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PREFACE 

The 16th European Conference on Controlled Fusion and Plasma Physics 

was held in Venice , Italy . from Dth to 17th March 1989 by the Plasma 

Phy~ics Division of the European Physical Society (EPS) . 

The Conference has been organized under t he r:po nsorship of the Italian 

National Re search Council (CNR) , the Ita lian Commission for Nuclear and 

Alternative Eneq;y Sources (ENEA) and the International School of Plasma 

Physics "Piera Caldirola " (ISPP). 

The programme, format and schedule of the Conference were de.termined 

by the International Programme Committee which was appointed by the Plasma 

Physic~ Oivision of the EPS . 

The programme included 17 i nvited lectures , 23 orally presented 

contributed papt!rs and more than 450 contributed papers presented in po s tpr 

sessions . 

This 4-volume puhlication contains all accepted cont ributed papers 

received in due time by the Organizers. It is published in the Europhysics 

Conferp.rlce Abstracts Series. The 4- page ex te nde d abstract"s were reproduced 

photographically usinr. the camera - ready manu8cripts submitted by the 

authors . The invited p<lpers will be published in a special issue of the 

j0urnal "Plasma Physics and Con tro lled Fusion " and sent free of charge to 

each registered participant. 

Tbe o rgan izp. rs would like to acknowledge the skillful and dedicated 

s upport given by JoIari.:l Polidoro of the EN EA Fusion De partmen t at Frascati 

to the editing ~ f these four volumes. 

The Editors 
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EFFECT OF REDUCED COHERENCE ON THE INTERACTION OF A LASER BEAM 
WITH A LONG SCALELENGTH PRE-FORKED PLASMA 

A GillHetti 

15tituto di Fisioa Atomioa e Molecolare. Piea. Italy 

T. Afshar-rad, S. Coe. O. Willi 
Imperial College, LondoD, U.K. 

Z.O, Lin, W.Yu 
Institute of Optics and Fine Mechanics ,Shanghai, China 

Instabilities oocurring in the interaotion of an intense laser 
beam witb a plasma oan be detrimental for the laser plasma oouplinq 
and for the optimization of laser driven oompression of fUBion 
targets . In particular self-foousing a~d filamentation of the laser 
beam are the most serious of these ins tabilities beoause of their low 
irradiance threshold . As a consequenoe the laser irradianoe is 
inoreased locally thus induoing several other instabilities . It has 
been suggested that these prooesses oan be suppressed by the reduotion 
of the degree of ooherenoe of the laser beam [1] . Some experimental 
results are already available (2] . Beoause large millimeter sized 
plasmas are expeoted from reaotor targets, we designed an experiment 
in whiah a laser beam interaots with a pre-formed plasma axially alonq 
a millimeter path, to study the effeot of different degrees of 
ooherenoe on filamentati on, stimulated Brillouin and stimulated Raman 
soattering (SBS and SRS) . 

The experiment was performed at the Central Laser Faoility of the 
Rutherford Appleton Laboratory (UK) uBinq the Nd laser system "Vu loan" 
operating in seoond harmonic (1.= 527 run) . A cylindrical homogeneous 
plasma 1 mm in length and several hundred IUD in diameter was produoed . 
by a line focus arrangement . Two pairs of two opposite laser beama 
(heating beams) were fooused onto a thin fo i l target by the off-axis 
lens mirror configuration [3). The size of the line foous was 1 mm by 
0 . 2 mm . All four laser beam were superimposed to qive an irradianoe of 
1014 W/a~ in a 800 ps pulse. ' The target oonsisted of a metal stripe . 
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A fifth laser beam (interaction beam) was fooused axially into the 
pre-formed plasma . The density and temperature of the pre-formed 
plasma where ohanged by varying the delay of the interaction pulse 
with respeot to the heating pulse . In a series of shots a Random Phase 
Plate (RPP) was inserted in front of the focusing optios . In another 
series we used an Induoed Spatial Inooherenoe system (151)[4).ln this 
case the bandwidth of the laser was inoreased from 0 , 5 to 15 A. The 
target position in respeot to the best focus of the interaotion beam 
was oarefully adjusted in order to have the same irradianoe at 
different degrees of ooherenoe .fhe main diagnostios of this experiment 
were: multiframe equivalent plane imaging, in order to have time 
integrated, spatially resolved images of the fooal spot; time 
-resolved imaging of the exit surfaoe of the plasma using both a gated 
image intensifier (100 ps) and an optioa l streak-oamera; SBS and SRS 
haoksoattered enerqy measurements and time-resolved sas and SRS 
speotrosoopy . 

Self- foausing and filamentati on 

From the time-resolved imaqes of the exit surface with ordinary 
ooherent interaotion beam, olear evidenoe of the evolution of whole 
beam self- foousing (WBSF) of the laser beam during the interaotion 
with the preformed plasma is observed (see Fig . 1 right side). The 
growth of the initial inhomogeneities (Fig . 1 left side) into filaments 
was observed as well as the subsequent oahotio oluBtering of these 
filaments. This was not observed in the beam when no preformed plasma 
was present . The final cross seotion of the beam and the growth time of 
WBSF both drastioally deoreased with inoreasing Z (from Al to Bi) due 
to improved thermal self foousing . On the other hand the random phased 
beam splits in a number of beamlets beoause of the interferenoe 
between the waves diffraoted from each element of the phase plate (2] . 
Its pattern is shown in Fig.2 left side. What is very important, is 
that these beamlets do not ohange their position in time and do not 
oluster (see Fig . 2 right side) . No evidenoe of whole beam 
self-focusing was obse~ved with the random phased beam . 

Stimulated Brillouin soattering 

The backsoattered SBS enerqy was found to be reduoed with the 
random phased beam for interaotion intensities from 1014 to 1015 
W/o~ . Speotral features were different with and without the RPP . With 
the ord~nary beam the speotrum was multi-component, with some late 
time components showing very high temperature regions in the plasma 
that can only be explained by filamentation [5] .With the random phased 
beam, SBS speotra were found generally single-oomponent. with reduoed 
red shift [6J indicating a lower temperature. 
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Stimulated Raman soattering 

Also the SRS energy soattered backwards was reduoed with the 
random phased beam . The speotral features were oompletely different at 
different uegrees of aoherenoe of the beam . With the ordinary beam the 
SRS spectra were broadband, with distinct struotures moving quokly in 
the time-wavelength domain; with the rAndom phased beam the SRS 
speotra were found to be very faint, not struotured, narrower in the 
speotral band and shorter in time {6] , 

In oonolusion the use of a Random Phase Plate makes it possible 
to control filamentation of a laser beam into a long Boalelength 
plasma and to suppress whole beam self- foousing . Also other important 
instabilities-, suoh AS stimula.tion of ion-aooustio and eleotrostatic 
waves are depressed with the random phased beam . Similar results have 
been obtained with an Induoed Spatial Inooherence system but a 
detailed analysis of 151 data is still in progress . These results are 
enoouraging for laser fusi on since they olearly indicate inhibition of 
non-linear instabilities in a long soalelenqth plasma when the 
coherence of the laser beam is reduoed . 

The authors are qrateful to L. Gizzi for his help in the paper 
edition. 
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Fig.! . Pattern and evolution of the ordinary beam. Left:image of the 
beam pattern withou t tarqet, obtained with a qated (lOOps) 
intensifier . Irradianoe 5. 0 101• Wfo~ . Right : beam evolution during 
the interaotion with a pre-formed plasma from 100nm Al tarqet . Shotl 
172888 .Heating- interaotion delay 1. 7 DS . Irrad . 1.7 101• Wlo~. 

Fiq . 2. Pattern and evolut~on of the random phased beam Left lmaqe 
fr om gated (lOOps) intensifier . Irrad . 9 7 1014 W/o~ Right :evolution 
durinq interaction with 700nm Al tarqet . Shot I 328788 . Heatinq­
interaction delay 1 . 7 nB . Irrad. 7. 2 1014 W/~ . 
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200 AND 3/2w GENERATION IN LASER PH:ODUCED PLASMAS FROM 
VERY THIN PLASTIC FILMS 

D. Batani, I. Deha, A. Giulietti, D. Giulietti, 
L. Gizzi. L. Nocera. E. Schifano. 

Istituto di Fisica Atomica e Molecolare - CNR 
Via del Giardino 7, 1-56100 Pisa 

The irradiation of very thin films is useful to study the 
laser-plasma interaction in a variety of conditions of 
interest for the inertial confinement fusion; these conditions 
can be controlled essentially through laser intensity and 
pulse duration, film thickness and material. In this paper we 
report on data from an experiment of irradiation of plastic 
(formvar) films 0.3 to 1.9 ,I-4TI in thickness at 1.06t.. pm laser 
wavelength and 3ns FWJiM pulse duration . The intensity on the 
target was up to 5 lOuW/cmz in a spot of 60J..I!TI in diameter. 
The film thickness wa~ chosen in order to allow the plasma to 
become underdense during the laser pulse. In this way during 
the pulse, the interaction volume was extended to the whole 
plasma depth and several instabilities could be stimulated and 
studied. Of course the interaction conditions evolve in time 
because of the expansion of the plasma and the time-profile of 
the laser pulse. A first extimation of the evolution of the 
plasma parameters (electron temperature, density and 
5cale length: T, n, Ll has been done using a self-similar model 
(1] which is in good agreement with numerical simulations. 

A critical aspect of this kind of experiment is the level of 
pre-lasing (level of laser power before the main pulse 1. We 
have been able to achieve a pre-la~ing less than 10-4 timesthe 
peak power, and the lack of any plasma formation before the 
main pulse have been verified shot by shot. However some shots 
were affected by higher pre-lasing : in these cases we found 
completely different behaviour. In what concerns 2w and (3/2lw 
generation, it was completely missing in case of pre-lasing 
because the main pulse interacted weakly with a plasma already 
underdense. Finally we must stress that the laser power was 
affected by modulation~ due to mode beating in the laser 
cavity. These modulations allowed to reach higher intesity for 
few tens of picoseconds, several times during the pulse. 

Data on the three-halves and second harmonic emissions have 
been obtained at 90 0 to the laser beam. Both time-resolved 
imaging and time-resolved spectroscopy have been performed. 
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Fig. 1 Set-up for time-resolved s pectroscopy at 90° , 
F: filter rejecting 1.06 /ATI radiation; S: spectrometer: se: 
streak camera; I: intensifier. 

In Fig . 1 the set-up f or the time-resolved spectroscopy is 
shown . The interactio n region was imaged on the entrace slit 
of a spectrometer with a dispersion of 60 A/rom . The exit plane 
of the spectrometer was demagnified to have both (3/2)w and 2w 
(k=O.70~ and 0 . 530 ~ respectively) into the same 
streak-image. To obtain time resolved images we directelY 
imaged the interaction region on the streak-camera slit with a 
magnification 10 : 1 . A typical time-resolved spectrum is shown 
in Fig . 2. 

2., r­
E 
2; 
:ri 
c; 

~ O.5n$ 

Fig. 2 Time-resolved spectrum showing both (3 /2)w and 2w 
emission. Shot 061209-Laser intens ity: 1.28 10·~/cm2; Formvar 
film thickness: 1 . 3~ ~. 
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The (312 ho..' and 2(,., lines are present for a time shorter than 
the pulse duration, and the emission shows very sharp peaks in 
time, following the power maxima due to the laser modulation. 
The (3 /2)w line originates from two-plasmon-decay instability 
(TPDI) in the plasma region where n::::::: n c/ I,a. [2]. The intensity 
threshold for TPDI, in precence of a density gradient of 
scalelength L at n~/ I,a., is ( 3] 

It 1Q15 T 
b ---''-'\''-;c''­

).. L 
(ll 

where T is measured in KeV, ).0 and L in J,All. The threshold is 
exceeded for the first time when intensity and scalelength 

both fullfil the condition (1). If the film is thick enough, 
the plasma will keep a ne/I,a. layer during the whole pulse, and 
(3/2I w emission will stop when the laser intensity will drop 
under threshold. With thinner films, the (3 /2)w will vanish 
because of the plasma rarefaction bel ow n c/ I,a.. In fact we 
observed that the duratio n of the (3/2) w emission decreased 
with the film thickness below 0.8 J..1ffi and no (3 /2 )w emission 
was found with films thinner than 0.6 1-6fI. Putting" the plasma 
parameters given by the model in expression (1) a threshold 
for TPDI of the order of 1013 W/cm2 is found. From this value 
we could expect a continuous (3/2 I w emission with targets 
thicker than 1 ~ . On the contrary, Fig. 2 clearly shows that 
the threshold is exceeded only a few times for very short 
(tens of picoseconds) peaks. This point has to be clarified 
with a careful experimental study of the intensity evolution 
in the plasma. 

Let's now consider the 2/.» component of the spectrum. At 
early times the 2w emission can in principle be ascribed to 
resonance absorption near the critical density (but 90 0 

emission is difficult to explain). " I.t we consider a 2w 
time-resolved image , as Fig. 3. the early stage corresponds 
toa well localised emission close to the film position. Notice 
that it originates from both front and rear side, probably due 
to filament driven fast burn-through of the film. At later 
times there will be no critical layer in the plasma, and 2w 
emission must be attributed to a different process". The 
extension of the 2w sources in a region of the order 1 rrm , 
perpendiculary to the film (see Fig. 3) confirms that 2w 
originates from a plasma definitely underdense. A possible 
mechanism for 2w generation is the sum of frequency between 
the laser light and the light backscattered by the plasma 
(stimulated Brillouin scattering) (I,a.]. This process allows 2w 
radiation at 90 0 due to the current 

i .. (e3 /2 im2 ( 3 ) [ E Eb + Eb.t ]. ?n 
' ''' where Ebis the field of the backscattered wave . In a previous 

experiment [51 in gas we observed 2w emission forward but we 
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........--4 0.5 ns 

Fig. 3 Time -reso lved image in 2w light. Shot 1~1109 - Laser 
intensity: 2 1013 W/cm2

; Formvar film thicknesss: 1.25 ~. 

failed to observe 2w at 90° . Emission was shown to mix to zero 
(due to destructive interference) as the detector elongated 
from the beam axis. The mixing effect disappears if a 
backscattered or reflected radiation contributes to the 2w 
emission (~J, this being a clear difference between 
experiments in gases and on solid targets. However, the 
formation of density gradients ortho§onal to the beam axis 
remains a necessary requirement for 90 2w emission. According 
to (t. J we can ascribe this to self-focusing which therefore 
remains a typical hallmark for 2w emission . 

Time-resolved spectroscopy of the two lines with higher 
resolution is in progress. It can give information on plasma 
temperature and its evolution as well as on some hydrodynamic 
parameters. The role played by filamentation in the 
interaction process have also to be clarified. 

The authors are very grateful to S. Bartalini for his 
creative technical support. Contribution to the self-similar 
model handling is due to F. Bianconi. This work was supported 
by Consiglio Nazionale delle Ricerche. 
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CORE-CORONA COUPLING IN A LASER-IRRADIATED 
SPHERICAL Z LAYERED PLASMA TARGET 

V_PaIIeschi, D_P_Singh and M_VaseIIi 

Istituto di Fisica Alomica e Molecolare del C.N.R. 
Via del Giardino, 7·56127 Pisa, Italy 

ABSTRAcr 

In many experimental situations of laser-fusion interest, the superthermal electrons are 
produced at the plasma resonance surface. The electrons make tangential orbits around the 
dense plasma core creating a 'hot cloud' and heat the plasma core up to the depth of their mean 
free path. The equipartition of energy exists between the cold electrons of the plasma pellet core 
and the hot electrons in the overlapping region. The efficiency of heat transfer from the hot 
corona 10 the cold core depends on the laser wavelength and the mean temperature of the 
overlapping region. Earlier studies on core-coronal heating were limited up to the simple 
spherical pellet geometry in the absence of any Z layer. The presence of Z layer is likely to 
reduce the mean free path of the hot electrons thereby reduci ng the widlh of the overlapping 
region. The aim of the present paper is 10 study the laser wavelength scaling of the core-coronal 
heating in Z layered spherical plasma pellet. The effect of the width of the Z layer on core­
corona coupling would also be invest igated in some detail. 

I. INTRODUC!10N 

When an intense laser beam impinges on the surface of a solid DT pellet, the superthennal 
electrons are likely to be produced at the plasma resonance surface where the electron-plasma 
frequency equals to the laser frequency. This nonthermal heat flux component with large mean 
free path has been predicted in computer simulation (Friedberg et al. 1972) and has also been 
observed in laser-plasma interaction experiments (Kephart et al. 1974; Kolociner et a1. 1976). In 
the case of symmetric multi beam laser pellet implosion, the plasma pellet is surrounded by a hot 
electron 'halo'. The formation of hot electron cloud may result from the denection of hot 
electrons from inward radial direction either due to some local plasma inhomogeneity or due to 
the self-generated magnetic field in the corona itself. The width of the hot electron cloud might 
be of the order of mean free path of the hot electrons and consequently the self-regulat ion model 
for the core-corona coupling may be appl ied. Earlier studies (Kidder & Zink 1972; Singh et al. 
1988) on core-coronal coupling were limited up to the simple case of spherical unlayered pellet. 

The aim of the present paper is to study the core-corona coupling in a spherical Z layered DT 
pellet. The presence of Z layer would reduce the e lectron mean free path and subsequently 
would affect the core heating by the surrounding corona. 
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2 ANAI,YSIS GEeORE-CORONA COl JPI.ING 

It is assumed that the hot electrons generated at the plasma critical surface have a uniform 
temperature (Th) and density (ne) in the whole plasma ablation region equal 10 that at the critical 
layer. The core-corona coupling essentially depends on two competing processes 
simultaneously occurring in the plasma abl ation zone, namely, the rate of laser energy transfer 
to the hot electrons and the cooling rate of the hot corona by the cold dense core. The hot 
electrons are heated by the inc ident laser beam almost instantaneously whi le the heating of the 
dense plasma core depends on the energy-equipartition time of the electrons present in the 
overlapping region between the core and the corona. The rate at which the hot corona is cooled 
may be given as 

S=hB(Th.TJf'nr2dr (I) 
2 teq '. 

where r, n, kB ' T c and teq are the radia l coordinate , electron density in the overlapping region, 
Bollzmann constant, core e lectron temperature and the energy equipartition time between the 
core and coronal electrons in the overlapping region respec tively. re and rc are the plasma 
ablation radius and critical radius. 

The energy equipartition time may be written as 

" =;! _ (k BTI'/2 
eq 4 {W e4n InA (2) , 

where e, rn, In A and T ('" (Th + Td!2) are the electronic charge, electronic mass, Coulomb 
logarithm and the mean el ectron temperature in the overlapping region respectively. The 
expression (2) is deri ved on the assumption that the equipartition of energy is established 
between the supertherrnal and thermal electrons having Maxwellian velocity distributions with 
kinetic temperature Th and Tc respectively. It may be further mentioned from the energy 
exchange interaction in the overlapping region th at the electron temperature from the 

equipartition state decreases exponentially with characteristic time teq if the mean electron 
temperature does not change appreciably. The radial variation of core electron temperature being 

. small is neglected. As the computer simulation calculation indicate, the plasma density in the 
expanding region decreases as l/r3 i.e. 

nr3 "' ncrc3 (3) 
Substituting the expression for the electron density (n) from eq.(3) into eq.(l) and applying the 
self-regulation condition. we obtain, 

S=ln r'k (Th'TJln(1+2~) (4) 
4 c c B tcq re 

where Ae (",(k B T)21 (n: e4 (Z+ I) ne re In A» is the electron mean free path. 
The to tal mass of the pellet core may also be written as 

M =~[(I '¥;)' +~~~: ( I 'H;J')+~ ln ~:1 (5) 

where mi, D, re and nz are the ion mass, width of the Z layer. pellet core radius and electron 
densily in Z layer respectively. In deriving eq .(5), we have assumed that the plasma density is 
constant (no) up 10 the core radius re and the Z layer has constan t e lectronic density (n z), 

beyond that the density varies as (1/r3) in the coronal region. 
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Considering the energy balance between the core and the surrounding corona, the 
expression fo r core-corona coupling ('tc -1) may be obtained as 

In ( I + 2 ~,) 
-I 3 _I . c 

1, =!1"f~)3 + ;;;~: ( 1_ (I_~)3)+ In~ 
(6) 

Eq.(6) along with eq.(2) describes the analytic expressions for core-corona coupling. The 
maximum value of core corona-coupling can be obtained by differentiating expression (6) with 
respect to mean electron temperature. The relevant numerical results are plotted in the figures. 

3 DISCUSSION 

The core-corona coupling, in general, depends on the laser wavelength. the width of the Z 
Jayer and the mean temperature of the electrons in the overlapping region between the cold core 
and the hot corona. 

Fig. 1- Dependence of core-corona coupling on laser wavelength and mean elCClIon temperature for 

aluminium lnycrcd t.1rgc! 4nM "" 2000 ~g. rJD=IOO. nolnc=104 

Fig. 2- Dependence of core-corona coupling on laser wavelength and mean eleclIon temperature for 

molybdenum layered large! 4nM "" 2000 ~g. refD::IOO. nc:Jnc,.104. 
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Figs.(I) and (2) show the dependence?f core-.corona coup~i~g on laser wavelength and the 
mean electron temperature in the ablatIOn regIOn for al uminium and molybdenum layered 
spherical targets respectively. It is obvious that there exists "an optimum temperature at which 
the coupling is maximum leading to the conclusion that the increase of hot electron temperature 
enhances the hea ting rate of the core up to a certain extent and beyond that further laser flu )t 
transfer to the hot corona makes the corona more tenuous only and decoupling of the core from 
the surrounding corona occurs. It is also seen that the heat transfer from the hot corona to the 
core is favoured for short laser wavelengths which is due to the fact that the short wavelength 
lasers are able 10 penetrate deeper into the interior of the plasma pellet. Fig.(3) e)thibits the 

variation of maximum core-corona coupling ('tc- 1min> with aspect ratio (refD> for aluminium 
target. 

0-
2115

r:---______________ --, 
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0 .27 

0_255 

0.28~O ---;,:;;o:-~=.~o==:::;.;o==:::;.;o==~. 00 

Fig. 3· Variation of maJiO imum core-corona coupling with the aspect ratio (r,;o) for aluminium layered 

targct41tM = 2000 I1g, )..:1.06 J1ll1, nofnc= 104. 

It can be concl uded that 'tc-1 min decreases marginall y for high aspect ratio plasma targets for 
the parameters mentioned in figure captions. 
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IS80 MATSUSHIMA Toshihisa TOMII!:, Kazuyashi KOYAMA, and Masaaki YANO 
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ABSTRACT 
Back scattering from a high density plasma under the irradiation with 

a randomly distri buted phase plate is studied using the second harmonic of 
a glass laser. Brillouin scattering is observed to be suppressed compar e d 
to the case of the irradiation without the phase plate. For the emission 
at three halves laser frequency, any effect of the random phase plate 
irradiation is not observed. 

INTRODUCTION 
One of the most important issues in laser-fusion is the unifor~ 

compression. Among some ideas for improving the uniformity, the 
irradiation scheme using a randomly distributed phase plate (RDPP) Is 
technically the simplest. I) In the RDPP irradiation, however, there are 
many spi kes in the focused pattern, a lthough large scale uniformity is 
significant ly improved. These spikes may have some bad effect s on t he 
compression. One of them Is the possibilIty of t he enhancement of back 
scattering. 

We studied back scatterings at laser frequency and three halves 
frequency . In this paper, the experimental results about t hose back 
scatterings are reported and the effect of RDPP irradiation is 
diSCUssed. 

EXPERIMENT 
The r.X[>p'rimcnt. WllH pcrrormed by irrndlnt.lng LlI(! second hflrmon i r: ur 11' 

gluss lascl" onto solId polycthy l ene (Ciiz ) target at o b lique incidence 
angle ( 40· ). The laser energy was I OJ at 11. • 532nm, ' and the pulse 
duration was tL - 0.5ns (FWHM) . The laser beam of D-75mm dIameter was 
Focused by a lens of focal length faSOOmm. A nDPP with the · p ixel size 
d- 2mm was inserted in front of the lens. The focal spot size was 270 p m 
w/lie)1 IS given by 21 L I' /d. Experiment was u l so performed wi thout using 
the RDPP. In this case, the focal spot size was varied from ao p m to 
300 pm. The scattered l ight back through the focusing lens was observed 
by a spectrometer equIpped with an optical mu J tichannel analyzer . 

. Flgure 1 shows a typical spectrum observed around the l aser f r equency . 
( Wa ) in the irradiation without RDPP. The Jeft side peak has exactly 
t.he same wavelength with that of the incident Jaser. The right side 
signal is generated through Br i l l ouin scattering . (BS) and the peak was 
red-shifted by 2~3 A from the laser wavelength. The intensities of two 
peaks normal ized to .. the input laser energy are plotted on Pig. 2 as· a 
function of the l aser power density for various Irradiation conditions. 
The red-shift component was observed only for the irradia tion without nDP~. 

Tile t hreshold of as was i= 5X IOI~ W/cmz The ref l ectivity R 
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fig. A t.ypic.!ul observed spectrulI around Wo without ROPP. Two peaks 
are observed.. One is a scattered Jaser light with the same wavelength of 
t.he laser. The other .is a r.ed-shift.ed peak suggesting Bri11ouio scattering. 
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('ig.2 Intensitjes of red -shifted peaks (RI)) and non-shifted peaks (NS) 
observed arouniJ Wo for ordinary Irradiations with indicated focused spot.. 
diameters and for (!DPP irradiations (HP). The values are normall:r.ed as the 
reflectivity R lO the input laser energy. For the cases without, RDPP. the 
rcd-shifted peak has a threshold lit 1- 5 X 10 . 1 , W/cmz • lInd Lhe 
n:l'h ... 't:l iviLy It jm:rcllscll wllll Ultcl lusel" power lIe llsity. I. as I( cc I ,. , 
As rcd-shi i't.L-d cUllIpuncnls were 1I0l found in the Impp irradIation, the 
noise leve l at t.he wavelength corresponding to the red-shifted peaks in 
LllC ordinary irradiation is ind i ca1,..ed as a ho['lzontal .line and an arrow, 
Non-shifl.ed sc:ut.tering CO~lp(mcnt decreases with the laRcr power and 
SC!ilLt.ering cfrici()ncy was highcl' 1'0[' Lhe RDIlP irradiation. 
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increas~d with the Jaser power density. J, ne Rcc 11 • • When the RDP!' was 
placed, no r!: .. '<i-slilft component was observed withi n the detectIon level up 
La !-3X 101.1 W/cm ... Non-shIfted scattering component. decreases with the 
1<15e1' power a nd scattering et'fioiency was higher for the ROPP irradiation. 

The emission spectrum at around 3 t.I D /2 is shown in Fig.3. The band 
width was about 30.!. and the peak VIas red-shifted by 20 A The band wid t.h 
and the amount of the red-shift had power dens ity dependence. Figure 4 
shows the peak i n tensities as a functIon of the laser power density for 
vari ous Irradiation condit i ons. The eff ic i e ncy G of the 3w 0 /2 e lnission 
increased as Go.: 12 .• The threshold was higher for the smaller focused 
spot. di ameter . The threshold in the ROPP Irradiation was near.ly the same 
wit h that for the irradiation of' 300~ m spot diameter without ROPP. 

DISCUSSION 
In ROPP irradiation, the focused laser pattern eons[sts of many smail 

s pikes. The size of the spikes [5 given by 2}.. L f /o and it was 7/J m in our 
C£lse. The peak Intensi ty of the spikes e xceeded ten times average 
i n tenSity. Therefore, wc e oulll e xpect the enhancement o f no n-linear 
phenomena. 00 the other hand, t he smal l spikes modul ate the plasma and t.he 
sca l e lengt.h will be red uced. The growt.h r ate of parsmetl'ie instabi li ties 
i n an Inhomogeneous plasma is proporti o nal to the scale l e ngt h of Lho 
phase-mi s match, L. h • Therefore, Lilo existPonce of' the s mall spikes in the 
focused pattern may be suppress par ametric i nsta biiIti es. 

As shown in Fi g.2 , the threshold of' BS was higher for Impp 
i rrfldia tlon . The r esult CEln be understood if IlS occurred nea r the c rit jC',u 1 
surface where the small spikes would produce temperature and densi ty 
~odul ations. The modulatlon will reduce the scale l ength and e l eVate the 
threshold. ;Near the critical surface the scale length will be i nde pendent 
on focal tspot sIze. Therefore, as near t he cri tics I surface is one 
explanation of the observed independence of as on foca l spot 817.e. T he 
assumpt ion t hat as occurred near the critical s urface is consistPout with 
the o bserved red-shift o f 2"'3 A. if t he Doppler s hift can be neglected. 
wh i ch wil l be a good assumption Ht low power density of 10 Ilw/cm! , as 1!'> 
estimated to have occurred at t he electro n denflity, n .. - (1 /2"'3/ 4 ) n~ 

Non-shifted component is consIdered t o be diffuse scattering ca used by t.he 
roughness of the reflection surfllce . . Larger d i ffuse scattering ill 
ROPP irradlat.ion could be due to to the denSity modulation by the sma ll 
spi kes. 

3"' 0 /2 ellls5ion i s considered to be generated by t he 1I0n-l inear 
mixing of an Incident photo n o f frequency '" 0 and a p lasma wave of 
f requency", 0 /2. The plasma WHV€! of '" 0 12 c an be generated at 1/ 4 n" by 
the two-plasmon decay (TPO) i nstability. For tlLe TPO InstabIJ Ity. L .. k Is 
nearly e qual to the density sca le length Ld When the foet.ll 6 POt si:£c Is 
large e nough. the p lasma expands one dillensionally . The density scale 
l ength Ld at l ow e l e ctron density region wil l be given by Ldl - T c • . 
where T is the iaser pulse dur ation a nd c . is the I on sound veloc ity . In 
our case At around 10 ,z w/cml , Ld ,'" 80~ m. The distance of 1/4 ne 
region fro m the c ri tical surface will be about 80 ~ m. Therefo re, the 
densi ty modulation of 7/J m generated by the sJ!lsll sp ikes in RoPP 
irradiation will be well smoothe d out i n the region where TPD occurs. 
This clln expla i n near Jy the same 3"'0 /2 emission i n RDPP ~ rradiat i on 
wi th that for 300 ~ III focal s pot size witho ut RDPP . When the focu l spot 
size oo(:omes comparablc 1.0 l .~ , . the p .ILhlmn expand A two-dlmenslonnlly II l1d 

1.110 H(lllJO InIlK1.h, l'dK, 11-1 proport.!orllll t.O t.h{~ ,'mlll! HP() 1. HI:t.(~. Th(J 
increas ing "fPO threshold for smaller i"ocal spot si:{.e obMervcd in 1'·ig.4 CUll 
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be explained by the reduced density scale length Ld2 • 

CONCLUSION 
III Uw irr<l<ii;}\'ion willl IJ rfJlLclomly dist.ributcd plate, lhere ,1rc lol.s 

of small spikes in the focused pattern. These spikes could enhance back 
scnt.terillgs due to t.he very high peak intensity. The experimental resul t, 
however, was that no enhancement of BS and 1'1'1) instabilities was observed 
in RDPP i rradl'ation. Rat.hcr, BS sigllal WHS suppressed. The reason of the 
suppression will be reduced scale length caused by the small spikes. If 
the non-enhancement of TPD and suppression of BS as observed in the 
present. work can be observed also for larger scale pla~ma, RDPP 
irradiation will be a very attract.lve scheme for trle uniform compression. 

KEn~IH!NCES 

1 1 Y.Kato, K.Mima, N.MiYBrwga, d .. nl. Phys. Rev. Lett. 53(1984)lU57. 
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Fig.4 Intensities of the peaks wlli ch were .observed in the spectrum 
around 31&1 0 /2 for each focused spot diamet.er without RDPP and for an 
i.eradiation with RDPP (RP). The each peak value is normalized to the laser 
e nergy and indicated as a generation coefficient, G. The threshold of the 
harmonic generation was higher for the smaller focused spot diameter. The 
threshold In the RDPP irradiation was nearly the same W.it.h that for the 
irradlntion of 300~ In spot diameter wit.hout RDPP. For each of the focal 
condi tions, t.he efficie:ncy G depends the laser power denSity as G 0: 11 . 5 
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EXPERIMENTAL STUDY OF LASER-PLASMA INTERACTION 
PHYSICS WITH SHORT LASER WAVELENGTH 

C LABALJNE. F. AMIRANOFF, E. FABRE, G. MATTHIEUSSENT, C. ROUSSEAUX, 
S. BATON 

Laboratoire pour l'Utilisation des Lasers In1enses, 
Eeole Poly technique, CNRS, 91128 Palaiseau Cedex, FRANCE 

Many non-linear processes can affect laser-plasma coupling in fusion experiments 1.2, The 
interaction processe s of interest involve three or more waves, including the incident 
electromagnetic wave and various selections of electromagnetic, electroslalic and acoustic 
waves. Whenever plasma waves are involved (stimulated Raman scattering. two-plasmon decay 
instabili ty. parametric decay instability and others), energetic electrons are created through 
the various damping processes of these waves : these energetic electrons in turn deleteriously 
affect the compression phase in laser fusion experiments through pre-heating of the fuel core . 
Some parametric processes lead primarily to loss of inciden t laser energy (stimulated Brillouin 

scattering) while others, such as filamentation3, lead to strongly enhanced local laser intens ies 
through the focUSing of part (or all) 01 the laser beam in to filaments of very small dimensions 
with a concomitant expulsion of the plasma out 01 these regions. So {ilamentation destroys the 
uniformity of ene rgy deposition in the plasma and prevents high compression efficiency of the 
target. 

These interaction e ffects are typically of parametric nature, With their thresholds and 
growth rates depend ing critically on plasma scale lengths. Since these scale lengths Increase 
with available laser energy and since millimeler sized piasmas are expected from reactor 
targets which will be used in direct drive implosion experimen ts, a good understanding of these 
processes and their saturation mechanisms becomes imperative. We report here the results on 
absolute energy measurements and time· resolved spectra of SRS and SBS obtained In various 
types of plasmas where the major changes were the inhomogeneity scale lengths. 

EXPERIMENTAL SET.U p 

In the experiments reported here one or two beams of the neodymium:glass laser of the LUll 
Laboratory at Ecole Poly technique were used. Two irradiation techniques were achieved [n order 
to produced three different types of plasmas: 

1. Thick foi l, d irectly Irradiated by the main beam, produce::; a short scale length, In the 
range of 5 to 10 !Jm, with linear like density profile and plasma temperature of 1 keY. 

2. Th in plastic foil (q.3 - 1.5 ~ ml irradiated by the main beam expands and becomes 
underdense during the pulse , with a parabolic like density profile and a plasma temperature of 
600 eV . Top of this profile provides a .... 100 pm plasma lenglh in which SAS may develop. 

3. long and quasi-homogeneous plasmas were generated by irradiation of a thin (0.3 - 0.8 
pm) and narrow (0.5 - 1 mm) plastic foil with a f rst laser beam focused onto a rectangular 
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focal spot (2mm . 150pm). This beam was frequency converted from 1.053 ~m to its second 
harmonic al 526 nm: the pulse width was around 0.5 ns and the incident mlensilies ranged 

around (1 10 2x 1013 W/cm 2). Under these conditions we have found from previous interaction 

studies4 that relatively homogeneous, 500 pm plasma length (focal depth of the lens is 250pm), 
01 nefnc,O.2 and Te ..... 400 aV could be obtained 0.6 os after the peak 01 the pulse. The interaction 

beam was tightly focused along the long direction and al the canter of this preformed plasma 
which is roughly uniform over the cross section. 

last two types 01 plasmas are schematized in fig. I . The experimen tal lay-out is shown on 
fig. 2 for the two beam-experiment. In Ihe one beam·experimem the lay· out is exaclly the same 
except that the plasma producing beam is missing The interaction beam was frequency 
converted to its second (526 nm) and to its fourth (263 nm) harmon ics; it was focused by an 
112.5 Ions to a spot of approximately 50 pm diametor so that the maximum intensity was 2)( 

1015 W/cm2 .The main diagnostics are: 
a. absolute time· integrated measurements of backward and forward Raman scattering, 

back reflected light irn the tens at tha fu ndamental frequency (Brillouin backscatlering) and 
transmined light of the interaction beam through the plasma. 

b. time· resolved spectra of backward and forward Raman scattering and 8rillouin 
backscattering. 

c. hot electron energy spectra between 30 and 250 keY in various directions 

I.'ljn emlru,,'lgj1 t'."" 

1", .... II.n 

M'. ~-T-_ .,,, n' 

." ---l0itlow,d Plum. (2 ~ .. ",!~.-

Figure, 
Generation of p/asmas type 2 and 3 

EXPERIMENTAl RESULTS 

Stimulated Raman SC8/fe.dng 

1 One beam·expet imem at 0.53 and 0.26 pm : 

pO . ..... . 

-.. .. ..,. ... 

t 
transmission 
celorlmotter 

fORWARD 
RAMAN 

Figure 2 
Experimental set-up 

-Figure 3 shows typical time· resolved spectra of the backward and the forward Raman 
scattered light recorded in one beam, 2W, thin exploded foil experiment. The Raman light starts 
in a narrow density region and shifts towards lower density during the pulse. The emitting 

densities were in the range (0.03 . 0.t7)nc.A previous modelS has shown that these spectra can 
be well predicted by assuming the Raman to be occuring in a l~toOpm region at the top of a 
parabolic density profile, using well aGce:>led threshold estimates. The low density limit o f 
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backward Raman can be attributed 10 landau damping of the generated plasma waves at an 
electron temperature 01 around 500 aV. The forward Raman signal Is observed with an intensity 
only sliglhly greater than the continuum plasma ligth emission. 

_ Absolute conversion efficiency of backward Raman is very sensitive to the initial foil 

thickness; with same conditions we have measured 10'6,2)110.5, 10·3and 4,,10-3 respectively 
for thick targets, 1.5pm. SOOOA and 3000X, in the 2(0.} experiment. 

•• -A (A) 

Blckward Forw~rd 

Figure 3 
Typical explod8d foil spectra 
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Figure 4 
Correlation between hot a/scIons 

and Raman light. 1.5pm foils. 

. Hot electron emission with energies in the range (S4 ·98)keV and (9S·140)keV, which 
correspond 10 channels 4 and 5 of the electron spectrometer is correlated with Raman intensity 
as shown on fig.4 These hot electrons are only observed on the laser axis or within an angle 
lower than the aperture lens, as expected for Raman instability . 

. Experiments with the 4w light show a decrease. by a factor of ten. of Raman energy and 
hot electron omission compared to the 21ll experiments. 

2 Two beam experiment at 0.531lm 
-In preformed plasmas typical Raman spectra are very narrow, with wavelength decreasing 

slowly with time (fig .5);the plasma density as measured from Raman spectra depends on the 
initial foil thickness and in all cases forward and backward Raman are emitted at the same 
density ,as can be seen in fig.S. indicating the presence of a rather homogeneous plasma 
Plasma density evolution during the interaction laser pulse calculated in two-dimensional 
hydrodynamic simulations using the code SAGE shows that the plasma heated from the central 

region is expelled and decrease of density versus time4 is the same as the one observed from 
time resolved spectra. The short wavelength limit of the backward spectrum gives an upper 
limit of the electron temperature of the plasma of _400eV . 

• Raman intensity increases with initial foil thickness (fig.7),and so with plasma density ; 

maximum conversion elliciency is S,,10-3 for backward Raman and" 0-8 for forward Raman. 
-Hot electron are not observed in preformed experiments: the temperature of the plasma is 

too much low and no background electrons can be trapped and accelerated in the plasma waves. 

Stimulated BdUgu;n sGaffedng 

Backreflected light in the focusing optics at the fundamental frequency produces a 
measurement of Brillouln intensity as there is no critical densl1y in preformed plasma or in thin 
explod.ed foil. and so there is no specular reflection.Jit~<Pi.~~~r,!l~'r ':Zi th thin exploded foil (3000-
SOOO)A the backscattered level is very low", 3 1 0-4~but with prelormed plasmas the level is 



Figure 5 
Typical preformed plasma Raman 

spectra CH o.6pm,I=10 ISW/cm2 
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· ... 

Figure 6 
Backward versus forward 
plasma density of Raman. 

• 

Figure 7 
Raman intensity versus 
in itial foil thickness 

much higher..., 0.02 .The main di fference between these two plasmas is probably the ve locity 
scale length that can reduce a lot Brillouin instability in Iha la!':1 e~pandHlg plasma. 

Time-resolved spectra are also very different: in thin !:Ixploded loils they are quite broad 
... 10A and in preformed plasmas they are very narrow and r:nnsta nt in time. In the first case the 
emission may come from regions with different densities, tumperatures and velocities whereas 
in the second case the plasma is quile homogeneous in density and temperature. These features 

have already been observed in previous e~periments7 which wert using a different geometry of 
irradiat ion to preform plasmas ; in ,hese past expe ri monts il was also shown tha! Brillouin 

backscal1ering was lower !han 10-4 al 0.26pm in preformed plasmas. 

CPNCL YSION 

Conversion efficiency of Raman scattering is strongly dependen t on plasma inhomogeneity 
and is increased by a lactor 01 .... 10000 for density scale length variing from 10flm (linear 
profile) to 100-300 pm ( homogeneous prolile). In hot plasmas, energetic electrons are 
correlated with Raman instabil ity , so this process could have dramatic effect in large plasmas. 
By using 0.26pm laser light, Raman efficiency is decreased by a factor of 10; this is due to 
collision damping of em and plasma wa .. es. 

Brillouin backscal1ering has been observed but is slili at a very low level (,2%) at 0.53fJm 
,even in homogeneous plasma of ..... 300um length. Short wavelength (0.~6pm) reduces the 
backscattered level by a factor of .. 200. 

1. D.FOASLUND,J.KINDEl and L.LlNDMAN Phys. Fuids tB. 1002 and 1017 (1975) 
2. P.DRAKE,E.WILlIAMS.P.YOUNG,K.ESTABROOK and W.KRUER Phys. Re ... Len. 60. t018 (1988) 
3. B.COHEN and C.MA>< Phys. Fluids 22, 1115 (t 979) J 

4.C.tABAUNE,F.AMIRANOFF,G.MATTHIEUSSENT.C.ROUSSEAUX,S.BATON,J.LtACAZE,W.SEKA,S.CAAXTON 
Proceeding 01 the 19th ECLlM Conrerence, Madlid 1988 
S.C.LABAUNE,H.BALDIS,E.FABRE ,F.BRIAND,D.VILLENEUVE,K.EST ABROOK 10 be published In Phys. Fluids 
6. C.ROUSSEAUX,F.AMIRANOFF,C.LABAUNE.B.MABILLE,G.MATTHIEUSSENT Rev. Phys. Appt 23. (1988) 
7. C.LABAUNE,E.FABRE,A.MICHARD,F.BAIAND Phys.Rev. A 32, 577 (19B5) 
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GENERATION OF SUPERHOT ELECTRONS FROM 
LASER PLASMAS AT THE DELPHIN INSTALLATION 

Gamaly E . G., Lokteva O. V., l~ikolaev F. A., Stukov 0 .1. 

Moscow Aviatiom Institute, 
Volokolamskoeshoase 4, Moscow 125871, USSR 

Supertherrnal electrons generated in laser-produced 
plaamas are known to have a significant influence on the 
hydrodinamic behavior of the target. The influence is two­
fold: the energy of the superthermals is de coupled from the 
implosion process, resulting in decreased hydrodynamic effi­
ciency; and high-energy superthermals penetrate to and pre­
heat the target core. So the investigation of energy spect­
rum of Buperthermal electrons and mechanism of their gene­
ration is the important task. 

The energy yields of superhot electrons with energies 
above 200 keY were measured at t he Delphin installation ~hen 
irradiating spherical shell highaspect_9argets (R/AR Z.10 ) 
0 ,4 mm in diameter by laser pulse 2·10 s in duration with 
energy ,..., 10~ J. The electrons were recorded by Cherencov de­
tectors, that registered only those electrons whose energy 
was larger than some threshold energy determined by radiator 
material. Different transparent materials were used ae the 
radiators of Cherencov detectors: water, glicerin, polyme­
thylmetacrylate. Such materials possess of low sensitivity 
to x-ray emission. Furthermore Cherencov detectors are not 
sensitive to any corpuscular emanation from laser plasma. 

Aluminium foils were placed in front of detectors. They 
cut off soft component of electromagnetic radiation and re­
duced hard one. So the contribution of radiator fluorescence 
when x-ray emission was passing through the detector was 
neglected. Electrons lose some part of its energy when pas­
sing through the foil, BO the minimum energy Ecut of elect­
rons registed is larger than threshold energy Eth. More­
over · one can change the cut off energy by means of changing 
the thicne8s of foil. 

At first one Cherencov detector was used for the pur­
pose of discovering the generation of superhot electrons. So 
only one value of energy yield -

y = J N(E) · f(E,x) dE 
£e<lt 

was measured for every laser pulse. Here N(E) is the energy 
spectrum of , electrons, f(E,x) is the detector response func-
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100 200 300 400 500 
Cut off energy, Ecut, keV 

Fig.1. The energy yields of superhot electrons verSUB 
the cut off energy. The energy of laser p~lsp. was (J): 
0 _ 1082, '" - 890, 0 - 640, -e- - 1100, go - 863, 
11- 843, 0 - 1085, X - 780, '" - 602, 0 - 345, 
!If - 663. 

tion, and x is the thickness if aluminium foil. In the fol­
l owing experiments the godoscope of four Cherencov detectors 
was used. Aluminium foils with different thickness were 
placed in front of detectors. It allowed to measure several 
values of energy yields for every laser flash and to obtain 
the distribution of energy yields as the function of Ecu~. 

The amplitudes of signals from dete ctors were measured 
by one oscilloscope. These signals were delayd with respect 
to each other by cable delay line and after mixing entered 
the fast oscilloscope. Synchronous launching of the oscil­
loscope was carried out by signal from scitillator detector 
which recorded x-ray emission from laser plasma. 

The experimental results are shown in Fig.1, where the 
energy yields Y of superthermal electrons are plotted versus 
the cut off energy.One can see, that there is considerable 
yield of electrons for cut off energy Ec.ut ~ )00 keV. More­
over the absolute yield of fast electrons increas with the 
growth of laser energy. The dependence of electron energy 
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Fig.2. Bcceleration of electrons by multiple inter­
action with resonance plasma os'cillations in the 
presence of magnetic fields. 

yield in logarithmic scale upon Etut is linear and there is 
the break near E~/.I't x. 300 keV. 

Such shape of distribution function is typical when 
electrons accelerating after mult i ple interactions with re­
sonance plasma oscill ations in the presence of magnetic 
fields, as is shown in Fig.2. Magnet i c fields influence at 
most on the fastest electrons, that is on electrons in the, 
tail of distribution function. Dispersion length ~f ele5.tron 
exceeds its Larmor's radius at energies W> (3.10 Z2/B)Z3 keV • 
The amount of interactions with resonance r field-s, ensured by 
madnetic field, is large even for not very strong fields: 
N ~ 10 1, B, I( • For 'T = 10-.9 sand B = 10' G the amount of 
interactions is equal to N~103. So the practical restric­
tion on maximum energy of fast electrons is determined by 
magnitude of magnetic fie ,ld, that is the acceleration is 
stopped when Larmor ' s radius becomes equal . to the distance 
between ecceleration region and the field boundary L. The 
maximum energy in this case is 
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and it allows to obtain information about the size of magne ­
t ic fields in laser plasma. For the case of cut off energy 
)00 keV one can obtain BL z 2.10 1 G·rm. The typical dimention 
of field is equal to the distance from critical surface to 
the plasma boundary, that is L z 100 fm i n our experim1Jnts. 
Then the magnitude of magnetic field is equal to 2'10 G. 
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SOLI TONIC PROPAGATION OF LASER PULSES IN A 
COLLISIONLESS PLASMA 

F . F . Koermendi 

Institute H. T . H., Be l grade , Yugos lavia 

The solitonic propagation of laser pulses in a calli -

sionless p l asma may be treated quantume l ectrodynamically as 
a process of elastic scattering of n photons ,representing the 
wave packet,from fre e electrons, in such a way that the ef -
[ective cross section does not depend on the frequency of the 
photons in the l aser pulse . ... 

If n photons of four- momenta ko/ ko ,iwol elas tically 
scatter from a free e l ectron of initia l and final four- momen­
ta po/~ , iE/ and p/p,iE/ , respectively , into a mode k/;,iWo/ , 
the four- momentum conservation l aw 

resul ts in a kinematical relation 

n • 

or , explicitly , 

n 
11;,/ / s in e cos 'f - cos er. / 

Wo / 1 - coS O(' / 

-~~2L L - Wo 
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where <t:, is the angle between to and ko' / e ,if I define the 

angl e between Po and k, while oc: is the angl e between ko ,k • 
The transit i on probability per unit t ime may be evalua­

ted with the help of Feynman diagrams, shown below, 

I 11 
I 11 ••• 
I I! 

II 1 
'1/ III 

where the full line represents the electron propagation fun­

ction and the dashed lines are the incoming or scattered ph­
oton functions. L denotes the sum of a ll possible graphs i n 
which the number of incoming and scattered photons are equal . 

The transition probabil~tY per unit time P ' is given by 

where M is the transition matrix e l ement a nd 

Evaluating the p t , the ~ifferential cross section becomes 

where f is a factor independent of the photon frequenc3 wo' 
while K reaches its maximal value 

K - ) 1 

at incident light intens~ties 
w m L4 

I/w / ~ ~0r,;:-0;:-__ cr-__ ..,,-
o 2'jf ro cos2,8 COS2K 
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m~ and ro being the rest-mass and the classi cal radius of the 
electron, (.3 the angl e between ~ and t: - the polarization 
·00 

vector of the incoming photons t 6' - the angle between ~ and 

~ -the polarization .vector of the scattered photons . Thus 
the laser pulses may pr opagate as soli tons if the spectral 

distri bution of the intensity has the form 

I/w/ 

where k ~ 1. 
As is shown in / 1/ , an appropriate threshold intensity 

appears at photon absorption by free electrons which has the 

value 

During the init ial period of the l aser irradiation in re 
fusion experiments mos t of the outer e l ectrons have propaga­
tion directions toward the outer space, opposite to the l aser 
beam propagation d:lrection. In this case L ~ 1, cosf3 -) 0 and 

thus I Iwl becomes much higher than la which s hows that in . 
the outer , collisionless region of the created pl asma photon 

absorption prevails at incident l aser beam intensities 

R.i;FZRENC&> 

I I I Kormendi F ., Optica Acta, 31, 301, 1984. 
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OBSERVATIONS AND TWO DIMENSIONAL FOKKER-PLANCK CALCULATIONS OF 
A SHORT PULSE, HIGH POWER KrF LASER -SOLID INTERACTION 

o Willi, G Kiehn , J Edwards, V Barrow, R A Smith, J Wark*, G J Rickard, 
A R Bell ,' E Turcu 2 , E M Epperlein 3 

llmperiaJ College of Science, Technology and Medicine, The Blackett Laboratory, Prince 
Consort Road, London SW7 2BZ. *Now at University of Oxford, Clarendon Laboratory, 
' Rutherford Appleton Laboratory, Chilta D, Didcot and 3LLE University of Rochester, NY, 
USA. 

The generation of hot, high density plasmas with 3.5 picosecond , 1 J KrF laser 
pulses focussed onto solid targets with irradiances up to 10 \ 7Wcm - 2 has been studied 
using time resolved X- ray spectroscopy. Fully ionised aluminium plasmas were observed. 
and densities above 10 2 3cm - 3 were inferred from observations of Stark widths and 
continuum lowering . Both I - D hydrodynamic and 2- D Fokker-Planck codes were 
employed to model the experiment. The latter uses a diffus ive approximation and is 
solved by the a lternating direction implicit (ADI) method , wi th ions modelled 
hydrodynamically. Substantial departures from Spitzer heat flow ,are found, especially 
a long the surface of the target where the heat now is inhibited . As a result even fo r 10 
micron diameter laser spots, the heat now into the target is not strongly reduced by 
lateral transport. 

The recent development of high power picosecond lasers have opened up exciting 
possibi lities of producing ve ry hot high density plasmas. This is because the laser energy 
is absorbed very close to the initial target surface since no significant hydrodynamic 
motion can occur on a subpicosecond time scale. 

This paper describes experimental observations and computational modelling on the 
interaction of a 3.5ps high power KrF laser pulse with solid targe ts at irradiances up to 
IOI1Wcm - 2. Fully ionized AI plasmas close to solid density with temperatures of 400eV 
were observed when the prepulse level was low. The results were modelled by a 1 - D 
hydrodynamic and a 2-D Fokker -Planck computer code. 

The experiments were carried out at the SERC Central Laser Facility (Rutherford 
Appleton Laboratory) using the recently developed short pulse, high power KrF lase r 
system SPRITE [I] . A 3.5ps pulse was amplified to energies up to 2.51 in discharge and 
electron beam pumped KrF amplifiers. The laser beam was focused onto target with an 
fl2.5 aspheric lens to a 20pm focal spot . lrradiances up to 10 1 7Wcm - 2 were achieved. 
The primary diagnostic used to study the plasma was a time resolve<l crystal spectrograph. 
A flat TLAP crystal was coupled to an x-ray streak camera operating in the 5-7 A 
spectral window. The spectral and temporal resolutions were 15mA and 15ps respectively. 

The experimental observations were modelled with the 1 - D Lagrangian hydrocode 
MEDUSA [2] and a 2-D Fokker-Planck code [3]. With the latter code e lectron thermal 
transport occurring both into and along the surface of the laser irradiated targets were 
simulated . The code has been written to solve the Fokker- Planck equation for electrons 

J 
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in one or two spatial dimensions in the diffusive approximation. The equation is solved 
using the alternating direc tion implicit (ADI) method. 

Time resolved x-ray spectra were recorded on a luminium targets irradiated by the 
short KrF pulse. When the ASE prepulse was less than 10- 5 a very wide and intense 
AI He(3 (1s1 - ls3p) transition was observed which dominates the spectrum. The He')' 
(1s 2 -1s4p) transition turns on approximately 15ps after the He(3 transition . In addition, 
the higher members of the H - like and He-like series are extremely faint . 

In contrast a distinctly different X- ray spectrum is observed when large prepulses 
3re superimposed upon the short pulse. The experimental spectrum shows the full 
He-like and H-like series. In addition, the X-ray radiation is emitted without 
significant change in brightness for several hundred picoseconds, indicating a large plasma 
corona. The electron density was obtained by comparing the experimental Stark profiles 
predicted by the atomic physics codes RATION and SPECTRA [4]. Figure 1 compares 
synthetic line profiles with a microdensitometer trace of He j3 and He')' line profiles 
recorded when the AliE prepulse level was very low and not detectable by an optical 
diode. The trace was taken 15ps after the start of the emission. The best fit was found 
for an electron density of 1.6xl023cm -3. The calculations of the synthetic spectra 
assume small opacity corrections and an electron temperature of 400 eV. 
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Figure 1. Comparison of experimental line profiles of AI He')' and AI He(J with predicted 
profiles calculated with Te = .400eV and ne = 1.6 x l02 3cm - 3: 

The electron density was also obtained for spectra recorded on targets with large 
AliE prepulses. The Stark width was again compared with synthetic spectra produced by 
RATION and SPECTRA and good agreement was found for ne = 3xl0 2 2Wcm - 2. This 
is consistent . with x-ray emission from densities close to critical (1.6xl0 22em- 3) for 
248nm laser light . 

Detailed hydrodynamic simulations were carried out using the 1 - D hydrocode 
MEDUSA to predict and analyze the experimental data . All the simulations were 
performed with a laser wavelength of 248nm and target materials of - aluminium. The 
interaction was modelled for a 3.5ps FWHM laser pulse with 0.55 J total energy, 
3xlO' 6Wcm - 2, to simulate the experimental data shot shown in figure 1. 
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The deposition of laser energy is calculated assuming inverse bremsstrahlung to be 
effective upto the critical density surface. A fraction fR of 0.2 of the remaining energy 
is dumped at the critical density surface to simulate resonance absorption. The fraction 
of resonantly absorbed energy producing hot electrons was taken to be 0.9. A flux 
Jimitcr of 0.1 times the classical free streaming limit was used. 

Figure 2 shows the results of the simulations during and after the laser pulse . 
Electron density and temperature as well as the average ionization profiles are plotted . 
As can be seen in figure 2, the simulations predict higher electron densities during the 
laser pulse than 3rc observed experimentally. This is due to the temporal smearing of 
the experimental measurements caused by the finite 15 ps temporal resolution of the 
X-ray spectrograph. After the laser pulse the predicted electron density agrees closely 
with the observations. 

'> • W 700 ~ Time::.lBps co __ :_J---' Z '" i! r - '" , - n w 500 / 10 ~ a. 

~ 
1~10142 ~ 

w 
~ 

0 

6 300 --- ,/ 
'" / " . 

5 ,.,0:0 ~ ~ / 
t:; , , 
w 100 ," ~ 
~ - -.- n w ,.n21 3, 

-3 -1 -'" 
'> OISTANCE I }Jm) 

" w 
<r 700 TIme =.4-Bps Z co 

& Z:-. 
'" w ,-- ----- - -----

500 
, 

10 r a. , 
,.vn~ >: , 

I!! -
, 

Te~ . _ ._._ 
300 --- , 

z . ne S 
0 ,/ \_101) 0 
~ '" ~ /Inllial Target z 
u 100 v> w Surface, 

,.1012 ~ ~ 

w -3 -2 -1 0 -1 n 

OISTANCE [pm! ~ 

Figure 2. Hydrodynamic simulations of a 3.5 ps laser pulse without prepulse showing the 
evolution of the electron density, temperature, and average ionization during and after the 
laser pulse. 

The effects of a prepulse in the target and plasma conditions were also stimulated. 
A gaussian laser pulse, 20 ns in duration, containing 30% of the total energy, 0.8J, was 
superimposed with the short pulse. A flux limiter of 0.03 times the classical free 
streaming limit was used. The predictions of the plasma conditions are now distinctly 
different. During the prepulse, several microns of plastic are ablated. The electron 
temperature drops off" sharply above critical density. This implies that the x- ray 
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radiation is emitted from e lectron dcnsities close to critical, in agreement with the 
experimental observations . 

The validity of the 1 -0 hydrocode simulations under the prcpulse and prepulse free 
conditions is corraborated by 2-D Fok.ker-Planck simulations. When the short pulse 
alone is inddent upon the target, the Fokker - Planck si mulations show that almost a ll of 
the total absorbed energy is transported into the target, ie towa rds higher electron 
densities, calculating a flux of 0.1 times the free streaming limit even for lOpm diameter 
focal spots. Figure 3 shows temperature contours and vector plOts of the heat flow for a 
20 pm diameter spot. In the case of the large ASE prepulse , the Fok.ker -Planck code 
sho\llS that the short pulse is completely absorbed in the la rge low density plasma corona 
and most of the absorbed energy is transported latera lly across ' the target surface 
predicting a flux of O.03X the free streaming limit into the target. 

Fig 3. Temperature contours and heat flow vector plots for a 20pm heat spot size from 
the 2-dimensional Eulerian code shortly after the peak of the 3.5ps laser pulse. 

In summary, this letter reports on spectroscopic X- ra y observations demonstrating 
that fully ionized aluminium plasmas are produced with a single 3.5 ps high power KrF 
laser pulse . Comparison of atomic physics predictions with measured Stark profiles and 
observed continuum lowering indicated that X - ray radiation is emitted from plasmas with 
e lectron densities above 10 2 3cm - 3 when there is no prepu lse. , Plasmas with sim ilar 
conditions were predicted by hydrodynamic sim ulations when 20% of the incident laser 
energy was dumped at the critical density to model resonance absorption. These 
simulations were in agreement with 2-D Fokker-Planck calculations. For very short 
pulses a substantial departure from Spitzer heat now was found, especially along the target 
surface. 

Refe rences 

1. J M Ba rr et ai, Opt. Comm. 60, 127 (1988). 
2. J P Christiansen e t ai, Camp. Phys. Comm, 1271 (1974). 
3. G J Rickard e t a l Comp. Phys. Comm., to be published. 
4. A R W Lee, B L Whitten and R E Stout 11, J . Quant. Radiat. Transfer 32,91 (1984). 



853 

SIMULATION STUDIES ON THE DYNAMICS OF IMPLODING 
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Abstract 

The earlier theoretical sluuics on the scaling laws for Spherical Pinch (SP) experiments obtained under lhe 
conditions of SUbS\.111liat expansion of the ccnlIal plasma and 11~ well defined time delay between the crcaLion of 
central plasma and the \<lunching of the peripheral shock capable of conrining central plasma sufficiently 10ng to 
achieve brcakcvcn conditions for plasma fusion led to the concl usion thai, in realistic situations of SP 
experiments, negative time delays should be adopted i.c. the launching of the im ploding shock wave should 
precede the formation of the central plasma. However, Ule interaction of converging shock wave with the central 
plasma causing an additional heati ng and compression of the central plasma leading to favorable scaling laws was 
not taken into occount. Starting from the hydrodynamic equations of the system, the proposed s imulation code 
deals wi th the propogOlion of convergi ng shock waves and its interOClion with the expanding central plasma. 
Relevant simulaL.ion resul ts on the dynamics of shock wave propagation are also compared with the predictions 
of point s trong explosion theory. 

I. INTRODUCTION 

The dynamics of blast wave propagation in laser produced pJasmas in gases has been 
in vesti galed experimen tally and theoretically in great details in past years (1,2), More recently, 
the convergent spherica l shock waves have been employed to contain the central plasma in 
Spherical Pinch ex periments(3) . SP is a novel variation of inertial confinement fus ion scheme 
in which the prefomled central plasma is confined by the converging shock waves whic h are 
capable enough to contain the plasma for a sufficiently long time to reach plasma breakeven 
cond itions. In a recent pilot experiment o f Panarella(3), the plasma confinement time is found to 
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be as large as .. 5.4 ~sec. and the neutrons emitted were "" 107 per sho!. The plasma 

tempentlu re was = 730eV and the product n't '" 1.74)( IOl~ cm-3 sec . On the other hand, the 
theoreticnl ann lysis(3·4) attempted so far 10 lay an insight into optimising plasma and shock 
wave parameters for plasma bre~keven c,onditions have .no~ gone beyon~ the s la~e of f~rs t 
approximations. The ~ecen t analytical studies on SP were.lll~ted to the scahng laws In v~lvmg 
the substantial expansion of the central plasma and the finite tllnc delay between the creatLon of 
central pl :mnn and the initiation of the periphera l imploding shock waves. It was concluded 
tha t in th e case o f simulta neous creation of centra l plasma and the launching of imploding 
shock, the centra! plasma is confined to as large as half of the radius of Ihe spherical vessel and 
it has fu rther been suggested that, in realistic SP experiments, negative time delays shou ld be 
adopted i.e. the launc hin g of the peripheral shock should precede the fo rmation of central 
plasma. Obviously, the experi mental and theoretical results obtained so far inspire not o nly the 
need of using impro ved diagnostics s llch as laser ho lography o r speclrOscopy to determine 
plasma density directly and spatially resolved X-ray emission speclTa giv in g clear picture of the 
he.lled core region of the pinch but also a rea listic and sophis ticated numerical mode Hing for the 
theoretical support. T he aim of the present paper is to provide some preliminary results on 
hydrodynamics o f shock wave propagation with one dimensional simu lation code. The present 
stlldy im proves further over the previous ones, in the sense that it also includes the interac tion 
o f imploding shock waves with the ex panding central plasma . The additional heating of the 
celllral plasma by convergin g shock waves is like ly to reduce the amount of energy to be 
deposited in the ce ntra l region o f Ihe pinch 10 achieve plasma ignition temperature. 

Sec . 2 deals with the details of the simulation results and the point strong explosion theory. 
A brief d iscllssion o f the simulation results on the shock wave dynamics are compared with the 
pred icti ons of point strong explosion theory in Sec. 3. 

2 HYDRODYNAMI CS OF SHOCK WAVE PROPAGATION 

A. Sinmlation analysis 

The present simulalion prog ram is a one dimensional fluid code which employs a single 
flu id, one temperature and the hydrody namical equation fo r perfect gas. The relevant fluid 
equ"tions are written in Lagra ngian coordinates using standa rd reference configuration. Each 
fluid element is labeled with a certain value called Lagrangian coordi nate and retains it as it 
moves abou t. Obv iously, o ne dimension"l character of the simulation analysis rules out the 
possibiliti es to include the effects of self-generated magnetic fi elds. The original differential 
equations describing the hydrodynamical properties of the fluid on discrete space and time 
meshes are replaced by a set of finite di ffe rence equations whic h considerably facilitates to 
provide more information about the motion of of each fluid element. Since the viscosity may 
play important role on very short scale lengths, similar to other laser fusion codes, the rigorous 
v iscous te nns have been neglected. However, an anificiai viscosity has been incorporated in 
few layers a round the shock front and the corresponding original expression for viscosity 
developed by vQn Neuman and Richtmeyer<5) has been included which has the advantage that 
the pseudo viscous terms do not alter the stabi lity of the usual difference equations for smooth 
flow of the fluid element. 

B. Point Strong Explosion Theory 

It is cons idered that the energy deposition at the periphery of the spherical cell occu rs 
instantaneous ly. 11le ambien t gas counterpressme is also assumed quite small in comparison 
with the pressure of the shock wave. In this situation, the hydrodynamics of the shock wave 
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may be easily described by point strong explosion theory and the dimensional analysis of the 
relevant fluid equations reveals that the two parameters namely. the initi al gas density and the 
energy absorbed in the explosion are sufficient to describe the motion of the shock wave(6}. 

3 RESULTS AND DISCUSS ION 

Fig. I illustrates the comparison of simulation results on temporal evolution of expanding 
shock wave with the predictions of point strong explosion theory. Different continuous 
curves obtained from the simulation analysis correspond 10 the radial boundaries of different 
concentric cells. The shock wave front corresponds to the region of maximum compression 
of the gas in the corresponding cell. It is obvious that the lime evolution of the shock wave 
front obtained through the above mentioned analysis is in excellent agreement with the 
predictions of the point strong explosion theory (triangles in the figure). 
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Fig.1 - Time evolution of the shock wt!ve front in a D-T mixture .with an unperturbed densi ty p = 10-3 

g/l.:m3. At the time I=-O t! 1001 1;Jser energy is absorbed in the most internal cell. The triangles correspond 
to the prediction of point strong explosion theory. 

The dynamics of the implod ing shock wave and the expanding central plasma in the case of 
simultaneous launching of the peripheral shock wave and the creation of central plasma is 
d isplayed in fig.2a which provides an estimate about the confinement of the central D-T 
plasma. This numeri cal estimate is quite realistic from the experimental point of view as the 
interaction of the imploding shock wave with the expanding central plasma is included self­
consistently in the numerical code.The unperturbed density of the gas corresponds to 10-3 
g/cm3, the absorbed laser energy is lOO}, while the energy of the converging shock wave is 
108 Jig. 

Taking into consideration a nega ti ve lime del.ay, as suggested in earlier ana lytical 
studies(3,4), a numerical simulation of such case is di splayed in fig. 2b, adopting the same 
input physical parameters considered in fig.2a. 
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Time (~ l SCC) 
Fig.2 - interaction of the imploding shock wave with the ex panding central plasma in the case of a) 
simul taneous launching of the peripheral shock wave and the initiation Oflhc cen(tal plasma; b) negative 
lime delay between the launching of the shock wave and lhe initiat ion of the plasma. 

Fig. 4 exhibits the variation of central pla sma temperature durin g the expansion phase and 
the su bsequent compression by the converging shock wave. T he same negat ive time delay is 
considered. It is clear from the figure that the in teraction of the shock wave with the central 
plasma resu lts in an abrupt increase in its temperature followed by a relatively slow 
cooli ng down. 
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Fig.4 - The time dependence of the plasma temperature. 
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IMPLOSION EXPERIMENTS AT 0.26 }Un LASER WAVELENGTH 

E . FASRE. M. KOENIO. A. MICHARO. Lab. L. U. L.t. Centre National 09 la 
Recherche $cientl1ique. Eeols Poly technique. Paloliseau, France 

P. FEWS. Bristol University. Great Britam 

Short wavelength lasers have been demonstrated as the most ellicient 
drivers for laser inertial conlinement fusion; efficient absorption. Iow fast electron 
preheat. high ablation rate and ablation pressure. We present here some results 
dealing with the studies of implosions of large aspect ratio target driven with laser 
light in the UV 81 O. 26 ~m. 

The experimental conditions are as tollow : the output 01 the six beam Nd 
glass laser facility from lUll Laboratory is frequency quadrupled with KdP cristals with 
an average efficiency 01 35 %. This provides us. for experiment. a tota l amount of 
200 J in a 500 p lcosec. pulse lor the six beams configuration. Target illumination is 
made by using large aperture quartz lenses I ; 1. The locus of each lenS8s is 
located. lor best condition 01 uniformity of illumination. beyond the target at a 
distance L Irom center with L/R ranging Irom 1.8 to 2.5. The value L/R = 2 
corresponds to tangential Illumination. Targets are 10 ath D-'T tilled glass m icroshells 
Irom KMS Inc . with diameter ranging from 250 ILm to 450 J.Lm and wall thickness from 
0.8J.Lmt02J.Lm . 

The diagnostics in these experiments are X··ray photography in the KeV 
range by p inhole or streak camera which gives us informat ion on the implosion 
dynamic and symetry. The others main diagnostics are particle yield determination . 
tor neutron with scintillators. and tor a particles and protons using the tracks on 
C. A. 39 lolls giving measurements of shell p6A and fue l temperature at the time 01 
particles emission. 

The main parameter in these 
experiments was the target wall 
thickness and to some extent the target 
aspect raUo Ale which was rang ing 
from lOO to 280. The experimental data 
have been analysed using this 
paramater by comparison with the 
numerical prediction of the I-D 
Lagrang lan code F. I. L. M. 

The first set of results Is 
related to the Implosions dynamic 
obtained from X- ray streak photograph . 
On IIgure 1 Is shown the A (t) diagram 
oDtamed tram experim ent and 
compared with numerical results. 
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On figure 2 are plolted for various 
experimental conditions. larget diameter. wall 
thickness. the experimental values of the 
squared implosion velocity versus numeric al 
values with again a fa irl y gOOd agreemenl. 

This shows that with a moderate lIux 
inhibition described by an harmonic average 
of thermal flux close to the non local flux 
theory and corresponding to a /lux limit of 
O. 1. the numerical simulation gives a good 
descr iption 01 the implosion dynamic. 

The second set of experimental data 
is related to the fusion reactions. Here the 
agreement is rather poor as shown on figure 
3. On this figure are plotted the experimental 
yields normalized to the yields given by 
numerical simulation at the time called tr 
when the shock wave. driven by ablation 
pressure. sullers its first reflexlon on the 
imploding wall. after its convergence at target 
center at time called tc and before stagnation 
at time Is as shown on figure 1. 

These results show that experim enta l 
yield are smaller by two or three order s of 
magnitude than predicted values and that the 
discreapancy decreases when the target 
aspect ratio increasesl• 

A belter agreement could be found if 
experimental yield were normalised with yield 
at time IC ind icating that fusion reaction 
should occur at this time but other 
diagnOStics deseagre with this assumption. 
Firstly th e measurements of shell pL1R from a 
particle slowing down show that p.6R values 
agrees with numerical prediction at fr' 

Secondly implosion photographs show that 
implosion behave re latively uniform untill late 
stage when tha shell is strongly decelerated. 
process which occu r signtllcantly between Ir 
and st.Jgn.J lion . 

Other. Interestlng data have been 
obtained from these experiments as shown on 
figure 4 where the neutron yields are plaited 

'versus fuel temperature obtained from a 
partiCle spectrum broadening. On this figure 
is also plotted the «rOT' V> average c ross 
section ve rsu s temperature. This shows that 
the major In/luence for particle production Is 
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the luel temperature as expected. The 
remaining descreapancy could be attributed to 
the difference in each experiments lor nT 
va lues and the lolal number 01 luel particles 
Involved In the luslon reaction s. 

Another Interesting result is the 
determination 01 hydroefllclency. Th is has 
been estimated in two way. First by estimating 
the value of thermal energy In the fuel Eth = 3 
NokT, where No is the total number of 
deuterons or tritons. Tf the measured luel 
temperature. This determination is surely an 
over estimate because the fraction 01 fuel 
Involved In fusion reactions can be small 
excepted at the stagnation phase. 

The second determination 
hydroefticiency is the measurement of shell 
kinetic energy by the quantity Ek = 2 n 
Ail. (pt.A)V.l. imp where At Is the shell radius 
at the end 01 Implosion measured from 
pinhOle photograph. C pt.A) · is the shell areal 
mass measured from a particle 'and Vimp Is 
the implosion velocity . 

This assume that Af and (pt.A) are 
determined at the same phase 01 implosion 
and consequently the hydroelliclencies 
obtained could be under estimated. The 
figure 5 gives these values plotted versus wall 
thickness. 

What is seen on this figure is that 
the agreement between the two kinds of 
measurement is better for the thin shells. 
Some optimum value could be found near 1. 2 
to 1.3 IL wall th ickness. However 'or the 
present conditions. small number of 
experiments and lack of precision. such 
conclusion is premature. The decrease for 
the thick shells in the kinetic energy Is no t 
only due to Implosion velocity decrease but 
also and strongly to the small amount 0' sheH 
which Is given th is velocity In contradiction 
with what could be expected tram simple 
Interpretation of ablation rate. 

Nevertheless it is possible to 
estimate that the hydro efficiency can reach 
values In the range of 6 CJEa to 12 CJEa lor 
optimum conditions. 
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In these experiments the most intriguing problem is the level 01 particle yield 
which is much lower than predicted. Certa inly the implosion slopS nearly around the 
time tr at which the shell suffers a str ong decelleratlon. owing to the relatively non 

. unifo rm illu minal ion conditions . Because of the strong shell preheat by shock or 
ra diation, this non uniformity effect is more o r less smoothed by shell expansion and 
lavars th in ner shells lor breaking in later phase of implosion closer 10 stagnation. 
This would agree with the shell (p6FU measured which are comparatively larger tor 
thin shells than tor thick shells by comparison with expected values from numerical 
simulation . The fuel temperature is al so smaller than expected and it could be 
e xplained by some wall-Iuel mixing occuring since the early stage 0 1 implos io n be lore 
she ll breaking . 

These experiments have shown that for short wave le ngth lasers Ihe 
implosion dynamic seems cor rectly descr ibed by numerical simulation with moderate 
Irans.port Inhibit ion. Hydro elliciency in the range 01 6 to 12 % are obta ined . The 
implosions behave re lalively uniform untill late stage 01 implos ions when the shell is 
strongly decelerated and shell preheat can explained this . However the strong 
descreapancy between experimental and predicted yields is not well understood yet. 
Fuel wall mixing dur ing the early stage 01 implosion could expla i n thi s. 

This Is however not entirely sulllcient and shell break ing time needs 10 be 
known i mplying mor e ref ine diagnostics on lusion reac tions chronology. 
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I) Introduction 

Radiation energelics is a key issue in inertial confinement studies. At the high particle 
densities prevailing in laser-created plasmas, the electron energy balance is strongly influenced 
by photon transport through absorption and emission processes. In the dense part of the target, 
the medium is optically thick to line radiation and heating of the material by sub-keY photons is 
likely to occur. ln the coronal pan of the laser blowoff, the plasma is optically thin and radiation 
can escape freely. For these reasons, laser-created plasmas are copious sources of pulsed X­
rays. For medium-Z (Z - 30) materials, peak emissions are found in the 100-2000 eV range 
with typical durations of a few ps to several ns. In this paper, we will focus on the 
measurement of X-ray conversion efficiencies in well-defined experimental conditions where 
plane copper targets are irradiated by laser light at 0.26, 0.53 and 1.06 j.lm with pulse durations 
of 600 ps, 3 ns and 30 ns and various laser imensities. Results will be compared with the 
predictions of a ID hydrocode incorporating photon transport physics. 

11) Experimenta l setup 

Experiments were carried out at the LULl Laser facility (Palaiseau) with laser irradiances 
from 1010 to 10 15 W/cm2. Copper has been chosen as a target material for its handling 
readiness and its high L-band emissivity in the keV range (1). Two low-spectral resol ution 
spectrographs have been used : a multichannel X-ray diode spectromete r (1,2) and a 
transmission grating spectrograph. The first instrumem gives absolu te intensity measuremems 
in wide energy channels (a few hundred eV) while the second allows for more detailed spectral 
analysis with a few A resolution. Exploitation of the experimental results invol ve the analysis 
of experimental spectra at constant irradiance for the three wavelengths and pulse durations 
available. Conversion efficiencies (21t steradians) in the 100-750 eV range (sub-keY) and in the 

" 
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750-2000 eV range (keY) have been deduced from measured, specrrally-integrated, absolute 
X-ray intensities and laser energy. 

11]) Hydrocode simulation 

A one dimensional (plane geometry) lagrangian code using a fully implicit integration 
scheme for the solution of the conservation equations of mass density, matter velocity and 
internal energy has been developed. Laser deposition by inverse bremsstrahlung and resonance 
absorption together with flux-limited electron (hennal conduction are treated classically (3), An 
accurate equation of state (4) is used to close the sytem of conservation equations. Photon 
transport is evaluated by using a multi group, multi angle solution of the radiative lTansfer 
problem. The average charge state and the emission and absorption coefficients of the ionized 
matter are calculated within the framework of the average atom model (5) under non-LTE 
conditions. Front and rear side emission spectra, conversion efficiencies and plasma parameters 
are calculated as a function of time and can be compared directly to experiments. 

IV Results 

Figure I shows the experimental spectra obtained from the diode speclTometer and from 
the grating spectrograph in a laser shot at 1.06 }lm, 3 ns pulse duration and 2. 1013 W/cm2 laser 
irradiance. Good agreement is found between the results from the two instruments in the sub­
keY range. Grating spectrograph results are much smaller in the keY range. Th is can been 
accounted for by errors in the film calibration or grating imperfections. Code predictions, 
assuming a measured focal spot diameter of 200 }lm are also shown in figure I. It is worth to 
mention that there are no adjustable parameters in the hydrodynamic calculations apart from the 
heat nux limitation factor that we have set to its standard value of 0.03 at 1.06}lIll. 
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Figure 1 : Diode specrra (heavy line), grating spectra (light line) and code results (dashed line) 
between 0 and 2 ke V for a shot at 2. 1013 W /cm2 and 1.06 }lm. 
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Figure 2 gives the conversion efficiency at l.061-lm , 0.53 J.lm and 0.26)lm as a function of 
laser intensity. Sub~keV conversions are found to increase from 8% to 30 % when the 
wavelength varies from 1.061lm to 0.26 Jlm at 1012 W/cm2 laser irradiance. At larger laser 
irradiances, conversion efficiencies slightly decrease. Hydrocode results show a stronger 
influence of plasma reabsorption a l higher electron densities. In the keY range, a threshold 
occurs around 5.1012 W/cm2. Then, the conversion efficiency increases to reach an optimum al 
about 1013 W/cm2 . This behavior can easily be explained by the minimum temperature of 
about 300 eV which is needed to produce L-band emitting ions. Code simulations are also 
presented in figure 2. Experimental conversion efficiencies are well reproduced by the 
calculations except at 1.06 Jlm in the keY range where a discrepancy of a factor of 2 occurs. 
This is due to the poor description of resonance absorption used in the calculations. 
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Figure 2 : Experimental conversion efficiency as a function of laser intensity for 1.06,0.53 
and 0.26 Jlm laser wavelength at 600 ps laser duration. Codes results are given by full lines. 
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Figures 3a and 3b give the measured conversion efficiency in [he sub-keY and the keY range as 
a function of pulse duration ,respectively. In the sub-keY range, the conversion efficiency 
increases with pulse duration. The hydrocode predicts an increase of the elecrron density scale­
length at temperatures (-150 cV) where sub-keY emissions take place. keY conversion is more 
sensitive to electron temperature. Cooling effects by lateral expansion decrease the conversion 
for very long pulse lengths. We have also shown that a prepulse enhances the conversion 
efficiency at a given deposited laser energy. 
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Figure 3: Conversion efficiency as a function of pulse length at 1.06 )..lm. light squares: 
1.1012 W/cm2, full squares: 1.1013 W/cm2, heavy squares: 1.1014 W/cm2. 

V) Conclusion 

We have studied experimentally the dependence of X-ray conversion efficiency as a 
function of laser intensity, wavelength and pulse duration for copper targets. Results are in very 
good agreement with hydrocode simu lations incorporating radiation tranport effects. 
Conversion efficiencies of more than 30% in the sub-keY range can be obtained at 0.26 )..lm. 
Taking into account frequency quadrupling effiCiency, X-ray conversion efficiency at 1.061lm 
and 0.26 )..lm are similar. The present study, together with the Z-scaling presented in Ref. 6, 
can help in designing pulsed, intense X-ray sources for many practical applications such as X­
ray lithography and microscopy. 

References 

1) P. Alaterre , H. Pepin, R. Fabbro and B. Faral Phys. Rev. Al1,4184(1986) . 
2) L Toubhans. These de Doctorat (Palaiseau. 1989). 
3) "Laser-plasma lnteraction".eds. R. Baliant and J.c. Adam (North Holland, 

Amsterdam. 1982). 
4) R. M. More,K. H. Warren, D.A. Young and O. B. Zimmennan 

Report UCRL 96675 (1987) and Phys. Fluids (to be published). 
5) l .P.Geindre and l.C Gamhier, Report PMl 1971 (1988). 
6) M. Chaker, H. Pepin , V. Bareau, B. Lafontaine, I. Toubhans, R. Fabbro and B. Faral 



865 

Z-D SIMULATIONS OF THE IMPLOSION, COLLAPSE AND STAGNATION OF 
LASER FUSION SHELl.S 

S. Atzeni. A. Guer-rieri. 

Associazione EURATOM-EN EA sulla Fusione, C. R. E. Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

INTRODUCTION 
We discuss the method, model and first results of Z- D numerical simulations of 

the entire history of gas-filled shells irradiated by laser pulses with long wavelength 
non-uniformities. 

Although this issue has already been addressed in connection with the design of 
reactor targets [ll, or with the interpretation of experimental results [2,31, a complete, 
clear, and quantitative picture of the relevant phenomenology is still missing [see, e.g., 
I and 4J. 

In general, the history of a target can be divided into three phases, namely, the 
acceleration and inertial phase of the implosion 0; ts!.o; see Fig. 1), the shock collapse 
and reflect ion (n. 1.oStst'o), and the stagnation (t'oStS tt). In a previous study [5], we 
were able to study quantitatively phase I and to get some qualitative information on 
phase n. At t'="1.o, however, negative area zones occurred in the mesh of our purely 
Lagrangian code [6], and the simulations became unreliable. 

We have now upgraded our code, by int roducing an automatic mesh-rezoning 
package, which allows us to follow with reasonable accuracy phases n and m of the 
target implosion. 

MODEL 
We use the 2-0, quadrilateral-zone, Lagrangian code DUED [6], including single 

fl u id, two- temperature hydrodynamics, flux-limited conductivities, real matter 
equations of state, nuclea r reactions, and ray tracing of the laser light. 

. , I. t; I • 

i. " D.5Jl'm 

EJ= lBO J 
w- 63GW 
f: 1 ns 
41 · 3 ns 

6R" 2,S,um 

i.:: 0.35,um 

ta" 1.6 kJ 

W- 2.5 TW 
; .. 1 ns 
41 .. 0.1 hI 

F ig.l · Radius vs time bistory of targets a ) and b ), respectively 

r ., 
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" 
Fig. 2 · Example of mesh rezoning. A new mesh is defined inside the marked line (interface 
between gas and shem, a l and b l mesh before and after the rezoning, respectively 

The rezoning package (71. once a strong mesh deformation has been detected, 
defines a new mesh and then maps physical quantities from the old mesh to the new 
one. Grid re-generation is performed separately on the different materials (or regions 
of a same material) in the t arget, thus allowing for the interface tracking properties of 
the Lagrangian approach t o be maintained. In the simplest cases of interest, as e.g., in 
Fig. 2, we only rezone the mesh in the filling gas, no rezoning being needed foE' the 
somewhat distorted, but not pathological mesh of the glass shell. The new mesh is 
generated by a suitably modified form of a variational algorithm (8] allowing us to 
obtain a compromise between mesh smoothness, orthogonality and volume control (7]. 
Mapping of tbe densities of the conserved quantities is performed by assuming that each 
density is constant inside a mesh zone, both in the new and in the old mesh, using the 
scheme of Ref. 9. 

PROBLEM SET UP 
We simulate D-T ga s filled, thin glass shells, and we assume centrally focussed 

irradiation, with laser int e nsity perturbation described by a single Legendre mode, with 
amplitude coefficient Ct. Le. CrPt (cos 0), with e=2-l2. We restrict our attention to two 
sets «a) and (b), respective ly) of laser and target parameters (detailed in Ref. 5; see 
also Fig. I), which are chosen to allow for sufficiently general results as well as for 
their relevance to severa l la boratory experiments. The respective I-D R-t evolutions 
are shown in Fig. 1. Case a ) is representative of the purely ablative regime of implosion 
with a long stagnation phase (see Fig. la). Case b) has the parameters of an experiment 
performed at LLE [Z] and may be taken as representative of the stagnation-free regime 
of implosion. 

RESULTS 
During phase I the she ll is subjected to a secular deformation, induced by the non 

uniform irradiation, as clea rly shown for a typical case in Fig. 3 (see Ref . (SI for details 
and parametric studies). In Fig. 4a we plot the relative deformation c of the gas-shell 
interface vs the quantity x,u= IC(l)-I)A IIl, (for target b) at time to. and for several values 
o f t and Cll, where C is the convergence ratio of the interface (ratio of initial to actual 
radius), and AIJI is the peak- to-valley intensity perturbation. The solid line is the result 
of a model neglecting any non-uniformity smoothing mechanism [5]. Figure 4b shows 
that the measured amounts of smoothing agree with a simple model implying steady 
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., " 
Fig. 6 - Target al with t = 8 and Cs = 0.10: shock reOection and stagnation phase. a) t= 4.5 ns; 
b ) t = -1.67 n s ; Cl t = 5. 1 ns 

state thermal conduction between critical and a blation radius [5 ]. Higher e modes are 
increasingly smoothed. 

Higher t modes, on the other hand, are more effective in induc ing perturbations of 
t he mass distribution inside the shell, which, in turn may seed unstable modes of the 
Rayleigh-Taylar instability at the ablation front {5]. 

When the imploding shock-wave propagating through the filling gas c ollapses and 
is reflected at the center (phase IT), outwardly directed jets of matter form in 
correspondence to the maxima of the laser intensity (see Figs. 5 and 6). 

For the stagnat ion phase (ill), we have obtained the first qualitative results, 
illustrated by Figs. 5 and 6. For case b) targets (Fig. 5) there is no r eal stagnation, but 
rather, as the reflected shock collides with the shell, the latter is reflected (and 
considerably distor ted by the collision with the highly non symmetric shock). In case a ), 
instead, we observe several reflections of the shock waves in the gas (see Fig. 6) 
without further substantial distortion of the gas-shell interface. 

We are now performing a parametric study of these targets and will also simulate 
thermonuclear targe ts t o gain a better (and reactor relevant ) insight into the processes 
occurring in phases II and m. The results will be reported in due time. 
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FUSION GAIN CALCULATIONS FOR IDEAL ADIABATIC VOLUME 
COMPRESSION AND IGNITION WITH 100 MJ HF-LASER DRIVING. 

Heinrich Hora, L. Cicchitelli, G. Kasotakis, C. Phipps" G.H. Miley •• and R.l . Stening. 

Depanment of Theoretical Physics, University of New South Wales, 
Kensington, 2033. Australia. 

High fusion gains due to ideal adiabatic compression of DT gas filled pellets have now 
been demonstrated in GEKKO 12 using a pusherless direct drive with high aspect ratio. Thus 
similarly high gains might be expected with only moderate compression (lOO times the solid 
state) if MJ laser input were available. because volume ignition will then take place. This will 
provide additional driving from the reaction products and will yield temperature up to 100 keY. 
Earlier calculations without ignition showed undesirably high optimum temperatures, but a new 
treatment, using the latest available cross sections, and including ignition, results in an optimum 
temperature of only 4.5 keY if bremsstrahlung re-absorption is negligible. This result is in 
agreement with the fact that reaction energy just compensates bremsstrahlung at 4.5 keY. For 
cases with considerable reabsorption, the optimum temperature drops to 1 keY only, with gains 
up to 1200 and 80% fuel bum. In view of the low cost 100 MJ HP compact laser system, 
gains for this laser energy range are reported for DT and for clean fuel reactions. 

1. Introduction 

The argument against laser fusion in 1980 was the statement by Brueckner [1] that the 
then best numbers of DT fusion neutrons from Shiva were ten thousand times less th an 
expected from theory. Apart from the change of the scenario by the confirmation from 
underground test experiments that inertial confinement fusion with energy input of 10 to 100 
MJ radiation energy does result in sufficiently high exothermal energy for power production 
[2], the mentioned factor of ten thousand may now be considered to be overcome by two facts: 
·(a) The direct driving of the pusher modes for the Shiva experiment could be improved by a 
factor of about 100 as demonstrated by the Omega laser experiment [3] when using Kalo's 
random phase plate [4]. 
(b) Pllsherless [51 shock free volume compression known as Yamanaka compress\on of the 
pellets led to a drastic incre,!se of the neutron gains [6] , approximately providing the 
remaining factor of 100 called for by Brueckner. . 

The random phase plate (RPP) technique introduced in 1983 [8] and induced spatial 
incoherence (lSl) [9] as well as broad band laser beams [10] seemed to be a method to 
overcome the difficulties observed. in laser-plasma interaction. Another tool for overcoming 
these difficulties is the indirect hohlraum drive [11] of Nuckolls, which achieves a quite 
smooth drive. However the conversion of the laser radiation into x-rays and their 50% use for 
c;lriving a pellet compression causes a loss by a factor three or more in the gains expected 
relative to direct drive. The difficulties of the interaction have been shown to be· not due to SRS 
or SBS [121. We show, on the basis of numerical results at ll..E Rochester in 1974 [13]" that 
the pulsating interaction which does describe these difficulties is due to the cyclic appearance 
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and disappearance of a density ripple in the plasma corona caused by [he standing wave 
component of the laser field. The ripple produces a peripheral reflection, followed by 
hydrodynamic relaxation of the ripples within about 10 psec, subsequent low reflectivity and 
strong pushing etc. [14]. It can then be directly explained why RPP, ISI and broad band lasers 
are so successful in achieving smooth interaction. 

This paper discusses the mentioned second improvement of laser fusion which arises 
from pusherless volume compression, as realized experimemally by Yamanaka, Nakai et a1 
[6,7]. 

2. Volume Compression. 

In order to understand the Significance of the Yamanaka compression as the realization 
of the ideal shockfree adiabatic compression of the pellet, reference is given to the results of the 
sixties for calculating the fusion gain 0 0 for DT. If an energy Eo is introduced into a sphere of 
unifonn density no and radius Ro where ns is the solid state density and ERE the break even 

energy, (E) 1/3r- )213 
0 0 = E:E \. n; = CnoRo (1) 

The result was first published in 1970 [15] and an identical second result in 1974 [1 6J. The 
empirical constants involved in these two formulations gave gains which agreed numerically to 
with a factor of 3. This corresponded to a variation of the break even energy between 1.6 and 
50 MJ and of the optimum temperature for which Eq. ( I) was fonnulated. between 10 and 17 
keY. 

If one assumed that only 25% of the fuel would have been burned the maximum gain 
would have been near 70 only. This was definitely too low considering the low efficiency of 
lasers and other losses. Alternatively. the spark ignition concept was introduced in which the 
laser driven ablation of the pellet results in a sequence of shocks (Ouderley scheme) [11] such 
that a little part of the pellet material in the centre is compressed to 10000 times the solid state at 
optimum temperature between 10 and 17 ke V. Then the fusion reaction triggers a self sustained 
fusion combus tion wave through the surrounding fuel. Very high gains should be expected 
[17]. The scheme included the rather impossible conditions of 10000 time solid state 
compression, and left the well known difficulties in understanding the fusion combustion wave 
open [18]. However, it was considered as the only way to achieve gains higher than the value 
of 70 predicted by Eq. (I) for the simple adiabatic volume burn , while remaining within 
sensible experimental conditions. 

The attractiveness of the simple volume burn was restored [19] when the alpha self heat 
apart from the losses by fuel depletion and by bremsstrahlung were included. It was discovered 
that a vol ume ignition (like in a Diesel engine) is possible with drastically lower initial 
temperature and high gains. 

3. High Gain, Self-driven Volume Ignition with Selfdriving 

Our improvements of the computations of the volume ignition included the following 
points: . 
(a) The depletion of fuel, initially included in the number of the reacting atoms only [19], 
has now been taken into account for the adiabatic compression and expansion hydrodynamics. 
The corrections are not severe but the model can now be considered as complete with respect to 
fuel depletion. 
(b) The inclusion of bremssrrahlung losses has confmned that this does not affect the results 
ofEq. (1) for high values of the optimum bwn temperature, but it does become important at the 
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lower temperatures applying to volume ignition. The re-absorption of bremsstrahlung was 
included in the following calculations. In contrast to the approximation Cannula used by other 
authors. we used a detailed spectral distribution of the bremsstrahlung and its density and 
temperature dependence to calculate the mean free path of the photons for each time step of the 
plasma dynamics. 

In order to test the results with regard to earlier known facts. Fig. 1 shows the time 
dependence of the plasma temperature T for the case of an initial density lOO times the solid 
state with an initial volume of onc cubic millimeter. Three cases are given in Fig. 1. The fusion 
gains G are 2.01; 22.38 and 103.3. 

The ignition process can be seen in a very pronounced way not only from the strong 
increase of the gain G with little increase of input energy, but also from the observed temporal 
increase of the temperature. In the flrst case, the temperature is, for a long time, nearly constant 
because the temperature loss by bremsstrahlung and by adiabatic expansion (sometimes called 
adiabatic loss) is compensated by the alpha self-heat until a strong drop of the temperature 
occurs with the fast expansion. 

A ten percent higher energy input results in the appearance of ignition instead of the 
simple burn: the input of heat into the plasma from the alphas produced outweighs the losses 
and the temperature of the pellet after the input of the driver energy of 12 MJ increases. A 
maximum temperature of nearly IO keY is reached before the fast expansion and adiabatic 
cooling drop the temperature. Increasing the input energy again by about 10 percent results in 
strong ignition with a maximum temperature of 31 keY and a high gain above 100. 

The initial temperatures in the three cases of Fig. 1 are 3.95; 4.31; 4.67 keY 
respectively. This is just a little bit less than the simple case (20] where the generated fusion 
energy is equal to the generated bremsstrahlung. Only a small pan of the bremsstrahlung is re­
absorbed in the pellet. This corresponds to the well known temperature [20] of 4.5 keY where 
the loss of bremsstrahlung is compensated by fusion energy generation. Lower initial 
temperatures as low as 1.5 keY were achieved when re-absorption of bremsstrahlung was 
strong, e.g., for 40 MJ input energy at compression to 1000 times the solid state with fuel 
depletion of 62%. 

While the calculations described in Fig. 1 were only the expansion phase of the reaction, 
we calculated the full cycle of implosion and expansion together with the volume bum and the 
volume ignition determining the gain. The results based on fusion cross-sections by 
Feldbacher et al (21] are shown in Fig. 2. 

4. Further Results and Discussions 

We extended the computations for the case of the ideal neutron free reaction of hydrogen 
and boron-l 1. The inclusion of the bremsstrahlung loss indicated a high initial temperature of 
115 keY for the optimum cases of volume bum only. We found cases with input energies in 
the 100 MJ range in which the temperature increased after burning due to volume ignition. The 
gains were then in the range between 5 and 10. The calculations were done with the 
nonrelativistic bremsstrahlung formula. The inclusion of the exact relativistic fonnula is being 
evaluated and may result in lower initial temperatures and consequent higher gains. 

U se is made from the scheme of the compact HF laser producing· 1 00 MJ broad band 
pulses for a projected price of $800 Mill. {22]. The basing of fusion reactors on these scales 
for DT in turn reconfmn the otherwise explored conditions [2] under which inertial confinement 
fusion power stations may be economically realized in the not too distant future. 
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Fig. I : Dependence of the temperature T of a 
pellet on the ti me t at initial compression to 
100 times the solid state and initial volume of 
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energies were 11; 12; 13 MJ. 
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HYDRODYNAMICS OF LAYER STRUCTURED TARGETS IMPINGED BY INTENSE ION BEAt~~ 

J . D4vila y A. Barrero 

Departamento de Inqenierla Energ~tica y Mec4nica de Fluidos 
E.T.S,I. Industriales . Universidad de Sevil la . Spain 

To minimize the energy loss in the corona outflow, a layer structured 
spherical hollow shell has been proposed to be used as target in inertia l 
confinement fusion . For ion beam drivers, the major part of the beam energy 
is absorbed in the middle layer, which is called either absorber or pusher. 
The outer layer, called tamper, slows down the outward expansion of the ab­
sorbed low density region. The materials of the tamper and pusher are usu­
ally lead and aluminium, respectively, and the fuel (deuterium-tritium) is 
located in the inner layer . The knowledge of the hydrodynamiCS of the inteE 
action of an intense beam with a structured target is then an essential 
point in order to achieve break-even conditions in ion-beam fusion . 

In a recent paper , FernAndez and Barrero (1986) found that the hydro­
dynamics of the ion beam-plasma interaction depends on a dimensionless num-
ber, 

(1) 

which is the ratio of pressure to inertial forces and contains the basic -
beam and plasma parameters; Zb' ~, E ,I and 1 are atomic number, parti­
cle mass , maximum energy per nucleon , ocur~nt intensity per unit area , and 
pulse duration respectively, m

i 
n , In A, e and m are the undisturbed, mass 

density, coulomb logarithm and el~ctron charge ana mass. 
Two asymptotic hydrodynamiC regimes ap~ear for small and large values 

of the parameter o. For 6 small, the beam energy heats the target without 
developing significant convection there, while for 0 large thermal and ki­
netic energies of the material are comparable. The asymptotic analysis 
showed that for 0 » 1 there are two different flow regions: a compression 
zone separated by a shock from the undisturbed material , and a region where 
beam absorption occurs . A well d.efined ablation surface lies in between. 

These ideas may be applied to describe the hydrodynamic behaviour of 
both tamper and absorbed . As it may be seen from (1) for a given beam pulse 
(Eo, l a and T given) the value of the parameter 0 is different in the tamper 
than in the absorber . The relation between these two values of 0 is 

o = -5 ~ ~(n ) ~ 2 

Al Y (n) b . 
o P 
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where y is the fraction of the total beam energy absorbed by the target. - ­
For example, for a protom beam (1 MeV, 10 6A crn- 2 and 20 ns) one has 0 b~.18 
and OAl ~ 4 . 74 if y=l is assumed. For heavy ion beams, (uranium, 500 Me~ , 10 4 

A cm- 2 , 20 ns) one has 0 ~.24 and 0 1 ~6 . 15 (if a value of 50 is taken for 
the effective beam charg~~. A value ~ual to 6 has been arbitrarily taken -
for the Coulamb logarithm in the above calculations . 

Accordingly, with the asymptotic regime 6 « 1 , there will not be con­
vection in the tamper except in a very thin layer (compared with the tamper 
thickness) where the plasma expands to the vacuum . The momentum equation 
for the beam is 

(2) 

where the momentum per unit volume and time transferred from the beam to 
both free and bound electrons is respectivel y given byl 

a In A 
n nb 

4> [Vb/(2 k T /m ) l12J R z. 
~ , , e e 

(3) 

4>(y) ,,-,;, [r exp(-t') dt - y exp (-y,] 

0 

(4) 

and 

a (Z- Z.) 
n nb 

In (2 v~iI) R --vr m , , e 
(5) 

a = 4ne~z~/m and I is the mean ionization potential of the tamper . Using 
a mean ioniz~tion degree, which i s assumed to be constant, neglecting the -
logarithmic dependence in both RI and R2 , and assuming that functional 4> is 
equal t o 1, equation (2) may be integrated . If L is the tamper thickness 
the beam veloci t y at the tamper-absorber interface is given by 

(6) 

where A '" a[z. In A + (Z - Z.) In {2m v,//I)]/"b and t is obtained from the 
condition 2E~{to)/"b '" (A

L
L)I/2 ; n~tLce that the ori~in has been taken at 

the interface . For tYPLcal values of Lnterest in Lon beam fUSLon the maXL­
mum beam energy E satLsfLes the LnequalLty E »~{A L)I/2 so that the 
lag- time t is rough smaller than the pulse du~ation T and consequently 
vb(o,t) ~ ?2 E

b
(t)/"b)1/2. 

NOW, if one considers planar geometries and elastic collisions to sim­
plify the anal ysis it is easy to show that flow in the absorber becomes self ­
similar if the beam parameters depend on time as E = E (t/T)2/~ and Ib '" 
I

o
(t/T)I/3 . The hydrodynamics self-similar eqUatigns a~e 
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nb llb • 1 (7) 

d'\, 
_ ~ $ (6 ~/81/21 (8) ;;r- ub 

dn n du 
(9) 

df; f;-u df; 

~-4 If;-u ) ~~ d GZi+ 1) -;:;- ~ (10) n - 6 df; 

{ (Zi + 1 )8 + 
4u ' 

- 2 (~ -u) 
d 

[Zi+ 1)8 + ~~']} n 36 df; 

4 d 
[IZ i +l) u 8} 

du~ 
(11 ) 

") df; n - Zi ~ 

the self-similar dimensionless variables ~eam dens ity and velocity nb and 
u

b 
and plasma density , velocity and temperature n, U and 6)were defined 1n 

Ref. 1 . 
System (7) - (11) must be solved Subject to the following boundary candl 

tions ; 

* for ~ ~ ~f (~ f being the boundary with the undisturbed aluminium) 

n • 1 (1 2) 

* at ~ o (the tamper-absorber i nterface) 

(13) 

The asympt otic solution , for 6 » 1, of system (7) - (11) with ·condi - ­
tions (12) and (13) yields the profiles of al l variables in the absorber 
(see figures 1 and 2). I n particular, one finds that a shock propa~ates in­
to the undis turbed medium with a velocity v

f 
~(W /n m )1/3 (t/t)l/ i where 

W = E I le£b i s the maximum beam power per uni tOarga: There is a well de­
f~ned ~Yation surface moving behind the shock with a velocity v ~ 0 . S2 vf ~ 0 . S2 (W In m

i
l 1/3 (tiT) Il'. The pressure at this surface (~e abla- ­

tion pressurgl ~akes the value P ~ 4. 0S (11. n ) 1/3 w2/ 3 (tiT) 2/3 (for a 
maximum power of 1012 W cm- 2 oneaobtai ns a ~hogk ve lo8i ty of 1.5 x 10" m 
9- 1 a nd an ablation pressure of 2.6 x 1012 Pal . Between the ablation 'surfa ­
ce and the targe t - absorber interface there exists a very l ow density region 
of high temperature where the beam energy absorption o,"curs . Therefore, the 
absorber may be divided in two zones of comparable ex tent: the .compression 
region behind the shock which acts as a pusher followed of the low density 
region that behaves as the absorber itself . Clearly, the solution presented 

I 
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here will remain valid until the shock reaches the deuterium- tritium layer. 

( 1) FERNANDEZ A. and BARRERO A. (1986) Plasma Phys . Contr . Fusion 28, 989 . 

(2) MELHORN T.A . (1981) Sandia National Lab. Report SAND 80-0038. 
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IMPURITY PRODUCTION AND TRANSPORT AT THE JET BELT LIHITER 

CS Pitcher* , GM HcCracken*** , PC Stangeby** and D D R Summers 

Joint European Torus, Abingdon, Oxon OX14 3EA, UK 
* Canadian Fusion Fuels Technology Proj ect, Toronto, Canada 
** JET and University of Toronto Institute for Aerospace Studies, Canada 
*** Culham Laboratory UKAEA, Abingdon, UK 

1 Introduction 

Under certain operating conditions in JET the impurity content of the 
discharge can be high, thus reducing the fusion reaction rate through the 
dilution of the hydrogenic fuel. The dilution in most discharges is 
predominantly due to carbon impurities [I]. In order to understand how 
carbon impurities are produced and transported inr~~h8. plasma, detailed 
measurements have been made with a eGD camera l ooking at the graphite 
limi ter with interference filters centered on intense spectral lines of the 
low ionization states of carbon (G 1, G 11, G Ill) as well as the fuel 
species (Do) and helium (He I). 

2 Experiment 
The viewing ge~metry is sketched in the upper portion of Fig. 1. The 

GGO camera is mounted at the top of the torus and looks at the bottom bel t 
limiter. The boundary plasma conditions are determined with Langmuir 
probes built into the belt limiter and with a fast reCiprocating probe (RP) 
at t he top of the torus (2] . The built - in probes give the time dependence 
of the electron density and temperature in the edge plasma while the RP 
provides radial profiles from the wall to several centimetres inside the 
last closed flux surface (LGFS).· The boundary plasma conditions obtained 
with the probes are essential in the interpretation of the spectral 
emission observed around the limiter. 

3 Spatial Distributions 

Figure I shows the spatial distributions of Cl, ell, C Ill, Do and 
He I observed in a discharge with Ohmic heating only, a plasma current 
I p" 3.1 MA, toroidal magnetic field Br "2.3T and volume-average density 
n,"1.5xl0 19 m- 3

• In this discharge the plasma is limited by the lower belt 
only and helium is present as a trace impurity. In general , all of the 
emissions are centered about the magnetic field tangency point . The Do 
and He I distributions appear strikingly si~ilar with both haVing their 
maxima at the tangency point. This is in contrast to the C I distribution 
which has its maximum shifted away from the tangency point to the ion drift 
side. The C ~I and C III distributions show a progreSSive broadening and 
shift in the ion drift direction. 

The transport of the .carbon atOms and ions originating from the 
limiter has been modelled using the two -dimensional impurity transport code 
LIM [3). Carbon atoms are assumed to be produced by physical sputtering 
and are launched from the limiter surface into a plasma grid. The plasma 
density (n .( r» and temperature (T.(r» profiles in the boundary plasma are 
specified in the code from probe measurements and are approximated by 
exponential func t"ions. 
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Once ionized, the C· ion is heated by the background plasma and starts 
to disperse. The code tracks the dispersal of the ions along and across 
the magnetic field lines, taking into account the effects of ionization to 
higher stages, heating, classical parallel diffusion and anomalous 
cross-field diffusion. When the impurity ion densities in the vicinity of 
the limiter are determined, the line of sight integrations of t he emitted 
radiation are calculated using the radiating efficiencies of the atoms and 
ions {4J. 

Results from the code appear in Fig . 2. The following SOL parameters 
are assumed by the code; ~T-17mm, A.. - 6mm, T .(a) - 60~V and 
n.(i) -2n.(e)-I .SxlO I8 m -3. These values are consistent with the RP 
measurements allowing for the compression of the magnetic surfaces from the 
probe position to the limiter. The higher density on the ion drift side of 
the limiter is required to reproduce the asymmetric G I distribution 
obtained experimentally. Further, to obtain the observed drift of the G 11 
and G Ill, the background plasma is as sumed to have a flow velocity of 
l0 4m l s (Mach number _ 0.1) in the ion drift direction. The carbon ions 

. thus appear to be swept in the ion direction by friction associated with a 
background plasma flow. 

4 Particle Fluxes 
The experimental photon fluxes for the above conditions have been 

converted with the aid of theoretical photon efficiencies at T . -SOQV into 
total particle influxes. The error in this conversion is estimated to be a 
factor of - 2. Within this uncertainty, the C I, C 11 and C III influxes 
are similar and are approximately -4xI0 2°carbons- ' , compared with the total 
deuteron influx of -4xlO zI Ds· l • The LIH simulation gives C I, ell and 
G III influxes that are in reasonable agreement with these values. The 
observed effective yield appears to be high r ,/r D-O. I but, within 
experimental error, can be explained by deuteron and carbon physical 
s puttering. 

The fact that the fluxes of the lo~ ionization states of carbon are 
similar means that negligible scrape-off layer screening is occurring for 
these ionization states resulting in little prompt redeposition of 
impurities. This is predicted by the code and to be expected, since the 
SOL in low density (Ohmic) boundary plasma conditions is nearly transparent 
to sputtered carbon atoms. 

5 ICRH Power Scaling 
As the input power is increased through the application of IeRH the 

central density of the plasma increases without external gas puffing. This 
behaviour is shown in Fig. 3 for well~conditioned 3.3 MA, 3.4 T discharges. 
The resulting edge density rise is somewhat greater, being roughly 
proportional to the total input power . The increase in density is such 
that the electron temperature in t he boundary remains constant at 
T,(a)-SSQV. SimilarlY,)..n (22 mm) remains approximately constant as 
measured by the RP, as does Z 0" (2.3), and the radiated power fraction 
(P,<>(lIP ,0,-0.4). The carbon sputtered from the limiter, as measured by the 
C I, increases roughly in proportion to the edge density (Fig. 3). This is 
expected since a constant electron temperature implies a constant 
sputtering yield and a constant photon efficiency for the radiating atoms. 
Similar results are obtained in reference {5}. 
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6 High Power Operation 
As shown by Fig. 3, the power scaling of impurity production at the 

limiter is relatively simple, the sputtered carbon flux is proportional to 
the edge density which is proportional to the total input power. During 
high power operation, however, this scaling breaks down as enhanced carbon 
erosion occurs at "hot spots" that appear at the limiter tile edges, 
typically with an area of -IOcm 2

• In Fig. 4 the C III emission associated 
with a single hot spot on the lower he It limiter and the edge plasma 
conditions as measured by the built·!n Langmuir probes are shown as a 
function of time. On the application of - 28 MW of combined ICRH and NB! 
heating the edge density rises and the electron temperature remains 
constant, as observed at lower powers. The C III emission rises in 
proportion to the edge density up to a point, - 0.5 s after the start of 
the heating, where the signal abruptly rises and saturates. The 
temperature of the hot spot at this time had risen to approximately 1600 C 
as estimated from the black-body emission measured with the CCD camera. As 
a result of the massive influx of carbon from this and other locations, the 
discharge detaches, the total radiation abruptly jumps from - 40, to 
- lOOt. and the edge density and temperature drop significantly. Once the 
heating power is reduced the discharge re-attaches and the edge signals and 
radiated power revert to more typical values. These observations taken in 
limiter discharges are consistent with measurements in high-power X-point 
and inner wall discharges. 

From the C III observation it appears that enhanced erosion is 
occurring at - 1600 C probably due to radiation-enhanced sublimation [61. 
Unfortunately, the majority of the limiter surface is no't observed and it 
may be that some spots are hot enough for thermal sublimation to be 
important. 

7 Conclusions 
Dilution in JET plasmas can be serious and thus the production and 

transport from a major source of these impurities, the limiter, has been 
studied. The spatial distributions of the C .1, C II and C III have been 
modelled with a two-dimensional Monte Carlo code and are in reasonable 
agreement with experi~ent. Little prompt redeposition at the limlter 
appears to be occurring in Ohmic discharges with most of the atoms being 
ionized on closed field lines and thus free to disperse and contaminate the 
plasma. The application of auxiliary heating has little effect on the 
boundary except to increase the density and thus the limi"ter sputtering in 
proportion; this results in a constant Z.I/ in the centre of the discharge. 
During ' high power operation, isolated Whot spots n on the 1imiter reach 
temperatures of > 1600 C and appear to emit carbon at an enhanced rate, 
consistent with radiation enhanced sublimation. 
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Fig. 1 Spatial distributions of the low ionization states. 
Fig. 2 Spatial dis tributions of C I. C 11 and C III 85 predicted by the LLK code. 
Fig . ) The reRM power scaling of the carbon influx, the radiated power fraction 

P, •• IP, ... the edge density n.(a) and the volume-averaged density n •. 
Fig. 4 The C III intensity associated with a hot spot on the lower belt: limieet and 

the adge plasma conditions during - 28 MlI combined heating . i p -5MA, 
Br - 3.2T, discharge balanced between upper and lower limit:ers. -.- denot~s 
hot spot temperature - 1600 C. 
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LanQfl'lJir probes of different tyPE' an! used to investigate tt-e 
scr-ape-off layer (50.....) of T- IO for several year-s now. Radial profile<;; 
as well as temporal evolu.ticns of &L-pla$ffio1. density n and electron 
temperature Te wer-e obtained at dif1erent lcx:aticns in ttE vessel and 
for a va r iety of discharge conditions [1 - 3). The e~ponential character 
of the density profiles VoIa5 established [1,2] and influences of diffe­
rent disturbances like auxiliary heating or pellet injecticn nere stu­
died additicnally [3,4] . As a further step the SCL parameters were 
compa,.-ed to resul t s of other diagnostics as tl'le li~aVE'raged central 
density [5) or imp,Jrity fluxe5 to a depositicn probe Cb] . 

Despite thE> fact that Te is affected in SCIfIE' cases [2] th@ majority 
of the interpretati01s ccncentrate 01 densi ty effects in the 9:l.. up to 
1"'IO'f, because tt-e evaluatiC7l of le fron rreasurecl UI-charact£'ristics is 
less reliable and very often the observed Te varies not mot'"e than SO,. 
(even after- stn::ng disturbances). ConseQUentl y , it is the aim of this 
paper to concentrate on Te effects and to discuss attempts using the 
shape of the characteristics for an estimation of T i / Te. 

It is well kC'"lOon [7] that in tokamaks the evaluation of Te by an 
e xponential fit of a measured single probe charac teris tics can be> mis­
leading because the strong magnetic field brings a bo..Jt remarka ble devia­
tions of the electn::n c urrent from a simple e Xp:lnential law at probe 
potentials Vp above the floating point Uf (Fig.l). A s imple restriction 
to potentials Up<=Uf meets the difficu lty that Uf itself is a paramet@r 
resulting from the fit. Ac::cordingl y , the new Uf obtained during every 
fit gives rise to a change of the set of useful VI - points ttus sugges­
ting a self-consistent procedurE. Applying such a pn:x:edure to E!xperi ­
IfIE!f1tal characteristic s from tt-e sn.. of T-l0 the paramet ers ~ fCU'ld to 
react very sensitive to the suc:ess ive changes of the point set. Table I 
sunmarizes typic al examples of the parameter- bef;a.vicur reaching from 
fast convergence to limiting cycles. 

FrO'fl this more methodical result it can be ccncluded that a CO'lsis­
tent and CO'lVl:!t""ging pn:x:edure stuJld be> c hoosen to derive physical ly 
reascnable temperaturE values from singl e probe characteristics measured 
in the 3l...s of tokamaks. 

01 the otl"er hand an attempt was made to e xtract addi tional physi­
cal information QJt of the distorted part of the charac teristics . Assu­
ming an electron current reduction clue to the magnetic field [B) and 
followinc;l the ideas of [9] the potential dejJEI dei iCe of the ratio of tt-e 
electron current to the ion saturation curr ent can be calculated with a 
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UI-charac:teristics (~ ( : up (: +I::I:N,I in arbitrary lIlits) of a 
single Langrruir probE> in thE> tilfE' interval 1 4EK> to 540 ms during 
tre statitrlary- phase of a 1-10 -discharge. The figurl! sllcws tt-e 
saturaticn of E'lec:trcn (le' right branch) as well as ien current 
(Is. l£'ft branch) with a ratio of about 7 : 1 (nuch la-er than the 
expected 60:1) . Frcm a simple log-I-Ht in the range -20 V <= Up 
( = +20 V electn::n temperatun:!'S of 7.6, 8.3, 8 . 6 and 9 . 2 eV are 
obtained for the fQ,Jr characteristics (see exponential c:urvaos). 
The iteration pnxedJre restricted to values below Uf gives 
quite different temperatures rangil"l9 from 3.5 to 14.7 ~. 

reduction factor r and Ti l T. a5 par~er5. If the satur-aticn of this 
current ratio at high (positi~) potentia Is Up. is observed experimental­
ly. cne of t~ parameters, say r, can be eliminated and the shape of the 
curve is determined by Ti / Te only. Therefore Ti l Te can be choosen to fit 
the experimental values of (I-Is) / I s ' Ul1ortlSlatel y , this rlNel"'"5e ccn­
clusiDl is in p..-actice not lSI~iq.JClJs takinQ the e xperitnE!ntal LrlCer"­

tainti~ into account and the sensitivity of the s hape to changes of 
Ti l Te differs remarkabl y for different values of Ti / Te' Nevertheless, in 
several cases a good fit of the Itxper-imental points by reasonable mcc:j@l 
parameters ..... s achieved (Fig. 2). In all ttnse cases TilT", was fca.ncl to 
be larget'" than 3, probably evel larger- than 10. Using the typical elec­
tron temperatures just bela,.,! 10 fN this points to ion temperatures of 
rcughl y 100 fN in the Sl.... of T-I0 in agreement with earlier estimates 
from investigations of the lattice damage of Si single crystals and 02-
desorpti~ experiments with C samples exposed to T-~O shots. 

Appl y ing tl"e consistent and COOvef"9ing procedure ,...,Ucned al:x::Jve 
typical effects of ~ en TII! in the EO.... of T-I0 Io<er@ inV£'Stigated a5 an 
ex.nple using five single probes at essentially diffll!rent lcx:ations. 
PratEs 1-4 ar@ two pairs of directiooal tips covered with an isolatinQ 
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Table I , Convergence behav i our of Uf and Te in the iteration prcx:edur@ 

I terat i Cr1 fa5 t c c:nveorg . c a w E!rlJing lim . cycle 
step :--- ------1--- ------: 

Uf /V Te / eV Uf / V Te / fiN UflV Tf/ fIN 
-----

1 ' .7 17.6 0 . 5 11. 5 3 .1 12 . 0 
2 7 .5 21 .1 9 .2 22 .0 1.0 B. B 
3 7.7 21.8 2.7 16 .5 5.2 13 .5 

• 7.7 21.8 6. 3 19. 1 0 . 3 B.3 
5 7.7 2 1. 8 3 .B 17. 1 9 .0 16 .6 
6 7 . 7 2 1.8 5.5 18. 5 O.B B.7 
7 7.7 21.8 '.3 17 .5 5 . 2 13. 5 
B 7 .7 2 1.8 '.9 18.0 0. 3 B. 3 
9 7 . 7 21.8 '.9 18.0 9 .0- 16 . 6 

10 7. 7 21.8 '.9 18.0 O.B B. 7 

XX 
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iX ! o~/ , . / ' .. .. ~ ........ , .. .. .. .. . . . 

'lyt : Ex p. 488 
1< 

Fig . 2 L09arithmic current ratio (1-15 )/ ls as a function of normalised 
prcbR potential ( Up~f) /kTe and calculated CUrve5 with 

Ti / Te =14 , r- 112 • l e / Is =16.04 (upper curve) 
and T i / Te =12, '-=1.,613 , I£,lI s - 10.79 (lcwer- CUr"Vf!) . 

layer c:n either its electrm- 0..- ion-side. The pai~ were situated 
toroi-dall y 90 degrees to the elec:trcn side of tt-e main limil:er !5eCtiCJ"1 

and JXlloidall Y IT'OSlted at th!! top and the bottom of the machine, respec­
tively . Probe no. 5 was ." amidin!Cticrlal tip intn::Jduc1!d into tt-e lMin 
limiter port from below and poloidally neiohbouring the rail limiter 
plat~. In the typic,;al hINted T-IO dischar-ge al:x:ut 2 ~ EIH I txJ"E'I was 
applied fran the " 420th millisecond en us ino 11 g yrotn::ns at all fC1.J.r 
main ports of the vessel. 

Compa,..ed to the pt'"ltCiMding pu,... chnic phase (beoforR 420 InS) .. 
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Fig .3 Rise of Te at the cnset of Em-. (420 ms) averaged 0Rt"" 

feu'- ccmpar-able tokamak P-Ilses. At probe 1 (full circles) point­
ing to the fal side an approximate dcubling of le was c:Jb5erved 
wt--ereas at probe 2 (open c;irclesl pointing to thE! electr-al side 
the rise ..-eac:hes only 30'1. • 

significant rise of Te with the cnset of the heating p.JI5E!' was detect­
able at aJl five probes. but the effect is differently pt""OrlCUlCed (Fig. 
3). ThE-re IoE'f""E' clear differences between tips situated at the- same 
lX'Si tien and pointing into di ffer-ent to..-oidal directicns , rut t~ 
relaticns are ccntradictor-y at ti"e top and the bottan of the VP-OSi!'1. 
Therefore it can be ccncluded that concerning t .... Te-ri~ initiated by 
Em-! the so.. of T-I0 is dir-ec:ticnal as well as poloidally structured at 
a fixed tcnoidal position. 

The authors are indebted to the T- I0 staff for making the £'xperi­
m&ntli possible. ThE> helpful} discussicns and the tecmical support by 
V.Ver-shkov, A.Chankin and S.Grashin are gratefully acknowledged. 
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1. Introduction and experimental set up 
The JFT-2M [1J tokamak has capability of elongated limiter and open 

divertor discharges. and in both configurations the high confinement 
mode(H-mode) has been observed [21. In this paper. a detail measurement of 
the plasma at divertor was performed and the single null d1vertor 
properties are discussed. A single null divert or plasma (see fig. l ) 1s with 
a major radius 1.31m and a minor radius of axb=0.2SxO.39m. a distance 
betwee n the null pOint and a divertor plate (divertor length) is 9cm. 
Toroidal magnetic field is 1.27 T and plasma current is 230 kA. The 
divert or plates are made of graphite. and also the inside wall of vacuum 
vessel are covered with graphite tiles. Hydrogen neutral beams with each 
maximum power of O. 8MW are injected tangentially (balanced co- and counter­
injection) . 

The divertor plasma is measured by using single Langumir probes. 
Fourteen probes are se: on the divertor plates in the poloidal direction 
(see fig . 1). supplied saw- tooth voltage from -SOy to SOv in the interval 
of 5ms simultaneously. Electron temperature (Ted). electron denSity (fled). 
space and floating potential are calculated by fitting exponential curve to 
obtained probe voltage-current curve for each channels . Temporal behavior 
can be measured during 200ms (40 temporal points). 

2 . The property of divertor plasma 
2 .1 Ohmic heating phase 

The peak values of Ted and ned at ohmic phase are plotted verses main 
plasma density (n e) in figure 2. By changing the direction of toroidal 
magnetiC field (8 r) • ion and electron sides can be exchanged. When the 
direction of 8 T is counter-clock-wise (CCW) in t he top view of JFT-2M. 
inner divertor is to be l1ion side lt

• At lower ne' both inner and outer 
divert or plasma densities increase with ne' and their temperatures decrease 
with ne. However. at higher ne' the densities begin to decrease and the 
temperatures begin to rise up with ne ' In this region. particle flux into 
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divertor does not increase with proportional 
instabilities occurred or neutral particles built 
divertor plasma is realized more easil y at the ion 
side. 

2.2 NBI heating phase 

to n e' since some 
up. Dense and cold 
side than the electron 

The behavior of main plasma and the time evolution of ion saturation 
current (I s) (CCW' s) are shown in figure 3-1. NBI power (total 1.3MW) is 
added into main plasma at 700ms , during 200ms. L-H transition occurs at 
710ms. The thershold heating power needed for L-H transition is 290kw 
(CCW) and 480kw (CW), also it is S60kw in double null plasma. Since the 
confinement of main plasma is improved, Is decreases quickly. Also H-H 
transition [3] occurs at 820ms, and then Is decreases again. 

The spatial and temporal behaviors of the obtained Ted and ned are 
shown in figure 3-2 (a), (b) respectively. Tedat outer divertor (el. side) 
is higher than at inner's . On the other hand, inner's n ed is larger than 
outer's. This results correspond to the facts that Is at inner is larger 
than outer's and Is·Ted (heat flux) at inner is much smaller than outer's 
(see fig. 3-3). From figure 3-2, 3-3, the width which divertor plate 
receives heat flux does not much change temporally. 

The property of divertor plasma at NBI heating phase is shown in 
figure 4. The ion saturation current and divert or plasma density increase 
with NBI heating power, while divertor plasma temperature is not effected . 
The maximum density is about 3x1019/c3 for ion side and 1.6x1019 /m3 for 
electron side. The temperature Ted is about 2SeV for electron side and 
15eV for ion side. 

3. Continuous measurement of floating potential 
Continuous measurement of floating potential (Vfp) is performed by 

using high resistance in place of bias voltage supplier. Figure 6 is shown 
line averaged denSity, radiation, Da , floating potential at outer divertor 
in CCW's case. The signal of the inner divert or is out of the range (plus 
side) of measurement. Vfp in the outer dlvertor is about +7V. After L-H 
transition V fp rises up to +lS V and its fluctuation becomes small. The 
negative spikes on Vfp are also observed to synchronize with Da spikes. 
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EDGE PHYSICS AND ITS IMPACT 

ON THE IMPROVED OHMIC CONFINEMENT IN ASDEX 

M. Bessenrodt- Weberpa/s, A . Car/son, G. Haas, K. McCormick, 
J. Ne uhauser, N. Tsois·, H. Verbeek and the ASDEX Team 

1. Introduction 

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

-N.R.C.N.S. Democritos, Athens, Greece 

The edge conditions play a crucial role in achieving and maintaining the improved 
ohmic confinement (IOC) regime in ASDEX as has been stated by Baas et al. (1988) 
and Soldner et al. (1988). This new regime is obtained after divertor reconstruction in 
deuterium discharges when the gas puffing is substantially reduced. IOC is then c~a­
raderized by peaked density profiles and the linear scaling of the energy confinement 
t ime rE with the line-averaged density ne is recovered up to the density limit. 

In this paper, we discuss the evolution of the edge parameters in the transition 
from the linear (LaC) and then saturated (SaC) to the improved (laC) ohmic regime. 
In addition, we describe the edge plasma mainly in terms of edge parameters like 
the separatriz density instead of bulk parameters such as the line-averaged density. 
This gives us the opportunity to identify and separate edge effec.ts from the central 
behaviour. 

The data in the vicinity of the separatrix stem mainly from the single-pulse multi­
point Thomson scattering system, the lithium beam. spectroscopy, the Langmuir probe, 
and the time-of-flight spectrometer in ASDEX. For comparison, we will sometimes use 
measurements in the divertor chamber by electric triple probes and ionization gauges. 

2. Temporal evolution of the edge parameters 

To get detailed information 'about the temporal evolution ofthe sac to lac transition 
in ASDEX we change the external gas puff a few times during the same discharge (cf. 
Figure 1). Thus we build up the density with successive plateaus at n~ = 2.5 x 1019 

m-3 (LaC), ne = 4.0 X 10111 m- 3 (lOCI), and n~ = 4.9 x 1019 m-3 (IOC2) each 
separated. by s. linear density ramp (SOCI, SOC2) (cf. Figure I). The temporal 
evolutions of the electron density and temperature at the separatrix. are taken from 
'the Thomson scattering diagnostics. The results show that the l3eparatrix. deI\sity 
in the sac regime is remarkably higher than in the corresponding lac case as is 
confirmed by the lithium. beam data (cf. Figure 1) . At the same time, the temperature 
evolution is s imilar in both regimes. The triple probe determines the density in the 
divertor to behave similar and the divertor temperature to be slightly higher in the 
IOC regime. This also holds for the mean energy of the particles detected by the 
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time-oC-flight spectrometer. According to these data, the pressure Pe = nekBTe stays 
approximately constant. 

Evaluating the error bars, we see that the comparison of different edge diagnostics 
suffers Crom the fact that the separatrix position is determined with an accuracy of 
only ± 1 cm in ASDEX. This value is about the same order of magnitude as the radial 
e-folding lengths of the electron data and thus implies a significant uncertainty for 
all edge studies. We suppose that the separatrix position will be approx. 1 cm more 
outside compared with the magnetic measurements. Moreover, we have indications 
from edge diagnostics at different toroidal positions that the edge structure itself is 
helical and even ergodized near the separatrix. The problem of the separatrix position 
is thus further investigated by Teois et al. (1989) . In the following, we will rely on 
the magnetically determined separatrix position. 

3. Edge scans 

To identify edge correlations, we plot the temperature at the 8eparatrix Tu versus the 
corresponding separatrix density nu (cC. Figure 2). For the sac case, we observe the 
usual decrease of Tu with increasing nu. For the lac case, we follow approxima.tely 
the same curve. An empirical scaling law given by Kaufmann et al. (1989) for a large 
number of different ASDEX discharges (ohmic, L mode, pellets) yields T ... "'" n;-O.5 at 
35 cm minor radius. This is consistent with our experimental data from the separatrix 
at 40 cm (cC. Figure 2) . In addition, we consider the simulation code by Schneider 
et al. (1988) which is based on the combination of a one-dimensional hydrodynamic 
plasma code and a two-dimensio~al neutral particle Monte-Carlo simulation. This 
study evaluates also a reasonable fit with a good agreement for the relative dependence 
but a factor of 2.2 lower temperatures (cf. Figure 2). This may be explained by the 
1 cm shift of the separatrix position as determined experimentally (cf. Section 2) . 

A similar analysis is performed for other edge data e.g . the particle ftux and 
the mean energy measured by the time-of-flight spectrometer. This reveals the same 
scaling with separatrix density in both the sac and the lac regime. Thus, the 
physics at the separatrix does not change significantly between the sac and the lac 
cases. What really is different seems to be the scaling of the neutral recycling fiuxes 
versus the separatrix density. Since these Buxes contribute a significant portion to the 
total particle flux, this may be a hint for the different behaviour of the sac and the 
laC regimes. 

In order to relate the energy confinement time TE quantitatively to specific edge 
conditions, we correlate TE with n.... . Starting at low densities and low confinement 
times, TE rises proportional to nu in the LOC regime. With larger nu, TE saturates 
(SOC1) until the gas flux is reduced. Now, nu drops immediately thus establishing the 
lac phase with peaked density profile and with TE slowly going up (lOCI) . Opening 
the gas valve results in a sudden drop of the particle as well as the energy confinement. 
This gives higher densities at the separatrix (SOC2). Then, ,the gas flux is reduced 
again. For a second time TE goes upwards with decreasing nu reaching up to about 
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twice the value of the SOC phase (IOC2) . 

4. Particle transport 

To gain deeper insight into the recycling processes in the scra.pe-off and diverted 
region, we calculate the total particle flux across the separatrix in the main chamber. 
This comprehends the particle Duxes from the bypass, the slits and the recycling zone 
in ASDEX as well as the change in the total part icle content and the external flux 
through the valve. Because of the various atomic physics processes in the scrape-off 
layer only a part of this flux which is determined by the fuelling efficiency (Mayer et 
al., 1982) enters the plasma. This particle flux ~ leeds also to a convective energy 
flux P. Assuming equal ion and electron temperature it is P = 5kBT~. From the 
total particle fiux, we also get an estimate for the global particle confinement t ime. 
The calculations show that the contribution of the convective energy flux to the total 
power across the separatrix drops when the confinement is improved. Simultaneously, 
the global particle confinement time rises to approximately the same extent as the 
energy confinement which is clearly seen in Figure 3. 

5. Summary 

To investigate the t ransition from the saturated to the improved ohmic confinement 
in ASDEX, the edge conditions are analyzed in detail. The results show that the 
reduction of the gaa feed leeds to an immediate drop of the separatrix density. This 
drop seems to be the trigger of a change in the bulk t ransport and hence leeds to the 
pea.king of the density profiles in the bulk. Simultaneously, the temperature at the se­
paratrix increases slightly during the transition. According to these data, the pressure 
stays approximately constant at the separatrix during the SOC to IOC transition. In 
addit ion, we evaluate that the contribution of the convective energy ftux to the total 
power across the separatrix drops during the SOC to IOC transition. Then, the global 
particle as well as the global energy confinement time are improved by about the same 
factor. 
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SCALING OF EDGE PARAMETERS FOR OHMICALLY-HEATED DISCHARGES ON ASDEX 

K. McCormick, Z.A . Pletrzyk* , E. Sevl11ano**, 
u . Haas, H.D. Murmann , H. Verbeek and the ASDEX Team 

f1ax - Planck-Instl tut fUr Plasmapnysik. EURATOM Association, 
Garching bel MUnclLen, Fed. Rep. of Germany 

ABSTRACT : The scrape-orr- layer (SOL) density proftle on ASDEX has been 
investigated over a wide range of parameters (ne - 0 .8 - 5 .3 x 10'3/cm3 ; 
Ip - 150 - ~25 kA; Bt ~ ' .9 - 2.5 T; H2 • . D2) for a carbonized vessel with 
the new dlvertor configurat1on (DV-II), and can be described by regression 
formulae of the form : os . ~n CJ; i'ie Cl IpB Bt Y q~ . where ns Is the separatrix 
density and An the exponential fall-off length. Values for the exponents 
are 81 ven In Table 1. Essentially An(H+ } - An(D+ ) . ns(H+ ) is greater than 
ns(D+) by up to 70 %. Operation of ASDEX in the IOC mode (non-carboni~ed 
wall s) yields ns values as much as lIO % lower than for SOC condi tions; An 
experiences only moderate « 10 %) changes during lOCo 

INTRODUCTION : The SOL relative density profiles have been measured by the 
Li-beam technique 151 and calibrated using the YAG Thorneon scattering 
system . A description of the discharge series , and a regression analysis of 
global plasma properties , as well as the edge YAG ne' Te values are in /1/. 

RESULTS AND DISCUSSION OF PARAMETER SCANS (carboni~ed wall) : Figure 
reveals many of the systematic trends of n'l and An: For both H2 and 02 the 
lowest value of ns (for ne - 0 . 8 x 1013/cm ) increases only very moderately 
with lp , whereas the maximum attainable ns Is a much stronger function of 
Ip- Further , ns(H+) > ns(D+) . An decreases with Ip over I

f
- 150 - 250 kA. 

_ In more detail, plots of ns vs. ne for a given Ip (F g. 2) show ns ca: 

ne' with the constant of proportionality becoming larger with Ip. 
Regression fits (see Table 1 and Fig. 3) quant ify these observations. The 
isotopic dependence of ns is confirmed by Thornson scattering, which also 
shows the effect Is most apparent near the edge. 

For I > 200 kA and ne > 1.5 x 1013/cm3, An increases slowly ~ith qa 
(and with ~t for 0+) , and has no ne dependence (Fig . 5 , top). For ne - 1.5 
-+ 0.8 x lOU/cm3, An increases by about 25 % (not shown). In the case of 
Ip S 200 kA , An depends strongly on Ip and, to lesser extent, on ne (Fig. 
5 , bottom) . Note that for Ip - 250 - 1125 kA (qa - 2.2 - 5), An varies by -
0 . 11 cm , whereas for I :S 200 kA (qa .. 11.6 - 8 . 5), An - 2 -+ 7 cm . 

Examination of tge SOL density proftles (Fig. 4) , with Ip as a para­
meter, illustrates the extreme flatness for Ip - 150 kA. Stepping Ip to 200 
kA reduces ne outside the separatrix (Rs - radial separatrix position). 
Then , at 250 kA , ns increases to produce a shoulder in the profile for R- Rs 
> 2 cm , and finally Ip - 425 kA leads almost to the disappearance of the 
shoulder. Presumably, at Ip S 200 kA the edge electron temperature (Fig . 
1) is t oo low to support a "normal " value of ns ; hence the discharge reacts 
to higher ne values by prQducing peaked profiles with an ever- broader SOL 
(larger An) . Also , Ip S 200 kA discharges are prone to unstable conditions 

..------cRPP , Lausanne 
•• GA Technologies, San Diego 
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at the edge. This Is responsible for some of the large scatter in pOints 
for Fig. 5 (Ip < 250 kA) . Note that the ~n values quoted here characterize 
only the region 0 :;j R- Rs :s: 2 cm. 

The general scatter in the D2 graphs comes from a tendency towards 
non- statlonarity at the edge, as well as changes 1n other parameters not 
included 1n the regression (wall condition, gas puff rate ... ?). 

TEMPORAL PARAMETER EVOLUTION (non- carbonized wall): Alteration of the 
dlvertor has permitted ASDEX to access an IOC regime (only for 0+) which Is 
initiated by a reduction in the gas pUff (GP) rate. It is characterized by 
peaked density proftles . accompanied by lower ns (see /2-4/ for more 
details) . Figure 6 illustrates during the ne ramp-up phases of the 
discharge, that ns tracks with ne' Te(39.4 cm) decreases , and the global 
density profile broadens (On14 decreases) . During the 2nd and 3rd plateaus, 
ns decreases, and Te (39.4) remains constant . 

The response of An to the 1st ne ramp is to initially decrease , then 
increase, only to again decrease as the GP rate is reduced . for both ramps, 
An experiences about a 15 % variation, but the changes during all three 
plateaus is less than 10 S. This example makes clear that An is not 
determined strictly by Ip and Bt alone. 

The D° flux to the wall (IP) I~I is roughly proportional to ns (fig. 
6). The divertor pressure Po is related to the time history of the 
discharge and ns' Po tracks with ns in the 1st ne ramp, but then decays 
less rapidly than ns in the 2nd ne plateau (fig . 6). A repetition of this 
phenomena in the subsequent phases of the discharge leads to a 70 % 
increase in the ratio POlns over the course of the discharge . 

CONCLUDING COMMENTS: Comparing regression fits on ASDEX with the old 15 ,61 
and new divertors reveals about the same global dependence (and absolute 
values) for An on qa (qa < 5). Thus, as before, the behavior of An is not 
inconsistent with the formulation An Cl ID , ." 15/. Oetermil'lations of O ... e 
near the edge of the plasma column indica~ a factor of ten reduction in 
0Le for ne ~ 0.8 -+ 3 x 10 13 /cm 3 16/. ).n varies less than 25 % over this 
range. Thus, DL(SOL) does not appear to reflect 0Le in a strong manner. 

For the parameter scan, the ratio nslne varies over - 0.21 - 0.33 for 
H2 and - 0 . 13 - 0 . 25 for D2 (for qa < 5) . Thi~ is a much larger span than 
found for the old divertor. for typical conditions (ne = 3 x 1013 /cm 3, 
Ip = 380 kA , Bt = 2.2 T) ns(H+)/ns(D+) - 1.5. 
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- • B S Table I. Regression fits of the form Ane Ip .. . + B. tandard error Is in 
the adjacent column . R is the regression coefficient . 
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IMPURITY PRODUCTION AT THE DIVERTOR PLATES AND DEPOSITION IN ASDEX 

Abstract: 

J.Roth . G.Janeschitz, R.Behrisch, G.FuBmann, E.Taglauer, 
N.Tsols, M.Wlelunskl, H.R.Yang 

Max-Planck-Institut fur Plasmaphysik, EURATOM Assoeiation 
0-8046 Carchfng/Munchen, FRG 

In the divertor tokamak ASDEX the metal atoms r eleased from the diver­
tor plates have been investigated after the change of the plate material 
from Tt to Cu. Erosion rates measured spectroscopically snd with collector 
probes have been found consistent with sputtering rates due to the divertor 
plasma. The comparison of erosion rates with the Cu content in the plasma 
yields values for the divertor retention efficiency, which Is strongly de­
pendent on plasma density. The fina l sink for the Cu atoms could be deter­
mined by detailed mapping of the vessel walls using long term collector 
probes and analysing ~all structures. Deposition mainly occurs at the walls 
of the divertor chamber, only to a small fraction at the main plasma vessel 
wall. Erosion rates at the diverto r plates are not balanced by redeposi tion 
back to the plates. 

Introduction: 

In today's fusion experiments th e main plasma wal_l interaction occurs 
at limiters /1/ or divertor plates /2/. When the boundary plasma interacts 
with the divertor plates a secondary divertor plasma is formed, which is 
dominated by the boundary plasma parameters a nd by recycling processes at 
the divertor plate. This leads to a considerable reduction of the divertor 
plasma temperature and an increase of particle fluxes to the plate. Details 
of the erosion at the plate, ionization and transport in the divertor 
plasma are still poorly understood /3,4/. However, the knowledge of these 
processes is important t o estimate life time s of future divertor plates as 
well as radiation losses and dilution due to plasma impurities /5/. In 
ASDEX the erosion proceaees /6-8/ as well as the divertor retention for 
impurities /9/ and final redeposition /10/ have been investigated for the 
first time in a divertor tokamak. 

Experimental: 

After 7 years of opera tion the ASDEX divertor plates were changed from 
Tt to a watercooled Cu structure /11/ . This offered the possibility to 
study the transport of Cu t o the s ur face structures of the vessel walls. 
The erosion of Cu is determined fr om absolute measurements of the Cu 1 
(3247 g) line radiation in front of the plates /9/ aa well aa by collecting 
the eroded Cu after ionization on the time resolving rotating collector 
probe /12/. The erosion rates are compared to sputtering rates calculated 
using divertor plasma parameters /13/ and sputtering yield data /2 ,14 /. In 
order to dete rmine the divertor retention capability /9/ the erosion rates 
are compared to central plasma Cu concentrations measured spect roscopically 
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/15/. The deposition of Cu atoms is fInally determined by analyzlng a large 
number of poloidsUy and toroidally distributed C and Si long term probes 
on the vessel walls /10/. 

Results and discussions: 
Figure 1 shows the Cu erosion profile in front of the divertor plate 

fot an ohmic deuterium discharge at a central plasma density ne of 4 01013 
cm-3 • Integrating the profile and multiplying with the divertor circum­
ference a total erosion of 2.5°1019 Cui s can be evalua ted. The deuterium 
ion flux distribution impinging onto the divertor plate w-as obtained from 
the measured divertor plasma temperature and density profiles /13/ and used 
to calculate the neutral Cu flux profile, as shown in fig. 1 (solid line). 
This proftle was recalculated for the observation geometry into sn emission 
profile of the Cu I line, exited in the divertor plasma (dashed line) and 
agrees well with the experimental data /16/. 

Figure 2 shows the total sputtered Cu atom flux as calculated from 
sputtering due to divertor plasma ions compared with data from spectroscopy 
and col l ector probe as function of average plasma density. Sputtering due 
to the divertor plasma can explain the observed fluxes within the 
experimental uncertainties both for ohmic and neutral beam heated . (NBI) 
plasmas. The increase of sputtered Cu atoms for ICRH heating is by far 
smaller than for NBI, while ICRH leads to a much stronger increase of atoms 
sputtered from the main plasma vessel wall /2/. For comparison with long 
term deposition measurements the average source strength of Cu atoms over a 
discharge period including ICRH, NB! and ohmic discharges at various 
densities can be estimated to about 3'1019 Cuts. 

The centra l plasma concentration of impurities originating from the 
divertor plates varies with average plasma density much stronger than the 
eroded flux (fig. 2 and 3). The strong decrease of the Cu concentration 
with increasing plasma density indicates that the retention capability of 
the divertor increases with densit? /9/. Taking a central confinement time 
of about 50 ms a Cu content of 101 at high densities and a production rate 
of l'1019/s results in a retention probability of 98%. At low densities, 
however, the retention probability decreases to 90%. Similar values are 
obtained for neutral beam heating and ICRH /2,9/. 

The estimates of the divertor retention indicate, that the largest 
part of the impurity flux remains in the divertor chamber . However , only a 
detailed balance can tell, which fraction returns to the divertor plate and 
can possibl y reduce the net l ocsl erosion by redeposition. For 3 operation 
periods the distribution of Cu atoms deposited on the walls of the main 
vessel and on the shield opposi te to the outer divertor plates have been 
investigated. Further. a metal ' oxide layer deposited on the divertor plates 
was stripped using adhesive tape and analysed. All three distributions show 
the same pattern and roughly t he same deposition rate. As an example the 
pattern for the last period from October 1987 through June 1988 is shown in 
fig . 4. 

While on most vessel areas the deposited layer is of the order of 
2·1016/cm2 • the shields opposite to the outer divertor plates are covered 
wJ th layers up to 6 '1018/ cm2 . Integrating over the whole circumference 
these areas alone yield a coverage with 1. 6 ' 1023 atoms while the vessel 

/ 
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walls are covered with 6'1021 atoms only . This deposition equals more than 
50% of the tota l eroded Cu , amounting for a bout 4000 discharges at an 
average length of 2.5 s to 3- 1023 atoms. The metal layer covering a 3 cm 
wid e band outside the se parat rix intersection with up to 1- 1019 Cu/ cm2 

contained a total amount of 5 '1022 atoms, Le. about 17% of the e roded 
material. 

With the knowledge of the divertor plasma pa rame ters the probability 
for sputtered neutral Cu atoms to e s cape i onization before redeposition at 
surfaces can be evaluated. Figure 5 shows the neutral Cu density in the 
divertor region f or a medium density discharge (4'1013 cm- 3 ). It can be 
seen, that the direction of highest escape probability before ionization is 
in an upward direct i on away from the separatrix. The areas where the 
larges t deposition was found on the divertor shields and on the plate are 
indicated in fig . 5 . This lDay lead to the concl usion, t hat the Cu atoms 
reac h t he shield pred omi nan tly as neutral atoms, while the coverage on the 
plate originate from backstreaming Cu ions. The streaming pattern of 
hydrogen and i mpurity i ons in the dlvertor a nd back to the main plasma, 
however, awaits its modell ing by 2D-comupter s i mulation /3,4/. 

Conclusion: 

The de tailed investigations on the production and transport of diver­
tor impurities lead to the following conclusions : 
- The lneasured erosion f1uxes are in good quantitative agreement with 

sputtering by ions from the di vertor pl asma. 
- The divertor retention i s strongly dependent on average plasma density 

a nd reaches i n the bes t (high density) cases values of 98%. 
- Redepos i t i on fluxes at the target plate are only a minor fracti on of the 

eroded f1uxes and do not significantly reduce the net local erosion. 
- The large deposition on the s hields oppos ite to the intersection of the 

sepa ratr ix with the divertor plates ma y possibly originate from neu tral 
Cu atoms escaping ionization in the diverto r plasma. 
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THE PARTICLE FLUXES IN THE EDGE PLASMA DURING DISCHARGES 
WITH IMPROVED OHMIC CONFINEMENT IN ASDEX 

H. Verbeek, W.Poschenrieder, Fu J.-K., F.X.Soldner and the ASDEX Team 

Max-Planck-Institut fur Plasmaphysik, EURATOM Association, 
8046 Garching/Munchen, FRG 

In the recent experimental period of ASDEX a new regime of Improved 
Ohmic Confinement (IOC) was discovered / 1 , 2/. So far the energy confinement 
time ~E increased linearly with increasing l ine ave raged density ne up to 
ne - 3'1013 cm- 3 saturated , however, at higher de nsities. In the new IOC 
regime LE increases further with increasing ne up to "" 5 '1013 cm- 3 . The 
IOC regime is achieved for 02 discharges only since the last modification 
of the ASDEX divertor which substantially increased the recycling from the 
divertor through the divertor slits . It also led to a reduction in gas 
consumption for a discharge by a factor of about 2. As it appears, the high 
fuelling rate required during a fast ramp-up of the plasma de nsity leads to 
a transition into the Saturated Ohmic Confinement (SOC) regime. Vice versa, 
the strong reduction in the external gas feed when the preprogrammed 
density plateau is reached seems to be essential for establi s hing the lOCo 
It is characterized by a pronounced peaking of the density profile. 

During the trans i tion from the sac to the IOC regime large variations 
in the aignals of all edge a nd divertor rel ated diagnostics are observed. 
In this paper we concentrate on the results of the Low Energy Neutral 
Particle Analyser (LENA), the sniffer probe, on the mass s pectrometers 
measuring the divertor exhaust pressure . 

The LENA based on a time- of- flight technique measures t he charge 
exchanged neutral particle flux in the energy range of 30 eV to 2.8 keY. 
This flux is dominated by low energy particles which orginate from the 
areas close to the plasma edge /3,4/ . The neutral particle flux observed in 
these measurements is to a large exten t produced by the plasma recycling at 
the tip of the large graphite limiter positioned at the outward edge of the 
SOL in c l ose proximity to the LENA. The neutral particle flux qDscales very 
well with the particle content in the SOL namely with nS' i\.n Le. with the 
density at the separatrtx nS times the decay length of the density outs ide 
the separatrix ~"as measured with the Li- beam diagnostic /5/ . 

In the plasma chamber 2 cm behind the protective limiter the sniffer 
probe is located . It measures charged par ticle fluxes parallel to the 
magnetic field in the boundary plasma. The ion fluxes can be obtained from 
the pressure rise in the exhaust of the probe with the response time of 
120 ms . It has also an integrated Mach probe which can be biased to draw 
ions or electrons and yields a very fast response to flux changes . A good 
agreement between ion saturation current and measured H- flux has been 
found. It is therefore related to the recycling in the main chamber /6/. 

The exhaust pressure of the uppe r and lower divertors of ASDEX is 
measured with mass spectrometers. They can be repeatedly scanned over a 
group of masses (normally 1 to 4) in -125 ms, thus delive ring the time 
dependent partial pressures, or can be set to a specif i c ma ss (4 in this 
paper) which yields better time resolution. This divertor pressure r esults 
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from the plasma flux in the sc rape-off layer streaming Into the divertor. 
The divertor pressure in turn is the direct measure for the ne u tral gas 
recycling into the main chamber via the bypasses /7/. 

In each of figs. 1 and 2 a shot with substantially improved confine­
ment and another one with l it tle improvement are compar ed . 

In fig. 1 shot tt 23351 with clean steel wall s shows the IOe regime. 
while in shot '# 23862 with carbonized walls only a modest improvement of 
the conf inement occurs in this otherwise equal discharge. For both shots ne 
was ramped up to a flat top at ne • 4.5'10 13 cm-3 by the controlled gas 
valve. GASV shows the voltage at this piezo valve , while QGAS is the total 
amount of gas used to maintai n th is discharge. The changes in the conf i ne­
ment time ~E are shown in the last row. While ne is ramped up at 0 .7 sec 
't;E rolls over and even decreases somewha t in the sac regime. At 1.2 sec TE 
increases again with the beginning of the l aC regime . This increase is much 
less in the case of carbonized wall s (# 23862). I n the third row the 
neutral particle flux cP is shown. It increA.':;es as ne increases . With the 
onset of the lOC regime ~ decreases r apidl y . The signal of the sniffer 
probe ISN behaves quite similar. In thi s CB <;e t he Mach probe was biased 
positively; it measures therefore the plasma electron flux . Th e close 
relation of t he neutral particle flux cb a nd the plasma flux in the region 
outside the SOL shows that c:P is dominated by the recycling at the 
protection l imiter located in c l ose proximity. With some delay, owing to 
the vacuum time constants involved, a l so the divertor pressure decreases 
after the onset of the IOC. In the case of carbonized walls. where on ly a 
poor improvement of 'C" E occurs only a modest reduction of q:, and the 
divertor pressure is seen . ISN behaves ac cordingly. 

The s trong reduction in recycling fluxes shown by the neutral flux ~. 
the divertor pressure, and the sniffer probe signals mark an improvement in 
the particle confinement . Obviously the reduction in LE is the consequence 
of this improved particle confinement. 

Figure 1 show~that an alt~Lation of the walls - carbonisation here­
by - has a large impact on the plasma edge. In the case of carbonization . 
after the ramp-up of ne. the divertor pressure, the neutral fl ux, and the 
plasma flux in the boundary (sniffer probe) reach much higher values. The 
gas consumption QGAS shows an opposing behavior: The QGAS is high during 
the ramp-up and low in the good lOC regime achieved with steel walls and, 
conversely , is first low and then high in the ne-plateau with carbonized 
walls. 

It should be mentioned that the ratio of the pressure in the upper and 
lower diver tors (not shown in fig . 1) has a minimum where the maximum of 
the edge diagnostics discussed here (at 1.2 sec) occurs. This indicates a 
change of the anomalous transport which is partly responsible for this 
divertor asymmet ry . 

In fig. 2 two discharges with a slightly different toroidal field BT 
and thus qa but otherwise equal parameters are compared. The density was 
ramped up to 3 plateaus with ne ., 2.6, 4.0, and 4.6'1013 cm- 3 , The neutra l 
flux, the dive rtor pressure, and the gas consumption indicate that the IOC 
regime is reached in the second and third density plateaus for qa - 2.77. 
This is much less pronounced in the discharge with qa - 3.01. Again, a ll 
the edge particle flux measurements consistently show the same tendency, 
This demonstrates once more the critical dependence of the laC regime on 
the plasma edge conditions , since the decay length A" in the SOL scales 
propo r tional with "qa' 
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Though it was hoped for, that a more detailed study of the plasma- edge 
fluxes and recycling might reveal some more clues to the chain of causality 
responsible for loss and reestablishment of the regime with linear increase 
of confinement , the question of the actual trigger remain still unresolved. 
The fuelling rate from t he feed- back controlled gas valve appears here to 
be an important parameter. An analysis of many shots shows tha t I OC 
conditions are only reached if this rate is above 20 mba r lIs during ramp­
up . If it stays below, as is typical for carbonized walls. only sac has 
been observed. 

~: Time evolution of -the line "ver <!lge d dens i t y "e. the pressure In the 
lower dlvertor , the voltl!lge a t The contro ll ed ga s YII !ye GASV. the consumed 

gll s 0GAS. the neutrll! flux . the eleCTrOn currenT from The snlffer probe 
'SH. IInd the energy confinement time tE for D2-dlschllrges wiTh STeel will I s 
(left) IInd ClIrbon l led will Is (right) but otherwise equal p ll rllmeters . 
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SCRAPE-OFF LAYER INVESTIGATIONS BY LANGMOIR PROBES 
IN ASDEX 

N. Tsois*, M. Bessenrodt-Weberpals, A.Carlson, G.Haas, K.McCormick , 
J .Neuhauser, G.Sl11er , H.WUrz** , and the ASDEX-Team 

Max- Planck-Institut fUr Plasmaphysik, EURATOM-Association 
Garching nea r Munich, Fed.Rep.Germany 

IntroductJ.on: The scrape- off layer (SOL) of ASDEX 1n _ the 
hardened divertor configuration (DV-Il) was investigated b y t wo 
fast moving Langmuir probes. Multiple tip heads have been used in 
several arrangements: standard triple probe for ne' Te , ~fl 

profiles and/or time evolution, a configuration to measure 
fluctuations and Mach number probe . The main chamber probe scans 10 
cm in radial direction in the equatorial plane. For t he diverto r 
probe , a tilt mechanism permits scanning in both radial and 
poloidal di r ections . Thus the recycling region close to the 
divertor plate can be investigated in two dimensions . The t wo 
probes are nearly at the same toroidal position on top of each 
other and can be correl ated along field lines by adjusting q(a) , 
typically around q=3. The experiment al set-up is shown in fig . 1 . 

Experimental results: The SOL plasma parameters have b een 
proved to be strong functions not only of main plasma parameters , 
(ne ' plasma current , toroidal field) but also of wall conditions , 
instantaneous and time integrated gas puff, pumping and confinement 
regime /1 , 2/ . In an attempt to make detailed comparison between 
midplane and divertor probe data as well as between probe and other 
SOL dia gnostics (Thomson scattering, lithium beam , microwave 
interferomet r y , infrared thermography), simultaneous measurements 
have been done . A set of typical radial profiles from Langmuir 
p r obes in midplane and divertor are shown in fig . 2. The profiles 
display the same qualitative characteristics as in the old , 
uncool ed divertor configuration (DV-I) / 1,3,4 /: clear profile 
maxima in the divert or just outside the separatrix, roughly 
exponential decay close to the separatrix , followed by a plateau 
type s houlder a few cm outside with high , radially increasing, low 
frequency fluctuations . The shoulders are narrower now everywhere, 
as are the divertor slits. . 

The radial range of midplane profiles was extended further 
inward than p reviously /5 ,6/ , in a few cases beyond the nominal 
separatrix /6/. The electron temperature and density profiles 
obtained in mi dplan e agree with those inferred from laser 
scattering and l ithium beam measu r ements ti ll a " tu r ning poin t" 
located approx . 1-1. 5 cm outside from the nominal separatrix . I ts 
exact nature is not yet cl~ar , but the electron temperature reaches 
about 40 eV there and the triple probe approaches its limit. Str.o ng 
heating and even melting of the tips was sometimes also observed in 
this high power region , despite the short res idence time there 
(10 - 20 ms). Extrapolating the exponential part to the nominal 
separatrix radius, we regain the values of Tes and nes of the 
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laser and lithium beam within ±25 percent. As discussed belotJ, the 
true separatrix position is very likely about 1 cm outside the 
nominal one , requiring a downward adjustment of the separatrix 
plasma parameters. 

Apart from the global similarity /1,3,41 t here are also clear 
differences from the old divertor : The relation of peak electron 
temperature and density in the divert or t o the average line density 
ne in the main chamber deviates from the previous relation for 

ne > 3*1019 m-3, with Te,new > Te , old and ne, new < ne, old- Also the 
positively charged region around the separatrix is maintained to a 
higher ne than previously /4/. These differences are marked during 
density plateau phases (low gas puff rate) and strongly diminished 
during density ramp up (h igh gas puff). They are correlated with 
changes in the mid plane separatrix density and are attributed to 
different confinement regimes (SOC, roc /2/). 

The new 3 mm microwave interferometer installed in the upper 
outer divertor permits an independent check on the probe density 
data.Good agreement was obtained over the entire range of divertor 
densities , when the geometric probe area was extended by the local 
ion Larmor radius (similar to /7/). 

Due to the thermal charcteristics of the copper target plates 
/8/ , comparison of probe data with thermography is possible in the 
ne w divertor only with auxilliary heating. In the few ICRH and NI 
heated discharges good agreement both in absolute value and width 
of the power deposition is found . The glancing incidence of the 
magnetic field l ines on the target plates (now about 3 degrees), 
however, introduces an uncertainty . 

Profiles taken for similar shots but different toroidal magnetic 
field direction and plasma current (thus indicative for the up/down 
asymmetry) reveal some pecularities (fig . 3): With reversed polarity 
the "negative dip " /4/ is very strong and shifted inside away from 
the plasma profile maxima . Also the peaks of ion saturat ion current 
and temperature profiles are less closely in this case . As was 
pointed out in /4/, we believe t he negative dip (produced by hot 
electrons leaving the plasma immediately a t the boundary between 
open and closed field lines) represents the accurate, local 
separatrix position, which may differ by several millimeters or 
more from the magnetically determined one. The difference between 
the t wo profiles in fig.3 therefore seems to be relevant. Such a 
deviation is theoretically expected e . g . from the E X B drift (E 
being the poloidal presheath field) , yielding typically a poloidal 
ion gyroradius, which is in fac t several millimeters for ASDEX edge 
parameters. 

Identification of the potential dip with the separatrix implies 
that the power deposition profile on the target plates is always 
situated in the expected part of the SOL, i. e '. where field lines 
are connected to the main chamber. 

Comparison with numerical simulations: The Langmuir probe 
results of fig.2 were compared with nume rical simul a tions using a 
simplified version of the 20 mul t ifluid edge code of B.Braams /9/ , 
together with a quite realistic numerical neutral gas model. 
Start ing with experimental values for ion and electron power and 
particle input into the scrape-off layer, the radi al transport 



coefficients, 
were varied. 

909 

the divertor recycling and the impurity radiation 
A reasonable fit is obtained with D-lm2 /s and 

X .. l .Sm2 /s in the steep part near the separatrix , corresponding 
roughly to Bohm diffus i on (see fig .4 and points in £1g.2). The 
plateau regio n 2 cm outside, however, could be fitted only by 
multiplying the coefficients by at least a factor of three, 
yielding numbers definitely above the local Bohm value. This 
tendency correlates with the fact that the fluctuation spectrum 
changes qualitatively in this region /10/ . The reason for the high 
absolute transport coefficients is not clear , but might be 
connected with the plasma parameters at the target plate and the 
electric sheath there . 

The connection of the two sets of profiles of fig . 2 along field 
lines assuming approx. electron pressure constancy according to the 
numerical simulation (see pressure profiles of fig . 2) leads to the 
location of the separatrix in the midplane at 1-1.5 cm outside of 
the nominal position. The same de'.riation was inferred from the 
study of soft x - rays produced by supratherma l electrons hitting the 
Langmuir probe shield /11/. 

As in ear l ier simulations with a 10 code coupled to the DEGAS 
neutral Monte Carlo code 1'121 , classical heat conduction along 
field lines with only a moderate flux limitation must be assumed , 
if the corrected separatrix position is taken. 

Conclusions : Detailed Langmuir probe measurements in main 
chamber and divertor give a quite consistent picture of the SOL 
structure in ASDEX. The results agree reasonably with other edge 
measurements . Numerical simulation s yield Bohm diffusion near the 
separatrix and even higher values farther out . In addition, The 
parallel heat flux is best described by classical heat conduction 
with only a moderate flux limit . Simultaneous fit of midplane and 
divertor profiles require that the actual separatrix position in 
midplane is 1-1.5 cm outside the nominal one. 

* NRCNS "Demokritos ", Athens, Greece 

** Nuclear Research Centre Karlsruhe , Germany 

11/ Y. Shimomura et al., Nuel. Fusion 23, 869 (1983) 
121 F.S61dner et al., Phys.Rev.Lett. 61, 1105 (1988) 
13/ . G.Fussmann et al. , J . Nuel.Mater. 128/129, 350 (1984) 
141 N.Tsois et al., Europhys.Conf.Abstr . 110, 658 (1987) 
151 M.ElShaer , IPP Report 111/96 (1984) 
161 M.Lenoei , G.Haas, IPP Peport 111/113 (1986) 
171 I.G.Brown et al. , Phys.Fluids 14 , 1377 (1971) 
181 H.Wtir z et al., Proc. 15th SOFT, Utrecht (1988), to be publ. 
191 8 . Braams, NET Report No . 68 (1987) , EUR- FU/XII-80/87/86 
1101 A.Rudyj et al., this conference 
1111 J . Neuhauser et al. , BulLArn.Ph~'s.Soc. 32 , 183 9 (1987 ) 
1121 w.Schneider et a.L, Contr . to Plasmaphys. 28,387 (1988) 
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Fiq. l. Langmuir probe location 
in the SOL of ASDEX 
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THERMAL FLUX ASYMMETRIES IN THE IT EDGE PLASMA 

M. Ciotti, C. FerrQ. G. Maddaluno 

Associazione EURATOM-ENEA suIla Fusione, C. R. E. Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

INTRODUCTION 
A magnetized plasma loses energy through two main channels~ by radiation 

diffusing uniformly to the vacuum chamber enclosing the plasma and by means of 
particles flowing along flux tubes to localized zones of the chamber. A knowledge of 
the relative amount of the two channels as a function of the plasma parametets is 
important for formulating models of the scrape-off layer (SOL) and for developing 
credible designs of the structures necessary to control the plasma (limiters/divertor 
plates) and improve the plasma performances (launcher structures for auxiliary 
heating). 

The best method for investigating the thermal loads is surface thermography by 
infrared techniques, which can provide spatially- and temporally-resolved information 
during a discharge. When, as in FT, the machine compactness rules out this possibility, a 
set of thermocouples distributed in different zones in the vacuum chamber can be 
conveniently used to measure the total energy deposited per discharge in the different 
zones. 

In FT we have used this philosophy inserting thermocouples in the vacuum 
chamber, the limUer and in othe(' structures. Some experimental results have already 
been presented [I,Z], and in this paper we report data obtained from two thermocouples 
embedded in the protective plates of the RF launcher structure. 

EXPERIUENT 
In FT the heating of the plasma with lower hybrid radiofrequency has been 

performed with different launcher structures. The current one, at 8 GHz, is an antenna 
of 16 waveguides with overall dimensions near the plasma of about 15 cm in the poloidal 
direction and Z.6 cm in the toroidal direction. The launcher structure is located on the 
outer equatorial plane at 90° toroidally from the main limiter. On both the elect('on and 
ion sides, a stainless steel protective plate has been mounted bearing a thermocouple 
embedded at 1.6 mm under the surface facing the plasma flow (normal to the toroidal 
field) and at about 3 mm from the waveguide tip. The radial position of the launcher 
structure has always been in the shadow of the limiter, which has a radius of ZO cm, and 
between ZO.S and Z1.S cm from its poloidat center of . curvature. 

RESULTS 
Among the discharges which the guide temperature was monitored for, we only 

selected the ones not showing abnormal event such as disruptions, runaways, strong 
MHD activities, MARFEs. Because of the lack of time resqlution during a discharge, the 
average values of the plasma position, density, energy and current were used in looking 
for any dependence of· the thermocouple data on plasma parameters. In this way a total 
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Fig. 1· E lectron (a) and ion (b) s ide temperature increase ofthe r.f. guide as a function ofthe 
distance from the la8t closed flux surface 

of 120 discharges covering a wide range of plasma pa rameters wa s analyz ed. The 
plasma current varied from l80 to 410 kA, the energy from 500 to 800 kJ, and the 
average electron density from O.3 x 1014 cm-3 to 2.1 X 1014 cm-3, 

In order to estimate the effective distance of the structure from the plasma edge, 
the shift of the plasma center from the chamber toroidal axis was taken into account 
and the las t closed flux surface (LCFS) was considered as in Ref. (3]. Figures l a and Ib 
report the temperature increases measured in the electron and ion sides as a fWlction of 
the distance between the launcher structure and the LCFS. 

With reference to the power absorbed by the structure, the maximum temperature 
in Fig. la corresponds to a value of about 20 kW, i.e" 3% of the total ohmic input 
power. 

The experimental data plotted in Fig. 1 refe r to discharges with the toroidal 
magnetic field antiparallel to the plasma curre nt . Electron and ion sides show a similar 
trend with the ion side values systematically lower by a factor ranging between 1.5 and 
3.5. Some shots were a lso run with the t oroidal field parallel to the plasma current. 
They showed a reversed, although not symmetric, electron to ion side ratio. In Fig~ l, a 
comparison is made between discharges with similar plasma parameters, but different 
toroidal field direction. 

In order to rule out the not easily estimable dependence of the power load on the 
plasma displacement, only the shots with a well- centered plasma position are reported 
in Fig. 3. An exponential- like decrease of the struc ture heating with the distance from 
the LCFS can be noticed. 

DISCUSSION AND CONCLUSIONS 
In a compact high field machine like FT, the particle and energy fluxes to the 

material structures inside the vacuum chamber are critically dependent on the radial 
position. In fact, both the density [4] and the energy III decay lengths are very short . 
The sharp increase of the temperature when the grill mouth approaches the plasma edge 
(Figs. la, 1 b) just reflects the exponential dependenc e of the energy flux on the radial 
distance . 
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On the other hand, the hulk parameters are also known to influence the boundary 
plasma. On FT a strong dependence of the scrape off density on both the bulk density 
and current was inferred from Langmuir measurements [4]. 

The scatter of the experimental data can be attributed to both this dependence on 
bulk parameters and the influence of the plasma horizontal displacement. The latter 
affects the energy fluxes to the structures in a fairly complicated way owing to the 
change of the COlUlection lengths (i.e., of the energy decay lengths) and the extension of 
areas wetted by the plasma. In this respect, the flatness of the temperature vs plasma­
guide distance curve beyond 2. cm (mostly related to inward shifted plasma position) 
seems to indicate the onset of a drastic change in the spatial distribution of the 
conductive-convective energy losses. As a result, the thermal load on the grill mouth 
becomes almost independent of the distance from the plasma edge. 

With regard to the directional asymmetries of the thermal loads, it must be 
considered that the connection length on the electron side is larger than on the ion side 
by a factor of about 3. Assuming an exponential decay of the power flux in the scrape 
off layer and taking into aC£Qunt the dependence of the e- folding length AE on the 
connection length LI (AI!: 00:: VLI). an e lec tron to ion ratio of 1.7 should be expected, 
irrespective of the toroidal field direction. 

Both the scatter in the values of this ratio for BT antiparallel to lp and, especially, 
its inversion when BT is reversed, seem to rule out a simple geometric explanation of 
the directional asymmetry observed. It can be attributed to nonpoloidally uniform 
plasma parameters in the scrape off layer of a limiter-controlled discharge (5]. 

The dependence on the bulk plasma parameters of the total value as well as of the 
electron/ion side asymmetry of the thermal load are under critical review. 
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EROSION- REDEPosmON PROCESSES ON THE IT UMITER STUDIED BY 
PROBES OF DIFFERENT MATERIAL 

G. Maddaluno 

Associazione EURATOM-ENEA sulla\ Fusione, C. R. E. Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

A.P. Martinelli 

Max-Planck-Institut (Ur Plasmaphysik, Eura tom Association, 
D-8046 Garching (F.R.G.) 

INTRODUCTION 
The erosion-redeposition processes occurring on the limiter of a high field, high 

density tokamak like FT [1] play a great part in the global behaviour of the discharge. In 
fact in these machines the limiter is by far the major source of impurities. 

A knowledge of the extent of the erosion-redeposition phenomena as well as of 
their poloidal and direc tional {electron versus ion side} asymmetries can give useful 
information about the limiter geometry and material to be used on the future devices. 
Following previous measurements [2,31, efforts have been made in this work for a better 
understanding of the erosion-deposit ion processes occurring on the FT Iimiter. 

EXPERIMENT 
A set of long-term deposition probes was mounted on the lateral sides of the full 

poloidal stainless steellimiter support (Fig. 1), between 10 and 25 mm from the plasma 
edge (the part of the limiter closest to the plasma consisted of mushroom-shaped 
Inconel pieces). The set included: four couples of graphite (Ringsdorff EK 98) and 
titanium targets close together, distributed on both the electron and the ion side of the 
limiter support at about 70 0 above and below the outer equatorial plane; four graphite 
targets mounted at about 30 0 above and below the inner equatorial plane, on both the 
ion and electron sides; a further couple of graphite and titanium targets (henceforth 
named C0 and Ti 45) mounted on the electron side at about 30 0 above the outer 
equatorial plane. Unlike the other targets, which had their collecting surfaces 
perpendicular to the toroidal direction, the titanium target of this couple was inclined 
at 45 degrees and collected only particles travelling between 20 and 25 mm from the 
plasma edge. In turn, the graphite target was able to collect only the particles reflected 
or emitted by the titanium surface. 

In the summer 1987 experimental period, the targets were exposed to ohmicaUy 
and rf heated deuterium discharges, with the toroidal magnetic fie ld s.r antiparallel to 
the plasma current Ip. About 30% of the discharges ended with a disruption. The total 
time of exposure was 415 s. Afte r removal from the Iimiter, the targets were surface 
analyzed by PIXE. Before and after the plasma exposure, the weight of the targets was 
carefully measured. 

RESULTS 
Large metal concentrations (Ni, Fe, Cl') were found. on all the targets directly 

exposed to the plasma, the Ti 45 included. Radially averaged values range between 
1-1018 and 5 _5-1018 atoms cm-I, depending on the poloidal as well as on the directional 
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Fig_ 1 . Schematic view 01 the full poloidal FT limite r w ith the long-term target positions 
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position (Fig. l). Much lower a mounts (-3 .S-1016 atoms cm-2) we re found on the graphite 
target eel. 

The elemental composition of the metal deposit resembles Inconel bOO, as nickel 
is by far the major component. Above the equatorial plane, the largest amounts of 
metallic impurities are on the graphite targets facing the ion side, while in the bottom 
half of the limiter, the pattern is reversed. The radial profile of the metal de position 
shows a composite asymmetric pattern too. Short lengths (0.4+1.4 cm) are observed OD 

the electron upper side and the ion lower side, whereas the deposits on the lower 
electron and upper ion side are rather flat. A similar trend is observed on the titanium 
targets, but the differences in the amount of metal between the electron and the ion 
side are much smaller. 

The weight changes of the closely mounted graphite and titanium targets are 
reported in Table I. The ne t erosion of three of the graphite targets as well as the 
weight increase of all the titanium targets is e vident. A weigbt loss was also measured 
on the other graphite targets. 

Very low titanium concentrations (maximum one monolayer) were found on the 
graphite targets mounted on the support sides, and nothing at all on the target C0. 

DISCUSSION 
The erosion and deposition processes occurring at the limiter during an 

experimental period can be conveniently investigated with long-term targets by 
simultaneously performing weight change and impurity concentration measurements. 
Further information about erosion and its mechanisms can also be obtained from the 
combination of an erosion target and a collector, as well as from the use of two 
different materials as e rosion target. In this respect the most striking result is the net 
erosion of the graphite targets (except one) in comparison with the weight increase of 
the titanium ones (the amount of the metal deposit being the same). This result could be 
justified by assuming thil.t physical sputtering is the main cause of the graphite erosion, 
at least in the observed radial range. As a matter of the fact, at the energy the ions 

• 
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Table I 

MATERIAL POlOIOAl SIDE WEIGHT 

POSITION' CHANGE 

(mg) 

C 110· e- + 0.34 

T; 110· e- +0.30 

C 110" ; 0 -10 

T; 110" ;0 + 5.5 

C 250· e- -10 

T; 250· e- +0.78 

C 250· ; 0 -0.26 

T; 250· ;0 +0.55 . . o on the mner equator, counterclockwlse 
rotation 

are expected to impinge with (E - 5k Te - 75 cV; 're - 15 eV [4]) the sputtering yield by 
deuterium is ten times higher for carben than for titanium. Chemical sputtering of 
carbon probably plays a minor role because the temperature of the targets, as Wel'red 
from subsequent thermocouple measurements in the same radi.al position, seldom 
reached the value which the hydrocarbon production is enhanced. at [5]. 

The negligible erosion of medium-z materials beyond 1 cm from the plasma edge 
is confirmed both by the low (Ni, Fe, er) or no (.Ti) metal deposit on the graphite target 
e el and by the e lemental composition of the metal coverage of the targets, which 
resembles Inconel rather than stainless steel. 

With regard to the asymmetries in the impurity deposition, from a comparison 
with a previous set of graphite targets exposed to discharges with BT parallel to Ip [3], a 
dependence on the BT direction of these poloidal and directional asymmetries can be 
inferred (Fig. 3). With BT t t Jp the largest metal conce ntrations are fotmd on the 
electron side above , and on the ion side under, the equatorial plane. The opposite is true 
for BT l t Jp . The macroscopic damages on previous FT ' limiters showed the same 
dependence on the toroidal field direction. 

The composite top-bottom electron-ion side asymmetry of the impurity radial 
profiles is reve'rsed too, by changing the BT direction. 

The pattern of the radial profiles of the metal deposit in the present experiment 
is reminescent of the poloidal asymmetries in electron density e-folding lengths, as 
found on Alcator-C using Langmuir probes (6]. In effect, by adding up the electron and 
ion side contributions, the poloidal asymmetries of the impurity radial profiles are in 
qualitative agreement with the trend of the density decay lengths (longe r at the outside 
than at the inside). Nevertheless, in this case , the most evident feature is the existence 
of a directional asymmetry, which Langmuir probes were not able t o discern. 

CONCLUSION 
Long- term targe ts of different material (graphite and titanium) have been used on 

t he FT limiter to get information ~bout the erosion and deposition processes. 
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From impurity concentration and weight change measurements, graphite tal'gets 
were found to be more eroded than titanium ones beyond 1 cm from the plasma . edge, 
probably as a result of the different sputtering yield. A poloidally and directionally 
asymmetric pattern of the metal deposit was fOWld too; the pattern depends on the BT 
direction. The low erosion of medium-z material on the limiter support could mean a 
tolerable metal contamination of the graphite mushrooms in the metaI-graphite limlter 
envisaged for IT (7], 
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FTIl PUMP LIMlTER 

C. Alessandrini, M. Clotti, A. De Matteis, G. MaddaiWlo, G. Mazzitelli 

Associazione EURATOM-ENEA sulla Fusione, C. R. E. Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

DESIGN 
The control of the refuelling and recycling of the plasma is crucial in providing 

enhanced performances in tokamaks and steady-state operation in future reactos. 
In this paper, we report details of the design and analysis for the pump limiter to 

be incorporated into the FTU tokamak. The nu, presently under commissioning, is a 
compact, high field (B=8 T), medium high density, circular cross section machine with 
small accesses. The dimensions of the equatorial port (width 8 cm) would reduce the 
length of the entrance throat to a few centimeters, which is unacceptable for ~fficient 
particle trapping. We have, therefore, designed. a rotating blade of the pump limiter 
head that, in the working position, extends in the toroidal direction inside the vacuum 
chamber (Fig. 1). 

A simple model [1] of the scrape-off layer (SOL) has been adopted for the analysis 
and design of the pump limiter. The principal assumptions are that the SOL plasma 
density and temperature are given by 

and 

• n(x)= no(r=a) exp(- ;:-) 

• 

• T(x)=To(r= a)exp(- A) 
T 

a = plasma radius 

where An and lor are the e-folding lengths for the density and temperature respectively. 
These two parameters could be calculated theoretically, but due to the poor knowledge 
of transport coefficients, we have chosen to extrapolate the values from the results 
obtained on IT [2.]. With -'.n=1 cm and -'.,.=3 cm the e-folding lengths for the particle 
flux are therefore 1,.=0.86 cm and lQ=0.66 cm. 

The pump limiter design is always a compromise between high particle exhaust 
and the capability of handling high power fluxes. 

In FTU an exhaust efficiency of 5+10% with an average throat length and width, 
respectively, of 12. cm and l cm seems to be feasible. The thickness of the blade of the 
head goes from 0.2. cm at the leading edge to 1.5 cm in the middle. The length of the 
entrance throat should be sufficient to ionize a neutral product at the deflector plate 
before it can return to the plasma. 

By utilizing a 3 D Monte Carlo code NIMBUS [3] having as input parameters the 
"ionic flux to the entrance throat the density and temperature in the SOL, together with 
a simplified geometrical model of the pump limiter, we have obtained the following 
results: 30% of the neutrals produced go directly to the pump system, 60% are ionized 



920 

>. 

~~ •..... 
\S" 

Fig. 1 - Artistic view oftbe FrU pump Umiter 

Eo 
'" w 
U 
2 
;'! 

2 ~ 

15 
~ 

" 15 
" • "' 0 2 • 6 8 10 12 ,. 16 

TOR01DAl EXTENSION (cm) 

Fig. 2· Pump lim.iter be~d geometry used for thermal load analysis 

in the throat and 10% stream back to the plasma. the exhaust efficiency is t=4%, which 
should be sufficient for plasma density control. It is worthwhile noting that the 
phenomenon of plasma plugging is not taken into account in the code [1]. 

TIIERMAL LOAD 
A thermal load analysis on the FTU pumped. limiter has been carried. out to 

evaluate both the regime-temperature reached. by the AlSI 304 limiter and the amount 
and location of melted. material during- a single discharge. A finite difference heat 
conduction code [41 has been used with the following hypothesis: a) a ZD geometry 
(Fig. 2) has been used because of the poloidal symmetry; b) the limiter receives a power 
density given by 
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where r is the radial distance from the plasma edge, (J the poloidal extension, lE the 
energy decay length and PL the total power flowing to the limiterj c) cooling by 
radiation is admitted. 

Figure 3 shows the depth of melted material in the leading edge belt for a single 
discharge as a function of the total power PI.. This is the zone where the penetration of 
fused material is maximum. To evaluate the regime-temperature of the limiter, 
especially in the zone where the rotation axis of the limiter head is placed, a set of 
discharges with power PI. = 650 kW and a duty cycle of then minutes was simulated. In 
these conditions, a regime temperature of 350°C has been estimated. The PI. value 
corresponds to the ohmic power fraction expected to be transported by conduction and 
convection to the limiter according to the measurements on the FT machine (5]. 

PUMPING SYSTEM 
Bulk getter pumps will be employed to exhaust the particles trapped in the limiter 

throat. They were chosen becuse the pumps must be installed as close as possible to the 
geometry and. the magnetic fields rule out cryogenic and turbomolecular pumps. The 
performance of nonevaporable getter pumps under transient load conditions was 
successfully tested at pressure higher than 1.33 Pa [6], and the problem related to the 
embrittlement of the getter material during the discharge cleaning operation [7) can be 
overcome by a suitable temperature increase of the pump. 

. An array of six or seven wafer modules (metallic strips pleated and coated witb Zr­
V-Fe getter material) will be installed directly behind the limiter head between 10 and 
50 cm from the neutralizer plate. The nominal pumping speed of each module for 
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Fig.3· Calculated meltdeptb at the leading edge 
VB total power flowing to the limlter 

E 

Fig. 4· Model of the pump limiter 
head for electromagnetic load 
analysis 
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deuterium at room temperature is -800 l's- 1, Due to the conductance limitations, the 
total pumping speed for thermal particles of six modules is expected to be -37001"5-1, A 
value of -42.00 1'5-1 can be reached by covering the wall of the sUPPOl'ting structure with 
metallic foils coated with the getter material. This pumping speed corresponds to 85% 
of that required to get 10% exhaust efficiency at the maximum particle flux expected 
in FTU {-1,Z'104Pa'1 "5- 1 l. 

ELEcrROMECRANICAL LOADING 
The main mechanical loading experienced by the pumped Bmiter head results {room 

the interaction between the toroidal magnetic field and the eddy currents induced in 
the limiter itself during plasma disruptions. 

In order to quantify the mechanical forces and torques applied to the limiter, a 
simple analytical mcxiel was used. An exponential decay of the plasma current, l(t)=1o 
exp (-t/to) was assumed, with 10=1.6 MA and rd=3.0·1O-3 s. The limiter head was 
modelled by a part of a stainless steel 30x15 xI.5 cm3 cylindrical shell, with a curvature 
radius equal to the plasma minor radius (Fig. 4). 

Within the approximation of concentric circular magnetic surfaces and of fixed 
plasma position during the disruption, the angle between the poloidal field and the 
limiter surface is different from zero only on the small top and bottom areas (ABCD 
and EFGH in Fig. 4). 

The eddy current induced on these surfaces was calculated according the equation 

di R AB (0) , 
- + -i = -_P- ap(--) 
dt L L 'td "td 

AB (0) I I I I i(t)= -_P- e:tp( - -)-ap(--) 
R("t-l) 1: 'td 

where r=L/R. From the interaction of this current with the toroidal field (B=8 T), 
negligible forces (-60 N) result applied to the short sides of each surface. Even by 
allowing a rapid plasma motion, these forces increase only by a factor 1.5. 

In order to take into account more realistic cases, the maximum torque that the 
rotation mechanism can withstand (-600 Nm) was used to get a maximum allowable angle 
of ZOo between the poloidal field and the limiter large face (BFGC in Fig. 4). 

CONCLUSIONS 
A pump limiter will be installed at the beginning of 1990 in the high density high 

field FTU machine. Experimental work will be principally devoted to the control of the 
plasma density in ohmic discharges and to the study of plasma edge related. phenomena. 

REFERENCES 
[1] R.W. Conn: J. Nud. Materials lZ8&.lZ9, 407 (984) 
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I.OW-FI!EQlIENCY FLUCTUAT[ONS AND FLUCTIIAT[ON-[NDUC W TRANSPORT 
[N '1'11[': ASDEX ED GE PLASMA AND [N A LO W-PRESSURE D[SCIIARGt: 

M.Kriimer", A.Carison, ASDEX·'!'c>am, 
·'nstitut flir ~~xperimcnlalphysjk H, Hllhr-Uuiversitat, D-4630 Dochum, 

Ma.x-Plflnck-Inslitut fur Plasmaphysik, EURATOM association, D-8046 Carching, 
Fed. Rep. Germany 

Int roduction Low-frequency turbulence is considered as a main cause of particle t ransport 
ill a magnetized plasma, in particular, in the edge plasma. of tokamaks. To gain more insight 
in the physica.l nature of the low-frequency turbulence and the anomalous transport, it is useful 
to compare this plasma with a. plasma of much simpler properties (homogeneous magnetic fie ld, 
no currC'uts etc.). Hence. the low-frequency density and potential fiuctuatiomi and tlte trans port 
indllcC'o h.\- these fluct.uations were studied hoth at the pl a.. .. lIl<\ ('dge of til e ASDF:X -t.okam'lk 
and 011 t.he plasma o f a luw-preSHUrt! ( weakl y collisioll'll) liu('ar disch a rp;c which is dOlllina.lt~cl hy 
anOilHllolIS ("foss-field lnUlsport a..~ well_ 

Experimental d etail s On ASlJEX ( A ), tilt"' investiga.tions WNt' performed dllrinj:!; oh llli ­
ra ll y IIt'alClI divf:'l"loot- (oollblC' 111111) dC'uteriufll disc.i1a.rJ!;t's ill th(' plfl.teal1 rt~gion lit I ~ 1_5.~. Tht! 
prour si~na.]s wer(" laken apprm:imatel.v -1rlll outside I ll(' scparatrix (r' = "rm,n = (1- :1) X 
J Ol'!rm -:1. I,,, = ( J lu (17I/dl,)-1 :::::: iC7I1 ) for differe ll t cornbi nations of tlu~ toroidal magnetic fit'ld 
itlld plaslI1a. cur ren t (HI = 1.69,2.17,2.617' and Ip = 150,320, 384kA). In addition, a r.uii,,1 
fluc.t uation profile was lI1('asured under s t andard conditioJl!l (B/ = 2.17T, Ip = :120kA) . Corre­
lation analysis of paired probe signals is applied to measure both the fl uct uation spectra and 
t he transport spectra. An array of four Langmuir probes (probe tips Mo, Tp = 0.3mm, Lp = 
L'Smm,distance ll. x = .3mm) is used to detect the density and t he potential fluct uations. Ac­
cord ingly, two probes are bi ased in t he ion saturation regime and two at the floating poten tia.] . 
Tht, prohC's are arranged suc h that both the poloidal (azimuthal) and the radial wavenumbcr 
Spl'ctra. call be mpasufcd. 

Tht' ]ow· prestiu re discharge (D ; TD ~ 9cm, L D ~ 2m) is generated in a homogeneous 
ma.gne t ic: fi eld B = 0.08 - 0.21T using RF power pulses (f = 27MHz, PRF 5 400W) launched 
to lht' plasma by a rillg a.ntenna ill the lower-hybrid n 'ginH'. Th(' flu ctua t ion signals we re taken 
in lht, out<'f region of the plas ma {p ~ 3111Tor7" hyurogC'lI , 1\ .. 5 lOllcm-:i, 7~ 5 IOd~ l. II N(" 
th[' lIoaling probes a r<' rt'piaced by capacitive prohl's whidl haw a. hettN frequC'Ill" Y reSpOI\Sl'. 
'1'11(' fOU l" prout's ar(' aligl1t'd ill t h<' plane perpendicular 10 lhe magnetic' field, and t ill' prohC' tips 
(Wo. TI, = O.O!imm, /'p = 511l.m. 6.x = 4mm) are o riented in R-clireetion. 

Correlation alla.lysi.~ is a pplied to an a lyze the fl uctu ation sigllals. The spect raJ dl!llsity 
S(k,w) for the density and the potential fluctua t ions, n a nd ~, is computed in a s tatistir.al 
manner (BeaU et al. 1), where k represents the wave vector component ( here, kr and k,) defined by 
two probt, ti p.~. By propt>r normalization of S(k,w), We obtain the spect ral d ist ribution fun("tinn 
WhOM' fil·.~t a_ud st'rond mOJJlen l yi('ld the mean WilVC II Ullltwf k(w) (wh ich can he inle rp rctt.,d as 
"~I'l.1is l.i ral·' <iispersion of lht, turbll ll· Il r.f') and 111<' "aria.lI("(' "i(w) {Uk = wav('lIumber s p<'t"tra.i 
wid l iLl. 

Tht, 1 rHTlSport, owillg to t h(' Ex B -l"OI1Vcctioll uf tht' (lltrtid('s i ll the field o f th(' fluctuatioll s . 
is t"'s tiuHttt.'d frolll the ro r rela.tion bctwet'1l density and potent.ial fiu r tua tiolls, when' the phast' 
alll!;l(' (l bt>l.wcen tll(, two quantities plays the domillant role. 'I' h<, transpo r t sp('r Ll'ILtn ra.n l)(' 
wrill('1l (I S T{w) = I IU·lJfl.4>.~i11({fhnJ,/lJ (PO\Y('rs1 ) wht.'J"<' the coherl'n cy "Yn q. and lh(' ol.l1('r 
qultnLilipl; arc. fU ll ctiolls of W. 
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Characterization of the fl uctuatio n s T he power spl'{'~ra ( FIC.I a) sllow pJ'OlIounn'll 1I11l.'i ­

ima ill f == 5 - 1 Ok H = in A and f = 2- 51.: H = in D. The (frcquuucy integra1.L'cI ) w,lvcnu III ber >iPI't­
tra (FIG.lb) depict much broader spectra in A than in O. However, in both rases, the cohl'rpnrc 
i('ngth is smaller in radial direction than in poloidal direction (A: l1(kr l :::: 3.5-S.0cm-l, o~ k'/J) :::: 
I .~ - 1. tcm -1, B :o( kr ) :::: 1.7 - 2.0cm- 1 , a (k,) :::: 0.3 - OAcm- I

). Correspond ingly, the spect ral 
inciC'x q is smaller in A (f/r = 1.1 - 2.5, 'Is :::: 2.2 -:Ui) than in 0 (qr = 2.4 -3.0, q, = ·1.'1 -5.01 In 
hoth ('xp('rimel1ts.tlu~· fluctuation level ii/n is nea.rly COllstant O\'cr all shots. In D, il/n incrcas{'s 
lIIoltotonicall.y with p~/LtI as variolls drift way£> LhcoriC's predict (Wakatani ,~nd Il a.<.;('~alYa ~l, 
when'as, in A, hlll is n~arly coll~tant although p,.! I." \'<lril's hy a factor:1. (r.,'Il',ul \'<\IIIl's for 
i!ln(A) = 0:21::::: j!jp,IL n, i1/1!{ D) = 0,31::::: ·1.'!p~/I~,,). T he ohserved 'li.11I is ill hoth ('XIH·ri· 
Ilwllls about tw in' lar,c;E'r than t.h(' 'mixing length ' lt'vd 1/1.1.1,., (k.L ::::: a(kr) from 8(1.:,.)). 

Poloidal phase velocity Evalualing the dispersion rurves (Fig. l e), we foulld that lhf' oh· 
s(·rn·cl poloidal phase vt'!ocitics are in iOll diamagnetic direction (as was already ouservt,d 011 

TEXT:l and CA LTECH~). This observation can be desc ribed by a. superposition of the electron 
drift velocity VD~ and t he E x B-velocity due to the constant electric field in radial direc­
tion: Vph = wlk9 = (TeleLn - Er)1 B. Calculating the profiles of the mean density and the 
mean floating potential during the fast movement of the probe, taking into account the relation 
,pp = ,p f +17l(mJ/me )Te/2e between plasma and floaling potential, and assuming T~ = 20e\/ alHI 
L .. ::::: ~T~ (laken from rompara.ble fihots), it turns DUI. I.lla.1. t.he E x B -veJoc11.v prl'dolllinall':-> 
0\'('1" 4'/)" and rough agl"t't?[IIl'nl. with the observed ph" . .<.;1' \'C'lorilies (t'"/.,m;,, = ;; X I04 rm ror 
H/ = "2.(jI'f', Fp = ';,,!,Ii()k;\and !)ph.mu.r == 2.2 x lO"cl!/. for 114 = !.G!"/', f" = 320b\) if> arilil'n,d. 
:\s On TEXT:I. t.iI<' propa,l(lltioll vl'iorily rp\'C!'i>I'S wh('1I llw prob!' ifi lIIo\'('d inwnrd. Froll1 Fig.L. 
a fihal'p lransition is ObfiN\'ed, tlHd the kr-spl'ctra hroackll at the f>a llJ(' po,;ilioll. 

III D, 1 h(' prollollnrNi lillearit.v of till' dispt'rsioll is lIull'worthy. Also hNf', tll<' t llrhll l('ul 
wavl',; 1 rt\.v(·l ill ion tliallla,c;lI('tic din'ction d u(' to lh~' sullidclltly largl' l'lt!rtrir fields filllsiu,l!; 
Ex B- tlrifl. HoW('vcr, this is observed fmlll 1111' luw('I".llybrid r('son<'l.II('(, cone (al r :::::: ,km) 
..... liNl' the dt'l' tI'iC fi"lds a.re large 10 t he pla.~Jlla rdgC' with small t'lccLric firlds, il C'm'(', tll<' 
flurtuat ions, par ticularly the azimut.hal phase velority, doe~ not dl'pC'nd solpI.\' rrom 1 h(' lora l 
plasma parameters. 

Particle transport Typical transport spectral computed from th(' n and ~ fluctuation signals 
arc shown in Fig.3. In both experiments, the phase angle 0' takes values up to 90°. The transport 
sp('ctra hav(> a s imilar shape as the n and ~ power spectra. However, when the probe approachefi 
tht? zone where lhe phase velocity changes sign, the spectra become very broad. The total particle 
flux at TI = 4cm is r = 0.6 x 1016 - 1.5 x 1016cm-2 s-l(r = 8.4 X IO lS cm-2s-1). Ther(> ifi 
110 systematic sca.ling with B! and Ip. In particular , the diffusion coefficients calculated from 
Fick's law, do not scale as the Bohm coefficient Dn = T t 116tB, but lhl'Y have th(' same ordt'1' 
of magnitude as /)LJ. 

In J), the parlicl(1 ronfinelllent ifi also cletC!rlllineJ hy a.nomalous rross-fif':ld lransport. lIow­
('vt'r . the diffusion rocffi( :iC'l1 t.S evaluated from th(' trallsport sl)er.tril <In' ;Ul ord<'T of IIli'l,l(nil11de 
.~!IlaJJ('r than J)/J. In additioll, no scaling with T" a.nd I/U iH OhSt?f':'1'<i. 

IJ.M.Ucall, Y.C.Killl, and E.J.Powers, J.AppI.Phys, 53, 39;J3( 1981). 
"lE.J.Powers, Nud. Fusion 14, 749(1974). 
:lCh,P.Ritz,R..B.Dengtson,S.J .Levi nson, and E.J. Powers,Phys, Fiuids,27 ,2956( 19i:l<\), 
"S .. I. Zweben and R, W ,Go llld ,NueLFusion ,25 ,171 ( 1985 I. 
5 M.Wakatani and A.Hasrgawa,P hys.Fluids, 27,611 (1981). 
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STRUCTURE OF TURBULENCE IN THE PLASMA EDGE OF THE T J.I 
TOKAMAK 

C. Hidalgo. M A Pedmsa A. P. Navarro and E. Ascasibar 

Asociaci6n EURATOMlCIEMAT, 28040 MADRID, SPAIN 

INTRODUCTION 
In order to understand anomalous transport in tokamaks, much effort has been done 

both experimentally and theoretically in detennining the role of fluctuations in panicle 
and energy transport (I). Studies of edge turbulence in TEXT have shown that the parti­

cles fluxes driven by electrostatic fluctuations can give account of most of the panicle 
transport at the plasma edge (2). 

In the present work we have studied electrostatic and magnetic fluctuations in the 
edge region of the TJ-I tokamak. The particle flux resulting from electrostatic fluctua­
tions have been estimated as well as its scaling with density and toroidal field. Magnetic 

fluctuations levels have been studied using magnetic coils. 

EXPERIMENTAL 
TJ-I is an ohmically heated Tokamak with a major radius of 30 cm and minor radius 

of 10 cm. In the TJ~I the vacuum chamber plays the role of a belt limiter. For these ex~ 

periments the machine was operated at a plasma current of 35 kA, chord~average density 
(0.5~2xI0 1 3cm~3) and toroidal field (1.0~1.4 T). Plasma discharges last typically 30 ms. 

Measurements were taken during the flat top of the discharge. 
An square array of four Langmuir probes (3x3mm) was used to determine density 

and potential fluctuations in the outer region of the equatorial plane. Langmuir probes, of 

radius 0.02 cm and 0.5 cm length, were working either polarized (~60 V) into the ion sat~ 

uration regime to measure density fluctuations or without bias to measure floating poten~ 
tial fluctuations. The ion saturation current is given by, Is=(1/2)eneA(Tc!~)l/2 where A 
is the probe exposed area ("" 0.06 cm2), ne is the local electron density and Te is the 

electton temperature (- 10 e V). Data acquisition was carried out by means of a four 

channel CAMAC module with 8 kB of memory per channel at 500 kHz sampling rate. 

Conventional FFT was used for data analysis. 
Electron temperature was measured supplying a swept voltage (-50, 10 V) to a single 
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Langmuir probe. Temperature fluctuations were considered negligible. Therefore. float­
ing poten tial and ion sa turation current fluctuations were assigned to space potential and 

density fluctuations respectively . 

Magnetic probes (three coils place inside a sh ielded qUllrtz tube) were used 10 mea­
sure radial (Sr) and poloidaJ (Se) magneti c field fluctuation leve ls al the limiter radius in 

the lOp region of the plasma. 

RESULTS AND DISCUSSION 
Density and potential fluctuations show a turbulent nature with the fluctuation power. 

confined basically below 100 kHz. Density fluctuation level was found to increase with 
plasma radius. In the proximity to limiter radius density fluctuation level was around 

(l0-20) %. Electron temperature was in the range (5-15) eV. The frequency - wave num­
ber spectra S(k,oo) have been computed for den-

sity and potential fluctuations for toroidal and 
poloidai propagation (3). Typical S(k,w) spectra 

are shown in Figure 1. For poloidal propagation 

the frequency spectra are broad for all wave 

numbers and with clear peaks displaced from 
zero in the electron dri ft direction; for toroidai 

piOpagation the wave-number spectra are narrow 
and confined arollnd zero. Frequency spectra 
Sew) and wave number spectra S(k

S
) decrease 

for large OJ and ke with a de~endence given by 
5(oo)_oo·

Ct
(Ct_2) and 5 (ke)- k' (P-3). 

Fluctuations propagate with a velocity. 
v(OO)=~(OO/k )5(k,w)/l:w5( k,w), basically con· 

slant for frequencies below 100 kHz, in the order 
of 10 5 cm s- 1 in the electron diamagnetic drift 

direction. 
An estimation of the particle flux due to 

electrostatic fluctuations can be made from the 
correlation between density and potential fluctu ­
ations (4): 

where k(oo) is the poloidal wave number ob­

tained from the pair of Langmuir probes with a 

2 (a) 
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Figure 1. S(k,oo) spectra for poten­
tial fluctuation: (a) poloidal propa­
gation and (b) toroidal propagation. 
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Figure 3. Scaling of the particle confine­
ment time predicted from electrostatic 
fluctuations with toroidal field. 

poloidaJ separation of 3 mm, and Yn4t (00), 
an$, (00) are the coherence and the I'hase 

angle between density (n) and potential 
fluctuations ($) respectively. Typical fre­

quency resolved panicle flux nw) as well 

as 'Yn (00) and (ln4t(ro) are ~hown in fig­

ure 2. \he particle fIux is mainly due to 

fluctuations with frequencies below 100 
kHz. ; phase angle between density and 
potential fluc tuations is between O.37C and 

O.51t and coherence decreases at the higher frequencies. In order to deduce total particle 

fiux:es, we have assumed poloidal and toroidal symmetries. With this hypothesis the par­
ticle confinement time inferred from electrostatic fluctuations is given by t .. ne a/2 r, 
wher16"e is the chord average electron density, a is the plasma radius and r =~ro r(co) "" 
3xl0 cm-2s-1. 

The particle confinement time scaJing with toroidal field is shown in figure 3. It in­
creases with increasing magnetic field in the range (1.0 -1.4) T. These measurements 

were performed with an average electron density of I x I013cm-3. Particle confinement 

time inferred from electrostatic fluctuations is in accordance with the impurity confine­

ment time measured by the laser ablation technique in TJ-I (5). It is remarkable that the 

particle confinement time due to electrostatic turbulence scale with magnetic field in the 

same way that the central impurity confinement time in TJ-1. 

The particle confinement time also increases with increasing density in the range 

(0.5-2.0)x I013cm-3, keeping the magnetic field constant at 1.0 T, However the increas-
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jng of the particle confinement time inferred 

from electrostatic fluctuations with density is 
in conflict with the observed decreasing in 

the impurity confinement time in TJ-I as den­

sity raises (5) . 

A broad spectmm of poloidal magnetic 

field fluctuations Be is shown in Figure 4. 

The spectrum of oscillations in the radial 

magnetic field presents similar characteris­

tics to those observed in BA' Both are rough­
ly constant below 80 kHz and decrease at 

higher frequencies with a dependence given 
by B"" 00-1.3, The observed fluctuation lev­

':" ...-----------, 

~~ -\..,~~-~~~~---' 
10 100 

CIlI2x (kHz) 

Figure 4. Frequency spectrum of poloi­
dal magnetic fluctuations. 

els, BIB and HeIB, that increase as probe is inserted into the plasma, were in the range 
10-4_10- 5 

CONCLUSIONS 

Electrostatic and magnetic fluctuations have been characterized by Langmuir and 

magnetic probes in the edge region of the TJ-I tokamak. The results show broadband tur­
bulence with dominant frequencies below 100 kHz and density fluctuation levels n/n= 

(10 -20%). Fluctuations propagate in the electron diamagnetic drift direction with a ve­

locity of about lx105cm s-l. Poloidal and radial magnetic fluctuation levels were in the 

range 10-4_ 10-5 suggesting that magnetic fluctuations have a negligible influence on the 

confinemen t properties in TJ-I. 

Assuming poloidal and toroidal syrnmetries, it was found that the panicle confine­

ment time due to electrostatic fluctuations is comparable to the central impurity confine­

ment time in TJ-J. Whereas the scaling of the particle confinement time induced by elec­

trostatic fluctuations with magnetic field is in good agreement to that observed in the 

central impurity confinement time, the scaling with density shows a disagreement. 

REFERENCES 

(1) P. Liewer, Nuclear Fusion 25, 543 (1985) 

(2) A. J. Wootton et al. Plasma Physics and Controlled Fusion 30, 1479 (1988). 

(3) J. M. Bell, Y. C. Kim, E. J. Powers, J. Applied Physics 53, 3933 (1982). 

(4) E. J. Powers, Nuclear Fusion 14,2857 (1974). 

(5) B. Zurro, C. Pardo, F. Mompean, Plasma Physics and Controlled Fusion 30, 1767 

(1988). 



pi 

931 

BOUNDARY LAYER CALCULATIONS FOR TOKAMAKS WITH TOROIOAL LIMITER 

H. Ger hauser, H.A. Cl aaBen 

Institut fUr Plasmaphysik . Kernforsc hungsan lage JUlich GmbH. 
Association EURATOM-KFA. P.D. Box 1913, 0-5170 JUlich. FRG 

The calcul ations with the code SOl XY /1/ or iginally restr i cted to tokamaks 
with a poloidal limiter are now bei ng mod i fied to describe also the sol of 
a toroida l belt li mi ter like the ALT-I! of TEXTOR. Prel i minary considera­
tions sugges t that the experimentall y observed asymmetr i es of the pl asma 
profiles and fluxes on the ion and electron sides of ALl- I! at the 
posit; on e = - 4S G may be traced back to the react; on of the 1 i rn; ter to 
the e 1 ectr; c and pressure grad i ent drifts and e 1 ectri c currents produci n9 
strong oppos i tely directed effects on both sides. 

The geometry of the TEXTOR boundary layer i s shown schematically in 
Fi g. 1 and specified by its width 44 cm < r < 50 cm at 9 = ±1t12 (in the 

I Fig. 1 I 'I sketch extended by factor 3). 
. . I separatrix radius a = 46 cm. 

major radius R = Ro+ r cos e 
B 11 with Ro = 175 cm. ma in fie ld 

B • B • B R IR with B • 
--=?.:::~",!' 2 Tes1t an~ ~or B(pol) .0 1/2 

the poloidal field may to a 
very good approximation be 
taken as poloidal 1y constant 

Be "' . ~o Ip/21tr. T~picall y 
he or B/B ~ O.l. 1.e . the 
magneti c fi e 1 d intersects the 
limiter at very oblique ang-

.-.- l es ~ 83 0
• . 

The excentric displacement of 
the ci rcul ar f1 ux surfaces by 
the Shafranov shift leads t o 
a poloidal variation of the 
boundary layer width that is 
inversel y proportional to R. 
This sugge sts the introduc­
tion of spec i al boundary 
layer coordinates in the vi­

cinity of the separatr i x by the following line elements: 
dS e • rde. ds' Rd.. ds· dr • dy R IR (I) • y 0 

Tor o1dal symmetry requires a/a~::::: 0 so that a/as " .. . he a/ raa and a/as;... '" 
h a/ra9 '" a/ra9 for all vector components of pl asma variab l es. The boun­

da~y l ayer be ing very narrow. we neglect l/r compared to alar th roughout 
and replace fi nall y r by a and rd9 by dx '" ad9. e.g. 

• oVa aVr vr oVa R aVr v·v :: - + - + 0(- ) ---+ - + - - with R :: R + a cos a (2) r oe or r ox Ra oy 0 
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Furthermore the sma ll ness of ha allows the omission of terms of relat i ve 
order h~ . In th i s way the baslc equatlons have been rewr i tten i n the new 
coordinates and put i nto a form very simi lar to the poloidal limi ter case 
wh i1 e keep ; "9 all effec ts of to r o; da 1 geometry . The boundary 1 ayer is 
transformed to a rectangular x,y-integration domain cover i ng the tota l 
connexi on length from the e-side about 3 t i mes around the torus (Q '" 3) 
to the i- si de. The toro i dal geometry causes the appearance of essent i al 
new terms in the equations related to the occ urrence of large drift mo­
t i ons and electrical currents. Bes i des the radial diffusion we have an ad­
ditional rad i al dr i ft velocity vrd of the same order, and both the projec­
ted parallel velocity hev ll and the perpendicular drift VJ,. (poloidal rota­
t i on, equally of the same order and oriented in the - e d lrectionl contr i ­
bute to the po l oi dal convect i on velocity ve = vJ. + h~vu ' for which the 
boundary condit i on at t he l i miter i s ve = :t hecs = - he ",(Te + Ti)/mi • 
The main phys i cal effect comes from the poloidal rotation being counter­
acted by the toro i da ll y cl osed belt 1 imiter, which builds up a pressu r e 
asymmetry wi th hi gher pressure on the e- s ide, so that a higher pl asma f l ux 
towards the i -s i de is produced in agreement with ALT-I I measurements . 

We take i nto account the fo l l owi ng elements of the stress tensor ~ : 

4 oV e 4 OVe 3 0V ! 3 ve- 2V l . 
1[1 1 ~ - '3 1)0 (~ - Q) - 3 110 (-gx - "2 "3'X + '2 --R-- Sl n e ) 

n11 1l
rr 

= - 1[ u /2 • 1[rn = 1[ llr = - 111o[ (Ve-Vl)/h e ];or (3) 

The exampl e of the parall e l component of the equation of motion shows the 
structur e of the t r ansformed equat i ons (b = 1[II H/2): 

+ 
ove/ot + v·v {ve- v11 (- op/ox + kT]+ kR) 

2 
he /mn + I 

0 
{4 I 

wi th 
+ *1 
v· · :: ve o/'Ox + (- D on/noy + vrd R/Rol %y 

vi scou s fr i ct i on k" = ~ [i" Ox 3 0 
Ov 1 0 [* 1 1 (~ - Q) + oy 1) o(ve- v l )/oy 

centri f uga l force kR [3b - rnn {v9- v 1 12/h~ l {s i n 91/R 

transfer from neutral s 10 (Spa - mV e Sn - Spl + mV 1 Sn )/mn 

resca l ed coeff i cients 01 
D1 R2/R~ . ~ 1 = 1)1 R2/R~h~ 

The new drift and curvature terms are readily i dentif i ed . From the dom i ­
nant terms of the radial and..l components of Ohm ' s law and the eq. of 
mot i on we derive the followi ng drift veloc i t i es and equ i l i br i um currents: 

Bj1 'O (p - b)/or. enBv 1 " o(p.- b)/or + en otf!/or 

Bj r = - O{p - bl/Ox - 13b + rnn (V9~ V 1 12/h~) {sin 91/R + Sp1 (51 

enBv d = - O{p.- bl/Ox - en O~/ox - I .. . ) {sin 91/R + S 1 
r 1 . P 

Fo r the numerica l so l ut i on these may be kept constant during severa l (say 
20) t i me steps of the code and then r eadjusted l i ke the neut r al sou r ces, 
consequent l y oVJ./ot is neg l ected i n (4). The requ i red el ectr ostat i c poten­
t i al ~ i s obta i ned by i nteg r at i on of the parall el Ohm' s law 

e M / 'O x = op/nox + 0. 71 aT/ OX - ej~/he(J 1 (6) 
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The para l1 el~current de ns i ty j ll = j" + j ll cons ists of two par t s,-+The va-
r i able part jlt i s determi ned from ...Jr' j .L c and the conditi on V' -j = 0 
and ;s essentially .... cos a. i.e. jlt i s the well known compensati on cur­
rent. However, the to t al poloidal current je '" j,l + '!.e j u is i nterrupted by 
the belt li mi ter. which buil ds up a sheath po t entia l asymmetry ( in addi­
tion to t he one resulting from T-asymmetry) and a new po1oidall y constant 
current hej ll c of x~rder enhecs to be determined from the condition 

~ d~ = 's I (3~/3x) dx +.~ -.~. = 0 (7) 
xes es 1 S 

with e'~ = - T 1n [/ 2. m (T + T.) /T m. (! - je/enve) ] (8) e ee l e , 
being the sheath potential drop on the e-s ide (Xes) or i -si de ( Xi s) of the 
ideally conduct i ng limiter. Cl earl y the parallel conductivity CJ II must now 
play an i mportant role. Th us we conclude that there i s a variety of com­
plex inter11n ked phenomena i n the case of a toroida1 limiter t hat di d not 
show up in the po l oi da l case. and it seems that especiall y the drift and 
current effects have not been taken into due account by some of the el se­
where used computer codes. In our simpl Hied mode l geometry we may easily 
inves tigate the relevance of the different physical effects. 

At present (by mid of Dec . BB) we are switching the code SOLXY s t ep 
by s tep from t he pol oida1 t o the toroida1 1 imitel", Fi rst the i nt egrati on 
domain was doub led. because the bisectr i x dividing the domai n into the 
hal ves of equal length i s no longer a sYlllTletry line, For the intermedi a t e 
zone in front of the limiter head we now use parabol i c interpolati on to 
ens ure cont in uous tran s iti on of Te' Ti and ve from the i - s i de t o the e­
si de . Then t he pol oi da l projecti on (v u + ve' dS n + dx . etc. ) was perfor­
med . but st ill i n cy1 i ndri ca 1 geometry. In th i s case the prof i 1 es remai n 
symmetri c with r espec t to the bi sectr i x. as shown for ve i n pl ot 1. Remar­
kably there are onl y sli ght changes of the val ues of n .• T. Tf with res­
pect to t he po l oidal case. if the same t otal f1 uxes from ~he core to the 
boundary are assumed. as also experimental l y observed wi th ALT-II. Next 
the toroidal cur vature and the Shafran ov shift were in t r oduced via the 
t erms with R'/R~ (p l ots 2 to 5). Si nce the parti c le and energy outfl ux en­
ters the boundary l aye r preferentia ll y near the outboard midpl ane (9" O. 
nar rower flux surface s and large r t oroidal circumference) we get higher 
IVe l on the limiter e-side than on t he i-side and positive ve at the bi ­
sectr i x. The n- and T- grad ients are steeper nea r the i- si de tnan near the 
e- s i de. The recyc l ed neutrals are treated with a s imilar anal ytical model 
as i n 111. but the radial angul ar spr ead of the squeezed cos-like di stri­
bution of the emitted neutrals i s now increased from ± 5- t o:!: 2r . Fina l ­
l y, sin ce the ions impi nging on the limiter ar e deflect ed in the magneti c 
sheath (angl e of inc i dence about 60 0 in stead of 83°) . we assumed a corre s­
pondin gl y Coo 4x) increased po 10idal project i on of the neutral ve l oc ity . 
Pl ot 6 shows that t hen the neutrals are ab l e to penetrate muc h deeper into 
the sol than in the poloidal case , so that the t oroidal s t eepen i ng of the 
plasma density profiles near the limiter results t o be weaker. However. 
the rad i a 1 decay 1 ength close to the 1 i mi te r i s al ways .f.1 cm. in agree-
~~~!_~~!~_~~!:~!_~~E~~!~~~!~! profil es. 
111 H. Ge rhauser . H.A . C1aal3en . Pr oc . Int. Work shop Augustusburg (GDR). 

April 1988. Contri b. Pla sma Phys. 28 (1988) , p. 359 (with D. Reiterl, 
and Proc. 14. Contr. Fus. Plasma Phys.Madri d, June 1987, part 11. p. 674. 
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POIDIDIIL ELEx:I'RIC FIELD MID VIIRIATI<l'I OF RADIAL TRANSPORr 
DURING ICRF HEATING IN THE JEr SCRAPE-QFF lAYER 

S Clement 0, J A Tagl~ . M laux· . S K Erents·, M Bures 
p C Stangeby"', J Vince and L de Kock 

JEl' Joint Undertald.ng , Abingdon, axon 0X14 3FA, Ut< 
Zentral Institut ftir ElektronenrtlYsik, l'd!I der DDR, 1086 Berlin, DDR 

o ASsociation C:rEMA.T/EllRA'I'a1. Madrid, Spain 
• CUlharn Laboratory. Association UKAEAlEURATa1. Abingcbn, 0X0n , UK 

t:. Institute for Aerospa.ce Studies, University of Toronto , Canada 

1. INI'RDDUCTION 

The highly ananalous pe~cular transport in the plasma edge of a 
tokamak is generally attributed to plasma turbulence. primarily to density 
and electrostatic potential fluctuations. TIle edge transpJrt could be 
IOOdified Qy changing the gearetry of oojects in contact with the plasma 
(lirniters, radio frequency antermae ... ) and during additional heating 
experirrents. Poloidal asyrmetries in the scrat:e-off layer (SOL) in 
tokamaks using p:>loidal lirniters (eg . ALCATOR-C) have been recently 
reported [1], indicating a p:>loidal a.symretly in cross-fi~d transport . A 
txJloidal ring lirniter oostructs ccmnunications l:et:v.een different flux tubes 
in the SOL, thus permitting poloidal asyrnretr1es in n.,. and Te to develop if 
01 is 6-dependent. When JET was operated with discrefe l irniters, 
eQuivalent to a single toroidal limiter at the outside mid-plane, little 
p:>loidal variation in the SOL plasma properties was observed [2]. 
CUrrently JEl' is operated with 'tw:) canplete toroidal belt limiters located 
approximately one rreter al:x:Jve and belcw the outside mid-plane. This 
configuration breaks the SOL into 'tw:) regions: the low field side SOL 
(LFS), between the limiters, and the rest of the SOL on the high field side 
(HFS) . Differences on the scrape-off lengths in the tw;:) SOLs are ret;:Orted 
here, indicating that cross-field transp::>rt is faster on the LFS-SOL, in 
agreement with observations made on ASDEX [3) and T-IO [4]. The 
cross-field transpJrt will also be influenced by the presence of a p::>loidal 
electric fieJ,.d (Ea> in the SOL plasnas, through M/B~ drifts . As a 
consequence the ions, accelerated by the field, will strike the surfaces of 
the limiters , wall and antennae and enhance the neutral and impurity 
inflUXes . 'These effects have been cbserved during ICRF heating in several 
tokanaks (5]. If Ea varies p::>loidally then this IM:)Uld also result in 
p:>loidal variation in transp::>rt. ~ was measured in the JEr SOL using a ' 
triple Langmuir prd::le during ICRF heating. Strong radial drifts are 
deduced at the (single) observation p::>int enployed, which may also 
contribute to enhanced sp.;ttering. 

2. DENSITY SOL LENGrHS IN JEr BELT LlMITER CONFIGURATION 

In the discrete limiter configuration each flux tube traces rut at 
least one canplete p::>!oidal transit, and any poloidal variation in D1 v.ould 

1 
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not be exp:cted to manifest itself as a variation in plasma properties, due 
to the rapid transp:>rt along n. :n contrast. in the belt limiter 
confi guration . any wloidal variation in DI w:JUld be e>q:eeted to manifest 
itself as different SOL lengths in the SOLS (LFS and HFS). Figure 1 shcMs 
a density profile measured with two fixed Langmuir probes on one of the 
ICRF antenna protection tile located :in the IFS-SOL, and the density 
profile measured with a reciprocating prcbe (RCP) at the top of the vessel 
in the HFS. Also presented is the correction of the density profile fran 
the Rep after the cOllPression of field lines c'\,' 2.5) has been taken into 
acccxmt. Figure 2 shc:ws the SOL l ength ('n1 for discharges with In :::; 3 MA, 
~= 3.4.J and additional ICRF heating up to 17 M.>I. It can be seefi that 
ATI S > Ail S independently of the ~r applied . Although the connection 
length in the LFS- SOL is shorter than for the !iFS-SOL, whfll the ~Soidal 
plasma gearetry is taken into account, then one expects >.;:; S = r.n ' 
provi~~ I ~not vary poloidally. Sift*" the,J;~sults She:>< that. in 
fact, >-.;:; -) ~ ,it 1s concluded that or .... > or . 1>b strong variation 
with IC~ p::::w=r was found except a slight- flatteili.ng of profiles at high 
current and high ~r. The ion saturation current values (Isat) at the 
Last Closed. Flux Surface, LCFS, rreasured. fron ReP and antenna probes are 
sha.-m in figure 3. Since the LCFS cannot t:e precisely ~~ed. at the 
RCP location , the difference of a factor of u..o in the ISqt values is 
within expE!rirrental uncertainty . It is also found that eage temperatures 
are lcwer (LFS-SOL) for the belt limiter configuration than for the 
discrete lirniters. Inference of average values of D I for the LCFS and HFS 
SOLs will t:e carried out taking into account the difference in the 
temperature and the gearetries of the tw::> SOLs; present results indicate 
that the plasma outflux is higher in the outer midplane. 

3. EtCE POLOIDAL ELECTRIC FIELD IXJRING ICRF Hl!ATING 

I:lli"ing a nurrt:er of discharges with RP in JEI' the three tips of a 
triple prcbe W2re allOoEd to float and very large differences of r;otential 
were rreasured between the tips during the RP pulse. The prcbe tips are 
located at the sarre radius, in different r;oloidal r;osition (30 nm apart) 
and in different flux tubes [6J. '!he r;otentials beo..een the tips range 
fron ?V/cm during the ohmic part of the discharges up to around 40 V/cm 
during the RP pulse, and are interpreted as an electric field. 'lW:> 
dependent but not ortho;;Jonal carp:ments of the field give the strength as 
v.ell as the orientation. Figure 4 stlo.oJS the total electric field during a 
5 Mi'J RP heating discharge (I = ·3.1 MA, B..r = 3 . 4 T) in D gas with lHe (33 
MHz) as a minority heating g~. The field is oriented cn...nwards (angle "­
-60 0

) with respect to the pla.srra current . The vcl tage signals v.ere 
rreasured at a la>.' sampling rate « 10 kHz) and without filtering. 
Rectifying effects on the prcbe tips during RP v.ere found to be negligible 
in previous experirrents at la>.' RP ~rs (.{ 4 Mi'/) [7 ) . Measurerrents v..ere 
made with the probe located 10 nm behind the RP antenna protection tiles 
and. 15 rrrn behind the LCFS . o..-d.ng to the change of plasma conditions in 
consecutive discharges, where the prcbe was rroved radially, WO"! could not 
rreasure any radial dependence of these IXltentlalS. Hcwever, for a fixed 
radial IXlsition, the variation of the electric field with RP ~r and. 
different gas minority heating has been studied. Figure 5 shows 
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the electric field for a 3.1 MA, 3.4 T discharge in D with H minority (44 
MHz). It is v.orth noting that the electric field is much lo.-.er in high 
~r discharges H than for 3He minority heating. '!he antenna 
configuration was dipole in toth cases and the field de~e with total 
RP ~r and minority gas is sho,..n in f igure 6. The small field found 
during H minority heating is consistent with the nore efficient wave 
damPing when canpared to the JHe minority case. It agrees with the 
rreasurerrents of the oscillating ma.gnetic fields in the p!a.sna edge in JEr 
[81. The electric field was found to exist during ICRF. independently an 
whether the antenna closest to the prcbes was ~red or not. inplying a 
significant toroidal extent of the field. This field causes a radial drift 
of Ee/B<p = 1500/3.4 = 400 m/s which is canparable to the diffusive velocity 
DI/~ = 2.5/0.015 = 170 m/s. Such drifts could therefore change the SOL 
partJ.cle balance locally, and strong local outflcms may occur, fuplying 
enhanced ion sp.Jttering ,and impurity prcx:ruction during ICRH. 

REFERENCES 

III 8 La l3arilard and 8 Lipsshultz. Nuclear Fusion 27 11987) 81-89. 
[2] pc Stangeby, J A Tagle, S K Erents and C I.J::Mry, P!asna Physics and 

Controlled FUsion . to be published. 
(3 ) M Keilhacker and B Daybelge, NUclear FUsion 21 (1981) 1497. 
(4) V A Vershkov et al , J Nuclear Material 145- 147 (1987) 61l. 
(5) R J Taylor et al, 9th IAEA Confereoce , Balt.1nore, Plasma Physics and 

Controlled FUsion (1982) , Vol lII, 251-256 . 
161 M Laux and J A Tagle Ito be published) . 
(7) S K Erents et al, J Nucl Mater 145-147 (1987) 231. 
(8) M Bures et al, Bull Arrerican Physics Sex: 33 No 10 (1988). 

\ 
\ 
\ 
\ 
\ 
\ 

HFS' \ 
Corrected \ LFS 

\ 
\ 

10" L_-'2"'0'-..!-0-~-'40~~-OBO""'~-:,'"20:--~*' 
Distance to the Last Closed Flux Surface (mm I 

Fig 1: Density profile in the SOL 
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TIlE SCALING OF EDGE PARAMETERS IN JET WITII PLASMA INPUT POWER 

* S K Erents, P J Harbour, S Clement, D D R Summers 
* G H KcCracken, J A Tagle and L de Kock 

JET Joint Undertalcing. Abingdon. Oxon, OXl4 3EA, UK 
* Culham Laboratory. Association UKAEAlEURATOK. Abingdon. Oxon, UK 

1. Introduction 

The scaling of edge parameters of density and temperature with 
central density and ohmic power in JET has been presented previously 
for the discrete limiter geometry (1) and more recently for the new 
belt limiter configuration , (2) . However, the scaling with plasma 
current (Ip) is difficult to interpret because varying Ip does not only 
change the input power but al so the safety factor qs and consequently 
the SOL thickness. The use of additional heating at constant current 
allows more direct observation of the effects of changing heating 
power. 

In this paper we present data in which the plasma input power is 
increased by ICRH, (P t < 20MW), using a 3MA target plasma , and compare 
data for different plasma currents using discrete and belt limiter 
geometr ies. Edge data is presented from Langmuir probes in tiles at 
the top of the torus, when the tokamak is operated in single null 
magnetic separatrix (divertor) mode, as well as for probes in the main 
plasma boundary to contrast these date with limiter da ta . 

2. Diagnostics 

Edge measurements are made using a reciprocating Langmuir probe at 
the top of the vessel, about half between X-point ti le and upper belt 
limiter, which can cross the last closed flux surface (LCFS ) , defined 
by the limiters even in high power discharges. Details of the 
diagnostic are reported in (2). For measuring conditions at the target 
tiles during divertor operation, a poloidal array of 8 Langmuir probes , 
separated by -7Omm , is used, (3) . 

3. Limiter Fluxes 

For the discrete limiter configuration, it was found that the ion 
saturation current Is at the LCFS was almost independent of central 
density <Ne>' but increased as the square of plasma current , Ig, (1) . 
This result contrasts with belt limiter data, in which it is fund that 

Is a Ip' The results are illustrated in figure 1. However, the 
total flux to the limiters r = Is'Aw (Ay = wetted are of l imiter) in 
both configurations is similar in both scaling and ffi'l.t;td tude . as might 
be expected since it should be determined by globa l y:asma parameters . 
The fact that total flux r scaling is similar while t he flux density 
Isis different is because the two configuration~ have different wetted 
areas. For the discrete limiters Aw = 2 , 8 A hw (m2) where hw is the 
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wetted height. For the belt limiters Av = 52 A sine (m2) where a is 
the angle the field lines make with the limiters . For both 
configurations, A a 1/1 , but e a l/qs, ie e a lp' Hence for the belt 

limiters the wetted are~ is almost constant , (0.2 m2) , An empirical 
scaling r ~ 2 . 4E21 Ip 5-1 is found . 

4. Densities and temperatures in limiter discharges 

The problem of changing qs is eliminated when power is put in by 
means other than ohmic heating. Neutral beam heating results in a 
steep change in central density, and internal plasma energy, W, with 
Pt. This is not the case for leRF heating in a well condit ioned torus, 
when also a sufficiently long steady state is obtained . figure 2. For 
Pt ~ Pohm + Picrh > 5MW, <Ne> shows only a slow rise with Pt. The 
density at the LCFS Ne(a) on the other hand rises linearly with Pt. At 
low ICRH powers there is a rise in <Ne>. end this is reflected in a 
fall in edge temperature Te(a) . However. at higher powers Te(a) also 
rises with Pt . The low edge temperatures « 90eV even at 20MW) and 
high edge densities . are indi cative of rapid re-cycling in the edge - a 
feedback mechanism keeping edge temperatures low. 

5. Edge temperature scaling with power to the edge 

The global power balance/transiori model ,1) predicts the 
approximate scaling that Te(a) a Pc .' I<Re> '. Experiment!lly for 
belt limiter plasmas . edge temperatures scale as Te(a) a <Re> ,(2) 
but are generally lower than those for discrete limiter operation 
reported in (1). To investigate the scaling of Te(a) with power to t he 
edge, Pc: Pohm + Pirch_- Prad, we plot Te(a) . <Re>~ versus Pc' to 
eliminate changes in <Ne> ' The results ~are shown in figure 3. A 
scaling of Te(a) a Pc 0.' (fitted line) is obtained for the belt 
limiter data. The divertor (X-point tile) 3HA ohmic data is lower , and 
more scattered, however scaling with Pc is inconclusive . Agreement 
with the simple theory is very good for these constant qs ' (Ip = 3HA) 
be l t limiter data. 

6. Power t o the divertor tiles 

Total power to the divertor ti l es has been plotted as a function 
of Pc for ohmic single null discharges in figure 4. Two data sets are 
illustrated, the upper when the separatrix was clearly on probe 5 of 
the 8 probes. The power SOL thickness A refers to the outer (low 
field side ) SOL. The i nner SOL has shor~er A , and in general a much 
lower fraction of the total power falls on th~ tiles in this region . 
When the null is moved poloidally to the high field side of the torus, 
the separatrix falls close to probe 4 or even 3, and the total power to 
the tiles appears to fall, (lower data set) . A small error « factor 
2) may exist in absolute values of Pt due to an uncertainty in the 
position of the separatrix, and the collecting area of the probes. 
Clearly, however, for both data sets there is a shortfall of a factor 2 
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or more in the power to the tiles. This is consistent with both 
discrete and belt limiter discharge data when only 40% of available 
power to the edge was accounted for . The SOL thickness (110 mm) agrees 
well with reciprocating probe data for divertor discharges when the 
field line compression is taken into account in moving -lm poloidally 
round the torus . 

7. Conclusions 

1. Total particle fluxes to limiters are similar for both discrete 
and belt limiter configurations, and scale linearly with plasma 
current . 

2 . Both edge density and and temperatu~e increase as power is input 
to the plasma by I CRH . The linear increase in edge density due to 
extra i nflux of neutrals directly released from the wall holds 
temperatures to < 90 aV even at 20MW input power. 

3. A temperature scaling with power close to that predicted by global 
power balance/tra~siort ( 1) is obtained when the plasma is heated 
by ICRH, (Te a Pc . ) . 

4. Power to divertor tiles in divertor plasmas increases linearly 
with power to the edge, but only 50% of the power is accounted 
for, as in limiter discharges. 
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PLASMA SURFACE INTERACTIONS AT THE JET X-POINT TILES 
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JET Joint Undertaking, Abingdon , Oxon OX14 3EA, VK 
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Introduction 
Operation ~ith a magnetic divertor . which leads to a zero pola1ds! 

field inside the volume of the discharge vessel (the X- point) has led to 
substantial improvements in confinement time in JET. In this mode the di­
verted plasma is conducted to a large number of graphite tiles (X-point 
tiles) near the top of the vessel. The power handling capability of t hese 
tiles limits the maximum additional heating power to the discharge. 

The study of the surface modifications of the X-point tiles of JET is 
therefore of interest both to correlate the magnetic configuration and 
plasma particle and energy fluxes with the surface modifications , and also 
to get information about the erosion and deposition at these wall areas. 

Figure 1 shows the geometry of the X-pOint tiles and the separatrix 
in JET 11/. Two bands of graphite target tiles with scrape off layer im­
pinging on the slope of the tiles are shown; the analysis of one such band 
of (four) tiles is described her e. 

Experimental and Results 
The set of four carbon tiles with an area of (540 x 184 x sin700) mm2 

were removed from the vessel wall close to the plasma X-paint of Octant 
VIII b/c. A view of the tiles (as seen from below) and their relative pos­
ition to Oct. I and VII as well as to the inner and outer .wall are schem­
atica11y shown i n Fig . 2. 

The tiles had been in use in the June 1987 to May 1988 experimental 
period of about 4300 discharges, of which ca. 1000 were X-pOint dischar­
ges, and they were removed in May 1988. Carbon strips ·as ind.icated in Fig. 
2 were cut (about 2 mm thick, 8 mm wide) along the lines HH~ KK (from 0 to 
540 mm) and along LL, MM, NN, 00 (from 0 to 184 mm). The tires are ridged, 
so that for strips LL , MM, NN and 00 the surface from 0-92 mm faces the 
electron-drift direction and from 92-184 mm faces the ion-drift direction 
with in each case the point at 92 mm being nearest the plasma centre. The 
strips were analysed each 5mm by nuclear reaction analysis (NRA) using the 
3He (D , p) 4He reaction with 790 keV 3He+-ions in order to determine deuter­
ium collected in a surface layer of about 0.5 /um and by proton induced x­
ray emission (PIXE) using 1.5 HeV H+ to detect the metals (Ni, Cr , Fe) in 
a surface layer of about 8 /um. 

The results of the NRA and PIXE analysis along line HR are shown i n 
Fig. 3 . The D concentration ranges from a maximum of about 1018 D/cm2 down 
to a minimum of about 1017 D/cm2 at coordinates between eo and 240 mm, 
then reaches a value of about 6 1017 D/cm2 from about 240 to 540 mm. rhe 
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metal (N!, Cr. Fe) concentrat i ons are lower. but they show a la teral 
di stribut ion similar to the D deposi tion. This observation Is similar to 
results of earlier analysis of limiters from JET 12.31 and other plasma 
experiment s 14/. The relative concentrations of Ni, Cr, Fe agree well with 
their concentration in lnconel. 

Figure 4 shows the D and Ni. Cr. Fe concentrations alo ng line HI>! (0 
to 184 mm). The D and metsl deposItions a re much l ower fr om ca. 30 mm to 
the ridge at 92 mm, by factors of 10 to 20. The cut- off at ca. 30 mm 
probably r epresents the shadow cast by the next set of pol a idsl tiles at 
Octant VII I a / b. The 0 and metal depositions are also reduced on the e l­
ec tron-drift side of the t iles on slices NN and DO, but by smaller factors 
(ca. 2 and 12, re s pectively), whilst on sl i ce LL there is only a slight 
dec r ease in the level. The results show st r ong erosion on the e l ectron­
drift side of t he tUes, centred near the strip MM and t a iling off away 
from this area (e.g. Fig . 3). 

At severat r epresenta tive spo t s the depth profiles of the depos­
itions have been measured by SIMS (Secondary I on Mass Spectroscopy) . These 
profiles show tha t t he major part of the de position I s ca rbon with a D 
concentration of ab out 0.4 and a metal concen tration in th e range of 1 %. 
The deposited l aye r s have a t o tal thicknes s mostly 1.5 t o 2 l um and up to 
Slum i n the areas of large deposit i on. With the NRA only a layer of 0 .5 
l um is analysed, and t he total deposition of 0 in the area s of l arge 
deposition Is s factor 3 t o 5 higher , as observed in the SI MS 
measurements. 

A systematic SEM (Secondary Elec tron Microscopy) investigation of the 
cut s trips shows layers of deposi ted material all over the strips . The 
de posited layers appea r t o have suffe r ed erosion, to a large r extent In 
the d o t ted- region, wh e r e low depos itIon was meas ured, to a lesser extent 
in the hatched and c r oss-hatched regions with higher deposi tion as shown 
in Fig . 2. 

Discussion 
From the poloidal and toroidal s t rips of the analysed set of tiles an 

average value of about 3.3 x 1018 D/cm2 for the 0 deposit can be att ribu­
ted to these areas, and a 0 inventory 0 - 3 x 10 21 per set of four X- point 
tiles . 

Since there ar e 40 band s of X-paint tiles they contribute 1.2 x 1023 

o atoms to the t otal inventory, which is ca. 4 t imes more than reported 
for tiles exposed in JunelAugust 1987 151 , but perhaps to be expected 
aft e r the vastly increased number of X-point di scharges. 

The much lower l e vels of 0 and metals (ca . 1017 O/cm2 a nd 2 x 1016 

meta l atoms/cm2) on section s of MM ( Fig. 4) are consistent with an area 
where erosion dominates during X- point discharges, but where deposition 
may occur at other times aa observed previously on limiters / 2, 31 and the 
polished visual appearance of t he tile in this region is consisten t with 
thi s hypo t hesi s . It appears, there f ore, tha t t he electron-side sepa ra trix 
intersects the band of tiles in the neighbourhood of s tri p MM , so that NN 
and 00 are deepe r into the SOL and thus receive progressively l ower flux 
of less energetic ions. The pos ition o f the separatrix is known to mov e by 
ca . 150 mm during a single X-point discharge , whi ch agrees well with the 
width of the minimum in D along HH shown in Fig. 3. There will also have 
been some Var i a tion in X-point posit I on f rom shot to shot and during the 
opera tional campaign. 
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At the separstrix strong erosion occur s. Away from the separatrlx , 
i . e. on the ion-drift s ide of the tiles and in the area LL on the elec­
tron-drift side. deposition as the dominant mechanism is more evident . The 
deposition levels well away from the separatrix are similar to those ob­
served on the sides of limlters. where deposition occurs (ca. 1018 0 cm-2 

and ca. 2 x 1017 Ni cm-2) 12 , 3/. 
By considering codeposition of C and D on the tile surface one fi nds 

on the ave r age C - 0/0 . 4 - 3 . 3 1018 /0 . 4 - 8.2 x 1018 C/cm2, This corres­
ponds to an average thickness of about 1.4 fum (ca . 4000 monolayers of C), 
which is also close to the value observed by the SIMS measurements in the 
hatched and cross-hatched regions of Fig . 2. 

Similarly, a deposit of carbon 2 . 5 x 1017 C/cm2 can be calculated on 
the dotted area of low concent ration in Fig . 2 (ca. 100 monolayers of C or 
more). Evidence of erosion (or no erosion) of the graphite substrate at 
the dotted (or the other regions of Fig. 2) cannot be given, therefore, 
strictly speaking, the measured concentrations of 0, Ni, Fe , Cr , and C 
cannot be considered as "net" deposition. 

However, by extrapolating linearly the average ca r bon deposition C -
8.2 x 1018 C/cm2 after 2 x 104 s (1000 discharges x 20 s) to a year oper­
ation, an average C deposition of about 1 mm thickness with local varia­
tions by a factor 10 is calculated on the surface of the tiles. 

The following 'table summarizes some main results : 

D C Ni 
Average Depositlset of tiles (D/cm2 ) 3. 3 x 1018 8 .2 x 1018 2.0 x 1017 

Total Depos! t (D, C, Ni) 3.0 x 1021 7.7 x 1021 1.. x 1020 

Average Deposit/sec (O/cm2 s) 1.7 x 1014 4.0 x 1014 1.0 x 1013 
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1. Introduction 

ST6 

The distribution of erosion and deposition of limiter material is of 
importance both for extrapolating to the next generation of fusion 
machines and for understanding impurity transport in the boundary layers 
of present day tokamaks. Erosion patterns have previously been reported 
for the JET discrete graphite limiters used up to 1986 ~1], We have now 
made measurements on the belt limiters used in 1987-88, These 
measurements show that although the pattern of net erosion is 
qual i tatively similar to the earlier results t he new maximum erosion 
(~40~) is reduced by about a factor 5 , cons i stent with the larger 
limi ter surface ar ea , 

2. Experimental Observations: Belt Limite r s 

The two toroidal belt limiters were installed in JET in 1987 'on the 
low field side of the vacuum vessel, above and below the midplane [2]. 
These limiters consist of a large number of graphite tiles on water 
cool ed inconel mounting plates. The physical dimension of a number of 
tiles were'carefully measured before installation. Two tiles were 
removed in August 1987 after about two months operation, ~ 470 
dischar ges. A further 8 tiles were removed in Hay 1988 after ~ 4000 
discharges. They were then remeasured.- The difference between two sets 
of measurements is plotted in fig 1 as a function of the distances along 
the centre- line of the tile. The erosion is 20-50jJ1ll, which compares ,with 
the much larger erosion of IS0jJ1ll at the discrete limiter tiles exposed to 
2800 discharges in 1986 , The lower erosion rate is expected because the 
belt limiter area is about ten times larger than the discrete limiters , 
and the total particle out flux is similar. The tiles are mounted in 
adjacent pairs and generally reproducible results are obtained for each 
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pair . The pair exposed for only 2 months have erosion/deposition values 
less than lO~ . The tiles from the bottom limiter and from 2 toroidal 
positions on the top limiter have quantitatively similar results with 
erosion/deposition changes ~ 20-40~ . This indicates reasonable 
toroidal uniformity . consistent with Langmuir probe results [3]. A 
cross-check on the absolute deposition was carried out by sectioning the 
tiles. Typical results are also shown in fig 1. Where deposition is 
indicated by the physical measurements it is clearly observed in the 
sectioning; where erosion is indicated by the measurements no deposition 
can be seen . The results obtained for deposition show the 
erosion/rleposition transition in good agreement with the mechanical 
measurements. 

A series of depth profile measurements were then carried out using 
SIMS . Samples from different positions on the tile were measured to 
obtain the nickel, chromium, hydrogen and deuterium depth distribution. 
Some of the results are shown in fig 2. Nickel was the dominant metal 
with concentrations up to loal atoms cm- l (1% of graphite density). 
Chromium and iron were present at levels s 15% of the nickel. In the 
samples from the deposition region (f ig 2 , position A) the metal and 
hydrogen distributions extends into > lO~ . In the region E where net 
erosion was measured, the depth of the metals is < 2~ with a peak at 
O.3~. At positions M & P the depth of the metals is 3 -4~. The 
hydrogen and deuterium depth profiles show similar behaviour to the 
metals. One surprising result is that the amount of hydrogen in the 
surface is typically 10-20 times higher than the deuterium , despite the 
fact that plasma operation and glow di scharge cleaning over most of the 
exposure period was in either deuterium or helium. Sample E, where there 
is net erosion is an exception . The hydrogen may be due to adsorption of 
water vapour by the deposited film on exposure to atmosphere. 

3 . Discussion 

The experimental results were first compared with a simple 
analytical model which neglects ionization in the SOL [1] . The 
theoretical change in limiter dimension (6h) has been p l otted in fig 2 as 
a function of position on the tile . We have taken typical experimental 
values of the ion flux density (2A/cml) and electron temperature (50eV) 
at the LCFS and have assumed an exposure time of 5 x 10~ seconds, 
corresponding roughly to the integrated duration of the plasma 
discharges. We have also taken the e-folding distances for the fuel and 
impurity particle fluxes to be equa l (Ar ) and the electron temperature 
e-folding distance, AT = 2Ar . It has been found that the distributions 
of net erosion/redeposition are insensitive to the value of Ar , when AT > 
Ar , which is al ways observed. Similarly, the predicted distr1butions are 
insensitive to the assumed temperature in the range 30 eV < Te (a ) ( 100 
eV, which encompasses most operating conditions in JET. 

Reasonable agreement is obtained between the experimenta l curves 
and the theoretical results in fig I, both in the relative shape of the 
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erosion pattern and the absolute level. One striking disagreement occurs 
in the region of the tangency point, where in the model the 
erosion/redeposition approaches a null since the field lines are parallel 
to the surface at this point. In contrast, the experimental results show 
significant net deposition in this region which may result from 
ionisation of impurities in the SOL . Ne t deposition near the LCFS for 
the belt limiters is also in contrast with those from the discrete 
limiter case, where there was net erosion at the limiter surface closest 
to the plasma [1] . To assess the effect of ionisation in the SOL we have 
used the Monte Carlo code , LIH [4]. Earlier calculations have shown that 
ionisation in the SOL becomes significant (~ 25% of total ionisation), 
when the edge density reaches a value = 3 x 10 18 m- 1 • This leads to 
redeposition near the LCFS where the ionisation rate is high [5]. The 
results are shown in fig 1. It is seen that net deposition does occur 
near the tangency point. The reason for the difference between the belt 
limiter results and the earlier discrete limiter data is probably the 
higher operating density associated with high power additional heating . 

No direct measurements have yet been made of erosion and deposition 
on the divertor target plates . However, the spatial distribution of 
deuterium, hydrogen and metal concentrations on the plates has been 
studied by Martinelli [6] . Comparison of the results with present 
measurements indicates that there is net erosion at the ion and electron 
side separatrix with deposition elsewhere . A similar picture emerges 
from the recent ~ back-scattering measurements [7]. 

Conclusions 

An erosion and redeposition pattern has been observed on the JET 
belt limiters. The effect is tor oidal1y symmetric. The radial 
distribution is similar to that observed for the earlier discrete 
limiters, except that there is now some net deposition near the LCFS, 
where previously there was net erosion. This effect is probably due to 
the higher operating densities leading to ionisation in the SOL . The 
effect has been modelled with the Monte Carlo code LIM and moderately 
good agreement with the spatial distribution has been obtained . 
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tlnstitute for Aerospace Studies, University of Toronto, Canada 

1 Introduction 

A plasma ion mass-spectrometer (PIMS) is being developed on DITE for in-situ real-time 
measurements of impurity ion mass-ta-charge ratios in the scrape-off layer~ The new instru­
ment is based on the cycloidal motion of ions in crossed electric and magnetic fields which 
gives perfect velocity focusing for the components of the the ion velocity normal to the mag­
netic field [1) . Analysis of the trajectories shows that the focal length h, of such a device is 
given by 

h = 21fm; E 
ZeB2 (1) 

where m; is the ion mass, Z the charge state, B the magnetic field and E the electric field . 
The perpendicular ion velOCity does not enter into this expression at all and 80 all ions with 
the same mass to charge ratio are focused to the same line which lies parallel to the magnetic 
field. The perfect focusing property is important for tokamak applications since the plasma 
is a hot ion source. 

2 Experiment 

Figure 1 ShOW8 a schematic of the instrument. Ions from the plasma enter through a slit 
placed normal to the magnetic field. The electric field inside the probe is uniform and pulls 
ions onto the defining slit. An image of the defining lllit is focused onto three collector wires. 
Mass-spectra are obtlUned by sweeping the elec.tric field in the cavity. When correctly aligned 
with the magnetic ft~ld the instrument achieves a resolution of R = (mi/Z)/(6(mi /Z)) ~ 20. 

, 
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Figure 1: Schematic structure of the plasma ion masB-spectrometer. 
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Figure 2 shows a complete mass-spectrum obtained from a deuterium discharge with a plasma 
current of lOOkA , toroidal magnetic field of 2T and line average density ofn~ = 2.3 x lOI"m-3 . 

The peaks in the mass-spectrum may &lmost all be identified as due to the various charge 
states of oxygen and carbon impurities. There are two points of ambiguity ; one at M /Z = 4 
where the C3+ and OH peaks overlap and again at M j Z = 2 where the D+ peak overlaps 
with the fully stripped carbon and oxygen ions, CH and 08+. 

The problem of distinguishing the impurities from the working gas at certain charge states 
is worse in He discharges where the H e+ peak overlaps the C3+ and OH peaks . A mass­
spectrwn obtained in a 60kA He discharge is shown in figure 3, the H eH peak which is off 
scale in this plot reaches a value of lOOnA. . 

The peak heights in the mass-spectrum are proportional to the current carried by partic­
w ar charge states and so to calculate the fluxes these must be divided by the ionic charge of 
the contributing ion . Figure 4 shows the the flux in each charge state as a percentage- of the 
total flux of eaGh. ion species as measured by PIMS. 

4 Discussion 

A two-dimensional Monte-Carlo code has been developed by Stangeby [2] (LIM) which models 
the ionisation and transport of impurities with a realistic limiter geometry in 8. specified target 
plasma. The predicted charge state ratios are shown in figure 5 alongside chose measured. 
Two sources are considered: first a limiter source (Lirn.) of physically sputtered neutrals 
and secondly a wall source of monoenergetic neutrals at leV (Wall) . Either source fits the 
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experimental data well . By contrast , assuming a limiter sublimation source of carbon (average 
neutral energy O.leV) gave poor agreement , e.g ...... 75% of the ions were singly charged. 

A striking result is that the charge 8 ~ate distribution in the edge is far from coronal 
equilibrium. At typical DITE edge temperatures of 20eV the carbon would be almost entirely 
CH for coronal equilibrium i31. Another clear feature of the charge state distributions is that 
the CH flux is 5 to 10 times greater than that of CH I and similarly the OH ftux substantially 
exceeds that of 01+ . These large ratios arise from the fact that the CH and 0&+ ions are in 
a heliwn·like configuration and have high ionisation potentials. For example, the ionisation 
potential of CH is only 64 eV while that for CH is 392eV and for CH is 490eV. The step in 
ionisation potential is associated with a corresponding step in ionisation rate coefficient. In 
DITE the central electron temperature in these discharges was around 600eV which means 
that the volume of plasma hot enough to ionise the CH within one impurity confinement 
time is relatively small. Also, once in the CH state the step to C6+ is not great. 

The main uncertainty associated with the PillS spectrum is the transmission character­
istics of the instrwnent, which depend on the forward velocity distribution of the ions. This 
is not a problem when comparing the ratios of neighbouring peaks in the spectrum because 
the transmission is expected to be a relatively weak function of M /Z. An unambiguous com­
parison of the total fluxes of carbon and oxygen is also possible, since both impurities exhibit 
a similar dispersion of charge states and 80 the uncertainties in the transmission function will 
cancel out. These duxes are equal to within about 5% which is unlikely to be a coincidence. 
The explanation is that the main impurity production process in DITE is chemical sputter­
ing by oxygen leading to the production of CO with a yield of unity. Only a few percent 
oxygen are required for the oxygen chemical sputtering to domjnate over deuteron sputtering 
because the edge electron temperature is 10 - 20eV under these conditions in DITE, leading 
to a physical sputtering yield of around 0.01. The unquantified variation of the instrumental 
transmission with the M /Z ratio makes the comparison of the total carbon and oxygen ftuxes 
to the deuteron flux inconclusive. 

5 Conclusions 

Preliminary results from plasma ion mass-spectrometry of the DITE scrape-off layer show 
that the impurity spectrum is dOminated by carbon and oxygen. Similar fluxes are observed 
in each charge state up to the helium-like ion state and a substantially lower flux in the 
hydrogen-like state. The observed charge state distributions are not in coronal equilibrium 
but are well modeled by the LIM impurity transport code. Also, the stoichiometry of the 
carbon and oxygen which is observed gives a clear indication that oxygen chemical sputtering 
is the dominant impurity production process during deuterium discharges in DITE. 
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EDGE ION TEMPERATURE AND SHEATH POTENTIAL 
MEASUREMENTS DURING OHMIC HEATING IN THE DITE TOKAMAK 

R A. PittJt, G. M. McCracken, G. F. MatthewJ and S. J. Fie lding 

Culham Laboratory, Abingdon, Oxon OX14 3DB, U. K. (UKAEAjEuratom FUsion 
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t Royal Holloway and Bedford New College, University of London, U. K. 

1 Introduction 

Using the technique of retarding field energy analysis, we have measured the sheath potential 
fall and the component of the fuel ion temperature para.lJel to the toroidal magnetic field 
as a function of line averaged central density, working gas and radial position in the DITE 
plasma boundary. In this paper we present experimental evidence for significant deviations 
from equipartition (To I- T~) in the edge plasma in the case of helium as the working gas and , 
regardless of the plasma species, for a reduction in the sheath potential compared with the 
conventional theoretical values of 3kTele. The implications for the calculation of sputtering 
yields at limiter and divertor plate surfaces are considered. 

2 Experime::::,-

Measurements are made with the probe [1] operating in the ion energy analyser mode. Ions 
enter the probe tluough small, radially separated, defining apertures and are subject to 
retarding electric fields. Application of a ramped positive voltage to a high transparency grid 
yields a collected current which depends on the ion velocity distribution along the magnetic 
field . The probe entrance slits are electrically isolated and so may be used as simple Langmuir 
probes to measure the local electron temperature. Additional Te measurements are provided 
by Langmuir probes embedded in the surfaces of the DITE pumped limiter located _ 2000 

toroidally from the energy analyser and connected to it along the magnetic field (_ 4.2m) . 

3 Results 

Experiments are performed in hydrogen, deuterium and helium olunic discharges, each with 
Jp = 100kA , ET = 2.1T and with varying line average central density, n~. The probe enters 
the torus from the top of the machine at poloidal angle 0 = 81 0 with respect to the outside 
midplane. The entrance aperture dimensions have been varied from (5 -+ 100~m) x (3 _ 
7mm). Measurements indicate that sheath potential data obtained using slit widths of w 2: 
25IJm are unreliable and results for the case of w = 5IJm only will be presented here. This 
does not apply to ion temperature data, which are considered accurate as long as w ~ lOOlJ.m. 
These dimensions should be compared with the Debye length in the edge plasma, which for 
these experiments ranges from AD = 14 -+ 170Jlm. 

'1 
I 
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In almost all cases studied the collected ion current characteristics are found to be consis­
tent with a displaced Maxwellian distribution of velocities. The magnitude of the displace­
ment is interpreted as the sheath potential fall between plasma and probe, V. and, if the 
presheath is ignored, the ion temperature may be obtained by fitting the exponential tail 
of each characteristic. Since the probe and associated electronics use the torus potential as 
reference, each value of V, is a measurement of the plasma potential with respect to the torus 
potential and not the local floating potential. 

In figs. 1 and 2 we illustrate the radial variation of To. Te and V, in deuterium and helium 
for fixed values of line average density; fit = 1.3 x l019m- 3 (deuterium), 2.6 x 1019m-3 
(helium). Although not shown, the local floating potential is relatively constant at between 
- 5 -> - 10 volts across the range of minor radius. The helium data are calculated assuming 
all the collected current to comprise H eH ions. 

In deuterium the edge electron and ion temperatures are comparable , with the measured 
sheath potential and electron temperature remaining flat with increasing radius. The ion 
temperature declines with radius but with no convincing exponential trend. In heliwn the 
ion temperature is considerably higher than for deuterium and hydrogen whilst the electron 
temperature and sheath potential are again comparable and of the same magnitude as the 
deuteriwn data. There is an exponential decrease with radius for the ion temperature with 
AT; = 4.4cm. Fig. 3 shows the results for a density scan in helium, where in this case 
the sheath potential data have been adjusted using floating potential measurements so that 
the values may be compared with theoretical predictions (section 4). The ion temperature 
decreases markedly as the density rises, with T. approaching Tc only at the highest densities. 
The electron temperature also decreases with density as previously observed with the impurity 
controllimiter [2). Once more V. and Te are comparable. 

4 Discussion 

One important feature of our results is the large difference between the ion temperatures in 
deuteriwn and helium discharges. The assumption that H eH ions are the majority species 
is valid if the outflux of H eH from the core plasma into the probe flux tube dominates the 
recycled fluxes of H e+ from the limiter and, to a lesser extent, from the probe itself. Simple 
calculations assuming a cosine distribution for the recycled helium atoms and including the 
geometry of the pump limiter and the probe, suggest that the flux of H e+ ions at the probe 
is as little as 1% of the H eH flux from the plasma core. Nevertheless, our data necessarily 
represent an upper limit on T; for these experiments. Under these assumptions, values for 
the helium fuel ion temperature of"':' 60eV near the limiter radius at n~ = 2.6 x 1019m -3 are 
in good agreement with earlier measurements of the perpendicular impurity ion temperature 
[1]. This is an indication that the fuel and impurity ions are in thermal equilibriwn and that 
T; I '" T; J. for these edge conditions. 

Considering the measurements of sheath potential, simple theory [3) leads to the expres· 
sion 

(\) 

where Ti, T~ are in eV, Z; is the ion charge and "Ye the secondary electron emission coefficient. 
In fig. 4 the experimental values for V. from fig. 3 are shown together with those calculated 
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using eqn. (1) with 1'~ == 0 and T. == Te as is commonly assumed in plasma edge modelling. 
Evidently theory overestimates V, by up to a factor 2. This is probably due to the neglect 
of 'Ye which, from the data of fig. 4, must take values close to 1 for theory and experiment 
to be in accord. Unfortunately, experimental data for secondary electron emission at low 
primary electron energy are scarce. Calculat ions using the available data extrapolated to low 
energies, indicate values of 1'~ ..... 0.3 ..... 0.5 for a graphlte coated tungsten surface and the 
range T" == 30 ..... l OeV for the data in fig. 4 [41. 

To a first approximation the impact energy of ions incident on limiter is given by the sum 
of the thermal energy and that gained by acceleration through the sheath potential drop 

E 
- = 2Td ZoV, 
e 

Ti, Te in eV (2) 

Using eqn . (2) the sput tering yields for H e2+ ions on carbon evaluated with an empirical 
relation due to Bohdansky {5] have been calculated using both the experimental values for 
V. and T; aud the theoretical values for V. and E assuming T; :::: T~. The results are also 
shown in fig. 4 from which it is clear that the yields are approximately equal except at rugh 
densities - two incorrect assumptions have cancelled to give the same result . 

5 Conclusions 

Measurements have been made of the ion temperature and sheath potential in the DITE 
plasma boundary for a range of operating conditions. In hydrogen and deuterium discharges 
the ion and electron temperatures are found to be comparable near the limiter radius. In 
heliunl, assuming H eH ions to be the majority species, the ion temperatures are rugher 
for equivalent radial positions , being in the range 2-2.5 Te near the limiter . Both Te and 
T; are observed to decrease with increasing central density with T; = Te being satisfied 
only at the highest density. Under all conditions studied, the sheath potentials are found 
to be only marginally higher than the local electron temperature. Calculations show that 
sputtering yields evaluated on the basis of simple theory for the sheath vo!tage and under 
the assumption that T; :::: Te in the boundary, are close to those obtained using experimental 
data in the case of helium discharges. 
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A dense and cold divertor plasma is oblail ed ..... th a putfl) limiter n JFT -2M 
lokarook. In an Ohrni:: phase. the diYertor plasna density buRds UP onlY Wlen a 
gas'puff j;; termilated. It is ShOWl that a ",en dense and cold diiYertor plasma 
( ..... 4>:1 0 ·:) cm':), -10 eV) is cOJlllatble Yith a beam heated H-roode discharge. 

INTRODUCTION: Formation of the dense and cold divertor plasma 

establilshed in Doublet-Ill / 1.2/ and ASOEX /3/ is favorable for 
minimizing erosion due to sputtering of the divertor plate. When such 

a plasma is formed with an open divertor geometry. however, particle 

recycling or gas pressure at the main plasma periphery increases 

at the same time ("neutral baok f low" from the divertor region)'/ 4 / 

As is systematically s tudied in Ref .5 . the energy confinement time is 

degraded when the edge neutrals build up. 

A pump limlter is employed aining to prevent the neutral back flow 

in .JFT -2M open divertor operations. Detailed descriPtions of the 

pump limiter and the tokamak are given in Refs. 5 and 6. The purrp 

limiter is located close to the divertor null--point. outside the sepa­

ratrix (Fig. i). A gas-puff ovtlet is located between the separat­
rixes intersecting the divertor plate. rus location of puff is appro­

priate for a future reactor. since the materiol that suffers 

energetic charQe- exchanged particles due to gos puffing should be 

exchangeable for maintenance. The divert()('" p late is considered to 

be an exchange~le module. In fus report. another puff located at 

the bottom of the t()("'us is used as Cl referece. 
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REDUCTION OF EDGE GAS PRESSURE BY THE PUMP L IHITE R: 

The neutral gas pressure at the main plasma periphery PD~ meas­

ured by Cl residual gas ar'la\yzer RGA is cOI""Isiderably decreased by 

the Pl.JI1'ij:) limiter PL with gas-puff from t he divertor region (Fig2). 

The edge electron temperatu-e of the main plasma T~dge inferred 
from electron cyolotr on enlssion EeE is relatively t-i9h with the pump 
limiter at higher density. 

FORHA TION OF THE DENSE AND COLD DIVERTOR PLASHA: In 

Ohmic phase. the dense and cold dvertor plasma was not observed 
to the extent of the allowable gas-feed rate which does not give 
arw deleterious effects 01""1 the main plasma. Electron density at the 
divertor plate ng does not buld LP durhg the gas puffing (FiQs.3, 4). 

This ng is r elatively low INithout PL presunab\y dLJe t o the low T~e 
as shown in Fig.5. 

After the reductior1 or terminatiOl'"'l of the gas-puff. the T:oge 
inoreases. the divertor plasma dff'lsity builds up from 0.6x 1 0 13 cm- 3 

t o 2x 1 0 13 cm- 3 and the electron t emperat ure near the divertor 

plate at the dens ity peak T~ cools down from 17 eV to 10 eV; the 

line-averaged electron density of the main plasma of fir = 4x 1 0 13 

c m-3 n either puff case [Fi9s.4-a) and b)l Ths ..,Iies that the 
iorization mean-free-path (--20 cm) is too long due to low T:dge 

d.rrtg the gas-puffing as shoVoK'l in FIg.5 COfl1PO"""ed t o the length of 

divertor channel (---7 cm). This can be also responsible t o the small 

differene between the both gas-puffinQ case. 

In a beam-heating phase • T~age Is two times higher than that of 

in Fig.5 even though Cl strong gas-puff QH is introduced during the 

beam. T he power f low to the divertor channel is supposed to be 
laroe n tNs case. The gas-feed r~te of up to 20 T or-rl/ s is com­

patible f or sv.oit chhg on a1 H-mode with the pump limiter. The buildl.P 

of n~ is very strong and T~ is below 10 eV with the injected beam 

power of 1.7 MW as shoJNn irl Fig.6 fOl""' the case with the bottom gas­

puff. The ~ne-averaged electron density of the main plas ma at t -

0.8 sec is about 6x 1 0 13 cm- 3• The disch arge becomes L --mode when 

QH of about 30 T orrl/ s is introduced. 

CONCLUSIONS: The combination of a PUmP liriter and a gas-puff 
from the divertOl""' region is examined. The pump limiter reduces the 

• 
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edge neutral preSSlre cnd the edge oooing due to 0 cold gos-puff 
in the high density regime. In an Ohmic discharge. Cl dense and cold 

divertor plasma is for'med only -when the gds-puff is termated. 
since the main plasma edge is cooled by the 9as-puff. In the bean­

heating phase. however. very dense and cold diver-tor plasma is 

obtained as to be compatible with an H-mode discharges. High edge 

temperature is necescrry n order to realize 0 dense and cold 
dvertor Plasma. 
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F~ure captbns 

FS.1 Cross sectbn of the JFT-2M wlh a dlY'ertor separatr1x. The locatbn of 
PUJIP lirniter. LangJll..lr probe array and gas-puff outlet are also sho",". 

FK2 Tbe neutral pressure po. and electron tenperature T£OJe at the man 
plasma. edge for the cases Y.itb and wtbout the PUtlP limiter PL as func ­
tbns of the cent r al Ine- a .... eraged electron density n.. 

Fg.3 Tbe tenporal evolulbn of the profile of elect r on density at the diY-er tor 
plate n~ . The locatbns of separatrbces ntersectbg the di'lertor pla te 
are ShO Wl by arrollS. The probe positbn E llEasured from the hgh 
feld sDe. The gas-puff Is terrrmated at \-0.803 sec. 

Fg.il The teIl{)oral evolutbns of 1) n~ and the electron tetlPerature near the 
diverlor plate T~ at the density peak. 2) n.. TSOJe and the gas- feed 
rate Q for the cases wth gas -puff a) from the divertor regbn and b) 

from the bottom of the lorus. For cOlI"()arson. n: wthaut the PUlJ'll 
limiter are ShOWl wth broken Ines. 

Fg.5 The cOllParison betw:!en the tirre- traced TSOle wth and ..... thout the punp 
limiter as functbns of the density. 

FS.6 The dependece of gas-feed rate durhg 1.7 MW neutral-beam heaths OH 
on the fOrtratoD of the dense and cold divertor piastra. Discharges 
get ilto the H- JTDde are laveled wth (H). other wth (L). 
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GAS BALANCE MEASURENENTS AT JET 

R. Sartori , G. Sal bene , J .L. Hemmerich , M.A. Pick 

JET Joint Undertaking , Abingdon. Oxon OX1~ 3EA. England. 

1. Introduction 
The inventory of gas in the walls of the JET machine is of concern for 

future operation, in particular during the OT phase . A diagnostic system 
which allows one to quantify the amount of gas released after each JET 
discharge as well as over a longer peri od has been operated since December 
1987. Gas balance calculations have been carried out by comparing the 
amount of gas released to the total number of molecules fuelled into the 
plasma as cold gas , pellets and neutral beams. In addi tion . all the gas 
released during a period of operation I ranging from a few discharges to a 
few days, was collected and chemically analysed. 

2 . Experimental set-up and procedure 
The experimental data presented were collected over a period of 9 

months of JET operation. The in-vessel configuration was as described in 
[lJ . The experimental set-up is shown in Fig. 1. During the measurements 
the main roughing pumps are disconnected (VA closed) and replaced by the 
helium cryopump CR . _ltt the start of a discharge VB is closed . During the 
discharge gas is pumped from the vessel by the main turbo pumps and the 
pressure in VI ' measured by the capacitive gauge 2 ,increases. After 
600 seconds VB opens and the gas is collected in CR. Subsequently eR is 
heated and the collected gas is transferred to the reservoir R. samples 
a re taken to be chemically analysed by gas chromatography. The number of 
molecules collected after one shot or a series of shots is calculated from 
the pressure increase in the calibrated volumes VI and R respectively. The 
chemical composition of the collected gas is used to determine a correction 
factor for the number of deuterium molecules in the gas collected. 

Deuterium (and/or He) is introduced into JET either as cold gas 
(initial puff f ollowed by a_ density feedbac k system control inl et); as 
pellets or as neutral beams (2]. We estimate the error of the amount of 
gas input to be ± 5S (± 10S for pellet fuelled discharges ) . The error on 
the output measurements is estimated to be S 5S . 

.: . Results 
Data were collected for more than 500 discharges in a wide range of 

operational conditions. Fig. 2 shows the ratio P between the number of 
molecules released wi thin 600 s after the discharge and the total number 
injected Ni' as a functi on of Ni' for successful plasma shots only. All 
these discharges have deuterium as main input gas . For a typical input of 
Ni &:3 x 10 21 molecules only a fraction of Ni varying from 10% to 40% is 
recovered within 600 s . In fact a variation of an order of magnitude in 
the total input results in only a factor of two variation in the total 
output . Values above 50S are normally observed only for very low dens! ty 
shots. These results are in gOOd agreerr.ent wl th gas balance measurements 
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for ohmic shots wi th deuterium in TFTR [3) . 
The percentage of gas recovered (Fig . 2) decreases with incr easing 

input indicating that the total amount of de uterium trapped in the walls 
incr eases with the number of molecules injected. The fraction of gas 
released is independent of whether the sho t Is ohmic I add! tlonally heated 
and/or pellet fuelled . The increase in the fraction released observed in 
TFTR after NB heated discharges is not found in JET . The fraction of 
deuterium released shows no significant dependence on plasma current (from 
;: to 7 MA) . current flat-to p duration (1-10s) I total power (up to 20 MW) or 
plasma configuration . Measurements carried out in JET operating at higher 
wall temperature C:50oC versus 30QoC) showed only a marginally highe r 
recove ry . After a He-cleaning pulse (i .e . a very low densi ty . long current 
flat-top He discharge) the percentage of gas recove red var ies from - 1 00~ 

up to 900% of t he input. Assuming that all the He is recovered, an average 
value of 0 . 8 x 1021 molecules of deuterium are released a fter such a 
discharge . Under these co ncitions at least 10 He discharges would be 
required to recover all the gas trapped In the walls during a high density 
deuter I um shot (t nput - 10 X 102 

I mol ecules) . However . other exper iments 
In JET show a decreasing in the deuterium release rate over a sequence of 
cleaning shots [4]. The amount of deuterium recovered after a plasma shot 
ending in a disruption varies from 2 x 1011 to 1 X 1022 molecules , i .e . 
up to 10 times the release measured after a s hot with soft landing . The 
percentage of gas recove red varies from 50% to 500~ of t he deuterium 
injected . being around 80% for most of the disruptions. The total number 
of molecules recovered is always greater than the plasma inventor y at the 
time to of the disruption. No clear relationship has been found between 
the measured fractional rel ease and the plasma current or power at the time 
to- This could indicate that the Induced o utgass ing depends on the 
dynamics of each particular disruption , including in particular the local 
power deposition . 

Taking accoun t of the deuterium released during a whole day of 
operation (not only during the first 600 s after each shot) , the average 
amount of gas recovered is -<50% _ We measured the long t erm outgass i n8 
of t he vessel for 8-12 hrs after the last shot of the day with the wall and 
the limiters remaining at operation temperature . The decreasing deuterium 
release rate R was determined as a function of time . This further 
outgassing . however , contributes to the overall gas balance on ly by a few 
percen t . The main impurities detected in the collected gas are 
hydrocarbons of var I ous orders , the /lost abundant be i ng Co ~ (- 2% of the 
molecules) ; the relative amounts are fairly constant for dif fer ent JET 
operating conditions_ The resulting average correction on the total number 
of deuterium molecules is around +8% . With this correction the amoun t of 
deuterium that is left in the vessel 'Jalls Is estimated t o be around 40% o f 
the input. This result is in good agreement with preliminary in-vessel 
deu t eri um retention measurements for the 1987 campaign [5] . 

Further understanding In the wall pumping phenomena during a plasma 
diSChar ge can be gained by relating the fuellin g and outgassi ng 
characteri stics of a discharge to the actua l plasma inven t ory . The 
fuelling eff iciency F . the f raction of input gas wh ich ends up in the 
pl asma , is defined as the ratio between the plasma electron inventory I 
(correct ed for Zefr ) and the gas input Nio ' Both quantities are taken at 
time to ' defined as the tim~ when the fuell ing due to density feedback 
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stops . For N10 > 2 x 10~1 molecules , F' varies from 10S to 60S (Fig. 3). A 
large fraction of the input gas molecules is therefore already lost 1n the 
early phase of the discharge during or at the end of the density ramp-up , 
which is in many cases co inciden t with the end of the current ramp- up . In 
particular for ohmic shots with no fuelling after the density ramp-up the 
number of molecules recovered is equal or slightly less than the maximum 
inventory (Fig . lj). For add! tionally heated or pellet fuelled discharges 
the ramp-up pumping does not account fer all the gas lost, since in this 
case the recovery is l ower than the maximum inventory. For all but pellet 
fuelled discharges , where there is a large additional fuelling , this early 
pumping does , however, represent the major contribution to the total wall 
pumping. F is , similar to the percentae;e recovered , a decreasing function 
of Ni 0 [6] . 

~ . Conclusions 
Particle balance measurements on a shot -by-shot basis show a high 

deuterium retention in the JET vessel walls . The fraction of input gas 
trapped into the walls at 600 5 varies from 60% to 90% of the injec ted 
deuterium , the latter value being the most representative for high density 
shots . On this basis a direct prediction of the tritium inventory during 
the future OT operation can be done . Correcting for hydrocarbon content 
and taking into account overniBht outgassing , it is shown that still up to 
70% of the input gas is likely to be trapped in the walls. For example, 
for 100 high density plasma discharges requiring a t otal fuelling of 7.5 g 
of tritium, the maximum total tritium retention would be around 11.9 g. 
However , it has to be poi nted o ut that thi s estimate does not take into 
account any physical or chemical process (e .g. thermal outgassing, He glow 
discharge clean ing) whi ch could be exploited to enhance tritium release. 

For ohm i c shots the trapping of deuter ium by the walls takes place 
mostly during the density ramp-up. Two phenomena are li kely to contribute 
to the deuterium trapping into the JET walls: prompt implantation and 
co-depOSition. Co-depOSition of deuterium-rich carbon layers is related to 
the sput ter i ng of carbon dur ing the plasma di scharBe . Thi s phenomenon , 
although it cannot account for the lar ge early pumping observed, is likely 
to contribute to the ' fUl'the r pumping '. The same considerations apply In 
general to additionally heated discharges. For pellet fuelled shots a 
stronger further pumping I s observed. A more detailed analysis of the 
observed effects will be published. 
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Within the framework of the experimenta l investigation of a possible relation 
between microturbulcnce and anomalous transport / 1.2/. the purpose of this work is 
to compare the role of edge "broad-band magnetic fie ld, density and electric field 
fluctuations in determining particle transport. Particular attention will be paid to the 
strong deterioration of particle confinement observed in ECR heated plasmas /3/. 

During ECRH experiments on the DITE tokamak, with a=24 cm, R=120 cm, 60 GHz, 
X-mode from high-field side, PECRH up to 200 kW for 200 ms, 1st and 2nd harmonic 

resonance /4/. the following edge diagnostics have been used to measure high 
frequency fluctuations up to 250 kHz and particle transport in the plasma boundary: 

- arrays of Mirnov probes. to determine the poloidal and toroidal structure of 
poloidal magnetic field fluctuations, Ba . 

- poloidal and radial pick-up coils mounted on a reciprocating drive, to measure 
radial profiles of Ba and Br in the scrape-off layer (SOL), 

- a 4-pin Langmuir probe mounted on a reciprocating drive, to measure radial 
profiles of electric field Ea or potential a; and density 'it fluctuations in the SOL, 

- a set of fixed Langmuir probes flush with the surfaces of the niain limiters, to 
measure the total particle outflow from the plasma. 

Ohmic magnetic fluctuation levels of the order of Ba/BT - lO-s at the limiter are 

observed, with a pronounced inverse dependence on plasma density. Correlation 
measurements suggest that they. are generated by filamentary perturbations of the 
current density lying along the field lines in the plasma periphery /5/. Radial 
profiles in the SOL (Fig. 1 a) provide an estimate of their poloidal scale-length of about 
3-5 cm, or equivalently an average poloidal number m-15-20. 

The injection of EC power causes an increase in the magnetic fluctuation level of 
30% to 200%. A reduction in the filament size is also observed. The increase in Ba is 

larger at low density (Fig.2a) and for resonance positions displaced from the centre 
/5/ and is closely related to the increase in Da emission and particle outflow due to 

the deterioration of particle confinement during ECRH. The lalter can be estimated 
(Fig.3) from the plasma density together with measurements of th e total ion 
saturation current us ing the limiter Langmuir probes and under the reasonable 
assumptions that particles are singly charged and that any ionization sources in the 
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SOL do not contribute significantly to the flow. 
From (he rec lpr~catlng LangmuLf probe measurements, ohmic fluctuation levels ';;'/n 
03 and ea> /k T e -05 are obtained under the assumption Te/T e «1. Most of the 

power is concentrated below 100 kHz. Radia l profiles (Fil;.) b,c) show that the 
Boltzmann relation is not satisfied in the SOL, Le. f{/n 'I; et:I>/kTc' The normalized 

density fluctuations also show an inverse dependence on density (Fig .2b). Typical 
ohmic cross-coherence between density and electric field fluctuations is 'YnE -.5, with 

a cross-phase (XnE( (il) lying bet,..,een _60 0 and +60°. Fig.4 shows a typical cross-fie ld 

panicle flux spectrum, calculated according to 

re = <Ea fle>/B ctt .: ne nns Ea nns "(nE I B41 (1 ) 

ECRH causes an increase of 30% to 100% in the fluctuation levels and although the 
cross-coherence between 'i1 and Ea decreases to 1nE - .2S. a nct increase in the driven 

particle outflow is observed. The cross-field partic le flux jnduced by electric field 
and density fluctuations is compared to the global parallel flow to the limiters in 
Fig.S. One can see that fluc tuation induced transport can account for a substantial 
part, if not all . of thc measured parti cle nux. The fact that the fluctuation induced 
flux is actually larger than the global one is mainly due to combined probe area 
calibration erro rs (±SO%), toro idal and poloidal asymmetries and the neglect of 
temperature fluctuations . More importantly. the increase of flux during ECRH is 
completely accounted fo r in a self-consistent manner by the electric field and densiy 
fluctuation increase. On the other hand. esti mates according to weak turbulence 
models of the contribution to particle transport of magnetic fluctuations are 3 orders 
of magnitude below the measured transport. 

Power balance calculations for hydrogen discharges at nc-2xl0 19 m-3 and assuming 

T j=T c at the limiter /6/ show that convective heat loss due to electric field and 

density fluctua ti ons can account for at most SO% of the non-radiative heat loss, 
whilst the magnetic conduction term is negligible. However, direct measurements of 
temperature fluctuations are needed to check whether they can account for the 
missing power. 

The fact that magnetic flu ctuations are systematicaIly related to the increase of 
particle transport indicates that they might be driven by the density fluctuations 
according to pressure balance . 

Be/Bo=G BII/Bo= G ~fl plpo (2) 
where G is an unknown facto r betweenl and 10, Bo and Po the steady-state field and 
pressure and ~ the edge beta In fact , within the large uncertainties associated with 
edge temperature measurements, the experimental values of Ba/Bo and ~/2 rI/n lie 

in the same o rder of magnitude. Mo re importantly. the increase of magnetic 
fluc tuations during ECR H is well accounted for by the increase in ofn and edge beta. 

Further evidence for a connection between the two kinds of fluctuations comes from 
measurements in the presence of modulated EC power. Similar behaviour of 
amplitude and phase delay with respect to the RF power as a function of resonance 
position is observed for magnetic and density fluctuations and particle outflow 
(Fig.6). Moreover. the maximum delay, minimum amplitude behavio ur for central 
resonance indicates that the o bserved boundary response is not due to direct 
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interaction of the RF with the boundary plasma. but rather to propagation to the 
edge of the effect of plasma-wave interaction at the resonance locat ion. In fact, the 

. observed edge response time appears 10 he consistent with the heat pulse diffusion 
time measured by ECE and SX-ray diagnostics 17/. It is also to he noted that 
considerable up-down asymmetries in the phase delays have been observed by all 
edge diagnostics. 

11/ P.C.Liewer. NucI.Fus .• Vo1.25. No.S (1985), p.543 
121 A.J.Weonon et aL . PI.Phys. and Contr.Fus .• Vo1.30. No.ll (1988), p.1479 
/3/ S.Cirant et al.. accepted for publication in PI.Phys. and Conlr.Fus. 
/4/ M.Ashraf et al.. Proe. of 12th IAEA Conf. on PI.Phys. and Contr.Nucl .Fus. Res ., 

IAEA-CN-50/E-I-3. Nice, October 1988. 
151 P.Mantica et al., Proc. of 15th EPS Conf. on Contr.Fus. and Pl.Heat., Dubrovnik, 

May 1988, Vol. 12B, part Il, p.815. 
161 R.A.Pius et al.. P4E6 this conference. 
nl M.Ashraf et al., Proc. of 12th lAEA Conf. on PI.Phys. and Contr.NucI.Fus. Res .. 

IAEA-CN-50/A-V-2.1. Nice, October 1988. 
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RECVCLING OF H,O, AND He-ATOMS AT STEEL AND CARBON LIMITERS 

P. Bagen, D. RusbUldt and U. Samm 
Institut fUr Plasmaphysik der Kernforschungsanlage JUlich GmbH. 

Ass, EURATOM-KFA, 0-5170 JUlich. Germany 

Abstract 

In the TEXTOR tokamak. the Dopp ler broadening of spectral lines, emitted 
by the recycling atoms in front of a li miter, have been measured to derive 
the distribution of their radial velocity component. When the carbon limi­
ter ;s replaced by a steel li miter , the line profile changes in accord 
with the increased particle reflection coefficient of steel. 

Introduction 

Ions hitting the limiter are normally neutralized and then either directly 
reflected with a fraction of their incoming ion energy or they are first 
adsorbed and, at a later time, desorbed with low energies. By observation 
of the Doppler broadened H- and He-line profiles, the relative contribu­
tion of reflected and desorbed partic l es has been estimated 11, 2/. In the 
first experiments, a test limiter made of steel has been used. The experi­
ments described here had the aim to study the infl uence of the test 1 imi­
ter materials on the velocity distribution. Steel and carbon limi ters have 
been investigated, since they have particle- and energy-reflection coeff i ­
cien ts, which are considerably different 13/. 

Principles 

Ions arriving at the limiter gain energy in addition to their thermal 
value by the acceleration in the plasma sheath potential. which is ap­
proximately given by 

(ll 
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More refined model s /4/ give for the total ion energy about 9 kTe for He++ 
ions in a helium plasma and 4.8 kTe for H+ 10ns in a hydrogen plasma. With 
Te '" 20 eV. ion energies 1n the range of 100 eV are expected. 

In comparing the reflect ion of light ions from graphite and steel, s i mple 
arguments from coll;sion theory may give some guidance for the interpret­
ation. In a co l lision with a 180· scattering angle, the maximum energy 
change LlE is 

(2) 

In this case, He-ions loose 75 % of their energy by a col l is ion with a C­
atom, but H-ions loose only 7 % by a col l i sion with a Fe-atom . 

Particle reflection coefficients are often discussed by comparing values 
of different el ements at the same Thomas-Fermi energy c. which is re l ated 
to the energy E by 131 

c/E ~ -, O.032/Z Z CZ'/, + z 1/,) 'Iz (3) 
'lTl,,+I1TLz. -1 l 1 l. 

wher e mt . Zt and mZ' Z2 are the masses and nuclear charges of the incoming 
and the target atoms. respective l y. 

From eq. (3) follows. that the energy of the light ions in Thomas-Fermi 
units is about a factor of five higher for a collision with C-atoms than 
for a col l is i on with Fe-atoms. Since the ref l ect i on coeff i c i ent decreases 
with increas i ng f. it fo ll ows. that the reflection coefficient of carbon 
is cons i derab l y l ower. 

Expe r imenta l 

TEXTOR shots with 340 kA pl asma current . 2 T toroidal f i eld and various 
mea n e l ectron densit i es ne have been i nvestigated . . The experimental set- up 
for the limiter observatlon has already been described in reference 121. 
The H- and the He- (6678 A) li ne profiles have been observed in radia l 
di rection . the spectra l resolution was better tha n 0.2 ~ . Light reflected 
by the limiter surface has been el i minated by a li ght dump cons i sti ng ol a 
triangular groove in the limiter (see f i g. 1). 

For a quantitative comparison of t he pro f i les observed with steel and 
gr aphite l i miter. the profi l es have either been normalized to equal peaks 
or to equal integrals SJ.\dA corresponding t o a normalization ' of 
ff(vrldv r (v r '" radial velocity). In the ca se of the hydrogen isotopes. 
the proportionality between J). and f ( v.,. ) is somewhat perturbed by 
molec ular Hoc -emi s s i on due to di ssoc iative exc itati on o f H2 and H2+ Ill. 



973 

Resul ts ---
In fig. 2. the profiles of the He-line 6678 . 15 ~ observed in front of a 
steel or a graphite limiter are shown. The profiles are normalized to 
equal integrals JJ"di\ . With the measured T '" 17 eV. the profiles obser­
ved with steel limiter extend to more than lenD eV whereas the profile ob­
served with the graphite limiter extends only to about 113 of this value 
in accord with eq . 2. 

It is obviously difficult, to set an exact limit in fig. 2 for a classi­
fication into desorbed and reflected particles. As a first step. we take 
the peak height to compare the number of desorbed atoms . Assuming for the 
Fe-limiter 50 % desorbed and 50 % reflected He-atoms, we then obtain 70 % 
desorbed and 30 % reflected He-atoms for the C-li miter, a result in accord 
with code calculations /3/. 

With i ncreasing ne (see fig. 3) , the number of reflected atoms increases. 
This result, already shown in /2/ for a steel limiter, is a consequence of 
the reduction of Te in the plasma edge. At reduced energy, the particle 
reflection coefficient increases. 

Results from H2 and O2 discharges are shown in fig. 4 and 5. In contrast 
to the He-line, the H~-l i ne extends to wavelengths corresponding to rather 
high energies al so with C-limiter, although somewhat l ess than with Fe­
limiter. The line wings are less intensive with C-limiter than with Fe­
limiter as expected. 

In the case of the hydrogen isotopes, the line wings are not only emitted 
by reflected partic l es, but al so by fast charge exchange particles. The 
strong reduction of the wing intensity, whe n the stee l i s exchanged by a 
graphite limiter. already indicates that the contr i bution of charge ex­
change partic l es is not high. This is confirmed by Monte-Car l o calcula­
tions using a 1-0 code. Fig. 6 shows a computed Hct,-profile for the ca,se 
that only H2- mo l ecules leave the limiter. On l y a low wing intensity from 
charge exchange is indicated. A comparison with the measured profile im­
plies that more than 33 % of the incoming ions are reflected in the atomic 
state. 
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2D TRANSPORT THEORY FOR TRACE IMPURITIES IN A HYDROGEN SCRAPE-DFF 
PLASMA FLOW AND ITS APPLICATION IN THE COlLISION-DOMINATED LIMIT 

H. A. Claa6en. H. Gerhauser. D. Reiter 

Institut fUr Plasmaphysik., Kernforschung sanlage JUli ch GmbH, 
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The starti ng point is the kineti c equation (in cylindri cal geometry) 

ca l a ca ca ZeE 1 ca 0Sd .... 
rt-pOp(p 01 0p1+v , m: +rr~ .~+ Q( x,v " tl- vla .. .+ 1+ 

x,v . Cov .. t C.v " t p,v . ,t x.t X,t 

+-
for the distribution function a(;. v .. tl :: 211: f dv1v1f {; .v p v1.tl 

o 
- + 

where f (x.vp vl't) is the guiding-centre distr.Jbution function of impu­
rity ions with cfiarge Ze and mass M. The vector x stands for (p .C l. 

t 
01 • _L d' <~ [;,v " tH [;('I,v . ('1, 'l) /B2 [ ~('ll 

is th~ cross-field (Bohm-like) diffusion coefficient d~e tp low frequency 
long wavelength electromJgnet.Jc !feld f1'=l.ctuations 6e.. §Il produc;..ing.. the 
effective electric field £ :. &e x BIB + v &b (assuming B" &e :. 0 '" B-&b. 
11/ ~ 1n a/~tl ~ correlation time " l/Q,II/ ~ 1n '/ ~' I ~corre1ation 1en9th 

);>0 v I Q with C '" ZeB/M. and nealecting cross-correlations between the 
diffefent vector components of E) . The integratiQll is performed along 
the unperturbed ion motion along the magneti c field Band ( •• > denotes a 
time average with rc ~ pect to the fluctuations Ill . . 

The rhs of the k.inetic equation describes COulorrb collisions with the 
hydrogen ions and electrons (which are involved in the thermodiffusion ef­
fect) as well as electron impact ionization , recombination , and charge­
exchange . The latter gh'e rise to the source and loss terms Q and - \l Ia 

coupling n~hbou:i:: (:;1 ~~;i:n [:e::::. V ~e _F:::~r::1 a:c: ~erator 
I:'t \ aV1 I 4) 

describes the Brownian motion of the impurity ions in a hydrogen plasma 
having electro!l and ion temperatures T..e i and a centre-of-mass velocity 

'" V I1 along~ . The operator is formu I a'ted in a reference frame mav1 ng 
with '\he convection velocity VII of the impurity ions under considera­
tion . This form is adequate for all situations. in which vT <e vTi (the 
thermal velocity of the hydrogen 10ns) and applies in particular to the 
case V • V j • 0 (vI' I. , . 

The" col 1"i s10n coeh1cients a and 13 are integrals over the hydrogen ion 
(respectively electron) distribution function 121 to be formulated here 1n 
a reference frame moving with VII. In case of a weakly disturbed Maxwel-
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shifted with respect to the ion flow velocity 

f i f:M 
(j + ~i) with I~il <.1. 

~. 
4 (V , j - V' i) ( 2 5 2 r ' i 4 , "" 5 2 hl i(ci-2)+r-2-(ci 

Pi YTi vr; 

V I; we have 

- 7c~ , + !0 
2 _ (v 1i - V. i ,

2 
+ V~i Ih l P r l i /v~; I 

wi th c,. 2 and ------ ~ 1 
v Pi vTi 

T1 .. + 
corresponding to the first two nonvani shing vector terms ("" V.- V.) in 
Grad' 5 Hermite polynomial expansion /3/ yielding the same accuraCy i~ the 
longitudinal diffusion and heat transfer coefficients as .. Braginski 's 
Sonine polynomial expansion 14/ . hili fs the heat flux along B. With rll; = 
o we recover Grad's 13 moment approxillation. A shifted Maxwel1ian form of 
fj generally leads to complicated expressions for a and B. It ;s only on 
tne conditi on !V

II
; - V"I /vTi <. 1 that a and B can be simplified by 

ZT ~T (V l i - V, 3 h' i 3 r , ; ) a: = - and ~ z 2 -- --- - - --- + ~ T. m.T . vr 5 p.vr 1 , 
, 1 1 1 1 1 Pi vTi 

These formulae apply in part i cular to regions far from a limiter or diver­
tor target (where IV,,;I ~ vT; and only wall sources are relevant) and to 
higher charge states 1n the near target region (where Iv .,- VI I/vr < 1 
;s possible in spite of IV • ./v.l ( . 1). l' 

In serti n9 these formulae 1 ntb' the co 11 i si ana 1 momentum transfer term we 

have j ~dV I V I ~ : a'c(nV , ; - r , ) - t a,C ~. (h l;- t ~) 
- : n ' ~tt 5 r , ; ) nz 2o :kT;) vn 

where - '5 aVcl p.- hll ;- 7" -1- '" 2.21 M----ar-
'If 1 VTi 

descr;be~ tJle thermod iffusion effect due to a hydrogen ion temperature 
grad i ent I B. The thermodi ffusion coefficient given here has the same ac­
curacy as Braginski's formula for the longitudinal heat conductivity of 
the 16ns. For r. z 0 the factor 15/8 12 (2.65 instead of 2.21) ; s ob­
ta ined , which is 1identi cal t o that given by Chapman / 5/ when going to the 
limit mi/M ~ O. In an analogous way we arrive ~t the thermodiffusi on flux 

3 n ~ 5 r .e) nZ a (kTel 
- -a\l~ - h --- "'071 --,.,.--5 C Pe l e 7 v2 • M u~ 

e Te -+ 
due to an electron temperature gradient 118 . Here the factor 0.71 arises 
instead of 0.80 for r . '" O. -+ 

The kinetic equatioW for a (x.v.,tl is difficult to solve exactly. An 
approximate solution" can be constructed by a moment method. The c rucial 
step i s the choi ce of appropriate basi s fJlnctfons to f orm the moment equa­
tions. In the present case we expand a (x. v • • tl into eigenfunctions of 
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vI ~ - c~ ~ _ ~ _ Z:E I ~ 
the operator () 

P.v .. t P.c .. t tt 
separating the convection term e" (B/B, ) I with respect to the reference 
frame moving with V ... The hope 1s that t'he series expansion rapidly con­
verges in thi s reference frame so that only the lowest order expansion 
coefficients are needed to get a sufficiently accurate soluti on. The ex­
pans i on coefficients are calculated from a set of moment equations. which 
result from substitution of the series expansions into the kinetic equa-

tion. In (p:r)tiCUl ar 'we s:t (A \ m+l 2 

o (;,v" tl =';0 O:j (;,tl f--;-Hm m exp (- I; 1 

where H (I:) are Hermite po l ynomials in the variable ~ = X (v 1[- VII) de­
pend i ngmon the charge state z. The convection velocity V" and the distri­
bution coeffic i ent x can be found from the auxiliary conditions 

~V I leE . 1 ~x 2vcvi ( a 2) 1 ~V I 
V, 3C ' ~vCvT+ -M- and X ~ • -V- -2 - X + 1:" "IT"" 

• 2v
T 

n 
for the exi stence of the eigenval ue equation 

(-v, :c + c, :c + :~ , + - 2:E, 0:,+ + "mvc) x~l Hm(~l exp(- ~2l 0 

\ p,v . ,t p,c .. t x,t x,t 

oV, 
with the e i genval ues AmVC'" m avC + (m+1) "Ot'""" 

presupposing that the hydrogen plasma parameters are stationary. The coef­
fic i ent X can be fo un d from the integral representation 

+:- = -+- ex/- 27 F«I d<) + 7 G("I eX/-2 7 F«I d<) d" 
X (c 1 X (01 " 0 0 I.: 0 

oln VI a vc . 4kT; a vC 
with F(c1 = or + T and Gm = -,;-- T. , . , 
For ;- (.01 = 0 we have i (01 = (1 + a~c ~ )/(2kT;lMli C = 0 

X (Cl can be evaluated once V (C) is known . Unfortunately, the differen­
tial equation for VI does no! have a general analytical solut i on and ij.as 
to be solved numerically for arbitrary hydrogen plasma profiles along 8. 
There are two simpl e cases, where VII c.J1.n be given ana l yt i call y: a) For 
plasma parameters be i ng constant IB we have..V,,= V" .+ lef"/M(l,~r. and 
x ' = M/2kT.""bl For a.l i nei\l" var i q,tion V".: V.C and r,,'1,E C we trave 
* . V,,= ~ C and,. X·= ~ 12vr V wi t h V • (1/21 Jv (-\ + tI+4~ VJ/a.v 1 and 

~ = (av V. + leE IM) / v v 1n agreen:ent with fhe formul ae in ref. 12/. 
With £h~ knowl edge o~ Cx (Cl and Vn(Cl the expansion coefficients Am 
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can be calculated from the moment equations 

Mm 1 3 Mm 3Am 
~- pOP (p °1 op-I + V' "rr""+ ( ' I + 'm'C) 

Truncating (in a collision-dominated situation) the transport hierarchy at 
m=l and setting A2 = 0 we have 

M 1 3 3A 3 
~- pOP (p ° l of) + oc (V , Ao + AI) = 00 - 'IAo 

('I + ' I 'C) Al = 01 + ,0\ :. (Ao '~) - :. ( \ \ ~ ~ ap ~~ .~ ac 2x ') 

A , V lA and At. denote, respectively, the density as well as the convec­
ti~e ancP diffu!five part of the parallel particle flux r • . MA/~x' is 
(for AZ :>: O) the impurity ion pressure due to the thermal motion 18. 

The above couple of transport equations is cl osed by the auxiliary con­
ditions for V I and X and yields to first order approximation the density 
distribution of trace impurities in a streaming hydrogen plasma back­
ground. The deci stve di fference between our procedure and that cOlTlllonly 
used (see. for instance, ref. 161) is t he splitting of ·the centre-of~mass 
velocity into a convective and a diffusive part, the former being indepen­
dently ca lculated from one of the auxi l iary conditions, which can be rea­
dily solved for simple plasma profiles. The outlined transport theory is 
presently appl fed to the numerical computation of 2d density and line ra­
diation profiles of Cz+ in a hydrogen scrape-off plasma, using a Monte­
Carlo calculation of the C+ sources. -----------------------
111 A.V. Gurevich et al., Nuclear Fus i on 27 (3), 453 (1987). 
121 H.A. ClaaBen, H. Repp, Nuclear Fusfonl1 (5) , 589 (1981). 
131 H. Grad. J. Pure & Appl. Math. 2, 324(1949), Phys . Fluids~, 147 

(1963); V.M. Zhdanov, P.N. Yushmailov, ZPMT 4, 24 (1980) 
141 S. I. Bragfnskf, Revfews of Plasma Physics 1. 205 (1965). 
151 S. Chapman, Proc. Phys. Soc. 72, 353 (1958T. 
161 J. Neuhauser et al .. Rpt. IPP1/216 (19831. 
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POWER DEPOSITION ON TOROIDAL LIKITERS IN TEXTOR 

J G Watkinsl, K H. Finken2, K.H. Dippe12, R.T . McGrath 1 , R. Moyer3, 
the NI Team2 , and the TEXTOR Team2 

1 Sandia National Laboratories, Albuquerque, HM, USA 
2 Kernforschungsanlage JGlich GmBH, Association KFA -Euratom 
3 University of California, Los Angeles, USA 

Abstract 

Power deposition measurements have been carried out 
on the ALT-I! toroidal belt pump limiter and the inner 
bumper limiter in TEXTOR for Ohmic, neutral beam and RF 
heated discharg~s. Two infrared cameras and the ALT-I! 
thermocouple array indicate that ~E remains unchanged (7 
mm) in the presence of -beams hut increases to 10 mm with 
leRH. The heating distribution is less uniform on the 
bumper limiter than on ALT-II, which explains the 
differences seen in graphite surface pumping. 

TEXTOR has two toroidal graphite limiter systems: the ALT- II toroidal 
belt pump limiter system (45 8 below the outer midplane) and the inner wall 
bumper limiter . Through the use of two infrared cameras and the 
thermocouple array on ALT-II, measurements of the power deposition on 
these limiters have been performed. The thermocouple array allows a 
toroidal extrapolation of the more detailed surface deposition pattern 
obtained with the infr·ared systems for the ALT-II belt. The bumper 
limiter power deposition i s observed over a representative selection of 
tiles at two toroidal locations. These measurements have been carried out 
for Ohmic, RF and NBI heated discharges with up to 2.8 KW of auxiliary 
heating power. Typical TEXTOR parameters for these experiments are given 
in table I . 

R 1750 IIlD1 
a 450 mm 
Br 2.0 T 
n. 1 - 5 x 
1, 340 kA 

Table I. 

lOltil m-3 

V1QOp (OH/NBI) 
Pea 

P"" 
P"" 

1.2/0.7 V 
500 kW 
2.4 MY 
2.8 KW 

--1 
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For Ohmic discharges up to 500kW, the power deposited on the ALT -l! 
belt limiter varies from a few percent up to 50%, The distribution of 
powe r over the 8 adjustable limiter blade s egments can be made very 
uniform (±S%). The highest limiter power deposition occurs for l ow 
density (-1 x 1019 m~J) and low Z,,(! (fresh carbonisation or boronisation). 
This is consis tent with theoretical predictions [1 ) . The power scrape-off 
length (AE) is determined from the IR da ta through a two dimensional 
thermal model using 2DPEP [ 2) and verified with a 3D t hermal model using 
PATRAN and ABAQUS. The typical Ohmic value of 7 mm 1s consistent with 
other boundary measurements such as from the scanning double Langmuir 
probe (3). 

For the case of auxilliary heating with co, counte r and combined 
neutral beam injection , ).E remains unchanged (7 mm) , although t he fraction 
of powe r seen on the limiter was observed to be as high as 70%. The 
higher f raction is consistent with lower radiation levels. The 
measurement of ).E is aga in consistent with boundary measure ments of nil 

T., and r i from the scanning probe. A comparison between Ohmic and NBI 
surface temperature meas urements is seen in figure 1. In the case of RF 
heating, ).E increases to 10 mm. 

For the inner bumpe r limiter, t he power deposition is much l ess 
uniform. Although carefully aligned to within 0 .5 mm during ins tal la t ion. 
strong edge heating of about 20% of the observed tiles occurs during 
plasma operation. A typical infrared pat tern is shown in figure 2. The 
pattern we predict with our 3DHF code for a perfec t l y aligned IBL panel in 
a magnetic field with a 7 mm power scrape-off is shown in figure 3. This 
pattern shows nonuniformity in the heat flux deposition because of 1 ) t he 
t oroida l flatness of each IBL panel and 2) the plasma minor radius is 
smaller than the design radius. With a 2 mm misalignment on one edge of 
the panel, the predicted heat flux maximum is more t han 6 times higher. 

The edge heating effect we observe is due to small misalignments and 
tends to explain t he enhancement in surface pumping of the graphite on the 
inner bumper limiter over that of ALT·II. These observat ions are similar 
to wall pumping behavior on JET (4). The maximum surface temperature rise 
during a plasma discharge is more ·than 2.5 times h ighe r on the inner 
bumper limiter. This leads to a lower hydrogen saturation level (5) on 
the graphite surface a t the end of a discharge and leaves the surface 
somewhat depleted at the beginning of t he next di scharge. In our case, the 
surface pum~ing effect saturates quickl y « 1 second) whi ch is consistent 
with the surface deple tion explanation. Another effect, codeposition(6), 
is also enhanced by localization of the surface heat flux and may be 
occurring here but this effec t does not saturate and may be more important 
for explaining the JET results. 
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Figure 2 

Figure 2 (above) is an infrared view of the 
inner bUmper limiter. One can see two panels 
and part of a third. This is a total of about 
27 tiles. 

Figure 3 ( left) is a computer generated view 
of a single inner bumper limiter panel. Heat 
flux is applied with a magnetic field model 
us~ng a 7 mm scrape-off length for the power. 
The highes t heat flux predicted for the Ohmic 
case (when everything is properly aligned) is 
55 W/sq . cm. 
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FIRST RESULTS FROM LYMAN-ALPHA FLUORESCENCE MEASUREMENTS 
IN THE PLASMA BOUNDARY OF A TOKAMAK 

Ph Merlens P. BogeR 

Institut fOr Plasmaphysik, Assoc. Euratom-KFA JOlich, 0-5170 lOLleH 

Abstract: A laser-induced fluorescence experiment in the vacuum UV has been set up to 
measure the atomic density and velocity distribution of deuterium in the plasma boundary 
of a lokamak. A dye laser has been used, the frequency of which has been tripled in a 
phase matched gas mixture (krypton-argon). Signal to noise ratios better than 30 have 
been obtained at L . This allows the determination of the energy distributions in the few 
eV range. The resulting profiles correspond to atomic energies which indicate that 
molecular dissociation processes are involved in the first place. 

IDlroduclloD 

The knowledge of the densities and fluxes of neutral particles in the plasma boundary 
of a fusion device is very important for the understanding of the physical processes 
underlying the recycling phenomena. So much the more so when it comes to the hydrogen 
and its isotopes. So far, detailed information on the density and velocity distribution of 
atomic hydrogen near the wall of a tokamak has been mainly collected from spectroscopic 
data of the HQ-line. This method has a number of drawbacks: the intensities are integrated 
over the line of sight, the excitation is caused by electron impact on atoms and molecules 
(dissoc iative excitation), the evaluation of fluxes requires an estimate of T, and n, and the 
application of a complicated collisional-radiatiVe excitation model. 

Some of these drawbacks can be avoided by measuring hydrogen densities and 
velocity distributions with La-fluorescence. By this method, only H-atoms in the n- I state 
are excited. Velocities are deduced from the Doppler-broadening of the line profiles; 
densities, on the other side, can be obtained from spec trally integrated fluorescence 
intensities. First experiments were carried out on the tokamak TEXTOR to explore the 
applicability of this method in the fusion research. 

Principle 

The observed fluoresce nce volume in our scheme is illuminated by the frequency 
tripled radiation of a pulsed dye laser. In contrast to most laser- induced fluorescence 
experi ments in the visible or near UV, the spectral power density of the available La­
radiation doesn't excite the atoms to be detected up to the saturation level , i.e. induced 
emission effects can be neglec ted. The fluorescence signal is then not only proportional to 
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the atomic density. but also to the incident third harmonic power. The cross-section 
relevant 10 this process (resonant excitation of the fluoresce nce) is given by / 1/ 

"F -

where >'0 is the wavelength of the atom at rest, r the oscillator strength and L().- .\l the 
normalized line shape function. The broadened profiles allow an estimation of the atomic 
velocities from the wavelength shirt by means of the Doppler relation : 

),-).0 " , v >'ofc 

The influence of the magnetic field has been eliminated by polarizing the laser to 
drive on ly the r -components of the Zeeman lriplet. Their splitting of about 0,5 pm is 
negligible in comparison to the measured line width, which amounts 10 more than 
5 pm. 

Experimental arrangement 

The experimenta l apparatus which we have recently described elsewhere /2/ in connection 
with laboratory experiments was slightly modified to cope with the much longer optica l 
path (ca. 8 m) from the laser syste m down to the tokamak (fig.I) . The m(lin source 
co nsists of an excime r-pumped dye laser, the wavelength of which is tuned by 
tilting the grating or through a pressure variation in the osci llator chambe r. The remOle 

/"2 Plat. 
_Adjustable folding mirror' 

!li
F':~:~~~::", 

r Tr;PI;ng reil ,I 
~oO'nW~~e vuv 

----h~ 

/' PH-Tube 

/vuv-cassegrain 11 

Tokamak vessel 
\ (liner) 

Hirr~·<2H}i/:H::·::::7d~9/l"==lI;::=1 
PH-Tube with r-7'--t===,j. 

optionalo 2-cel/ 

Cassegrain ob.servation optics I 

Figure I : Experimental arrangement 
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(hamber 

laser 
dump 
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tripling cell is filled with mixtu res of kryplOn and argon to produce the VUV -radiation at 
L (121.6 om, 150 W in 4 os pulses). This YUY-light illuminates a fluorescence volume of 
abou t 1.5 cm d iameter and about 10 cm length . A Casseg rai n system images this 
rJuoresce nce volume in the plasma boundary to a KBT photomultiplier. A second -sirnilar­
telescope is now installed to observe the plas ma pe rpendicularly 10 the incident laser beam 
with higher spatial resolution ( I cm). An optional oxygen cell can be used as LQ - filter in 
front of the mult iplier / 3/, but it was normally not needed. The fluorescence signals are 
displayed on a fast d igitizer (500 MHz bandwidth); the time-resolved pulses corresponding 
to the laser shots are slored in sequence by a local computer in synchronisation with the 
TEXTOR timing system. With a l a~e r repetition rate of 5-10 Hz, th is corresponds to about 
30 laser shots per plasma disc harge. 

First results and discussion 

T ypical fluorescence pulses recorded during the flat top of a tokamak discharge are 
shown in fig. 2. According to the laser repetition rate, these single pulses are 
100 ms apart. The time scale between the ve rtica l markers is expanded to 100 ns in orde r 
to show the time­
resolved pulses, as 
an additional clue to 
their atomic origin. 
Although the signal 
to noise ratio 
exceeds 40 around 
the maximum of the 
spectral profile, it 
of course becomes 
much worse on the 
wings. This picture 
was taken near the 
line cen tre, so that 
the signal repro­
ducibility can also 
be appreciated, 
under steady dis­
charge conditions. 

# 31009 

o ~ ! n 

o 20 40 60 80 f[nsl 0 20 40 60 80 100 tins] 

Figure 2. Fluorescence pulses recorded du ri ng the flat top 
of a tokamak discharge (2 laser shots). 

The whole sequence of a tokamak shot has been recorded in fig. 3, along with the 
plasma current, and with the electron density near the centre. In addition 10 the stable 
current plateau, the ignition of the discharge shows up through a larger signal. An average 
value over ten to twelve laser shots can be computed for a given laser wavelength, which 
isn' t modified during the discharge. Spectral scans have been performed this way , by 
gathering results from different plasma shots. Pressure scanning will be improved in a 
near future so as to be implemented as a m~ans of gett ing a similar sca n within a single 
d isc harge. The resulting spectral profiles look like the one in fig. 4. The indicated error 
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bar accounts not only for the inaccuracy of the diagnostic, but also for the (larger) 
unreprod ucibility of different plasma discharges. The half width of the red wing in this 
profi le (emitted by atoms flowing towards the laser) corresponds to an energy of about 
1 eV, indicating a molecu lar origin, i.e. molecules leaving the wall and bei ng dissoc iated 
in the plasma boundary. The line is asymmetrical since atoms flowing into the plasma 
have a shorter lifetime than those flowing out of it. 

Conc:luslOD 

In spite of the background radiation, our (irst attempt 10 detect atomic deuterium in 
the boundary of a tokamak with laser-induced fluoresce nce at La has led to satisfying 
sig nal to noise ratios, at leaSt in the line centre, corrobo rating the feasibility of the 
met hod. The recorded spectral proriles -originate mainl y from neutral particles flowing out 
of the plas ma. In the low energy range (a few elec tron- volts), the profiles indicate that 
these atoms are the products of dissociated deuteri um molecules. 

We thank Professor E. Hintz for h is strong support and Dr. M. Ko rten and Mr. B. 
Becks (from the TEXTOR data acquisition group) for their help in the start- up phase . 
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/3/ J.A.R. Samson, Techniques 0/ Vacuum Ullraviolet Spectroscopy, WiIey (1967) 

\ 



987 

SPECTROSCOPIC DETERMINATION OF MOLECULAR FLUXES AND THE 
BREAKUP OF CARBON CONTAINIl"G MOLECULES IN PISCES-A 
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2) ORNL, Oak Ridge, Tenneessee, USA 

1. latroducdoD 
In present day tokamaks carbon is one of the most widely used materials for 

limiters and wall coatings. Therefore it is important to know to which extent 
carbon containing molecules like CH .. or CO play a role in the fueling and impurity 
release during a discharge. Emission spectroscopy offers a method to determine the 
strength and the nature of the molecular particle sources. It can also be used in 
order to study the breakup processes of the molecular species on their way from 
the source through the plasma. Unfortunately, there is presently not much informa­
tion for a plasma with parameters close to that of a tokamak boundary layer 
concerning observable lines or bands with reasonable intensities, which could be 
used for absolute flux measurements of the interesting molecules and their radicals 
in the plasma edge of a tokamak. 

2. Experiment and computer model . 
We have used the PISCES-A facility at UCLA for the production of a 

representative piasma with parameters close to that of a tokamak boundary layer. 
Details of PISCES- A operation and its construction can be found in the references 
/ 1//2//3/. Steady state plasmas with densities in the range of lOll to IOU cm-s 

and electron temperatures up to 30 eV are readily achieved. A uniform axial 
magnetic field constrains a 100 cm length plasma to a cylindrical shape of 6 to 
10 cm diameter. Fig.l shows the experimental set-up schematically. 

Carbon containing molecules (CH .. , C2H2, C2H .. , GO, and CO2) were introduced 
via a gas injection system through a slit aperture into a helium plasma. A ' helium 
plasma was chosen in order to avoid possible interfereQce with molecular band 
emission from the background gas. The absolute amount of the introduced molecular 
flux was determined by the upstream pressure, measured by a. baratron, and the 
conductivity of the pipe . For the spectrographic recordings of . the emission a 
camera was attached to an optical spectrometer (1.33m monochromator with a 
grating of 1200 groves/ mm). The plasma was focussed onto the entrance slit in 
such a way that simultaneous information about spectral and spatial distribution of 
the emission could be obtained. Spectrograms of each gases were taken for two 
"different plasma conditions: High T. (AS30 eV), low n, (AS Ix lOl1/ cm'), · and fow , T. 
(AdO eV), high n. (AS 5xlO12/cm') in order to simulate two cases of a tokamak 
boundary plasma. The discharge parameters were measured by a Langmuir probe in 
front of the nozzle. A complete spatial scapning of the plasma ·was also possible by 
a fast moving probe. . 

For Quantitative results the molecular band intensities were absolutely .measur­
ed via a PMT and an optical multichannel analyser (OMA) attached to the spectro-
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meter. Three plasma temperature regimes were chosen for the experiments: hot 
("",30 eV), medium (1'::125 eV), and low (AlIO eV). 

For a spatial record ing of the penetrat ion of the molecules and their radicals 
through the plasma, the OMA in front of the exit slit was rotated by 90°. The 
experimental results fo r CH-4 are compared with calculations from the ORNL Monte 
Carlo Code. This code has a 3D geometry, and solves the complete brenkup process 
using rates collated by / 4/ . 

3. Results 
Fig.2 shows two representative examples of the spectra obtained. The gas 

enters the plasma through the nozzle from the bottom. Each spectrogram shows 
to cm of the gas flow through the plasma. Penetration depths of about 2 cm can 
be qualitatively derived. Fig. 2a (C2H2-injection) displays the main features of a 
hydrocarbon spect rum in the visible spect ral range. The bands of CH, CH2 • and C2 
as well as the atomic lines of hydrogen and carbon can be identified. Fig. 2b is an 
exa mple for a CO-gas in jection showing strong CO-bands between 6000 and 6.500 A. 
These CO-bands and the CH(O), CH(O)+ bands around 4300A were already seen on 
TEXTOR spectra from the main Iimiter IS/ indicating that - beside hydrocarbons -
carbonoxides seem to play a mayor role in the transport of carbon and oxygen. 

In order to calibrate the intensity of several bands and lines, the number of 
emitted photons at these wavelengths for known molecular fluxes was measured as 
a function of electron temperature. The measured ratio of the molecular decay rate 
to the respective photon intensity is shown in Fig.3a for the CH-band and in 
Fig.3b for Ha in the case of CH". It should be noted that for spectral lines from 
atoms and ions this ratio is generally a monotonously growing function of T e in 
the range between leY and 200eY (see e.g./6/ ). However, in the case of molecules 
there can be a minimum, which is the result of a necessary dissociation process. A 
fo rtunate co nclusion of this behavior is that this ratio can then be treated as 
relatively constant. The boxes in Fig.3a are derived from excitation cross sections 
measured by 17/ and decay rates from / 4/ . They agree well with our experimental 
values. Fig.4 shows the respective rates for CO gas injection. One should note that 
the CO band emission has to behave like those for atoms. 

Fig 5. shows a comparison of the measured penetration depth for CH and 
hydrogen in the case of CH,,-injection with computer calculated values based on 
/ 4/. Considering the tentative nature of the rate coefficients used, the agreement 
between the model and the experimental data is fairly good. Plasma effects (e.g. 
the trapping of ions in front of the nozzle), which have been neglected in the 
calculations, could be the determining factor in the spatial dependence of -the 
ionized species and account for the discrepancies. Therefore similar experiments 
will be performed in TEXTOR in order to test the validity of these measurements 
for a real plasma boundary layer. 
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FIRST RESULTS ON PLASMA-EDGE PROPERTIES WITH NEUTRAL BEAM HEATING 
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lnstitut fiir Plasmaphysik 
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Abstract 

The sig nificant impact of neutral beam heating (NBI) on plasma boundary 
parameters in TEXTOR. namely a strong increase of n. and T •• is demonstrated. The 
heat flux to the limiter increases more than proportional to the heating power 
(factor >17) due to enhanced energy transport in the eeRier and due to a change of 
power sharing by reducing the fraction of radiation from light impurities and 
increasing the fraction of convective energy flow at the separatrix. The probability 
for trapping injected H atoms in the wall-Iimiter system is est imated from 
spectroscopic measurements. 

1. IDtrodudlon 

Addit ional heating with neutral beam injection started in TEXTOR in September 
1988. Co- and counter-injection beams, each having about 1.2 MW of power . and a 
duration of up to 3 s, are available. The central electron temperature is increased 
significantly with NBI [I). Even more pronounced variations are ach ieved at the 
plasma boundary. A first study of the impact of NBI on plasma boundary p'roperties 
in TEXTOR has been performed in a series of discharges in deuterium with co­
injection of hyd rogen with 0.5 s duration and 1.2 MW of power, the results of which 
are described in the following. 

2. Experiment 

The data presented in this paper refer to the flat top phase of ohmic discharges 
with Ip -340 kA, BT- 2 T. a minor rad ius of a .. 46 cm defined by the toroidal and 
poloidal graphite limiters and a major radius of R .. I75 cm. The wall is carbonized. 
The neutral beam heating system is described elsewhere [1] . 

The comp rehensive edge diagnostics in TEXTOR are used to determine particle 
fl uxes at limiter and wall (emission spectroscopy. Ha' Da. Cl, 01; resolved in time. 
space and wavelength). heat nuxes to the Iimiter (ir-thermography) and electron­
density proriles n.(r) (thermal Lithium beam. electric probes). Additional information 
is provided by HeN-interferometry. and bolometry. 

3. Results 

The flux of recycli ng deuterium at the limiter increases with NBI by about a 
factor of 4.8, exhibiting a strong oscillation with a signal modulation of about 15% 
(DQ- measurement, Fig. J) synchronous to the sawtooth modulation of T. in the 
eenter. The heat flux to the Iimiter increases by about a factor of 17, leading to a 
rise of the surface temperature by more than 250 K (ir- thermography. Fig . 2). The 
heatflux can reach values of 8 kW Icm2 through a plane oriented perpe nd icular to the 
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fi eld lines. We can estimate the change of T. and n. at the limiler edge by using the 
relation for the particle flux ra n.T. II:, and fo r the hea t flux Qexn"T//2. Thus, the 
measured rand Q result in an increase of f ne and T. by a fac tor of about 2.5 and 
3.5 respectively. The variation of ne is consistent with the measurements of the line 
averaged densit y at r=40 cm (HeN-interferometer, Fig. \ ) and of the n.-profiles 
inside the sc rape-oCr-la yer (thermal Lithium beam, Fig. 3), 

Because the central n. and T. va lues increase much less (factors 1.1 and 1.4) 
than those at the boundary, a significa nt broadening of profiles is evident ind icating 
increased transport. Conseq uently, the co nfine ment times decrease. The particle 
confinement time Tp is reduced by about a factor of J from 100 ms to 35 ms as can 
be calculated from r and the total number of particles N1ot ' Similar values 
(35 ms/80 ms) are obtained for the charac teristic times of the deuterium flux to 
become stationary after the switch on/ off of NBI (Fig. 4). 

The tota l powe r loss 80i ng to the lim iter Peony increases more than proportional 
to the heatin g power when NBr is sw itched on. Th is is lin ked, accord ing to the 
relation Pheat- Prad+ Peony, to a reduction of the radiation leve l P rad/ Pheat: 
typically from 65% to 30%, or at high densities (ohmic plasma "detached", NB I plasma 
"a flached" [21> from 95% to 45% (Fig. 5). Thus, the energy loss with NBr goes 
preferen tially via co nvect ive transport to the Iimite rs and may be explained on the 
one hand by in creased transport in the center, as is evident from the red uction of 
energy confinemen t time TE (factor of about 2.5) [I] , and on the other hand by the 
s trongly increased Tt! at the boundary, leading to a reduction of the ra tio of 
photons/ ionizations of the impurities (C and 0) and thus to a change of power 
shari ng between lim iter and wall by reducing the radiati ng fraction [3]. 

The line radiation from impurity atoms 01 and Cl measured at the Iimiter is 
shown in Fig . 6. With NBI the intensity increases by a factor of about 1.9 for 01 
and 2. 2 for Cl and the ratios of intensifies 01/ 0 .. and CI/ D .. decrease by fac tors of 
2.1 and 1.8 respec ti ve ly. These intensities are proport ional to the particle fluxes 0 
and C and to the relat ive fluxes % and CID fro m the limiter provided Tt! is 
constant. Since T. increases strongly with NBI the numbers have to be corrected in 
order 10 get the variation of fluxes. So fa r, a precise calculation is not possible due 
to a lack of knowledge abou t the T.-p rofiles, but we estimate that the relative 
influx of impurities is rough ly the same for the ohm ic and the NBI phase of the 
discha rge. Obviously the C flux increases slightl y more than the 0 flux (factor 1.15), 
thus indicating that the coupling of the two fluxes, as is normally obse rved and is 
explained by chemical eros ion via CO- formation {4}, is ' altered by an increasing 
contribution from ph ysical spu ttering of C. Bul it appears that even a moderate 
increase of impurity f1uxes can be compe nsated by improved screeni ng due to the 
enhanced plasma· temperature and density at the separatrix in the case of NBr. 

Because H is inj ected into a 0 plas ma it is possible to d istinguish between 
injected and intrins ic parlicles. From the simultaneous measurement of the H .. and 0 .. 
line shapes at a test-limiter with a hig h resol ution scannin g spectromeler [5J it is 
poss ible to determine the evolut ion of the concentrat ion of H in 0 and 10 ded uce ' the 
probabil ity for hydrogen trapp ing in the limiter-wall system. The ratio H/ D inc reases 
during NBI, as is shown in Fig. 7, from .... 0.11 before NB I to R:l0.23 at the end of NBI, 
thus the ratio increases by R:l0.12 due to NBr. In 0.5 s of NBI 1.I 10'20 H particles are 
in jected . The 0 filling befo re NB I is 1.6 J020 particles and at the end of NBI the 
total nu mbe r of ions is 2. 1 J020. Without any trappin g, i.e. recycling R=", the H/ D 
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ratio is expected to rise by 1'::10.68 or with 100% trapping and 'fp-50 ms, i.e. ReO, by 
f'::jO.07. The measu red value ~O.l 2 lies between those fo r R-I and R-a indicating that a 
signirican l fraction of H is trapped. We estimate that this fraction amou nts 10 about 
65% of the injected particles. These numbers should serve as an example of the 
method. Unde r different conditions the trapping of H may vary. For example in a 
series of NBI disc harges the HID ratio increases steadi ly due to an accumu lation of 
hydrogen in the wal l. Th is enhanced H concentration may cause serious problems for 
the combined application of NBI and IeRH in the minority healing regime. 

Conclusion 

The applicat ion of NB I opens a new parameter regime for the investigation of 
plasma-wall interaction in TEXTOR by providing values at the limiter edge as high as 
T ,I':I IOO eV, n,I::I I.· I 0 13cm-3 and QI':l IO kW/cm 2 (JIB). 

Acknowledgement 

We would like 10 thank the NBI- and the TEXTOR-team for the excellent 
experimental conditions and J . Schltiter and H . Soltwisch for providing valuable data. 

References 

[lJ H. Conrads et.al.. this con ference 
(2J U. Sa mm el.a!.. Plasma Physics and Controlled Fusion, Vo!.29. No. lOA. 

p.1321-1332 (1987) 
(3J U. Samm el.a!.. this conference. ~iso topic effects ... " 
(4] V. Phi lipps, E. Viet2ke and M. Erdweg, in Proceedings of the 8th International 

Confe rence on Plasma Surface Interactiom in Controlled Fusion Devices, J ll lich 
1988 

(5J P. Bogen, D. RusbU1dt and U. Samm. in Proceed ings of the 8th International 
Conference on Plasma Su rface Interac liom in Controlled Fusion Devices. Jii lich 

" 
, . 
o .. 
~6 
'. •• 
~ 
;; 

1988 and 
P. Bogen et.al., this co nference 

"" • 8 Ime 1.2 ... 
Fig. [ Deuterium n ux at the limiter and 
averaged densities at r- O cm and r_40 cm 

7 
E 

J " 
" 0 

'" 

line 

'c 
133477 

500 limiter 
surface 

.50 temperature 

'00 

J50 

~j~=====:~==~~~~"~B~I~~~ __ J 25. 
0.6 1.0 time I." 1.8 ~ 

Fig.2 limiler surfa ce lemperature 
by infrared thermography; max 
8 kW/cm: parallel 10 magn. f ield 

measured 
heatnux 



~ 
o~'L-~~--~----cc--~ 

.46 47 48 49 50 
minor rodius cm 

Fig.) Electron 
scrape-ofr -layer 
Lithium-beam 

density profiles 
measured with , 

~ 

fr---->--="~m"'._<I 
OH 

.78 .80 ." ... .86 

in the 
thermal . 

NB! 

.88 
Um. 

994 

100 
I lJ47I-' 

7, 

80 Prad 
Pheat 

OH 
60 

.0 

20 

0 

• 
Fig.S Level of total radiation with ohmic 
and NBt heating as a function of the line 
averaged electron density during flat top 

Da limlter 

80 ms 

OH 

1.78 \.fIO 1.82 Ul4 1.86 1.88. 

Fig.4 NBl.swilch·on/off behavior of the Deuterium fl ux at the lim iter 
~«, IJJ4G4 

• 
o. 0.4 0.8 1.2 1.6 2.0 2.4 I 

lime 

Fig.6 In tensity of impurity li ne radiation at 
the limiter 

ot Umlter 

6558 6560 
Fig.7 Ho·Do-line profiles at the limiter; 
peak normalized (NB I: H injection in D) 

-

J 
! 
L 

I 

j 



995 
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Abstract 
Electron-densities, -temperatures, particle and heat f1uxes at the plasma 

boundary of a Iimiter tokamak with hydrogen filling are compared with those in 
deuterium and the relation between central profiles, radiation and penetration of 
neutrals is studied. The data demonstrate increasing transport with decreasing 
ion mass and indicate a poss ible scaling of transport witn the thermal veloci ty of 
the ions. 

1. Introduct ion 

Significant differences in the transport properties of hydrogen (H) and 
deuterium (0) plasmas have been reported from tokamak experiments. Generally, 
the energy transport in H is found to be faster than in 0 leading to a profound 
difference in energy confinement times rE [I). Similar observations are made in 
particle transport studies. The longer particle confinement time "'p in 0 is linked 
with peaked density profiles. From a transport analysis in ASOEX under certain 
conditions the relations v/ 0J..o:.Aj-l/2 and Xo:.A1-

1/2 have been found [2], where v 
denotes the inward drift velocity, DJ.. the diffusion coefficient, Ai the ion mass 
number and X the electron heat conductivity. In the scrape-off-Iayer 
measurements of the cross field diffusion coefficient DJ.. gave values for H being 
about a factor of 1.5 larger than those for 0 [3]. 

The dependence of transport on AI is not understood, even the sign of the 
exponent of the mass dependence cannot be explained so far. But progress in 
transport theories can only be achieved by improving the database of well 
diagnosed discharges in Hand D. In TEXTOR a series of experiments has been 
devoted to this task with particular emphasis on the determination of plasma 
edge properties. 

2. Experiment 

TEXTOR has been specially prepared for operation in Hand 0 by carbonizing 
the wall with eithe r CH. or CO .. [4] in order to assure identical conditions and 
to keep the concentration of the ~wrong· mass as low as possible «2%). The 
data presented in this paper refer to the flat lOp phase of ohmic discharges with 
Ip- 340 kA, BT- 2 T, a minor radius of a-46 cm defined by the toeoidal graphite 
Iimiter and a major radius of R- 175 cm. 

Comprehensive plasma edge diagnostics are applied: e.g. emiSSion spectroscopy 
(HQ, DQ, 01, Cl) resolved in time, space and wavelength, ir-thermography, atomic 
probing beams (thermal Lithium, laser ablation of Li/ C) and electric probes [5]. 
Additional information is provided by HCN-interferometry. Thomson-scanering 
and bolometry. 
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3. Resu ll s 

It is impossible to change Ai without varying other important plasma para­
meters. Therefore, one has to select a specific parameter wh ich has to be kept 
constant for comparing isotopes. We presen t ou r results in two different ways 
I) The total number of particles Ntot is kept constan t in the medium density 
range r'leJ:::l2.3. l013cm-3, at the onse t of the fE sat uration reg ime; no te that fi e 
d iffers then by about 8% between Hand D. 2) The va riation of parameters wit h 
fie is determined (density scan). 

The ne- and Te- profiles in the plasma ce nter are much broader in H than in 
D, as can be seen from the HCN-interferometer and Thomson-scattering data in 
Fig. la,b. The ne and T, values at the lim iter rad ius r- a va ry opposite to those 
in the center, as is al ready indicated by the central profiles and becomes evident 
from the meas urements at the plasma edge (atomic Li/ C beam (6)) displayed in 
Fig.2a,b. The ratios of these values are given iri table 1. 

n. 
T, 
.fAiT. 
-fTJA'i 

.·a 
edge 

1.4 
1.7 
0.9 
1.8 

cenler 

0.87 
0.7 
0.6 
1.2 

Table J - rat io of hydrogen over 
deuterium va lues for Ntot .. const 

The broader profiles in H with en­
hanced ne and Te at the boundary have 
the following consequences: 
I) The particle recycling at the limiter 
is larger (Ha/ Da factor 2). Thus, 1"p is 
about a factor of 2 lower in H. 2) With 
a reduction of the total energy conte nt 
by a factor of 1.2 and an increase of 
the loop voltage by a factor of I. J 5 1"E 
is about a factor of 1.4 lower in H. 
whereby the enhanced energy transport 
accou nts for abou t half of the increase 
of the convective heat fl ux measu red at 

the limiter (total increase factor 2-3). The other hal f is due to red uced radiation 
from the light impurities C and 0 at the boundary region: typical values are 
P.ad/PhntRl60% in D and 30% in H (see Fig .3b). The decrease of radiat ion is 
ma inly due to the reduc tion of the ratio of photons/ionizat ions , as it is the case 
in an diffusive ionization equi librium typical for light Impunlles for 
increas ing Te with steepening profiles al the plasma boundary. The relative 
impurity f1uxes from the lim iler C/ H(D) and O/ H(D) are about equal in Hand D 
(abou t 2% each). 3) The penetration depth of neutra l H atoms is sligh tl y smaller 
than for D atoms, as is indicated in Fig.3c by the locat ion of the HQ"(DQ") peak 
radiation (CCD-camera) relat ive to the inner bumper limiter (r=:48.5 cm). This is 
in contrast to the expectations based on the assumption that ne(a} and Te(a) are 
the same in Hand D plasmas. 

2 dens it y scan 

In H the plasma parameters are much more senSItive to the varialion of n.,. 
With rising fi e th e· density profile broadens slightly in H - except close to the 
fi, -limit - but steepens in D as shown by the profile parameter ft,(40)/fie(0) in 
Fig.3a and by the different slopes of the rise of o.(a) in Fig.2a. Te(a) decreases, 
as generally observed in oh mic discharges, bu t with different slopes in Hand D. 
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such that beyond a critical density the values in H can become equal or even 
lower than those in 0 (Fig.2b), At these low T.(a) values of about 10 eV the 
plasma becomes -detached., a condition which is usually defined in TEXTOR[7] 
by the strongly increased penetration depth of neulTals (Fig.3e), Concu rrently 
n (a) starts 10 decrease (Fig.2a). In H a dramatic increase of Pr•cl is observed 
(Fig.3b). For both isotopes the radiation appears to behave according to the 
change of TI(a) which is. to a certain approximation, proportional to the ralio of 
ionizations/ photons for ca rbon and oxygen. The density limit in terms of ft. is 
slightly lower for H but in terms of Ntot it is nearly the same. 

4. Discussion 

The data presented in this paper should provide a basis for further testing and 
developing transport models. In order to give some hints of characteristic 
parameters which might dominate the transport, the change of the Larmor radius 
TLcx.,fA'iTi and of the thermal velocity vicx.[T;7A'i (assumption T.- T i ) are included in 
table I. The data susgest that the transport might scale with VI' This would be 
expected e.g. in an ergodic type of transport with DJ.cx6 2/ T, where 6 is a 
characteristic radial step width of the magnetic fieldlines and T is the time of 
flight of the ions for a toroidal loop. Provided 6. is constant we get the relation 
DJ.cxvl' A similar scaling for the convective energy transport is suggested by 
Rogister (8] based on the theory of drift waves. 

For the changeover from H-D plasmas ' to D-T plasmas isotopic effects may play 
an important role; we expect improved confinement as well as enhanced radiation 
cooling. 
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REDEPOSITION STUOIES IN THE BORONIZEO TEXTOR 
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~SI. Ass. EURATOM-NFR. $-10405 Stockholm. Sweden 

1. Introducti on 

Redeposition studies in TEXTOR with carbonized inner walls have shown 
that the mater i al which ; s collected on targets in the srape-off layer 
(SOL) is identical with the carbonizat i on layer itself. i.e. amorphous 
deuterium rich carbon (a-C:O) with a O/C-ratio of about 0.4 / 1/. The sta­
tionary recycli ng of the carbon back to the wall a~i limi:2:rs where it is 
eroded is a desired goal. F1 uxes hi gher than 2 x 10 C/cm s have been ob­
served in the SOL under those condit i ons corresponding to a carbon concen­
tration of about 1 %" in the plasma /21. C (accompanied by 0) is the major 
impurity and mainly due to chemical erosion at wall and limiters /3/. A 
boronization was per formed at 5.3 . 88 to the TEXTOR inner wall in order to 
reduce further the impurity concentrations. All li miters (graphite) and 
the liner (inconell were covered with an amorphous boron conta ining carbon 
layer (a 4 C/B:H) of 30 - 80 nm thickness 14/. The B/C-ratio ranged between 
1/2 and 111. Such layers were expected to show a r ed uced chemical eros ion 
by about a factor of 10 15/. The Stockholm-TEXTOR probe sys tems has joined 
the new situation and has ·coll ected part icles in the SOL in time resolved 
and integrated manner 16/. This paper addresses time integrated exposures 
carried out at 15.3.88. f.e. about 200 discharges after the boronization. 
The study of the probable changes of the structure of the deposit and of 
the C and 0 fluxes to the coll ector and their compar ison to previous re­
sults were the major a ims beside the observation of the B deposition. 

2. Exper imental situati on at TEXTOR 

During all exposures. the plamsa radius a • 44 cm was defined by the 
toroidal limiter system AlT 11 (po l oidal angle e:: -45· below equatorial 
plane). The poloidal limiters were withdrawn to r :: 50 cm which is also 
the radial pos ition of the poloidal graphite shields of the ICRH - antennae 
(AL). AlT I was dismounted. liner (r '" 55 cm) and limiters were at about 
160 ·C and boron; zed with H as hydrogen constituent. Exposures were made 
during 28 discharges (32202-32243) in_deuterium with Ip '" 337 kA. BT .:: 2iS 
T ~d the average durati on of 2.6s. n ranged between 2.3 and 3.3 x 10 
cm

4 

for most of the exposures. 3 disc~rges ended disruptively. 
Plane Ta-targets mounted on a housing were inserted hori zontally 

(8", 0·) into the SOL by means of the Stockholllt"TEXTOR probe system. At 
electron drift si de they reach a radial pos it ion which is 1.2 cm,closer to 
the plasma than on i on drift side. The surface area (8 x 6 cnr-) of the 
targets was or; ented perpendi cular to the toroi da 1 di recti on . Sl its of 5 
IlTl1 width along the center line allowed particles to reach a cyclindr;cal 
graphite target inside the housing. By rotating this cylinder between 
shots. integrations over selected di scharges could be made wh ile the outer 
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Ta-plates were exposed to 28 discharges. The field line distance on elec­
tron drift side to ALT 11 was about 40 m. except for radial positi ons 

r ) 50 cm where AL shadowed the target ;n a distance of 2.5 m. On ion 
dri ft si de the connection length (to All II) was even shorter: 1.4 m. Af­
ter the exposure the targets were di sassentl l ed for analysis. C. B. 0 and 0 
area l densiti es have been determined by ion beam analys i s in MS!, 
Stockholm. The first results are reported here and di scussed with obse r va­
tions made with other techniques (AES. interference fr in ge ana lysis), 

3. Results and dicuss i on 

Fig. 1 shows the areal densities of carbon (squares). boron (dots) 
and deuter i um (tri angles) measured on the Ta-target which was exposed on 
the electron dr i ft si de for 72. 8s i n deuterium. The ana l ysis is made pa­
rall el to the center line at a polo ida l angle 9 :: -0. r. Obv i ously. the 
element ratios are rather independend of t he radial position . The rat i o 
BIC :: 0. 23 ± 0. 03 is confirmed by AES ana l ys i s on samples taken from this 
ta r get and is in agreement with observations made in-situ at another loca­
tion of TEXTOR 110/. The fraction of boron is much lower than in the or i­
gi nal boronizati on l ayer where we found values between 0.5 and 1. 0. Depth 
profiling with AES showed up the homogeneity of the deposit. 

B i s exceeded by D (except at the target ti p). and the rat; 0 DIC ran­
ges between 0.3 and 0.5 as usual for amorphous carbon deposits 11. 21. The 
reduction at r ( 47 cm is l ikely due to effusion during a strong tempera­
ture excurs ui on of the target t i p aft er one of the disruptions. The amor­
phous charac t er of the deposit i s al so indicated by the appearence of in­
terference colours . This lead us to apply the colour-thickness re l at i on 
which has been found for a-C;H 17/ . The est imated th i cknesses are marked 
as crosses i n the figure and related to ;he ri~ht hand scale. Th i s sca l e 
is set up by using the relation 6.3 x 101 C/cm ~ 100 nm which was found 
to be val i d for amourphous carbon deposits growing in a carboni zed sur­
roundi ng. The agreement between the two independently determined carbon 

, profiles demonstrates the applicability of this "quick test" for redeposi­
ted mater i a l in a boronized machine. It is not surpr i s ing because the t o-
ta l boron fraction in the layer is about 13 % only. 

- 2 !ie deposition rate of carbon ~'lf d~2r~ised to, e.g. 1. 2 x 1016 
cm sat r :: 46.5 cm from 2. 1 x 10 cm s found a fter a carbon i za­
tion. It agrees well with the spectroscopical observations 18/. but i s 
less than expected and shows that carbon eros i on is still dominant. The 
carbon profile in general decays down steeply towards r :: 50 cm which i s 
the radial position of the antenna li miter and l evels off in i ts shadow . 
Thi s i s the same behaviour as observed i n the carbonized TEXTOR 121. It 
coul d be understood i n terms of a mode l where carbon i s eroded chemically 
from the carbonized wall. but mostly recycled and redeposited thereon (and 
on the target collectors). This model suggests l ower deposition rates on 
the ion dr if t s i de because of the shorter connection length to the li mi­
ter. This i s aga in observed here, but not shown in the figure: on the i on 
dr ift side target about half as much carbon ;s detected than on the e lec­
tron dr i ft side. 

Carbon eroded from the limiters can al so reach the collec t or plates 
by diffus i on out of the plasma when t he field line distance ;s long 
enough (L ) 12 m). This is the case on the electron drift si de for r ( 50 



IOOl 

9'--h-r~~=-'-I-T'--'-I-'I--~I--"--'140 

\ integration time: 72 .8 s 8-

';'" 7 -
I 

E 
~u 6-
o 
~ 5-
z;. 
' iij 4-
c 
Q) 

-0 

o 
Q) 

3-

o 2-

-

• tantalum target 

~ \+ c 

120 

-100 ......., 
E 

1-80 

-60 

40 

20 

c 

'" '" Q) 

c 
,:,t. 
u 
-" ..., 

fig.1 . distance from plasma center [cm] 

......., 5.--.--.--.,--,--,--,--,--.-. 
'i 
N'" 4 I 

t 3 
~ 

o 2 
~ 

• integration time: 18.4 s 
"" graphite target 

,.~. 0 
• 

'--' 
' . D ___ ~ 

2 1 'Ereo."'o;::~-~-
~ 01-__ .-__ .-__ r--,eor---~eo~.~-~~~---~~~ 

46 4748 49 50 51 52 53 54 55 

fig.2 . distance from plasma center [cm] 



1002 

cm. The decay length seems t o be lar~er (- 2.5 cm) as found in the carbo­
nized machine. (- l.J cm) and would correspond to a diffusion constant of 
about 5 x 10:5 cmZ-s 1, Boron is most probably 1 i berated from the , im; ters 
(see discussi on in /6/l. The collected amount increases with increasing 
temperature le' There is indication that boron diffuses into the graphite 
matrix /4/. 1n particular under thermal impact . This would explai n that 
lower boron concentrations are achieved on the limiter surface and hence 
in the reformed layers. 

Fig. 2 shows deposition rates of oxygen (squares) and boron (circles) 
as they were deduced from the graphite sample. The integrfjtioJ3 time here 
was 18.45 corresponding to 7 discharges with n = 2.8 x 10 cm each. The 
profiles found on the e l ectron drift side (9ull signs) and on the ion 
drift side (open signs) are almost equal with in the statistical error. Be­
cause the oxygen is collected mainly by -i mplantati on into the graphite 
target /9/ its amount does not correspond to t he fr act i on in the deposi­
tion layer. 

Deposition rates of"" 3 x 1015 O/cm2s ~t . e.g. r ,. 47.5 cm indicate 
the dramatic reduction of the oxygen impurity fl ux in SOL by factors bet­
ween 15 and 20 after the boronizati on. E.xposures on graphite t argets ma~6 
whe~ Y'e machine was carbonized yielded values between 4 - 6.2 x 10 
cm- s- at r = 47.5 cm at almost identic al discharge conditions /9/. The 
drastic reduction is in agreement with the observed decrease of the OVI 
1 ine intensity and corresponds to the CO and CO 2 decay measured with the 
sniffer probe /4/. Operation of TEXTOR coul d De achieved with improved 
density control and heating of the plasma and Zeff values of 1.2. 

4. Conclusions 

The col lector probe meausrements show that after a boronization of 
TEXTOR the oxygen impurity flux in the SOL is reduced significantly (fac­
tor 15 - 20) while the carbon erosion still dominates (reduction fac ­
tor ~ 2). The carbon i s recycl ed to the wa 11 elements and forms back the 
amorphous hydrogenated layer as ;n the carbonized machine. The boroniza­
tion has improved the pl asma performance without losing the beneficial 
recycling of the wall material. Sut, the degradation of the boron content 
in the redepos lts may indicate a slow transiti on back to the less ' benefi ­
cia l condltions in carbon ized machines. Sin ce th is ,is li kely due to a dif­
fusion l oss of boron into the graphite matrix. of the 1 imiters it woul d be 
of interest using a boron doped graphite as limiter material. 

References 

/11 P. Wienhold, et al.. 14th EPS Co nf •• June 1987. Madrid, Vol. 11, 782 
12/ P. Wienhold, F. Waelbroeck et al.. J.N ucl.Mat.163-165(1988) . in print 
/3/ E.. Vietzke. V. Philipps. et al., J. Nuc1.Mat. 163-165(1988). i n pr.int 
/4/ J. Winter, H. G. Esser, et al • • J. Nucl. Mat. 163-165 (1988). in print 
/5/ S. Vepfel<, S. Rambert. et al •• J. Nucl. Mat. 163-165 (1988). in print 
/6/ H. Bergsalcer. B. Ernmoth , P. Wienhold. M. Rubel. this conference 
/7/ P. Wienhold. U. Littmarl<. E-MRS Sym. Proc. Vol. XVII, 441 (June 87) 
/8/ U. Sarrm. P. Sogen. et al.. J. lIucl. Mat. 163-165 (1988). in pr,int 
/9/ f~. Rubel, F. Waelbroeck. et al.. to appear ;n J. Nucl. Mat •• 1989 

/ 10/ T. Banno , pr ivate communi cation 



1003 

PARTICLE EXHAUST DURING NEUTRAL BEAM HEATING WITH THE 
, TOROIDAL BELT PUMP LIMITER ALT.U IN TEXTOR: 

RA Moyerl, K.H. DippeJ2, R.P. Doemerl, K.H. Finken2, D. Grayl-, K. Nakamura3, 
I.G.watkins4, R.W. Conn!, W.J. Corben!, A. Hardtke2, the NI tearn2, and the TEXTOR 

team2 

lInstllute of Plasma and Fusion Research, and Department of Mechanical, Aerospace, and Nuclear Engineering. 
Universi ty of California, Los Angelcs, CA 90024. U.S.A.· • 

21nsti tut fur Plasmaphysik. Kcrnforschungsanlage JUlich. Association EURATOM-KFA, 0-5170 JUlich, 
Federal Republic of Gennany 

3Plasma Engineering Laboratory. Nw Fusion Research EstablishmcnI. JAERI, Nalca-machi , Japan 
4Sandia National Laboratories. Albuquerque, New Mexico 87185. U.S.A . •• 

Abstract 
Particle collection, removal, and exhaust by the toroidal belt pump limiter ALT-II have 

been measured in deuterium discharges with CO°, counter" and balanced injection of 48 keY 
neutral hydrogen particles. Particle collection increases from 50--80 A to 150-320 A during 
1.2 MW of co- or counter-injection or 2.4 MW of balanced injection. The removal rate for 
pumping at two of the eight blades (3 of 15 scoops) reaches 2.7 Torr-lIs with a removal 
efficiency of nearly 45%. Extrapolating these results to a full belt with 15 scoops and eight 
pumps yields 140 amps of removal. This compares favorably with the maximum injectable 
current of 50 A and suggests that ALT-U with full pumping can provide sufficient exhaust 
during NI heating. 

Introduction: 
The Advanced Limiter Test-II (AL T-II) is an eight segment, toroidal belt pump limiter 

located 45° below the outer midplane in the TEXTOR tokamak. l Previous experiments have 
measured the particle collection, removal, and exhaust efficiencies in Ohmic discharges and in 
discharges with up to 2.5 MW of ICR auxiliary heating.2 The effects of poloidal asynunetries 
in particle flows and scrape-off lengths and of modifications to SOL profiles during high 
power ICR heating have been detennined.3 

In this paper, we report results on particle collection, removal, and exhaust by the pump 
limiter in deuterium discharges with 1.2 MW co- or counter-injection and 2.4 MW of balanced 
injection. Measurements of particle collection in the 15 localized particle collection scoops are 
presented first. Removal rate measurements and removal and exhaust efficiencies, 
extrapolated to eight operational pumping stations (mid-1989), are presented next. 
Conclusions are summarized in the fmal section. 

Particle Collection during Neutral Particle Injection (NI): 
Particle exhaust has been measured in deuterium discharges with co-, counter-, and 

balanced injection of 48 keY neutral hydrogen panicles. The current collected by an 
electrostatic probe biased to collect ion saturation current in an ion drift direction particle 
collection scoop ("flux probe") is plotted versus rime for typical co-, counter- and balanced 
injection discharges in Figure 1. This flux probe integrates the current into the scoop in the 
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radial dire(;tion to account for profile effects. For 1.2 MW of co- or counter-injection, the 
particle flux into all ALT scoops increases by a factor of 2.5-3.5. The increase is 
systematically larger for counter-injection by 10-20% under comparable machine conditions. 
During 2.4 MW of balanced injection with comparable machine conditions. the flux increases 
4-5 times . Particle flow asymmetries in the Ohmic phase, if present, are maintained 
throughout the NI pulse in all three injection schemes. The total particle collection during NI 
heating increases with the line average central density achieved during the NI pulse from l50 
to 320 A. compared to 50-80 A in Ohmic discharges, as shown in Figure 2a. 

Langmuir probe measurements in the scoops show that the particle flux increase results 
nearly entirely from a density increase (Figure 3). Typical electron temperature rises in the 
scoops are less than 25% and often are zero. Scanning double probe flux and density profiles 
taken along the outer midplane indicate that the tangency point flux rises from 1-2 Ncm2 in 
the Ohmic phase to 5-10 Ncm2 during neutral injection, in agreement with increases in 
panicle fluxes to the limiters measured with Du monitors.4 The tangency point density rises 

from 1-2x 1012/cm3 to 8-20 x 1012 /cm3. The flux and density e-folding lengths decrease by 
about 10--20% during neutral injection. 

Behavior of the SOL T e profile is more difficult to detennine. In the past, it has been 
observed that the Te profile in Ohmic discharges decreases rapidly from its tangency point 
value in the flrst 0.5 cm of the SOL. Beyond the rust 0.5-1 cm, the Te proftJe is quite flat (A" 
4--6 cm), and Obtaining accurate estimates of the tangency point Te requires SOL profile 
information to within 0.5 cm of the limter radius. This is not possible due to the power flux 
to the probe (> 3 kW) in the last 0.5 cm that heats the probe to emission. Estimates of the Te 
rise at the tangency point from spectroscopic measurements4 give a factor of 3.5. One 
centimeter deep in the SOL, scanning probe measurements indicate that the T e rises by about a 
factor 2 from 20-25 eV to 40--50 eV. This result is consistent with the Langrnuir probe Te 
measurements in the scoops (2.8 cm beyond limiter radius) shown in Figure 3 since the 
e-folding length beyond the first 0.5 cm also shortens substantially (4-6 cm to 2-3 cm) during 
NI heating with the result that the Te at the radius of the scoop Langmuir probes is nearly 
unchanged by the NI heating. 

Particle Removal and Exhaust: 
Substantial pressure rises (5-7x) are seen at the unpumped scoops during the NI pulse. 

At the pumped blades, the removal rate increases roughly in proponion to the flux. These 
increases are compared with the flux increases of the previous section in Figure 4. Removal 
rates in excess of 2 Tore-Vs for the three pumped scoops are easily obtained (Figure 2b). To 
date, the record removal rate and efficiency, obtained with 1.2 MW of 48 keV neutral 
hydrogen co-injected into a high density deuterium discharge (3.7 x 1013 cm-3) are 2.7 
Torr-Vs and 45% respectively. This exceeds previous record values, obtained with 2.5 MW 
of ICR heating, of 1.2 Torr-lIs and 30%. Such high density discharges have not yet been 
attempted with the higher power level of balanced injection where one would presumably 
obtain even higher retr.oval rates. Several balanced injec~ion data points, obtained on a 
different day with a line average density of 3.0 x 1013 cm3, are also plotted in Figure 2b for 
comparison. ExtrapOlating these results to a belt with 15 scoops and eight pumps yields a 
removal rate of 140 amps. This compares favorably with the maximum injectable current of 
50 A and suggests that ALT-II with full pumping will provide sufficient exhaust during NI 
heating to permit density control. . 
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Scanning probe particle flux profIJes in the SOL have been used to estimate the total core 
efflux. the global particle confinement time 'fp. and the exhaust efficiency. This technique 
suffers from the limitation that poloidal variations in the SOL flux profile are neglected. The 
measurements are made along the QUler midplane where the e-folding lengths are known to be 
longer than along either the top or bonom central chord. These calculations might therefore 
overestimate the core effiux and hence underestimate the global panicle confinement time and 
represent a lower limit. 

The global particle confinement time decreases from 100-150 ms in Ohmic discharges 
(depending upon the line average density), to 25-35 ms during NI heating. The database is 
presently too limited to permit detailed variations among the three injection schemes to be 
detennined. The resulting exhaust efficiency (removal rate/core efflux) is 5-10%. 

Concl usions: 
Measurements of the particle collection, removal, and exhaust by the ALT-ll pump timiter 

during 1.2-2.4 MW of NI heating indicate that the toroidal belt pump limiter system is capable 
of handling the exhaust requirements during high power NI heating if the pumping system is 
completed at the remaining six unpumped blades. This will occur in mid-1989. Improvements 
in the exhaust and removal efficiencies by a factor of 2 may be achieved by reducing the blade 
thickness.3 To date, no systematic variations in the SOL profiles obtained from the scanning 
probe among the three injection schemes has been observed. Differences in particle collection 
and removal may be attributed to the overall NI power level and confinement degradation. 
Future NI experiments will include deuterium injection, measurement of the helium removal 
rate for ALT-II. and efforts to improve confinement while using ALT-n as the main TEXTOR 
limiter system. 
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1. Introduction 

Tore Supr a 11 J is a large tokamak (R3238 cm, a=15 cm) with 
superconducting coils.This tokamak is de s igned for quasi-steady -s tate 
operation and therefore the properties of the edge plasma and it s 
interactions with edge components are of primary intere st. All 
surfaces in contact with the plasma are of graphite construction 

In its first year of operation only small number of 
reproducible shots have been obtained. However, these shots are 
representative Of plasmas in the ohmic phase of the machine and 
deserve to be studied before the ne~t phase of operation with 
additional heating. tn the initial e~periments the plasma was leaning 
on the inner a~isymmetric graphite wall, which covers about .·45" 
poloidally. To simplify particle control, the working gas in these 
discharges was helium. Past studies of particle confinement times in 
tokamaks have involved hydr ogen, and the collisional·radiative model 
of Johnson and Hinnov (2) has been employed to relate the measured 
intensit y of H- lines to the ground state population nlll. The electron 
source nil )ne Seff is then calculat ed using an effective rate 
coefficient Seff . In this study the model is e~tended to helium by 
including the work of Drawin et al (3,4). For the first Tore-Supra 
discharges only one line of sight was available. The · spatial 
distributions are modeled by a 3D neutral transport code which is 
coupled to a 20 equilibrium code. In a previous study thi s code was 
benchmarked to e~perimental results by modeling complete spatial 
ionization profiles from TeXT (5). 

2. Experimental sHup· 

A 0.64 m Czerny · Turner spectrometer equipped with an Optical 
Hultichannel Analyzer IOHA) and a grating with 2400 gr/mm 
Idispersion=O. 14 A/pi~ell is used. Due to the fused silica lenses of 
the . telescope If/2;f=50 cm) and the silica fibers tPCS-l000:d=lmm) the 
spectral range available extends from 300 to 800 nm . Each fiber views 
iI chord through the plasma of about 6 cm in width. Nine radi·.I- views 
are aChieved. They scan the bottom half of the poloidal cross-sectlon. 
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The f i rst is slight ly above the horizontal midplane, and the last is 
just outside the last closed magnetic surface. This system is 
a.bsolutely calibrated by means of a tungsten filament lamp and a 
Lambertian diffuser plate,both ca li brated against standard sources. 
For the calibration, the diffuser plate was pla ced inside the tokamak 
at the actual center o f the plasma chord Observed . 

J. EKperimental results' 

I n this paper we study some typical discharges during the 
early phase of T5 operation. Figures 1 and 2 show plasma cur r ent ( Ip ), 
line-averaged density in!'!), l oop-voltage ( Vp) and a typical Halpha 
signal. Ouring the current plateau tlp ~600 kA) a gas injection i s used 
to raise the density from 1.5 to 2. l Kl0E1J (cm-JI. The radius of the 
plasma is maintained constant ~t iDem with the plasma limited by the 
inside carbon wal l. The continuum signal given by the OH~ in the range 
of 520nm is use d to calculate an ave ra ged leff. The i niti al value of 
leff:J (.50 - l Oll before gas puffing drops to 2.5 and remains at this 
val ue until the end of the current pla teau. This ca l c ulation use s only 
the Te-profile obtained with the ECE system, and the absolute va lue Of 
Teto) was derived from the transport code (HAKOKO TI . Thi s leads to the 
large erro r bar qu oted abo ve. We have verified spectroscopicallY that 
no heavy impurities con tributed to the leff measurement pre se nted 
here. The dominant contribution to the Zeff are carbon, oxygen, and 
hydrogen. 

4. Hethod of analysis: 

Neutral impUrity influxes are calculated from measurements of 
absolute intensities of neutral or weakly ionized i ons. For hydro~en 

th e mod el of Johnson and Hinnov (2) has been used. The ca rbon in flu x 
was derived from a simple model using the ratio Of ionization t o 
excitation coefficient JET (61 , Drawin extended the collisiona l ­
radiative model to Hel and Hel l . We used the effective ioni za ti on rate 
coeff i cient Seff compiled by Bell and al. 171. We find (fig.JI that 
the ratio of ionization event s per photon. unlike the case of 
tlydrogen, i s strongly dep ende nt on the electron temperature. Sin ce we 
did not dispose of an electron temperature profile we have assumed an 
electron temperature cor re s ponding to half the ionization potential of 
the conside red ion i,e. TaV for H, 12eV for He l and Clr, and 25eV for 
Hel I . 

Neutral transport modeling is used to relate the locally 
measured flux to the poloidally averaged f lu x. In the s e ca l c ulatio ns, 
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an axisymmetric equilibrium is coupled with a 3D Honte-Carlo code (5) 
to estimate the relative poloidal. distributions of Hel and Hell. HeI 
is assumed incident from the inner limiter, emitted uniformly in the 
toroidal direction. A.n incident energy t typical. of reflected 
particles) of 30eV is assumed. The ca lculation uses ionization rates 
published by Janev and langer (al and neglects Helium charge exchange. 
Ionized Helium is assumed to move on a flux surface, SUbject to random 
cross-field diffusion (D~lH2/$J. The Hel distribution is localised 
near the limiter, while He ll exists in a peloidal shell. Temperature 
and density profiles will affect the quantitative results . The 
predicted local brightness in the model 1s integrated along the same 
chord as used experimentally. 

5. Resylts and discussion . 

The particle confinement ti~e has been computed for the 
typical early Tore-Supra discharge. The ionization source used in the 
computation includes contribution of not only the working gas He, but 
also of H which is always present due to desorption from the graphite 
surfaces. The measured local sources and their ratios to the modeled 
poloidally weighted sources are shown in the table Ishot 510 fig.1,2 
and shot 511): 

SPECIES ne 11 0 '3 I LAH80Alnml LOCAL SOURCE WEIGHTING FACTOR 

H 2. 656.3 4., lO ' 5cm_3s": 1 , . J 

Hel 1. 388.9 5.0 
14 • 2. , 10'5 

Hell 2. 656.0 , . 0 
'0'4 >1.0 

ell 2. 651.B 0.8 10 . 

The viewing chord used for this measurement had a normal 
radius of 44cm. For the neutrals, the source comes primarily from the 
inner carbon limiter. For the Tp calculation, the Helt was not 
modeled, but it can be assumed t hat its emi ssion is poloidally 
symmetric due to the high i onization potential 154eVI, and hence the 
weighting factor is assumed to be close to 1.0. 

Analysis of the partial pressures of the recombined gas, right 
after the end of the discharge has been achieved with an absolutely 
calibrated quadrupole mass spectrometer. This analysis show! a 91 
ratio of H to He atoms. This should be compared with 1st ratio 
measured from recycling neutrals. 

In the computation of Tp the absence of the Hell contribution 
to the source is overcome with the approximation that 2 electrons are 
contributing for each He atom. Using on l y the neutrals, a total 

4 
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ionintion sour c e of '.6~1021 particles/s is found and a particle 
confinement time of 121ms is computed. An uncertainty Of +-100l is 
estimated primarily due to the sens itivity of these calculations to 
the edge electron temperature . This value for Tp is reasonable for a 
low density. l ow current He plasma. 
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Ergodlc Dlvertor Experiments on Tont S~ra 

o 
T E £YANS, A. 6ROSIWI, H. CAPES, A. SAMAIN, Ph. 6HENDRIH 

Dopartemcnt De Rooherohos Sur La Fusion Controlee 
Assooiation EURATOK-CEA 

CEN-Cadaraoho, St . Paul-Lez-Ouranoe, Franoe 

1 . INTROOUCTICIf AND DESCRIPTION Of THE EIPEBlKENTAL HAB£lrfARE The 
ergodio divertor (e') oonfiguration is expeoted to provide substantial 
benefits in teI'lDB of oontrolling edge parameters and impurity 
oonoentrations in high temperature fusion plasmaa , Although previous 
.1 experiments [1.2] have provided stimulating results the Tore Supra e' program is uniquely positioned to yield signifioantly new physios 
with wbich to advanoe our understanding of plasma surfAce interaotions 
and their relationship to the overall oonfinement properties of 
tokamaks plasmas. Tore Supra is a relatively large maohine (i.e., Ro~ 

2.37 m, a= 0 , 8 m, Ht = 4 , 5 T) with a long plasma pulse and high power 
Auxiliary heating , The" ooils are mounted inBide the vacuum vessel 
(6 ooils equally spaoed toroidally) and ate equipped with neutralizer 
plateD attaohed to pumping ohannels with getter pumpe for exhausting 
partioles [3] and heat , By matohing the Angle of the field linea on 
the resonant surfaoe they oreate a JJagnetio island struoture oentered 
at higher poloidal mode numbers than in previous experiments , An.,. 
layer, oonsisting of several overlapping island ohains, is produoed 
within a well looalized radial interval " 10 om at the edge , These 
elements provide flexibility for modifying the boundary oonditions and 
interaotions with a variety of plasma faoing oomponente (pump 
limiters, RF oouplers" ,, ) , In addition to edge studies, the ergodio 
layer provides an opportunity for MHO and equilibrium experiments (due 
to modifioations in the current profile and boundary oonditions) and 
for runaway eleotron oonfinement experiments, 

The teohnioal speoificatione for the e' Coils have been desoribed by 
Lipa et al., [4]. The key physios points are that the ooils produoe a 
relatively broad toroidal (n) and. poloidal (m) Fourier mode speotrum 
(e.g., a full poloidal width at half maximum of ~O , 15 mo, where DO is 
the fundamental poloidal mode number ) and OAn be phased suoh that ID/D 
resonant surfaoes ocour at several q values between 1. 33 and B. ne 
width of the ergodio layer AS well Ae the degree of etoohaetioity in 
the layer oan, be varied by ohAnging either the .'current or the radial 
position of the mo/Do resonant surfaoe witb respeot to the ooile . The 
overlap or Chirikov (30 ) parAlllet er may be varied from 0 to 
approx1mD.tely 1.7-2.0 with a 1D!lximm.' ooil current of 45 kA. 
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2. THEORETICAL lIARt!ARE AND BACKGROUND MODElS Plasma effects in the 
ergodio layer are oaloulated in terDl8 of the usual magnetio diffusion 
ooeffioient (~LcIm,nS(m-n/q)(bm,n/BT/)2, where bm,n is t he resonant 

part of the imposed perturbation field and Lo le the oorrelation 
length) with a quasi linear model , Suoh oalculations have been 
validated via a 3-D variational method [5] . Additional analytic and 
numerioal e. models, inoludinq several types of field line 
traoing/mapping codes, and a modified Grad-ShafnDov (G-S) equation 
are used to guide the experiments . These are briefly disCJUssed here 
with respect to their implioations on various aspeotB of the 
experimental program . In particular, the numerioal oodes are used to 
evaluate the VAcuum magnetio field struoture in the ergodio layer as a 
funotion of the ooil ourrent, direotion, and magnitude for various 
plasma q{r) profiles while the modified G-S equation is used for MHO 
stability and equilibrium studies with an ergodio layer. The line 
traoing and mapping oodes give us a surfaoe image of the IDagDetio 
patterns on the walls and plasma faoing oomponents . This provides an 
important link between data obtained with visual and infrared imaqing 
diagnostios and the 3 dimensional field struoture in the ergodio 
layer. 

The field line traoing oodes are also used to evaluate the speotral 
properties of tbe ea ooils and to study the size, orientation, and 
relative ooherenoe of island ohains on eaoh resonant surfaoe .as well 
as for the oomputation of exao t field line trajeotories to any 
boundary point . For instanoe, in one oase, a traoing oode, has been 
used to follow field lines started. at the r=74 .45 cm surfaoe for a 
distanoe of 200 meters . The result show that , given 400 initial 
points, 36% hit the midplane pump limiter. Of this, about 4% enter 
the limiter throat, 31% hit the leading edge of the limiter blade, and 
1% hit the face of the limiter positioned at r=74 . 5 cm (6] . 

Global MHO stability and equilibrium properties are also an important 
oonsideration for the planning of the ea experiments , espeoially with 
respeot to ideal kink modes and resistive tea~ing modes aa the current 
profile is reoonfigured during the formation of the ergodio layer . A 
modified Grad-Shafranov model, in whioh an exponen~ial term is used to 
inolude ohanges in the boundary conditions, is employed to study 

. disoharge equilibrium properties with ea layer effeots ,included. This 
equation is kpown to exhibit bifurctlted solutions [7] indicating that 
t he introduotion of the ea layer may trigger a switoh between two 
po8sible current profiles . 1£ these solutions prove to be stable, wo 
may find ·that one profile is highly peaked (giving a q aignifioantly 
hss than 1 on axis) while the other is relatively flat similA,r to 
those -observed during Land H-mode di80harges . In addition, the model 
may be used to determine a parametrio condition for the loss of 
toroidal equilibrium. A stability parameter applioable to the ea 
qeometry includes ohangea in the effective plasma radius yith the 
introduotion of the ergodio layer. 
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3. EBr~P1C P1YERTOR PARTICLE CONFINEMENT TIME MODEl. An essential part 
of the .i experiments i3 to determine the effeots of stoohastio fields 
on ' the behavior of heat and partiole transport (espeoia lly impurities) 
t o the maohine walls and plasma faoing oomponents , Thus an 
experimental figure of merit A - SO/1ped , where 1ped t he •• layer 
partiole oonfinement time : 

1ped = 

2S.'" I • S 
a2 b x dx 

2S.'" I • s 
a b dx 

provides a useful measure for quantifying the ergodio divertor 
performanoe . In this form 1ped is easily evaluated when it is known 

the souroe term, S ::: none<CJ\le>ion, is looalized within the •• layer . 

Under this assumption the Ha (A"" 6563 A line) intensity (la) provides 

a direot measure of h, a S dx where la is simply expressed as the ratio 

of <CJVe>exo to <O\le>ion times foB32(4,q-1 and B32 is the branching 

ratio from the excited state to either the n2 or n1 ground state . Nad 
(the number of partioles in the •• layer) is determined by density 
profile measurements. The souroe looalization assumption is justified 
if the density and temperature in the •• layer are high enough that 
the ionization mean free path <Ao} of the neutral flux from the walls 

satisfies Ao < ~ where A-a-b is the width of the •• layer. For low.' 
layer density or temperature the denominator may be replaoed with an 

expression of the form Sa {Ri' a + r extJl1 (Sb/Sa) expI_::::Ib a 

(ne<CJVe>ionJvo) dx}, where fext is an externally imposed flux and R is 
the recyoling coefficient . Tbe exponential attenuation faotor 
depends, in the slab approximation, primarily on the electron density 
profile aoross the e' layer (looated with its outside edge at r=a) and 
the ratio of the surfaoe areas (Sb,Sa) on eaoh side of tbe cylindrical e' layer. Thus it is neoessary to measure tbe De profile and the 
neutral partiole flux, f 0"" if a, through surfaoe r=a to obtain 1ped. The 
same approaoh may be developed for impurity transport studies and 
correlated with perturbation experiments suoh as : gas and metal 
impurity injeotions experiments . Gas puff, laser blow-off , or pellet 
injeotion hardware on Tore Supra provide the tools for these 
experiments. Finally, this approaoh oan be used to quantify runaway 
eleotron oonfinement with an .i layer . The high energy eleotrons 
provide a method of isolating parallel transport properties from 
perpendicular transport more typical of the heavy ions . 

4 . IMPURITY TRANSPORT AND CONTROl, The dynamios and produotion of 
impurities with an e' layer is a key teohnioal question8 to be 
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addressed in the Tore Supra experiments . Initially experiments will 
study transport, using the models desoribed above . The seoond goal ie 
to study produotion . Therefore. it ie essential that we test the 
hypothesis that a aold, high density layer. forming near the wAll. 
will radiate strongly and 0001 the outfloying plasma. partioles before 
they hit the faoing oomponents. If aohieved, this will reduoe 
sputtering 10ss8s from the walls and lower the oonoentration of high-Z 
impurity throughout di8oharge. Diagnostios deaigned speoifioally for 
these studios have been implemented on Tore Supra. Finally. tbe drag 
effect [5} is believed to be important for sweeping impurities out . of 
the disoharge and will be studied in detail. The .' layer model given 
in section 3 and a heat transport model ae in ref . {5] are ueed to 
develop a physioal understanding of impurity transport and produotion. 
These will ultimately be lin&ed to more oomplioated models for 
impurity transport and produotion with an ergodio layer but first 
experimental data DI.1st be aoquired and the basio models tested . 

5 . SUMKABY The Tore Supra ergodio divert or program will oonoentrate 
on partiole oonfinement and impurity oontrol experiments during a 
first series of experim&nts . Numerioal and analytioal models are 
produoing results Ybiob are useful for guiding the experiments ' and 
which will be used to analyze the measurements . There are a wide 
variety of heat and particle transport experiments undeI'Yay and MHO 
studies will folloy shortly . The results from these progra.m8 will 
provide a more oomplete assessment of ergOOio divertor benefits for 
high temperature, long pulse fusion reaotor plasJDas and will yield new 
physioal insight into the oomplex domain of plasma surfaoe 
interaotions. 
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1. INTRODUCTION 
It became more and more evident during the last years that the total gas balance in the 

fusion machines was largely dependent on the recycling properties of the graphite which is the 
principal component of the inner wall. 

Numerous studies. reviewed e.g. in [1,21. have been done to increase the physical 
understanding of phenomena like retention, detrapping and diffusion of the hydrogen 
isotopes, which controls the recycling behaviour of the graphite. 

. . If the graphite implanted by energetic ion beam has been extensively studied, less work 
was made on thermally exposed graphite [3-5] and very little infonnation is available for low 
energy high density plasma exposure typical of the inner wall conditions in the Tokamaks. 

Therefore. we describe in this paper the firs t results that we have obtained by 
implanting pyrolytic and polycrystalli£e s~ples of graphite with a Deuterium plasma source. 
The density of the plasma was 5.10 cm- and the electronic temperature was T = 15 eV. 
After the plasma exposure. the samples were analysed by thermodesorption witR different 
heating rates. 

The thermodesorption spectra show a rather complex structure with peak desorption at 
lower temperature than those obtained by the authors (see e.g. [6] and rer. therein) which used 
energetic ion beam implant but comparable to the experiments [5] made with graphite thennally 
exposed to hydrogen isotopes. 

The last part of the paper gives the results of the comparison between the experimental 
data and numerical simulation of detrapping processes and diffusion processes. 

We show that the principal features of our desorption data can be explained as well by 
diffusion processes as by detrapping and recombination mechanism. with in the two cases 
activation energies between 0.2 and 1.5 e V. 

2. EXPERIMENTAL 
The experimental set-up will be described elsewhere with more details. It involves one 

plasma source and one thennodesorption device.The graphite sample can be moved without 
breaking of vacuum from the plasma source to the analysis apparatus. 
2, 1, Plasma source 

It is a duopigatron source (7] with an anticathode madi£f po~crystalline graphite. The 
electronic temperature was set at 15 eV and the density is 5.10 cm-, 

In these conditions. the elec~ca1IY floating sample is implanted by Deuterium ions of 
about 45 eV and with a flux of:ll 10 S-. 

The plasma density and temperature have been measured by a double Langmuir probe 
at different positions and checked by the value of the sheath potential between the anode and the 
anticathode, We have also verified the results by the ratio of Ho: and H~ lines. 
2.2. Thermodesorption apparatus 

The analysis vessel has a base pressure of 1.10-10 torr. Thennodesorption spectra are 
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recorded from a quadrupole mass speclrometer. The sample is heated by electronic 
bombardment on the side no t exposed to the plasma. Temperature is measured by a 
thermocouple inserted inside the sample. The heating ramp. pumerically driven. is perfectly 
rectilinear and his rate may be changed from 0 to 2.5 Kelvin s- . 

The temperatures obtained were checked by an infrared pyrometer. In 
thennodesorption experiments. th,e' temperature unifonnity across the sample is essential. It was 
inspected by Infrared Camera and color analysis did not show noticeable temperature variation. 
2.3. Samples 

The samples were made with Carbone-Lorraine 5890PT (as used for the Tore Supra 
first wall) and pyrolytic graphite from Union Carbide. Dimensions are llxllx2 mm. They are 
moumed on a molybdenum support. The plasma exposure is done by an aperture of 9 mm 
diameter in the anticathode. 

Two series of experiments were made. The flfst one with the sample directly screwed 
onto the support; the second one with the sample electrically and thermally isolated from the 
support by little ceramic pieces.We have verified that for the second serie. the support did not 
degas during thennodesorption experiment by implanting a sample as usual and replacing it by 
another identical sample which had not been exposed to the plasma. Then. we proceeded a 
thennodesorption experiment during which the D2 signal remained negligible. This fact rules 
out any influence of the support on the thermodesorption spectra. 

3. RESULTS 

less. 
A typical desorption spectrum is shown in Fig. I giving evidence for four peaks at 

PRESSURE 
(u . A.) 

J, ill , . : . , 

T (Kelvin) 
~----~~---4~OO----~60~O~--~8~O~O--~1~O~O~O----~ 

Fig.l- - - Experimental desorption spectrum. Heating rate 1.5 Kelvin s-1 
---Numerical simulation of diffusion mechanism. Desorplion energies: 1.3 • 

1.05. 0.73.0.60 eV . 12/DO=W·6 s·l . See text below. 

Preliminary experiments with exposure time to the plasma from 0.4 s to 12 s have not 
shown differences in the amount of implanted Deuterium. That is coherent with the 
well-established [1] fact that graphite retains all the non reflected hydrogen umil the saturation 
concentration is reached . However the observed height of the first peak: is lower when a same 
fluence is obtained by one shot than by some shots separated by time intervals. 

We suppose that the higher temperature rise of the sample for higher times of 
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continuous exposure is the reason for this lowering of this fIrst peak: at 420 Kelvin. This was 
confmned by an identical lowering of the first peak when the initial temperature of the sample 
was 100 Kelvin above room temperature. 

Series of desorption were made at heating rates of 0.5. 1, 1.5 and 2.5 Kelvin 5- 1. The 
spectra are reproducible and the estimated positions of peaks are given in Table 1. 

Heating rate 1 IV 
0 .5 410 lO 820 

430 840 

2.5 895 
Table I: Peak for differenl hea'lng rales 

As expected, the peak positions are shifted to higher temperatures when the heating rate 
is increased. 

The experiments done with pyrolytic graphite have given the same results for the peak 
positions and the general features of the spectra with a lower fIrst peak, due to a temperature 
rise during the bombardment more important for the less conducting pyrolytic graphite along 
the c axis. 

4.DlSCUSSION 
With high energetic ion beam exposition [6], the thermodesorp tion spectra show 

structures with peak temperatures around 1100 Kelvin; these structures are sometimes washed 
by the high rate of temperature rise. These experiments were, in most cases, interpreted by 
second order detrapping processes. 

. Our results are more similar to those of Atsumi and a1. [5], where the interaction 
between graphite and deuterium was obtained by high temperature high pressure exposition of 
the graphite to the gas. They obtained struc tured spectra with peaks in the same range of 
temperature as our results. They have supposed that bulk and pore diffusion processes were the 
dominant mechanism of the desorption. . 

We bave done two series of numerical simulation; the first with a second order process 
(detrapping and recombination), the o ther one with a diffusion model. 

In the fir st case, the pressure P(2 is given by 
P(,) = ex n (,) exp (-Ed I kT(I)) (I) 

where n is the number of implanted species, Ed the detrapping energy of activation, T the 
temperature and ex a coefficient proportional to the preexponential tenn of the detrapping 
process and dependent on the pumping rate and geometrical feat~s of the device, 

Then, if v is the heating rate, the peak temperature T p is given by the relation 

Ed 2n(Tpl (Ed) -- ex exp -- = 0 (2) 
kT2 v kT, , 

which needs simple numerical computation to be solved .. 
In fact, thanks to the minor variation of neT ) versus v, numerical trials gave same 

results for the peak temperature variation versus the ~eating rate with flfSt and second order 
processes. We can therefore use the well-known first order result where the slope of. the 
quantity Log ~.Jv versus l(f gives the activation energy. If the curves thus obtained are 
straight lines, it-)s a presumpti8n of validity for the model. These curves. are ShOWl in Fig. 2 
for the four peaks that we obtained. . ." 

Therefore Fig. 2 shows that our results can be explained by a detrapping mooel of first 
or second order with low activation energies of D.? eV, 0.51 eV, 0.43 eV, 0 .25 eV. 
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Fig.2 • Experimental and -- simulated values of Log Tp / V for a detrapping 
mechanism of 0.7 ,0.5,0.43 .0.25 eV activation energies. Heating rate in Kelvin min -1. 

We have also simulated a diffusion process wilh a simple model of an initial implanted 
slab of unifonn concentration between x = 0 and x = 1 in a semi-infinite solid x>O.Such a 
simple initial concentration gives a good approxi mation .of the experimental distribution 
observed by Causey and al.[3] in the low temperature exposure case. During the desorption, 
the surface concentration is set 10 zero. 

The solution of this model is almost analytic(S), including only numerical computation 
for the change of time scale(9) to I = J; DCt) dt and gives 

«noD ( ( 12» P(t)= 4YI l-exp-4T 

OUT results can be adequately describer br such a model with activation energies of 1.3 
eV, 1.05 eV. 0.73 eV. 0.60 eV and DO= 1. cm s- for an implantation length of 30 lJ,.m which 
compares with the results of Causey and al.(3). 

Numerical simulation gives peaks with a tail at the left side for second order desorption 
and at the rightside for the diffusion mechanism, but the overlapping of the peaks prevents the 
use of the fonn of the spectra to take conclusions. 

In conclusion, independent measurements of the diffusion coefficients seems .to be 
necessary for a choice of one mechanism. We are actually working on preliminary results of 
incoherent quasielastic neutron scattering experiments and we hope that we shall obtain at less 
an upper limit for the diffusion coefficient. 
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Introduction 
The problem of extracting large power fluxes at the edge of tokamak 

plasmas with tolerable production of impurities, as well as of improving 
the plasma pumping efficiency, may be alleviated if the plasma interacts 
with the wall with a large density, small temperature. Such a configura­
tion should be obtained by magnetic connection between the bot plasma and 
the wall. if the parallel energy flux induces a temperature decrease 
along the flux lines, while the pressure nT tends to remain constant. 
This is achieved with axisymmetric divertors [1,2]. On Tore Supra, we 
have planned to test that possibility with the ergodic divertor [3], 
where the magnetic connection is due to a resonant magnetic pertubation 
which creates a stochastic layer between the hot plasma and the wall. The 
aim of this paper is to present the expected transport performances of 
the implemented device in the framework of the quasilinear theory. 

Magnetic topoloay 
The coils creating the magnetic pertubation consists of 6 identical 

modules 60' apart in the toroidal direction (fig.l). To take account of 
the toroidal effects, it is convenient to change the coordinates from the 
usual r, B, If. R. to a system r'. 9', lP ', R', where 1tr.'zBo is the toroi­
dal flux labelling each unperturbed magnetic surface, B' and If' being the 
intrinsic poloidal and toroidal coordinates which exhibit a constant ~,. 
and finally where the average length along flux lines per toroidal rota­
tion is 2~'. The perturbation of the trajectory of the flux lines, and 
generally of pure v, particles, by a vector potential 8A,(r ' ,B' ,If') is 
then calculated as in the cylindrical case. This statement holds when an 
electric potential perturbation U(r',9',If') is present. 

Fourier analysis of 8A, in 9', If' produces a spectrum A,(M,N). The 
wave number M along B' is distributed in an interval 24 ± 5 at the plasma 
edge rt= 0.8m (M: 10 ± 2 at r'= 0.6m) . The wave number N along If' takes 
va lues : N=6, 12 or N=3, 9 according to whether parallel or opposit vol­
tages are applied to successive modules . The predominant resonance occurs 
for q. d •• = K/N = 4 (N=6) or 2.66 (N=9). For the case q.d • • = 4 and N=6 the 
position of the resonance surfaces M/M = 24/6, 23/6, etc ., are shown on 
fig.1. Figure 1 also displays the Chirikov parameter 28

1 
• • /d

1 
•• where 
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S =(8 A (H N) qR'/(B r'dq/qdr,»1 / 2 is half the island width. and d 
i~fttthe fadial dista~ce between successive island chains. The isl~~d 
chains strongly overlap within the 0.1 m edge layer, the number of 
resonant surfaces being N 5, vhich is large enough to ensure a stochastic 
diffusion of the field lines. The quasilinear diffusion coefficient of 

the flux lines DOl=~2~qR' I <H/ r' ) (A,(H,Nl/Bo) 11 /2
, on a given resonance 

surface K, is corrected to account for weak overlapping in the plasma 
core, yielding the effective value of the diffusion coefficient, D

QlC
' 

shown on £ig.2. Note the strong decrease towards the plasma center. 

Heat conduction 
A radial pertubation of the magnetic field allows a radial transport 

of energy through the parallel motion of the electrons. When the ergodic 
divertor is activated , the thermal diffusion coefficient Xero thus 
combines the stochastic transport process (DOlC ) and the parallel trans­
port. In the plasma core, the latter is collisionless, and thus 

3 
Xe ro DOlC~ n(2T/me )1/1 . It is here essential that DOlC vanishes towards 

the center so that the ergodic heat transport does not prevail over the 
actual turbulent heat transport (x/n N 1 ml/sl. In the ergodic layer at 
temperature ' 100 eV, a collisional regime applies. The heat conduction 
is then Xero= DQl C(XI/qR) h, where XI= 2.1021T:~lm-ls-1, and where h is a 
correcting factor depending on L09(XI/X!) [4]. Values of h = 0.3 7 2 are 

expected froa 3D calculations [3 }. The energy fluxe ~£N 0.1 7 0.3 KW/ml 
escaping from the plasma core should thus sustain a strong thermal 
gradient, dT/dr N - ~E/Xero' which is necessary to achieve a density 
accumulation at constant pressure. 

Plasma convection 
The ergodic layer will maintain a constant press ion profile provided 

the radial convection has the form rero= - Dero~(nT)/T~r' with a large 
enough stochastic diffusion coefficient Dero ' namely Dero » D!, D! being 
the diffusion coefficient due to microturbulence. This is the case when 
the ED acts alone and the relation holds with De ro N DOLC ' However when a 

self consistent electric field, i.e. a radial component -~U/~r' and a 
~ 

fluctuating component -9(8U) is taken into account, t he transverse elec­
tric drift motion contributes to r ero and one expects the particle flux 
induced by the ergodic field lines to be modified. Since constant pres­
sure is at the crux of the effects expected from the ergodic divertor it 
is i mportant to characterize this change. The electric potential is such 
that there is no parallel electric current J I carried by electrons, thus 
using the Braginskii coefficient ~.: 
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pJ , e/T" -(V/ n)/n - e ("l, U)/T - er. (V, Tl / T = 0; cr. = 1 + ~o= 1.1 -:- 2.5 (3) 

This expression is split into fluctuating (n, etc.) and non-fl~ctuating 

(n, etc.) parts. In the quasi linear framework the plasma continuity and 
dynamical equation along the field lines are linearized and one obtains 
fo r each Fourier mode (H ,NI : 

- 2nT ik , (- + -)+ i -A (-- + --I -
[ 

~ T k,_ u~ uT 1 
n T 8

0 
I Ddr ' Tar' 

uU _ 
im nk,--V , -

I Boar ' Y 

iJU '" dn '" 
-n - -UI - T n = 0 

• dr' (Jr' 
12bl 

where k,= Mlr', k, = (N + M/ q) / R', where rn , is the i on mass, and where 
the ti lde symbols now means the Fourier components (K,N) . The coeffi­
cients Ty• Ta are positive and r eflect viscosity and density damping at 
small scal e. They are assumed small . The quasilinear r adial flux 

S8 SExB 
r =<n --v ~ + ----8n>e is obtained from (3a,3b) in the form: 

e r g B r 82 •• 

r -2.: 
'" K,N 

- D ., ." 
i}(n T ) 

Tar' 
131 

D. c, : 2.: _ ~ V, S Ik, +lkil l(kllluT /Ur' 1)+ (k" I IB.) I' 1 "'1/1",,)+111 '" 141 
K,N, t -±1 

'1=or.LOg(T)lor,LOg(~) ", -1 ; ki=k&Plloc:rt<<X'fl+l)11 /2o~/(nqr') ; V
1
"'(2T/m 1 )11l 

Equation (4) implies a dependence of r on the pressure gradient . The 
'" 

perturbation kIT + ke(AI 18o)oT/or' which drives the resonances is the 

derivative V/ T along 
D N D '. However the 

e rg 0 L 
a radial localization 

conclusion 

the stochastic flux lines. Neglecting kI T yields 
actual values of V/ T experience an attenuation and 

on the resonant surfaces , which involve L09( xllx~). 

We have performed a comprehensive quasilinear analysis of transport 
in stocbastic fields, including t he electric pertubation, which will be 
tested by the ergodic divertor experiments on Tore Supra. 
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NEUTRAL CONFINEMENT IN PUMP LIMITER WITH A THROAT 

Ph . Ghendrih, A. Grosman, A. SamaiD, H. Capes, J.P. "orera 

Association EURATOM-CEA sur la Fusion Controlee, eEN Cadarache, 
F-13108 Saint Paul lez Durance, Cedex, France 

1 Introduction 
In quas i -s teady tokomak operation, active control of recycling .is 

achieved by pumping a fraction of the plasma outf lux with pump limiters. 
In order to optimize the efficiency of this apparatus one can either ·act 
on the properties of the plasma SOL, or one can improve the particle 
collection with the help of the throat leading from the nozzle to the 
neutral izer plate [1,2,3]. This reduces the amount of escaping neutrals 
owing to plasma-neutral-sidewall interaction . In this paper, we derive 
the characteristic lengths of this effect , and we compute the neutral 
density build-up of pump limiters with a long throat (for a large ratio 
length L over the transverse dimension a). 

2 Geometrical effect of the throat on neu t ral outflux 
The basic throat effect is to reduce the amount of neutrals escaping 

from the pump limiter without bouncing on the sidewall. This effect de­
pends on the ratio of the transverse velocity (thermal ve locity v) to the 
parallel velocity u and on the ratio of the distance to the sidewall aw 
over the distance t o the nozzle d:L-x. For shifted ftaxwellian distribu­
tions the probability PG to reach the nozzle on a ballistic trajectory 
is ! 

(1) 

For current values of u/v, only the neutrals with a birth point close t o 
the nozzle have to be considered , fig.l. One can then assume that aw~/2 
and U NO for neutrals resulting from charge exchange (vanishing plasma 
average velocity at the nozzle) and that aw~ and u ~ v. (v. is the sound 
velocity) for neutrals undergoing neutral-sidewall interaction. The flux 
of neutrals in the state of ballistic flight to the nozzle is then : 

r ('Ldx (n <av> P (u /v.....o,a/2, L-x) + v P (V / v,a,L-x))n (x) (2) 
b. I JO P Cl 10 b 10 • If 
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where n (~) is the rate of charge exchange, and where y is the 
pelf , b 

frequency of neutral-sidewall interaction. One finds that the neutrals on 
ballistic trajectories are created at a distance i 2a from the nozzle. 
Hence r bal can be neglected when the neutral density is vanishing at 
x ~ L-2a, i.e. when the plugging regime, described below, is reached on 
distances smaller than L-2a. 

3 Plugging length . effect of plasma-neutral interaction 
We are interested in the plugging regime where the neutral flux 

exhibits an exponential decay fron the neutralizer to the nozzle with an 
e-folding length. the plugging length La, smaller than the throat length 
L. This length L,has been derived precisely but assuming no neutral 
pumping [3] . A simple interpretation of this eXpression is that the 
neutrals experience a random walk process with a step L. defined by the 

distance covered before a momentum change, i.e. L~l=L~~+L;I, where Lex is 
the charge exchange mean free path and where Lp is the characteristic 
length of momentum (p) l oss on the sidewall LpN p/ox p. The number of 
steps before ionization is LI/L. where Ll is the ionization mean free 

path. The plugging length Lu is thus 

L =(L L )1 / 2 (1 + L IL )- 1 / 2 
8 I P P ex 

To incorporate the effect of neutral pumping in the vicinity of the 
neutralizer we consider t he continuity and mechanical equations 

(3) 

nH(x)ulf(X) + np(x)up(x) = P np(x=O)up(x=O) ; c\(n"u
tI

) = - npnlf <o'V>J (4a) 

1 
- 0 (n T + mn u2 )= - n n <ov> u + n n <ov> (u -u )- n u (T Im) 1/2 / L (4b) m 11 H If If N H P I H If P ex p H H H H P 

where P is the pumped fraction of the plasma flux reaching the neutra­
lizer plate. This set of equations accepts a solution with an exponential 
decay of the neutral density exp(-x/L

8
) while the- neutral temperature TH 

and average velocity ulf ' the plasma density np' temperature Tp' and 
average velocity up are constant. One thus obtains the following decay law 
and the plugging length ! 

qn-qn-- ---
p (2',]", rn, (x=O)] 

,,2 N X H L T n (x=L) 
Cl( If p 

(1+",1"" ) 
- n'--1-1-­, , 

o 

L- 1 = _ L- 1 + (L-z + L- 2 )1 / 2 • 
B IP \-8 IP , 

P{2T IT )1/2{n (x=O)/n (x=L» 
p" p p 

(5a) 

(Sb) 

This expression reduces to (3) when P=O and increases with the pumping 
coefficient P. This increase is a consequence of the larger momentum 
exchange between neutrals and plasma due to the unbalanced particle 
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fluxes. Furthermore the plugging length depends on the plasma density 
decrease along the throat, which induces a nonlinear dependence on the 
pumping coefficient. The temperature TM is derived from a balance between 
the energy gain by charge exchange and the energy loss on the sidewall 
hence THITp~ LE/Lex' where LE is the characteristic length of energy loss 
due to neutral-sidewall interaction (L[~LpNa is the smallest length 
scale). At first order in P, one then finds taking np(O)/np (L)Nl!J [3) 

(6) 

4 Neutral density build-up 
The neutral density build-up at the neutralizer, derived in [3 ), can 

be interpreted in terms of a balance between the pressure gradient and 
the momentum loss on the sidewalls. 

a (n T ) . " 
RN (O)T", (0) m RN (0) UN (0) 

n (O)u (0) _ n (O)u (0) (7) 
J( 11 P P L, 

Tbe time scale of neutral momentum loss is ~ = Lp/(T",/m)l / i, which yields 
the approximate value of the neutral density at the neut r alizer plate 

n (0)", - -'-'- --'- o/(rr (T Imll/2 ) .f2ft L ]' " T 
N 3 L L T (0) pp . 

ex p N 

(8) 

Here the SOL is determined by the plasma temperature and the available 
energy flux Q N r n

p
(T

p
/m)1 / 2Tp' The compression for both open and closed 

configuration are displayed on fig.2. Two domains of improved efficiency 
of closed configuration with respect to open configuration are found : 
one at low temperature Tp~ 10 eV, yielding the highest neutral build-up 
and one at high temperature Tp l 100 eV . 

5 Conclusion 
In this paper we show that pump limiters with a long throat can be 

operated in the plugging regime which strongly enhances the neutral densi­
ty build-up, especially at low plasma SOL temperature. The efficiency of 
the apparatus should thus be increased in cold and dense edge plasmas. 
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Figure 1 : The escape probability via ballistic trajectories to the 
nozzle for neutrals created at x with average velocity u and thermal 
velocity v. LG is the characteristic length such that PG (L-L
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Figure 2 : Neutral density at the neutralizer plate at given heat flux 
flowing to the limiter, here Q=10HW/m2

, as a function of the plasma SOL 
temperature. 
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BORON FLUXES IN THE SCRAPE-OFF LAYER OF TEXTOR FOLLOW­
ING BORONIZATION. 
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• 

Manne Siegbahn Institute of Physics, S-104 05 Stockholm, Sweden. * lnstitut fUr 
Plasmaphysik, KFA, POB 1913, D-5170 Jiilich, FRG. ** Space Research Centre, Polish 
Academy of Sciences, 01-237 Warszawa, Poland. 

1'. Introduction 

The Stoc:kholm-TEXTOR probe has previously been used to study fluxes of metal 
impurity ions in the scrape-off layer at TEXTOR with various conditions of opera.­
tion (with poloidal or toroidal limiters, with all-metal machine, carbonized walls and 
all-carbon machine, Le. with graphite limiters and carbonized walls). The carbon re­
deposition at surfaces in the scrape-off layer has also been studied, and attempts have 
been made to distinguish the contribution of molecular species arriving from the wall 
to the amount of carbon in the SOL / 1/ . 

In spring 1988, TEXTOR was operated with liner and limiters covered with a. plasma. 
deposited layer of boron carbide / 2/ . The object ive of these experiments was to reduce 
impurity release by chemical erosion /3/ I and to achieve gettering of oxygen by boron. 

This paper reports on the flux of boron in the scrape-off layer shortly after boroniza.­
tion, and how it scales with main plasma parameters. The experimental procedure is 
described in some detail, and its capacity is assessed. 

2. Experimental 

TEXTOR was boronized on the 7:th of Much 1988, and the collector probe was 
operated following this conditioning on the 8:th, 9:th 10:th and 15:th of March. The 
probe consists of a rotatable cylindrical collector which is contained in a housing with 
slit apertures. Ions which enter through the apertures stick to the collector surface, 
and the cylinder is removed afterwards and brought to' an accelerator laboratory for ion 
beam analysis. The areal density of boron at the probe surface is determined 'using the 
llB(p,a)BBe nuclear reaction / 4/ . The sticking probability for medium-Z metal ions 
impinging on low-Z surfaces has been shown to be very high. The sticking of boron 
ions, e.g. at graphite surfaces remains to be investigated separatelYi it will be implicitly 
assumed below that this probability is dose to unity. Any re-erosion of deposited 
material will also be neglected, since the collection takes place at least 20 mm outside 
the last closed fiux surface. More information about the nature of the deposited layers 
~~~N· . 

. The sensitivity of the collector probe method in terIIlB of detectable boron fluxes 
can be estimated in the following way: The probe should not be too large if it is not 
to disturb the plasma in an unacceptable way. The Stockholm-TEXTOR probe carries 
collector cylinders with 24 mm radius. The slit aperture has to be wide enough to 
allow gyrating ions to go through with high probability of transmission /6/and to be 

• 
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compatible with the spatial resolution of the analysis technique. Typically, the slit width 
2 mm is used. The requirement that at least one 4 s discharge should be recorded on a 
full rotation with 2 mm wide slit aperture implies that the t ime resolution, or exposure 
time is T > 0.05 s. The probe can also be kept fixed and collect boron throughout 
one or more complete discharges, but usually it is difficult to ha.ve more than ~ 10 
identical shots . Consequently T ~ 40 s. The cross section of the llB(p,a) 8Be reaction 
is about 100 rob/ sr at 660 keV p / 4/, and a-part icles are detected, with essentially no 
background, using a particle detector with ~ 9 p.m mylar foil in front of it to protect 
from backscattered protons. The detector solid angle is typically 0 Ri' 10- 2 sr. No 
s ignificant thermal or ion induced release of boron was observed when graphite or thin 
Al foil collectors were analysed with 6 J.lA /cm 2 proton beam. With 180 nA proton beam 
on a. 2 mm wide spot, and the given solid angle and cross section, the areal density 
~B ' T = 2.5,1015 B/cm2 can be detected in 3 minutes analysis time per point, with 5 
% statistical accuracy. With time resolution T = 0.05 s t he flux density Cb B = 5 , 1016 

cm-2 s- 1 can be detected in this way, while if T = 40 s, then CbB = 6 . 1013 cm-2 5- 1 

can be measured accurately. 
On the S:th of March the probe was exposed to IS of the shots 32017 - 32053, in a 

time-resolved way but with all IS shots overlaid on the same collector area. The toroidal 
limiter ALT 11 was used at minor radius 460 mm. On the 9:th the probe was exposed 
to shots 32079, 320S0, 320S3, 320S4, 3210S and to the eight overlaid shots 32123-32130. 
The toroidal Iimiter was still used at a=460. On the 10:th the probe was exposed to 
shots 32144 and 32147, with ICRF heating. This time the poloidallimiters were used 
to define the plasma edge at a=460. On the 15:th the probe was exposed to shots 
32209,32215, 32219, to eight shots from 32224 to 32232, and to 14 other shots between 
32202 and 32241. TEXTOR was opera.ted with ALT 11 at a=440 mm. The probe was 
also exposed to shot 32243, with ALT II at 460. The probe was operated with time 
resolution / exposure time rangeing from l' = 0.27 s to T = 34 8 . The collector materia.l 
was graphite, except S/ 3 when it was Al foil. 

3. Results and discussion 
Figure 1 shows two examples of the time dependence of boron fluxes in the scrape­

off layer . Shot 32080 is an ohmic discharge . The boron flux levels off during flat top 
but starts increasing again during current ramp down. In shot 32144 the boron flux 
increases drastically during the ICRH pulse, but then drops quickly off again, though 
with a short time delay, when RF heat ing is finished. Figure 2 shows typical examples 
of radial distributions. The distributions are piecewise exponential. On the ion drift 
side the e-folding length was very constant, Ai = 18.9 ± 2.3 mm. The connection length 
on that s ide to the toroidal belt limiter is 1.4 m. Assuming Te ~ 20 eV, a diffusion 
constant 

)" V2kT, , DL~ 2L' -;;;-",10 m (s 

can be derived. The connection length on the electron drift s ide is much larger, approx­
imately 40 rn, and the e-folding length is often larger on this side: 70 - 120 mm, close 
to the plasma edge. Usually a breakpoint is observed in the radial distribut ion on the 
electron drift side, corresponding to shadowing from secondary limiters or the antenna 
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Figure 1. Examples of the time evolution 01 B-ftuxes in the SOL. 

protection iimiters . There is a tendency for the>. on the electron drift side to decrease 
during ICRH in shots 32144 and 32147. This is unexpected, since the scrape-off width 
in tokamaks is usually found to increase with auxilliary heating power. For comparison 
from shot to shot, the fluxes are extrapolated to a reference point 20 mm outs ide the last 
closed flux surface during ohmic flat top. In all cases this point is only shadowed by one 
limiter, usually the ALT n. No obvious decrease from day to day after the boronization 
was observed, but the fluxes at the reference point clearly increased with dec.reasing 
central electron density, as shown in figure 3. Roughly ~ B(a + 20) ex ne(O) -1 . 

A similar behaviour of impurity fluxes with the centnl density has been observed 
earlier for metal impurities /7 / I and has been attributed to the energy dependence 
of physical sputtering at the Iimiters. It also agrees with spectroscopic observations 
/ 2/. Taken alone, the fact that the impurity content in the plasma, or the influx of 
impurities, increases with decreasing plasma density (and consequently with increas ing 
edge electron temperature) is not sufficient to conclude il:tything a.bout the primary 
source of impurities. It is conceivable tha.t such a dependen(.~ may also occur as a result 
of changes in transport properties of the scrape-off layer, .,\;uch a.'J improved screening 
of impurities coming from the wall due to increased density in the SOL. The present 
investigation of fluxes far out in the scrape-off layer excludes this second possibility and 
suggests that boron is released mainly by physical sputtering at the limiters, in the same 
way as metal impurities. 
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Figure e. Radial distributions. Figure 3. Boron flux V8. demit". 

As a conclus ion, it appears that boron duxes in the scrape-off layer can be conve.­
niently and sensitively studied with surface probes. The essential problems of sticking 
and reerosion of boron at graphite surfaces have not been adressed here. They deserve 
fur ther investigation, and experiments to this end are being prepared. 

Boron deposition rates in the scrape-off layer during the week following boronization 
increased with decreasing central plasma density, similar to metals. This is probably 
due to the energy dependence of physical sputtering at t he limiters. T he dependence 
was roughly cI>B = con8t . . ne{O)-l in the range 1_5.1013 cm-3 , 
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Introduction. A high. level of low-frequency (LF), 
UJ <<. cJa': ,density end potential fluctuations together 

wi th the violation of the electron response adiabatici ty in 
their behaviour in the edge pl asma of many tokarnaks [1] sug­
gest that some other (i.e., not associated with the pressure 
gradient) free energy sources sustaining the fluctuations 
may exist. Particularly , if RP fields are used to heat the 
plasma, then LF oscillations can arise due to the parametric 
decay of the pump waves [21. Some instabilities of this kind 
have recently been observea for Wo =2w&,' RF heating of 
the plasma in the ASDEX ()] and TEXT OR [4] tokamaks. In this 
connection , it is of interest to analyse Borne characteristics 
of the LF electrostatic fluctuations which are observed in the 
edge plasma during plasma production and heating under ICR 
conditions in the URAGAN-) (U-))torsatron. 

Experimental conditions. The U-3 machine (Fig.1) is an 
1 =3 torsatron w~th 9 periods of the helical magnetic f ie ld. 

R =100 cm; the inner radius of the helical winding casings 
(1,2,3) is 19 cmj the average radius of the outmost closed 
magnetic surface is a.~ 9 cmj ~(02=O.18;(:(a:) =0.4. The hydro­
gen plasma [i'i ~ (2-4)xl012cm-); T((D)-600-900 eV; T.(o)~ 250eV] 
was produced by an ID' discharge With ion cyclotron wave ex­
citation at 6)./2]( =5.25 MHz, Wo/c.Jai (0) !O: 0.8. An RF 
power of ;6 300 kW in the ~ 50 ms pulse was coupled to the 
plasma via one of the two frame-like antennae without the Fa­
raday shield (K-1 and K-2 in Fig.1). The antennae were in­
s t alled at a minor radius 'Z.. =16 cm on the low field side. 
The edge plasma density ( ~ ~ 10 cm) was several units 
1011 cm-3, Te "'" 40 eV. LF fluctuations were detected by capa­
citive and Langmuir probes which were introduced into the 
plasma in the lower half-circle of the torus cross-section 
(4) (see Fig.1 ,b). A set of electrostatic analysers (I-V in 
Fig. 1 ,b) was used to detect a charged particle flux onto 
a surface intersected by the divert or magnetic flux. All 
probe signals were subjected by correlation analysis. 



1032 

7,ilf'Tif,;TI~~fr~!fc~~iiiik~~*!Ijii~~s~The plasma gener-· ation E densi ty ( n/n-;Je 
0.1) and pot in the edge 
plasma in the frequency range from several units to~100kHz 
(Figs.2 and 3). The fluctua tion ampli t ude distribution in 
the torus cross section (4) at a steady stage of the dis­
charge is given in Fig.4. Radial distributions of the plasma 
density and its fluctuations as measured along the major ra­
dius near the cross section (4) are shown in Fig.5. The in­
tensity peaks of the fluctuations fall into the section re­
gions between the outmost flux surface and helical winding 
casings, where the steepest radial dr·~p in the densi ty occurs. 
Reasoning from the data in Figs.2-S. the fluc tuations obser­
ved should be treated as an evoluti vfl 'If {le ri,si ty gradient 
driven drift waves. The intemd ty pef\,~.'; i n t::e spectrum 
(Fig • .3) correspond within the aCGUrh'j of the probe signal 
processing to the azimuthal mode n~;-'J!i.; ~rs m =.3,6 , 9 , ... • 
The lowest frequency excited ( m =1) lies within .3.0-.4.5kHz 
for various samples and is close to the CJJ * =(I/a..)(c7;/e8)(det'ln/r:k) 
value estimated from Figs.4 and 5 . The highest fluctuation 
intensity (10- .30 kHz) belongs to the ~ ~.3;6 modes . The 
lowest parallel wave number k/l of tl1e fluctuations was es­
timated from cross-phase spectra of the probe signals with 
the rotational transform taken into account. The k" value 
is rv 0,06 red/cm and ~ 0.4 rad/ crn for the lower and up­
per limits of the f luctuation frequency range respectively. 
From ion energy measurements by the retarding potential tech­
nique it follows t hat the ion temperature of the edge plasma 
is ~ 100 eV. Thus, W < k llifTt. throughout the fluctuation 
frequency domain, i.e. R strong ion Landau damping should 
take place. The increasing fluctuation level with RF power 
and a fast drop of this level (--6 < 100 fis, see Fig . 2) after 
the RF pulse is off, indicate that some waves at GUo could 
act as an energy source which sustains the fluctuations . 
During the RF discharge , coherent potential oscillations at 
Wo and harmonics were invariably detected in the edge 

plasma [5J (Fig.6). These oscillations experienced a noise­
amplitude modulation (Fig.7). It follows from Fig.7 that the 
modulation correla~es with the local LF PQtential fluctu­
ations. This means that the spectrum of the high-frequency 
(HF) potential should involve narrow single peaks at Wo and 
harmonics, and also side band spectra (UJ".:tW) ,(2u",-!W , ••• , 
attached to each peak, the ~ frequencies forming e spectrum 
simile+, to that shm"m in Fig • .3. Such a spectral picture is 
the evidence of a parametric decay of HF pumping waves with 

"the excitation of drift-like oscillations in the L~ reg.ion. 
It follows from Fig. 7, that in the course of modulation ,the 
minima of the HF signal always correspond to the maxima of 
the LF noise and vice versa . This is the indication of the 
energy pumping from the HF domain to the LF one and back, 
which is also characteristic of a parametric interaction. 
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In view of the relation Ct..i" kl/ U",i found experimentally the 
LF oscillations in terms of survey [21 (end the papers cited 
there) can be identified as 111ow-frequency ion quasimodea", 
which cannot exist without pumping. 

As it follows from ion energy measurements, the para­
metric wave interaction leads to an appreciable ion heating 
in the edge plasma. This, in turn, should give rise to the 
RF power absorption in the edge plasma. Estimations, based on 
the edge plasma energy content calculations with the tempe­
rature decay time t a ken into account show that power losses 
a re comparable with the total RF power input. 

An important consequence of the parametric process in 
the edge plasma should be an additional impurity release. It 
has been demonstrated recently [5] , that the ion flux aris­
ing in the divertor magnetic flux region during the RF pulse 
hits the antenna and causes the erosion of its surface. As it 
follows from the ion flux measurements (see Fig.2,c), the 
fluctuating com~9nent fo~s an essential part of the total 
ion flux ( rv 10 ions/cm. s). Moreover, the ion flux fluctu­
ations are time-correlated with the local plasma potential, 
i.e., the fluctuating component of the ion flux is caused by 
the plasma potential fluctuations. 
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Fig.1. a - schematic vieVl of the 
U-3 machinej 
b - torus cross section (4) 
with the analysers I-V 
installed. 
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Fig.2. a-RP antenna 
voltage; b-plasma 
potential; c-ana­
lyser current; 
d-ion saturation 
current. 

5 ms/div. 

~ig.4.Potential fluctua­
tion distribution in crOSB­
section (4). Vertically 
values proportional to 
d<¥/dt are plotted. 

Fig.6.Antenna 
veil tag. (IT ) 
and plasma poten­
tial (~. 1-20Ml!z) 
taken at three 
different locati­
ons of the capaci­
tive probe;power 
spectrum of the 
potential 08011-
lationa(Langmuir 
probe.5-20Ml!z). 

S(IAJ), Q.U. 
f{) 

8 

6 

4 

2 

~~~~~~~~lAJa" 
20 .0 60 80 Kf:/Z. 

Fig.3.Power spectrum of 
the potential fluctuatiCllB. 
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.Fig.5.Radial distribu­
tions of density (0) and 
its fluctuations (.). 

Fig.7.a-capacitive 
probe signal( 1-20I!llz); 
b-capacitive probe 
aignal(O-60 kHz).The 
probe spacing 1a 1 cm. 
0.25 ma/dive 
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ON THE MARFE ARISING THRESHOLD AlID DENSITY LIMIT IN A 
TOKAMAR 

Taker'M.Z. 

Institute f or High Temperatures of the USSR Academy 
of Sciences, Moscow, USSR 

Introducti on . Radiation of light i mpurities can substan­
tially influence on the heat balance of a tokamak edge pla8m~ 
leading t o the ' states with Marfe and detached plasma , provo­
king t he disrupt ion inst ability. 

In the paper s /1-3/ devoted to the explanat ion of these 
phenomena the consideration was based on t he analysis of the 
local heat balance. I n the pr esent paper we consider another 
approach, which permits t o obtaine t he r esults comparable 
vd th experimental data . j 

The peripheral region heat balance . I n a tokamak with a 
limi t e r we can d~s t~ngurSh a per~pheral region inside the 
last closed magneti c surface t ouching the limiter. In t his 
region t he ioniza ti on of the neutral s recycling from t he li~ 
t er and liner t akes pl ace . It I s width i s of the order of the, 
depth of t he neutral yenetra ti on into the plasma! 1", - j2/ no C5' *' 
where 6.= V ki(ki+k l Vi, ki are the iOnization and ~ 
charge-eXDhange cons¥ant s , Vi'fs the ion thermal velocity, 
no is t he plasma density a t the peri phery boundary with core 
of the discharge; no is cl ose to t he tokamak mean density 
n /4/. In t he peripheral region the convection gives a signi ­
ficant contribution into the heat transport and t he plasma 
temperature T changes weakl y across thi s region . I f there are 
impurities in t he edge plasma t he heat balance of the peri­
pheral region oan be written in the form : 

qo = QI • 1. + t or 8 T (1) 

where ~o is t he heat flux densi t y into the periphery, Qr = 
= JI n~ LI/4 i s the impurity radiation power aver aged oVl,er 
the periphery width, 11 i s the impurity concentrati on, I is 
the radiative cooli ng rate. 

The second t erm in t he right hand side of Eq.(1) i s the 
heat flux transfered to the limiter and liner by the charged 
particles . If the SOL is t r ansEsrent for the r ecycling neut ­
rel s tbe pl asma particle flux r s into the SOL can be estimat ­
ed as D •. no/I",. Here n~ i s characteristic diffusivity in 
the pe:t'iphere,l :t'egio7' .• For the Alcator scaling - D,L = A/n, 
A e 10 17 cm- 1s - 1 - one hiS: r s -= O"",no 

.. 
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From Eq. (1) we obtaine the equation for T: 

h LI( T) -./ qo 
F(T);: ;2 6. + a oAtS'.T = n;;- "P (2) 

The cooling rate L1 has a strong maximum near some plas ­
ma temperature Tm, which depends on the impurity species /5/. 
11 in corona equilibrium can be approximated by the followi ng 
formulas: ? 

LI = exp (-2,64 In-T + 9,44 lnT - 23 ) 

in the carbon impurity case and 

LI = exp (-1 , 71 ln2T + 9,94 lnT - 28.8) 

i n th~ oxygen cBse, where T is expressed in eV, L1 - in 
aV cmJ/s. 

The dependences of F on T are shown on Fig.1. Calcul at­
ions have been done forJ"o = 7,5; J J = 1%. Le t' s analyse the 
evolution of the peripheral plasma w~th p change. If the ini­
tial mean density in t he discharge is sufficiently low and p 
exceeds t he maximum value of F t han with no increase and p 
decrease the edge temperature changes along the AB porti on of 
t he curve F(T). With at t aining of critical value Pc corres­
ponded to F minimum value t he cooling instabiLity takes place 
and the discharge periphery develops into t he s t ate C where 
the heat balance is de termined by t he i mpuri ty radiation. 

As it's known the heat and particle l osses in a t okamak 
have a poloidal asymmetric character: they are more intensive 
at t he outer edge t han a t the irmer one. T, take this f ac t 
into ac c ount we assume qo = Cio·f(9) , A:zA-f(9), where qo , A 
are qo' A magni tude s averaged over the poloidal angle if} and 
f decreases with B increase. I n such a case one has instead 
of Eq.(2) t he fol lowing equation: 

LI(T)! I qo 
F(T,9h 2<5'.'1'(8) +JJ .. 6.T = no sp (3) 

As analysis shows t he minimum value of F increases with 
f decrease . Hence with p diminuti on the condition for the 
plasma transition into the state with strong radiation is 
ful filed firs t of all for t he inner edge_ 

The change of f may be consider ed as the change of the 
impurity concentration and it is natural t hat for larger J I 
the cooli ng i nstability develops at lower Do. But with t aking 
into account the real non1inear de pendence Lr(T) we obt ained 
muc]1 mor e weaker dependence of th 8 cr:i.tical value of P-Pc -
on j I than i t follows f rom the =esul ts of Ref. / 2, 3/. The 
dependence of Pc on I I is shovm on Fig.2 for f = 0 , 2 , which 
is typical for the inner edge. 

According to Ref./6/ Marfe - the inner edge regi on of 
. the cold dense plasma with strong radiation - arises when the 
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parameter p = a 2n/lp (a 1 s the plasma minor radius, Ip is 
the discharge current) exceeds a cri ticsl valueJ' c challging 
for many devices in a narrow range:J'cQO,4*O,701012 A-1cm-1. 
This fact agrees with the weak dependence of Pc on impurity 
concentration. In an ohmical discharge one has: 

-1 p 

where V is the loop voltage,al q is the part of power put into 
discharge , which is transported i nto the periphery by the 
plasma conduc tion, eX. n .,. Do/ii. 

The values in Eq. ( 4) are approximat ely the same for dif­
ferent t okamaks. Assuming their typical magnitudes: Rja=$ 
ctq -= cln - 0,75, V = 1 V we" obt ains that with the change of the 
oxygen content in the discharge in the range 0,2% .. 2% .J' c 
must change in the i nterval: 0J9+0 1012 A- 1cm- 1• 

~~~~~~~1~S :t~h~e~c~o1n~d~1~t~11oRn~~~~~~~~ the periphe-

as a whole must transit state with atong 
radiation. We assume the radiative zone minor radius is a. 
and it's width A • i s much smaller than a •• Then t he heat 
balance in the zone can be discribed by the equation: 

2 
dq~ Idy = - n l I Lr(T) (5) 

where y = r-a., q... = - 6!.,dT/dy, y:zO corresponds to the ra­
diative zone bounds:FY with hot core, y=.d * - to the boundary 
wi th cold periphery that is T =T(y=O) > TJ.\. T _ =T(y=A .,)< TM. 
L(T+). L(T_)« LI(TM). q..t~ (y=;t.)·«qL( y=~qo. 

Let's multiphy t he both sides of Eq.(5) on qJ and in­
tegrate over the radiative layer width: 

2 2 
qo = 2nb I I ~L • g (6) 

where nb 1s the plasma denSity at the radius with T=Tml 
(T. -6 2 J g 1'1 .Jr. LI(T)dT; g",.So10 eV cm /s for carbon, and 
- 2 J g~ I,1.1 0-5eV cm Is for oxygen. 2 

In an ohmic discharge qo= IpV/43.i a.R and we obtaine 
from Eq. (6): . . tpV 

Thus with the plasma densi ty rise the radiat1ve layer 
radius ~iminishes and the value of safe t y factor q. ~ 
= 5Boa. /RIp a t it's boundary changes as follows: 

5Bo l
p

V2 
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When q • . reduc6e down to 2 the large MHD instabilities 
developed and the dischar e dis pt10n takes place. Hence 
value max V 5Bolp , 

nb = 83Mi he!'. gR (7) 

may be considered as a plasma limit density at· the tokamak 
discharge periphery. 

Fig.; shows the dependence of the limit mean density on 
the plasma " current calculated for -TEXTOR device (nb=O J 75n, 
B =2T an impurity is oxygen wi thO,5'% concentration, a:?~ = . 
=~.10i7cm-1s-1). The experimental data 171 are also shown 
here. References 
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Fig.1. The dependenc6s of functions F on the edge plasma 

temperature for carbon (1) and oxygen (2) impurities. 
Fig.2. The dependence of the critical value Pc for irmer 

tokamak edge on the impurity concentration: 1 - carboq 
2 - oXygen. 

Fig.3. ' The dependence of the limit density on the plasma 
current in TEXTOR: theory, * - experimental data 

· /7/. - . 
Pig.l P-tg.2 

- -fit ,,- 13 
2 · P, fO-/JW'cm Pc' fO Wem .. nmoz-,fO{m-\ 

Pig. 3 ,. 

10 
3 • 

8 

1 6 /-2 
, A 4 

1-
2 I 

I -
o 20 r,.V SO 0 2 4 7I ,% 8 0 1111 :160 Ip,KA. "IlO 



-
1039 

ORIGIN OF EDGE TURBULENCE IN TOKAMAKS 

A.V. Nedospaaov 

Institute for High Temperatures of the USSR Academy 
of Sciences, Moscow, USSR 

It has been shown in Ref. /1/ that the plasma at the 
outer edge of a tokamak le unstable against the interchange 
perturbatlons. The development of instability results in the 
edge turbulence with the plasma diffusivity of Bohm order, 
that depends on the poloidal angle. 

During the plasma motion across th~ magnetic field the 
mechanical work converts into the electric energy. According 
to the equations of the plasma equilibrium and Ohm's law the 
power released in a volume unit is equal to 

V Vp '" - ,//6. </£ (1) 

The plasma diffusion in a straight magnetif field and 
Pfirsch-Schluter convection give the well known examples of 
this equality. In the tokamak SOL the work done by the cur-
rent flowing through the potential sheats near l1miter 
surfaces prevails over Joule dissipation. The sheaths play 
a role of a load in MHD-generator. Under assumptions of 
Refs. /2.31 that the plasma potential and denSity are cons­
tant along the lines of force segments between the circular 

pololdal limit er sides and a net current from the plasma is 
equal to zaro the following identity hold.: 

e A Vs In ( :: Join-ea'" z'a:e coseys; 2 jJ,,'!d5(2) 

e Y'l're s - eh- [ 1· .A (:: rinJ}o> ~~~o Cf)S ()~ (2a) 

Here A = 2(re~1i.)It~.fin.~~I!;~ 1I.8tIZ, ~ is the ion sound 
veloCity, 6)u 1s the poloidal angle of the line of force 
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segment middle, Te , Ti ~ conat. The integration is taken Over 
the whol e SOL cr oss section. Pfirsch-Schluter longitudinal 
current being in the right hand side equals: 

The work that is done in some point di ssi pates in the layer 
and brings to t he pl asma compression in the other poi nt s. 

Under conditions of strong turbulence the dissipation 
of the electri c power pulsations must t ake place locally in 
the vicinity of the order of correlation length. The connec­
tion with far remote regions and the limiter surfaces is 
manifested through t he existance of t he time averaged densi­
ty and potential gradients . Hence for an approximative de ter­
mination of the t urbul ence spectrum one may demand the loca­
lity of the energy bal ance for a singl e wave and consider 
the equali ty 

n ( ? y? 1',,,, eo .. 
'Cz. 

~ if (~:; 1'inO" ~ 
as an equation for the wave 

. 11 If' OS e. ) 
'(l P, 2: J = (J) 

rJn CGdBo) 
? i?" .~ 
amplitude under an assumption 

that there is't ener gy exchange be tween different waves. 
The solution is chosen i n the form; fZ.:. n ... , + 

T n exp{i:K, ~~im t?- t 'uJ t) + ii~ eX/J (t'k>l-ix;l- im()) 

where 11, if, 'n" -exp{-l/ti) ; n; ii~ are the complex conju­
gated amplitudes of the oscilations . For Bor~ diffusion 
d" 3A « a. Assuming 

1 . n ~ m» 1 /~s,:u. gl ,,, / ,n CC'S()j 
i<.'t a » > I<e·~ ) 1'2. -" I "" ~(? l. 

, substituting the expansion i nto 
a series of (2a) into Eq.(J) one can obtain after time­

averaging: A~(I<·· fin I"l. K~ CCS {}, \ .t fi ii". I , I · 
2 vc' ~ '/ --:nr- - /f-;-C-
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As it folIos from t hi s r esult the characteristic scale of the 

wave length is determined by .Jl. '" 2 'IS: Ji" ~ .~, and 
does't depend on devi ce dimensions. With 1(J.f'j "'0,1 n'/71?" 
is of unity order and with smaller wave lengths 11~/n,1 ..... t<1-2 

For larger values of (n/n)2 the power losses 'IcI" in the 
layer exceeds the energy release and such a fluctuation must 
be damped. Eq.(J) corresponds to the equali ty of the time­
averaged increment to zero. 

Given estimates are in agreement with known experimen­
tal fact. Firstly, the turbulence spectrum and l evel in the 
SOL are apprOximately the same for small and large t okamaka . 
Secondly, in the experiments /4/ for large k B In 7 is pro-

, -1 
portianal to I<S where 2 ,5 ~ q ~ J. The more rapid dec-
rease of the ampl! tude square wi th k eo increase than propor­
tionally to k~ -2 can be explained by the wave energy exchan­
ge. Our theoretical ideas on the edge turbulence nature are 
in agreement with the experi mental fact that the plasma flux 
onto the wall is larger at the outer detour of a torus than 
at the inner one. 
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EDGE PLASMA MEASUREMENTS BY ELECTRIC PROBES 
ON MT-l TOKAMAK 

Inlroduelion 

J. S. Bak08; B. Kardon; L. Koltai 

Cenlral Research 1n,lilule for Physics 
H-1525 Budapesl, P.O.Box 49, Bnngary 

In order 10 bave a beller knowledge aboullhe scrape olf layer oflbe MT -llokamak 
invesligalions have been carried oul by Mach-number probes in Ihe limiler shadow 
region and by Penning manomeler in Ihe limiler chamber. In Ihe experimenls Ihe 
behaviour of the PenDing manometer signal and tbe ion saturation current drawn 
by Ihe eleclrodes of Ihe Mach-number probe have been sludied al dilferenl plasma 
parameters. 
Experimenl 

The MT -I lokamak is a small scale device wilh major radius of O.4m, minor radius 
of O.1m, plasma currenl < 3OkA, duralion oflhe discharge = 8m., average eleclron 
densily I - 3 x IO,om-', 10roidaJ magnelic induelion oflT. 

A poloidal limiler wilh Ihe radius of O.09m and a passive pump limiler 54° 
loroidally from Ihe poloidal limiler was inslalled on MT-I Iokamak on Ibe lop 
side (Fig. I/a.) The radius of Ihe pump limiler can be changed in Ihe range of 
65mm :5 • :5 95mm, while il covers 46° - 700 seclor JlOloidally. This limiler conlains 
lour Langmuir probes and a Penning lyre manomeler mside Ihe limiler chamber 35mm 
oulward Ihe enlrance slollo measure I e neulral densily and pressure enhancemenl al 
Ihe plasma edge region. (Fig. lIb.) The manomeler was calibraled in silu in lobmak 
wilh a known gas pressure wilhoul discharge. Th. lime evolution of Ih. signal from 
Penning manomeler has Ihe SalDe character as in Iokamak PDX. 11) 

Two Mach-number probes similar 10 Ihal described by G. Proudfool 121. were 

elaced al dilferenl p08ilio .... (Fig. I/a. I/c.) One of Ihem is silualed on ilie lop 
oroidally 72° away ,from Ihe pump limiler. FUrther lhis probe will be called 'upper 

probe'. The olher Mach-number probe is placed in Ihe SalDe poloidal cross seclion as 
Ibe pump limiler bul 15° away from tbe oulber midplane (poloidally 75° away from 
tbe pump limiler). furtber we sball refer 10 lhis probe as 'laleral probe'. 

Biasing the electrodes of tbe Mach-number probes at -150V relalive 10 the vac­
Dum cbamber they were used in ion saluralion mode. For Ibe evaluations Ibe aVerage 
value of Ihe ion saluralion current in the .Iable pbase of Ihe discbarge (4~ ma) has 
been considered. During Ihis time Ihe ion saluralion currenl Oueluales ~racllcally 
around a conslanl value. We followed Ihe SalDe way in evalualing tbe Pennmg signal. 

In Ihe experimenls .dependences 0/ Ihe signal of the Mach-nwnber probes and 
Penning manomeler on bulk plasma parameters and Ihe direclion 0/ plasma current 
have been investigated. Clockwise .plasma currenl direclion will be called positive. The 
dependence 0/ Mach-number probe signal on probe pooilion has also been sludied. 
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Jlesults and Conclusions 
Charaderistic ion satura.tion current profiles can be seen on Fig. 2. Noticeable 

that chan~ing the plasma current direction the aBfllilDetry at the upper probe turnes 
i.e. at positive plasma currenl direction Ihe ion side eleclrode and al negalive plasma 
currenl direclion Ibe eleclron side eleclrode collects more ion saturation currenl. (Fig. 
2/a. 2/b.) ilowever on the lateral probe Ihe ion side eleclrode draws more ion salura­
tlon current in both plasma currenl direclion. The dislance belween Ihe pump limiler 
and the upper p'robe a!ong a Dux tube in ek-dron side direclion is O.5m in ion side 
direction 9.5m II Ihe plasma currenl is positive (q RI 4). In case 01 oppoeile plasma 
currenl Ih ... dislances '.re changed. 

AS8ulI.ing Bohm diffusion and taking inlo consideralion Ihe given geomelry Ihe 
natura! collection lenglh oflhe probe is LII . = 5Am 131. Due 10 Ihe vicinity 01 Ihe pump 
limiler the shadow zone 01 Ihe probe cannot be developed 10 Ihal exlenl delermined 
by Ihe cross field diffusion and paral.lel conredion al pOllilive_plasma currenl on Ihe 
electro'o side and at negative plasma current on the ion side. This can be responsible 
lor Ihe behaviour 01 Ihe upper probe signals described above. 

The )ilteral probe, however, 'Beeij' the pump limiter at a distance of 2.5m on tbe 
ion side and of 7.5m on the electron side at both plasma current directions. In spite of 
Ihis lact Ihe ion side eleclrode draws ailways more current iban Ihat 01 eleclron side. 
(Fig. 2/c. 2/d.) Thus the crosa diifusion coefficienl calculaled lrom Ihe Bohm lormula 
is nol farge enough 10 describe lhis effecl. Asauming Ihe nalural collection lenglh 01 
Ibe probe 10 be less than 2.5 m the cross field diffusion coefficienl DJ. ~ 2.2":' . It is 
also worlh 10 be noliced Ihal in spile 01 Iheorelical consideralions Ihe above menlioned 
profiles do nol show exponenlial characler. 

During Ihe experiments it came 10 lighl thallbe ralio 01 Ihe ion saluration currenls 
01 Ihe ion and eleclron side 01 Ihe upper probe (a = I •• ,."""/I •• ,.,,I.! do .. nol depend 
on Ihe average bulk eleclron density al poeilive flasma currenl. A opposite plasma 
currenl a < I and slightly decreasin§ funclion 0 Ihe average eleclron density in Ihe 
range 01 1019m-8 S n, S 3x IOI9 m- . Studying Ihe dependence 01 Ihe same quantity 
on Ihe plasma cu~renl a < I w~ lound ror bolh plas"!a currenl direcliolIB .. It 'Yas 
observed Ihal a mere .... wllh mcreasmg Ip for negallve plasma currenl direcllon 
only. 

The pressure variation with limiter radiua was measured by Penning manometer 
in order 10 derive the eleclron lemperalure in Ihis region. The preasure enhancemenl 
in Ihe pump limiter is proporlionallo n,T .. Ihe ion saluralion currenl collecled by 
a Langmuir probe is proporionallo n,T:". From Ih ... Iwo measured values il is 
possible 10 calculale Ihe electron lemperalure. On Ihe olher hand one can eslimale 
lhe average eleclron lemperature froI:l Ihe resislivity uoing Ihe Spilzer lormula. Fig. 
3. shows Ihe eleclron lempenlure against the limiler radius calculaled by differenl 
melhods. U we BUPpoee Ihe same lemperalure profile al differenllimiler radii Ihen Ihe 
eleclron lemperalure calculaled lrom the Spitzer formula could be compared wilh Ihe 
values derived lrom the Penning-L.ngmuir probe measurements. Bolh curves show a 
lairly good agreemenl wilh decreasing characler. 

Fig. 4. shows the presaure in Ihe limiler chamber againsl Ihe averaged eleclron 
densily measured by microwave inlerferomeler and Ihe 'plalima currenl al differenl 
currenl direclion •. A saturalion can be obeerved on Ihe P - (n,) diagram. There are 
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lot 01 poosible explanations olthie saturation effecl. One 01 the moot probably ones 
ie connected to the pressure equilibrium in the exhaust chamber, where the Penning 
manometer situates. For a solid explanation further examinations are needed. 
References 
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MODIFICATIONS OF EDGE PLASMA AND PARTICLE TRANSPORT 

BY ERGOD IC MAGNETIC LIMITER IN HYBTOK-ll 

M,Mjyake, Y. Shen. and S.Takamura 

Department of Electrical Eng i neering 

Faculty of Engineering, Nagoya University 

Nagoya 464- 0 } , Japan 

I.Introductio n 
It has been recognized that the tokamak edge plasma ' has 

imp o rtant roles not only In the impurity control and par­

ticle exhaust but a l so in the core confinement characteris­

tic s . /I stochasti c magnetic field I s o ne of effective means 

for tokamak edge modifications . Th i s is known as a concept 

o f ergodic magnetic limiter (EMU. In addition the electron 

lransPol' t along the stochastic magnetic field is considered 

as one o f important candidates for anomalous transport in 

tokamaks. 

We have investigated the effects of EML from the fo l ­

l owing many aspects: 8. Detection of modified magneti c field 

s tr' Jc ture by e lectron beam problng i ; h. Stochaslic 

prop e rties of magnetic field iines l ,2,5,6; c . Relations be­

tween structures of magnetic fie l d and electric 

potential1.2; d. Demonstration of '<iall lapping plasma by 

rotating helical magneti~ fleld 2 , 4; e. Structural properties 

of edge plasma parameters and transporl 1 ,2,4; f. Preliminary 

result on hydrogen recycling 4 ; and g . Potentia l control as­

sociated by e n ergetic electrons generated by lower hybrid 

'<i8Ves 3 . 

I n this co.n ference, hydrogen reeycl Ing due to edge 

transp o rt modifications, changes In edge plasma structure, 

and the impurity behavior are discussed . 

.... , 
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2.Modifications of Particle Transport at the Edge. 

:A resonant helical magnetic f i eld was applied on the 

HYBTO.K-Il (R=O.4cm , 8 p =O.11m, Bt=O.4T, I p '-""15kA)tokamak 

plasma with local helical cOils(m/n=6/2). The magnetic field 

' structul'e has already been well studied, taking into account 

of exact shape of local helical coils and tokamak equi­

I ibrium field S , 6. A stochastic magnetic field enhances the 

plasma transport at the edge, that is, the plasma contact 

with the chanber" .... all. This increases the hydrogen recyc l ing 

as shown in Fig,!. A computed tomography imaging of LYa 

emissions through the tangential port confirms the 

in hydrogen spectral line as shown in Fig.2. 

increase 
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Fig.l Recycling properties. 
Increase in fla and LYa 
emi ss ions and J i ne-averaged 
electron densi ty as a func­
tion o f helical coil cu rrent. 
!nsel·t i on shows the ll·aces 
of these quantities. The 
value at t=5ms are plotted . 

(bl 

F ig.2 Emission profi!e of 
Lya. line on the poloid31 
plane at t=fims. (a) Ih=O. 
Dotted line show the loca­
tion of Mo Limiter . (h)Onc 
dimensional profile~ in 
the equatorial plane (~=O) 

for Ih=O.3kA (solid line ) 
and Ih=O (bro ken line). 
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An array of Lanr,muir probes is Installed at the scrape 

off l{1yer(SOL) and movable on a pololdal plane. Typi cal 

result on the profile of plasma parameters are shown in 

Fig.3 for the equatorial plane. There. we have an increased 

electron density and a decreased electron temperature. 

However. such a tendency is not uniform alo ng th e poloidal 

circumference. The reduction of e l ectron temperature wa s not 

observed at the locations where the elec tron dens\ ty 

decreases. Therefol"e the poloidal modulations of p l asma 

parameters will be a common feature of EM L. which is also 

able to be inferred fr om th e structure of magnetic field 

very c l ose to the wall. Nevertherless thi s observation Is a 

preliminary demonstration of low temperture. hi g h density 

buffer plasma expected in the EML concept. As shown in Fig . 3 

the radial profile of electron density was flattened by the 

application of EML . This means that the transport across the 

main magnetic fieled in SOL in creased. The cross-field dif­

fusion coef fi ci ent Wlt S estimated numerically using a 

s implified assumption. This is the alternative repre­

senta tion of the reason for the increase in hydrogen recy­

c l i ng. 

In order to study more about the poloidal variation of 

plasma parameten;, a n arr ay composed of 32 Langmulr probes 

is sel on a poloidal plane. The ion saturation currents at 

the I Imi l er radius are plotted in Fig.4 for a weak and a 

strong h e iical field, normali zi ng by that without helic:al 

pel"turbatlons. The edge density does not cha nge or somewhat 

incI"en.se for a weak perturbation, whi le a strong helica l 

field enhances the spat ial modulation. It see ms that the 

magnclic field structure affects such a pololdal modulation. 

Concerning intrinsic im pur i lies, the I ine emissions 

from light impurities wer e enhanced by EML. while those from 

met,,\ impul·j ti es were suppresse d In the core plasma. The 

difference is discussed in terms that the range of penetr a-
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lions of impurity atoms is inside the ergodic magnetic layer 

or no t. ' ~hese impurity behavio r s are argued by referring the 

magneti c field structure. 
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EVIDENCE OF GLOBAL MODE EXCITATION IN THE TEXTOR TOKAMAK 

p pescamps· , T. Delvigne, F. Durodie, R. Koch, A. M. Messiaen+. P.E. Vandenplas, 

R.R.Weynanls+ 

Laboratoire de Physique des Plasmas • Laboratorium vaar plasmafysica 
AssociaUon MEuratom-Eta! beige- - Associatie -Euralom-Belgische Staat­
Eeals Royale Militaire • B 1040 Brussels ·Koninklijke Militaire School 

1) Introductjoo : Cavity modes have been observed experimentaly and studied in several 
tokamaks [1,2,3,4]; their excitation in TEXTOR is studied during the ICAH experiments with 
the new antenna system (51 (four antennae grouped in pairs and located in the lFS of the 
torus). Cavity modes may become visible on the loading resistance, depending on the 
minority concentration in an (H)-D plasma; their effect on the plasma wall Interaction is 
discussed. 

2) Theoretical models: The theoretical study of cavity modes Is made using a cold 
cylindrical model and a slab model: i) in the cylindrical model (1], an inhomogeneous 
plasma containing a single ion species is surrounded by a conducting shell. A finite length 
antenna located in the vacuum layer between the plasma and the wall is described by a 
surface current distribution expanded in el(n9+kllz) space harmonics. ii)the slab model [6] 
is used to describe a plasma containing several ion species in an inhomogeneous magnetic 
field; the inhomogeneous plasma slab is limited by two metallic walls. The waves emined by a 
finite length antenna placed along one wall can be reflected on the other wall or on the cut­
off, near the ion-ion hybrid resonance; this leads to the build-up of stationary waves. 
Dflmping at the fundamental and second harmonic of the ion cyclotron frequency is included in 
the slab model using the hot dielectric tensor elements [6J . 

The value of the resonant densities, obtained from the cylindrical model for n=O,±l 
and from the slab model for ky=O are represented in function of k/l for different values of 
the radial wave number m. which indicates the order of the radial solution (fig.1) . The slab 
model gives qualitatively the same resonance behaviour than the cylindrical one and provides 
futhermore information on the damping when the minority concentration is varied. 

An antenna pair excites a kt! spectrum which depends principally on its geometry; as 
seen from (lig.1). resonances characterised by different poloidal, toroidal and radial wave 
number are simultanously excited and contribute 10 the loading resistance (7]. 

3) Experimental evjdence of cavity modes : The specific resistance R of one 
antenna of the pair is deduced from the incident and reflected voltage in the transmission line 
and from the voltage pattern measured using capacitive probes 151. For the two antennae of a 
pair fed in phase (0 configuration), the evolution 01 R with the integrated central chord 
density neD shows several resonance peaks (lig .2.a). No correlation exists between these 
peaks and "e40, the integrated line density measured at r .. 40 cm, near the limiter position. 

* EEC grantee at the Institut fOr Plasmaphysik, JOlich. F.R. Germany 
... Research Director at the NFSR, Belgium. 
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This suggests that the variations on R are indeed due to cavity modes excilatlon and nol to a 
change in edge density. 

4) Comparison between theory and experiment 
4.1) Study of a (Hl ·O ~iSCh~rg9 ~r in H : The loading resistance A is computed for a pure 
Deuterium plasma asuncllOn oneo (1.0. 2.b); the resonant density values are In good 
agreement with the experimental ones and the shape of the resonances{a fast rise followed by 
a slow decay) is well described ~Y the slab model. The study of the real pan of the radiated 
power spectrum P(k,J} (withR .. J Re(P(k/l )) dkll ) helps us to understand the asymmetry 
Qf the p!!:ak(fig. 3). For fixed values of m and ", the resonance condition is only satisfied for 
"eo> (Oao)min associated with kll=O(fig . 1). When the density Is increased, this condition 
Is satisfied for greater values of kif for which Ihe radiated power becomes lower. 
4.2)Effec! of H concentration in a (H)·D fuelling mixture. Experimentally, the resonances 
are only well observed when the H concentration is small (- 1%) or above 10% . Between 
these values (which correponds to the best heating conditions) . the resonances are Slrongly 
damped. This is seen on fig. 2.a and can be explained theoretically by two mechanisms: I) an 
additionnal damping Is associated with the ion-Ion hybrid resonance; iI) reflection at the 
cut-off near the ion-Ion hybrid resonance Increases with the minority concentration due to a 
larger separation between cut·off and resonance. The loading resistance computed using the 
slab model for different H concentration In a (H)-D plasma follows qualitatively the 
experimental curves(fig.2.b) but the experimental a of the resonance Is always less than 
the values predicted by the slab model. 
4.3)Effect of the toroldal field : For a sufficiently high concentration of minority In the 
plasma, a change in the toroidal field which modifies the ion·ion hybrid resonance layer 
posilion must change the resonant density value.The loading resistance measured for a (H)­
He3 plasma and at two different value of the toroidal field (BT_1.9-2.1T ) is well described 
by the slab model If we take a H ooncen!ration near Its estimated value (fig.4) . 

S) Effect of the antennae phasing on the detection of cavity modes: 
During operalion with the antennae fed out of phase (11: configuration). no resonant 

'behaviour has been observed on R. The loading resistances oomputed for antennae fed In phase 
(excited ktl domain : 0 m-1< I kt/ I < S m-1) and out of phase (3m-1< I klJ I <10 'm-1) [7) 
shows that the resonances associated to the eigenmodes are less apparent for Ihe 2t 

configuration than for the 0 oonfiguralion (fig.S). However, the eigenmode are still present 
on the k, power spectrum in the 1t configuration (fig .3). The major differences between the 
two spectra are: a) more peaks contribute to the 2t spectrum since for high k, • the resonant 
density is more dependent on the k, value (fig.l); b) the 'sharp peak appearing wHen the 
density crosses one of the resonant densities at ku e: 0 (fig .l) Is not excited in the 1t 

oonfiguratlon. For these reasons, a scan in density will give .for the 2t configuration an 
approximatlvely flat resistance curve as the peaks In the spectrum simply shift from low to 
high k" always reproducing the same kind of resistance pattem. 

6) 
: The analysis of the Da spectroscopic signal at different times 

corresponding 10 a peak or valley on the loading curve gives information about the 
correlation between gas release and global modes excitation (fig 6) . The change In RF power 
ooupleci to the plama due to a change In loading resistance is negligible( < 5%). The intensity 
of the spectral line Da, caracterlstic of the particle flux leaving the wall is flat ,which 
proves that the global modes exitation do not change fundamentaly the plasma-wall 
interaction. Parameters giving information .about heating efficiency (Ion .temperature 
deduced from neutron measurement or slope of the sawtheeth on ECE measurement) 'are also 



1055 

examined. No net correlation exists between these signals and the peaks existing on the 
loading curve. . 

7) Concl!Jsjons : During operal1on with the best heating conditions, cavity modes were 
generally not observed on TEXTOR; nevertheless, they wers observed with the antennae fed 
in phase and for a not optimlzed (H)-D mixture. For the antennae fed out of phase, no 
resonan l behaviour has been observed ; even if cavity modes are still present, we have shown 
that they don't Influence the loading resislance. No nel posilive or negative Influence of global 
modes on the heating efficiency or plasma-wait interacUen has- been detected. 
Refe rences : 
[lJ A.M. Messlaen et ai-Joint Varenna Int. Symp. on Heating in Toraida! Plasmas, Grenoble. 
2.,1978,229. 
f2] J. Adam et aI-5th IAEA 1nl. Conf. on Cont. FusIon and plasma Physlcs,Tokyo, L1975,65. 
[3) J . Adam. J . Jacquinot-EUR-CEA-FC 886 report. 1977. 
[4] L. MC earthy et aI-15th Conference on Controlled Fusion and Plasma Heating, 
Dubrovnik(CAVTAT), .1.2..b.. pari r. 1988, 717. 
(5) F Durodi~ et ai-15th Symposium on FusIon Technology, Utrecht. 1988,10 be published 
(6] R. Koch et al- lnlernal report n° 87. LPP ERMIKMS, Brussels, 1988. 
[7 I A.M . Messfaen et al· 10 be published in Plasma Physics. 
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MINORITY DISTRIBUTION FUNCTION EVOLUTION DURING ICRH 
MODULATION EXPERIMENTS 

M.P. EVRARD' 

Laboratoire de Physique des plasmas-Laboratorium vaar Plasmafysica 
Association "Euratom-Etat Belge"-Associalie "Euratom-Belgische Staat" 
Ecole Royale Militaire- B 1040 Brussels- Koninklijke Militaire School 

1 Introduction 
During the last campaign of operations, RF power modulation experiments have 

been performed at JET during sawtooth-free periods (monster). Those experimcnls 
aim at detennining th e RF power deposition profile ,avoiding ahogether the 
difficulties linked to the sawtccth as described in [l). Preliminary results on power 
deposition profile in mons ters have already been published (2). In this paper we 
analyse bow the minority ions transmit the modulated RF power to electrons, a 
vital ingredient in the su bsequent analysis of the electron temperature evolution. 

The experiments for wbicb this analysis is developed are characterised by a high 
level of average RF power «PRP> = 6-10 MW) on which is superposed a square 

wave modulation (±6P, &P= 2 MW ) at a frequency of 4 or 5 Hz . The heating of the 
minority is described in the framework of a Fokker-Planck equation which 
includes Coulomb collisions and a quasi -linea r perpendicular velocity diffusion 
induced by the RF [3]. At the high RF power level attained in JET, the minority 
distribution has fully developed a high energy tail, and all the RF power 
eventuall y ends up in the electrons [4] ,indicating that collisions between 
minority and majority ions can be safely neglected. 
Furthennore for ions with an energy lesser than several MeV, the approximation 
Ivlll,v.1« v the is still valid, and the operator representing minority-electron 

ar 
collisions is then separable in vlI'v.1. Assumi ng azimuthal symmetry (ae =0). the 

Fokker-Planck equation 

a r 1 " aT='t (a;- vII + 
, " 

finally reads 
2 

1/2 me vthe 

m 

PRF(t) 1" _" I --v 
2m vl. (Nl. l. (Nl. 

1 " --v 
v.L dv1. .1 

(1) 

where ts is the Spitzer time as defined in [3,p749] ,and PR F(t) is a power per 

particle (in eV/s) . Alternatively , this means that the distribution function is 

• Part of this work has been done while at JET in relation with contract JJ7/9007 
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normalised to unity ( and not to the density). In the quasi-linear RF diffusion 
k v 

h I I d J2(...l...d.) term we aye a so neg ecte a o roci 
factor, where JO is a BesseJ function, on 

k.lv .l vl. 
the ground that -- "" - s: 1 in the perpendicular velocity range of interest. In 

Cil el vA 
particular I it means that no FLR effects are present in Ihi s model. An isotropic 
model including the effects of majority ions in the TEXTOR context is presemed in 
(6]. 

2 Solution of the Fokker-Planek equation 
The first step in the resolution of eqn (I) is to separate the Vu pari which is 

trivial and whose solution is obviously a ID-Maxwe llian with a temperature 

2 
k T 11 = kT e ;:: 1/2 m e v the . Now, the remaining (perpendicular) pari has the form 

1 a 2 
with L1:z V a;- v.l 

1. 1. 
and I _ .. ..L 'J..~ V I .f-, a and b are (possibly) functions of 

~ v1. 11 ... .1 ..L aV1. 

time but don't depend on v.l ' To be able to compute '1. (v .1,1) for any initial distribution, we 

need 10 know the Green function U (t,to) solution of eqn(2) in terms of which 

f.l (v 1. ,t) - U(I,IO} f.l (v .1,10) . The operator L.l being lime dependent , Ihe Green function 

is to be formally written as a time-ordered exponential U(t,to) = T exp { JIIO du L.l (u) } , 

not a very tractable expression . Instead, we will follow the method described In (5] and 
represent U (I ,to) as a produCI of Ope!alOr 

U("'o) = exp (. ~ (tl t.,.) exp ( a (I) L,) (31 

where a and p are two unknown functions of t 10 be determined from a(tl,b(t). This will 
be possible simply only when the commutators of Ihe operators involved (here l, and l:! ) 
obey certain relations (see (5] ) The lack of space does not allow to go inlo details here, but 
the calculations present no difficulty. When the Green function is obtained, it is a simple 
matter to make it operale on the initial dislrlbution f,l (v .l,to) ,chosen to be a maxwellian 

with a temperature T.lO ' The final result, as can be easily checked by replacement into 

eqn(1) is 
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-v
-m-- 1I2mv~ m 

f(v ,v ,I) - -- exp(--' -- ) ::-c:-=--
~ " 2ltkT" kT" 2ltkT ~(I) 

1I2mvi 
exp(- kT ~ (I) (48) 

(4b) 

where t - ts'2 is the energy slowing-down time . Equations (48) and (4b) which show 

that the minority distribution function maintains its maxwellian character but with a lime­
dependent perpendicular temperature, are our main result. Unfortunately this result 
depends crucially on the hypothesis made and cannot be extended simply. For instance I 

2 k.lV.l 
considering the Bessel function factor Jo (~) would modi fy the commutation 

cl 
re lations between the different parts of L.1 in such a way to make the method 

inapplicable . Including the collisions with majority ions io extend the results 
towards lower level of average RF power, would even spoil the separability of the 
Fokker-Planck equat ion. Nevertheless. our assumptions arc general enough for 
our result to be useful in the analysis of rf power modulation experiments on 
monsters. As an application we show in Fig. l the instantaneous power transferred 
to electrons (the first tenn in the RHS of eqn(4b) ) resulting from a sine-wave 
modulation switched on at 1=0 : PRF(t)= PO+AP sin rnt 9(t) .The increasing delay and 

decreasing amplitude as the determining parameter (J)'t increases are clearly seen. The 
curves are asymptotic In the sense that all the transients have been allowed to die out and are 
not present In Fig.1 

3 Conclusions 
Under rather mild and realistic assumptions we have shown that during RF modulation 

experiments with a high average power level the min"rity distribution function is bl­
Maxwellian with kTu = kTe and the perpendicular temperature kT .1(t) a solution of a very 

simple differential equation of .first order whose inhomogenous term is PRp(t) 
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RF POWER DENSITY EVALUATiON BY MEANS OF RF MODULATION ON TEXTOR 
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ABSTRACT 

In order to analyse RF amplitude modulation 
experiments on TEXTOR (1,81 . we develop a 
realistic three species model for the energy 
transfer during RF heating. We solve the 
stationary and the non-stationary beha­
viour of the quasi-linear isotropic Fokker­
Planck equation with a global minority con­
finement time and find the existence of 
many characteristic times inctuding fast 
ones for the ion slowing down. We take care 
of the sawtooth and the density modulation 
and apply our model to the experimental 
data. The mean and the modulated power 
going to minority ions are differently 
distributed between bad<ground species. 

ENERGY TRANSFER SCHEME 

The RF power Is given to the electrons via 
mode conversion (Pmd and to minori ty ions 
via minority heating (Pm in). These ions 
transfer their energy to the electrons 
(Pmin.a) and the majority ions (Pmln.i). 
Defining equlpartition time between back­
ground species 'tab confinement times fo r 
the three species 'te• 'ti. 'tmin (4] and ohmic 
density power Poh, the energy transfer is 
modeled by: 

• Research dlrQC1:or at the NFSR, Belgium 

dE e Ee-E j E( ( 3 ) 
Yt=PdI+Pmin,e+Pm;-"'""tcl-t; Ee=1:nkT e 

dEi = Ee- Ei _ § +P (E,.=,"nkT,.) 
dt 'ta 'tj nm,; 

dEmn = .Emin. p . • p .. +p . ( I) 
dt 'tmin nw,e fIUII"I mm 

Using Spitzer conductivity and neglecting 
the small effect of the density modulation. 

we have: Poh '" - Ee/'tx with "tx = 3Ee/2poh 
We linearlze the two first equations in the 
modulated quantities (-) having an jw t 
depencleooe : 

POWER GOING FROM MINORITY IONS 
TO BACKGROUND SPECIES 

The perturbed behaviour of eq. 1 is studied 
using the distribulion function of minority 
ions f(v) obeying the isotropic ql.! asi-linear 
Fokker-Planck equalion (2,7): 

df = Lf 
dt 

L =.1 d rv2(D+~v2FI +.1 d r v
3_1 

v2dv1 dv v2dVlzt~ 

D, H,F are the diffusion, the minority 
heating and the fr iction coefficients. Losses 
introduced by the last term (6] are 
consistent with partic le and energy 
conservation. If we neglect the co llisions 
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with majority ions (hypothesis 1) and If we 
use the approximate form of the 
Chandrasekhar function (hypothesis 2) (31. 
o is a constant and F- v/ts 8 where Is 8 is 
the electron slowing down lime (2,p749) . In 
addition, if we neglect finite Larmor radius 
effects, H is proportional to the RF power 
and independant of v. Eigenfunctions and 
eigenvalues of the L operator ar8:(1 O,Pl 01 J 

_ f'la pi ' ) rn- ___ ~ex -x H2n-I IX) n=Ot ,",u+H . .. .. 

X=V(2~+'t;!J ·I(D+Hl.J A.n=n{2t~.e+'t~iJ (5) 

Ho is a Hermite polynome of order n. . 
The loss term modifies strongly the 
stationary distribution function 'sta and the 
effective temperature T eft (2,p751j. For 
typical condition, Is 8 Is 40 ms and a 'tmin of 
lOOms or 50ms will give a T elf 17% or 
29% less that the one expected: 

t .. 

f sta + (f sta.t ..... _ ) llitmin 

T eff = (Teff,t ... -)h~;;r 
An anisotropic study related to JET experi­
ments Is done In 151. On TEXTOR, minority 
Ions do Interact with the majority ions and 
the first hypothesis is not valid. We use the 
previously derived functions to form a basis 
In order to calculate by diagonalisation the 
eigenfunctions of the complete operator. Fig 
1 shows the evolution of the eigenvalues vs 
the RF power. For high RF power density, 
the analytical solutions (5) are recovered. 
The sinusoidal modulation of the RF power is 
introduced as a perturbed operator Q: 

600. 
11. 

200. 

'0. 200 . mW/cm3 400 . 

II{}. t Elgenvalues vs Pmin 

¥. = Lf+Qf cos(rot) Q=l d Iv'H.lL) 
v 2dv1 dv 

The eigenlunction expansion gives: 

f=Ianfn ... 
~~~ · I~o~' 11~H~::~::: ]1::1 COs~"") 
Because of particle conservation, ao is cons ­
tant. In case of small modulation, the power 
going from minority ions to background 
species Is: 

1triU(e) 80 q - = ~ _ 0,_ (4) 
P min,i(e) ~I jC1l + An 

where 7tmin,i(a)n is the power density trans­

ferred to majority ions (electrons) lor the 
mode n. Under conditions where majority 
ions and electrons are heated. many eigen­
functions participate with their own 
characteristic times (fig 2) and, so, we 
renounce our earlier treatment of eq.1 {8): 

. Emin Emn Ernin 
JcoE . = - -- --- - - +p . 

Wl 'tmin 'tmhc 'tmin,i. Wl 

In addition, some elgenfunclions with very 
small characteristic lime exist (fig .2) . Th is 
Is an evidence of the existence in the heating 
process of an Ion slowing down lime: 

tS.i ... ts.e~ 
Is,l(a) are defined for vmin< vlh.i(a) ' For a 
typical deuterium plasma in TE XTOR. ts,a and 
~,I are 40ms and .7ms. 

MODULA TION EXPERIMENTS 

The shots which wilt be analysed have been 
performed under the following condilions: 

Prl.1.MW~IPrfl.O.35MW, ",/2.: 5-;26Hz 
antennae K phasing (8), pulse length:l.5s, 
nao .. 41013cm-3. T.o.1.4keV, Tio.1keV, 5% 
of H in D. sawtoolh (ST) frequency: ... 50Hz. 

Density .nd ST period modulation 
The modulation Induces parasitic effects on 
the density and on the 8T behaviour. The 
recycling modulation of the wall, in phase 
with the RF power. produces a density 
modulation (flg .3 d,e) . This periodiC 
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Time evolution of 
a/ the RF power 
bI the central 
electron temperature 
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d/ the central density 
8/ the profile of 
density variation 
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density variation. 
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particle Influx creates a density rearran- Central electron energy modulatfon 
gemen! which progresses towards the ce,",ter We construct numerically the central elee­
with a velocity of about 2.5 m/so In addition Iron energy (3/2nekTe) to lake into account 
to this, as soon as the modulation frequency the modulated density and we subtract the 8T 
reaches 10Hz, the horizontal position crashes 10 avoid the parasitic effect of the 8T 
control system is too slow and a modulation period modulation (9). Modulated data are 
of the plasma position is observed. RF obtained by numeric filtering (fig.S). 
modulation produces also a change in the ST Because of the high central energy confine­
period. As seen on lig.31, the 8T is longer men! during the 8T rise. '[e and '[j are 
when the flux of particles arriving in the neglected in eq 3a and 3b. A fit of modulated 
q=1 surface is maximum. As soon as the central electron energy with our model (eq 
modulation frequency increases, particles do 2 and 4) gives the following power density: 
not have the time to reach the center in one 
RF period and the ST period variation 
decreases: 

10,-r------------------, 
ms 

5 

o 10 freq. (hz) 30 

fig.4 Total variation of the s8wteeth period 
for a peak to peak modulation of O.7MW 

4~--------------_r0 
degree 

-45 

-90 

o +-~--,.-~--.--~-+ -135 

o 1 0 Ireq. (Hz) 30 
fig.,5 Central electron energy. 

amplitude (for 1 MW RF) and phase 

Furthermore, when one harmonic of Ihe RF 
modulation frequency is near the ST 
frequency , we observe a locking of the ST on 
the RF modulation frequency . 

Prl. 1MW IPr,I.0.35MW 
pmin,i 140 20 
pmin,e 70 57 

IDme 75 26 mW/cm3 

The RF modulation affects the existing 
minority lail which yields his energy 
mainly 10 the electrons. This explains the 
difference between the repartilions of the 
mean and the modulated power 10 the 
background species. 
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OBSERVATION OF A LOCALIZED RF ELECTRIC FIELD STRUCTURE IN THE 
SCRAPE-OF)'" LA YER DURING leRF ON TEXTOR AND ASDEX. 

R. Van Nieuwenhove, G. Van Oast , R. Koch. r .E. Vandcnplas 
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J .-M. Notcrdaeme 
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Gcnnany 

Abstract. Radial RF electric field promes, measured with fast drive probes ip the SOL ofTEXTOR and 
ASDEX during ICRF, revealed strong radial variations or lhe poloidal RF electric field. The electric field 
structure is found to be independent of plasma density, toroidal magnetic field and plasma current, 
thereby excluding surface waves or global modes as possible explanations. 

Experimental set-ups. On TEXTOR, the measurements were performed by means of a fast drive double 
probe system 1 , normally used to characterize the scrape off layer (SOL) density and temperature promes 
during the ALT-lI toroidal belt pump limiter operation. The scanning probe is located in the horizontal 
midplane ofTEXTOR , at a distance of about 0.87 m toroidally away from ICRF antenna pair I (AI). 
A second ICRF antenna pair (A2) is located 180 0 away from AI. A description of the ICRF antenna 
system is given in [ 2]. The pneumatically driven double probe scans a distance of 15 cm, moving from 
behind the TEXTOR liner to near the ALT-II limiter tangency point in about 0. 1 s. The double probe 
consists of two wires, each 0.6) mm in diameter and 3.0 mm long, separated by 2 mm in the poloidal 
direction. To measure the RF electric field at the gencrator frequency (29 MHz), the differential probe 
signal was fIrst mtcred by a bandpass fIlter with a flat frequency response in the range 25·35 MHz and 
then rectified by a linear RF detector. The RF fields measured in this way are not calibratcd; the voltage 
! V .. ! measured over the tenninating resistance Rr (50 n) of the coaxial measuring cable depends on the 
internal impedance R, of the probe l , since J V .. ! = ! V~FI Rrl(Rr + R, ) where I VJlF ! is the amplitude 
of the RF voltage in the plasma. Neglecting displacemcnt currents through the sheath, which surrounds 
the probe tips, R, is given by 3, R, = T,II" where T, is the electron tcmperature expressed in eV and I, 
(A) is the ion saturation current to the probe. In the present situation, it t1f!!ls out that R, » Rr and 
thus I V .. I = ! VJlFII Ri! = ! Vjlf! 1,/ T,,*,"Since I, is proportional to n,.JT" where n. is the electron 
density, onc obtains I .1 "'" ! Vul "./-JT, . Except very close to the ALT·II limiter tangency point 
the clectron temperature prome in the SOL was found I to be much flatter than the electron density 
prome, so that wc can write J V",! "'" I VJlFJ n,. 
On ASDEX, the RF field prorLies were also measured by a pneumatically driven fast drive probe system 
which scans a distance of 8 cm in about 200 ms. The probe manipulator is locatcd in the horizontal 
midplane of ASDEX, at a distance of I m toroidally away from onc It:;:RF antenna (Iabeled 'SO'). A 
second antenna pair (labeled 'NW') is located 180 0 away from the antenna SO. A description of the 
(cooled) ICRF antenna system is given in (4). Two electrical dipole antennas, and two single-turn 
magnetic loop antennas were mounted on the head of the probe manipulator. For each pair, the two 
antennas were oriented perpendicularly to each other. These RF probes have a toroidal (z) (or poloidal 
(y)) extension of )7 mm , a radial extension of about 20 mm, and a thickness of 4 nui:a. In contrast to 
the measurements on TEXTOR, thc measured RF amplitude t VOl t was made independently of the 
plasma density and temperature in the SOL. This was accomplished by placing resistors (250 n) in se­
ries with each tip of the electrical dipoles at a distance of only 2 cm behind the probe tips. 
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Using typical SOL plasma parameters, an internal impedance RI on the order of 8 .n (thUS significantly 
lower than on TEXTOR due to the much larger probe area) is obtained, which is much smaller than 
the external (2 x 250 il) series resistors. The measured RF amplitude can therefore be considered as 
essentially independent of R,. The RF probe signals were filtered by a bandpass ruler with a flat fre­
quency responsc in the range 50-70 MHz 10 seloct only the generator frequency (67 MHz). 

Measurements. The measurements on TEXTOR were perfonned in (our different gas mixtures; 
lHe-(H), "He-(li). H and D-(H). The Radial Proflle of the Electric field (RPE) forthe lHe -(H) mixture 
is shown in Fig. l . The position of the peaks in I £,1 was found to be completely independent of the 
toroidal magnetic field Br and of the line-averaged density n.o ' for Br between 1.8 and 2.1 T and n.o 
between 2. JOllcm-l and 3. iOLlcm-l. The decreasing amplitude of IE,I towards the wall can be attri­
buted to the density dependent sensitivity o f the RF electric dipole, as cxplained before. Note a150 that 
the radial positio n of the large peaks in IE,I seems to correspond to thc radial position (r "" 47 cm) 
of the most protuding part of the antenna protection limiters. 
For the -He-(H) case, nearly the same electric field structure :!: compared to the lHe-(H) case was ob­
served. The position of the peaks in I £,1 was the same a~ ;:1, the previous case (for the same antenna 
position). The plasma conditions were similar to those of !he IF(' case, excep t for the plasma current. 
The structure in I £ I was found even for the lowest RF power (50 kW). 
In pure hydrogen, t~e observed RPE is different as compared to the previous cases (Fig.2). Thc position 
47.2 cm of the Umennost peak corresponds again to the radial rosition of the most protuding part o f the 
antcnna protection limiters. The RPE was again found to be independent of Bn n. and the plasma 
current I . 
The RPE in the case of O-(H) is sho wn in Fig.3. The iCRF antenna limiter was in thls case positioned 
at r '" 46 cm, which is also the radius where the RPE shows a sharp transi tion. 
The measurements on AS DEX were perfonned in the second hannonic heating scenario in pure hy­
drogen and using the double nuU magnetic configuration. Neutral injection power was applied simul­
taneously with the ICRF heating pulse. An example of the observed RPE is shown in FigA, when only 
antenna NW was excited. 'T1Us antenna is nearly at the diametrica.lly opposite side of the torus. I Efl 
shows a sharp transition at r "" 21 5.3 cm, while no transition is seen or. the to roidal magnetic fie d 
component I B,I. The position o f the antenna pro tectio n limiter is at r = 212 cm, which is close to the 
radial position of the sharp transition in I E,I , when onc considers the radial extension (2 cm) of the 
electric dipole. 
Measurements of the floating potential in the divcrto r of ASDEX have shown' previously a strong 
negative dip in the scrape off layer at the la.>1 flu x surface entering the divertor (which is also the surface ' 
directly in front of the antenna). 

Discussion. Since the scnsitivity of the RF probes o n TEXTOR depends o n the electron density and 
temperature, strong radial variations in these quantities could, in principle, give rise to the observed 
RPE. Whcn the scanning probe diagnostic was operated in the double Langmuir probe mode however, 
such strong variations of n. and T. were not observed; this fact and the ASDEX measurements therefore 
exclude such an explanation. A theoretical interpretation based on global o r surface modes can also be 
excluded because the presence of such modes can cause omy much more gradual radial wave amplitude 
variations and because their characteristics are strongly dependent on all plasma parameters. One might 
a1so think of resonance cones 7 , to explain the two peaks in the lHe-(H) and the 4He -(1-1) case. TIlls 
possibility can also be ruled out because (i) resonance cones depend strong.ly on the plasma density (ii) 
the -ion-branch- cones exist omy for w < W . /O whereas in most o f the experiments w was larger 
than wn. 
From previous measurements on TEXTOR I it is known that due to the sheath rectificatio n effect at 
the ICR F antenna, a large dc current is generated between the ICRF antenna frame (box, screen, pro­
tection lirniters) and the wall (liner). TIlls dc current flows primarily along the magnetic field lines and 
results in a radially localized dc current layer in the SOL. The negative dip in the floating potential' in 
the divertor of ASDEX could also be related to this dc current layer. 'T1Us de current , according to 
sheath theory results from the RF current flowing in the same direction. Evidence for the existence of 
such toroidal RF currents generated by RF electric antennas has already been found on the CALT EC H 
tokamak'. The link between the IE, I field structure and this RF current, as weU as the apparent cor­
relation between the radial position of the sharp transition in I £,1 and the antenna position have to be 
further investigated . 
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FIG. I. Radial, uncalibrated profile of IE,I 
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FIG. 2. Radial, uncalibrated proftle of I E
l

,1 measured 
on TEXTOR in a H discharge, with 80 kW on AI ; 
ALT·Illimiter at r- 46 cm, antenna limitcrs 
at 47 cm, Br = 2.5 T, 
I, = 460 kA , n.o _ 3.7 lO,l cm-l . 



""""" 
SMOT ~'.'I 

"" "... /~----"", .. , .. "?/ "'" 
// .. "" 

,.- • • :UO S 

r(cm] 

FIG. J . Radial, uncalibratcd profr1e of IE ... I measured on 
TEXTOR in a D(H) discharge, with 400 kW on Al and 400 kW 
on A2 ; ALT-I1limiter at f ""' 44 cm, antenna limilers at r=46 
cm, BT = 2.0 T I, = 337 kA • ii,ct ""' 2.85 lOll cm- J H con­
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INTRODUCTION 
Ion heating by an externally launched Ion Bernstein Wa\'e (lBW) has assumed 

great consideration in recent years (1,l). This frequency is in the range of ion cyclotron 
frequency and the energy transfer occurs via ion Landau damping near the harmonic 
resonance of ion cyclotron frequency (n = 2,5). Sources with high power levels are 
available in this range of frequencies and the coupling of the power to the plasma can 
be obtained by a waveguide antenna for avoiding the disadvant,ages of an antenna coil 
placed inside the vacuum vessel. This fact makes the mw a very attractive technique 
(or ion heating in tokamak-like reactor devices. The waveguide coupler is high and 
narrow and can (it between the toroidal coils o( the tokamak. In the mw range of 
frequencies, the waveguide structure can be much simpler than that for lower hybrid 
coupling and waves with nl < I could be coupled to the plasma. 

In particular an experiment with a waveguide coupler is planned on flU with a 
(requency o( 4j3 MHz and a power of 1.5 MW. This frequency corl'esponds to the foul'th 
harmonics of hydrogen near the piasma centre (or a magnetic field Bo-8 Tesla on the 
axis. 

THE DISPERSION RELATION 
In order to study the propagation and the absorption of the externally launched 

lBW, we have used the complete electrostatic dispersion relation in a slab geometry: 
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(3) 

and Z,IKllUl and in( Au ) are the plasma dispersion function and the modified Bessel func tion 
respectively. 

The e lec trostatic approxi mation seems to be justified here because of the very 
high value of n.L everywhere inside the plasma. The only critical point is the very edge 
of the plasma where the lower hybrid resonance layer takes place (WLJI - WIBW - Wpi)' 

This layer, as we will see later, is easily ove rcome by the wave which propagates 
freely towards the har monic resonance. Equation (1 ) is solved in the complex plane for 
nl. in all the slab domain. Our numerical method for finding the complex roots of Eq. (1) 
is based on the New ton formula of approximation on the complex plane and needs an 
initial guess to start. 

The calculation is repeated at e ac h point x in the plas ma . As 0 1 is a complex 
quantit y, we can have information on the characteristics of propagation of the radio­
frequency (real part of n1 vs xl and on the wave absorption (i maginary part of nJ. vs xl. 
In the numerical treatment of Eq. (1), we have taken up to the hundreth harmonics of 
the ion species (n • ± IDOl in the series of Eqs. (Z). This was necessary because, owing to 
the high value of Ai (I < Ai < 10) for the ion species, the series of Eqs. (Z) does not 
converge rapidly as in the case of electrons where Ai <I 1. In Fig. (la,b) we show a run of 

16)( 10J lBW b) 

kR.,1 • -I kIT·g· 

8)( 10J 

4)( 10' 

0 0 
0.' O.S 0 .• 0.7 0.8 0.9 1.0 0.' O.S 0 .• 0.7 0.8 0.9 1.0 

lI: .. r/a x ;;;: r/a 

Fig. 1 • al Real part of kJ. V5 x (normalized 51a b length) for FTU typical plasma parameters: a _ 31 cm, 
Ro - 93,S cm, Bo _ 7,8 Tesla, n(O) . 3.5·10'. cm·l, Te(O). Ti(Ol. 1.5 keV, n._ 5, hydrogen plasma and 
density and temperatures parabolic profiles ; bllmaginary part of kJ. vS x for the same parameter as 
in Fig la 

our code for FTU plasma parameters. The rea l part of n .1. vs x gives the characteristics 
of propagation of the IB wave. It is possible to re cognize a t the very edge of the plasma 
the LHW resonance layer. In this region the mode transformation process occurs [3]. 
This is a process where a wave (EPW) excited at the plasma boundary goes into anather 
type of wave (IBW) without singularities in the transition region. 

The imaginary part of n1 gives the rate of absorption of the wa ve by the plasma 
which becomes relevant when the wave approaches the harmonic resonance. 
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Fig.2. lBW IUltenna: side view outline 

mw WAVEGUIDE COUPLING 
The waveguide coupling coefficient is evaluated by the calculation of the 

reflection coefficient associated with the whole laWlched spectrum of a double 
waveguide antenna (Fig. 2): this is in order to have a good. coupling to the plasma and 
to enhance the power handling capability. 

The reflection coefficient is calculated by a modified version of the Brambilla 
code where the plasma surface impedance is calculated by using a slab model with a 
multistep plasma density profile [4]. 

Figure 3 shows a plot of the rf power spectrum vs the parallel refraction index for 
the two phasing conditions 0-0 and O·n. Figure 4 shows the reflection coefficient vs the 
value of the plasma density at the mouth of the antenna for two pbasilig conditions of 
the grill. It is possible to observe two regions of the density where the reflection 
coefficient is low: one region around the value which corresponds to the LHW resonance 
just in front of the grill, and the other where the position of the grill is beyond the 
lower hybrid resonance. In this last case, a direct coupling of the mw is expected to 
occur and. very low values of the reflection coefficients are obtained for both the 
phasing conditions considered. 

CONCLUSIONS 
The mw seems to be particularly indicated for tokamak-like reactor devices 

because, owing to the dimensions of these devices, the power carried by the wave can 
be coupled to the plasma by a waveguide antenna which can fit between the toroidal 

I coils of the tokamak. 
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antenna suitable for the port of FTU 
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Fig. 4 - Plot of the reflection coefficient 
vs the plasma density value at the 
mouth of the antenna calculated by the 
lBW coupling <ode 

Calculations on the propagation, absorption and coupling have been presented for 
FTU which seems to be very well indicated for an mw heating experiment by a 
waveguide coupler with f :: 433 MHz and P :: 1.5 MW. 

The ions of a hydrogen plasma would be directly heated at the fourth ion­
cyclotron harmonics near the plasma centre. 
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S~UDIES OF RF PLASMA PRODUCTION AND HEATING 
IN THE URAGAN-J TORSATRON 

Zaleskij Yu .. G., NBzarov N .. I., Plyusnin V.V., Shvets O.M. 

Kharkov Institute of Physics and Technology, 
the Ukrainian BSR Academy of Sciences, 310108 Kharkov, USSR 

Introduction. In earlier experiments on ICRF plasma 
heating in the uragan-2 atellarator [1J an effect of anomal­
ously fast heating of hydrogen and deuterium ions during time 
much less then Coulomb time of energy exchange was revealed. 
As was shovm in [2 ] , such fast heating may be due to plasma 
particl e scattering of f turbulent pulsations of electric 
fields arising as a resul t of small scal e instabilities [3 ] 
and parametric phenomena [ 4 ] in the plasma. The experimen­
tal proof of the existence of nonlinear phenomena during 
intera ction of electromagnetic fie l ds with plasma was obtained 
for the first time by the absorpt ion line broadening in the 

cJ r.. Wee: r ange [ 5 J and by observation of low hybrid oscil­
lations during the RF plasma heating on the Ura gan-1 stellar­
at or [ 6]. Recent measurements of RF oscillations spectra (7,B] 
have shown the existence of parametric phenomena in the edge 
plasma during leRF heating experiments. 

This paper describes the experimental results of in­
vestigations of wave processes during RF plasma production 
and heating by ion cyclotron (Alfven) waves (ICW(AW)) in the 
Uragan-J toraa tron [ 9 ] . 

Experimental results. The investigations were performed 
in the uragan- 3 torsatron ( R ·· =100 cm, Bo ~ 1.0 T, ~,,~ 
1 .. 0 NN/),the plasma production with parameters n.te2+4·1012cm-3, 

T .. :::.1 keY, 're-Co 0.3 keY, was provided by using 0.4 MoV of 
RF power. The measurements of spectrum of excited RF oscil ­
lations were performed for the study of wave processes in 
two regimes : 6 

1. Ba ~ 0.7 Tt 1.:' 8.5 MHz, Po::::: 8·10- Torr 
2. Bo!::!. 0.44 T, .t. -= 5.2 MHz, Po ~ 1.2·10-5Torr 

The change of working gas pressure is connected with the in­
tention to keep the main plasma parameters constant after 
changing the val ue of the confining magneti~ field. Both re­
gimes corresponded to the frequency range ~l = w./wc...: ~ 0.8. 
The lcngitudinal wavelength apectrum of ICW(AIV) ( A ll ) was 
determdned by RF current distribution in the antenna. 
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The measurements were performed by using moving probes: 
an RF magnetic probe (MRFP) and a single electric one (ERFP) 
located side by side in the equatorial plane on the opposite 
side of the torus with respect to the antenna. The measure­
ments of electric RF oscillations in the plasma were per­
formed by using ERFP, its bias being fixed close the plQPma 
potential Vp • The amplitude of the radial component ( Hr ) 
of ICVI(AW) in the plasma was measured by using MIU'P. 

The pr ocesses of plasma production and its density at­
taining a steady level during the RF voltage being applied to 
the antenna are presen~ed in Fig. 1. The evolution of the I~ 
(AW) magnetic field ( Hr) and the electric RF oscillation ( U.p) 
detected signals is preaenJed here too. In the initial stage 
of RF plasma production (ne.::1ob + 1010cm-J ) there are only 
electric RF OSCillations. The spectrum of these oscillations 
(Fig.2) has a large number of harmonics of the pumping fre­
quency So. The analysis of the experimental conditions and 
the spectrum of the RF oscillations at this plasma production 
stage shows that RF oscillations with frequencies ~4. (~c2, 
3 ••• ) cannot be generated by the RF power source. Simulta­
neously with the RF oscillations low frequency fluctuations 
of the plasma density and potential Vp were observed in 
the 1 + 100 kHz frequency band. These experimental facts 
show essentially nonlinear character of the processes des­
cribed. Intense harmonics of the pumping frequency may be due 
to parametric instabilities of a low density plasma on elee- "' 
trostatic branch of AW [10] or due to nonlinear effects which 
develop near the antenna. These phenomena strongly influence 
the absorption of RF energy in the plasma and working gas 
ionization. /. 14- Mo t , 

o I I I I 
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.! 
~o I,NH. JO 

Fig.1. Plasma parameter Fig.2. RP oscillation 
evolution during RF dia- spec trum at the initial 
charge. s ,tage of plasma production. 

At the density n~:5.1010cm-3 the MRFP registers the ap­
pearance of RF oscillations (Fig. 1) which are caused by "lCW 
(AW) exei tation. At the same time the ERFP registers a sharp 
increase of the RF electric;.,.. oscillations simultaneously with 
the appear ance of ICW(AW) Hr -component. The" temporal evol­
ution of the phase of these oscillations wit~the accuracy 
of T/2 correlates with the evolution of the Hr-component 
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phase with respect to the RF current phase in the antenna 
when the plasma density increases. Thus RF electric oscilla­
tions registered by ERFP at the pumping frequency are due to 
the electric field of ICW(AW). Apart from the pumping fre­
quency f. and its harmonica the ERFP registers the oscilla­
tions with the frequencies j~= 9-ftL (n=1.2.3 ... ) at the sta­
tionary stage of the RF discharge. The important experimental 
result is the existence of these RF electric oscillations in 
the decaying plasma during a long time (t~ 5 me) after the 
RF generator is switched off. 

-H 

$ f() ~ ,; f"/f(, 

Fig.3.RF oscillation spec­
trum on the stationary 
stage of RF discharge (re­
gime 1) 

• 

• 
/\. '-A , . ." 

Fig.4.RF oscillation spec­
trum in the decaying plasma 
(regime 1) 

The RF oscillation spectrum in the decaying plasma (Fig.4) is 
similar to that at the active atage of the RF discharge ex­
cluding the harmonics of the pumping frequency. This fact re­
veals a similar nature of these oscillations. It follows from 
the measurement that only electrostatic (potential) oscil­
lations exist in the decaying plasma. The time of RF oscil­
lations existence in the decaying plasma is comparable to the 
plasma energy lifetime. The comparison of RF oscillation spec­
tra obtained in the regimes 1 (Fig.4) and 2 (Fig.5) shows the 
essp-ntiel weakening of 2 1CL oscillations when the confining 
magnetic field increases. The considerable broadening of RF 
oscillation spectrum and the shifting of it to higher fre­
quencies aB compared with the value of local ion cyclotron 
frequency at the probe localization were observed. 

g P.l.JiuAUcI. 

" 

J ID IS IIII,/'1H. 

Fig.5.RF oscillation spec­
trum in tbe decaying pla~ 
(regime 2). 

• 

• 

o fill" ~./1HZ 
Fig.6.RF oscillation spec­
trum in the decaying plas­
ma for two values of radial 
location of ERFP. 
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The oscillations on fit = flu (n=' ,2 ••• ) arise as a result of 
the RF instability of a plasma with hot ions. The presence of 
intence oscillations at ion cyclotron frequencies leads to a 
considerable increase in the effective collision frequency 
and to fast plasma heating. 

Conclusions. The experimental results evidence strong 
nonlinear phenomena arising during RF plasma production and 
heating in the Uragan-3 torsatron. The arise of intense os­
cillations at the harmonics of ion cyclotron frequency leads 
to the increase of the effective collision frequency and to 
the fast plasma heating. The development of parametric insta­
bilities at the initial stage of the RF discharge strongly 
influences neutral gas iOnization and dens~ plasmE'. production. 

The autholBare indebted to K.N.Stepanov for useful dis­
cussions and S.S.Kslinichenko for preparing the experiments 
and performing the measurements. 
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A METHOD TO STUDY ELECTRON HEATING DURING ICRH 

L. -G . Eriksson* and T. HeIIsten 

JET Joint Undertaking , Abingdon. Oxon., OX14 3EA. UK. 
*Chalmers University of Technology, 5-41296 Goteborg. Sweden. 

INTRODUCTION - Collisionless absorption of ICRF waves occurs either by ion 
cyclotron absorption or by electron Landau (ELD) and transit damping 
(TTMP) . Both ion s yc!otron absorption, and direct electron absorption 
results in electron heating. Electron heating by minority ions occurs 
after a high energy tail of the resonating ions has been formed i . e. 
typically after 0.2-1s in present JET experiments. Electron heating 
through ELO. and TTMP , takes place on the timescale given by 
electron-electron collisions which is typically of the order of ms. This 
difference in the timescales can be used to separate the two damping 
mechanisms. This can be done by measuring the time derivatives of the 
electron temperature after sawtooth crashes during ramp-up and ramp-down 
of the RF-power. 

After a sawtooth crash , the electron temperature profile becomes 
almost flat in the centre and hence resulting in a small energy conduction 
The electron energy balance equation can the r efore be approximated by 

(1) . 

where ~ denotes the resistivity, j the current density, ~ie the energy 
transfer time between ions and electrons, Prad the radiat10n losses, PRFD 
the direct RF- power density going to the electrons an~ PRFI the power 
density due to power transfer from the heated minority ions . 

The l .h.s. of Eq . (1) can be obtained from the experiment by 
measuring the slope of the electron temperature, vs time, after a sawtooth 
crash and from the electron density . The electron temperature is measured 
by the 12-channel grating polychromator (1], which measures the 
temperature at 12 positions. The density is measured with a 2mm microwave 
interferometer (2] . The main contributions to the r.h.s. of Eq. (I} 
comes from the ohmic and the RP-heating terms. Thus, if direct heating 
dominates over indirect heating . and the ohmic heating stays roughly 
constant, one would expect to see a linear relation between the coupled 
power and the electron heating after sawtooth crashes during power ramps. 
The power density .due to direct electron heating by IeRH can then be 
obtained from the slope of the curve of the local electron heating (i .e. 
l.h.s. of Eq . (1» vs the coupled power. Henc~. the power deposition can 
be found by measuring this slope for different radii. If indirect heating 
dominates, the local heating becomes a nonlinear function of coupled 
power. In particular, the indirect heating should be delayed by the order 
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of a slowing down time for ion electron collisions, ts' To get a 
qualitative understanding of the indirect heating, we study the following 
simplified Fokker-Planck equation 

where f is the distribution function. QRF is the RF-operator [3], and tl 
is an equivalent loss time. Multiplying by Mmv J and integrating yields 

Wf • exp[ -St IL + L)dt'lIS\RFlt) exp[S\L + L)dt"] dt' + Wf lt-OJ} (4) 
o ts t 1 0 0 ts t 1 

where Wf is the energy of the resonating ions. The indirect electron 
heating is then obtained as Pe = 2W f /ts ' It is possible to obtain some 
insight into the indirect heating by taking the experimental data for the 
electron temperature and the coupled power and integrate Eq. (4) 
numerically using different tl to model losses during a sawtooth crash. 

ANALYSIS OF EXPERIMENT - A series of ICRH experiments were performed in 
~He-plasmas with lHe as the minority species. The RF- frequency was equal 
to ' 33 .9MHz chosen such that t he cyclotron resonance of )He passed close to 
the magnetic axis. Toroidal dipole phasing of the antennae was used, 
which peaks the spectrum around toroidal mode numbers n = 30. The axial 
electron density was about ne(O) = L-4 . 5x10 1) cm- l , Bo = 3.4T, Te = 
5-10keV , Ti = 4- 8keV and 2eff = 4-4.5. The filling pressure of the 
minority ions, lHe, varied cetween 5-l20mbar. 

The discharges 1113683, 13684, 13687 and 13692 all showed a linear 
relation between the electron heating, Pe' and the coupled power, PRF , 
indicating that direct electron heating dominated. The direct RF-power 
deposition profiles are shown in Fig.I . For the lower filling pressures 
(15-3Ombar, 30mbar corresponds to nlHe/ne = 0.05) the deposition profiles 
are broad and almost identical whereas the 120mbar discharge gave a more 
peaked profile. 

We have compared the measured power deposition profiles for direct 
.electron heating with profiles calculated with a modified version of the 
LION code , which includes ELD and TTMP {4] . Two calculated power 
deposition profiles due to TTHP and ELD are shown in Fig.l, with n1He/ne ~ 
0.025 and 0 .05. The power deposition has been obtained by approximating 
the coupling spectrum with six toroidal modes. There is a rough agreement 
between the calculated and measur.ed deposition profiles. Both show broad 
profiles which become more peaked at higher minority concentration. 

Fig.2 shows Pe' PRF , for discharges 1113684, 13688 and 13689. Only 
the discharge with the lowest filling pressure (5mbar) gives a nonlinear 
relation between Peand PRF consistent with indirect electron heating. 
Discharge 013689, with filling pressure 60mbar, shows a non-linear 
relation between Pe and PRF which is different from what one would expect 
from indirect heat~ng. As mentioned before, discharge #13684, (3Ombar). 
gives a linear relation between Pe and PRF consistent with dominating 
direct electron heating. 

Further information can be obtained by studying the energy content of 
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the minority ions. For indirect electron heating the energy content of 
the minority ions should be large whereas it is expected to be small for 
direct electron heating. The energy content in the perpendicular minority 
ion tail, Wt. can be obtained as: Wf = 3/4(OW01A - OWHijO)' where W01A and 
WMHD measures the plasma energy content based on the d1amagnetic effect 
and equilibrium calculations, respectively (W01A • 3/2 Wi' WHHD - 3/4 WI + 
3/2 WII ). Fig . 3 shows t he estimated fast ion energy contents for discharge 
013688. (8mbar) and 13692 , (12Ombar). the fast ion energy content 
increases only significantly for discharge #13688, which is in Agreement 
with the analysis above. Both discharges #13688 and 13692 gave rise to 
sawtooth-free periods, whereas the discharges in the 15-3Ombar range did 
not. Thus , it appears to be possible to create sawtooth-free periods with 
both dominating indirect electron heating or with dominating direct 
electron heating. 

We now analyse discharge #7220 in which hydrogen minority heating in 
a deuterium was performed, nH/nO = 0.03. It was dominated by indirect 

. electron heating. A prominent feature of this discharge is the hysteresis 
effect seen when the coupled power is ramped up and down, Fig. 4. A 
numerical solution of Eq. (5) using the experimental data for the 
elect ron temperature. RF-power etc . is also shown in ·Pig. 4. The 
theoretical curve has been normalised at PRP = 4.38HW. The qualitative 
features , i.e. the shape of the curves, are in good agreement. It is 
interesting to note that the shape of the theoretical curve is almost 
unchanged if one assumes losses up to 50% of the fast ion energy content 
during a sawtooth crash . It is therefore difficult to determine the fast 
ion losses f r om this analysis. 

DI SCUSSIONS - For intermediate minority concentrations with the dipole 
phasing of the antennae a broad power deposition profile is obtained for 
the direct electron heating. Due to the large toroidal mode number no 
linear mode conversion should take place. TTMP and ELD are then the most 
likely absorption mechanisms. For the highest concentration of minority 
ions the direct deposition profile becomes more peaked. Comparison 
between the power deposition profile due ·to TTMP and ELD as calculated 
with the LION- code shows rough agreement with ·the measured profiles. 
Sawtooth-free periods were obtained for both the high and low minority 
concentrations . but not for the intermediate concentrations. 

When indirect electron heating dominates, the ' electron heating 
increases on the time scale of high energy ions slowing down on electrons. 
Theoretical calculations of the electron heating are in ' g~od ' 9ualitative 
agreement with the measured values. The results indicate tha~ indirect 
electron heating dominates for low minority concentrations and that a non­
negligible part of the ions are being confined near the centre after 
sawtooth crashes. 

ACKNOWLEDGEMENTS - The authors wish to thank the ECE-group for providing 
the measurements of the elect ron temperature . They are also grateful to 
Ors. O. J. Campbell and D.P. Ouchs for valuable discussions con~~rnin~ the 
manuscript. 
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ICRF MINORITY flEA TlNG COMBINED WITH COUNTER NEUTRAL INJECI10N IN ASDEX 

~ M.Brambilla, A.Eberhagen. O.Oehre, R.Nolte. 1.-M.Noterdaeme, F.Wesner, 

ICRH-Group, ASDEX-Group, NI-Group 

Introduction: 

Max-Planck-Institut fur Plasmaphysik,Euratom Association, 

D-8046 Garching,Fed. Rep. Germany 

As reported in ref /1/, counter-injection in the ASDEX tokamak is able to induce density 
profile peaking and a subsequent improvement of both the energy and particle confinement. We 

discusse here is the application of ion cyclotron hydrogen minority heating (33.5 MHz) 

combined with DO counter-injection to ASDEX deuterium plasmas containing a low percentage 

of hydrogen. The resonance layer was in the plasma eenter. The vacuum vessel was carbonised 

to handle the high impurity production due to etr-Nl 

1. Phenomenology ofICRH+ctr-NI discharges: 
Figure 1 shows the time evolution of two discharges from an ICRH power scan (0.25-

2.0 MW) combined with PNI=l MW ctr-NI (launched powers). As usual with ctr-NI, the 

discharges are not} tationary. The line density increases monotonically. the plasma energy Wp 

reaches a maximum after which the impurity accumulation induces a rapid decrease of Te(O) and 

W p' and the discharges end in a disruption. as discussed in ref 12/, The peaking factor 

Qn=ne(O)/<ne> increases as soon as the injection starts. decreases ,suddenly when the ICRH 

begins. due to a strong density increase at the plasma edge, and then increases up to about 1.8 at 

which time Wp reaches a maximum, For ICRH powers larger than = 1 MW, an intermediate 

maximum is observed for Qn' Wp and Te(O), When the plasma center is not strongly dominated 

by lhe radiation losses. W p and T e(O) follow the time behaviour ~f Qn. In contast to the cases 

with ctr-Nl alone in which Te(O) remains constant or even decreases along the shot, with ICRH 

Te(O) increases despite the density increase. The soft X-ray emission from the central chord 

shows the strong radiation increase of the plasma center d'ue to impurity accumulation towards 

the end of the discharge when the sawteeth disappear. The sawtooth behaviour clearly depends 

on the ICRH power. At low power the sawteeth tend to stabilise early in the heating pulse and 

the period is erratic, As the ICRH power is increased, the period evolves smoothly and increases 

with Qn and Te(O) or decreases when they decrease. The possible mechanism for the sawtooth 
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behaviour is discussed in a companion paper /3/. Figure 2 shows ne. Qn and T e(O) values 

measured at the when Wp is maximum (Wmax)' and immediately before the disruption plotted 

versus the total deposited heating power (Pto(= P'OH + ClNIPNI + cxrcPrc). where cxNl=0.59 and 

(lIC=O.7 are the estimated absorption coefficients for err-NI and ICRH respectively. The values 

of Qn and fIe at W mOo are almost independent of PlC. The difference between T e(O) at W ma'x and 

at the disruption reflects the radiation losses due to impurity accumulation. At high power the 

clear decrease of Qn prior to the disruption is due to an edge density increase. 
As discussed in rer Ill. the peaking occurence is sensitive to the edge plasma and the 

role of the ICRH in peaking mechanisms is unclear. We observed, particularly with a fresh 
carbonisation for which the recycling is high, that ICRH can prevent the density peaking. This 
suggests that an apropiate ICRH power combined with ctr-Nl could control the peaking effects. 

Obviously the density peaking results from the balance between the Ctr-NI influence which 
increases with PNI and an opposing ICRH effect. For instance, with a new carbonisation and 
P1C=1.6MW, peaking did not occur with PN1=lMW but occurred with PN1=1.6MW. The ICRH 
edge density increase certainly plays a role. However the electron density and temperature near 

the separatrix in cases with and without peaking were not measurably different. Appropriate 
conditioning of the wall and of the amennas would improve the combination ctr-NI+ICRH. 

2. Heating and confinement propenies: 

The hearing properties of the series described in § 1 are illustrated in figure 3. The 
maximum plasma energy follows the off-set linear scaling law as already observed with co-NI 
(see Fig. 4 and ref /4/). The incremental confinement time is about 37 ms. The same behaviour 
is found for the electron temperature and electron plasma energy which contributes about 70% of 

the total plasma energy. The radiation in the center increases more strongly with the power than 
in the co-NI case. W m!U is determined by th opposing effects of the confinement improvement 
related to the density peaking and the radiation increase in the central part of the plasma. The 

ICRH contribution to the radiation in the center is around 0.8 Wcm-3 for 1 MW deposited ICRH 

power, which is to be compared with 1.3 Wcm-3, ~e theoretical estimate of the absorbed power 
density in the center (for 1 MW). The radiation and RF power deposition profiles in the central 
part of the plasma (nol shown here) have a comparable shape wilh a width of about r=10 cm. 

Ctr-NI+ICRH and co-N1+ICRH are compared in figure 4 for various NI and ICRH 
powers in different series: Col=co-NI+ICRH fresh carbonisation, C02=co-NI+ICRH older 

carbonisation, Ctrl=ctr-'NI+ICRH fresh carbonisation, Ctr2=ctr-N1+ICRH older carbonisation. 
The values of W max for each ctr-NI discharge and W p in the stationary phase for the co-NI 

discharges are ploued versus Ptot ' (aNI=O.85 for co-NI). No ctr-NI+ICRH dischargehas yet 

reached the highest plasma energy values obtained in Col.However, all the ctr-NI+ICRH 
discharges lie within the range of the Co2 discharges. The Ctrl discharges showed no clear 

peaking (Qn- 1.6). The peaking factor for Col and Co2 lies at - 1.5. 
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The co-Nl+ICRH discharges have comparable hollow radiation profiles for which the , 
central radiation is low. Therefore radiation effects cannot explain the difference between series 

Col and Co2. The difference is probably due to edge and wall conditions andlor to better RF 
absorption due to a morc favourable hydrogen concentration. In contrast, the radiation plays an 
important role for etr-NI discharges and in comparing the intrinsic confinement properties of co­
NI+ICRH and ctr-NI+ICRH discharges it is important to take the central radiation into account. 

For thi s purpose, we correct the deposited power by substracting from it the radiation power 

inside a volume of a given radius, both for the co-NI and ctr-NI cases. The Ctr2 plot W p=fcPloV 
becomes equal to or somewhat better than the Col onc when r is taken in the range 
15cm:S:;r<39cm, For r=15cm, the correction is 15% and 3% of Ptot for the ctr-NI and co-NI 
cases respectively, This indicates that the confinement of Ctr2 and Col is comparable. It must 

however be stressed that the plasma energy is clearly correlated with the peaking factor for the 
ctr-NI+ICRH discharges, Indeed, figure 1 shows that Wp improves when Qn increases, The RP 
absorption coefficent, a parameter which could play a role, is measured with an uncertainty of 
... 20% which is not suffiCiently precise to allow a difference between co-NI and ctr-NI casesto be 
detected: The NI absorption is well documented but a decrease could come from RP coupling to 

injected ions which would enhance orbit losses and contribute to losses of both the NI and 
ICRH power. 1t is however doubtful that this could be more than 20% of the NI-power. 

3. Conclusion 

The combination of ICRH minority heating with 0<> counter injection is able to produce 
peaked density discharges in which the confinement increases with the peaking factor. ICRH 
clearly heats the plasma center where the electron temperature reaches high values despite the 

high density and prevents an early radiation collapse of the discharges. The discharges follow 
the off-set linear scaling law, as previoulsy observed for co-NI+ICRH for which comparable 
values of the incremental confinement time are measured, The results could certainly be 

improved by a conditioning method of the wall and antennas which would reduce the impurity 
production and the recycling. 
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ANALYSIS OF TIlE WADING RESISTANCE 
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Introduction 
Long pulse high- power ICRF heating experiments have heen conduc t ed in 

the H-mi nor ity (10% H. f=33.5NHz) and second harmonic (2!JcH,j=f57NHz ) r egimes 
with two l ow- fie ld-side a ntennas, in combination with NI and repetitive 
pellet refueling {I). In three parti cul ar cases the l oading resistance has 
been compared vi th theory, usi ng a global wave code with a s lab geometry 
(2). 1) In H-minority heating experiments . H-phases l asting for up ·to 0.5 
sec have been achieved in combination with NI. At the L-H transition the 
l oading resist ance decreases s harply. But . during the H-phase . the 
increasing density induces a variation of the l oading resistance. Due to 
the presence of eigenmodes the pre- transition value can be recovered . 2) 
In l ong pulse ~ heating eXperiments . a s lowly changing isotope 
concentration (H concentration: from 70% to 85%) is accompanied by a gradual 
decrease of the loading resistance. 3) In ~ heating exper i ments with 
repetitive pellet refueling. in which t wo confinement phases have been 
identified. it has been observed that the temporal behaviour of the l oading 
resistance is also quite differen t for the two phases. 

11 . H- Minority Heating Experiments 
In H minority ( to% H) heating exper iments. H- phases lasting for up t o 

have been achieved in combination with NI . The L- H ·transition induces a 
sudden decrease of the l oading resistance (Fig . 1) . which corresponds to a 
decrease of t he density in the SoL. However . the loading resistance does 
not stay at the reduced l evel during the H- phase. but changes on a l ong time 
scale (0.2 sec) with many spikes due to ELMs . The s l ow variation i s not 
correl ated with the plasma position. Despi te the f act tha t the density rises 
monotonically during the H-phase. the loading resistance has revealed 
maximum/ minimum values. This i s interpre ted in t erms of e igenmode effects . 

Indeed. t o understand this s l ow var iation during the H-phase . we have 
calculated the loading resistance summed up for various toroidal mode numbers 
n (=k.Ro) with the gl obal wave code. as a function of density (Fig . 2). 
Peaks of the l oading resi s t ance correspond to eigenmodes standing between 
two cut-off layers of the fast wave (i.e . • at the two- i on hybrid layer and 
at the plasma edge) . The experimental loading res i stance (3) during the 
H- phase is also plotted as a function of the density. The spacing of the 
peaks and the amplitude of the variation are in agreement with the l oading 
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resistance calculated for n c= l6. Therefore. we conclude that the slow 
variation of the loading resistance during the H- phase indicates the 
existence of the eigenmode . This is the first clear evidence of eigenmodes 
in ASDEX. Note that the theory predicts the disappearance of the eigenmarle, 
if the percentage of hydrogen is reduced below 6% . 

P" 
IMWI 

A · 
H 

tcm) 

10' 
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o 
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I.l 1.1 

TIME lse(1 
~ H- mode' discharge in 
H-minority heating experiments . 

,Hotdid 

IQ.u.l 

10% 

111. Second Harmonic Heating Experiments 

la 0 

4. 6 8 la 12 

ne IO)( x1019 m-J , 

3 R~xp.. 

2 101 

Fig . 2 The loading 
resistance cal culated with a 
global wave code is plotted 
as a function of the central 
density 1le (O) for various 
sums of the toroidal mode 

. numbers n (=k.Ro) . The 
experimental dala shown in 
Fig. t are also plotted. 

111.1 Long pulse discharge _ 
Figure 3 shows a typical l ong pulse discha rge for 2Oc1f heating 

experiments, where NI was used only at the beginning of t he ICRF pulse. 
Let us first discuss the beneficial role of the NI ( either ~ or DO). The 
loading res istance has been calculated as a function of the hydrogen 
temperature THCO) . The loading resistance increases monotonically with 
TH CO) below 1 keY, and saturates at TH CO» I keY. Since the ion temperature 
in the ohmic phase is 0.6-0.7 keY in ASDEX plasmas and increases with NI 
pre- heating above 1 keV, the achieved better loading could be one reason 
why NI at the beginning of the rf pulse is beneficial for rf operation . 
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After the turn-off of NI . the gradual decrease of the loading resistance 
has been observed on a long time scale (1 sec), accompanied by B s lowly 
changing i sotope concentration ( the H concentration increases from 70% t o 
85%) . Other parameters are constant . From the computer code we found indeed 
that. as the H concentration is increased from 50% to t (X)%. the loading 
resistance decreases slightly, in agreement with the experimental 
observat i ons . This can be under stood in terms of the difference in the 
cut-off density f or the fas t wave between deuterium D and hydrogen H; i. e" 
nH (cut -off)/nD(cut -off)=(~+ntH)/(w+OtD )= 1. 2 f or all various toroidal mode 
numbers n{=k.Ro) . Figure 4 s hows the positions of the cut-off for Hand D 
ions. When 0 i s replaced by H. the position of the cut- off for the fast wave 
moves about 0.33 cm away from the antenna. giving a s l ight deteriora tion of 
the antenna- plasma coupling. 
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m.J Long pulse discharge for 3lcH 
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the beginning of the rf pulse . 

The gradual decrease of ; the 
l oading resistance 
experimentally observed 
could thus be explained by 
the increase of the cut- off 
density for H enriched 
plasmas. although the role 
of eigenmodes or changes in 
the SOL can not be excluded. 

I 

! 
, I 

•• O.U .n 
Tlm) 

Ui ." 
Fig . 4 Positions of the 
cut-off densities for the 
fast wave at the SOL for H 
and 0 ions. 

111 .2 Repetitive Pellet Refueling 
In 2ncH heating experiment refue led by r epetitive pelle t injection. 

two confinement phases (phase I and 11) have been observed (1]. The improved 
confinement phase (phase 11) is characterized by a peaked density profile. 
accompanied by a deeper penetration of the pellet. Figure 5 s hows the 

Max- P l aiis !~ - \", ," , :j ,-! t i [ i Pl:'l"'"':l:phys!K 
r .r "'j ;.~l.',,:::·en 
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-loading resistance of the two antennas (called SO and NW) for the two phases. " 
Synchronized to the pellet injection. a large positive spike has been 
observed clearly only on the signal of the SO antenna in phase I. Since 
the pellet injector is toroidally only 45" away from the SO antenna, but 
135° from the NW antenna, this s pike could be an indication of a strong 
perturbation transiently produced rather l ocally by the pellet in the 
boundary. 

The temporal behaviour of the loadin-g resistance after the pellet 
injection is quite different for the two phases. In phase I. the signal is 
characterized by a quick recovery( ..... ISmS) followed by a gradual decrease, 
and in phase 11 the loading resistance is staying at the r educed level for 
a relatively long time. The plasma position seems to bear ·no clear 
correlation with it, as shown in Fig. 5. The time scales of these gradual 
changes seem to be corresponding not to those of SoL parameters, but to those 
of the bulk plasma (e .g .• the changes of the density profile. 
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H temperature and its 
high energy tail. and 
so on). Further work 
is in progress. 

Fig . 5 2f1cH heating 
experiment in combination 
with repetitive pellet 
refueling, where two 
confinement phases (I and 
11) have been identified. 
The loading resistance 
for two· antennas (SO and 
NW) and the plas ma 
position 61, are shown for 
the two phases. Arrows 
show the times at which 
pellets are injected . 
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ENERGY GAIN OF PLASMA IONS IN A STRONG HIGH FREQUENCY 
ELECTRIC FIELD BETWEEN TWO TARGET PLATES 

R. Chodura., J . Neuhauser 

!PP Garching, EURATOM-Association, D-8046 Garching, Fed. Rep. of Germany 

Faraday 
Screen 

Introduction. In the past RF-heating at ion cyclo­
tron frequency has proved to be a promising me­

~I-Prol,,: lii," thod of plasma heating. Nevertheless, this method 
limit er suffers from being connected with strong impu­

rity production due to sputtering in the antenna 
region. The origin of the high energy sputtering 

Q Fig . 1 ions is not quite clear. 
We discuss a possible mechanism for creating such high energy plasma iOIl3 a.nd show 
some reults of a numerical model on this phenomenon. 

Figure 1 gives a schematic view of an ion cyclotron wa.ve antenna. A high fre­
quency current flows through central conductor loop i. The loop is shielded by a 
Faraday screen of metallic strips which suppress electric field components parallel to 
the strip direction (and keeps plasma out of the antenna interior). ·The antenna is 
protected by a lateral Iimiter. The current loop is oriented poloidally, the Faraday 
strips either purely toroidal or nearly toroidal along the main magnetic field Bo (exact 
parallelism being very unlikely in practice). 

Due to the finite inclination a of the magnetic field Bo relative to the toroidal 
direction, the poloidal RF current i induces a magnetic RF flux through an area 
bounded by a contour which runs along a magnetic field line nearby to the antenna 
from a conducting wall to another (e.g. between Faraday strips, antenna limiters or 
vessel walls) and returns back through the conducting material. Thus, the magnetic 
RF flux produces a voltage along the magnetic field in the plasma between two' material 
walls . This voltage can be estimated to be of the order of 102 _ 103 V for usual antenna 
currents of several hundred amperes, i.e. much larger than the plasma sheath potential 
of,... 3Te/e in the antenna vicinity. We are mainly interested in this electric field effects 
along magnetic field lines rather than the details of launching the ·fast magnetosonic 
wave. Therefore we ignore magnetic field oscillations in the following I3tudy and replace 
the induc~d RF voltage along field lines between material walls by a given potential 
difference. 

. Model. In order to study the plasma re5ponse to the applied RF voltage, in 
particular the ion energy gain, an 10 electrostatic Monte-Carlo particle code [IJ was 
used. 
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The code depends on one spatial coordinate perpendicular to the boundary tar­
gets (assumed as infinitely extended plates). The two target plates are BBsumed to 
be totally absorbing, the plasma to be collisionless. The loss of plasma particles and 
energy to the targets is replaced by an ambipolar particle and heat source Oux. Bet­
ween the two target plates a prescribed voltage is applied. The code calculates the 
spatial distributions of potential, current, density, etc. as well as the local velocity 
distributions of plasma ions and electrons, in particular at the target pla.tes. 
~ Calculations were done for a prescribed potential difference tP between 

the two target plates at x=O, ';(0) = 0 and x=L, tP(L, t) = tP., COB wt. Self-inductance 
in the circuit was ignored. In the following tPo was chosen as etPo/To = la, where 
To is the temperature of ions and electrons entering the system at x=L/2 ±d. The 
system length L was 160, d=5, in units of Debye lengths with temperature To and 
density no = r o/2Co. r 0 is the ambipolar source Dux along Bo of ions and electrons 
entering the system, Co = (To/ffli)l/'l. the ion sound speed. Of course, the ratio of 
system length L to Debye length is not realistic but 8hould not change the qualitative 
behaviour. The magnetic field Bo is assumed to strike the target plates under an angle 
of", = 60° to the normal, and to have a magnitude such that wc:i{Bo) = O.lwPi(no)' In 
order to save computing time the ion mass ratio was reduced to mi/me = 100 (which 
diminishes the potential jump in the electrostatic sheaths). 

Figure 2 shows profiles of potential tP and ion and electron ftuxes r iz and r ez 
at two time steps a quarter period 11' /2w apart as functions of the coordinate x per­
pendicular to the target plates for three different frequencies W of the applied voltage 
",{L,t). At the small frequency, W/WPi = 0.1, the potential changes only little within 
the plasma but exhibits a sharp drop alternatingly at one or the other plate. Elec­
trons coming from the source cannot overcome this potential drop and move to the 
opposite plate. Ions How towards both plates but prefer that with the potential drop. 
The density profile stays nearly constant, only the distribution in the sheaths adja­
cent to the plates differ. This result is similar to that expected from static Langmuir 
characteristics. 

At the higher frequency, W/WPi = I, the potential gradient ·within the plasma 
has increased. Additional to the electrons coming from the source, also the displaced 
electrons from the electrostatic sheaths at the plates, n.\Dw, contribute apprecia.bly to 
the electron ftux, giving ris.e to the sharp changes of r" at the plates. . 

At the still higher frequency W/WPi = 5, Le. for W »C,/AD with C, the sound 
speed, even the electrons no more can follow t.he externally applied potential changes. 
The potential now drops nearly completely within the plasma, only a small, thermal 
potential drop across the sheaths at the target plates remains . Ions and electrons now 
How ambipolarly and symmetrically to both plates. 

Figure 3 shows for the same frequencies as Fig. 2 the time hi5tory of the potential 
r/I(L) across the 2 plates, the potential at the midplane in the plasma tP{L/2), the ion 
and electron ftuxes riz and rez and the energy fluxes Qiz and Qez per ion and per 
electron carried to one target plate. The plasma potential in the midplane essentially 
stays positive even during the half cycle of negative external potential 8.8 was found 
also experimentally in {2J. The fiuxes are strongly oscillating for w < WPi and become 
nearly stationary for W > > W Pi. 

I 
I 
I 
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Conclusions. The results clearly show that at least for w :5 WPi (and hence for a 
typical Alfven and ion cyclotron range of frequencies) there is a. significant nonresonant 
ion a.cceleration by sheath rectification of the induced electric field parallel to magnetic 
field lines. As a. consequence significant sputtering is to be expected wherever these 
field lines intenlect material walls, e.g. at the antenna screen, the antenna limiters 
or even at more remote structures, depending on the actual antenna and wave ,field 
distribution in the edge region. Assuming a. sputtering coefficient in the percent range, 
a total ion flux of a few times 1020 

8 - 1 into the antenna region is required in ASDEX 
to explain typical impurity influxes during IeRH 131. This is only a small fraction of 
the total recycling flux and hence quite realistic. From the basic process it is clear that 
antenna optimization (Faraday shield·, dipol antenna, etc.) minimizing the induced 
field along field lines intersecting material walls could significantly reduce the impurity 
inflow. 
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EVALUATION OF AN ICRF WAVEGUIDE LAUNCHER 
INCORPORATING A POLARIZATION ROTATOR 

A. B. Murphy 

Max-Planck- lnst itut fUr Plasmaphysik, 0 - 8046 Garching, Fed. Rep. Germany. 

Waveguides are potentially attractive wave launchers for plasma heat ing in the ion 
cyclotron range of frequencies. A conventional vacuum waveguide cannot, however, be 
used to launch the fas t wave in a toroidal device, owing to the relatively low frequencies 
used, and the need to position the launcher between toroidal field coils. In this paper I 
evaluate an alternative waveguide design, illustrated in Fig. 1, which has been proposed 
by Vdovin [l i see also 2J for the ITER device. The waveguide is dimensioned with 
a > c/ (2f) :> b, where f is the excitation frequency and c the speed of light, so that 
only the TE1,o mode propagates. This mode is excited by a horizontal coupling probe. 
A wire grid oriented at an angle tb to the vertical wall rotates the wave polarization 
from 1f/2 to 1f/2 - tb, through excitation of a large evanescent TEo, l component. A 
horizontal Faraday screen at the waveguide mouth acts as an analyzer, reflecting the 
remaining TE1,o component, and allowing the TEo, l component to be coupled to the 
plasma. I first analyze separately the coupling from the waveguide to a large plasma 
through the Faraday screen, and the reflection and transmission of waveguide modes 
by the grid. I then consider the combined effect of these. discontinuities, and coupling 
from a transmission line to the waveguide through the coupling probe. 

WAVEGUIDE-PLASMA COUPLING 

I describe the fields EW and iiw in the waveguide as a sum of TEm,n. modes 
(denoting (m, n) by the subscript I) . For example, 

E;' = U(y,z) L G, (y, z)IAI exp(- ifJlx) + E, exp(iI'l,x)1 (1) 
I 

where fJ, = y'w'/c' - (mw/a)' - (nw /b)', G,(y,Z) = cos(mwy/ a),in(nwz/ b), 
U(y, z) = 1 if 0 < y < a. and 0 < z < b, 0 otherwise. I approximate the plasma 
by a straight cylinder (with r, 9, z coordinate system) periodic in z = 21rR, where R is 
the major radius of the torus . The plasma fields EP and jiP may be Fourier analyzed to 
give, for example. E: = ~ E:L E: #,v(r)eiIA8t i "6/R. The boundary conditions at the 

" v 
vessel wall {i.e., at :z: = 0, r = Tw}: E:{rw) = E~(O) and U(rwO, z)H!(rw) = H:(O), 
and the orthogonality of the waveguide modes, give 

Aq - Bq = LLql(AI + B,). Lqf = (1r 2abrw RD:) - 1 L L C; j.I,,,yt,,,G, lA," 
I " v 

. . , 
and G,/J..v = f dy f dz G,(y,z)t-i I'8 e- i ll./R. 

o 0 

(2) 
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D;: = /3q /(JJ. ow) is the waveguide admittance of the mode q, the asterisk denotes 
complex conjugate. Note that this expression differs from that given by Lam et al. [3], 
who mistakenly exduded the U(rwO,z} factor from the Hz boundary condition. The 
plasma edge admittance yt,v = Hf p.,v/ EC I',V is calculated for a. plasma of proposed 
ITER parameters (B = 5 T, R = 5.8 rn, Tw = 2.4 m) using the method of Theilhaber 
and Jacquinot [41. All power is assumed to be absorbed in a central region of constant 
density neo = 1 X 1020 m- 3 , which is surrounded by a parabolic region of width 1.4 rn, 
and an edge region of width re in which the density decays exponentially from O.Ineo 
to O.D1neo at the wall. I use f = 76 MHz (twice the deuteron cyclotron frequency) . 
The refiection coefficients rlq = KqBqj(KIA!), where KI and Kq are constants used to 
give the waveguide fields the same normalization as defined in the next section, may 
be found using Eqn. (2). 

Fig. 2 shows the pow':!r reflection coefficient Ir(O,I)(O,I)1 2 of the TEo,l mode calcu­
lated for different waveguide dimensions and plasma-wall separations, using up to 20 
TE modes. For 0.05 ;$ bja .::5 0.1, excellent transmission to the plasma occurs for a 
wide range of re (less than 1% of the input power is reflected as other modes in this 
range of bja). The TE1,o mode is fully reflected with a phase reversal due to horizontal 
orientation of the Faraday shield. 

POLARIZATION ROTATING GRID 

I approximate the grid as N parallel, infinitely t hin, perfectly conducting wires. 
Following Collin [5J. the transverse waveguide fields ET and fir of mode I are nor-

o b -+ -+ 

malized so that f f Er x H~ . x dy dz = Clq. where Clq is the Kro-p.ecker delta. The 
00 

amplitude of the scattered field of mode q due to an incident field of mode I is 

N 

SI, = -~ L J II(L.)(.ino/y + w.o/i) . i; dL. 
k==:l 

(3) 

where II(LIc) is the current excited along the kth wire by mode I (proportiqnal to 
ir(LIc )) and the integral is .along the wire. The corresponqing reflection and trans­
mission coefficients are Rlq = 81q and Tlq = Clq + 81q respectively. 

Fig. 3 shows the dependence of the transmission amplitude coefficients T(l,o)q 
on T/J for an incident TE1,o wave. The amplitude of the transmitted TEo,1 mode is 
maximum at T/J "'"' 20°. The corresponding value of T/J increases with both a and b. and 
is independent of N for III ?; 20. T(1,o)q = 0 for modes q = (rn, n) when m+ n is even. 

GRID- PLASMA SYSTEM 

The calculation of the combined effect of the polarization rotating grid and the 
waveguide-plasma boundary requires consideration of the scattering coefficients of both 
propagating and evanescent modes at both discontinuities, and the propagation coef­
ficients of the modes. The resultant matrices for the reflection coefficient from the 
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grid [R(1,o)q] and incident field on the Faraday shield [Jl(1,O)q] due to the TE1,o mode 
incident on the grid are 

® 

[Rp,o),] = [Rp ,o),] + L [Tp,o),p,] [rl,p,j ([RI,p,j [r l,p,Il S m,j 
$::0 

(4) 

[Ap,o),] = L [Tp,o),p,] ([rl,p,j [RI,p,Il S 

5",,0 

where Pq = exp(-,ql&'L Iq = jf3q for propagating modes and 1.091 for evanescent modes, 
and III is the grid-Faraday shield separation. The power transmitted to the plasma 
can then be ca.lcula.ted from [Jl(l,O)q] and [r 'q] using energy conservation. 

Fig. 4 shows the 1(1 dependence of the fraction of the the incident power transmitted 
to the plasma. for different values of a, b and tb. This fraction is far lower than would 
be expected from separate consideration of the values of T,q , Rlq , r'q and Pg . This 
is beca.use, after both the first and subsequent reflections from the Faraday shield, 
the TE1,o mode reaches the grid a.lmost exactly out of phase with t he initial incident 
mode, and the thereby reflected TEo,l component is thus also out of phase with the 
initially transmitted TEo,l component. The cancellation is most complete when the 
TEo,l and TEl,o components excited by the initial scattering of the incident TEl,o by 
the grid are of equal amplitude, which unfortunately occurs at the same 1/J at which 
the excitation of the TEo,l mode is strongest (see Fig. 3). The cancellation effect can 
be reduced by increasing the phase shift undergone by the TEl,o mode in travelling 
between the grid and Faraday shield (by increasing l~ or a) or by decreasing the ratio 
T(l,O)(l,O) / T(l,O)(O,l) (by increasing 1/J). Note that increasing Ig increases the effect of 
the TEo,l mode's evanescence; this can be countered by increasing b. The efficacy 
of these measures can be seen in Fig. 4. In all cases, however, only a very small 
proportion of the power initially incident on the grid is transmitted to the plasma. 
It may be possible to improve this situation through the interposition of a horizontal 
inductive element between the grid and the Faraday shield. This would change the 
phase of the TEl,o mode, without affecting the TEo,l mode. 

COUPLING TO THE WAVEGUIDE THROUGH THE COUPLING PROBE . 

Expressions for the coupling from a transmission line to a waveguide via shorted 
(d = b) and open-ended (d < b) cylindrical coupling probes (see Fig. 1) have been 
calculated by Collin [51 and Lam et al. [3J. Using these expressions, I find that it is 
possible to match a 50 n t ransmission line to the waveguide using an open-ended probe, 
despite t he large re8ection coefficient of the TEl,o mode from the grid-plasma system. 
For example, in the case with t he best coupling to the p lasma of those shown in Fig. 4, 
for which the TEl,o amplitude reflection coefficient is -0.990+ jO.086, matching can be 
achieved using t = 0.06 m, d = 0.18 m, I = 3.22 m and Jp = 2.78 m. The standing wave 
ratio in the waveguide would, however, be extremely high, leading to suhstantiallosses 
in the waveguide walls, and possib ly to breakdown problems at high power . Without 
modification, the waveguide would thus be unsuitable as a high power ICRF launcher. 
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NONLINEAR ION CYCLOTRON RESONANCE FOR TWO INTERACTING LOW­
FREQUENCY WAVES IN A PLASMA 

A.B.K1tsenko, K.N.Stepanov 

Institute of Physics and Technology, the Ukrainian SSR 
Academy of SCiences, 310108 Kharkov, USSR 

"Slow" short wavelength waves ( SW) i.e. ion Bernstein 
modes (lBW) and "kinetic" Alfven wave (KAW) are used for 
plasma heating and current drive [1,2J. In some problems 
e. g. for creating two-component fusion regime or ion current 
drive it ia necessary to provide the preferential absorption 
of large amplitude SW's by a certain ion species [2J. Sol­
ution to such a problem may encounter certain difficulties 
C2]~ e.g. the appearance of the opacity region for SVI in the 
cyclotron resonance zone of the ion group being heated or 
a strong Cherenkov absorption by electrons. It is shown in 
the present report that if one use s two large amplitude SW's 
wi th different frequencies w{1!) and E;j (7l') then ion cyclo­
tron absorption of these waves may be accomplished by ions 
resonating with the beat wave, 

12 0 4)(J!) "'()(i')- (k//7<;,)17; -1Z~ci <=0, (1) 
where fL r=.Q,!1 ,!2, ••• , tiJc~' is the ion cyclotron frequency, 
~ and ~ are wave vectors of the first and second waves. 

Using the resonance (1) offers new possibilities for plasma 
~ heating and current drive. _ 

Nonlin~~r ion cyclotron damping of one pumping wave 
(@(r?/d;S(~) 7(':,; ll') • theoretically predicted in paper. 

[),4J was dis60vered experimentally for ~1 ,),5 in several 
devices (1,5J. In r3] for a general case of nonpotential 
waves there was delermined the part of nonlinear cyclotron 
damping that is connected with nonlinear effects of resonant 
particle movements in electric and magnetic fields of the 
wave (nonlinearity enters the wave phase) and the influence 
of beat wave fields on the movement of these particles was 
neglected, the beat fields being connected with the non­
linearity of the plasma itself. In [4J the nonlinear cyclo­
tron damping of ion Bernstein wave ia determined with the 
account of both these effects ( n c3,5, ••• ). 

The damping of interacting waves with spectral intenSity 
.l(N') is defined by the kinetic equation 

':{f-J +lfo?ff -)~f?Jtfl =iJf.(I1)J~rJt.jlJI(!!) (2) 
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where Ji (it) is the linear damping rate, ~ is the group 
velocity. The nonlinear damping rate is equal to 

V rltl JJiJf~ki }difJtI(l,r1('f;r;)tfr·~-~)_t.7, (3) 
gM I IdiE'Vi>I(JIIlM "- IL- Ll ~ 

where IV, t (t J. 

0/":9')= hd~/~jJ(;Y:{(aJ(p/'l;1) ,1 =jbJ.tI~J~j!(.J2):ft'(aJ) 
It = JbJ.JIJ;/i;;?trfl)&(~~&fr;-9'), j=-(Jl:t<~t +-4~) 
m('I:Y'}=J;:J,(t>I/JYj (?l}lMy[-_tpJrY'-'f) f- i t'$.fri t f- ~,i,? 7 ,'/ , •. .1"'1 ~ 11-/ LfJ-f}-i fA .{, -9 .4;,trJ-ll 

Here ~ and "f-' are tlJ.e azimuth angles 0 wBXe vectors l? 
and 7t' ,a~~i2./c,'ci ,l'=(tJ-It;I';')/CO" ' lC1=7I'f-1t' ,/,(?!;.lJ;) 
is the resonant ion distribution f unction, [(tU) is t&e 
linear permeabi l ity of potential waves. The intensity ~/~ 
is defined a ccording to the relation 

( 'f(.t, ~ '1*f~ 9) ",I (I?) J'P-tifl!j I1tJ-~) i!!C-~) (4) 

where 't/f~~jdJt'JlJ'Ir:t;qJ/~[i(H-tdj] is the wave potential, 
f!t;;~=-"'1li}) ,( _.) is the symbol of statistical averaging. mror ~e plasma with ~vellian distribution of ions for 
/1<;,/,1"1';(',,",4. ~ ~ . r Il) ~4.1 VI 

V rr)=:- t;{ltI(.tJ n'4: -*- "r-Iilt 10.. I (5) 
where t7NL: .J" ;; Yl/Ii,;/'-ti ~Ci -$I, n,;t7i ~/ltEjdt;; , 

IV! :j~P/2 f 1ft/ rP(Y:97/ -/ht1 e-1t:;;i)@('t;Y);-tV11plr-1zrag:1 
I!; ='''-11 2J< _ ~V~l/lIl.' ~ '=1i-Jl4I-Vltr;/1J-.- tJl=tiN~ -:J.. '7t l' Tt t/ I, t 4:.1 (I< 'tl/l "1;"'R, 

' // Let us present the asymptotic expression ..for the factor 
/ y, • In the case of one pumping wave ( Tt' ~ 'It' , tJ ':OC" t;J ) 

one IV! ",/lh/-I-'I$'ltlil{fn;l(lIt/f~(lJl/-I-Jl(/!t(r'IJ·~ f)Jf1); (6) 

!V/"" tA-f'f-fJ[fo- -If} -?lt~/!)£'(!)J, /jJ~I); (7) 

where ~=ll/f!;1.~(f)= r~e~!(t)J' ,JJ"'-k.J.lT;/t4; • 
Comparison with the nume~i~al resul ts [6J shows that the 
expression (7) for the case n~3 and n~5 differs from the 
exac t value at.p ~ 2 ... 4, Wher~v/ has a maximtun, by 50%. 
For two pumping waves a~ v1' » 1 and n=1 

/VI""- ki [Uh- U c.u)f-Jti!-E'2zt'Y!J!i&;j +1!JilJol/y,Jj' - (8) 

~Z~~&(tl1f-(c4~~&[ltu~ut..1I-af;F~?!; 
Wh;:;~_1'; u :(/&IJlfi;'/J, J :14'7i/'i-,,/=idlfJt;r{' r:!!ii,tJ~o.I1. 
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For two narrow packets of interacting waves, 
I(rt) ~:tt [rf(£'-1&)T!l!CT~)} f-~[rf(!?-~l-trlM~iL (9) 

from Eq. (3) there follow two nonlinear equations for 1ct and 
~ • These equations coincide with equations for amplitudes At. and Afi of two waves with ini tiel phases fixed t 

'111;-1) = -'It R"'I[d/{?-4)/j] 1-1J R,l:!£;(ifo.f'-t~,/!1 f-~¥ t~;y: , (10) 

one onl,.y should change ::tt . .4 -7 rA",,A/.t. In a steady case for 
!L(i1)=::.() these equation1!i have tne form 

PI'iL - t9<f9 R'ffllt)/4//1/:f! 1ft! <:-(~f'f(-~;;/-11/1l ( 11 ) 

where . t 4/1/"1_" ~-r!J! -{ . 
~ = Mu,,/ . 4>Pi K.t4 VI~~'lt/"~~o. )!!fl ;,'=. t.z,""'fIl,tUe, 

:t,a ll1Ji' / kt// ~, 4>(t' Ilb ~ 7i '" ~t<1t,f I" IT it4 lJ-n . 
The interaction of two waves occurs in a narrow region where 
lit!,,/ ;E 1 . Assumin!Lthat in this region CiJ" ch,¥,ges lin­
ear~y with X, i}~//I'4/"fr.l'A,h)(~/~) where /l =/d6uutill.tr • and that 
the coefficients 61

56 
and ilI~ do not dep end on oX we obtain 

that (g.,d<t / ~/Jt)l - ~ /A.,44)1- = CcMI: (12) 
Assuming that both waves are incident on the r eeonant layer 
from the side ~< 0 (2/gJt> 0) one obtains from ( 11) taking (12) 

~/·l( .. rJ,:.rnt: 1-1" (/ lA (.t) J":... 'f-l)f~ [-'[(Jt)(I-$g 
(-10) -1-dt"'l[-'t(>r)(I-JjJ' 1I)r-<"'J -" _ "#.kj[-'l(3)(: - fj] (13) 

w<l;;;~ IPJt /{(-co}fl!xlf~Ji.)J ;r=(~/1/-"7~/(~ (A./-t»)//. 
The relation (13) f'or "Pt::: +04 determines the damping of wave s 
for one path through the layer. Evidently, the absorption 
will be noticeable at rt/tJa) ~ i. If the amplitude of one wave 
considerably exceeds that" of' another one than at ?,(t><» »1 
the small amplitude wave will be totally .absorbed whereas 
the damping of the large amplitude wave will be small • . The 
damping of both waves will be the strongel;Jt if r ~ 1 and 
't(t<» »1. For ,j ~ 1 .. and /1-17 '1'('7« 1 

I At(":J/-1tfoo)t=IA./~/~flXJ)l=[1+'i'(t4)Tf (14: 
where · 11 ~ /il /VfI1=l{ itp7!JfAl-co/ff1~7izt, )~'tl 
. I!'(~ '" i (jj' (,)t; 'jJ );VI /'.JJ iT .. . 

Evidently, the damping o!' both waves is complete if' 'frt-l» 1. 
For lBW with ~7. r- 1, U)~, ,.... £Ut; on~ has ~~~. and 

the condition 'l(tt<') ""' '1 determines the "threshold" value 
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of the specilic power flux / rt 0, ?J//Ej 
d 'ltTi IZ.JfT; 'Jt (r- ~ vL t() -1 (15) -il. ~9.v.f' IV/Il", , - 1<1<} 0t' ?Je;) ~ 

For devices with parameters of ITER ~e values of thr are 
not large, ~-- 1 kW/cm2. 

If waves 1 and 2 are KAW's (/e;)<t 4/ < iJ(i) then onl 
condi tion /4!q)I-/4!A/ = li!c; can be fulhlled. If one of 
the interacting waves is KAW and another one is lBW or both 
waves are lBW's then for them the conditione /liIt/r/~.AIt=/l4Jtt: a 
nc 1,2 •••• may be fulfilled. For these waves the conditions 
are possible when the resonance (1) takes place in the cen­
tral part of the discharge. 

In conclusion we note the t the obtained expressions fCl:! 
~Nl at nGQ determine the nonlinear Landau damping. When 
using waves weakly abeorbed in the linear approximation witb 

tJ/kt/ »2Jri then strong absorption of both waves travelling 
in opposite directiommay be provided if the beat wave with 
the differential frequency /I./i./- /tiJ,4/ possesses low phaSE 
veloci ty / (1t.lt1-/'?Ij/(k,/tfk7;4J/- IJ-li , 
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EXCITATION OF SLOW ICRF WAVES IN THE PLASMA WITH DIELECTRIC 
SLOWING DOWN STRUCTURES OR CORRUGATED METAL SURFACES 

Longinov A.V., Lukinov V.A. 

Kharkov Institute of Physics and Technology, 
. the Ukrainian SSR Academy of SCiences, 310108 Kharkov, USSR 

1. Introduction. The possibility of using slow kinetic waves 
(SWtk)) in the W~Wd frequency range (ion Bernstein waves) 
for plasma heating, current drive or creation of two-compo­
nent regime of thermonuclear burning is determined mostly by 
the solution to the problem of coupling high RF-power to the 
plasma. Using "surface wave ll anteIll1se considered in papers 
[1,2] is one of the effective methods of SW(k) excitation. 

This report considers the possibility of improving the charac ­
teristics of such antennae with the help of slowing-down sys­
tems based on dielectrics or corrugated meta l surfaces (eMS). 
For the first time using dielectrics for excitation the fast 
as well as slow electromagnetic waves (SW(E» was considered 
in [3] , whereas using eMS for LE wave exci ta tion was consi­
dered in [4]. In contrast to previous work this report deals 
with the case when the density on the p l asma edge fulfille 
th~ oondi W«WPt+W;i,.)1/2. and surface SW(E) may 
elUst (1 
2. Fig.1 shows the scheme of the 

is performed with the account 
8 using the theory described 

in [1 2] for the waves with Ky =0. The exci tating field on 
the siot is assumed to be homogeneous E!(z) =const. Such ap­
proxima tion in the case when 5';J.. cl · may be valid, in par­
ticular, in the presence of additional plates located in the 
slot and enabling one to diminisn the maximum gradients of 
the electric field. The eMS is described approximately aB a 
medium with anisotropic conductivity ( c,\= oJD , C2.= Col = ~ 
what is strictly valid at So '-. cl • 

Dispersion equation. for surface SW(E) 'a in the pre­
sence of slowing-down system ha s the following form: 

E.K':'C,,-+gi.h.K';'cL) + K .. (6+a..th..K~cL)i.h.K~fz.~O , ( 1 ) 

where 
0..'::; NJ.'f Nu (N'f.t-NJ.~) , 6= LK~e3[NJ2(tl-Nl'l.1)- ~,(E3-NJ.~)] J Nil = Re.NI/+~ Ift1Nu • 

Ni.1 and NJ.'l are refractive indices for SW(E) and SW(k), 
respectively, K~= wlc (N,1-1)1/2. ,Kn.::;uJlc(N,;-£or,/2· for the 
case of dielectric ~ fiith the dielectric constant Co and 
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KJ\=LW/C and £o=1for a CMS. 
Eq.(1) determine s the value of l ongitudina l slowing­

down ( ReNl/) of surface SW(E)f S .. Propagating alon g the mag­
netic field the surface SW(E) is damped due to SW(k) excitat­
ation in the plasma .. The damping length e' may be determined 
asf'olloVls: e.'=C/w/lmN" .. 
3. Discussion of the results. 

The calculat~ons were performed for the homogeneous 
cl-plasma with the f9Tlow1ng parameters: BOll::4 T, w/Wci.. -::::. 

=1.95, n~= n.i. = 4.1 0 cm-J , TL'" Te. "" 200 eV. In Fig.2 there 
are depicted the ~e.NII and 11'\'\N" dependences of surface 
waves on the cl dimension for systems with a die l ectric 
( Eo =.3) and a eMS ( h... = '5 cm). Here are also shown, for com­
parison, the curves for the vacuum gap ( Bo =1). 

In systems wi th a dielectric or a eMS e,' becomes 
considerably less than for the vacuum gap case. Especially, 
important role play the slowing-down system for the lowered 

TL. values and high t1.e values on the plasma boundary when 
~ increases strongly and its value may become inadmissible 

(Curves 2 and?> in Fig.2). Strong increase in lWlN" on grow­
in@; R.eN" is due to a stronger coupling between SW(E) and 
SW(k) for bigger ~Q. N" values (this fact was noted in [5] 
for current excitation systems). 

Fig.) shows the dependences of the active (ZaJ and 
reacti ve ( Zp) parts of the slot impedance and also of the 
antenna efficiency 't 0::: Pp/ Po ( Pp is the power coupled to 
the plasma, Po is the power of Ohmic losses in the antenna, 
the mate~ial is stainless steel) on ci dime~sion for a slow­
ing-down system with a dielectric ( 80 0:::), b::::2 cm, f=)AV= 
0:::67r C /w ). The broken lines show the 20.. and tt. dependences 
for the vacuum gap ( ~o0:::1). As is seen from Fig.) due to 
smaller t' , s in the presence of a dielectric the range of 
small gaps d.. in which the radiation regime vd th a preferen­
tially active impedance ( ~~< e ) is realized widens ap­
proximately) times in comparison with the vacuum gap cese. 
This is also the reason for the considerable increase in 
efficiency '1, • 

Fig.4 shows the spectrum of SW(k)'s excited in the 
plasma in the presence of dielectric ( cL = 1.1 cm, e = ) 1\ v ): 
a) eo =) and b) Eo =1 O. "a" case corresponds to the reso -
nance of the surface SW(E) with ReN,,= 2.5 when 2p= 0 and 
the power flux into the plasma has a maximum at the given po­
tential difference across the slot. "b" case realizes the ra­
diation regime of the surface SW(E) what the spectrum form 
shows. Thus the "transition to the radiation regime may be 
accomplished by the choice of sufficiently small values of 
the gap "et or by using the slowing-down system. Fig.5 shows 
the impedance" versus cl dependences illustrating the fea­
tures of antenna systems with a CMS. Here the repults of 
calculations are given for e 0:;) Av : h,,=5 cm, £, = 2 cm 
(broken line); ~ = 15 cm and three values of the slot 
width: & =10 cm (curves1), 0 =2 cm (curves2) , So:; 0.6 cm " 
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(curves). The increase in the eMS depth ~ leads to widening 
the area of d. -values where the antenna operates in the ra­
diation regime of the surface SW(E ) with a relatively weak 

'la. versus d.. dependence. The characteristic peculiarity of 
the antenna system vd th a eMS consist in that by due choice 
of the slot width one may provide practically purely active 
character of the slot impedance in the wide range of 
spacing values (curve 2). For small slot width 0 (curve 3) 
the reactive part of impedance i! p ia capaci ti ve in ne ture 
whereas for large 0 's the characte r is inductive. 

Fig.6 shows the IE~I field distribution in the plasma 
and in the dielectric ( e.o=10, cl. =1.1cm) when spacing bet­
ween slots of the antenna system is e = 1.5 "v = 7.5 m · (e~<e). 
The surface SW(E) in the dielectric excites SW(k) in the 
plasma in the form of two "cones ll propagating i n opposite 
directions from the slot area. The Ex field amplitude cor­
responds to the radia tion power of each antenna P =2MtV/m 
(per WIit length along the slot in y -direction). The 
strong diminishing of the field amplitude in the plasma 
(ErQ.)t~ J kV/cm) as well as especially in a dielectric (E:;'O-)( = 
= 1 kV/cm) compared with the case co=1 (see l2]) is due, 
first of all, to higher R.eNII values of the surface SW(E). 
4. Conclusions. Using dielectrics or CMS allows one to in­
crease the SlOYling-down of the surface SW(E) excited by the 
slot what increases sharply the SW(k) excitation efficiency 
and diminishes the damping length of the surface wave. Apart 
from the diminishing the longitudinal dimensions of the ra­
diating surface one also achieves the diminishing of electric 
fields in the slot area. Using a dielectric also provides 
the gap without plasma near the first wall i.e. the condition 
necessary for the surface wave existence. The antenna systems 
suggested may be used for SVI(k) excitation in the plasma with 
high RF-power fluxes in the W ~ W<l frequency range for 
powerful heating regirnes,current drive and the realization of 
the two-component regime of thermonuclear burning. 
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Fig.1 Antenna system scheme. 

Fig.) Real(Za)and imaginary 
(Zp)parts of the antenna im­
pedance and also efficiency 
versus d for Eo=) and £0=1 
(the broKen.. e.~ne.s). 
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Fig.2 ReN 11 and ImN IL versus 
d for the surface SW(E). 
Curve 1- Eo=1,ne"'4.10Hcm-~t 
T L -.:::200eV; Curve 2- Eo=1, 
ne. =4.10-1i cm -~ ,T i. =50 eV; 
Curve 3- ep :s1, n t. =1.6.10 i2 cm-:?>, 
T i., =200 eV; Curve 4-corrugat­
ed surface, h=5 cm; 
Curve 5-dielectric, co=). 
Cu..rve:s Lt.5 - ne :. L, oIOllC,""-'!i, T~ = 2oow. 
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Fig.4 Radiation power spectrum 
at d=1.1 .cm; a)dielectric with 

Eo -.:::), b)dielectric with 
eo =1 O. 

Fig.5 Real(Zd) and imaginary 
(Zp)parts of the antenna impe­
dance versus d in the presence ' 
of a corrugated surface. 

Fig.6 IE. I field distribu­
tion at the plasma periphery. 
'Arrows point the locati'on 
of the slots. 
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THE ' EFFECT OF THE PERIPHERAL PLASMA INHOMOGENEITY,DENSITY 
AND TEMPERATURE ON THE EXCITATION OF SLOW ICRF WAVES 

Longinov A.V., Lukinov V.A., Pavlov 3.8. 

Kharkov Institute of Physics and Technology, 
the Ukrainian SSR Academy of Sciences, 310108 Kharkov,USSR 

Introduction. In papers [1,2] i n the "homogeneous plasma with 
sharp boundary"approximation the possibility of using surface 
electromagnetic waves for effective excitation of slow kinetic 
waves(SW(K» in plaamas in w ~ We\.. (ion Bernatein waves) 
frequency range was shown. In present report this possibility 
ia investigated for the inhomogeneous plasma case for the ex-
ample of a slot antenna [1,2] • . 
~~~~~ -2~~~~1i~'ttT~h~;e;r;analYSiS was performed on the 
~ e with following additions: 
Maxwell equations in vacuum gap were solved with the aC-
count of the E- and H-waves and in the plasma the slow elec­
tromagnetic(SW(E», the fast one(FI'I) and SW (K) were accoWlted 
for. ,To obtain solutions in the plasma for separate modes of 
Fourier development the numerical model was used that had 
been employed earlier for investigating FW excitation [3] • 
For generality the calculations Vlere performed accounting for 
the condition of radiation into the half-space deep in the 
plasma(in the calculations it was on the distance 5 cm from 
the plasma boundary). 

Plasma density and its gradient on the plasma column 
boundary are most important parameters from the point of view 
of SW excitation, three particular cases being considered (see 
Figo1). Regime A: ne ( 0 )~3nI,.H,where n LH is the density corre­
sponding to the lower hybrid resonance (LHR) condition(e1-0), 

\l'ne,. c5.1011 cm-Lt. Regime B: ne.(O)=O,5 nLU ,v ne ''''5.1 0 01o1cm-~. 
Regime C: ne ( 0 )~0,5 nLthvne ~2 ,4.10 -10cm-". Fig.2 illustrates 
the qualitative behaviour of NI for these regimes and the na­
ture of SW(K) excitation. 

In regime A the electromagnetiC wave incident on the 
"plasma vacuum l1 boundary exci tea the nonpropagating(Nl <. 0) 

SVI(E) in the plasma what provides the possibility for the ex­
istence of natural surface SW(E). SW(K) propagating into the 
plasma core is eXCited due to coupling with SW(E) due to the 
density inhomogeneity at the boundary as well as in the area 
close to the boundary. For the current system of excitation 
this case has been considered in [41 • Note that in homogene­
ous plasmas with a sharp boundary l ~,5] the coupling between 
SVI(E) and SW(K) is effected only at the plasma bOWldary.~ 

In regime C at the plasma boundary the propagating(N~> 0) 
SW(E) is excited directly and approaching the LHR zone con­
verted into SW(K). Regime B is intermediate,i.e.because of 
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the strong inhomogeneity in LHR zone (when the geometric optics 
approximation fails) SW(K) is excited not only due to conversion 
but also due to the coupling with the nonpropagating SW(E) 
(in regime C such a coupling is considerably weakened). 
. The calculations were performed for the deuterium plasma 

with parameters:B.=4T, T.(x)=O.5 Tt(x), Tt(O)=50 eV,.T,=20eV/ 
cm,W=1,95 Wcd(O) ,the spacing between the adjacent slots sys­
tem being L=15,7 m. 
Discussion of the results. In Fig.J(regime B) and 4(regirne C) 
there are shown the field components E z (lIexcitatingl1field) t 
Ex and Ey ,the specific power De. absorbed by electrons,the 
electromagnetic PE and kinetic P K fluxes of RF power in 
the plasma for a separate mode with N il =2(0108e to the natu­
ral surface wave). Regime C is characteri zed by the relative­
ly weak swelling of the Ex field in the 1HR zone. The E y 

behaviour characterizing FVI excitation points out that FW 
generation occurs in the space between the plasma boundary 
and LHR point. The proximity of this space to the vacuum cham­
ber wall leads to the extremely weak FW excitation(the effect 
of mirror currents). Oscillations of the IEy\ field in the 
region n~ n LH characterize the presence of the travelling 
SWlK). The value of the kinetic flux is also essential in the 
SW(E) propagation region(at the point n~nL~ 'PK ~ PE ). The 
(collisional)dissipation on electrons is concentrated mainly 
in the SW(E)propagation region where E e is larger and TQ. is 
lower. The role of ion damping is negligible for this mode. 
m regime B the effect of the field swelling in the region 
n"" n LW manifests itself considerably stronger. In spi te of 
the small dimensions of the SW(E) propagation region in this 
regime( 6)( ...., 0.5 cm) it plays an important role in SW(K) 
exci tation and swelling of E)( field. 

In Fig.5 the spectral denSity fluxes of waves into the 
plasma are given. The spectrum in regime A is characteristic 
for the excitation of the surface SVllE) with N~i=2,1 ,which 
propagating along the magnetic field is damped due to SW(K) 
exci tation in the plasma. The damping length t' may be deter­
mined from the spectrum halfwidth 6N 11 :e! = c/w/Il N" • m this · 
case e'.(.< L. This regime is close to the homogeneous plasma 
case as regards the N~wand A Nu values. 

As is seen from Fig.5 in cases B and C the regime is real­
ized which may be interpreted aa the excitation of the natu­
ral surface wave in spite of the existence of SW(E) propaga­
tion region~ The N~ivalue corresponding to the harmonic with 
maximtun intenSity is lower (N S;i=1.5 in regime B and N~~=O.8 
in regime C) and the essential asymmetry of the spectrum mani­
fests itself. However t one may use the /} Nu value to estimate 
the damping length e/ of the surface SW(E) in this case too. 
It is seen that in regimes Band C e! is sharply diminished 
as compared with regime A. 

In Figs.6(A),7(B),8(C) the distribution of IE,I field in 
plasma and in the vacuum gap ls shown. The field amplitude 
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corresponds to the power Po =10 MW/m coupled to the plasma 
through one slot(over the unit length along y direction). 
In contrast to regime A,in regimes B and C IExl has a maxi­
mum between the plasma boundary and the LHR point. The ~trong 
damping of the surface SW(E) in regimes Band C leads to the 
field localization near the slot on the relatively small 
length"" 1,2 m(R) and,.., 2 m(e). At the same time in regime C 
the field swelling region because of LHR appears to be strong­
ly elongated over Z axis. The displacement of the wave packet 
(of the"cone" characterizing the SW(K) propagation)along Z 
axis is stronger in regime C than in regime B because of the 
smaller density of the plasma. It follows from Figs.6-8 that 
in regimes B and C the considerably smaller values of Ex 
field may be achieved in the plasme as ·well as in vacuum keep­
ing constant the RF power fluxes tnxough the unit area. This 
is extremely important for diminishing the incoming impurities 
as well as the probability of nanlinear phenomena to occur. 

In conclusion let us discuss the main parameters obtained 
in calculations and given in Table ~ • All three resimes are 
characterized by a very small part of RF power (p~w) coupled 
to FW • The power(PeL ) absorbed by electrons and ions(co111-
sionel,Cherenkov and cyclotron damping) in the peripheral 
area(of 5 cm thickness) is also low. 

The ohmic losses of RP power in the antenna(stainless 
steel conductivity) are most essential though they are also 
comparatively low especially in small e! regimes. Therefore 
the efficiency defined as SW (K) power to applied power ratio 
is rather high. The impedance of the antenna in all regimes 
remains mainly active what as was already noted [1,2] is one 
of the most important advantages of such antenna systems. 
Conclusions. The results presented illustrate the possibili­
ty of effective excitation of SVI(K) with high specific flu:xes 
in the inhomogeneous plasma when using even relatively simple 
antennae with high effeciency what is necessary for powerful 
regimes of plasma heating and current drive and also the possi­
bility of realizing two-component regime of thermonuclear 
burning using the direct excitation of slow waves [6] • 
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STABILIZATION OF MODULATIONAL INSTABILITY AT ION-ION 

HYBRID RESONANCE BY NON-UNIFCRM PUMP FIELD. 

T.A.Davydova,V.M.Lashkin 

Institute for Nuclear Reseach of the Ukrainian 
Academy of Sciences, Kiev 28, ussa 

It is now an established fact that one of the most 
principal mechanism of RF power absorption under ion cyc­
lotron range of frequency plasma heating of a Tokamak is 
the conversion of the fast magnetoBonic wave into the 
strong damping plasma wave near the ion-ion hybrid reso­
nance pOint w ~tWtIW(1r.+w~r.W:4)1h. /1/. 

" w' + W' u ~I ~1 

Pump field amplitude increases considerably in the re­
sonance domain /2/ and therefore one could expect the rising 
of the parametric instabilities which can be additional 

(turbulent) mechanism of RF power absorption. The parametric 
instabilities can lead also to formation of "tast tails" 
on the particle distributtnn function. This can influence 
both on the process of anomalous transport and the process 
of linear conversion. 

In the present work,the modulational instability at Wi .: 

is studied for the case of the non-uniform pump field for­
ming ~ue to the linear conversion in "the vicinity of the 
ion-ion hybrid resonance. 

Let's consider the plasma in a slab geometry. Uniform ' 
magnetic field is directed along the z-axis and plasma den­
sity decreases mono tonically" along the x-axie.The field 
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formed due to the linear conversion near the ion-ion hybrid 
resonance point is almost electrostatic and directed along 

the x-axie.It's amplitude has the following form /2/ 

E (,,)~\F,{ir(~fl'exp[+it~~1}for X»(:, (1) 

o \ F, b({-) ,for l'xI< 1I 

where 6,'=(R1Lyh , L -the density inhomogeneity! 8cale, 

R':/- ~ " 3 '/t,\ wh I I "w" . 
Wii&'(w')T(w,~-wt,)(wt-4wtl ,t(w.):2wii 1- (wJ;- wtJ' Ij 

b(~) is the Airy function, F, is the maximum field ampli­

tude in the resonance domain, i =-1,2 -denotes of i on spe-' 

e i es . .. _ 

For the case of uniform pump field E"=Eo ~lnWct (forW«w~) 
the dispersion equation may be written as /3/ 

t 

H L z= ~'i;) [(J{,-J1))(£~-J{;) + b X; j(~J ~ 0 (2) 

',~ \=t,- \ 
where N~:lG(w) -partial permittivitiea of particles of 

kind 6 , JI':=lt,(WiW,). &~1+ IJ(" h\=~+ LJ1) '}'=\/'6-f''f 1 

~I~ 
-- 1 L '- [~ - )'11 G _ e, (.!',E" K"' E,") w,,( B" K< E] ~t 

f.- t" (""'W1+ w'-w' + 61 w~(w1_W1)2 ,~, (I') -Bessel func-
5 0 C t~ 0 0 0 c~ tion 

The relati ve motion of the different species of ions plays 

the main role for the exiting of the instability at Wo'rW" 

\'[e consider the modulationel (purely growing) instability 

w ith 1 ~ 1 » 1 .In tha t case the eq. (2) mey be presented 

in the form 1 X.! (w,) 0 
1- 2~,(/,) (/(<.>,) (w

'
_&') ~O (}) 

, L , 
where the IIfrequency mismatoh l1 1)=-..J..."w .. K R<O(for DtH plasma). 

t t .. 
The case f'«~ (and 1.(f')~~) was studied in our pre-_. 

ViOllS work /4/. It had been shown that in such case Ka» (&'')(tt 
«(OX), - the width of the localization domain of the un-

.It -i 
stable mode in the non- uniform pump field) and (O'xt( has 

t he singul arity for the fini t e val ue of the pump field. 
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In the present report,the case of Bufficiently strong 
t 1,M" 

pump field w1th}A~1 (and1,%~- IT ) is studied. It 

make possible to remove the singularity and to study the 
case K~ « K!l' • To simplify the problem one can set Kt = 0 
Then,we have the following expression for the growth rate 

{~ ~. \1 [a' (1- ~~ n -1 f/! (4) 

\ 
_ 1 (i,("-') )11, . 

The growth rate is at maximum et o~t --,-, '3 and ~t 

" 4 w. ~ ( .. ,-. )'/. . " w' w' 
hes the form If = ~ ~t ~1 

• 3 i1 d' , • 4 ,.,' (w' ,w' ) 
1 ~ pi ~1 

where 0.'; A 11.'("',) E, , AJ ZJ-1)' e, V, \ = K. R , 
~/(wo) WO RI \ i m;{w;-w(IJ} 

The dependence of the growth rate ¥ on the wave number 
for the case of uniform pump field is presented on Fig.' 

Letts consider the non-uniform pump field described 

by (1).The field may be approximated as follOWSE~(~):E:(1-f.) 
in the domain IO( \ «~ • Then, f r om eq.(J) one can obtain 

the differential equation of 2th order for the field per-
turbation 'Y in \ -apace , 

Jl.y + L. (.,-.)\"- (.'/4~)\ -4((/"'.)''1-'=0 (5) 

--rv- R' ~'\~ (~- ~: \') 

Setting {=O in (5) one can determined the t hreshold 

of the instability of n-th mode.By using WKB method one 
find the following relation for threshold values a~ 

~~.A [E\P) -(1-~2)KO) J = 91 (h tt~ (6) 

where ~"=(I1;_j)/Ii! ' K and E -the complete el·liptic inte­
grals of the first and second or der respectively. The de­
pendence of the threshold value d.~ on the pump scal e 

non-uniformity RIll is presented on Fig.2. In the cases 

d.", 2:. ~ and 111\)0> ~ may be written analyt ical expression 
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in the form 

and 

\.~t 
Fig. 1 

I 

~: = H -'(';;e1 ".,.:t-,~ )r.=:-R _ 
4 t. '0 

d = ~(I b 
, 9[ R (ht~/l) 

0.111 

t for 

,for 

Rh 
Fig.2 

cl, ;: ~ (7) 

cl,» ~ (8) 

By using the expansion of "p .. eudopotential ll in (5) in 

the vicinity of \.~t one can obtain for the instability 

threShOldi:_ ~W.~ldl-~)J~r j _ d'(ht'ltlR . )1/1 (9) 
,- 3fi cl' L ~'0(cI'-11 A 

The width of the localization domain of the unstable mode 
is < 6 .One can see that (9) for b-aJ give us the 
growth rate for uniform pump,and the threshold values ob­
tained from (9) are coinciding with (7 ),(8). 

For JET we have ~-3~4 ,and this threshold can be exceeded 
in modern experiments on RF plasma heating in tokamaks. 
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RAY TRACING WITH NON-MAXWELLIAN ELECTRON DISTRmUTlON 
FUNCTIONS_ A CASE EXAMPLE: HELIAC TJ-II 

C AJejaJdre F. Castej6n and MJ. Taboada 

Asociaci6n EURA TOM/CIEMA T para Fusi6n 
28040 Madrid 

Spain 

I. Introduction 

Recent ECH experiments on stellarators and tokarnaks show the existence of a 

superthennal tail in the electron distribution function and at the same time a 

disagreement between the 

Linear theory of microwave ,., 

,., 
;; 
-'! 
N 

-0 . 1 

-0 .3 

L' 
Figure 1 

Ray-tracing in TJ·n. f:53.2 GHz .• 4'=16 .. 8751 

absorption and the 

experimental values is 

usually reported l.' The 

ray· tracing code RAYS orig­

inally developed at Oak 

Ridge National Laboratory2 

has been adapted to the 

geometry of the TJ-II 

flexible heliac (Ra = 1.5 m, 

Ba = IT.) and to account for 

the effect upon microwave 

power absorption of, a . 

superthennal tail in the 

electron distribution function, a new absorption module that takes into account the exist­

ence of a supenhermal tail has been add~. Then, an study has been co~ducied to 
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detex;mine the optimum launching position, including the more realistic simulation 

module, and the influence upon profile deposition and power absorption of the tail dis~ 

tributian, for waves propagating in the fIrst (28 GHz.) and near second hannonic (53.2 

GHz) of the electron cyclotron frequency. 

11. The absorption module 

We simulate the electron distribution function by adding a drifted maxwellian to a 

bulk maxwellian: 

f(p.L, pll) = T\ fb(P.L, PII) + (l -Tl)f,(p.L , PII) 
where, 

3/2 

fb(p.L' PII) = (~;) (mef 3exp[_ ~(pi + PII
2
)] 

2(me) 

is the bulk, weakly relativistic, distribution function and 

a drifted maxwellian. with 

me2 
I' --­

b, [- T b.t 
(4), 

and 11, 1. indicate parallel and ~ ~ 
g::ci 

perpendicular to the static 

• Q 1---1--+--6 

(1) 

(2) 

magnetic field, respectively, 

vth is the thermal velocity and 

y is the Lorentz factor. The free IS 15.5 16 \S.S 17 17.5 18 IB.5 19 19.5 
PH I r degrells J 

parameters used in the tail de­

Scription, i.e., tail population 

(r\). tail temperature (ft) and 

Figure 2 
Fractional power absorbed in one-pass. r", 53.2 GHz. 

ne(O)=:l..511.1013 cm-3, Te(O):lkeV 
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drift momenturn(PO) are taken in this study to be consistent with either the directly 

measured values. 11 .. 0.001, Tt ... 10 keY, or the residual currents observed ( ... IIeA) 

during ECRH at the Wendelstein VU-A stellaratort . This simple model to simulate the 

distribution function presents the advantage that allows to calculate the dielectric tensor 

for a current carrying distribution function analytically. with all the computational 

advantages associated with analytical methods. Due to the linearity in the calculation of 

. the mobility tensor, for a dispibution function like (1) the tensor e(F.l) can be 

written9•
11 :e(N) = I - ~(':: ) [(1- 'l)D b (N)+ 'lD I(N) ] (5) 

where Db is the tensor for a weakly relativistic maxwellian distribution function 

7 

9 

('1 

16.S 17 11.5 16 le . s 19 19.5 
PHI (dogrollsJ 

2 

rrr=-S'"T'~o&--9 

<'I 

16.S 17 17.5 18 18.5 19 19.5 20 
PHI (degrees I 

Figure 3 
Fractional power absorbed in one pass for waves propagating 
al28 GHz. using the non-maxweUian model (a) and the pure 

maxwellian case (b) 

and Dt can be obtained, 

essentially, changing NU by 

NII-p(Y'mc Details are shown 

in ref.4,5. 

III Ray-tracing 

Nine rays, located in a 3x3 

rectangular array of ... 5x5 cm. 

to simulate a five cm. radius 

beam, are launched into the 

plasma. All figures in the paper 

are shown at the toroidal angle 

4> = 16.875' , chosen to be the 

illuminating point after this 

study. The plasma parameters 

are : ne(O) = 1.5 x 1013 cm-l • 

T ,(0) = .8 ke V and a parabolic 

profile is assumed for both 

magnitudes. Figure I shows the 
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rays trajectories for a plasma with a 10 keY tail temperature and a microwave frequency 

of 53.2 GHz. It is observed that the region of absorption increases sensibly with respect 

to the pure maxwellian case in agreement with ex.perimental observations, no apprecia-

ble difference can be observed in the absolute value of the absorbed power in the second 

hannonic, figure 2, since in both cases 100% of the power emitted is absorbed, even 

before the rays abandon the plasma. Figure 3 shows a degradation in power with an in­

creasing value of the tail population for propagation in the fU'St harmonic. 28 GHz that 

depending on the ray direction can be of significance. 
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UP-SHIFTED AND DOWN-SHIFTED ELECTRON CYCLOTRON 
INTERACTION WITH A SUPRATHERMAL ELECTRON TAIL 

D. Farina and R. Pozzoli· 

Istituto di Fisica del Plasma, CNR, 
EURATOM -ENEA-CNR ASSOC IAT ION, M;lano , Italy 

*Dipartimento di Fi ... ica, Univcrsi ta di Milano , Milano, Italy 

Ahstract - EC power absorplion and current drive are computed for a model electron tail produced by 
LIICJ). The up-shifted and down-shifted resonance condition are compared. Tire taller case is shown to 
be suitable/or optimization of both processes. 

The main application or the interaction or electron cyclotron (EC) waves with 
supra thermal electrons is related to the problem or non inductive current drive in toro idal 
plasmas. We ~re interested in determining the optimal cond itions ror the EC wave inter­
action with a suprathcrmal tail and explicitly refer to the LlfCD regime, which is charac­
terized by an extended asymmetric electron tai l in the parallel momentum PI The 
distribution function f is written as J = In + j; where le represents the thermal bulk and /. 
the suprathermal tail. We assume thatJi is nat with respect to I~ in the interval Ul < lit < III 
and Maxwellian with respect to U.L , characterized by a temperature T.L : 

( I) 

where u = p/mc, Xl,) is the characteristic runction relevan t to the interval UI , Ill and 
P .L = mclIT.L' 
Two dirrerent interation schemes can occ ur, depending on the injected N. and on the ratio 
Y = O./w, between the cyclotron frequency 0 = tBlme and the injected wave frequency w 
fl /. From the EC resonance cond ition ror' the firs t cyclotron harmonic y - N.'1 - Y = 0 , in 
case of EC wave oblique injec.lion in the same direction or the electron drift (N. > 0) the 
interaction occurs when w > .Q (Y < I): up- shined resonance (USR), while in the opposite 
case (NI < O) mainly when w < a, (Y > I): down-shifted resonance (DS R). 

From the energy bala nce equation and from the relativiHic expres sion of the dielectric 
tensor, the absorption coefficient can be written: 

IX = ~ J du P(u) 

where the normaJized single particle ahsorption 
p(u) - - n:Xln ui ~ LJ o(y - N.II. - 1') wi th X = (fJl,./fd)l, 

(2) 

efficiency P(u) is given hy 
1; = 181 PI bd , being s the nor-
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malized Poynting vector, the polarization term given by I e, I l~ 1 e. - iC7 + N.I./ Y Cl t; 12/4, 
..y here Ni is the perpendicula r refractive index, e the po la rization vector, and 
Lf ~ [ (, - N,";)I" , 0170", + N,fJ17a", ) /, . 
The EC driven current density J can be written as: 

where .I. = eJ(mcII.) wle p./G. being 11. = w:.ln A/(2nllcl ) the co llision frequency, P. the local 
incident power, C1 the loca l bea m cro~s section and '1 the normalized current dri ve emciency 
for single particle, given by '1(u) = y L 1 where X(u) is the normali7.cd response function for 
the current /2/. 
Being interested in the interaction o f EC waves with suprathermal electrons, we exclude 
from o ur analysis the va lues of Y close to I, where interaction with therma l electrons oc­
curs. Since we assume !ldno~ l, the function Ji only en ters the expressions (2) a nd (3), while 
the propagation and the poiari7.alion in the same expression arc co mputed by means o f the 
function!o . 

The absorption coefficient can be computed ana lytically , by inserting}; given by ( I) 
in the expression (2). In order to have a physica l insight of the mecha nis m which determines 
the dirrerent behaviours of the USR a nd DSR schemes, it is convenient fi rst to co nsider in 
more detail the following integral which is proportional to the contribution to Cl co ming 
from that part of Tt independent of ut: 

",' f"l+ 2 2 J' I ~ -4- dUI u.d u.) exp( - Jl.l u.l/2) XI,2 = dl c/J(t) XI.2 
"'1- - I 

(4) 

where uHt;)., ( I - NII)(,.,+ - uJ(~ - ~_) is the resonant ui , being I1n± = (N, Y ± Ill/( I - Ni ) 
the extrema of the resonant curve, with 112 = yz - I - N il , and 
c/J(t) = N Ill( \ - 11) exp( - .~( I - /2)), with the parameter s = Jl l /2 1l2/(1 - Nil) = i\.21ll and 
A'~", / [ 2( 1 - Nt )). 
We analyze the behavio ur of the function c/J(t) which represent!; the relat ive weight of the 
dirrerent resonant electron!; taking part in the absorption process. For s < I , c/J ~xhibits a 
Oat max imum in 1= 0. In th i!; case most or the reso nant electrons contribute to the power 
absorptio n. When s > I the point 1=0 corresponds to a 'relati ve minimum, wh ile maxima 
occur at I1I = ~. For increasing .t, the max imum shirts towards I1 I = I , the 
function c/J peaking a t the maxima a nd hecoming ex ponentially' sma ll in the region around 
1=0 . Therefore, ro r s» I the abso rption is due to electrons with ut c1o.'le to lilt (see Fig. I ). 
We note that for fixed N. the limit .f .... 0 corresponds to 7\ - 00 (A

J 
__ Ot or to Y --10 Yo ( 

Il - 0) and the limit s - 00 corresponds to 7~ - 0 (I\. - 00) or Y~ 1 - N il (Il;i! I). For 
para meters o f physica l interest, the former case can occur only in lJSR, wh ile thc latter car;c 
is mostly v'crifled in case of DSR or in the USR casc at low pcrpcndicular temperature. 
Keepi~g hl = I and perro rming the integral over I , the functi on I ca n be wri~ten as; 

(5) 

where 211 is the real part o f the plasma d i spcr~ i on fu nction . The integra l I i.'l a .function of 
the two independent parameters Il and I\. It i.'l conven ient to analyze its behaviour as a 
func tion of the parameter s fo r fixed N.', varying alternatively A (i.e. 7~ ) at Il (i.e . .. r) con· 
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8 

5=1 

O.~~~~ 
00 20 .40 f>Q 6(1 1.00 

Figure I. : Function q,/A versus t for different s val lm. 

stant (curve a of Fig.2) or .1 at constant A (curve b of l'ig.2). The expansion of I for 54: I 
is 1':I:!.2~/6 , while its asymptotic expansion for s~ 1 is /':!:!.21tJ. (1 + )j.f'). I exhibits a maximum 
at s = 1. 88 when.6. is kept constant (curve a) and at ,f = 1.51 for constant A (curve b). 

J . 

, 
.. 
.. 

b 

0 
0 J 5 " , >0 

S 

liigurc 2. Functions I A (curve 11) and !fA (curve h) Ycr~u~ ~. 

The beha viour di scussed above actually occurs when X I ,] can be assumed equal to I, i.e. only 
when the whole resonant curve belongs to the supra thcrmal taiL The behaviour of 
xl)r) vs t depends strictly on N. , Y ,11 •• Ul as it has been widely anaiyzed in Ref. !. In the 
DSR case XI,l(t) '7= 0 only for positive t, while in the USR case Xl,2 can be diFferent from 'l.ero 
in the whole t - range, depending on the NI and Y va lues. In the general case the truncation 
of the integral! due to the function Xl.l has to be taken inlo account, leading to a reduction 
of the I value, when this eFfect is considered. Ilowcvcr, whcn s~ I (in practice s > 4), the 
absorption is strongly localized nea r U. = IlU : as a consequence 1~2/tl when both u.- and '" 
belong to the tail (USR case) and I~,d/tl when only onc Oflhc cxtrcma belongs to it, this 
latter case generally applying to the DSR condition. 
Curve a of l'ig.2 can describe the va riation of I with the perpendicular tempera ture of the 
tai l. We find that in USR conditions the absorption can he critically dependent on T! and 
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ca n decrease or increase with it, while is almost independent of 7"L in DSR conditions. In 
fact , when Tl is decreased (keeping Y and Ni consta nt} starting from very high va lues in 
the USR case the absorption incrca.~cs , reaching a maximmn value for s~2 and then de­
creases to the asymptotic value 2/D.. For the DSR case, for condition of interest s p I and 
b l/ tl . When Ni and 7~ are kept con.stant while Y is varied, the comparison between the 
USR and the OSR cases can be investigated by means of the curve b of Fig.2. The largest 
value of the absorption coeffi cient Cl can be reached in USR co nditiom for .'i~1. 5. Note that 
the two resonance condi tions arc characterized by different D. values, .6. being much larger 
in the OS R case. 
When polarization eWeels, described by the term 1~ , arc taken inlo account, the U. de­
pendence or 161 J 1 and the Y dependence or s, e, - ie, and N l produce variation or the er: 
profile versus Y, without substantia lly arrecting the relative sca ling or the USR and DSR 
cases. 

Concerning the dri ven current (Eq.3), it is round that the US R condition is more 
suitable ror current drive becau~e both or the behaviour or the absorbed power P(u) , al­
ready discussed, and orthe larger va lue or the C D efficiency ,/(u) ,with respect to thc DSR 
case. In ract, we observe tha t t/ is larger ror NI > 0 than ror NI < 0 (see rig.3); moreover, in 
US R conditions trapping eWects are negligible and the con tributi ons coming rrom u. . and Ut. 
sum up (contrary to the DSR case). 

o 

b 

.(lO 2') 50 .7'5 1.00 1 25 1.">1 I.7~, ;'I"l,' 
nor malized parallel m omentum 

Figure 3. CUrrent drive efficiency for ~ingle parl ic:1e I/(n) = NIC(u) + ,lt tlCldy v~ ut for u , = n heing 
C(!.!) = x(u)/Il<j. Curve I!. corrc~pond to NA = 11.5 Imd curve h to NI = - 0.5. 

In conclusion, we ha ve !>hown that in the EC wave interaction with a ~uprathermal 

tail the DSR and USR conditions are characte ri7.ed by diWerent loca tions or the resonant 
electrons in momentum space, the lJSR being more emcient with re !>pect to both power 
absorption and current generation. The DSR interaction is almmt insemitive to variation 
or 1~ . while the USR depends on it. The obtained results mainl y depend on the gross 
characteristics or the distribution runction describing the supra therma l tail, such as its pa r­
allel and perpendicular energies, while are weak ly dependent on it~ detailed ~tructure. 
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NON LINEAR DYNAMICS OF FREE ELECTRON LASER 
RADI ATION IN A MAGNETIZED PLASMA 
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Istituto di Fisica del Plasma , EURATOM-ENEA-CNR Association , Milano , Italy 
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I n troduction 

The self similar structure of t he fi eld amplitude and the de nsity 
perturbation during the process of non linear se l f - foc using of high power 
electromagnetic (EM) radiation , polar ized in the ordinary mode (OM). ha s 
been described in detail in a previous paper /1/ with particular reference 

to the MTX project/2/ , where a free electron laser (FEL) source will be 
used for electron cyclotron resonant heating (ECRH) of a tokamak plasma . 
Here we present the results of" numerical computations /3/ describing the 
dynamical evolution, in time and space , of a Gaussian beam of EM radiation 
within the "aberrationless" approximation which allows to fol l ow the 
dynamics of the axial part of the wave beam a l ong its trajectory in the ' 

medium. 

Formulat i on of the problem 
In ref . 1 it has been sown that the equat ions 

ampli tude of 
linear plasma 

- L 

the high frequency (HF) electric 
densi t y perturbat i on S n a re : 

0. , 

+ J £ + DE _ n. E = 0 , 
';;i'lro. JZo. 

U""n. = u"-IEI'1. 
ut" Jz.~ 

fiel d E 
for t he complex 
and for the non 

(1 ) 

(2) 

where dimensionless variables have been introduced according to t he 

follOwing transformations : '1 iJ 
it .... ( "'pe) 0. - --H. ' ...L- i - - ------+",. 
Ao I Z o W2. 0) 

, 
X ( W pe ) 2kl!.~ i - W" 

2 2 
Zo Wp • 

~ n..; (3) 
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t 

Here lA,) a nd W are t he injec ted wave and elec tron plasma frequencies, 

respectively , et P,;, M are t he unitary charge, the electron and ion masses, 
P is the injected power, Zg is the transverse half- dimension of the beam 
and k the wavevector . We refer to EM waves , polarized in the OM , and 

propagating a l ong the x direction , almost perpendicular to t he external 

magnetic field ~o ~ Bo~z' 

"Aberrationless" approach 
When a Gaussian beam is inc i dent, the most part of the wave energy is 

concentrated around its axis; we can then simpli fy the system of eqs . (1 ) 
and (2) using the so called "aberrationless" approach /4/ ; we represent the 
field amplitude snd the density perturbat i on with the following functions: 

E = i exp( _ z: _ ~ +l.d,.+L~i.l.+i!\..{,~) (4) J 1<'" (X, ~)b (X, ~) 2 Q., 2 b a 

[ 
zl. 'to. ] n.= - rtD(x,c)exp - -l.- - -'(-I (5) 

c ( x,~) d x,l-
where a(x,t) and b(x,t) , c(x , t) and d(x,t) are the characteristic 
transverse di mensions of the wave beam and of the dens i ty perturbation , 
respectively; {! and f" describe the curvature of the wavefront and cL is 
the phase shift. Introducing the expressions (4) a~ (5) ~n eqs. (1) and 
(2) and expanding in power of the small parameters y and z "we obtain t he 
set of differential equations: 

V"-a." i . f 
J }l. = Q.,' - a.. I 

Jl.f 3 
Jtl. 

:::-
",5 b ) 

,)"-'¥ 
16) 

i 
D t l. 

~ 

cJb3 
cil.b i 
;J;}l= b1 - 'tb, 
7.. 2 2 

where d = 2x , f = nalc , g = nald , In the limit a ~ 0 the system (6) 
has the fo l lowing asymptoEic solution: 

Q., N )l/4 ( _ }- + 5 "' cLO') I 

{lO "' 

) F i 
= 

a" 
4 

i 

bit I 

) 

(7) 
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corresponding to a field distribution in the form of a " running focus ": the 
focal point travels at an arbitrary ve locity u(t) toward the i ncomi ng 
radiation and the half- apex angle of the cone surface near the singularity 
increases as it slows down . In principle the function u(t) can be found 
solving the system, eqs . (1) and (2) , with the appropriate boundary 
conditions; however, by means of numerical computat i ons , we can determi ne 
the focus velocity within our approximation . 

Results and conclusions 
, The system (~) has been solved numericallY2s!,~ting, at t = 0 , with an 

ordinary diffrachve structure a = b = (1 + 3'" ) for the wa ve beam and 
in the absence of plasma perturbations . In Fig. 1 the functions a( ~ ) and 
b( ~ ) are plotted versus }-, at different times. It is shown that the 
initially divergent pattern of wave beam (a) evolves towards a convergent 
structure (b , c , d) inevitably followed by the singularity formation (e , f) . 

The self- focusing o f the radiation can pre ve nt t he direct transmission 
of EM e nergy to the region of EC resonance or decrease the efficiency of EC 
damping . To avoid this e f fect , the experimental parameters should be chosen 
sui tably in order to reduce the duration of the single FEL pulse to values 
smaller than the time of singularity f ormation: 

W Zo [ Mm. (..3(1- Wpe
2/W'-) ]i/:l-

'C' .:. tlV 
'" F e Wpe 1 p 

Eq . (8) can be written in the form 

<. w Z.oHm.~ i 2.?. l( 
2e'l.Wp;W 

N 

where W = p . ~ is t he e nergy of the FEL pulse. 
u 

Therefore to prevent the appearance of 
discussed here the pulse of EM radiation , f or a 
beam size , has to be s hortened . 
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LOCALIZED HEATING AND ENHANCED VELOCITY DIFFUSION BY ECRH 
IN THE GAMMA 10 TANDEM MIRROR 

~. Y.Kiwamoto, T.Kariya , A.Kurihara, I.Katanuma, 
K.Ishii . T . Che and S. Miyoshi 

Introduction 

Plasma Research Center , Univers ity of Ts ukuba 
Tsukuba City , Ibaraki 305 Japan 

Electron cyclotron resonance heat ing (ECRH) in a tandem mirror has a 
spec ific role fo r confinement and heating of a plasma and hence it requires 
a special heat ing configuration to meet the expec ted role/1/. Experiments 
of EeRH have been done in ax i symmetri c end mirror cells of the GAMMA 10 

I tandem mirror/2,3/ . Heating power(28 CHz , 140 kW wax.) i s injected in a 
beam shape onto each of the surface s of the fundament al(l . Q T) and the sec­
ond harmonic(O.5 T) resonance as shown in Fig. 1. It is spatially re­
str icted within a region of the mirror field for localized heat ing and for 
energy contro l of ho t electrons/4/ . As a consequence. the cycl o tron reso ­
nance condition 

(1 ) 

is satisfied by electrons in a limited domain of the velocity space. in 
which electrons are strongly diffused. The domain reaches the loss cone 
boundary at energies which a r e determined from the heating configuration. 
ECRH in a mirror field may thereby leads enhanced velocity diffus i on to be 
observed in an electron flux in the loss cone, which can be measure'd at an 
end of the machine/51. This mechanism of velocity dif fusion is significant 
to the potential formation in a tandem mirror/6/. We describe mea suremen~ 
of the microwave propagation which proves the l ocalized heat ing and obser­
vation of the electron axial flux which indicates enhanced veloci ty diffu­
sion of e l ec t rons peculiar t o mirror ECRH . 

Measurement of Microwave Propagation 
The measurement of propagation of the fundamental(plug) heating power 

has been done and the power deposition in a res t ricted area has been found 
16/ . Here . we describe the measurement of propagation of the second harmon­
ic(barrier ) heat ing power and s how the absorption of the power is almost 
at tributed to the one- pass absorption of the beam component . 

An array of open- end ed wavegu ide s is installed as shown in Fig. 1 . 
and it i s use d to measure the two dimensional distribution of the trans­
mitted power through a plasma . The end cell region is encl osed with an 
inner wal l of s t ainless steel the diameter of which is large enough for the 
microwave beam to be nearly freely propagated . Cavity fields are measured 
at cardinal points in the inner wall and at open ings on it . A typical di s ­
tribution of the transmitted power is shown in Fig. 2. The line density of 
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. b 0 13 -2 .. b 1 h . a plasma 15 a out 1 x 1 cm Wh1Ch 15 well e ow t e cutoff dens1ty. 
Open circles represent the transmitted power in the vacuum and closed ones 
does that through the plasma. The transmission coefficient is about 40%. 
The transmitted paYer belongs to the cavity field power and a part of it is 
absorbed by the plasma after reflection off the wall. The remainder es­
capes through the openings. The power density of the cavity field is very 
low compared to that of the beam component. Thus the fraction of the cavi­
ty field power to the total absorbed power is low. The one-pass absorption 
coefficient of the beam component is obtained from a self-consistent analy­
sis of the microwave power flow based on the wave field measurement and it 
share s about 80% of the total absorbed power . Intended localized heating 
is realized . This is significant to the temperature control of hot elec­
trons because most of electroQs are heated by the microwave with a defi­
nite value of ktl in the limited region of the mirror field. 

Observation of Axial Electron Flux 
Electrons which interac t with the electric field of the injected 

microwave under the resonance condition Eq. (1) diffuse in the velocity 
space along heating characteristics which reach the loss cone boundary. 
Thus' warm(E :S 10 keV) and hot (E ~ 10 keV) electrons heated by ECRH are lost 
to the end of the machine . Figure 3 shows the warm electron current meas­
ured at the end together with tbe line density 'and the potentials . On ap­
plication of the plug ECRH the plasma potential ascends and the floating 
potential Vep of the 'end plate immediately descends below the ground poten-

tial . The end plate is connected to the ground through a high resistance R 
(1 MO) . Since the plug ECRH drives a high axial electron flux, the poten­
tial of each position varies to keep the charge neutrality of the plasma . 
The warm electron energy is measured with a multi-grid electrostatic energy 
analyzer installed behind the end plate. Figure 4 is a logarithmic plot of 
the electron current flowing into a collector of the analyzer as a function 
of the bias voltage ap,plied to an electron repeller grid . The electron 
flux is composed of two components; a lower temperature component and a 
higher temperature one . Although values of these temperatures depend on 
the experimental condition, drive of such a hi~h axial flux of warm elec­
trons with two components is a specific feature of the plug ECRH. 

Secondary electrons are emitted with a high coefficient 0 when an en­
ergetic electron hits the end plate of stainless steel and hence the sec­
ondary electrons play an essent~al role in the charge neutrality of a 
plasma. The net current flowing into the end plate is calculated with the 
energy distribution of warm electrons obtained from the plot in Fig. 4 by 

I "J~ (, - O(E)}f(E)dE . 
net ep 

The value thus calculated is nearly equal to the measured net current V I 
ep 

R. The analysis shows that more than 90% of the primary current returns to 
the plasma as the secondary current . 

The electron flux has much information about the heating mechanism of 
ECRH and it gives a valuable data base for t he theoretical study. We have 
measured hot electron axial flux which is produced by the barrier EeRH/51. 
An energy spectrum of end loss hot electrons has a remarkable feature; a 
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peak at an energy of about 100 keY. This peak has been attributed to ve­
locity diffusion along heating characteristics associated with the third 
harmonic resonance. A narrow zone in which electrons strongly diffuse 
reaches the loss cone boundary and the peak is clearly observed in the 
spectrum . However, the peak disappears and the spectrum is flattened when 
plug ECRH is! superposed on the barrier ECRH as shown in Fig . 5, Since the 

heating power of the plug ECRH is localized in a region of the higher 
field side of the resonance surface the maximum of Iw - w · I determines the 
muximum energy of electrons which have pitch angles near ce the loss cone 
and resonate with the wave field of the beam component. The energy E of 
about 10 ~ 20 keV thus determined well accounts for the high flux of mwarm 
electrons . The zone in which electrons with energies higher than E reso­
nate with the plug ECRH does not directly reach the loss boundary aWd 
electrons are strongly diffused in this zone. A bounce- averaged quasi­
linear dif fusion model gives a qual itative picture consistent with the ob­
servations . Energy spectra to be observed at the end calculated with a 
Fokker-Planck code are similar to measured ones/7/. 
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INTRODUCTION 

The effective thermal diffusivity, Xc,,, deduced from thermal wave propagation often dif­
fers from values derived from power balance (X~/~). For example, on DITE {l,2} the values 
(X~~D) deduced from modulated heating studies using fundamental cyclotron absorption 
are somewhat higher than X~J~ . Furthermore X~OD depends only weakly on ne in. con­
trast to X~/~ which falls with ne. A possible explanation of such discrepancies between 
X~rD and X~~ is that modulation of the density caused by the modulated heating, which 
is not taken into account in the analysis, may affect the propagation of the thermal wave. 
This paper assesses the magnitude of the density modulation produced by modulated 
ECRH and the extent to which the experimental results can be reconciled wi th theory. 

ORIGIN AND IMPACT OF DENSITY MODULATIONS 

Modulated ECR heating may give rise to modulation of the observed plasma density. in 
a number of ways: Fi rstly, the density will change due to the equilibrium response to 
pressure modulations. These shifts also complicate the analysis of EeE and vertically 
viewing SXR diagnostics of the thermal wave [1]. Secondly, changes in recycling due to 
column shifts, direct edge absorption of ECR waves or the influence of the thermal wave 
propagating from the centre will a.ff~ct the neutral particle source and, to some extent, 
the density profile. Such density sources give rise to terms in the heat transport equa­
t ion formally equivalent to bea.t sources. Such effects will he significant only towards the 
plasma. edge except at very low ne. Thirdly, changes in density transport and pinch terms 
in the plasma or coupling of beat and particle transport (due to off-diagonal terms in the 
transport matrix) generate density perturbations even in the absence of density source 
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terms [3] . In this case analysis of the temperature wave gives a 'hybrid ' rather than purely 
thermal transport coefficient. 

THEORY OF COUPLED TRANSPORT 

The evolution equations for density and pressure can be written as 

(1) 

where Sn,p are sources and r(Q) the particle (heat) flux. It is usually assumed in both 
thermal wave and power balance transport analyses that Q is driven only by temperature 
gradients. In general, however, theoretical expressions (or Q from both (neo)classical and 
anomalous transport models show that heat fluxes are also driven by density gradients 
(and, similarly, density fluxes are driven by temperature gradients). For example, in 
neoclassical theory if Ti = Te and ion temperature gradient and electric field (pinch) 
terms are neglected 

r = -f(r)nIKllA' + KI2T'IT] 

Q = - f(r)nTIK12A' + K"T'IT] 

(2) 

(3) 

where A' = n'ln -3T' /2T and f(r)K; j is the transport matrix. The off-diagonal terms in 
the transport matrix lead to a local modulated heat source at r = {(SI' = 6(r-e)e;wt 127f{) 
driving n as well as T perturbations even in the absence of modulated density sources 
(Sn(r, t) = 0) ,iDee 

n' 
Kll 11-11 

n 
3 T' + (KI2 - iKll) 11 T 11 o (4) 

n' 
K 12 I1-11 

n 
3 T' 

+ (K" - iK12) 11 T 11 (5) 

Here 11 11 denotes the change in the function at r ~ {. This can only be satisfied if 
both T'IT and n'ln have non-zero oscillating components. Analytic solution of these 
equations is only possible if they are linearised (nln ,TIT «: 1) and the scale length 
of the modulated components is assumed short compared with other length scales. Far 
away from the heat deposit ion region the eigenvector of the linearised transport matrix 
(Mu = K l1 , Mu = Ku -3Kl1 /2,M'Jl = 2K'lJ/3 -Kll,M22:::: 2Kn/3 - 2Ku + 3Kn /2) 
with the largest eigenvalue, -'+, dominates and the normalised ratio of density to tem­
perature perturbation is G = iiTI(Tn) = Mu /(-'+ '- Mu). In the near field (which is 
more relevant to experiment), C depends somewhat on assumptions concerning f(r) and 
the source profiles. Table I compares the far field values with the near field values, for 
the sources described above, assuming f(r) = cr-'l ~or various transport models. The 
absolute magnitude of ne is largest at r = e. (The DTE mode model is a linearisation 
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of Horton's results [4).) Also shown is the ratio of X~7D obtained in the tM....fuilil of 
the thermal wave to X~J~ assuming TIe = neT:/n~Te = 2. Note that, with the above as­
sumptions, only in the collisionless case is the ratio significantly different from unity. The 
effects of DOD-linearities, different f(r) and sources of finite extent have yet to be explored. 

Table 1 

c nTlnT Matrix Elements Eigenvalues )(UOD 

=:!Ir "' .11 
Model Near Field Far Field Mu M" M" M" A+ A_ 
Collisionless 0.19 -1.67 1.04 -0.36 -0.24 0.86 1.26 0.64 1.70 

neocla.ssical 
Collisional -0.08 0.32 0.33 0.06 0.04 0.51 0.52 0.32 0.99 
neoclassical 
Anomalous -0.18 0.48 26.0 6.0 50.0 14.0 38.33 1.67 0.98 

DTE Mode 

EXPERIMENTAL RESULTS 

Transport studies performed on DITE have used modulated (at w/27r = 143 or 333Hz) 
60GHz ECR heating utilising both fundamental (B~ ~ 2T) and second harmonic (B,. ~ 
IT) resonance absorption. The data discussed in this paper are from the experimental 
campaigns reported in cefs [1 ,2) to which we refer for details. The plasma density was 
diagnosed by a 5 chord 2 mm interferometer system viewing the plasma vertically. The 
line averaged nature of the density diagnostic means that short wavelength density modu­
lations would escape detection. The line-average density, fi~, ranged from 1-5 X l019m-3 

in fundamental and from 0.6 - 0.8 x 1019m- J in second harmonic heating discharges, The 
major radial location of the plasma column was measured magnetically, Although feed­
back control was used, radial oscillations occurred as a result of modulation of the plasma 
pressure on a time-scale similar to the response time of the feed-back system. An example 
of the density modulations in a low density discharge is shown in Fig, 1. It is necessary 
to distinguish between fundamental and second harmonic results and between helium ' 
discharges and hydrogen/ deuterium discharges, Table 2 shows the relative line-averaged 
density modulation (ne/fie) for a central and an outer chord for the various conditions 
studied. In many helium discharges no ne is observable above the noise level (.::5 0.2% on 
the central chord, ~ 0.6% on the outer chorde). The relative modulation of SXR emission 
and ECE temperature ranged up to '" 20 -25% for all heating and gas combinations. The 
larger fie/fie during second harmonic heating was due in part to the larger column position 
modulation (I D.Jl. Is 3mm) than in fundamental heating discharge; (I D.Jl. Is I.5mm). 
However, at low density a significant residual density modulation remains which is partly 
localised in the periphery of the plasma but also in the power deposition region with 
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opposite sign. However, the transport driven ne is smaller than theoretical predictions 
(especially in helium discharges) indicating that the off-diagonal elements of the transport 
matrix are also small for the full range of density used (0.6 - 5 x l019m-J). 

Table 2 

Gas Relative ne Modulation 
Central Chord Outer Chord 

HID .:51% ~ 3% 
Fundamental H. :::0.3% ~1'iI> 

Second Harmonic HID .s2% oS 7% 
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CYCLOTRON SECOND HARMONIC IN A WAVE-DYNAMICAL APPROACH 
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\lie study the oblique injection of o rd inary (0) waves with frequency 

near to the second harmonic of the EC .frequency (SHEe) into a tokamak 
plasma /1,2 , 3/. We use both the W.K . B technique and the dynamical approach . 
A similar phenomenon has been investigated in the range of the fundamental 
EC frequency /4,5 .6/. Slab geometry is used. 

Three kinds of cold cut-affs (CO) can be present inside the plasma , in 

correspondence to the sol~tion of the equations: 2 
X(x)=l i X(x)=( ~-nll ) (l+Y(x»; X(x)=(l-n ll ) (l-Y(x» 2 .. 

Here X=( W I W) and Y= W 11)), W (x)= W (O)(l-x) . 
If the injectedPfrequency W is f~ken equ~I to 2 W

pe 
(0), Y assumes the form 

Y(x)=O.5/(l~ +xIR). The coordinate x is adimensiori:d to the minor plasma 
radius a , and R=Ra/a with Ra major plasrr.a radius. 

2 The X(x)=1 CO is always carried by the 0 mode, while the X(x)= 
(I-nU )(l-Y(x» i.e. the low-n CO, ~s always carried by (X) the branch. 

The high density co: X(x)=(l-n
ll 

)(1+Y(x» (high-n CO) can be carried by 
each one of these two fundamental modes , depending on the parameters . 

In Fig . l , the curves representing the appearence, at the centre of 
the plasma , of these CO points, are given in the plane (X(O) , n U) ' 'Line OAP 
refers to the X(O)=1 CO, and curve CAD to "the high-n CO. Curve EBF 
represents the locus of the points where the determinant a of the algebraic 
dispersion equation vaniShe~ at x 20

2
/6/ . This CO~dition can be written as : 

Y(O) (I-nU) +4(1-X(0»n U =0 , 
In all the region of the (X(O) ,nil ) plane, to the right of the EF 

curve, two conversion points between the 0 and t~e X branches are present . 
When the condition 6. :::0 is verified for n..1.=O , the high-n CO changes 

branch. In the EBL region, the CO paint to the right of the SHEC resonance 
(-x>:O) , is on the 0 mode, and, in the sector limited by the "EB anp , BI 
branc hes, also the CO point to the left ofW =2 VJ (x(O) is on the ° wave . 

From the edge, the 0 wave propagates up to ¥~e point ,corresponding to 
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the , first root of2 the equation X(x)~l. Between this point and the first 

root of X(x):(l- o" )(l+Y(x», an evanescent layer exists. 
When (1-n

t
2
t
H1+Y(x »=1, IIJith x given by X(x ):1, the 'width of this • • • 

evanescent layer goes to zero and the wave tunnels. This fact occurs along 

,the lines CA and AH in Fig. 1 , respectively for the CO region to the left 

and to the right of the r esonance layer whereUU '" 2 ~e ' 
If conversion between 0 and X modes occurs , strong absorption happens 

(NH part of the AH curve in Fig. 1). If conversion does not occur, the 0 

~ave is trans mitted through the slab . (AN part of the AH curve). 
In Fig . 2 the complex quantity n~ • solution of the complete classical 

dispersion relation ~7/. is presented as a function of x for X(O)=L5 , n" 
:::0.6, and p.' :::(c/v

te
) ::500 . The magnetic field is taken !!(x) :::!!(O )/( l+x!R) . 

From the outer (low!! field) side (in this Fig. 2 at t he right edge), the 0 
wave propagates up to the high-n CO (point x ), then an evanescent layer 

partially reflects the wave. Afte r the X(x)::l CO (point x
2

), the 0 mode 

meets the conversion point with the X mode (point G). This lest branch , 
contrarily to what happens in the cold model, crosses, towards the right, 

the UH resonance with increasing refractive index n~ . In this region the X 
wave is transformed into the quasi electrostatic Q wave. The Q mode, 

reaches point C where is converted into a backward, strongly damped 
Bernstein (B) wave . In the opposite side injection , (high!! side) , the 0 

::e 0 i:o~~t r~::s ~t a;?~r T=:c:V~:;:;~n~e~:~::g e:~;t~:~ :~:::r~~O:e;~int: i ;: 
The X mode existing there has a conversion point (D) into a Q wave. 

Therefore , for the high !! field wave launching , no connection between X 
and B waves occurs and, then, no excitation of B modes happens. 

As described i n /6 ,8/ we reduced into a differe ntial form the 
integrodifferential equations obtained from the Vlasov linearized equation 

and the Maxwell system. The set of equations at the SHEC , is deduced in / 8/ 

under the conditions : Ao/Ro~l; f'»l; .A. ftl /{2 1r Ro )":;:1 
None of this conditions involves the injection angle &' ' so the s ystem 

is valid for arbitrary obliquity. We have fixed the resonance condi tion at 
x=O (Y( 0)=0. 5), and chosen w:z(A) a/c=100. The other parameters are varied 

widely . The electron temperature profile is constant . 
Fig. 3 shows the transmiss ion (T), reflection (R) , !'rd absorption (A) 

coefficients as functions of the injection angle rr- =sin (n ~ ) for r :::500 

and various values of X(C»l . The injec tion, is from the outer side. 
(R) is always large , except in an <y)gular range centered around the 

critical angle 'tr =sin-
1 (Y(O)/(1+Y(0»)~, (Fig . I , AH line) . OUtside this 

erwindow the wave is reflected before reaching the absorption or conversion 

regions. 
In correspondence to the critical 

through the CO and, depending on 
angle tr:. the 0 wave is transmitted 
the den~i ty and temperature, its 
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absorption varies. In this case, if X~l , the system has the parameters 
near to the AN part of the AH curve in Fig . 1. There , the O- X conversion 

does not occur, and , therefore , the 0 mode is transmitt ed ( Figs. 3a , 3b). 
Crossing towards the right side , the a =0 ( EBF) curve (in Fig. 1), the 

o-X conversion takes place, so, for X(O)q 1.1 (Figs. 3c, 3d, 3e, 3f), (T) 

giobally decreases , and strong absorption takes place around ~ . 
In Fig. 4 the real par t of the x-component of the electric fiela E and t he 

time - averaged Poynti ng vector x- component < P > are presented as ~unctions 
of x , for 'tr' =35 0 ,f'i. =500 and for various value~ of X(O) . 

Short wavelenght modes appear , in correspondence wi th the si tuations 

where absorption takes place , for X( 0 »);1.1. In particular, in the cases of 
large densities (Figs . 4c , 4d, 4e) , the presence of t hree differ ent wave 

modes (0 , Q and B) is clearly recognizable. 
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Figure Captions 

Fig. 1 Curve s giving , i n the (n
111

X(0» plane , the CO layers , the 

layers , and the condit10ns for critical angle. Cold 

relation for R=3 and Y(0)=0.5. 

conversion 
dispersion 

Fig . 2 Re n..1. ( - ) and Im nJ... (--- -) vs x , as given by the classic Vlasov 

dispersion relation for : X(0):::1.5, f'" =500, n U =0 . 6 and R=3 . 
The 0, X, Q an d B modes are represented . 

Fig. 3 (R) , (T) and (A) coefficients vs tr, for the OM outer side injection ; 

~ =500, R=3 and : a) X(O)=l; b) X(0)=1 . 05 ; cl X(O)=l . l ; d) X(0)=1.15 ; 
el X'(O)=1.2 and f) X(0)=1.5 . 

Fig . 4 Re Ex and(,Px ) vs x 
and a) X(0)=1 . 01 ; 
and e) X(0)=1.5 . 

for OM outer side 
b) X(0)=1.05 ; 

injection; Er'=35° ,f' =500 , R=3 
c) X(O)=1.08 ; d) X(O)=1. 15 
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ECRH AS A RESEARCH TOOL ON RTP 
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A.A.M. Oomens, F.e. Schiiller. A.G.A. Verhoeven. 

FOM Institute for Plasma Physics 'Rijnhuizen', Association EURATOM-FOM. 
p.a. Box 1207.3430 BE Nieuwegcin. The Netherlands. 

Introduction 
The energy confinement degradation with additional heating and the strong coupling 

between energy and particle confinement are notorious issues in current tokamak research. 
The true nature of the mechanisms causing the losses, however, has still to be detennined. 
Those unknown mechanisms appear not to be affected by the plasma size in the sense that 
scaling laws exist, which cover small as well as large tokamaks [1] . Furthermore, global 
confinement is strongly influenced by anomalous transport in the boundary region. The 
power, density, and current dependence of the anomaly seems to be common for ECRH, NB! 
and IeRH, i.e. independent of the heating method [2,3J. Detailed transport studies in any 
tokamak large enough to avoid domination by atomic effects and equipped with a flexible 
system for powerful, localized, and programmable heating. along with an adequate diagnostic 
system. could contribute relevantly to the understanding of fundamental transport mechanisms 
in fusion relevant tokamak plasmas. RTP, the new Rijnhuizen Tokamak Project has come into 
operation early 1989 and will be dedicated to such studies. The stainless steel vacuum vessel 
with dimensions of Ra = .72 m and b = .23 m has a carbon limiter allowing a minor radius up 
to a = .185 m. The maximum.toroi.dal fi~ld is 2.5 T, Ip, ~ 200 kAj the dischar'1e dura~on is 
250 ms, and the electron denSIty will be m the range or 4.1018 m- to 1.1020 m- . RTP IS the 
fonner Grenoble tokamak PETULA adapted to its new task [4]. A 60 GHz, 600kW Electron 
Cyclotron Resonance Heating (ECRH) system will be used for strong auxiliary heating. 

Research programme for RTP. 
The experimental work on transport mechanisms in tokamaks will focus on determining as 
accurate as possible the radial and poloidal structure of the plasma equilibrium and of the 
spectra of the fluctuations that can be expected to cause turbulent transport of panicles and 
energy. In addition to the examination of steady state conditions of plasmas with Ohmic and 
intense additional heating, a large effort will be made to study the evolution of relevant plasma 
parameters in time and space for transient states, generated as a response to well-defined 
perturbations such as modulation of local heating, current, and gas puffing, and by pellet 
injection. Theoretical transport models will be compared with the experimental fmdings. 

ECRHforRTP 
On RTF the additional heating power will be supplied by an ECRH system consisting of 

three 60 GHz, 200 kW, 100 ms gyrotrons. The almost optical propagation of the waves, 
localized absorption of wave power; direct electron heating, and the possibility of selective 
intemction in velocity space advance ECRH to be the best heating method for RTP. Localized, 
controllable power deposition is .a must for the physics programme, and direct electron heating 
is highly appropriate as electrons are expected to be the main cause of anomalous transport . 

. The highest single-pass absorption will be obtained for waves propagating in fundamental" 
0- or X-mode (B = 2.14 T), 01: in 2nd hannonic X-mode (B = 1.07 T). For fundamental 
O-mode in a 1 keY RTP-size plasma with central resonance, the single-pass absorbed power 
fraction is:5 0.65. Almost full abso~tion (> .95) occurs for high Te (C! 3 keY). The cut-off 
densi~ of the waves is nco ~ 4.47·10 9 m"3. Diffraction effects become consi~erable for ne> 
3.101 m-3. Second hannomc X-mode would show almost complete absorption (> .99) for a 
1 keY plasma, but the cut-off density· is halved to 2.23.1019 m-3, while target plasmas may 
not be as good as those of n.orroal ?peration.at 2.2 T. The first hanoonic X-mode shows better 
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ECRH access to the torus. The power will be launched both from the LFS through ports in 
the equatorial plane via two outside launchers. and from HFS through top ports via two 
top·port launchers (fig.4). The LFS launcher (0 

1.0 
o 

. ~········-!· ..... ~x ~ 

and top·port launcher (11) will be connected 
pennanently to a gyrotfon. The thir~ gyrotron 
will be connected to either a top-port (ma) or to a 
LFS launcher (rub). The HFS launchers consist f 
of bent corrugated (IT and IlIa, HE11 -mode) O.B 
wave guides with a 27.8 mm diameter and a 1 
rotatable focussing mirror at the end of the bend. 
The LFS launchers will be open·ended smooth 
(I, TEll·mode) and corrugated (IITb,HEll-mode) 
waveguides with a 63.5 mm diameter radiatinA 
linearly polarized EC·power to couple to the 1 
harmonic O-mode or 2nd harmonic X·mode. For 
the opposite torus wall three options are consi-

-(2 X .... q. ........ -o 

0.6 // '-"\\" 0 

0.4 /' 

0.2 I 1 
, ! , , 0.0 '--'-.L...-'--'-'---'--1.-'.-4_'--' 

o 2 4 6 8 10 

dered: a mode converting mirror. a smooth mirror 
__ n. 

or an absorber material which would make the Fig. 3. Single pass absorption ( o( a ray launched 
study of single pass effects possible. A problem from HFS (IX) (e=l2S· .... -4S·) (or central 
is the availability of suited absorber materials. resonance (o) and resonance +9/1. (+) and-a/2 

For all three gyrotrons it will be possible to (.) displaced. The values (or O-mode (10) 
modulate the RF output power. Square wave and 2nd harmonic X·mode (2X) are also gi. 
modulation with a frequency up to 100 kHz can vcn (perpendicular LFS launch). 

I 
~ .. 'wo 

rE.~ _w 
,.~t TE ,. 

fI 2 T.8 - 63.6 

elllptlca l 
pol.rlUd 

'="'-_ b .. m 

1(-"",,,. O- "",d. 

be achieved for modulation depths up to 
100%; modulation frequencies up to 
300 kHz will be possible for 50% 
modulation depth. More sophisticated 
pulse shaping will be controlled by 
means of a micro processor. The 
deposition features in combination with 
the modulation possibility offer a wide 
variety of possible steady state or 
transient transport studies. Studies in 
the field of MHD control and profile 
control, and experimen ts affecting 
electron velocity distributions will be 
possible. Fig. 4. The launching possibilities. 

EIljptical oolarizers . 
For optimum oblique X-mode HFS launch. adjustable elliptical polarization of the waves 

is required. Two approaches are under study. In the first the elliptical polll,rization is produced 
by a waveguide polarizer. This polarizer principally consists of a circular waveguide which is 
gradually squeezed to an ellipse in the middle. At both ends, its cross-section is circular again. 
A sine-squared function is used for the squeeze distance to get a 90· phase difference between 
the field compQnents perpendicular and parallel to the squeeze direction after passing through 
the polarizer. All elliptic polarizations between circular and linear can be produced by rotating 
the polarizer with respect to the incoming TE 1 signal. By rotating both the' TEOI ;1'E. 1 
converter and the polarizer, the orientation of ilie ellipse can be adjusted. See [6] and the 
references therein. In this way, the radiation can be launched via a smooth.focussing mirror. 

The second approach to obtain the required elliptic polarization· is to laun~h linearly 
polarized waves from a transmission line in HEl'l mode onto a corrugated mirror. 'The linear 
polarization is converted to elliptical polarizatIon upon reflection from the mirr9r. The 
ellipticity and the orientation of the ellipse can be varied by rotating the . 
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absorption in an extended density range: up to 8.9_ 1019 m-3. However, the power must be 
launched obliquely to the magnetic field from the high field side (HFS) to reach the gyro­
resonance regions directly, and to obtain high single-pass absorption. Due to down shifted 
resonance effects the absorption region along the ray is less localized than in the case of 
perpendicular O-mode launch from the low-field side (LFS) . which is a few mm in depth. 
Nevertheless. the localization of energy deposition using HFS launching can remain sads­
.factory by employing grazing incidence on the flux surfaces. Ray paths and damping 
characteristics were obtained with the ray tracing code TORA Y [5] . Density and temperature 
profiles were modelled with parab?las and squared parabolas, and us~ng a modest pedestal. 
Fig.1 shows an example of ray tracmg results for central electron density ne(O):::: 2.1019 m-3, 
T (0) :::: 1 keY, and BT :::: 2.14 T (central heating). The lines are projections of the ray 
tt~jectories on the poloidal plane. The angle q, between the projection of the rayon the 
equatorial plane and the major radius is -4Y, while the angle between the ray and the vertical 
direction, e, is varied from 95° to 17Y with a 10° interval, which is thought to be charac­
teristic for the beam width. 

Fig. 1. manifests a simple tool to control the energy deposition: by varying a, the energy 
can be deposited on chosen flux surfaces without changing the magnetic field, so on-axis and 
off-axis heating effects can' be compared for the same target plasma. Further it would be 
possible to deposit energy at different flux surfaces simultaneously, using two or more 
gyrotrons. This is an important feature for transport studies. 

Fig. 2 gives the absorbed power fraction, f t and the radial span within which the intensity 
in the ray drops from 90% to 10% of its initial value as a function of the angle e. This 
spanwidth gives a measure of the localization of the power deposition. 

0.25 ~-~-~-~-~-~ 

0 . 00 

-0 . 25 LL-L-.L::e!;.,:::r::::L--,-----,-----l 
- 0.25 0.00 0.25 

1.0 
f 

./~.-.-.--- .-.- ...... '\ 

'\'" \ O.B 
o 

'L-
0.6 

r 0.4 

0.2 

O.OL-~--~--~----'---~ 
90 105 120 135 150 165 

----+- 8 (deg.) 

Fig. 1. Ray tracing results for HFS launch; 1st hannonic Fig. 2. The absorbed power ftac:tion f and the span 
X-mode, 95' :!i e:!i 175'",.. -45', Te(O) .,. 1 keY, of the band within which the intensity dropc 
ne(O) - 2.1019 m-3, B-r '" 2.14 T. The crosses in- from 90% to 10% of its initial value as a 
dicate where the power is deposited. function of e. for the case of Fig. I. 

Fig. 3 shows for a ray injected under e = 125" and '*' = -4Y the absorbed power fraction 
as a function of the central density for three values of B. A high single pass absorption for 
~ :::: 1 - 8 .1019 m-3 is found for various magnetic fields and a wide range of injection angles. 
comparison with fundamental O-mode and 2nd harmonic X-mode launching shows the 
superior properties of the HFS fundamental X-mcxle injection scheme for RIP. 

Four ports at two toroidal positions which are about 180° apart, are available for the 
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polarization direction of the incident wave and by rotating the direction of the grooves in the 
plane of the mirror by an angle 1"\. If't is the phase shift of the electric field component perpen­
dicular to the grooves with respect to the field component parallel to the grooves after reflec­
tion on the mirror, the ellipticity that can be produced which is closest to 1 equals tg('t/2). In 
order to achieve arbitrary ellipses, t must therefore equal 90· for all angles of incidence. 
However, since 't is a (complicated) 150,-----,--c,---y---,--,-----, 
function of the angles of incidence. the ~ x 
groove parameters can only be chosen 135 ...... _ .~. ;,/ . ..~ .. oo 
such that 't is close to 90· for all angles ~ ~ . 
" and reflection angle C. At RTP, ~ ~ 120 Y ", ····:k .......... .fo. .. :: .••.• 1'\=150 
satisfies 22° $. r $ 46" whereas 11 can ~ z" 

be chosen arbi~arily. Since t is sym- 105~::~~~~ .. ; .. ;.:;. ~~;~~f~;;~"t';3~0;.~ metric in 11 every 90·, measurements r 90 n .. 450 
and calculations were performed for i 
O· S" :s; 90". For a mirror with groove 75 :a600 

width 2 mm, period 2.5 mm, and ......... . 
depth 0.9 mm, the results are shown in 60 ..... ::.. ll." 75° 
fig. 5. Crosses indicate measurements, 90 
while calculations are given by solid 45 25 30 35 40 
lines. The accuracy of the groove 20 
depth appeared to be about 0.05 mm. 
This introduces a systematic error 

(deg . ) 

45 50 

of ±S" which explains the deviation be· Fig. S. The phase shift 't between the field components per-
tween measurements and calculations. pendicular and parallel to the grooves after renection 
Work is in progress at mp-rors with an on the mirror as a function of" and C· 
accuracy oCO.01 mm. 

The required polarization direction of the wave incident on the mirror.and the required 
rotation angle" of the grooves can be calculated from 't [7]. For RTP, 't must lie between 60" 
and 120". From the measurements one observes that for most values ofT) and~, 't lies within 
that range. Moreover, groove parameters have been found for which 60" < 't < 120". In 
conclusion: at low power, the corrugated mirror is an adequate instrument to produce the 
elliptical polarized waves that will excite the X·mode in the R1P plasma. At high power, arc 
breakdown across the grooves caused by sharp edges may distort the reflection characteristics 
Therefore, in the near future, measurements will be performed on mirrors with rounded ribs. 
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NONLINEAR EFFECTS AT ELECTRON CYCLOTRON HEATING 
OF A TOROIDAL PLASMA BY FEL RADIATION 

A.G.Lltvak, A.M.Sergeev, E.V.Suvorov, 
M.b.Tokman, and I.V.Khazanov 

Institute of Applied Physics, Academy of Sciences of the USSR 
46 Uljanov ·Str •• 60)600 Gorky. USSR 

Nonlinear effects at EaRH of a plasma in tokamaks by 
means of FEL radiation are analysed briefly. We shall classi­
fy nonlinear phenomena by lithe place of action" and distingu­
ish in the general problem two independent iSBues: 
1) parametric and self-focusing processes along the wave pro­
pagation path towards the ECR region in a plasma; 
2) nonlinear effects in the ECR region. 

1. The role of parametric processes at EeRM ot a plasma 
by powerful radiation was considered in r11 aB applied to ex­
periments to be carried out on the Alcator C installation. 
The estimates obtained in this work show that the most dange­
rous process in the heating by an extraordinary wave at the 
fundamental is stimulated back scattering by ions. A decay in­
to two electron Bernstein modes may play a significant role 
in the heating by an extraordinary wave at the second EC har­
monic. Consider also two other dangerous parametric processes. 
One of them is related to the stimulated ordinary-wave scat­
tering into upper hybrid oscillations while the other one to 
the extraordinary wave decay into the second harmonic of an 
electron Bernstein mode and into lower hybrid oscillations. 
Estimates based on (2) show that such instabilities may deve­
lop not worse than the instabilities considered in (1J • 
Omitting details we shall present equations for the growth 
rate r and the gain K in both processes: 

_ w, Wp§ 11:1 r 
~- fOx Wo v7. r = Wo KLn K~e 0,3 (1) 

11: 12 h (2) 
,=tu" V;. r = ~ Pe KPe ~O,3 

Here the gain is K =eKpr, Pe is the Larmor electron radius, 
and ~n is the characteristio plasma scale. 

For the evaluation of the role of self-focusing we need, 
first of all, to compare the souroe power with a so-called 
critical self-focusing power that , in the case of transverse 
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(with respect to the magnetic field) propagation of the gaue­
aien-shape wave packet, can be represented in the form 3 

C · Cl Q~ ) P ~ - _l (1 + 0\ ~ 
er 4Jl Cl~ a. z 

(3) 

Here Q.~)V are the longitudinal (along 80 ) and the trans­
verse s~zes of the wave beam at the plasma edge. The diffrac­
tion ~ and the nonlinearjparameters for the ordinary wave 
have the form 

2 
IIlpt 

«=l- WZ p = (4) 

The value of Per in Alcator C experiments is ·to be (1-2) 10~V 
which is much smaller than the peak power in a PEL pulse. Es­
timates of the time and space scales of filamentation insta­
bilities prove this effect to be possible in the Alcator C 
tokamak. A nonstationary theory of FEL radiation self-focus­
ing in a toroidal plasma was deve loped in r 4.) • 

2. A relativistic cyclotron frequency shift is one of 
the main nonlinear effects accompanying cyclotron accelera­
tion of electrons by electromagnetic waves. Essentially non­
linear regimes of electron acceleration, in which the par­
ticles acquire the energy that is much higher than the ini­
tial value, are most interesting for experiments using FEL. 
This case is analysed in [ 1,5] for an ordinary mode. Consider 
electron acceleration by an extraordinary wave. 

Under ECRH conditions the relativistic electron motion 
is described by the relations similar to the equation of an 
anharmonic oscillator excited by an external harmonic force. 
The energy accumulation of the particle transiting through 
the ECR region is similar to the effect (known in the theory 
of oscillations) of a stepwise variation of forced oscilla­
tions as a result of adiabatically slow frequency or ampli­

"tude variation of the driving force. Let, for example, the 
electrons transit through the aperture of the microwave beam 
propagated across the toroidal magnetic field that can be as­
sumed to be constant al·ong the particle trajectory. The cor­
responding analYSis (61 showe that the particle energy varia­
tion is irreversible in the region where 

Here W~ - ea,/,", 
and E~l is the 
nent oT"the beam. 

(5) 

is a nonrelatlvistic cyclotron frequency 
value of the maximum resonance field compo­
As the particle transits through the micro-



1145 

wave beam, ~he maximum energy accumulation amounts to 3 mc 2• 
(E~lcu./Bo ) /3 and the criterion of realiz~tion of a nonli-
near regime haa a form 2Wo. / V"II» (So/E{:"', .. II) / 3 where 

a is the microwave beam radius. t 

The relation between the resonance component E( ) of the 
microwave field and the root-mean-square intensity E(O) depends 
on plasma density: the depression effect f or this component 
in a sufficiently dense plasma is well known . Analysis of a 
nonlinear dispersion equation reveals the relation between 
the characteristic ener~ < to). of accelerated particles, 
and the parameter er == Wpe j w2 describing the ~lasma densi-
ty (6]: 

(E 1'1/8• ) 2{3 

a)=ml (EI'1/B.)2/ 2q, 

(El') IB.)2 

q, ~ (El') I B, )2/3 

(E t'l / B. //3 « ~ «f 
(6) 

1 « ~ 

The particle s in the field of an ordinary wave are ac­
celerated up to the energy [ 1,5] 

< t.> ~ ( me2 ) 2/3 < r." )1/3 (E(') / B, ) 2/3 (7) 

Comparison of (6) and (7) shows that particle accelera­
tion in the field of an ordinary wave may be simulated by the 
acceleration in a low-density plasma using an extraordinary 
mode with decreased radi~tion power. 
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OBLIQUE PROPAGAT I ON Of ELECTRON CYCLOTRON WAVES 
IN RELATIVISTIC PLASMAS 

f. Maser and E. Rauchle 

Instltut fur Plasmaforschung der Universit~t Stuttgart 
7000 Stuttgart 80, Pfaffenwaldrlng 31 

fed. Rep . of Germany 

The propagation of electromagnetic waves in homogeneous , anisotropic , weakly 
relativistic . magnetized plasmas is investigated theoretically. Ap propriate 
forms of the dielectriC tensor are used to calculate phase velocity , damping 
and polarization for ordinary and extraordinary modes . The waves are assumed 
to propagate oblique to the external magnetic f1eld for resonant and nonreso­
nant frequencies. Electron distribution functions with anisotropic tempera­
tures and drift motion of the electrons parallel to the magnetiC field as 
well as relativistic loss-cone distr i bution functions are consider ed. Nume­
rical results are shown for data which are of interest for electron cyclotron 
heating near the electron cyclotron ha~monics. 

1) Introduction 
The inve8tigation of the dispersion and absorption of electromagnetic waves 
in magnetized pla8mas for frequencies close to the electron cyclotron fre ­
quencyor its harmonics is of great interest i·n fusion physic8 . The plasma 
dielectriC ten80r is of fundamental importanc e for the theoretical treatment 
of the propagation of electromagnetic waves in pla8ma8. General expressions 
in terms of the distribution functions of the charged particle8 may be found 
in [1) . [2). (3) . 

In thi8 work we use the dielectric tensor in the form given by Shkarof8ky 
[2], Tsai et a!. [4] and Orefice (5]. 

2) The dielec tr ic tensor 
In the derivation of the dielectric tensor £ij electrons are considered only. 

We co n8ider two appropriate forms of distribution functions: 

A) For an electron distribution function defined by 

(Pn - po) 2 p' 
F(p.!. ' P, ) exp( -

:.<. 
( 1 ) . 

'11 i 12 -a
tl ai·mo 

, m i . a! - -r-r-
o • mo "').. 

Tsa i et a!. [4 ] derived £1.1 for the case of quasi-perpendicular propagation 
of the fundamental mode ne<!r W .. wce within the weakly r e latlvi8 tic a pproxi-
mation. wce is the electron cyc l ot r on frequency, al" - 2 ~\q, V,, ' .. 
(kTe/ffie)l/a the electron thermal velocity , mo the electron r est mass, j:. he 
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indlcesLand~refer to the direct ion perpendicular and parallel to the external 
magnetic field . 

An extension to higher harmonics is given in (6). 

B) In this case an electron distribution funct ion of the form 

(2) 

with 

(3) 

~ loss-cone type distribution) 

and 
"2 

'" (2;)'/2. exp [ - .2 )J2(Pl.. + (Il- PO)2] ( 4) 

'" drifting Maxwelllan distribution) 

is considered . 

Due to Oreflee (5] the dielectric tensor is given with in the weakly relati-
vistic theory f o, arbitrary angles of propagation and all harmonics: 

"po { - L, (r) 
'2 } 

'ij ,. °ij + 
( _ __ )2 

Hij [-] - rij(w, .-) (5) 

" p,L Yo 

w, and w2 are the weights of the distribution functions r l and f2 with "", + 

""2· " m is the index of the loss-co~e-type distribution , ).11/2'" me c 2 /T'/2 
with T'12 the electron temperatures , p the electron momentum fl moc units, 
wpo the electron plasma frequency , r i "00'031 at:ld 'Yo·(1+po 2)1 , The opera­
tor Hi is given in [5) and can be e~pressed by the Shkarofsky-functi ons 
~+1/2rS ) (7) which can ~e reduced to the plasma dispersion function by a 
recursion relati on [8], 

This relationship is used here to investigate numerically the dispersion 
relation for electro-magnetic waves with propagation oblique to the magnetic 
field. Results given here concern the quasiper pendicular case (k,.,. .. 0) and 
nearly reSQnant frequencies (A). 

3) Numerical results 

The dispersion relation Detl'ijl 00 (6) 

with Aij - n 2 '{k i 'kj-Oij) + Eij(i<, w) 

k om 
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is so l ved numeri!f aUy [6] in addition with the equation of polarization . 
Typioal cases are shown in the followIng figures. 

As shown in Fig. 1 the drift parallel to the magnetic field strongly 
influences the damp i ng r ate. 

The longitudinal electri cal field component enrceases with encreasing drift 
velocity for the ordinary wave (Fig . 2) . There is a maximum dampIng at the 
nor malized drift velocity Vde ,. 0.11. The dampIng rate Is also encreased with 
encreasing temperature anisotropy which has no influence on the polarization 
(Fig, 3), 

Figure captions 

Fig . 1: Damping rate "1_- !m(n) of the extraordinary wave versus the electron 
drift velocity Vde - Vde/c and angle of propagation 6. 
(pa ramet ers : III -wee ' wpet/w1 -0. 8 , Te l - Te.L =0 lkeV) 

Fig. 2 : Ordinary wave: Refraction index n · (n r , n i ) and polarization lExl, 
I Ez I of the fundametal mode versus the electron drift veloci ty Vde .. 
Vde/c. 
(parameters: W . WCe ' T~/('" Te.L1 keY , e .89°, wpe2./w2. .0 .8) 

Fig. 3 : Ordinary wave: Refraction index n · (n r , n i' and polarization IEx l , 
I Ez I of the fundamental mode versus the temper-ature anisotropy ~ - TeL 
/ Te., 
(parameter; W • wce ' e .. 89° , wpe2./w2. - 0.8 , vde .. 0) 
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CALCULATION OF ENERGY DEPOSITION PROFILES AT 
ELECTRON-CYCLOTRON HEATING IN T-10 AND ITER 

O.B.Smolyakova and E.V.Suvorov 

Institute of Applied Physics, Academy of Sciences of the USSR 
46 Uljanov Str., 60)600 Gorky, USSR 

At present ECRH is considered to be a reliable method of 
plasma heating up to fusion temperature. It is use~ as the 
main heating technique in the T-10 tokamak; large-scale ECRH 
experiments are also being planned on the D-IIID and T-15 in­
stallations, besides, EC waves are now discussed as the main 
candidates for plasma heating and current drive in the inter­
national tokamak reactor ITER. An advantage of the EC method 
of plasma heating in toroidal systems is the possibility to 
provide any desirable energy deposition profile (EDP) which, 
within the concept of "profile consistency" 1 , may be used 
for initiating regimes with improved energy confinement. 

In this paper results of theoretical calculations of EDP 
are presented for the experimental conditions in T-10 2 , as 
well as for plasma parameters typical of ITER. A low field " 
side injection of a quasi-optical beam of ordinary waves at 
the fundamental is considered. A microwave beam is approxima­
ted by a discrete set of geometrical-optics rays with a gaus­
sian distribution of R.F. power over the transverse aperture 
and a uniform angle diver~ence . The parameters chosen for 
R.F. beams (divergence ±3 with respect to both angular coor­
dinates and the diameter of the craBs-section of about 8 cm 
at the i/e power level) correspond approximately to 
those of the launching system in T-10. The energy deposition 
in some region of the plasma column from the i-th ray is de­
fined as 

di · 
IlP;J de Poi e,p(-'!:, (1 )) di- (1) 

6(, 
where Ati is the part of the ray trajectory in this region, 

Po~ is the initial power of the i-th ray and 'C"t is the op­
tical depth of the i-th ray from the injection point to the 
point with the ~ -coordinate. Below, the energy deposition 
is assumed to be uniformly distributed over magnetiC surfaces 
that are simulated BS a set of concentric circles in the mi­
nor croBs-section of the torus for T-10 and as a set of D­
shaped curves with the elongation ~/Q =2 and triangularity 
6 =0.4 for ITER (a set of ~odel D-Bhaped magnetic surfaces 
used here is shown in Fig.1). The radial den~~ty and te~per-



ature profiles are given 
rZ ~ 

ne=no(J-ar) 
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in the form 

T =T (1-e 0 ( 2) 

where the to- -coordinate denotes the IInurnber" of the magnetic 
surface and a. is the effective minor radius of a plasma. 

[i£R Only the toroidal component of the mag­

Fig.1 

where ! = 2(w'j~) w, T 
wH and Wp are 
is the radiation 
(with respect to 
~T=VT/C' 

netic field is taken into account. 
Ray tracing calculations use expres­

sions for the refractive index of an or­
dinary wave in a cold plasma. The cyclo­
tron absorption coefficient is calculat­
ed in a weakly relativistic approxima­
tion for the radiation with a linear po­
larization corresponding to the trans­
verse propagation of an ordinary wave, 
nevertheless both the relativistic de­
pendence of gyrofrequency and the Dop­
pler shift are taken into account in thE 
resonance condition 

() 

X Zn. w 5 =~, ..: for WH ' 
the cyclotron and the plasma frequencies, W 
frequency, nil '= Cl<lI/w is the longitudinal 
the magnetic field) refractive index, and 

EDP in T-10 was calculated for the experimental condi­
tions under which plasma heating was produced with three gy­
rotrons operating at the frequen-
cy corresponding to cyclotron re- PIp. IR/ 
Bonance in the center of the pla- 0 

sma column. The best ii tting for o. 
experimental n. e and i C pro-
files is provided h~ eq.(2) with 0. 1 

n. =6.3 1013cm-3, To =1.04 keV, 
P =3.5, and 0, =3·0. The calcu-
lated EDP for this case is shown 0.1 

in Fig.2(A). It is quite differ-
ent from the experimental profile o. 
presented in Fig.2(B). Profiles 
more close to the real onee can 

PiP. '" 
D. 

, .. 
, .. 
,. 

be obtained assuming that the ra- o .. 0 .1 .2 .S .~ "/0. .0.1 ,,2 . , .~ 
diation pattern has side lobes. rIg. 

. Figure 3 shows the EDP calculated Fig.2 
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for the case when each gyrotron has, be­
sides the major l obe, two side l obes 
spaced in the vertical plane ±4° apart 
from the central axis and having the 
beamwidth 30 and the energy content 
about 50 % of the total one . 

Numerical s imul ation of ECH for 
ITER was performed for the regime with 
the electron temperature Ta =15 keV in 
the center the central density na = 
=5 101}cm-~ and the magne tic field in­
t ensi ty e =5 T at the plasma column 
axis. The maj or radius R was taken t o 
be equal to 5.8 m and the minor one r = 
=2.1 m. The ray refraction is negligibly 
small for s uch parameters and the energy 
deposition of every R.F. beam is strict­

l y l ocali zed. EDP are presented for the cases of equat orial 
launching at W/ w .. =0.86 (Fig . 4) and non- central l aunching 
at a height h ~1 m from the equat orial plane at the funda­
mental (Fig. 5). 

pjP. Pip, o. o. 

o. o. 

o. o. 

o. o. 

0.' 
0.' 

o. 
0 .. ., . , .. .. .. r/A I 

o. 
.0 .. ., .. • .. • 'la. 

Fig·4 Fig.5 

Figures 6 and 7 show combined EDP when a great number of 
gyr otrons is used for heating with a specified EDP shaping . 
Figure 6 presents a profile due to single-fr~quency heating 
with horizontal launching of radiation from 51 gyrotrons ver­
tically spaced from each other by 20 cm; the c orresponding 
number of units (beginning from the equat orial pl ane) is: 
,1 ,1 ,2,2, 3,3,4, 4,4, 5 , 4,4 ,4,4,3, 3. The EDP in Fig.7 c orresponds 
t o multifrequency heating with equat orial launching of radia­
tion from all gyrot r ons , their number being 0;2'3;5; 2;7;7;11; 
5;4;4;4 ; (54) at frequencies W/W . = 1;0 . 98 ; 0.9~;0.94;0.9J; 
0.92;0.90)0.88;0.86;0.85;0.84;0.82, respectively. 
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PI P, , .. , .• PiP, 
, .. , .. 
, .. , .. 
, .. , .. 

. , .• 0.8 "/Cl. 

Fig.6 Fig.7 

The integral profiles are assembled to 
those for ohmic heatin~ for the tem~erature 
(2) with ~ =1 (Fig.6) and ~ =3 (Fig.7). 
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ELECTRON CYCLOTRON HEATING STUDIES OF THE COMPACT IGNITION 
TOKAMAK(CIT) 

M Porkolab, P. T . BODoll, R. Engla.de and R. Myer 
PLASMA FUSION CENTER, MIT, Cambridge, MA 02139 USA 
G. R. Smith, LLNL, Livermore, CA 94550 USA 
A. H. Kritz, Hunter College, CUNY, New York, NY 10021 USA 

I. Introduction 
The Compact Ignition Tokamak (eIT) operating scenario calls for ramping the toroidal 

magnetic field from ET = 7.0 (8.0) to 10.0 Tesla in a few seconds, followed by a burn cycle 
and a ramp-down cycle. Simultaneously, the plasma must he heated from an initial low beta 
equilibrium (fj ~ 0.44% at 7.0 to 8.0 Tesla) to a final burn equilibrium (/J = 2.8%) having 10.0 
Tesla on the magnetic axis [1]. Since the toroida! plasma current will he ramped at the same 
time and since the available time for flat-top magnetic field must be reserved for t.he bum cycle, 
it is imperative that densmcation and heating he carried out as the magnetic field is ramped. 

Here we examine an approach which is applicable to ECR heating. The frequency remains 
constant, while the angle of injection is varied by simply rotating a reflecting mirror placed in 
the path of the incident microwave beam. The rotating mirror permits one to launch waves 
with sufficiently high N. so that the Doppler broadened resonance of particles on the magnetic 
axis with f = 280 GHz and BT = 7.0 - 8.0 Tesla can provide adequate absorption (2). As the 
resonance layer moves toward the magnetic axis the beam is swept toward perpendicular to 
reduce the Doppler width and avoid heating the plasma edge. At BT = 10.0 Tesla the beam 
will be at normal incidence with strong absorption immediately on the high field side of the 
resonance (relativistic regime) [3). We envisage using the ordinary mode (O-mode, ERF 11 D) 
of polarization which is accessible from the outside (low-field side) of the torus provided the 
density is such that wJHl :$; W ::::: Wee (mu). Considering f = 280 GBz for central heating 
at B(O) = 10.0T, the maximum cutoff density is at nCl"i! ::::: 9.7 X lO20m-S which is above the 
maximum. central density in CIT. We note that recent advances in source technology (gyrotrons 
and FELs) make ECR heating of CIT at 280 GRz a viable option. Equilibration of temperature 
between electrons and ions (rEQ) is expected to be significantly shorter than typical energy 
confinement times, 'rE. For example, at ne ::::: 2.0 X 1020m-s, T. = 5 keY, Z'J! ::::: 1.5, we 
estimate 'rEQ ::::: 30 Insec, while at ne(O) ::::: 8 X 102om-3,Te ::::: T. ::::: 20 keY, '1"EQ ::::: 60 Insec, 
both significantly shorter than the expected energy confinement time. 

11. Ray Tracing Results 
Here we study single pass ab90rption of waves in equilibria representative of the CIT 

plasma. In terms of a normalized poloidal flux,p, the temperature and density profiles are taken 
to be Te(,p) = T.(0)[1 -,p1 and n.("") = ne(O)[l-""]. The ray tracing and absorption simulation 
was performed using ~he Toroidal Ray '!racing, Current Drive and Heating Code (TORCH) 
developed by Smith and Kritz[4]. We first present the results of ray tracing calculations for 
the nonnsonant magnetic field ofB(O) = 7.5T in the Doppler regime. 

In Figures 1 (a,b) we show cases of wave penetration and absorption for BT = 1.5 T, 
9 = 300 , T.(O) =5, 10 keY and n.(O) = (2.2 and 1) x1020m-S, respectively. The large 
dots shown in these figurei represent the locations where the power in each ray decreases 
by 20%. We find 100% aingle pasl absorption for T.(O) ~ 5.0 keY, with absorption peaking at 
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r/a'::!. 0.3 at T~(O) = 5.0 keY, and r/a :( 0.2 at Te:;: 10 keY. Notice that the half width of the 
absorption layer is typically .11' '::!. 10 cm. We find that relativistic effects (which are included 
in this code) shift the absorption toward the cyclotron resonance layer by amounts ..11' <' 10 
cm. 

Since the width of the particle resonance and the location of maximwn absorption in the 
Doppler regime is directly proportional to NU, the power deposition profile can be controlled 
by changing the incident wave propagation angle. We find that for the 7.5 Tesla case, the 
optimum angle is approximately 300 to the nonnal. For BT = 7.0 T, the absorption shifts 
far to the high field side of the plBSma column, whereas for BT > 7.5 T, the absorption shifts 
toward the low field side. In order to keep the absorption close to the magnetic axis 88 the 
beta and magnetic fields are inc:reasing during the r8JJ1p-up, we find that the angle must he 
swept toward nonnal incidence at HT = 10.0 Tesla. This ensures wave penetration to the 
center at .full field and beta (relativistic regime, Nil < (T./m.c2 )l) (3] . While strong off'­
axis absorption may be appropriate in a burning plasma for controlling MHD activity, in' the 
low beta regime central heating may be preferable. Typical results of power deposition at 
BT = 10 T, 9 = 10°, T. = 10 keV are .hown in Figure l(c). AB we see, central wave pen­
etration and absorption occurs at 8 ~ 10°. For normal incidence (8 = 0), complete wave 
absorption results in a few centimeter radial distance beyond the cyclotron resonance layer. 
This gives us confidence that these waves can penetrate to the core of even a burning plasma 
(n.(O) < 8 X 1020m- 3, Te(O) :::' 20 keV), and be absorbed Dear the center. 

The efficiency of coupling to the O-mode at the edge of the plasma as a function of the 
angle of incidence has been calculated, and the result is 

Po 1 ( 8m26)2 C082 8 --- 1+-- +--
PT-4'1 {3f}2' 

(1) 

where,8 = w!.lw2 and '1 = (sin .... 8+4 cos2 S/ ,8)!. For nonresonant heating (BT ~ 7 T, 9 ~ 30"). 
Eq. 1 predicts that at least 68% of the power injected will couple to the O-mode at the edge. 

We have also examined the importance of scattering of EC rays by low frequency density 
fluctuations (5], and find that for < 6n./n. > < 0.1, scattering is not important. 

Ill. Transport C ode Simulations 
A version of the combined equilibrium and transport code BALDUR1-1/2D originally de­

veloped by G. Bateman [6] has been used to simulate some important aspects of the EqH 
heating scenario for CIT. In our initial investigations, we have held constant the total plasma 
current, toroidal field, and parabolic particle density profile, and followed the time evolution 
of the electron and ion temperature' distributions. We have assumed that the electron heat 
flux can be written as q. = - MKe VTe-(M - l )OTK.T. VV / V(a) (conduction and inward beat 
pinoh), with". = [CI(p)V'(a)A-3" /T. (p)IVVI'](1 + ,0(1 - Pon / PTOT)' < 13. » [7, 8). 
Here p is a flux surface label, Jp is the current within P. A is the total cross-sectional area, 
V = V(p) is the volume within p, p = a designates the plasma boundary, and aT describes a 
"canonical" profile shape Toe IX exp(-aTV /V(o) which the transport model seeks to enforce. 
The constant C is chosen to fit low density Ohmic experiments, and ;0 ~ 5(10) reproduces H­
(L-) mode experimental results with auxiliary heating. We have taken aT = 3.33 and M = 3. 
Ion thermal transport is assumed to be 0.5 times that of the electrons in addition to a neoclas­
sical contribution. ECB absorption per unit volume by electrolUll is represented by the form 
pep) = Poexp(- (z - zo)2/ 225}, where x(p) is the half-width in cm of a flux surface in the 
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[Ileridian plane, :1:0 designatea the location of maximum absorption, and Po ia proportional to 
the total power launched in the O-mode. 

In Figure 2(8) we .how the time development of the central temperatures when 10 MW 
of ECK iJ input for 3 seconds into an ohmic target plasma with BT = 7.6 T, Jp = 8 MA, 
Zell = 1.6, and n.(D) = 2.2 X l020m -3, In agreement with ray tracing raulta, m.a.xim.um 
absorption is taken one third of the way out from the magnetic axis, Here we have assumed 
a-mode (auxiliary) confinement and no sswteeth. Figure 2(b) illwtratea the lame case with a 
Iswtooth repetition time of 0.3 sec. The plasma dDell not ignite becauae of the low density used 
in the aimulatioru. For L-mode confinement and no 18wteeth, T., and T. saturate at 14 keY 
and 12 keY, respectively. Shifting the location ofm&Xi.mum absorption to the magnetic axil 
results in a 40% enhancement of central electron temperatures, but the ion temperatures remain 
similar for the above cases. Neglecting the inward pinch term in the heat transport model 
(M _ 1) has little effect for the off-axis cases, but enhances electron and ion temperatures by 
100% and 50% respectively for on-axis heating. 

We have also investigated the bebavior of a high density (n-(O) = 6.6 X 1020m-3) CIT 
plasma with BT = 10 T, Ip = 10 MA, and Z,JJ = 1.5 when ECH absorption peak. at the 
magnetic axis. For the case of 10 MW input power, H-mode confinement, 1.5 see. pulse 
length, and no sawteeth (Figure 3(a», ignition occur. with < fJ > = 1.3% and TB = 0.9 lee. 

Sawteeth with a 0.3 see. repetition time prevent ignition at the 10 MW power level, but not 
at 11 MW. Lowering the power to 5 MW, ignition conditions ' are again achieved after a 3 
sec. RP pulse length with H-mode confinement and no sawteeth (Figure 3(b». Finally, wing 
L-mode confinement, ignition is obtained with 11 MW of input power applied for 3 see. (TB 

= 0.6 lec., < f3 > = 2.2%). For a flatter density profil. (n(<I»/n(O)" (1- <1»'/'), n(O) = 6.6 
x1020m-3 , and L-mode confinement, PRF ~ 25 MW is required for ignition within 3 see. at 
< fJ > = 2.8%, and TE = 0.6 sec. We note that under the above conditions T'K.I/' :s 0.44 see., 
'TOold.,_ :s 0.21 sec., and ignition would not occur. 

Figure Captions 
Fig. 1. ECH ray trajectories. Each dot represents 20% power absorption. a) Br '= 1.6 T, 
8 =30°, T, = 5 keY; b) Br = 7.6 T, 8 = 30"', T, = 10 keY; c) Br = 10 T, (J =100, 
T. = 10 keY. 
Fig. 2. CIT discharge evolution for n,(p) = 2.2 x1020m-3 • PM = 10 MW, deposited at 
rola = 0.3, t1tu = 3 sec., H-mode confinement a) without sawteeth; b) with sawteeth, 
'T ...... = 0.3 sec. 
Fig. 3. CIT discharge evolution for n,(O) = 6.6 x1020m-3 , on-axis depootion, H-mode 
confinement, no sawteethi a)" PRF = 10 MW, t1tRF = 1.5 sec.; b) PM = 5 MW, 
t1t RF = 3 sec. 
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NONLINEAR INTERACTION OF INTENSE ELECTRON 
CYCLOTRON WAVE PULSES WITH A PLASMA 

Roberto PozzoU· and Dario RODzlo 

Dipartimento di Fjs;ca, Universit. di MUano, Milano, Italy 

• also IsUtuto dj Fiska del Plasma C.N.R., MjJano, Italy 

Abstract 

Starting from the Hamiltonian formulation of the motion equation, the condi· 
tiolUl for effective electron interaction in a 3ing/e cros:ling of the radiation beam are 
determined, (or the ordinary mode in perpendicular propagation. The electron en­
ergy gain is estimated, and the deformation of che electron distdbution "is computed 
under adiahaticity conditions. 

Non linear interaction regimes are foreseen to occur in ECRH experiments, like 
MTX, where intense microwave pulses .are used. An analysis of the relevant power 
absorption mechanism and the computation of the resulting strong deforma.tion of 
the electron diatribution function have been performed in Refs .l,2. An extensive 
analytical treatment for the cue of perpendicular energy gain larger than the thermal 
energy is given in Ref.3. Here we consider the motion equation, determine the 
condition for energy exchange between the electrons -and the electromagnetic field, 
and estimate the modification induced on the electron distribution. The analysis 
is limited to the ordinary mode near the fundamental frequency, in perpendicular 
propagation. 

We refer 10 & puJ.. with & '(0) profile (0 $ '(0) $ 1) &long the magnetic field 
Bo = Boi. : E = l.Eggain(kJl - wI}. A relevant time independent Hamiltonhm is 

, ( ogp • .Ji72 ) h(",J;o,P.) ='1.(1+2J)' 1- -;;:-1+2Jcoe" -'1!vJ (1) 

where h is normalised to me', moment. to me, length to e/n (being n = eBo/me), 
v = win, "Y! = 1 + P~, a = NEo/Bo ,with N = ek/w, J = ((~ - p.)' + p;) /2"Y!, 
with p. constant ofmotion,i = arctan ((u - p.)/ Pw}+JI(NP. -t}. with t normalized 
on n- 1 • 

In initial and final conditions. when the particle enters or leaves the radiation 
beam, 9 = 0 and the unperturbed h becomes h = "10(1 + 2J)t - "Y!vJ. 
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Fig. 2 Location of the critical points in the (-8,).) plane. Curve (J correl!!lponde to the elliptic 
point in t9 = It, curve &> to the hyperbolic point in t9 = 0, curve c to the elliptic point in ,,= 0, The motion is characterized by COllJtant). (dotted Iinell). 
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Fig. 3 Motion tlajedorie8 in the (". J) plane for a CMe with 0 :5 ~ :5 1, at different z , from 
the initial z value, corresponding to 9 = 0, to the z value in the centre of the beam, 
corresponding t o 9 = 1. The,parameter 6mg:z i81arl!i~r than Se. 
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Fig. 4. Rappressntation of the electron dietribution function versus the' perpendicqlar 'T 'at con· 
stant p. after the interaction with the radiation beam. The initial dietribution ie 'a.uumed 
Maxwellia.n. 
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The plot of the unperturbed h vs J for fixed 10 is shown in Fig.!. Assuming 
that "'10 remaiIlB almost constant during the motion, due to the smaJlness of a and of 
dg / dz, the interaction process can lead to a variation of the particle energy only when 
different J values correspond to the same h. Putting b = 11'0 and d = hv, this gives 
the parameter range of interest b :S 1 and J :S 2(1- 6) / 62 , with the corresponding d 
in the range b :S d :S (1 + 62 2. When an effective interaction occurs the variation 
of J is given by t1J = ±2 1 - 2d + b2 / b2 , with the two signs corresponding to an 
initial J smaller or larger than (1 - d) jb2• The actual occurrence of such variation 
strictly depends on 4, which gives a necessary conditions for it, and on the motion 
adiabaticity. This dependence can be investigated looking at the critical points of 
the (d, J) trajectories, as follows. . 

Introducing the parameters 6 = J'2~~~' b) and ..\ = U~£;l, the location of the 
critical points in the (6,..\) plane is shown in Fig.2 . For constant ..\, the increase of 
6 from zero to 6mu corresponde to the particle motion across the beam. to the point 
of maximum r.f. field; the decrease of 6 back to zero corresponds to the subsequent 
particle motion from the centre of the beam to the outside. 

Let us coneider the case 0 S ..\ ~ 1, which corresponds to the mentioned condi­
tions where two values of J pertain to the same h. If 6mu S D~ (with Dc corresponding 
to the hyperbolic critical point in ~ = 0), then the initially open orbits of the (d,J) 
motion remain always open, since a connection between them is not allowed, and 
t::J.J = O. H 6mu 2=, 6c, the initially open orbit beco~es closed, when 6 2=, 6c, and, M 6 
is decreased, can merge in the open orbit with the J value different from the initial. 
In this CMe Il.J :F O. When..\ S 0, for a given h only one value of J is initially 
possible; the elliptic point and the subsequent hyperbolic point can be reached if 
6mu is larger enough, but Il.J should be zero. 

The motion trajectories in the (8, J) plane for the cases 0 S ..\ S 1 are shown 
in Fig.3 at different z values corresponding to 9 from zero to one. The chosen 6mu 
allows the crossing of the critical point. 

The deformation of the electron distribution can be easily investigated under the 
adiabaticity condition. For this cue, when 0 S ..\ S 1 and 6mu 2=, 6c , and the initial 
distribution is a Maxwellian in J, the final electron distribution function, for a fixed 
p., is shown if Fig.4 . 

In conclusion we have determined the condition of effective interaction 6mu ~ 6c, 
the possible value of Il.J, and the deformation of the electron distribution under 
adiabatic conditions. 
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ELECTRON CYCLOTRON RESONANCE HEATING AND CURRENT DRIVE 
AT LARGE Nil IN TOKAMAKS 

A G Miller 

University of St Andrews 
North Haugh, St Andrews, Fife KY16 955, Scotland 

1. Introduction 
Electron Cyclotron Resonance Heating of fusi on plasmas has received 

much attention over recent years. With the advent of high power high 
frequency power sources s uch as the gyrotron and more recently the free 
electron laser there has ~een 8 growing interest in nonlinear heating. The 
nth harmonic resonance condition is w-kIlVII-nQ/ y ;: 0, where y is the 
relativistic energy in units of mc 2

• Increases in y usually cause electrons 
to go out of resonance and prevent efficient heating. Any heating scheme 
in which y changes but the resonance condition continues to be satisfied 
owing to changes in other quantities is called autoresonance: various 
methods have been studied for years. Golovanivsky(l) has studied magnetic 
means, viz adiabatically increasing the magnetic field and hence n while 
Nevins et al (2) have experimented with increases in Nil and have also 
looked at trapping in phase space. It has been shown that Cyclotron 
Resonance Masers (CRMs) can have particularly good emission effici~ncies 
by achieving doppler shifted autoresonance for beams with Nil = l l4 ) (the 
so-called Carm effect). The inverse i.e. absorption can be used in heating 
plasmas, an effect which was first studi ed in the context of sol ar physics 
by Davydovskii(3). However there are a number of problems in achieving 
this for a tokamak geometry as such a scheme could work only at the first 
harmonic with right handed circularly polarized (RHCP) waves propagating 
close to parallel to the background magnetic field. In section 2 a 
condition for auto resonance to take place is derived. In section 3 t he 
ordinary linear theory proposed by O',Brien is modified, and it is shown 
that the modified theory gives riae to non-diffus ive heating. Section 4 
gives a comparison of this theory with numerical experiment, and section 5 
discusses feasibility of the idea. 
2. The Auto Resonance Condition 

From gyro averaged equations ( ref 5) at the first harmonic the phase 
of the particle with respect to the wave, W, obeys 

dql/ dt = w - kllVn - n/y + e/2m Eeffsin(ql) / Up 
= 0 for autoresonance. 

A number of disturbing influences can upset Butoresonance, and are treated 
here as small perturbations: 

To leading order in l /G , l /R ,F, near Nil = 1 



d~/dt 

where 

= Fw + Ooz/yG 

- 2o(NII )Uuw/ c 
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kU 0 Vp o 2noz/( 2ynGV II ) 

+ kllo Vnz(zo - z!2)/R 2 

R i s the tokamak major radius 
G is a linear gradient scale in n such that Inl =loo l (l+z/G) (assuming that 
.lsl=ISo l( l+x/R) and dx/dz = constant where x is the distance into the 
'tokamak) 
F = (w-K II VII -Q/y) /w is a measure of the frequency mismatch, ' 

,.Eeff is the effective electric field, E_(l-kUVII/w), 
\o(NU) = l+NU - F' 
II is the distance along the path of the particle and 
lo is the centre of the beam . 

For large tokamaks the effect of the toroidal geometry will be small and so 
Ithe last term in (1) is ignored. The effect of ignoring this term i s 
demonstrated in section 4. 

F'o r good heating the electron must have cos(~) < 0 throughout heating 

·i.e . l"P/d t lt:'. ./2. 
hhis 
~. 

will require an extremely small frequency mismatch -IFI « 1. 
Heat i ng and Diffusion 

In the model used here the approach of refs (5) and (6) is followed. 

~" ' u IKlc05(&)/2 + IKI'/B wher' ", U '/2 ref (S) . p p 

K :: J (eEeff(O)/m)/Vu expOl(-n/Y- kIlVU+W)dt · - z2/L2 _az ldz 

jfor a Gaussian beam of form Eeff(O) exp(_z2/L 2 _az). a the free damping 
:parameter, and L the effective Guassian width, depend on the angle of 
Ip r opagation into the plasma . 

(2) 

~ The linear theory ~s suited ve ry well to auto resonance because of the 
constancy of phase. J ( -Oh-Ki ' VII +w)dt' can be replaced by 
(Fw + noz/2yG - 26(NII )Ullw/c)z VII and the integral reduces to 

IK1 : /(n/W)/Vllexp( - (Fw + Ooz/2yG - 2o{NII )Ul1 w!c)z!VIl ) where 

~2 :: 1/l4 + (Ol2Vn )2 and 

0t :: no (1 + FwV
p

2Qo/(VIl2)1'22G»/G. 

Unfortunately , if the condition 

,I6v"/V" I ' !yk" (eEerr·)'/(BV,,.'m'Q) I « 1 (3) 

is not satisfied we can no longer assume VII is constant over the transit of 
;the beam because at large Nu ECRH increases VII as well as Vp' 

Hence VII must be replaced by the averaged value 

h = VII 0 + 1/3 .6.V II , . 
as a first approximation. This is good if dEeff/dz = 0 (i.e. square beam) 
and the changes in VII are mainly due to heating rather than magnetic 
effects, but it can also be used as a crude approximation for some Gaussian 
beams. The change in VII owing to ECRH means that the heating is no longer 
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diffusive . 
4. Comparisons with Numerical Experiment 

Comparisons have been made of the above theory with the so-called 
SPEECH codes developed by A W Taylor(5 ) . The code uses gyro- averaged 
equations for particle motion to evaluate heating. A comparison between 
theory and numerical experiment is given in Table 1. The plasma has been 
assumed isotropic so that NllxRbeam ; constant where Rbeam = distance of 
beam from centre of takamak - the geometric optics approximation. KII . 
changes through a change in Rbeam during interaction with the electron. I 

This change is non-negligible even in large devices and causes deterioration 
in heating only when the power input is high. 
The columns represent : 

(a) theory ' without change in kll' or change in UII , 

( b ) theory without change in ku ·but with change in UII , 

(cl numerical results without change in kll' 
(d) numerical results with change in kll . 
Illustrative tokamak and partic le parameters were used in the calcui ations. 
The quantities recorded are <~)final/~in i tial where the average is taken 
over initial phase . The results show that even in the limit Qf very high 
heating the modified theory is very accurate. 

Table 1 

-1 
Eefr Vm 

3*10 2 

10 

3*10 3 

(a) (b) 

7.0 5. 3 

78 20 

700 50 

( e) (d) 

5.4 5.2 

20 19 

50 44 

15. Accessibility 
The;· 'proposed h~at:LlJg scheme uses RHCP waves and heats at the first 

harmonic. Inside launch is unable to provide Nil 1::1 1 and outs ide launch 
,access is impossible because tlie low density cut-off occurs before the 
:cyclotron resonance. The preferred heating scheme involves heating highly 
<doppler-shifted particles outside the low-field cutoff. In this case 
!jIWII/Vul « 1, heating is diffusive and ord:ilnary linear t heory is accurate. 
6. Conclusion ~ 

ECRH can be' used to drive small numbe r s of partic :M8 ~ tb,<high anergies 
'using doppler-shifted autoresonance, by heating highly doppler-shifted 
part icles outSide the low-field cutoff. Current drive calculations using 
~his scheme are being considered . 
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VARIATIONAL DESCRIPTION OF LOWER HYBRID WAVE 
PROPAGATION AND ABSORPTION II\t TOKAMAKS 
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13108 Saint-Paul-lez-Durance Cedex, France 

·ClSI Ingenierie, C.E.N. Cadarache. 13108 Saint-Paul-Iez-Durance Cedex, France 

ABS1l!ACT: 
A variational approach to a global solution of the lower-hybrid wave propagation and 

absorption in tokamaks. is presented. It is based on the use of trial functions which are locally 

solutions of the homogeneous problem ("eikonal trial functions"). Preliminary results in circular 
cylindrical geometry are reponed, showing the radial power deposition profiles for various 

toroidal wavenumbers excited by the r.f. source. 

I· !NTRODl ICTION 
Variational techniques provide an efficient scheme to describe both propagation and 

absorption of electromagnetic waves in tokamak plasmas. Such a scheme has been successfully 

implemented for the ion cyclotron frequency range but, due to the large number of degrees of 

freedom of the wave field, an extension to higher frequencies seems prohibitive. 

This paper describes a method for attempting a full wave description of r.f. fields in the 

lower hybrid frequency range, in order to study current generation and profile control via 

Landau absorption. The basic idea is to use eikonal trial functions which locally satisfy the cold 

dispersion relation. This allows to use a mesh larger than the wavelength and reduces the 

number of unknowns. 

2· VARIATIONAL PRINCIPLE AND TRIAL FlJNC!10NS 
Since mode conversion between the cold propagation branches occurs commonly in lower 

hybrid curient drive experiments, it is important to start with a full wave equation which 

describes both the electron plasma· wave and the whistler wave, ie from a vectorial wave 

equation which takes into account the electromagnetic and the electrostatic components of the 

fields. As opposed to the magnetosonic case, this leads us to use the three components of the 

electric field as our variables rather than to perform a reduced. description in terms of two 

components of the vector potential 

Maxwell's equations are equivalent to finding the extremum of the following fonn : 
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* f (02 4i1tCi) L(E,E ) = dr[(VxE(r».(VxE*(r»· ~*(r).K(r).E(r). TE*(r).Ja(r)] (1) 

for all variations SE-er) subject to the condition nxcSE-(r) = 0 on the metallic boundary; 

Because of the small wavelengths involved in the problem, perfonning a discretization of 

the variational fonn on a scale length which is smaller than the wavelength would require a 
prohibitive processing time. As a consequence we must use trial functions which can 
approximate the solution over several wavelengths. In practice we divide the plasma in a 
number of radial cells whose width is a given fraction 11 of the inhomogeneity scale length, ie 

such that 

(2) 

The simplest functions which can approximate both the analytic behaviour of the fields 

near the singularity at r = 0 ( "whispering gallery" effect ), and the propagative nature of the 

wave away from the magnetic axis, are of the form r). where A = (l + i ~. A is a complex 

number which can take four values Ai (i=I,4) to be detennined from the local wave equation. 

In each cell the Ai'S (i=I,4) are the eigenvalues associated with a 4x4 matrix and they 

physically correspond to the slow and fast waves propagating both inward and outward. 

Associated with each of these four values, there is a polarization vector for the electric field Ei 

and the mal function in a particular radial ceU can be written: 
4 

E(r,t)= L CL; Ei A exp(in$+imO·iOlt) (3) 
i=l 

where r, 9, $=z/RO are the cylindrical coordinates, Ra being the major radius of the torus, n 

and m are toroidal and poloidal wavenurnbers respectively. and ro is the pulsation of the r.f. 

field. In this paper we restrict ourselves to the cylindrical approximation of the tokamak so that 

n and rn are integers which can be specified together with the frequency of the r.f. source. 

3·PRINCIPAL BOUNDARY CONDmONS AND LAGRANQE MULTIPLIERS 

Having chosen the trial functions described above. the variational fonn (1) has a matrix 

repres.entation : 

L(E,E*) X+.A. X • X+.S (4) 

where X is the vector whose components are the (Xi'S (eq.2). A is a square matrix of 

dimension 4N - 2. N being the total number of cells. (in the central cell two unphysical 

solutions for Ai must be eliminated). 
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Our choice for the trial functions entails that A is diagonal by blocks of dimension 4x4. as 

cells are completely decoupled. Therefore, for the problem to be well-posed, it is obvious that 

some continuity constraints have to be imposed to supplement the extremum principle. 
In fact it can be shown that, imposing the continuity of the tangential components of the 

electric field at the border of each cell is both necessary and sufficient for the uniqueness of the 
solution, provided that there is some dissipation (even infinitesimal) at every point in the 
volume considered. Such boundary conditions are usually called principal boundary conditions 

as opposed to the natural boundary conditions (continuity of VxE) which are automatically 

satisfied when the variational fonn is extremum [1]. 

The constraints inherent to the principal boundary conditions can be written: 

B.X=O (5) 
with our notations, where B is a large rectangular matrix. We therefore introduce a set of 
Lagrange multipliers, the vector A, and look for a vector X which, for a particular choice of A, 
satisfies simultaneously 

B.X = 0 (6) 

and 
BX+ . ( A . X - S + B+ A) = 0 (I) 

with no restriction on the variation ax+. 
If uniqueness is assessed (absorption at every point), it can be shown that A is regular 

and that B . A-I. B+) is also regular. Then it is straightforward to write the solution as: 
X = A-I[S B+(B.A-IB+rl . (B.A-I.S)]. (8) 

4-POWER DEPOSmQN PROFD illS IN CYI JNDRICAI 1 GEOMETRY 

As first results, we present some radial deposition proftles which were obtained assuming 
parabolic dependences for the ion and electron densities nj(r), ne(r), the electron temperature 
T e(r), and the safety factor q(r). Both the collisional absorption and the resonant Landau 
damping of the waves are taken into account by including the corresponding anti·hermitian 
component into the local dielectric tensor. In these calculations the plasma parameters on axis 
are n.(O) = 5xlO19 m-3, T.(O) = 5 keY, q(O) = I, and at the edge q(a) = 3. The toroidal 
magnetic intensity is 3.4 T, the frequency 3.7 GHz and the major and miflor radii of the 
tokamak, Ra = 3 m and a = 1 m respectively. The poloidal mode number was fixed at m = 10. 
Various toroidal mode numbers ranging from n = 450 to n = 850 have been selected thus 
showing the influence of the parallel wavenumber on the power deposition (fig. 1). In addition, 
we have considered two distinct values of the discretization parameter, Tt = 0.1 and Tt = 0.05, 
corresponding to 86 and 1)71 radial cells respectively (figs. 2, 3 and 4). In both cases, the 
central cell has a fixed radius of 1 mm and the outer one which extends itself from the antenna 
layer (r = 0.96 m) to the edge is also ftxed. 
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In cases of weak absorption (n = 450) the Bessel·like structure of the wave appears 
clearly near the centre (fig.5). The discontinuous character of the density proflle shows up by 

giving rise to local resonances (figs.3 and 4) in some particular cells whose width matches the 
wavelength of the field. These resonances have a precise physical origin and therefore it seems 
possible to avoid them by going to a finer mesh when the damping is too weak:. The stability of 

this variational scheme requires further investigation and will be reponed later. 

REFERENCES 
[1]- G.I.Marchuk, 'Methods of numerical mathematics', Springer-Verlag (Berlin.1978) 
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ABSORPTION OF LH WAVES BY FUSlON-GENERATED a-PARTICLES 

E. Barbato, F. Santini 

Associazione EURATOM-ENEA sulla Fusione, C. R. E. Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

INTRODUCTION 
The a-particle pcpulation in an ignited. plasma could deteriorate the CUlTent drive 

efficiency of lower hybrid (LH) waves in a steady state reactor. In fact, due to the high 
energy production, a-particles may interact with the LH waves and reduce the 
absorption by electrons. This effect is absent if the frequency is higb enough (10 GHz 
for ITER like parameters). Nevertheless, the technical difficulties of using such a high 
frequency necessitate investigating whether the absorption by a-particles may be 
negligible for ITER parameters at relatively lower frequencies also. This problem hu 
been exa·mined [1] by using only linear Landau damping. Since the quasilinear diffusion 
can exceed the collisional drag, the complete equation for the a-distribution function 
(df) has been studied and is reported in this paper. The consequent wave absorption by 
a's is supplemented in a I-D deposition code which includes wave propagation and 
absorption [Z]. 

THE ABSORPTION MODEL 
In order to investigate the wave absol"ption by a-particles, we first look fOl" the df 

fa. as a solution of the steady state Fokke~Planck equation supplemented by the 
quasUinear diffusion term. In the absence of the lattel", the solution is known to be et 

(V3+V,,3)-1 up to the velocity V. where a's are genel"ated (see, for example, Refs. 1,3 for 
the definition of Vc and the slowing down time 't.). This stationary solution is a 
consequence of the isotl"opic source at 3.5 MeV and of a sink tel"m at low energy (-cC rDa 
ve212). 

In the presence of RF, the quaailinear diffusion term can exceed the collisional 
drag and accelerate the a-particles above Vi' thus generating a high energy flux which 
should be balanced by a proper sink at a velocity (say VM) > V •• The latter sink could be 
related to the large banana losses of energetic particles. Steady state solutions may be 
justified since 10. and 'tqt (the quasUinear time) are low enough with respect to other 
typical times (i.e., confinement time, etc.) for ITER parameters. 

The diffusion coefficient for o's due to RF in the direction perpendicular to the 
magneti~ield is given by [4] 

(1) 

whel"e J dkrlEkl2 = e2rn is the SQuare of the average wave field, D= O for V.l < VRlS = 
wIk.lma:u with k.lmu refated to klmar; in the spectrum via the dispersion relation. Instead 
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of usil!g v~ and vI' we rewrite the quasilinear Fokker-Planck equation in the coordinates 
V=(V/+V1 )11"2 and p=vrv. Following the same procedure used for ion cyclotron waves 
(5), we expand fa in the powe r of )1, we average the equation on p, and keeping only the 
lowest order we obtain 

at 3 3 3 
• 1 d (V +ve n DO ve dfa ) 

- ::::. -- --f +- - +SS(v -v) = O 
at 2 dv 't Q 2 (2 2 )112 dv B v • v -V R1S 

(2) 

where a narrow krs~ctrum ~ been assumed, Dov.3 = U> VRISZg2e2 ~2rm/2mQ2 k.12 and S is 
the Q source. Equahon (Z) is tntegrated and solved once t B• S, VRIS. Do are known and the 
fluxes in the low energy sink 410 and the high energy sink 4tM are given. The request for 
fa to be continuous positive imposes a maximum velocity VIII > v" where the bigh energy 
sink is placed. 

Instead of $0 and 4tMI we may use the a-density I1a = J d3 v fa as a free parameter 
and use the particle balance 4lO + 4tM=Sv 2, Finally, we are left with the above two 
relations and the three quantities n." !PM/~ and VM which are shown in Fig. 1 for three 
values of nDotr/2v/. Here we take Te = 20 keV and ffiQ v2

R1f1?- = 1500 keV. For the case c 
and ~M/4Io = O .5, (a is shown in Fig. Z where the effect of the quasilinear diffusion is 
evident for V> vRIS' In Fig. 3 the damping coefficient y at p~2 is shown for the same 
three cases of Fig. 1, the quasilinear absorption being less than t};e linear limit. 
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with the maximum velocity VM/v1 for nDotJ2v. = 0.1 (a), = I (b). = 10 (c) u a I 
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Fi,_ 3 - Ratlooll'-qulUllinear toy-Unear as a function OfVM/v. 

DISCUSSIONS AND CONCLUSIONS 
The result. of the previous tection can be summarized as foUows: For the same 

value of the IOW'ce S, the a-partlcle density obtained from the quasUinear calculation 
exceedJ, the density of the linear cue; tbw 11 due to the RF acceleration which feeds 
the high energy taU up to v .... Nevertbeleu, tbe asaoclated damping rate y results le .. 
tbaD tbe llDear y. 

In the bomog:eneoua cue, an important role is played by the deIllity profile of the 
a-particles. They are generated according to the production rate <ov>DT which has a 
apatial profUe quite peaked at the plum. center. However a profile broadening may be 
induced If the ba.Gana orbill are thick enough. To take into account thia effect, the 



1176 

spatial profile of the source term S is taken for a D-T plasma to be of the type S(r) = 
nonT < OV > DT f(b,r) /4n v.2, wbere the broadening factor f depends on the parameter 
b=IAllO (I is the plasma current in MA and A the aspect ratio) related to the thickness 
of the banana orbit . When b is much larger than 1, f is a constant equal to 1. 

The maximum velocity VM can be related to several effects. If we conside r only 
the orbit prompt losses, VM depends on b again, namely, VM/ V.=b, which for ITER plasma 
exceeds 1. Figure 1 indicates that for VM/ V. ~ 2, the high energy sink plays no role 
($M""O), and rIa and y reach the saturation values at least in cases a and b, which are 
more representative of the ITER parameters (PRF = 90 MW). 

This model has been included in a 1-0 deposition code where ray tracing in a 
cy lindrical plasma is considered, as well as wave energy and momentum absorption by 
electrons at the first pass. A numerical analysis is in progress for ITER plasma 
parameters and preliminary results indicate negligible a-particle absorption even at 6 
GHz. 
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PARAMErRIC DECAY OF LOWER HYBRID WAVES 

A. Cardinali. R. Cesario, F. Paoletti 

Associazione EURATOM-ENEA sulla Fusione, C. R. E. Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

INTRODUCTION 
A crucial feature of a ll the experiments concerning the lowe r hybrid current drive 

and heating of tokamaks is that there exists a strong density threshold beyond which the 
current cannot be driven if the r.f. power exceeds a certain value. It is possible that at 
higher operating densities the lower hybrid waves excite parametric instabilities well 
before reaching the centre, with the consequence that the current drive can be 
inhibited due to the fact that instead of going to the e lectrons in the taU distribution, 
the wave momentum and energy are diverted elsewhere. 

During recent experiments, the reduction of the efficiency of the current drive or 
heating was associated with a typical activity of the r.f. probe signals observed when 
the plasma density and the r.f. power exceed the threshold value [1}. 

We are interested in studying the possible role of the parametric instabilities in 
the next lower hybrid current drive experiments on ASDEX. 10 this paper we present the 
results of the study of parametric instabilities obtained by solving the complete 
parametric dispersion relation numerically, considering for the typical plasma 
parameters a wide range of frequencies which involve different channels of instabilities. 

PARAMErRIC DISPERSION RELATION AND DECAY INSTABILITIES . 
We consider the propagation, in a plasma magnetized by a static magnetic field 

Bo, of a lower hybrid pump wave (wo. ko) with finite extent which decays into a low 
frequency mode (WI, kil and two high frequency sidebands (WI ±wo. kl ±ko). The plasma is 
assumed locally homogeneous, i.e., k.L Jlo IVnJnl, IVTtrl, where k.l is the perpendicular (to 
Bo) wavevector of the waves involved and nand T are t he plasma density and 
temperature. The parametric dispersion relation is 

p+ P 
c(wl' k t ) = + -:---'--:--'""7 

c(wl+wO'kl + ko) c(wl-wo,k. - kJ 
(1) 

where c(w,k) = l + n(w,k) + XIII(w,k) is the dielectric function and Xi, Xe are the linear 
susceptibili~ies. For WtR<ktl Vtbe, i.e., when the response of the electron in the parallel 
(to Bo) direction is adiabatic, we can assume [2] 
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In this formula, Z is the Fried-Cante plasma dispersion function, Wpi the ion 
plasma frequency, Cl the ion sound velocity, U = EocIBo the EXB drift velocity of 
electrons, and act = A k2.3.b koJ. the angle between k2,3J. and ko.!., as k2,a= kl ±ko. 

We have numerically solved Eq. (1) with respect to the complex frequency 
Wl =WlR+Y' For a given numerical calculation, we assumed one of the plasma and r.r. 
parameters n, T, Bo. PRF, kOI. k2,31. k2,3J.. kll. kl.1 as an independent variable, keeping the 
others fixed. The ASDEX deuterium plasma parameters are obtained using the density 
and temperature profiles modeled by the following functions of the radial (x) coordinate: 

(3) 

where 0(0), T(O) are the peak plasma density and temperature, a= 40 cm is the radius of 
t he separatrix. These functions are plotted in Figs. la and 1 h. These figures report the 
expec ted trends of the plasma parameters for a<x<xL where XL is the liner radius, 
extrapolated by the Langmuir probe measurements. The magnetic field is described by 
B=BoxlR where 80 =20 kG. 

We have examined the threshold due to the finite extent of the wave launcher and 
the finite width of the resonance cones (3). For simplicity, the plasma is supposed 
loca lly homogeneous. For the case 5- = 90°, so that k2y = k2..l and k2J:=O, the solution of 
Eq. (1) gives a sideband wave which propagates peloidally and away from the interaction 
region, never reaching the plasma centre. The spectral growth factor of the sideband 
wave due to the convective loss in the poloidal (y) and toroidal (2:) directions are 
respectively Ay=y LyJIV2yl, AI = y LJlv211, where V2y, Vh are the poloidat and toroidal 
components .of the group velocities of the sideband wave and Ly and LJ. are the 
dimensions of the grill. The thresholds are set when both these values are of the order 
of 1 or more. Figure Z shows the numerical solution of the parametric dispersion 
relation for the above-mentioned parameters. The frequency of the first sideband is 
separated by t hat of the pump wave by a value which is approximately the ion cyclotron 
frequency. We have verified that a sideband wave can grow and propagate only if its 
parallel refractive index is sufficiently small so that n21- k2fwo < 8, with nor= kOH/WO= 2 
that of the pump. 

We have evaluated the convective power threshold using in the expression of the 
amplification growth factor tbe values of the homogeneous growth rates which are 

10' 
a) 

Te(eV) 
b) 

\ 10' 

10" '---'---'----'---'--'--' 10 ' 
o 0.4 0.8 >la 1.2 0 0.4 0.8 >la 1.2 

Fig. 1· PloLorthe density and temperature profiles assumed ror the numerical calculations 
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Fig. 2· Numerical solution of the parametric dispersion relation at z=a., D8=6·1013 cm-S, 
Ta= 16eV. PRV= lOkW, B= 18kG,nol= kOI c!c.lo= 2, Dlll"" k21c/(o)o=7.8- - " kfU .• kS.L = 90° , 
obtained by the numerical solutions of Eq. (1) at different values of the r.f. power of 
the pump wave. The highest spatial amplifications and, consequently, the lowest 
convective thresholds are found for a r.f. power of about 200 kW and an electron density 
and temperature n=6xl012 cm-3 and T.=15 eV which are the typical paramet~rs 
expected at the position of the separatrix for n=4 X 1013 cm-3. 

We also examined the solution of Eq. (l) by assuming some angle values 5- < 90·, so 
that k21:~O, which correspond to cases of instability with the sideband propagating 
almost parallel to the pump wave. The decay wave is assumed to propagate in the x-z 
plane and the spatial growth factor can be estimated by [4]: As = y.6.x/lvh:l where 

Ax = 
L, 

I 
vlet _ vlh 

v2:r; vQr: 

is the maximum distance which the decay wave can travel in the x direction before 
leaving the pump resonance cone. 

In considering the convective losses in all the directions, the threshold is found 
when the smallest growth factor between As. Ay. A1 reaches a value of tbe order of 1. 
We obtained. the lowest power threshold of about 100 kW at a value of the angle &-=60·, 
where the condition for homogeneity Ax<C a is still satisfied. Moreover, we found that in 
this case also, the value of the parallel refractive index of the first sideband wave must 
be n21<8, with nol=2 that of the pump wave. In fact , the solution of Eq. (1) obtained for 
n:l1>8 does not satisfy the linear dispersion relation, so the sideband cannot propagate. 

Finally, we considered the case of the parametric instability decay process where 
the first sideband acts as a pump wave. In this case we assumed rtol = 7 for the parallel 
refractive index of the new pump. The solutions for the homogeneous growth rate are 
shown in Fig. 3. Here the plasma parameters are the same as in Fig. Z and n21-k2;CUO=13 
and &-=60·, The r.f. power of the pump is 10 kW. We observe that in this case the 
maximum growth ,rate is reached for a sideband whose frequency is downshifted by that 



11 80 

15x 10-4 4x 10-1 

L 
"'0 ~ 

lax 10-4 "'0 

2)( 10-1 

5 x 10-4 
1 )( 10-1 

0 0 
'64 '66 '68 n.L '70 

Fig. S· Numerical solution ofEq. (1) for6-= 60G
, n21= 13, n or= " and the other parameters 88 

in Fig. 2 

of the pump by approximately 4 (Uri' The r.r. power threshold which could exceed the 
new pump in this cascading phenomenon is about 100 kW. F or sligthly different values of 
the plasma and pump wave parameters, we have obtained solutions of Eq. (1) which give 
sidebands whose frequency shift is 16)2-Wol =- ! Wcil with 4 s t s 20. These cascading 
processes are expected only if a strong power transfer (rom the launched wave to the 
first sideband occurs. 

CONCLUSIONS 
We have performed some preliminary calculations of the convective thresholds of 

parametric instability for the case of the A$DEX current drive experiment. We have 
found a threshold of the order of 100 kW which is in the range of the r .f. power which is 
to be injected into the plasma, so parametric instability can occur and can be 
responsible for a reduction of the current drive efficiency. 

The power threshold of this phenomenon can be strongly increased by a 
modification of the density and temperature profiles near the separatrix radius which 
produces a slight increase of the temperature and a reduction of the density. 
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ABSORPTION OF LOWER HYBRID WAVES 
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The absorption by fusion generated alpha particles of lower hybrid waves 
obeying the dispersion relation (0 = O)ll.c(1 + rope 2/ooce 2rl/2 (kU/k) is investigated, 
along with quasi-linear electron -Landau damping, for the characteristic 
slowing-down distribution and the birth profile for the density of the alphas. For 
the limited parameter range considered for a NET -like device. the absorption by 
alpha particles is found nOI to be significant due to the poor penetration of the 
lower hybrid waves. 

Introduction. The absorption of lower hybrid (LH) waves by a -particles in 
reactor grade ~lasmas has recently been evaluated for a fixed fre:¥.uency, namely, 
f = 4.6 GHz,(l) as well as for varying frequencies (up to 8 GHz).( ,3) From these 
preliminary studies it appears that the a-absorption depends sensitively on the 
density profile of the alphas. More specifically. whereas for an a-density profile 
equal to the corres~onding birth profile the absorption by the a's is found not to 
be significant,(l,) a comparatively stronger absorption occurs when th e 
a-density profile is taken to be the same as that of the electrons.(2) 

Here we extend our previous investigation of the a-absorption(3) to account 
for both a finite width of the LH wave spectrum and the quasi-linear plateauing of 
the electron distribution function, the latter being evaluated on the basis of a 
simple Fokker-Planck model which allows to obtain analytical expressions for 
both the distribution of the resonant electrons and the corresponding 
quasi-linear parallel Landau damping. 

Quasi-linear electron absorption. The power density dissipated per 
individual Fourier components in Nil is j!lst the spatial rate of change of the 
(spectral) energy density flux So(NII)x exp(-2 Jax (ke H + le ")(x,NU)/cose(x)] so that 
for a spectrum of Nil the power density deposited into eit~er electrons or alphas is 

f 
k' (r,N) fa (k' + k\(x,N ) 

P (r)=2 dN" " S (N)exp[- 2 dx • rI "J (1) 
',' 11 cos9(r) 0 11 cos9(x) 

r 
with So (N 11) the (spectral) energy density flux at r = a. Consi.dering a 
rectangular-like spectrum, ODe has So(N II) = 'f/r..6.N 11 for NU(mm) < NU < NII(mm) + .6.N II 
and 0 otherwise, with r. the area of the surface relevant to the deposition of the 
power P (r. = 4n:2Ror for a toroidal surface of major and (effective) minor radius 
RQand r (> 0.4 a), respectively. and I = 0.4 x 4n: 2Roa if r < 0.4 a, a being the tokamak 
mmor radius); AN 11 is the .width of the LH wave s£ectrum. The effective wave 
spatial damping is given by kM/case, where k" • lm k:Y..g is thf imaginary part of k.. 
along the group velocity Ytr, and case !I v /vg (= (1 + (l)pe 2/CJ> e )1/2 CJ>/CJ>pe' with v .l.. 
the perpendicular (to tlie magnetic tf~d) component of the group velocity) 
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accounts for tbe fact that what is relevant is the wave absorption in the radial 
(perpendic ular) direction (rather than along the group velocity). 

The absorption of LH waves by the alphas. due to perpendicular 
un magnet ized Landau damping, has been evaluated and discussed in detail 
els ew her e( 3) and the numerical results that follow are based on the model 
developed previously. (3) 

As for the absorption by the electrons. the relevant mechanism is taken to 
be parallel electron Landau damping (ELD) and is evaluated on the basis of the 
distribution function F(vU) that is the solution of the steady-state Folc.ker-Planck 
(FP) equation describing the balance between the collisional diffusion 8S well as 
drag and quasi-linear wave diffusion in (one-dimensional. VII) velocity space (the 
distribution in v.l is assumed to be MaxweJlian). A first integration (with respect to 
v 11) of the FP equation yields 

1 dF(v ) D(v) ., V 
- ~_ . [1 + -..:...JL I -l1. (2) 
F(v

ll
) dv

ll 
D,(v

lI
) v' , 

where Dc. ~2 + Zj} vt S v o/v 113 describes the diffusion connected witb collisionaI 
scattering (v = T/m; v Q = (t)pe 4 Ae,/47tDe v t 3, A.ei being the Coulomb logarithm). The 
coefficient D(vlI)' descnbing the diffusion due to the LH waves, is evaluated under 
the assumption that neither the energy nor the shape of the wave spectrum are 
significantly affected by the absorption itself, i.e., D(vlI} is independent of F(vt~. 
More specifically, fo~ the rectangular .Sf1eclrum conside;red, it is D(vlI) = A (I/VU ) 
(P~r. AN

1I
) for c/(NU(mm) + AN II) (!!! vU(ml » 1 VUi c/NII(mtn). and 0 otherwise, with A • 

41t (e/m 2 «(t)/ID e)2 (c/(t). With such an approximation, Eq. (2) reduces to a l.st 
order linear difFerential equation whose solution can be obtained analytically.(4) 
In particular, 

(min) 2 (mln) 
v" /v + r r (V) v,, · V, 

F(v)-C(r)( , ) exp{-[ g +-' .. '--'---11) (3) 
11 (m'nl I r 2 2 v, 

VI vt + VI 

in the resonant velocity range. vu(min) s. v.U 1 c/N JI(min). 
nonnalization constant such that IdvlI F(v lI} = m{l1tT,. and 

V D (V) 
r~..JI. -LL" (2 +Z) v'v lA ~.' 

V D(v) ; '0 E 6N 
, 11 (( 

where C(r) is a 

(4 ) 

From (3), it appears that i) F(vlI) tends to a constant (the plateau regi me) as r -t 0, 
i.e ., for P /AN 11 -t -, so that. al fi xed incident power, the plateau regime is favoured 
by narrowing the spectrum; ii) F(vlI} tends to a Ma~wellian as r -t -, i.e., as "P /AN 11 -t 0 
(this limit · follows by noting that {(x + f)/(y + r)]r "" exp[(y2 - x2)/2. + (x - y)r] for r 
-t - ); Hi) F(V1\) yields a current due to its non-even VU -dependence. 

With (2 and (3) the (parallel) quasi-linear ELD k" oc (d F/ dvU)vR "c/N" is - . 
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2 IN _ (mini 
1 (mln) 2 C C v 

x exp{-[- ((V ) - _) + JJ 11 r)) 
2/ JJ w v, 

, 11 

where CM • [(2'11:)3/2 ' v?rl and 

(5) 

cl cl ·1 /2 mc2 

- -2- - -2-) exp( - -;:) (6) 
ID ID 2NI I po co I 

is the linear parallel ELD. The r.h.s. of (5) tends to ] in the linear regime (r + .. ), 
whereas it tcnds to 0 in the plateau regime (r + 0). 

Numerical analysis and discussion. The radial profile of the absorption is 
now evaluated numerically for a profile of the electron density and temper~ture 
given. respectively, by De(r) = (oCQ • Dca) [1 - (r/a)2}'Y" + Dea' and T (r) = (Teo - Tea> 
[1 - (r/a)2]\ + Tu' For the numencai results that follow we take tbe profile indexe.s 
'Yn = 0.5 and 1t = 1; the central and edge-density n 0 = 1014 cm,3 and n a = DeallO, 
respectively; the edge- temperature Te..a = 0.5 ke~. whereas the centraf temperature 
T CQ is either 30 keY or 15 keY; Zj = Zeff = 1.3. Furthennore, the majo'r and minor 
radIUS are Rp _ = 520 cm and a = 124 cm, respectively. and the magnetic field is 60 kG. 
As for the LH parameters, we conside.r the frequency f = 4.6 GHz and a rectangular 
spec!rum of width .6.N II = 0.1 and NII(ffilR) = 1.75 (> N1{acc)(r/a = 0». With reference to 
the quasi-linear effects on the electron distributIOn functi9n, the tendency to 
fonn a plateau. in the (narrow) resonant velocity range (NII(mln) + .6.NIJrl = 0.54 1 
Vu/c 1 (N II (mln»-l = 0.57 is apparent in Fig. 1 where the (dlmensioniess) 
distribution F(vlI)/C(r), given by (3), is shown as a function of vJ~c, for Tc.o = 30 
keY , rla = 0.8 and different values of the incident power. As for the (enective) 
quasi-linear spatial ELD, 2ke"a/cos9 with ke" gi~en by (5) and (6), this is shown in 
Fig. 2 as a function of the LH power, for Nil = Nu(mlD) + .6.N,,12 (= 1.80). Teo = 30 keY, 
and different radial positions. One can see the significant decrease of kc" with 
powe r as a result of the quasi -linear plateauing of the distribution lunction 
shown in Fig. 1. On the other hand, the drastic decrease of the damping as the 
temperature decreases is due to the exponential dependence of ke" on T, cf. (5). 

The radial profile of aPe u(r)/(Jl/I), with Pe a(r) the absorbed power given 
by (I), is shown in Fig. 3 for Te~ = 30 keY and in Fig: 4 for Teo = 15 keY, for different 
values of the LH power. The notable feature is that the power deposition occurs in 
the peripheral plasma regi on, the LH penetration improving somewhat as' the 
power increases and/or the temperature decreases, in either case the ELD tending 
to be weaker. 

As for the fraction of the injected LH power absorbed by the a-particles, Le .• 
the area subtended by the corresponding curve of the power deposition of Figs. 3 
and 4, this is given in the following table for both Tea = 30 keY and 15 keY. 

"(MW) 

5 
30 
60 
100 

Teo = 30 keY 

2.0 % 
5.3 % 
8.3 % 

11.7 % 

T eo = 15 keY 

3.3 % 
8.2 % 

12.6 % 
17.5 % 

Note that the power deposition to the alphas is greater for Tea = 15 keY than for Tea 



1184 

= 30 keY, despite the fact !.hat "c/Te.o = 15 keY) < na(Teo = 30 keY). This resuhs from 
the improved penetration of the LH waves at lower temperatures. 

In conclusion, for the limited parameter range considered for a NET-like 
device, the LH absorption by the alphas is found nol to be significant as a result of 
the poor penetration of the LH waves, due to the s trong peripheral ELD. 
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TURBULENT CONDUCTIVITY OF PLASMAS DUE TO PARAMETRICALLY 
COUPLED LOWER HYBRID AND CONVECTIVE CELL MODES 

V.N.Pavlenko and V.G.Panchenko 
Institute for Nuclear Research of the Ukrainian Academy of 
Sciences, Kiev, USSR 

P.K.Shukla 
Faculty of Physics and Astronomy, Ruhr University Bochum, 
F.R.Germany 

It is known that the parametric instability can lead to thE 
enhanced plasma fluctuations exceeding the thermal noise level 
and to rapid transference of the electromagnetic wave energy 
from the pump wave to plss . B. In such eituation the efficien-

!tea. (.It 

oy of the radio-freque B defined in terms of the plasma 
turbulent conductivity <5ikl". [1,2]-
In this paper, the turbulent conductivity of a plasma is cal­
culated under conditione Buch that the lower-hybrid pump wave 
amplitude exceeds the parametric instability excitation thres­
hold. The latter is associated wit~ the decay of the lower­
hybrid pump into a daughter wave and the modified convective 
cell mode which plays an important role with regard to cross­
field particle diffusion. It is shown that scattering of 
charged particles by supra thermal plasma fluctuations is a 
nonlinear mechanism for the atabilization of parametrically 
unstable waves end ie the cause of the lower-hybrid wave dis­
sipation in a magnetized plasma. 
The modified convective cells are the oscillations in which 
the electron motion along the magnetic field lines are taken 
into account ( ~~ f 0 ). Keeping the i ons two-dimensional 

and aasuming the conditions. ~1:.P~ ,< i, 114,'« [~'(/l)( """'1 ~)f/2<i 
and "'/yfi L..< iN «(J, (t:<//CJ 9, to be fulfilled we can write 
the linear plasma susceptibilities in the form 

1-: (w,E) ~-(W?Vr./) (~</~t (wt('Yt<)! w 
t 

1,' {w , £J~ {wdQ,~)(INf('r-'f:;)llv 
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where Wpe(i) is the electron (ion) plasma frequency, Qt' i8 

the ion gyrofrequency, and V~ ie the electron-ion collision 
fr~quency. Substituting the expressions (1) into the dispersion 
equation 

1 +1-; (w,i) + ll? (~JJ ~ 0 
one can obtain the frequency and the damping rate 
fied convective cell modes [),4] 

of t he modi-

Re, w: ,w~ ; Q, {~'("WI":!inJ./IJ.~< Ql' , 

] -( , hI .( ,) .{ Y , hew' J'~ ~- I jl«. I'.L - i Yi!A.' ,,- I lA 

.t 

(2) 

(J) 

w.here jU{ '::: QJ3 Yl'pt' is the ion gyroviscoeity . 
~e can interested in electron-ion plasma immersed in the exter­
nal magnetic field B: "" Bo 2 and subjected the influence of an 
RP pump field t (t) ; E, j Co! /,vd with frequency Wo 
which lies in the region Q. ~< W" i.< Oe, e The expression 

~ " - ".. .... 
for the elctric field fluctuati on spectral density < rE df >w,/l 
in the magnetized plasma with the pump wave has been obtained 
in [2 J e_ L!t us consider the behaviour of the correlator 

< d f (if> w,;; in the region n ear the decay instability 
t hreshold when 

Wo = Wile t W~ , 

/,vr~ / ,/~ 
Here Wt/C = WpJ{+ J; J( if tl- :::;) is the lower-hybrid frequency. 
The flUctuation sp~ctral density has the form 

:: :: ~ m (Q/lw~ .. ) [I j<-! W~ ,Iv?, 1 
<dI:.H:>£ = hl~(/ rl/'l ) _+ f" YV ,' l , (5) 

i - ~, ft/. , b ut~ 0 e Ql ' -

~J.Eo e 
where ru = -;-:--~ « 1 J-'" wo 0 - , 
the lower hy rid and 
tively, and 

_2 
tt/. ~ 16 

Y.u.. and J' c. are the damping r*tes of 
the modified con.vective cell mode respec-

(6) 
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ia the threshold electric field strength required for the ex­
citation of the parametric instability. It can be Been from 
(5) that flUctuation lavel increa.e. infinitely when Eo-ft (. 
We show that scattering of chargwd particles by Buprathermal 
plasma fluctuations ia a nonlinear mechanism of instability 
atabl1izetion and is the cause of the RF pump wave power dis­
sipation in the plasma. The mechanism of' this scattering 1s 
physically similar to twin particle collisions 

press the turbulent plasma conductivity 6t k-r. 
the effective collision frequency v~ · 

et IL 

and we can 'ex-

in terms of 

On the other hand the conductivity of a plasma immersed in an 
RF pump field can be determined from the energy balance equ8 -./ j ~tl -
t;on _ T 6 t kr f: "'? 1'1" di (f 12;1'-,l) l.J;S) where 

1;. [p) is_the collision integra l of the charged particles. 
Following L 2] , we shall assume that the main contribution to , 
the collision integral is made by the term associated with ,the 
particles turbulent diffusion. As a result one can find the 
cOl1mection between the eff~ctive collie~on freqUenc~. and 

the spectral deneity of the turbulent fluctuations < rE-et'> • 
.......-:;-::: d \l C w, k 

in the region above threshold. Tbe correlator < dE , ~ > w,£ 

is defined by the expression (5), in which the eigen frequen­
ciea of the plasma· sre taken to . be W/ t (' '/1/. ( INi are 
the eigen frequencies of the plasma in the absence of an pump 
field). Finally, one obtains the nonlinear equation for 
Solving it we have 

(I) 

where ~o la the wave number determined fl'.om the ' decay con­
diUon (4). 

Wi th taking into account (7) the expression for 6t has 
"'~. 

the form 1, 

INfie k l A Wc 

Qt dUo 
(9 ) 
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The expressions (8) and (9) are held in the region 

- 1 Wc., i< 1:.0 
- l .:. ( 10) 

I:::u.. , ( c., 
Notice must be taken that present reBults can be important in 
the l ow-jB ple smas , Buch as thotse found in the ionosphere, 

and some laboratory devices, sincej<{Tel r:.Xf::Lp,l(I!1{./In.:) [3J. 
For such plssm8s the turbulent plasma conductivity which ie 
defined by the expression (9) can essentially exc eed t he clas­
sical conductivity due to the electron-ion c ollisions when 

the condition Eo> Ea . takes place •. 
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COMPARISON OF TIlE DRIVEN KINETIC ALFYEN WAVES OBSERVED IN TIlE 

TCA TOKAMAK WlTIl NUMERICAL SIMULATIONS. 

K. Appert. 0.0. Borg. B. Joye, A.J. Knight, J.B. Lister, J. Vaclavik, H. Weisen 

Centre de Recherches en Pbysique des Plasmas 

Association Euratom - Confederation Suisse 

Ecole Polytechnique F&ierale de Lausanne 

21 . av. des Bains, CH-lOO? Lausanne/Switzerland 

INfRODl !CTION 

The TCA tokamak (R = 0.6Im, a = 0.I8m, ET ~ 1.5 T, n,(O) ~ 1.8.1020 mo', 'v~ 170 

kA) is equipped with four top-ocmom antenna pairs to define the toroidal mode number n. An 

. Alfven resonance is excited whenever the local Alfven velocity v A matches the externally 

imposed wave velocity co/k ll. In the large aspect ratio approximation this condition can be 
written as 

(1), 

where p is the mass density and q the safety factor. Fig. 1 shows the resonance position as a 

function of the central density for two sets of mode numbers considered here, (n,m)=(2,O) 

and (-1,-1), with BT = 1.5 T in a deuterium plasma, as relevant to our experimental 

conditions. The density profile was assumed to be parabolic and the current profile of the 
formj(r) = j(O)(I_r2/a2)2.2 such that q(O)=I and q(a)=3.2. 

At high temperatures (vc"i::.v A)' kinetic theory predicts mode conversion at the resonance 

layer from the fast magnetosonic wave to a radially inward propagating wave with a large 
electrostatic component and an associated density penurbation I. The density modulation is 

detected using the phase contrast diagnostic installed on TeA2. It is similar to a laser imaging 

interferometer and is equipped with a 30 element HgCdTe iiurared detector array and coherent 

amplification for 16 channels. Owing to the essentially cylindrical symmetry of the waves, the 

pattern of the line integrated density perturbation remains closely related to the original radial 

wave pattern. To a first approximation the local amplitude is multiplied by an effective 

integration length Leff= (21tr/kr)o.s, where ~ is the radial wavenumber of the wave. 
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EXPERIMENTAL OBSERVATIONS 

Fig. 3 shows examples of radial profiles of the amplitude and phase ('V(r» of the driven 
density fluctuations at different line densities with (n,m) = (-1,-1) and (2,0), and P rf e!' 40 

kW. At densities near the threshold below which the resonances are not in the plasma, the 

oscillations have the character of standing waves (constant phase profiles except for jumps of 

n). At higher densities they have a prevailingly propagating character (sloping phase 
profiles), with wavelengths that become shorter as the resonance layers, move away from the 

plasma center. We shall only discuss the case of propagating waves in this paper. 

Near resonance it is difficult to compare a local wavenumber (d'Vldr) with theory because it 
varies rapidly from zero to a finite value. On fig. 2 we have instead plotted the average 

wavenumber <k? over the first cycle of inward propagation as a function of peak position. 

The solid lines were obtained from the approximate dispersion relation for the Kinetic Alfven 
Wave expressed as 

(2), 

where Pi is the ion Larmor radius. The resonance profiles from fig. 1 were used together with 

a combined temperature profile Te + 3/4 T j assumed to be a parabola squared with a central 
value of 1 keY, in accordance with temperature measurements on TeA. Again ~ is an 

. average over the first cycle and is plotted as a function of resonance position. The-s.m,aller 

<1;.> for (-1,-1) are a result of the shallowness of the (-1,-1) resonance profile. These waves 
remain closer to resonance and therefore maintain a longer wavelength. Propagating waves 
with wavenumbers significantly smaller than "indicated on fig. 2 are not observed. Closer to 
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the thresholds only standing waves occur. In the conditions of the TeA tokamak, the KA W is 

predicted to be strongly electron Landau damped. The fractional damping rate Oe = 1/2 7t112 

valve is in the range 0.2 (near the plasma centre where Te ~800 cV) to 0.5 for a (-1,-1) KAW 
near f/a = 0.7 where T e ~ 200 e V. This is in good agreement with our observation that the 

amplitude e-folding lengths estimated inward from the amplitude maxima are about one 
wavelength in the core region, but can be as small as 0.4 wavelength nearr/a = 0.7. 

COMPARlSON WITH NUMERiCAL CALCULATIONS 

Numerical simulations of K.A W excitation were performed in cylindrical geometry using 

the ISMENE kinetic code which includes Landau damping, transit time magnetic pumping 

and certain equilibrium gradient terms3.4, and uses the formulation of Vaclaviks for the local 

power absorption. The profiles of plasma parameters used were similar to the above 

mentioned and the frequency was 2 MHz. Fig 4. shows profiles of local electron density 

fluctuation amplitude and phase for cases that can be compared to the corresponding examples 
on fig.3. Although there is a striking similarity between the wavefields observed and 

predicted by Jcinetic theory, exact matching of the two should not be expected because the 

details of the wavefields depend on the profiles of plasma parameters, and because fig.3 
shows line integrated density oscillations. Absolute amplitudes for a given power agree 

within a factor of two. In the case of (n,m) == (2,0) direct excitation is poor. As a result the 

KAW amplitude on fig.4. c) and d) is not much larger than the fast (pump) wave amplitude, 
leading to oscillation profLles that are not representative of those obtained in a tokamak, where 

the (2,0) waves are excited efficiently via toroidal coupling by a (2,1) antennae structure. The 

experimenlal results should therefore be compared to the wave profiles shown as broken 
lines, where the fast wave component has been subtracted to show the (2,0) KAWonly. 

CONCL!JSIONS 

Experimenlal observations of the KA W in the TCA tokamak and numerical simula~ons 

using the ISMENE kinetic code are in excellent agreement. At a more basic level, the 

observed radial wavenumbers agree with the KA W dispersion relation. The attenuation of the 

wave amplitude is consistent with electron Landau damping. 

This wfuk was partly supported by the Swiss National Science Foundation. 
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EFFECTS OF THE ALFVEN WA YE HEATING IN THE TeA TOKAMAK 
DEDUCED FROM THE PLASMA DYNAMICAL RESPONSE 

Th. Dudok de Wit, B. loye, I .B. Lister. I.-M. Motet 

Centre de Recherches en Physique des Plasma, Association Euratom-Confederation Suisse 
Ecole Polytechnique Fed&ale de Lausanne 

21, Av. des Bains, CH-lOO? Lausanne. Swiu:erland 

Alfven wave heating as used on TeA has already been shown to have an important 
effect on most of the plasma parameters amongst which the most noticeable are the electron 
and ion temperatures, the kinetic energy content inferred from the diamagnetic flux, the 
Shafranov parameter A = P + li/l- 1 deduced from the equilibrium vertical field and above 
all the plasma density. The ~patial distribution of the resonant layers inherent in this kind of rf 
heating have been found to influence the temporal evolution of most of these parameters. 
This experimentally appears as a characteristic reduction of their time derivative at the same 
time as a new resonance layer appears in the plasma center. It is tempting to link: these 
observations with a spatial redistribution of the absorbed power when the resonance surface 
structure is modified. Nevertheless the impressive density increase present during Alfv~n 
wave heating makes the interpretation of these experiments somewhat difficult if we want to 
take into account these effects on an equivalent density variation for a purely ohmic ShoL 

Plasma dynamical response to Alrven wave heating - Since our experiments 
are inherently transient, we chose to extensively srudy the dynamic plasma response [I]. 
TeA plasmas (a = 0.18 m, R = 0.61 m, B., = 1.521) an: healed by Alfvtn waves at 2.0 to 
2.5 MHz launched by 8 phase-coherent arttenna array. Dynamical response measurements 
were perfonned either by sinusoidally modulating or prepro~g one of the controlable 
machine parameter such as the rf power or the gas valve. The Presented wode: concentrates on 
the study the response of the electron temperature in the range of modulation frequencies 
from 100 Hz to 500 Hz. At these frequencies both the density and the impurity content 
relative mOOulations remain much smaller than the soft-X-ray flux modulation. Thus the latter 
is attributed to a change in the electron temperature. 

Profiles of the nonnalised gain and of the phase of the soft-X-ray response to a 
modulated rf power (Fig. 1) exhibit two distinct regions separated by a well defined radius. 
Inside this radius the temperature response profile displays the lowest gains and phases; 
outside both the gain and the phase increase. We note that that the modulated component of 
the soft X-ray signal comes mainly from a variation of the base line signal, although it will be 
shown that the sawtooth activity plays a imponant role in the electron temperature response. 
The presence of an electron thennal energy source associated with this perturbation is 
identified by the lowest value point on the phase profile, i.e. toward the inner side of the 
separation radius. At the highest studied frequencies, this thenna! energy source lags the rf 
power by 1800. This shows that the electron temperature penurbation is not produced by 
directly ihennalising the wave energy but by an indirect mechanism. Moreover, it has been 
possible to establish that this phase profile is independent of the resonance layer position. 
Two situations are shown in Fig. 1 where the resonant surface struClUre was modified by 
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either a density or a frequency change. In the first case - low density or high frequency - all 
the resonance surfaces are in the plasma periphery while in the second case a new resonance 
layer has just appeared in the plasma eenler. Both conditions lead to the same, 
indistinguishable, phase profile. In fact. this same temperature response was produced by 
modulating the electron density with gas puffing in purely ohmic conditions. The apparent 
thermal energy source and the abrupt increase of the delay are associated with the q=l surface 
and may be explained by modifications of the sawtooth activity. This unsuspected but natural 
reaction of the electron temperature to density variations is described in detail in a companion 
paper [2J. 

A comparison of the two cases presented in Fig. 1 shows that there is a significant 
difference in the electron temperature modulation amplitude. The relative gain is from 2 to 4 
times bigger when all resonance layers are near the plasma edge compared with the case 
possessing a dominant central resonance surface. This considerable global decrease of the 
plasma response amplitude may well be the cause of the observed discontinuity in the time 
evolution of the plasma parameters when a new continuum is crossed. The unsuspected 
character of this observation should be emphasised: either gas puffing. producing mainly a 
modifiction of the edge density. or Alfven wave heating, and the unavoidable presence of 
resonance suIfaces in the plasma periphery, can induce a change in the energy content in the 
plasma bulk. With the available experimental results it is. however. not yet possible to 
determine whether this is the consequence of a modification of the density or the teptperature 
in the plasma periphery. 

Superposition of rf power and gas valve modulation - It has been previously 
established that most of the electron temperature variation during rf heating is an intrinsic 
reaction of the plasma to a change in the density. Under these circumstances it is obviously 
much more difficult to observe any experimental evidence of direct rf heating. Gas puffing 
may be used to control the density modulation due to the If field To achieve this the rf power 
and gas valve were modulated at the same frequency with a phase and amplitude relationship 
adjusted to minimise the line average density variation. This should leave an electron 
temperature modulated component which is directly driven by the modulated rf power. 
Figure 2 shows the amplitude profile of the soft-X-ray flux in three cases: with a modulation 
of the rf power only. with a modulation of the valve and finally with the described 
superposition. The ex.periment was caried out at tOO Hz with a maximum peak to peak rf 
power modulation limited to 20 kW by the gas valve dynamic range. Also indicated in the 
figure is the expected signal amplitude in the plasma center if this rf power was spacially 
uniformly absorbed. The central electron temperature response is compatible within the 
margin of error with a zero or a uniform heating although the plasma parameters and the 
heating scheme were set up so as to guarantee the presence of a resonance surface in the 
central part of the discharge. Only the outermost soft-X-ray channels displaid a larger 
residual oscillation. The Qhase of this oscillation with respect to the rf power is estimated to 
lie between 1150 and 1400, a value which exceeds 900 and which is incompatible with direct 
heating. It should be noted that it is difficult to guarantee that everywhere in the discharge the 
density variation was cancelled to a sufficiently low level since only the line integrated 
density modulation was minimised. 

Discussion - In conclusion. although the presented experiments were designed to 
give the best chance to observe any direct electron heating by absorption of Alfven waves. no 
clear answer was obtained. The error bar may be reduced by averaging results over many 
discharges which is hoped to be sufficient to resolve this question. 

The theory of the Alfven wave physics predicts that an inward propagating kinetic 
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Alfven wave is created by wave conversion at the resonance layer. This wave is then 
absorbed by Landau damping over a few wave lengths, quantitatively a few centirneters. The 
density perturbation associated with this wave has been observed and is in agreement with 
theory [3], Quantitativly, if all of the coupled power were thennalised by this channel, a 
localised modulation of the electron temperature would have been visible. We are forced to 
consider the possibility of a large fraction of the rf power being dissipated by another 
mechanism. This could be explained by the very different ratio between the wave phase 
velocity and me electron thermal velocity in the edge and cenual part of the plasma column. 
This hypothesis is supported by the observation of improved heating at low plasma current 
where the electron temperature is smaller. Experiments will be carried out in a near future to 
see if this ratio is a key parameter in the processes of Alfv~n wave thermalisation. 

This work was supported in party by the Fonds National Suisse de la Recherche 
Scientifique. 
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ANTENNA PLASMA INTERACllON AND HARMONIC GENERATION IN 
ALFVEN WAVE HEATING 

G G Borg. S. Dalla Piazza, Y. Martin, A. Pochelon, F. Ryter and H. Weisen 

Centre de Recherches en Physique des Plasma, Association Euratom-Conf&leration Suisse 
Ecole Polytechnique F~e de Lausanne 

21, Av. des Bains. CH-lOO7 Lausanne. Switzerland 

"'Max-Planck-Institut fur Plasmaphysik, 0-8046 Garching, Munich, F.R.G. 

Introduction Additonal plasma heating by Alfven waves (A WH) has been studied on 
TeA for some years, Although considerable agreement between fundamental wave and 
coupling phenomena has been observed [1,2]. the heating results have always been poor and 
difficult to interpret. Only recently has energy deposition within the plasma been shown to be 
determined mostly by the density rise [4] and ohmic effects and not by Alfven resonant 
absorption within the plasma [3] . 

In TeA, the standard A WH antennae are unshielded and are in direct contact with the 
plasma scrape off layer (SOL) in the shadow of the limiter. In this paper we test the 
hypothesis that a Langmuir current (resistive and capacitive [5]), hencefonh referred to as the 
default current, flows from the antennae to the plasma on application of RP potential and we 
estimate the parasitic power deposited at the plasma SOL interface. 

Experiment In TCA there are four pairs of antennae spaced at goO intervals around 
the machine. In each pair there is one antenna on top and one on the bottom of the plasma. 
AWH is nOlmally effected by applying approximately 30kW of RF power per antenna at 
2.04 MHz. IT desired, these antennae can be artificially polarised negatively with respect to 
machine earth by a biasing circuit coupled to the antenna RF lines. One of the TCA antennas 
is shown in Fig. 1. We monitor the current entering each tenninal of one of its three bar pairs 
by Rogowski coils. In addition, we monitor the RF potential' with respect to the machine 
earth by one voltage divider on each tenninal. The signals obtained are therefore proportional 
to the time derivatives of the current and the voltage. Under normal conditions and according 
to the prescription for A WH, a large antenna current, the circulating current, flows in one 
tenninal, through the antenna bars, and out the other tenninal, If a default current flows from 
the antenna into the plasma then the current entering one terminal of the antenna is no longer 

Fig. 1 

.•. ~ 

A WH antenna showing the paths of the circulating current and the default 
currents for symmetric excitation. 
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equal to the current leaving the other terminal. Subtraction of the two Rogowski signals 
therefore permits a measurement·of the default current, which must flow from the high power 
generator. through the terminals of the antenna, and into the SOL. 

Under nonnal conditions the TeA antennae are excited symmetrically at RF with 
respect to machine earth (the terminals of the antenna are excited in push-pull) and are 
electrically floating at DC with respect 10 the plasma. The default currents entering each 
tenninal of the antenna should then be more or less equal Since these currents consist mainly 
of a rectified electron current flowing in each terminal on positive half-cycles of the tcnninal 
voltage, we predicted a default current signal at the second hannonic of the Alfven generator 
frequency (2.04 MHz). The prediction was confumed by an experiment in which a top and a 
bottom pair of antennae were excited (Fig 2a). The signal wavefonn obtained is independent 
of the chosen antenna poloidal phasing. The magnitude of the default current is typically 0.02 
to 0.05 of the circulating antenna current for our conditions. This could explain a substantial 
part of the measured Alfven power if the irdividual default currents flowing in both terminals 
are in phase with their tenninal voltages, as will be shown later, and the other, unmonitored, 
bar pairs have similar default currents. 

Fig. 2 Typical signal traces showing the time derivatives of the antenna potential, the 
circulating current and the default current. 
a) Symmetric excitation.The default current trace shows the sum 

of the default currents entering at both antenna tenninals. 
b) Asymmetric excitation with ooe side of the antenna at machine earth. 

The signals are calibrated for the fIrst harmonic at 2.04 MHz. 
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The default current has some interesting properties. Firstly. the current drawn 
from the plasma by a passive antenna circuit when RF is applied at another toroidally 
separated antenna is of the same order as the directly excited default current measured on the 
excited antenna. This means that different antennae interact. Indeed, observation of the 
default current of one antenna whilst all eight antennae were excited revealed a very 
complicated wavefonn consisting of mainly first and second harmonic signals. Second, in 
the case of relatively high power excitation, the default current does not depend on the 
artificial polarisation applied to the antenna when this polarisation is more negative than the 
natural polarisation. According to simple floating probe theory, an oscillating potential 
applied to a floating metallic object in a plasma will draw a DC current until the object has 
charged sufficiently negative to equalise the average ion and electron currents on each 
half-cycle [6]. This is similar to the technique of grid-leak: bias used in circuits involving 
electron tubes. If a more negative potential is applied to the object, then any increase in RP 
current must be due to an ion current which causes a DC current to flow to the polarisation 
source. This increase in RP current is small due to the low ion thermal velocity. 

It is not JX>ssible to measure the individual default currents in each antenna tenninal 
using the above experimental technique. In order to measure the power deposited in the 
plasma edge it is therefore necessary to excite the antenna in such a way that the default 
current enters through a single known terminal. The time averaged product of this current 
with the measured tenninal voltage with respect to machine earth then gives the parasitic 
power. 

This was achieved by grounding one side of the antenna so that all points along the 
antenna bars oscillate in phase. In this case, for a plasma of static potential, we may 
hypothesise that only the active side of the antenna sources a default current. A typical 
unintegrated default current is shown in Fig. 2b with the corresponding unintegrated tenninal 
potential trace. Note that the second harmonic of Fig. 2a for the case of symmetric excitation 
has largely disappeared; in agreement with the hypothesis. 

The default current in this experiment has half the amplitude of the circulating 
current since the antenna potential was fixed at DC earth. In this case the antenna never 
attains the negative polarisation necessary to reduce the large electron current on positive 
half-cycles of the oscillating potential to the value of the ion current on negative half-cycles 
and hence extinguish the DC current. As a result the power estimated is not directly relatable 
to that measured in the symmetric, floating antenna case. The power, 10 kW, calculated from 
the trace for this bar pair corresponds to a total antenna power between 20 and 30 kW 
assuming that the other outside bar pair behaves identically and depending on how much 
default,current can be drawn along field lines by the centre bar pair. Unfortunately, due to the 
asymmetrical load, the normal A WH power measurement diagnostic was made 
nonoperational by this experiment so that a direct comparison is not available. Nonetheless, 
this magnitude of parasitic power would represent approximately 240 kW of wasted power 
if all eight antennae were excited asymmetrically in the same way with one terminal at 
machine earth. The A WH RF pOwer is calculated by a voltage measurement across the 
symmetric RF power line and by a measurement of the average current in the line. This 
measurement is therefore expected to include the default current power. 

The presence of some second harmonic on the default current with asymmetric 
excitation (Fig. 2b) is poorly understood, however unlike the first harmonic (2.04 MHz) the 
second harmonic is strongly fluctuating and varies considerably with plasma conditions. It 
could have two origins. The first is that the plasma potential oscillation produces a current 
component into the antenna. The second is that the second harmonic is a natural trait of the 
high voltage, high frequency Langmuir current effect in the SOL. In this case the 
characteristic can be checked by disconnecting completely one side of the antenna so that no 
circulating current flows and the antenna potential is uniform along the length of the antenna 
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bars. The fact that the default current flows from one terminal to the plasma can be checked 
by measuring the harmonics of the individual Rogowski currents. 

The difference in the amplitude of the observed default current signals in the 
symmetric and asymmetric excitation experiments may be due [0 the natural polarisation of 
the antenna in the symmetric case and the non polarisation in the asymmetric case. It may also 
be due to the fact that a good portion of the first hannonic of the default currents flowing to 
the SOL in the symmetric case are cancelled during addition of the Rogowski signals.The 
natural polarisation of the antenna can be preserved during asymmetric experiments by 
connecting a low impedance capacitor from the antenna terminal to ground instead of making 
a direct connection. In this way one should obtain a default current of similar magnitude to 
that seen in the symmetric, floating antenna experiments. 

During AWH with symmetrical excitation, harmonics have been observed on the 
magnetic wave field and ion saturation current signals in the SOL. The second harmonic 
(4.08 MHz) has been shown in some cases to be 50% of the fundamental signal. All 
hannoncs of the ion saturation current measured by a Langmuir probe, positioned far from 
the excited antenna, peak around the antenna radius. Such harmonics however have only 
been detected in the SOL. They have not been detected deeper in the plasma by the density . 
fluctuation imaging diagnostic. Their level within the plasma does not exceed the sensitivity 
threshold of the Kinetic Alfven Wave amplitude at the applied frequency. It has been 
suggested [7] that these harmonics are due to the Langmuir effect at the antenna-SOL 
interface. An experiment with asymmetrical excitation has been perfonned in which the 
harmonics of the default current were measured as a function of the harmonics of the toroidal 
component of the magnetic wave field during an RF power scan. Since it is known that the 
amplitude of these hannonics all decrease with the negative level of artificial polarisation, the 
antenna was grounded as in the case of the default current power measurement to eliminate 
the effect of the antenna natural polarisation on the SOL. Asymmetrical excitation also 
pennits excitation of a default current in a single antenna tenninal to provide a single source 
of the plasma wavefields. It was predicted that the level of the harmonics (4.08, 5.12 and 
8. 16 MHz) of the plasma signal would increase linearly with those of the default current. 
Experiments however are still preliminary and have not yet provided clean enough signals for 
a valid comparison. 

Conclusion Experimental results have been presented which fonn the first stage of 
a study of the plasma-antenna parasitic interaction during -AWH in Te A. The results 
demonstrate that it is physically feasible to obtain a direct measurement of, the power 
dissipated by the default current at the antenna-SOL interface and the measurement indicates 
that 20 - 30 kWs is delivered to the SOL in the particular case of the asymmetrical,ly excited 
antenna when grounded directly at the machine eanh. 

Acknowledgements This work was partly supported by the Fonds National de la 
Recherche Scientifique. 
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Jntrod uction 

Results are presented on the first observa.tioDS of the Discrete Alfveo Wave (DAW) and the 
first measurements of laser scattering off the kinetic Alfven wave in the TORTUS tokarnu. 
TORTUS is a. relatively small device, with major radius R = 0.44m, minor radius a.lm and 
has previously been operated routinely with B. = 0.7 Tt Jp = 20 kA and ne '" 1 X 1019 m-3 , 

Uuder these conditioDs, and over a wide frequency range (1 - 14 MHz), there has been no 
evidence of the DAW modes observed [1) on TeA. Recently, a minor upgrade of TOlITUS has 
permitted routine operation at B. = 1.0 T, Jp = 30 kA, q(o) ..... 5 and ne "" 1 - 4 X 1019 

m-3 . At the operating frequency, 3.2 MHz, chosen for this study," DAW modes are observed 
clearly at both low and high densities. The appearance of DAW modes appears to be due 
to a steeper current profile at the higher plasma currents now generated in Tonus. The 
general behaviour of DAW modes is in fact quite sensitive to the density: and current profiles, 
indicating that DAW modes should provide a useful current profile diagnostic. 

A total. of 6 identical antennas is installed in TORI'US, arranged as 3 pairs at 3 toroidal 
locations. Each pair consists of a top and bottom electrostatically shielded antenna (2) which 
can be phased to excite either even or odd poloidal (m) modes. The array can also be 
phased to select the toroidal (n) mode number and its sign. Each antenna pair is driven 
separately by a 20 kW amplifier and up to 40 kW of rf power can be delivered to the plasma. 
By comparison, the ohmic heating power, at Jp = 30 kA, is typically 50kW. The results 
presented in this paper were all obtained with only one of the 3 antenna pairs active, phased 
to excite odd m modes, in order to excite both n = 1 and n = 2 modes during a single 
discharge. Modes with n > 2 are not observed at / = 3.2 MHz and at densities nc < 4 X 1019 

m-3 . 

Previously, we have observed Alfven resonance layers in TORI'US using magnetic probes, 
but only at relatively low values of the plasma current 13). At high lp, magnetic probes can 
be used only in the plasma edge, to monitor DAW and guided modes and to .determine t he 
R, m mode spectrum. The Alfven resonance layer is now probed with a submillimetre laser 
system to detect the density perturbations associated with the kinetic Alfven wave (KAW). 
The KAW has a radial wavelength", 1 cm and generates density fluctuations aRc/Rc N 0.001 
at a power level N 20 kW. DAW modes are not detected by the laser system since the radial 
wavelength is typically"" 5 cm and the corresponding density fluctuations are much smaller. 

The submillimetre source is a 20 m W optically pumped formic acid vapour laser operating 
at 433 pm (4). The laser is used in a far forward scattering system (5) in which radiation 
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alter passing along a vertical chord of the plasma is focu8sed onto a. Schottky diode detector. 
Density fluctuations associated with the KAW perturb the beam, causing fluctuations in the 
laser power reachlng the diode. The amplitude and phase of the detected signal, at the wave 
frequency, are measured using quadrature RF mixing techniques. This system has no spatial 
resolution along the beam. The transverse resolution is determined by the Bmm beam width. 

An alternative scattering system, sharing the same optics, has also been developed using 
a 10 W step tunable gyrotron [6) opera.ting a\ "'" 175 Ghz (1.7mm) and with a beam width 
of 4 cm. However, the only sca.ttering results presented below a.re those obtained with the 
laser system. 

Experimental results 

Typical data for "DAW mode excitation in a. hydrogen plasma is show n in Fig. 1. The 
antenna resistance, R .... t , is the equivalent series resistance of each antenna, with the vacuum 
resistance subtracted. The occurence of DAW modes is indicated by sharp peaks in the edge 
wave magnetic fields, and a. significant increase in antenna resistance. The dominant wave 
field component at the plasma edge is the b, component . Although a ,DAW mode is a global 
mode, the edge wave fields are calculated to be about two orders of magnitude smaller than 
t he wave fields at the centre of the plasma. The mode is therefore not excited directly by the 
external antennas, but requires the fast wave to transport energy from the external antennas 
to the center of the plasma. DAW modes can be excited by driving only one antenna pair, 
as in Fig. 1, or by appropriate phasing of all three antenna pairs. Better coupling to any 
individual mode is obtained by phasing the three antenna pairs, but a wider spedrum of 
modes can be studied by driving only one pair of antennas. 

In Fig. 1, the most obvious indication of a DAW mode appears on the b, trace, which 
shows two distinct peaks, the first at t ~ 6 ms and the second at t ~ 11 .5 ms. The first 
peak corresponds to an n = +1, ID = -1 mode which appears at a line average density 
ne = 1.5 x 1019 m-3 and the second peak is due to an n = +2, m = -1 mode which appears 
at ne = 4.3 x 1019 m-3 . The sign nota.tion used in this paper is such that k. = (n + m/q)/ R 
in the cylindrical approximation, for perturbations of the form exp[i(kz + me - wt)]. The 
edge safety factor q(a) ~ -5 in Fig. 1, Jp and B. being in opposite directions. Negative m 
DAW modes are excited preferentially since the wa.ve fields extend over a wider cross-section 
of the plasma for left-hand polarised shea.r wave modes than for right-handed (m > 0) modes. 

The appearance of a DAW mode is not especially evident in the R .... t trace when only 
one antenna pair is driven. A much larger increase in R .. nt is observed when all 3 antenna 
pairs are driven. The main features of interest in the R..nt trace shown in Fig. 1 are (a) the 
very low level of background loading prior to the appearance of the n = 1 mode and (b) a 
significant increase in R .. nt when the n = 1 mode appears and again when the n = 2 mode 
appears. These results show clearly that very little energy is deposited in the plasma edge 
and that essentially all of the power delivered to the plasma is deposited in the n = 1 and 
n = 2 Alfven resonance layers. 

Scattering of the laser beam is observed at all radii immediately following the disap­
pearance of the n = +2 DAW mode. As shown in Fig. 1, there are two distinct peaks in 
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the scattered signals occuring at slightly different times during the discha.rge. The radial 
structure of each peak is shown in Fig. 2. We interpret the scattered signals to represent 
scattering from Alfven resonance layers in the plasma. The first scattering peak, at t", 11.6 
ms, indicates an Alfven resonance surface at r/a "" 0.6. The second peak, a.t t "" 13.5 ms 
shows an Allven resonance surface at r/a "" O.S. 

Further experimental work will be required to provide a more comprehensive account of 
the results presented in this paper. We are at present obtaining density profiles and further 
scattering data at small angles. This data is needed to interpret the radial structure of the 
scattered signals shown in Fig. 2. At present, the phase information obtained from laser 
scattering is ambiguous since the phase profiles can be interpreted either in terms of a radial 
shlft in the position of the AJfven resonance layer or as a radial propagating KAW. 

n, 

11.., 

Scattering 
amplitude 
at. r/a = 0.6 

120 mSl 

n = +2, m;'-1 

5 10 15 20 

time (InS) 

Fig. 1 Typical experimental data at f = 3.2 MHz 
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t=11.6 IlU I ~ l " 13.5 IllS 

1 

·o~----------~o~.,C------"--C-~ 

miz10r rodiu, r/e. minor radius r/a 

Fig. 2 Scattering signal amplitude V8 r/. at (8) t = 11.6 ITl8 and (b) t = 13.5 ms. 
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ALFVEN AND FAST MAGNETOSONIC WAVE EXCITATION BY HIGH ENERGY 
ION BEAM IN TOKAMAK PLASMA 

Yeg.orenkov V. D., Stepanov K.N. 

Kharkov Institute of Physics and Technology, 
the Ukrainian SSR A~ademy of Sciences, )10108 Kharkov, USSR 

Abstract. For the toroidal plasma model as a hollow cylinder 
with the toroidal magnetic field Ore 1/R it is shown that 
global Alfven waves in the absence of conversion are excited 
by resonant ions at the cyclotron resonance under the anoma­
lous Doppler-effect conditions. In the presence of Alfven 
wave conversion into the kinetic Alfven wave the 1nstabilitl 
for ITER parameters appears to be impossible because of 
strong electron Cherenkov absorption. 

On injecting fast neutral beams in tokarnak plasma with 
the aim of heating and current drive various instabilities 
may develop [1J. This problem has beqome especially actual 
in connection with the ITER project l2J bR ~5+6m,a..~2m, 
b/<>- " 2, T ~10.30keV, "'-- =0.1.2.0 • . 102 m-3, If ~15.30MA, 
BD ~5T), which puts forward not only the task of plasma 
~eating to the break-even temperature but also the provision 
of prolonged discharge sustainment with the help of neutral 
beam injection (injection power Pc:t>=.100MW). To approach the 
c~ntral part of such a discharge the reutral atom energies 
~o == tn~croL/2.. =0. 7+2.0MeV are required. Under these condit­
ions the beam veloci ty ?ro exceeds the Alfven velocity and 
as this report shows it becomes possible to excite Alfven 

(AW) and fast ma.gnetosonic (FMSW) waves with frequencies of 
the order of ion cyclotron frequency by fast ions appearing 
in plasma as a result of neutral injection at the cyclotron 
resonance under the anomalous Doppler effect conditions ' 
(Sagdeev-Shafranov instability (3J). AW an<l FMSW as well as 
short wavelength ion cyclotron wave excitation by the ion 
beam with Maxwellian distribution over velocitj,es under the 
anomalous Doppler-effect conditions was considered previously 
[4,5] and, recently, in conn-ection with the neutral injection 
-6 J 
l • On tangential injection of neutral beam into the plasma 
as a result of ionization an ion beam with anisotropic dis­
tribution function i:s formed. If one neglects the sc-attering 
of' fast ions over angles, their diffusion in velocity space 
and accounts only for col1isional slowing-down py electrons 
and ions then the steady state distribution function pf f 'sst 
ions has the form [1] · . . 



1208 

, [ / 3 3 -~ C> '" /-(V.L,I!;,) ~3p-r;~ 2.,,-<--<, +<lC. JJ d'(L<>S 1/- <,>,vo), (1) 
for 17 <: LTa and + =0 for V- > ZTo ,where ~o is the angle 
between the injection direction and the magnetic field, (T= 
=Vu:l+u,,'-, -:7=cu-~t-J'- OJ:;jVQ), VC =[C31/iF/4)(nte/m,)] ~ • 
7:0'= 'Z:5/~ ,(;'"c is the energj exchange time between the fast 
ions and plasma, p=Q/Co, Q is the specific injection power. 
To obtain (1) for zr-lfo it is assumed, that "lJ'T.:.«cr«are 
(for ITER Vo'£' 1.S-109cm!sec, ~5.109cm/sec,Zf.i"£108cm/Bec). 
The conditions for neglecting scattering and diffusion of fast 
ions imply that 1r">=="' tTc... • This oondi tion does not hold 
for ITER parameters chosen (1rc..~ 109cm/sec "" uo ). However, 

the calculations of the fast ion distribution function per­
formed with the account of scattering over angles show 7, . 
tha t in the region IT __ Lrt:. E Uo it is numerically close to (1). 
The de v 1 ation is essential only in the velocity region that 
is considerably less than VC • Small group of resonant par-
ticles with '1.r - Vc is responsible for the excitation of 
waves therefore for estimates we may use 1t(Lr~/Lrq) in the 
form (1). Beam density and toroidal electr~c current density 
due to ions (which, on neglecting toroidici ty for .i!ell =1, we 
consider to be co~en8ated bl ele9trons) account~ng for (1) 
will be nl. = PLoc... C1+ oC ) Jh(, =r,Z:ovoco<1:10 X CoL', v [P 1+~ 'f: Z -0< --,,-
.. .{.J«) % 1 - *" L-11 v'1"'W'-+J~ -r v'3 arc -:;j ~ -1- ..:26.J I 

where ol-::Cl"c.-/tro • For ITER at Co =1.5 MeY, PcJ> =100 ~ 
and. £.(:?S~" =0.8 ~ne obtains Q ... 0,1 W/cmJ, 17g. =1012 cm , 

J"g =110 A/cm and total ion current .Tg = Jilt. 7Tq6 = 
25 MA. 

If one neglects the finite Larmor radiUS effects for 
plasma ions, then the frequencies and wave vectors of AWfs 
and FMSW's will be .~p.JU1ected by tht relation z... 

.LIo = ~'-C-'Yh -Er) ... {JI'/, - c,) 2._ Cz =0 (2) 
and the growth r a te is equal to 6'&=2 di"' ,where at I: .-tI/") / (9-UQ /7Ju:» /4J s Q,ii;, h 

(.1 -n,2.e'-5. .z <:>-I 9H)n/, (3). 
$6 ~ - oI;"'~ (l1£"ct_ of"~ +1(;, - d (4)-If;,1Ji, -h4J«~).1 

~ coz. v; 9u; "LW z ~' 2. 
~ = n'-J; C.xz(1 -.. <o>'e) - .de. +.?,:) ]-2.1J"J:,_~J/,,-Y-l2.)+-<.S.N,,-EJ , 

J. .s;;,(~) are Bessel functions, 5 = oI<:.-'--""""...L/l4:& ;f,f;:;~/C/4J ~=-tLc/tJ 
" ".l... .:.. z. - ,-' I I 

Cr = 2. Wrj> /CCJCf'-CJ ) C2. =f (4)/0<;<) 0".~ /C"-'<j';-4J"J, 
For t~ function (1) formula () reads 
"e., 12"""~LfT:o J c> r s '" z -<Ae =- - ",qv. ~n",- b d + 

""~Q"/'<I,/ (J • 5 3 +S 3 $,·n3-i7.'d s (4) 
~ C 0 

S 

S 3 +- ~ 3f,'''~o 
"L = "7r t:,J ~~ , 



1209 

These waves are absorbed by electrons and ions of the 
plasma. The growth rate of the e lectron Cherenkov damping may 
be found e.g. in [8J. For ITER W <~ 1<illJN. and u - Oilt..trl't/ 
In;,<.!;&,. ) ~~ ,and the ion cyclotron dampIng ia essential for 

AW'e at ,,"- = W l <.Jcc "'=- , L8] .r7. '" 
~ _ (fif/ 2.) C1-t- ""Le)-II" (1-S2J ZCOA I a;.<. )f!:JC1> C-i!,) / 

where r~ ~ (W-wcc.,)lfIKi,V"r .. ' ", l.cs.e:::t;,/k . To the order of rna.g­
ni tude for AW and FMSW "' ...... ,C"k"'A"-t.Jc.L· (K..L ....... k"n)· and for VifY'U "" 
(w+,k. / w,,) / k ,/ .:$. (To 

¥_ cn4Ih{')4) , h--1, -2,... , S.s1 . (5) 
For ITER conditions in d -plasma FMSW is Dot excited because 
for it the resonant particle velocity Viirt'J -= (4) + Ihl4lc' )/Jr,/ 
appears to exceed 'V'"o whereas for AW ~I?S is somewhat 
less than "V"c for...$2':=rrt- 0.5+0.7. 

Local consideration is vali,d if the wavepacket is ampli­
fied in 1 te region of' localization .dR ,viz. 

<=- =:7", """ R. = iY6.R I~R '"""1. , ( 6) 
where ~It. =-'?>w/J K~ is the group velocity. In this case the 
wavepacKet on the distance 4 Rt2 will attain the nonlinear 
regime. For ITER 11,; / ~ -- 10-, 1C"A 1::0.4 cm- 1 , c:i.R. ......... 
6·1 08 cm/sec, AR..-.. 102cm, r< 1 and one obtains that 

-z::- -< 1 and condition (6) fails. To clear out the question 
of ins"\:abili ty excitation for t he case -c< 1 one should 
consider the problem of global Alfwen waves excitation by the 
beam in the toroidal tokamak plasma. We discuss t his pr oblem 
in the simplest model of a hollow plasma cylinde1j' Ro- t:l..<R 
< ROTa.... in the magnetic field Br-=- Bc,Ro ll< (ct.is the 

small plasma radius, Rc is the distance between the cylinder 
axis and the plasma column centre, i.e. the large radius of 
the torus). For AW c::>C e.::tpCi. (k~z: ..,.ey-t...J-V] natural frequencies 
are determined from the quantization condition . 

SRRL~R CR)c(R = Cht- f/.2.:Yli--, C'P~ 1), (7) 
whe.re ~ "kL are the reflection points for AW ('R 1::0 for 

R z R, z. ) , /C L 2./ z. L L \ '/z. e. /R '/ "'""R ::: lCV:...¥..L,. C - "1' -k',a. ~ > "'1'= 
The instability in this Case is absolute and its growth rate 
ie equal to (eee aleo [9J) R 1 
0("'-. CJ: s R.Lc{R 7)cn/::R ) [S ~R?I\R h{.)/ 

(M) ~'e' R, t<:,. (~-./V.':) R{ I ; , (8) 

D {R)=", (,)J "'/T,!!(I7:;':f~ +K; ~ l(t,--.¥.JI. -~'}JJ/'(IJ-k"IIi,71~) 
For ITIR conditione the growth rate (8) cOincidee with (5) 
to the order of magnitude. If one of the reflection pOints 
for AW is ab~ent (it occurs when there is a point inside the 
plasma R= 1<>0 where 0:0;: z-'Y,iL. ) then at R = ".>0 the 
conversion of AW to the short wavelength kinetic AW takes 
place. The dispersion of these waves is determined in this 
region by the equation 
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i.e. the small scale ion cyclotron waves in the region "-'-.(frc."-­
....... Wc.:. are strongly damped and their exei tation 1a im­

possible. 
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NONLINEAR TRANSFORMATION OF AL.FVEN WAVES. 
V.P.Sldorov, T.R.Soldatenkov, V. S.Tsypin. 

Sukhumi Institute of Physics and Technology, Sukhumi, 
USSR. 

Linear transformation of waves over the Alfven frequen­
cy range ( W '" K"CA ) is studied thoroughly enough for t he 
present (see Refs. /1 / , / 2/ and the References cited therein). 
A theory of linear transformation of a fast Altven wave 
(FAIV) into a short-wavelength slow mode (SAW) which is aft er­
wards electron-absorbed due to Landau damping serves 8S a ba­
sis for high-frequency (HF) plasma heati ng concepts. Praoti­
cally always, the HF field amplitude attains large values 
close to the points of linear transformation and, therefore, 
Dear these points, development of nonlinear processes should 
be expected. In the present paper, the electrical wave field 
effect on dispersion properties of plasma is studied. 

In the generally accepted approach for deriving the dis­
persion equation, we take nonlinear terms into consideration. 
For a cold plasma, within the geometrical optics approxima-
tiOD, we have a system of 

._""" - equations (in )( t ~ ,-r coordi-
nates, 6

0 
= Q i: Bo the X - cQordinate is chosen along the 

wave vector "'Ra.. ) : 

(1) 2. (~) (~) (~) 
( N L -N. N

K
- E. )E = U. 

L." I.. L.K K l. 

(2) 
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. 15("1 = _ ~W u:-(t) (_. ->(t)) -I-~ r~T(lf(tJ E(H')_ E (Hl(N" ij"(t»)~ 
.,(~2. -+ c. oli:~ N If,,±~ Mill Q I. "±o\ .(::1:.0\ '1 . 

From Eq. (1) it follows that the dispersion harmonics 
may be reduced to: 2 

tlA ~ (AA + AZ/l\,) \ E±H \ 0) 

where ,)2 
(~) Lj \ (.6) (~) (2 (6)) (-J J 2 

.l\~= t.A Nl. + L(e,. E, ) NIl - 10, + 0: 2 N..L + 

(<>lli\l\2 _ (<>1)2_ (<>1
2 J 

+0:", \ 11 E, E2. , 

(4) 

while the right-hand aide in Eq. 0) is a nonlinear contribu-

tion. ->(H) 

Expressions for second harmonics, E ,as 1 t ia Been 
from Eq. (1), have the following shape 

E(~2)= t (U(~2)"~ N N)I / (5) 
,t, l, II/'L::. Z • 

The denominator, 6. 2 t in Eq. (5), may turn into zero ·for 
certain values , of the X -coordinate, . i.e., the birth' ot -se­
cond hamonios may be of reaonatlce type. These pOints ," are fo­
und as follows. From the condition for tl. and f:,. Z tobe 
nullified, one derives an. equation to define the values of 
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pOints ot resonance: 
b 'N4 N2

, 0 aN +b -c. +(\ '~ , 
(6) 

is ot greatest interest (within the aocuraoy ot r ). In 
what follows, we shall take note ot this root. The remaining 
pair ot roots lie either within the region ot strong skinning 
or beyond the Altven frequency interval. 

Plasma density values at the point of resonanoe are ro-
und trom the condition: l1)2 (,,)2 

2 • (0) (K) E 2 t.2) 
NII~2 E, +E, - f;(.)- c.(') , 

N'2. 2 -l col 

while cl. ~ - N" 

(8) 

Calculations ot harmonics (Eq. 5) amplitudes (and, as a 
consequence, those ot the coefficient tor transforming first 
harmonics into second ones) result in the tollowing expres-
sions: (i2) Y (, M" E(~·)2 7. 

E ~ _ .:... J ".1. _ , (.\-3'/)(.\+<\Y) 
x '/:;2 .p(~ -4V') f!,o 

b £:(;'1)' 

E(±2~ ~ 'Y _, (.\_5~7._4/) 
Y - 2 tl2(~-4))2t Bo ' (9) 
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V= ~ 
W B ... 

Resonant generation of second harmonica may be considerable 

due to smallness of the resonance denominator, 
coef!1cients, A, and A, in Eq . (3) are of the 

types: A,= 'Y'2N:('-8/)/V2[>,~ (;_)12)(,-4 ,/)3, 

A ~ ) (, 2 / 2 2- 2 
2.= 2. 1 N.l l rBo(' -y ) (1 - 4 Y ) . 

• The 

following 

( 10) 

Thus, it follows from the dispeTs i on equat i on (Eq. 3) 

anallsis, with Eq . (10) taken into con~:i.de r.9.tion. that along­

side with the gyrotropy, there exi s t s an additional coupling 
between fast Alfven waves and slow ones due to nonlinear e!-
fecta and, as a result, nonlinear tran~formation of Alfven 
waves may take place. Near the points wi th 6 2 = 0 t this 
coupling is of resonant character. Here, second har.monica of 
HF fields are generated via resonances. It is BeeD from the 
analysis of Exps. (9) and (10) that for w= Ws,h aecond 

harmonic amplitudes and nonlinear coupling between FAW and 
SAW may become intensified. 
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EFFECTS OF TO~ PLASMA PRESSURE 
, 

ON DISCRETE SPECTRUM OF ALFVEN WAVE 

Qiu Xiaolling ang Xue Siwen 

(Southwestern Institute of Physics,P.O.Box 15, 

Leshan, Sichuan, P.R.China > 

Based on ideal MHO equations inc Lud ing a lerll of ptas.II.a pres~ure. in 

the cy lindrical approxillation of tokUlak. con t iguTat ion, an 

ei gen- equation fo r the radial displacellent of Alfv~n wave perturba tion 

is de r ived as follows 

d 
-[ 

dr 
<I+ 

r P A B'A 1 d d B. 
--. --)--. - --<re ,)] +( IJ..A-r--( - -)' 

2 p w' N, r dr dr r (/) 

- u....! 
r P F' 4IlB'Be r d r p A 21<8,GB' 
--. --) . --'-- "-- + - - --re 1+ --. - - ) • ] ) e. =0 

2 IJ. . P Col' IJ. /l, y , IJ.. dr 2 p Ci)' N,r' 

r P A F'+G' 

2 P (0)' IJ.. 

and other symbOLS are the SUle as Ref. (l j. Eq. (l) reduces to the bas~c 

equation <2> in Ref. [1] when 13 · tends t o zero. On perfoTlling a WKB 

anaLysi s of thi s equation we obtain the d ispe rsion retation of Alfven 

wave di sc rete s pe ct rum 

(0)'=(,,):-
G d B. G d 

----:-,-- [( --)' r ---{ - - )'+(--)'r---( 
~, p k~ B dr r B d r 

rp 
([- --)] 

2 

wh"ere It, is radial wavenumber. 

2kB.S' 

r'G 

B. 
? -4k'(--)' 

r 

(.:1 ) 

From Eqs . (l) an~. (2), one sees that the effect of plasllaj30n ALfv~n 

. wave discrete spectrUll appears t o be less becau.se of r 1S /2 is smalL 
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,However, it should be noted that the poroidal field B. varies with 

ptasllo ·pres s ure because the relation between 8. and p is deterllined 
~~ 

by the equilibrium equation V p=JXB. Therefore, the effects of plasl1a 

pressure(o-r ~) on ALfven wave di sc rete spectcWII, as we see it, could 

not be sltall. In the present paper, we concentrate our attention onto 

this point. For this purpose, we choose the fOllowing profiles of the 

equilibrlWII current ~d density 

J .=0, J ,=J ,( 0)( i-X')" 

p = p <O){( 1-ll.) [i-X'] "+,o,} ~ 

where X=C/8. a i s the lIIinor radius of tok8.l1ak plasl1a and the 

exponents l( , and K, are free parameters . In order to calculate 

the dependen ce of At (ven wav4 di.screte spectrum on plasma 

indroduce a new parameter a I!!I / q(O) (q(O) i s s ate fy fac tOT at 

center of tokamak. plaslla) insteatf of p. According to Amper 's law 
_ -+ -to -+ 

I .B . d l ~ J 1 . ds, 

1',1,(0)0 I 
Bj . -- [1-( l -x' )··~l 

2< K ,+1> x 

and 1,,(0) is determined from (I 

R B, tJ..J,<O)a a 
a ::::-----< --) I ~ 

B, r 2 B, e 
( E ::::--) 

R 

where R i s the major radius of tok8.ID.ak plaSlla. In follows that 

. (lEB, I 
B ~--- [l -(l-x')· ·" J-

Et (Kt+1> X 

In the cylindrical approximation of tokamak configuration, - -equl tlbriua equation Vp::::J xB r educes to 

d1' 
- - -=J,. B. 

dX 

Solving this equation yi e lds 

t<x)=P( 1)+ 

Froll the definition 

21',p 
~~ --B-'-' 

o • e "8: t' (l-X')"oi 

tJ..(lC ,+l) . icl lC ,+i 

~ (O)~ 
2 a 'e I ~ __ l __ 

< lC ,+l) i - I lC,+i ,.I 

~ we 

the 

the 

where boundary pressure is ignored. I t shows that p increases wi th a­

increasing. In addition, froll Suydam c riterion we have 
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[n the present case~ the posl tion n; . of accUIlulation point is 

deterained by n~ .=a • nt:" where neis the position of accldlu l a tion point 

on the coordinate axis for the toroidal mode number n defined in 

Ref. [1]. This indicates that, with III -varying, the discrete spectra of 

Alfven wave move upon the caodinate axis for toroidal mode 'number R. 

We have employed the finite element .ethod~ to calcula t e the 

disc rete spectra ofAlfv~nwave (or 0=0. 8,1,1-5, re spective ly. In 

the numerical calculation we choose the fOll owi ng values for the 

parameters 

K,=4 , 

B,=1 

K'p_" =I, 

~=O_05 , 

E =0.2787 

The calculated resul ts are shown as Fi~s. l.-{where Fig.4 

corresponds to Fig.2 in Ref. [1]. Our numerical results aLso veri fy the 

moving mentioned above. However, the calculated resuL t s exhibi t that 

the effect of plas ma pressure on the shape of d iscrete spectra i s not 

obvious. 
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Introduction 
The TEXTOR Tokamak has been designed for technology oriented research 

/1/ and is extensively used for systematic studies of the plasma adja.cent 
to the limiters and wall and for the application and the development of 
novel 1 imiters and coatings of surfaces facing the plasma . Carbonization 
/ 2/ and boronization / 3/ of liner and l lmiters and the pump limiters ALT I 
/ 4/ and ALT 11 / 5/ are some of the improvements of the last years. 

It ;s intended for the TEXTOR programme to have the plasma boundary 
1 ayer and the loads to the 1 imiters close to the condit 1 ons in 1 arge 
devices as JET, DIII - 0, JT60, and TFTR. ICR-heating of TEXTOR increased 
the loads to the liner and the limiters s ignificantly / 6/ . The addition of 
neutral beams of s imil ar power will enlarge the range of parameters 
further. This paper presents first results of plasma heating in TEXTOR by 
two neutral beams, each of 1.2 MW power at 47 kV, with co, counter, or 
balanced inject i on of hydrogen into a deuterium plasma tangentially. 

Perfonmance of the Neutral Beams 
Each beamhne 1S equipped with one ion source of the type "JET-PINI". 

which was modified in reducing the number of grids to three and in enlarg­
ing the extraction area of the arc, which required a rearrangement of the 
penmanent magnets to a checker-board configuration for full illumination 
of the extraction grid. The rated data are: 55 kV, 88 A, i.e . 4.8 MW over 
10 sec. The final qualification tests of the beam lines delivered t he 
following data of the sources / 7/ as used for this paper: 
Beam voltage: 47 kV 
beam current : 73 A 
total beam power: 3.4 MW 
neutra.1 beam power: 1.16 MW 
pulse length: 3.4 sec 
divergence: 0.95 degree 
beam diameter: 0.3 m at plasma penetration 
species fraction: 61 : 23 : 16 % OH, H2+, H3+) 
The di fferent l osses of the ;on- and neutra 11 zed beam respecti ve ly in 
travelling from the source to the torus i.e. the beam tansmission" have 
been measured by calorimetric methods. An overview of results is given in 
figure 1. 
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Plasma Parameters durinr Co-Injection 
Most of the resu ts ob talned so far are found from hydrogen co­

injection. Fig . 2 shows the central electron temperature measured by the 
electron eye 1 otron rad; at; on. the centra 1 dens ity taken by an HCN- i nter­
ferometer, the plasma current, and the global neutron yield, all as 
functions of time during injection starting 0.3 sec after plasma build-up 
and lasting over 2.7 sec. The injection is overlapping the current build­
up, and decay phase, i.e. covers the who·'e flat top phase (at 460 kA). 
which could be stretched by 0.5 sec compared to the ohmically heated 
plasmas. The toroidal field amounted to 2.25 T and the pl asma radii were 
1.82 m and 0.40 m respectively. The response of the electron and i.on 
temperatures - the 1 a tter deduced from the gl oba 1 neutron emi ss i on - to 
the onset of inj ection are prompt, whereas the density evolution is more 
closely following the plasma current. Time i ntegrated neutron spectra 
taken by a novel ionization chamber delivered peak ion temperatures of 1.6 
keV. 

During the 2.7 sec of i njection, the number of injected particles 
i nto the plasma is about 4xE20 part i cles. The total number of particles 
in the plasma never exceeds 3xE20. The ratio of hydrogen- to deuterium­
fluxes close to the wall indicates that fuell ing of the plasma by hydrogen 
from the beam contributes less than 20 %. 

Dur ing injection the plasma remains free of contamina tions as found 
by space and time reso l ved bolorirnetric measurements, shown in f i gure 3. 
The radiation close to 0.3 m of minor radius remains 100 mW per cc, Le. 
about 400 kW for the annu l us. The emiSSion of the plasma core remains 
below the sensitivity of the bolometer, ; .e. below 10 mW per cc for a ll 
time slots taken up to 2.7 sec. The total power input was 1.5 MW. The 
tota 1 plasma energy measured by the compensated magnet i c l oop rema i ns 
c l ose to 85 kJ over 2 sec. and the energy confinement time never drops 
below 55 ms. 

Temperature and Density Profi l es during Combined Co- and Counter- Injection 
Fl gure 4 shows the profil es f or 6 characteri st 1 c- phases pri or to 

injection (A), durin9 counter - (8), counter/co- at the beginning (C), and 
close to the end (0 J I co-i njecti on (E). and the 1 ate ohm; c phase of the 
discharge (F). All data are taken at the time of peak amplitude of the 
sawteeth. Each beam had 1 MW power at 47 kV.The central electron tempera­
ture is doubled. The temperature gradient stays constant inboard~ whereas 
outboard it steepens with increasing power. The density profiles withi n 80 
% of the mi nor radi us show a si mil ar but wea ker trend. T reaches the 
highest va lue always at the beg i nning of the combined heating. whereas the 
maximum of the density occurs later and seems to be more determined by the 
inventory of the wal l . For the discharge shown in figure 4, density peaks 
occur at the end of combined injection. The temperature profiles retain 
regi ons of concave curvature during all phases . Thi s indentation of the 
profile close to the q- l surface is considered to be essentia l for the 
exi s tence of q < 1 va 1 ues on ax; s /8/. The dens ity profil es show t hi s 
indentation only duri ng the early phas~ of heating . The differences in the 
temperature and density profiles during co- and counter-injection (phase 
(E) and (B) respectively) are small and so are the changes in energy 
confi nement. 
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Confinement and Fluxes to the Wall 
The energy conflnement tlme during an ohmical1y heated discharge in a 

carbon; zed TEXTOR with wa 11 temperatures well above 300 C ; s typi ca lly 
120 ms. By applying 1 MW of co- or counter-injection into TEXTOR. the 
average value of energy confinement time is about one half of the above 
value. Two MW of balanced injection reduces this value to one third. 
Fi gure 5 shows the measured dens i ty dependence of the energy confi nement 
time for different discharges with currents between 220 kA to 460 kA. For 
comparison the calculated dependence of energy confinement time on -the 
dens ity is added accord; n9 to the Kaye-Go 1 ds ton sea 1; n9 /9/ . At the 
highest plasma current, the confinement times achieved with co-injection 
are in agreement with Kaye-Goldston. whereas for lower currents. when part 
of the current may be generated by the neutral beam. confinement ;s 
si gnificantly better than Kaye-Goldston predictions. 

The particle fluxe s measured at the 1 imiter /10/ increase during 
combined heating by a factor 5. i.e. by the same amount as the additional 
power. The assumpti on that the fl ux is proporti ona 1 to the added heati ng 
power i s consistent with the measured radiation losses as a function of 
the pl asma dens ity shown in figure 6. Contrary to ohmically heated 
plasmas. the radiation losses remain smal l with increasing density. The 
loads to the AlT-I1 blades / 11/ are increased by more than a factor 20 
compared to an ohmically heated plasma. The boundary layer in TEXTOR now 
is getting c l oser to the conditions of the boundary layer of JET. The 
measurements in TEXTOR suggest that heat transfer from the plasma to the 
wall during neutral beam -heating occurs primarily at the li miters of 
TEXTOR. 
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/6/ R. Weynants et al •• IAEA-CN-50/E-2-1. Nice 1988. to be published in 

Nuclear Fusion 1989 
/7/ R. Uhlemann et al., Proc. 15th Symp. on Fus i on Technology (1988) to 

be published by North Holland 1989 
/8/ H. Soltwisch et al.. Proc. 11th Int. Conf. Plasma ,Physics and 

Controlled Fusion Research, Kyoto 1986. Vo l 1. p. 263 
/9/ S.M. Kaye, R.I. Goldston. Nuclear Fusi on. Vol 25, No. 1 •. 1985. p. 65 
/10/ U. Sarnm et al., this conference 
/ 11/ J. Watkins et al .• this conference 
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FAST IONS LOSSES 
DURING NEUTRAL BEAM INJEcrION IN TORE-SUPRA 

f....JJrl.!A and I.P. Roubin 

Association EURA TOM-CEA sur la Fusion Controlee 
CEN Cadarache B.P. n01, 13108 Saint-Paul-lez-Durance, France 

INTRODUCTION 
Future neutral beam injection experiments in the Tore-Supra tokamak have two charasteristics 
of major importance concerning fast ions confinement: a high toroidal field ripple and a quasi­
perpendicular injection angle. We present a Fokkcr-Planck calculation of the fast ions losses 
occuring in such a configuration. Then, we test tbe sensitivity of these losses to various plasma 
parameters, and we detennine the most favorable heating scenarios. 

NBI AND TOROIDAL FIELD RIPPLE IN TORE-SUPRA 
The Tore-Supra neutral beam injection system [I] will have a total power capability of 9 MW 
(DO, 100 keY) or 4 MW (H0.80 keY), Two boxes are in co and onc in counter-injection. Each 
box provides two beams in a quasi perpendicular injection geometry: Tangency major radius of 

the beams Rr-I .24 m (Raxis = 2.44 m, aaxis=60°). The beam ions born between the outer edge 

(plasma minor radius a=O.80 m) and ~.25 m execute banana orbits. 

The toroidal field created by the 18 superconducting coils has a high toroidal modulation going 
from 0=2 104 up to 0=7 10-2 at the outer edge. As a consequence', for standard discharges 

'(Ip=l.? MA), there is an important zone inside the plasma where local magnetic wells exist 

along field lines. In this region, the ripple is "effective" (0->0) and the beam ions on banana 

orbits can entrap the local magnetic wells [2] and leave the plasma before their complete 

thermalisation. Figure 1 shows the flux surfaces, the contour 0-=0 where the modulation along 

a field line vanishes and th~ position of the banana tips of fast ions first orbits. 

FOKKER-PLANCK CALCULATION OF FAST ION LOSSES 
We have developed a Fokker· Planck calculation in order to test the sensitivity of the ripple 

losses to plasma and beam parameters. A complete description of this code. a comparison with 

Monte-Carlo simulations and with TFR experimental results can be found in [3]. The present 

version of the code includes improvements concerning the magnetic configuration description 

(Shafranov shift. horizontal and vertical displacements) and the modelisation of the ripple losses 

operator. Our calculation is based on the stationnary Fokker-Planck equation for fast ions: 
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where 'Cs. 'tu are the slowing down and ion-ion collision times. Vc is the critical velocity and 

J.1=v,,/v. The first and second terms represent collisionnal effects: drag and angular scattering in 
the Legendre operator approximation (the energy diffusion is neglected). The third term is the 

source and the founh is an operator modelling the ripple losses. In the previous version of the 

code [3], it is simply written as R(f)= - f /<'er> where <tr>. is an averaged ripple loss time. 'This 

operator applies the losses to the whole distribution function, whereas only the b'apped ions are 

concerned: this leads to overestimate the losses, especially in the case of tangential injection. To 
overcome this difficulty, we now write the operator as R(f)=W(J.!.J.!trap)f/<'tr>. where 

W(J.!,lltrap) is defined by W=l for jl<lltrap and W=O for P~trap, and applies the losses to the 

trapped ions only. In this case, the solution of the Fokker-Planck equation is obtained after an 

expansion of R(f) on the Legendre polynomiaJs and a matrix inversion. An iterative procedure 

is then used in order to insure the coherence of <'tr> with the solution f. 

The characteristic loss time is defined by l/<'tr>=1!<t»+l/<'C2> where the averages are taken 

over the trapped ions distribution l/~'C> = f f I 'C d3v I f f d3v. 

- 't) is a characteristic loss time due to trapping in the locaJ wells. This loss term is largely 

dominant in the effective ripple zone. To compute 'Cl, we use the expression given in [~] : 

tl='tt/F where 'tb is the bounce period and F is the trapping rate per bounce taking into account 

collisionnaJ and coUisionless trapping mechanisms. 

- t2 is a loss time that models the effect of banana drift diffusion: This term dominates the 

transport in the zones where the ripple is not effective. We define it as 'C2 '= &"2/2D. 0 is the 

ripple-plateau diffusion coefficient and 6.r is the averaged distance between the banana tip and 

the contour where the modulation vanishes. 

RESULTS FOR A STANDARD CASE 
Figure 2 shows the computed ripple losses for a Tore-Supra standard case: Deuterium plasma. 

Ro=236cm, a=80cm, Jp=!.7 MA, B=4T, parabolic density proftle «ne>=5 1019 m-3), 

parabolic squared temperature proftle, Te(0)=-3 keY, 100 keY (full energy) 0 0 neutra.ls. The 

locaJ ripple lost fraction g.{r) (defined as the power lost on a given magneti~ surface divided by 

the power injected on this surface) increases dramaticaJly from the cenler 10 the edge. The losses 

increase rapidly around r= 40 cm: Above this radius the banana tips stay in the effective ripple 

zone and the jons are lost before thermalisation because <'Cr>« 'Cs.tii . For smaJler radii the 

beam ion transport is due to banana drift diffusion, This mechanism feeds the poor confinement 

zo~e with fast ions born in the central part of the plasma and is responsible for substantial 

losses in the region 35cm<r<50cm, The gJoballosses Gr(r), computed wi~ a classicaJ beam 

depoSition code, are also displayed: They represeflt the power lost frnction integrated up' to a 

given radius. The total fraction lost is very important for the standard case: Gr<a)=5O%. 
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MINIMISATION OF TIlE LOSSES 
Two main approaches can be examined in order to reduce these dramatic losses . 
• for a given plasma geometry (Raxis.a,B\p. Ba), onc may try to minimize the beam ions 
deposition in the poor confinement region: the most sensible parameter in this case is the plasma I 

density (average and profile) 
- for given plasma profiles. onc may try to expand the good confmement zone: in this case the 
plasma position inside the vacuum chamber plays the major role. 
Effect of plasma density· 

Figute 3 shows the tetallost fraction (ripple and shine-through) as a function of the volume 
averaged density for three differents peaking factors De(O)/<ne>=1.9. 2.6 and 4.0 (the other . 
plasma parameters are the standard ones). For a fixed peaking factor, the losses can be reduced 
by a decrease in the density down to 2.5 1019 that gives a more central fast ions deposition. A 

further decrease in the density results in a dramatic increase of the losses due to the shine­
through fraction. For a fixed average density, the losses can always be decreased by peaking 

the density profile. However, for these plasmas with standard minor radius a=8Ocm, the losses 
remain important: 25% for <ne>-o2.5 1019 and ne(O)/<ne>=4. 
pjsplacements Qf the plasma cQlumn inside the vacllum vessel' 

If the plasma minor radius is reduced and the plasma pushed on the inner wall, the good 
confinement zone becomes more important and this leads to reduced losses. Figure 4 displays 

the effect of plasma position (the plasma parameters are the standard ones excepted a=70 cm). 
For a plasma with no vertical displacement (Az=O cm) the total ripple loss fraction is 

GI(a) = 32% instead of 50% in the standard case. Beam ions are captured and lost in the zone 
z>O because they drift towards the top of the vacuum vessel: if the plasma is disp~aced in the 

vertical direction towards the bottom of the vacuum vessela the good. confinement zones are no 
more symmetric with respect to the equatorial plane and the upper one becomes bigger. As 
shown in figure 4, for !1z=-IO cm we get OrCa) = 23%. To further reduce the losses, one main 

combine the favorable effects of plasma pOsition and density proflle peaking: for !1z=-lO cm, 

ne(0)/<nc>=4.0 •• =70 cm losses are reduced to G,(.) = 15%. 

CONCLUSION 
Fokker-Planck calculations predict important fast ions losses during NB! in Tore-Supra (up to 
50% of the injected power for standard operation). These losses are ~y due to beam ions on 
banana orbits with tips in the effective ripple zone. Plasma position inside the vacuum vessel as 

well as density (average and profile) are sensible parameters. For smaller, inner wall limited 
plasmas (a=70cm) and for peaked density profiles, losses can be reduced to smaller values 
( .. 25%). A vertical displacement of the plasma column in the opposite direction of the ion drift 
velocity can also improve fast ion confinement. 
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P.O. Box 513. NL:5600 Eindhoven. The Netherlands 

INTRODUCTION. To achieve non-inductive current drive and/or beating in 

the plasma. core of future large tokamaks (NET, ITER) by means of neutral beam 

injecti?D, a particle energy of 1 to 1.5 MeV is required. Such neutral beams are 

generated by acceleration and subsequent neutralization of D- ions. Two approaches 

are being considered to improve the efficiency of the neutralizer cell beyond that of 

a simple gas cell (calculated efficiency 1}g :! 55%). They are: partial energy recovery 

in combina.tion with a. gas target, which might allow an efficiency fler ~ 72%, and a 

neutralizer with a plasma. target generated by caacaded arcs, for which an efficiency 

~p • 85% could be possible. 

PARTIAL ENERGY RECOYERY. In a direct energy recovery 'cheme (ERl, 

the non-neutralized fraction of the beam coming out of the neutralizer is 

electrostatically decelerated to the ion source potential [1], This way, these ions do 

no longer form a load on the full voltage power supply, and the system efficiency is 

raised. However, if the gas density in the neutralizer is optimized by m.aximizing the 

fraction of neutrals in the outgOing beam, nearly equal fractions of D- and D+ ions 

emerge from the neutralizer. Therefore, to make ER work, one needs to increase the 

charge fraction that can be decelerated to source potential, i.e . that of the negative 

ions. For this, one has to reduce the gas target density below the optimum, at the 

cost of also reducing the equivalent neutral beam current produced by the system. 

From a SQurce a current is of D - ions is extracted and accelerated through a 

potential Vb_ We assume a constant gas density ng over the length l of the 

neutralizer. Beyond the gas cell the particle fractions are separated. The D+ fraction, 

1]+, is considered lost; it is collected at full energy on a dump. The D- fraction, 11', is 
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retarded to a potential Vr « Vb. Experiments [1] indkate that a large fraction, g, 

of the current carried by the retarded D- ions can be recovered, providing Vr ~ 0.05 

Vb. Then, a second term contributing to losses in the drain current, i.e. the current 

delivered by the high voltage supply, is (1 - g)f1;s. When also including the Do 

fraction, r{', there are three fractions that add up to a drain current (1 - grr)is. We 

can now define the fraction of neutral particles relative to the drain current, 

Do, = r('i./(l - g~-)i. = r('/(l- g~-). 

where DOr is the high voltage power supply efficiency; g = 0 describes the case 

without ER. 

The relevant processes in the neutralizer cell are one and two electron loss 

suffered by D-, with cross sections 0'-10 and O'-Ih and ionization of Do, 0'01. The three 

reactions are described by a set of first order linear differential. equations in the 

densities of the three species involved, which is easily solved [2]. In a negative ion 

based system, all particles have the same energy. Therefore, the current fractions 

are at the same time the particle fractions. As a result, we can relate the power 

supply efficiency to the neutralizer target density ngl via the cross sections. 

Figure 1 presents the current fractions in the beam leaving the neutralizer, 

relative to the drain current. We have chosen Vb = 1 MeV. The values oC the cross 

sections have been taken Cram Horiike et al. [3). For the recovered fraction we used 

the value g = 0.9 quoted by Fumelli et a1. [IJ. Results have been obtained taking 

ER into account (full line) and without (dashed line). We observe that the efficiency 

increases from ~ 55% without ER to nearly 75% with ER at the respective optimum 

target densities. This improvement is weakly dependent on the beam energy. 

To maintain the same equivalent current in the neutral beam produced by the 

system, the source extraction area must be increased by a factor Sr = 

(DOg)u./DOg(ngQ. where DOg is the neutral fraction in case no ER is applied, and the 

index m denotes its maximum value. The function Sr is depicted in Fig. 1. It is seen 

that at a 10% increase in sourc::e area (vertical dashed line in Fig. 1), the efficiency 

could be 72%. 

PLASMA NEUTRALIZERS. The plasma target in a plasma neutralizer has 

to fulfil the follOwing demands: degree of ionization a> 0.3, target thickness ~ 101~ 

m-~ [4]. It is expected that these demands can be met by the plasma flame 

expanding from a e:ascaded arc. In such an arc, gas is admitted into an arc channel 

with a diameter oC 2 to 4 mm and a length of Il$ 60 mm. In the arc channel the gas 

will become partially ionized. At the anode side the plasma expands into vacuum at 
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supersonic velocities. In the expansion chamber a shock wave occurs at an axial 

distance of about 50 mm from the anode. The kinetic energy of the highly directed 

motion is now partially converted into thermal energy. After the shock wave has 

been crossed, a subsonic but fast flowing (1000 m/s) plasma has been created. The 

so produced plasma flame has a diameter l of about 10 cm, and is apprOximately of 

the required target thickness (101~ ID -~) in the direction perpendicular to the plasma 

flow. One flame might possibly form the plasma target for one row of say 20 D­

beamlets emerging from a negative ion source. 

With the use of an expanding plasma, the elect:ic and magnetic fields are 

confined to the plasma production section, Le. the cascaded arc, 80 that the flame, 

which is a recombining plasma, will have negligibly small fields. As a consequence, 

these plasmas are quiescent and the beam divergence is not modified by micro fields. 

A numerical. model has been developed in order to calculate the relevant plasma 

parameters in the arc channel, such as the degree of ionization, plasma velocity, 

discharge pressure, electron temperature and heavy particle temperature. A quasi 

one-dimensional. approach is f~llowed, and the model is essentially based on the 

mass , momentum and energy conservation laws. 

In the flame the transported energy Pb is equal to new12Eion, where Eion is the 

ionization energy of the gas, and w is the plasma velocity. This energy is provided 

by the arc with overall efficiency 11, i.e. 1\ = "Parc. Typical .efficiencies in the 

cascaded arc sowces are: TJ ~ 10% to 30%. In order to obtain the required target 

thickness, a minimum beam power Pb of about 2 kW is needed. Conseque'ntly, an 

arc input power of about 10 kW would be required. Figure 2 shows the ionization 

degree er, as well as the molecular, the atomic, and the electron density, as a 

function of the aJOal position in the cascaded arc. Fo~ this case the arc current is 75 

A, the voltage is 100 V, the diameter is 3.5 mm, the length is 60 mm, and the gas 

flow is 200 sccs. 
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