherlands 

1. Introduction. Plasma heating and current drive in lokamaks by means of high-power electron 
cyc lotIon (EC) waves results in generating non·Maxwcllian electron distribution functions. lllcse distributions 
intensely emi t allhe electron gyrorrc(jucncy Wc and its namlOnics because of their hi gh pcrpcndiclIl:l.r energy 
content The properties of the radiation cm illed by thi s spec ific non-MaxwclJiun system are studied in the 
present work. The c lcClron distribution is dCLcrmin:!d by solv ing the lime-dependen t bounce-avcmgcd 
quasilincar!Fokker-Planck equat ion [I J by means of a 3-D Fokker-Planck code f2J. TIle computed steady-stale 
distribution function is then uscd 10 calculale the em ission and transm ission spectra for di rferelll local ions of the 
receiving amennas, polarizations and harr.lOnics. II re-su its that a detailed unalysis of those spectra yields 
insight in problems like the impact of qua.~ilincar nauening and electron u-apping on the form of the steady-st3te 
distribution, which are of paramount imeresl for EC heating and especially for current drive in tokamak 
reac tors. For the ill ustrative computational eXllmpks discussed in the follow ing, typical parameters of the T­
IDEC heming c'(perimellts werechoscn [31 , i.e., R = 150cm, a=4Qcm,B = BcY'(i+rcoSXIR) ,Z = 1, net 
nc(D) = Te/ Tc(O)= 1 - r'lta'l , nc(D) = 2 x 1013 cm-3 , Te(D) = 2 keY, where a, R arc the tokamak radii, 
IJ is the magnetic field, r, X arc polar coordinates in the po[oidal plane, n e' T ~ arc the elec tron dellSity and 
temperature, respectively. A wave beam having a c ross-section cr '" 10 cm and a frequency R4 GHz is 
considered. The two most attractive scenarios for EC heating arc considcred, i.c., by an ordinary (0) mode 
launchcd from the outboard side {md propagating pcrpemlicularly to n, ab.~orbed at w'" Wc ' and by an 
extraordinary (x) wave, injccted obl iquely from LIIe inboard side and absorbed at downshifted frequency (w < ule). 
11le latter scheme is also representative of current drive experiments. 

2. Impact of quasilinc:lr effects on EC emission. As shown earli er [4,5]. a strong 
l1allening of the e lectron dislribution in the perpendicular direction is expected during EC heating at h igh powcr 
levels <I." a conscquence of the diffusive nature of the qU:l~ilinear operator. This nallening affecl~ the damping 
of the w:IVe beam il~elf via two distinct effecls: i) decrease of the perpend icular derivative of r. and consequent 
reduction of the ubsorption (-11; ii) increase in the popul<1 tioJl of mild ly supcrthernml elecuans, leading \0 an 
enhuncement of the absorption fSI. TIle relutive importance of the two effects depends essentially on the 
velocity range of the absorbing electrons. In order 10 study the global impact of these qU<lsilincar effects on EC 
emiss ion and absorption, the case of un o-wave beam, launched from the low-field side of LIIe toka mak in the 
equatorial plane alld propagating perpend icularl y to B has been considered (lQ1I ;:: 0). Thc beam angular widlh in 
toroiilill d irection is lI.\jI = 5° ; the va lues of injected wave power arc Po = 2 and 4 MW; the magnetic field at the 
pla.<:ma centre is BO = 3.04 T, so that w = Wc at x = r cos X = 2 CIII. The absorvtion takes pbce in the pl::isma 
core, m'linly fo r -2 < x < 2 cm, Le., 4 > u > 0 , u being the resonant momentum normalized to the thermal 
onc: a large fraction of the wave encrgygocs tQ mildly superthermal eleclrons (u = I for x "" 1.7 cm). In Fig. 
2. level cun:es of the steady-state distribution function at r = I cm (whcre lhe powcr deposition pcuks) :If!! 

shown for Po = 4 MW. Perpendic ular stretch in g of the electron distribution is ev ident in this picture, as \\'e ll 
as the isotropizing action of pi tch-angle scaltering. Em ission close \0 the second hannonic of wc' polarized in 
the x-mode and received by an antenna located in LIIc equatorial plane, at the low- fi e ld side of the tokamak, is 
first cons idered. The theory of EC em iss ion , as well as the definitions of the basic quanti ties, like optical 
thickness and radiative temperature, can be found elsewhere [6]. '1l1C optica l thickness t x is shown in rig. 2. 
The dashed line represents the Maxwel1ian optica l thickn~s, which changes very slowly, following the spmia l 
profiles of ne' Te and 8; on the other hand, curves a) and b), obtained for Po = 4 and 2 MW, respec ti vely. 
d isplay a strong variation, consisting in a dip close to w = 2wcO and a bump at lower freq uenc ies. This 
structure is closely related to the shape of f (Fig. 1): LIIc dip corresponds to the region of max imum fiallening 
(2 ~ u:: 3); for u :: 3 (w<'oc{) ~ 1.96) the magnitude of the perpendicular slope starts to increase und the e ffec t of 
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the enhancement in the tail population becomes dominant : t;.: increases by a large factor. Strong evidence of 
quasilincar effects can also be found in the spectra of the radiative temperature T rx shown in Fig. 3 . In fact, the 
enhancement in the emission during the heating process takes place exactly in the same frequency range as the 
dip in '!x: it is not a manifestation of bulk heating (otherwise it would be symmetric around the position Xc = 
0), but rather of quasilincar nallcning. NOle thal lhe bump in '[x has no counterpart on Tnt in Fig. 3, since the 
plasma is optically thick and the mdiation emitted at these frequencies is completely rcabsorbed before reaching 
the low· field-side antenna. The electron population corresponding la that bump enn be detected by vertical 
observation , as shown in Fig. 4. The !.hrce speclta d isplay profound di fferences related to me high-energy pan 
of !.he electron distribution. i.e., to the bum ps in Fig. 2. This completes the demonstration of the sensiti vity 
and flexibil ity of this diagnostic method for the mildly energetic tails generated by EC heating. 

3 . Impact nf toroidal erfects on EC emission. Toroidal e ffec ts on the resonn nee (and 
rcsonance widlh) r21 and the presence of a population of trapped e lectrons have importam consequences on the 
structure of !.he steady-state d isltibution function resulting from !.he interaction with EC waves, and therefore on 
the current dri ve e ffi ciency n ,21. EC emission is very sensitive to toroidal effects and can be used to 
investigate their impact on current drive. In order to illustrate this point , wave absorption away from the 
plasma centre (r/a .. 1/2) of wave beams launched from the high- fie ld side in the equatorial plane, polarized in 
the x-mode, has been investigated. For a wave power Po = 2 ~1W, two cases were considered: 

a) 80 =3.7 T , \j!=arsin NI1 =-45°, 6 'V ,",100; 

b) 80 =2.83T. 0/=-35°, .6'1',,7° 
In bOlh cases. the waves arc absorbed by mildly supenhermal electrons at (0 < wc' In case a), the wave 

energy is deposited around the position x = +20 cm , whereas in case b) it is deposi ted around x = -20 cm, but 
the parameters arc chosen in such a way that absorption takes place for essentially tile same local val ues of wJw 
, Nil and .6N11. This procedure allows to isolate the toroidal e ffects as the only e ffec ts responsible for the 
different kinetic evolution of the electron distribution fu nction in the two cases. The level curves of the steady­
Slate distribution func tions in the two cases arc shown for r = 20 cm in Figs. 5 a,b. The most strik ing 
difference between the two figures is the structure of the distr ibution function in the lrapping region, i.e .• lhe 
region between lhe two sLTa ight li nes. This implies large differences in LIle rad ialive temperature, as illustrated 
in Fig. 6 fo r the x-mode at the second harmonic, observed from the high-field side. The peaks corresponding 10 
case b) are much lower and narrower; in case a) the low-frequency peak is much higher than the high-frequency 
one: this means that a large contribution to this emission spectrum is due to LTappcd electrons, wh ich cannOl 
nlta.in the inboard part of magnetic surfaces. An Hsymm etry of this kind has been observed experimentally 
during EC healing in T- IO tokamak [7J, A more precise insight into the energy range of the non-Maxwellian 
tai l is prov ided by vertical observation, as shown in Fig. 7. Since in case a) most of lhe emiss ion is duc to 
trapped electrons, tile correspond ing spectrum in case b) is much lower and narrower. This clearl y shows the 
impact of toroidul e ffects on the generalion of supcrthermal e lectrons by EC·wave absorption. TIlis effect is so 
large thm it can be detected also for a much lower wave power. e.g., Po = 0.5 MW. Thus, low-power 
experiments in smaller tokamaks appear to be quile suitable fo r an experi mental investigation of toroidnl e ffects 
on LIle wave-elcctron interaction process and LTnppcd electron dynamics. 

Aknow ledgcments. Useful discuss ions with Prof. F. Engelmann arc grate fully aknowledgcd. Thi s 
work wns performed under the Eurntom-FOM association 'lgrecment, with financial support from ZWO and 
Euratom. 
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QUASI-LINEAR EVOLUTION OF THE WAVE-DAMPING 
DURING HIGH POWER ELECTRON CYCLOTRON HEATING 

Abstract 

Vladimir Krivenski 

Asociaci6n EURATOM! CIEMAT 
CIEMAT, Madrid 

The early stage of th e quasi- lin ear evolution of th e wave­
damping during electron cyclotron healing is considered for 
Aleator C parame ters and powers ex tending from the MW to the 
GW ran ge. It is shown that for th ese co ndition s s tron g 
modificati on of the wave damping occurs , w hich can be con trolled 
by the wave laun chin g conditi ons and th e wave parameters. 

The selecti vity of e lec tron cyclo tron heat in g. both in real and 
In mo mentum space, makes this heatin g scheme attractive for 
temperature control and current drive purposes . The avai labil ity 
in th e near future of ve ry high frequency and hi gh power 
microwave sources makes also reali sti c to consider its application 
to the reactor. Thi s perspective rai ses the question of the p lasma 
behaviour fo r powers muc h greater than those cons idered in 
today experiments. 

The wave absorption is determin ed by th e e lec tron 
di s tribution fun c ti on, which in turn res ult s from the wave­
induced diffus ion and from the colli sion and tran sport processes. 
So in general th e co mputat ion of the wave damping requ ires the 
solutio n of the 2D Fokker-P lan ck eq uation, inc lud ing the RF 
diffu s io n term , the coll isio n diffu sion and slow ing-down term s, 
coup led to the transport code. The vari o us processes determinin g 
the wave-absorpt io n have different time-sca les and th is fact may 
be ex plo ited to con siderably s implify the problem of the wave­
dampin g co mputati on. 
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Here we study the collisionless s tage of the distribution 
function evolution by solving the 2D relativi stic quasi-linear 
equation. Since the effect of co llisions is to stop the quasi-linear 
flattening of the di stribution function in the resonant region of 
the momentum space, the wave absorption at the time in which 
colli sions become effective,1 

(where 't=tvc , Pt me and Te are the electron momentum , rest 
mass and temperature, Zj is the effective ion charge and Vc the 
co lli sion frequency) is a good es timate of the steady-state power 
absorptio n.2,3 This is not true for others quantities , as for example 
th e generated current, whi ch evolve on the collisional time scale . 

We consider Alcator C tokamak parameters, Tc=l keY and 
ordi nary mode injection from the low magnetic field s ide. In Fig. l 
we present the absorbed powe r frac tion vs. distance, for t = 0 ,6 
13 ,20 're , where 're = 0.004 ms is the co llision time; the inj ection 
angle is 700 with respect to the mag ne tic field, th e electron 
dens ity ne = 1014 cm·3 and the power 10 MW. Fig. 1 shows that 
the quasi-lin ear flatt en ing resu lt s in the degradation of th e wave 
damping. In this case the effect is not dramatic since in a few 
co lli s ion times the qua si-linear deformation will be stopped by 
th e Coulomb collis ions. However we observe that for inc reas ing 
power th e quas i-linear evolution is faster , since t' = t PIP' , where 
t and t' are two different times at which the di stri buti on function 
is the same, for powers P and P' respec ti vely. 

For example for the parameters of th e FEL experiment.4 i.e., 
for a power of 5 GW , injec ti on normal to the magnetic fie ld and 
ne = 5xl0 14 cm-3 • the evoluti on of the wave damping is very fast, 
as s hown by Fig.2, w here the imaginary part o f th e wave­
damp in g is ploued vs . time at x = 2.6 cm (cha in -doll ed line) and x 
= 2. 1 cm (dashed lin e). In Fig.3 the absorbed powe r fraclion is 
show n for two different halfwidth , LI N 11 ,of the wave·spectr um , 
which we assume to be gaussian al the plasma bard (the solid and 
c hain·do lted lines corres pond to L1NII = sin (60 ), Ihe dashed and 
dotted lines correspond to .1NII = sin (30), at 1=0 and 1=7x I0-7 ms 
res pec ti vely). Thi s calcu lation s hows qualitative agreement with 
previous res ult s5 and indicates that in a time shorter than the FEL 
pu lse, 5x 10-6 ms , the wave absorption wil l vanish. It should be 
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observed that this result is at the limit of val idity of the quasi­
linear theory and shou ld be considered with caution . 

The main features of the quasi-linear modification of the 
wave-damping can be obtained from the simple relations 

a k-.l [I' ( p)2 ro, I] 
---a:t oc 8" mcc -(jf' - 2 

1'( &Ill) 

valid for the ordinary mode and NII=O, or by 

valid for the extraordinary mode and 
m c2 , 

~= -T-, 

~ I Nil 12 « 1 , where 

These relations show that the wave parameters may be 

choosen as to control the quasi-linear modification of the wave­

damping and the shift of the absorpt ion region in the plasma. 

This kind of control is of great relevance for electron cyclotron 

current drive studi es. 

NJ. Fisch and A.H. Boozer, Phys. Rev. Letl. 4S 720 (1980). 

2 I.Fidone, R.L.Meyer, and G.Granata, Phys. Fluids 26, 3292 
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3 V.Krivenski,l.Fidone, G.Giruzzi, R.L.Meyer, and L.F.Ziebell, 
Phys.Fluids 30, 438 (1987). 

4 K.l.Thomassen et aI., Free-Electron Laser Experiment in 
Alcator-C (U.S. GPO, Washington, D.C., 1986). 

5 W.M.Nevins, T.D. Rognlien, and B.!. Cohen, Phys. Rev. Lett., S9 
60 (1987). 
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SECOND ELECTRON CYCLOTRON HARMONIC ABSORPTION 
IN THE PRESENCE OF A SUPERTHERMAL TAIL 

S.Pesic 

Institute for Research in Physics, Institute "Baris Kidric"-Vinca, 

P.O.B. 522, 11001 Belgrade, Yugoslavia 

The electron cyclotron wave absorption may increase the po­
pu l ation of 5upertherma l electrons and form a superthermal tail 

in the distribution of electron velocities parallel to the mag­
netic field / 1,2 / . The evolution of the 5uperthermal tail ;s 

determined by a large number of effects: interparticle co l lisi ­
ons, pitch angle scattering. magnetic trapping, inductive and 
RF electron acceleration, etc . Therefore, it appears necessary 
to examine the wave absorption for a class of model distribu ­
tions which possess the main envisaged nonthermal features of 
the expe cted distributions. In the present paper we investigate 
the wave plasma interaction near the second harmonic of the 
electron cyclotron frequency in the presence of current - carrying 

as well as non - drifting superthermal tail. Only monotonically 
decreasing superthermal tails obtained by adding a low-density 
weakly relativistic drifting Maxwellian distribution to an ani ­
sotropic (or isotropic) weakly relativistic Maxwellian bulk are 

considered. So, the assumed model distributions have the follow­
ing general form, 

(1) 

The set of three parameters (n,vs'u) characte r ize the superther ­
mal deviation of the distributio n from a Ma xw ellian bulk; in ge­
neral 11«1. 
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Starting from the general expression for the dielectric 
tensor and carrying out the cor re spon din g momentum space integ­
ration within the weakly relativistic approximation, we have 
expressed the tensor components in terms of the funct i on Fq(n). 
In thermal plasma the function Fq(n) reduces to the relativis­
tic (Shkarofsky) plasma dispersion function /3/ while in pre­

sence of thermal anisotropy it goes to the corresponding ex ­
pression obtained in /4/ . In the numerical analysis of the pro ­
pagation and spatial damping of both, the extraordinary (X) 

and ordinary (0) mode the fin it e Larmor radius effects are re­
tained up to the second order in ~. The plasma equilibrium is 
represented by a parabolic electron density, a (1 _x2/a 2 ) 3/2_ 

profile for the bu l k and tail electron temperatures and the 

drift velocity, and by B=B(O)'z/(l+x/A) with x=rcos./ a, . =0 or 
~=~ , A=3, for the magnetic field dependence . The parallel com­
ponent of the wave refractive index is assumed to be real and 
determined by the direction of the wave vecto r of the incident 
electromagnetic waves at the plasma-vacuum interface, ~ =C OS 8 i . 

Genera l ly, the electromagnetic waves are absorbed by low­
velocity ele ctrons (~=~(Vt)) in thermal plasma /5/. For in­
creasing the electron temperature and/or the ratio of the plas­
ma radius and the vacuum wavelength i.e., koa, the region of 
maximum power deposition moves toward the wings of the thermal 
absorption profile involving electrons with somewhat larger 
parallel velocities. Similarly, the presence of a superthermal 
tail favours the absorption at large electron velocities. The 
absorption profile ha s a double- or single-peaked structure 

which depends on the parameters (~.vs'U)' vb' koa as well as 
on the launch ang le 8i . As the fraction of electrons in the 
drifting tail increases the non-thermal contribution to the 
absorption increases and for large koa-values the absorption 
profile graduall y transforms into a p~onounced singl e peak. 
The previous discussion is illustrated by Fig . 1. in which the 
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power deposition P' in ve l ocity space is shown for the X-mode 

launced from the low-field lide and w:(0)/w~(0)=1.4, 9i =70' , 
c/ vb(O)=B, clv (0)=16,u/v =1 and several valuel of the fraction 

I . I 
of electrons in the tail. Here. and in Figs. 2- 3, we took a 
driving frequency equal to the second harmonic of the "centra l " 
electron cyclotron frequency. w=2w c (O), and a koa-va l ue wh i ch 
is typica l for the present large - size devices , koa=5x 10 3

• It 
should be noted that ~ /vb is related to the dimensionless spa ­
ce coordinate th r ough the relativ i stic resonance condition, 
VfI /c={2N"wc/w-(NII2 _ 1+4w~/wZ)1/'i..X1 - N/;)-1. As one ca n see the 

power deposition tends to pile up at parallel velocity which is 
somewhat larger than the drift ve l ocity that is, at ~ ~ 1 .17 u . 
Thus, the wave energy is entirely absorbed by the superthermal 

component. Note that for fixed va l ues of the parameters (n,v s ' 
u), Vb and ~N ' the relative contribution of t he superthermal 
component to the power deposit i on decreases as the plasma size 

or more precisely, koa is decreased. For wave launching from 
the high - field side the position of the maximum power depositi­
on il only slightly dilplaced from that of the thermal ( n=O) 
profile. When the fraction of supertherma l electrons is kept 
constant, the increase of the drift velocity leads to a displa­
cement of the power deposition region toward larger parallel 
velocities . This conclusion can be f urthe r verified in Fig. 2. 
where the power depositio n in velocity space for wave launching 
from the low-field lide, and n=0.05, u/v

l
=O . 1 and u/v

l
=0 . 5 , il 

rep r esented. Fo r compariso n the co r respo nd in g power deposition 
prof i le for thermal plasma is also shown. Note that for u/vs= 
0 . 5 the power deposition takes pla ce just be l ow the high - fre­
quen cy bou ndary of the the r mal absorption profile. Wave absorp ­
t i on in presence of both. the therma l anisotropy and drift mo ­
t i on, is presented in Fig. 3. where we show the po we r deposi t i­
on profiles in velocity space fo r X- modes launched f rom the low 
and hi gh - field side . I n contrast with t he previously d i scussed 
pro f i l es . i n t hi s case t he supe rt herma l feat ur es are embedde d 
i n t he bulk one . 
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QUASI ELECTROSTATIC BRANCH OFX·MODE: A THEORETICAL STUDY 

E Castej6n and C. Alejald re 

Asoc iocion EURATOM / CIEMAT, 28040 Madrid, SPAIN 

111e dispersion relation for a Vlasov plasma. taking into account relativistic 

and first order finite La'flner radius effects, becomes a 3rd degree equation on N.l2. I! 

admits three solutions, i. e., the ordi nary wave branch and two branches of the 

ex traordinary wave: An elect romagne tic mode and a quasi-electrostatic mode of 

propagation, the latter being only briefly considered in the li terature ( 1,2). In thi s paper we 

have thoroug hl y studied such a hranch near fundamen tal and second hamlonics, start ing 

from the dielec tric tensor calcu lation presented in (3 ), valid for a weakly re lati vistic 

Illaxwellian plasm:! and taking into account fi rst order finite Lamlor radi us effec ts. We 

cons ider the llslH"tllocal reference system which has its z-axis paralle l to the magnetic field 

and the wave vector lies on the x-z plane. foor quas i-perpendic ular propagation . the 

e lectrostatic branch will be ch;lracterized by Ex»Ey.Ez, and the electromagnetic one by 

Ey <: Ex. 

Robinson shows in (I) that, once the magne tic fie ld and the propagation 

angle are fix ed, the parameter which governs the topology of the two X-mode branches is 

6=nrr (or L\=n/<p2> for 1l 01l- Ill:Jxwellian distri bu ti ons) . Therefore from the point of view 
of the mode topology, rising the temperature is equivalent to lowering the density. 

FIRST HARMONIC 

The topology of the di spersion relation of the two branc hes is essen tially 

different in both harmonics. f-o r very low densit ies, the upper hybrid resonance, 

Wb 2=Wp2+Wc2, ve ry close to the cyclotron resonance wc' strongly influences the branch 

dis tribution near thi s reson:tnce . f-i gure I shows the upper hybrid resonance, in which the 

squa red refractive index of the two bmnches of X-mode are complex conjugate, and the 

electronic cyclotron resonance. For dev ices with high field gradient, slIch that the two 

resonances are very close in the physica l space, tunnelling is possible and the upper hybrid 

resonance is thell reachable from the low field side, making mode coupling viable. As the 

density rises the two resonances are more and more detached and no conversion to the 

quas i-electrostatic branch is possible from the low field side. ll1erefore it could be used as 

a heating method for the starting of the device. 

f-i gure 2 shows that when the density rises, the quasi-electrostatic branch 

ge ts uncoupled and there is 110 possibili ty of reaching it us ing opticallaullching. 

In figures I b and 2b it is shown the polarization of both branches in the two 
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situations. Notice the gradual conversion of electromagnetic X·mode into the electrostatic 

onc. 
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SECOND HARMONIC 

In tlie ncighborhood of the second harmon ic there arc al so two possible 

situations, de pending 011 the va lue of the par:l111ctcr 8. 1l1CY ca n be seen in fig ures 3,4. 

In \he first situat ion, both brnl1chcs exist. The elec tromagnetic branch ca n 

propaga te from low I1nu high field sides. T he Cjuasi ·clec trost;lIic branch could be a very 

attrac tive heating mcthod becausc it is strongly da mped. Ilowever it cannot be opticnll y 
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seen that the possibility of mode coupling is theoretically possible although this linear 

theory cannot predic t its happenning. 

The second situation is clearer. The electromagnetic branch of X-mode can 
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mode coupling is possible. But when it is launched from high field side it becomes a 

Bernstein mode which is strongly d:lI11ped. 

See in figures 3b,4b the wave polarization properties for these two 

silumioTls. 

THE INFLUENCE OF Nll 

Up 10 now, we have stmlied perpendicular propagation only. Figure 5 

shows the Nil dependence for the second harmonic. f( is shown that the critical value of 6. 

for c hanging the branch topology rises with NU- When the propagation angle separates 

from 90 deg., for fixed 6., the branch topology changes from a situation corresponding to 

high 6. tQ that corresponding to low values of 6.. 
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ABSORPTION AND PROPAGATION OF ECH PULSES IN THE PRESENCE OF 

STRONGLY DISTORTED ELECTRON DISTRI BUTIONS 

Roberto Pczzoli 

Dipa rtimen t o di Fi sica , Univer s ita di Milano , Milano , I t a l y 

and 

Istituto di Fisica del Plasma , CNR, EUR-ENEA-CNR Ass., Milano, rtaly 

Introduc t ion 

toJith reference to the case of a pulsed free-electron-laser (FELl 

radiation in the Microwave Tokamak Experiment (MTX) , it has been sho\'1O 

that , in the so cal l ed strongly nonlinear regime , most of the injected 

RF power can be deposited into the plasma through a mechanism of 

expansion and co l lapse of the trapped region in phase space, as the 

electrons stream across the microwave beam /1 -2/ . This resu 1 ts in a 

strong distortion (with respect to the initial Maxwellian) of the 

-9 
electron distribution function, achieved on the 10 sec. time scale. 

-5 
Collisions should then repristinate the Maxwellian bulk on the 10 sec -. time scale , during the interval (2xlO sec) beholeen success i ve FEL 

pu l ses . However . mod i fication of the suprathermal electron distribut i on 

can persist longer and affect the EC wave dynamics of the subsequent 

pulses . This is indeed the case o f the stochastic heating regime 

11-3-4/ . where the f o rmation of a very energe t ic electron t ail .l S 

expected . Therefore . t he p r oblem a rises of the investigation of the 

behaviour of such str ongly modi fied functions when the driven force due 

tn the FEL radiation is no more present . As a first step , (-le simulate 
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the effects of the FEL power absorption by means of a suitable model for 

the electron distribution and ana lyze the corresponding linear 

properties of the plasma. In particular , we consider here the case of EC 

waves, limiting the analysis , for simplicity, to t he ordinar y mode in 

perpendicular propagation . A crude description can be given cons ideri ng 

the electron population splitted in a thermal bulk and in a component 

characterized by perpendi cular energies around a typical value eo 
larger than the thermal energy of the bulk . This should describe the 

overal l characteristics resul ting f r om the numerical investigation of 

Ref . l . Therefore , we put f : f~ + ~ where f~ = C exp( - uatv2) represents 

the Maxwel l ian bulk, a nd choose for f , a cy lindrical Maxwellian 

f l :::: c , exPl-[(u.r-uv )2. + u~Jl'Aal 21' In these expressions u=p/mc , f'A =mc2 /T . 

An anisotropic temperatur e can be eaSily included . 

Analysis of the absorp tion 

Taking f as the unperturbed distribution functi o n, from the 

relativist i c linear dispersion relation we ob t ain the following 

expression for the imaginary part of the refractive index for the OM in 

perpendicula r propagation: 

where N;M refers to the Maxwellian with densi ty n=n
M

+ n I a nd temperat ure 

1. 2. L Jl. a =( Y - l}/uc • Y= / W. The T , S ~n , ln,~, !:~ /",,11"" f: 

functi ons I(a, ~ ) and .:X ( z.) are given by: 

I(a , Z ) z 'I, 
t (t-l) (a

l 
- t

l
) exp(2 c t) (2) 



(3) 

The function I controls the sign of the contribution to N due to the 

displaced electron population. 

Results 

The behav i our of N' , is shown i n Fig . ] as a function of the 

coordinate z=(Y-l) f'A' "'thieh represents the ratio between the energy of 

resonant electrons and the thermal energy of the bulk and is 

proportional to the radial space coordinate. The curve a refers to the 

Maxwe Il i an; curves b le, d refer to the expressi on ( I ) wi th the same 

value of € and different 'l' $0 . To stress the occurence of regi cns of 

negative Ni' high values E::. =16 and S =1 have been chosen . We can 

observe the approximate j ovari ance of N i wl th respect to z z: . \'Jhen 

the region of negative N; is sufficiently \'/ide, the radialion comi ng 

from j t can c r oss the plasma, to"lard the 10"1 field side , \oJithout 

attenuat:ion , or even with a small enhancement . This can be seen from 

Fig . 2 , \·/here the optical depth as a func t ion of z is represen ted for t h e 

same cases as in Fig . 1 . 
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The dispersion and absorption of electr omagnetic waves in homogeneous, 
anisotropic, weakly relativistic, magnetized plasmas are investigated theo­
retically. Electron distribution functions wi t h an i sotropic temperatures 
and drift motions of the electrons parallel to the magnetic field are con­
sidered . Relativistic kinetic theory is used to calculate the dielectr i c 
tensor for these conditions and for oblique propagation. Phase velocity. 
damping and polarization of the electromagnet i c waves are calculated for 
conditions which are of interest for electron cyclotron heating near the 
electron cyclotron harmonics. 

1) Introduction 
The study of the propagation of electromagnetic waves in magnetized 

plasmas with frequencies close to tile electron cyclotron frequency or its 
harmonics is of great interest in recent fusion physics especially for 
heating plasmas by these waves. The plasma dielectric tensor is a quantity 
of fundamental importance for the theoretical investigations of electro­
magnetic wave propagation in plasmas for various regions of the tempera­
ture. General expressions in terms of the distribution functions of the 
charged particles may be found in the literature [1 J, [2], [3], [4]. 

In this work we use the dielectric tensor due to Shkarofsky [2], Tsai et 
a1. [4] and Wu et a1. [5] for loJeakly relativistic. magnetized, anisotropic 
plasmas considering further drift motions of the electrons parallel to the 
magnetic field. It is assumed that the plasma is homogeneous and that the 
electrons are weakly relativistic. 

2} The dielectric tensor 
In the fUrther investigation the electrons are considered only. The 

dielectric tensor Eij can be written in the form 

(I) 

where Xij is the tensor of susceptibility. 

For an electron distribution fUnction of the form 

A ({tu -1'./ p.J.") (2) 

t= (/'J.IC) = ;;JI'·'!;/I..c..<"t'Y' - 1It,-l: o</' I"/". "'1" 
Tsai et a1. [4] showed that wi t hin the weakly relativistic approximatluI! 
the tensor Xij results in 
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~ ~ r'" C>"' _it . . .~ l 

~ _ i. Hp C .ex (-V) '\ fdC e J .. (-1 ) It. 1{{~" I.Lr) -tiiffl~:Jb 
X~ 4!~ ~,':p, i1,,~~ r:j~-;<)~' ('-~7:jlCI (-H r) T\ TJ. 
wand Wc ~re the electron plasma and cyc l otron frequency. '~i" = 2v t 2. ." ' 
vi=(kTe/ffieJl/ i s the electron thermal velocity , V=po/moO:,/ represents ".£he 
e lectron d r ift motion parallel t o t he magneti c field,m o is the electron 
rest mass, T = {cr.;/2c 2 )w t , h = (kira".c 2)/wa •• ). = (kl ex! 12wc 2 )/(1-i\.JT), 
)J = Te.LITe' • K, is ,the wave number and w the fr~quen~y of the ele,ctromagne­
tic wave , "t he IndIces .l. and 11 refer t o the dI r ectIon perpendIcular and 
paral lel to the applied, constant magnetic field . The matrix Mij is given 
i n [4] and [5]. 

For the case !A!« 1, e.g. A,l »21frLe and using a two series expansion of 
t he integrand in (3) one gets the general expression for Xij which i s given 
in formula (5) of [8] . 

The integrals i n (3) of the general form: 

=r: Id" f. l'f (I'z I i .( t 
fl ~ (, -ir)1' ~ 

(4) 

T . tr 
are Dnestrovskii funct i ons [6] which are a special case of the more general 
Shkarof sky functions which are d i scussed in [2 ], [7] and [9], 

These Shkarof sky f~?~tions can be expressed by the well knOlo/n plasma dis­
persion function Z(iz ) as pointed out by Shkarofsky [2] or Wu et al . [5] 
according to the formula : 

(5) 

where I~(s) is the Gamma Funct ion . The analytic charact er of these relati­
vistic plasma dispers i on funct i ons therefore is al so well known for the 
whole complex plane as discussed in detail by Robinson [9]. 

The tensor elements Eij are caleul~ted f~r the following t wo cases: 
a) For the fundamental molle W ;; wee (wee ;; ~;; 1) with electron drifts and 

temperature anisot ropy the E- tensor is: 

f' ;- le) (6) 

Cl = 'i t I,!. 1- fi I 
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where Xij is calculated from (3) ' for n :: -1 and nij(C) is due to 
Wu et a!. [5J or Wong et a!. [10] . 

b) For the higher harmonics w=n · w('«w.:..=l/n I"ith ni:Q) the tensor elements Eij 
are determined. There is e.g. for J..l :: 1 and V :: 0: 

-l - .t. It-~ 
r . '" . IQ« -~ - n A4 [ - ," - - - - -V c", : I +-?- +0,; jI. --. f 1 (z. J+ ".If .sI'£: )-Zf .,(r"ltrlz,.J' (7) 

... (1-rv.t" ' ..e~/I! flf~ If. lll"~ l. .... ~f/.l. "'.'.L I 
with ~ .t L -l. 1 

-. - L " / C ~o< - -. 0 ) ~'"' f: -- IiI =!e (= - '- .A ~ -- I z, =1"(1-" ' " I'" .... v,. , 
v,LI(,,1 ,.><:I~ ''''': ( 

3) Numerical solution 
The dispersion relation Det IAijl :: 0 1. __ (8) 

1{. (I(. ~ - ,;; ./+ £'" n. ft.) 
" /J " "'I ~i I 

= I~f ) 

with !\ '. 

h 
(9) 

is solved numerically using a method of complex residual calculation in the 
root finding code. Some typical results e.g . the influence of the propaga­
tion angle 0 , of the frequency wee or the drift velocity veoz on the index 
of refraction and on the polarization are shown in t he figures 1 to 3. 

Figure captions 
Fig . 1: Damping rate ni = Im(n) of the ordinary \.,Iave (w = wce ) versus the 

electron-drift_ velocity_ ve9Z = v~oz/c and angle pr opagation 0 . 
(paramete rs : wce = 1, wpe = 0,1:1, Te = Te = 1 keV) . 

..L. It 

Fig . 2: 

Fig. 3: 

Refraction index n = (nr .ni) and po}arization IExl, IEzl of the 
ordinary wave versus the frequency wce = wce/w for perpendicular 
propagation (0 = 90°). 
(plasma parameters as in Fig. 1 and veoz = 0). 

Refraction index n = (n r , n,i) and polarization IEtl. IEz l of the 
seco nd harmonic of the ordinary wave versus the requency wce = 
wce/w for perpendicular propagation (0 = 90°). 
(parameters as i n Fig . 1 and veoz = 0). 
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