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Preface 

The 15th European Conference o n Controlled Fusion and Pl asma Heating was o rgan ized by the 
Boris Kidric Institute of Nuclea r Sciences, Belgrade, Yugoslavia, on behalf of the Plasma Physics 
Division of the European Physical Society (EPS)' It was held in Cavtat, near Dubrovnik, from 
16 to 22 May 1988. 

The 15th Conference concentrates on ex perimental and theoretical aspects of Plasma Confine­
ment and Plasma Heating. The programme, format and schedule of the meeting was determined 
by the In ternational Programme Committee, which was appo inted by the Plasma Physics 
Division Board of the EPS. The Programme Committee selected 19 invited and 24 ora l con­
tri bu ted papers. 

This volume conta ins a ll accepted contributed papers received in due t ime by the Organizers. 
It is published in the Europhysics Co nference Abstracts Series and it follows the rules for 
publication of the EPS. The 4- page extended abstracts were reproduced photographically using 
the camera ready manuscripts submitted by the authors who are therefore responsible for the 
quality of the presentation. Post-deadline papers are not included in this vo lume. 

\ 
All invited papers will be published in a special issue of the journal " Plasma Physics and Ggn-
tro ll ed Fusion" . This journal may also publi sh rapid ly an extended version of contri8ute'd 
papers, fo llowing an accelerated refereeing procedure. 

The Organizers would li ke to acknowledge the support of the Serbian Science Resea rch Council 
and the technical assistance of the Publis hi ng Department of the Boris Kidr ic Institute of 
Nuclear Sciences. The Co nference has been organized under the general sponso rship of the 
Union of Yugoslav Societies o f Mathematicians, Physicists and Astronomers, member of EPS. 

Apri l 1988 The Editors 
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LH POWER ABSORPTION AND ENERGY CONFINEMENT DURING COMBINED LOWER HYBRID AND 
NB! HEATING ON JT-60 

f.X. S61dner 1
, K. Ushigusa . T. Imai, Y. Ikeda , K. Sakamoto , Y. Takase 2 

and JT-60 Team 

Japan Atomic Energy Research Institute 
Naka-machi , Naka- gun , Ibaraki-ken , Japan 

ABSTRACT 
Combined heating with Lower Hybrid waves and neutral beams was studied 

on JT- 60 with total powers up to 30 MW. The same incremental energy con­
finement time is found in combined operation as for both heating methods 
individually. LH heating is most efficient in the density range 
ne ~ 2-3x i 

3 cm-3. Degradation of the LH heating rate at higher density may 
be attributed to poor penetration of waves with low Nu into the central 
region according to the accessibility condition. The LH-generated supra­
thermal electron popul at i on diminishes with simultaneous NBI. Fast ion 
tails with energies up to twice the beam injection ener gy are formed by 
absorption of LH waves on the beam ions. 

HEATING REGIME 
The divertor tokamak JT- 60 (Ro E 3 . 1 m, a ~ 0.9 m, Ip ~ 3.2 MA, 

Bt ~ 4.8 T) is equipped with hi gh power additional heating systems Ill. 
NBI (Eo ~ 75 keV, P .s: 20 M\'I) had been combined with LH cur rent drive at 
low density previously 12/. Improved current drive efficiency and an 
impr ovement in the energy confinement \~ere obtained in this operation. The 
latter is rel ated to a modification of the current profile by LHCD 13/. In 
this paper the extension of combined application of LH and NBI to higher 
densities will be discussed . The current drive effects are reduced in this 
regime due to the line-dependence of nLHCD and hea ting dominates, In all 
these experiments LH waves are launched from three different grill antennae 
\..11th wave spectra at low Nu (N,, = 1.7/1 . 8, fa'" 2 GHz). Most discharges are 
pe rformed in divertor configuration where the plasma density can be better 
controlled. 

TQe heating efficiency is given by the incremental energy confinement 
time '(~nc .. f.. !'1 p/6P, where 6Wp is the change in p,lasma stored energy upon 
change in the total input power 6P. In Fig . 1, '(~nc versus injected LH­
power is shown for LH-heating of both Ohmic and NBI-heated target plasmas 
in the den&ity range ne Z 2- 3xl0 i 3 cm-3. In the case of LH heating into OH 
plas rnas, '(~nc was det ermined in two ways: from flat-top pulses and from 
slow LH - power ramps (the power range is denoted by the solid l ines in Fig . 
2). '.4ith ri'illlps, the incremental energy confinement time can be determined 

wi thin only one discharge from: '(~nc 
f..~lpl 6t 

. Flat-top a nd ramp values 
6P I f..t 

agree well. The energy content W is taken from diamagnetic measurements . 
They are in good agreement with ~inetic data . No systematic difference in 

I on leave from Hax-P lanck-Institut fUr Plasmaphysik, Garch i ng, FRG 
2 on leave from Pl asma Fusion Center, MI T, USA 
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T~nc is seen for Ohmic and beam heated target plasmas. The slightly higher 
values for T~nc at low power are probably due to the change of confinement 
scaling from OH- to L-Mode scaling 1n this range . The same heating 
efficiency is obtained for LH+NBI as for NB! alone at high power , with 
T~nc ~ 50 ms. Therefore the heating Is additive. The energy confinement 
times are the same for NB! and NBI+LH and no synergetic effects on 
confinement are seen in the range of medium densities (ne ~ ~xl01 'cm- 3

) . 

The LH-heatlng efficiency depends strongly on density . This is shown 
in Fig . 2 where LH i s switched on during NBI, still within the rise time of 
ne and Wp from NB!. The density increases from -2xl0 i 'cm- 1 to -5xl0 1 lcrn - 1 

during the LH- pulse . After start of the rf, the stored energy rises with a 
steeper slope . At a density of ne~~ . 5xl0' J cm- 3, the heating from LH 
saturates and at ne~~.5xl0' 3 cm-3, W* is nearly back at the level of NBI 
alone . The density dependence of LH ~eating in combination wi th NBI is 
summarized in Fig. 3 . The incremental confinement time due to additional LH 
heating , T~n~H 5 (AW/AP)LH is plotted versus ne for a large range of 
plasma condItions . The strong decrease with increasing dens i ty can be 
explained with degrading LH power penetration into the central plasma 
region due to the accessibility limitation . The experimental points for 
T~nCH(ne) are well fitted with a curve giving the fraction of accessible 
power inside half radius I~/ . The same result was obtained also from power 
balance calculations for LH heating on ASDEX 15/. 

HEATING MECHANISM 
Suprathermal electrons are generated by LH waves at low density as 

seen f rom the strong increase of hard X-ray radiation and suprathermal ECE. 
Landau damping on these fast electrons determines the absorption "of LH 
waves in the plasma. With simultaneous NBI the intenSity of hard X-ray 
radiation and also of the suprathermal ECE is reduced for densities above 
ne ~ 1.5xl0' 'cm- 3

• For the hard X-ray radiation this is shown in Fig. 4. 
There the results of two experimental periods and different working gases 
are summarized . Though the absolute levels of the signals vary due to 
different wall materials employed, the characteristic denSity dependence 
remains the same. 

In the same range of densities high energy ion tails extending far 
above the beam injection energy are formed if LH is combined with NBI . This 
acceleration of beam ions by LH -waves is shown in Fig. 5 in the charge 
exchange spectrum of a neutral particle analyzer viewing the plasma 
periphery on a perpendicular line of sight. In the combination of LH+NBI 
therefore the generation of suprathermal electrons is reduced on the 
expense of power absorption by fast ions . Single pass ray tracing 
calculations show that for the experimental conditions , NL can become 
sufficiently high so that resonant absorption of LH wave power on beam ions 
can occur. 

A possibility to prevent such interaction of the LH waves with the 
ions might be top or bottom launching where the waves could propagate to 
the central region with smaller NL values due to reduced toroidal effects . 
On the other hand, the formation of a suprathermal ion di stribution with 
combined LH+NBI operation might offer an attractive way to increase 
cons i derably the fusion yield. 
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INTRODUCTION 

Lower Hybrid heating in FT Tokamak was extensively applied a nd studied in the 
last few years at frequency of 2.45 GHz and RF power s 450 kW [1,2J. Good heating 
results and saw toot h act ivity control were obtained [3] without a significant impurity 
enhancement up to a density of 5x 101:l cm-:I . In o rd e r to work at much higher densities 
a new Lowe r Hybrid system with a frequency of 8 GHz has been installed on FT. The 
possibility of this heating methOd is tested and studied in view of the FTU machine 
where 8 MW of RF power at 8 GHz will be injec ted. 

Four Var ian VKX- 7879A tubes, wi t h f = 8 GHz, 125 kW each, have been installed 
directly in the torus hall to minimize losses in the transmission lines. These consist of 
a few meters of standard guide WR137. Eac h klystron feeds a column of a 4x4 gr ill 
through a compact 1:4 power divider. As with previous 2.45 GHz grills, each waveguide 
has its own ceramic window brazed at - 15 c m from the mouth, the inner dimensions 
being 5x35 mm. The whole structure can move radially 3 cm to optimize the coupling. 
The 4-waveguide excitations were mainly phased as UOnn and OnOn. The relative 
spe'ctra are shown in Fig. 1. Preliminary results we re reported in Re£. [4 ,5] . 

Due to the loss in the transmission and to the system dimensions and 
performance, the results repo r ted hereafter were ob tained up to a maximum RF power 
coupled to the plasma of llO kW . 

TRANSMISSION AND COUPLING 
Due t o the narrOw size of the waveguides it is impossible to insert a ny system of 

guide conditioning. T hus, the only remaining way to cond i tion the grill is to send the 
RF into the plasma . The system was able to transmit a power density of about ·10 
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kW/cm'!. without any particular care . At 
higher power levels some spikes on the re­
flected power signals appear, triggering t he 
switch off of the system which automatically 
resets after - 5 ms. Generally a few RF long 
pulses (- 500 ms) at a slightly lower power are 
sufficient to avoid the tripping o f the system 
at the next power step, and so on. This be­
haviour indicates the need for gril l condi­
tioning, at least at higher power density. 

We have checked the coupling prOper-­
ties of the 8 GHz LH radiof requency over a 
wide range of plasma parameters for the t wo 
phasmgs QD n n and OnOn. As shown in Fig. 2 
reflection values about of 15% a re obtained 
for all the plasma conditions for appropria­
te values of the antenna to plasma edge dis-
tance. 

10 the best coupling conditions, Langmuir probes measurements indicate a 
boundary density at the grill mouth, ranging from 0.2-1)(101 3 cm-3 quite in agreement 
with the theoretical expectation [6] nlo/n~ l,J t"lr 2: n21' where n lJ is the density in front 
of the grill mouth. The maximum power density injected into the plasma has been 10 
kW/cm'.'. , while the average po wer density at t he grill mouth has been 8.6 kW/c m'l . 
This is due to a proble m on t he first column of the grill. As a consequence t he power 
distribution was not pe rfec tly balanced on all the four columns and was limited for 
safe and routine operations t o a level of 220 kW coupled to the plasma. 

EXPERIMENTAL RESULTS 

The RF power was launched in IT with the tw o spectra of Fig. I corresponding 
to a slower wave speed (by phasing OnOn) and to a faster one (Oonn) . The plasma 
parameters were B']' = 6-8 T, Ip = 300- 500 kA, n = 0.4-3.5:.:1014 cm-3. 

The total fraction of the coupled RF power ove r the ohmic power did not 
exceed 0.40 . Clear effects due to RF were obse rved on electrical conductance, 0, 

and on the ECE signals up to n = 3.5)(10 14 c m-a. No fast neutral tails were detected . 
The e nhancements during the RF pulse of the condu ctance 0 and ECE signals we re 
increas ing with RF power as reported in Fig. 3 for ne = 1.2)( 1014 cm-3• 

10 Fig. 4 we report the increase of ECE normalized to the fra c tion of the RF to 
the OH power a nd in Fig. 5 the condu c tance enhancement, 6.0, (a lso nor malized) vs 
the plasma density . The ECE singal continuously decreases as the density increases 
while the normalized 8u, afte r a n initial decrease, becames roughly cons t ant with 
density. 

Two processes can be effective in explaining these result s . As de nsity 
inc reases, collisionality reduces the ta il of the elect ron distribut ion func tion .Anothe r 
effect related to the redu c tion of suprathermal tails at high de nsities, is due to the 
dc elec t ric fie ld. This canno t freely accelerate electrons wi t h VI s V"r _ the Dreicer 
cri t ica l velocity . The marginal condition for resonating electrons V"r = VI = c/nlm;'" 
whe re nlm;n is found by the accessibility in the spectrum of Fig. 1, yie lds a va lue for 
density r\ , :::: 8xlOl~ c m- 3. This seems to correspond to the differen t behavior of 6.u in 
Fig . 5. 

Therefore, we can assume with a wide ma rg in of confidence that s upra thermal 
contributions to .1u and 61", a re negligible above n = 1)( 10 14 c m- 3 • The e ffects at hig h 
density can be expla ined by an increase of the average temperature of about 20 eV. 
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This is of the same order, but somewhat lower, than what is expec ted with simple 
power bala nce . It may be connected to a wide radial deposition of RF power since at 
high densities only the slower excitation (OnOn ) was used. 

Finally, the frequency spectrum of the signal collect ed by an ext erna l RF probe 
shows for some discharges a wide broadening of the pump, as seen in Fig. 6. In a few 
other cases secondary peaks appear a lso [5 J. These effec ts are evident only in 
discharges at rela tively high density but with low current (Ip < 400 kA) and low 
tempe raturl:. In these discharges where secondary peaks or pump broadening a lone 
are present, the observed values of 110 (and of ECE enhancement a t lower densities) 
are much below the typical values shown in Figs 4,5. For high current discharges (Ip > 
500 kA, BT = 8 T) where temperature due t o ohmic power is highe r, it is possible to 
avoid secondary peaks and to reduce pump broadening (up to the present working 
!imit of 3.Sx l0 14 cm-3) by adjusting the plasma horizontal position [7]. 
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CONCLUSIONS 

Experiments with a new Lower Hybrid system at 8 GHz have been carried out 
in FT up to a coupled power of 220 kW. The analysis of the results indicates the 
following main points: 

* 

In FT at 8 GHz, a very high power density up to 10 kW/cm2 was injected routinely. 
This figure perhaps is not a limit since it might be increased by better and longer 
conditioning. 
The density limit for wave-electron interaction (electron mode responsible for 
heating and current drive in many experiments) is known to increase with 
frequency [8,91. FT results at 8 GHz indicate this density limit is higher than 
3.5xl014 cm-3. 
As observed in FT at 2.45 GHz, secondary peaks and pump broadening may be 
avoided by increasing the plasma current [I]. Also at 8 GHz, similar behavior is 
observed even a t the maximum density of 3.5)(1014 cm-3. By comparison with t he 
2.45 GHz experiments with the same target plasma, the density threshold fo r 
parametric decay instability appears to increase with frequency. 
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LOWER HYBRID PARAMETRlC INSTABTI.ITIES IN THE FT PLASMA 

1\ . C(ln/itru li. H. Ct'.~{/riu."' . P(l(Jldli~ 

Associazion,e EURATOM- ENEA sulla Fusione, Centra Rkerche Energia Frascat i 
C ,P. 65, 0044 Frascat i, Rome, Italy 

I INTRODUCTION 

In the he a ting and Curre nt drive experiments in tokamaks with rf power near the 
lower-hybrid frequency a typical activ ity of the probe rf signa ls is observed when the 
plasma density reaches values high enough [I}. 

We are interested to search for the role of the parametric instabilities in 
producing the observed spec tra. Occurring mainly in the co lder a nd oute r regions of 
the plasma, this phenomenon can modify the characteristics of the launche d waves and 
prevent the propagation towards the plasma centre. 

In this paper we present the results of the study of t he parametric ins t abili ties 
obtained by solving numerically the complete parauletric dispersion r e lation, \ ... ;g 
under consideration a wide range of frequen cies where different c ha nnels of insta­
bilities could be involved. 

Z PARAMETRlC DISPERSION RELATION AND DECAY INSTABILITIES 

We consider the propagation, in a plasma magne ti zed by a static magnetic field 
B r. o f a lower-hybrid pump wave (wo. ko) with finite extent wh ich decays into a low 
frequency mode (h)l. kd and two high freque ncy side bands (hll±(')O' kl ±~)' T he plasma is 
assumed locally homogeneous, i.e. k.i P I '1,711/111, 1'1,7'['1'1'1, whe re ]{ J is the perpendicular (to 
Bd wavevec tor o f the involved waves and n a nd T a r e the plasma density and 
temperature . 

Following Tripathi et al. [2] the parametric dispersion relation is : 

(I) 

where dw, k ) • I + X,(w, k) + X.,(w, k) is the dielectric functi on and x .. Xc are t he linear 
susceptibilities, )J± are the upper and lower sideband coupling coefficients . 

Whe have solved numerically the equa tio n (I) with respect to the complex 
frequency 1')1 .. vJlI( + i)'. For a given numerical ca lculat ion we have assumed one of 
the plasma a nd rf parameters n, '1' , BT , P IW , k()I' kl! . k.i :!. . kl l ' k Ut as inde pendent variable, 
keeping fixed the o thers. 

We have considered the FT plasma where the density and temperature profiles 
are def ined in Ref. [3J. 

T he electric field am plitude is calcu lated in term o f the injected rf power u~ing 
the WKBJ metbod [41. 
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In this section we consider the absolute inst abilit y which is charac terized by a 
growth rate y > 0, keeping under consideration two rang~s of frequencies Wilt ~ Wo;j and 
WtR ~ Wd 

Za) Range Will ~ Wci In t he range of very low frequencies, for a tokamak plasma with 
T" = Til we expect that the ion sound waves are heavily damped on the particles, being 
W1H = kt l Vthi 4. kt l Vthe' The solution of Eq. (1) which g ives parametric instabili ties 
dr iven by ion sound quasimodes for the case of FT plasma and a pump wave with 
frequency wul2n = 2.45 GHz, are described in Ref. [5 ). 

2b) Range of Wilt 2: IWc i; I = 1,2,3, ... In t his range we have found t ha t t he parametric 
instabilities are mainly driven by ion cyclotron quasimodes being Idwl, kl)l p 1. 

Figure l a shows the behaviour of the growth rate vs the real part of t he 
frequency. The plasma parameters are related t o the plasma border in the case of high 
density regime: n = I x lO l4 cm-3, T ::::- 150 eV r/a ::::- 0.9. The rf characteristics of the 
pump wave are: nOI = 2, PIU' = 4 kW and 8- = 90°. Figure Ib shows the growth rate vs 
the real part of the frequency for the same parameters as F ig . la, but with nOI = 7. We 
not e the change of the shape of the peacks which becomes non monotonic . 
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Fig. I: a) A nume rical s olution o f Eq . 
( I ) w hen k 1.1 is va ri e d in a b road 
r a n ge of va lu es whe r e para metric 
in s tabilit ies dr iven by io n cyclotro n 
qu asimod es a re I·ecovered. Here y/w o 
is plo tted vs Wilt/WO in a d e ute riu m 
plas ma , BT :::; 60 kG, n :::; 5x 101 3 c m- 3, 
T :::; 20eV,kOl c /w o == 2, k I I C/WO == 7,l)­
A k.1-, k pl. :::; 900, P IU':::; 4 k W 
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3 CONVECTIVE THRESHOLDS 

The threshold for t he onse t of a para metric instability invol ving a pump of finite 
ex te n t is se t by the propaga t ion of the decay waves out the region of t he pump wave 
[7) . Fo r a n ho mogeneous pl a s ma t he spatial g ro w th fac t o r is: 

whe re : 

\' = -
11 11, 

iJc/dh I I - - -
il:/ikuO ~ 

U= a rc l.,.; I 

_ se n ") 
k 

l z 

be ing L!)z t he width of the ant e nna a long the to ro idal dir ect ion . 
Fo r pa rame tri c ins ta bi lities t o be of so me s ignifica nce must be : A <:=: 1. 

( 2) 

3a) Case with: (,) IH ~ w ci ' The maxim um amplifica t ion fac tor can be found by a 
va ria tion o f the ang le be tween t he pe rpend ic ul a r wa ve vec t ors of t he pump wave a nd 
the lo we r side ba nd [8 ]. 

F igur e 2 sho ws t he be ha viour o f the convec t ive thresho lds vs the va lue o f k ll 
C/lUU for an ang le va lue of 0- = ZOo, (0- "" L1 k.L-, kud we o bserve t hat fo r k l • c/t')1I 2: 10 
the t h resho ld is s I kW. The freq ue nc y of the pum p wave is bl(J/Z lt = 2.45 GHz . 

3b) Case with: W I l t ::! Iw,_;; I = 1.2, .. We have assume d o~ = 90 ° for maximiz ing the 
ho mogene ous g row th rates . T he behav iour of the powel' t hresho ld fOI' t he case I = 1 is 
re ported in Ref. [61. In ca lcula ti ng the conve c t ive threshold fo r th e instabilities driv e n 
by ion cyclot ron quas imodes with high ha rm on ic nu mbe r we ha ve ass um e d t he 
pa rame t ers re lated t o the sol u t ions , as in Fig . I b. The es tima ted po we r thresho ld is P ,!, 

20 kW whi c h is in a good ag reement with th e ex perimenta l o bservation on FT [6 ]. 

CONCLUSIONS 

The result o f t he a na lysis is t hat pa ra met ri c instahili t ies involv ing ion sound 
quas i modes ca n occur a t the bo rde r o f FT plas ma . The est imated convec t ive th reshol ds 
a re in the range o f the RF powe r used in the experime nt. MOI'eover th is inst a bili ti es 
can be re la ted to the o bse r ved s pec tral broaden ing of t he launched wave. 
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Fig. 2: Convecti ve powe l' tJwesho ld vs k ll clwo for 6- A k .1-, ko.1 == 20", The plas mu 
parame te rs a re: n = 5x 101:.1 c m-:.I, T e = Tj = 20 e V. The parame te rs or the pump 
w a ve are: wol2 11 = 2A5Gl-lz, kOl c/wo = 2 

As regards to t he instabilities driven by ion cyclotron quasi modes wit h high 
ha rmonic number 1 we have found a power threshold of == 10 kW f or I == 10, assuming 
for the pump wa ve nO. = 7. This result can be re lated t o the observation of the rf 
spec tra . 

As regards to the rf spectra observed in FT in the LH experime nt at the 
freque ncy of 2.45 GHz, which shows many secondary peacks, ou r a na lysis s hows t hat 
t bis phenomenon can be related t o parame tric instabilities driven by ion cyclotron 
quasi modes with high harmonic number, if a n" - broade ning of the pump wave is 
supposed to occur at the plas ma borde r . 
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INTERACTION OF THE LOWER HYBRID PUMP WAVE WITH FT EDGE PLASMA 

R. Cesario. N. Mc Williumsf;, V . Pericoli Hidol{ini 

Associazione EURATOM- EN EA sulla Fusione, Centra Ricerche Energia Frascati, 
C .P. 65 - 00044 - Frascati, Rome, Italy 

INTRODUCTION 

The phenomena involved in the interaction of the lower hybdd waves with the 
edge plasma in FT, were studied during the heating experiment with the new 8 GH:z. 
equipment [I], to compare a nd contrast with the work done with the old 2. .45 GHz 
power supply system [2,3]. Additionally we propose an interpretation of the results on 
the basis of models described elsewhere in more detail [4,5]. 

The main FT plasma parameters for this work were: line averaged density n = 
O.3+3.6xlOI4 cm-3; current Ip = 280-;-600 kA; toroidal field BT == 6 and 8 T; coupled RF 
power P RF = 100.;.ZOO kW. The scrape off plasma was characterized by means of 
Langmuir probes which gave the local density and temperature. The RF waves are 
characterized through the spectral analysis of the radiation collected by a small loop 
antenna external to the vacuum vessel. 

P revious results with the 2.45 GHz system showed that the mos t interesting 
effects occur either at low plasma density, n s 4x l0 13 cm-3, where the RF waves 
drive strong modifications in the edge plasma [6), or at high density n ~ 1.2x lOl4 cm-3, 
where the spectral width of the pump wave broadens and numerous secondary peaks 
appear in the spectrum [2,3]. These clearly originate in the edge plasma a nd scale with 
the main plasma parameters, as do the edge plasma para meters . 

The following remarks are divided according to the density reg ime studied. 

LOW DENSITY EFFECTS 

For the 8 GHz experiment no spectacular effects on t he scrape-off plasma were 
found like those described in [6} for 2.45 GHz, namely no density reduc tion of a fac tor -
10 a nd no temperature increase of - 30 eV inside the RF grill radius. Onle a few shots 
a t very low density fi "'" 3x l Ol3 cm-3, showed a density decrease of about 20% .;. 30% 
together with a small Du brightness drop, but no c lea r temperature increase was seen 
within the experimenta l error bars. However, a systematic study of the conditions 
required t o observe t hese effects has not been conducted yet. 

Both the 2.45 GHz a nd 8 GHz results can be accounted for in term of 
ponderomotive effects a nd edge plasma heating due to lower hybrid e lectric field in 
front of the RF grill [4]. The wave field raises the average electron kinetic e nergy by 
a n amount proportional t o f-2, where f is the wave frequency, causing a density 
reduction of a Bo ltzma nn fac tor - e-l1/F , where a depends only on wave a mplitude and 
plasma temperature. Once formed, this perturbation spreads along the magne tic field 
a t roughly the sound speed [4], affecting a la rge part o f the palsma surface. Model 
predict ions, shown in Fig. I, agree satisfactorily with experiment. 
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The importance of understanding and cont rolling the mechanism governing such 
modifications lies in the effect that they have on recycling and possibly on the g lobal 
confinement properties [7]. 

mGH DENSITY EFFECTS 

As mentioned above, when the plasma density is increased modificat ion in the 
RF waves become visible. The experimental data, presented in Fig. 2, lead us to 
consider three different regimes. 

T he first is charac t e rized by narrow pump spectral broadening, - 0 .6 MHZ at - 10 
db for ii - 2xl014 cm-3, and large pump signal level (Fig . 2a) with not iceable change in 
bulk plasma conductance. Figure 2b shows the r e lative change of the conductance 
normalized to the ratio (RF power)/(ohmic power) . 

The second regime is characterized by a pump spec tral width about three times 
broader, much lowe r pump leve l {see Fig. 2c} and very little effects, if a ny, on the 
ma in plasma. 

Finally in the t h ird r egime t he pump spectral width becomes very large ( - 6 MHz) 
and the first satellite wave emerges from t he noise [81. Its frequency shift corresponds 
to the ion cyclot ron freque ncy evaluated a t the outer plasma edge a nd it appea rs only 
with large pump spectral broadening, just as fo r the 2.45 GHz case. The onset of the 
first satellite can be predicted satisfactorily by extending the model calculation in [3] 
to the 8 GHz case and taking into account the actual edge densities, which for these 
shot s turn out t o be more than two times highe r t han those predicted by the FT scaling 
laws [9] and used in [3]. Also for this regime no effect of the RF on the main plasma is 
observed. 

So, it appears that the alterat ion of the wave properties (i.e. i t s spectra l broade­
ning) is strictly correlated to the absence of effects on the main p lasma, perhaps more 
clearly than for the 2.4.5 GHz experiment. In fact, in the 2.45 GHz case the upper den­
sity threshold t o heating, can be a ccounted for as due to a swiLching of the RF in­
te ract ion from electrons to ions, both predicted [10] and observed [11], which effi­
c iently depletes the pump power . For the 8 GHz exper ime nt no such mechanism is 
eithe r expec ted o r found (no fast neutral tails were prod uced), but no conductance in­
c rease, or o t her bulk effect, is observed when the pump spect ra l width exceeds - 1.3 
MHz at -10 db. 



Fig. 2: n.b) ,·egime A; c) regi me H .• fu ll pump Sl)ectml width ut· IO db (MHz); tJ. logarithm 
of the pump powe r level; u re la ti ve cond uctance variation o f the plasma upon a pplication 
of the 8 Gllz power normalized to the ratio P n .. ·II'OIl, on ly fo ,· ,·egillle A. For regime B thi s 
quanti ty is ze l·o within th e ex pel·imenLaI error·s 

The access to a particular regime can be controlled by adjusting some macro­
scopic plasma pa rameters. Current and density are already known to affect the wave 
propagation properties [3]. The present data establish the importance of the ho rizontal 
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position, too. Indeed the second regime shots differ from the first ones only for an 
outward plasma shift, that is towards the RF grill, of 1.5+2.0 cm. The third regime 
shots, on the other hand, show a bit smaller outward shift ( s 1 cm) together with 
lower current and central temperature (about factor s Z) compared to the first ones. 

It was shown experimentally and was confirmed by model calculations [3] that 
the importance of the plasma current and density follows from the modifications they 
induce in the edge plasma, at least as far as the onset of the first satellite is 
concerned. It has been found also [5J that the pump spectral broadening might 
originate in the edge plasma through parametric instabilities involving ion sound quasi 
modes. The threshold powers are calculated to have a very deep minimum « 1 kW) 
near the limiter radius, indicating a strong sensitivity to the local values of 
temperature and density. In this framework, a horizontal plasma shift can influence 
the pump spectral width by varying the density and temperature just in that region 
where the threshold power drops. Indeed a shift of the last closed magnetic surface 
relative to the limiter alters the edge magnetic topology and, as a consequence, 
changes the local balance be tween the input and output power and particles, which, in 
turn determines the values of nt! and T/,'. This qualitative argument is supported by 
Langmuir probe data. All the shots with outward shifts show higher edge densities 
compared to the others, but similar temperatures. Hence, the pump wave will 
encounter high density regions when the temperature is still low. This drops the 
threshold power for the parametric instabilities, favoring these processes. 

CONCLUSIONS 

We have studied the interaction of the RF lower hybrid waves with the edge 
plasma. Comparisons between the 2,.45 and 8 GHz experiment have been made and 
some mechanisms for the phenomena observed have been proposed. Another 
macroscopic plasma parameter, i.e. the horizontal position, has been recognized to be 
of importance in determining the edge parameters and hence the RF effects on th~ 
whole plasma. 
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S.I.Lashkul, A.D.Lebedev, S.Y.Petr-ov, A.Yu.Stepanov, 

O.N.Shcherbinin, V.O.Aleksandrov*, I.E.Sa1charov* 

A.F.Ioffe Physical - Technical Institute, Leningrad, USSR 
*M.I.Kalinin Polytechnic Institute, Leningrad, USSR 

We present here the invest igation of lower hybrid (LH) 

ion heating efficiency as a function of RP power level. The 
experiments have been carried out on t he FT-2 tokamak /1/, 

R = 55 cm , a = 8 cm , with the following plasma parameters: 

BT ~ 2.3 T, Ip ~ 33 kA , ne ~ 3 . 6xl 0 13 cm- 3 , Te(O) ~ 450 eV . A 

two waveguide grill installed on the lm"Jer field side of the 

tokarnak has been used to inject 25+200 kVI of LHRF power with 

the duration up to 8 ms at a frequency of fo ~ 925 M1-Iz. Ion 

temperature profiles have been measured by the 5-channel 

charge-exchange analyzer# 
In Fig.1 we display the time- history of the main plasma 

parameters for the Ohmic discharge and for the LH heating 
discharge with 160 kW of RF pov;er# All changes shovm in Fig. 
1, increased with the increasing RF power . 

'1'he time sequence of the electron density profiles ne (r), 
measured by the 2- mm interferometer, is shown in I<'ig .. 2 . 

The electron temperature profile Te (r), measured by the 
second harmonic of the ECE, is presented in lilie .3; no changes 
in Te(r ) were observed during RF pulse. The neutral hydrogen 

density profile nH(r ) has been calculated from the charge ex­
change neutrals flux. For the Ohmic discharge nH(a) "" 3. 10 10 

cm-3 and this value did not increase during RF pulse. rrhe va­

lue of Zeff for both types of the discharge Y/as ~ 2. 
When LH power has been injected into plasma, the bulk 

ion heating and the fast ions tail gener'ation \'Ji th Tt > 600+ 
1000 eV have been observed .. f1'he time evolution of the Ti (0) 

is plotted in F'i g .4. It can be seen , that a. Ti has a week cle-
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pendenee on RF power level. At PRF = 25 kW the highest heating 

rate ~ = 1014 eV/kW.em3 has been obtained; at higher power 
levels ~ decreased roughly inversely proportional to the RF 
power. Ion energy confinement time, deduced from the deriva­

tive dTi/dt, Fig.4, was 2.8 ms at PRF = 30 kW, and 1.2 ms at 
PRF = 160 kW. The relaxation of Ti after the end of RF pulse 
occured with the characteristic time t-Ei ~ J ms; it should 

be noted that in the Ohmic discharge 't'Ei ~ 3 ms. At the sa­

me time the particle confinement time during LH pulse was im­

proved. It followes from the fact that the neutral hydrogen 

density TIH and the impurity density nr - ~I/ne kept constant, 
whereas ne increased, Fig.2, with the characteristic time of 
4.5 ms, which is 2 times larger than the decrease time for TIe 

after the end of RF pulse, 2.2 ms. The same effect has been 
observed both in the ion heating experiments and in the cur­

rent drive experiments in a low density plasma on JFT-2 /2/ 
and Versa tor /3/. 

The evaluation of the energy input into the ions can be 
done using the balance equation: 

1;71:
2
/(1" a"..iefvT,: "VI. + w . -Wo -f.5f!. rn T: dv (1) RF eL c.)(. dtj1h. L 

v 
where WRF is the absorpted RF power, Wei is the power input 
from electrons to ions, Wcx is the charge exchange losses. 
All the values are calculated for the cylinder with a radius 

r and a length 27rR. For the evaluation of C£ief in RF dis­
charge we used the value of ati obtained in the OH discharge, 
but the latter was modified taking the plasma parameters dis­
turbed during RF. In the flat-top stage of 4 Ti the calculat­
ed value was WRF = 13 kW fo r PRF = 30 kW and WRF = 30 kW for 
PRF = 160 kW. It should be marked that the estimation by the 
relation: 

where 

WRF+Wec 
V = 7.105 

from the derivative 

(2 ) 

is the plasma vollune and ?:El.. is deduced 

dTi(O)/dt. results in WRF = 17 kW for 
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P
RF 

= 30 kW and VlRF = 62 kl'l for PRF = 160 kW. These values 
are higher than those, obtained by (1), when for RP discharge 

we used the -;e.i.f:'.j from OH discharge. However the experimental 

values of ~Ei during RF heating are smaller. This discrepancy 

could be explained by the enhancement of the j_on heat conduc­

tivity during LHRF injection .. 

The estimation of the energy losses with the fast ions 

can be done by the charge exchange and bolometric rneaSUI'e­

ments. The energy flux of the charge exchange neutrals ~"Ji th 

the energy E :;;:00 1000 eV was Wex = 3 kW for PRF = 30 kW and 

IV = 6 kW for PRu = 160 kW. The fast rise of the bolometric ex J! 

signal on the first millisecond of the RF pulse and its fast 

decay after the turn off of the RF could he also associated 

wi th the fast particles, /4/. This estimation shovm, that the 

fast particle losses are Wt = 6 kW for PRF = 30 kW and I'It = 
12 kW for PRF = 160 kV/. The excess of V/t over Wcx can be ex­

plained by the fact that t h e total energy flux on the wall 

includes not only the neutl'als, but the charged particl e s too. 

And it should be taken int o account that the pov/er losses 

wi th the fast ions is Lc)/. /L~d times higher, than Wex ( 2,:)(. is 

the charge exchange time and 'Cd is the confinement time for 

banana or localy trapped ions). IJ.1he ratio of Z-c .... /?:cJ. can amount 

up to ten. Therefore the low value of RF power deposition in­

to the bulk ions could be explained by the energy losse s 

through the fast ions. 
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Lower hybrid (LH) ion heating experiments on tokamaks 
vary in results. On Petula and JFT-2 bulk ion heating has 
been reported, while on ASDEX, PLT , FT only fast ions tail 

generation has been observed (see Ref. in /1/). In our expe­
riments on FT-2 tokamak we saw the peculiarities of both ty­
pes of experiments. I n this paper we present some expe~imen­

tal data, which can be usefull for understanding the mecha­
nism of LH wave propagation and absorption in tokamak plas-
mes. 

In the FT-2 (R m 55 cm, a m B cm /2/) experiments des­
cribed below, the main plasma parameters were in the follow­
ing ranges: BL • 1.3+2.7 T, I . 20+35 kA, T • 300+500 eV, 
- -~' 13 - 3 p eo 
ne • ( 1.4.5).10 cm • For LH ion heating an externally ba-
sed 2 waveguide grill has been used to inject t he microwave 
power P ,; 200 kW at fo • 925 MHz Vii th a good coupling (R ,; 
10%) .. The ion temperature in OH and LH regimes has b~en d.e .... 

duced from the charge exchange analysis. Perpendicular ion 
energy spectra wi t h and without LHRF pulse are shown in Fig. 

1. In this picture both bulk ion heating and faet ions tail 

generation can be seen. In a dense plasma with ne =- 4.5x10 1J 

cm-] and ET • 2.7 T ion temperature increased from 180 up to 

260 eV , when 80 kW of RF power wae injected. Heating rate in 
this case Vias '2. .4.1013 eV/cm3kVl. The same result has been 
obtained for similar plasma parameters in Petula B exper i­

ment /3/ and has been explained by the theoretical model ba­
sed on the strong slowing of the heating wave in radial di­
rection near the linear transformation point (LTP) and the 
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stochastic mechanism of ions acceleration in the field of the 
strongly slowed wave. Nevertheless in some of our experiments 
we S8W effects that were not in agreement with this model. 

In Fig.2 we display a plot of the central ion temperatu­
re wi thou t RF and with 80 kW RF' power; and the value of the 

flux of fast neutrals with the energy E = 1875 eV versus ne 
for B~, = 2 .7 T. ~'he jump of the flux Vlith E = 1875 T near 

n = 2. 1013 cm- J can be seen. Such a jump is usually explain-
e 

ed by the appearance of LTP in the plasma volume /4/. In our 

conditions for Zeff = 2 and ne = 2.4x10 13 cm- 3 LTP appears in 

the center of plasma column and the jwnp of F could be asso­
ciated with the appearance of L'fF in the center. However it 

is not so: there is no jump of Tic near ne = 2.4x10 1J cm-J , 
hence the jump of } ... is not connected Vii th the fast ions gene­

ration in the plasma center. 

Besides, it was established, that the bulk ion heating 
and the fast ions tail generation took place for the very 
small densities and magnetic fields, v/hen there Vias no LTP. 

" - " 13-3 
For ~nstance, at Br = 1.3 T , ne = 1.8x10 cm ,PRF = 30 kW 

we obt.ained bulk ion heating from 85 up to 160 eV, with the 

haeting rate 12 = 4.1013 eV/cm3kW, Fig.1. In these conditions 
the maximwn possible slo\'Jing factor of the electron plasma 
waves eKcited by t he grill is Ni = 90 for Nil = J. In the ex­
periments t he gene.ration of ions vlith minimwn energy EB= 500 
eV (v iB = 3.5x107 cm/c) was observed. Taking into account the 

acceler'ating condition Vi ~ vph we can suppose that the waves 
Vii th N.l. = c/v ph = c/viph = 850 exist in the plasma. There is 

no linear mechanism for such a strong slowing of 1H waves in 
plasma with the above mentioned parameters. The flux of neu­

trals with E = 1500 eV versus n is shown on Fig.), the flu-
e 

xes for the different magnetic fields are of the same value, 

although they depend on ne' So the jump of l'(iie ) does not fol­

low the I.H resonance curve E (ne' B) = 0, Fig.4, even qual i­
ta ti vely and takes place on a line ne = CO!lot. 



Thus, the fast ions generation depends only on the plas­

ma density. This allows us to make a conclusion, that the wa­
ve process, responsible for the fast ions gen~ration in its 
turn depends only on ne. But exactly in the .edge plasma the 

perpendicular wave vector of the electron plasma wave depends 

only on ne: k J.. = ku V ne/n~ , where ne is the critical density 
for LH wave, k ll is determined by grill. Estimations show,that 
this condition is safisfied when ne 1: (1_2).10 13 em-3 • So we 

can suppose that some nonlinear processes , in particular pa­
rametric instabilities, stimulating the fast ions generat ion, 

take place in the vicinity of ne = (1_2).1013 cm-J , where Wo 

;:; 1 .5 W"H 
Parametric instability studies have been done by the 

high frequency probe, located near the grill. The generat ion 

of the satellites, shifted for fei' 2fci' 3fci (fci is the 
ion cyclotron frequency on r x 6.5 cm) to the red side from 

fLH~has been observed. The power thresholds of the satellites 
decrease with plasma density. This decreasing dependence cor­
relates with the increase of neutral fluxes, Fig.). Paramet­
ric spectra have been obtained also by the enhanced scatter­

ing of 4 mm microwaves method, 15/. The extraordinary waves 
have been launched from the inner side of the torus at the 
cross-section shifted from the grill position to 90°. The 
spectrum of the scattered signal from the region r = + 6 cm 
is shown on Fig.5. It is broader than the spectrum, obtained 
by the high frequency probe. 
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I ON HbA'rINO IN THj" TOKAMAJ( FT-1 A'f Flll:,QU];NCIE~ WD"WLH 
Yu.F.Baranov, V.V. Dyachenko , M • .r.~ .""ario nov, L.S.Levin, 
G.A. Serebreny. 
A. F.Ioffe Physical-Technical Instit4te, Academy of 
Science of the USSR , Leningrad. 

In experiments on Lower Hybrid Resonance Heating 
(LHRH) moat of the HF power goes to produce high energy 
ions (nonthermal " tailslT ) . The ir behaviour is determined by 
a drif t in the tokamak magnetic field. Effective LHRH can 
be expected only when the l09s es of thes e i ons are small. 
In earlier experiment s in the FT-1 Tokamak /1,2/ it was 
shown ths. t the behaviour of the energic ions depends on the 
position of antennae r elative to the direction of the toro i ­
dal i on dr ift. The opt imal pos i tion i s a t the bottom ( or at 
t he t op) of a discharge chamber , when t he i on dri f t is di­
rect ed from the ant enna into the p l asma vo lum e . 

Thi s paper i s con c erned wi th t he de t er mi natio n of the 
LHRH effic i ency an d s ome a spec t s of t he ion energy di s tibu­
tion . I£he r esult s were obtained ma inly by the charge ex­
change (eX) analys i s . 

The tokama k FT-1 par amet ers were: H = 62 cm, a ::::' 15 cm; 
B ;;;, 1 • 2T ; I '= 45 kA ; q (a ) = 4 . 5; lie = ( 1 - 1. 5 ) 1 0'3 cmr z...= ). 5 ; 
t he fill i ng gas was hydr ogen . J\ magnetron gen er ator 
(Wo = 360 MHz ) was u sed t o launch into t he plaslr.a a power 
of 30- 50 kW in 10 me pul ses . Th e frequency WO ;:.'8S 10we1' t h a n 
Ll-m. f r equ en cy at t h e d ischarge axis and. the .LHR s UI'f'CJ.ce was 
locali zed nea r t h e pel 'iphe r y at l' ~ (0.7-0.8)8. Two rod an­
tennae w~re introduced into the chamber through coa}:ial in ­
sulator . They partially embraced. the plasma cclumn fr'ol!l t he 
t op and from the bottom sides (Fig.1). P. corrugated (jlow­
-wave s truc t ure was JOounted inside the chamber . Antennae 
together wi t h the structure excited ill a plElsms h-.t.l01arized 
slow wave with N 2. 

During a HP pulse tile density inc1'eaSe wcs 15-~0% , 
the increase of radiation losses and SXR - 40- 5CY,;'Q , so !" l?fI 
d i d not change sir;nif icantly. During tht! LHHH the ion dis­
t r ibution becomes nonma.x'fI.'ellian, so a thOl'ougb analysis of 
ex data was n esessary to fin d the tru.e value of Ti i ncrease 
in a bulk plasma. 

The t yp i cal ex spectl'a for olunic heating (Oh) () ) and 
the LHRll by the u'pper (2) (lnd the lower (1) antennae ar e 
shown in J..'ig . 2 . The toro i dal d;"'ift 'Nas dil'ecteu upward. Th6 
i n t ensity of h i gh energy pal't of SpEctrum 1 is higher than 
of spectL'um 2. ll.oreovel', the s l ope in the enel'gy range 300-
-1 200 eV c hanged, which may be due to th e t ota l tempera tur "3 
increase f r om 140 to 220 eV. Spec:tl 'u(JJ 4 was obt a i ned 1 ms 
a ft er the ter mi natioll of the LIIRH pulse by the l ower ante n­
na. The no nmaxwelliall part of tile spectrum decayed dur i ng 
that time. 'l'he slope of th e remaining pa1't of the spectrum 
shows T 180eV . .Al~o l'Emnrk,qble :i s t hf? e :'r:0 "" S of the par-
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ticles having E>16oo eVe So the operation of the lower an­
tenna provides A Ti ~ 80 eV at the power of 20 kW introduc­
ed into a plasma. The upper antenna is less effective,.4 Ti 
is about 15-20 eV. 

In the initial OH regime at Ti = 140 eV; Te(O) = 500 eV; 
ne:: 1 ,J.10'3 cm-a the power transfered to the ions is 
P~i.::= 17 kW; the ion energy confinement time ie Z-Qi::='.3 ms. 
The oscilloscope traces of ex fluxes (Fig.) clearly show 
the different time behaviour of "tail" (E = 2400 eV) snd 
thermal (E = 980 eV) ions. The former disappears prsctical­
ly instantly sfter the LHRH pulse termination; the latter 
decay with r= 2 ms. The significant differ ence in time 
constants between the high and low energy ions allows one 
to determine the thermal part of an energy spec trum, 300-
-1200 eV, in which the ion temperature is measured. 

According to the theory, in the LH wave field the ions 
acquire the transverse component of their energy. Supposing 
that the nonthermal !ltails" were absent in "longitudinal" 
ion distribut ions, we carried out an experiment where the 
ex atoms leaving the plasma at small angles to the magnetic 
f ield were analysed, using the reflection of neutrals from 
a moveable aluminium mirror located in the limiter "shadow!!. 
~he ex spectra obtained in perpendicular (1) and longitudi­
na l (2) directions in the OH and the LHRH regimes are shown 
in Fig.4. Unexpectedly, the perpendicular and long itudinal 
2pectra were found to be similar. The former reflects the 
energy distribution of locally and toroidally trapped ions, 
the latter the energy distribution of the passing ones. 
Both spectra consist of two components during the LHRH and 
possess "tailsll with the short lifetime. 

Taking into account Z~ the ion isotropisation time 
'Z:1l '" 0, 25 ms 1'or E = 1000 eV and 1 ms for E = 2400 eV. The 
observed ion lifetime for E = 2400 eV is much less than 
1 ms. Nevertheless, the longitudinal spectra are similar 
t o the transverse ones and the ion velosity distribution 
is apparent ly isotropiC. 

ex spectrs 01' deuterium added in small smount (7%) to 
the hydrogen were found to be similar to the hydrogen spec­
t ra in having thermal and "tail" parts under the LHRH 
(F i g.4) . Thus the attempt to find conditions under which 
the observed spectr a are thermal and undisrurbed during 
the LHRH have failed. But the analysis of the time evolu­
tion of ex fluxer after the termination of the LHRH pulse 
made it possible to find the thermal part of the disturbed 
energy distribution. 

The experiment on ion heating and Ti evolution was mo­
de lle d numerically. The transport coefficients for the OH 
re~ime in FT-1 were used in the model. The calculated 
Ti(O) evolution is sl10wn in Fig.5 in the case of P = 40 kVi. 
The heating is localized at the discharge axis (1) and at 
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the radii of 7.5 (c) ana -11 cm l j ). 'l'h ,;:; Co,. Ql;:lt a a.ca aJ.so 
shown. Apparently, Ti rise woul d have been higher in the 
case of the of the most affective centra l heating. 

The dependence of A Ti during the LHRH at P = 40 kW on 
the plasma mean density ne is shown in Fig.G. To find the 
temperature, the energy range of 300-1200 eV was used 86 
previously.~Ti increases with the density. This seems to 
be due to the collision frequency rise and fast i on termo­
lisation improvement. The heating efficiency at 
ne = 1. 5 ·1 0'3 cm-3 i s '<' = 4 x 10" eV. cm'" kW-I. Fig. 6 shows the 
data on the optimally l ocated lower antenna. Under the S8-
~e conditions the upper antenna and previously used anten­
na mounted at the outer side of the chambeI' were much leBf] 
effective, '1£ 1.101.3 eVe cm-] kW·' • 

Thus, the experimental evidence shows that the appro­
pr iate localization of the antenna fo r the L}ffiH into ac­
count the direction of the toroidal drift can increase the.. 
heating efficiency, especially in a dense plasma at rela­
tively low generator fI'equency , when the LHR zone i s near 
the periphery. The effect of kinetic convection /)/ ap­
pears to make a contribution. Accelerated near the peri­
phery by the LH wave i ons drift towards the plasma cent er, 
where they lose their energy in collisions and become 
t rapped. Possibly, the traditional location of the LHRH 
antennae (grills) on the outside torus wall in experiment s 
with dense plasma is not effective, because the accelera­
ted ions become toroidally or locally trapp ed near the pe­
riphery. They are later easely lost due to the CX or drift. 
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INTRODUCTION 
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Plasma heating. using the lower hybrid resonance method, requires very high power at 
frequencies in the range of 0.5 to 15 GHz. Desired power source characteristics include, along with high­
power capability, good reliability with high efficiency. The klystron amplifier is traditionally preferred 
for generating of high power levels at these frequencies. Klystrons have demonstrated good reliability 
while providing high power at good efficiencyO). 

Efficiency is an important consideration for high-power amplifiers: Much effort has been 
devoted to establishing the design parameters which determine the interaction efficiency of klystronsY> 
This work utilized computer-aided design to optimizc the beam and circuit interactiori to provide 
maximum output power. Klystrons designed in this manner have demonsttaled efficiencies of up to 75% 
although values of 50% to 60% are routinely achieved in practical devices. 

Another method is available for enhancing operating efficiency of microwave lubes. By 
incorporating a decellerating eleclric field in the collector region, one can recover energy from the spent 
electron beam with consequent overall efficiency improvement. This design approach, referred to as 
"depressed collector operation," has been routinely used for traveling-wave tube designs but until fC­

cently has not been applied to klystrons for a variety of technical reasons. These technical problems have 
been overcome, and the technology is now available to allow klystron designs with exceptional efficiency 
perfonnance.(3) 

DEPRESSED COLLECTOR DEVELOPMENT PROGRAM 
Power consumption of the amplificrklystron is a particularconcem for UHF television stations. 

A program to develop a depressed collector UHF-TV klystron was initiated in June 1984 with broad 
support from the television community and from NASA. A computer-aided design was subsequently 
constructed and evaluated. (4.}) 

The Varian VKP-7555S five-cavity klystron was selected as the test vehicle for the multistage 
depressed collector (MSDC) perFonnance evaluation. This klystron provides 60 kW output power at the 
television frequencies of700 to 850 MHz. Figure I is a photograph of the tube showing the collector at 
the upper end enclosed in a metal shield to minimize rf interference. The collector is composed of five 
elements, each operated at a different potential to provide the decellerating eleclric field for the electron 
beam. The operating conditions for the electron beam are 24.5 kV and 5 amperes. The collector elements 
operate with evenl y divided potentials with just over 6 k V between each electrode. Typical power supply 
schematics are shown in Figure 2. 

Measurements of cUlTent distribution to the collector elements were perfonned as a function of 
rf drive power. The resuHs are shown in Figure 3. For no rf drive essentially all the beam current goes 
to electrode four, which is at a depressed potential ofO.75 times beam voltage. As drive increases, 14 drops 
rapidly as I) increases, followed by I~ Lhen 1

1
• It is interesting to n:te that up to 10% of the current goes 

to clement five which is at cathode potential and, consequently , does not involve power supply power. 
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SERIES CONFIGURATION 

FIGURE 1 FIGURE 2. SCHEMATICS 

With the measured performance characteristics, the collector efficiency was determined. This 
is the ratio of power recovered to spent beam power, plotted in Figure 4 along with the predicted value 
obtained by computer ana1ysis. The measured perfonnance compares closely with the previously 
calculated values supporting the accuracy of our computer modcling technique. The power distribution 
as a function afrf output level is shown in Figure 5. The power recovery (and efficiency enhancement) 
is greatest for operation below saturation. Even at saturation, however, the efficiency of this klystron is 
increased from 52% to 72% by employing the depressed collector design. 

APPLICATION TO PLASMA HEATING 
Using our computer-aided design technology, we evaluated potential depressed collector 

klystron designs appropriate for plasma healing application. In particular, we evaluated a design to 
provide 1 MW of power at 2 GHz. A four-stage collector design similar to that demonstrated on the UHF­
TV klystron was used. The opcratingcharacleristics ofth.is klystron design are listed in Table I. The basic 
interaction efficiency is 55%, which is increased to 77% by the power recovery achieved by the depressed 
collector. 

The eurrent distribution la the coiJector elements was detennined, followed by the calculation 
of power supply requirements. The current and power requirements for power supplies of the parallel 
configuration, as shown in Figure 2, were evaluated and are listed in Table 11. 

The design analysis included evaluation of both electrical and mechanical characteristics to 
assure an adequate design from all viewpoints. In particular, Lhehec.l dissipation capability was evaluated 
to assure adequate Lhermal capability. 
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TABLE I TABLE II 
DEPRESSED COLLECfOR KL YSTRON POWER SUPPLY REQUIREMENTS 

DESIGN CALCULATED PERFORMANCE PARALLEL CONFIGURATION 
CHARACTERISTICS 

Power Saturation No 
Frequency 2.0 GHz Supply Output Drive 

Output Power WOO kW 
Number Voltage 

I 80kV Curre nt 8.3 1 .04 A 

Gilln 47 dB Power 664.8 3.2kW 

Bandwidth 22 MHz 2 60 kV Current 7. 18 O.I8A 
Power 430.8 10.8 kW 

Efficiency 77 % 
3 40kV Current 4.27 0.76 A 

Beam Voltage 80 kV Power 170.8 30.4 kW 

Beam Current 22.6 A 4 lOkV Current 1.66 21.64 A 
Power 33.2 432.8 kW 

Input Power 1300 kW 
TOTAL Current 21.42 22.62 A 

Power 1299.6 477.2 kW 

CONCLUSION 
Depressed c~llector technology holds promise fOf signifi cant improvement of klystron effi­

ciency. Computer modeling suggests designs with a predicted efficiency improvement of 1.35; tube 
perfonnance data is slightly beuer at 1.38 (52% increased to 72%). To date, three UHF-TV klySlrons of 
this design have been constructed and evaluated. All have provided similar -perfonnance. Using our 
computermodelingcodes, we have evaluated other designs and have determined that depressed collector 
technology can be applied to high-power klystrons of lhe type used for plasma heating and similar 
improvemenlS in efficiency can be expected. 

REFERENCES 
(1) McCune, E.W.: "Klystrons for Present and Future Lower Hybrid Resonance Applications", 

presented at the 4th International Symposium on Heating in Toroidal Plasmas, Rome, March 1984. 

(2) Lien, E.L.: "High Efficiency Klystron Amplifiers", in Conv. Rec. MOGA 70 (8th International 
Conference, Amsterdam, Sepl. 1970). 

(3) Kosmahl , H.G.: "Modem Mullislage Depressed Collectors - A Review", proceedings of the 
IEEE, November 1982. 

(4) McCune, E.W.: "A UHF-TV Klystron Using MullislageDepressed Collector Technology", IEEE 
IEDM Tech. Digest, December 1986. 

(5) McCune, E.W.: "Klystron Perfonnance Using a Multislage Depressed Collector", IEEE IEDM 
Tech. Digest, December 1987. 
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THE SATURATION OF PURELY j}ROWING INSTABILITY DUE TO 

PARAMETRIC EXCITATION OF CONVECTIVE CELLS IN P LASTh~ 

P.K.Shukla 
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Faculty of Physics and Astronomy, Ruhr University Bochum, 
F.R.Germany 

V.N.Pavlenko, V.G.Panchenko 
Institute for Nuclear Research of the Ukrainian Academy of 
Sciences, Kiev, USSR 

The convective cell mode is a zero-frequency, purely damped, 
electrostatic mode involving only particle motion and pertu­
rbations in the direction perpendicular to the· external mag­
netic field. These convective cell modes play a very impor­
tant role in the anomalous transport processes and particles 
diffusion of magnetized plasmas [ 1 , 2 ] • 

It is known that in the magnetized plasma subjected the RF­
pump wave a l ower-hybrid waves can parametrically excite pu­
rely growing instabilities by coupling with purely damped 
convective cells [ 3] • In the report the nonlinear mechanism 
of purely growing convective cells instability stabilization 
due to the scattering of charged particles by supra thermal 
plasma fluctuations is presented. This process is described 

by the effective collision frequency Ye!! that deter­
mines the efficiency of the RF power dissipation in the plas­
ma. 

Conside~the electron-ion plasma immersed in the magnetic 
field 50 = 130 I and subjected the influence of an RF pump 

wave field t (t) = fo <i c<>< w. -f: wi th frequency Wo 
near the lower-hybrid frequency WLH = Wfi (1 + rJ)f~/SZ:) 
( Wp,!. and 2.:. are the Langmuir and gyro frequency of 

the p~asma patricles of kind oC l. 
As it follows from [4J ' we can represent the electric field 
fluctuation spectral density in the form 
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(1 ) 

<: Sr=Z>~;c.!"t <:iiE<;,~-u.',J' J 
1Cl(W-rW"t)l< -(--'Lt'-lCw-w,,"tJ /-Z ~ 

where rv '" k.l foc/wo i3o.<SE<"o"nd <: 6E''">~vj-Wo t are the 
j ,/ ",+~ ) 

CQ1Tlf.10n corl~elation srectral functions of the n on-in teracting 

pa.rticles tn the me.::;netized ple,sma in the absence of the 

pump field . 'l'he nonlinear dielectric permittivity [E (W, t) 
is defined by the t~:.o:presE:ion 

CE (W) t) = Eo ( w) t) + -if Xe Dj, O[Ei(~tw,;t)i- E-l(~-uJ" t) ] > 

I;lhere t±.1 (tJ~ f.l)Cj t) ere the dielectric permi ttivities rela­

ted to the upper a nd lov/cr side- band respectively , 

to(tJ,t)"' i + le" +;(,.0 = 0 is the dispersion equ8,tion fo r the 
convective c ells (ie..:J and 'J,,'':; ere the e lectron and ion 

plasma susceptibilities at the frequency lw/ <:.:::: uJ o . ) . 

\'~e arc interested in electrostat i c short-y!s.velcng th ( le],: ':>':> j~ 
9 i is the ion I,urmor radius) two - dimensione.l ( k~:= 0 ) 

perturbations . S:Lnc(·~ the ion gyroradius is lOll(jer than the 

Debye length , collective effects due to the short-wavelength 

modes should be taken i nto e.cr..:ount . 'l'he expression for Xec' 
and :1" v in t h is case are g ivan by N (j.= jft 2 ~ Z 

~ k A e ~ !<le > 

-f,'O ~ o/'-'r.;.,'( 1 + i 3i7T+/2 
..vI Pj' ana .J\ f.. IoJ f ro:n the dispersion 

t 
,liT 

equation E(j( 0), ) = 0 we have 

0) 
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I"The parametric coupling of the , lower-hybrid pump wave with 

purely damped convective cell mode (3) is described by the 
equation 

ee (iJ, t) = 0 ( 4) 

From the dispersion equat ion (4) one can obtain the growth 

rat e and the threshold of purely growing instability. In par­
ticular, the threshold strength of the electric field rela­
ted to the excitation of such parametric instability is 

= g (5 ) 

where r is the linear damping rate of the lower-hybrid 

wave for the case kr = 0 r =("+~J!I+ k/~f~ iJ~ )(2 "}trr\] 
, wo

3 k '52..' uJo) w/) 
It is easy to show that the intensity of the fluctuations 
increases infinitely in 

It ~ (i - EIEtttat 
the instability threshold region 

f 0 -"" El h VI e show that allowanc e 

for the additional wave damping due to charged particle scat-
tering by 8uprathermal fluctuations leads to the stebilizati­
on of purely growing instability. We introduce the effective 

collision frequency as the proper~y descriptive of charged 
particle scattering by turbulent fluctuations of an electro­
static field in the plasma. In the assumption that the ma in 
contribution to the col lision integral is given by the term 
associated with the particle turbulent diffusion in velocity 
space we have the following equation for VejJ. 

/- 2f>1e wo' (dol (~r uJ ~E~ <:::: ry -y 0 

VeIt =e' C~ )J.n )(1.-)3 4'ii (od ~)tf Jm .AJ.) (6) 

~ 

where (SE&E>"),t is the spectral dens ity of the turbulent 
fluctuations in the plasma in the region above threshold 
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fo .,. fll' ). The 'va lue of the correla tor < ~ E 3 E >ul,t can 
be obtained from eq. (1), in which the eigen frequencies of 

the plasma are taken to be Wj T i -V.IJ ( Wj are the eigen 
frequ encies of the plasma in the absence of an pump fie l d) . 

The direct calculation shows that the fluctuations associated 
with the par ametr ic excitation of the convective cells give 
the main contribution to the turbulent fluctuation spectral 

densi ty . Assuming, the condition VeIl> [') , Vi k Ji to be 
fulfilled we obtain from the eq. (6) 

-VelJ. - J'~ - "-EtA 
(7) 

The expression (7) is held in the region 

-Vi k 0' fo' < 1 w,re' WLn 
< - --, 

8 !Xe
2 

[' f E, ~1-
(8) 

We mention that for typical parameters of the hot plasma in 

which the l ower - hybrid waves are used for the RF plasma 

heating the effective coll ision frequen9Y which i s defined 
by (7) exceeds both the linear damping of the l ower- hybr i d 
wave and the dissipation of the convective cell due t o the 

ion gyroviscosity . 
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LOW-HYBR ID WAVE PROPAGATION AFFECTED BY A RANDOM MEDIUM LARYER 

PAN Chuan-Hoflg QIU Xiao-Ming 

Sou thwes I ern Ins ti t u I e of Phys i cs, i.e shan, Si chuan, Ch ina 

ABSTRACT Making use of fhe stochasti c model, we have s tudie d th e Low- hybr id wave 

scalll'rillg h)' t li t' tll'lIsily ftu c tulllions in Ihl!. edge- regions of Tokamak pla smas . The 

rlispersion re l ation luull'T ( ons idprstion include s not only the li.x~ convective 

deri\'ntion Ir flll bul fllso thl' cleclrolllaguelir: rOT rntion term. Thr resu lt s s.how us that 

I lip Iransmis::ioll (odri~if'lI\ ~p, rp(l Sl' S, \,'herefl s I Ill' [pftect i on l'oe ffi rien l increases 

whe n tIll' E'lertromagnetic dect is IRkkl'1l inlo account. 

I. B.\$I C EQtlA TI O~S 

The density flu c \ualiOIl S lie aT the etlge-plaslIn- region have been obse rved 

experiml'lllall y in numLn of prt' SI'lIt rla,'· Tokflmflks . TheH fturl uations are genrralLy 

thought to bl' tlul' t o fl ho s t of mi(f(l - and macro-ins tibilitie s as weLL as va ri ous 

stages of tu rLu!rllt pl . Thr effrrl of dr ns il y- flu rtuiltioll on LH (Iow-h ~' b rid) wave 

propflgation hflS hren tiiscll ssr'! in somE' Jlflpers. All importnnt theoritical mane! 

aJ\"!Ul(('ll [,y MOInle~ nuri Lf!('.' i s ull Led "nonli nr nr filam entalioll of IOw-h:·hrid cones" 

In anJili on 10 thi s . n s tot;hn s lic manr l has hp,r n devrlop ed by Papani (oloau', ~orrison 

flnJ Grn ~~IIIil. lln' 1'1 nl. We u~e Ihi ~ model in our pre~l'nt work 10 di scuss Ihe LH wave 

srattE' ri ng by the dem.ity flu L'i ualiorl. Our model is siaiilar 10 thnl of Grossmann' e.\r ept 

inrlwliug 1111 t'ierlromngllf'tir r(lrrf'rlioll Il!rm in thi s paper. 

\\"e ("ons hlrr 11 s tah groml'try . In ollr 1II0rl.el probtl.'lI, WE' '1.'1 the plaSllil he contained in 

the r('!)irm - - - ~ "..:.\, dt'.lt ~ ily f\lIrll1flli{1]J lfl;-·('r (~("alt (' riIl9 \flye r) lllJ iocatfld in O-·c"q, 

vanlllm re gion bE' assumed for l x :::'·~ . LH wav(' imping(' Ihe plasma at . .;= 1. Beside s, we al so 

aSSIl.(' Ih .,t thp ptflS ll1a ,1('n s i Iy is inriepl'nllf'lIt of z roordinrte. mflg!lel i f' fi('ld i s 

uniform Ilnd Inllgent 107. rii r('rti on, ,len sit~' flu.;-Iufltion i s a slat i ollllfY sl a tr . i . e. 

B=B"2. n( Xi =rt.,[ l +~ (x) ; . < ~ >=<J~ / Jx>= O ( l ) 

wllere {, (;..) ~ Olldlt i l> the fllH .. lualiOII qttantil y .. Wllidl il. l.:o lls iderell to he a real 

rUHcl iOIl wi III 21' (0 m"llll. 

In Ihr e le':tros tllti c limil, f,=- vif'. The polential of the LH WllV(', tfl, ohey s Poisson's 

( ~ v$) =0. If wl' inlroduff:' all elrctromagll('tic (:orr (' c liOIl 1('(11, Ihl'd i!> pHsion 

[P I a t i on h(',' omes 
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V'(E 17c\»+Dc\>=O z 
( 2) 

W)Ji!Tf! E is tile dieleclri,: tensor HJ ld the seccnt! leem OIl the lefl hand s ide denotes the 

'" ",. A ~ ,. ,. 

electromllgnetic correct i on. Under the cold pLasmA approxima tion, e=E. (xx+YY) +£ ,zz+ 

Beside.s, 11= (y,.' c' ) : - E , F.-l-t',, ~ , In the hybrid f requency range 

( Q.,,:; (o) ;::::: Q,) . E , ::: ! +{.)' .. Q',-co)' .. / {oJ'~l. E,,={.)' .. / «.,)0,) , E,=l-w • .', (,)'-w ' .. / w':::::- w·w'"W'. 

Whrre Q.=eB (ro.n, (,)I .. = < hl ' .. ~ (1 ~ ~) art' the t'teclron gyro-frequency and the elec tron 

p l asma fr('quell ey rt'np~(tiye ly. <w' .. ~ ::: -I.n n,er m. ,~ =O outsidl' the sc attering l ayer. 

SIlIJ ~ ti l 11li J(!j ~h{' se !'r:olntiolls into Eq . (2) and noting that (.) / Q.« l, we obtain 

• ~itJl ~==,\lz "., 'i7f. , NE < W; .. ;"~' (w~-J,), <:D:> ==: (w :,.. ( : ) «(,,) ! .. =-/ (o) I) [ l+Mw A"J.J . Car ryi ng oul 

tht' Fourie r tnmsf(1f111 in hoth y and z direr lions, Il>=u (x) exp Ci (k.y4,z) - i wl), teting 

t ht, inri.irn wayp hll\' {' ullil~' amplitude Ilurl /l oling that thp normalized refrecl ive index 

ill the vacuum i s 11, we gain analytically lhe solutions of u(x) in both vacuum region 

Ilnd quite jll flsmn , In 111E' Sfnllering layer, fun c lion u(:,,) satifies 

d'tvdx' +k', {J +£ ~ (X) H C( d~ .. dx) +G[ 1+£ A ~ ( x) J ) u=O (4) 

E' rppre sent s the ex tent of fluc tuation and i s cons idered t o be a smalL quantity, i.e, 

<- e ~ (:'l, «xl-O(1 ); 

From the continuity of u and du_d:..: at x= 1 and the analy ti cal fon of the potentia l 

[1I\'a cuulO region, we oblain 11 r andom difft'renliai equAtion 

dR/ dl=ik,, ( l+g ) "'/ 2fJ,[ ( 1-fJ, ' ) +e ( I+Ag) / ( 1+9 ) ~ ( 1) 

+eC/ ( 1+9 ) C( I ) J {Rexp[ ifJ,k,( 1+9) 1/'1 

+exp[ -i fJ,k, ( I+g j "'I, ) , ( 5) 

Wllt'Te R denotes the r eflection coeff i cient ~ . = d~ /dx, By leti ny ", =I,9=0 and [=0, we 

r('pr orlu(,1l Paplln i coloau's result' fr oll Eq. (5) Of cause, we can use Hashminskii 's !hoe ry 

10 so \"e Eq.(~) as s ame' as doing in Ref.3. We here use a simple wny ins tead of 

Pa~rllli c oloa\l' s ml'th oti, 10 ge l Il1l' refinction coeffi c ient (or Iransmission coe ff icient) . 

2. CO~CLVS10:\ ,I\NIJ OI SCUS$JOi\' 

lel r:: O bl' the corrl;'Lnlion Length of flucllll\l i on qllnn!it y ~ , and Let us define t= :vr, 

l =I ~ r.r·= r·k'" ( I ""-g) We f ind from Eq. (0 Ihll l Ihe fllnrtion u=u (I) salis f,ies 
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( 6) 

If the dimensionless variable t is though I 10 be a limeliie argU/llenl, the original 

boundary value problem can be uiscussed as an initial value problem. In Eq.(11) 

I;, ( t) ""[ ( [+il.g) / ( [+g) ] I;, ( t) 

+ (C/ [ r ( [+g) ] } ( d I;, / d t ) (7) 

is a w.ore gel\eral process, If .; (l ) i s assumed la be a Bro'lmiau 'Process, \/le can prove 

Ihal '[(I) satisfies all of the hypolht',ses given in Ref.3, ~(t) is still a 

Brownian process, Therefore, the precious theor y developed by Morris on et at', 

can be used to discuss Eq.(6). Comparing Eq. (ll) wilh Ihe basic equation given in Re f. I, 

we obtain the mean or expected vnlue of the fronsmit t ed power, which takes the form 

[/f1<I TI'>=[ 4v2e-;/4/ ( V1l5)] l oo ,d,' (ve -"/[ 8+cosh.( 2v sv) ]!11} 

tanh-! ( V 2s inh. ( VS \') / [ 8+cos h. ( VS\ ) ]!12 } +O( E ' ). (8) 

To set llli.!i result, I.{orrison. et al. have assumed that no pO\/ler -·ansorplion t akes 1? l ace 

in scattering layer, i.f.' . . T" =I -' R:'. This result can bl? illustrated as follows. Wt' can 

see from Eig.! that the trellS-milted wave power power decreases monolonicatty with S 

inr:rea~in9. In Eq . (\:n . 

S~ e2L( k'/2) I( 2k) 8~( f1 '+I ) / ( 2f1) ( 9) 

T (2k) is (one-half) the power spectnl/ dell:;! I,\' of the gelleralized process ~ .Let Ule 

two-point correlation function of the origin1'l1 prorrs s .;. P(6.;\) = < ~(.;':.1.6.;,:)· £ ( X ) :-- , 

P (l',.\) =e.\p[ -~ ' ,.( "'X) ( 10) 

witl! ~ . = l .... r. We c39--deri-.;e a relation 

l( 2k) = {( I +i\ g) '/ ( I+g) '+JC'k' [ r ' ( 1+,9) ' ; ) J( 2k) ( 11 ) 

wl!ere J (2k) is (uue-IHlIf) Ille power sjJe .: lrlll uel! s il y of proces.s~. 

l~wler thl' Large angll? s(;at tt'ril\~ ,:oarl i tion k'..,: ,;" , . Ivr (1'In pro\'E;~ Ih1'l1 

S=F ( C. q ) S ( (2) 

\fj i,lh 

F( C, g) =[ I+g+ 4c 'k2, ( I -k',/ k',, ) ] ( l-k2
c k !,) 

. exp [ 4( k,,/ ~ ") ' ( k,.,· kn) ' ( I+g) J / exp( 4k2,.' ~ ',) 

S= ( E 'Lr 'k'p/2) J ( 2ko) . ( 13) 

IIllere $ is a dimensioJl less parame tu defrlled by Morrison et al. If we drop bot), the E>.:: .B 
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convective derivative term and the electromagnetic correction t'('rm (i.e.Lel ing C=O 

and g=O), S::S 

Equation (4) shows that in the s trong scatte.ring lilllit, k'.« ~', I the parameter S 
~ets larger when C::;t: O and / or g:;tO. Otherwise, we havl:' known frolll Fig.1 Ihat the larger 

the parameter S is, the smaller the transmitted power will be . In othl:'r words, more 

power wiLL be sraltp,red when Ihe LH wave propagate s through Ihe densit y fluctua t ion 

regioll if the electromagne t i c effect is t aken iato accoun t, We aLso note that g~I .· N" 

where N, i s tIll> pllra\\{'l refred ive index. In the typicnL Alclltor C t:urrent-drh'e 

experiment the ini tial vaLue of N, is approximatoly 2- 3, g-0.1 - 0.25, S inuer.s es by a 

factor of 10% or more dlW to thp, elertromllgneti r eorree t i on. As a re su L t , the 

transmitted wave power decreases . However, in the ALcalor C healing experiment N, may 

1.,,' 3-5, in thi s (li SP the increment of pa r ame ter S i s le ss important, tht' f'lect r om llgneti r 

effect on LH wave " propagation i s not cons iderahLe . 

The con clus~ i l)n is thllt after introducing an elHLromllgnetic correction trrm 

the transmi tIed wave power lowers. or lIo re power wi I I be sca t ten·d by the densi t y 

fluctuat ion l ayer. 
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Studies of the dynamical response of the plasma to modulated Alfven Wave Heat ing (A WH) power 
and to modulated gas puffing in ohmic conditions have been performed on TeA. In both cases, lhe 
radial profile of the phase of the electron temperature response exhibits a low value inside the q=l 
radius, indicating the presence of a central thermal energy source. Absolute comparison of the gain and 
the phase in the two cases leads to the conclusion that the electron temperature perturbation during 
A WH is dominated by the influence of the density variation, with a peaked kinetic energy modulation 
profile. This at least partly explains the previollsly reported high performances of the A WH results. 

In troductjon Dynamical plasma response has been extensively used on TeA as a powerful 

and systematic approac h to interpret AWH experiments [1] . The present study concentrates 

on the analysis of the soft X-ray flux as an electron temperature measurement. Experiments 

were carried out both during Lf. heating and in purely ohmic conditions. 

TeA plasmas (a=0. 18 m, R=0.61 m, B.=1.52 T) are heated by Alfven Waves at 2.0 - 2.5 

MHz launched by 8 phase-coherent antennae. Dynamical response measurements are 

perfonned either by sinusoidally modulating the rJ. power or the gas valve between 50 and 

500 Hz or by superimposing a 3 function. In the first case, a given signa l yet') is fitted in a 

time window of 5 to 50 ms to the form: y(t') = Re(Y(,)) . COS(Olt) + I m(Y(t)) . sin(Olt) + 

<y>(t) + d<y>/dt (t) . (t-t'). This method has the same properties as a classical Fourier 

transfonn but allows a good time resolution even with a non-integer number of cycles and 

transien t conditions with significant drift. In the second case, a transmittance, expressed as a 

rational function of z=esT (s is the Laplace variable and T the sampling period), is identified 

by means of the Stieglitz method [2J. The advantage of the latter technique is that the 

frequency response can be detennined in one shot and without using a specific wavefonn 

excitation. Comparison of the two analyses gives excellent agreement. 

Dynamical response of the electron temperature to AWH Profiles of the 

nonnalised gain and of the phase of the soft X-ray response to a modulated Lf. power exhibit 

two d istinct regions: the inner volume of the discharge displays the lowest gains and phases; 

outside a well defined radius both the gain and the delay increase. A plasma current scan 

between 55 kA and 125 kA clearly demonstrated that this separation surface is linked to the 

sawtooth inversion radius: results for 125 kA and 85 kA are plotted in Fig. 1 (a) and (b). At 

the highest frequencies used (~ 200 Hz), the phase profile inside q=l becomes slightly 

convex. Therefore the outennost part of the inner volume possesses the lowest phase, 
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accompanied by a small peak on the amplitude, indicating the presence here of a thermal 

energy source. The large jump in phase outside this radius is associated with the good thennal 

insulat ion of the q=l region, a property also observed on TFR during pellet injection [3J. 
Surprisingly, the phase profile is not affected by the positions of the resonance layers near 
which the wave energy is theoretically predicted to be absorbed. 
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Fig. 1 Relative gain and phase profile of the response of the soft X-ray. (a) and (b) 
during r.f. power modulation, (c) and (d) with gas valve modulation, (a) and 
(c) at 125kA, (b) and (d) at 85kA. 
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At modulation frequencies much higher than the inverse local confinement time, the local 
energy is related to the local power deposition by an integration, giving a phase of 90°. The 
observed lowest phase however always tends towards 1800 at high frequency. The diagnostic 
spatial resolution (18 mm) was checked to be adequate by carrying out the measurement 
during a current ramp, in order to make any possible 90° point cross through the visible 

chords. The only possible explanation in such a case is that the wave energy is not directly 
thermalised but there is an indirect mechanism driven by the r.f. power subsequently 

producing a thermal perturbation, such that a 90° delay can be generated. None of the 
damping mechanisms involved in Alfven wave absorption has a sufficiently long 

characteristic time constant to produce this delay. 

Dynamical response of the electron tempera ture to modulated gas puffing 

AWH is accompanied by a large density increase. In order to quantify the influence of the 

density variation, the response of the soft X-ray signals to modulation of the gas valve was 

measured in purely ohmic discharges (Fig. l(c, d». The gain and phase profiles display the 
same characteristics as before: a low phase inner region and a shrinking of this volume when 

Jp is decreased. The phase on the axis however is close to zero or even negative. showing that 

ne is not the driving mechanism but is only useful for comparison. The parallel can be 
extended further: if we choose as phase origin the phase between ne and P rf. the phase 

profiles cannot be distinguished from each other even in absolute values; both rJ. power and 
gas valve modulation produce identical relative amplitudes proportional to Inel (Fig. 2). The 

sawtooth period was previously found to be modulated out of phase by the r.f. power [11. a 

feature that can also be reproduced by sinusoidal gas puffing. 
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Discussion The present discussion addresses the consequences of the previous results to 
the interpre tation of A WH experiments and some considerations about the possible 
mechanism underlying the observations. A rough estimation of the perturbed electron Ihennal 
energy profile gives a peak to mean ration near 5 and in the rJ. case a volume in tegrated value 
matching IP nI. This goes a long way to explain previously reponed A WH results yielding an 
astonishingly high heating efficiency and central power deposition estimated by radial power 
balance [4] or by sawtooth slope analysis [5]. In the case of direct electron heating, the 
expected modulation amplitude would be comparable to, or smaller than, the observed effect 
of the density. The superposition of the two contributions would lead, if placed in quadrature, 
to a maximum phase difference of 45°, experimentally difficult to identify. The dominant role 
of Ihe density also explains the lack of sensi tivity of the phase profile to the resonance layer 
position. In the two previous cases, a temperature perturbation arising from edge cooling can 
be discoun ted, as the source clearly originates inside or near q=l. Modifications of the 
confinement propenies are also excluded: any power dependence of the thennal conductivity 
would give rise to a phase varying wi th the rJ. power amplitude, which was not the case in 
the experiments. The evident link wi th the current profile via the q=l radius and the 
peakedness of the electron kinetic energy modulat ion ampl itude may be symptomatic of a 
form of temperature profile consistency in both ohmic and heated conditions. A possible 
modulation of the local ohmic power or a possible exchange between internal poloidal 
magnetic and plasma kine tic energy cannot be excluded: as experimental evide'nce, the 

relat ive modulation amplitude of the Shafranov parameter ~ + 1/2 is always smaller than the 
central sofl X-ray chord modulation. 

Conclusion Dynamical analysis of the plasma response to r.f. power and gas valve 
modula tion have clearl y shown that two penurbations can produce similar temperature 
responses. This response is characterised by a central thermal source certainly linked 10 the 
current profile and whose origin remains unknown. This presents an example of the difficulty 
in interpreting a non-stationary heat ing experiment while the ohmic behaviour of the target 
plasma is so badly understood. 
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An ohmic study is presented to define the experimental dependence of 
the value of (~ + 1i/2) derived f rom the Sha fra nov equation. The Alf ven 
Wave He ating pulse causes an i ncrease in both (p + 1i / 2) and density, and 
with R.F ., the value of (p + 1i/2) is sign ificantly grea te r than the 
o hmi c scaling . However, the maximum R.F. values never exceed the ma x imum 
achieved o hmic va lues . As this l i mit is approached , the m-2 activity 
increases , as in the ohmic ca se , and we show that thi s increa se 
co ["["elates we ll with the inc r ease in (p + li/2) . 

Results : This paper studies the inc rease in (p + li/2) measured during 
Alfven Wave Heating (f-2.5 MHz) on the TeA t o kamak (B , a = 0.61 , 0.18 rn, 
BQI S 1.51 T, Ip < 135 kA, D2 ) , and compares the results with ohmica lly 
heated discha["ges . When the B.F. pulse is applied, there is a significant 
and rapid inc ["ea se in the value of the Shafranov (p + li/2) calculat ed 
f["om t he vertical field and plasma c urrent . The origins of this increa se , 
whether ma i nly P, mainly li/ 2 or both , are discussed in a companion paper 
11 ] Figure 1 i llustrates the changes in (p + li/2) when different B .F. 
po we r leve ls a re applied, fo r a range of plasma currents a nd th ree 
excitation conditions (driving predominantly n- 4, n- 1 and n=2 wa ves). The 
increase in (p + li /2) i s largest f or low plasma currents and most 
effective fvr the n- 4 modes. Since , under our standard conditio ns, the 
n- 4 resonance su r face s are i n the ou te r part o f the pla sma , t his result 
is at first sight s urprising. Th is whole issue is fU rther complicated by 
the substantial increase in den sity which occurs during the R.F. pul se . 

In o r der to proceed furthe r, we have studied the va lues of (p + l i /2) 
obta ined in qua si - stationary ohmic discharge s f or thre e value s of 
to r oidal fi eld (0 .78, 1.16 , 1 .51 T) and plasma currents from 40-135 kA. 
The wi de range o f values obta ~ned , Fig . 2a , ca n b e redu c ed to an 
extremely ~ood descript ion o f the density d epe ndence by using the 
quantity A • (I p/130 kM where A*-( P + li/2 - 0 . 7) The value 0 .7 was 
selected to give the least devi a tion in the data . This quantity does not 
itself appear to have a ny absolute merit. Howe ver, we can redra w Fig. 2b 
sca led by 1/B0 in wh ich A"'· (I p /130 kA)' (1.51 T/80 ) is a well defi ned 
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function of ~/B0' the Murakami parameter. That is to say the value of 
A*(~) divided by the value of ~p at the Trayon limit is determined by 
the fraction of the operationa l densitl range in ohmi c condition s . The 
selected value 0.7 chosen to generate A corresponds to the minimum value 
of (P+ 1i/2) at high current (qa=3), being roughly 1. /2 for qa = 3 . At 
lower current s (p + 1 i /2 - 0.7) does not correspond to t , since the 1 i / 2 
contribution is then larger (Fig. la). 

When we look at non-stationary ohmic discharges , (p + 1i/2) can be 
higher than predicted by the stationary scaling, for example during a 
rapid density ramp-up . An example is sho wn as a dashed line trajectory in 
Fig. 2b . 

At the higher levels of R.F. power, the discharge evolution follows 
a much higher trajectory in the same plane and the maximum (p \+ lil2) 
values achieved were shown in Fig. 1 . Figure 2 shows the same results 
versus the p la sma density and a certa i n a lignment is already visible. 
with some h i ndsight we replot the data on the A *. (Ip/130 kM : ne plane, 
Fig . 4, with a typica l trajectory shown as a dashed .l:-ine. The R.F . 
accessed region is way above the quasi-stationary ohmic scaling, and 
exceeds the trajec t ory for hard gas-puffi ng . The dif f erent plasma 
curren t s and excitation modes are now indistinguishable. The most 
noticeable feature is that t he maximum A*.(Ip /130 kA) does not exceed the 
maximum ohmic value, that i s , the ohmic value near t he densit y limit 
(n;-8xI0 19m- 3 ) At the lowest densities the effect of the R . F . i s most 
marked , that is, when the ohmic discharge is "weakest ". 

The data shown i n Fig . 4 are those obtained in pulses wh ich d i d not 
disrupt . On trying t o exceed this experimentally o b served limi t , a 
dis rup t ion will ensue, characterised by a progressive increase in the 
Bea (m=2) amplitude . This form of disruption is similar to the density 
limit disruption , but at a lower density, one at which the r e would be n o 
significant m=2 activity in a quasi-stationary ohmic discharge . However, 
when we consider A*· (Ip/130 kA) as the determining parameter the · 
phenomenology of the two types o f disruption is similar, Fig. 5. The 
details of the exci t ed spectrum are, however, important as already noted 
[2], and can systematically alter the dependence of Fig. 5 , but not by 
very much . The observa t ion that the disruptions a re most likely to occur 
near a mode threshold corresponds to the observation that the hig hest 
point in the A*.(Ip /l30 kA) : n; plane is also frequently close to a mode 
threshold. 

The power levels in Fig. I (a,b,c) are much lower than t he available 
R.F. power. It has always been considered that the n=2 excitation is 
preferable in t hat much more R.F . power can be delivered than for n =1, 
n=4 . On reanalysing the highest power data, the trajkctories of those 
shots do, nonetheless, lie within the distribution of Fig. 4. We had 
found a way of increasing the power acceptance in conditions in which the 
increase in (p + li/2) had virtually saturated. In general, the longer 
R.F. pulses with lower ramp-rates produced less marked increases in (P+ 
li/2), and tolerated a greater leve l of R.F. power. 
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pj SCllssioo : These results show that all the quasi-stationary ohmic data 
can all be described by a simple l aw r elating (p + 11 /2) to the Troy on 
limit and the Mur akami fac tor for a given density. In this 
parameterisation, the maximum achieved (p + li /2 ) is simply studied f or 
varying p l asma conditions , and we find that , although we exceed the o hmic 
conditio n s for low density p!asmas , we do not exceed the maximum value 
f or ~~9xl019m-3 . 
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A BST RA CT: Thc appl ication of Alfvcn Wave Heating, (A WH), is accompanied by an electron density 
(ne) rise and an increase in the ion temperature. (Ti), measured wilh a Nculrai Particle Analyser (NPA). 
A study was performed and a formula developed to modcl lhe Ti in non stationary ohmic discharges, to 
determine if me Ti increase is simply due to ne. When compared with A WH discharges, the observed Ti 
is consistently higher lhan predicted by the ohmic model. indicating an additional source due to the RF. 
Ti also rcnccted the evolution of the A W spectra and reaches a maximum at the onset of a new 
conlinuum ie: when the resonant surfaces are in the outer half of the minor radi4s. Ti was investi gMed 
with modulated RF power, and a modulated gas purr, measuring the phase and amplitudes of the Ti rise 
relative to the pcnurbation. We conclude that the RF appears to have a direct effect on the Ti. 

Introd ucti on: The results described were obtained on the TCA tokamak (R, a = 0.61, 
O.ISm, Ip up to 170kA, Bj/S up to 1.51T, Deuterium Plasma). Ti was measured with a five 
channel NPA obtained from the A.F.IOFFE Institute [1]. The installation, calibration, and 
operation of this spectrometer on TeA is described in detail by [2]. Additional RF heating 
was provided at a frequency of 2.0 . 2.5MHz with pulses up to 80msec long and delivered 
RF power up to 200kW. The detai ls of the Alfven Wave launching scheme are described in 

detail by [3] and a resume of its application to TCA has been given by [4]. To recall [he 
relevant features of this heating scheme, (N,M) are the toroidal and poloidal mode numbers of 
the exciting antennae structure and (n,m) are the mode numbers of the wave driven in the 
plasma. The RF energy is predicted to be damped by the electrons which have approximately 
the same thennal velocity as the Alfven wave speed. 

The RF pulse produces a rapid increase in (B+li/2), the soft X·ray flux , ne (see Fig I b), 
and the flux in the NPA channels. For certain plasma conditions, the Ti measured by the NPA 
increases significantly [2]. 

Ohmic Stud y: The understanding of Ti is complicated by the increasing ne, so the plasma 
may not be considered quasi-stationary. As ne increases, the power transfer rate from the 
increased electron-ion coll isionali ty leads to a Ti increase. An early effort to estimate this 
indirect hea ting term [5] suggested that the increase in Ti was greater than expected simply 
from ne. The timescale of the ne increase makes a quasi-stat ionary analysis inadequate, 
obliging us to consider terms depending on dncldt and dTildt. The increase in Ti is observed 
to saturate at both high Ip and ne. This saturation may be explained by the reduction in the 
coll isional transfer from the electrons, and here only discharges for which Ip was constant are 
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considered. The ion power balance can be simply written, valid for an ill-defined central 
region, as: 

dWi Idt = 3/2 e (dTi/ dt ne + Ti dne I dt) = Pei - 3/2 e Ti ne I 'ei 
where Wi is the power of the ions. and, for the moment, all losses have been lumped together 

using an energy confinement time tei. An empirical form 'tei(ne) = C flea was chosen to 
reproduce the quasi-stationary form of Ti(nc). Fig. la) shows the results of this fit together 
with the experimental ne trace exhibiting excellent agreement with the experimental trace. By 
introducing impurity gas puffs, we concluded that an unsupportably high impurity 
contamination would be required to significantly alter this analysis. 

Tj During RF Heating: Applying the RF pulse leads to an increase in all the NPA channel 
fluxes the estimated Ti. The measured neutral particle energy spectrum before, during and 
after an RP heating pulse remains Maxwellian. The Ti increase is largest when the pre-RF Ti 
was lowest, and rises linearly with RF power, and saturates with the large ne increase. For a 
discharge with A WH, the Ti calculated the ohmic model, and the measured ne, differs from 
the measured value, Fig.lb. Ti increases at the start of the RF pulse, instead of the decrease 
which would be predicted by dWj Idt =0, suggesting that the model is incomplete. 

In order to "correct" the simulation we would need to change at least one of the terms in 
the ion power balance. We could: 

1) Add a term labelled "Direct Ion Heating" for which there is no theoretical support. 
2) Modify Pei by an anonnaly factor which switched on during the RP pulse. 

3) Suddenly reduce the ion losses by increasing 'tei during the RF pulse. 
4) Assuming that the incoming plasma is convected at high temperature. 
Since in our analysis Ti is the result of these terms, we can not distinguish between these 

possibilities. In conclusion, we see the presence of a tenn that has the effect of directly 

heating the ions which is not accounted for by our ohmic model. 

Effect of the Excited Spectrum: In the previous section. we treated one specific RF 
excitation condition with toroidal mode number n=2. As ne increases with RF, the excited 
spectrum changes [4]. From the assumption of an RF induced ion power balance term, we 
might expect some spectral RF dependence. Three main excitation structures were driven with 
M= 1 [3], and Hydrogen and Deuterium working gas was used, thus changing the spectral 
condition. The increase in Ti can change at the threshold of a Discrete Alfven Wave, (DAW), 
signalled by an increase in the antennae loading curves. The form of the ne increase can also 
change at this point and the maximum Ti is no longer obtained at the maximum value of ne. 

Figure 2 plots the maximum values of Ti and ne during the RF pulse, not necessarily 
obtained simultaneously, for discharges with the same initial ne and a range of RF powers. 
As the maximum ne increases roughly linearly, Ti tends to increase. The RF power at which 
ne rose sufficiently to cross the next Alfven Wave threshold is marked by a vertical arrow. In 
this example, above this critical power, the maximum achieved Ti actually decreases. This 
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shows that the increase in Ti can be a strong function of the position in the A W spectrum, and 
is most "efficient" before a new threshold which corresponds to the RF resonance layers 
being far out in the plasma edge. Once the threshold is crossed, the new resonance surface, 
which is most important, is near the plasma centre. This new surface appears to have less 
effect on Tj. 

RF Modulation Discharces: The RF power was sinusoidally modulated at 100Hz and 
the phase and amplitude response of DC and Tj investigated. The analysis considers the Ti 
response as the sum of the change in the electron-ion collisional lenn, the DC modulation and a 
postulated "direct" heating tenn. The magnitude of the direct tenn deduced from this analysis 
was larger than the supplied RF power indicating that the model is quantitatively deficient. 
Interes tingly, the phase of the Ti response relative to the RP power was observed to slide 
between two quasi. stationary values across the passage of a DAW, Fig. 3, which correlates 
wi th the di scontinuity observed with continuous RF heating. In a similar comparison to that 
above, the response to a modu lated gas puff was investigated. The modulation frequency was 
limited to 30Hz by the relati vely slow response of ne to the gas valve, but no phase slide, 
similar to that wi th RF, was found. The linear analysis of the gas puff modulation 
experiments could also be interpreted as an increase in the ion energy confinement, but 
smaller than that observed with the RF. 

Conclusjons: This paper investigates the reaction of the ion temperature to Alfven Wave 
Heating. The analysis has been handicapped by the ne rise associated with the RF, which 
requires that many time dependent terms be included in the ion power balance. The lie ri se 
was modelled by a time dependent ion loss term for an ohmic d ischarge wi th a gas puff 
induced ne ri se. The RF heating induced ne rise did not agree with this model, which lead us 
to consider a direct effect of the RF on Ti. An attempt made to calculate this term using RF 
modulation experiments, although tending to confinn the need for such a term, gives a value 
with an unreasonably high magnitude. Since the ne rise with Alfven Heating is not yet 
understood, it could still be argued that this postulated term could be solely due to a difference 
in the dynamics of the RP and gas puff. This could not explain the discontinu iries in the Tj 
behaviour coincident with srrong spectral RF features like the DAW. We thus conclude that Ti 
is in some way directly influenced by the RF, although we can not ide ntify the term 
responsible. 

In preliminary results, the RF induced ne rise is observed to saturate with time. Using this, 
and the recent prolongation of the plasma pulse on TeA, and the ability of our RF generator 
to give longer pulses we hope to be able to continue these experiments with more stationary 
plasma conditions. 
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Recent Al fven wave experiments in the TeA tokamak show new evidence 
of the importance of kinetic effects and the influence of plasma 
co nditions on the Alfven wave . The R . F. magnetic field measured at the 
plasma edge reflects un a mbiguously the resonance of the kinetic wave 
eigenmodes in the plasma centre . The measured values of the resonance 
Q-factor of the principal eigenmodes are lower than predicted by the code 
by a factor of 3 to 20, although all expected damping mechanisms are 
included in the code. Alternative damping mechanisms are discussed and 
the best candidates proposed after quantitative evaluation. The R . F. 
itself modifies the plasma in such a way that the coupling strength can 
change very strongly. The experimental observations and the results of 
the code show that the current profile is ce r tainly the best candidate 
which can affect the coupling in this way , implying that the R . F . pulse 
is able to influence the plasma current profile. 

Qbseryatjons of kjnetic effects at the edge ; In the kinetic description 
of AWH , the surface compressional wave mode convert s to the KAW in the 
vicinity of the Alfven Wave resonance layer (ARL) . As the ARL moves 
outwards, standing waves of increasing order are formed due t o reflection 
at the plasma centre . These standing waves, which occur for all (n,m) 
modes, appear as a sequence of resonances on the loading and edge plasma 
wavefield at a higher density than t he principle DAW. 

A comparison between experiment and the cylindrical kinetic code 
ISMENE [1] for the n=2 edge plasma wavefield is shown in Fig. 1, where 
the experimental , co l d and kinetic theory fields have been plot t ed in the 
compl ex plane. From the figure it may be concluded that the resonances 
are a kinetic effect . The resonances disappear when the KAW is damped 
before reaching the plasma centre and so indicate approximately when 
energy deposition ceases to be central . 

Width of the PAW resonance peaks An importan t discrepancy between 
theory and experiment is the value of the quality factor, Q, for the DAW 
resonances . Figure 2a shows the experimental (2,1) Q as a function of 
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plasma current and R.F. power and Fig. 2b shows the theoretical Q for two 
representative current profiles as a function of plasma current . 
According to Fig. 2a, the DAW affects the plasma in such a way that its Q 
increases with R.F. power. 

A comparison of the figures shows that the experimental Q is about 
10 times l ower than the theoretical Q, even though the kinetic code 
includes those damping mechanisms, electron Landau damping , transit time 
magnetic pumping and electron-ion collisions , known to be important for 
the damping of shear Alfven waves. The theoretical Q is not a strong 
function of the electron temperature, or its profile. 

Three mechanisms have been proposed which could lead to a lower Q 

than predicted and which are not contained in the model of a hot 
quiescent plasma. 

Enhanced coll ision frequency due to MHO turbu lence has been observed 
to lead to lower than predicted 0'5 for magnetoacoustic waves (2 ). 
Calcu lations using the kinetic code with 1000 times the e lectron-ion 
collis i onality r evealed a negligible change in Q since the kinetic 
damping mechanisms dominate for TeA conditions. Turbulence enhanced 
electron-ion collisions do not therefore explain the low observed Q. 

In toroidal geometry a DAW may couple to RAWs of several differen t 
surfaces already present in the plasma. This coup\ing, not contained in 
the cylindrical theory, could provide an additional' energy loss channel 
for the DAW. Analysis of such coupling would require a 2D kinetic code. 
However, we have made numerical simulations based on coupled circuits , 
using the experimental observation that the RAW ne at the :2,0) resonant 
layer increases by a factor of 5 during the passage of the (2,1) OAW. 
These reveal that the power transfer is insufficient to explain the 
observed Q. Until toroidal coupling is properly modelled, however, t he 
energy loss of the DAW canno t be determined unambiguou~ly . 

Since the DAW resonance is density and plasma current dependent, a 
noise modulation of the average values of these parameters , or their 
profiles, will modulate the resonance condition and lead to a ~mearing of 
the resonance curve . Changes of ~ 3 % in ne and - 10 % in lp' required to 
reduce Q enough, would be too l arge. Plasma current and density profile 
wobulations are, therefore, most likely responsible for the low observed 
Q. 

Effec t of R F power 00 the Alfyt:o Waye spectrum: At high power levels 
in AWH, discontinuities are observed to occur in the plasma parameters at 
the continuum thresholds {3}. At the thresholds , the rate of density rise 
decreases or even changes sign and a drop in the plasma internal 
inductance (li) has been proposed to accompany a transient drop in ~l 
[3,4) . 

Further evidence for a drop in li is shown in Fig. 3a. The density 
begins to decrease after the (2,1) threshold, however, the DAW fails to 
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reappear due to a drastic loss of l oading as the spectrum is reswept . 
This is surprising since the DAW is relatively insensitive to plasma 
parameters provided the profiles of density and current are held fixed. 
The DAW loading decreases very rapidly for flat density profiles as the 
profiles become flatter; however, the change in density profile required 
to completely elimi nate the DAW is larger than measured. Numerical 
calculation s show that the DAW loading and coupling (Rant/Q) are also 
strong functions of the plasma current profile, increasing linearly with 
1i as shown for the coupling in Fig. 3b for the (2,1) DAW over a wide 
range of current profiles. E'i9. 3b indicates that a flattening of the 
curren t profile can cause the DAW coupling to become vanishingly small , 
ho wever, the interpretation is complicated by the presence of ~ in the 
experimenta l A = (~ + li/2) mea surement. The problem of current profile 
modification is al so treated in [5]. 

Cgne1 liB j gn : Results have been presented which show clear evidence that 
certain effect s of Alfven waves cann ot be explained by the simple 
quiescent cold plasma MHO theory. Kinetic effects must be included to 
fully describe the standing KAWs observable in the edge plasma wavefield. 
Current or density profile wobulation appears the best candidate to 
explain the low observed O. Static current profile changes occurring at 
continuum thresholds seem the best candidate to explain a markedly 
reduced DAW loading in experiments where the spectrum is reswept by a 
descending density. 

AekOQwl e dgemeot S This work was partly fu nded by the Fonds National 
Suisse de la Recherche Scientifique. 
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Al though Faraday shields are an integral part of ICRF heating 

antennas, it has not been clear whether a shield is necessary for 

Alfven wave heating since the excitation frequency and antenna voltage 

is low. Unshielded antennas are used in several Alfven wave heating 

experiments, for example in the TeA tokamak at Lausanne and in the 

PRETEXT tokamak at Austin. Although significant bulk heating i s observ­

ed in these exper iments, there is also evidence of a strong modificat­

ion of the edge plasma. In TeA it is observed [lJ that the antenna 

loading resistance decreases as the applied RF power increases and 

there is a large, uncon trolled increase in the line-averaged density 

during the RF pulse. 

In this paper, we present the results of an experiment to compare 

shielded and unshielded antennas for Alfven wave hea t ing in the TORTUS 

tokamak. It is shown that the addition of shields acts to suppres s the 

density rise observed with unshielded antennas. The shields also act to 

minimise power deposited in the edge plasma by reducing the Langmuir 

currents drawn by the antennas and by reducing direct wave excitation 

in the edge plasma. 

The TORTUS tokamak has a major radius of 44cm and minor radius 

10cm. The experiments described below were conducted with a toroidal 

field B~ - 0.7T, and a plasma current 

Two antennas were used, situated above 

I - 20 kA up to 20ms duration. 
p 
and below the plasma at t he same 

toroidal location and phased to exci te odd (mainly m - ±l) modes. All 

current carrying elements in the antennas were perpendicular to the 

to ro idal magnetic field to minimise direct excitation of the shear 

Alfven wave in the edge plasma. Each antenna was equipped with a remov­

able aluminium Faraday shield, as shown in Fig. 1. The shields contain­

ed vertical slots aligned in the toroidal direction and were coated 
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with titanium nitride to reduce sputtering. The antennas were driven 

with an RF pulse of duration 2ms, and up to 20kW input power , applied 

9ms after the beginning of the discharge, at a fixed frequency 5.0MHz 

(corresponding to w/wci - 0.55), Several Alfven resonance ~urfaces for 

low toroidal modes 1nl S 4, m - ±l were present simultaneously in the 

plasma. 

plasma 

removilbl ··".M_--ff- ' 
Faraday ~I 

antenna 

vacuum ves sel 

high vol t age 

f eedthroughs 

Fig.I. Schematic diagram of one antenna 

Figure 2 shows the effect on ne of applying RF power to the 

unshielded antennas. The density rise during the RF pulse is often 

suffic ient to disrupt the plasma. The density rise is proportional to 

t he RF power, but is totally suppressed when the shields are added. 

The presence of the shields also results in a s ignificant reduction 

in the antenna' loading res i stance, Rant' defined as the increase in 

series resistance of each antenna (above the vacuum r esistance) due to 

the plasma. Resul ts are shown in Fig. 3. The value of Rant for 

unshielded antennas decreases 'with i ncreas ing input power, as 

observed in TeA . A much weaker dependence of Rant on input power is 

observed with shielded antennas. The antenna loadi ng arises from a 

comb ination of the desired coupling t o t he bulk plasma and dissipation 

in the plasma edge. The results in ~ig. 3. suggest that a significant 

f raction of the input power to unshielded antennas is deposited in the 

plasma edge . 
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There are two mechanisms which we have identified in this exper i m­

ent by which the input power can be deposited in the edge plasma. The 
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first is dissipation due to Langmuir currents drawn by the antennas. 

The Langmuir current was evident as a second harmonic component in the 

antenna current and was much larger when the antennas were unshielded. 

Both the shielded and unshielded antennas were al l owed to float 

e l ectrically with respect to the vacuum vesse l and were observed to 

charge negatively to about 1 kV, as expected if t h e ion saturation 

current drawn during negative cycles balances the e l ectron curren t 

drawn during positive cycles. 

A second mechanism for edge dissipation was identified by measure­

ment of the wave fields in the plasma edge. The wave fields were 

measured with a probe array, oriented to detect the be magnetic field 

component . The array was inserted in a quartz tube surrounding the 

plasma poloidally at r - 11.2cm and location 180 0 toroidally from the 

antennas. The poloidal variation of be can be interpreted in terms of 

direct excitation of shear waves, principally at t he ends of the 

antennas [21. Although the bO(e) structure was observed to be 

insensitive to the presence or absence of shields, the amplitude of the 

directly excited shear wave was significantly larger for unshielded 

antennas, as shown in Fig.4. 

"s 

o 000: ,:" " .".. e:o 
° " •• I. J: 

o 
o 100 200 300 ,00 

Iant (AI 

Fig.4. Poloidally averaged be amplitude, normalised to the an tenna 
current, Iant' vs. Iant' for shielded ( . ) and unshielded (0 ) 
antennas. 

[1] Col l ins G.A. et a I , (1986) Phys. Fluids 29 , 2260. 
[2] Ballico K.J. et a I, (1987) Proc. 14th Eur.Gonf.CFPP,Kadrid,llD ,865. 



944 

TVlODIMENSIONAL COMPUTATION ON ALFVEN HEATING OF A 
TOROIDAL PLASMA. 

P 1 E4 59 

M.VoDrnitrieva,A.AQlvanov,A .. V .. S1dorova,VoFgTishkin,A.Po 
Favorsky 
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Vekua Institute of Physics and Technology ,Sukhumi,USSR. 

100n studing Alfven plasma heating in tokamaks,it is' 
of importance to concider natural twodimensional inhomoge­
neities of plasma parameters and magnetic field. Analytical 
and numerical analyses of ImfD equations [1,2] in a linear 
approximation shoVl that a local Alfven resonance in a to­
rus is realized on magnetic surfaces only, in the neighbo­
urhood of these surfaces refered as resonant ones, a HF 
power is absorbed. However, according to the unidimensional 
computations (3,4J , the absorbed power distribution depends 
upon the damp~ng length of a kinetic Alfven wave which app­
ears in the local resonance neighbourhood due to the con­
version phenomenon. Thus,it becomes clear that kinetic ef­
fects should be considered in a twodimensional geometry. 
To this end, a two dimensional programme for solving numeri­
cally Alfven plasma heating problems in tokamak devices(AL­
KITOR 5 ) has been developed. llIaxwell equations descri­
bing propagation,transformation and absorption of HF fields 
in a plasma and their generation by antennas are taken as 

initial ones. A driving system is fed by HF currents dis­
tributed along a toroidal helical antenna of radius "t-. 6 
the currel].ts having a surface density of: Jo ".:J:e (.:(H(9r~-WC) 

:J., :..1: e L{MB ,.AI.jI-tut) is found from the condition: c;':v J '" 0 
The antenna is situated between the plasma( L = CL ) and 
the conducting wall (t = c ). 

As it is known [3,4] ,plasma electromagnetic properties 
are defined by the dielectric permeability tensor. Here, we 
have used the local tensor approximation [3-5J for Tt..» T;, , 
values of the components being defined by the magnetic sur­
face radius. For the sake of simplicity, the surfaces have 
been assumed to be circular and coaxial. The unique nu­
merical scheme created is based on a method of supporting 
operator which allowed to obtain conservative difference 
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schemes [ 5 ] 
2. Computations are given for Alfven heating of a toro­

idal plasma of T-7 tokamak parameters [ 5 ] • Fig.1 shows the 
Fourrier-ampli tudes lE ;:;1 'for r1I. ~O harmonics (antenna 1'1'1.""2) 
for ImiD and kinetic computati ons . The HF field in a looal 
resonance is rnultimode. The coupli ng between neighbouring 
local reaonances can be greater in kinetic model due t o the 
kinetic Al fven wave propagation. If to decrease the frequen­
cy in suoh a way that the local resonance m./ should be absent, 
the so-called 11 tulder -threshold "exei tat ion of m- 0 local re­
sonance would be expected. Fig.2 shows energy absorption on 
rn =0 , w<l<.ft;o It follows from the theoretical and numer ical 
analysis that the coupling between the harmonics of the lo­
cal resonance elgenfunction is defined by EM.!f I£M ""(A/tt-rff).i:­
If this parameter value is of the order or greater than uni­
ty, the inter-mode coupling becomes stronger and several 
corresponding local resonances arise( see Figo3),resulting 
in considerable angular and radial departures of the energy 
absorption profile( Fig.4) from that of the local MHD mode. 

). Conclusions: 
a)In comparison with those of ~ffiD the neighbouring lo­

cal resonances can be coup l ed due to a kinetic w8ve,its 
damping length being greater than the distance between the 
resonances. 

b)Using H1~ currents in an antenna with a preferentio­
naI modeM:l, the local resonancem=O can be excited close 
to the plasma centre and the power absorbed in this reso­
nance is maximum if the m =1 is absent, 

c)Fourrier-analysis of HF fields has shown that at 
(N,/- .11) 'Ill. >-1 positions of toroidal local resonances do not 
coincide wiht those of their cylindrical analogues. A HF 
field structure is multimodal with approxirnatly equal amp­
litudes of several harmonics( up to 5 in number )0 
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ALFVEN RESONANCE ABSORPTION IN A MAGNETOFLUlD 

I. Introduclion 
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In this 1l<IIX!r, we tackle wave propagation in a warm MHD plasma, with non-uniform magnetic 
fi eld. Earlier work in this area has concentrated on the Alfven resonance alone [1,2]. The novelL)' of 
this approach is the sim ultaneous trcaunent of both the Alfven and onc of Ihe magnetosonic si ngulari­
tics. The extra singularity has been noted in the pnst, [3,4J but we afe unaware of any consistent treat­
ment of both. Wc calculate refl ection and absorption coefficients self-consistently by modelling the 
wave behaviour locally . 

2. The ma gnclon uid model 

Consider a one-fluid description of a perfectly conducting plasma with a scalar pressure. The 
relevant nuid equations are rS] 

Dn Du n 0 aB 
-=.....c...+p'V·u=O, - =-V'p+(\!x8)x- , E+uxH=O, -(pp-"f)=o, ~='Vx(uxn), 'V· B=O 
Ol Of ).10 Df ul 

where DIDf=dlal+U''V denotes the advectivc derivulive, and the dcpendcnt variables have the usual 
meanings. These equations form a closed system, :md so providc a com plete mmllematical description 
of all the physical processes of the model. 

Restricting attention 10 small amplitude waves, it is sufficient to consider the linearisecl lX!rturba­
tion problem, in which the static equilibrium is 

uo=O, £0=0, 'Vpo=('VxHo)xnol).lo, PoP(i1=COII.tf(llU. (1) 

The equations for the perturbed quantities may be combined self-consistcnt.ly, yielding 

POUI=V[yPO'V 'uI+U I' 'V Po]+['Vx('Vx(u 1 xUo))Jx BII).Io+('VxUo)xl 'Vx(ulxBoH/).Io- (2) 

In tJli s paper, we will consider a plasma in which thc equilibrium fi eld Bo is plane SLrmified in the 
z direction: 

n o= xB 0 .. (z }tyB Gy(z)= B o(z )[xcosS + )'5i nO]. (3) 

The angle 0 is a constant, and SO this is the simplest non-uniform field satisfying 'V'Uu = O. 

This imposed variation now dictates the spati:,1 SLrueture of the pressure and densit), parameters. 
As a conse<luence, the spatial variations in the plllsma arc characterised by Ihe funcLional (Iepen(\ence of 
the fundamental velocities, c" and c~. 

Using the algebraic manipulation system REDUCE [6], wc may eliminate Il .. and Il, in favour of 
11, in order to arrive at an equation for 11, 
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where we have dropped (he subscripts 0 and 1, and where the coefficien ts arc defined as follows: 

q =oo4_k,,2V2(fl+k,,4c,,2c}cos2e, ~= o:iVl-k}c/c';oos2e. 'I'=<tl-klc",2cos2fj 

<jl = C;[(2-Y)ffi4+k}'Cii(ct}(y-2)-2cs~os26+2k:c4c}c/'cos4e], c:= (POC .. 2) '/(2po) 

+k" le t «(il-k,,2C (l2C/C0529)( c,,2sin2e+c /}tklcl '[ ffi2V 2sin29-k,,2c/( ca
2si n2S+c /)cos29] 

A=kl[klc,,2c/cos2fJ(Ca2sin29+c/)-ro2(C/l4sin29+cs4+2c';c,2Si029)1 

When lhe equilibrium magnetic field is constant, then Fouder lJansforming in z yields 
k/~"'-'I'q =O. which is simply the expected dispersion relation [5]. 

Returning la the fuU problem, with non-uniform Do and oblique wavcveClor ( k:c;tQ ). wc must 
tackle (4) in its full complexity. Note lhallhcre arc four possible singularities in (4), namely the zeros 
of 'V, ~ and q . We will concenlnlle on the Alfven singularity '1'=0 and one of the roots of q, which 
are close together for small 9. 

3. A model comparison equa tion 

In order to make progress in the analytical solution of this ODE, we will take the following fonn 
for", and q : 

q ~ q,'. '¥ = ,¥,(,-S). q, = (dq)l(a,).,. ,¥, = ("'v)/(a,).,. 

NOle that A. may be wriuen in the form A = -(a+b'l'), a = 2k/(j}2ca2c~2si n29, b = k}(C~4+CiJ4), and so 
we incorporate th is featu re into our modelling, which will concenlIa te primarily on the effccts of the 
singularilies on the wave properties of the model, all other terms being taken as constants. Thus (4) 
becomes 

'Vol;o(z - o)u" +($o-(a +b 'Vo(z -O»/z) /I ' +'I'o4'oz (z-o)/l = 0, (5) 

where wc evaluate '1'0, <\10. a, b at z=0I2. Note that we have dropped the subscript z on the velocity. 

II is most convenient to rcscale the ODE so that the singularities arc situated al the origin and the 
poim z=1. However, we must treat the special case of 9 =0 separately, since in this case, 0=0 and 
there is only onc singularity. 

3.1. coincident roots: 9 = 0 

Selting 0 = 0 in (5) yields the equation 

zu"+Aou' +Cou = 0. 

This equation is of standard form , and has solution 

''''(I-lilY 
Il = z K I1P ( KZ ll2), K = 4(1-2s )/(3(A o- I»../Co, P = 3/(1-2s ), 1-2s = ±(I-Aa). 

Note that there is total reflection in thi s case, independent of lhe detai ls of Ao, Co and p. 

3.2. separated singula riti cs : e;t() 

(6) 

It is convenient in th is situation to reseale tile singularilies in order that they occur at the origin 
and unity. Thus we make a change of independent variable, l1=zlo, o;t(), to arrive at 

l1(l1- I)/I'l'l+(A l1+B )u'l+CT]2(11-1)u = 0, (7) 

A = (~"b,¥,)/(~,,¥,). B = (b'¥oS--a)/(SI;,,¥ol. C = (Sq,)/(~,)cr'. 
Note that the coefficients are now non-dimensional, and thal tile fundamen!'1l parameters of the problem 
can be taken as 

(8) 



4. Loca l sol utions 

Wc construe! an approximate solution at the origin by retaining in the cocrficicnl~ of Ihe ODE 
only those term s which afC significant when 11 :::0. The resulling equation and solution is 

11111111- 8u T) + C 11 2/1 = 0, 11 0 = l1'h(l+D)J ±(I+B )JJ [2J3-JC 11 312] . (9) 

The solution a11'\= 1 may be approximated in a sim ilar way, by first making Ihe change of vari­
able ~=11- 1. The equation here, with its solution is then 

~1l f;f;+ (A +B)Ilf; + C~1l =0, UI=~'h(l --t\-8 ) J :i'h(l_'I _B)[rc~] . (10) 

For the overall picture in this ana1ysis, wc requi re Ihe behaviour of 1I for large 11. Taking the 
lend ing terms in each coefficient for large 11. wc have 

1l1lTJ'l +AII" +CT\2'1 = 0, 11 .. ::: ,,'''(1- 11 ) J ±(!-A Y3f2/3.JC 11 312]. (1 1) 

Al this stage wc know both the local and global behaviour or Ihe waves. However, before any 
physical interpretation of these fonns can be made, wc need to know A, Band C in tcrms of the fu n­
damental plasma paramete rs (8). Note that these paramCte rs are not all independent, s ince there are 
underlying assumptions about the propagation characteristics of the plasma. 

In fact, we may use ~ ::: ~pJ .... "", as an expansion parameter, and from Taylor expans ion of q and 
,¥, we can identi fy eventually, om itti ng the detai ls, 

v::; 1+lh Ol , 8 ::: pal/G. (12) 

Note that we have made the approximations 11 ::: l_ a 2 and qs ::: - 1/13. In addition. we have used 
aV!rJz = v( 1+2P)G/p . i.lP/i.lz =-(y+2P)G. We may also calculate to leading order, 

A ::: _2a2, B ::: a2, C ::: _920'2/13, (13) 

where we have taken q~ ::: - 1113. 

Knowing all tlie coeffi cie nts as functions of the fundamental paramete rs, wc CHn now procede 
with the interpretation of the local and asymptotic fonns I/o, 1/ 1. and 11 _ . 

5. Boundary conditi ons and the renl'ction coefficient 

Assuming G > 0, then the asym ptoLic solution 1/ .. denwnd s oscillalOry so lutions for 11 < 0, and 
e VlUlescent solutions for 11 > O. This scenario is equival ent 10 propagation from the low field side. 

Since tJl is is a physical wave problem, wc require bounded evanescent behaviour for 11 > O. Thus 
the appropriate form of 1/ I must be 

(14) 

Moreover, since 110 must be oscillatory for 11 < 0, we can lakc 

11 0 = 11 3m12 [O IN/(])(K'011 l1l) + D2f-1,<Zl(K'011 lt2) ] 11 < 0, I = (I +B )/3, 1\o=2IC I "'f3 (15) 

with D I and D 2 being COllst:uns to be detcrmined. 

Let the solutions 11 0. //] be valid at tJlC common point 'lc £ 10, I [, so that. an approximate overall 
solution may be constructed by mmching funct ion and gradi ent at T]c ' Hence , for n consistent dcsc rip­
tion , we mus! have 

(16) 

However, we cannot apply ( 16) dircctly to (14) and (15) without first analyticall y cOlltinu ing the forms 
/l o and /11 into the region 11 E ]0,1[. 

Again. omitling the de t.ai ls, the matching of tJ]C analytically continued solutions yiclds two linear 
algebraic equations in 0] Hnd D 2• Inverting thcse yiclds an cxpression for thc rcnccti on coc fli cie nt : 
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IR ]2 = [4T\;(Jl,-1)2[9/4T\cK,n.Fm K6 + K/F",(') Krl + 3..JTk(K?)'F ... '11;(11,-1)2 Ko"'] (18) 

+ [3..Jil:'"(Kl)'F III Ku+2K/F m' Kd 'tTlc (l-Tl,) + K/F", 't 21 

[ 4T\;(1-Tl,)2(9/4Tj,F,(,)F on Kt? + F,F 1ft (') KC] + 3..JTk[F/ 'F,/ Kr+4W, \V ",COSem n)]T1;(I-llc)2 KO"'I 

+ [3..JlkF,'F", Ko+2F,F",' Kd't Tl,(i-Tl,} + F,Fm'tl] 

where 

F, = 1C2/l + K? + 2nf,K,sin(l1t). Fm = ill:; + K;;, F", C') = x2/", n. + Km '2, 

and sim ilarly for Fin, where' denotes differentiation with respect 10 the rc[cvanL Bcsscl function argu~ 
menl, and 1: = 31 - (3f - 2111)11" Wi ::: 1t(JjK/ - J/Kj ). 

At first sight, (18) looks rather daunting, but close inspection reveals certain symmctrics. Note for 
instance that the role played by Kl in the numerator is laken by the fu nction F, in the denominator, 
and also that the expression is evenly weighted in Ko and Kl . The different Bcssel function arguments at 
zcro and unity account for the extra term ..fik associated with every factor of "0' 

AlLhough no value of llc has been specified at this stage, clearly llc = Yz is the most appropriate 
choice, since it is the point with respect to which all local parameter values and gradients were defined. 

A small argument expansion of the fonnula can be t.aken to reveal limiting behaviour. Taking 

Kiz):: Yzl(v)(Yzzr.... /y(z):: (lhz)YJr(l+v). 

wc may lake the leading term expansion to be F,:: C~K02'+CO, Fm:: D_Kj"2m. where Co,C:! and 
0_ arc defined in terms of the appropriate Bessel expansions. 

Consequently, we have 

IRll =. (eoC_)J(EoC_+E\CoKJ1). IC<>b.r12 = (EICoKJ~/(eoC_+EICoKJl), (19) 

EO= [ 1/4(9/8f2+m 2)+ 3/.J8fm - (l/1.(3,fit +2m )t+t21, E\ = (1 /4(m 2-9/8f2)_mt+ t 2]. 

Note that we may lake K\ = 312Ko = I C I v. :: 2xI O-!7.J;o w.fl}e3lB ° where a is the tokamak 
minor radius. 

6. Discussion 

Note that for 9=0, IC"b,r I = 0. in keeping with the general result of (6). At first. glance, it would 
appear that the results (19) imply very small absorption, bUI it should be kept in mind that (\9) is 
merely the small argument expansion of (\8), the full and general reflection formula. If instead IC l'h 
were large, for example if the wave frequency was of order of GHz rather than MHz, then the I, would 
dom inate over K" lead ing to very much smaller reflections and therefore enhanced absorption. 
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A LF V EN WAV E HEATING OF T OROIDAL PLASMAS 
W ITH N ON -CIRCULAR CRO SS SECTIONS 

Sat ish Puri 

MP! fu r Plasmaphysik, EURAT OM Association, Garching bei Munchcn 

Toroidal plasmas 0/ non· circular cross sections display an enhanced coupling to 

Alfvin waves . Antenna loading resistance increases with the plasma elongation result ing 
in typical antenna Q ::::::: 8 corresponding to V,\ < l OVP kV and lA < JP kA, where Pis 
the antenna input power in MW. Simultaneously, the radial penetration of the radiofre­
quency energy into the plasma improves, enabling heating near the plasma core. Alfvin 

wave heating offers an attractive alternative to the ICRF heating schemes, possessing 
such important advantages as (i) lower antenna voltage, (i l) well defined absorption 
process insensitive to the precise plasma composition, and (ii';) relative freedom from 

surface effects. Consequently, Alfuin waves are eminently suited for the heatillg of the 
Stellerator, the Doublel, and the non-circular Tokamak plasm as. 

1. INTRODUCTION 

Coupling to Alfven waves is pr imarily dictated [1,2) by the choice of the toroidal 
wave number n. The loading resistance increases rapidly with n, reaching a maximum 
for n :::::: 8. The reason fo r this behaviour is traced [2] to the improvement in the 
convers ion efficiency from the compressional to the torsional mode near the resonance 

layer for la rger values of w/wc; . The prospect of having to install up to sixteen antennas 
arou nd the torus circumference is, in any casc, unavoidable for coupling approximately 
lOOMW of radiofrequency power to attain thermonuclear ignition. 

The antenna loading is relatively insensitive to the remaining plasma a nd antenn a 
parameters [1], with the important exception of the radial location of the Alfven reso­
nance layer. T his is because the close juxtaposition of the oppositely phased adjacent 

antenna sections needed for obtaining n = 8 causes a rapid radial evanescence of the 
antenna field . As a result, the resonant absorption layer in cylindrical geometry h as to 

be located at TA/Tp ~ .67, where TA is the radial location of the Alfven resonance and 
Tp is the plasma radius. T his limitation may constitute the most ser ious d rawback of 
otherwise promising features of Alfven wave heating. 

In this paper it is pointed out that the non-circular cross sect ion p lasma con­

figurat ions of practical ther monuclear interest promote significantly improved antenna 
loading whi le simultaneously obviating the rad ial energy penetratiop.. problem. 
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2. ALFVEN WAVE PENETRATION INTO T HE PLASMA CORE 

/
PLASMA~ 

AXIS 

r, / ~! 
J6,f'- -l 0, O~~I-;I 0, 

\ / ' 
\ RESONANT / 

LAYER 

Fig. l Improved Alfven wave penetration in a plasma of non-circular cross section . 

In Refs.[ l , 2j it was shown that the Alfven waves can penetrate a cyl indr ical plasma 

to a depth Dc ......, T p /3 (Fig. 1) for n = 8. In t he case of a plasma with an elliptical 
cross section of elongation € = bla (a and b are the semiminor and sem imajor axis, 
respectively), using Tp = a..[i, one obtains D~ "'-' ay'i/3. The finite /3po/ ...... 1 causes 
an outward shift of the plasma axis by an amount t1c ~ Tp / A and /J. e ~ a/A, where 
A is the torus aspect ratio. For the elliptical geometry, the distance of the resonance 

surface from the plasma center, measured along the minor axis is given approximately 
by (a - D e - .6.. e) ~ .25a, for an elongation E: = 2. This impl ies the poss ibility of 
depositing the wave energy near the plasma core, thereby removing a major hu rdle in 
the practical application of Alfven wave heating to thermonuclear plasm as . Although 
both E: and /3pol play comparable roles in improving the penetration depth, the full 
benefit of (Jpol must await the appearance of hot ter, denser plasmas. 

Another effect capable of significant improvement in the penetration depth is the 
outward shift in the cutoff pos it ion due to an increase in E~ and a lower effect ive value of 
nIl in plasmas of non-circular cross sections. The amount of this shift may be estimated 
from Eq.(A8) of Ref. [2[ 

(1) 

where the two terms on the right originate from the gradient and the enhanced Hall 
effect , respectively. Restor ing the position of the cutoff by changing the frequency 
would result in further increase in the penetration depth. Alternative ly, the shift in the 
cutoff might be utilized to enhance the antenna loading as descr ibed in Sec. 3. 
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3. ENHANCED ANTEN NA LOADING 

For cylindrical plasmas it is possible to obtain Q ~ 17 under optimum cond itions 

!2) . In comparison with the IC~F case, the low frequency operation for the Alfven wave 
heating allows coupl ing at considerably lower voltages. As mentioned in the preceding 
sec tion, a further reduction in the antenna voltage is anticipated for plasrnas of 000-

circular cross sections. The shift in the cutoff position causes an increase in the value 

of {3 (see Appendix A in Ref.[21) by a factor - ,fi(2 - <-I) '" 2 for < ; 2. This has an 
effect equivalent to increasing the toroidal wave number n by a facto r of J2 without 

the attendant increase in the radial evanescence. Th e est.imated antenna loading would 

increase by a factor > 2 wi th a resultant Q ~ 8, corresponding to VA < I On kV and 

lA < .JP kA, where P is tlte antenna input power in A1W. 

Further improvement in coupling is contributed by the decreased evanescence 

due to the smaller effective value of ny in a non-circ ular cross section p lasma. This 

effect will become important in the case of the future requirements of recessed antenna 
configurations. Compared to the ICRF case, Alfven wave coupling is insensitive to the 
antenna separat ion from the plasma due to the inherently large evanescent region. 

4. EDGE AND IMPURITY HEATING 

Presence of a. longitudina.l electric fie ld component in the absence of Faraday 

shielding would couple rf energy to the torsional s urface wave [31, capab le of surface 
heating of the plasma electrons and causing a density rise. An improper alignment of 

the Faraday screen gives rise to moderate coupling to the surface wave as well [2J. A 
properly designed Faraday screen completely closed on its sides, precluding the leakage 
of longitudinal electric fields, would eliminate thi s source of plasma s urface heati ng . 

Heavy ion impurity atoms could be accelerated to potentially damaging energies, 
unless care is exercised in limit ing the electric field in front of the Faraday shield to 

El.::; 7.1{Tmax /AJ1/2 BokV jm , where Tmax{eV) is the maximum admissi ble impurity 
ion energy, A is the atomic number and Bo{T) is the toroidal magnetic field [4J. 

The longitudinal electric fields, sh ielded by completely solid Faraday screen sides 
will continue to persist within the Faraday shield chamber with capability to accelerate 

charged ions within the enclosure to fu ll antenna voltages. Although a segmented 
antenna construction will tend to limit the maximum energy gain, it would st ill be 
necessary that t he front of the Faraday screen allows no access to charged part icles . 

Such a condition might be obtained by using overlapping slanted vanes in the form of 

a Venetian blind [41. 

Unlike ICRF heating, Alfven waves do not couple to alpha particles, are not 

affected by the presence of impurities, and are insensitive to the precise plasma com­

position. 
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5. DISCUSSION 

AIrven wave heating has lacked credibility due to the poor radial penetrat ion 

limited to r/Tp 2: .67 [1,21. We have endeavoured to resolve this problem in this paper. 
Non-circular plasma configurations considerably enhance the penetration capabilit ies 
of the Alfven waves while simultaneously improving antenna loading. 

The Alfven wave heating of plasma electrons is unlikely to be a limitation in the 
higher density piasmas, and the fact that the energy goes in the longitudinal velocity 

component may prove to be ultimately beneficial. It appears increasingly unlikely th'at 
even ICRF cou ld be used for directly heating the majority ion species. 

AJfven wave coupling displays remarkable freedom from a host of surface effects, 
namely (i) at the low operation frequency, the existence of longitudinal electric field 
component is suppressed in a properly shielded antenna resulting in virtual absence of 
the torsional surface mode. The small amount of energy coupled to the surface mode 
is absorbed by the uncontained electrons at the plasma edge. (ii) The coupl ing is not 
affected by the a lpha particles and is immune to the precise plasma composition. 

Sputtering due to t he acceleration of heavy ion impurities can be checked by 
limiting the antenna voltages in conformity with the ambient magnetic field. Once 
again, the importance of work ing at low Q and hence at large toroidal wave number 
n becomes evident. However, only an experiment would reveal the success of these 
measures, considering the complex transport and surface effects called into play. 

On the experimental side, there is a regrettable lack of work in this field . The ex­
tant high power Alfven wave heating experiments have been performed in an extremely 
unfavourable parameter range with n ..... 2 and without the benefit of a Faraday sc reen, 
predictably accompanied by plasma production and density rise. 

6. CONCLUSION 

In the light of the arguments presented here, particularly regarding the possibil ity 
of superior penetration in plasmas with non-circular cross-sections, we believe that there 
is compelling evidence in suppor t of a concerted effort in the experimental direction. 
Alfven wave heating may well turn out to be an important contender for the heating 
of thermonuclear plasmas. 
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ALFVEN WAVE COUPLING IN LARGE TOKAMAKS 
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Supplementary plasma heating by Alfven waves (AWH) has been extensively 
studied both theoretically and experimentally for small , low temperature 
p!asmas. However , only a few studies of AWH have been performed for 
fusion p!asmas. In this paper the cylindrical kinetic code ISMENE [1] is 
used to address problems of AWH in a large tokamak. The results of 
calculations are presented which ::show that the antenna loading . scales 
with frequency and vessel dimensions according to ideal MHD theory . A 
sample scaling of the experimental antenna loading measured i n TeA to the 
loading predicted f or a fusion plasma is presented. We discuss whether 
this loading leads to a realistic antenna design. The choice of a 
suitable antenna configuration, mode number a n d operating frequency is 
presented for NET paramete r s with a typical operating scenario. 

Introductiqn : In a hot plasma, AWH i s effected by antenna excitation of 
a fast magnetosonic wa ve which mode converts to the kinetic Alfven wave 
(KAW) at surfaces in the plasma where the Alfven wave dispe r sion relation 
is satisfied locally [2] 

(1) 

In equation (1) n and m are the toroidal and poloidal mode numbers, Bo 
the total field , R the major radius, ro the operating circular frequency 
(much less than the ion cyclotron frequency), p and q are the plasma mass 
density and safety factor as a function of e - r/a, a being the minor 
radius. 

In this study the machine parameters of , the NET DN configuration [3] 
are modified to the cylindrical equivalent values; major radius (R) - S .IS 
m, minor radius {a)-2.17m, toroidal field (Bo , - S.OT , plasma current 
(I p ) -lO . 8MAg burn temperature {T) - 14keV (on axis) and electron density 
(nel-lBXlOl m- 3 (on axis) with a 50:50 DIT fuel mixture. 

Seal iog of Antenna Loading in AWH : Scaling laws allow one to predict the 
antenna loading at a f ~ xed point in the spectrum (n, rn, E and both 
antenna and vessel geometry fixed in equation (1)) under a change in 00, 

R, P or Ba. 
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Scaling laws are useful because: 
a) Codes are restricted to simplified plasma, antenna and vessel 

b) 
geometries. 
Such laws give 
validity of 
experimentally 

increased confidence 
the plasma model 
12] . 

in the loading 
has already 

predictions if the 
been established 

According to ideal MHO , the antenna loading at a fixed point in the 
Alfvlw spectrum increases linearly wit h the driving frequency and is 
independent of the plasma density and magnetic field. 

The antenna l oading , RA' normalised to W, is plotted versus the 
logarithm of the on axis density in Fig. la using ISMENE for the basic 
NET dimensions. We have c hosen £=0.67 and (n,m) - (-l,-l), (-2 ,-1), (-4,-1) 
and (-8,-1). Satisfactory agreement is obtained for n- -l, -2, and -4 for 
ne (0) >1018 m-3 At low densities a discrepancy results from finite 
frequency effects. 

In ideal MHO, the antenna loading scales linearly with the major 
radius at a fixed point in the spectrum provided that the p l asma, antenna 
and vessel geometries are held fixed. This law i s checked by shrinki2g 
and expanding the basic NET configuration with m, Ba constant, ne-I/R , 
a-R and Ip-~ so that equation (1) remains invariant. This scaling law is 
checked in ~g . lb for 1nl - I, 2 , 4 , 8 a nd Iml=l and demons trates that an 
antenna loading obt ained in, for example, ASDEX would lead to only a 
-±lO% error in predicting the NET loading . 

An example of how scaling laws can be used t o predict the loading is 
shown in Fig. le. The TCA experimental loading for n-2 excitation [2] , 
f - 2.5 MHz, R-O.61 and Bo =1.51T is scaled to a NET equivalent loading with 
f - 0.5MHz , R-5. 18 and Bo- 5. OT. The ISMENE load is adjusted to agree as 
well as possible with the TCA experiment and the NET equivalent, and 
scaled loadings are then calculated directly. The agreement is better 
than 10% in the (2,1) continuum for more than a factor of 8 increase in 
the vessel dimensions . For n>2 the agreement would be somewha t worse due 
to finite frequency effects. 

Chqjce qf Suitable Mode and Frequency: In NET there are 16 oblique and 8 
radial a ccess ports equispaced toroidally in each case with a 20cm 
blanket into which the antenna h'as to be recessed [4]. In addi tion , we 
restrict o u r discussion to unshielded [2], poloidal antenna s although 
future experiments may reveal the utility of Faraday shields and tilted 
antennas [5] . 

In AWH it is desirable to have the largest possible number of 
anten nas due to the phase coherence of the wave launch ing . Consistent 
with this, the number and the size of the available ports , we choose 8 
low field side poloidal antennas with po l oidal half angle 90° and 
toroidal half angle <5° (Fig. 2a ). 

Taking into account the Fourier spectrum of the antenna, ISMENE 
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calculated loads are presented in Fig. 2b for Inl-1,2,4,8 ,1 6 and 
Iml - O, 1, 3 using the opt i mum phasing for each mode , and £-0.67. This 
calculation show3 that n-4, 8, m-I and n-16, m- a at £=1 . 08, 1.98 and 
3.77MHz respectively give the greatest total antenna loading. The maximum 
load occurs at n-2.5R/a -6 in agreement with [6] and [7]. This loading at 
500-1000mn gives an r.m.S. antenna current of lOkA for SOMW power input, 
and leads to a feasible technological requirement. 

It should be noted that the actual loading will depend on the antenna 
geometry model, in particular the recess . Studies of this question have 
shown that an antenna flush with the torus wall can have a substantial 
loading, of the order of 15 % of the no-wall case. · The flush-wall 
configuration for a plasma-wall spacing of O.lm and . an equal recess 
depth, has the same antenna loading for n-B, as an antenna one third away 
from the same wall without a recess. 

The radial location of the principle resonance layers excited during 
an n - B and n" <1 heating scenario is shown in Fig. 2c during the heating 
and fuelling phase to ignition in NET [B). N- B with all antenna cu rrents 
in phase at f - 2 . 16MHz begins the heating phas e at p_ 3. ·6X10-7kg/m-3 (D/T) 
with a change of frequency to 1 . 08MHz and n-<1 at p_ <1.B X10-7 kg/m- 3 . The 
power deposition is approximately local (20 % o f the minor radius) and is 
equally divided between the m/n>O and the m/ n <O layers. 

Cgoclul'\ioo : Calculations have been presented whi c h demonstrate that the 
scaling laws of ideal MHD can be used to predict antenna loadings in 
large tokamaks from those obtained in small tokama ks. An I n I = <1 , B, Iml =1 
scenario has been discussed . 
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PROPAGATION OF A MAGNETICALLY GUIDED ALFVEN .BEAK IN TIlE EDGE PLASMA 

R.e. CROSS 

Plasma Physics Dept. , University of Sydney, Sydney 2006 Australia 

An RF heating antenna located at the plasma edge will, in general, 

launch both the fast and a slow wave. In the Alfven wave heating 

scheme, the slow wave is the torsional Alfven wave. In ICRF, the slow 

wave is either the ion cyclotron or the ion-ion hybrid wave. All three 

slow waves are observed (I] to be guided along steady magnetic field 

lines passing through or near the antenna and are therefore constrained 

to propagate in the edge plasma. In this paper, the ef£.ect of a strong 

density gradient on wave guidance in the edge plasma is examined. Since 

finite frequency effects do not play a significant role in wave 

guidance [1], we consider only ideal MHO effects. The advantage is that 

an exact solution is obtained, without the need for a WKB treatment. 

Specifically, we consider propagation of a guided wave in plasma 

which is homogeneous in the z direction but inhomogeneous in a 

direction perpendicular to a steady uniform magnetic field, B - z B. If 

the plasma resistivity and kinetic pressure are neglected, then low 

frequency waves in the plasma can be described by the ideal MHD 

equations K + v x B -' 0 and pay/at - j x B, and Maxwel l 's equations 

V x b - ~oj and V x E - - ab/at where b is the wave magnetic field. For 

small perturbations of the form f(r,8)exp i(kzz - wt) it is easy to 

show that the z component of b satisfies the relation 

1 a [ r abz 1 + ~ 
r 8r F 8r r2 

- 0 (1) 

where F - w2 /V
A

2 - k
z

2 and v ' A - B2/JJop· The other components of bare 

ikz abz and ba -
ikz abz (2 ) b --

r F ar rF aa 

Solutions of (1) are normally found by Fourier analysis in the a 
direction, with a/ao - im, where m is the .azimuthal wave number. If 
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m ~ 0, equation (1) is singular at the Alfven resonance surface defined 

by F - O. At the resonance surface, r - ra' bz is 

be er: l /( r-ro)' At UDUS, b
r 

polarised in the r esonance surface. 

finite and contin-

b is therefore 

Equation (1) also admits non-singular solutions, provided that 

8b
z
/ar and 8b

z
/aB are both zero when F - O. These solut ions, which have 

not previous l y been noticed, described magnetically guided torsional 

Alfven waves which are decoupled from the compressional wave since 

there is no singular or resonance surface. Th e direction of b in a 

guided mode follows from (2), which i nd i cates that (b x Vbz)z - D. The 

wave magnetic field lines in the r ,D pl ane are t herefore perpendicular 

to constant b 
z 

contours. Since the F - 0 surface forms a constant b 
z 

contour when abz/8r - 8bz/aO - 0, the wave magnetic field lines cross 

the F - 0 surface at right angles. 

1 

Conducting 

vall 

o ~--+-+--f-'g....)--1-'-
t 

Ce ntre ot s)'l'UIletry 

of density distribution 

o 

Fig. 1 Wave magnetic field lines, b, in the x- y plane for a 
guided torsional wave propaga t ing in the z direction. 

Consider , for example, the wave field distribution shown in Fig. 1 

where r - 0 origin i s located in a , 
region 

b
r 

- 0 for all r,O. Note that the 

where the density gradient is finite. This example is chosen 

since i t represents, in the case of a homogeneous plasma, the wave 

field generated by a current element in the z direction. Current 

elements perpendicular to a do not couple to the torsiona l wave, at 



least in ideal MHD. Since b r - 0, t he first term in (1) is zero. 

Equation (1 ) then has a n exact analytical solu t ion 

(3) 

provided that F - -
For cos8 

(4) 

where ba and Fa are arbitrary constants. From (2), t he variation of b
O 

is given by 

Suppose that the r - 0 origin is near the edge of the plasma, 

coordinates x - xo' y 0, as shown in Fig. 1. Since F - 0 at 8 

(ie at x - xo ) ' vA must remain c onstant in the y direction at x 

Hence 

and 

(5) 

with 

± 90
0 

x . 
o 

( 6 ) 

(7 ) 

where p(x
o

) and vA(Xo ) are respectively the densi ty and Alfven speed at 

x - xo' This profile reduces t o a linear ramp profile p - po(l - x/a) 

x - x + rcos8 a nd 
o 

satisfied for most 

asswne 

condi t-

if we set Fa - W
2 /(vAo

2 a), vA0
2 - B2/(~OPO)' 

t hat ForS ~ 1. The assumpt ion ForS ~ 1 is 

i ons of interest and is always satisfied at sufficiently 

106 m/ s , a-

small r. 

Cons ider typical 

let w - 101 rls. 

tokamak parameters v - 5 x 
Ao 

and 

t hese parameters, from 

F or3 41 1 when 

(5) and Ibr/be l 

0.3 m 

r<O.lm. 

- For2/kz ' 

and 

For 

For 

example , at r - 0.02 rn , Ibz/bg l - 0.005. Homogeneous plasma results a re 

recovered as a ~ ~ in which case Fo ~ 0 and bzlbe ~ O. 

Since be varies as 1/ r 2 , the wave is strongly localised near t he 

y - 0, A - Xo origin. The singulari t y at r - 0 can be avoided by 

including the effects of f inite resisti vity or f ini te e lectron mass. At 

large r, the field lines wil l no t remain circular if they intersect a 



conducting wall boundary. However, t his effect is not significant, for 

two reasons. Firstly, the energy density in the wave field decreases as 

l/r4 away from t he x - Xo origin, so the wave energy near the boundary 

is insignificant (assuming that Xo is not very c lose to the boundary). 

Secondly, the wave energy propagates almost exactly along the steady 

magnetic field lines and not towards the boundary. The direction and 

magnitude of the energy flux is given by the Poynting vector 

E x b w [ -i(bxbz) YCbybz ) + i(bx2 + by 2
) 1 S -

~o jJokz 

Yhen b z 
a small 

field 

0, S is exactly parallel to the steady field. If the wave has 

b z component, some energy will propagate across the steady 

lines. However, as shown above, b / Ib I may be well below 0.01 z 1 
for typica l laboratory conditions and the energy f l ux across field 

lines is then negligible. Furthermore, the direction of energy flow 

across the steady field is parallel to b~ , where b~ - I bx + Y by. The 

wave magnet ic field lines in Fig. I therefore indicate the direction of 

energy flow perpendicular to B. No energy escapes through surfaces 

bounded by the.se curves. It is clear from Fig. 1 and the fact that the 

energy flow is primarily in the z direction that the wave is guided by 

the steady magnetic field and the plasma boundary has no significant 

effect on the wave motion. It is also evident that the wave is not 

refracted by the density gradient. 

For a ramp profile, we have shown that a guided wave is decoupled 

from the compressional wave, despite the fact that w lies in the Alfven 

continuum. It contains a continuous spectrum of high 

components but a unique k
z 

component. A guided wave is 

k and 
x 

therefore 

k 
Y 

not 

phase-mixed by the density gradient and does not locally satisfy the 

dispersion relation w/k
z 

- vA(x,y) at all points in the plasma cross­

section. Solu tions for a parabolic density profile will require a 

numerical solution of (1) with finite br' be and bz . It is anticipated 

that a guided wave in a parabolic profile will have similar properties 

to those found for the density ramp. 

[1] Borg G. and Cross R.C. , (1987) Plasma Phys. and Contr. Fus. 29, 681. 
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PL/l.SMA TOROIDICITY EFFECTS ON ALFVEN RESOlTANCES 

A,G,Elfimov 

I.N.Vekua Institute of Physics and Technology, Sukhumi, USSR 

1. Theoretical investigations on linearized MED equat ions 
/1/ h ave shown that singular solutions rel ated with a local 
Alfven resonance in a torus may occur at magnetic surfaces 
only. However, computations /2,3/ and tokamak Alfven heating 
experiments /4/ revealed that under the local resonance con­
ditions in a torus, a whole spectrum of HF field poloidal 
hannonics e ach of them giving rise to its Qvm local resonan­
ces and absorbing the HF power. 

In the present p aper a theoretical analysis of eigenfltnc­
tion is given and eigenvalues are found f or l ocal MHD and 
kinetic Al fven resonance frequencies of a toroidal plasma 
\vith concentric magnetic surfaces. The ane~ysis has been done 
within the frame of Maxwell e quat i ons where pl a sma properties 
a re defined by permability tensor \Vi thin the local approxima­
tion / 3,5/ for e ach of magnetic surfaces with t he three di rec­
tions specified ( r adial -r, parallel -3 and binormal -b). 

Further !he t~nsor components C2 "-~ &, = W!;./{4Jc: -.n') ~ 6&6 and 

E33~f.3- "-'pe / fl. a re used. Fo r a hot plasma (CA < lrTe ), 

an a pproximate value of 8
3 

",(eJp' /le v:J{1+{f!1. ) i s talcen. 
e :> re '" -S-lFre 

2. In order to analyze the behaviour of a short wavelength 
(kinet i k) Al fven waye i n a toroidal pl asma at its generation 
by an antennn st ructure VIi th the given f re quency ..Q. end the 
longi tudino.l wave number n f one may usez B. r adial app roxima­
tion of the geomet ric optics: f: i!exp{[J;;e ,,~1 +n..y-.fLt]. 
Here the value of l£\» 'I;o is calcul a ted for'e ach of magnetic 
surfaces as an e igenvalue of the foll oYling equat ion: 

~ (R ~f~)+ 2ill.k, JEZ r if! '(1- ;:e2 C')S n' _ -t.'}F =0 ( 1 ) 
de z aB -hI') < Jt9 -1/;/ c3.a~ 1 C' :J Z • 
where &~" { ... /R; .e~Ro" 2Cbrp and k"" h a re poloidal and to-
roidal projections of the B/B magnetic~ield unit vector. 
This e quat i on is valid far from the local resonance nei gbour­
hood. 

3. In order to study local resonance s one should refer t o 
the 1Il!D limit /2/ when &3""'= andEj-O . In such a case 
fie lds i n the (!=: i "", l ocal resonance neigbourhood have fol­
lowing s ingul arl ties: E -£ hrZ-2 )ecrp i(n <-S!i)" E _.Eo e,rpi(IJ>:-.f1.t) 1,- 6 A ......, ~-2- ~,A ;..-' • 

Fields of such pa ttern suggest tha t the equat~on fo r eigen­
function i n El local resonance coincides ydth Eq. (1) for2f~O • 
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Since one has C1=f.o+2ZlM COSH& for the general case, 
Eq. (1) is identified e.s Hill type equation with periodic 
coefficients. If periodic coefficients are include~in the 
equations with small parameters '2/Ro and 81'1/60 «1 , 
th",n, usino; the method of "stretched" parameters /6/ Eqs.(1) 
(Vllt1'- a1 ~~) may be gnen as,. E ~ 2. E.(m'wpi(m+,S)B (2) 

n. =:.£1. o (1+4 1 +4,+ ... } , 2 .5 '" 

Substituting Exp.(2) for the local resonance equation when 
2 1n.'t+m I -# S , 8 - a natural number, one obtains: 
CcJfl.o Ro c;./c)2 - (m+nq.)2jE~"');'O; 41~O; E';I#O. Oa) 
is a local Alfven resonance condition for the mode m within 
the cylindrical approximation: r; :!. Z .,1 
[1 :!: Z (m+ "'1-)] E ;"(' =(2 E~m'lz R) L 3E.Jf2oRof/!c) +(n'j.)-"1,(mi!f3b) 
is the first correction to the eigenfunction E~l'tTJ. 

From the second approximation, one can find Ll, a toroi­
dal correction to the local frequency eigenvalue (~a) at the 
gi ven magnetic surface: [242. + 3 (~/K.o):z. J(fl."Ro'l /c):z.~ (/l.'tzJeoJ'+ 

(1)2 [3£Jfl/o'i1c),+(ftct)2:. m"J2,. m 2. +0/ m("'+I7'lJ{3Eo(floRo't/c)2,.rI7~l:'/1z.1 (3c) 

Ro 4- (m .. Ill?) ~ i 
llqs. (J) become invalid if it (m.,. nq)4", S:z. 
This violation follows from crossing of m and mi: g local re­
sonances. Such a crossing tor the case of S =1 was consider­
ed in Ref. (1) within the MH]; approximation. In this case in 
the continuum for the m mode a gap is formed at the crossing 
posi tion with m ± 1. Similar gaps are fanned in the continuum 
for m and m = m - 1.1 modes if the tensor component E1 is 
strongly modulated over the poloidal angle by the M> 1 mode: 

81 ~ Co +2.- E/'(GtJ-S f'fB. Strong modulation is possible, e.g., due 
to the cyclotron resonance for small additions (/1. ",« 17..) of 
heavy impurities when £1. "" k" CAtO) '" CUCt·« CU~i. • L 

For the case of such modulation at the crossing position 
of the m and m 1 modes, the eigenvalue of the local reso-
nance frequency .Q,z. gets an addition: I 

:l: :. r: 2[tt-2(m+lt't-)/'{ :!:7Jc'[M-2(m+nlj)]ffl!'&'C4) 
Ll1 Z C. (.n.oRo et)2 VI 2£0 (S1oRo9-J'J E; 

This addition is two signed which means that there is no local 
resonance (or gap in continuum) for the following frequency 
values : .a~(t+L11)<n. < (f"'Ll1) • In the neighbourhood of 
such. a gap, the eigenfunction has an equal mixture of modes: 

GC"" ~ Er,.",,; Ez -::::Eo(""'.Q1<PL'1118 + E:""I}81<p ih11B . 
Thus, the attempts to excite a local resonance at ..Q o will 
lead to t he generation of the m "" m - M hannonics. For the 
mf mode, there exists another local resonance (see Fig.1) 
which. is close to the plasma surface ; this resonance is 



responsibl e fo r the main energy absorption. In order to 
avoid this situation, it is ne cessarJ to generat e the m mo­
de local resonance at the surfaces having we ak poloidal modu­
l a tion of -=1 for the 1'1> 2 (m+Il(I,J mode. 

4. Fo r kinetic· Al!ven ,'/aves t eigenfunctions and eigen -
values can be found i n a simil ar way ( as described in Item 3) . 
To de!ine them (S. (1-~'C:y.,,,.a!l must be substituted fo r €, in 
Expressions C3 a - 3c) and l4). Hence, it follows that the 
eigenvalue ~ at the magnetic surface given will be : 

;}!2= (83.Q~ /c 2){1+/l-[(n'tfm)c/rc. ilo fl.o)] 2) (5) 
In this case, if the frequency i s chosen such that it gets 
into gap in the continuum for the m mode (i.e., when there 
is no local :resonBnce), t he correction value , A , is defined 
by Exp. (4) and lo cal r adial wavenumber eigenvalue for a sloVl 
(kinetic) wave will be: (£2.= :t. "-3(flE:H/CS.)2.. 
Hence, we may conclude that vdthin the Al fven continuum gap 
there exists a slow (kinetic) wave with a bimodal structure. 
These modes h ave the same order of amplitudes: l-f~ ( .1 

£2'" (F/"'Je.<pim19.,. £:m"€4cpim1 e)<mp< o",clt+,,?-Sl.tj • 
5. In order to complete the analysis of Al fven HF gene­

ration in a torus, one has to find fields in the neighbou~ 
hood of all the possible conversion surfaces ( ~ ~ ~A '" ). 
Here we shall presume that for neighbouring m = 1 modes we 
have no crossings ot l ocal :resonances. Within the neighbour­
hood of a. conversion surface we obtain an approximate from 

Maxwell equat,ions : [~~lJ (;IO£'I.~ 2in~ JEi;. n! ') If} 
<J£~ £3 8 - - - +-~- +-(~-2-~ '£~y (6) 
aP + e 2/l JfJ Z iJ B {. J-19 1 c ':? 2 . I' 

Here 'f'(;J{)) is an a~bi trary function dtrined by the fields 
of the neighbouring points (Z4 mH ) and by that of an 
excited HF circuit . i (S)) 

We expand solutions for Eq. (6) in eigenf unctions ,E",J/2,3/ 
of Eq.(1) at 3e: 0 for a set of local resonances characte-
rized by the following values of -5 : E. = f qM £ (SJ(2, fl) 

On a given magnetic surface this system of functions 
proves to be orthogonal one with the weight of (I/. ~ , 

oL~(R/llo) eocp [2.in,q, "SdG/l1fR:,t:oSt9)j. 
Then with the 7.!/?.-o«1 smallness considered Din the conversion 
surface neighbourhood I 'l."",- 'Z I « 'lA"" the folloydng equatior. 
will hold: ol2P' £ • le 

_'" + _3.a a. c 1 (~i ) _ rp (7) 
d~2. et C2 d'Z - AI11 - ", 

If the HP fields are generated by a HP circuit with the mode 
Ho dominating! the resonances at m = l'1o-t. 1 side hannonics 

may be drl ven only for the case when the '7>", value differs 
from zero. For the case when the kinetic wave damping depth 
( L

2 
) is greater than the distance between the neighbourhood 



p 

g07 

local resonances lo.cated far enough from each other 
(L 2> /2A M - ZA / »ZA r£3/£;) s coupling between neighbouring 
local resonances mB¥ be expected due to kinetic Alfven waveB 
from the main ( Ho ) and lateral modes (I'(o:!: 1 ). 
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Max-Planck Institute fUr Plasmaphysik, Garching bei Miinchen , W . Germany 

1. - The power dissipated per unit volume by a plane wave propagat ing in a uniform 
pl..,ma is [1]: 

W -. A -
Paba = - Eo . f . Eo 

8" -
(1 ) 

where ~A is the ant ihermitean part of the dielectric tensor. Paba differs from (J. E) 
by the divergence of a vector having the dimensions of a power flux. This kinetic 
correction to the Poynting flux, 

_ W _ 8EH _ 

T=-E··~·Eo 
16" 0 8f 

(2) 

is due to space dispersion. In a hot plasma the mean collisional free path of charged 
particles typically exceeds the wavelength by a large factor: as a consequence the 
hJ. current j is a non local functional of E, a fact reflected in the dependence of the 
die lectric tensor ~ on the wavevector k. 

Due to space dispersion, Maxwell equations in non-homogeneous plasmas are gen­
erally integro-differential. Only in plane-stratified or cylindrical geometry, assuming 
the perpendicular wavelength to be much greater than the average Larmor radius, it 
is possible to obtain purely differential approximations to the wave equations . Finite 
Larmor Radius wave equations have recently received much attention, as they provide 
the theoretical description of mode conversion and absorption in ICR heating of fusion 
oriented [2]- [5]. To obtain quantitative information about power deposition profiles, it 
is also necessary to know the appropria te generalisation of (1) to the non-homogeneous 
case. 

Even the knowledge of an adequate approximation for the constitutive relation, 
however, is not sufficient to establish the form of the local power dissipated per unit 
volume. Indeed, the wave equations do not offer any clue to distinguish within (J. 
E) the irrevers ible part Paba from the reversib le kinetic flux divT. The necessity of 
reverting to first principles to evaluate Paba has been recognised by McVey et a l. [6] 
(efr . also [7)) , who s uggest to start from: 

Here fa is the solut ion of the linearised Vlasov equat ion for species cr; rt, v' are the 
characteristics of this equation, i.e. represent the unperturbed trajectory of a part icle 
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having velocity vat point rat time t. The r.h. side is easily recognised to be the total 
energy gained by all particles of species ex up to time t, averaged over the fast time 
scale w-'. It is aasumed that the field has been adiabatically switched on, 111'1 ' -> 0 
for t --+ -00. In the case of a time harmonic wave, this means "f = lmw > 0, "f -+ 0+, 
which leads to the correct prescription to handle the singularities due to resonant 
particles on the r.h. side of (3). It should alao be clear that to apply (3) one must 
888ume sufficient collisions to ensure that particle trapping by the wave negligiblei this 
is at the same time the condition for the validity of the linearised Vlasov equation. 

2. - Th. result obtained in 161 by applying Eq. (3) to a plane-stratified plasma in 
the small Lannor approximation can be ~eneralised to all situations in which ri, v' 
can be evaluated in the drift approximation. Under this quite unrestrictive condition 

(4) 

Using the group properties of the particle trajectories and the fact that the unperturbed 
distributions Fa depend only on constants of the motion, and assuming for simpticity 
local thermal equilibrium, this can be simplified to 

po = ~ w;a fdV F (v2 f') Hm 2, Re{f' dt,.-iw" (,-,') (E'(f'I) . VI) lib. 4 v2 MOl., go · 
7r tha '1- W • : 00 . 

t~".;W('-''') [E(f''') . (V" - :hh,: b x VlOgFMa) ] } . 

(5) 

where b = Bol Bo, FMa is the Maxwell distribution, and rg = r + (v x ~ IncOl. is the 

particle guiding center. The second term. in the tIt integral is easily recognised as the 
one raponaible for low frequency drift instabilities (w « nc); in the leR frequency 
range it can be consistently neglected. An integration by parts then allows to recast 

P:". in the form: 

w' f 2 1~ ( -I ) 2 P a = ~-.e d-F (' -) I' ..21-' d ;wr E-(-'). _V_ 1 ••• 8 2 V Ma t) ,r" lID sw re r 
'If w ..,_0 w 0 Vtha 

(6) 

Here the integiand is positive defined: in· this approximation energy flows always from 

the waves Co Cbe particles aC each point of space. This result seems to contraddid recent 
anal)'llis of the generalised Plaema Dispersion Function in tokamak geometry 181, 191. 
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The difficulty is easily removed by realising that the locally negat ive contibutions to 
(J. E) found by these Authors belong to divT rather than to p~ .. . 

Although physically plausible, the above expression for P:'bll is only acceptable if 
it is in agreement with the formal conservation theorem of Maxwell-Vlasov equations. 
To prove that this is the case it is necessary and sufficient to show that the difference 
between P:b8 and (J: . E) is the divergence of a vector. Indeed it can be shown that 

1101 
(7) 

with 

(8) 

3. - It is instructive to apply Eq. (6) in the homogeneous limit. In this case the 
most general time-harmonic field can be written 

(9) 

where k.l. = kl.(w, kll) has to satisfy the dispersion relation, hut does not depend 
on 1/1 = atan(ky/kx)j parallel and perpendicular refer to the direction of the static 
magnetic field . Eq. (6) then becomes: 

p' = ~ w~. fdk fdk' fd·'·fd" -' Re{.'O;-;;' )" ab. 811" w2 11 11 If' If' 

! - (') . [k.LV1. . ( ) k~ V1. . ')] dvFM. V exp' ~5m q,+,p - --sm(q,+,p 
COl OCOI 

lim 2, ['" w (V,:'(k) E(k ,,p))] . ..,_0 w ~ w - h - nO COl - kllvlI 11 

(10) 

[I: w +;, _ n~n _ k'v (V~(k'). E'(k!l',p'))]} 
R' COl 11 11 

with 

V,:' . E = V.L [Ez ~~:: J. C~:.1. ) + iEyJ~ C~:.1. )] + vIlE.J. C~:.1. ) (u) 

Now it is not difficult to show that 

(12) 
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so that finally 

po = ~ W~a fdk fdo', fd;; F (v')" 2 .. 0 (W - nO,a - kllVII) IVa . El' 
cab" 811" w2 11 Of' MOl L- w n­

n 

(13) 

According to this equation, p~" has two remarkable properties (not independent from 
each other) : a) it is constant along the static m~gnetic field; and b) it is the sum of 
independent contributions from each partial wave. Both properties follow from the 
fact that p~" bears no memory of phase relations between partial waves. They can 
easi ly be shown to hold also for the FLR wave equations in a plane-stratified plasma. 

By contrast, (J. E) is generally a function of z, showing the interference between 
partial waves normally to be expected for quadratic forms in the field amplitude, and 
is not positive definite. The averaging along Ba leading to (13) is clearly due to the free 
streaming of charged particles, and this equation can only be valid if the collisional 
mean free path is large compared with the parallel wavelength of all partial waves, 
as assumed above. On the other hand, the wave must have a stationary amplitude 
for times longer than the collision time: for shorter transients the distinction between 
P:;', and divi loses sharpness, as indicated by the existence of echo effects in weakly 
collis ional plasmas. 

Finally the case of a plane wave in a homogeneous plasma is recovered by narrowing 
the spectral width of the wavepacket (9) so that 

It is straightforword to check that in this limit (13) reduces to (1), as it should. 
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A G'iROKIN"£TIC DESCRIP'rrON OF CYCLOTRON RESONANCE ABSORPTION IN TOROIDAL 
PLASMAS 

R. O. Dendy and C. N. Lashmore- Davies 

Culham Laboratory , Abingdon , Oxon, OX14 308. England 
(EURATOM/UKAEA Fusion Associati o n) 

The resonance between plasma partic l es and electromagnetic waves whose 
frequency coincides with the local cyc l otr on frequency is sensitive both to 
the thermal motion of the particles a nd to the geometry of the magnetic 
field . A systematic, self- consis tent description o f the effect of magnetic 
field inhomogeneity on high- frequency r esonance is offered by grrokinetic 
theory . This is a development of the Vlasov equation in t erms of variables 
which reflec t t he underlying physics of charged particle motion 1 n 
inhomogeneous magnetic fields, and takes full account of finite Larmor 
radius effects. Using standard techniques of gyrokinetic theory [1-9], we 
write perturbations to the distribution funct i on in the form 

of • !l 
m 

(1) 

Here F 0 is the equilibrium distribution function E 31 V 2/2, 6$ i s the 
perturbed electrostatic potential, a is the gyroangle, and <>l denotes 
the Fourie r t ransform with respect to a . The evolution of < CH> l is 
governed by the gyrokinetic equation [1-9], which for our purposes is 

<Ll l <6H>l = 
iq wOF 0 
-(-- + 

m ilt 

lQ CFo 
--) 
B il~ 

( 2) 

Here j..I is the magnetic moment, and <Lg> i is the l th harmonic component 
of the Vlasov operator. In our case 

where 
is the 

x 

ez is the direction of 
standard drift velocity 

le + V x e /0 _ _ --'Z 

~, Q 

due to 
is t he local cyclotr o n frequency , 
magnetic fiel d inhomogeneity, and 

to the particle position x. 
argument (x , t) , so that it is 

(3) 

( 4 ) 

relates t he guiding centre position X 
Maxwell ' s equations are expressed wit h 
ultimately necessary to t r ansform back 
considering quantities that vary as exp 
subscript k . 

from X to x. This is achieved by 
(i~ .~), which are denoted by 

Let us consider a specific equi l ibrium magnetic field, 
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~ '" Bo( 1 + x/La).!z. 

define Co::: eBo/mc, and assume F 0 to be J.taKWellian. 
electromagnetic perturbations, whose wavevector k 

We <;.onsider 

k 1 (~cos~ + 

e sin~). Application of the gyro kinetic methods outlined above yields 
-y 

+ V 1 VT 

2 c 

(5) 

(6) 

Here V is the dimension less velocity, VT t;.he therma: velocit~, p = VT"% 

is the Larmor radius at )( '" 0, ~ "" tA'k ~ + CA, ... (e cas e + e sinS), and 
..I!l~ -y 

(8) 

The drift velocity ~ plays a negligible role provided k p« 1. By 
multiplying Of k by ~, and then integrating over all velocities, we have 
obtained an expression for the current density ~ associated with the 
perturbation, in 'terms of 6~ and ~. This genltralised expressioll 

explicitly includes the inhomogeneity of the magnetic field, through the 
parameter ~ and the variable CR: It is clear from Eq.(6) that (,;..t 

will appear in ~k as the argument of the plasma dispersion function Z. 
By substituting our expression for ~ into Maxwell's equations, which i n 
the Coulomb gauge take the form 

(9) 

we obtain dispersion relations for waves propagating through a plasma in 
the plane perpendicular to the inhomogeneous magnetic field of Eq.(S). 
Here, we consider two examples in the s ingle mode, sma ll Larmor radius 
approximation: the first Bernstein mode, and the Ordinary mode . 

In both cases, wave damping occurs in a limited region of plasma 
about the resonant surface . The effects of inhomogeneity need therefore 
be included fully only in the resonant term in the summation over ..t 
harmonics . Following the procedure outlined above, we first take the 
divergence of Eq.(9) and substitute for ~k. We set ky'" 0, so that 

the perpendicular electrostatic wave propagates into the gradient of 
magnetic field strength . This yields the dispersion relation for the first 
Bernstein mode 

1 • ( 10) 



974 

where up is the species plasma frequency. For ions in a tokamak plasma, 

~i/of » 1. Consider fi r st the homogeneous plasma l imit of Eq.( 10), 

setting '2» 1. This gives waves with w s.. 2Q1' such that 

8 °i(w-20i ) 
( 11 ) 

3 2 VTi 

We have recovered the familiar result that in a homogeneous plasma, ion 
Bernstein waves propagate for w < 2~ , are cut-off at W = 2~ . and are 
evanescent for w > 2 %. . In the general inhomogeneous case described by 
Eq.(5) with LS/p finite, Eq.( 10) shows that ion Berostein modes are 
damped: 

= i ( 12) 

when kxp« 1'21- This wave - particle resonance was first noted in [7] 

where, however, 1= 1 and the wave was taken to propagate perpendicular to 
the gradient in magnetic field strength. Eq.( 12) indicates that the ion 
Bernstein wa ve no longer possesses a well-defined cut-off . Over a width of 
a few Larmor radii, depending on plLB ion Bernstein waves change smoothly 
from undamped propagation , via strong damping, to e vanescence. 

Next , we consider the Ordinary mode propagating close to the 
fundamental electron cyclotron frequency. Taking the scalar product of 

~with Eq. (9), and again substituting for ~ from the expression der ived 

from Eqs.(6) - (8), we obtain 

C2ki=W2 _ ~+ 

We take a perturbation expansion kl 
w'" q,. Then Eq. (13) yields 

lm IJ< 

k1o+Ck, 

( 13) 

where u?--~ and 

( 14) 

By Eqs.(S) and ( 8), Cl - %x/VT. Subst ituting this in Eq.(14) , we 
obtain the optical depth 

't '" 2 J~"" lm Ok(x)dx ( 15) 

This expression is identical to that obtained from standard treatments [ 10] 
that include the relativistic mass variation of the electron. 
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In conclusion , we note that the effect of magnetic field inhomogeneity 
on cyclotron motion and wave-particle resonance has been included 
self-consistently from the beginning of the gyrokinetic calculations 
presented here . This is a basic difference from standard approaches to the 
problem, where a locally homogeneous plasma description is used, and 
inhomogeneity enters only at the end of the calculation when the valu~ of 
w-O(~) is specified. The gyro kinetic approach has enabled us to examine a 
new cycl otron resonant wave-particle damping process, r elated to that first 
identified in [7]. We have cal:c_ulated the absorption resulting from this 
process for two classes of wave mode , both propagating perpendicular to the 
magnetic field and into the gradient o~ magnetic field strength. First, 
the ion Bernstein wav~ was considered, where the t=2 ion cyclotron 
resonance produces a continuous transition from undamped propagation, via 
strong damping, to evanescence , rather than the snarp cutoff of standard 
theory. Second, the ordinary mode (1= 1 electron cyclotron resonance) was 
examined nonrelativistically, and the damping profile for the new process 
was obtained . The optical depth was found to equal that obtained using 
standard methods in a relativistic treatment . A complete theory of 
Ordinary mode absorption will therefore require the inclusion of both 
relativistic mass variation and the intrinsic effects of magnetic field 
inhomogeneity on cyclotron resonance. 
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Institute of Applied Physics , Soviet Academy of Science , Gorky, USSR . 

1 . I n t r oduction 
The next FEL operations in ECRH scenarios /1/ will be charac t erized by 

an AC regime in which a sequence of short pulses of EM radiation will be 
injected in the tokamak plasma . Each RF pulse will have a very high peak 
power (P~ 10 GW) concentrated in a very short time length ('t"p ~ 50 nsec) . 
These feature s wi ll lead to the possibility of the upris i ng of non. linear 
effects , during a single shot , without achieving the steady state. 

This paper is devoted t o the study of the se lf-effects /2/ of the FEL 
radi a tion , polarized in the OM and pr opagating in a direction almost 
perpendicular to the external magnetic field. The uns table character of the 
FEL- beam plasma system and the related process of "focus " formation are 
studied in a dynamical framework /3/ . Typical time and space scales of 
self- focusing a re computed, s howing that this non linear process will 
strongly change the traditional view of the ECRH scenar ios . 

2. Formula t ion of t he problem 
We choose a model of homogeneous plasma, in the region x>.,.O, placed in a 

uniform and constant magnetic field ~ = B~z' Th LS slmple plcture 15 al l owed 
since the self-focusing , has no resonant character and lt does not depend 
on density and magnetic field gradients in the plasma . 

We assume that the dens! t y has the form n = n + b n and that the 
elect ric fi eld of the OM under consideration can be reBresented in the form 
E= e [b (r,t)exp{i(J t-ik x)+c.c . ] ; the s l owly varying in time and space 
arnplrtude- £ (!:,t) and tfie r elative density perturbation 5 0/n satisfy , 
respectively , the equations: 0 

- 2.c K ~-2.L~ J S +- ;)'-£ +<L aLE _ tJp~ Sn. E = 0 
J x c '- J t J ..... '- J .. ' c. '- n 

(1) 

~ d U 

L ern -v.'- Il'- &n. +r~ 511.. = e'- v'- /r /2. . (2) 
J t '- rL o S .I. 11..0 J t 11. 0 4-M IT\. (.0"- 1. C-

Here the following definitions have been adopted: El.. =l-W 2/W 2
, k= d}/fu/c , 

pe 

UJ is the electron plasma frequency computed on n , V =[(T +3T. }/M]1/2 is 
thgelongi tudinal sound velocity , fi is a spatial o~era~or r~spofi sible f or 
the c~llis~onles~ da~ping of the low frequency motion. Furthermore 
Vj.'t=V / 0 z +S V / 0 y is the Laplace operator in the Y,z-plane and er =0 
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or 1 depending on the magnitude of the non linear time scalet'HL: if 
t'h!l"~i)) 1 magnetized ion-sound waves are excited and ~ =0 ; if'Luc..WB "(l the 
maximum response belongs to the usual ion-sound oscillations and 5 ~1. 

The steady state analysis of the eqs .(1 ),(2) , which is not s uitable for 
the description of realistic pulsed FEL operations, can be interesting for 
sake of comparison with the results of the dynamical treatment. Neglecting 
the time derivatives we obtain a cubic non linear Scrodinger equation which 
describes the self-focusing of the incident radiation2 ~or2 a2 Gaussian 
distribution at the plasma boundary, E. (x=O ,y,z )=Aexp( -y / Lt-z /L!.) , we can 

define a critical power [p =(c/4P )(L /L )(1 +d.-L2../Ll ), where ~ 
l. 1. cr zy yz 

Wpe e 
-- ] above which the radiation will focus over a 
U):t. 4 n1. c.'-('re ~3'f',) 

distance x* = kL L /2 ~ (P/P )1/2. Referring to the parameters of the TMX 
y z cr 

project /1/, i. e. f=W/2t(.=200 GHz, pulse duration 7:: ~ 50 nsec, repetition 
rate fR~ 5 kHz, PIW< p~~se power P~8 GW, typi cal traRsverse spot dimension 
hZ4cm, n~2.5x10 cm , T ~ 1 kev, B~7 T, we obtain P ~ 0.13 GW and 
x* ~ 12 cm . The typical timeeof relaxation of the non ling~7 perturbation 
can be estimated from the eq. (2) as 't" l~ L /VSZ" lO sec. ; since 
~ 1> ~ , during a single pulse the steadyrijtateZcannot be reached and 
th~eself-Effects have to be studied in a dynamical framework. 

To simplify the system (1),(2), we assume that the typical non 
veloci ty V NL» Vs' that is, we neglect the second term in the eq. (2) . 
then conven1ent to pass to a reference frame which moves, with the 
veloci ty of the wave 1/";, in the x direction: 0-'= x, 1;' = t 
Furthermore, introducing the following dimensionless variables : 

.. / "0-7 .. j 't1z0-7 't; "'/z. K"! ~ 13'; 

( 
c. \1/2. eQpe( :LP )\/~ t Sn.. 

EZo BP! ~Ejt loW t1m.c~ j rto 
we finally obtain the equations: 

-L uE. + ~'l.E. +d- Z)'l.E _ n.E. 
'l.uo' u'd'l. Jr.'-

;'l::~ vt lEl1.. 

linear 
It is 

group 
- ...) x. 

(3) 

(4) 

P and z are the power and the size of the beam at the plasma boundary, 
rgspecti~ely. We will supplement the eqs.(3),(4) with the following 
boundary and initial conditions: at the initial time ~ =0, there is no 
density perturbation (n (r, o )=o ,Vn/Jt:I(r ,o )=0) and the incident 
radiation pattern in the plasma is determined only from the boundary 
distribution E. (rf=O,y,z). We then assume that this distribution 16 kept 
constant for ?::"> o. 

3. Formation of the tlfocus" 
We can describe the self-focusing of the radiation in the plasma, using 

the so called "aberr ationless approach"; we assume that the amplitude of 
the electric field and the density perturbation can be written in the form: 
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(5) 

(6) 

If we limit our analysis to the central part of the beam, we can expand the 
expressions (5) , (6) near t he centre z=y=O j when the a pproximated 
expressions for E and n are substituted i n the eqS.(3),(4~ . we obta~n a 
set of ordinar y differential equations for a, b, F=- n If , G=- n /g as 
functions of cr" and 't: only. These equations have been n3mer ical ly °solved, 
for 0 =0 . with boundary conditions a( tr =O)=l, b(c(=O)=l ; the evol ution of 
the beam parameters shows the self- focusing of the rad i ation and the 
formation of a singularity which moves t owards the source ; the time of 
focus formation is ?:: F~ 2 . 5 and it appears at C3' F;:::,O.22 . 

4 . Self similar s truc t ure of the perturbation 
The linear analysis of the stability of a homogeneous spatial 

distribution of the elctric field , with respect to a modul ation of its 
amplitude at the plasma boundary . has been perfor med in ref . 3 ; i t is s hown 
that the amplitude of the modulation increases exponentially in time and 
space along the direction x of propagation of the beam . If the boundary 
field distribution is sufficiently smooth, without small scale bumps , t he 
beam structure evolves contracting as a whole. Starting from this 
consideration one looks for self similar solutions of the eqs.(3) , (4). The 
general form of these solutions is : 

E. = A ~'bl exp [ i l" 1.~ 1.-1"''4''- + 
41 4-1 

~ _ N("L~) 
,, - :l. 

l' 
'1 = 0 0 - 0 - j<- <:f I 'fL-- = 'f /ff ) 3- = 1<./,? )!'- = <-o n.s t . 

We see that both E and n have a singularity atG"F =(?:O - ?:)/~ 
towards the source with the velocity 1/ ~ =U . To determi ne the 
structure of the self similar functions A and N, we have solved the 

/3/'~ ?;'-
.J2.Ji.. + _ A_ -NA +A = 0 
J ~~ J Y[..'-

(7) 

(8) 

(9) 

moving 
spatial 

system 

(la) 

bN+b } ,H-J + } l..;lN +6 ">1 uN + l?,-(lN~2.n ()1.N :: C)"-({l.'- ) 
J b- ;) "f/ (. Cl'lt L ;) "1-'- d}U"'l.. ;) "S- <-

• (11) 

The eq . (11 ) has been integrated over characteristics , passing to the 

variables, s "3' s' K "Sit- / }- :. ~( 11] 
N(S.,K)=_i C ds' \ dSI.IS".l J ~ 

5' Jo Jo J} (s':Kl 
where K = const. "labels" an arbitrary char acteristic . 

( 12) 

The f ull structure of the basic local ized mode has been computed f rom 
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eqs . (10). (12) using the method of the stabilizing multlpllcator /4/ ~ The 
resul ting distributions A( ~ .'l'£..) and N( 3-, 1£...) are shown in Fig. 1 for S :::0. 
Going back to the origingl dimensionle~s variabl es, one sees that the 
resulting asymptotic behaviour ooe l /z of the density perturbati on 
survives as a " trace", after the transit of the focus through each section 
0' = const , and then relaxes s l owly over characteristic sound times . 

5. Conclusi ons 
The present analysis has s hown that the dynamical treatment of t he 

self-focUSing of high power pulsed radiation leads to the formation of a 
singulari ty in the amplitude of the electric fie l d which locally depletes 
the plasma density. From the aberrationless approach we can estimate t hat 
the focus appears at x ?:f 60 cm in a time t 'R1 10 nsec, that is well inside 
the FEL pulse; t~en t~e focus moves towar~s t he source with a (phase) 
velocity UF~ 10 cm/sec which slows down approaching the source. This 
means that during the single FEL pulse the focus appears inside the plasma 
and the physical picture is determined entirely by t he effect of t he 
dynamical self- focusing . 
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SURFACE WAVES IN A TWO- ION SPECIES PLASMA 
WITH FINITE EDGE DENSITY 

A. B. Murphy 

Max- Planck- Institut fUr Plasmaphys ik, EURATOM Association, 
D-8046 Garching, Federal Repub lic of Germany_ 

1. INTRODUCTION 

Interes t in Alfv€n surface waves has been st imulated in recen t years by expcrimen· 
ta l studies of the Alfven wave heating scheme. This scheme relics on mode conversion 
of the compressional Alfven wave, generated by an ex ternal antenna, to t he torsional 
Alfvcn wave , at a resonance surface inside the plasma. The only compressional wave 
modes that propagate at sufficiently low frequencies are those poloidally asymmetric 
(m =I 0) modes known as s urface waves. Surface waves are also relevant to the ion 
cyclotron heating scheme, as they may be parasitically excited by antennas des igned 
to couple to those 'cut- off' modes of the compressional wave which do not propagate 
above a certain non- zero frequency [1,2]. 

The behaviour of Alfven surface waves has been inves tigated theoretically in both 
s ingle- ion [3-8] and two-ion species [9'- 11] plasmas. All these studies assumed the 
plasma to be separated from a conduding wall by an insulating or vacuum gap. Cross 
and Murphy [12J showed that the surface wave spectrum in a single-ion species plasma 
is significantly affected when this gap is replaced by a region of low density plasma. 
The present paper extends this work to the case of a two- ion species plasma. The 
res ul ts are relevant to Alfven wave heating of a plasma containing impuri ty species 
and to ion cyclotron minori ty and mode conversion heating. 

2. PLASMA MODEL 

I consider a cylindrical plasma of unifor~ electron density n" and radius a, sur­
rounded concentrically by plasma of uniform electron dens ity nb < nu and a conducting 
wall at radius d. A uniform magnetic field jj = B oz exis ts in the region 0 < r < d. I 
consider small amplitude perturbations varying as exp[i( kU z + mO - wt )], and adopt 
a cold plasma approximation, ignoring finite e lectron mass and displacement current, 
but including the Hall term in Ohm's law. 

The wave bz component in each region of uniform density satisfies the equation 

(1) 

where 
ki = (F' - G') / F, 
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and Of = W/Wcj, w is the wave frequency, wc; ::;:: BoZ;ejmj is the cyclotron frequency 
and w;i = ni(Z,.)2 / (mjf"o) the plasma frequency of the ion species j of mass mil charge 
Zje and number density ni ' 

Dispersion relations were obtained by numerical integration of (1) from T = D_to . 

r = d, using appropriate boundary conditions at T = d and r = a. It is noted that wh~n 
a plasma is in contact with a conducting wall, the radial component of plasma velocity 
must be zero at the wall. This precludes the existence of surface wave modes in a cold 
plasma without a vacuum gap adjacent to the wall. Since the gap can be vanishingly 
narrow, results are given for zero gap width. These results represent the limit"ing case 
as the gap width approaches zero, in an analogous manner to the single-ion species 
case discussed in [121. 

3. RESULTS 

Representative dispersion relations are shown in Figure 1 for parameters typical 
of a small research tokamak, assuming d = 0.12 m, ai d = 0.8, no = 1 X 1019 m-3 . 

A plasma comprising equal proportions of hydrogen and deuterium is treated in order 
to make the dispersion curves clear. The figure shows, for m = +1 and m = - 1, the 
effect of replacing a vacuum layer in the region a < r < d by a low density plasma, i.e., 
of increasing nb / no from 0 to 0.1. For m > 0 modes, the main effect is to introduce a 
cut-off and resonance near the cyclotron frequency of each ion species, thus giving a 
dispersion relation with three branches instead of the original one. These are labelled, 
in order of increasing frequency, S (surface waveL COl (cut-off branch 1) and C02. 
S and COl merge respectively with the locii of the Alfven resonance and the ion­
ion hybrid resonance in the edge plasma (also shown in the figure) as W --I' WeD and 
W --I' WeB respectively. Note also that the surface wave spectrum crosses the central 
plasma ion- ion hybrid resonance via a mode crossing in both the presence and absence 
of a v~cuum layer. This effect was examined in detail in [91. 

The introduction of a finite density edge plasma has little effect on the dispersion 
relations of the m < 0 modes that are present in a plasma surrounded by a vacuum 
layer. However, a new mode (labelled C02) now propagates, at frequencies just below 
WeH· 

4. DISCUSSION 

It is reasonable to question the relevance of the dispersion relations presented above 
to realistic plasma density profiles. It was shown in /121 that, in a single-ion species 
parabolic plasma with a finite edge density, a cut-off occurs at around the ion cyclotron 
frequency in the m = + 1 dispersion relat ion, corresponding to the result obtained for 
a step profile plasma. Although a similar calculation has not yet been attempted for 
a two-ion species plasma, it may be assumed that a similar correspondence will be 
found. 
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Figure I.-Dispersion relations of the m::; + 1 and m = - 1 compressional Alfven 
wave in a step density profile plasma (see inset) consisting of equal parts deuterium and 
hydrogen with d::;:: 0.12 rn, aid = 0.8, nO. = 1 X 1019 m - 3 , and nb/no. = 0 (unbroken 
lines) and 0.1 (dashed lines). The loc ii or the Alrven (A) and ion- ion hybrid (IIH) 
resonance frequencies at densities nO. and D.Ina are also shown (dotted lines). 
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In the case of plasmas of somewhat larger minor radius and density, the higher 
radial mode number cut-off branches (which do not propagate in the frequency range 
shown in Figure 1) can propagate at frequencies down to or below the cyclotron fre.­
quencies of one or both ion species. These are the modes of interest for 'fast wave' 
ion-cyclotron heating. The effect on the surface wave spectrum of introducing a finite 
density edge plasma remains the same, so the results given in this paper are relevant 
to ion cyclotron minority and mode conversion heating of larger devices . The existence 
of low kll surface wave modes at w ~ WcH could be associated with the relatively high 
impurity levels observed to be produced by antennas which excite a wave spectrum 
centred around kll = 0 1131. 

The cyclotron frequencies of impurity ions can be a small fraction of that of the 
majority species, and thus of the order of the wave frequency in Alfven wave heating. 
This means that the alterations to the surface wave dispersion relation effected by the 
presence of a finite dens(ty edge plasma, particularly the introduction of a cut-off and 
resonance near the lower ion cyclotron frequency in the m > 0 case, are relevant to 
the Alfven wave heating scheme. As the coupling efficiency of an antenna array to 
the Alfven resonance surfaces inside the plasma depends critically on the efficiency of 
excitation of the surface waves present, it is clear that the presence of a finite density 
edge plasma should be considered in Alfven wave heating calculations. 
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LOWER HYBRID CURRENT DRIVE EFFI CIENCY IN ASOEX 

F. Leuterer , F. S61dner 

Max-Planck-Instltut fur Plasmaphyslk, Garchlng, Germany 

K. Yoshloka, T. Okazaki 

Energy Research Laboratory , Hltachi Ltd., Hltachl, Japan 

N. Fujisawa 

Japan Atomic Energy Research Institute, Naka-gun, Ibarakl-ken, Japan 

The ASDEX lower hybrid current drive experiments at 1.3 GHz have been re­

evaluated in view of a new analytic model for the current drive efficiency 

in the presence of a de electric field /1/. This model is based on a per­

turbation solution of the adjolnt problem to the Fokker Planck equation and 

includes the effects of a de electric field and of a finite width of the 

wave spectrum. The current drive efficiency IR~/PR~' normalized to its 

value (IR~/PR~)O at zero electric fi eld, is then given by 

1n«1 - X,)/ ( 1 - X,)) 

( 1 ) 

where XI 2. .. Cl EN u~ 2.with Cl .. 12/(Z+7), EN " E/EDr • u .. vph/v th , Eor 

meVthvo/e and 'Vo .. ne e" lnhl211" E:~ m2. v th . The indices correspond to the 

limits v hl and v h2 of the wave phase velocity spectrum. The normalized 
P P 1/2 

efficiency . equ. (1), is shown in ~ig. 1 for various values of (X2./X I ) • 

i.e. the width of the spectrum . The efficiency is seen to depend mainly on 

X2.. corresponding to the high phase velocity boundary of the spectrum. Its 

dependence on XI is rather weak. 

For the limiting situation of a very broad spectrum, XdX I -+ .... equ . (1) 

becomes nearly i ndependent of XI and can be apprOXimated as 

(2) 

In the opposite situation of a narrow spectrum with XI .. X2. .. X we get 

In the ASDEX-experiments the plasma current Ip was feedback controlled. The 

measured quantities are the net RF power PRF • the line averaged electron 

density ne ' and the rate of change of the primary current IOH in the 
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OH-transformer which is necessary to maintain a constant plasma current. 

I'OH,OH is its value just before the application of the RF-power. 

!'OH,RF its va lue during applied RF- power. Their ratio is shown in Fig. 2 

as a function of RF-power for different densities. From Thomson scatter ing 

we obtained the variation of the central electron temperature Teo as a 

function of PRF and ne' shown in Fig. 3 . Using a measured electron density 

profile we determined the accessibility cond i tion , N"acc' to the central 

region of the plasma by means of a ray tracing code . 

The plasma current can be written as the sum of an inductively driven cur­

rent, for which we assume Spitzer conductivity , and an RF-driven current, 

Ip .. IInd + IRF (4) 

From our measurements the RF-driven current can be determined as 

'RF - Ip [ 1-('OH,RF/'OH , OH) ' (Te,RF/Te ,OH)' .5] (5) 

The temperature correction in th i s equation takes care of the variation of 

the Sp itzer conductivity due to additional bulk electron heating by the RF­

powe r , which is obtained from Fig . 3 . The quantity X2 is calculated from 

(6 ) 

in the tunits Vim, 10 12 cm- 3, with E .. - M I OH ,RF/2lfR and M - 80 ),IH for 

ASDEX. For the current drive efficiency at zero electric field we use our 

old experimental results of reference 121 

where ),I describes the fraction of accessible power, g is the theoretical 

dependence of the 

parameter good up 

efficiency changing with N ,and 
"acc -3 

to densities of ne" ',10 13 cm 

a is a numerical fit 

In Fig. 4 we show the resul ting experimental current drive efficiencies. 

For the determination of Xl we took Z ~ 3. Comparing Figs. 1 and 4 we find 

a reasonable agreement . We should, however , not forget that the above model 

assumes homogeneous profiles for both current density and power absorption, 

complete power absorption by the fast electrons and that the central value 

calculated for vphacc is the right value to substitute for vph 2' 

We may also compare our results in the f orm of the conversion efficiency 

Pel/P RF as defined by N. Fisch and C. Karney, 13/ , where for our situation 
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Pel a - M IOH , RF IRF' Taking the theoretical zero electric field efficiency 

no .. s(u~-u~ )/ln(uz/ul) , 

where S .. 4/(Z+5), the conversion efficiency becomes 

" . o 
1nl(1 - X,)/(1-X, )1 

In(Xz/X 1 ) 

(6) 

(9) 

This is shown as the solid lines in Fig. 5 as a function X!/2 ~ 
(a/2) 1/2 ' uR2 with UR '" vph/vR and vR .. Vth /(2 EN)1/2 . We have confirmed 

that for the case of a localized spectrum, Xz/X 1 .. 1. and for Z .. 1, equ. 

(9) agrees very well with the numerical result of N. Fisch and C. Karney, 

13/ . except for the factor 2B/a which is only close to , but not exactly 

unity . We see from Fig . 5 that the conversion efficiency is significantly 

deg r ated with increasing spectrum width Xz/X 1 • 

In Fig . 5 we have also plotted Pel/PRF .. -M IOH •RF IRF/PRF for our ex­

perimental pOints from Fig. 4. Taking Z - 3 these paints fit to curves in 

the range (X z/X I ) 1/2 - 16 to 32. This seems very high. However , we note 

that the empirical fit factor a in the steady state current drive effi­

ciency is about a factor of two lower than estimated from theory 12/. If we 

include an absorption coefficient of .. 0.5 , as was done in the evaluat i on 

of the PLT experiments , 14/, t he pOints would fit to curves around 

(X z / X 1 )1/2 _ 4, which seems much more realistic . 

References: 

11/ K. Yoshioka . T. Qkazaki , F. Leuterer, N. Fujisawa, 

Physics of Fluids, to be published (April 1988) 

121 F. Leuterer . F. Soldner , O. Eckhartt et al. 

Plasma Phys. and Contr. Fus. 27. 1399 ( 1985) 

131 C. Karney. N. Fisch , Phys. Fluids 29 . 180 (1986) 

141 C. Karney , N. Fisch , F. Jobes, Phys.Rev . A 32 , 2554 (1985) 

Figures: 

1. Normalized current drive efficiency as a function of electric field. 

2 . Normalized primarY ,current rate of change as function of the RF-power . 

3. Central electron temprature with and without RF-current drive. 

4. Experimental current drive efficiency . 

5. Efficiency for conversion of HF-power into electrqmagnetic energy. 
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EVALUATfON OF THE CURRENT PROFILE IN L .H .C.D. TOKOMAKS 

G. BRIFFOD. IRF-DRF - C.E.N.G . - 85 X GRENOBLE CEDEX (FRANCE) 

I. LOOP VOLTAGE BEHAVIOUR AND SATURATION OF THE R.F. ABSORBED POWER 
The current density driven by L.H . waves, jR F' is related to the 

R. F. absorbed power per unit volume. Pab s ' by the r e lation jRF = ~ Pabs ' 
Averaging over the plasma. the total current can be expressed as 
I RF = IIp Paba (1) with "F :: 83.2/(5 + Z) n R N~ (2) 

The theory of the current drive efficiency has been worked out in 
great details by N. FISCH [1] and in a weakly relativistic case and for 
a narrow wave spectrum IIp takes t he s implified form given by (2). As in 
steady state L.H.C.D. tokomaks, Pab e cannot be easily measured, IR F is 
generally estimated from the drop of the loop voltage, ~V, due to the 
application of the H.F. power, PRF , 

Vp " Rp Ip V " R [Ip- IftFl I ftF " I [ 1 - RV/RpVpl - Ip AV/Vp (3) 
As a consequence of (1) and (~). if the applied and absorbed 

powers are proportional Pab e ~ PRP ' IRF and ~V/Vp should scale linearly 
with PRP ' This is not verified experimentally as it can be seen on 
fig. 1 which shows the variation of ~V/Vp as a f unction of PRF measured 
on PLT [2] with 8 narrow wave spectrum (16.w.g.grill) and for the 
operating conditions given on table I . The observed saturation of 6V/V

p 
corresponds to a continuous decrease of the current drive e fficiency . 
The rati o of the experimental efficiency ~EXP = IRP/PRF to the 
theo retical one (2) for Z = 3 is plotted on fig. 1. The efficiency 
improvement at low R.F. power can be explained by the presence of a 
D.e. electric field. E V/2~ which gives rise to an additional 
current [1] . But as PRF increases, the ratio ~E XP/~F' even corrected by 
the coupler directivity becomes much smaller than one whereas this 
model predicts an efficiency improvement up to ~V/Vp= 1. 

One explanation to this efficiency loss proposed by J.M. RAX [3] 
is based on the assumptions (i) at low RF power, the absorbed and 

TABU: I 

~, ~ """ ''''~ 
1"lUP 

TJF A--
;;(1013) • 0.' "., ........... 

2 
B. ( T) , , .. ,., 
Ip(U,) .000 .1"5 ."'" ."" 

, , 
• 0.65 0.' 0 .65 0." 

" .. , .., .. , 
t(Gli1! ) 2."5 ,. , .., ... 



injected powers scale l inearly 
goes towards a limiting value 
power which can be absorbed by 
the relations (1) and (2) become 
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Pe bs = PIN ; (ii) a t high power Paba 
p., corresponding to the maximum R.F. 
a given plasma. With these assumptions 

1 PIN P-

11 P ab s = 11 P + p_ (5) and -- . 
" " " p. 

(6) 
IN 

where PRF is the power launched by the coupler, a the coupler 
directivity and PIN = a PRF the fraction of the R.F. power used to 
drive the current. The fig. 3 shows the variation of the ratio 
PRF[Ip ~V/Vp] · l as a function of PRF for steady state L.H.C.D. 
discharges performed on ALCATOR [4] ASDEX [5] PETULA [6] PLT [2] for 
the operating conditions given in table I . . This figure puts into 
evidence several important points (i) the ratio PRP[Ip ~V/Vp ]9 1 scales 
linearly wi th PRF for the 4 discharges as predicted by (6 ) ; (ii) the 

slope [11 P_]9 t is different for each discharge; (iii) the loop voltage 
~V/Vp and PECE the total E.C.E. radiated power exhibit the same linear 
scaling for PETULA [7]. The plot of 11 p. as a function of Ip ,shown on 
fig. 4, fits very well with the scaling law 11 p- = 1.2 Ip. 

11. GLOBAL AND LOCAL MODELISATION OF THE R.F. CURRENT 
To drive a steady state current, I RP ' the injected wave has to 

balance the power lost due to collisions, which can in a first estimate 
be evaluated as Pg = m < nR> c2 N#2 v vol. (8) . Where < nR> is the 
average resonant electron dens~ty, c/N9 the phase velOCity of the wave, 
v the Coulomb collisions between t he resonant electrons and the bulk 
plasma, vol. the plasma volume . For ~V/Vp = I, the plasma current, lp, 
is entirely sustained by t he resonant electrons . For this condi tion , 
< nR> can be deduced from I RP = Ip = e < nR> C N# l ~ a2 and Pg writes 

Pd(W): 3.2 10- ) Ip(A) n(101 ) )N~ R(m) Log 1\ (9) 
In s t eady state L.H.C.D. discharges, the maximum R.F. current which is 
driven is of the order of Ip. As a consequence the value of Pg given by 
(9) can be considered to be close to the maximum R. F. power dissipated 

Fig.) Fig.4 

ALCATOR 

3 

PLT SOOKA 

2 ASOEX JOOKA 

+ ALCATOA 20SKA 

PETULA 145KA 

1p 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0 0.1 0.2 0.3 0.4 0.5 



--
via the collisions and will be used in the following instead of P-, 
With this relation P- = Pg and using t he FISCH's expression (2) for the 
current drive efficiency'. the R.F . current can be expressed as 

ex PRP 
I RF = ~ Pabs = Ko ~F Pd -_-=-----=­

.... PRP+Pd 
(10) 

Ko is a fitting factor, ~ = Ko ~p. which in a first approximation 
does not take into account explicitly the effect of the D.e. electric 
field. In this relation the product KO~FPd has the same plasma current 
dependence as the experimental scaling law ~p. = 1.2 lp. The equality 
between the two expressions, KO~FPd = 1.2 lp. gives the value of Ko to 
be used for the computation of IRF (Ko = 2 . 4 for Z = 3) . The variation 
of IRF as a function of PRP computed from (10) is shown .of fig. 5 for 
PLT , ASDEX and ALCATOR. It can be seen that these curves agree very 
well with the experimental values deduced from I RF : lp 6V/Vp ' 

However f or these 4 discharges the accessibility condition is 
satisfied, Nacc(o) < < N~, and the wave can penetrate up to the plasma 
center . But when the plasma density increases, its penetration is 
limited by the local accessibility condition Nacc(r) : N¥. The injected 
R.F. power at 8 given radius and the R.F. current are then given by 

fe p," Je 
PIN:cxPRP -~(r)PRF- PabsdV (11) jR P:KO'l')LPd--- (12) IRp: jRpdS (13) 

a Pln+P d a 

in these expressions ~(r)PRP is the non accessible part of the wave 
power sprectrum P(N¥) , 'l')L = 'l')p 2wR is the local FISCH's current drive 
efficiency, Pd = p. the power per unit volume dissipated by collisions 
and Ko the fitting factor which is assumed to be constant over the 
radius (E = Cte) . A schematic representation of t he radial R.F. power 
balance (11), displayed on fig.6, shows the main features of this model 
(i) in toe outer part of the plasma~ n and Pd are small whereas the 
injected power is very high. Pab8 and JRP saturate, JRP : KO'l')LPd (ii) 
as the wave propagate , n, Pd and ~ increase and the R.F. current 
saturation is progressively reduced (iii) beyond a given radius Pin is 
smaller than Pd and j Rr becomes proportionnal to Pin' The radial 

Ip 500KA PLT 

Ip JOOK ...... SOEIl 

Ip 205KA ALCATOA 

Max-PI ,1 kin" rr, ,"I 

,.. ... rd n'" en 
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Ip=145KA (N " h1.1 
' o=3.7GHz 

extension of t he current, 6c = a - r o ' is given by P IN = 0 in the 
relation (11). In a first approximation. ro can be evaluated by : 

PIN = ex FIIF - ~(ro) PIIF - J:o P d dV :c: 0 (14) 

As the R. F. power l evel increases , ro goes to 0 and at h igh power, 
PRF > Pd ' jRF saturates everywhere. and peaks at the plasma center as 
seen on fig. 8. Using the approximate expression (14), and the 
following assumptions Pd = P-t OR= nR( o) [ 1 _r2ja2]V, P(N1') «N1' inside 
the main lobe of the wave spectrum, yie l d the following relation f or 
the current density 

_R_F ___ :[1_r2Ja2]V 1- _d ___ 2.6l'{~ (15) 
j (r) [ P (o) [1 - r '(a' J'" 1 
j- (0) oPRF ~ <Ny+tlN1'-[1+n/S2]1 / 2- [0/B2]10 

where 2ON1' is the wave spectrum width . The variation of l RP versus PRP' 
computed from (15) and (13). for different densities is shown on fig. 7 
for the PETULA plasma parameters and is compared to the experimental 
results of ref . 16]. Fig. 8 shows the current radial profile for 4 R. F. 
powers. Due to space limitations more detailled comparison of this 
model with experimental results will be presented elsewhere. 
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LOWER HYBRID WAVE STOCHASTICITY IN TOKAMAKS: 
A UNIVERSAL MECHANISM FOR BRIOGING THE nil SPECTRAL GAP 

o Moreau*, J M Rax* , A Samal n* 

JET Joint Undertaking, Abingdon. Oxfordshire, OX111 3E A. England 
* From EUR-CEA ASSOC, CEN Cadarache , 13108 St Paul lez Durance, France 

Abstract 

A global approach to the problem of LHCD is being attempted. For' 
typical tokamak aspect ratios the propagation over long trajectories is 
stochastic and we describe the dynamics of the wave in the random phase 
approximation (RPA). 

Motivation for a Global Approach to LHCD 

Up to now , combined ray-tracing and Fokker-Planck codes have 
provided a fairly good description of LHCD if the waves are followed 
after one or a few reflections at the plasma edge and if the 5uprathermal 
electrons are allowed to diffuse towards the plasma core before slowing 
down'. In fact, . because the absorption is based on t he resonant inter~ 
ac ti o n between the waves and the fast electrons the plasma Is generally 
transparent to the highest phase velOCity waves which are launched. This 
is usually ref erred to as the problem of the LH spectral gap. 

If the wave is decanposed on the usual exp(- jwt + jndl + jmA) 
harmonic cyli ndri cal baSiS, the local wave vector Is given by: 

kll(r) • (n' q"lr))/R (1 ) 

where q (r) is the cylindrical safety factor . Under the condi tion 
ne » 1 , where ~ is the inverse aspect ratio of the tokamak, ray-tracing 
predicts a large increase in the poloidal mode nwnber m which entails a 
significant upshlft of the wave vector kll. However there are some 
drawbacks in usin'g the geometrical optlcg for waves which are propagating 
over mul ti pI e passes through the pI asma col wnn. Such an approach is 
unable to take into account the spreading of wavepackets and therefore 
applies only during a characteristic correlation time of the wave . In 
our work 'Ne show how , due to toroidal effects, a stochastic instability 
appears 2 , which leads to an exponential divergence of the rays and to the 
destruction of the correlations . The long time dynamics of the wave 
energy U(m) will be described as a randan walk in m space 3 . Then the 
solution of the associated master equation can predict the steady state 
distribution U(m) and , via (1), the local and spectral power and current 
depOSition, which are the crucial parameters for profile control 
expe>riments. 



Resonant Toroldal Couplings 

Our starting pOint is a modal analysis of the electric field E on a 
cyl indrica l basis : 

E(r.w) - l , ~ , n almn(w) Elmn(r) ( 2) 

where l,m , n are the radial , poloidal and toroidal mode numbers ('elated by 
the unperturbed cylindrical dispersion relation D(w , l ,m, n ) '" 0 , Fig 1 
shows such a dispersion curve (f '" 3.1 GHz . n ~ const) fo r the electro­
static branch and typical JET parameters . Toroidal effects induce 
couplings between the (l , m,n) modes and Maxwell equat io ns can be written : 

d (L l' m' n ' dt almn(t) ~ - jWlmn al mn t ) - j l ' m' n Vlmn al ' m' n , (t) 

where vt~~ ' n ' ' s are matrix elements of the toroidal perturbation, le 
proport l onal to E [m- m' " We are thus led to consider a s}:stem of coupled 
oscillators . 
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Fig 2 : Resonant Couplings 

Because the perturbation is stationary , toroidal couplings will be 
resonant when th~y couple modes which lie on the unperturbed dispersion 
cur ve , ie which correspond to the same eigenfrequency (wl ' m' n ' • wl mn ) . 
This will occur when t he vect or ( ~l • 1- 1 ', ~m ~ rn-m ' ) is tangent to t he 
dispersion curve , i e when the slope of the cur ve is rational : 

( ill ·) =.u = rational number am W ~m 

Fig 2 displays this set of resonances . We expect the dynamics of 
system (3) to be dominated by the resonant couplings and we are therefore 
tempt ed to apply the random phase approximat~on and to write a master 
equation for the wave energy U(m) a almn . almn with n - const and 
I '" l(1:) , n,m): 

l1l!iml. L 
dt rn' 

P(m ' ~ m) U(m') - L 
rn' 

P(m~m ' )U(m) (5) 



If the transitions took place in a continuum of states , the transi ­
tion probabill ties P(m t m' ) would be proportional to I vt~~, n, 12 . So we 
must find out how to canpute the resonant matrix elements . A second 
conceptual ques t1 on a1 so ari ses: under whi ch condi ti ons is the random 
phase approximation justified and what is the connection between 
P(m .t m' ) and vi~~ , n' in the actual problem? 

Wave Stochasticity and Criterion for Random Phase Approximation (RPA) 

To make progress concerning these ques,.tions, we go back to the 
standard ray-tracing and expl'ess it in terms of canonical ' action-angle 
variables of the cylindrical geanetry. using the hamlltonian character of 
ray equations , Poincare surface of section plots in the (a ,m) plane are 
show n in Figs 3. 4 and 5 for various increasing inverse aspect ratios. 
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Fig_ 11: r .. r 0 surface of section 
(E • 0 .05) 

In Fig 3 . E is chosen sufficiently small (1 . 5 x 10- 2 ) to exhibit the 
island structure of phase space. The link between the ray and wave 
approaches yields the fOllowing relationship between the island width and 
the corresponding resonant matrix element: 

[2 I Vh~~ ' n,1 ] '/2 
W res 

16) 

where w~es contains second derivatives of the dispersion relation. A 
successful check of this relation is shown in Fig 6 where we plotted the 
island width vs E for v~rfous resonances and thus verified that vi~~, n ' 
is proportional to E Im m I. For large values of E , island overlapping 
l eads to Sl Obal stochasticity as shown in Fig 11 (E .. 5 x 10- 2 ) and in 
Fig 5 lE .. 0 . 3). In the stochastic regime. it can be argued that the 
correlations are sufficiently weak to justify the use of the RPA in 
Syst~(3). thus leading t~ (7)' p~m.t m' ) may then be ~educed fr~ 
quaSi-linear theory (P(m ~ m ) . 6mcouPling~ wbounce' 6misland) ' WhiCh 
means that the diffusion of m scales ~s : 

p (m !: m') .. 
1

1mn I VI ' rn' n ' . 
6misland 
6fficoupling 
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To which extent t he onset of global s t ochasticlty is suff i cient for 
applying the RPA on the " quantum" description of the mode couplings(3) is 
a fundamental question which will be the subject of future work . 

rooo',------r----~----_, 

o 
f=~~~,~oo,_---->oo~--~~ .. ;=~,i 

"(<leg.) 

Fig 5 : r • ro surface of section 
(c • 0 . 3) 

Conclusion 

We propose a global stochastic 
desert pti on of 1 ewer hyb,'i d wave 
propagation and power deposition in 
tokamaks. When the absorption rate 
'(m) of each unperturbed mode is 
included as a sink in system(S) a 
steady state solution can be found 
in the presence of a source at m - O. 
Fig 1 shows that the absorbed power 
spectrum can be much broader and 
even very disti nct from the launched 
spectrum when the so-called 
"spectral gap" has to be bridged by 
means of the stochastic diffusion . 
Pi nally , each Y(m) has a r'adial 
di stribution from which the total 
powe r deposition and driven c urrent 
profiles are calculated . 
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CURRENT DRIVE BY LH WAVES WITH THE WIDE SPECTRUM 

V.S.Belikov, Ya.I.Kolesnichenko, I.S.Plotnik 

Institute for Nuclear Research, Ukrainian SSR 
Academy of SCiences, Kiev, USSR 

ABSTRACT. The theory which is in agreement with the 2D-numeri­
cal calculations is presented for the case of current drive by 

lower hybr i d waves with the wide spectrum. 

The theoretical study of a plasma current driven by the 
travelling waves with <AI« "'1le (Lu is the wave frequency, W Be 
the electron gyrofrequency) in tokamaks is often carried out 
in assumption that the wave spectrum is narrow X2 - x1 « 1, 
x = W/(kllve ), ve = (T/me )1/2, x1 and x2 are the limits of 
the normalized phase velocities of excited waves. However the 
condition x2 _ · x1 « , is hardly satisfied when the wave phase 
velocities are high, x » 1. especially in the case of a plasma 
with low temperature. 

To obtain the expressions for the current denSity J and 
for the absorbed power denSity P one should solve the 2D­
kinet ic equation for the electron distribution function f. It 
may be done in different ways. In so-called "one-dimensional 
approach" f(y) is represented in the form f(y) = fM(vj.)f(VII ) 
where v-'- and VII are the perpendicular and longitudinal particle 
velocities correspondingly, fM the Maxwellian function 1 1 I. 
In "quasi-ane-dimensional approach" f(r) = f M(V.J,.)f 1 (V.!.t VII)' 

f, be ing function which depends on v~ weakly 1 2 I. In the 
Green's function method f(y) = fM(y)(1 + h(y» with h(y) and 
derivative a(fMh)/av il being small 1 )'. ' I. It is clear that 
the last method is not applicable for the case of strong quasi­
linear distortion of the electron distribution (DQL » DC, nQL 
is the quasi-linear diffusion coefficient, nC the collisional 
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diffusion coefficient / 2 /) i.e. it is not applicable to the 
case which is cha~acterized by the largest two-dimensional 
distortion of f(:!) even when the wave spectrum is narrow. 

Quasi-one-dimensional approach allows to investigate both 
the regime with DQL» DC and DQL« DC . Its results coinsides 

with the results .of one-dimensional theory in the case of 
DQL» DC that means that one-dimensional theory holds only 

for this case. But quasi-one-dimensional theory is developed 
for the narrow wave spectrum and its application for descrip_ 
tion of currents driven by the wide wave spectrum is not 
justified. But to know what error it results to the comparison 

with the resul ts of the numerical 2D calculations is necessary. 

At first assuming that DQL» DC and the current is driven 

by LH waves with narrow spectrum we present the expressions for 
J and P which differs with the known ones in one-dimensional 
theory due to more accurate description of the collisional 

effects: 

P = POp( x1, x2), 

where 

J 

p(x1• ~) = 1 - (3(xj2_ x;2) - ~(xj4_ x;4) 

for x1 ;::; 3 

( 1 ) 

( 2 ) 

j(x1 , Z) is obtained in Ref./ 5 /, P9 is power found with using 
the rough expression for DC (DC ~ x- ) : 

( 3 ) 

/ 20 n20 = ne 10 , L is the Coulomb logarithm, Z is the ion charge 
state, JO is the current obtained without taking into account 
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of the distribution function distortion beyond of the resonant 
region / 1 /. Equations ( 2), (3) results in the following 
current drive eff iciency: 

where 

-1 A·m·W ( 4 ) 

( 5 ) 

Let us compare the magnitude of ~ given by Eq.(5) with 
that one obtained in 2D numerical calculations. As an example 
we take Xl = 3, x2 = 5, Z = 1. Then Eq.( 5) yields '2 = 5.33. 
Numerical calculations carried out in Ref./ 4 / results in 

~ = 6.55. However, in those calcul ations the scattering 
function in the electron collision term assumed to be 
Maxwellian ther efore the magnitude of ~ obtained in Ref./ 4 / 
should be multiplied by j(x1, Z) what yields '2 = 10. Thus, 
one may conclude that in the considered case 1D efficiency is 
about a factor 1. 9 smaller than 2D result. 

We now obtain more accurate expression for P. To do it 

we take into account that in the plateau region the electron 
distribution over the transverse velocities may be described 

by the temperature TL which exceeds the bulk electron tempe­
rature / 6 /. Then 

( 6 ) 

( 7 ) 
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Substituting in Eq.(6) 

Ti 2 «1 + d)7/3_ 1)17 - d/3 

Te = xl 1 + 2d13 + (1 + d) 173 
( 8 ) 

we find ~ = 10.3. Thus Eq.(7) is in agreement with 2D result. 

Let us proceed to regime with DQL« DC. In this regime 
f(y) is disturbed weakly. Therefore in the case of wide waVe 
spectrum the number of electrons at the right hand side of the 
resonant region is small as compared with the corresponding 
number near x1 - For this reason the current drive efficiency 
is mainly determined by waves with x ~ Xl' It enables to use 
expression obtained for the narrow spectrum assuming x = x1 : 

2x2 
7. (x, z) = I ( 9 ) 

Z + 5 x = Xl 

Two-dimensional numerical calculations are carried out for 
DQL« DC and x2 - Xl = 1 in Ref.1 7 I. They confirms what 
is said. It becomes clear if one take into account that < X 2) 

introduced in Ref.1 7 1 by means of expression 
x2 x2 

< X2) = l dxx2fM(X)1 S dxfM(x) ( 10 ) 
Xl Xl 

is x~ for the wide spectrum. 
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InmERICAL SIMULATION OF CURRBNT DRIVB BY LOWBR­
HYBRID VlAVBS IN T-7 TOKilIAK 

S.V.Neudatchin,G.V.Pereverzev 

I.V.Kurchatov Institute of Atomic Energy,Moscow,USSR 
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An analysis of the experiments on current drive by lower hyb­
rid waves in T-7 tokamak /1-3/ is given in the paper. SpeCific 
features of these experiments is in a comparatively-low plasma 
densitY,high e l ectron temperature and in the presence of a re­
sidual electric field. Under these conditions the introduction 
of auxiliary lower hybrid power produces a condition for dri­
ving a fan-instability /4!whiCh, in its turn, reduces the lo­
wer-hybrid current. The calculations done with due regard for 
the fan-instability effect on current drive have shown a reaso­
nable agreement with the experimental results. 

The numerical simulation of current drive has been done in 
the following way.First,according to the generally-accepted te­
chnique /S,6/ ' a spectrum of a three-waveguide grill at the 
plasma edge in the T-7 tokamak is calculated.This spectrum in­
cludes a noticeable fraction of effectively - decelerated waves 
that provides an effective interaction of lower hybrid waves 
with electrons and an almost-complete absorption of wave ener­
gies per pass along the radius.The spectrum deformation in the 
process of wave propagation in this case is mainly provided by 
absorption and the role of toroidal effects is inSignificant. 
Therefore we have used the wave energy transport equation in 
the cylindrical approximation/7/ • Then, at given density and 
temperature profiles and at a given loop vol tage on each mag­
netic surface a one-dimensional kinetic equation is solved /8/ 
V~en the found function of electron distribution, fe' satisfi­
es the condition for the fan instability drive at some value 

of Lre-;;' (AJpe all -rt?[ trtr dIe + c.Jpe le / . . 7-.1 >0 
Ye" n Jml/ c.J€e lbe":tre;(/+ ~J'~ (/.) 

it is assumed that this instability limits the len~g of a pla­
teau by the condition tre;v'~ be; (/fW, • ./CAJ,.~. The driven current 
magnitude, jLH' is reduced, respectively. 

An example of LH-current density calculations, jLH(r),and its 
modifications under the fan~instability effect are given in 
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Fig.1-2. An electron distribution function at two points along 
the radius at the T-7 plasma parameters is given in Fig.1. The 
distribution function at the residual loop voltage corresp_on_ 
ding to the experiment, U{O.2V, neglecting the fan-instability 
effect, is shown with a dashed line. Solid curves represent 
shapes of distribution function at a stage of quasi-linear fan_ 
instability rel axation. One can see that the instability deve _ 
lopment considerably reduces the LH-current magnitude. A shape 
of the distribution function for a zero electric field (da­
shed-dotted l ine) is given in Fig.1 for comparison. It is in­
teresting to note that in this case the fan-instability drive 
condition is not satisfied, and the current density, jLH' turns 

out to be higher than that in the presence of a finite l oop vo­
ltage . This dependence is i l lustrated in Fig.2. For a cal cula­
ted modification given here an increase in the loop voltage 
from OV to O.2V reduces the LH-current magnitude from 82 kA to 
6)kA. 

The fan in~tability deve l opment can also change the linear 
depen~nce of LH-current magnitude, I LH , on the deposited LH­
power, PIJ:!. From Fig.3 one can see that the fan-instability vi­
rtually limits ILH at a certain level weakly-dependent on Ve and 
on PLW 
The fan-instability effect is reduced, when one uses more de­
celerated spectra providing a high but shorter plateau on the 
distribution function. From Fig.4 one can see that the instabi­
lity effectively reduces IlJl at L>'P=3Tr/4 (spectrum maximum at 
NIl max=).5) but it does not emerge at all at the s;~etric 
spectrum with t:.'P= TI (NIl max = 5) . mQ)< / .... 

From the criterion (1) it follows that Veil / VeIl ~ 
(:i. ~ W~e/wpe) , i.e. with a rise in Bz,Ue~"'Yu.~ 

a l so rises that makes the fan-instability development difficult 
The calculated va l ues of I I..II? I,,/{ vs loop vo l t a­

te, ~ at Te~=2.5 (curves 2,2*) and T~(O)=4 keV under BCRH and 
LH (curve I) are given in Fig.5. The experimental data are 
within a shadowed region. In this case, Bz =2.3T (in comparison 
with BZ=1.5T, Fig.l-)), and the fan-instability effect is not 
great. From Figs.4,5 one can see that the calculated current 
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- about twoce exceeds the experiment. 
In conclusion, our statements are as follows. In the paper 

we have calculated the LH-current dependence on the plasma and 
waveguide set parameters in T-7. It is shown that under experi­
mental conditions on T-1 the fan-instability can a few times 
reduce the LH-current magnitude, effectively affecting the LH­
current dependence on the electric field and the LH-power.The 
calculated values of LH-current ar 1-3 times higher than the 
experimental ones. 
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Ray tracing s tudies for the lower hybrid experimen ts in JET 
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A.bstract. Lower hybrid current drive for current profile cont rol in J ET experi­

ments wi ll commence next year. A narrow spectrum of lower hybrid waves will be 

exci ted by a phased wavegu ide array antenna with part ially adjustable phasing. 

The localizat ion and the amount of RF driven current depends in part on the 

paths followed by the waves within the plasma. The propagation of lower hybrid 

waves in JET is studied by ray t racing. In this study we have used t he ray t racing 

code deve loped in Brussels · which accurately models the D-shaped geometry of 

the magnetic flux surfaces appropriate for JET. Our work includes a stud y of t he 

influence on the ray trajectories i) of the D-shape parameters , namely, ellipt icity, 

Shafranov shift and triangularity, for various discharge conditions for ty pical JET 

parameters, and ii) poloidal extent of the antenna. Our resu lts i) indicate that the 

Shafranov shift strongly influences the ray trajecto ry and ii) show that a bundle 

of rays launched with the same in itia l n il over the poloidal extent of t he grill face 

will diverge afte r t he closest approach to the plasma cent re. 

The main goal of the current profi le control program on J ET is to s ignificantly 

broaden the current dri ve profile so that high central temperatures can be main­

tained by eliminati ng t he sawtooth instability. Among t he methods currently in 

progress aiming at s uch a goal is the lower hybrid cur rent drive. The J ET LHC D 

system will couple up to 10 MW RF power at 3.7 GHz through a 384 wavegu ide 

array (32 per row). By proper phasing of the array, a narrow n il spectrum of 

~nU ~ 0.3 is launched, with the peak n il variab le between 1.4 and 2. 1. Previous 

LHCD experiments and theoretical work have shown t hat the launched wave spec­

t rum is modi fied within t he plasma, with the result that wave propagat ion and 

absorpt ion are significantly diffe rent than that expec ted from a simple s lab model 

treatment of propagat ion. LH ray tracing codes in fu lly toroidal geomet ry are used 
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to realis ti cally model LH wave propagationl - 4. Several to roidal ray traci ng codes 

for perform ing LH ray path ca lc ulat ions a re in use at. JET; the code used in this 

study is t he Brussels ray tracing code' modified for use in the lower hybrid range of 

freq uencies. T he ray tracing resu lts are in excellent agreement with t hose obtained 

with the Bonoli-Eng\ade code. The Brussels code models t he plasma equilibrium 

wit.h ana ly tic re presentations of the D-shaped JET magnetic geometry and ana­

lytic profiles correspond ing to measured data . The D-shape parameters are t he 

ell ipt icity, t he Shafranov shift of the magnet ic axis and the t riangularity. The 

present study aims a t assessing the influence of the D-s hapcd geomet ry on the ray 

t rajectories. 

T he density and temperature profiles were modelled as 

N,(p) = (.V," - N,, ) x [1 - (i'-)' PT' + N" 
a, 

(1) 

(2) 

where ( )" a nd ( )~ are values in t he plasma centre and at the edge, respect ively. 

s refers to the differe nt s pecies (elec t rons, De ute rium. minor ion species), p labels 

the minor radius in the equatorial plane of a flux s urface , and up is t he plas ma 

mi nor radius on the outer mid-plane. The plasma curren t density profi le is taken 

as 

(3) 

All the calculations shown in the following figures were obta ined for il. pure e lec­

t ron - Deuterium plasma with the following parameters: to roida l m ag netic field 

st rength BT = 3.4 T. major radius R" = 2.96 rn , minor radius Up = 1. L9 m to tal 

p lasma cur ren t Ip = 3MA, Ne" = No" = 4 X lO l l m - 3 . Na == ,vO~ = :5 X WIZ m - l , 

T~o = TOo = lOkeV, Tee = TOe = 300 eV , ;JN ~ = 1, [h e = !1ro = 2, .{j, = 3. The 

po lo idallength of the antenna is app roximately 0.8 In and a set of 5 rays of a given 

va lue of nil is launched along t he poloidal extent. Because t he variat ions in n l! 

a nd poloidal wave number a rise from poloidal asymmetries. waves launched from 

different poloidallocations can be expected to undergo different t rajec tories. The 

followin g figures represen t po loidal projectio ns of ray trajectories fo r rays start,­

ing at diffe ren t positions in the poloidal plane in front of the an tenna . The rays 
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are followed for their first pass th rough the plasma until they reach the plas ma 

boundary. 

The influence of t he Shafranov shift on the ray trajectories is shown in Figs. I-3 . 

We take n il = 1.8, ellipticity k = 1.5, t riangularity 6 = 0 .05 , central sh ift ~ = 0. 1 m 

in F ig.I, l:!. = 0.2 m in Fig.2 and 6. = 0.3 m in Fig.3. We note that as l:l. increases 

the radial penetration of the lower hybr id waves becames poorer. Also, one can 

observe that the rays start ing with negative poloidal angle (below the mid-plane) 

do not penet ra te as well as t hose starting above the equatori al plane due to a 

s tronger down s hift of t. he n il of the wave. For larger values of the Shafranov shift 

(F igs. 2-3), waves launched from t.he bottom of t he grill are predicted , for these 

parameters, to undergo a rad ial reflec tion. This featu re has also been observed 

for a scan of the e liipticity, although t he average radial penetration is not de­

graded with increasing e llipticity. The triangularity parameter is found to be t he 

least important shape parameter of all (only unrea listic values would imply large 

variat ions of the ray paths). 

The accessibility of t he wave is improved wi t h increasing n!I' [n F'ig.4 the D­

shape parameters are the same as in Fig.l but a different value of nil = 2 is taken. 

The higher va lue of n 'l leads to a deepe r penetration in the plasma, as expected. 

In this initial study of LH ray tracing in a real ist ic model of the J ET equilib­

rium , we have investigated the gross behavior of'the plasma s hape paramete rs on 

the propagation of the lower hyb rid waves. For values of n" re presentative of t he 

launched nil s pectrum, we find that the waves do not propagate inside r j ap :::: 0.5 

on t hei r firs t pass suggesting that an off-axis RF current will indeed be generated 

if the wave is absorbed. Among t he D-shape parameters the Shafranov s hift of the 

magnetic nux surfaces seems to be the most influential. An increasing Shafranov 

s hift leads to reduced accessib il ity and reduced penetration. 
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PROPAGATION AND ABSORPTION OF LH WAVES IN THE PRESENCE OF MIlD 
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INTRODUcnON 

In ordel' to explain the results of the current drive (CD) [l,Z]and heating 
experiments in tokamaks [3] with lower hybrid (LH) waves in the framework of quasi­
linear theory, a broadening of the launched nl spectrum must be invoked in most cases. 
Several broadening mechanisms have been proposed in the last few years relying on 
linear or non linear theory; however it is still an open question which is the physical 
process underlying this phenomenon. The possibility of controlling the deposition and 
the current density profile from the outside relies on the solution of this problem. In 
this respect it can be useful to determine the plasma parameters which play a major 
role. 

Here we investigate both analytically and numerically the nl broadening induced 
by toroidal effects when multiple passes of the rays are considered [4]. In order to 
estimate the driven current provided by such a broadening a power deposition 
calculation is carried out. The role of the magnetic island m = I on wave propagation 
is considered also. 

nr-UPSHIFf AND ABSORPTION 

According to the analysis of Ref (5], beyond a boundary layer of thickness ro, the 
parallel refractive index is given by 

(1) 

with and 

(2) 

where q is the safety factor, c = alHo is the inverse aspect ratio, nlO ::;::; cJw n4>"I-to, and n4> 
the toroidal wave number. 

At the first transit nlm'(rol is given by Eq. (21) of Ref (4]. It can be shown that, at 
each edge reflection, nl(ro) changes by an amount 2cnto!q(ro) X Co(8k), where Bk is the 
poloidal angle at the kth reflection,while CO(Ok), which is given by Eq.(Z6) of Ref [5J, 
approximatively reads: 
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1 q(O) I' I - - cm;((\ + 11 /3) 
q(a) 

L cos(0k I· 11/3) 
k 

(3) 

(4) 

We can say na ively tha t, at each transit through the boWldary la yer, ".(ro) takes a 
kick . The sign of the kick depends on Ok and the intensity relates essentially to q(H) and 
to the peaking fact or q(a)/q(Q) . If a net positive value nl(ro)- nlO) is built up through these 
kicks, during one or more reflections, then (nl(r)-nto) will benefit by the same incre­
ment (see Eq.2) amplified by the factor q(ro)/q(r). Furthermore, in order to have a posi­
tive non negligible kick, the poloida l angle must fall near the bottom of the cross 
section . 

An analysis, pe rformed with a toroidal ray tracing code, qualitatively confirms 
these results, even though t he analytical ca lculat ion presented so fa r applies only 
marginally to low density plasmas peculiar of CD experiments. 

In Fig. la two rays are shown belonging to the same nl(a) = 2j the difference 
between these two rays is due to a difference in q(O) and a slight difference in n(O). 
The o ther plasma parameters are fixed to the fo llowing values: a = 40 cm, Ro = 168 
cm, 8 0 = 22 kG, q(a) = 3.5, t = 2.7 keY, which refers to the Asdex CD exper imen t at 
1.3 Gh:z where typically a curre nt of 300 kA was driven by 350.;.400 kW of injected 
power (1]. Figure 1 b shows the corresponding 111 behaviour as a function of the radial 
position of the ray. In both cases, after a bottom reflection nl suffers a n upshift which 
is la rge r at lower q(D). 

4 
,J bl 

n , 

3 

.. :::: ::----------- - ------:>~---::,;;--~-"-=""---1.- RF 

2 ---

o 0.2 0 .4 0.6 0.8 1.0 
, I a 

Fig. 1 - a) Projection on the c ross section of two ruys belo ngi ng to the same n,(a) = 2. The 
solid line refers to q(D) = 0.7, n (O) = 7 x 10 12 c m-3, the dashed line to q(O) = I, n(O) = 8 x 1012 
cm-3. bl Corr esponding behaviour of nl a long the rays. After a near bottom renection both 
rays show 11 n I upshift which is larger at lower q(O) 
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I<'ig. 2 - Current density profile 
and total driven current for 8 

typical Asclex p lusma relevant to 
the experiment III 1.3 GUz (nto) = 
8>< 10 12 , PIU' = 375 kW). The 
uriginul ~lIcctrum hUll bccll 
IlI'ou!lcnlHllIII to 111 :: 5.5 

An extensive analysis performed for the two cases q{O) = I and q{O) = 0.7 shows 
that the whole launched spectrum (which is peaked around "I = Z and extending up to a 
value of 2.5) broadens, after many reflectioru, up to a value of 3.5+4 in the first case 
and of 5.5+6 in the second case. 

In order to give an estimate of the power absorption and of the driven current in 
these two cases, use has been made of a deposition code [6). Figure 2 shows the 
current density profile and the total driven current when the launched spectrum is 
smoothly broadened up to a value of 5,5 with 30% of the total power transfened from 
low nl to high nl' 300 kW are absorbed by the electrons, while the remaining power (75 
kW) is collisionally damped or lost for lack of accessibility. 

A broadening of the original spectrum up to a value of 4, estimated in the other 
case (q(O) = I), does not provide the prescribed value (300 kA) of the driven current. 

THE ROLE OF THE m = 1 ISLAND 

When q(O) < I, a magnetic island m = 1 can affect the wave propagation. 
The ray tracing code has been extended to include MHO perturbat ions [7], in 

order to evaluate this effect. Preliminary results can be summarized in this way: all 
the effects are expected to be proportional to the fourth power of the island 
amplitude normalized to a characteristic length which is of the order of the minor 
radius a; "I suffers an upshift when the ray meets the island at the O-point. When 
multiple passes are considered an appreciable effect is expected if the ray goes 
through the O- point many times. That, however seems to be a very special situation. 
Figure 3 shows the "I variations along the ray in the case of an island of amplitude 0.4, 
localized at r/a =0.5 . The peak density and temperature are 5)(10 12 cm-3 and 1.7 keV 
respectively, the launched "I is 3 and the other plasma parameters are the same of 
Fig. I, with q(O) = 0.7. To infer the effect of the island the curve of Fig. 3 has to be 
compared with the curve reported in Fig. 4 and obtained in absence of the island. 

CONCLUSIONS 

An analytical estimate is given of the nl variation induced by toroidal effects 
when multiple passes are considered. It is found that the most important parameters in 
determining the nl variations are the q(a) value and the peaking factor q(a)/q(O). 
Numerical calculations confirm these results . 
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It is shown that in presence of MHD turbulence "I upshifts if the ray goes through 
the O-point. An appreciable enhancement of "I could take place if the ray met the 
island at the O-point many times. 
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\.Je have deve l oped a new kind of lO\oler hybrid wave l a unching structure­
multijunction grill. In this new launcher the PF power is divided by means 
of an E-plane of rec t angle waveguid and the phase difference of adjacen t 
waveguides is obtained by a suitable length of the dielectric TefIan inser­
ted into corresponding waveguides . Lower hybrid current drive experiments 
have been succesfully performed in HT-6f>1 Tokamak with this mul ti junction 
grill. A driven efficiency nCD up to 0 . 55 (101 3cm-3,m ,KA/KH) has been ob­
tained . The influence of LHCn on MHD behaviour of plasma has been clearly 
observed too. though the RF power coupled to plasma is very low . 

I NTRUDUCTION 

The phased waveguide array (i.e . the conventional grill) is the most 
promising antenna in the LH experiments. Such systems have already proven 
to be effective in prescent tokamaks . To date. RF power in the megawatt 
range have been launched into the plasma by means of grills containing up 
to a network of 4x8 waveguides. 

Hultimegawatt experiments have been considered for a feH large devices. 
The launchers used fo r three devices contain hundreds of waveguides . lead­
ing to very cumbersome RF systems . In order to alleviate t he constraints of 
such launchers. it has been proposed to use a new type of grill-the mult i­
junction grill . In this new grill. an E-plane is used as a power divider. 
and the phase difference of the adjacent waveguides is obtained by exchang­
ing the WG wavelength of the corresponding waveguides. allowing the proper 
(Nll) spectrum to be launched . Therefore the str~cture of this new gri l l is 
simplified largely. We have developed a new four-junction grill . its phase 
shifter is obtained by means of a suitable length of the Teflon inserted in 
the corresponding waveguides. The phasing between adjacent wave guides is 
90°. This new type of grill was successfully used in LHcn experiments on 
the HT-6M tokamak. 

PRINCIPLE OF THE ~ruLTI JUNCTION GRILL 

As shown in Fig.l. a multijuct i on grill is obtained by dividing the 
main waveguid into a given number (N) of secondary waveguids by means of 
metallic walls that are parallel to the main wavguide wall . I t is well 
known that . the distribut i on of electromagnetic field fo r HIO mode in the 
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rectangular waveguide is given by 

Ey _ Yllf sin~)ej (wt - a z) 
a a 

Cl. TI s in (~)ej (lllt - nz) 
Hx 

~ a a 

,? cos(~)ej (W" t - etz) 
Hz - j ,J7 a 

Ex = Ez = Hy = 0 

It is easy to know. the inserted metallic wall s . which is parallel to the 
main waveguide wall.does not inf luence the f ormer distribution of the field . 
The transmitte d power density is uniform along the' direc tion of the WG nar ­
row wall, therefore , the power divider has become very simple . 

A two-dimensional numerical study of the t heory of a multijunction 
grill indicates: the wave ref.lections between the grill mou th a nd the E­
junction plane allow a self-adaptation when the t r avelling waves are exci­
ted with an adequate phasing between the secondary waveguides. This featu re 
is available for LHen experiments , 

The phasing in the multijunction grill can be made by the different 
ways, for example: 
(a) , Reducing the height of the waveguides . 

The suitable phasing is obtained by reducing the height of the wavegui­
des with suitable length of the reduced-height sec tion. Step transformers at 
each e nd of the reduced-height section allow a good matching to be obtained. 
This way had been used in the Petula-B tokamak in France. 
(b). Inserted s uitable dielectric. 

As shown in Fig. 2. the phasing is ob tained by a s uitable le,ngth of the 
dielect ric inserted in the corresponding waveguides. The phasing in the in­
serted-di electric section is given by 

j k 
£--,r~--,(-,2"a,-) ,-' L - - -ll"An 
.~_ (_~.2./ g 

2a 

where Ag is the HG wavelength in the vacuum, ~ [" is the relative dielectric 
constant. We have deve loped a four-junction grill by means of this way. its 
phasing is 90° , 

STRUCTURE OF THE FOUR-JUNCTION GRILL 

As shown in Fig.2, the new grill consist of power divider-shifter, va­
cuum seal Teflon , coupler and bellows . The sizes of t he grill sec t ion have 
been chosen as follows : t he total outsize is 188X62mmz , the inside sizes of 
each secondary waveguide are a= 184mrn and b=13mm, the wall th ickness d=2mm, 
the period of the grill ~=b+d=15mm . The Teflon has been chosen as inserted 
dielectric for shifter, it s permittivity £r=2 at F=91SMHZ. The 90° phasing 
is obtained by means of a suitable length (0, 11.4cm, 22 . 8crn, 34.2cm) of 
the Teflon inserted in the corresponding waveguides, the error of the pha­
sing d$ < ± 2°. The total RF Penetration is 85%. The bellow allows the 
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coupler to adjust distance between coupler and plasma edge in ± lOmm . Cal­
cu l ation shows that in the case of 6$ "" n /2 a broad spec trum up to Nll=lO 
with a peak at Nll:S has been obtained. 

LHCD EXPERIMENTS 

LHCD experiments with a multijunction gril l have been performed suc­
cessfully in the HT-M-i tokamak. Its main parameters are the follows : major 
radius R=65cm. minor radius r=20cffi, teroid field Bt < lSKG and plasma cur­
rent Ip < l S0KA . In this experiment they are Bt=6~11KG. Ip=40~ 70KA and ne= 
2;r6xI01 2cm- 3, 

The lower hybrid RF sys tem consists of a magnetron power source{F=9 15 
~lliZ,P=30kw. T=30ms), a waveguide transmission line and a multijunction 
grill . This system is much simpler than the conventional system . 

The low density ohmic discharges are very reproducible in the HT-6M, 
so we can compare the discharges without and with LHW power successfully to 
obtain the effects of the RF power . When the RF power Prf is superposed on 
the ohmically heated plasma. t he loop voltage VL decreases drastically. 
while the plasma current Ip increases only slightly . The decrement of the 
voltage 6VL is proportional to Prf. The Fig .3 shows the changing singal of 
VL. Ip and ne with RF power. The maximum RF-driven current I r f=2SKA estima­
ted from Irf=!p ~VJ/VL have achieved in present experiments with Prf=IOKW 
at "e=3.S xI01 2 cm-1, Bt=IIKG. The current drive efficiency defined by nCD=ne 
· R· lr tfPrE<IOl 3cm- 3.'m .KA/K\.J') is nea r 0 . 55. 

Generally. the electron line average density ne does not change with 
RF power. but the perturbances are always observed during RF applicat ion . 
The e lectron density profile monitored by using a seven-channel infra- red 
laser beam in the LHCD case seems little more peaked than in the purely 
ohmic discharge. 

In the cases of purely ohmic discharge. the m=2 and m=3 oscillation 
modes has been often observed. but they are strongly suppressed when RF is 
turned on , despite the RF power coupled to plasma is only Prf=lOKW (Fig.4) . 

The saw-tooth oscillation in the plasma centre has obvious change at 
LHen. as shown in Fig. S . the oscillatory period becomes longer and its am­
plitude is larger with more RF power. 

Fig.l. 
Fig.2. 
Fig . 3. 
Fig.4 . 
Fig.S. 

FIGURE CAPTIONS 

Schematic diagram of the principle of a multijunction grill 
A four- junction grill antenna 
Evolntion of loop voltage. plasma current and electron density. 
m=2 and m=3 oscillation modes without (a) and with (b) RF 
Lower hybrid wave influences the feature of the saw-tooth oscilla­
tion. 
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ELECTRICAL FIELD EFFECT DU ALFVEN DRIVING CURRENTS. 

I.F.Potapenko (M.V.Keldish Institute of Applied Mathe­
matics of AS, Moscow, USSR), A.G. Elfimov, V.P .. Sidorov 
(I.N.Velrua Institute of Physics and Technology, Sukhumi,USSR). 

1. A problem of driving current sustainment by means of 
travelling waves is essential in realizing a steady-state to­
kamak. \'/i thin the Alfven frequency range this problem has 
been analyzed with e l ectrical field effects disregarded by a 
number of authors /1-31. As it is knovnl, electrical field 
influence on a lower hybrid driving current is fairly essen­
tial 141. In the present paper we have studied effects of a 
qu asi stationary inductive electrical field (E = r cl>. )pa­
rallel to the constant magnetic field on electrmn distribu -
tien function evolution the driving current being Bustained 
by a narrow packet of travelling Alfven waves with a phase 
veloci ty 1I;pltf = CA ,; f • Alfven Wave effects on the electron 
distribution function due to Landau damping have been taken 
into account in a quasilinear approximation with a constant 
diffusion coefficient 9:) which. differs from zero over the 
region jCA-1f2.1 ;:;CA~/2. where £I is the v/ave packet width. 
We do not discuss problems of current sustainment under the 
conditions where the effect of tokamak bounced particles upon 
the driving current is considerable 12,41 for *<tr,;, -f27R' • 

A drift-kinetic equation with a nonlinear integral of Lan­
dau (Fokker-Plank) electron-electron collisions has been 
solved 15/, the equation being t wodimensional in the velocity 
space: ~fe_ ~ (;6Ue) _eE ;}fe + 5t"ol.f: 

at: -azr,. a~ m air" «. (1) 
The electron-ion collision integral has been linearized 

due to taking a IJaxwell shape for the ion distribution 
function. 

It should be noted that in order to compute Eq. (1), wholly 
conservati ve schemes h ave been used which most adequately 
expose the evolution of main macroscopic plasma characteris­
tics. 

2. First, we shall consider electron behaviour in a field 
of the Alfven wave packet lvi th the quasist ationary electrical 
field absent (3" =0). The quasilinear tenn effect upon the 
electron distribution at the initial st age is most powerful 
lvithin the phase-space region l%"'C" vthere '.D*O. Then, diffu­
sion takes place into other reg~ons of the space and a typi cal 
distribution of a perturbed function (S-fe"'-f/:f~-1 ) evolves 
which is defined by departure from the Maxwell function. Fig.l 
shows the structure of these pertubation. 'Ni thin the region 
of ~ < CA ,a characterist~c drop in the distribution func­
tion is observed which is due to the particle flow transported 
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into the region of ~>CA as a result of the quasilinear 
term effect. In other directions}l.~ tri!-Av-I= 0 ', -1 whi thin the 
region ofl1T l > CA ,a relative surplus of particles is also 
observed due to a perpendicular collisional particle f low 
emerging from the region of V .. > CA • As a result of the quasi­
linear effect, the energy and pulse transition from the Wave 
packet to the electrons takes place which results in heating 
plasma slowly and forming a quasistationary driving current 
(see Fig.2a) during the period of several electron-ion col­
lisions ("" 3-5'1:'e')' Here, it should be taken into account 
that fast particles become wholly manvellized during longer 
times'l:»'l:ei • Due to this fact and also as a result of the 
noIming chosen, remains at a considerable value for 
( see Fig.1). 

3. While considering the influence of an electrical field 
which is small in comp arison \Vi th that of Dreiser (j« 1 ) 
upon the Alfven driving current, it should be borne in mind 
(see Fig.l) that the electron distribution function is ini­
tially distorted by a quasilinear addend. Then, . as it was 
already mentioned in Item 2, the 11"> 'lTTeregion becomes more 
enriched \Vi th electrons in comparison \Vi th the /.Iaxwell distri­
bution. In such a case, even a small electrical field ( "t" = 
0,005) more intensely influences these electrons due t?Lthe 
fact that they are close to the critical velocityV-"" = "/vF 
While in the beginning of simult aneous acting of the electri­
cal field and the Alfven packet in Eq. (1) ,the, to,tal current 
density is equal to the sum of currents (a~=J~+J5 ) for 
their separate action (see Fig.2). The nonlinear current 
enhancement effect [67 (induced conductivity) is observed at 
the quasi stationary ~t~e. In this case, the total current 
density exceeds (J~>Jn+J6 ) the sum of currents for the terms 
(D and E) separately act ing. The induced conductivity effect 
becomes stronger on increasing CA' D and 1"'" • 

For the casa of reversely directed field (3'"" 0) at the 
current rise stage, the total c~rrent density ~s equal to the 
difference of the currents (J>:=J",-Je ). Then,J~ becomes 
saturated, begins to decrease in siz~ and even changes its 
sign due to nonlinear enhancement inJe . as a result of the 
electron distribution function distorted by the quasilinear 
tenn. 

The driving current generation efficiency which is equal 
to the ratio of the current to power Jz/p" \Vi th no electrical 
field present (0- = 0) is in qualit at ive agreement with the 
results of Ref./l/ (see Fig.3a). With the electrical field 
applied (f> 0), the driving current generation effi ciency 
grows for small and high values of phase velocities (~<, lITe 
and ljl»vre ), and for small values of D it tends to re ach 
the current generation efficiency with a single electrical 
field j!p ~ 1/1" • For higher values of D , the total current 
generation efficiency decreases, approaching to that of gene­
rated by the Wave field only, remaining 1,4-1, 6 times highe~ 
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than the wave field generated one as a re suI t of the induced 
conductivity. 

4. The induced conductivity effects may be used at the 
current rise st age in tokamak s for s aving vcl t-seconds effi­
cient l y in an inductor and elongat ing the que.sistati onar,y 
disch~rge st age . 

The driving current reversal effect due to the reverse 
electrical field should be taken into consideration while 
developing concepts of inductor rechar ging for tokamaks if 
recharging time is higher than 50-100 
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The aim of this paper is to interpret the effect of AIfven Wave Heating (A WH) on the 
current, density and temperature profLles of the TeA Tokamak plasma. A WH is accompanied 

by significant increases in line-averaged density De and (~p+ Ii n) [11. where (~p+ Ii n) is 
deduced ffi>m the equilibrium values of plasma current and vertical field (after correcting for 

the vertical field penetration L/R time of 1.1 ms for the vacuum vessel). For given plasma 

conditions, the value of (JJp+ li 12) does not depend sensitively on the exact majOr radius of the 

plasma (determined by using different position feedback methods which controlled tIte·· 
magnetic axis or the outennost flux surface). We therefore have confidence in the accuracy of 

the (~+ Ii m measnrement. 

In the absence of a reliable diamagnetic loop measurement for Pperp. the contributions of ~ 

and li must be separately evaluated and it is here that different interpretations may arise~ . t;n 

what follows. we present the observations which support the hypothesis of current profile· . .<lJ 
changes and discuss how these conjectured changes might be induced by A WH. We -fllen 

compare this scenario with one in which increases in plasma energy (Pp) are presumed to 

account for the increase.in .(Pp+ li 12). in order to detemllne whether Pp. lio or a combinati.oft 
of both are responsible for these changes. 

Current Profile Changes. Strong evidence for the effect of A WH on the current profile 
comes from the changes in amplitude of the Mimov activity (associated with a modification of 
the current density gradient near the q=2 surface) closely linked with the appearance oLAW 
thresholds in the plasma which can, in extreme cases, lead to spectral-related disruptions [2J. 

Further evidence includes changes in sawtooth frequency [3], and the phenomenon of 
hysteresis in which the loading of the global resonances (.or Discrete Alfv6n Wave DA W) is 

observed to depend on (Pp+ li 12) changes, while a I -D kinetic code predicts that the DAW 
loading does depend on li [4]. We have considered two schemes in which A WH could be 
changing the current profile: 
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Heating at the AW resonance surfaces. Fi rst ly, it was proposed that the di ssipation of 

the Kinetic Alfven Wave (KA W), excited at its A W resonance surface, may locally heat the 

plasma hence causing a current profile modifica tion. However, there is no X-ray flux 
response coincidental with the passage of the resonance surfaces as they move outwards 

during the AW-induced density rise, and (~+ Ij /2) te nds to decrease instead of increase when 

a new resonance layer appears near the centre of the plasma. RF power modulation 

experiments demonsttate that there is in fact evidence for indirect A WH and that this energy is 

deposited at the q=l surface [5] , The model of current profile modification due directly to 
resonance surface heating is therefore inadequate, 

Current Drive by AWH. Secondly, it has been suggested that the KAW drives curren t by 

eleclI'on Landau damping. the required asymmetry for driving a net current with a symmetric 

antenna being due to the plasma gyrottopy. Parallel or anti·parallel current drive associated 
with resonance surfaces near the edge would then slI'Ongly influence the ohmic current density 

profile. This model was tested by separately driving lI'avelling waves with toroidal mode 

number n=+ 1, and n=-l . Direct antenna voltage measurements were used to estimate the ratio 

of AW power in each direction. Using phase shift circuits in the individual A W. generator fmal 

stages, a power ratio of better than 1000 was obtained for n=+/· 1 waves. The speClI'al purity 

obtained was confmned by the change in wavefields, the lifting of the degeneracy in the (n,m) 
= (+ 1,+ 1) and (-1,-1) DA Ws, and detailed observations of the density fluctuations due to the 

K.A W [6]. The macroscopic parameters of the plasma however were unahered; the (~p+ lj 12) 
trace.differed between the n=+ 1 and n=-1 cases only briefly after the appearance of the DA W 

threshold, and even then by less than by 0.04. This result is comparable to the change in lj 
obtained with a semi-analytical model which assumes that current is driven at the AW 
resonance surface by transfer of momentum to non· trapped electrons. This experiment would 

seem to definitively deny the influence of direct AW current drive. although it might be 
claimed that higher-n travelling waves (which cannot be produced with the four pairs of 
antennae on TeA) could possibly drive current. 

Changes in the plasma Energy Content Since it is difficult to positively measure a 

current profile change, a simple analysis of (I}p+ 1i /2) was perfonned on plasmas in different 
conditions for which the following assumptions were made: 
a) the plasma energy remains constant; or 
b) the current profile remains unahered. 

The solid li nes in Fig. l represent an A WH discharge, the dashed lines refer to an ohmic 

discharge and will be explained afterwards. An increase in (Pp+ Ij (2) is always observed at 

the onset of the RF pulse. The range of values of ~p represented by the shaded area were 
calculated assuming that the electron and ion temperatures did not change (giving the lower 
line), and assuming that the ion temperature increased linearly with the A WH·induced density 
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rise (giving the upper ~p trace). The range of ~p in the figure is therefore due to th~ density 
change and the reasonably-expected variation in ion temperature [7] due to increased electron­
ion power transfer. The observed transient broadening of the density profile [8] and the 
peaking of the temperature profiles each have a relatively small effect which tend to cancel, 

thus leaving the value of I3p unaltered. 

Figure la) shows the range of values of lj calculated from the (~p+ lj /2) trace and the 

calculated ~ trace, ie assuming that no electron heating occurs. Note that an initial peaking in 
the current profile is predicted. 

Figure lb) shows the range of values of Te (nonnalised to the initial ohmic value) 

necessary to account for the measured (Pp+ Ij 12) on the assumption that Ij does not change 

from its ohmic value. A rise and fall of the electro:n temperature is always predicted. 
These two figures thus represent the two possible extremes of current profile change with 

no electron heating (Fig la) and electron heating with constant current density profile (Fig lb). 
The heavy dashed line in Fig Ib is a Thomson scattering measurement ofTe on axis . We 

note that the ttend in Te is similar, although the observed temperature change is not sufficiently 

large to explain the (~+ 1i 12) variation in tenns of the fiXed current profile model. It is clear 

that only a compromise between the two extreme models can explain the (~p+ li 12) and Te 
measurements, ie simultaneous changes in both the electron temperature and the current profile 

are necessary to account for the large increase in (Pp+ li /2). If Ij were assumed not to change, 
an astonishingly high A W-heating efficiency would be deduced. 

In order to check that temperature and profile changes are not simply due to the A WH­
induced density rise, the parameters of an ohmic gas-p.uffmg shot, with a similar initial density 
rise, are superimposed with dashed lines. Small changes in li or Te, according to the model 
used, also occur, but clearly the A WH causes significantly larger increases. This general 
behaviour was consistently reproduced for a wide range of plasma currents. 

Conclusions AWH does not appear to be significandy influencing the current density 
profile by direct heating associated with resonance surfaces, or by current drive by the Kinetic 
Aliven Wave. However, a comparison with gas-puffing shots (which can reproduce the initial 
rate of density rise) indicates that A WH does lead to electron temperature heating and some 
current profile peaking at the onset of RF heating, and that both of these must be included 

before the increase in (~p+ li /2) can be explainec:I.The mechanism by which these changes 
occur remains to be explained - it may involve a change in confinement. This mechanism 
would also have to account for the observed spectral-related phenomena. The installation of 
full antenna screens, to investigate t~e possible elimination of the A WH-induced density rise 
19], and experiments with prolonged plasma pulses in which steady-state condtions could be 
achieved, will provide many answers to the questions of heating and profile changes during 
AWH. 
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CURRENT DRIVE BY ICRF WAVES IN TOKAMAKS 

Vdovin V.L. 

P 1 F269 

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

Abstract. Analitieal and numerical analisls of CD by ICRF FMS 

and IB waves in tokamak-reactor like INTOR in selfconsistent 

'imul---tl1oop antenna-plasrna-FP equation-current "cylindrical plasma 

model has been done. 

The FMSW CD efficiency is7=nI(MA)R(m)/P(MW) ~O .25-0 . 35 for 

Cherenkov and TTM~ mechanisms . The FMSW and lBW minority 

av=We~;=H,He-3,alfas) CD eff iciencies are small and not 

interesting for reactor applications. The FMSW absorption by 

0( - particles is insignificant under conditionsU¥k?;.v andt#nwc.1)(' " ... 
1. CD by FMS waves . The 5-1oops antenna ~f=~/2) l ocated 

outside of the torus launches FMSW to INTOR plasma with parabolic 

profiles [1] . The reflected waves, kinetic. quasilinear (Q-L) 

effects and antenna-plasma coupling are taken into account [1,2], 

The Q-L diffusion coefficient (DC) for 1-D FP equation has been 

taken as 

and E-electrical field. v,J =R~n (n=1.2 •.. ) and 
1\ ""'-',11 

Pe = XI / CV , L - 2-order differencial operator. 
Te ce, . . . [~11) 

Here , as a first step. L=-1 was chosen (.1", L.s g.-Itre.h Lh~) • 

The current prof'ile induced by FMSW with f=10S MHz (W>2~1 i. 
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and for f = 40 "'1Hz - Oh Fi5· (B 
shown on Fig,laY(R=4.9 m. a=1.52 m, exciting current at r=s=1.6 

m flows; the chamber radius is b=1.7 m; 5 loops have wideness 

D=0 . 16 m and 0 . 6 m, distancies between loops are 0.33 and 0.99 m 

for a and b; ~?40 keY. n~=3x1~m3). The CD eff1c1enc1es (CDE) 

arer=O.3 A/W/m2. CD profiles are center peacked. The dependec:es 

of r vs . plasma and antenna parameters are given in [1]. 

2. The FMSW absorption by ~-partic les one can obtain by analising 

the dispersion relation 

A 2. 2} 2)2 2. 
2[ 3 n; 62.2. 623 ( . 2 _ E12.) f-+1-SE -n2 Ec23 /" "n" +6,'1-=0 

I'll. 2. _ r r +,E"rn" n2._ r 33 "" E33 h2_E." 
h" C 1/ '=3.3 11 c II (I 

A 

where ~ and ~~1 are permittivity tensor components. quantity n~ 
fr om a~j and ~315 extended. So alfas/electrons lrn k..L.. ratio is 

(<<) '7,;, eX 2 + 2 Te (8+X2) 
I m kl. _ = 2. 11", ,?", '-re '7;. e)<n'(·;;; ~ }; ") 
Itn KjeJ ne?e C!X2 +8 (1-" e 

2 2. 2. '1,.2 ~ 2 2 
whe,e t=W/kIlVo,. 'fe=(J/k"V1e,B~E.I/+n" -E2.(n" - E,{ ). C="l'!!We.,k"c .X =(1+re' 
Re Z(F~) , Z(fe)-plasma dispersion funct ion. One can see that under 

conditionWk,,~l lm(~f)/lm(k~14:1 [1 ]. Consequently for FMSW with 

high phase velocity (W/k>v> v~) a~W-particle absorption is small 
11 --re- i-J) 

and waves are absorbed at plasma center on e lectrons (~fn0). 
t·. 

The similar result has been obtained in [3] for frequencies w«"li.' 
3. Mino'ri ty FMS and lBW investigation by numerical solution of 

2-D FP equation was done in order to obtain quantitative results 

in asymetrical ion minority scheme suggested by N.Fisch [4]. The 

Q-L DC was c hosen as 

'7:>:: '" 'Drf (u) e)e'lp (- ("u[.OJ!e - U,~ /iD7/ )/'7/ 1/2L, 'It 

where u~ = (1 - 4 ) Vii Iv; . 6u=Av •• IV; (prime-minor! ty s pecies). The ion 

Bernstein (IB) wave ray tracing results show that significant , 
amount of wave energy by minority ions with ~F(3-4)Yris 

For FMSW the velocity range is greater : vII =(1-4)V;. The 

diffusion coefficient depends on Vl and k~ 

absorbed 

lBW Q-L 
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c .... ) 
where 7 is T. Stix (for FW 

FW I 
D~=<Pq>/2nm ). The results for hydrogen and He-3 minorities 

with FMSW in Table 1 are given . The local CDE is small '~2 A·cm/W 

fo r He-3 and-lO A·cm/W for H, These results are worse r than~at 

obtained in [5]. It is due 

small, 

to fact that minority drift velocity 
I 

~r=(O.05-0 . 1)vT ' The calculations Vdy=SYJ I f(v1, ,vJ,... )dYj, is 

have shown that CD£ falls with increasing of RF power. 

The minority CDE possible to increase making use IB waves, 

namely the peculiarities of their DC (*) • bounding wave-ion in­

teraction to large perpendicular velocities (Je(k~v~ /W~)=O). So 

minority ions do not pushed strongly in perpendicular direction, 

where they interact mainly with electrons so pitch-angle scatte­

ring is absent. Related He-3 distribution function is shown on 

Fig.2, and localization over lower energies is seen. The CDE in­

creases slightly (Table 2). The CDE for INTOR parameters with lBW 

is lower 4 A · cm/W in plasma with He-3 and lower 7 A ·cm/W for D 

minority at Pq =1 - 2 W/cm3 . Again these efficiencies are not 

interesting for a reactor. 

The ana l agous calculati ons for lBW interacting with ~-particle~ 

have given [1]:-20 A· cm/W at Pq~2 W/cm (for a reac tor J=200-400 

A/cm2 are nesessary). again small CD eff iciency. 

Thus in I CR frequencies range (and lower) only FMS waves inte­

recting directly with electr ons, h aving good penetration to plas­

ma center and negl igible ~-particles absorption, are main candidat 

for noninductive current drive in reactor. 
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Table 1 

---------------------------------------------------------------
Minority ne T Vph/Vt <Prf> Jrf Vdr/Vt Jrf/Prf £ =r/R 

FMSW 
10

20 

." -~ 
keY W/cm' A/cm2 A.cm!W 

Hi 1 30 2 0.4 1.38 3.45 0.1 
H+ 1 30 3 0.1 0.176 1.76 0.1 
H+ 1 20 4 0 . 5 5.8 8.5 10 11 . 6 0.1 

---------- - ------------------------- - ------- - ------------------

IBW 
He-3 1 40 2 

He-3 1 40 2.5 

He-3 1 40 4 

He-3 1 40 1.5 

He-3 1 20 3 

or---<5.~O---~~~~~'~~~ 
~cm 

a) 

Fi g . 

10 
R,cm 

2.2 

2.2 

2.2 

2 . 2 

1.1 

Table 2 

2.47 1. 37 10 1.12 

3.71 2 . 0 10 1.7 

7.16 4.0 10 3.25 

1. 52 0 . 84 10 0.69 

1. 53 1.4 

( r-f (_E_J ____ --, 

-2 
((J 

o 

0 

0 

0 

0 

0 

Fig . 2 He-J distribution 
function (5%) ~8 T- pl asma, TB v/LHP.~. 
T=20 keY , n=10 m-J,~v~ =3v ' 
LlVPh=2vT '~~ff=1 .1 1,v/cmI?3,~ =C, 
Z= 1, < ~72 50.4 keY, t =t . 3 
1= ' . 53 A/cm. s p 
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ELECTRON CYCLOTRON CURRENT DRIVE EXPERIMENTS 
IN THE WT-3 TOKAMAK 

P 1 F2 70 

H. Tanaka, K. Ogura , A. Ando(a), S. lde, M. lida, K. Iwa~~a, 
A. Yamazaki, T. Itoh, M. Iwamasa, K. Hanada, M. Nakamura lb ) 

T. Maekawa, Y. Terumichi and S. Tanaka 

Department of Physics, Faculty of Science, 
Kyoto University, Kyoto 606, Japan 

A series of rf (lower hybrid and electron cyclotron) current drive 
experiments has been carried out in the WT_21-3 and the WT_34,5 tokamaks. 
In this paper, we report experiments on the electron cyclotron current 
drive at the second harmonic (2ne ECCD) in WT-3 (Ra = 65, a 20 cm and 
Bt (O) s 1.75 T). The plasma current Ip up to 25 kA is sustained or ramped 
up by the ~le EC wave alone after the Ohmic heating (OH) power is shut, 
down. The hard x-ray pulse height analysis has been performed in the line 
of sight parallel or antiparall el to Ip. The velocity distribution 
function of the high energy tail electrons 1S asymmetric in the toroidal 
direction. The 20e EC wave is mainly absorbed by the tail and the 2Qe 
EC-driven current is generated by enhancement of asymmetric distribution of 
the tail. 

A Vlasov antenna is used to convert a microwave from a gyrotron (w/2~ 
= 56 GH z ' PEC ~ 200 kW, T ~ 100 ms and TE02 mode) to a linearly polarized 
one. The wave is launched from the low field side of the torus in X-mode, 
angled at 60° or 120° to the toroidal field (antiparallel or parallel to Ip 
respectively). To obtain information on anisotropy of the velocity 
distribution function of the high energy tail electrons, a NaI scintilla tor 
has been installed to view the plasma through two lead apertures at an 
angle a to the magnetic axis in the equatorial plane. The angle a is 
changed from 0° to 90° . When the direction of Ip is inverted, the angle a 
is changed from 90° to 180°. 

In Fig. 1, the typical waveforms of a 2Oe' ECCD plasma are shown (the 
20e ECR layer is located at r(2Qe) = R(2Oe ) RO = 6 cm). The target 
plasma (line- averaged electron density ire ~ 2 x 1012 cm-J , temperature Te ~ 
200 eV) is produced by OH. After the OH power is turned off, the OH 
current disappears within 50 ms (dotted curves). When the EC pulse (48kW, 
75ms) is injected (full curves), a constant plasma current Ip 16 kA 
continues to flow for 70 ms with loop voltage VL = O. The strong emissions 
of soft and hard x- ray I sx (2.5keV), Ihx(35keV) and microwave I~(70GHz) from 
the high energy tail electrons appears. Bu~k electron temperature and 
density in the ECCD plasma are nearly the same as those in the OH plasma 
and kept almost constant during the EC pulse. The radial position of their 
peaks is at r ~ 0 cm. As the injected microwave power PEC increases, the 
2Ge EC-driven current Ip changes from ramp-down to flat-top, then to 
ramp-up (Fig . 2). Correspondingly I sx (1.7keV) emitted from the high 
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energy tail electrons increases, while I sx (O.2keV) emitted from the bulk 
electrons does not change. These results show that the EC wave selectively 
heats the high energy tail electrons, which are carrying the plasma 
current. 

Hard x-ray pulse height analysis has been performed in the 20e ECCD 
plasma (PEG = 65 kW, Ip = 20 kA, ae ~ 2 x 1012 cm-3 ). Hard X-ray spectra 
during ECCD in forward (8 = 20°), perpendicular (8 = 90°) and backward (8 = 
117°) directions are shown in Fig. 3 (a). The 'equivalent temperatures' 
are 90, 70 and 60 keY, respectively. This means that the velocity 
distribution of the high energy tail electrons is asymmetric in the 
toroidal direction and the temperature and density are higher in the 
forward direction. 

In Fig. J (b) the hard x-ray spectrum meas~ed in the OH plasma at 8 
= 90° is shown with that in the ECCD plasma. Hard x-ray up to 200 keY is 
observed in the initial OH plasma, implying that the high energy tail 
electrons are present. When PEC is injected, photon count increases more 
than five times and hard x-ray up to 400 keY appears. As shown in Fig. 4, 
for low filling-gas pressure, p = (0.5 ~ 1.2) x 10-2 Pa, non thermal 
emissions IU(70GHz) and Ihx(J5keV) appear in the OH plasma and flat-top 
discharges are formed when PEC is injected. For p > 1.4 x 10-2 Pa, these 
emissions are weak and Ip decreases with time even if PEC is injected. 
These results show that the presence of the high energy tail electrons in 
the initial OH plasma is necessary for formation of the 20e ECCD plasma. 

The flat-top or ramp-up discharges are obtained when the 2ne ECR layer 
is near the center of the vessel, r(20e ) 0 ~ 10 cm. There is no 
remarkable difference when the wave is injected in the opposite direction 
(Fig. 5). Numerical calculations on 20e EC absorption have been made 
using a code which includes the Doppler and the relativistic effects of the 
high energy tail electrons. The radial ~rofiles are assumed as follows: 
for the bulk electrons neb(r) = nebO(1-r la2 )Qnb, Teo(r) = T~BO(1-r2/a2)Qtb 
and for the high energy tail electrons neh(r) = neho{1-r2/a2) nh, Teh(r) = 
TehO(1_r2/a2)Uth in accordance with the experimental data. A non­
relativistic Maxwellian distribution of the bulk electrons and a 
relativistic ' three-temperature distribution' of the high energy tail 
electrons feh are used. 

feh(P"P/I) = AN exp(-"'Y,-"/I.Y/I) 
where YL2 = 1 + (p~/mec)2, Y/12 = 1 + {P///mec)2, U~ mec2/TL' U// = 
mec2/T//F (P//>O), mec2/T//B (PI/<O), assuming T//F = 90 keY, TI./B = 60 keY 
and T~ = 70 keY. Single-pass absorption at 20e is rather weak (~.35) and 
0.73 of its amount is due to the high energy tail electrons (Figs. 6 (b) ~ 
(d». The low single- pass absorption and the multi-reflection on the wall 
result in that the 20e EC heating effect does not depend strongly on the 
direction of waves. 

In summary, when PEe is injected into a plasma after the OH power is 
turned off, the plasma current is sustained or ramped up by PEC alone. The 
angular dependence of hard x-ray spectra with respect to the magnetic field 
indicates the anisotropic velocity distribution of the high energy tail 
electrons, whose forward parallel temperature is about 90 keY. The ray 
tracing reveals that the wave is mainly absorbed by these high energy tail 
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The 2Ge EC driven-current is generated by 
the high energy tail electrons existing 

an 
in 

asymmetric 
the initial 

Acknowledgements : We wish to thank the other member of WT-3. This work is 
partly supported by a Grant-in- Aid for Science and Culture in Japan. 

(a) Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan 
(b) Oasks Institute of Technology, Ossks, Japan 

References: 
(1) M. Naka.ura et al., Phys. Rev. Lett. >1 (1981) 1902. 
(2) S. Kubo et al., Phys. Rev. Lett. 50 (198) 1994. 
() A. Ando et al., Phys. Rev. Lett. 56 (1986) 2180. 
(4) S. Tanaka et al., in Proe. 11 th-rntern. Conr. Plasma Phys. and 
Centre Nucl. Fusion Res., Kyoto, 1986 IAEA-CN-47/F- II- 6. 
(5) H. Tanaka et al., Phys . Rev . Lett. (to be published) 

o 50 100 
Time (ms) 

150 

(c) 

o 

. / 1-" 

0--"-i"i-~!/6-o-cc. - . ....... ... 
30 60 90 

PEC (kW) 
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functions of PEC-
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-~ (a) 6Ip/6t, (b) ECE I~(7C GHz) and (c) Ihx(35keV) as functions of 
filling-gas pressure. 
!1&.:......2 (a) VL, (b) 6Ip/6t, (c) Isx(C.2keV), (d) Isx(1.7keV) and (e) 
I,,(70GHz) as functions of Bt(O) or the position of the 2Qe ECR layer 
rY2Qe). S~lid circles are for EC injection antiparallel to Ip. open 
circles for parallel one and crosses for the OH plasma. 
Fig .(6 Results of the ray tracing at Bt(O) = 1.09 T. (a) The real part of 
N~, b) the wave power. the imaginary part of k for bulk electrons (c) and 
high energy electrons (d) along the ray (projections on a cross section of 
the plasma column) . 
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ELECTRON CYCLOTRON CURRENT DRIVE: 
THEORETICAL CONSIDERATIONS 

M Bornalicja) and M. Pieruccinib) 

a) Physics Department. University of Ferrara, Ferrara, Italy; 
b) Physics Department, University of Milano, Milano, Italy. 

On the basis of an asymptotic analysis of the absorbed power and the wave-induced 
current, a Fisch-type formula for the electron cyclotron current-drive efficiency is 
obtained and discussed. The case of upshifted frequencies is considered in some detail. 

Introduction. On the b~sis of the standard quasi-linear theory of the (relativistic) 
wave-particle interaction one can write the absorbed power density and the corresponding 
wave-induced current density around the n-th harmonic of the electron cyclotron frequency 
as' 

(p(n),J (n» = - 2.m 2c JdY dPII yO li(yw-.wN II PII -nwcl t(f) {1, i(xlmc2)} (1) 

.e sal<ly+N 11 alaplI; X is the response function (=(-eclv) PII G(y); vawp
2 e2 InAl(mc3»; 0 

has 10 do with a scalar energy diffusion coefficient and to lowest order in the finite Larmor 
radius effects is 

yO - • (ecl2 n nl)2 (nwc/w)2 ~2 (wNi wc)2n pln 1EaUl2 (2) 
1 

with 1EauI2 = IEx-iEy+(w/nwclNl PII El, the external magnetic field being E,,=Bo £. 
By performing the pwintegration in (1) by means of the cS-function, one, in 

particular, obtains for the (norm alized) current-drive (CD) efficiency n;;(J/(-enoc))j 

j(P/vnomc2) 

~. 

~ (n) . ) dy = r_ (3) 

IP1(y)]2=12_1-IPII (1)12 and PII<1)=(1 /NII )(1-nwc/w) are the resonant perpendicular and 

parallel momentum; the limits of the ),- inlegration for the case of N1I2<1 are 

(4) 

In getting (3). the relativistic corrections in the wave polarization have been neglected, 
i.e., Eeff == Ex·iEy+(w/nwcl(Nl /NIl)(1 -nooclw)Ez' with the result that, in this approximation 
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the CD efficiency (3) is independent of the polarization.2 

In order to carry out explicitly the r-integration in (3) , it is assumed that .,8 (I) 
'V e-~(y-1), ~",mc2/T h (»1), i.e., the distribution function of the resonant 

(current-carrying) electrons is a (relativistic) Maxwellian with an effective temperature 
T h' In this case the denominator of (3) and, thus, the absorbed power can be evaluated in 

terms of the modified Bessel functions of the 1,sl kind of order equal to an integer plus 
one· half and argument z=(J..L/2)(;'+ - y). On the other hand, with the response function in the 

nonrelativistic limit, for which G=(2,12/(S+z»)(y.1)3/2, the numerator of (3) and. thus. 
the driven current density can be expressed in terms of differences of incomplete gamma 
functions of order equal to an integer plus one-half, whose argument is either the maximum 
or the minimum resonant energy (normalized to Th). i.e., eM,m = Ilh± - 1). These 

expressions are, in general, somewhat cumbersome and the relevant physics can be 
conveniently displayed by an asymptotic study. 

Asymptotic analysis. Two significant asymptotic limits of the CD efficiency (3) are 
connected with the width of the range of the resonant energies, i.e., the range of the 
"(-integration in (3), 

(1+ _1_ [(nco Ico)2 .1])1/2 
N' C 

11 

(5) 

The corresponding asymptotic expressions for the two integrals in (3) are given in the 
following table for frequencies around the fundamental. 

Asymptotic expressions for the two integrals occurring in the CD efficiency (1), W '" Wc 

-r. 1', 

Jdy [piy)]2 e·~(y·1) J dy [Pl(y)]2 e·~(y·1) :e (PII G(y))I- _- ( ) 
1. 7. 

PU-PII Y 

1 - N.~ 
2 

e·~(y_·1 ) x ~~~" olS (PII G(Y))i i5,,=F\,(Y) 
e·~(y_·1) x 

IJ.'N~ 
11 'f ='f_ 

x t ~(y+ . r.), 2-(~/2)(r+· r.),,1 
r(r+ . r.), ''': and 

~(r.·1 ),,1 

x 
[~(r+ . r.)]3/6, z«1 [~(r+ . r.) ] /6, z«1 

Note that the asymptotic expression for the current for z .. 1 is subjecl to the further 
condition 11(1_-1)>>1. The CD efficiency (3) corresponding to the asymptotic expressions 

thus obtained is2 
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with "t. the minimum resonant energy defined in (4). Note that the "intrinsic efficiency" 11. .. :e (PII G(y}), with Pit an~ y independent variables, is just Fisch's result,3 obtained by 

evaluating the contribution of individual electrons on the basis of collisionality 
considerations only, i.e., without any reference to the actual absorption process that is 
needed in order to drive the current. The physics brought out by (6), and not contained in 
Fisch's result, cons ists in accounting for the constraints aris ing from the (relativistic) 
resonance condition , namely, PII = (1/NII )(y-nwc/w) and the three variables NIJ. wc/wand 

Y=1- related by (4), so thal (6) yields the CD elliciency as a function of only two 

independent variables, e.g., ~=~('Y-' wc/ro). Formally. the Fisch-type result (6) is simply 

the ratio of the two integrands, i.e., the ratio between the spectral (with respect to 'Y) 
current density and the spectra l absorbed power, evaluated at the minimum resonant 
energy. This occurs whenever the relevant part of current carrying electrons is 
concentrated around the minimum energy. In this way the CD efficiency does not depend on 
the distribut ion function of the resonant electrons (hence, no temperature-dependence 
appears in (6)). 

For ~ given wc/w, one can make use of (4) to express Nil (>0) as a function of 'Y-, 

i.e. , NII2 = (y_ -nOlc/0l)2 (y_2 - 1).1, and write (6) as 

~(1-' Olc/Ol) = [sgn(y - Olc/0l)(y2 - 1)112 dG/dy + Iy - Olc/OlI G(y)Jy=y (7) 
("('_1)il2 

From (7) it appears that for upshifted (w>wcl frequencies the CD efficiency is higher than 

for downshifted frequencies (w<wcl; in particular, for wc/w > 'Y- (>1), the two terms on the 

right-hand-side of (7) tend to cancel each other. Note, however, that this effect is 
appreciable only at relativistic energies, while at low energies th is "up- down-shift" 
effect shows up only if the contribution. from the resonant electrons with energy higher 
than the minimum is accounted for. For moderately relativistic energies, efficiency (7) is 
an increasing function of energy,3 so that to maximize it one should choose 'Y- as high as 

possible. For the specific case of upshifted frequencies and NII2 < 1, the maximum of the 

minimum resonant energy is 'Y-= 'Y+= wlciJc , which occurs for 1 - Nlj2 = (wc/oo)2 . The 

corresponding maximum CD efficiency is 

It has to be noted that the maximum value (8) is limited by the upper bound on the maximum 
minimum resonant energy 'Y "" oo/wc < 1.22 connected with the harmonic overlap with the 

second harmonic.4 

In conclusion, the asymptotic analysis presented here can be extended to account for 
polarization as we ll as trapping effects on the CD efficiency. 
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OPTIMIZING CURRENT DRIVE BY ELECTRON CYCLOTRON WAVES 
IN THE PRESENCE OF TRAPPED PARTICLES 

G. Giruzzi 

Association EURATOM-FOM, FOM Instituul voor Plasmafysica 
"Rijnhuizen ft

, Nieuwegein, The Netherlands 

1. Introduction. Current drive by electron cyclotron (EC) waves is a possible candidate for 
operating a steady stale tokamak reactor. In this method [I], a nClloroidal current is generated by a heating 
process which is essentially perpendicular to the toroidal direction. In the limit of a homogeneous magnetic 
field configuration, this process is, in principle, almost as efficiem as a direct parallel healing [1], but in a 
to(oidal system electron trapping imposes a stringen t limit to its efficiency [2]. This effect is particularly 
imporlam in the case of wave absorption at downshifted frequency (00 < me ' Cl) and Olc being the wave and the 
EC frequency, respectively), and at high wave power levels. In this work, two methods for minimizing this 
deleterious effect are investigated: i) moving the absorption region to the inboard side of the magnetic surfaces; 
ii) combining EC and lower hybrid (LH) waves. In order to evaluate the current drive efficiency for reaUstic 
wave power levels, the time-dependent bounce-averaged quasilincarlFokker-Planck equation [3] is solved by 
means of a 2-0 Fokker-Planck code (4]. The case of the ex traordinary (x) mode absorbed at 00 < roe is 
considered in detail, both for low and high wave power. It is shown that, in this case, moving the absorption 
region is rather ineffective in enhancing the current drive efficiency, because of the interplay of quasiIinear and 
toroidal effects for high wave power. On the other hand, combination with LH waves can be quite efficient in 
minimizing the negative impact of e lectron trapping. 

2. Poloidal and power dependence of the current drive efficiency. The bo unce-
averaged quasilinear/Fokker-Planc k equation which governs the time evolution of the electron distribution 
function f in momentum space is discussed elsewhere [3,4]. The basic features of the intemclion between 
electrons and EC waves in lOroidal gcometry are contained in the resonance condition 

y • ",(xl . NII" IIO [I . "10 ~ . 1 )J12 
_ 0 (I) 

00 J,llf2 ulfo \B(O) ~-

where"(= (I+u2/1l)1!2, u is lhe electron momentum normaHzed to (mTJ I/2,1l = rnc2rre; rn, Te are the 
electron mass and temperature, respectively, c is the speed of light, Nil is the parallel refractive index, B is the 
tokamak magnetic field, X is the poloidal angle corresponding to the location of wave absorption, and uIIO, u 1.0 
are, respectively, the parallel and perpendicular components of u at the location X = 0 (equatorial plane, at the 
low-field side). Equation (I) states that for given values of roJoo and Nil the wave is resonant with particles 
having a larger (smaller) value of uno (u .10) as X moves from 0 to 1t (Iow-field side to high-field side). 
Therefore, lhe current drive efficiency (which is proportional to ui ) sMuld increase when the resonance moves 
lO the high-field side [2]. Moreover, the spread aN lI of the wave beam in Nil detennines a spread of the 
resonance in momenlum space, via Eq. (I), which yields 

AUIIO QC dNW1luII01 , Au.10 QC u .106Nll . (2) 
Thus, both AUIIO and Au.10 decrease for X increasing from 0 lO?t. As shown in lhe following, this also affccts 
the current drive efficiency, especially for high wave power. 

The following parameters are cons idered: R=225 c m, a=70 cm, B=Bcf[I+(r!R)cosx], BO= 4.5 T, 
ne(0)=5x lO13 cm-3, Te(O)=3 keY, 00/27t=100 GHz, \I' = arsin Nil = -45°, .1.\1' '' 7°, where a, R are the tokamak 
radii, r is a radiaJ coordinate in the poloidal plane, .1.\1' is the spread .of the wave beam in the toroidal airection. 
For these parameters, an x-wave injected from a top location is completely absorbed in the first transit (5); the 
power absorption peaks at r ... 30 cm, where roJro". I .2, Nu ", -0.75 and aNll = 0.09. These local values are 
kept constant in the following examples, but X is varied, in order to investigate the role of toroidal effects in the 
resonance. Specifically, the cases X = O,1t{l, and?t are considered and compared to the results obtained in the 
homogemeous limit, for wave power Po = 1 MW and Po = 10 kW, respectively. The elcctron distribution 



1040 

function f at steady-state, for Po = 1 MW, is shown in Figs. 1,2; f is represented by the parallel distribution 
[II(UIIO) = 27t Jdu .LO" -.lot" and the perpendicular temperature T .1(ullo) = (21tT Jfll) Jdu .1O(u 10/2)£. Fig. 2 shows 
that the perpendicular stretching of f is slIongly limited by the presence of trapped electrons; moreover, the 
widths of the deformations in T.l reflect the poloidal dependence of the resonance width [Eq . (2)1, 
Consequently, the parallel deformations of f are also affected (Fig. I), as well as lhc current drive efficiency. 
The latter is defined as Tl = J/(21tRP) (whc~c J is the current densi ty and P the absorbed wave power density); it 
is shown for low and high wave power in table I. It results that: i) 11 is weakly power-dependent in the 
homogeneous limit, bUl strongly power-dependent in toroidal geometry; ii) the poloidal dependence of Tt follows 
that of ulIO for low wave power (i.e., Tt increases monotonically with X), but for high wave power it is affected 
also by the behaviour of ilulIO' ilu .10 : the inboard location no longer yields the best efficiency. This shows 
that the physics of the current drive process is governed by the interplay of quasil inear and lOroidal effects, 
hence, even qualitative conclusions drawn from the linear and homogeneous-field theories may be questionable. 
However, the efficiencies presented in table I for the high wave power case are very low, which shows that 
moving the poloidallocation of wave absorption is rather ineffective for current drive optimization. 

3. Com bining EC and LH waves. Current drive by EC waves at downshifted frequency can be 
much more efficient in the presence of LH waves, as demonstrated in Ref. 5, in the limit of a homogeneous 
magnetic field configuration . In toroidal geometry, this point needs reconsideration, and it is now investigated 
by adding to the quasilinearIFokker-Planck equation a bounce-averaged term describing the parallel diffusion due 
to LH waves [5]. The case X = rr/2 of Sec. 2 is considered, for Po = I MW, but in the presence of a flat 
parallel tail in the range 3.6 $ ulIO $7. Note that the resonant ulIO for the x-wave packet at r = 30 cm is close 
to the lower end of this tail. The resulting distribution function is shown in Figs. 3,4, without (dashed line) 
and with (solid line) EC waves. Although the EC wave power is transferred to low-energy electrons (uIIO "" 
3.5), the population of the whole tail is enhanced, because of the parallel diffusion due to the LH waves (Fig. 
1). Since the high-energy part of the tail is not populated by a direct interaction with the EC waves, but via 
this cross effect [5] only, its perpendicular energy does not increase significantly (Fig. 2), hence the negative 
effects of electron trapping arc minimized. Because of these two beneficial effects, the e fficiency of the 
additional current driven by the EC waves is much larger than in the absence ofLH waves, Le., 11 = 75.2 A/kW, 
instead of 10.8 A/kW. This proves the e ffectiveness of combining parallel to perpendicular diffusion in order 
to minimize the deleterious effects of electron trapping on the efficiency of current drive by EC waves. 

Aknowledgements. Useful discussions with Pror. F. Engelmann are gratefully aknowledged. This 
work was performed under the Euratom-FOM association agreement, with financial support from ZWO and 
Euratom. 
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Table I : Tl (A/kW) 

Po (MW) homogeneous X=O X = rr/2 X=1t 
10-2 50.3 27.5 33.5 34.5 

1 37.9 5 .8 10.8 6.3 
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keY vs uIIO. for lhe homogeneous (dashed 
line) and the toroidal case (solid lines). 
PO=lMW. 
a)x =O 
b)X = Jt/2 
C)X = 7C. 
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Fig.4: Perpendicular temperature 
in keV vs ulIO' with LH waves alone 
(dashed line) and wilh !.he addition of 
EC waves, for Po = I MW (solid 
line). X = rt/2. 
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PROPAGATION, ABSORPTION AND CURRENT GENERATION 
BY KC WAVES IN THE LH CURRENT DRIVE REGIME 

D. Farina, S . Finardi 

Istituto di Fisica del Plasma , eNR 
Associazione EURATOM-ENEA- CNR , Milano , Italy 

Introduction 

P1F273 

The interaction. of electron cyclotron (EC) waves with a plasma 

where the current is driven by l ower hybrid (LH) waves has been studied. 
This problem is of interest when combined injection of the two waves is 

considered in order to increase the LH current drive (CD) efficiency or 
to modify the current density pr ofi le and control the MHO instabilities. 
Moreover l it can be useful for the analysis of the emission spectr a 
(ECE) in a LHee plasma . Previous analyses /1 - 2/ have been performed in 

the down shifted resonance scheme , i . e . , when the EC wave frequency W 

is lower than the c l assical electron cyclotron .frequency J2. = eB/mc , 
along the EC ray traj ectory. In this condi tion the EC wave is absorbed 

by the suprathermal electrons of the LH tail, which are the only 

particles resonating with the wave. In this work the ful l relativistic 
disperSion relation has been solved to describe the resonant interaction 

of electrons belonging to the supra thermal tail and to the thermal bulk. 
The present analysis allows to investigate the transition between the 
thermal resonant scheme (when tha classical resonance conditi on UJ =S'L. 
is verified inside the plasma) and the up shifted or the down shifted 
resonance scheme (when W = SL is verified at t he periphery of t .he 
plasma or outside). 

Outline of the analysis 

When the EC injected power is lower than the LH power, i~ is 

possible to analyze the interaction of t he EC waves with the p l asma in 
the framework of the linear theory . In this case at the steady state , we 

assume that the unperturbed electron distribution results from the 
balance between the collisional and the quasi linear diffusion in 
mome n tum space due to the LH waves o nly . Following the ID analysis 
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performed by Fisch 13f, " the e l ectron distribution function reads: 

" 
f = C f (v,,") exp -J dw w/D + w

3
0(w)/(2 + Z» 

m 0 

where w = v Iv f is a Maxwellian function and D is the LH quasi 
"t m 

linear diffusion coefficient , which is non zero in the LH resonant 

region v 1 <: v"..:; v 2 ' In the limit of large diffusion this function turns 

to be constant with respect to the parallel component of the velocity in 

the resonant region and Maxwellian outside. This model exh i bits the main 

features of the complete solution except for the value of the 

perpendicular temperature of the tail (here assumed equal to the bulk 

temperature) . 

The relativistic dielectric tensor for the EC waves has been 

evaluated for the assumed model distribution function. The hermi tian 

part of the dielectric tenso!"' has been reduced to an integral over only 

one variable in momentum space , ""hi le for the anti hermi t ian part an 

analytical expression has been given . The full dispersion relation has 

been solved for frequency around the firs t cyclotron harmonic . Note 

that, since the EC wave absorption for the first harmonic is not "due to 

Larmor radius effects (as it happens for higher harmonics), the 

assumption about the perpendicular temperature of the tail does not 

affect significantly the results. The computation of the EC driven 

current is performed following the adjoint method /4/ . 

Results 

The behaviour of the solution N of the dispersion relation shows 

different features depending on the value of the propagation angle (or 

of the parallel component of the refractive index N,,) and on the 

following plasma parameters: plasma density and temperature, 

supra thermal electron density and location and width of the LH resonant 

region i n velocity space (v , v ) . Following the experimental results on 
1 2 

LHCD /5/, we assume supra thermal plasma densi ties of order 1% of the 

plasma density . In case of quasi perpendicular propagation (Fig . la), the 

thermal interaction is well separate from the suprathermal, the latter 

occuring always for Y = .Q / uJ>l . This effect is still more evident when 

the EC power is injected in t o the plasma in the same dire ction of the LH 

driven current (N" <.0), the EC wave-plasma interact i on taking place for 

a very large range of magne t ic field (or wave frequency) (Fig .l ) . when 

the EC wave ~ropagates in the opposite direction of the current 

(N,,? 0), the resonant absorption occurs in the same 5L /W range of the 

thermal plasma but with larger values and different profiles . Depending 

on the plasma parameters and on the value of N" , the plot can show two 
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maxima (Fig . 2), the fo r mer for (1 - ~)~ < Y < 1, due to the suprathermal 

electrons, and the latter corresponding to the thermal maximum. The 
larger values occurs when simultaneous interaction of thermal electrons 
and highly energetic electrons takes place . This effect is il lustrated 
in Fig.3, where the resonance curve '0 = Y + N"v,,/c is shown for 
different values of the ratio Y in mome ntum space together with the 

level curves of the distribution function. Significant modifications of 

the real part of t he refractive index are also found , affecting the 
val ues of the resonance and cut- off frequencies . 

The analysis has been applied to the injection of 140 GHz r.r. 

power i nto the FTU tokamak. The total absorbed power and the power 
absorbed by the tail are shown in Fig . 3 f or both OM and XM , for high 
field side injection and a magnet i c field at the plasma centre 8 = 6 T 

(the classical resonance condition is verified at about half radiu~). In 
this condition the EC wave resonates along its trajectory first with the 
supra thermal e lectr ons and then with the thermal bulk. Referring to the 
pr evious observations about Figs . 2 , 3 we note that , in general, the 
mentioned separation of the absorbed power is meaningful only when 
N" -.6 VI/C . Large values of absorbed power has been found; a suitable 
choice of the injection angles and of the plasma parameters can allow to 
deposite the r . f . power to t he chosen electron population. 
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Fig . 2: 
Fig. 3 : 

Figure Captions 

refractive index N.J. for OM Imaginary part of the perpendicular 
and XM vs the ratio Y = Sl.. /w 
Te= 2 keY , vl /c = 0 . 2, v

2
/c = 0.7 . 

• L 
for N,,= - 0.4, Wp/W = 0.5 , 

The light curve correspond to 
a Maxwellian plasma; 
Same as in Fig.l but for N,,= 0 . 4; 
Level cur ves of the distributi.on function and resonance curves 
for different values of Y; a) Nt!= - 0 . 4, b) N,,= 0.4; 
OM and XM total absorbed power and ~~we~3absorbed by the tai l Pt 
vs N", for FTU (Bo= 6 T, ne= 1.2x10 cm ,Te= 2 keY) . 
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CURRENT DRI VE IN TOKAMAK PLASMAS BY BEATING 
OF HIGH FREQUENCY WAVES 
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Laboratory, P.O.B. 169, SF-OOISI Helsinki, Finland 

1. INTRODUCTION 

Large amplitude longitudinal plasma waves (p lasffions) can be 
excited by beating of two intense electromagnetic (EM) waves 
whose frequency difference equals to the plasma frequency wp' 

Beat-waves (BW) have several applications like plasma heating , 
particle acceleration, diagnostics and current drive (1J. The 
beat-wave current drive offers some advantages over ot h er rf­
methods. High frequency EM pump waves (001,0» wl?,2, where Q is 
the electron gyrofrequency) have good access 1nto the plasma 
which provides excelle n t possibilities to locali ze the gene­
ration region and to control the current profile. The phase 
ve l ocity of the beat-plasmon is c l ose to the speed of light c 
for collinear pump waves so that very energetic , weakly col­
lisional electrons are generated. The current induced by the 
fast electrons decays slowly and it can be easily sustained, 
Furthermore, the beJt-wave method does not suffer from density 
limitations and the entrance aperture requirements are rather 
modest which make it suitable to compact tokamaks, too. 

The main difliculty is that at present t here exist n o p u lsed 
high power EM-sour""~ at wavelengths 50-200pm, which would be 
ideal for beat-wave "urrent drive in tokamak plasmas. However, 
the progress in flee electron laser (FEL) technology is rapid 
which gives hopes that a FEL, meeting the requirements of cur­
rent drive, can be constructed. 

2. PLASMON EXCITATION 

We assume a simple geometry where the EM pump waves El (k l ,(01 ) 

and Eo (k o ,wo) propagate exactly along the external magnetic 
field Bu t, If the pump fr('quencies are high (wl ,o»Wp ,2), the 
coupled envelope equations for the elect ri c fields are (2) 

(1 ) 

, * 
(wp/wl .)M 1: E III E .. _ 1 • (2 ) 



1048 

Eq. (1) de scribe s the behaviour of the EM pump modes (m = 1,0) 
and their cascading to higher order mode s (m ~ -1,±2, ... ) , and 
Eq.(2) determines the plasmon evolut ion . Egs. (1)-( 2) are well 
satisfied as long as Irn l « Wl/Wp' The coupling coefficient is 
M = qe k/4m, w1 ' where k=kt-k O is the wave number of the plasmon 
and qe and me are the elementary char~e and the electron mass, 
res pec tively. The npn li near term 0 l E I2 [6 - (l3'qe/4mec lW'p )2] 
is the relativistic frequency shift ( 3], which saturates the 
growth of the plasmon amplitude E, if the collisional damping 
'Vei and the linear detuning S .. I Wp2- (001 - (00 )2] / 2(001 -000 ) are 
small . The spatial derivative is neglected in Eq . ( 1) because 
the group ve l ocity of the plasmon is low ( v g - 3(ve /c )v. where 
v e is the electron thermal velocity]. 

Equa ti ons (1)-(2) can be solved ana l ytically in the limit of 
smal l l inear damping (2], which is the case in the multi-keV 
tokamak plasma (ve i « wp )' The evolut ion of the EM-cascade is 
given in terms o f Bessel functions . The p l ~smon so lution is 
periodic (expressable with elliptic integrals) with a maximum 
E .... x and a pe r iod tp er (21 

Emu- (16v1 vo/3c 2 )1 /3 m.wpc/q. , 

tp erC 17.0x(VIVO/C2) -2/ 3Wp-l. 

(3 ) 

(4 ) 

V10 = q e IE10 l / m.w1 0 are the electron quiver veloc ities. Behind 
the EM-pul se a plasmon wake is formed (vg«c), which decays at 
least as pxp(-ve it) . If the coll ision frequency vel is low, 
the plasmo rl j~ absorbed by n o nlinear wave-partic l e interact­
ions. Thesp transfer the wave momentum to very fast electrons 
(vph=c) wh i~ h is an optimal situation regarding current drive. 

The 
is 
mon 
the 
the 
the 

optimum len gth 'lr the EM-pul se is tp" t per / 2 so that EmllK 
just r eac hed by lil t'! end of the pump pulse. To obtain plas­
amplitudes high et111ugh, the intensity parameter IX 2 (I i s 
pump intensity and A is the pump wavelength) must exceed 
va lue I014Wc m- 2.um2. The corresponding pulse length is in 

nanosecond range according to (4) . 

3. CURRENT GENERATION 

The l ocal c urrent density can be easi ly obtained from the mo­
mentum conservation between the plasmon and plasma elec tr o ns 

(5 ) 

To find the total current , jmaK must be multiplied by the beam 
area A and by a volume factor L/2nR, where L is the length of 
the plasmo n and R is the major radius (see Fig.l). The plasmon 
length L i s determined by the pump depletion (2], i.e., 

(6 ) 
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In the presence of EM-cascading the d ep l et i on leng t h Land 
energy conversion from the pumps to the beat-plasmon are much 
l arger tha n in the pure three-wa ve case where t h e Manley-Rawe 
relations predict a very weak convers i o n for Wl/Wp» 1. Energy 
conversion can be further i ncreased by a proper de tuning 5 so 
that cascad ing towards lower frequencies is preferred [4J. 

At typical tokamak densities the depletion length ( 6) may var y 
from severa l meters to a few ce ntimeters with pump wavele ngths 
l O-300pm. For a given dens ity, the wavelengths of the EM-waves 
shou l d be c hosen such t hat the depletion l ength is comparable 
with R. Th e n th e beat-wave conversion is completed in a si ngle 
pass. Ot h erwise the EM pump pulses have to be c ir culated wit h 
co mpli cated mirror systems. 

The f ast elect r on curre n t, generated by a single pu l se , decays 
at rate ~ •• whi ch is proportiona l to n.c- J / 2 , where t is t he 
fast electron energy. To sustain the current , the pulse r epe­
tition rate must be of the order o f v" .. , This fixes the avera­
ge pump power P = WLv •• , where WL is the pulse energy of the 
EM pump. Total power need of the 8W c urrent dr i ve i s P/ ~ where 
~ i s the eff i c iency o f the EM-source (C02 laser or FEL) . 

4. PARAMETER STUD IE S AND DISCUSSION 

The fa st elec tron energy t i s a key parameter regarding the 
fea sibil ily of the beat-wave c u rrent drive. In principle, a 
fairly laL~e nllmber of very energet i c electrons are produced 
by th e beal-w;I~~S due to their high phase velocity and l a rge 
ampl itude. ~he ~ n prgy correspondin g to the phase velocity is 
in MeV-rao ' l(! sn that an assumption of c:::500ke V is reasonable. 
If it tllLns out th~t the fast e l ectron energ i es remain we ll 
be l ow SOO k eV the I 'OW'" requir e me nt s to sustain the current ar e 
s u bs tanti al ly enhanreJ . 

Some examples of c u rr.ent drive parameters are give n in Table. 
Problems with a CO 2 laser are the enormous powe r need for ~~ 
c urrents and the long depletion length at A - l Opm. Situation 
is bet ter at longer wave l engths. For A ~ 200pm , however , the 
cu r rent density remains fnirly low, wh i ch leads to l arge beam 
diameters, if several MA cu rr en ts are aimed at. T~u s the u se­
ful wave l engt h range lies a r ound 100pm. 

The feasibility of the beat-wave current drive improves consi­
derably , if bootstrap amplifi cation o f the current occurs. The 
amplification of a seed current may be as high as 10-20 [5]. 
Thu s , beat -wave driven seed current s of a few hundred kA would 
suffice. The power need i n the FEL ~ase is redu ced to few MW , 
a n d in the CO 2 case to 20-50 MW. The beat-wave method appli es 
well to the bootstrap seedi ng, becausp the be at current ca n be 
dr iven local ly and its magnitude and dj~meter are easi ly vari­
ed to optimize the boo tstrap amplificati o n. 
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-
Plasma density [ 10 14 cm 3 1 10 1.0 1.0 
Toroidal field ITJ 10 5 5 
Maj o r radius (mJ 2 5 5 
Pump wavelength Al (pmJ 10.0 200 100 
Pump wavelength Ao (pmJ 10 . 1 i13 103 
Pump intensity {10 1 °W/cm 2 ] 100 1.0 4.0 
Pulse length J ns.! 2.7 2.9 3.1 
Depletion length (mJ 51 2.3 9.8 
Plasmon field (MV/ mJ 224 122 116 
Total current density (kA/cm' J 53 0.29 1. 1 
J t 0 t Rn . IP [1013Am/cm3W] 4.6 5.8 5.0 

0 
~,... 

E rz=-0 « -~ ,~ 

....... 
;=; 

~h 
-~ 

/' r-:: 
T 

t~ 
T 10" ' 1<)" 10

15 1 0'· 
INTENSITY lA' [Wcmo'/Lm'] 

Fig.! Current densities with lOOpm FEL; Parameters 8e ~ t' Rand 
ne are ST, Srn, l0 14 c m-3 (solid); lOT, 2m, l015 cm-3 (dash­
ed). Upper (max) CUL v es are the l oca l values, Eq.(5), and 
lower curves give the total cu rrent densities. Small cor­
rections due to magnetic field B. xt are included. 

(1] B.I.Cohen, Comments Plasma Phys.Contr.Fusion 8,197(1984) 
[2) S.J.Karttunen & R.R.E.Sa!omaa, Pl1y s .Rev.Lett.56 , 604( 1986) 

and IEEE Trans.Plasma Sci. PS- 15,1 14( 1987) . 
(3 J M.N.Rosenb1uth & C.S.Liu, Phys. Ro v.Lett.2 9,701(1972). 
(4J B.I.Cohen et al ., Phys.Rev.Lett.29, 5B l(1972). 
[5 J R. J.Bickerton et al., Nature Phys. Sci .229,110(1971). 

1, Helsinki University of Technology, SF 021 50 ESpoo, Finland 
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Effect of Elec t ron Spatial Di ff usion on Current Drive 
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Japan Atomic Energy Research Institu t e , Naka Fus i on Research Establishment , 
Naka, Ibaraki 311- 01 

t I nstitute for Fus i on Theory , Hiroshima Univer sity, Hiros hima 730 

tt pl asma Physics Labol atory, Kyoto Universi t y, Uj! , Kyoto 611 , J a pan 

Introduction 

Recently, RF current-drive is considered to be a method to controll the 

r adial shape of the plasma current density. In that case, t he radiat ion 

spec t rum of the RF wave is one of the controll able parameters in the experi­

ment . However, the spatial profile of the driven cur rent and the current­

drive effici ency are affected by the diffusion of e l ec t rons not only i n the 

velocity s pace but also in the r ea l space . The local analysis shows that the 

spat i al loss of the tail electrons redu ces the curren t-drive efficiency owing 

to the suppression of the tail gener ation [Ref.I,2] . 

In this papaer , we extend the local analysiS to the non l ocal one which 

describes the spatial diffusion of the RF-induced tail electrons in the radial 

direction. The radial profile of the d r iven current and the power partitions 

a re obtained by solving a Fokker-Planck equation which includes the one 

spa t i al dimension. 

Bas ic Egua tion 

We solve the electron Fokker-Planck equation which takes account of the 

3patial diffusion of fast electrons, 

a 
+ - DW av z 

af 
av z 

+ L(f,vz,x) + S(vz.x) (I) 

~."here \le (x) "'ne (x) e 41n/l./ 2TIE5ml / 2r e (x)) / 2 the local electron collision frequency, 

ve (x)", ITe (x)/m the l ocal electron thermal velocity, Dc the collisional dif ­

fus ion coefficient [Ref . ) ], Dw the RF diffusion coeffi cient . L(f) expres ses 

the spatial diffusion of electron and S(vz'x) is the particle source term 

which i s determined so as to conserve the local I?lasma density. 
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As for the mechanism of the spatial diffus ion, we adopt the stochastic 

magnetic field fluctuation model given by L(f)=(d/3x)v zDs {3f/3x) in the slab 

geometr y . Here, Os is the spatial diffusion coeff i cient expressed by 

Ds~ TIReff<~2> , where Reff~ TIRO ( RO : major radius) 1s the auto- corr ela tion 

'" '" leng th of the magnetic field and b= B/Ba i s the amplitude of the magnet ic 

perturbation . The density and the t emperature profiles in the collision 

operator are chosen as 0e (x)=(neo-ne ) (1_x2/a2)+oe and Te(x) =(TeO- Te ) 

exp(-3x2/aZ)+Te • where ~e and Te are the density and t emperature at the 

pl asma surface and a is the minor radius . 

Equation (1) is solved 1n (x ,vz) - plain for -~x~a with the boundary 

condition, f(x=±a , vz) ~fM(x=±a,vz) ' which simulates the particle and momentum 

sink at the pl asma surface. Here, fM i s the l ocal Maxwellian dis t ribu tion . 

Numerical Resul ts and Discussions 

In t he fo llowing calculation, we introdu ce t he diffusion coefficient 

normalized by the centra l quanti ties, i.e . Dw~Dw/V~OVeO and ~s=Ds/a2VeO ' 
We a l so choose the edge values as ~e=O.lneO and Te=O.ITeO ' 

Figures l( a ) and (b) il l us trate the l ogarithmic contour plots of the 

elect ron distribu tion function f(x,u~vz/ve) in the phase space at the steady 
A 6 '" .. S " - 4 '" 4 state for (a) . D s~lO- ( .b=1.4xIO ) and (b) Ds=lO ( b=1 .4X10-). The magne tic 

fluc tuation ~ i s estimated by using the JFT- 2M machine size with TeO=lkeV . 

In these calcula tion,Dw=O.4 is chosen for 3~ u ~ 8 (DwsQ f or otherwise) and 

Dw and Ds are taken to be spa tial ly uniform. I t i s fqund in Fig .l (b) that 

the tail electrons are transported towards the plasma boundary and hence the 

population of the tail component increases . 

The spatia l profile of the power partition is shown in Figs.2( a) and (b) 

corresponding to Fig.l ( Pw power absorbed from the RF wave, Pc : power 

transfered by the collisional process. PL : power transfered by the spatial 

diffus i on , "Ps 

of smal l Ds ' 

in Fig.2(a). 

: power supplied by t he particle source term). I n the case 

the relation Pw~ 

With an incr ease 

-Pc i s obtained in the s t eady state as s een 

of Os. the absorbed power is partially removed 

f r om the central region ( i.e. PL becomes negative for O .. ~ x/a ~ 0. 3 ). This 

power is transfered to the off-center region ( i.e . PL becomes positive for 

0.3 ~ x/a ~ 1.0 ) through the spatial dif fusion and deposited t o the bulk 
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plasma through the c.ollisional pOIoler transfer where the relation P
L

'" -Pc is 

satisfied. Thus the non local pmver deposition is observed during the 

current-drive. 

The current profiles are shown in Figs.3(a) and Cb) corresponding to 

Fig.1. The broadening of the current profile is seen in Fig. 3 Cb) \vith an 

increase of Ds al though the t otal current and the global c.urrent-drive 

~£f i c=~ncy do not chao,:e_so much ( lIP",= J~(X)d~~fPw(X)dX O.97A.m/W for 

?s=lO (Fig.3(a» and J/p\.;"", O.lOA.m/~.j for Ds=10 (Fig.3(b»). 

Figure 4 shows the dependence of the g lobal cur rent-dr ive efficiency 

J/Pw on the spatial diffusion coefficient Ds for the different values of Dw 

It is found that the g l oba l eff icieny remains almost constant value up to 

around the critical value Os = 2xlO-4 although the current profile becomes 

broader. Exceeding this critical value, the global efficiency rapidly 

decreases because the tail component of the distribut~on escapes from the 

plasma boundary. This effect of the spatial diffusion strongly depends on 

the machine size through the dependence od ~s« a-2 for the g iven magnetic 

fluctuation level. 
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INTRODUCTION 
The observation of substantial cur rent dri ve from neutral beam 

injection (NB I) in TFTR , JET and 0111 -0 has l ed to renewed i nterest in a 
s teady state , non-inductively driven tokamak. The discovery of apparently 
considerable neoc l ass i ca l (boots trap) current in TFTR [1]. makes a steady 
state device even more attracti ve since t he bootstrap portion of the 
current could be obta ined without additional power input. Moti vated by 
these results , we have developed a code , ACCOME , which se lf-consistently 
comput es the 2-0 MHO equil ibrium with the current dr i ven by neutral beams, 
bootstrap and the elect ric f i eld. In this paper we first describe some 
detai l s of the code in the next sect i on and in t he subseq uent seetion show 
some applications t o 0111-0 and to a possib l e ITER design. 

DESCR IPTION OF CALCULATION PROCEDU RE 
In order to ·obtain an MHO solution which i s consistent with the driven 

current, we must so l ve the Grad- Shav ranov eq uation si multaneously with t he 
solut i on fo r the beam deposition of fast ions and t he bootstrap current . A 
di rect simu l taneous solution i s impractical , however, since t he deposition 
of t he neutral beam can only be computed for a known dens i ty di stribution 
which depends on the contours of polo;dal flux. We thus choose to use an 
iterative procedure. From the geometric properties of the des ired solu­
tion, i. e ., plasma el ongat ion, It , triangularity, 6, major radiu s , Ro' minor 
rad ius , a, and plasma current , lp ' we set up a Solov ' ev model equil i bri um. 
We assume thermal density and temperature prof i les of the form n, T a (1 -
~)aj where the exponent a

j 
may be different for temperat ure and density. 

The deposition of the neutral beam on these flux surfaces and the f ast ion 
distribution function is computed as fully described in Ref. 2. Neutral 
beams of ellipti cal cross section are assumed ; depos i t ion is computed with 
a Monte Carl o technique. The fast ion distr i bution fu nct i on is fou nd with 
t he aid of the bounce-average ei genfun ction analysis of Cordey [3] . The 
eigenfunct ions are obtai ned numerical ly, in contrast to Cordey [3], who 
obtained an approximate ana lyt i c solution. The solut i on is corrected for 
energy diffusion of fast ions to speeds above the injection speed with the 
method of Gaffey [4]. The fast-ion current is obtained from the usual 
,noment of the di stribution fun ct ion. In add iti on , we compute the press ure 

*Work performed under the auspices of t he U.S. Oepartmernt of Energy by 
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48. 
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due to the fast ions and, in the case of a O-T plasma, the pressure from 
the fast alpha particles. The partial cancell ing current of the neo­
classical electrons is found on each flux surface from the results of Start 
and Cordey [5). 

The neoclassical boot s trap current ;s computed from the banana-plateau 
expressions of Hinton and Hazeltine [6], The multi-ion plasma ;s replaced 
with a sing le ion of charge Zeff ' 

The above computations yield the flux-surface averaged current , 
(J

11 
B)/Bo' on each flux surface , where Bo is the reference toroidal field 

at the geometric major radiu s . Th e pressure function p(;) is also known. 
Note that we assume i sotropic pressures even though the fast-ion pressure 
is clearly anisotrop i c. From these quantities and the old values of f = R 
Bt and (B2) we can compute new values of the funct i on ff' = -#0 (f2 p' + f 

(j ll B») 1 (B2) and use it to solve the Grad-Shavranov equation, 6*p = 

R2V(R- 2Vp) = -#oR2p' - ff'. 

A free boundary solution with appropriately placed poloidal coils is 
obtai ned with the SELENE code described in [7). Fol lowing this step, we 
iterate through the computation of the currents and then the MHO until the 
solution has converged . Typical ly 5- 10 iterat ions are necessary to obtai n 
converged current profiles. 

APPLICATIONS 
We have applied this code to current drive by NBI in 0111-0 [8] . The 

experiments were carried out with 70 keV H beams injected into an He 
plasma. Beams with two different aimings were used-one at 630 to the 
centerline of the plasma and one at 460 to the centerline. 340 kA of 
driven current was sustained with a total injection power of 11 MW. We 
have simulated this experiment with the ACCOME code using densities and 
temperatures deemed representat i ve of the plasma: T = T. = 2 keV, n 

19 -3 eo , 0 eo 
2.5 x 10 m , and Zeff = 5. The den si ty profile was taken as fairly flat 
with an : 0.5 and the temperature more peaked with aT = 1.0. Zeff was 
assumed flat over the cross section. The power fracti on of the beams in 
full , 1/2- and 1/3 -energy components was taken as 0.53, 0.30 , and 0.17 , 
respect i vely. The power was split evenly between the two beam aimings. 

The ca l culations were carried out in a mode which fixes t he total 
plasma current at 340 kA , computes the beam-driven and bootstrap current 
and then adjusts the electric field to obtai n sufficient additional Ohmic 
current to reach the desired total current. Neoclass i cal resistivity is 
assumed. The computed total current components were NB : 240 kA , SS: 51 
kA and OH: 47 kA. It is probable that there is also a residual Ohmi c 
component 1n the experiment since the l/R time is somewhat longe~ than the 
experimental duration. 

As a second application , we considered current drive by neutral beams 
and bootstrap 1n a projected ITER design. Parameters for this design as 
we l l as some output from the current-drive calculations are collected in 
Table I. 
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Table I. Parameters for a projected ITER de sign. 

Ra' m 4.0 a, m 1.4 

< 2.3 6 0.25 

Bo ' T 5.0 lp ' MA 14 

Ebeam , f1eV 1.5,1.5,0.8 Rtan , m 4.2, 4.6, 4.9 

Pbeam , MW 15, 21, 8 IbslIp 0.40 

<ne> ' 102Om- 3 0.7 <Te> ' keV 17 

an 1.0 aT 0.5 

leff 1.5 flpth 0.55 

As indicated 1n Table I, three NB injectors with different tangency 
radii were used . The beam footprint had a total height of 1.4 m and a 
tota l width of 0.6 m. Th e inner two beams had an energy of 1.5 MeV in 
order to obtain sufficient penetration to the plasma core. The requ ired 
energy ;s determined by including the effect of mul ti-step ionizati on [9] 
on the stopp ing cross sections . This process ;s predicted to enhance the 
cross section by a factor of about 1.6 over the cross section for 
ion i zation of ground state atoms in the energy range around 1.5 MeV. 

For these calculations, the total plasma current is fixed, and the 
code adjusts the NB power to obtain this current. This adjustment ;s done 
dynamically during the iterat ions, since the bootstrap current will vary as 
the NB current changes. A plot of the toroida l current dens ity in the z 
o pl ane is shown in Fig. 1. We see some structure from the three beams. A 
final plot in Fig. 2 shows the safety factor, Q1' vs.~. We see that Q1 
remains above unity over the plasma cross section and ri ses to a value 
above 3 near the edge. For this case, the current drive figure of merit, 
~ = <ne20> I Ra / P for the neutral-beam-dr1ven current alone is 0.58 A / 
W_m2. Including the extra current from bootstrap effects raises the f igure 
of merit to 0.96. 
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INTRODUCTION 

Strong toroidal rotation (w . ~ 10 5 rads sec-I) in Neutral Beam Heated 
(NBH) discharges in JET has been :Ppreviously reported [ 1] . Recently the 
multi-chordal visible charge exchange recombination spectroscopy (CXRS) 
diagnostic has produced radial profiles of the toroidal velocities of 
dominant light impurities (carbon and oxygen). These are compared with 
X-ray spectroscopy and an estimate of plasma viscosity obtained. 

INSTRUMENTATION 

The spectroscopic sight-lines which 
will eventually be applicable to 
rotation measurements on JET are shown 
schematically in figure 1. An X-ray 
crystal spectrometer [ 2 ] viewed 
radiation from a NiXXVII resonance line, 
determining the central (major radius 
- 2.7-3.5 m) toroidal angular velocity 
via Doppler shift determination. The 
eXRS diagnostic [ 3] measures the Doppler 
shifted light from excited e 6 + and 0 0 + 
ions resulting from charge-exchange 
collisions of the Neutral Beams with the 
fully-stripped impurity ions in the 
plasma. This diagnostic has 8 lines of 
si ght across the plasma gi ving a 
toroidal rotation profile at points 
defined by the intersection of the 
chords and the neutral beams. In 
addition an XUV diagnostic [ 4] was 
occasionally used to make measurements 
on the lower ionisation states of 
nickel. 

X- ray NBI 

rig.1 : Schematic showing instru­
ments on JET. NBI denotes the 
two banks of neutral beams , 
ex the 8 lines-of-sight of the 
charge exchange diagnostic, 
X-ray and XUV denote the sight 
lines of these two spectrometers. 
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RESUL TS 

Figure 2 shows an example of the time history of the rotation 
velocities derived from Doppler - shift measurements on the rotating Cb+* 
ions at different major rad i i . The discharge shown is one in which the 
H-mode was achieved during NBH in a single-null X- point discharge and the 
start of the H-mode is indicated by the drop in the edge H recycling. The 
rotation profi l e shapes show little change in time indicat~ng that the 
velocity profile is established across t he whole plasma radius rapidly « 
500 ms) after the start of injection. This is a similar timescale to the 
acce l eration of the plasma to equilibrium speed. 

The con t rast to the plasma behaviour observed with ICRF heating is 
shown in figure 3. The CXRS diagnostic is not available when NBH is not 
applied to the discharge but rotation of the nickel lines measured by the 
X-ray and XUV diagnostics is shown. It is not possible to determine the 
unshifted (stationary plasma) position of any line with sufficient 
provision to ascribe absolute rotation velocities to the shifts observed. 
Previous measurements of rotating MHD modes on JET [1] and their 
corr elation with the central NiXXVII Doppler-shift have shown that Ohmic 
plasmas prior to NBH are normal l y rotating slowly (- 0 . 6 - 0 . 8 10~ rads 
sec- I) in the direction counter to the pl asma current. ICRF can be seen to 
increase the counter rotation. This is consistent with previous 
observations l 1] that ICRF s l ows down the NBH-induced plasma rotation 
during combined heating discharges . 

Figure ~(a) shows an example from a shot similar to that of figure 2 , 
of a rotation profile time history obtained from the CXRS diagnostic . The 
central measurement of rotation from the NiXXVII line agrees within errors 
with that of the CXRS for the near-axis rotation. The data i n figure 4(b) 
show how the rotational profile develops through the period of the 'monster 
sawtooth' (figure 4(c» developed in a JET H-mode discharge. A sawtoothing 
action of the central rotational velocity is evident which is similar to 
previous observations on the NiXXVII line ~ 1] in L-mode discharges. The 
rotational profile appears to broaden during the JET H-mode . If a para­
bolic f unc t ion is fitted through these rotational profiles a YID value from 
1 to 2 is normally obtained although the function is not a particularly 
good fit. At present the position of peak rotation appears to be shifted 
by - 10-15 cm with respect to the electron temperature maximum determined 
by the JET LID~R Thompson scattering diagnostic l 5J. The origin of the 
shift is under investigation but does not affect relative profile shapes . 

VISCOSITY 

A calculation has been made of t he viscosity profile using the CXRS 
data and assuming that the momentum loss is governed by a diffusion type 
equation 

with 

div rp + S(r) 

- X grad p 

o (steady state) ( 1 ) 

( 2) 



where p(r) 
X 
S(r) 

1063 

m~(r) is the plasma momentum 
diffusivity of momentum (viscosity) 
field line averaged momentum source 
rate from the beams 

For simplicity linear momentum in the outer semi- minor radius (not 
affected by the sawtooth) is considered and the rotational velocity of all 
ion species is assumed equal . This is valid to within a few per cent at 
the electron temperatures under consideration. S(r) is available for JET 
from a neutral particle deposition code PENCIL [6] . which also calculated 
the number of fast ions in trapped orbits and hence not contributing to the 
force balance . In solving (1) and (2) the momentum and source prof iles 
have been approximated by low order polynomials . The calculated viscosit y 
profile (X(r» is shown in figure 5 . Also shown as a sensitivity analysis 
is the difference which a shi ft of - 10-15 cm in the velocity profile would 
bring to the x(r) calculation. X(r) decreases mo notonically with radius 
due to the momentum deposition profile being peaked near the axis and a 
near linea r fall of momentum with minor radius. The viscosity derived is 
comparable to the diffusion coefficient of 1 m- z S-I assumed for impuriti es 
on JET. A glObal momentum time of - 0 . 66 secs is derived from integration 
of the stored momentum . This compares with an energy confinement time in 
this H-mode - 0. 9 secs . 
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•• ~ . , 
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• 
0 R ~3.Zm 
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Fig . 2 : Time histories of the rota­
tional velocities at 3 different 
radii in response to NB heating at 
the star t of an H-mode discharge . 
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CONCLUSIONS 

Rotation profiles of light elements from the CXRS diagnostic can no·w 
be produced during NBH. Agreement exists between the central values and 
those obtained from the X-ray lines of nickel . The X-ray and XUV 
diagnostics are capable of detecting differences in toroidal rotation 
between ohmic and lCRF heating phases . 

Using data from the CXRS diagnostic a viscosity profile has been derived . 
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TRANSPORT SI11DI ES OF HIGH DENSITY OHMICALLY HEATED PLASMAS 
AND HIGH POWER NEUTRAL BEAM HEATED PLASMAS ON JT~60 
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Particle and energy transport characteristics have been studied in 
ohmic- and neutral beam-heated plasrnas in JT-60, using the one-dimensional 
transport code SCOOPjLIBRARY(l] . The experiments were carried out in hydrogen 
plasmas with Ro=3.04m ,a=O .S"'O.9m , Br=4.5T,Ip - l.O .... 2.0N.4., and beam heating 
power of 2ONlv. Clean plasmas with effective charge number of Zeff=t"'2 and 
flat density profiles were obtained both for ohmic- heated, divertor and 
limi ter discharges . The confinement analysis on those plasmas shows that 
the gross energy confinement time becomes saturated with ",,400ms at the 
density of ne"-'4x1O!9/11- 3 and is weakly dependent on the plasma density and 
the plasma current above this threshold density. The neutral beam heating 
degrades the energy confinement with heating power as L~mode discharges but 
the dependence of the confinement time on the plasma density and the plasma 
current is still weak as the one in ohmic discharges . Numerical simulation 
studies have been performed based on the drift wave turbulence model [2). 
Graphite limiters, armor and divertor plates were installed for high current 
operation in April and May, 1987. High ion temperatures above lOf(eV were 
obtained hydrogen beam heating of 2ONIi' onto a hydrogen plasma at 
1.0"-'2.0N . .\.4 .5T. The limiter operation and the low density ne s l .5xlO !9m-3 
(before heating) were required in order to obtain the hot ion mode. 

2 Ohmic~Heated Plasmas 

Flat density profiles showing ne~O)« ne>- 1 .1""' 1. 2 were realized for 
the electron density grater than 4x 1 0 1 m-. in diverted plasmas. Although 
peaked profiles like a parabolic shape were founded in limiter discharges 
at the low density less than 2xlO I9m-3. the peaked profiles become to be 
broader as increasing the density and there is no difference in the shape 
of density profile between both discharges of the limiter and the divertor. 
The characteristics of the density profiles are satisfactorily simulated 
wi th no anomalous inward particle flux . The differences in col d neutral 
energies i.e . Eo - 5eV for divertor discharges and Eo - 30eV for limiter 
discharges, could be respons i ble for the difference in density profiles at 
the low density . 

The central electron temperature rapidly decreases from ..... 3f(e\/ to 
"'2KeV as the densi ty increases to around 2 .... 3x 10 19111- 3 and gradually 
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decreases to 1 .a"-'1.5f(eV for n,,;;;:;4xlO t9m-3. These l ow electron temperatures 
bring on ZeJj<l in the data analysis with employing the trapped electron 
correct i on factors [3J to the plasma resistivity ( Fig.! ) . These results 
strongly suggest that the electrical resistivity has the Spitzer-type 
dependence and the correction factor should be small. A small power density 
of joule heating on axis due to the low resistivity as wel l as low le!! causes 
relative low electron temperatures. 

The confinement analysis shows that the gross energy confinement time 
of !,.he ohmical,ly heated plasma becomes saturated with ",400ms at the density 
of ne ",4xIO I9m-3 and is .... eakl y dependent on the pl asma density and the plasma 
current above this threshold density. The saturation of the energy 
confinement time is caused by the increase of the ion energy loss channel. 
The combination of the neoclassical ion heat diffusi vi ty 'tIi th enhancement 
factor of 3 and the e l ectron heat diffusivity Xe-5x10 I 9/ neq , employing the 
Spitzer resistivity , .... ell reproduces the saturation and the profile of 
electron temperatures over the wide density region ( lle=2,,-,aXIO I9m-3) ( Fig.2 
) . On the other hand , apart from the empirical transport. numerical 
simulation based on the drift wave turbulence model has been studied . Thi s 
model results in the underestimation of the plasma temperature in the low 
densi ty because of too strong dependence of thermal conducti vi ties on the 
electron t emperature, though the numerical results show ~ood agreements with 
exper i mental data in the medium density range ( ne~4xlO 9m-3) . 

3 Neutral Beam-Heated Plasmas 

High ion temperatures above IOf(eV were obtained at Ip=I.O ..... 2 .0HA and 
Br=4.5T using hydrogen neutral beam heating of 2ONII' onto a hydrogen 
plasma. The limiter operation and the l ow density ne:$ ! .5xlO I9m-3 (before 
heating) were required in order to obtain the hot ion mode. Figure 3 shows 
the typical example of high Ti discharge with I p =I.ON·,4 (shot no. E3932) . 
NBI hea t ing of 20MI' started at 6.55 sec and, a t t he end of the O.5sec beam 
pulse, the electron density increased from an initial value of ne=0 .8xI0 19 

to 2 .8xI0 19m-3 . The central ion temperatur e r/JJ measured by active beam probe 
(4] increased from an initial value of ",,3/\'eV up to liKe\! . The measurements 
of Doppler broadening of Ti XXI I line also shows the high ion temperature of 
8KeV. Both measurements of ion temperat ures are consistent with each 
othe r , taking into account of the density profile of Titanium ions calculated 
by the impurity transport code. Va l ues of effective charge number left were 
evaluated to be 4 to 7 . 

These hi gh Ti discharges have been studied steadi l y and unsteadily by 
using the one dimensional transport code i ncluding the orbit- following Monte 
Carlo NBI code . Steady state analysis of power balance (5J shows that the 
high electron temperatures raised by the increased power deposition to 
electrons due to high le/I is responsible for the high ion temperature, 
together with the reduction of ion density. High electron temperature 
reduces the equipartit i on loss in the ion power · balance. Reasonable 
agreements both of ion temperature and tot al stored energy between 
calculations and experimental results are obtained. Time evolutional 
simulations of ion temperature have also carried out by using the 
exper i mental data of e l ectron temperature and electron density. Figure 3 
shows simulation r esults for l efJ - 5.O, where ' oxygen is assumed to be the 
impurity ion and lefJ is taken to be constant in time and space . In the , 
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initial phase of neutral beam injection, the reduction of ion density due 
to high le/l decreases the charge exchange loss in the central region and 
causes the rapid increase of ion temperature. which is consistent with the 
measurements of Doppler broadening of TiXXII and magnetic probes. On the 
other hands. in the case of low lefJ, the increase of ion temperature is slow. 
although the ion temperature in the steady stale is almost same as i n the 
case of high ZefJ. In the quasi -steady state, the convection loss is dominant 
in the ion power balance and the i on temperature is insens itive to Zef! for 
fixed electron temperature. It was also found that the depletion of t hermal 
ion density due to NB! fast ions is important for the temporal evolution of 
ion temperature i n the low density plasma, especially in the initial phase 
of NBI heating. 
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Figure Captions 

Fig.1 The resistive ZeJl from Spitzer resistivity Ca : ZeJlsP) and from the 
neoclassical resistivity with trapping correction Cb ZeJlNC) versus 
the line averaged electron density . 

Fig.2 The profil es of elecrtron temperature, ion temperature, electron 
density and safety factor calculated by using the empirical electron 
heat diffusivity Xe-5x IO I9/ neQ, the ion neoclassical heat diffusivity 
with enhacementy factor of 3 and Spitzer resistivity. Open circles 
show the electron temperatures measured by Th~son scat~ering. 

Fig.3 Typical example of high Ti discharges . Land T/IXXII are ion 
temperatures measured by the actJve beam. and the Doppler broadening 
of T jXXIl, respectively, and TeoT::' is the e lectron temperature at the 
magnetic axis measured by Thompson scattering. NBI heating starts at 
t - 6.55sec, 

Fig .4 Results of transport simulation by using experimental data of electron 
temperature and line averaged elect ron densi ty, and ZeJl - 5, which is 
assumed to be constant in time and space. Neoclassical i on thermal 
diffusivity with enhancement factor of t is used in the simulation. 
We, Ir'j and Ir'b are cal culated stored er ~rgies of electrons, thermal 
ions and beam ions , respectively. 
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MASS LOSS WITH PELLET REFUELLING ON ASDEX DURING NEUTRAL IN­
JECTION HEATING 

A.Carlson, K.Buechl , O.Gehre, M.Kaufmann, R.S.Lang, L.L.Lengyel, J.Neuhauser, 
V.Mertens, W.Sandmann, ASDEX TEAM, PELLET TEAM, NI TEAM 

IPP Garching, EURATOM Association, Fed. Rep. of Germany 

I. INTRODUCTION 
Shortly after injection of a pellet into an ASDEX discharge (1) with neutral injection 
heating, a large quantity of plasma is lost by some mechanism much faster than that 
normally active. The measured increase of particles in the target plasma (with about 1 
msec time resolution) corresponds to only about half the measured number of particles 
in the pellet. Other measurements verify that the pellet particles do indeed penetrate 
deep into the target. The nature of the plasma cloud produced by the pellet is under­
stood in general, but the further interaction of the cloud with the target plasma can 
be very complex. Two mechanisms to account for the observed loss are proposed: an 
outward drift due to toroidal geometry and finite resistance, or transport from insta­
bilities driven by the large pressure and density gradients or the corresponding large 
current perturbation. 

The geometry of pellet injection on ASDEX (major radius R = 165 cm, minor radius 
a = 40 cm) is shown in Fig. 1. Hydrogen or deuterium pellets are injected radially 
inward in the equatorial plane. The pellet mass is deposited radially as neutral gas over 
a distance 6rad = 10 - 30 cm. The neutral gas expands poloidally (and toroidally) to a 
thickness of 6pol = 1 - 2 cm before it is ionized. Thereafter, the plasma cloud expands 
mainly along field lines with the acoustic speed, so that the length 6tor increases with 
time. The cloud streches once around the torus (,stor = 2'lr R) after a time interval 
of about 0.1 msec. Thermal equi libration occurs on a time scale of about 0.3 msec. 
The pellet cloud has a particle content less than or comparable to that of the target 
plasma, but is geometrically much more compact. Since energy is transferred to the 
cloud with the thermal speed of the target electrons, but the cloud expands only with 
its own acoustic speed, the pellet cloud acts as an energy sponge, resulting in beta, 
as well as density, one to two orders of magnitude larger than that of the surrounding 
plasma. Beta should remain roughly constant between ionization and the attainment 
of thermal equilibrium, the effects of expansion and heat flux approximately cancelling. 

11. EXPERIMENTAL OBSERVATIONS The number of electrons in the ASDEX 
plasma at 1 msec intervals is determined using a four-chord FIR interferometer. The 
accuracy of these measurements is verified and improved by comparison with Thomson 
scattering profiles and lithium beam measurements of the edge density. The number 
of atoms in each pellet is measured in flight using a resonant microwave cavity. The 
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fueling efficiency,., is defined as the step increase in the target electron content divided 
by the pellet atom content. For ohmic ally-heated (OH) discharges, rtOH = 100% with 
an accuracy of ±10%, that is, all the pellet mass can be found in the target plasma 
after the injection. For neutral-injection-heated (NI) discharges (1.3 MW, L-modeL 
TJNI = 50%. ('1 during other heating methods has not yet been investigated.) The 
interferometer and pellet mass signals are plotted for one ASDEX disharge in Fig. 2. 
Note that the jumps in the interferometer signal are about twice as large during the OH 
phases at the beginning and end of the discharge, than they are during NI, although 
the pellets all have about the same mass. 

The simplest explanation, that only half the pellet mass penetrates the plasma in 
the NI case, the rest being ablated already in the scrape-off layer, is contradicted by 
observations of HOt. light . Photodiode measurements (shown in Fig.3) and photographs 
show ab lation primarily 5 to 20 cm inside the separatrix, not in the scrape-off-Iayer I for 
NI as well as OH. We are thus forced to the conclusion that a large quantity of plasma, 
corresponding to half the pellet mass or up to half the target plasma, is lost over a radial 
distance of around 10 cm in a time less than 1 msec. This corresponds to a diffusion 
constant greater than lo5cm2 /sec, which is one to two orders of magnitude larger 
than that found in ASDEX under normal conditions (e.g. between pellets), so that a 
different and much more effective particle transport mechanism must be involved. 

Measurements of the plasma energy show a step-like decrease at the t ime of each pellet 
injection during NI. Assuming that it is distributed evenly among the electrons and 
ions lost, this energy difference corresponds to a temperature of around 140 eV. This 
relatively low t emperature, roughly twice the temperature at the separatrix , indicates 
that the energy loss is mostly convective and that the particles lost probably come from 
the pellet cloud (although a significant fraction of the target plasma might have such a 
low temperature after giving up its heat to the pellet) . Furthermore, the small energy 
loss indicates that the particles are lost perpendicular to the magnetic field, since a 
parallel loss mechanism (such as ergodization of the flux surfaces) would certainly 
result in large conductive energy losses. 

Various diagnostics of the plasma edge and divertor chamber show elevated signals 
after injection of a pellet. The signals rise rapidly and then decay with a divertor time 
cons tant of 3-5 msec. The short rise time of the signals ( < 0.1 msec for the Langmuir 
probes) is further evidence that the loss occurs very rapidly. 

Ill. CANDIDATE LOSS MECHANISMS 
An estimate of t he initial ideal MHD perturbation produced by the cloud indicates a 
gldbal n = 1 displacement with an amplitude of a fraction of a millimeter only. The 
simplest dissipative mechanism that could explain the rapid loss is the torus drift of 
the localized finite beta cloud in resistive MHD. The gradient and curvature of the 
toroidal magnetic field result in vertical drift currents within the pellet cloud. These 
currents must return through t he target plasma, whose finite conductivity results in a 
voltage difference, and therefore a vertical electric field, across the pellet cloud. The 
electric field causes the cloud to drift outward so that some fraction of it is lost. The 
loss continues until the pellet cloud has distributed itself poloidally, at which time the 
net outward drift stops. The total currents involved are of the order of several tens 
of kiloamperes. Order of magnitude estimates of the ExB drift velocity easily yield 
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values above the 105 cm/ sec required to produce substantial losses within the 0.2 msec 
available. This shows that non-turbulent resistive loss could be significant, so that 
this mechanism deserves more careful consideration. However, it is not clear that this 
model will be able to satisfactorily explain the observed difference between NI and OH 
discharges. 

A second candidate mechanism is loss due to resistive instabilities of various kinds. 
Tearing, driven by the large currents related to the pellet perturbation, and ballooning, 
driven by the pressure gradients at the edge of the cloud, are commonly discussed, but 
a quantitative assessment of the expected anomalous transport is not available. We 
note, however, that the fact that the pressure profiles before pellet injection are much 
closer to the ideal ballooning limit during NI than during OH could possibly provide 
an explanation for the difference in mass loss for the two cases. 

The clarification of the mechanism responsible for the rapid loss of plasma during 
pellet refuelling will aid the design of pellet systems for future experiments, but more 
important, it may help our general understanding of particle transport processes in 
tokamaks. 

References 
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L.L. Lengyel, this conference. 
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Fig. 1: Geometry of pellet injection. Three views of ASDEX, showing the path 
of the injected pellet (large arrows) and the expansion of the pellet cloud 
(small arrows) along field lines (broken line) . 
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Fig. 2: Interferometre and pellet mass signals for ASDEX discharge 18913. The 
jump in density during ohmic heating (the first three and the last five 
pellets) is about twice as large as during neutral injection heating, although 
the pellet mass is constant. 
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Fig. 3: Photodiode measurements of H Q light for the second and ninth pellets of 
ASDEX discharge 18913. The second pellet, injected in the OH phase, pe­
netrated 18 cm (distance =: (620 m/ sec) x time); the ninth pellet, injected 
during NI, penetrated 13 cm. 
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Next-generation fusion devices based on the tokamak confi nem ent concept are 
expected to emphasize steady-state operation. Such future reactors may include 
designs like the Internationa l Thermonuclear Experimental Reactor (lTE R) and the 
International Tokamak Reactor (lNTOR). Effective means of non-inductive plasma 
current drive would therefore be necessary. 

This paper describes a concept for a current drive system based on negative ions 
with beam energy> 1 :'If eV. Preliminary physics calculat ions show that the core 
current necessary for stabi!i~y enhancement can best be achieved by beams with 
energy rang ing fro m 1 to -' \1eV. Further s tudy and experiments wili better define 
the o!;Himum energy. Work under way at Oak Ridge National Laboratory (ORNL) 
and at collaborating institutes in Canada and the Federal Republic or' C~rmany is 
defining a system , its element s. a configuration and operational scenarios deemed 
appropriate for such devices as ITER and other future steady-state tokamaks, and 
the requisite research and development to provide such a system. 

The beam system under study comprises a negative ion source , low-energy beam 
transport, a radio-frequency quadrupole (RFQ) accelerator (4-rod concept), fun nels 
(if needed) for beam com bining, a plasma neutralizer, ion dumps for non-neutralized 
particles, and the necessary auxiliary elements such as a vacuum system . The 
system to be described is a 35- MW (l1.6-A J 3-MeV) unit with a neutralized beam -9 cm 
in diameter that offers beam-machine interface ease. The status of each element is 
discussed and indications of needed experiments and development are presented. 

A summary of the physics needs and assumptions is givenj this aspect will be 
treated in more detail in other papers. 

The fusion concept being emphasized throughout the world as the leading 
candidate for a n eventual oower reactor is the tokamak confinement scheme. The 
tokamak devices built to date are pulsed devices. :V1aintenance of a plasma current 
will be requ ired for steady-s>;:ate operation. The plasma current must be maintained 
noninductively in that any inductive approach requires a varying magnetic field with 
a limited swing. Both pa r ticle and wave approaches to noninductive current drive 
have been stud ied and tested to small e:<tents [1-4]. The expanding worldwide 
research to achieve the requ ired plasma current drive is focusing on neutral beams 
as the most promising concept for the next generation of ign ition devices [5] . Two 
aspects of using neutral beams to create the plasma current that support the 
potential selection of this technique for reactors are (1) the relative credibility of 
beams for driving curren t that derives from e:<perimental evide!1ce and (2) the 
ability of beams to penetrate to the plasma cent er and drive the required core 
current. 

Simple analysis of beam current dri ve penetration shows that beam energies of 
>1 MeV will be required in tokamak configurations such as ITER with Ra = 4.5 m 
and demonstration reactors with Ra - 6 m. 

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, 
under contract DE-AC05-840R1400 with :'Ifartin :'Ifarietta Energy Systems, Inc. 
tConsultant, Crumman Space SystemsJ P.O. Box 3056, Oak Ridge J TN 37831-
*Chalk River Nuclear Laboratories, OntarioJ Canada KOJ IJO. 
**Institut fUr Angewandte Physik deI' UniverstiH Frankfurt, 0-6000 Frankfurt am 
Main, Federal Republic of Germany. 
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The main issue that has deterred consideration of high-energy (>!-MeV) 
deuterium beams in the past has been the lack of an adequate technology base, 
although the idea for this application was proposed several years [6]. During recent 
years, much has been accomplished in the beam acceleration technology necessary 
for these high-energy beams. For example, the continuing negative ion source 
developments are resulting in characteristics that are near-scalable. RFQ 
accelerators have been successfully operated under very challenging conditions. The 
operat ion of RFQs at, e .g., Los Alamos National Laboratory (LANL) and the Chalk 
River Nuclear Laboratories (CRNL) has provided a valuable experimental database 
from which scaling to the higher currents but much lower brightness plasmas and 
lower current density beams acceptable for current drive systems can be done with 
some conf idence. 

Design concepts for neutral beam current drive systems have been developed at 
ORNL, in collaboration with CRNL [7], using the rf accelerator technology base that 
has expanded so rapidly in recent years. In addition to the substantial and growing 
database for the RFQ accelerator, a significant advantage accrues from the fact 
that its driving power is rf in the ion cyclotron range of frequencies (ICRF) for 
tokamaks, a very available and economical power source. Present accelerator 
theory appears adequate to design such devices, and experience at other laboratories 
with heavy ion accelerators at similar frequencies and light ion accelera t ors 
operating near their space-charge limits lends confidence to the predictions of rf 
properties and accelerator eff iciencies calculated for the system described below. 

The RFQ design is based on the 4-rod RFQ concept advanced by Schempp [8], 
along with McMichael and Hutcheon et al., which is particularly suitable for high­
current designs. Conceptual designs for RFQs with an output current of 3.7 A have 
already been done and are under further study. Energy efficiencies of 60% for room­
temperature RFQs are already obtainable, even though efficiency has been of 
secondary interest to date because of the very short pulse and extremely low duty 
factor of present applications. As a consequence, no serious effort has been made to 
date to reduce the losses. A development program is being initiated to study the 
potential of raising the RFQ room-temperature efficiency to as much over 80%, as 
seems feasib le from a cost payoff basis. 

Several different forms of rf accelerators have been considered: in particular, 
the MEQALAC, drift tube linear accelerators (iinacs), and RFQs. Only the RFQ can 
simultaneously provide continuous gentle bunching and :itl'ong focusing. It is an ideal 
matching device between a continuously operating ion source and the discrete beam 
bunches needed fo r rf accelerators. It is this development that makes possible the 
efficient acceleration of very intense beams from low energies. Only four 
electrodes are required in the entire RFQ system, which consists of a matching 
section, an adiabatic buncher, and the accelerator with continuous radial focusing 
throughout . 

The system proposed by ORNL is shown conceptually in Fig. 1. It comprises 
the negative ion source, a low- energy beam transport system to match the beam to 
the RFQ, the RFQ, a plasma neutralizer, and an ion dump. The higher efficiency (80-
85%) plasma neutralizer is used in the design, because the very small diameter (7 
cm) of the beam exiting the RFQ permits the maintenance of the neutralizing 
plasma with an insignificant plasma generating rf energy (-<lOO kW). Beam systems 
with large cross sections, such as those in present fusion appications, would have 
prohibitively large particle losses from the neutralizer ends. and the resulting 
required plasma generating power would offset the plasma neutralizer efficiency 
gain. 

A variation of the system is shown in Fig. 2, where four of t he systems in Fig. 1 
are combined with beam funnels to produce a 35-MW beam. This configuration uses 
four beam lines feeding one plasma neutralizer and ion dump. This arrangement 
requires efficient two-beam to one-beam funnels and results in a high-power, smal1-
diameter beam and an easy interface with the tokamak. 
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It is apparent from a cursory study o f th is system that, in addit ion to relying only 
on scaling of presently developed concepts, it has many attractive features for 
tokamak application: 

Very small diameter beam - SmaJl tokamak ports 
- Reduced volume near tokam ak 
- Reduced neutron bac kstream ing 

Beam is bent before neutralize r - No neutron backstreaming to sensitive beam 
components 

Low beam dive rgence 
(-1 m- rad) 

- More machine interface flexibility 

- CanuselO- to20- mdr ifttubea i terneut raliz er 
- Can place ke y equip ment fa r ther from the 

mach ine, behind shield 
- Easier hands-on maintenance can result 

The cost of the rf accelerated beam should be quite competitive with other rf 
and beam concepts that may be considered f or current drive. 

The key issues to be addressed in pursu ing t he desired development of this system 
include those related to the phys ics or high- energy beams, the system and component 
designs and technology development necessary to meet the core current drive needs, 
and the planning and execution of experiments on present and future fusion devices 
that will help guide the evolution and app lication or high- energy neutral beams for 
current dr ive, plas ma heating, and possibly alpha diagnostics. 

The following sum mary statements are o ffered: 
• A plasma curre nt drive mechanism is required to extrapolate present 

tokamak phys ics and technology into a reactor regime. 
• Core plasma current drive is essential in achieving the required current 

profile for sta bility. 
• Available (cred ible) current drive options are limited. 
• Preliminary sco{?ing studies indicate that high-energy (1- to 3-MeV) neutral 

beams, coupled with some LH, provide a validated physics and technology 
option that appears to be a good candidate for current drive in a reactor. 

• Optimal toka mak and neutral beam parameters must be determined and 
pursued. 

• Related programs may be import an t ; neutra l be am hea ti ng, a lpha particle 
diagnostics, high- Z current drive, and experim e ntal tes ts o n confinement 
devices (e.g., ATF). 

It seems likelv that a reactor-like tokamak can be made steady-state with 1- to 
3-MeV beams to provide core plasma current drive. 
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Figure 2. RF accelerated 3-MeV neutral beam system 
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FIRST EXPERIr-ENTAL RESIlTS (f ENERGY RECOVERY 00 THE TffiE SUPRA 
NEUTRAL JEoIM INJECTffi PROTOTYPE 

M.Fumelli , F.Jequier and J.Pamela 
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ABSTRACT: A neutral injector with Energy Recovery has been designed and 
tested. A new type of electrode, the STEM , has been developed for this 
injector in view of electron suppression and trapping . A first series of 
experiments were made with H, D and He beams, up to 60 keV, 12 A, 0 .5 s 
duration. The recovery of the unneutral i zed part of the beam has been 
clearly demonstrated. The decelerated ion collector potential was as low as 
0.05 Vbeam . At least 90% of the full energy residual ions are collected . 

INTRODUCTION 

Tore Supra will be equipped with 6 neutral injectors (D , 40 A, 100 keV 
each) of a completely new type based on the concept of the energy recovery 
of the unneutralized fraction of the beam. In a conventional neutral beffin 
injector, these residual energetic ions are magnetically deflected and 
dumped at full power on actively cooled targets. In the lIenergy recover'y" 
scheme!, also called direct conversion2

, these ions are electrostatically 
decelerated and collected at low energy on a device (IIrecovery electrode") 
whose potential Vr is near that of the ion source . This improves the 
injector power efficiency and reduces heat load problems of ion dwnps . \'le 
.present here the main features of the Tore Supra neutral injector prototype 
and the first experimental results. 

INJECTOR DESIGN - STEM ELEl:TRODE PRINCIPLE 

The design of the energy recovery system (ERS) was based on a computer 
s t udy]. The whole injection line was conceived with constant care of the 
specific problems of energy recovery . The principal elements are (fig . 1) : 

1) Grounded source : the ion source is groundedl
-

4
, the neutralizer 

being held at the accelerating negative high voltage Vbeam . \Vi th t his 
disposition, the recovery electrode is near to ground potential (sli~1tly 
negative). This reduces problems arising with the collection of part i cles 
resulting from ionization processes and simplifies the electrical circuit. 

~ Neutralizer gas pumping: a chamber with baffles is placed at the end 
of the neutralizer in order to reduce ionization in the suppressor region . 

)rii'~~~~~Ori~~~~r;t~~h;~e,;s~e electrodes are placed on beam 
~ gap of the ERS . They are 

negat ively biased (Vs) with respect to neutralizer, creating an 
el ectrical potential barrier which blocks the neutralizer plasma electrons. 
Secondary electron emission by ion impact on the suppressor must be 
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minimized because it reduces the ERS efficiency) . Therefore we developed a 
composite electrode that we named STEr4 (for Suppression and Trapping of 
Electrons by Multi-plate device), conceived to trap electrostat i cally at 
least 50% of these electrons . It is made of two electrically i solated sets 
of copper plates roounted in alternation: this allows the applica t i on of a 
trapping potential between plates (YE) . 

Q Narrow beam: in Fontenay-aux-roses'l- .5 , we have developed a very 
narrow beam system (6.5 x 120 cm at the extraction plane) in view of t he 
energy recovery. This reason of this choice i s that Vs varies roughly as t he 
4/3rd power of beam transverse dimension) I and therefore broad beams are not 
suited for energy recovery . 

Figure 1: 
Schematic view 
of the prototype 
injector equiped 
wi th the ERS and 
distribution of 
potentials on 
the different 
comp:ments. The 
difference with 
a classical 
injector is that 
the residual ion 
current is not 
drained from the 
HV generator but 
at the lower 
potential Vrj 
thereby one can 
really speak of 
"Energy 
Recovery" . 

TORE SUPRA NBI PROTOTYPE 

accelerator suppressor 

'OUrlr~ i neutrahzer///////_p@-~~:~~~ 
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DISTRIBUTION OF POTENTIAlS: 
o source 

\ Ion collector 

\ ion acceleration 

neutralizer suppressor ion deceleration 
Ir-----""'""~-__ 

EXPERIMENTAL RESULTS: 

This series of experiments was made with He, H and D beams of 
characteristics up to 60 keY, 12 A and 0 ,5 5 durati on. The mai n results are : 

1) the effect of energy recovery is unambiguously demonstrated (see 
figures 2 and 3) . A value Vr ~ 0. 05 Vbeam is sufficient for the recover~ of 
the residual ions, in agreement with the numerical calculat ions. As 
expected from beam neutralization calculations, the recovered current 
decreases when the neutralizer target thickness i s increased (see fi gure 4) . 

2) the value of Vs required to stop neutralizer electrons i s clearly 
defined by the experiment as shown on figure ~ . The measured suppress ion 
tension (~ - 1O kV in the case of figure 5) is found to be in agreement Hi t h 
the numerical calculationsJ 

• 



Figure 2: 
Four electrical 
signals recorded during 
an Helium shot at 50 
keY. At the beginnig of 
the shot Vc = -3 kV. 
After 80 msec, Vr is 
set to zero: Idrain, 
Ip+ and Ip- (defined 
in figure 1) raise 
significantly. This is 
expected when the 
residual ions are no 
longer collected and 
fall on the suppressor 
plates. 
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Figure 3: Idrain and Ir are plotted versus Vr (30 shots, He , 50 keY, 
perveance matched), A significant raise of Idrain is observed when Vr=O . 
This corresponds to the recovered current amplified by a factor (1+~y)~3, 
due to secondary electron emission (see text). The negative value of Ir It/hen 
Vr=O is due to the collect i on of these electrons by the recovery electrode . 
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Figure 4 Ir normalized to Idrain 
decreases when the neutralizer target 
thickness increases , as expected from 
neutralization calculations . 

3) figure 6 demonstrates the efficiency of the secondary electron 
trapping by application of the polarization Vp between suppressor plates . y 
being the secondary electron emission coefficient and c the electron 
escaping probability from suppressor (when Vp = 0, £ 1), the ratio of 
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currents without and with polarization yields a measurement of (l+yl/(I+c y ) . 
y and £ have been deduced from this type of measurements combined with 
calorirnetry on both sets of suppressor plates . 

At 50 keY, we measured y = 6 ± 1 in heliwn and y = 4 ± 1.3 in hydrogen. 
When a polarisation Vp ~ 0 .25 Vs is applied, we measured c ~ 0.45 i n heliwn 
and hydrogen at 50 keY (i .e . electron trapping effi ciency above 50%). 

4) We measured a very high collection efficiency (~90%) of the 
unneutralized full energy beam particles . In this first exper iment, half of 
this gain was lost due to secondary electrons emitted from the suppressor . 
An important fraction of these electrons is probably due t o bombarrnnent by 
spurious energetic particles (direct beam interception , aberrated 
trajectories). We wil l try to reduce thi s interception in t he next 
experiments (improvement of collimation in front of the STENl and thereby 
further increase the overall ERS efficiency . 

" , .. ... 
" , .. 
'-' 
'-, 
• 0 ... 

Figure 5: electron current in the 
forward direction decreases when the 
(absolute) value of Vs rai ses , until 
an el ectrostatic barrier is created 
( IVs I > 10 kV). This plot was 
recorded during a single 50 keY 

'Helium shot, Vs being varied by 
means of a capac i tor . 
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Figure 6: the net suppressor current 
is plotted versus Vr for two series 
of He beams at 50 keY 1 perveance 
matched. The first series (30 shot s, 
open points) was rrade with a 
polarization Vp ~ 3 kV . 'l'he second 
series (18 shots , dark points) \oJas 

made without polarization (Vp = 0 ) . 
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INTRODUCTION 

P 7 G 73 

Stochastic magnetic fields may be applied to tokamak edges to establish an ergodic 
divertor [1] or they may arise spontaneously due to instabilities. In addition, they 
may play an important role in the H-mode, since Neuhauser, et al [2) have recently 
shown that asymmetries in the deposition profiles on ASDEX divertor plates may be 
explained by imperfectly installed multipole windings leading to a stochastic magnetic 
layer just inside t he separatrix. 

Transport in a stochastic magnetic field has been investigated in a number of earlier 
papers based on the quasilinear theory [3,41, resulting in the well known diffusion 
coeffic ient of Rechester and Rosenbluth [3] for the case of a steady-state perturbation 
field. Thyagaraja, et al [5], using a simplified Fokker-Planck equation, considered a 
fluctuating stochastic magnetic field and found a large increase of the transport in the 
long mean free path regime. 

In this paper we use the drift kinetic equation, including the effect of the electric 
field, together with the Krook (or BGK) collision model [6], which conserves particles, 
momentum and energy. We consider a fluctuating stochastic magnetic field. It should 
be noted that even for a time-independent applied perturbation, a frequency arises 
through the azimuthal electron drift VE = - ('V q, X El l B'. 
In agreement with previous theory we find that only modes that are in resonance with 
the unperturbed magnetic surfaces contribute to the transport, but with a coefficient 
that is" larger by a factor / = 2>'~/ Rq than that derived from quasilinear theory ( here 
>.~ is the electron mean free path, R the torus major radius and q the safety factor) . In 
particular we find that inclusion of momentum conservation in like-part icle collisions 
plays a significant role . Using a simpler collision model that conserves only particle 
number, we also obtain an estimate for the width of the resonant layer. We find that 
transport occurs in the range 

O ~ l(m-nq)1 ~ C;r(~)"2 
Here m and n are the poloidal and toroidal winding numbers, and wand v the fluctu­
ation and collision frequency, respectively. 



1082 

We a lso present a self-cons istent solution for the radial electric field based on a model 
in which the radial electron transport is anomalous due to motion along the stochastic 
field lines and the ion transport is neoclassical. Although there is no detailed flux 
balance, overall ambipolarity yields a relation between the radial electric fie ld and 
the poloidal rotation velocity. Radial ion momentum balance and toroidal momentum 
balance of the whole fluid enables one then to solve for the electric field, as well as 
the poloidal and toroidal rotation velocities. It is found that the neoclassical perpen­
dicular ion current produces a toroidal rotation in the Co-direction, of approximately 
Vi,'; = _pI / eneB, I where pI is the total radial pressure gradient and B, the poloidal 
magnetic field. 

COLLISIONAL TRANSPORT EQUATIONS 
We consider cylindrical flux surfaces perturbed by a weak stochastic magnetic field 
with radial component bn which we expand as 

b, = L L L bw,m,n(r)exp(i(wt + me - n4») , 

The particle flux perpendicular to the unperturbed flux surfaces is given by 

r, =< b, f fVlld'v >, 

(1) 

(2) 

where < .. > represents a time-average over the magnet ic surfaces, i.e. over (J, tP and 
t, and I is the total distribut ion function. 

To find I we solve t he drift kinetic equation for the electrons in the rotating system, 
given by VE. We use the cylindrical approximation, neglecting the jj x 'VB drift, 

af • q. af M M at + VIIB,'Vf - ~(B.'V4» aVII = v",(I", - f) + v,,;(I,,; - f). (3) 

The Maxwell ian I:; has the self-consistent values of density n e, drift u~ and tempera­
ture Tc of the total (perturbed) distribution, Le. 

f,~ = n, (2;~,) ~ exp [- {;. ( (VII - tt ll) 2 + 2/'B) }] .. (4) 

Here JL is the magnetic moment. We see that particle number, momentum and energy 
are conserved in like-particle collisions [61. For electron-ion collisions we conserve par­
ticles and energy, but momentum transfer is allowed, representing electron-ion friction. 

The distribution function is expanded, I = 10 + /1, with fo a Maxwellian in the un­
perturbed magnetic field and 11 being represented by a series similar to that for bn 
eqn. (1) . The resultant radial particle flux (eqn. (2)) has been calculated for resonant 
modes, i.e those for which the parallel wave number kU = mit.;Ul = O. It may be wr itten 
as 

).~ Ve,th (' , ) fr = ~2--T DM Pe - enetPo . 
Rq , 

(5) 
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Here DM has the form of a magnetic diffusion coefficient 

(6) 

where b· represents the complex conjugate and A{kll) is a form factor which describes 
the resonance width. 

Using the simplified Krook model conserving only particles (as in [5]), and expanding 
in the parameter t: = ve,thkll/v « 1, we find 

from which one may dedu~e a resonance width 

IVd.klll (W)1/2 0< -- < -
- 11 - V 

This value is small enough to lie within the expansion range, and is considerably smaller 
than that given in [4] . 

Evaluating the radial thermal flux 

(7) 

we find that 

(8) 

Momentum conservation in the collision term, which is neglected, for instance, in [4] 
and [5], yields a factor 2 in the electron particle flux and 2.5 in the electron thermal 
flux, hut causes the ion transport to vanish, even for kn = O. 

ELECTRIC FIELD EFFECTS 
Because of the difference .between the electron and ion thermal velocities, particle flow 
in an ergodic magnetic field is not automatically ambipolar and a radial electric field is 
set up to restore ambipolarity. We investigate here a rriodel proposed by Stringer [7], 
in which we consider the above an:omalous electron transport arising from the braided 
magnetic field, and neoclassical ions. 

Equating the neoclassical ion flux [81 and the anomalous electron flux (eqn. 5L one 
finds that the radial electric field adjusts itself to the value of the poloidal rotation. 
For a self-consistent calculation, however, one needs two further equations. These are 
the equation for radial ion motion 
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(with v,. ,t/I the toroidal ion rotation velocity) and the toroidal momentum balance for 
the whole fluid 

(10) 

(with Vi a phenomenological drag frequency to describe the momentum sink, M~ a 
momentum source and Ip = BdB",). The three unknowns ~~, V;',,,, and Vi,8 can be 
found from the ambipolar transport condition and these two equations. 

The term with r j occurs in a stochastic magnetic field, as transport is not locally 
ambipolar and the component parallel to the field lines cannot contribu te to the J x B 
forces. Thus r i can be replaced by the parallel electron flux r e,II' As the J x B force 
is a large quanti ty, the electric field is restricted to the value 

(u) 

M. is typically too small to control the toroidal rotation, which thus follows purely 
from radial momentum balance (9) and neoclassical rotation (10), 

(12) 

(where P = Pe + Pi is the total pressure). 

This rotation velocity can be considered an indicator of the presence of a stochastic 
magnetic field and reaches values large enough to be measured - for ASDEX in the 
H-mode a value of about 5 X 104 m/s may be estimated. 
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LARGE AREA - 4 cm HOLLOH ANODE ION SOURCE 

V. Miljevic 

The Boris Kidric Institute-Vinca, The I nstitute fo r Atomic Physics, 

P.O . B. 522, 11001 Belgrade, Yugoslavia 

Neutral beam injection heating is a promising method of heating magne.­

tically confined plasma /1 , 2/ . Different types of both the positive and ne """' . 

gative ion sources for neutral beam appl i cations have been developed /3,4/. 

In this paper a new type of an ion source producing uniform, dense and 

quiescent plasma with high percentage of atomic species is presented. 

The ion· source is essentially a tandem discha r ge consisting of a hollow 

anode discharge" (HAD) . as the source of both the high energy electrons and 

atomic hydrogen (predissociation method) /S-l~/, and a standard reflex or 

PIG discharge, as a plasma source, supplying ions to the extraction elec­

trodes /11 ,1 2/. They are separated by a hollow anode. 

Fig.1. shows a sketch of a 4 cm grid diameter tandem ion source . It 

consists of a concave cathode (CC), and a hollow anode (HA), representing 

hollow anode diode, cylindrical anode (CA) and target cathode (TC). Axial 

magnetic field is applied by HC1 and HC2 

charge chamber is enclosed by the hollow 

targe t ca thode . 

sourct, coils. Thus, the PIG dis­

anode "·\tange, cylindr ical anode and 

The hollow anode is represented by a disk (made of aluminum alloy) with 

the aperture in the center 0 . 5 mm dia. The upper side of the disk, facing 

the cathode, is insulated by a thin cer amic layer deposited by a plasma arc 

thus making onl y inner surface of the anode aperture conductive. Deta i ls of 

the hollow anode are shown in /6,7/ . Teflon insulator (TI) enables the hol­

low anode to be in the center of the concave cathode curve and knife-edge 

seal. The operating gas, controlled by a needle valve , ent e rs from the 

cathode side, through a heat sink (HS) , and is pumped away through the hol­

low anode aperture and PIG chamber by a standard high vacuum system . Techni­

cal hydrogen was used . 
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I+-----HS 

-t--IVI L,1 

~--TC 

MC2 

f-I ---'-----'-----'---I '------ EE 
o 2 4cm 

-Fig . 1. 4 cm hol l ow anode ion source : HS - heat sink , CC - concave 

ca thode , TI - teflon insulator, HA - hollow anode, Ne1, HC2 

- magnetic coils , CA - cyl indrical anode, re - target 

cathode, EE - ex traction electrode, SF - source flange . 
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In the hollow anode discharge the concave cathode focus es electrons 

toward the hollow anode placed in the.center of the curvature , providing 

a high density of high- energy electrons in the hollow anode aperture . In 

this way the probabi lity of ionization and excitation of the gas while pas­

sing through the aperture is increased . That is why HAD is rather inhomo­

geneous discharge with maximum both the electron density and temperature 

concentrated in the small volume of the hollow anode aperture /6,7/ . Out ­

side the hollow anode discharge , through the hollow anode aperture, an in­

tensive e l ectron beam (without additional acceleration) is obtained /8,9/ . 

The intensity and the ~nergy of the electron beam depend on the hol l ow ano­

de diameter , the discharge voltage and current, and the gas pressure . By 

decreasing the diameter the brightness of the beam is increased . The elec­

tron beam current practically equals the discharge current /6, 10/. 

The hollow anode discharge is a very stable discharge and transition 

into an arc or spark is not observed . 

Optical spectrum of the hydrogen hollow anode discharge consists of 

essentially all Balmer lines . It shows that in the hollow anode aperture 

a high degree of dissociation and i onization take place . Spectral lines of 

the cathode or anode material have not been found in the spectrum regard­

less of the mass of the operating gas /5 ,6 / . 

The high energy electrons from the HAD accelerated by a double layer 

through the hollow anode aper t ure into the downstream discharge chamber 

are constrained by the magnetic field and osscila te between hollow anode 

and target cathode . In this way a filament l ess low voltage PIG (or reflex) 

discharge produces high purity atomic hydrogen plasma enclosed by the hol ­

low anode, cylindrical anode and target cathode . 

The ions so created a r e formed into an ion beam by the extract ion 

electrode (EE) . 

Typical operating cond itions of the hollow anode tandem i on source 

are: 

- hollow anode hydrogen discharge pressure is of the order of 10-
1 

mbar (typically 3- 5' 10- 1 mbar) . In this case pressure in the vacuum chamber 

is about 5' 10-5 mbar. The pressure in the PIG discharge chamber ha s not been 

measured. 
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- hollow anode discharge current is IH '" 60- 80 mA at UH 250 V 

- PIG discharge current is Ip 200 mA at UH '" 280 V 

- magnetic field at the axis of the PIG cyl indrical anode is about 

B = 50- 60 G. 

For the above mentioned ope ra ting conditions a hydrogen ion beam exce­

eding 10 mA at 1. 5 kV i s obtained. No ion beam optimization work has been 

done so far. 

In order to improve plasma characteristics it is planned to add multi­

pole line cusp confining field around the PIG chamber . 

The hollow anode tandem ion source can produce high purity ion beam 

with good gas and power effi ciency. As the pressure in the vacuum chamber 

is low, for many applications of this source differential pumping is not 

necessary. 

Further work i s in progress. 
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and C. Schermann 

*Groupe de Spectroscopie par Impact Electronique et Ionuque, ' 
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The potential importance of negative ion beams for 
formation of high energy neutral beams for heating and current 
drive for fusion plasmas is well recognized and the ion 
sources for this purpose are quickly developing (1),(2). 
Efficient production of hydrogen negative ions in volume 
sources is achieved by dissociative electron attachment (DEA) 
to vibrationally and rotationally excited hydrogen molecules 
(3). Excited molecules and low energy electrons are produced 
in the specific low pressure plasma. The knowledge of 
mechanisms for vibrational and rotational excitation and 
deexcitation has fundamental role for designing and modeling 
these sources (4) . Also, the corresponding diagnostic 
techniques for determinantion of vibrational and rotational 
state population are very important for the development of 
volume ion sources as well as for the study of other hydrogen 
plasmas. 

New diagnostic technique for determination of hydrogen 
and deuterium vibrational and rotational state population 
under the conditions similar to those in volume negative ion 
sources and some results of its application are described in 
this contribution. This technique is based on detection of low 
energy H- resulting from DEA. The high sensitivity is achieved 
due to the exceptional ly strong increase of cross section 
with the internal nuclear motion excitation for the case of 
the 4 eV DEA process in hydrogen (5). 

The experimental setup is schematically shown in Fig. 1. 
The electron beam of variable energy is produced by electron 
gun comprising an electrostatic 127 deg. energy filter and 
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corresponding electron optics. The gas molecules to be 
analysed are effusing from the gas cell and are crossed at 
r i ght angle by electron beam. Perpendicularyto the electron 
beam directon the quadrupole mass filter is mounted together 
with a simple entrance ion optics. Th e negative ions created 
by DEA in the interaction region are focused, filtered from 
other negat ively charged particles by quadrupole mass f i lter 
and detected by an off-axi s channel e l ectron multiplier . The 
stainless steel gas cell used in this expe r iment is also 
schematically shown in Fig. 1. The tungsten filament is 
mounted in the cell and when resistively heated it is a source 
of electrons and hydrogen atoms. By appropriate voltage 
biasing the discharge in the gas cell can be generated between 
t h e filament and the grounded wall . The gas ce l l is shielded 
by mu-meta l and its wall is cooled by air or water. The 
pressure in the gas cell was varied in the range between few 
pbar to about one mbar. 

ELECTROSTATIC 
SELECTOR 

QUADRUPOLE 
GA S MASS AN ALYSER 

I 
I , 

/ 

B EA~I 1\ 

!-,E':-'L ~EC~T~RO~N:;:-S"'" ~I 11 '" 

[A\~L COOLING El // GUN 

~// 'l'0 
CATH ODE 

MAGNETIC 
o SHI ELD 

---fl-,---'''- H 2 

FIL AMENT 

Figure 1 

The information on the vibrational excitation is obtained 
by scanning the low energy H- current vs. electron energy. One 
example of the H - yield spectrum in the range of the 4 eV 
process is shown in Fig. 2. In the case with no appreciable 
population of higher vib r ational states (at room temperature) 
only the peak at about 4 eV appears resulting from DA to v=O 
molecules. The narrow peak is obtained by appropriate tunning 
of ion optics 50 that detection efficiency for low energy ions 
is enhanced. Target molecule excitation results in lower 
thresholds for DEA and therefore ions at lower energies 
appear. The relative state distribution can be obtained by 
deviding the relatjve peak hights from such spectra by the 
available theoretical relative peak DEA cross-sections (6), 
(7). The spectrum from Fig. 2 was obtained with the hydrogen 
pressure of 0.07 mbar , tungsten .filament he ated to about 2700K 
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an d wi thotlt discharge in t h e gas cell. The r e l ative 
v ibrati c. n a l state distribution fo r th is case i s near ly 
Bol t ,zmanian WiT"h vibrational t>3mperatu r e about 3000 K. This 
high vibrationa l excttation is produced by r ecombination of H 
('I.t·l) m" formed by t,hermo-dl.ssociati o n on the hot, filame n t and H 
Dtoms adsorbed o n th,o: wall (8). This find i ng is v ery i mportant 
for modt<::.l.ing a n d developi n g negat. ive ion sources. Recen t l y, a n 
a t .t,empt, t ./) use this mechan i sm f or creation o f the pre-exci ted 
h ydrog ,:m molec ules in t.h e volume ton source was rep o r ted (9). 
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Th e .;>x p e ri ment .. ? perfor med with the dischar g e generated 
be·t ween the fiL-::1m~nt and the c~ lJ wall. s howed relat ive 
p o pulatir . .on J.n(:r ~E1 sB pre d o minant l y for the l o we r v i bration ol 
s t ates when compf."Ir "!:d t ,r) the djr:harge "of f" case (but with 
filament "on") {10) . Al though this findi n g can n o t. be 
gen e r a li 7.ed to th-=- d i scha rges in the 'Jo lume sources because of 
dif fe r ent dif>ch,3rgA con ci ttion.';; ;;IS well as b ecause of the 
-::zt rn(~tj')n (-'f f ect~; prr::sr",n t in ou r .-~xpe ri. trl ent. i t stimu la t es 
furt.h er ef f ort.s f'-Jj' t,he st, Il(l y o f vj brationaJ populatj on 
d ·;::te rmina 1, j (In 1l 110el' the d ischat'ge conditions. 

For ~pPr.: t ra with almost. pure v ibrat i ona l exci tatiL""n as 
t,h e one from Fj g. 2 . t,h e s peGtru m analysis is sj mple . but when 
the r ot.l:I.t,j orr:31 ::: t .a t es are appreciably excited as well, 
}"l}.l p r o prj at.~ <i econv(J l utic' fr i f,; necl';ssa ry in 0 1'del" t ,o ge t C01"reet 
n d I:I t .. i ve ",,1...Fr.t~ pc,tJld at. i 0 11 ::;. 

The d ep8nd e n e .:: (.f the 14 eV DA prc,cess o n t he vibrat,ional 
.:I nn. r o t at j o nal e:o:·,j tat ion WaS stud ied as we ll . Th e 
ex pf-· )'jme n1. F1))y d '?'V~ rlll 'ined near threshnld DEA c ross-sectio n for 
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v=l, 2. 3 state of hydrogen molecule is 3.6, 4. 5 and <2 times 
biger than that for v=O state. This dependence is not so 
spectacular as for the 4 eV process due to the longer life­
time of the negative ion state. 'l'he model analysis of these 
results gave the information on t he corresponding negative ion 
curve f or hydrogen and deuterium. The data on the 14 eV 
process are of importance f or diagnostics of the low 
vibrat ional states especially for deuterium as the cross­
sections f or the 4 eV process are very small for this 
molecule. 
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ELECTRODINAH IC ACCELERATORS USE FOR· HIGH 
TE11PERATURE PLASMA PRODUCTION 

P 7 G 90 

N.I. Archipov , A.M.Zhjtlukhin, V.M.S~ fron0v. V .V.Stdn ~v, 

Vu. V . Skvortg,) v 

I . V. Ku r chat(lv Inf:tj 1:.l.l t .:: o f At o mic Eno::! rgy, M('fJ~ Ot.1 , TT S~R 

t~r)rl r~ rrl e lp("'t.rc'l(jyn!.lTrJic .~1ccp.l~r;:.t(' rG '::lr~ able t.t:. et;inE:rat~~ 
(.," n - :~ 

pl ':lf:~ ma stre;;:UfIf::: with. a densit,y of n = 1 0 - 10 c:m . ':, tr::mp~ r.3.-

turl;!.,cf T'3: - 100 r~ V, Ti .6, lOOOev, .'1 directed ve l ocity o f up to 

V=10- cm / s and" t ot.!"l l en e rgy above N= 100kJ. Such plrtF.HfJ8 St'.­

Ilrce::: .!Ire inte r .::::.;tin g for thermonukll=.:ar. 1"eSB8 rt::h ::m r:l rrd ght be 

WJcd for Et hot pl,F1F:ITlA .::reation in open syst.em!::. In t h i e t:! a.s e 

it. jr:: nep.c1erJ t" .'31<:1\·J dl) wn pl;:1sma etre[tfri clod t ,o (;(",rtVer t . it,1:.: ki-

n 0 t ,ic f"m€'rgy into t he thermal E:n~rgy of the s T,at j (,nary p l .:rf;fTJo. 

Th~ poss i b il ity of t.he st r €'-FlTr! f:~m~rgy th ·'=!l~m~I U ,~.~l t, i on by me ­

an ~: of t h e p la s ma ':;011i ~:i ("IT! wit·h the materi.:'!l tarer:- t , the rnag ­

nl?!tic h'1rrier and the counterstremrdng pl '~'Bfl'IEI i f; e tudi ed jn 

th i ."J work. It shollld b~ TJot .. ~d aJr;o th .~t investieat.i()TJ (, f the 

r.ol l :l.s l. on le.sr: T'ln ~: m <~~ R t . l.Y-:'·lfns td,t.h {l.l h ."IR it .. : Ol .. n phyeio.31 

int':: res t . 

Rxpertm~n~A we re ~3 rri ,~ d 0Ut at th e MK- 2()O de vi ce c0nsie­

t ,-:- .'l (', f two pl:lBnJ .J: .,?: tln S with fJI11!':c-·d gas a dmi o8.i0n (h ydl'o!1en. 

d';:·llt"' r i um). \.tlTl ;J 3roe f.;::d ft' O ITJ t .W0 11f.O'J F c .3 p a c ] tor b ,:mk e. Th e 

, .... pr~ r ,"It:i.ng vnlt ,'l .~ <:· IJ .~ i::; v ':ol:i",' ,-l fr om 1 5 to 30 kV. The dis c harge 

C".Il 'l'c'nt. :t ttain c. ':i peal: v[lluo? in" 6,5 ... .. z . On le3v i ng t he gun 

p 1 30 ~ J: 8 tr~ nnl 10 tl'anSp()rt0d 3}ong ~O ~m diametar met~llic 1i-

th ~ nl:tsma ctr~·l h . s ;l r e ienlatdd f}'urn ~hp liner wall s by the 

I'l'JD c n ,.,l:.i c fi ,o'l d. 

A S~· ~ of rlj .~, ~"": n -'1 ~· 1 j(- 1J .:-<:. 1..:: f:n{' h -=t:; I'l 'J,o' h - J: ."- hn rk ·r jn1·. ·· rf l? r .-'-
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lorimeters are used f or plasma parameters measuring. 

1. I nteraction with the material target . 

In this experiment the only regime is used (lIe.= 15kV, B,,;= 

7,2 kG). Targets (p lastic, metal) are placed at a distance of 

100 cm from the gun muzzle. Parameters of the 

leading ~ edge are as foll ows: velocity of V= 

plasma stream 
7 

3,8*10 cm/s, 
,:5 -3 

density of n... =8*10 cm ,diameter of D=9cm, temperature of 

T~ +T~ =250 eV , T.;:::/T ... =O,1 ~0 ,2 . Longitudinal magnetic field 

is almos t absent (B « B ) in the leading ~ edge of the 

plasma stream. 

It is found that plasma - target interaction is accompa­

nied by the shock wave formati on. Shock front propogates up-

steam and causes relaxation o f the kinetic 

The plasma pressure behind the shock is of 

stream energy. 
/~ -3 

P::8*10 eV*cm 

and corresponds to the stagnation pressure (taking into acco­

unt the plasma radial expansion and the magnetic energy inc­

rease). It confirms the complete t hermalization of the plas­

ma directed energy. The "stationary" plasma life-time does 

not exceed L=5-7~( s. Fast cooling is caused by the thermal 

contact o f plasma with the coil material target. Thi s is the 

principal shortcoming of such thermalization method. 

2. Interaction with the magnetic barrier. 

Magnetic barrier solenoid (50 cm in length) is placed at 

200 cm from the gun and generates the mirror magnet i c field 

up to Bm =20kG. Plas ma streams are transport.ed in a longitudi ­

n a l magnetic fi e ld o f B ::S.4kG from the gun to the magnet ic 

barrier. Plasma s tream parameters are the f o llowing: 
15 -.3 l 

n =(2-3)*10 cm V =(4-5)*10 cm/s, T = Ti.. -I- Te =O.71{ eV D =11cm, 

total ene r gy of W =35kJ , internal magnetic field Bi « Bo. At 
..1 ___ I. 

the mirror ratio of k :: Bm/Bo =3, (Bm /8,-/ ::::fV /2) th e energy of 

the plasma stream penetrating through t.he magnetic barrier 
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does not exceed 50% o f the total stream energy . Plasma is 

partially reflected and thermalized by the mirror magnetic 
/5 -3, 

fie ld. Plasma with n =(3-3.5)*10 cm, T =1.3keV, D =15cm is 

produced in front o f the barrier . The deuterium plasma is the 
9 

neutr?n source (N =10 neutrons pe r shot). The plasma llfe- ti-

me is ofT::; 15)"s . 

There are two essential shortcomings of this thermaliza­

tion method . In the first place, a ~reat magnetic field is 

needed for effective energy relaxation. Secondly, magnetic 

field penetrates ra~idly into the hot plasma . The penetrating 

time is significantly less the Bohm diffusion time. This fact 

indicates that well-developed turbulence seems to arise. 

3. Collision of two plasma streams. 

Plasma guns are placed at a distance of 700cm opposite 

each other and are joined by a liner with homogeneous longi ­

tudinal magnetic field up to 16kG. Plasma streams with 
IS . .:3 l 

n =(1-5)*10 cm ,V =(4-8)*10 cm/s , Te =10-100eV, Ti =100-

1000eV, Bi « Bo collide in the central section of the liner. 

The complete thermalization of the plasma kinetic energy 

resulting in the creation of the stationary high temperature 

plasma takes place independently on the gun s regime and the 

magnetic field strength . At Vo =30kV, Bo =16kG, a plasma column 
,s .. 3 

o f 200 c m in length with n =4*10 c m ,Ti =2-2.5keV, Te =200-

300eV, W =70kJ, a ..... l is produced. A maximum neutron yi e ld 
10 j 

5*10 neutrons per shot is achieved. 

Trans vers e diffusion coefficient of the hot plasma does 

not exceed D~ =( 1/5-1/10)Db, where Db = ckT/16eB . It should be 

noted that with increased magnetic field a value of D~ redu­

ses more sharply than ..... liB. It is very likely that DJ. will 

be significantly less Db at a g r eater magnetic field . 

Plasma life-time is of rr =20-25./' s and exceeds the 

time of the l ongitudinal spread at the thermal velocity 
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'Tih ;: L/2V :::; 2~S. It is explained by the effect of the 

plasma stream tailes on t h e hot plasma expansion. 

Conclusion. 

The plasma stream interaction with the material target . 

the magnetic mirror and the counterstreaming plasma ls acco­

mpained by a formation of the shock wave which causes kine­

tic energy thermalization . This result is not obvious in 

advance because the ion mean free path calcu lated for di-
12 :! 

rected pa r ticle energy A~ =5*10 E In and ' t he ion colli -

sion time 7i in any case are much larger than a width 

of shock front cl < 200m and its formation time 7: =1 - 2 

;Us. It confirms the col l isionles6 turbulent nature of the 

shock wave. It isn't known what plasma instabi l ity is res­

ponsible for the shock front formation. Additional exp~ri­

ments are needed. Neverth e l ess the data obtained permit 

to use powerful 1 electrodynamic accelerators for high tem­

perature plasma production . 
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SCA'ITERING OF KIUJHETRE-SUBKIlLIKETRE VAVES 
FROM THE TORTUS TOKAHAK PIASKA 

M.D.Bowden, G.F Brand, I. S. Falconer, P.W.Fekete, B.W.James and K.J.Moore 

School of Physics, University of Sydney, N.S.W., 2006, Australia 

INTRODUCTION 
A submillimetre molecular vapour l aser and a tunable gyrotron have 

been used as sources of millimetre-submillimetre radiation in a series of 
plasma scattering experiments on Sydney University's TORTUS tokamak. 

Two experiments are described here. The first studied the density 
fluctuations associated with Mirnov oscillations. The second studied the 
kinetic Alfven waves which appear when an Alfven wave is launched into the 
plasma to heat it. 

The suitability of the two sources for scattering is discussed. 

THE SOURCES AND THE SCATTERING SYSTEM 
The plasma is a hydrogen plasma in the small TORTUS tokamak [IJ whose 

dimensions and typica l operating conditions are major radius - 0.44 m, 
minor radius - 0.10 m, B - 0.85 T, I - 18 kA and pulse duration = 15 ms. 

The submillimetre l~ser is a fotmic acid vapour laser, optical l y 
pumped with a CO

2 
laser, which delivers 10 roW at 433 ~m. The experimental 

arrangement is shown in Fig. 1. The laser beam is focused to a beam waist 
in the equatorial plane. The design of the optical system permits t he 
minor radius at which the beam passes through the plasma to be easily 
selected. 

After passing through the plasma, the laser beam is focused onto a 
Schottky diode detector. 

The gyrotron. GYROTRON III [2J. can deliver tens of watts of power 
and is tunable over the frequency range 75 to 330 GHz (4 to 0.9 mm). I t is 
tuned by raising the magnetic field of the 12 T superconducting magnet. 
One cavity resonance after anothe r is exc ited, the adjacent strong cavity 
resonances being approx imate l y 10 GHz apart . The experimental arrangement 
is s hown in Fig. 2. The quasi-optical (Vlasov) antenna converts the 
high- order waveguide modes i n to a well-collimated. l inearl y-polarized 
beam. This beam is intercepted by a second waveguide and the beam that 
subsequently emerges from the other end is,· to a good approximation , 
gauss i an. After passing through t he plasma, t he signal is detected by a 
diode detector. 

A magnetic probe at t he edge of the plasma picks up poloidal magnetic 
fie ld f luctuations. 
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Fig. 1 Scattering experiment with the submillimetre laser. 

TORTUS tokomok GYRQTRON 111 

crystal detector 

, ) /'quasi-OPtiCOI 
(j.~ antenna 

Fig. 2 Scattering experiment with the gyrotron. 

MIRNOV OSCILLATIONS 
In both the submillimetre l aser and gyrotron experiments, the signals 

from the detector and the magnetic probe are amplified with a broadband 
amplifier. Data taken over a 2 ros window during the lifetime of the plasma 
is then fourier-analysed to obtain power spectra. Typical results are 
shown in Fig. 3. 

The oscillation revealed by the magnetic probe is due to rotating 
magnetic island structures which can develop on rational surfaces in 
tokamaks. The peak in the detector spectrum is due to scattering from 
perturbations associated with these structures. 

The scattered signal is largest when the beam passes through the 
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Fig. 3 Millimetre-submillimetre wave and magnetic probe power spectra. 
(a) Using the subrnillimetre laser, and (b) using the gyrotron operating at 
175 GHz. 

equatorial plane at approximately 0.7 of the minor radius when more of the 
rational surface lies within the beam and the effective scattering volume 
is a maximum. 

KINETIC ALFVEN WAVES 
This diagnostic is at present being applied to a compressional Alfven 

wave heating experiment on the TORTUS tokamak in which 60 kW of rf power 
at 5 MHz i s launched into the plasma [3J. Mode conversion to the kinetic 
Alfven wave is expected to occur at the Alfven resonance layer {4] and we 
investigate the scattering from the density pe,rturbations of this wave. 

The signal from the detector is amplified with a narrow-band 
amplifier tuned to 5 MHz. The scattered signal is small and is r evealed 
only when the results of many shots are averaged. This investigation is 
continuing. 

DISCUSSION 
The gyrotron has the advantage of much higher power and tunability. 

However, because the wavelength of the submillimetre laser is smaller, it 
can provide a narrower beam. This means that it can give better spatial 
resolution and, more importantly, there are no complications due to 
aperturing of the beam by the tokamak ports. 

The conditions on the wavenumber k (- 2n/~) for far-forward 
scattering are similar for the two sources. The requirement that the 
centre of the scattered beam lies within the (lie maximum intensity) 
radius of the incident beam gives the condition on the perpendicular part, 
k

1
. For the submillimetr e laser where t h e radius at the waist is 4.2 mm, 
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kL must be less than 430 m-I 
In the case of the gyrotron, the radius of the beam at the mouth of 

the waveguide is 13.2 mm and, if aperturing is ignored since the narrow 
dimension of the tokama~lPort is perpendicular to the scatteri ng plane, kL 
must be less than 940 m for all wavelengths. -1 

For the Mirnov oscillation experiment k < 40 m and the condition 
is eas ily satisfied . L 

k for the kinetic Alfven waves depends on al l the plasma 
parameters , the frequency and toroidal wavenumber of the waves being 
launched. Fig. 4 sh~~s kL for B plasma with a parabolic density profile 
(n

S 
- lxl0 1g

, 2xl0 19 m ). a parabolic-squared temperature profile (~ax-
10 ev, T. - 20 ev), a uniform magnetic field (0.75 T) and a wave 
frequencymA¥ 5 MHz, calculated according to the dispersion equation 

2 2 2 2 
o (1 - w /kll V A ). 

It can be seen that there are a wide range of conditions such that k~ 
satisfies our requirements for far-forward scattering. 
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Fig.4 kl vs. radi~! position. The para~~ter is n the toroidal mode number. 
(a) nO - lxl0 1D m , (b) nO - 2xl0 1D m . 
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A MICROWAVE REFLECTOMETER FOR THE TJ·II FLEXIBLE HELIAC 

A. P. Navarro, E. Anabitarte , C. Alejaldre and F. Castej6n 

Asociaci6n EURATOM / CIEMAT, 28040 Madrid, SPAIN 

INTRODUCTION 
Microwave reflectometers have demonstrated their capability to detennine electron 

density radial profiles in tokamaks 0, 2). Remarkable characteristics make them very 
suitable for this application: they can use only one channel reducing drastically the 
requirements in access to the plasma and, by using fast enough swept power supplies for 
the microwave source, (in the current state of the an, sweeping times are in the order of 1 
ms), it is possible to obtain several ne profiles in a single discharge. Besides, by keeping 
the microwave beam frequency constant, it is possible to study ne fluctuations at the radial 
position where the reflection, for that particular frequency, takes place. Changing the 
frequency, the radial profile of these fluctuations can be deduced (3). 

This diagnostic technique is based in the measurement of the phase difference 
between the incident and the reflected waves, at the layer where ne reaches the cutoff 
condition. This phase cbange is given by (4): 

r 0 re 
t.~ == 4ftc { v£ . dr - f (lJ 

where fa is the incident wave frequency and e its propagation index in the plasma. 
The radial position of the cutoff layer, fC. is deduced from the measurement of 

,1<J), and ne can be obtained from the fact that wave frequency (fO) equals the curoff value 
at this radial position: 

fO=fpe [2] O-mode fo =ifce+Ji!e+4 f!e) [3] X-mode 

where fpe and fee are the plasma and cyclotron frequencies. respectively. 

In this paper microwave reflectornetry in stellarator is studied in detail for the ftrst 
time by its application to the TJ-II flexible heliac (5), The effect from the characteristic 
magnetic structure of this device on the propagation of the two possible modes ,0 and X, 
of the reflectometer have been studied, deducing the most adequate angles for beam 
launching. Estimations for the achievable spatial resolution are presented and ray tracing 
calculations (6) have been used to detennine the antenna requirements. 

Electron density fluctuation measurements with this technique in TJ-II have been 
also considered, deducing a model for data analysis and estimations for the ar.hievable 
spatial resolution and sensitivity. 

TJ·II n, PROFILE DETERMINATION 
A cylindrical model for TJ-II with the center at the hard core has been used" to simulate its 
magnetic structure (7): 
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where BT, BO and BZ are the magnetic field components and,+, the helical flux, for 
vacuum. Fig.! shows the TJ-JI magnetic structure deduced with this model. Electron 
density can be deduced by assuming it constant on flux surfaces: 
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TJ-II MIDPLANE PROFILES 
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ne 
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Fig.2- Midplane profiles 
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o
) Q.,) [S } 

Fig.2-a presents the equatorial 
midplane profiles for ne and the toroidal and 
poloidal components of the magnetic field. 
The poloidal component is comparable to the 
toroidal one, due to the high currem in the 
hard-core of the device, making difficult to 
separate 0 and X modes in the microwave 
propagation.This mixed-mode propagation 
could be very useful to determine local 
values of magnetic field profiles along the 
propagation line providing, if the adequate 
theory for data analysis is developed, radial 
profiles for induced currents in the plasma. 
Nevertheless, to preserve mode purity the 
waveguide can be rotated to align it wi th the 
direction of the transverse field, Fig. 2-b 
presents the same magnitudes than 2-a for a 
23 0 rotation. In thi s situa tion the 
perpendicular field can be neglected 

Using this set-up, the cutoff frequencies for the 0 and the X mode, propagating in the 
equatorial midplane, have been calculated assuming parabolic profiles with different 
central densities, (Fig.3) . 
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Fig 3 - T1-JI frequenGY cutoffs for 0 and X modes 

These results show that the standard instrumentation used in tokamak 
reflectometry can be applied to TJ-ll, covering the full operational space of the device, 
and the effect from cyelon-on absorption is very localized. 
Spatial resolution for these measurements have been calculated assuming it as the length 

of the reflection layer, given by (4): 

§ 
4 

Z3. 
o 

r 
1, __ :2::::::;!n~~~1]~~'~li4~ 

.5 0 
radius (reI. units) 

Results are presented in the Fig. 4 for the three 
central densities considered ( 1012, 1013 and 1014 
cm-3 ) and parabolic profile. Resolution improves 
with density gradients and, so with its central 
value, and it is always better than 2 cm. 

FigA Spatial resQlution 

", FLUCTUATION ANALYSIS 
Density fluctuat ions can be also analyzed by keeping frequency constant in the 
reflectometer. Changing the frequency in steps during the discharge plateau, it would be 
possible to determine the fluctuation radial profile. Simulation of the reflectometer 
signal,using expression [1], have been addressed for density penurbations 'of the type: 

6 n = An "p( -I'~: '1}'pC-;"tl 

where An, fs, A.s and ro are the perturbation amplitude,. radial location, radial width and 
frequency, respectively. 
Simulation results are presented at Fig.6 for a single mode and a multiple mode 
perturbation. Main conclusion is that reflectometry can detect the existing perturbations, 
detennining location and relative amplitude. . 
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Fig.6.- Density fluctuation recoosrructioo from reflectorneler signals. 

RAY TRACING CALCULATION 
The ray-tracing code 
RA YS6 ,7 has been 
lIsed 10 follow a 
s in gle ray 
propagating at 28 
GHz into a plasma 
characteristic ofTJ-ll 
and with central 
density changin g 
from 0.9 to 2.0 x 
10 13 cm- 3 .h is 
shown that antenna 
diameters of the 
order of 5 cm. will 
be able to pick-up the 
return signal for 
central densities in 
excess of 1.2x 10 I3 
cm,3 
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INVESTIGATIONS ON ECRH VIA {40 GHZ COLLECTIVE SCATTERING 
IN A TOKAMAK PLASMA 

U.Tartari and M.Lonlano 

Istjtuto di F isica del Plasma. CNR-ENEA-EURATOM Association 
Mi lano ( I ta ly) 

1 - INTRODUCTION 
Recent developments in gy rol ron technology have made 

available high-p.pwer, millimeter wavelength sources with 
sta bLe frequ e ncy output and long pulse, narrow linewidth 
capabi L i ty. Be sides opening the way to ECRH experiments at 
high densit y and high magnetic field, these developments 
enlarge th e per s pec tive f or pla sma diagnosti cs 11/. 
Collective Th omson scattering (er5> will be extensively 
ap pl icable to tok amaks both in ohmic and r. f. heated 
candi t ions . 
Within the wid e class of pla sma "perturbations" open to CTS 

invest igation, ECRH ptays a preminent rote. Basic effects 
o f ECW propagation and ab sorp tion, as co llec ti ve 
oscilLations, may be directly veri fied by thi s technique. 

At thou gh no def ini te theor y o f CTS in ECR heat e d pLasmas is 
ava il abLe up to now to support quantitative es timat es, 
s i gnaL Levels due to convers i o n of an externally injected 
ext raordinar y mo de (XM) into electron Bernsle in modes 
(driven BM: DBM), as predicted by full-wave theory, may be 
reasonabLy expected to be strong, so allowing measuremenj 
even in non optimized conditions. " A si milar experiment i~ 
planned on Tex t 121 w i th a 245 GHz las er source. 

A second CTS f ea ture is pot entiall y of inter es t for ECRH 
investigations. Th e s pectral density function for CTS at 
h igh frequenc y being S (r , Ii,W) = 1/1E.(r ,js ,W)I:t., where £ is 
the dielectric function of the mag neti ze d plasma 13/, a 
r esonant feature is expected at the loca l upper-hybrid 
fr e quency Woli(r) whereE.{t.J ... J~ O . Thi s feature, which i s due to 
s pontaneous Bernsle i n waves (SBM), is not specific of the 
heated phase a~d then the associated scat tered signal l eve ls 
a nd S IN may b e estimated from scattering theory. B y 
nume rical simuLations, the sensitivity of the SBM resonances 
to ECRH-induced loca l variations of "e(density drop} and ~ 

(buLk heating), and to suprathermal tails ha s been 
positively verified 14/. The effect of these last may be 
disc riminated against local bul'k he a ting by comparis l,.' n with 
ECE data. 
Prel i minary fea s ibility evaluations of ECRH studies via CTS 

are r epor led here wi th reference to the " tokamak Thor 11 (Ro= 
52 cm, a = 19 cm), where a 28 GH z (200 kW, 10 ms ec ) ECRH 
system is available and implementation of a 140 GHz (200 kW, 
100 msec) gyrotron i s being considered for the near future. 
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Although not exclusive, CTS+ECRH experiments in small size, 
low field (1 T) lokamaks are encouraged by reduced beam 
spread and a favourable frequenc-y condi t ion <W 1fie.= 5) 
leading to low cyclotron-harmonic noise in the measure. 
The following effects will be considered for measurement on 

Thor 11: (a) ECRH induced micraturbulence; (b) 28 GHz 
driven wave-activity (DBM); (c)WuJr) resonant feature (SBM). 

2 - EXPERIMENTAL SET-UP 
The XM at the cyclotron frequency (28 GHz) wi Lt be injected 

from the high field side. The 140 GHz wave wilt be 
lop-launched and radial scanning wi Lt be ensured by a 
rotating parabolic "mirror. Several receivers are needed to 
meet the different goals: (a) a homodyne detection chain to 
provide down-conversion of the high-level microlurbulent 
spectrum before signal processing by a transient digi tizer; 
<b) a first heterodyne chain, with automatic frequency 
control, IF ampl i f icat ion and a spectrum analyzer, to detect 
DBMs at 28 GHz; (c) a second heterodyne chain to detect the 
Low-level resonant SBMs. In contrast to (b), this last 
chain must operate at maximum sensi t ivi ty and thus cryogenic 
cool ing wi Lt be used for the mixer and IF-ampl i f ier sect ions. 
A set of local oscillators and IF ampLifiers wiLL be 
required in (c) to cover the whole frequency range spanned 
by the WVH(r) resonance (AY';t 20 GHz) at 1 GHz steps. 

3 - SENSITIVITY AND NOISE 
Either of the two scattering bands <Left: L, right: R), 

determined by 1) the select ion rules for k. and LV and 2) 
the phase veloci ty of the fLuctuat ion waves, may be used in 
principle for coherent detection. In the SBM case, if 
isotropic emission is assumed, both scattering bands are 
effectively available. In the OBM case where the wave is 
backward, in contrast, only the R band is compatible with 
the scattering geometry. The selec~ed band is down-converted 
in all cases la ensure the"YIF< 10 GHz required for low-noise 
ampLification. 

Plasma and system noise h~ve been estimated for 
representative Thor 11 pLasma parameters compatible with XM 
injection (n.o= 1.5x1013cm ,Teo= 200~400 eV, standard profiles, 
and r = a/2 when requi red). The more cr it ical case of SBM 
detection in the L band has been consi .dered for testing the 
sensi tivi ty achievable. For a lS .. = 7x105 K equivalent noise 
contribution from the spectrum analyzer, G = 103 IF ampLifier 
gain, and C = 0.25 mixer conversion factor, a total noise 
temperature at lhe input of

3 
the equivalent noise-free 

receiving system of Ts"tSt:'= 3.5x10 K is obtained at r = a/2. 
Cyclotron harmonic noise at the corresponding local 

upper-hybrid frequency,VUH= 37 GHz, comes from 3rd harmonic. 
Multiple reflections and polarization scrambling at the 
walls have beren laken into account in a slab model, wi th 
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s c rambling coe f ficients p 0 . 15 (change) and q = 0.7 
( conservat io n ) . On ly o rdina ry mode (OM) e mission needs to be 
co n s i de r e d since opera ti o n in this . mode optimizes the 
scat t ere d signa l and a si ngle mode receiving antenna may be 
used . Fig.1 s h ows that 3rd harmo nic plasma noise is at most 
compara bl e to sys tem noise . F o r the repres e ntative point we 
ge l T~;:l ~ 1.5 x 10l K. System-ncise-l imi led operat ion should 
ther efo r e be aLlowed in Tho r 11 ~ond ition s. 
The spec t ra l densi ty fun c i ion integrated over 1 inewidth, 

S (K) = :le,,: . Wp,} I n e. '-
o - ,;..'- i "'W~/n.~ 

where cL = 1/k).. i s the scattering parameter, has been divided 
by the numbe r bO f spectral resolul ion int erva L s (3 MH:z) 
included in the es ti mated re so n ance linewidth (,,-,30 MHz). 
T he Lsll!l.<length of t he scattering volume times collection 
soli d a ng l e) factor in the r e lat ionship between scattered 
power P and S 131 is es timat e d fr o m the coherent and 
k-reso luti o n conditions, co nserva tively t ak ing 1a resolution 
f acto r o f 5 . The SIN given in Fig .2 for three electron 
temperatures is for P = 100 kW a nd i s normalized toAYv = 1 
GHz and Tn = 103 K. Th e e ffecti ve ave r age SI N is of order 1~ 
for AY:tF= 3 MHz and a Tn.= (3.5+ 1 .5)x103 K total noise . Fig . 3 
shows th a t the average SI N is almo s t constant in the 
temperature r a n ge of inte r est for Thor 11 and that it 
strong l y d ecreases with inc reasi ng electron temperature in 
plasma-noise l i mi ted s.Ys tems cove ring the same ran ge of 
plasma parameters. 

4 - WAVE-VEC TOR MATCHING 
For CTS at l a rge frequen cy off -se ts the ma tched fluctuation 

wav e-numb e rs and angles a r e ' frequen cy dependent (non-Bragg 
r eg ime). Wav e-number s ranging up to 50 c mt in the L band and 
up t o 6 0 cmf in the R band can be matched by varying the 
sca tt e r i ng g eometry. The co rre sponding angles between the 
i nciden t and the fl uct ualion w ave - v ect o r ra nge from 30· to 
60° ( L band) and 10 100 · (R band) respec tively. Inspection 
of the dispersion relation relev an t la BMs in perpendicular 
propagat i on , o n the other hand, shows that l arge r 
wave -numbers (up to more than 100 cm-t ') than those matche d 
by th e sca ttering apparatus are d isplayed b y the BMs . 

Wave-number ma tching in the SBM case is not a prob lem , 
however, since k.L coupling must be en s ured near the locaL 
u pper-hyb~id point (vertical branch of the dispersion 
r el ati o n), where a lar ge r ange of low k..Lvalues is crossed in 
a short rad ial interval. In the OBM case in cont r as t k.,L 
matching i n princ i ple is possible on ly in a limited regi on 
nea r the 28 GHz upper-hybrid layer . . Due to the relatively 
high power le ve ls at which mode c on ve rs ion i s . expected, 
howev e r, monitoring of the DBM should not be too c ritical 
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even with p ar tial mismatching. Finally. 
elec trostal le component of th e re sidual XM. 
b e not cri t ieal since wave-numbers here are 

matching to the 
if a ny. should 
l ow. 

5 - CONCLUS ION S 
Goo d SIN should be attainabl e in CTS+ECRH experiments on 

Thol'" 11 due t o t he ve ry low c yc lotron harmonic plasm a noise. 
Cr iti ca lity of wave- number mat ching f o r the DBMs does na,t 
seem t o pr ec lude mon i t o ring of these waves. De t a iled 
inf ormal io n on th e ECRH abs o rpt ion mechanisms, loca l plasma 
parameters, suprathermal content, and on m icro lu rbotence 
developped during ECRH should there f ore be obtainable by ers 
at 140 GHz. 
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where hso[ is the emissivity connected with the isotrop ic par1 ftp) of the distribution, and A accounts 

for the anisotropy . For the specific case in which ftp) is a relativistic Maxwe lJian, one obtain sS (in the 
limit of tenuous plasma) l/2 

cH,.,..) ~ 
iroo,(X,Ol/jo = 4.J~ 2 2 (Y02 _1}3/2 (1-It0 2)1/2 Z0

2n o e-).l{Yo-1) . 
.. ,;" (1+T(X,O) )sin e 

, {[(1_i30
2 )1/2 + Tt~ol cosef + P02 h2 102 T(~,O)} (4) 

whereas the anisotropy factor A is 

aod 

A ert(x+) + ert(x_) 

Z cos "t, 
COS,!,,, ± Po case 

[2(.'+ h')r,a 

a{).l).={1t/2).1) I 12 e-f-I/K 2{).l); ).1 .= mc 2rr; )'0 2.=: 1 +(2wl).l)[ 1 +(9w/2f-1)sin 2er1/3 ; w.=w/wc; 

Po 2= 1 -1/i'0 2; 130=.110 cose; no='w 10{1-!>0 2) ; h.=(I-!3o 2)3f4/{2w) 1/2 ; 

Z ==z e(1-z;ffj1+(1_Z 2)'121, z ==n. sine/(I-n 2) 112. 0- 0 0' 0-1'0 1'0 ' 
T(O)~-sgn{cose) [a+{1 +a2) 1/2)==_ T(X) -' :: a::sin20/2wlcosOI. 

(5) 

A different approximation to il so [ can be obtained by noting that, when the isotropic part of the 

distribution is Maxwellian , Kirchhof! 's law holds so that ilso[==N/(w2T!8n3c2)aISO[' where also! is the 

correspondi ng absorption coefficient. alsol can be evaluated by making use of the integral 

representation (with no harmonic expansion) of the d ielectric tensor (the second of Trubnikov's 
formu lae) and carrying out the relevant ID-integration by the saddle point technique. One thus finds 1 

where 

. (X 0)' 2aC,.,..) 
Ilsot ' 110 == ~ 

>lRo::).l (x/sinO)'f3 {t + 9 - 10.COS
2
s (sinS/;d 2/3 ), 

20 sm2e 

(6) 

which is appreciably simpler than (4) (the fifSt (second) term in the curly brackets in (6) re fers to 
the X to) mode) . 

For propagation peroendicIJlar to the magnetic field, both (4) and (6) yield' 

. (X ,D) o· _ 2.a(t-'-l 3f2 _,_ e-).l(/i} _1+9/20X1!3 j 
Jlsot (00,90 )/10 - ~).l X (t , ~l X'I3) (7) 

whereas the an isot ropy factor (5) reduces to (cos'Vor ' . 

Numerical analysis. The accuracy of approximations (4)-(6) has been tested by comparison with 
the exact values . The frequency dependence of the (normalized) emissivity of the X-mode is shown in 
Fig. 1 a fOf a Maxwellian distribution, for a propagation ang le 6:::60° and varying temperature. The 
exact spectrum (solid line) is shown together with the approximated resul ts from (4) (dashed line) and 
(6) (double-dashed line). It appears that both approximate formulas (4) and (6) are accurate at (and 
below) 100 keV, for which approximat ion (4) is somewhat bette r than (6), the accuracy tending to 
become worse at higher temperatures. For a more quan titative comparison we have evalua ted the 
error /::,. of a chosen approximat ion with respect to tile exact value, i.e. , 1'l.;;:(ia -j)/j, ia denoting the 

emissivity cor responding to either approx imation (4) or (6). The relative error corresponding to Fig. 
la is shown in Fig. lb, from which, in particula r, it appears that i) for T==100 keV, the error 
connected with approximation (4) is <5% over most of the continuous part of the spectrum; ii) for 
T::300 keV, appro ximation (6) is be lter than (4) in the frequency-range w1wc?,7, the corresponding 

error being :;20%; more general ly, approximation (6) is adequate at frequencies that are the higher 
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REFLECTOMETRY ON JET 
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A E Hubbard. CA J Hugenholtz+ , T Oyevaat , M Paumeo , A J Putter· , 

ACe Sips· and K Slavin 

JET Joint Undertaking , Abi ngdon. Oxf ordshire , OX14 3EA . UK 
* On attachment from I mperial College of Science and Technology , London 

FOH Instituut vaar Plasmafysica, Rijnhuizen, Nieuwegein, Netherlands 
o CEA Cadarache, St Paul lez Durance , France 

INTRODUCTION 
The reflectometry work on JET has two components. One is the 

development of a multichannel instrument to probe the plasma along a major 
radius with radiat i on propagating in the ordinary (0) mode (E 11 B) [1) . 
This system is currently being installed and commissioned and preliminary 
results have been obtained with four of the probing channels. In addition, 
exploratory experimental work with radiation propagating in the extra 
ordinary (e) mode (E 1 B) is in progress. We report on both aspects of the 
work in this paper. 

THE MULTI CHANNEL O-MODE REFLECTOMETER 
The a-mode instrument, shown in Fig. I, has 12 discrete frequencies 

distributed over the IS-BD GHz band, enabling electron densities in ~he 
range 0.4-S x 1011 m- 3 to be probed. This instrument employs specially 
developed combiner and separator systems (2], antennas [3] and sensitive 
phased locked heterodyne detection systems [4]. The antennas are mounted 
within a port on the JET vacuum vessel and a special, oversized waveguide 
run, employing reduced height E-plane bends, transmits the radiation from 
the sources and returns the signals to the detectors sited outside the 
biological shield in the diagnostic hall. 

The instrument nas two modes of operation : narrow band swept and fixed 
frequency . When the frequency of each source is swept, at rates up to 5 
kHz , the radial positions of the different critical density layers, ie. the 
density profile, can be determined. When the frequencies are held 
constant , the magnitude and direction of movement of the critical density 
layers can be determined with a spatial resolution of a few mm . This mode 
of operation should be well suited to studies of fluctuations and density 
changes . The two modes of operation can be interleaved during a plasma 
pulse . 

Signals from three different detection systems are available from each 
channel [4] : a period detector which measures the difference in group delay 
between the arms of the re f lectometer, a fringe counter which mea~ures 
phase changes and a coherent detector which includes amplitude variations 
as well as phase changes, this being equivalent to homodyne detection. 

The instrument is currently in the final stages of installation and 
commissioning but preliminary results have been obtained using the 18, 24, 
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34 and 39 GHz channels . Fig. 2 shows four coherent detector signals 
(bandwidth 0-250 Hz) from the reflectometer together with the line 
integrated density from a transmission interferometer operating at 2 mm 
wavelength. The effects of plasma sawteeth on the signals are clearly 
visible. The positions of the critical density layers for the four 
frequencies have been obtained using density profiles from the FIR 
interferometer . The general delay observed between the 34 and 24 GHz 
channels can be used to deduce a particle diffusion coefficient (6,7] . the 
value of which is typically ~ 0.4 m~s-l. On the time scale displayed no 
general delay can ~e resolved between the 24 and 18 GHz channels since the 
critical density layers are close together. The 39 GHz signal has a 
different appearance because its critical density lies inside the mixing 
radius for the sawtooth collapse. 

The effect which an 'H' mode plasma has on the coherent detector and 
fringe counter signals can be seen in Fig. 3, where the H-alpha signal is 
also displayed. It will be noted that both the H-alpha and coherent 
detector signals show a marked reduction in the level of fluctuations 
during the 'H ' mode period . Close examination also shows that small. 
periodic spikes on the H-alpha signal are correlated with sharp transitions 
in the reflectometer signals. Over the duration of the 'H ' mode, both 
fringe counter traces show a total movement of about 20 mm. Results from 
the SXR diagnostic indicate that this movement is likely to be due to a 
general broadening of the density profile. 

These preliminary results show that the basic microwave operation of 
the system is satisfactory and give encouragement for full system 
operation. 

E-MOOE REFLECTOMETRY 
Reflectometry using radiation propagating in the extraordinary mode 

reflecting at the upper cut-off layer F c' has advantages for some 
applications over reflectometry using t~e ordinary mode . The profiles of 
~c(R) mean that the inner half of the density profile is often accessible. 
Tne wavelength of the probing radiation is smaller and the spatial 
resolution, a function of the wavelength, is improved. Further, 
simultaneous measurements in both polarisations can give information on the 
magnetic field. To exploit these possibilities, a provisional e-mode 
instrument has recently been constructed on JET. 

The reflectometer is set up in a Michelson configuration and can cover 
either the range 50-75 GHz or 75- 110 GHz. The source is a remotely 
controllable Backward Wave Oscillator . The output frequency can be varied 
in discrete steps so that a number of different radial positions may be 
investigated during a single plasma pulse. 

The e-mode instrument has measured sawtooth density pulses (Fig. 4) 
which have also been measured simultaneously by the o-mode system. By 
comparing the timing of the pulse peaks on the two ref1ectometers, the 
total magnetic field at the reflecting radius of the e-mode wave can be 
determined. The accuracy of the derived value is limited chiefly by the 
uncertainty of ne(Rl. While the present uncertainty in the determination 
of Bp is large (±50%). it is anticipated that it can be significantly 
when density profiles from the multichannel o- mode instrument become 
available. 

Frequency spectra of the signals due to density fluctuations up to 40 
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kHz have also been obtained with the a- mode instrument , with critical radii 
varied from pulse to pulse . The system is being upgraded, as shown in Fig. 
5 , to include a second , fixed-frequency source. Waves at the two 
frequencies will be separated using a dual band-pass filter. It wil l then 
be possible for the first time to correlate signals with closely spaced 
input frequencies (aF ~ 1 GHz) . in order to study the radial localization 
of the reflectometer measurements , as we l l as the radia l cor relation length 
of density fluctuations . 

REFERENCES 
[1] R. Prentice , A.E. Costley. J.A . Fessey and A.E. Hubbard. Course and 

Workshop on Basic and Advanced Diagnostic Techniques for Fusion 
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Infrared and Millimeter Waves. Orlando, Florida, USA , December 1987 . 

[3] F. Mederios and N. Will i ams. 17th European Microwave Conference . 
Rome , Italy, September 1987, p201. 

[4] C.A . J. Hugenha1tz and A. J. Putter. Ri jnhuizen Report 86-170 . 
FOM-Instituut voor P1asmafysica, Nieuwegein, Netherlands. 
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INTRODUCTION 

P 3 H eo 

The plasma electron parameters on JET are measured by three independent 
diagnostics: LIDAR-Thomson scattering (Te and De), electron cyclotron emission (Te) 
and FIR interferometry (ne). Up to the present, data from these three diagnostics have 
in the main been treated independently. However, by combining the measurements in a 
systematic way, it is possible to obtain ne(R) and Te(R) with improved precision and 
reliability. In addition, some new diagnostic possibilities arise. 

In this paper, the results of a systematic comparison of the diagnostics over an 
approximately six month period are presented. The benefits of this comparison are 
discussed. 

MEASUREMENT SYSTEMS 
The combination of LIDAR (Light Detection and Ranging) and Thomson 

scattering techniques yields a new method for obtaining Te and De spatial profiles on 
large plasma devices, and has been applied for the first time at JET [I). The system 
time resolves the spectrum backscattered from a short (300 ps) ruby laser pulse which 
is directed across the equatorial diameter of the plasma. By using the time of flight 
principle, it measures the profiles with a resolution of :::: 12 cm (fixed by the pulse 
duration and the detection bandwidth, 700 MHz) at 2 5 intervals throughout the 
lifetime of the discharge. The uncertainty in the LIDAR measurements is 
predOminantly statistical and resul ts in an uncertainty in Te of::::: 5%. The shape of the 
density profile measured with the LIDAR system is known to an accuracy of::::: 5%, 
whereas the absolute level of the density is subject to a. systematic calibration 
uncertainty of::::: 30%. 

The principles by which electron temperature is determined from electron 
cyclotron emission (ECE) measurements are well known [21 . The electron temperature 
is measured as a function of radiation frequency, and a frequency to space 
transformation is carried out using the measured toroidal magnetic field with a 
correction applied for the internal fields. The principal ECE system on JET is a 
Michelson interferometer which views the plasma along a sightline para.lJel to the 
major radius, 0.13 m below the plasma mid-plane. This instrument has a spatial 
resolution (both along and perpendicular to the line of sight) of 0.15 m and a temporal 
resolution of 15 ms. Other ECE instruments provide Te measurements with space and 
time resolutions of 0.02 m and 10!.l.S respectively. Systematic errors dominate the ECE 
measurements and lead to I:: 10% absolute uncertainty in Te. 
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The JET far-infrared interferometer [31 measures the line-integrated electron 
density along a number of chords through the plasma using the 195 pm radiation from 
a DeN laser. In the measurements reported here, data from the six vertical chords has 
been used. The time resolution of the instrument, ~ 100 j»l, is determined by the fringe 
modulation frequency (100 kHz) and the line-integrated density resolution, 
" 5. 1017 m-2, is set by the minimum detectable phase shift (" .05 fringe). The 
density distribution must be inferred by a generalized Abel inversion of the chordal 
data, and this can lead to uncertainties in local values of density of up to ~ 10%. 

Figure 1 shows the poloidal cross-section of JET, with the viewing directions of 
the three diagnostics. 
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Figure 1: Schematic showing the 
viewing directions of the three 
diagnostics in the JET poloidal 
cross-section. The fine lines are the six 
vertical interferometer channels, the 
thick line is the LIDAR sightline, and 
the hatched zone the region of ECE 
measurements. 

DENSITY COMPARISONS 

Direct comparisons of individual measurements have been carried out for a wide 
range of plasma conditions. Figure 2 shows interferometer and LIDAR results for 
widely varying profile shapes. 

The LIDAR measurement of ne(R) is essentially locallzed. On the other hand, 
the Abel inversion of the interferometer data must assume that the density is constant 
on the magnetic flux surfaces. The good agreement obtained confirms the validity of 
the assumptions in the Abel inversion, notably that the flux surfaces correspond to 
contours of constant density. Moreover, the detail observed when higher order 
polynOmials are used in the inversion routine is shown by these comparisons to be real. 

The shape of the density profile measured with the LIDAR is known to an 
accuracy ~ 5% whereas the absolute level is subject to systematic calibration 
uncertainty" 30%. By normalizing the line integral calculated from the LIDAR profile 
to that measured directly by the interferometer J it is possible to improve significantly 
the absolute level of LIDAR density profiles . A systematic comparison of the ratios of 
the line integrals (without normalization of the LIDAR) over a period of ~ 6 months, 
figure 3, shows a small decrease in the LIDAR values compared to the interferometer. 
This may be due to a carbon deposit on the 'Vacuum windows. 
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Events which produce rapid density changes, such as pellet injection, can cause 
errors in the interferometer's fringe counters. With multiple pellet injection, it is not 
possible to reconstruct the density evolution uSing only the interferometer data and 
working back from the decay at the end of the discharge. However, recovery of the full 
time evolution is frequently possible by comparing the interferometer and LIDAR 
data. 
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Figure 2: Density profiles of widely varying shapes measured by the 
interferometer and LIDAR. The LIDAR profile has been normalized to the 
interferometer data independently for each case. 
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TEMPERATURE COMPARISONS 
Both the ECE and LIDAR provide localized temperature measurements, with 

similar spatial resolution. However, since the nature of the errors is quite different for 
the two diagnostics, a detailed comparison of data· averaged over many JET pulses 
should allow the systematic uncertainties in the ECE temperatures to be evaluated, 
and the full time resolution of the ECE instruments to be exploited. Comparison of the 
measurements made by the two systems over a wide temperature range (for example, 
figure 4) show generally good linearity , but with a consistent difference in absolute 
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level of 10 to 20%. The source of this difference is being investigated. If it is a 
systematic error in the ECE spectral calibration, this can be removed by normalization 
against the LIDAR. The apparent shift between the two high temperature profiles of 
figure 5 suggests an error in the calculation of the plasma internal magnetic fields 
under these conditions. A systematic study is in progress to see if the ECE/LIDAR 
comparisons can be used to derive the local magnetic field in the plasma. 
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SUMMARY 
The comparisons which have been made show that considerable benefit can be 

expected from integration of data from the three diagnostic systems. These benefits fall 
into three categories: 
(i) Reduction of systematic errors. In each comparison, one diagnostic suffers more 

from systematic errors than the other (LIDAR measurements of ne, ECE Te 
measurements). (ii) Detection (and possibly correction) of measurements perturbed by 
adverse plasma conditions. (Hi) New measurement possibilities. Comparisons between 
ECE and LIDAR may provide information about the accuracy of calculations of the 
plasma internal magnetic fields. 

The pellet shot reported in this paper was obtained using a multi-pellet injector 
provided by ORNL under a JET-USDOE Agreement. 
[1J H Salzmann et al, Nuclear Fusion, 27, 1925 (1987) 
[2J A E Coslley et al, Proe. of EC-4 The 4th Inll. Workshop on ECE and ECRH 

(Rome, March 1984) 
[3] D Veron, in Workshop on Diagnostics for Fusion Reactor Conditions 
, Varenna 1982, EUR 8351-IJ EN, Page 283 (Permagon, 1983). 
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MEASUREMENTS OF DENSITY FLUcrUATIONS USING A HOMODYNE 
SMALL ANGLE SCATTERING TECHNIQUE WITH A SIMPLIFIED WAVE 

VECTOR SELECTION 

1. Introduction 

OXilttel 

University of Fribourg, Department 0/ Physics, 
Nrolles, 1700 Fribourg, Swirzerland 

Small-angle C02 laser scattering has widely been used for the investigation of density 
fluctuations in plasma (Philipona, 1987; Slusher and Surko, 1980; van Andel et al., 1987). 
The method allows a simultaneous detennination of the wave vector K and the frequency ro 
of the fluc tuation and therefore the determination of the spectral density function S(K,ro). 
Though the calculation of a dispersion relation is possible. The antenna theorem of 
Siegman which requires an alignment of local oscillator and scauered signal beam within a 
solid angle Q?,'J.,2/A (A=surface of the detector). the complex optical path in many scattering 
experiments as well as the request to choose different scattering angles without lengthy 
alignments are crucial points of this method. 
The object of thi s paper is to present a new method to produce the local oscillator beam. In 
this set-up a separate local oscillator beam is no longer necessary which represents a great 
advantage over many scattering experiments. This method was tested sucessfully for the 
investigation of density fluctuations in a He plasma. Firs results are presented. 

2. Basic principle and opticallay·out 

The local oscillator is produced with a beamsplitter which lies just behind the plasma 
vessel in the main laser beam (Fig. 1). One part of the beam which contains the scattered 
and frequency shifted radiation is reflected and directed onto the cooled GeHg detector. 
The beamsplitter angle is controlled by two microprocessor step motors in the two 
directions X and Y. The transmitted part of the beam crosses the beamsplitter a second rime 
by the help of mirror Ml and M2 in the LO triangle at an angle of 90 degrees to the 
incoming beam, now insensitive to a beamsplitter displacement and is superimposed to the 
scattered radiation onto the detector, where it serves as the local oscillator. With an 
attenuator in the LO triangle the ill power is limited to 80 mW. Changing the scattering 
angle leaves the local oscillator position unchanged and therefore the requirement of 
Siegman's theorem is fulfilled for any angle. 
Fig. 2 shows the arrangement of the optical lay-out (Philipona, 1987). A C02 laser beam 
(Ao=10.6J.1m, PO=20W) crosses the plasma column and is focused on the beam dump at a 
distance of 12m in front of the detector. The beam radius in the scattering center is 
w=O.9cm. A spatial filter in front of the detec tor cleans the scattered beam from possible 
stray light of the main beam. 
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The signal is detected with a cooled GeHg detector (200 K) and analyzed with an analog 
spectrum analyzer (Kiittel and Philipona, 1988). The optical system is tested and calibrated 
by Rayleigh scattering from ultrasonic waves produced with a little tweeter near the plasma 
boundary. 

This optical system is very suitable for measurements with a detector array. A slit or a cylin­
dricallens in the LO part of the optical system produces a diffraction pattern which is unaf­
fected by the angular displacement of the beamsplitter and covers all elements of the detector. 

3 . Measurements and Discussion 

Density fluctuations are measured in a magnetized He plasma which is produced in 
pulses of 2ms with 50Hz repetition rate by microwave discharge. The plasma column with a 
radius of 4cm is contained in a vacuum vessel with a He gas filling pressure of p=5mTorr 
and an axial magnetic field of 1-3kG. The mean electron density and temperature is 
n e=3.1018m-3 and 1\.==5eV, respectively. Previous measurements have shown strong turbu­
lences at the edge of the plasma (philipona and Ktittel, 1988). The appearance of strong den­
sity fluctuations in the density gradient Nn :s; 30% suggested the idea of drift instabilities. 
Microturbulences are investigated for different magnetic fields Ba in the range 1-3kG. Fig. 3 
provides four frequency spectra of poloidal turbulences for different scattering angles. All 
spectra are characterized by a prominent peak around 60kHz which decreases in amplitude 
with increasing frequency. The peak frequency scales linearly with the magnetic field Bo, 
w(peak) - Bol, in the iI.1vestigated range 1-3kG. A single wave vector is associated with a 
broad range of frequency LlU) - 0). 

The mean wave vector of the poloidal fluctuation ke shows no significant scaling with the 
magnetic field and is ke = 3-4cm-1 with a k-resolution dk = 2cm-1. The results obey quite 
well to the "mixing-length" argument describing the scaling of the fluctuations: fi/n :s; like Ln 
where Ln = (I/n • dn/dr)-l is the gradient length of the density (Liewer, 1985). Fig. 4 shows 
this relationship. All other possible scalings fit the data less well than the scaling (ke . Ln)-l. 

4. Conclusion 

The presented small angle scattering technique is an improved method to measure density 
fluctuations. The major advantages are the easy way to align local and scattered beam, the 
quick wave vector selection and the fact to use no separate local oscillator beam. 
Although the investigation of the turbulences in a linear plasma machine has yet not been ter­
minated, first results show striking similarities to microturbulences in tokamaks. Maybe, this 
is an indication that microturbulences are not only driven by tokamak specific causes. 
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1. General Introduction 

A reflectometric system is being developed to measure density 
profi les and density fluctuations on the ASDEX tokarnak. 

Density profi l es will be obtained with broad band swept frequency 
operation using the ordinary mode; the position and density of a plasma 
layer will be obtained through the phase change the wave undergoes after 
the reflection on the layer where the wave frequency equals the local 
(cut-off) plasma frequency. The system has been designed for the range 
18 - 60 GHz, so electron densities from - 4xlO'2 cm-3to 4.sxIO '3 cm- 3 can 
be measured, both on low-field and high-field sides of the plasma column. 

Electron density fluctuations will be studied with fixed frequency 
operation. For large-scale coherent oscillations (e.g. MHO and related 
sawtooth activity ) the interpretation of the measurements will rely on 
the spectral analysis of the reflected signal: a main spectral line at 
the in j ected frequency and several harmonics Doppler shifted by the 
frequency of the f luctuations and its multiples; both the localization of 
t he reflecting layer and the amplitude of the fluctuations wil l be 
obtained from the measurements of a particul ar value of a phase shift 
externa lly added to the reflected signal which reduces to zero the even 
(or the odd) harmonics of the spectrum, as described in /1/. For 
small-scale , either coherent (case of Lower Hybrid-induced ) or incoherent 
(drift turbulence) density fluctuations, the scattering effects on the 
incident wave from all regions between the pl~sma edge and the ref lecting 
layer must be taken into account /2 , 3/ ; a theoretical model is under 
development /1/ , in order to interpretate ref l ec tometr ic measurements of 
the scattered energy flux, which will exhibit the contr ibution of 
different ranges of wave vectors along t he propagation path. 

Here, we describe the experimental set-up of t he reflectometric 
system, which i s now in its early stage of comissioning, and make some 
remarks on the expected measurements of density profiles on ASOEX. 

2. Experimental apparatus 

The reflectometric system for ASDEX includes t hree identical 
reflectometers in the ranges 18 - 26 . S GHz, 26.5 - 40 GHz, 40 - 60 GHz , 
( respectively standard K, Ka and U bands ) . Each one has two measuring 
channels corresponding to antennae in inner and outer positions placed in 
a toroidal cross section of the machine (Fig.l ) . 

The basic configuration of one reflectometer is shown in Fig.2. 
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Microwave sources shall be YIG oscillators for the K and Ka bands and a 
BWO oscillator for the U-band. All sources have fast frequency sweeping 
(-100 ps- 5 ms). OVersized waveguides shall be used in the upperband in 
order to overcome losses. 

Reflectometers are of one antenna type as this configuration needs 
less access to the plasma. Six antennae are to be installed inside the 
tokamak , two per frequency band , as shown schematically i n Fig. 1. The 
short distance between the antennas and the relevant plasma layers , 
together with spatial constraints, suggest the use of focussed hog-horn 
antennae, consisting of a feeding horn attached to an ellipsoidal 
reflector. Good spatial resolution (across the beam) is foreseen: 
- Bcm, Scm and 3cm , r espectively for the K, Ka and U bands; also small 
beam widths of the main lobe are expected (at 3 dB): respectively - 20°, 
10° and 5°. 

The detection is homodynic and uses high sensitivity broadband 
detectors with an IF bandwidth of - 1 MHz. 

The microwave circuits can have two configurations , depending 
position of the switch A ( Fig.2 ) , suitable respectively for 
profile measurements and for fluctuations measu rements. 
configurations can be changed during one shot . 

( i) Density profile measurements 

on the 
density 

The 

In this case , switch A is in the open position and arm l is excluded 
from the circuit. The reference Signal is obtained from the reflection 
of the incident wave in a movable screw placed at the mouth of the 
antenna. This eliminates the phase errors due to different paths of 
propagation of the reference and of the Signal reflected from the plasma; 
these errors could become very significant as the waveguide paths inside 
the tokamak are rather long ( 1-2 m) , and the total waveguide lengths 
could have large variations due to temperature changes . 

The reflected signals propagate through a directional coupler , placed 
inside the machine in order to avoid contributions coming from the 
reflections at the microwave window. 

Standard sweeping times will be - 2ms ; times as low as 100-200 l IS are 
envisaged whenever we shall study the time evolution of the profile due 
to density fluctuations, caused namely by sawtooth activity. 

(ii) Density fluctuations measurements 

When measuring large- scale fluctuations, a variable phase shift (from 
o to n) must be added to the reference Signal during the measuring time, 
so the signal reflected at the mouth of the antennae can no longer be 
used ; the screw is removed , switch A is closed and the reference comes 
from the signal sampled by the directional coupler i n arm 1. 

The measurements must be performed in times ~ 1 ms and fast, 
electronically controlled broadband pha se shifters would be required. As 
this is a non- available component for the relevant frequency bands (and 
its development would be a very time-consuming task) an alternative 
solution has been studied. The reflected signals are down frequency 
converted to the X-band ( B to 12.4 GHz ) , thus enabling the use of 
standard broadband cont rolled phase shifters for the X-band ( Fig . 3) ; due 
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to the balanced configurat i on phase/ frequency deviations 
oscillator shall not produce phase errors . This solut ion 
to density profile measurements . 

of the local 
can be extended 

3. Interpretation of reflectometric measurements on ASDEX 

ASDEX is a tokamak with major radius R = 165cm, minor plasma radius 
a=40cm and toroidal magnetic field B ~ 2.8 T / 4/ 

In order to discu ss the validity and to test the numerical methods of 
calculat ing density profiles from reflectometr ic data, we analysed 
typical density profiles recently obtained through interferometric and 
Thomson scattering methods (as the one in Fig.4 (a), approximated by an 
analytical function for best fitting with the data (Soldner, private 
communication, IPP Gar ching , 1987». By comparing the inhomogeneity 
scale length with the ·wavelength of the probing wave, one concludes that 
t he WKB approximation for the wave propagation seems to hold down until 
close to the limiter (ne s 0.3xl0 13 cm-3 , so F S 16 GHz ) , so the total 
phas e delay ~ ( F ) can be easily analitically inverted for the case of the 
a-mode i n order to find t he position of the reflecting layer • 

For each frequency sweep , the acquisition system will store N values 
of wave frequencies (F i ) at all 2n phase shifts, ~ ( Fi ) ; from Fi and ~ ( Fi ) 
the position X( Fi ) of the density layer n( Fi ) will be obtained , and 
therefore the density profile at N points. Several numerical treatments 
can be used in order to obtain the profile , a iming to optimizing either 
t he accuracy of the result or the calculation time . Simonet (private 
communication, 1987 ) has suggested two basic methods: an iteratif one, 
based on the va lues ~ ( F ) , the other using direct ly X(F) values. Those 
methods were t ested for several ASDEX profiles (as the one of Fig.4 (a » , 
which gave the data for their numerical reconstruction. The results 
suggest t he convenience of using the direct method, with the most 
accurate scheme of interpolation ( trapezoidal , Fig . 4 (b» ; a reduction 
of 70% in the calculation time is obtained in comparison with the most 
accurate scheme of the iterative method. At the plasma edge , the 
differences between the given profile and the ones obtained from 
numerical reconstruction are significant ; it will be necessary to 
accurately determine the initial conditions for the profiles , whose 
slopes in this region strongly differs from theoretical parabolic 
profiles ( Fig.4 (d » . 

The phase shifts as a function of the 
theoretically evaluated from typical ASDEX 
frequencies ( fB ) for each reflectometer were 
standard sweep times (~ 2 ms ) I fB < 25 kHz, 
with period $ 2 ps will ensure measurements 
cons idering sweep times as low as 100 ~s , 

sample periods of - 200 ns , corresponding to 
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Fig.3 - Down frequency conversion 

Fig.4 - a) ASDEX density profile, with ne= 2.9xlO 19 m- 3
; b)c) Estimated 

profiles using direct numerical methods, respectively with trapezoidal, 
and one-point interpolation schemes;" d) Theoretical parabolic· profile. 



1131 P 3 H 83 
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Brief, but intense, resonant wave heating of high energy electrons can produce in 
tokamaks a transient synchrotron radiation response that is distinguishable from the 
steady background radiation. The radiation response, a two-dimensional pattern in 
frequency-time space, is highly sensitive to the details of both the heating pulse and 
the plasma parameters. For example, the radiation associated with the wave-heating 
of high-energy electrons tends to be at lower frequency and to decay more slowly than 
radiation associated with the heating of low-energy electrons. More precise details of 
the radiation pattern, however, are governed by, e.g., the plasma density, the effective 
ion charge state or the observation angle with respect to the magnetic field. 

Given a description of a physical process, it may be possible to deduce from data 
representing the process, the parameters that govern the process. Here, quite gross 
characteristics of the radiation response can be used to deduce the heating and plasma 
parameters. By gross characteristics, we mean those that reflect primarily the two­
dimensional shape of the radiation response and are largely insensitive to noise or 
calibration errors. It turns out, in fact, that the gross characteristics of the radiation 
are sufficient to allow simultaneous deduction of several heating and plasma parameters 
of interest. Thus, we are not limited to the case where only one parameter is considered 
unknown. 

In this work we restrict ourselves to the steady-state plasma (no dc electric field), 
and we identify the plasma properties that can be reliably extracted through obser­
vation of the transient radiation. The theory of the incremental radiation response, 
including the Green's function for efficiently calculating the radiation response, has 
been described in Ref. 1. Here, we examine the sensitivity of the response to specific 
parameters of interest . 

An example of such a radiation response is shown in Fig. 1. Here the incremental 
radiation of ordinary polarization, plotted as a function of frequency and time, results 
from electrons initially with about 130 keY of parallel energy. This iniLiai condition 
corresponds to the temporary increment in energetic electrons that would result from 
the stimulus of brief but intense rf heating. Because of particle conservation, a tem­
porary decrement in somewhat lower energy electrons must accompany the temporary 
increase in energetic electrons. There is an incremental radiation response to this 
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decrement too, but for simplicity of presentation, we consider here only the positive 
part of the incremental radiation, as though energetic electrons were just put there. 

In Fig. l a, the radiation is viewed at an angle of 120 with respect to the magnetic 
field (i.e., 8 = 12°)' while in Fig. lb, the radiation is viewed at -12 0

• An object of 
this work is to sec, for example, whether by observing the radiation response only, we 
could deduce this angle. To the extent that the radiation response depends sensitively 
upon the viewing angle, we have hopes of uncovering this parameter. Deducing the 
angle of observation informs on the direction of the magnetic field, Of, equivalently, 
the q-profile. Other parameters of interest that shall be considered here include the 
ion charge state, and, if not known, the details of the stimulus itself. 

In the case of Fig. 1, it is ev ident that if it were only a matter of distinguishing 12° 
in the viewing angle, our task would be quite simple. However, more fine discrimina­
tions are of interest, and, moreover, it may be necessary to deduce several parameters 
simultaneously. In this report we show that this can be done, even in the presence of 
noise. The property of this diagnostic that we exploit in particular is the very many 
data points that comprise the radiation response. Taking data in both time and fre­
quency makes available perhaps several hundred data points, so that the signal can 
be extracted effectively from the noise. In cons idering the effects of noise, we assume 
here, for simplici ty, that the noise is gaussian and uncorrelated . With this model for 
noise, we then calculate the conditional probability that parameters of interest have 
certain values, given the noisy data. 

R 

w 

Figure 1. Transient O-mode radiation vs. wand Tj in a) 0 = 12° and in b) 0 = ~12°. 

Consider for example Fig. 2a. Suppose that all plasma parameters are known, but 
we do not know the q-profiie, i.e., we do not know O. Suppose also that, whereas we 
are able to impose a stimulus narrow in velocity space, we do not know precisely the 
energy of the affected electrons. Further, to evaluate this technique as a diagnostic , 
we simulate experimental data by corrupting the theoretically computed values with 
gaussian uncorrelated noise . In Fig 2a, we plot the joint probability of 0 and Uo given 
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the noisy data as a function of () and UQ. Here the noise is 30% of the maximum signal 
and 1600 data points are used. Note that, despite the noise, the angle of observation 
e is inferred to within a degree and the stimulus location is inferred to within 5%. By 
inferred, we mean here that marginal probability of 0 given the data (i.e., summed 
over all possible stimulus locations) is finite only for () lying within a narrow range. 
In Fig 2b, we raise the noise to 120% of the maximum signal. Here the velocity-space 
locat ion of the stimulus is inferred about as well, and the angle of observation 0, while 
more uncertain, is still inferred to about a degree. In Fig. 3, we plot the marginal 
probability of 0 versus 0 for several levels of noise. Note that in the limit of infinite 
noise the marginal probability becomes fiat as a function of 0, which is what we have 
taken as our a priori probability. 

o 
' 0' 

0. 

Figure 2. Joint probability P(O, Uo I data) when a) the noise level is 30% and b), 120%. 

In Table 2, we take as unknown not only 0, but also the stimulus width in velocity 
space and the ion charge state Zeff. The table illustrates the degree to which we can 
deduce simultaneously these three parameters. The result of this exercise is that we 
realize that the radiation response varies in rather different ways with these parameters, 
so that the chances of inferring anyone of the parameters would not be diminished 
severely by a lack precise knowledge of the other parameters. 

In general, to the extent that the radiation response depends sensitively upon any 
particular parameter, we have hopes of uncovering that parameter. On the other hand, 
to the extent that the radiation response is insensitive to any particular parameter, 
we then have hopes of ignoring that parameter. 

The radiation that we expect to measure is about 1/ 100 of the background radia­
tion. For a maxwellian plasma with temperature, density and magnetic field of 5 ke V, 
1014 cm-3 and 4 T, the background radiation in the perpendicular direction is approx­
imately 4 milliwatts/(unit solid angle-cm)3 when the frequency interval is 1 GHz. The 
time duration of the radiation response is a slowing-down time of a resonant electron, 
which typically might be lO's of milliseconds. 
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0.96 0.46 

0.04 0.51 

0.00 0.00 

0.97 0.77 

0.03 0.23 

1.00 1.00 

0.00 0.00 

Table 1. 

T he results presented assume that 1600 noise-uncorrelated data points are avail­
able. The effective noise level decreases roughly as the square root of the number of 
data points. In practice, the noise levels that we are simulating here are actually quite 
high, so fewer data points should not be a great problem. Only near the cyclotron 
harmonics might it be difficu lt to distinguish the incremental radiat ion from a high 
level of background radiation. In any event , the resolution of the viewing angle is 

' more likely limited by the optical system (to about 1° or 2°) rather than by the level 
of noise or other uncertain t ies in plasma parameters. To t he extent that the angle 0 
is resolvable, informat ion concerning the local value of q becomes availab le. 

In summary, we have proposed an invasive method for extrac ting information 
on plasma parameters from synchrotron radiation. The approach relies on detailed 
and sure knowledge of the behavior of fast electrons in a steady-state plasma. While 
certainly there are a number of practical matters to sort out, it appears that inferences 
might be drawn reliably concerning macroscopic plasma parameters, such as t he ion 
charge state or the current profile, which are difficult to deduce through other means. 

This work was supported by United States Department of Energy under contracts 
DE- FG02- 84- ER5-3187 and DE-AC02- 76-CH03073. 

1 N. J. Fisch, In verse Problem for Incremental Synchrotron Radiation , to appear in 
Plasma Phys. and Controlled Nuclear Fusion, 1988. 
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POLARIZATION CHA NGE OF ELECTROMAGNETIC WAVES 

PASSING THROUGH TOROIDAL SHEARED PLASMAS 

A.Airoldi , A.Orefice, G.Ramponi 

Islituto di Fisica de l Plasma, Associazione E t1 ratom~ Enca-Cnr 
Via Bassini 15,201 33 Mi lano (Italy) 

T he polarization change of an c.m. wave passi ng through a magnetized 
plasma turns out to be of renewed inte rest because of lhe possibility, offered 
by polarimetry measu rements in the in frared range of frequencies, of 
dete rmining the current density profile in a tokamak plasma / 1/. Because of 
the magnetic shear, acting as a cou pling parameter between the cha racteristic 
modes in Maxwell equations, the fraction of energy in each mode is no t a 
constant, and a non-WKB treatment is necessary in order to describe the 
evolution of the wave pola rization. 
In the pre~ent work we consider e. rn . waves in jected into a toroi<1al 

inhomogeneous plasma with their wave vector k contained in a poloida \ 
plane ep = COIl."L. In our approxim ation the wave is assu med to rema in 
basiCA lly transversa l al l a long its trajectory, with k pointing in the 
propagation direct ion. The trajectory, in its turn , is assumed to be basic<Jlly 
straight , thus a llowing to define a coordinate system (lp, k , 0), with 0 = 

(P X k , where E = 0, being E the (real) wave electr ic field. 
The (real) elecfric vector of a plane wave shall desc ribe, in general, an el lipse 
wh ich, in the plane ( (P ,0), takes the form 

E = at cosS + a2 sinS 
E" = <13 COSO + a4 sinS 
• 

with Ii ~ - wt. 

( I) 

Th e plasma region crossed by such a wave is decomposed into elemcn tary 
slabs, such that in each ... Iab the plasma may be assumed to be homogeneous . 
T herefore entering each slab the wave spliL" into extraord inary (X) an d 
ord inary (0) waves, which recom pose when they get out and evolve because 
of the rh a~e difference d(Il piled up in ds . This is ... een to be desc ribed by a 
first order differential equation of the rorm: 

da/ds ~ - (k - k ) U(s) x n 
(2) 
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where a = (3 1 ' 3 2 ' 3
3 

' 3 . ) a re the coefficients which completely identi fy the 
pol arization ell ipse a ll a long the wave trajectory, kx and ko are the 
wavenumbers of the "local" X and 0 modes, and U is a set 121 of four 
fun ctions of the plasma para meters. 
Solutions of eq. 2 are shown here for different p lasma parameters. 
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Fig.l . Rotation angle t::. p (CUIVC a) in degrees and percentual energy 
contained in the X mode (curve b) along the vertical trajectory passing 
in R = 3.08 m fo r a JET D-shaped equ ilibriug) c.'lSC cotTesponding to 
D = 2.2 T, q(O) = .9, q(a) = 5.4, n (O~ = 4;dQ . cm-] 

In Fig. I the rotation angle 6p for a wave which in it ia lly is linea rly 
polarized with E osci llating along the toroidal direction ( p = 0), and the 
fraction of energy (in percent) con tained in the X mode are shown along a 
vertical trajectory at R = R ,in the case of a JET typical equilibriu m a nd 
'A = 195 }lm. It is evide nt tl1at, while the wave doesn't rotate in this case 
(the longit udinal component of the magnetic fie ld is ze ro a ll along the 
trajectory), there is a continous exchange of energy between the X and 0 
com ponent of the wave. 
In F ig.2 we plot both the rotation ang le /I n and the quantity P IP , Le. the 
power which is transferred into the di rection perpendicular to the thitial one, 
at various radial positions R, for the same parameters as in Fig. I . In the 
case shown t here is complete agreement between our results and those 
obtained by the analytica l expression of DeMarco~Segre / 3/ . A variation of 
the q{O) va lue, i.e. of the current density profile near the center, induces a 
va riation of the .6 p profile, as shown in Fig. 3, where the s lope of the .6 13 
cu rve at the plasma center is plotted versus q{O). This fact confirms that it is 
poss ible to get information about the q(r) profile, if the density profile is 



1137 

known with sufficient accuracy. Fig.3 refers to a JET-like Circular 
equil ibrium casc, wh ich a llows an ana lytical continuous dependence on q(O). 

-6 

1.80 2.00 2 ,20 2 . ~ O 2.60 2.r o 3.00 3.20 1. ~O J .60 J.80 4.00 4.20 

R(m) 

Fig.2 - Rotation angle 6. ~ in degrcc.'\ (curve a) and percentual energy 
transferred in perpendicular direction (curve b) for different radial 
positi9ns for the same equilibrium conditions of Fig. l. 

In the case of different plasma para mete rs (FTU-like , i.e . n(O) ~ 5x l0 14 

cm·' , B ~ 7 T , q(O) ~ 0.8, q(a) ~ 3.5) and for ).. ~ 195 ~ a sensible 
differcncte exists between ollr results for 6n and those predicted by the DMS 
analytical expression, as shown in FigA. This fact is to be ascr ibed not only 
to the total va lue of the phase difference 6, (1) , but also to the fact that, in 
the ca!-iC shown , the effect of the component or the magnetic field transverse 
to the trajectory is not negligible with respect to that due to the longitudinal 
one. In this case, in ract, the pola riza tion change is not uniquely d ue to the 
rotation angle, but also to the elliptici ty change. 

Work done under JET Contract JT6/9004 
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Fig.4 - Ro tatio n angle fj, .p in degrees (dot marks) according 10 the present 
ro nnulation and to DMS evaluation (square marks) fo r different radial 
positions in a FTU-like plasma. 
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Ion Cyclotron Emission Measurements On JET 
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Introdllction 

A J ET ICRH ante nna has been used in reception mode to monitor the time and 
frequency-resolved ion cyclot ron emission (ICE) from de uterium 6 MA ohmica ll y heated 
plasmas with antenna configuration in d ipole phasing. The ICE spectrum is compared with a 
computed thermal spectrum fo r harmonics from 1 to 5. It shows the characterist ic harmonically 
re lated superthermal peaks 1.2. These observations revea l that the superthe rmal emission is 
modulated in time and is co rre lated with inverted sawtee th and with the 1-1- (1' signal located 
nea r the plasma edge. 

ICE Spec/rum 

The antenna was used to moni tor the ICE (ram IQ MHz to 100 MHz. The signal is detected 
lI sing a spectrum analyse r, which provides about six spectra per pulse. Previous expe riments2,4, 

made with the same equipe mell l, suggest that the ion temperature could possibly be measured 
by analogy with the technique of electron cyclotron emission (ECE). However, the 
superthermal emission for deuterium ohmic cases masks the thermal emiss ion, and is 
influenced by the fus ion products of the D-D reactions 3. 

To study the effects of these supe rthermal ions on the spectrum, wc need to ca lculate the 
thermal level. To compute this, we have used a code based on Blac k Body radiation 5

. In this 
frequency range and ion temperature level (typica ll y 7j = 2 KeV for ohmic pu lses), we have 
hv/k T « 1 , and can take the Rayleigh-Jeans law to get the thermal intensity. To take into 

accoun t that the waves , before being received by the anten na , may make many reflections 
withi n the vacuum vessel , (i ll the optica lly thin limit) , we include a slab model for these in the 
code. We use the formula: 

N 2(j} 
{(W, T,) = -3-' kT, . ( 1 - e- ' ) 

8" c 
(I) 

whe re N is the refractive index of the medium, defi ned by N - wp;/wci , and the subsc ri pt i 
stands for the ion majority species, and r is the total optical depth for the plasma at frequency 
w/2n. We calcula te r from the d ielectri c te nsor for a co ld plasma, includi ng a small perturbatio n 
to take into account that the plas ma is warm 8

. We also include the effects of finite Im lllo r rad ius 
and non re lativistics part icles. Having solved the dispersion relation , we may use previous 
results 6

.
7 from ECE theory and ca lculate the opt ical dept h. We al so assume the ion 

te mpe rature profi le and the ion de nsity profil e to be pa raboli c. We then compute t:l e the rmal 
emission fro m the first to the fifth ion cyclotron harmonic fo r the ion majority species. We do 
not compute for harmonics grea ter than five. because these fall outside of our freq ue ncy range. 

We ca librate the ICE signal by taking into accoun t the coupling res istance of the anten na 
over o ur frequency rangc. This gives us a function with which wc ob tai n the ICE powcr in front 
of the antenna 
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We now compare thi s calcul ated Black Body emission with a ICE spectrum from a 6 MA 
di scharge with de ute riu m majority (figure I). 

-ro,--------------------, 
-30 

-40 

;[ -so ~'I\ i - 60 NIj'\l'l.~' ~~~~~~\"'I ~ 
g -70 'f!!" .... /!C---"~+'---L-,",;,.,,-: __ I 

-'0 ;N' 
" .:;;'" ~ 

1~0-LL-'30~-L-.SO~~--7f,0.-~~OO.-~ ! 
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Frequency (MHz) 

Fig. 1 Comparisoll betlVeell (he ICE 
,~pectrllln alld the compl/led thermal 
emission (80 = 2. 18 T). The hac/led 
regioll represellts the thermal emissioll. 

It can be seen that the com pu ted spectrum explains some of the unde rlying features of th e 
experimental spect rum. I-Iowever, be low iI freq uency arou nd 40 MHz, the thermal emission is 
not the main source of the emission. This is due to the weak absorpt ion of the fundamental of 
deute rium W = wrD be low 21 M l-l z. It can also be seen that our compu tatio n reproduces the 
ICE spectrum in the range 4(}-SO MHz, suggest ing thalthe thermal spectrum o f the b ul k ions is 
vi sible in thi s interva l. 

We know that the obse rved peaks arc linked wit h the presence of fusion products of D~D 
react ions 2; T , ·' He, H + . The peaks A to F on figu re 2 can be related to the cyclotron harmonics 

60 

ABCD EF 

I I I I I I 
i 

12 ! 
1~0~2~0~3~0~~40~1s~0~6~0~7~0.-t.'O,-~90~u(,OO 

Frequency(MHz) 

Fig. 2 : Tlte peaks A fO Fare harnwllics 
of T,-ll-Ie, J-/ + fo r a magl/cfic f ield of 2. 1 
Tesla. The ICE spectrum is smoothed by a 
gaflssiOl/ to impro ve tlie signal-tO-liaise 
ratio. 

of the three part icles. These are li nked respec tive ly by the following relat ions: peaks A to Fare 
the cyclotron harmonics 2 to 7 of T ; peaks A, C. E are the cyclotron harmonics I to 3 of lHe; 
peaks B and E are the cyclot ron harmonics I and 2 of J-/ +. In order to ob tain the 
correspondence be tween them , we take the va lue 2 .1 Tesla for the magnetic fie ld. This meil ns 
that the emission which produces the reaks is near the plasma edge . The last observation 
provides support to the interpretation- that the supe rtherma l ICE is gene rated by fusion 
products near the pickup antenna. 
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Time Resolved Measllrements. 

We have observed the time- resolved emission of peak 0 with a sampling rate of 1 kHz. When 
the 6 MA curre nt fl at top is reached, inverted sawteeth are obse rved on the ICE e mission. 
Comparison with a soft X-Ray signal from the plasma edge (figure 3) shows a good correlation 
between the two, which indicates it originates near the edge. We also compare the ICE signal 
with an H- crsignai. It is also well corre lated (figure 4). The ICE signal can be to de layed with 
respect to the soft X- Ray signal. The q = 1 surface is at radius R = 3.7 m . So the ICE signal 
originates outside thi s surface . As the H-cr emission originates from a region close to the 
li mite r, the correlation with the ICE signal indicates furthe r that the ICE emission is coming 
from the plasma edge. This loca lisation of the emission clearly must be taken into account in 
future mode ls of the ICE spectrum . 

o .6 ICE signal 

:~ /\ V, ~ ~, 
o. • 

7 

I\I\-ml\ 
6~1\ , o 

o. 

o 0 .• 
Time (s} 

ICE Power 

1.0 

~~ __ ~ __ ~ __ ~~~~ l 
.09 .45 .82 

nme (s) 

Fig.3: Time-resolved soft X-Ray 
(R = 3.7 m) and ICE signals are com­
pared, durirlg tlte current flat top . 

Fig. 4 : Time-resolved H it signal are 
compared with ICE, during the CLlrrelll 

j1attop . 
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DisctlssiOIl and Conclusioll. 

Comparison between the ICE and the computed therma l emiss ion spectrum reveals where 
the superthermal component of the emiss ion is dominant. T he non thermal emission peaks can 
be intcrpretatcd in terms of the ion cyclotron harmonics of fusion products of the O-D reactio n. 
It is possible to matc h the observed and calculated ICE harmonics peaks if the field is take n to 
be that va lue near the boundmy (R = 4.211/) of the plasma , suggesting that the origin of the 
emission is near the plasma edge. Taking the time- resolved emission of onc of these peaks, we 
find the ICE signal shows inverted sawteeth. T hese two observat ions give support to the 
in terpretat ion that the superthermal emission origina tes from the plasma edge. near the pickup 
antenna . 

The coincidence of the inverted sawtecth of ICE and H- (l' signals in time gives strong support 
to the interpretation of the ICE as originating from the outside part of the plasma , in the near 
field region of the ICRH antenna. It is possible that deeply trapped fusion products , born in the 
centra l part of the discharge , can make large orbit excu rsion in the outer part of the plasma. 
These particles may suffer collective velocity-space instabilities which can drive unstable waves 
in this region. 
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RADIAL DECAY OF BROAD BAND MAGNETIC FLUCTUATIONS IN ASDEX 

r. Giaooooe , E . Holzhauer* and J. Gernhardt 

Max Planck Inst itut fUr Plamsaphy sik , 
Garchin g, F . R. G . 

• Institut fu r Plasmaforschung , 
Universitat Stuttgart , F . R.G 

1 INTRODt JCT I ON 

A new magnetic probe system, consisting of coils mounted 
on a pneumatically driven manipu l ator , has been i nstalled on 
ASDEX. The manipulator may b e scanned through a distance of 
8 cm in the r a d i al direction within 150 ms. This system then 
possesses t h e capabi l ity of o btaining measurements of the 
radial decay of broadban d magnetic fluctuations at a single 
poloidal location /1/ . Other experiments have used coils 
positioned a t different pol oidal l ocations and measured the 
radial decay by plotting the f l uctuation amplitude as a 
function of the radial position of each coil /2 , 3/ .Measurements 
of magnet i c fluctuation amplitude during Land H transitions 
were previously made by co i ls l ocated at a d i stance of 14 cm 
from the sep aratrix /4/. The new coils may be moved to within 
4 cm of the separatrix . 

2 EXPERI MENT 
The radi al , poloidal and toroidal component s of the 

fluctuating magnetic fie l d may be detected simultaneously. A 
passive high pass filter is used to attenuate the dominant 
coherent magnetic fluctuations due to Mirnov oscillations. The 
signal is amplified with a gain of 200 and monitored by an 
analogue - to- digital converter , a spectrum analyser or a 
frequency comb . The frequency comb contains a spl itter and a 
set of 8 bandpass fi l ters . This a l lows the RMS amplitude of the 
probe signa l at 8 frequencies i n the range 30 kHz to 1 MHz to 
be measured s i multaneously . 

The signal - to- noise rat i o at distance of 4 cm from the 
separatri:-: is greater than 20 dB up to a frequency of 1 MHz for 
the radial and poloidal components in Ohmic discharges. At low 
frequencies t he toroidal component is smaller than the poloidal 
and radial components , while at higher frequencies they are of 
comparable magnitude. In ASDEX , t he measured poloidal field 
contains a component generated by switching noise on the 
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multipole and ve r tical field coils. Radial profi les o f t h e 
fluctuation ampli tude of the radia l component were therefore 
studied . 

The radial decay of broadband magnetic fluctuati o n s was 
measured by scanning the coils through a distance of 8 cm . The 
pro be starts 12 cm away from the separatrix, moves to within 
4 c m o f the separatrix and returns ( see Fig . 1 ). The closest 
distance to the separatrix was deter mined by observed in c reases 
in t he hard x-ray flux, which r esulted fro m runaway electron 
collis i ons with t he probe . Ohmically heated and neutral beam 
heated plasmas wi th various values of magnetic field a n d plasma 
cur rent have been studied. 

The poloidal mo de number, rn, h as been inferre d from the 
radial decay of the magnet i c fluctuat i o n amplitude, sinc e in a 
c urrent free region the amplitude decreases as r-(m+l) in 
c ylindrical geometry /2 ,3 / . This impl i citly assumes t hat the 
conducting wa l l is positioned at an infinite di stance from t~e 
plasma and t hat the t oro idal wavelength is infini te ( k z = 0 ) 
A plot of the l ogarithm of the amplitude versus the logarithm 
of t he minor radial p os iton was used t o find m. The decay o f 
magnetic fluctuation amplitude i n the presence o f a conducting 
wall at a finite di s tance from the plasma with k z ~ 0 h as been 
co n s idered /5/. The expected radial decay for a si ngle mode may 
be expressed in terms o f modified Bessel functions . With the 
conduct ing wall on ASDEX at r = 6 1 cm and the separatrix at 
r = 40 cm, it wa s found that the m number was overestimated, 
whe n the effect of the conducting wall and finite k z we r e 
ignored. 

Modes with the lowest m predominate when a numbe r of modes 
with different m are unstable, because of the strong depen dence 
of the radial decay on m. From these measurement s of the radial 
de c ay of broadband magnetic flu ctuations, it is found that 
m ~ 8 on ASDEX . This va lue- is consistent wi th those observed in 
other experiments / 1 - 3/ . 

3 THEORY 
The identificat i on of the plasma instability responsible 

for the generation of broadband magnetic fluctuations and the 
extent to which magnetic fluctua t i o n s cause ano ma lous elect o n 
tran s port are important topics in fusion r esearch. It h as been 
suggested tha t broadband magneti c fluctuat ions are due to 
micro tearing modes /2,6/. These modes are high m temperature 
gradient driven tear ing modes. 

Calculatio n s con cerning the l inear i nstabi lity of 
mi crotearing modes in ASDEX , show that modes with m S 10 may be 
unstable for typical discharge condit i ons /7/ . In Ohmic 
discharges the unstable modes are l ocated at radial positions 
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inside of half the plasma minor radius, while in neutral beam 
heated plasmas the most unstable modes are located closer to 
the plasma boundary ( see Fig. 3 ). This result suggests that 
the enhanced magnetic fluctuation level measured in neutral 
beam heated plasmas /4/ may be partly due to a change in the 
position of the unstable modes , and this should be taken into 
a c count in those experiments considering the scaling of t he 
inverse o f confinement time, 'rE -1, with broadband magnetic 
fluctuat i o n amplitude /8/ . 

11 CONCLUSION 

For ASDEX plasma parameters, experimental observations 
and theoretical calculations suggest that the microtearing mode 
remains as a candidate for the plasma instability whi ch is 
responsible for the generation of the broadband magnetic 
fluctuations. 

Further work is required to apply a more sophisticated 
theory which describes the non-linear and toroidal coupling of 
different modes and the saturation of each mode to the 
experiment . In the linear theory each mode generates 
fluctuations at a frequency determined by the plasma 
parameters. A broadba nd spectrum is produced as a result of the 
non-linear and toroidal coupling of modes that are located at 
different radial positions within the plasma. 
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The movement of the manipulator is monitored and the radial 
profile of the RMS ampli tude of Sb/dt is measured at 
f = 82 kHz in an Ohmic discharge with B = 1.85 T and 
Ip = 320 kA. The bandpass fi Iter has M / f = 0.1. 

Radial decay of broadband magnetic fluctuation amplitude as a 
function of frequency for an Ohmic discharge. A plot of .the 
logarithm of t he amplitude versus the logarithm of the minor 
railial position yields the poloidal mode number. m. The 
presence of t he conduct'ing wall needs to be taken into account. 

Fig. 2 ~ 
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Microtearing mode stability 
tn a plasma wtth B = 1.85 T 
and I = 320 kA. The 
imagfnary part of the 
eigenvalue. t. versus 
normalised radius for an 
Ohmic discharge is plotted 
in Fig. 3(a) ana for a 
discharge with neutral 
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VERSATIL3 TECHNIQU~ OF FINDING A LOCAL DYNAMIC 
VAL~~ OF ELECTRON HEAT CONDUCTION COEFFICIENT~P 
FROM EXP~RIMENTAL DATA ~~ 
Neudatchin S.V. 

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

p 3 H 89 

A new versatile technique of findingJC~P from experiments by 

heat pulse propagation is proposed.The basis for a new techni­

que is a numerical solution to the heat conduction equation for 
~ 

an electron temperature perturbation Te(r,t).The equation is 

solved for a piece of the radius,where the real experimental 8i-,.., 
gnals, lreexp(r,t) ,from the left-hand side point and from the 

right - hand side one out of three successive pOints of measuring 

~ (r,t) are taken as the left-hand side boundary and the right e . _ ~ 

hand side boundary conditions for Te(r,t). The quantity~ is 
chosen from the coincidence bet\veen the calculation and the ex­

IV 
periment at the intermediate point of measuring Te(r,t).It is 
shown that the technique is applicable to the finding of~~ 

.Fe · 
from the heat wave due to sawtooth oscillations, on the one hand, 
and due to EGRH, on the other. In difference from other techni­
ques, this versatile technique determines~eHP from a combined 
heat wave due to on-axis BCRH under strong saw-teeth. An ins­

tantaneous determination Of]Ci:P just after a shot in tokamak 

is possible. HP 
Some analytioal methods of finding Ye- are widely used for 

tokamaks, but these methods depend on the v~y of producing a 
rv 

perturbation in the electron temperature Te(r,t).Using the me-

thod 141, one can find an average value of JeHP within t he re­

gion between the saw-teeth oscillation radius, ~o, and a point 

of measuring Te.(r,t).The method /1/ is applicable to local 

ECRH . 
rv 

Let us consider the transport eqtmtion, Te(r,t), on the back-

ground of a stationary profile, Teo(r). Designating Te=Teo+~, 
rv . f""v' ~ ,/ 

"C - '¥ + ')C. etc. and assuming VIe /Vleo Le Te-i-re 
j e. - j eO / e 0 
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A/ 

.,. , the equat ion for TQ.. can be written in the f orm: 
2. - ' r I<Y[ ~ ~ - ~)~ 'V .. no ;;. -="'O"l- r-1l0(reo+Tef:fef?Iec;f?~ f7TeJfQ = 

",0WI""onfJPt17:.] +Q, YeHP== Jeo+)?;. 1-~ P7.<./pTe 
( 1 ) 

In /2( it has b~n s::.ovm that Ye-HP= yeo + (dYe/Jp~, r/Teo 
at 1cjeCf?'Te), vTe.c.<:I7/~ The cal culation of Te ( r, t)-evo1ution at 

Ye. (t?Te) has been done, using the compl ete transpo~t code 
in the same paper /2/. The calculation shows that the T (r, t ) 

evolution is dif fusive (reHP=const ( t) ) at fe=y .. (I7~>nd si­

milar to t hat in TFTR!6!. Therefore, findin g YeHP by some, 

"dynamic " technique, one can find the quantit y 01e,!0f7lt.that 

i s important for understanding a physical cause for anomalous 
e l ectron transport. 

Let us describe the proposed technique in detail. Let us have 

T (r,t) measured at three successive points along the radius, 

V'1. ' T 2 , T3 l ocated outside th~zone, where the t emperature 

perturbat ion source acts (i.e. G? =0). The points s hould be l o­

cated not far from each other, rla ~ 0. 1, that usually takes 

place in the experiments (in JET there are f orty pOints of mea­

suring ~(r, t) and 38 s ets of three successive points , respecti­

ve1y).Let us solve i!:q .(1) in a range r1~ r';; r), i.e. in the ra­

nge, the left-hand side boundary and the right-hand s ide bOWlda­

ry coincide with the left-hand side poi nt and with the right-
,...-

hand side point of measuring Te(r,t). As we have already discus ­,..., 
sed, let us consider the Te(r,t) - propagation upon a stationary 

rv 
background. Therefore, an initial condition for Te(r , t) is 

~~(r,O) =O at t =O (t=O is the start up of the source funct i oning, 

~~(r,t )) . Let u s assume the experimental Signals, j(~eXP(r1, t) 
~ 

and TeexP( ryt) , to be the 1eft -he.nd side and the right -hand si-

de boundary conditions for Zq.(1). Presetting various values of 
~ HP ,..., cal J(" =const (r,t) ='/, we calculate the behaviour of Te.. 

('f ' 
tion 

tion 

r ,t) at an intermediate point, r 2 from the numerical solu­

to Eq.(1). The quant i tyoelP is found from a minim\.jlll devia-
JI . t: ~CD. e 

of the calculation for an intermediate point,h?ln~ ~ Y"'{j, 
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rv )/1"2 7 ,'L2 ,t)-Teexf(?~)t 'C/r: ,from the experiment. The value of 

Jf~P obtained is a lmost 100a1,i .9. an average within the ran­

ge r 1 !5: r!5: r 3 , (r1~r3)z< a. Moreover, any changes in 'Ye.. or in 

heat s ources or sinks on the left and on the right from the ra­

nge (r1 ~r3) will not affect ylP. One can also find a radial de­

pendence , ]CeHP(r),e.g. searching within the class of solutions 

'ft~ r/...nrnm n=O,1,2,3, finding cl ... for each n as described abo­

ve . As f or a radial dependence, it is determined from the abso­

lute minimum of the quantity,;;t;Te.CQeC(J,,7..~'lJ.. ,t)-Te"Pj}2)t)!';}& 
When one mows the error bars in the measurements of TeCr,t), 

i t is easy t o estimate the error bars in determination Of]?JJP 

Three points of measuring '¥e.(r, t) are not alwais present 
(V' 

in t he experiment.Let us have only two pOints of measuring T~ 

r, t ,r1 and r2* Then assuming the boundary condition to be on 

the liner, r=a, instead of the right-hand side boundary conditi-
, (V ( 

on , ~.e. Te a,t)=O, one can solve Eq.(1) in the 

Then one can detennine 1eHP in the same way as 

range r 1 ~ r~ a. 

at three points of 

measurement. 

Let us verify the technique by some examples now. Let us de­

t ermine 1e. HP from a heat wave Wlder saw-tooth oscillations.The 
~ 

most complicated case is as follows: enhanced rate of Te.(r,t) -

evolution in the vicinity to the zone r o ' when 1eHP/:fi.~~ =4-6. 

~e (r , t) - evolution in T-10 is given in Figs. 1-2 /3/ • The 

da shed line 2 corresponds to the calculation with a complete 

tra nsport code at 'J€.:ft(vl~/J when 1o .. (d.1e/i>f77e)·vTeo=Ij,/o"cm\'/ 

The r asult obtained by th" proposed teclmique: :t.m' =7x1 03cm2s-1 

a t Ate3 ms (5-9x103 at 10% error in'Tema:x(r2t);6.4X103 at t.t= 

1. 5 ms (5. 3-Bx1 03 ); 6x103 at At =0. 75 ms (5-7x103 ). The dashed_ 

dotted line 3 corresponds to our technique at ~t=1.5 ms'J~P= 
6.4 x 103. 0ne can see that our technique allows one to choose a 

t ime interval with the best "resolving power" of the method (with 

a minimal spread in y:P due to error bars of the measurements). 

Now, l e t us consider the combined heat wave due to on-axis ECRH 
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rv 
and strong saw-tooth oscillations.A "quasi-experimental" T Cr, 

e 
t) -evolution at three points along the radius,detenained from 
the ca1cu1a-Lion by the compl ete transpor t code /7/ ,is shown 
in Fig.).In the calculation by the transport code P~CRH~1 MW, 
- 1) MM" n ~).5x10 ,J ~)40 kA , B ~)T'1e. ~2Ye from the T-II scaling 

law /5/ ,Le. 1e.~Fe/n'loZ(r)=5x10):-10x10)cm2s-1 at 11 cm':::r.::: 

18 cm , at t~O, andJf~(r)=6.)-11X1 0) at t=10 ms. Using the pro­

posed technique,one obtai nsJ:P=8X10) at the optimum£> t~8 ms 

(reFIT =7. 2-9x1 0) within the error bars :!:6 eV). One can see that 

i t is very c l ose to the real values of le (~2)' 

Tbe calculation by the proposed technique atJC~P=BX10)cm2s-1 
and at lJ. t=8ms is g i ven in FiG.) with a dashed line. 

Thus,the serviceability of a new,versatile technique for fin­
ding the local value ofjiIP from the experimental data is given 
in the paper. The technique is applicable to an automatic exp­

ress-processing of experimentel data immediately after the shot 
in t okamak or stellarator. 
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PLASMA SHEATH STRUCTURE IN THE PF-150 PLASMA-FOCUS DEVICE 

A. Kasperczuk. R. Miklaszewski, M. Paduch, K. Tomaszewski. Z. Wereszczynski 

Institute of Plasma Physics and Laser Microfusion 
P. O. Box 49, 00-908 Warsaw, Poland 

The paper deals with investigating the structure of plasma sheath during the 
collapse phase in the PF-150 plasma-focus device by means of a set of optical 
diagnostics. The main idea of the investigations is to describe properties of strong 
shock waves generated by means of current discharge in deuterium (02). Theoretical 
papers published so far do not describe sufficiently processes following strong shock 
waves [1, 2]. They usually deal with one-dimensional models, in which only a part of 
essential physical phenomena is included, Thus, there is necessary to carry out detailed 

JARREl ASH 
75-150 

SPECTROGRAPH 

K2'-.-..--.-' BEAI1 SPLITTER 

experimental investigation of the plasma-focus 
in order to understand the accompanying 
phenomena better and to achieve more 
complete data for their simulation. Precise 
determination of the plasma sheath structure 
reqUires simultaneous using of many diagnostics 
allowing to measure the distributions of plasma 

'uw -WlAnd 

101 JlJ . 1 u PllLSE 

HZ 

NEUTRON-C] 
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/ ' RUBY 
AMPLIfIER TU CAI1ERA 

SHADOW 
PICTURE 

IMTERFERO!lETER 
CAitERA 

Ag. 1. Scheme of the experimental system. The deSCriptions means as follows: 
K2 - image converter, IF - interference filter, MS - mirrors of synchronizing 

line, F - glass filter, P - polarizer, MZ - Mach-Zehnder interferometer 



1152 

density, plasma temperature and magnetic field Inside the sheath. That is why the fine 
synchronized system of optical diagnostics-" was built, consisting of laser interfero~etry. 
fast frame photography, time- and space-resolved spectroscopy in the visible range, 
and the Faraday rotation technique [3, 4, 5). Moreover, there were developed some 
helpful methods of readout and analysis of recorded data. The scheme of the 
experimental system is shown in Fig. 1. 

Because of the high speed of the phenomena being investigated. the pictures of 
plasma achieved from all diagnost ics should be taken in the same moments with the 
time jitter not greater than 1 ns. Thus, it was built a special system of electronIc 
synchronization (with accuracy of 5 ns) and the electroopticat system of 
synchronization control (<Iccuracy not lower than 1 ns) which are shown in Fig. 2. 
Using the output radiation of the laser oscillator to fire the laser-triggered spark-gaps 
we achieve that the moment of laser pulse generation is connected to the moment of 
etectroopt lcal camera triggering. The length of optical compensating line is matched in 
such way that the camera records light emitted from plasma in the moment when the 
laser probe beam passes through the discharge chamber. 

START PULSE 
.::~~~~~ LASER 

r fLASH LAMPS 
DELAY 1 ms 

PULSE 
6EHERATOR 

Pf mICE 
MAIN TRI66ER 

Fig. 2. Scheme of diagnostic system synchronization. 

The synchronization contr ol is realized as follows: laser beams corresponding to" 
two interferometric frames are additionally directed towards special optical line 
consisting of a set of beam splitters MS. These beams, after reflecting from each of 
splitter faU onto the image converter in the electrooptical camera where they are 
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recorded as a series of light spot used as time markers . The distances between 
succeding splltter s ar e matched in such way that the consecutive spots appear on the 
photocathode s urface every 2 ns . Because the exposure time in bOlh the electrooptical 
camera and the interferometer is 1 ns, recording one of the fight marker (or two 
adjacent ones) by camera informs about diagnostics timing with the accuracy better 
than 1 ns within the range from - 6 to +12 ns (see FIg . 3). 
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fig. 3. Spread of diagnostics timing. 

Determination of the electron tem-
perature distribution within the plasma 
sheath is a new element in comparison 
w ith measurements previously described 
in papers [3], [4) and CS), The basis 
of the method used here is the 
registration of plasma density profile 
ne(r) simultaneously with the plasma 
radiation intensity profile J(d for the 
wavelength range in which the strong 
line emission does not occure. The 
window of 6 ).. = 60 A centered at 
5930 A was chosen by experimental 
invest igation of time- and space­
resolved spectra of plasma radiation. In 
this window the continous radiation is 
dominant (f,. .. -f,... and fr .. -bound 
transitions only). 

Considering the electron density spatial distribution ne(r) and the plasma radiation 
one .'J(rJ we introduce the parameter n~/.'J as a function of radius r. Actual relation 
between this parameter and the electron temperature of plasma T e depends on the 
type of radiation emitted. Total emission coefficient f tot within the observed spectral 
range is the sum of two terms : 

The exact formula for Etot given in paper (6] may be in the temperature range of 
interest (i.e . 1 . . ' 100 eV) quite well approximated as: 

3.51 

In Te - In 2 .61 

Hence. we can derive the value of electron temperature within the plasma sheath if 
the values of Etot and ne are known from experiment, using formula: 

T e = 2 .61 eXP(3.S1 ~) 
Etot 

Actually, we measure the value of intensity .J(r) instead of emission coefficient Etot' 
but these physical quantities are the same within the accuracy of constant factor, 
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depending on experimental conditions only (geometry of experiment , optical sys tem 
transmission, camer a sensit ivity atc.) . The constant factor should be determined from 
additional measurement of the electron temperature at least in one point wit hin 
observed area, for example from the ratio of continous radiation intensities regis ter ed 
by means of two camer as wieving different spectral windows. 

~~~""Ol INTERFEROlitlfl 
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, , .-
fig. 4. An example of exper;mental results. The plots are normalized relating to 

their maxima fBmu = 12 T. n. m•ur= 2.2-101B cm-3, .3 and n!/.3 curves 
are in arbitrary units). 

The investigation pr esented in this paper are a part of a wider program which 
aims of determining the causes of unrepeteability of neutron yield in succeding 
plasma-focus discharges, and also the saturation effect observed on t he plot of 
neutron yield vs energy stored in condenser bank for the energies of 200 - 300 kJ. 
The essential part of this program is to invest igate a connection between the neutron 
emission and the plasma s heath structure during collapse phase. Joining together the 
precisely synchronized interferometer, electrooptical camera and polarimeter we are 
able to achieve spatial distributions of electron density, visible light emission and 
magnetic field in plasma s heath. Integral neutron yield registered in each discharge 
a llows to find its connections with above parameters. As an example are given the 
plots on Flg. 4- shOWing the registered structure of plasma sheath. 
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T ':D- DI!ll.BNSIO,IAL Ol'TIGAL TOMOGRAPHY OF IMl'IJRITUS 

I" TB': FT- 2 TOi'..&.L1K 

; ' 
.B . V • .t\.ll teev, A.J).IJe bedev t 1 . 1<.: . SakhCirov, S.2 .S i vko , 

A. B. Solaa tov, S .N . ushakoY 

M.I.Kal i nin :t'olytechnical I nstitute, Leningrad , USSH 

+A.F.Ioffe Institute of Phys i cs and Technology, LeninG.ti'ad 

The impllri ties profiles information plays impo r tant rol e 

i n thd conBid~rations of transport phenolllena in tokamaks. 
Various experimental data being obtained 80 far on several 

tokamaks such as J3T, FDX , .h.01)&:X prove t hat 'phenomena concer­

ning impurities behaviour (transport, entr~! mechanism and so 

Oll) BI'e essentially non one- dimenFl ional in their nature /1 ,2 , 3/ . 

'Ehe l a rge amount of W1i que information on the illlPU1'i ties 

spatial prof jles can be obtained from spectroscopical ex:;;>~r1.­

ments. Thi n diagnostic enables ..J.S in principle to treat ion 

spe cies separatell:v. lJoiV~ver, thl:; 6xpt: rilL..ants used so far were 

ei tber Ol1E1-Pl.'O jectiondl or mul tv-pro jectional but without ion 

syac:Les sepa r at ion. 

This paper dec.ls with t .:,o-proj et:tional tomogral'h:v spectro­

F, copicnl expcriilit!nts o n -~he F~:- 2 toka!D.<-lk \,'./i th sel(;ction of dif­

fe rent ion species such as oxil :~n dnd c ure-on in v e.rious stClteB 

o f ioniscl tion ils ~'!ell as .!lclutral hydrog.:n . 

The small }"J.l-2 toicalfl.ftk (the major radius H :;::. 55 cm a nd the 

1 i lUi tar a = El I..!ffi, was operating in t he regime with cf;;:ntrc.tl chord 

,;lveraga dens ity Ne::::: 2)(10 1 3 Clll- 3 , t oroidal ffie:.gnetic fit:ld Et 

21 icGs, total plasma current Jp = ::;0 KA, electron and i on tefr..­

'l) ~rature e: 1\~ :::. 400 aV, lJ. i :::. 140 eV . 

F igure 1 preEeJ.lts the gen~rul design of col lectinr the im­

puri ties :eau iation. ::,'he spec trf, l 1 i ne s sel;;;:ction wus perfo rme d. 
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by i.neans of the $R-2 the grating monochromators. ':I:ne line spa­

tial distribution profiles ';lare obt a. ined using slottt.ld rota­
ting disks vii th a Bean time of 1.5 illS . 

.fJocal eluis e ivi ty pl'ofiles were ubtained using numerical re­

construction methods. The lOC al distributiolls were constrC!ined 
to the class of functions 

fer, E )=fo (r )+f 1 (r )xCos (Jo:),f2 (r)xSin( £) +f 3 (r !>:Cos(2B ) , 
where (r,B) denoteo pal..:.!' co oro.in,) tefl an:' f1 er) were reprt:sen­
ted vii th polynoms of even pORers of r. 

The profiles reconstructed can be subdivided into t he three 

classes approximatel,v. l'he first clas8 presents profiles with 

near unifor.n emission distribution in one narrow ring locat~d 

on the periphery of the discharge (see Fig.2). Such t ypes of 
profiles were observed usually for ion species in suffitiently 
high ionisation states (Cv.O v ). 111he f'.acond claRs has the strOll£" 

asymmetry in one or both projections. Such d.istributiollS vie re 

typical for peripheral ions linee (eiii,Oii,Oiii). And finally, 
the third class presents profiles consisted of both uniform 
d is tri bu ted narrow ring and sharp peak located on the inner 

side of the plasma column. These are t ypical for Oiv ions and 

!la (see Fig.3). 
The strong asymmetry in the peripheral ions emissivity can 

be explained in the terms of the additional localized source 
of impurities that CWl appear on the periphery of the dischar­
ge wi an the plasma column kisses the v/al1. 

T. e angular symmetry of the profiles typical for ion spe­
cieL in the high j O:lisation states speaks of the transport phe­
nomE':,a lmportant \role tn the formation of such distributions. 

The third class profiles can take place due to either the 
clOBeI.,er: .. ;~ of the different chem1.oal elemente spectral linea 
(like :!e i for Oiv e. g .) or some MAllFE-like instability. 

The experimental s etup enabled UB to consider the time evo­
lution of ths emiss ivity profiles. In the number of cases we 
observed ita transformation that oan be interpreted 8e source 
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diBplacement (Bee Fig. 4). The angular mo tion of such t J'pe was 
88 far BS 90° sometimes. 

The r esearch being performed tells us that the s econd pro­
jection 1n the t omography presents the bettsr possibility to 
interpret data obtained in ths simple cases espeoially. 

Finally we'd like to mention tha difficulties enoountered 
in the third clas s profiles reconstructIon • The formal proce­
dure described above leads sometimes to appearance of ' the ar­
tifitial peculiarities in the cent ral part of the disoharge 
that Beem to have nothing to do with the rerum na tura . Its 
presence means that t~e functional class used in the reconst­
ruction al go rithm is not quite adequate to the phYsical sub­
jeot. To avoid these difficultieB one should uee either alter­
native functional clae.ee or additional projeotions. 
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THE APPLICABILITY OF RlITHERFORD SCA'ITERING FOR T . - MEASURF.MENTS , 
AT MEDIUM- AND lARGE-SI ZED EXPERIMENTS 

E.P. Barb ian, A. A: E . van Blokl and, A. J. H. Donne and H. W. van de r Ven 

Associat i on Eur atom -FOM , FOM-Ins t ituut voor Pl asmafysica, Rijnhuizen , 
p .a. Box 1207, 3430 BE Nieuwegein, The Netherlands 

Introduction 

Fast and mono - energetic helium atoms (20-30 keV) are transmitted 
through the core of the p l asma and become elasticall y scattered by un­
shielded Co utomb interaction with the nuclei of randomly moving plasma 
ions. The conservation of moment um and ene r gy at singl e encounters deter­
mine the energy distribution o f the scatter ed fast neutrals when observed 
at smal l sca ttering angles (- 7°) . 

The method can be considered to be especially use f ul for observation 
of the bulk distribution of the i ons. No special pre- assumption concerning 
a maxwellian-shaped distribu tion has to be used a nd no interpretational 
efforts on transport losses between interaction volume and detector are 
necessary. The beam intensity should be large enough to allow for a suf­
ficient number of scattered particles falling o n t h e detector within a 
desired time - interval which def i nes t he time resolut i on. 

Applic a t ion o f t h e method 

The Ru therford scattering diagnostic h as been appl ied at the T-4 tokamak 
in 1978 [1], using an 8 keV He-beam of 10 A/m2 and in a pilot experiment 
at the JFT-2 tokamak [2]. Ear l ier development on the diagnostic has also 
been performed at the Rijnhu i zen laboratory [3] leading to the use of a 
high-resolution time-of-flight analyser for the ob servation of slowi ng­
down spectra of neutral heating beams in ASDEX [4] . Recently, a scatter i ng 
diagnostic was put into operat i on at JT-60 [5,6 ] utilizing a 200 keV 
helium beam for the large-sized plasma. Extensive feasibility studies at 
FOM Rijnhuizen [7,8 ) concentrated on the infl uence of plasma impurities on 
the measurement and results were taken for parame ter optimization for 
application of Rutherford scattering at TEXTOR. A joint project between 
FOM Rijnhuizen and KFA Julich (FRG) has been started i n 1987 to implement 
the diagnost i c at the TEXTOR tokamak. 

The general applicabil i ty of the beam-scattering diagncstic for 
medium-sized and large experiments beyond the parameter sets, existing at 
present time, will be discussed in the contribution. The estimates are 
supported by a comparison with an example of JT-60 data and are also 
extended to even higher probing beam energies of 300 - 500 keV which are 
suitable va l ues for large f usion devices. 

Max_t'lanck-lns\'\u, \' , • ~:rT""~"Jj.t\ 
" on 
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Fig. 1. The scattering experiment at 
TEXTOR (liner diameter :::: 100 cm) is 
composed of the vertically positioned 
ion source for up to 30 keV and 50 mA 
helium beam, a gas neutralizer cel 
(efficiency 40%) and a t ime-of­
flight single particle analyser at a 
scattering angle a, to be chosen 
between 30 and So. The image shows 
scattering in the poloidal plane. By 
turning the analyser by 90 0

, observa­
tions can also become possible in 
axial (toroidal ) direction. The re­
motely controlled lateral movement of 
the source axis provides a point-to­
point shift of the scattering volume. 

Experimental data projection 

Time-of-flight analyser: 
64 channels, 1000 counts per sample 

Time resolution 2 ms 
Continuance 5 s 
Spatial r esolution: 2 cm (radial) and 

20 cm (vertical) 
Data processing CAMAC technique and 

local VAX-station 
Expected Ti-values: 0.5 to 5 keV 
Instrumental error: 20 eV equivalent. 

For probing species with energies Eb » Ti and small-angle scattering 
which implies small impact parameters (b < 0.05 aa, ao indicating the Bohr 
radius) one can write the energy distribution of the particles received at 
the detector in accordance with [9]. 

The energy distribution observed with a solid angle ao is given by , 
~ 1 E" 7.3 z, ~ ([E-'b(1-, sin'S] ) 

aEan - C('b)q('b)JnpV -.;; (T) sin'S ~xexp 4'EbT sin'S ,(1) 

with 0, the scattering angl e; 7, the mass ratio of beam and plasma particles; 
Eh, the beam energy (eV); E, the energy of a detected neutral particle 
(eV); J, the equivalent neutral beam intensity (A m- 2

); up' the local ion 
density in the scattering volume (m-3); V, the scattering vo lume (m3); 
Zp,Zb, the nuclear-charge numbers of plasma and beam particles; ~(Eb)' the 
energy-dependent attenuation of the beam in the plasma; and C(Eb), the 
survival probability, which takes into account the electron-loss processes 
which occur simultaneously with the scattering collision. The dimension of 
the factor 7.3 in Eq. (1) is (kg2 m6 C- 3 

S-4). 

The ion temperature value can be deduced from the width of the nearly 
gaussian-shaped distribution using ., ., 

~ EFWHM ~ 4(ln 2) sinS (,EbTi) . (2) 



> 

For calculating the 
distribution one takes 
into account the energy · 
dependent attenuation of 
the beam q(Eb) and a com­
peting electron loss C(Eb) 
process at the instant of 
the scattering. The sur ­
vival probability C(Eb) 
for the scattered neutral 
is well above 80% for 
encounters of energetic 
helium atoms with protons 
and o~ly 2% !or scattering 
on C6 or 0 6 [7). Despite 
the square dependence on 
the nuclear charge number 
Zp in Eq. (1) I the super­
imposed contribution from 
impuri ties (Fig. 2) for 
standard parameters of 
TEXTOR (Eb 5 keVJamu) 
are very small. 

The contribution of 
impuri ties in the case of 
JT - 60, however-, is qui te 
appearing. The relatively 
higher beam energy (47.5 
keVjamu) has again a small 
impact on the electron 
loss probability in colli­
sion with highly charged 
impurities, which is also 
about 98% (2% survive). 
However, strong changes 
appear for the loss 
probability for collision 
with the main plasma 
component H+ itself. Mainly 
due to one electron 
capture 
loss of 

an unfavourable 
75% has to be 

taken into account. For 
JT-60 parameters and an 8% 
oxygen component which 
corresponds with reported 
Zeff values, there is 
great similarity (Fig. 3) 
between calculated (dotted 
line) [10] and experimen­
tal values [5,6]. 
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Taking again JT-60 parameters as 
being representative for large 
experiments and using impurity 
values of 2% C and 1% 0, the calcula­
tions were extended to 75 and 100 
keV/amu, keeping Ti at 1.9 keV and Q 

at 7° . The beam attenuation is 
weakly energy-dependent and the 
total yield is slightly smaller for 
higher energies. 

Conclusion 
The choice of higher beam 

energies co~pared to t he somewhat 
unfavourable regime near 50 keV 
improves strongly the main distribu­
tion in relation to that of the 
impurity satellite (Fig. 4). The 
contribution from high Z-atoms is 
a lso smal l at low beam energies « 
10 keV/amu) and due to a higher 
yield this is a comfortabl~ . situa­
tion. High Ti-va1ues (> 10 keV) 
necessitate the use of much higher 
beam energies. No limitations from 
the impuri ty component appear to 
limit the potentiality of the beam 
diagnostic for application at large 
fusion devices. 
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APPUCATIONS OF RESONANT MULTIPHOTON IONIZATION OF 
ATOMS TO FUSION PLASMA RESEARCH 

F. L. T abares 

Associalion EURATOMlCIEMAT, 20040 MADRID, SPAIN 

INTRODUCTlON 

p 7 H 78 

Although Resonant Multipholon Ionization (RMPI) techniques have been 

extensively used ,under different names, in many fields of physics and chemIstry 1 and 

it has been successfully used in weakly ionized plasm as for H2,H and metastable H2 

detection 2,the difficulties associated to the detection of the ions formed by RMPI 

within a fusion plasma make this technique not very suitable as a non perturbative 

plasma diagnostic. 
In the present work a new method for single shot, in situ velocity 

distribution measurements based on RMPI in combination with Laser Induced 

Fluorescence (UF) , of relevance for Impurity flux determinations in fusion plasma 

research is proposed, altogether with some others experiments in the plasma edge. 

VELOCITY DISTIBUTIONS MEASUREMENTS OF NEUTRAL IMPURITIES 

Velocity distributions of neutrals are important not only for the evaluation 

of impurity fluxes but also 10 determine the mechanism responsible for their ejection. 

The continuous character of the flow at sputtered particles and the imposibily to chop 

it make time of flight (TOF) techniques not applicable to in situ velocity 

measurements in fusion plasma experiments so that Doppler shifted excitation in lIF 

detection of neutrals is the only method extensively used until now for this purpose3. 

In general these measurements require many, reproductible, plasma discharges and 

new methods based on fast scanning of the dye laser frecuency during a single 

discharge have been proposed as alternative4 .In any case ve locity resolution has to 

be gained on expenses of the signal versus noise ratio and correction for the laser 

power at each wavelength is always needed due to the. low saluration parameter attained 

under these conditions. 

One possible way for in situ chopping of the continuous flow of neutral 

impurities is by laser ionization of all the atoms present in the detection volume ,so 

that a negative going pulse at several nanoseconds of duration can be produced in the 

detection signal (impact excitation or lIF signal). If the monitoring signal is the lIF 
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In order to completely ionize all the atoms in the sampling volume one 

needs to choose the right splitting of the excimer power into direct (ionizing) beam 

and pumping one. That in principle will depend on the particular atomic system under 

consideration, but a simple calculation based on the rate equations for a three level 

system plus ionization 1 shows that if. for example, one starts with a 0.5 Jullpulse 

XeCllaser and a ralio 1:1 between the power used 10 pump the dye laser and that of the 

ionizing beam, so that a modest 50 uJullpulse UV radiation is obtained after frecuency 

doubling ,still high enough to saturate the resonant transition (8=150 for 8e,S::100 

for Fe,focussing in 2x2mm2 ). ionization will take place to a 100% in a time shorter 

than the laser pulse (15 to 20 nsec), even If the excimer radiation is focussed in an 

area several times larger ,thus minimizing alignment problems. 

Sampling of the UF signal in a relevant time scale could be achieved by 

optically delaying successive reflections of the probing laser or by using a long pulse 

dye laser (several hundred n~noseconds) and crossing the excimer at the beginning of 

the pulse, thus obtaining a continuous UF signal. In this configuration, however, two 

lasers are required and synchronization problems must be solved, although due to the 

short time required by the TOF experiment (see below) that s'hould not be difficult 

MOOELCALCULATION 

The time evolution predicted by Eq. 1 is not directly applicable to extended 

sources as one has in limiter experiments, Convolution over all the emitter area and 

the different paths across the sampling volume depending on geometry, as well as 

attenuation through the plasma edge has to be taken into account. 

Figure 1 shows the results of the calculation for a Be bar limiter, as 

mounted in the tokamak Unitor 5, where a 0.6 cm diameter hole is used to look at the 

scattering volume, a prism of 2x2x4 mm placed at 1 cm from the limiter In this 

simulation. Plasma edge temperature and density profiles as well as ionization and 

excitation rate constants are the same as in Ref 6 , No contribution to the refilling of 

the hole due to ex or electron recombination Is considered as they are expected to be 

slow to effectively compete with the direct flux of sputtered atoms in the relevant time 

scale. A cosine distribution for spultered particles is assumed. 

As it can be seen in Fig 1 a, discrimination between sputtering (Thompson 

model) and thermal distributions should be obvious even in a short time after the 

ionizing pulse (1::0). A factor of two in the binding energy will be also distinguishable 

after several tens of nanosecond, Fig 1 b shows the ve locity distributions for these two 

cases (Eb:: 3.32 eV and 1.66 aV respectively) as they would be measured by Doppler 

shift in the same geometry and plasma edge conditions. 
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Intensity under saturation conditions no correction for the sampUng laser Intensity Is 

required and good signa! 10 noise ratio is expected in one single plasma discharge. 

RMPI-TOF EXPERIMENT 

The proposed experiment consist on crossing two laser beams (the Ionizing 

and probing ones) in the scalleri ng vo lume and 10 record the time evolution of the UF 

signal aft er complete ionization has taken place. Afler the detection vo lume has been 

depleted of neutral atoms by the AMPI process an spatial hole in terms of neutral 

density is formed. As the sputtered atoms start to fill it . the density in the observation 

volume will continuously increase and therefore the LlF signal when used as a density 

diagnostic, I.e. bandwith greater than the Doppler profile. 

Assuming a well collimated atomic beam with a given velocity distribution 
f(v) and a scattering volume with dimension parallel 10 the travelling direction I the 

density after a given time after ionization is given by : 

[

VI . ] 
n(I)- n(O), vfo f(v) vdv + f~(V)dV (1 ) 

where n(CI') stands for the density of neulrals before ionization takes place. 

The accurancy of the velocity dlstribulion obtained with method will be 

limited by that of the scattering vo lume dimensions and Its resolution by the 

dimensions themselves and the minimum sampling interval,ullimately limited by the 

lifetime of the exciled level,providing that ionization takes place in a large extend 

during the ionizing pulse. 

The most appealing way to carry qui the experiment would be by using the 

same experimental se t-up as for l1F detection. This in many instances consists of a dye 
laser pumped by an excimer one,typically XeCI at 308 nm, so that one has a 4.03 eV 

high power photon source readi ly avai lable . This photon energy combined with that of 

the pumping photon is able to bring all the neutral aloms 10 the ionization continuum 

in most of the metals typically monitored in limiter experiments. Table. 1 shows some 

Of them: 

TABLE 1 

ATOM EXCITATION,nm (eY) IONIZATION(eV) 

Fe(l) 302.0 (4.11) 3.79 

Cr(l) 425.4 (2.92) 3_85 

TI(I) 293.3 (4.23) 2_61 

Be(l) 234.9 (5.28) 4.04 
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OTHER EXPERIMENTS 

Tile good spatia l and temporal resolution of laser diagnoslics could be used 

in the AMPI experiments 10 probe the plasma edge. Allhough no detailed calculations 

have been performed yet,the screening properties of the plasma edge could,in 

principle , be tested without perturbing other plasma parameters In combination 

with neutral atomic beam diagnoslics.among others, 
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I ntroduction 
For investigation of the time development of very fast processes 

during discharges in tokamak TEXTOR we have used a 16 mm camera . On the 
basis of the very flexible TEXTOR limiter conf iguration and the very high 
time resolution (up to 50 ~s) it was possible to investigate di ffe rent 
instabilities up t o a few KHz . A special experimental arrangement has been 
used for the measurement of the poloidal rotation velocity of the plasma. 
These measurements are very useful for investigation of the dynamics of 
disruptions. Unfortunately , quantitative evaluations are very limi ted. 

~~~~ffi~~~a~~~~~ [I ] with a major radius of 175 cm and a minor 
radius of typically 46 cm. The TEXTOR limiter system cons ists of three 
poloidal limiters movable along the minor radius within 45- 55 cm, located 
in the same po l oidal cross-sect i on and covering about 30 % of the minor 
c ircumference (Fig . I). The limiter segments are made of graphite with a 
radius of curvature in toroidal direction of 5 cm (inner) and 1. 2 cm 
(upper, outer , lower) . 

Discharges in TEXTOR can be produced with a maximum plasma current of 
500 KA and a max imum toroidal magnet i c field of 2 . 6 T. The typical opera­
t ing conditions are: 340 KA and t3T, !~e f lat top of the plasma current 
about 1 s , peak density 3 . 5 . 10 cm ,peak electron temperature 1. 3 KeV 
and the discharge duration up to 3 s . 

For the camera measurements an experimental arrangement on TEXTOR has 
been set up as shown in Fig . 2 . \<le have used a 16 mm HYCAM camera with 
rotating prism, moving fi lm. highest speed of 18 000 frame/s and maximum 
streak resolution of 150f4s/cm. After some additions to the camera, it was 
possible to make high speed frames as well as ·streak photographs. In the 
case of frame photographs, plasma light from the whole area of the main 
limiter cross-section has been photographed . whereas for the case of the 
streak photographs, entrance slit of the camera was imaged in front of one 
of the existing limiters. The films were analysed by using a photo-dens ito­
meter and the video copies of these films were analysed by using a video 
image processing system. 
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Results and discussion 
The frame photographs show that both plasma ignition and termi nation 

take place at the inner side. During the current ramp- up phase a very fast 
rotation of bright, i sland shaped areas i n the wall region is observed . The 
pl asma light emission (~) come s from the limiter region and very st r ong 
pulsations of the plasma light emission exist during the additional heating. 
From these photographs we have evaluated the ~-emission profiles at diffe­
rent limiters (see Fig . 3) which are in anti-phase with the temperature 
oscillations of the sawtooth instab i lity with a frequency of 14- 15 . 7 ms . 
During typical disruption discharges , many consecutive plasma-wall contacts , 
occuring ma inl y at the inner side, were observed. During the contac ts, very 
strong ~-radiation, arizing predominantly from the i nner wall region was 
observed ; however, between the contacts this radia t ion spread over almost 
the entire plasma volume . From these photographs it i s seen that very strong 
and irregular pulsation of the l\,c-radiation exists. 

The ob lique lines on the st r eak photographs shown in Fig . 4 arize due 
to the rotation of the bright island shaped areas mentioned ahove . From the 
slope of these lines, the poloida l r otation velocity of the plasma and t he 
corresponding frequency (see Fig . 5) are evaluated . From figure 5 one can 
see a very strong fluctuation of the plasma poloidal rotation veloci t y du­
ring the current ramp-up phase , followed by the pl ateau of about 0.9 km/s 
after the pl asma po sition control system has been switched on , and again a 
small increase . 

In o tjder to make a theoretical comparison one can use the 
formula [ 2J for the poloidal rotation ve l ocity of t he dif fe r ent 
the plasma : 

dT 
(K_'£Jilr-}, 

Zs T 

foliowing 
species of 

where all quantities have the standard notation. For meas ured temperature 
gradients on TEXTOR [ 3, 4] oT/3r = -10 eV/cm and for hydrogen pl asma one 
gets: 

_{0.75 km/,. K = 2.3 Is] 
veH 1. 05 km/,. K = 3. I [ 2] 

which is in a" very good agreement with the measured value of (0 . 9 ~ O.I)km/s . 
The measured value agrees very well with new calculations [6]. 

From the streak photographs we have also evaluated an oscillation of 
1\ s 1.86 KHz during the plateau of the poloidal rotat i on of the plasma as 
well as an oscillation of Y2 = 0.92 KHz, 180 ms "afte r the beginning of the 
discharge (see Fig. 6). 

The plateau of the poloidal rotation velocity of the plasma of 0.9 km/s 
is equivalent to the frequency of ~= 306.5 Hz. The ratio ~ /~ E 6.08 is 
approximately equal to the value of q = 1.94 for the measured I (r) prof i les 
atr=48.8cm. p 

Using streak photographs we i,lave determined the direction of t he 
plasma poloidal rotation. The pla$ma rotates in the same direction as the 
poloidal magnetic field: it is cOOnterclockwise in the poloidal cross-section 
shown i n Fig. I. 
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From the came r a measurements on the tokamak TEXTOR we have drawn t he 
following conclusions: 

I. According to the relation 
it follows : JHJ N V'f:JO), n (0) and 

.... 1.. e e 

I. I . sawtoo t h instability is poloidally symmetr i c , 
1.2 . symmetri c and synchr onized within t<0.5 ms , and 
1.3. its period is 14- 15 . 7 ms . 

our measu r emen ts 

2. m = 6 mode was observed during the current ramp- up phase: 
2.1. pl asma poloidal rota t ion velocity (0 .9 km /s) has been measured 

during the current ramp- up phase (m = 6 mode) , 
2 . 2. plasma polo idal ro t ation frequency (306.5 Hz) has been measured ( i t 

agrees with m = 6 mode rotat i ng at v c 0.9 km/s), and 
2 . 3 . mea sured values are in a very good ag reemen t with othe r meas urements 

and theoretical predict i ons for typ i cal TEXTOR Te-gradients. 

3. Two h igh frequency instabilities have been measured: 
3 . I . f luctuation of 1.86 KHz for a time of almost 70 ms after the plasma 

position control sys tem has been swi tched on, and 
3 . 2. fluc tuation of 0.92 KHz , 180 ros after the beginning of the discharge. 
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MEASUREMENTS OF X-RAY RADIATION FROM PLASMA 

BY A PHOTOELECTRON METHOD 

Yu.V.Gott, V.A.Shurygin 

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

P 7 H 80 

The energy distribution of electrons emitted from a tar. 

get radiated by X-rays from hot plasma allows one to determi­

ne the plasma electron temperature Te [1) , and to study the be­

havior of impurities i2] • 

The thermal X-ray continuum [3] 

1 1£) - .tb eXjJ(- ~/7;) .-(' .. r7,; 
is converted into a photoemission spectrum 

where 

(1) 

(2) 

(3 ) 

(4) 

E.-,. - is the energy of photons, Ee is tue energy of photoelec­

trons, El is the binding energy in the ith atomic shell, 

;;."( E
lf
/) is the conversion efficiency of the target in photo­

electron spectrometer (PhES), Z;. (e;.) is the photoionization 

cross-section in the t th shel1, R(ce) is the effective pho­

toelectron penetration range, B is constant. Substituting 

(1),(3) and (4) into (2) we get 

le (Ee) - rf, U)J (- Ee/7;) cfi(Fe,7;) (5) 
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where 

(6) 

is the factor representing conversion of the X-ray continuum 

into the photoelectron one. From (5) one can see that plasma 

temperature Te can be determined from the slope of photoelec­

tron spectrum as well as from X-ray continuum (1). Indeed, 

~ -/ ;;> -I 

T.xp = -["Fe en JefEeJ!=-f{ -"- oEe &'</;(&,7,;)] 
Hence Texp ~ Te , if 

(7 ) 

/ ~e en cP(Fe, 7;)/« ~ (B) 

The cal culations according to Eqs.(S )-(B) show that the 

plasma electron temperature is determined from a part of pho­

toelectron spectrum with Ee> (2-3)Te with an accuracy of not 

worse than 15%. 

One channel PhES-modification is described in [ 1 J . The 

continuum measurements by the five channel PhES are presented. 
o 

The foils made of carbon, silver, bismuth 150-400A thick,were 

used aa targets. 

Photoe l ectron spectra from a carbonic target obtained on 

the T-13 tokamak [4] in the regime with the following para­

meters: plasma current 30 kA, plasma density 10-13cm-3, minor 

radius 6,5 cm, major radius 41 cm, discharge duration 20 ms, 

are shown in Fig.l. The spectra were registered for B-l0 shots 

in the facility. The spectrum 1 is measured in the time inte-

rval from the ll-th to the 12-th ms, i.e. during the dischar-
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ge current plateau, the spectrum 2 - from the 3-d ms up to the 

6-t h ms. The values of Te obtained coincide with the Jata fo­

und by fil t er method and by Spitzer's plasma conductivity re- . 

l ation . 

A photoel ectron spectrum from a bismuth target obtained 

in t he OGRA-4 mirror trap [ 57 with a magnetic field of base­

ball configuration and with a maximal plasma density 5.1012c",3 

produced with a gyrotron (100 kW) and by neutral beam injec­

tion (300 kW) is shown in Fig.2. The spectra measurements we­

r e performed during 20 ms ·after injection for 10-15 shots in 

the facility. From the photoelectron spectrum given in Fig.2 

one can see that the plasma electron energy distribution in 

the facility is not a Maxwellian one that is confirmed by the 

Thomson scattering technique. 

Thus, it has experimentally been shown that the photo-

electron method allows one to register the X-ray spectra from 

plasma, beginning from 50 eV, to determine temperature Te , be­

ginning from 30 eV, to register the line-radiation of impuri­

ties. In difference from the pulse-height analyzer (PIlA) dys­

tem[ 3] , PhES has no loading limitations. Therefore, for the 

same time interval under operating conditions of a TFTR-like 

facility one can register 104_10 5 times greater number of pho­

tons than in PIlA method. PhES has a weak sensitivity to hard 

X-rays and to neutron irradiation that gives an opportunity 

to use it at the facilities with reactor parameters in the 

experiments with D-D and D-T plasmas. 
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Abstract 
First measurements of spatial profiles of the emission lines of different nickel ionisation 
stages were carried out at JET by means of the spatial scan double crystal monochro­
mator. These profiles are compared with results of transport simulations, by which 
the calculated ionisation balance is verified. The measurements, furthermore, give 
the emission shells presently used for ion temperature measurements using X-ray line 
profiles. 

1. Introduction 
The measurements of the spatial and temporal distributions of impurities in magne­
tically confined high temperature plasmas are important for the investigations of im­
purity behaviour and radiation power losses. For electron temperatures of several ke V 
the line radiation is emitted predominantly in the soft X-ray region. Therefore X-ray 
spectroscopy over a wide wavelength range (from about 0.1 nm to 2.5 nm) with conti­
nuous spatial scanning across the minor plasma radius is important both for studying 
the emission shells to understand the ionisation equilibrium and the impurity transport 
and for emission layer measurements in diagnostics like ion temperature measurements 
from X-ray line Doppler profiles. 

For this purpose a double crystal monochromator [I], capable of continuous spatial 
scanning of X-ray spectral lines across the plasma minor radius, has recently come 
into operation at JET. The double crystal system allows effect ive shielding against 
neutrons and hard X-rays from the plasma. 

2. The spatially scanning double crystal monochromator 
A scheme (not to scale) of this double crystal monochromator is shown in Fig. 1. The 
two plane crystals simultaneously have to fulfill the Bragg condition nA = 2d . sin e 
(with A the wavelength, 2d the lattice constant, E> the Bragg angle and n an inte­
ger) within a relatively small angular margin. The crystal reflectivity has to be high 
and constant across the crystal surface to obtain high photon throughput of the me­
nochromator [2]. The spectral resolution of the device is determined by the angular 
acceptance of the X-ray collimator and the rocking curve width of crystal 2. 
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The swivelling of crystal 1 by an angle 1/1 around the optical axis between the two 
crystals enables a continuous spatial scanning of the plasma. The detector is a large­
area multiwire proportional counter [3] in a shielding block on top of the instrument. A 
"neutron" collimator is used for the reduction of the neutron and hard X-ray flux from 
the plasma for background count rate limitation. The neutron collimator, moreover, 
has to limit the acceptance angle in the non-dispersive direction for crystal 2, in order 
to obtain a smooth photon throughput as function of swivel angle as well as to define 
the spatial resolution of the instrument. Details of the properties and the tests of the 
monochromator as well as the measurements of the relative sensitivity of the instrument 
using a calibrated large-area X-ray seurce are described in [4]. 

For the first measurements LiF(220) crystals (2d = 0.2848 nrn) were used allowing the 
wavelength range from 0.113 nm to about 0.203 nrn to be covered with most of the 
hydrogen- and helium-lik~ transitions of medium-Z impurities (like Ni) . For the longer 
wavelengths of the oxygen lines KAP{OOl) crystals (2d = 2.6579 nm) will be used. 

3. First results of spatially resolved X-ray line emission from JET 
First measurements of the emission shells of several nickel ionisation stages were per­
formed at JET by means of the spatial scan double crystal monochromator. The radial 
profiles are quite different for lines of different ionisation stages: The profiles of the 
lower stages are nearly flat, while those of the hydrogen- and helium-like transit ions 
are peaked around the plasma center . 

An example of the detector count rate for the helium-like resonance line (w) of nicke l 
182 ISo -ls2p IPl .taken at 2 H~ scan frequency is plotted in Fig. 2. The peaks just 
follow the t ime dependence of the line intensity (as obtained from the high-resolution 
X-ray spectrometer KXl at JET, dotted line) . Examples of the relative intensity 
distributions of the hydrogen-like nickel line Ly 02 (lS2S1!2-2p2Pl!2) and the helium­
like w line are given in Fig. 3 versus radius R in the JET midplane. Abel inversion of 
these profiles gives the relative emission coefficients of these lines versus the distance 
(R - Ro) from the plasma center Ro, plotted in Fig. 4 (solid lines). 

The radial profiles of these two nickel lines were also simulated us ing the impurity 
transport code [S]with the actual radial distributions of electron temperature Tt and 
density ne as well as the atomic physics and transport data input. These simulated 
emission coefficient radial distributions are added int? Fig. 4 as dotted lines. T he 
agreement of measured and simulated profiles is satisfactory within the error bars of 
the plasma parameters and the assumptions underlying the analysis. 
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HIGH RESOLUTION SPARSE CHANNEL TOMOGRAPHY 
FOR SLOWLY VARYING ROTATINGSXR PROFILES 

Hermann Krause, Manfred Kornherr, ASDEX Team, NI Team 

IPP Garching, EURATOM Association, Fed. Rep. of Germany 

P 7 H 83 

Abstract: A tomographic reconstruction algorithm is presented which allows to 
reconstruct rotating plasma soft X-ray profiles. The method utilises the fact that the 
Fourier spectrum of the measured line integrals shows distinct spectral lines of finite 
width each of which is caused predominantly by one single poloidal harmonic mode. 
The reconstruction now uses a best-fit method to get for each line the corresponding 
poloidal harmonic modes. The Bum of all modes then is the SXR profile in high 
poloidal resolution. The nonperfect periodicity of the plasma rotation results in Foutier 
spectrum lines of finite width. Since the best-fit can be performed for each relevant 
frequency deviations from periodicity are fully taken into account. 

Tokamak plaamas are typically observed by SXR pin-hole cameras the chords of which 
view the plasma in the same poloidal plane. Tomographic reconstruction methods 
which do not use plasma rotation [1] then permit a poloidal resolution which depends 
. directly on the number of pin-hole cameras available. For each camera with chords 
which span across a full plasma diameter one single poloidal harmonic mode can be 
determined in amplitude and phase. The radial resolution depends on the distance of 
the camera chords in the plasma. For the typical case of two cameras thus the M=O 
and the M=l poloidal harmonics can be reconstructed. 

If plasma rotation is used a virtually unlimited poloidaI resolution is possible even with 
few cameras. Previous efforts [2] to use plasma rotation required a precise knowledge 
about the phase angle of the rotating feature as a function of}ime. This could, ip. 
practice, only be determined from inspection of the signals i~ eases where one single 
mode with its phase-coupled harmonics was found rotating. Several independently 
rotating features could thus not be treated. 

The new method, in contrast, does not require an explicit information about phase 
angles. To demonstrate the method a numerical experiment has been conducted. For 
the geometry of the ASDEX experiment and its two SXR cameras an artificial rotating 
SXR profile (cf. fig. 1) is assumed. This profile shows on an unvarying base a rotating 
feature which is predominantly a M=l mode. For a time interval of 1.6 m.s the line 
integrals of 58 chords are calculated by numerical integration. 400 samples at a samp­
ling frequency of 250 kHz are simulated. The rotation frequency is 10 kHz initially 
and speeds up by 5 percent during the interval. The amplitude of the rotating peak 
on the base profile grows from zero to a maximum value within the sampling window. 
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Thus the simulated plasma rotation is nonperiodic due to an unstable rotation speed 
and an unstable mode amplitude. 

Figure 2 shows for a typical chord the calculated line integral (top) and the Fourier 
spectrum of the signal (bottom). The signal clearly shows the growing mode amplitude. 
The spectrum is calculated using a standard FFT program the result of which is a 
discrete spectrum i.e. amplitude and phase are determined for discrete frequencies 
which span the range from 0 to half the sampling frequency in steps of 10 given by the 
invene of the time window width. 

As expected the approximately periodic signal results in distinct lines of finite width. 
E.g. the line near 10 kHz is caused by the M=I poloidal harmonic, the other lines 
by the poloidal harmonics M=2,3,4, ... , M=O is centered at small frequencies. Fourier 
analysis has thus isolated the individual poloidal harmonics from each other. 

For tomographic invenion now the plasma profile is represented in polar coordinates as 
a sum of poloidal harmonics which rotate in both directions at all discrete frequencies 
(cf. (1)). The radial dependence of the individual cos- and sin-terms is given by a 
sum over suitable functions. Chosen are modified Zernicke polynomials (cf. (2)) .. The 
profile represented is thus determined by the coefficients A;'m and Al'rn which have to 
be found by a best-fit to the measurements. 

1 L M 

i=-J t=Om=O (1) 
£(r, 9, t) = L L L (A1'm . P'm(r) . cos(m9 - 27fifot) 

+ Al'm . P'm(r) . sin(m6 - 27fifot)) 

2 2 ' (-1) ' .(m+2t-8)! .rm +2l- 2• 

P'm(r) = (1- r ) . ~ 8!' (m + t _ 8)!' (t - 8)! (2) 

The determination of the coefficients splits naturally into separate best-fit probleIDB, 
one for each discrete frequency since an observed Fourier amplitude at the discrete 
frequency i . 10 can only be caused by poloidal harmonics which rotate at i . '0 and 
- i-lo (cf. (1)). The best-fit is performed to the cos- and sin-amplitudes of the observed 
Fourier spectrum rather than the observed line integrals directly. The best-fit is a 
standard linear least-square fit . The fit problem is defined by a matrix whose elements 
describe the response of one measured channel, i.e . . the cos- and sin-amplitudes of the 
Fourier spectrum at a single discrete frequency due to each of the poloidal harmonic 

, modes with one single radial function at unit intensity. The matrix elements are 
calculated by numerical integration. Considerable savings are possible since matrix 
elements are independent of the discrete frequency. Again, the number of cameras 
determines how many poloidal harmonics with both directions of rotation can be fitted 
to the measured cos- and sin-amplitude at a discrete frequency. 

It is thus necesBary to define frequency windows around the observed lines in the Fourier 
spectra and to assign one poloidal harmonic to each window. In case of window overlap 
,there are discrete frequencies for which two ore more modes are assigned. These cases 
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can still be treated if the number of cameras is larger or equal to the number of modes 
assigned to a discrete frequency. The process of window setting and mode assignment 
is a manual input to t he process. Obviously window setting is uncritical for narrow 
lines and difficult for lines which are wider than the line separation. Since line width is 
determined by deviations from a perfect rigid rotation and line width tends to increase 
with the higher harmonics there is a practical trade-off between achievable poloidal 
resolution and how fast the profile of the rotating plasma evolves or how fast the 
rotation frequency changes. 

Figure 3 shows a reconstructed profile to be compared with fig. 1 for the simulated 
example based on windows 0 to 5 kHz for M=O a.nd 7 kHz to 15kHz for M=1. The 
poloidal resolution is thus chosen to be the same as can be achieved with codes that do 
not ut ilise plasma rotation. Obviously poloidal structures are considerably smoothed 
out. Fig. 4 then gives a reconstruction based on M = O to M =8 with suitable windows 
defined. Here poloidal resolution is drastically improved. 

Figure 5 shows a measured signal of an ASDEX discharge and its Fourier spectrum. 
The signal is sampled at 250 kHz and shows obvious changes in the signal form during 
the selected time window. Only 29 channels in two cameras were used for the measu­
rement. The spectrum line near 10 kHz is caused by the M = l poloidal harmonic 
and smaller contributions of M=2 to M=5 are visible. A reconstruction with suitable 
windows defined based on M=O to M=5 is given in fig. 6. 

[1[ R. S. Granetz et aI., Nud. Fusion, 25, p.727, (1985) 
[2[ P. Smeulders, !PP-Report 2/ 252 1983 and Nucl. Fusion 23, p. 529 (1983) . 
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Fig. 1: Simulated SXR profile with rota­
ting peak for t=l.4 ID8. 
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Fig. 2: Calculated SXR line intensity (top) 
for the rotating profile of fig. 1. Fourier 
Bpectrum.(bottom) and phases (dotted) of 
the signal. 
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Fig. 4: Reconstruction of the rotating pro­
file of fig. 1 based on M=O to M=8 for 
1=1.4 lDS. 
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Fig. 3: Reconstruction of the rotating pro­
file of fig. 1 based on M=O and M=l for 
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Fig. 5: ASDEX measured SXR signal and 
Fourier spectrum thereof. 
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COLLECTIVE THOMSON SCAITERlNG FOR ALPHA PARTICLES DIAGNOSTICS IN 
TOKAMAKS 

F.P. Orsitto, P. BuraUi 

Associazione EURATOM- ENEA sulla Fusione, Centra Ricerche Energia Frascati, 
C.P. 65 - 00044 - Frascati, Rome, Italy 

INTRODUCTION 

In general the light scattered at a given angle by thermal plasmas exhibits a 
Doppler broadened spectrum with respect to the incident probe frequency. 

Analyzing the form factor it turns out that the parameters important for the 
design of a scattering experiment are: a) the Salpeter parameter Q; b) the angle 4> 
between the Ks scattering wavevector and the plane perpendicular to the magnetic 
field. 

The parameters a and 4> must be optimized in order to have a scattering form 
factor dominate.d by alpha particles and unaffected by magnetic field effects. 

In this paper we examine the e ffects of the magnetic field on the scattering 
form factor using an analytical model besides a full numerical computation. In Sec. 2 
the analytical model is used in order to obtain expressidns for the conditions to be 
fulfilled in order to avoid the effects of the magnetic field and to have a scattering 
dominated' by alpha particles rather than by elechons. In Sec. 3 the role of the lower 
hybrid resonance is analyzed. In Sec. 4 the power requirements and signal to noise 
ratio are calculated for C02 (>'0 = 10.6>< 10-6 m) sources and numerical examples are 
given for the conditions expected for D-T operation on JET. 

z. THE FORM FACTOR FOR THE MAGNlITJZED PLASMAS 

The dynamic form factor S(k, w) depends on the velocity distribution of each 
particle species through the polarizabilities Hj (where j = e, D, T, 0); these are 
expressed as series of lines spaced by respective cyclotron frequencies Wcj ' The width 
of each line is given by the Doppler broadening along the momentum Ks, wi = Ks'vi [11. 
It is easy verify that all the parameters relevant to the scattering form factor only 
depend on the Salpeter parameter a and on the angle ",. In this section we will show 
that the choice of a and", is linked to the following considerations: 
i) the angle '" is chosen in order to minimize the effects of the electronic frequency 

roU-off. As we will see, examining the electronic polarizability He, the angle c) 
must be: 

sin", ~ "ivthe 

ii) the Salpeter parameter a is decided following the constraint that the ratio bet.ween 
the alpha signal and the e lectron background Rat must be greater than 2. 

For the purpose of examining more deeply the form factor we discuss briefly the 
electron and ion polarizability He,i, and we will derive the value of Rat as function of 
a and ",. 



1184 

2.1 - Electron polarizability He 
The e lectron polarizability He is a sum on harmonics of the electl"on cyclotron 

frequencies. Because this spacing is so large in respect to all the frequencies we are 
interested in (w 4: wed it is possible to evaluate He using only the n = 0 harmonic [1 J. 

In this paper we are interested to the alpha feature which is regulated by the 
ratio between the e lectron polarizability He and the -plasma d ie lectric function c = 1 
- He - Hi - Ha. We want the electron respons He uniform in the range of the a lpha 
feature, i.e. w - w" - K ~ vu- By an inspection of He [1] we conclude that in order to 
maintain He -.02 - constant, we must choose the geometry in such a way that: 

sinq> ~ v./VU1t~ (1) 

In the limit opposit to (1) we have that He - 1, so the e lectron pola rizability is 
depressed by a factor 0-2. 

2.2 - The ion polarizability Hi 
It is well known that the ions are weakly magnetized: in fact the parameter Ci :;: 

wcjlwi (where Wi is the thermal ion bandwidth), which measure the ion magne tization, is 
much less than 1. 

We know that the polarizability is made by a sum of lines spaced by the ion 
cyclotron frequency (Wci), whose width is - Wj sin 4J. So the condition 1 > - sin q:, P Cj 

guarantee tha t t he feature characteristics of the presence of the magne t ic field will 
disappear. 

We can assume that the magnetic fie ld effects could be absent in the alpha 
particle polarizability and that also for the distribution function [1) we can assume the 
unmagnetized form. In the calculation of the alpha form factor must be retained the 
magnetic field dependence in IHel2 and in Icl2• 

2.3. - The ratio between the alpha and electron feature 
One of the main points in the design of a n alpha particles collective' scattering 

experiment is the determination of the ratio of the electron to the alpha feature by an 
appropriate choice of the 0 and q:, parameters. If we suppose that the a lpha particles 
are thermalized at a temperature Tu, the ratio Ro t is given by [4-3]: 

R = ,,' , ". 
w -w 
" 

w~ sin q:, 

a good approximation fOr the e lectron distribution function (in the denominator) is to 
use the n = 0 harmonic because Wo 4 WC"" so we obtain to the leading order in a and 
taking the ions unmagnetized (i.e. sin <P P I:i): 

n 
R (w-w )-2.704 ~ 

ut (I n , 
v the 
-- sin <p 

v , 
The value of Rot' is regulated by the product 0 4 sin «:>, SO the condition Rot' > l 

implies that: 
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n v 
4 • " 

Q sin 4l 2: 0 .74 - -
(Z) 

n(l v l he 

Now we evaluate the right hand side of (2) in the two regimes hypotesized as 
rele.vant for the JET in the D-T phase: the hot ions (HI) and the H regimes [2]. The 
plasma parameters are as follows: 

Using a value of V Q -:- 1.3)(109 cm/s we obtain: 

3.2 HI 

81.4 H 

with sin <p :t> 0.22 = Vo/Vthe (cp ~ 13°) and n > 1. 

3. THE RESONANCE ROLE IN THE FORM FACTOR 

The enhancement of the scattering cross section due to the lower hybrid 
resonance has been discuSsed in Ref. [3], where the electronic response: He has been 
taken as unmagnetized. This led to an overestimation of the resonance role in the 
alpha form factor, and a closer inspection to the nature o( the resonance shows that 
its effect can never be very strong. 

An inspection of the plasma dielectric function shows that the lower hybrid 
resonance occurs for angular ranges ($ 4: Wg/ we) where the electronic roll-off is 
operating and the electronic polarizability is depressed by a factor of 0-2• The 
resonance is then enhanced because the e lectron response decrease in the roll-off 
region; and we find that only for $ <t: w,i5w~ (i.e. $ 4: 0.7°) the lower hybrid resonance 
is dominated by the alpha particles. This probably rules out the use of the resonance in 
the alpha particles scattering experiments. 

4. CALCULATIONS OF THE SCA'ITERED SIGNAL AND SIGNAL TQ NOISE RATIO 

The mean scattered powers (P.) per unit frequency at a given K. on the alpha 
particles spectrum Wg - KII Vg is given by: 

- 2 
P !j = 2n nu La rl.l P dwo IWlHzJ 

(3) 

where Po is the incident power (Watt) on the area transverse to the beam. The factor 
LU is the product of the scattering volume characteristic length times the collection 
solid angle. It depends on the incident wavelength and the scattering angle, because 
the waist into the plasma (wo) is constrained to amount "at several fluctuation 
wavelength, in order to obtain a spectrum well resolved. Furthermore the collection 
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solid angle is determined by the nature of the coherent detection [41, i.e. n = AOl/llw02, 
This means that the va lue of LQ must be of the order: 

2wo 2 2 
LQ = sin 0 ""Jnwo = 2Xc/[mcqsO/21 

where 8 is the scattering angle and r is the number of fluctuation wavelength present 
in a beam waist: typically r > :: 5. At moment we must consider concretely two sources 
as candida te for such experiIT!ents: the CO2 laser and the gyrotron (7); here we give 
some analysis on CO2 laser . 

The CO:,! laser source was previously studied [5] as a candidate for the a lpha 
particle experiment. Looking at Rot value we observe that (for CO2 laser) the 
geomet ry must be chosen which minimize the 0 parameter, in order to realize a 
scattering angle useful to separate easily the main and the scattered beam. The 
minimization of the a-parameter forces the choice of an azimuthal angle <p - 90 0 (i.e. k 
= k 11) and in the two regime considered, the scattering angle is 8 = 0.440 for HI and the 
H corresponding at two values of a of 1.34 for HI and 3.0 for the H-regime. Using 
formula (3) we can calculate the !lominal power which is neaded in order to obtain a 
predetection signal to noise ratio (PJNEP) of 1, when a NEP - 3x lO- I.9 W/Hz is supposed 
uniform on a bandwidth of 9 GHz (which is the alpha bandwidth) . Furthermore, if we 
include a realistic value for the heretodyne efficiency I1H - 10%, we evaluate t!)e power 
neaded in the order of gigawatts, - Z.6 GW for HI, and 13 GW for H. The time 
pulsewidth of the CO2 laser of 1.5 microseconds is easily obtained with standard 
methods, but lasers of pulsedwidth of 5 ~s and ID ~s have been realized long time ago 
{6]. It turns out that, {or JET hot ion mode, a laser with energy of - 4 kJ :!!! I.5_~s could 
give a SIN - ZO postdetection signal to noise ratio (S/N = (PJ(Ps+NEP)] VBt) on a 1 GHz 
channel (the total bandwidth is - 9 GHz), if a NEP - 3xlO-19 W/Hz uniform on this 
bandwidth and an heterodyne efficiency of 10% is assumed. The scattering angle 
should be 0.440

, at afo,ll N - 1.34; the waist into the plasma must be - 0.7 cm and LD - 1.35 
10-4 cm. 
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Measurement of the current profile in tokamak devices is of great irnponance in understanding plasma stabil­
ity and transport phenomena. A variety of methods have been proposed to measure the current profile. Cano et al. 
on the ST lOkamak demonstrated the possibility of measuring the local poloidal field using upper hybrid layer har­
monic generation(I). FOfmit et al .• on the DITE tokamak, perfonned a q profile measurement using ThOmsOll 
scattering techniques(2). Recently using a Li beam and tunable dye laser, West et al. have performed q measure­
ments on TExrQ). The application of Faraday rotation techniques to determine current profile has been pioneered 
by Soltwisch on the TEXTOR device where the profile has been measured as a function of timei:.('. 

The purpose of the present work is twofold. First, the establishment of a routine polarimetric measurement of 
the current profile on the TEXT device allows, for the first time, a comparison with an independent technique-the Li 
beam measurements of West et al. It also allows extension of the measurement to higher densities and fields. as 
well as the study of the modification of current profile during ECRH. Second. the possibility of measuring the 
current profile on the MTX device is relevant to future ignition devices such as err. It is also important (0 the MTX 
device itself especially during current drive experiments. It is therefore intended to investigate the jXlssiblitiy of 
measuring bolli the Faraday rotation and e Uiptization of the incident electromagnetic wave in order to more accu­
rately compensate for the expected large elliptization at submillimeter wavelengths on devices such as MTX and 
elT. 

PROpoSED POLARIMETRY SYSTEM 

The proposed rnultichannel interferometry/jXllarirnetry system is shown ir. Fig. 1. Parabolic cylindrical mir­
rors are used to expand the probe and reference beams in one dimension to view the entire plasma cross section. 
The two beams are combined and detected using a linear array of corner cube GaAs Schottky barrier diode 
mixers{S). The wires of the beam splitting jXllarizers are oriented at 45" to the incident beams. 

<;ORH[A <;U.I 
..... R .~AU 

.. ae" .. O,<;L LATOII 

GftATINO TUNED HIGH ~ COz LASER 

.... ll. ... 

S<:HOTl1<Y 
REfERENCE 
OETECTCfI 

Figure I Schematic of the multichannel far-infrared interferometry/polarimetry system . 
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The Iraosmit.ted beam through the plasma suffers changes in its polarization state through Faraday rotation \f' 
and elliptization El>' These are given by(6) p 

'¥p= ttan-I(svsj} (1) 

<po Is)II(1+~ I-si) (2) 

where SI, S2 and S3 are the Stokes parameters whose evolution for an electromagnetic wave propagating in the z. 
direction is given by 

dSJI) = n (z)xS(z) (3) 

where 

(4) 

and OJ is the wave frequency, Jl l and Jl2 are the refractive indices of the slow and fast waves and se., is lhe polariza. 

tion vector of the fast wave. 

If we assume that ro is much larger than both the electron plasma frequency, rope, and cyclotron frequency rou , 
lhe Faraday rotation angle \f'p reduces to the familiar ellOpression(1) 

\f'p = 1.5xlo-10).2 t ne(z.)B",(z.)dz (5) 

where \f'p is in units o f degrees, wavelength ). in Jlffi, electron density !le in cm-3 and poloidal field component paral­
lel to the probing beam BI'! in kG. As for the ellipticity [I" it scales with A~ when the incident beam is launched per­
pendicular to the toroidal field with either O-mode or X-mode. However, it should be noted thal as ffipe, ~, 

approach ro these simple wavelength scal ings are no longer satisfied. 

In our d~t.ection scheme, the polarization change due to the plasma yields two millOer output signals whose 
amplitude ratio is given by 

.. 11+£~( I -E;)Sin2\f'p _ (' ''' ) h I 
R= \j 1 ( I i)· 2'" -cot Tp+:r wenE,< +E, -El' Sin Tp 

(6) 

In addition, there is a phase difference between equivalent detectors given by 

.1.41:: tan- I [Eptan{\Jlp+7r14) ] - tan-I [Eptan('¥p-1rI4)] (7) 

This assumes an ideal wire polarizer. 10 principle, therefore, measurement of lhe ampJirude ratio and phase differ­
ence, allow us to independently evaluat.e the Faraday rotation 't', and ellipticity El" It shou ld be noted that the 
amplitude ratio is very insensitive 10 ellipticity compared to the scheme discussed in Ref. 4. However, lhe required 

accuracy of the measurement ofR is greater due to the dependence on ( 't'p+*)' 

LABORATOR Y TESTS 

We have tested the principle of the proposed polarimetry/interferometry system in the laboratory. First, the 
ampli tude ratio measurement has been performed by using a wire polarizer (1000 lines/inch) to simulate the effect 
of the plasma. The radiation transmitted through the polarizer is rotated by an amount equal to the rOlatior: angle o f 
the polarizer. In Fig. 2 (a), the ellOperimental resul ts of the amplitude ratio are ploued versus polarizer rotation angle 
IOgether with the theoretical prediction of eq. (6) with El' = O. The measured rotation angles inverted from the 
amplitude ratio are also plotted in Fig. 2(b), which agree with lheory within an error of 3%. Second, the ellipticity 
measurement has been performed by rotating a quartz plate, which introduces a known ellipticity and rotation angle 
10 the electromagnetic wave. The e llOperimental results are shown in Fig. 3 where phase difference 641 is plotted as a 
function of the quartz rotation angle and compared with theoretical prediction. The resu lts show excellent agree­
ment between theory and ellOperiment 
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Figure 2 Experimental results of (a) amplitude ratio between two equivalent mixer outputs and (b) measured rota· 
tion angle versus the polarizer rotation angle. Solid curves indicate theoretical prediction using equation (6) with 
Ep= O. 
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Figure 3 (a) Experimental results illustrating the phase difference between two equivalent mixer outputs versus the 
quartz rotation angle and (b) theoretical prediction using equation (7). 

TEXT POLARIMETRY 

Initially a nine channel polarimeter system will be installed to obtain the central q-value in a low density 
(ne-lxlOI 3cm-3) and low current (250 kA) plasma and compare it with the previous experimental results of West et 
alP) In Fig. 4. calculations of the rotation angle and ellipticity are shown for wavelength of 1.22 mm, assuming par­
abolic profiles for e lectron density and current density with Re= l x lOllcm-1• Ip - 250 kA and B, = 15 kG. 

For other plasma discharge conditions. it is intended 10 optim.ize the Faraday rotation by altering the laser 
operating wavelength. For example, atllc = 5xIOllcm-1• Ip = 400kA and B, _ 28 kG. the rotation angle 'lip and eUip­
ticity Ep are 'I'p - lOO and e, - 0.035 for).. - 4961Jlll. Operation at). - 1.22 mm would produce exc,:ssive elliptiza­
tion. If this\jnitial central q measurement is successful. then the polarimeuy system would be extended to 29 chan­
nels (1.5 c m channel spacing) to improve the inverxion accuracy. 

MTX POLARIMETRY 

Figure 5 indicates the problems associated with a measurement of the current profile on MTX. The elliptiza­
tion is larger by an order magnitude than iliat in TEXT even though we use a 185J.Un laser. Clearly. a combinatio'1 
of iterative data analysis and measurement of elliptization will be necessary if polarimetry measurements are to be 
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Figure 4 Calculation results of Faraday rotation angle and elliptization at the wavelength of A - 1.22 mm in the 
TEXT tokamak. 
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Figure 5 Calcul ation resu lts of Faraday rotation angle and elliptiz.ation at the wavelength of A. _ 185 IJlf\ in the MTX 
tok.amak. 

utilized on MTX. The experimental results of the laboratory tests illustrate the possibility of measuring both the 
Faraday rotation angle and elliptization of the incident electromagnetic wave and make the proposed polarimeter 
attractive. especially for application to high densi ty, high fi eld pJasmas where elliptization effects are large. In this 
situation, it is often found that the Faraday rotation angle cannot be described by eq.(5). The implication on the 
usual inversion procedures will be d iscussed. 

CONCLUSION 

The feasibi lity of polarimetry measurements on both TEXT and MTX has been examined. A nine channel 
system will be installed on TEXT to measw:e the central q-value in a low density plasma. Future modifications to 
this system will include a 29 channel detector array to allow full current profile measurement during a single 

discharge. 
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Neutron rate measurements are very often used to determine the Ion temperature in 
ohmic discharges. We have develo~ software (NR code) which extends this method to 
neutral beam injection heating (Do in 0 plasma) by introducing a model for neutron 
production by fast ions. Our software is fully modular however. so that It can also be 
used for all kinds of thermonuclear plasmas and in future, also for non-thermonuclear 
neutron production. which may arise RF-heated discharges. 

Re laxat ion t ime model 

The local neutron rate in a plasma is simply given by 

Qab = nanb <ov> ab = nanb If 0abf a (v a) f b(vbl dVadvb · (1) 

n . nb. fa' fb. Va' vb are. respectively. the densities. distribution functions. and veloc ities 
or the two reacting Ion specles. 0 b is the corresponding cross-section, and <ov) ab is 
the reactivity of this process. For the distribution function we use the following ansatz: 

(2) 

vvhere the index 0 denotes the background plasma. and the indices 1, 2. and 3 the 
deuterons injected with full {45 keVl, half, and one-third energy, respectively. For the 
ASDEX plasma parameters we can use a Maxwellian for f . We have to distinguish 
the following contributions to the neutron rate in the case of 000 injection in 0 plasma 

QDO = ~n~<ov)oo + (X,n1<ov)11 +(X2n~<ov)22 +(X3n~ <ov>33 
(3) 

+ (X'2 n, n2 <9'1)12 + (X,3 n, n3 <ov)'3 + (X23 n203 <ov)23 . 

The first term describes the thermonuclear production In the bulk plasma. and the terms 
in the second row are the beam-target reactions for the three injection energies. The 
remaining terms describe the different beam-beam reactions. their coefficients ex taking 
into account possible Injection in opposite directions. 
As we shall see , for the ASDEX plasma the main contributions are c!ue to the 
beam-target and the thermonuclear production. Because the distribution function of the 
bulk plasma is Isotropic, the beam-target production only depends on the energy of the 
Injected deuterons and not on their pitch angle. We can therefore use the energy 
distrlbutlon function for the fast deuterons, 'Nhlch is simply calculated from the classical 
relaxation of the particle energy W: 

dW/dt = - W/tw ' (4) 
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<M1ere tw is the energy relaxation time. The resultrng distribution functions are 

N1D1(r) ntw 
n,f,IW) = -- --"!Jw i = 1, 2, 3. 15) 

n , 

Here n is the electron density. NI are the numbers of deuterons injected per second, and 
01(r) their deposition profile. The energy relaxation parameter ntw is a function of only 
the electron temperature and the energy itself. 

Interpretation of neutron rate 
The emission profiles for the different contributions in eq. 3 to the neutron rate and 
thus the volume-integrated neutron r ate itself are completely determined with the 
geometric data of the plasma, the electron density and temperature profiles n(r) and 
T e(r), the profile Ze(((r), the deposition profile O{r) of the Injected deuterons, and the 
plasma deuteron density and temperature profiles no{r) and T oCr). The emission profiles 
for the different contributions in eq. 3 to the neutron rate and thus the 
volume-Integrated neutron rate itself are completely determined. The densities of 
electrons n, deuterons no' and protons nH are related by 

Zx - Zeff = no (1 + nH ) 16) 
Zx - 1 n no' 

where Z)( is the charge of the dominant Impurity In a deuterium plasma without protons. 
no could therefore be determIned from Zeff' and thus the ion temperature To from the 
measured neutron rale Qoo If there IS any Information about the shape of the ion 
temperauture profile, the neutron emission profile Doo(r) can also be deduced. For 
plasmas with a mixture of protons and deuterons, as with HO injection in 0 plasma, one 
of the two parameters TO and nO/nH can always be calculated from the neutron rate if 
the other is known. 

Structure of the NA software 
To lake care of all these possibilities, our software has a fully modular structure. The 
scheme is shown in Fig. 1; firstly, the software DATA FILES reads all input data. It is thus 
easy to adapt changes in the ASDEX data files or to introduce new data which become 
accessible with the .development of new diagnostics. An example of the last is the new 
Zeff(r) measurement from visible bremsstrahlung which is now availiable at ASDEX. 

Flg.1: Software scheme 
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Secondly , the reactivl ties and the distribution functfons are determined in INTERMEDIATE 
CALCULATIONS and the input data for FREYA code calculation of the deposition profile 
D(r) are prepared. In the FINAl CALCULATIONS one of the parameters QDD' T D' and 
no can always be calculated, the other two being taken as ALTERNATE INPUTS. The 
software thus allows not only determination of the ion temperature or density, but also 
prediction of neutron rates and therefore detailed studies of the influence of relevant 
plasma parameters on the neutron rate . 
By this modular structure alt components of eq. 3 can be separately discussed. 
Furthermore, if this becomes advisable, It would be easy to change the model for 
neutron production by fast Ions and use, In par ticular, more sophisticated distribution 
functions, even for the targ~t plasma. Last but not least, the flexibil ity of the software 
allows us to treat, besides 0° injection, not only ohmic discharges but also HO injectfon 
in deuterium plasmas and ICR and LH heating. For most of these cases the hydrogen 
content of the plasma is the main problem. 

00 Injection In deuterium pl asma 
As an example of the treatment of D° Injection in deuterium pl asma, we consider two 
discharges, one with a high ion temperature of about 3.5 keV [#17061, injection: 4.15 MW, 
1.1 - 1.4 sec) and another w ith a relatively low Ion temperature of about 2.0 keV ($J16910 , 
InJection: 3.1 MW, 1.1 - 1.5 seel. Figure 2 shows for both discharges the time development 
of the neutron rate Q and the central electron temperature. as well as the t ime ­
dependent central deuteron temperature calculated from Q. Table 1 gives for discharge 
#17061 for some times the components Qoo' QOl' Q02 (the indices correspond to those 
in equation 3) and the ratio T o/T e' calculated for a content of 10% protons. 

Q [101.4 n/s] 
1.50 

T, ./ 

0.75 

-:----
/ ./ T 

/ / . 
/ 

'17061 

TooT. [KeY] 
4.0 

'.0 

a [tD U 0/5] 
1.0 

0.5 

'16910 

T -,,::--.0 
T -• 

o 

TO'T.[keV] 
'.0 

1.0 

o .00 L---;'1."'-~---;'''''.3;--~-'''1. .ro 
t Is) 

o. 0 L--_~_-,-'::_~_--:-,-:-----' 0.0 
1.2 1.3 1.4 

t[s] 

Fig. 2: Neutron rate (Q) , electron (T.) and deuter on (T D) temperatures 
The dominant neutr on production Is due to TABLE 1 
the full energy beam reactions with the target ' t";m=.;;=''-'-CQ'oo--7Q'0-,-- ''Q'02--TTo- /7T'f". 
plasma Q01' The half-energy beam (Q02) [ sec] [1013neutrons/sec] 

~~nt~!b~~J~~t~!'~~;!O~s 0~~J~;~~lyth:19~:;nt~~~ ~~:=.71:;:~'----;g;-."~:::~:;'6--"'1::6;::.-::~C;1 :::":~".::~:;'~-""~;-.::~::-g 
the therm;udear production 0 00, But during 1 .25 2.07 12.9 1.29 .1.10 
injection t temp~ratures Increase, causing 1 .30 2.32 8.3 1 0.91 1.20 
~n Increa~e in \e ) beam-target r eactions 1.35 1 .14 7.36 0.83 1.35 

0hwing to • and
f 

0 as well as In QQOO· Atl '.c.4"O"---"O",.3=-9"-_-"6",.6",O"--,,O,,,.6,,,S,,--,1.;..2,,O,,-
t e maximum 0 the neutron rate 00 is -
about twice Q02' The scatter in the results for T o/T e reflects the uncer tainty of the 
temperature determination. 



1194 

Table 2 gives the different particle densities nb= f n1fbdW on the plasma axis. They are 
of the same order for all components of the earn, ut about one order of magnitude 
smaller for the beams than for the target plasma. 

Table 2 Deuteron densities on axis at maximum neut ron production 

'17061 
'16910 

4.16 
3.37 

0.64 
0.45 

n, 
0.45 
0.1 7 

Table 3 gives for discharge u16910 at 1.3 sec 
all components of eq. 3, (or injection of the 
total power in one direction and for the 
hypothetical case of balanced injection with 
half the power in each beam. Here, owing to 
the low ion temperature the thermonuclear 
production is of the same order as the 
production by the one-third energy beam 
component. which itself amounts to only 1.5% 
of the beam production. The production by 
reactions between the beam particles clearly 
shows a dependence on the relative velocity, 
as is to be expected. But owing to the small 
densities in the beams compared with the 

0.16 
0.12 

1013 deuterons/cm3 

1013 deuterons/cm3 

Table 3 
neutron rate [neutrons/sec] 

unidirectional inj. 

7 .99xl 0 11 
-4 .39xl0'3 
3.71xl0' 2 
7 .39xl 0 11 
7.35x107 
1.47xl0B 
1.86x10· 
7.18x105 
6.42x10' 
7.39xl03 

balanced ini. 

7 .99xl 0'1 
-4.39xl013 
3.71x10" 
7 .39xl 011 
1 .44xl 0 11 

8.20xl0 1O 

2.94x10lD 
3.19xl01O 
8.54x10' 
2.12x l 09 

target plasma the beam-beam productions are smaller than the one- third energy 
beam-target production, even in the hypothetical case of balanced injection, and so it is 
always negligible. 

HO Injection in deuter ium plas ma 

As an example of the treatment of HO injection In deuterium plasma we consider the 
discharge "21502 (1.35 MW. 1.0 - 3.0 secl. In this case we have only the thermonuclear 
production Qoo ' Figure 4 shows the measured neutron rate and the ratio nO/nH from 
ex measurements. Figure 5 gives the deuter on temperature calculated with our software 
and . for comparision. the electr on temperature from ECE measurements. Here again we 
find ,T D/T e ~ 1 .2. The decrease in the neutron rate is caused by the small decrease in 
the Ion temperature. 

Q [1011 nIsI D/H 
1.50r--~-~-~-~---' 2.0 

121502 

O.OO',",_~_~ __ ~_~_--,' 0.0 
1.15 t[s) 2.35 

Fig. 4. Neutron rate and nr/nH 
for discharge "21502 

TO'T. [keY} 
2.0 

1.0 

121502 

T, 

T, 

0.0 ,=-_~_~_~_~_"", 
1.15 t.[s] 2.35 

Fig. 5: Ion and electron temperature 
for discharge "21502 
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SEPARATE MEASUJillIENT OF PARTICLE AND RADIATION LOSSES BY USING 
TIME- OF - FLIGHT TYPE NEU1RAL PARTICLE ENERGY ANALYlER 

F.Tsuboi. S.Adachi, K.Hattori. M.Ichirnura , M. lnutake, T .Kondoh, A.Mase, 
Y.Nakash ima, N,Yarnaguchi , K.Yatsu and S.Miyoshi 

Plasma Research Center, University of Tsukuba . 
Tsukuba, I baraki 305, Japan 

ABSIRAcr 
The method which can measure the energy losses due to 

charge-exchange neutrais and radia tions separately is presented. The 
reduction of the radi a tion loss after ECR discharge c leani ng in the 
tandem mirror GAMMA J 0 is clearly observed. 

Hll'RODucrroN 
In order t o study and improve the plasma confinement. it is very 

important t o clarify the main energy-l oss-channel from the confined 
plasma . A bolomet ric method has been widely used in many plasma 
confinement devices t o measure the total energy flu x emitted from the 
plasma. It is easy to omit the par ticle flux. but difficult to separa te 
the radiation flu x from the particle flux. cOl1lple te ly. A ne .... me thod f or 
the separat ion of the energy losses due to neutral particles and 
radiations by using the difference of thei r t ime -oC- fl i ghts has been 
developed(1) The rati o of the particle loss to the radi at i on l oss from 
the same plasma volume to the same solid angle is easily obtained by 
this method. The absolute values of each l oss po .... e r could be evaluated 
by t aki ng account. of the total l oss power measured by the conven tional 
bolome te r . This new method is applied for evaluating the effect. of the 
ELR discharge cleaning (ECR OC ) on the tandem mirror GAMM/\ ]QC) . The 
rati os of the particle loss 
to the radiation loss before 
and af ter ECR-DC are 
measured and the significant 
reduc t ion of the radiation 
loss after ECR-DC is clearly 
observed. 

EXPERIHENTAL APPARATUS 
Figure 1 sholls a 

schematic draw-i ng of the 
t i me-of-fl igh t type neut ral 
particle energy analyzer 
systan. TOf ..... hich consists 
of a chopper system. a 
fl i ght tube and a Daly type 
detector. Hydrogen atoms. 

lSm 

MO 

Fi g .1 The schematic drawing 
of TOF system 
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Fig.2 The experlmental arrangelllent 
in the central cell of GAMMA [0 

r(J and photons are emi Lted f r om the plasma and chopped by a r otati ng 
disk .... ith sli ts and travel 3.5rn in the fli ght tube. Due t o the 
di fference of the ir time -of-fligh ts, the s i gna l s of the neutrals and 
photons can be de t ec t ed separa t e ly. The t i me resolut i on of this system 
is a f e .... microseconds. The energy di str ibu tion of particles is 
estimated from thei r time -of- flight profile. The energy distri bution of 
photons is estimated by use of several filte rs which have di fferent 
ene rgy wi ndows f or the t ransmission of pho t ons. 

GAI11A 10 is an axisymmet r ized t andem mirror wi th Lhennal barriers. 
In the central cell. i ons are hea t ed by I CRF. In t he present 
expe rime nt, t he i on cyclot ron resonance l ayers exis t near the cent ral 
cell midplane. TOF system and the bolometer are se t near the ICRF 
antenna as s hmm i n Fi g.2 . The wall conditioning of the central cell 
had been done only by the pulsed discharges « 6Omsec ) .... ith the density 
of 3 x 101 ~ cm-3 in every 12 min. Recently a steady state ECR discharge 
cleaning with l owe r densi ty of 2 x IO IU cm~3 has been applied for 30 
hours (3) The effec t s of ECR OC appear clea rly in the de t ec t o r 
si gna ls. 

RFSULTS AND DISCUSSION 
Figure 3 (,a ) s hows the typical detector signa l s before ECR-OC wi t h 

no filters in the fli ght pass. When a s l i t opens, the signal of photons 
from t he plasma i s de t ec t ed immedia t e l y and then sie;nals of par t icles 
appear with t he de l ay t i me determi ned by t he ir time- of - fl ights . The re 
are 24 slits of O.02cm width and 1. Ocm length at 7.5 cm r adi us on the 
chopper disc which rota t es at the rate o f about 40000 rev min . Then the 
signals of photons and partic l es are ob tai ned in every IOO/lsec . By 
dividing the time-of- flight spectrum of particles into every 1.6j'1sec, we 
can estimate the e ner gy distr ibu tion by taking account of the secondary 
emission coeff icient of the copper target ' '' ) as shown i n Fi g. 4 (a ) . On 
t he othe r hand. t he energy dis t ribution of photons is obtained by 
changing filters which can transmit photons in different ene rgy ranges, 
By consideri ng the transmiss i on coeffici ent and the photo-elect ric yield 
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of the copper ':;) 16 ) , \.le can obtain the energy distr ibulion of photons as 
shown i n Fig S ~' . The radiation is strong in the VUV regi on as 
indicated l!l t !l\; figure. From the visible spec troscopic measuremen t. it 
is expected tha L the s t rong] ine emissions due t o light impurities. C 
and O. lie in this region. This sys tem has no sensitiv ity f or photons 
with energy less than lOeV due t o the abrupt reduction of the 
photo electric yield. By using the bolometer with LiF \.Iindow which 
transmits t he photons in the energy region lower than 12 eV, we 
confirmed the radiation in this energy r egion has l ess contribution to 
the tot t'l. l power loss fr om the plasma. The ratio of the particle loss to 
the rad,iat i on l oss calculated from Fig.4 (a ) and Fig.5 (a ) becomes abou t 
12 . 

The typical de t ector signals obtained after ECR-OC is shO\m in 
Fig.3 (b ) . when the plasma densi t y is almost the same as the densi ty 
before ECR CC. It is clearly observed that the peak height of the photon 
signal becomes r emarkably small compared with tha t of particle 
signals . Figures 4 (b ) and 5 (b ) are the energy dis t ribution of particles 
and photons after ECR- OC, respectively. The total loss power measured 
by the bolome ter is almost the same in both cases before and after 
£eR-CC . Then. the ordinates of Figs.4 (b ) and 5 \b ) are normali zed as the 
values of the total l oss power calculated from the both energy 
distributions before and after ELH- OC become equal. The ratio of the 
partic l e l oss to the radiation loss afte r ECR- OC becomes about 75. I t 
can be calculated from Figs.5 (a ) and 5 (b ) that the radia tion loss is 
reduced to about 1/ 6 after ELR-OC. This fact agrees qualitatively with 
the reduct ion of the line 
intensi ties of the light 
impur i ties measu red by the 
spectroscopic measurement. 

SUl'il'kWY 
The new me t hod has been 

developed for evalua ting the 
energy losses due to neu tral 
par t icles and radiat ions 
separately by using the 
differences of their 
time- of- fli ghts. The 
effects of ECR discharge 
cleaning in the tandem 
mi rror GAMMA 10 are studied 
by this met hod. It is 
clearly observed that the 
energy loss due to 
radiations is reduced to 
about 1/ 6 after ECR- DC. 6 

-l00us 

photons particles 

100 200 
t( ~s) 

( a) 

( b) 

Fig.3 The typical signals before 
Ca ) and after Cb ) ECR- DC 
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JNVEST[GATICN OF SIaiIlG-[OiN AND 'IHERIi\LIZEll ALmA PARTICU'S Ill{ 

ama:;E EXaWGl REXDIBINl\TICfi SPEX!l1UiCOPi - A FE\SIBILrI'l( S'lUD'i 

Manfred van Hell ennann . Hugh SUmmers , Alain Boileau *) 

JEr Joint UrrlertaJdng, Abingdon UK 
*)INRS Energie, Varennes , canada 

Motivated by the expectation of achievirg significant alpha particle 
prcduction in the approachirg fusion conditions of JEI' , JT60 an::l TFIR 
tokamaks I a range of alpha particle diagnostics have been 1..1I'rler study in 
recent years [1). One class is based on exploiting the charge exchange 
reaction through use of appropriate diagnostic or heating neutral beams. 
Sirgle charge transfer with the associated excitation of reo.:tnbination 
radiation can be used as a spectroscopic mathcxl for the measurement of 
alpha particle density an::l veloc:ity distributi on function. 'lhe charge 
capture an::l subsequent cascad.in;J arxi redistribution gives emission in 
the HeIl n=4-3 (4686 A) line which can be transferred either by quart;z 
fibres or by a mirror relay system to rerrote spectroscopic equipment 
beyorrl the biological shield. 

For significant charge exchange the relative velocity of alpha particle 
and of inj ected neutral ( hydrogen or deuteri um) must be wi thin a band 
of approximately 100 keV/amu which is define:i by the fall of the 
effective charge exchange rate at higher relative velocities. 

Visible charge exchange recanbination spectroscopy of t:beJ::mal ioniZed 
plasma particles, irK::ludi.rg helium, usi.rg the neutral heating beams is 
well established on JET [2]. '!he study presented here investigates the 
scope of infonnati on which may be achieved using the existing heating 
beam capability with upgrading to E,.,,~ =140 keY at O.7MWatt per beam on 
slow:ing-dcwn alp><> particles wit:l1"&1el:gies kT. < E < 3.5 HeV. 
Clearly the study must also be concerned with the 2:xRS ~ features 
associated with the backgroun::l thennal helium at relatively higher ion 
tenperatures than achieved at present arxl the meI:ging of the cooling and 
thennal helium veloc:ity distribution function. 

For future JET operation with input powers up to 40 Mwatts of Ohmic and 
auxiliary heating' it is expected to achieve, in particular during hot­
ion modes [3] with low to moderate electron densities, alpha particle 
pc1.Yer levels of approximately? MWatts. For slowing down times in the 
order of 1 to 2 sec ard ~ assumed main alrtta particle prcx:luction within 
a vol ume of roughly 50 '1'7 !!'i nay ~3alpha particle densi ties in the 
plasma centre between 10 m ard 10 m . 

For the geometry of the JET heating beams ard the CXRS nn.ll tichoro 
viewirq line system ( cf . [4]) we can calculate from a known energy 
depenjence of the effective exci tation rate ( Fig.1) ard a slowirq-d~ 
veloc:ity distribution function (Fig.2) the expected recombination 
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spectra. An example of a theoretical spectnnn consisting of the 
superp:>Sition of the contributions of thennalized and slowing-dCMn alpha 
particles as well as the continuum background radiation is shCMIl in 
Fig . 3 . 'Ihe absolute photon fluxes are basa:l on the extrapolated neutral 
beam data arxl an attenuation ccx:le used for the present low-Z impurity 
density calculations [2). '!he spectnnn representing the slowing-down 
alphas covers a spectral width in the order of 150A. The sha};€ arrl 
DJppler shift depend on slowing-down parameters as well as the 
obsel:vation geometry and neutral beam energy. 

The detection limit of the highest alpha particle energies contributing 
to the obseI:ved spectnnn . is demonstrate::i in a semilcgarithmic plot 
(Fig. 3b) where the continuum level and its associated noise level 
corresporrl to the actual observed levels of the current CXRS system. In 
order to discriminate the broad low-level slowing-dCMI1 spectnnn from the 
background continuum level two a1 temati yes are being considered.. One 
is active beam mcdulation and the other is the use of an additional 
passive viewing line which does not intersect the beams . The latter 
provides a simultaneously measure::l background spectnnn. 
Fig. 4 shows an exanple of 2 actuaj JEr spectra gained during NB 
injection in a deuterimn plasma with a He minority (2 to 5% of the 
electron density) typical for RF plasma heating . In this example the NB 
pulse was applied 2 sec after the RF pulse. Both viewing lines are fed 
into the multi -chord CXRS system enabling a subtraction of two spectra 
using one spectrameter an:1. one 2-diJn detection system. '!he residual of 
the subtraction is the ex Ibppler broadened spectnrm ( representing in 
this example the plasma centre ion temperature of 4. 3 keV) and the nn.s 
noise level of the continuum. A remaininJ small cold constituent, 
presenting approximately 10% of the total intensity, is supposed to re 
due to a non perfect toroidal symmetry in plasma bourrlary ernmission . 

A measurement of an alpha particle density radial profile in the 
quoted density range appears to re feasible . '!he reconstruction of a 
velocity distribution function in the energy range below 0 . 5 MeV in 
the plasma centre should re p:>SSible using either a passive viewing 
line for a sirnulataneous background subtraction or alternatively an 
active beam mcxiulation technique . In the forthCOIILin;J JET dperation 
period with combined NB an:1. ICRH heating the high energy tails of 
helium minority velocity distribution function will re investigated. 

[1] Workshop on Alpha Particle Diagostics, JET 1986, TFTR 1987 
[2J A. Boileau et al. ,JEr Report JEI'-P(87) 44 
[3J G.F. Cordey et al . ,JEr Report JEI'-P(86)38 
[ 4] see S . Corti et al, this conference 



.r 
'0 • " M 

E 
0 

a> , 
0 
~ 

• '§ 
• ~ 
0 • ., 
• 

=< 
" "," 

E 
0 

0 • • .. 
0 

~ 
'" Q. 

~ 

~~ 

~ 

'" 

1201 

6 

He(4686) 

f\ 4 _ empirical fit to the 
set of calculated ,; 

effective rate values .i 

~ 

2 
thermal particle 
range for T= 15 keV 

1'~~JL~Lu~'Lu,~,[l'==:L~~ Oil-
o 50 100 150 200 250 300 

Energy (kev/amu) 

Fig.1 Effective excitation rate 

3 

2 

0 

I~\ ;:. 
, :' 
! : I 
I: thermal 

, 
continuum , '. 

----1- .. ~ ___ J. .•• slowing 
down 

J } : i 
; \ 

.-.----~--:- -~--- -­
; : \ 

~ 

- 50 o 50 

wavelength shift( angstrom) 

Alpha Particle Distribution 

.' 

o 100200300400500600700800900 

energy (keV/amu) 

Fig .2 Alpha particle distribution function 

" • 
'" E 

o 
o • • 
~ 1010 

~ 
'" Q. 

'§' 
'" 

, , 

~continuum 

•.. ,,~ 
o 200 400 

alpha particle energy (keV) 

Fig.3 Thermal and slowing down spectrum for E=60keV!amu. P = 5MWatt 

n(alpha) =10u 18 m .... - 3, n(electron) = S"10'""'19 m .... -3 



4 

3 

., 
.; 

2 
~ 

'" 
1 

0 

" 8 
" • 
u • • Ne 6 
u 
;;; 
0 
0 

'0 4 
.0 
C. 

~ 

~o 
~ 2 
x , 
'" 

0 

1202 

CIII 4647.4 # 146 18 

CIII 4650.3 passive viewing line 

~ 
He(4685.5} plasma boundary feature 

C IV 4658.3 

lA continuum 
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Fig.4 Background subtraction using a passive viewing line. The helium 
minority density is approximately 5"'1 0"''11"17 mJllll' - 3. The background 

noise level is less than 5'"10""'9 photons{cm"'''''2 sec sr A. The 
. res iduaJ contains a ex component of 4.3keV and a cold boundary 
feature of 0.18 keV. 
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LI NEAR AND NON LINEAR COUPLED ALFVEN - VARMA MODES IN 

INHOMOGENEOUS PLASMAS 

P. K. Shukla and L . Stenfloa ) 

Fakul ta t fur Phy s ik und Astronomie 
Ruhr - Universitat Bochum 

n-4630 Bochum, F. R. Germany 

a) Department of Plasma Physics 
Ume~ University , Sweden 

P 1 I 77 

More than tvo decades ago, Varma [ 1 ] discovered a low­
frequency (compared to the ion gyrofr equency) f l ute - like elect­
rostatic ion drift mode that can be driven unstable due to the 
magnet i c fie l d gradient in nonuniform plasmas . The Varma mode 
i s derived on the basis of hydrodynamic equations includ i ng an 
equation of state in the form of the ~onservation of the mag­
ne t ic momen t of the two -d imensional i on f l u id [ 2 ] . This new 
mode s e ems to have been observed in many laboratory exper i me­
nts [ 3 ] . I t has been suggested that the Varma mode can accou ­
nt for catas t rophic plasma losses in mirror devices . 

I n view of the growing i mportance of the Varma mode in 
connection with mirror reactors, it is desirable to find the 
relation between this mode and some of the existing modes in 
nonun iform magnetized plasmas . In this paper , we have achieved 
th i s goal by incorporat i ng the electromagnetic effects in 
Var ma ' s theory . It has been found that the Varma mode is linea­
rly coupl ed with the Al fvJn wave . The instabi l ity of coupled 
Alfv~n -Varma modes is analyzed . Linearly unstable coupled 
Alfven - Varma modes atta i n f i nite amp l itude and start interact ­
ing nonlinearily . In order to describe such an interaction , 
we hav e de r ived a set o f nonlinear coupled equations . It is 
shown that nonlinear ly coupled Alfven-Var ma modes self-organize 
in the form of dipolar vortices . Cond i tion under which the 
lat ter arise is gi v en . 

Consider a weakly inhomogeneous electron-ion plasma immer­
sed in an exte r nal magnetic fiel d B ~. The density a n d magnet­
ic fie l d g~adients are assumed to bg along the x axis . We are 
concerned with the instabil i ty of th i s equil i brium agains t low ­
frequency (compared to the ion-gyrofrequency w c~ =q . B Im . ) 
electr omagnetic perturbations in a plasma re lev~nt t6 gir f or 
reactors in wh i ch T i » Te ' This s i tuat ion aris e s duri n g th e 
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neutral beam injection exp e riments . We cQllsider two - dimens i o n a l 
ion and three - dimensional e l e c tron motions . The n , in t he gu id­
i ng cen~~er approximation ( vi z . , et « wci ), the appropri ate 
exp r essions for the p e rpend i cular components of the ion and 
electron velocitie~ are 

(1 ) 

l"I1; (a + V: :"1) ~ -+.!2-. S. " v s. + -- t <.L ~ 0 ' 8' 
'" 8' ~ •.• 

; . - _1_ V )( (17; f;~) 
",;n; • and 

+ (2 ) 

~h ere q. and m. a r e the charge and mass of the i ons , 1 E= 
E " ~o l. / B 2 , l.~ (= F , ..l /n . B ) i s the io n magnet i c momen t , v 
is the par~llel e l ec t r on ~e ~ocit y , a n d the e lectr i c an d mag 6~­
tic fields are gi v en by 

E '" - V q, - ~ ; d-\: All' 

whe r e <t> is the scalar pote ntial and A ll is the paral lel comp o ­
nen t of the vecto r potent ia l . The perpendicular component o f 
the vec t or potent i a l i s se t to be zero . This ammounts to 
negl ecting the compress i ona l magnetic fi e ld pert urbat i ons a nd 
is consisten t with t he l o w- {3 (m Im . < < (3 « ,) a p p r o -e , 
x i mat ion . 

Insert ing (, ) an d (2) in t o t he i on cont i nu i ty , th e con ser ­
vation of the charge d ensity un de r t h e quasi- neutral a pproxi ­
ma t io n ( n . =n =n ) , t h e ion energy e quation , and the par a ll el 
comp o n ent~o f e Ohm ' s law, we obtain lett i ng n =n ( x) + n , (n,« 
no ) and JJ. i = JJ. i 0 (x ) + jJ. , ( IJ. 1« jJ. i 0 ) : 0 

( 4 ) 
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dt All =0 
(6 ) 

In ~eriving (4), we have made us e of th e parallel compon en t of 
Ampe r e ' s law 

-\ . 
= (e /-l. 11) 17.<. A I1 . 

~ )." 
E 

Neglecting the nonlinear te rm s , we ca n Fouri er transform 
(3) - (6). We then find four li near algebra ic equations, the 
combinatio n of which leads to the dispers i on relation 

1 

Two comments are in order . First, for k =0, Eq . (7) is 
identical to Varma ' s d ispersion relation in ~he high density 
regime . Secondly, in the absence of the magnetic field gradient, 
Eq . (7) yields W = ± k v

A 
' which is the dispersion relation 

of Alfv~n waves . Clear lY, electromagnetic effects cause a 
coupling between the Alfvrln and Varma modes. It can easily be 
shown that when w. ~ . w .... ::::::: kz vA , Eq : (7? admit s ~n instabi-
lity supported pr 1 mar11y by the magnet1c f1eld g r ad l ent . The 
growth rate of that instability is 

w (B) 

We now present a particular class of non linear solut i ons 
to ( 3)-(6) . We assume th at all f unctions depend on the v~riab l 
es x and E =y + a Z - ut, where a and u are constants . I t car 
then be shown that in the new stationary frame, combination o· 
(3) - (6)yj- ~ 1r!a a nonlinear parti a l differential equation 
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whe re t = 0'S - (uB )-1 (OXq, C"'! - as<\> <1>( ) and 11 
Equat i on (9) is sati~fied by the ansatz 

~ 

'IJ.L4> = C
1 <l> + C2 x, 

prov i ded t hat the co ns tants Cl and C2 are r elated by 

MW' ( )( ) o(.~~ ( c. ~ 11 4o)t.~ -){" +(1-~) C,-l- Us \ =0. 
(1-M)U 1- M o) 

The dipolar vortex solutions of (10) can be constructed 
usu~l manne:, In the ou ter region , we have C

2
=O and th e 

zat 1 0n requlres that 

( 10) 

( 1 1 ) 

in the 
locnli-

"> O . 

To summarize. we have investigated linear and nonlinear 
propertie s of coupled Alfv:n -Varma modes in an inhomogeneous 
magnetic field . It is foun d that the coupled Alfve'n-Varma modes 
can be driven unst able by the grad i ent of th e external magne t ic 
field in an inhomogeneous plasma . Furthermore . it has been 
shown that nonl i nearlz interact ing Al fven- Va rma modes se l f-o r ga­
niz e in the fo rm of dipola r v o rtic es . The latt e r may decide 
anomalous transport propert i es of mi rror reactors . 

Th is r esear ch was supporte d by t h e Deu t sche Forschungs­
gemein schaft thr ough the Sonderforschungsbereich 162 tl Pl asma ­
phys ik Bochum! Jil lich " Teilp r o j ek t L5. 

REFERENCES 

1.11 R. K. Varma , Nucl. Fusi on 1, 57 (1967) . 

[ 21 R. K. Varma, in Modern Plasma Phys i cs , I AEA, Vienna (1981) , 
p . 14 7 . 

t3] Arsen i n et al . • SOy . J . Plasma Phys . ..!..l, 87 ( 1987) . 
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NUtIERICAL SIMULATION OF THE EVOLUTION OF FLUTE VORTICES 

V.P.Pavlenko, V.I.Petviashvili, V.B.Taranov 

Institute for Nuclear Research Academy of Sciences of 
the Ukrainian SSR, Kiev, U.S.S.R. 

In a nonuniform magnetized plasma the buoyant force 

can arise if there is an unfavorable curvature of the mag­

netic field lines. The plasma convection which is similar 

to the convection of a fluid in the gravitational fie ld is 

caused by this force. The linear analysis shows that the 

unstable perturbations arise that have in this case the 

form of "tongues" which are strongly elongated along the 

external magnet i c field - so called flute modes 1. The main 

nonlinear effect assoc i ated with the development of the 

flute instability is the "twist ing" of these "tongues ll by 

the external magnetic field. It can be expected as the 

qualitative analysis shows that the evolution of flute in­

stabil~ty will be terminated in a random set of localized 

two dimensional vortices. The further investigation of pro­

perties of the flute instability needs the application of 

numerical methods. In the present article the time evoluti­

on of flute vortices of different type is investigated 

numerically. 

To describe the dynamiCS of the flute perturbations 

we use the equations ob t a ined in 2. In dimensionless vari-

abIes with normalizing on space ( k 0 ) and temporal (Kc U ) 
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scales of vortex ( U is the velocity of vortex) the equa­

tions have the form 

d
f 

,,'l..r;,+ ((+01.) ~ (n - 'V-2.~) '" 
d a:; (1) 

= ] ('V <cf" q:,) + 01. cI,v ] ('J i-, n) 

here 
J(q,l!j = 'dQ Jt dQ "dt V"" 1<'0 ;;-- , o(~ , n= 

dX ::Ix I.< dJ dJ de 

cp= I! 0 C. C:P, ~ '11;; 'd( J/. , 
k'o = > 0 u 8 0 tt {I.< + v~) 

'7r"* ,'Va are velaei ties of the diamagnetic and gravi­

tational drifts correspondingly, Sl.{. is ion cyclotron 

frequency, Cf-1 i s the characteristicsl scale of the plasma 

nonuniformity. The equations (1) . (2) have been solved by 

the Lax - Wendroff method /alternating directions/ on the 

64 x 64 grid with periodic boundary conditions. To invert 

the Laplace operator VIe have used the fast Fourier trans­

formation on x variable and periodic running on y variable. 

The correctness of results is checked on the base of inte-

grals of motion 

(J) 

, 
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~ =J{ ('7p)-Z_ (1-fO()I7<]d)(ir 

The equations (1),(2) have the sta tionary solution in the 

form of dipole vortex of flute type 2 

( 4) 

~ (7, 'f) ~ I~+I<<J ~ _ J, (la) ] l \ Co J, C'ao) 

h ~P 

The parameters K and '0 obey the dispersion relation 

for the dipole vortex 

1< 

We have considered the following initial conditions: 

a) the shape of the dipole vortex type which is close 

to the stationary solution (4); 

b) the solitary monopole vortex; 

c) two dimensional periodic system of vortices in the 

form of the standing wave. The temporal evolution of these 

perturbations is cons idered in ~ «1 limit. The obtained 

results are a8 follows: 

a) the numerical results have shown that the shape 
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which is close to the dipole vortex has the life time 

-1: ::::: S, S . VIe note that in our scales the inverce increment 

of the linear flute instability in this case is -to tL~ 1; 
b) the solitary monopole vortex is chosen with Gauss 

shape with amplitude corresponding to the linear level. We 

have seen the enhancement of the vortex amplitude with inc-

rement of the linear flute instability. In the final stage 

at the time -t '" 3 the long wavelength structure of the 

dipole vortex type has been observed; 

c) the temporal evolution of the initial perturbation 

in the form of the standing wave is also investigated start­

ing from the level of amplitude corresponding to the linear 

stage. Here as well as in the case of monopole vortex the 

generation of harmonics on the nonlinear stage (-t;:.. -1,5 ) 

have been observed. These harmonics are increasing with 

increment close to the linear flute instability increment. 

So, in the limit 01... «1 we can conclude that in all cases 

considered the linear stage of the flute instability is sue-

ceded by the nonlinear one and the increase of perturbat­

ions of the potential and density continued. 

References. 
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ELECTROSTATIC ION CYCLOTRON WAVES 
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Via Celoria 16, 20133 Milano, ITALY 

Introduction 

P 1 I 79 

THORELLO is a steady-state toroidal plasma suitable for basic. collision less plasma physics 

researches [11. The combined possibilities to operate in different discharge regimes and to 

perform space-resolved cw measurements make particularly interesting the study of plasma 

waves interaction. An interferometric method allows the experimental reconstruction of 

the Electrostatic Ion Cyclotron Waves dispersion relation. In addition, by comparing 

experimental data with theoretical curves, the order of magnitude of the ion temperature 
can be obtained. 

1. Experimental set-up and discharge parameters 

The vacuum chamber has circular cross-section and is made of stainless- steel to achieve 

very low rate of outgassing. Minor and major radii are 9 cm and 40 cm respectively. 

Low ultimate pressure and good purity conditions are obtained ' b~ operating ~igh density 

cleaning discharges. The toroidal field magnet consists" of" four bunches of 14 coils eachi 

the maximum steady-state"toroidal magnetic field on the axis is about 2 kG. The plasma 

is produced in different ~eutral gases (H2' He~ Ar; Ne) '"by hot fi lament electron emission 

and acceleration by bias voltage. 

Electronic density and temperature are measured by electrostatic Langmuir probes. These 

probes can scan the plasma cross-section radially on different toroidal positions at three 

poloidal angles. Apart from a hot electron region near the filament the plasma can be 

considered homogeneous and nearly maxwellian. In order to operate with uniform ra­

dial profiles of electron density and temperature a small vertical magnetic field ( ...... 5 G) 

produced by Helmoltz coils has been superimposed. A lay-out of the device is shown in 

fig.1. 

The possibility to operate in different discharge regimes is shown in fig.2 and 3, where 

electron density a nd temperature are reported versus neu t ral gas p..ressure and filament 

current respectively. Profi les of Te and ne are shown in fig.4 . 
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Filament current (A) 
Fig.3 

Fig.I : lay-out oC THORELLO. 

Fig.2,3: Electron density and tempera­
ture in H2 vs. neutral gas pressure (2) and 
filamen t current (3) measured by Langmuir 
probes in the centre of plasma column. 

Fig.4: Radial profiles of n~ and Te in hy­
drogen plasma (positive values of position 
refer to the high field side). 
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2. Excitation and detection of electrostatic ion cyclotron waves. 

Electrostatic ion cyclotron waves propagation has been studied in hydrogen plasma in the 

central region of the THORELLO plasma column. A numerical ana lysis of electrostatic 

dispersion equation !2] in the range of ion cyclotron frequency for transverse propagation, 

i.e. for values of kit in the range 

(2. 1) 

shows the existence of two differen t branches (see fig .5) in each low-order harmonic band. 

The two branches are characterized by small, but finite, values of the imaginary part of 

perpendicular wavenumber, except for narrow regions across each harmonic resonance; 

according to Schmitt we will call these modes Neutralized Ion Bernstein Waves, NIBW 

[3[. 
Experimental observation of NIB W has been 

carried out on THORELLO by a continuous-

wave interferometer. Wave excitation is 

achieved through an electrostatic antenna 

consisting of two thin metallic blades fed by a 

low power RF signal and phased 1800 apart, 

installed at the plasma center. The size of the 
two blades and their distance is selected to 

guarantee a kU spectrum peaked near 1ern-I , 

in order to satisfy condition (2.1) for our dis­

charge parameters. A fraction of the signal is 

used as reference in a mixer (LO port) . 

•........... 

-... 
•• ...... 

... .. ,. ~ . .. ' .' . .. -
,r -~_ 

F ig.5: NIBW dispersion curves (dot ted 
line~ repre~ent im aginary part~ of the 
branches). 

A T- probe, passing through the antennas perpendicularly to the magnetic field, is used 

to detect the wave; the signal from the plasma is then sent to the RF port of t he mixer . 

The mixer output, after filtering in order to suppress .time-dependent terms, is sent to 

the y- channel of a digital oscilloscope, while a voltage proportional to the probe d istance 

from antenna drives t he x- channel. By probe scanning of the experimenta l region we 

obtain an interferomet ric trace of the type shown in fig.6. Apart from a strong non­

propagating disturbance in proximity of the antennas, whose non-linear origin is confirmed 

by a pronounced dependence on RF perturbation amplitude, the interferograms show the 

expected oscillating behaviour. Perpendicular wavelengh ts are obtained by measuring t he 

distance between a maximum and a minimum of t he sinusoidal trace, for any operating 

freque ncy [41. 
Backward modes and high- frequency (> ZOi) forward modes exh ibit perpendicular 

wavJ:number too large to be excited by electrostatic plane antennas and to be observed 

by fi ni te spatial resolution detection system. Due to t hi s limitation, the experimental 

reconstruction of the dispersion relation has been possible, in hydrogen plasma, for the 
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forward branch only in the first two harmonic bands. Comparison of experimental data 

with numerical curves computed for the THORELLO plasma parameters has shown some 

discrepancy, that we ascribed to the assumption of a fixed value for kilo An analyti· 

caI method applied to the integral of normal modes pointed out that plasma. dynamics, 

via the dispersion relation k.dkll ), can favour the detection of particular kll modes at a 

distance from antenna much greater than one wavelenght. The kU values of interest corre· 

spend to stationary points of the function Rekl. (kll ), while the antenna spectrum and the 

exponential coefficient containing Imkl. act as weights on different terms. 

The agreement between experimen~al data and theoretical curves, generated by this model 

for an ion temperature of O.leV (n£ = 2 X 109 cm- 3 , T£ = leV), is shown in fig.7. 
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.vo, ~ftdlftl po. lt leon 

Fig .6 Fig.7 
Conclusions. 

The possibility of exciting and detecting ion cyclotron electrostatic modes predicted by 
warm plasma theoretical models has been verified. The good agreement between exper­

imental results and numerical curves suggests the use of the dispersion relation of these 
waves as a diagnostic tool for the evaluation of ion temperature in the peculiar THORELLO 
plasma conditions, 

••• 
The authors would like to thank C.Maroli and V.Petrillo for helpful discussions and sug­

gestions, and G.Carbone for his valuable technical assistance. 
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The classic electrostatic dispersion relation has been analysed in the ion cyclotron 

regime for · low density and low tempera.ture magnetized plasmas, in connection with 

experiments on small size toroidal devices, aimed to produce and detect longitudinal 

waves in this range of frequencyll].[2J. 

The dispersion relation has the followi~g form: 

(1) 

.' , where If is the wa.ve vector, ZtT = ~.w I ~(T ;; ~, arT = ~.w and OC(7' w pt1 and 
v2~p't... "... V211:DVllr 

Utcr = ~ are respectively the cyclotron and the plasma. frequencies and the thermal ym; 
velocity of the species u. 

The function B is defined as: 

+~ 

B(~, z, Q) = L .-' In(~)Z(Z - nQ) 
n=-oo 

Since we are considering a boundary value problem, the dispersion relation is solved to 

give the complex values of k.l as functions of real wand kll for fixed va.lues of the other 

parameters. 

The ra.nge of frequency considered is in the neighbourhood of the ion cyclotron 

frequency a.nd its first harmonics. A hydrogen plasma is considered; the plasma density 
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ranges from 109 to lOllcm- S and temperatures of the order of a few eV are assumed 

for both electrons a nd ions. Oblique propagation is investigated, kll being varied from 

10- 2 to Iem- l . 

In fig. 1, a plot of the numerical solution of equation (1) is shown, with emphasis 

on t hose roots presenting immediate physical interest. In fact, the dispersion relation 

(1) has infinite roots, due to its trascendental character, but, among all these, a forward 

branch and a backward branch (ion Bernstein wave) can be recognized near each har· 

monic, these two branches being characterized by relatively low values of t he imaginary 

part of kl.. 

Both real and imaginary parts of the perpendicular component of the forward wave 

vector present slight oscillations with period J..!. superimposed on a roughly linear io-
u " 

crease with w. The backward branches are described with more details in Fig.2. Between 

the nth and the (n + l}th harmonic, only one substantially real backward mode exists, 

which becomes strongly damped in going towards w = nOd. 

For w ~ nOdI the Bernstein wave converts into a virtual mode (]Imk.1 ] ~ Rek.1), 

while for w > (n + l)Oci it becomes evanescent (Rek.1 « Imk.1 ). 

As regards the possibility of conversion between the forward and the backward 

branches, the present analysis provides results different from those obtained in ref. [31. 

In fact , as can be seen in Fig.I, the coincidence of the roots does not exactly occur. 

Nevertheless, in a certain range of frequency (for instance, around w ::::- 1.50ci in the 

first harmonic region) the real parts of k.1 for the two modes approach one another in 

correspondence to relatively low values of Imk.1. In this condition, a partial transfor­

mation of the forward wave into the backward one may, therefore, take place. T his 

convergence of the two roots appears to be more pronounced between Od and 20ei and 

for increasing electron temperatures. AB regards the role of the electron component 

of the gas, agreement with ref. [3] haa been found; the electrons do not influence the 

dynamics of the backward branch, while they affect the behaviour of the forward root. 

An analytical study of dispersion (1) has been performed, which accounts for the 

behaviour of the roots. 
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As regards the backward roots, when Rek.t » IhnkJ.l, and Ai » I, the Beasel 

functions can be represented by the asymptotic expressions In(.\) """ 'J;:~ 11 + O(i )1, so 

tha.t, near each harmonic 

In particular, the approximate value of k.l at w = nOlti caD be obtained: 

which is in good agreement with the numerical data, especially when n > 2. 

For the fiat, strongly damped part of the Berostein branches at the left of each 

harmonic w = nOc:t:, RekJ. < IImk.LI , 50 .\; = X - if with l » x. In this condition, 

a.nd therefore the dispersion relation can be simplified in the form 

from which an estima.te of ( for the various virtual ·waves can be deduced. 

It caD be noted that the difference between the imaginary parts l of Ai for two 

contiguous virtual roots is roughly y, so that, for instance, in the range of frequencies 

W < Od, nine strongly damped waves of this type exist.in addition to those two virtual 

roots represented in Fig.2. 
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INTRODUCTION 

P 1 I 81 

The electrostatic ion cyclotron instability (EreI), first observed by D'Angelo and 
Motley 11] in a Q-machine plasma, was theoretically explained by Drummond and 
Rosenbluth 12] in terms of an infinite, collisionless plasma model with a. drifting 
Maxwellian electron distribution. It is destabilized in laboratory plasmas by draw­
ing an electron current to a small electrode (the "button" or "disc") immersed in a 
magnetized plasma, thus apparently providing the drifting electron population required 
by the Drummond:Rosenbluth theory. However, the critical button size needed for the 
instability to be observed (button diameter D S 6p, = ion gyroradius) and the depen­
dence of the frequency of the destabilized waves on the magnetic field in the vicinity of 
the button have focussed attention on aspects of the instability obviously not covered 
by the theory of Drummond and Rosenbluth. Schrittwieser [3] investigated the effect 
of vary ing the button size by using a segmented annular ring structure and found that 
at large diameters (D ~ 6p.,) the instability is modulated by a low frequency potential 
relaxation instability. Moving the button along the axis of an inhomogeneous field, 
Cartier et al [4] observed a filamental quenching of the instability at button diameters 
D,.,. Pi. 

By using a continuously adjustable iris in front of a biased collector we have in­
vestigated the properties of the EICI as a function of the button diameter in the 
range Pi S D S 30Pi. We confirm the filamental quenching at small button diameters 
(for uniform B) and the low frequency modulation at large diameters. In addition 
we observe a sharp frequency shift (6.f,.,. 15%) at large button diameters which has 
not been reported previously. Alternative mechanisms for the destabilization of EIC­
waves have been suggested [5], 16) in order to account for obsevations not covered by 
the Drummond - Rosenbluth theory. We believe that the frequency shift observed in 
our exper iments may indicate that there are, indeed: different mechanisms involved in 
the destabiliztion of ion cyclotron waves. In this paper we report measurements on 
the frequency, amplitude and radial phase of the EICI in an attempt to demarcate 
different driving mechanisms of the instability. 
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EXPERIMENTAL ARRANGEMENT 
The experiment was performed in a Q-machine, schematically depicted in fig. 1. 

Ion cyclotron waves were destabilized by drawing an electron current to the end plate 
of a potassium plasma column of diameter 6 CID, length 1 ID, density ne = 109 

_ 1010 

cm~3, Te = T; = O.2eV, immersed in a magnetic field B = 1 - 3 kG. An aperture of 
variable size, using a 16 segment iris, was kept floating immediately in front of the 
biased end plate. This method of destabilizing Ere-waves corresponds to the conven­
tional button arrangement, but with the advantage of allowing the effective button 
diameter to be varied continuously over the range D,...... 3-50 mm. The end plate was 
electrically heated to prevent alkaline contamination. Wave frequency and amplitude 
measurements were recorded by feed ing the-button signal g2(t) (see fig. 1) into a digi­
tal oscilloscope/microcomputer system. For radial amplitude and phase measurements 
the signal gl(t) from a movable probe, located 50 cm from the hot plate, was used . 

RESULTS 
Initially the wave frequency decreases slightly with an increase in button diameter, 

as is depicted in fig. 2. However, at D ,....., 15 mm a sudden jump in the frequency 
occurs, accompanied by a drop of at least an order of magnitude in the butt.on signal 
amplitude. Fig. 3 shows that the button diameter, at which the frequency shift occurs, 
decreases with increasing magnetic field strength , and is of the order of lOp.. Fig. 4 
shows that for small button diameters (D = 10 mm) no frequency jump occurs when 
the button bias is varied, while for D = 20 mm both high and low frequency modes 
can be seen. Fig.5 shows the radial phase variation for a 14 mm and 30 mm diameter 
button. The smaller button shows the sharp 7r phase change characteristic of a stand­
ing wave whilst for the larger button there are indications of a wave travelling away 
from the edge of the current channel. 

DISCUSSION 
The initial decrease in frequency with increas ing button diameter shown in fig. 2 

(3 mm ::; D ::; 15 mm) is best explained by the Drummond- Rosenbluth theory, if the 
wavelength is understood to be set by the button diameter, D = >./2. The frequency 
jump at D = 15 mm, however, cannot be accounted for by the Drummond-Rosenbluth 
theory. On the other hand, the theory of Ganguli et a l [6] does allow for higher fre­
quencies to be driven by a perpendicular electric field, El.. Fig. 4, which shows that 
for a given button diameter the frequency jump depends on t he button bias (threshold 
for El.) may give credence to this interpretation. For the smaller button diameters 
the peak amplitude for the m = 1 mode was found to correspond to kl.p. = 1.1, in 
agreement with the Drummond- Rosenbluth theory which predicts a maximum growth 
rate for k.1p. ,....., 1. Finally the phase measurements shown in fig. 5 indicate, for the 
larger button diameter, a travelling wave originating at the edge of the current chan­
nel. As any radial electric field would be expected to be localized in this region (an 
assumption welJ supported by radial potential profile measurements) this wave could 
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well be driven by a perpendicular electric field, E.l' 

CONCLUSION 
We have observed a significant frequency jump (6..f """ 15%) as the button diameter 

is increased . Measurements on the low frequency mode seem to indicate that it is 
destabilized by an electron drift, hence driven by a parallel electric field (En) . The 
higher frequency mode cannot be explained along these lines but may be understood 
as the perpendicular electric field mode (E.d described by Ganguli et at [6]. 
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ONSET OF CHAOTIC DIFFUSION 

IN DYNAMICAL GUIDING CENTERS SYSTEMS WITH MORE THAN 2 ELECTROSTATIC WAVES 

R. NAKACH, J.H . MISGUICH 

Association EURATO}[-CEA sur la Fusion, CEN de CADARACHE. 

13108 Saint-Paul-lez-Durance Cedex (France) 

In order to understand guiding center diffusion across a s tr aight 
magnetic field in presence of perpendicular electrostatic turbulence, 
severa l numerical studies have been performed previously, either i) with 
few J or ii) wi th many elect rostatic waves 2, with reasonable agreement 
with theory~ . For such non-autonomous Hamiltonian systems in two 
dimensions, the physical space is also the phase space. 

An observed f eature of the numerical models with many waves is the 
existence of a threshold in the value of the turbulence amplitude for the 
onset of large scale stochastic motion. Here we focus our attention on the 
mec hanism responsible for the onset of chaos in a restricted number of 
waves, and on t he conditions for the existence of a threshold. 

We consi der an electrostatic potential including three plane waves in 
two di~ensions. The drift motion of the guiding centers is governed by 

c 
x = 

B' 
E AB. Explicitly the equation of motion reads: 

[ : 1 

r 
c 2: 
B i=l 

a 
; 

k' " 

k' , 
cos t j(x,y ,t l (1) 

Let us consider the variables Cl and t.:z, corresponding to the dominant 
wa ves , as t wo independent variables. Expressing x and y in terms of tl and 
r.:z and t, normalizing the time to the frequency w of the waves (-r =: 

\ll t, with I» ::: w
1
= I)) :z= W 3) , leads to the following equations of motion in 

t hese phase variables, valid for a specific orientation of the three 
wave-vectors : 

Cl -1 - e cos t, + e cos (f - t + T) , , " , (2) 

t, - 1 + e cos t , + e cos (e - (' 2 + T) • , , , (3) 



1226 

Here, e, are the normalized amplitudes of the different waves, including 
also a dependence on the orthogonality of pairs of wave-vectors. 

The equations 
Hamiltonian in which 

(2) and (3) can be 
the variables ~l and ~7 

derived from the following 
are canonically conjugated: 

;t (t1, t2 ' 'T) = t2 - tl + e1 sin tl + e2 sin t2 + ea sin ( tl - t2 + 'T ) 

(4) 

In t he case of two electrostatic waves, the Hamiltonian (4) in which 
we set e

3 
= 0, is obviously an exact invar iant of motion, and therefore the 

motion is completely integrable. Two fundamentally different cases are 
found according to the values of the normaliz ed amplitudes e

1 
and e

2 
with 

respect to 1. 

It is clear , from the equations of motion (2) and (3) with e
3 

= 0, 
that no stationary singular point can exist if e

2 
( 1, and e

1 
( 1, which 

implies that no closed periodic orbits can exist, and therefore no 
separatrix. For this case we have obtained an analytical solution of the 
equations of motion (2) and (3) in a parametric form~ , based on the fact 
that the Hamiltonian (4) (with e

3 
= 0) appears as a generalizatio'n' of the 

celebrated Kepler equation4 of astronomy to two variables . 

The salient featur e (for large amplitudes with e
1 

) 1 and e
2 

) 1) is 
the appearance of stationary points (elliptic or hyperbolic points), which 
obviously correspond to stationary phases of the waves and thus t o 
resonances of the guiding centers with these waves (x and y coordinates 
moving along straight lines with constant velocities). Explicit results are 
given in Ref.5. 

Numerical simulations have been performed, using 
section method, to solve Eqs.(2) and (3) with arbitrary 
order to study the influence of the third wave. 

the surface of 
ampli tudes, in 

First of all, let us consider the case e
1 

= e
2 

( 1, in search of the 
amplitude of the third wave necessary to lead to large scale 
stochastization of the trajectories. For e

l 
= e

2 
= 0.9, in Fig. 1 we show 

the solutions of the equations of motion in which the third perturbation 
wave has an amplitude e

3 
= 0.1 • In this case the phase space (which is 

periodic in two angles) appears to be divided in two symetric domains, well 
separated by a S-shaped phase curve which will be revealed to be very 
strongly resistent to the pertubation. In each area, some surfaces are 
already destroyed. 

Moreover, an important phase curve, exact solution of Eqs. (2) and (3) 
takes the form of a straight line t2 = tl ± U (mod. 2U) when e

1 
e

2 
= e, 
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for any value of e
3

" This curve plays a role simiiar to the median S-shaped 
curve; these two resistent curves separate the phase space in two 
disconnected areas. 

In Fig. 2 we exhibit the structure of the existing separatrices 
surrounding the two resistent curves, for lower values of the amplitudes 
(e

1 
= e

2 
= 0.2. e

3
= 0.18 ) insuring a non-stochastic motion. We observe the 

existence of ascending and descending "boul evards" filled with phase 
curves, around the straight line and the S-shaped curve, respectively. 
These "boulevards" are limited by the separatrices and become tangent in 
two hyperbolic points. The important phenomenon is that these two points 
collapse on the point (~1 = 0, t z = ~) when e

3 
= e, connecting the straight 

line with the S-shaped curve: this seems to be the mechanism responsible 
for the beginning of the filling of t he whole phase space by a stochastic 
sea. For higher values of the amplitude e, this threshold for large scale 
stochasticity appears already for a lower value of the perturbation. 

The conclusions of this study can be summarized as follows. The 
guiding cent er system in two electrostatic waves is completely integrable, 
invariant curves in phase space are topologically different according to 
the va l ues of the amplitudes with r espect to one. For amplitudes less than 
one, an exact analytical solution has been obtained In three 
electrostat ic waves, chaos appears for a lower value of the perturbation e

3 
when the amplitudes of the basic two waves are larger. The stucture of the 
phase space is determined by domains delimited by two important resistent 
phase curves (a straight line and a median S-shaped curve surrounded by 
phase curves forming "boulevards") . When the amplitude of the perturbation 
reaches the amplitude of the basic two waves, these "boulevards" become 
infinitely thin, allowing for a connection between different domains. This 
phenomenon seems to be the mechanism responsible for the beginning of the 
large-scale stochasticity. 

For a k- 3 spectrum with many waves, as studied in Ref . 2 , one can 
conjecture that the threshold for large-scale stochasticity would actually 
vanish in the limit of a continuum spectrum. This can be understood from 
the fact that for each couple e

l 
= e

2 
one almost always find a perturbation 

of equal or larger value of e
3 

(which depends on the amplitude of the third 
wave and on the orthogonality of the wave-vectors). 
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3. J.H. MISGUICH, R. BALESCU, H.L. PECSELI, T. MIKKELSEN, S.E. LARSEN and 
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Fusion 29, 825 (19B7). 
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NEGATIVE ENERGY WAVES IN THE FRAMEWORK 
OF VLASOV-MAXWELL THEORY 

Dieter Pfirsch 

Max-Planck-Institut fuer PIMmaphyaik 

EURATOM Associaton, D-8046 Garching 

P 1 I 83 

Linear negative energy waves are of interest in the context of nonlinear and dissipative 
instabilities /1 / , / 2/ . They might also have a bearing on, for example, problems of anoma­
lous transport. This paper presents conditions for the existence of negative energy waves 

derived via a variational formulation of the Vlasov-Maxwell theory / 3/ . / 4/ , / 5/ . 

Noether's theorem is used to obtain a second-order energy expression in the perturba­

tions which is the wave energy. Using localized perturbations, it can be shown for any 

equilibrium that negative energy waves exist if for at least one particle species v 

(1) 

holds for some fJ and x and for some directions k / 5/. This generalizes a result recently 

obta ined by Morrison for homogeneous isotropic plasmas /2/. Here fSO
) (x, V) is the 

unperturbed distribution function for species v in a frame of reference in which the total 

energy of the equilibrium is smallest. 

Since the Vlasov theory becomes invalid for length scales smaller than the Debye length, 

the ques tion is to what degree it is necessary to localize the perturbations. For a homo­

geneous plasma with Eo = 0 no localization is necessary. For general inhomogeneous 

sys tems with Eo i- 0 the localization needed should be similar to that for general homo­
geneous magnetized plasmas, which are therefore investigated in this paper. § (O) and A(a) 

are taken as 
,4(0) = (0, B(O) x , 0) . (2) 

For E (a) = 0 the minimum is obtained for a vanishing perturbation A (·) of the vector 

potential, which is a possible choice in the sense of an initial condition / 5/ . In this paper 

is also chosen for §(O) i- 0 , which, howe.ver, might no longer correspond to the minimum 
of E (l ) and therefore overestinate the necessary localization. 

With eqs. (2 ) and (3) the second-order wave energy becomes 



1230 

(4) 

w" = e" B {O) / (m"c) , 
e", is the unit vector in the x-direction, 

t(lI) is the complex amplitude of the electric field perturbation and 

FJ') = FJ') (x, il, t) is a generating function for the perturbation of the particle positions 
and velocities (in eq.(4) IFJ')12 is chosen ,.., 5(v",) which is possible because of ISO) = 
1(0 ) (2 , )). 

" v", + Vy,V Z • 

X~(.,) -
v - (5) 

The electric field energy can be made equal to zero, being a biIinear expression of phase 
space integrals involving linearly the functions FJ") , without influencing the particle con­
tributions to E(2) With 

relation (4) becomes 

1 I 3 [ 1 I' - - alSO) v L: - - d v - FS') k· v k . -_- + 
" 4m" av 

+ i w" V;e 

(6) 

V is a large periodicity volume. If I - > 00 again yields the general condition (1). On the 
other hand 

k 11 B (O) o (7) 
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allows E(2) < 0 without any restriction on If I . 

In general, one will have conditions between (1) and (7). This is qualitatively similar to 

perpendicular wave propagation, which is treated here more explicitly. 

For this case eq. (6) becomes with k = (0, k, 0) 

E(') = v L _1_ J d'v (W' r(O) I aFS') I' 
v 4m., v v 8v'l 

From eq. (8) it follows that 
aF(') 

k-"-":O av, 
is necessary for E(2) < 0 . Minimization of E(2) under the constraint 

v L _1_ J d'v w~ rSO) I aFS') I' = 1 
v 4m., 8v" 

with a Lagrange parameter ± - 1 yields for the minimum of E(2) 

E(2) = 1 - ±. 
This is negative for 0 < A < 1 . With the dimensionless quantities 

the corresponding Hermitian eigenvalue problem is 

~ (r(O) aFS') ) 
+ a" " a" VII VII 

o. 

Negative E(2) are associated with 

(8) 

(9) 

(10) 

(U) 

(12) 

(13) 

(14) 

The smallest k and therefore the least localization corresponds to the smallest eigenvalue 

A. 

A > 0 requires that f~O) have a minimum with respect to th = Jii; + v~ . The minimum 

wave vector is then qualitatively given by 

(15) 
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t::o~ : the maximum of I~O) • r: i " : its relative minimum in t::..v" • 
t::.. u" : distance between the maximum and the minimum of ISO) , 
V" : velocity somewhere between the maximum and the minimum of ISO) 
A numerical solution of the eigenvalue problem (13), (10) was obtained for 

_3 

( ) v'1 er. / !3 _1. ( 1 -a lfll - 1 oi l ( _1.,,: [I/0 (vi. v", ) = e ~ . e::' 
(21T) l / 2 V;h 

O:'S"a<l (J > 1 . (16) 

ISO) has a minimum with respect to V.L for er.{3 > 1 . At the same time the system is linearly 
stable for 

0: and e were chosen in the range 

0.5 :'S" a $" 0.9 0.1 Se$" 0.9. 

For this range the numerically obtained values for 

kmi"T9 = ..; Am." 

can be approximated by 

F + 1 
1.13 

2 Hm •• (F-1) 

with 

F = fmo:t / lm." I 

fmoz = [(0) (v' 
1/ ':I moz' 

In a {3 

(J - 1 

v.) ,I mi" = I~O) (0, tJ",) . 

(17) 

(18) 

(19) 

Equation (19) agrees with the general relation (15) . In the unstable parameter regime 

kminT9 is not much larger than 1, in the stable regime it is between 10 and 60, but there 
is no relation to the" Oehye length. The corresponding negative energy waves therefore do 

not necessarily contradict the range of validity of the Vlasov equation. 
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NON LINEAR GENERATION OF LARGE - SCALE MAGNETIC FIELDS IN PLASMAS 

A. G. Sltenlco, P. P. Sosenko 

Institute for Theo retical Physics , Academy of Science of 
the Ul:rainian SSR , Kiev (USSR) 

Recent laser plasma studies [1 - 4] have revealed 3 new 
plas~a ei cen ~ode , na~ely , magnetic electron oscillations,which 
Day result in I~agnetic field generation and in variation of 
tran~port coefficie nts . Linear ceneration mechanisms were In - " 
vesticatcd in [ 3,4] , while the i mportance of nonl inear effect 
was stressed in l5 , 6J , ~Jhere the reduced nonline ar equat ions 
for the !J a~ nctic electron mode "ere derived . 

In tIle present paper the nonlinear cechanism of la r ge ­
scale ~a~netic field ~enera tion via the double cascade of 
~agnetic electron oscill~tions is established within the 
conte~t of the Generalized ~odel [5 , 6] . This pheno:nenon result 
in the forlnation of zonal el e c t ron f laIlS. The decay 
instability incre:nent is calculated . 

Tile syste~ of nodel equations for the non l inear ma 
electron ~Iaves may be derived from the equations of sta 
transport equat i ons for electrons and ions [5,6] , and i 
be cast into the for:J 

at( 1 - d~6)B-~ ~'~B "'~d~6B - <t~B x ?d~6B> - ~t~hnno ' iTcn o 
+ 4TI++ + 
r:;(B2 - <Bl>1·l-nz·I7Phx, 'i7{nO+nll =0, 

o 
c ~(..,+ P .., ++ + ++ + 

;; p +-- n -z"I--xV'fj·;·z·'7n, x '\73 - <z.l7p',','i7D> + 
t h 4nen o 0 n~ .~ 

~'" ~ +(y - 11'f
o

z.vg x lJn
l 

=0 , 

H 

(a~ - c~61nl= - (el/4TIe~i)<{1/2)Bl+d2yV: 

7 -+ ... + 
(V0 1ll Z}(?BlIIZ» ; 0 , 

netic 
e and 

IJay 

(1 ) 

(2 ) 

(3 ) 

~lhcrc ~ = Bt is a oaanetic field vector, directed alone z - axes, 
3nd tran~vcrse cations in th3 plane (x,yl are con~ide red, 
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PI iG a pressur e of pertur~ation , br3c:tetG denote ave r a~inC 

oJel~ ti'l'~ period Lla~~l1eti c oscillzti ons , 111 is a l o: .. ! :·r·=c.{}c!lC ~' 
pcr~urb3 ti on of t il e ion d cn~ity due :0 tne pond0ro.l!otiv~ :o~c e 

effec t , e , ;J , 11 Dnd T 31 ' e ~~l a chorec , tlle ~D ~S, 
unpc t~turbed dgn~it:t gnd tC::10Cl~:.t'H' e of' electl'ons , d:c/0. , c 
is .3 1 i.::;ht velocity , n i~; pl~3 .. ;'-; ~·!",3quan-::::,o . c" and .; ; 
arc the chor.::;e and thC e ,J2SG o~ iOllS, c~ is 2n icA-Gound~ 
velocity , y =5/3 . .... 

Let us considel~ \Iea::l~: nonlincal' ·./ave ~,:ot ion5 0: i!1i'i:li te 
ploslJas . 111e11 a clo~cd nonlinc~r cq~3tion ;or thc 3~aCe - ~iIJe 

FO U1~i ct~ transt'ol'l.l D .. ot' til '~ .::o;;net ic ;~icld (~: =;tw ) can be 
cn.;;1 l~l dcr' ivcd fl~O '.J( · (l ) - (3) : 

i!f1 erc 
((!:1=1 _ [.!z/(wl('+d2::~ 1) , 

n=(To l aan \ /~11/2d !~y ' 

o.n= ;; ;: 1 no o ' 8. = u ::ln( ·ro/n~-l) , 

( 'j) 

(it 1s assu: .l cd tha t pI,J::;!.lo. 1::; 1n;10;]0 ;::~n~ ou.::. ~: lon;:; tile :: - 8:':CS) , 

;t( 1, 2 ) 3 , :1
2 

:= [ic/ ~:1l;eno(,o) (1+d2::2 ) rF· ~r:t:2(d2 (!:; - ::~) ­

( n I w -) ( ~ 1 I ~ll -n 2 / (2) ) - i an:::t ( 3 1 B 2 - c:: 1 !..l2 > ) } ( : ) 

(~he br.Jc!:ets ~~o.n tilut 1oi: - :r~qu o llCY cO.J?0!19nt o~ 0~c111at1 -

on~ 13 c::c luded) , 

T!l C unpertut~bcd state 1~ ~l~GU.:":c! :'0 b~ 1~11e3i'lJ .::t:lj2.C, 
as < O , ~:l d Eq . ( } ) yiclc::; tile c::pl'cs::;10!1 :0,' :'.13 
eiB·:;!n{ I ' cau2nc~' 0:' :lrt~ n r.::tic clecL!'oi~ ·.;~.·J:-:::.[2J : 

( ',' 

w,~d1 1 /' ·~d~~~~ ( .: ) 
.. '.' 118 nO:l1 inc<:!t" i ll ::'e l'':-,ction co:-.:'_'iC:2il::' '~:;~~·i:J.:u i.1 ( .J) :1:,3 

u':;Uul sy :.;:.le~"['} propcrtic::; (· .. ·:li cll l'~~'lcct t :12 con.-;~;,v::::'lo:-l v _ 

t:l~ e ~:2::' ~ :J o.:1d ti1e UO .. :Z:ltU:.l o:~ ti:'';: ·,/Ct·.'t. .. 3 ) , i::l ic :l .!:.: ': j..:; c-::.::;(, 
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into the convinient for~ : 

and 

. ~ 
J:(l , 2) _ '} , 1' (,: , - 2) - V21: (k, - l):O, 

~. :: ( 1 + d l !: 2 ) n . 
,( 

191 

11 0 1 

1111 

We study the st~bility of n IJ onochron atic pU IJp ~av e witll 
frequency W • \iaVe vector l: and a~plitude B . The paro ­
r.lCtric inztgbilit:: dispcrS i 8n equat i on ',lil1c:IO!'olloHS fl' Ol:l (4) : 

1 _~ { r. ( I: 0 , 1: ! - :: Q ) .:. a ( - 1: Q , 1: - 2:: 0 , :< 0) } = 0 
2 E(~) E( :: - 2!:o ) 1121 

a ( , , 2 , 3 ) ::;t ( 1 , 2 ! 3 ) - 2)] ( 1 . 2·:- 3 ) ~: ( 2 • 3 ) lE ( 2 + 3 ) , 
yields the re~ul t [6] 1'01" t~c decay in3tnbillty incre::e~t Yg 
if the dec2Y of 2 :.18cnetic electron I/Dve into another ~acne~i c 

electron !IO Ve arId and a n ion - sound wa ve is consid e r ed : 
+ + + 

z ' !(~ 'K !( . 11"1~ " "1'/ 'I 
d ' '1" : ' I ,'- ~ '" 'l .... • I -10,. 0 --

I 1'( - 1 ) a i: - ::1:( ) / ( l{ /r~;--il, ~ = ;t: - Ir ( '3) 
n y ay y ' n -- 0 

(dL.lensionlcs s v::Iriables i1:1 '/0 been in·.:!~oduccd : dl~ + :: , da +:t, 

dalt an) ' 

Let us con~ider tile decay o~ a .Jn~nctic ~lcctro~ \ I SV3 

into t::o ~a~nctic elec tl 'ol; \!:1VC~ , In ~l!ch ~ caGe Cq . (l21 
y ields the follo·.iin::; c::pl':':~$ioll l ' Or' '.:i13 in:;tubl1i ty i!lCrC .. lcnt 
1'2. : 

. .1 I . 2 
1'2. _ :30 1 

. :1 'l. 1 Id ~ u lit 0" 

1::' - 1;, 1 I ::, -::' 1 

( 1 +l: ~ ) ( 1 +::~l /~ .. 
o 

I 1.', ~/( /~ ... : l+ " ~)) :+("" 1 .. ) l / ( ' lo _ ~:~):I) . ' , 1 .. 1 '.. . 1 ··0 .... 11.· ~' • 

{ 
-+ -+ + 2 

( z · !{o x 1:) , 

:lh8re the ~J~ .. !ctry 9!'O?ertias (9) ilero u~cd . 
Bq . (l41 yieldG the instcbillty conJition : 

( 1 S) 

i . e . tilC ?Ul.lD U.:J.VC h.:lG an intcl~LJcdla'.:~ vu.lue of :: , .'lnd tile clo­
ujlc CQ3cJ.dc of rt~lc nctlc C lcc tl~O;l i!U. V 0~ to l:1~' ':;~ 8.od .'3 . 10. 1 1 V.:l ­
lua:: of !: tal:e3 pl2.ca . It iG ~l:ltur~11 to con~ id cr tili:; P1'OC033 
35 C ::!eci)8.nis:.1 of nonlinc~r Gcno!' D.tion 0:' la~~e ~c31e .. l :: ~llc tic 

Ciold~ in Dln3UD.G . 7:10 instability co)}(Jitioll (1 5 ) C:;:':1 O.:! :~cJu -
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1161 

l.e.the instability results in the decrease of the wave vector 
projection k and the formation of structures, strongly pro ­
longated aloX g the direction perpendicular to that of the in ­
homogeneity. This implies the creation of zona l electron flo ws 

f rOm(~;)a:~~m~ ,~~~t k-ko-k for definiteness.Then,lt follows 

y2m/Y~ _(ml/m)1/2k5{1+a~/k6)/(1+k2)3/2 1171 

Therefore,the non linear mechanism of magnetic electron waves 
double cascade Is dominant if k > 1 (1 8) 

or if 1«< ( m./m) ' /2(a )2 
" n 

1191 

If (m./m) 1/2(a )2 « k « 1 
" n 

1201 

the nonlinear mechanism of ion - sou nd waves gene ration is domi ­
nant. 
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FINITE LARMOR RADIUS EFFECTS ON PARTICLE 
DIFFUSION I N A TURBULENT PLASMA 

F.R. Hansen , G. Knorr1 
I J.P. Lynov , H.L. Pecseli and J. Juul Rasmussen 

A.uociation EURATOM-Ri.9(1 National Laboratory, DK-4000 Ro.!kilde, Denmark 

Abstract 

A new representation of a finite Larmor radius plasma is proposed, which permits 
the transition TL --t 00 without being mathematically ill-posed. This representation 
has been incorporated into a 2D numerical simulation code, which is being used to 
investigate particle. diffusion in an electrostatic, turbulent plasma. 

1. Introduction 

Usually, finite Larmor radius effects in an inhomogeneous electric field are taken into 
account by including a modifying term into the fluid equation of motion for the ions. 
This term is derived by analytical averaging to lowest order over the gyromotion of 
an ion and is proportional to Tl. The effect of this modifying term is that an ion at 
a given position, on the average, has a slightly different E x B drift velocity than the 
electrons which are subject to the same electric field. Physically, the term is small 
but important, since it may be the cause of charge separation, which may induce 
instability. However, this lowest order modifying term is valid only for variations 
which are gentle over the scale determined by the Larmor radius. 

1vVe propose a new representation of a finite Larmor radius plasma which can be ap· 
plied to much more general types of electric field variations than the usual description. 

2. Basic equations 

Our finite Larmor radius equations have the following form, in which all densities are 
guiding center densities. 

iUnivcrsity of Iowa , Iowa, U.S.A. 
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an-
iJt' + '\1. (n;v) = 0 

an, () m+'\1· n,v =0 

'\1' <P = -en; - n,) 

v = -\l~ x ez , v = G * V I m = G * nj 

A constant, homogeneous magnetic field in the z-cliredion is assumed. 

(1) 

(2) 

(3) 

(4) 

The electrons move with the zero Larmor radius drift, whereas the ions move with 
a drift velocity, which is averaged over their fini te Larmor radius. In the Poisson 
equation (3) the electron particle density coincides with the guiding center density, 
whereas the ion particle density is obtruDed from the guiding center density by a filter 
operation. This operation is performed by the convolution integral operator G. The 
same filter operation is employed in determining the modified ion guiding center drift , 
V, from the ordinary Ex B drift velocity, v. 

The numerical scheme is based on a spectral method {ll in which the dynamical 
equations are solved in k-space in order to obtain high accuracy ("infinite order") 
in calculating the spatial derivatives. Periodic boundaries are assumed. In k-space 
the convolution op~rations in (4) become simple multiplications, and the Fourier 
transform of G for a Maxwellian ion velocity distribution is found to be 

1 
g(k) = exp(-;j"lY) (5) 

where rL is the average Larmor radius. The effect of this filter is that every k-mode 
of the electric field and of the ion guiding center density is included when calculating 
the corrected quantities v and n; in (4). 

We note that the form of g(k) in (5) allows the transition rL -+ 00 without being 
mathematically ill-posed. The consequences of this transition in Eqs. (1)- (4) are 
physically reasonable. 

3. Numerical results 

A nwnerical study of the influence of finite Larmor radius effects on particle diffusion 
in a turbulent plasma has been initiated. Preliminary results with a spectral resolution 
of 32 x 32 modes have been obtained on a VAX 8700 computer. The side length of 
the computational box was set equal to I, and as initial conditions the electron and 
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T = 0.0 T = 0.4 T = 0 .8 

·'f' ". ." 1 
'-_ ....... .. 

T = 1.2 T = 1.6 T = 2 .0 

~:'" (.. ~ :'. " ,~ 
. "..1, _ ;.:.<' .. ; 

,', 

..... . ' ,. 
, 

Figure 1: Positions of 500 test particles in a two-dimensional, electrostatic, turbulent 
plasma. rhe test particles trace the positions of ion guiding centers with rL/ L = 0.05; 
where L is the side length of the computational box. 

ion guiding center densities were excited according to the spectrum 

1 ni,,(k) 1= {(,S .. , if k < 16" 
o otherWIse 

with random phases in the interval 0-211" for every mode. The plasma was then allowed 
to evolve self-consistently. 

In order to study the particle diffusion in this plasma, two samples of 500 test particles 
tracing the motion of electron and ion guiding centers, respectively, were followed. 
These test particles were initially placed around the center of the computational box 
according to a two-dimensional random number generator with Gaussian statistics : 
f(") = (21f<7')-' exp(-r'!(2<7')), The initial value of <7 was chosen to be 0,025, In 
Fig. 1, we show an example of the temporal evolution of the ion test particles for the 
case of TL = 0.05. 

At every time step, the two-dimensional standard variation, (1, of the electron and 
ion test particles was determined. Figure 2(a) shows the temporal evolution of (1; 
(solid line) and (1e (dashed line) corresponding to the example shown in Fig. 1. For 
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Figure 2: Temporal evolution of U; (solid lines) and (le (dashed lines) for: Ca) rL/ L = 
0.05, and (b) rL = O. Note that u, = Ui in case (b). 

comparison we show in fig. 2(b) the evolution of O"e,,.(t) for similar ini tial conditions 
but with rL = O. Note that in this case the electron and ion guid ing cenlers have the 
same statistics. 

By comparing figs. 2(a) and 2(b) we immediately see the influence of the finite Larmor 
radius modifications. Due to the filter operation described above, ions with a finite 
Larmor radius on the average tend to smooth out the small scale length variations of 
the electrical field, which cause substantial scattering of the guiding centers in a zero 
Larmor radius plasma. 

In order to obtain more quantitative information on the particle diffusion in a tUr­
bulent plasma, we are implementing our numerical code on an Amdahl VPll OO su­
percomputer. This will allow us to obtain a higher spatial resolution for longer time 
sequences, which is essential for a detailed comparison with various analytical theories 
[2,3]. 
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ON LARGE DEBYE DISTANCE EFFECTS IN A FULLY IONIZED PLASMA 

'Ba L<limrt ana lan 'if"ifM 

'1Jept. ojPfasma Pliysir..s ana :Fusion 'RJsearcli 

'lk 'l(pyaf losti", .. oj'fuJuww8Y' S·liXJ44 Stodifwlm, Swukn 

This is a study of electrostatic electron plasma oscillations. Although a classical problem, 

being investigated by many authors. we felt that the border between fluid· like (oscillative) and 

free-streaming (damped) behaviour required more detailed analysis. The information contained 

in this problem is by analogy useful when discussing the damping (or stabilizing) Large Lannor 

Radius (LLR) effect for magnetically confined piasmas. Just as the particle self-electric field 

becomes insufficient in limiting the particle excursions for Large Debye Distances (LDD), a 

large Lannor radius can allow a smearing out, or damping, of otherwise unstable distribution 

functions. The LLR effect on the Rayleigh-Taylor instability is presently being investigated. 

We here study longi tudinal electton oscillations of a homogeneous plasma, being initially 

disturbed at 1=0. Quasi-neutrality is assumed. The ions are immobile with density "0' Small 

penurbations are assumed, so that a linearization becomes possible[1]. We then havef(x,l,w) = 

fo(w) + /j(X,I,W), where index '/ denotes perturbed quantity. The equations to be solved are 

Ihe Vlasov and Poisson equations 
afl afl e afo 
-at+wax - meE1aw =0 (1) 

aEI e 1--=-- f1dw ax £0 _ (2) 

We will here study two types of initially perturbed distribution functions: (i)flx,o,w) = 

exp(-wlluo')cas(ax) and (u)fJ(x,o,w)=exp(-wlIUo') exp(-ci'i'), with a thermal velocity uo= 
(kTlm e)ll2 . Of these, the first perturbation conforms to classical Landau analysis. It is a 

non-localized perturbation, which will generate two superimposed waves; one travelling in the 

+x - direction and one in the -x - direction. The second perturbation is localized initially . A 

straightforward comparison between the two cases is somewhat troublesome though, since the 

distributions are characterized by different fJ=aAo' where AD is the Debye distance. When 

Fourier transformed in space, we note that F{cos(axJJ - 8(k-a) and Ffexp(-a2x2)]­

exp( -k2/4a2), i.e. whereas the k-spectrum of the non-localized perturbation contains only one 

component, the localized k-spectrum is more complex. The background plasma is Maxwellian; 

fo!w) = ("d Uo ";n) exp(-wlluo'). In the following "'o=uo'·h!..D denotes plasma frequency. 
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We Fourier transform in space, but refrain from the traditional Laplace transformation in 

time [2], hereby avoiding me problem with poles in the associated integral. We eliminate the 

electric field, consequently solving the integro-differential equation (denoting dldc = • ) 

2i~ y} f-
g'(k,I ,w) + ikwg(k,I,w) ~- "we- -;: g(k,I,w')dw' (3) 

kuo'l1t _ 00 

where 

1 1- -ill g(k,I, w) ~= f,(x,',w)e dx 
"V 21t ---

(4) 

From (3) it can be seen that the R.H. term can be neglected as /3-+- (free-streaming) and that 

the second tenn on the L.H. side becomes small as /3----fO (fluid case), There is a subtlety with 

the case /3-+00 ; even though the collective term becomes small for a given time as /3-+00, one 

can always fmd a sufficiently long time for a given fJ when it becomes imponanr [3]. Due to the 

large damping caused by free-streaming, the initial distribution has then, however, generally 

died out to an uninterestingly small amplitude. As the full solution g(k,w,r) has been computea, 

we perfoml an inverse transformation to obtain/j(x,(,w). However we are more interested in 

the density penurbation 1JJ(x,tJ = ff/x,t,w)dw, which we plot in the Figs. The spatial scale is 

given as a factor q times A..=2n:1a, the time scale by a factor r times} twO' 

Analytical, exact special cases are used for testing the code; in the free-streming limit 

(/3"---700, moderate times) exact analytic solutions are obtainable for both the non-localized and 

localized density perturbation. For the initial perturbationf/x,o,w) =b fo(w) cos ax we fmd the 

free-streaming solutions fJ(x,r,w)=bfofw)cosa(x-wt) and 1Jj(x,r)=bcosax exp(-!pIDo2t2/2). 

Already at f3=15 free-streaming damping clearly dominates the behaviour. The transition from 

the oscillatory, however Landau damped behaviour, is striking as /3 exceeds unity. For the 

initial perturbation h(x,o,w)=bfo(w) exp( -,;; x2) the exact free-streaming solutions become 

fl!x,I,W)~bfo!w)exp!-if!x-WI;2) and fll!x,I)~b flo! J +2{pmir2 rl12 exp !-ifx2/(l +2{pmir2)). 

Numerical runs give very good agreement. We will also compare our results with conventional, 

asymptotic Landau analysis. 

Landau[4] perfonned a normal mode analysis to obtain the time-asymptotic behaviour of 

the distribution function. The perturbed electric field and particle distribution were assumed to 

vary as exp i( (J)l + ax), where the wavenumber a was assumed real. whereas ID has both a real 

(oscillatory) and imaginary (damped or growing) part. This normal mode is associated with that 

pole of the dispersion relation which has its imaginary part in the lower, complex ID -plane and 

is closest to the real axis. The pole corresponds to the normal mode with the weakest damping 

and should therefore dominate the overall behaviour, provided the residues (amplitudes) of the 

other poles are comparative or smaller. A straightforward scaling of tenns for small /3 yields that 

the collective tenn, comaining the electric field , becomes comparable to the free-streaming tenn 

after a time Ic={J!OJo- This is an estimate of the time required for nonna! mode analysis to apply. 
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We note that this time increases with p. For the real (oscillatory) part afthe eigenfrequency 

we have. classically ID/ ",. ml(1+3/pj1t2. Damping of the perturbations corresponds ~o the 

imaginary part; 

rr{ ID) Ji 1 _2..._! 1 _2... 1 . - = --e $2 2 =O.14-e 2~1 
IDp 8 p' p' 

(5) 

which is the expression obtained by Landau for small k. For /kO.5 the Jackson[5] solution 

(numerical one-pole) must be used for the normal modes. In the region {3> 1 single normal 

modes do not determine the behaviour except for times so long that the initial perturbation has 

practically died out. Instead the contributions from more poles of the dispersion relation must be 

added, so that the exp(i(j)l) behaviour transforms to a more complex one, such as the free­

streaming solutions given above. 

Our results are the following. First. strong LDD damping for {3;:1).5 was found for both 

initial distributions. see Figs 1-4. This seems to imply that the analogous effect of LLR damping 

would become pronounced for krL;;j).5, in agreement with the intuitive picture that when 

rL1A.2114 the perturbation structure cannot be fully upheld (rL is the Larmor radius). Secondly, 

the Landau one-pole solution for small k is valid only for /350.5, whereas lackson's arbitrary k, 

one-pole solution, is valid for larger /3 after longer times, see Fig.5. Thirdly, the time it takes 

the plasma to fmd these normal modes is approximately given by IC=/3IO)O for not too large 11 
For /3>1 the initial damping has nearly died out when this occurs, see Fig.6 for /3=1. The exact 

free-streaming solutions show that more of the ~spectrwn has to be included in a valid normal 

mode analysis. 

OCNS ITT Dl 5TRIIIIJTI0N rIICWllIlf:M IZIll V-f' (OlJI!1DN5 . 

1 
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OCHS ITY DISTRl1lUT10N f RCWI L!II[II!lZIll V-f' EIUITl OIlS 
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. DISTRIBUTION FUNCTIONS OF CHARGED PARTICLES 
IN A TIME-DEPENDENT MAGNETIC FIELD NEAR TIlE CHARGED SURFACE 

V.A. Kotelnikov, F.A. Nikolaev, T.A. Gurina 

Moscow Aviation Institute, USSR 

The development of modern plasma physics is impossible 
without the further detailed research of plasma's interacti­
on with electric and magnetic fields. Maximum information 
can be obtained by the research conducted on the distribu -
tion functions level. In this work we consider the processes 
In a plasma in the vicinity of a charged surface in the 
presence of an external magnetic field. 

Let an infinite charged cylinder with radius R. be put 
t ransverse to the flow of collisionless ion-electron plasma 
(Fig. 1). Near cylinder there exists uniform time-dependent 
magnetic field. The magnetic induction B(t) is paralleled 
to the cylinder axis. The surface of the body is ideally 
catalitic. 

The evolution processes in a plasma in the vicinity of 
the cylinder can be discribed by the time-dependent Vlasov­
Maxwell system of equations in a four-dimensional phase 
space with corresponding initial and boundary conditions : 

+(~E _V"V'_-hBV)ll~"= 0 m" 9 r cm,," 'OV. ' ol=e,t t 

( 1 ) 

E =-'1'9 - 1.. IlA 
c 1lt 

2 ) 

B = I"ot A, ( 3 ) _ OC> 

A'5' + t d.LV( ~ f) = - 4!!i ~ c),,, f r f .. (t,l",9,V ... VolriV .. d Ve • ( 4 ) 
-00 -Qp 
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In this case when Coulomb's 'i".libration cl,,, A = 0 
we obtain the following equations • 

E =_1)'5' E-_.L'lLi_i.t.'ilB 5 
~ '01'"' .-1'"'51" c2."O-[-

t:, '5' = -4crr I. cy", l1.",ct,l'",e). 6 

'" 
The initial conditions: 

L q,,, 1'1.,,1 = 0, 
cot. t .. o 

( 7 l 

8 l 

The boundary conditions: 

.(.'" rot = 0_ 
r-_R; ( 9 

On the present stage the computer simulation is the 
most efficient way to solve multidimensional kinetic problem. 
The numerical model gives us the chance to conduct the 
qualitative analysis of the phenomena and to get vast re­
sults for practice. 

To solve the problem ( 1 l , ( 5 - 9 l a discrete versi­
on of transference method of initial dist ribu t ion functions 
along Vlasov's equations characteristics with simultaneus 
recalculation of electric self- field2- j • 

For that the limited support of the distribution func­
tions 1s used: 

su.pp f",= {Cr,9 ,Y.,V.l: 1'"~[R. , RhJ, ado,!fl, V.€[- V",.,-Vhcosll. 
V..,.;-V .. cosOl, V.t=[-V ... ",,+Voos'n8, VM~,+VhSi"9J1 . 

The quantity Roo is the conditional boundary of the 
excited region and Vm~, is the boundary of the cutting 
"taU" of Maxwell distribution. The solving of the problem 
was conducted with the help of partial on velocities Debye 
scales: 

M .. = (K1i./4'lie·I1.''')'~· M~= 
Mop = KTl/e , Mn= tt,_. 

(2.KTot/tn,J/~ Mt= M"/M~, 
Ms= cm,/eM*. 
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Let the magnetic induction be build up in a manner 
e, = B. (i- exp rt). , where. B. is the moderate magnetic 

field ( R'l < Ro..::" R~ , R~) R~ - Larmor' 9 rf!.diuB of the partic­
les). Then at velocities V .. = (0 - 5) M~ the relaxation of 
the distribution functions of ions (DFI) is determined by 
the presence of external flow3, and the relaxation of the 
distribution function of electrons (DFE) is determined by 
the presence of magnetic field moving the electrons around 
the magnetic lines of force. 

At aJresult of our calculations it has been obtained 
that, if B > 0, we got deformation of DFE in the velocity 
space at ,.. ~ Ro in the direction of V. < O. It can be explai­
ned by the fact that electrons with V. > 0 frequently hit 
the surface and are absorbed by it when spinning the line. 
In Fig. 2 we have plotted isolines of DFE at moment t =l,O·M t 
for the case B. =O,005'M~, ':Po=-6'M~, Ro=3·M., r =-5'M,:-' , 
Te/Tt. =1, m./mt =5 - 10-11 ,Yoo = o. For electron densities 
which are moments by the corresponding distribution function 
the oscillatorr profile of distribution along the radius is 
characterised \Fig. 3) . 

Hence, the numerical solution gives us the perfect 
picture of the relaxation of the distribution of charged 
particles, and the evolution of excited region near the 
charged surface in plasma flow for each set of determining 
parameters for this problem - B., ~o, R., V.., • 
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A representation of the dielectric tensor whic h does not involve the 

sum over harmonics is obtained. The novel form can be exPressed in terms of ' 

either a prcx:iuct of two Bessel functions whose orders are functions of 

momentum, or an integral over the range (0,"/2) of combinations of J O,1,2 

with cosine functions. 

Introduction .The standard form of the (relativistic) dielectric tensor 

Eij ' re1e:vant to electron cyclotron interaction in a magnetized plasma, 

involves path a double integral over the momentum variables, e.g., Pi and 

Pil' and an infinite sum over harmonics of terms each of which contains the 

pro::1uct of two Bessel functions whose argument is a function of p l' More 

specifically. in the reference frame in which ~c::: ~c and ~=kl~+kll~' one 

has' 

( 1) 

where F(Pl 'PII )"Pl (ofo/~II )-PI! (of%P!) , with fo=fo(p!'P II ) the (gyrotropic) 

equilibrium distribution ( Jd:l'p f c::l), and U(fc)=.itfc /BP1+(NII/Ymc)F(Pl , PII)' 

The tensor T ij is g iven by an infinite sum over cycl otron harmonics of a 

quantity which contains a singular factor IIlUltiplying a dyadic tensor, 

namely, 

(2) 

n 

with the perpendicular (to ~) component being 
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vin)=pl[~(nJn/b)+i~J~] = (Pl/2)[(~+ii)Jn_l+(~-i~)Jn+l] ' the later repre­

sentation referring to a frame of reference in which the wave electric 

field perpendicular to ~ is ~l =( 1//2)(Ex+iEy ,E
X 
-iEy >' In this reference 

frame. to be referred to as the "circular frame", the dyadic in (2) is 

real. Furthermore, In=JnCb), J~=dJn/db, with b= (W/~c)Nl(pl/mc) . 

The infinite number of singularities in e-space arising from the 

factor (p-n)~1 in (2) and connected with the relativistic resonance 

condition V-NuPII/mc-nwc/lJ=O is dealt with by performing the integration 

along the causal contour which amounts to assuming t hat Nil has a small 

(negative) imaginary part (!.l is taken real) so that, using the Plemelj 

formula, [.MC V • PI! )-n] - I =P(1/(,u-n »-i.7T6(}A-n). P indicating the Cauchy 

principal value . It follows that one can write T. ·='rh .. +iT . .• 
lJ , lJ a, ~J 

respectively the Hermitian and anti-Hermitian part , so that, in particular, 

the anti-Hermitian part of the dielectric tensor (1) is 

(3) 

n 
whose salient characteristic is the infinite sum over cyclotron harmonics. 

Representation without expansion in harmonics. The tensor T ij and, 

hence, the dielectric tensor E ij can be exPressed in forms whose Hermitian 

parts do not involve the (infinite) sum over harmonics, thus being possibly 

more advantageous than (2). 

A. Two Bessel functions representation of T ij. The summation of the 

harmonic series appearing in (2) can be performed by means of the summation 

rule 2 

(4) 

n= -oo 
With (4 ) , the tensor (2) reduces to 

Pi P PII 
2" Jp +1J_(#+1) JJ J - - J -foAJ,u+ 1 2 #+1 1-1' ./2 

"Pi PI P P 
T .. =- sin(rr,..: ) 2" J#+1J 1_# -'J J - _"J J (5) 

1J 2 }'-1 1-1' ./2 -# #-1 

P P P' 
- _"J J - _"J J - _"J J 
./2 -j./ 1'+1 ./2 -# #-1 Pi }.I -}.I 
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the matrix appearing in (5) being (real and) symmetric. The main features 

of the form (5) of the tensor TU with respect to (2) are: i) the infinite 

sum over harmonics is no longer present (exPlicitly); ii) the orders of the 

Bessel functions appearing in (5) are now functions of the momentun via the 

same variable }J ( =(41/wc)(Y-Nupu/mc) ) that appears in the denominator 

sin(np). Using (5) into the double integral over the momentum variables in 

( 1) makes it convenient to chose Id as one of the integration variables, 

instead of p 1 or PIl' and split the range of the corresponding integral into 

symmetric intervals around 'each si.ngular point ,.u=n (n integer), with the 

result that 

00 r f(~) 

J~ sin(rr~) 

n+1/2 n+1/2 

I ~ Si~~:~) = 2 [pI ~ =2 
f(p) 1 

sin(rr~) -i(-l)nf (n) (6) 

--CiO n=--OCI n-1/2 n n-1/2 
Since the matrix on the right-hand-side of (5) is real, the anti-Hermitian 

part of the dielectric tensor comes entirely from the singularities 

connected with 1!sin("~). Thus, from (6) one recovers the standard harmonic 

expansion (3) for f: .. and, hence, no real advantage is obtained by usi.ng 
a,1.1 

(5) rather than (2) . As for the Hermitian part of f:ij instead , for every 

singu l ar point n the ~-integration in (6) is over a finite range instead of 

be ing an infinite integral as in the standard. harmonic expansion (2). This 

fact turns out to be advantageous for the numerical evaluation of Eh .. at 
,1.1 

high temperatures and high frequencies3
, 'l (We note that the (2,3)-element 

( the (l,3)-element) obtained by Weiss 3 (Tamor'l) in the expression 

corresponding to (5) does not appear to be correct) . 

B.lntegral representation of Tij' Each element of matrix (5) can be 

expressed in integral form with a single Bessel function by using the 

relationS 

rr/2 

JV(Z)JA(Z)-; Id~ JV+A(2zcost)cos(.-A)~1 Re(u+;\»-l (7) 

o 

Applying (7) to (5) yields the symmetric form 



,,/2 

2p1 r 
sin(n~) Jd<P 

o 
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, 
PJI 

- - JOcos[2!i<1>l 
P1 

(8) 

with t23=-(PII/,;z){ (2~/b)JOCos (2J.<<P) -Jlcos[( 2~+I)<Pl }; the argument of J O, 1,2 

bei..ng 2bcos<P = 2(£.I!uIC)N 1 ( P1/ mc)cosq, CA representation similar to (8) has 

been obtained also by Shi et al. 6 ) . The salient character istic of (8) is 

the <j>-integral over the (O ,17/2)-range of combinations of JO, 1,2 with 

cosine funct i ons. As for (5) the poles connected with sin("~)=O contribute 

an anti-Hermitian part to the die l ectric tensor. Hore specifically, for 

N~<l one has 

rr/2 P 

, .. =4rr[~P]'\ (_I)n fd<P -~Pl -A
P1

[VU(f it .. ] 
a,,1.J w L J' JO 

0 IJ p=n 
(9) 

n 0 0 

where tij i s the integrand of the 4>-integration in (8) , 

1 I 1/ 

A= [(1-N~ )(p~-p1 )] 1/(mc ) 2 and po=[(nwc/w)2/( 1-N~ )- l ] 2mo. 
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F1JNDAMENTAL HARMONIC ELECTRON CYCLOTRON EMISSION 
FOR HOT, LOSS-CONE TYPE DISTRIBUTIONS 

M. Bornarici*, U. Ruffina* andE. Wes terhof+ 
'" Physics Department 'A. Volta', University of Pavia, Pavia, Italy 

:j: Association Euratom-FOM, FOM-InstitUllt voor Plasmafysica 'Rijnhuizen' 
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lNTRODUCflON 
Electron cyclotron emission (ECE) is an important diagnostic tool for the study of hot plasmas. 
EeE can be used not only to measure the electron temperature [1] but also to obtain information 
about non-thennal characteristics of the electron distribution function (2]. One such a non­
thennal characteristic is a loss-cone anisotropy. Loss-cone anisotropy can give rise to unstable 
growth of electra-magnetic waves around the harmonics of the electron cyclotron resonance 
(see [3], for a review) and to increased emissivity of electron cyclotron waves [4]. In case of 
high e lec tron temperatures, also the dispersion properties of the extraordinary (X-) mode 
around the fundamental elec tron cyclotron resonance are changed due to loss-cone an isotropy 
[5, 6]. For propagatiuon perpendicular to the magnetic field, these changes depend on the 
parameter cS which is defined by cS == ( 00 p / 00 c )21l [6] , where )l is an inverse temperature 
parameter defined by )l == me c2rr. and all other quantities have their usual meaning. For cS ») 1 
and cS « 1 the wave dispersion is well described by the cold-plasma limit and the tenuous-plasma 
limit, respectively [1]. In the intennediate regime (Tl of order I) wave di spersion is significantly 
modified. In this regime a (near) resonance or a (near) cut-off can occur for frequencies below 
the fu ndamental eleco'on cyclotron hannonic. This resonance and cut-off correspond to the 
Upper-Hybrid resonance and low-density cut-off, respectively, that are down shifted in 
frequency by the combined effect of high temperature and loss-cone anisotropy. 

Here, the consequences of these dispersion properties for the emissivity of the fundamental 
. harrnonic X-mode are analyzed for perpendicular propagation. The emissivity, Tl~, is calculated 
for two types of distribution functions having a loss-cone an isotropy in the parameter regime 
for which the dispersion properties were discussed previously in Refs. [6] and [7]. These 
distribution functions are a relativ istic Dory-O uest-Harris type di stribution function 
(subsequently referred to as DOH distribution) and mooified relativistic Maxwellian distribution 
having a loss-cone with rounded edges (subsequently referred to as Le distribution). The DOH 
distribution is defined by 

-2· 
f( jj) = Cj ( ~ ) p i e-~Y (J) 

where p == p /mec is the nonnalized momentum. "(== " .1 + p2 is the relativistic mass factor, 
the normalization CjC ~)" ~j+1 [4" 2j j! Kj+2( ~ )]-1, j is the loss-cone index G = 0 
corresponds to the relativistic Maxwellian}, and Ky is the modified Bessel function of order y. 

For the Le distribution the definition 
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f( p ) - C( ~. "',,"" D ) e-~Y 
hV I - \II]oss 

(2) 

+ e 0 

with C( ~. "',,," D ) - ~ {h K,( ~ { + D In 

e 

+ I I J~
- I -\IIlo~~ 

e- o-

1 - \111055 

o + 

as given in Ref. [8] is used. Here", == pll/p is the cosine of the pitch angle, 'Vlos5 == cos 81oSS' 

where 810ss is the loss-cone angle, and D is the width of the loss-cone edges. The limit D == 0 
corresponds to the sharp edged loss-cone, and D = 0 and 810ss = 0 yields the relativistic 
Maxwellian. 

The emissivity was calculated with the usual equation for the emissivity as derived in Ref. 
[9]. This equation can be written as 

,<%w n\, 1 '~fd3 p "( not) 
N, 32 n' iSi ""- r f(p) le · j, I 8 y - NIIPII - --;;;- (3) 

n 

where Nr is the ray-refractive index, (Op is the plasma frequency, 00 is the wave frequency, N 
the refractive index, s is the power flux in the waves normalized to 1 E 12, E being the electric 
field of the waves, e is the polarization vector of the electric field, and j n is defined by 

i," [n!J. J ,( b) ipJ. Jn'(b ) P II J,(b)]. b"~N/pJ.. (4) 
Wo 

In(b) being the Bessel function of order n. In writing Eq. (3) we have used the iden tity 

I a A' l 
c aNi' - N . 

41t cosp Ass 
Isl = (5) 

where A' is the de temlinant of the hennitian part of the dispersion tensor, Ags is the trace of the 
adjoint of A', and P is the angle between s and the wavevector. This way, the relation of \ 10 S 

is shown explicitly. The emissivity of the X~mode around the fundamental harmonic, 11 1 , is 
then obtained from Eq. (3) by evaluating only the 0=1 teml. The Bessel functions were 
approximated by their first tenn from the series expansion, In(b) = bn 12n nL This means that 
only lowest order finite Larmor radius effects were retained. 

The results are presented in terms of a nornlalized emissivity, Ti~, defined by 
X , 

11 1 oop Wc me 
-X 
11 1 - with 110 == (6) , . 

cos !3llo N r 

This nonnalized emissivi ty is the more relevant quantity, because in the equation of radiative 
transfer the emissivi ty occurs in the combination 111 1 N; , while the equation of radiative 
transfer is to be integrated along the direc tion of energy propagation to obtain the intensity of 
radiation emitted by the plasma. 



1255 

RESULTS AND DISCUSSION 
It is noted that the calculations of the polarization vector and of the nonnalized power flux 
ocumng in Eq. (3) require the knowledge of the dielectric tensor and the wave refractive index 
and. hence, the solution of the dispersion equation. The elements of the dielectric tensor were 
calculated either numerically or, in case of the DOH distribution, using the analytical 
expressions of [5]. Referring to the DOH distribution it is noted that the results obtained 
numerically are equal to those obtained from the analytical expressions with an accuracy of 
better than 1%. 

The results for the DOH disnibution are presented in Fig. l a. This fig ure gives the 
normalized emissivity of the fundamental hannonic X-mode for a DOH distribution with 
electron density ( (J) p / 00 c )2 = ~ 1, loss-cone index j = 1, and temperatures T = 10., 15., 20., 
30., and 50. keY. In Fig. I b ill is given for a LC distribution with ( 0,) p / (J) c )2 = 0.1, 10ss­
cone angle Bloss = 600 , wid th of the loss-cone edges D = 0.1, and temperatures T = 10., 15., 
22.,33., :Uld 50. keY. Clearly the results for the both types of distribution functions are very 
similar. The most striking feature in these figures are the sharp peaks at T = 20. and 30. keY for 
the DGH distribution and at T = 22. and 33. keY for the LC distribution. These sharp peaks are 
a sensitive function of the temperature and are close to maximum for the parameters chosen in 
Fig. 1. An explanation of the peaks can be found in the combined effects of moderately high 
temperatures and loss-cone anisotropy on the wave dispersion as di scussed in Ref. [6] for the 
DGH distribution and in Ref. [7] for the DGH and the LC distribution. The peaks are 
associated with the occurrence of either a resonance or a cut-off for frequencies just below the 
fundamental electron cyclotron frequency. Both at a resonance and at a cut-off the nonnalized 
power flux. in the direction parallel to the wave vector, cos ~ I s I, goes to zero. Consequently, 
the emissivity at those frequencies becomes large, as the nonnaiized emissivity is inversely 
proportional to cos ~ Is 1 (cf. Egs. (3) and (6)). This is illustrated in Fig. 2 giving the 
con-esponding behaviour of cos ~ I s 1. It is noted that in case of a resonance it is the nomlaiized 
power flux. itself that goes to zero. In case of a cut-off, on the other hand, the nonnalized power 
flux in the direction parallel to the wave vector goes to zero while the power flux. in the direction 
perpendicular to both the wave vector and the magnetic field remains finite. Thus, cos p goes to 
zero. This latter resu lt is due to the fact that, for the cases considered here, when the real part of 
the wave vector has Cl cut-off the imaginary part of the wave vector is very large (see Ref. [6]). 
This causes the direc tion of energy propagation to become perpendicular to both the wave 
vector and lhe magnetic field. 

Physically, these results can be interpreted by considering that as the energy flux in the 
waves goes to zero, the interaction time be tween the waves and the electrons will increase 
dramatically, which may give rise to the observed increase in the emissivity. 

FIGURE CAPTIONS -x 
Fig. I The normalized cm!fsi vity, T1), of the fundamental harmonic X-mode for a DOH distribution (a) with 
elcclrOn density ( to p I to c) = 0.1, loss-cone index j = I, and temperatures T = 10., 15.,20.,30., :md 50. keY, 
and for a LC distribution (b) with the same density, loss-cone angle 910ss = 60°, width of the loss-cone edges 
0=0.1, and tempcmturesT= 10., 15., 22., 33., and 50. keY. 

Fig. 2 The normalized energy nux in the dircclion parallel to the wave vector, cos ~I s I, of the fundamental har­
monic X-mode for both types of distribution funct ions {DOH (a), LC (b)) with the same parameters as in Fig. 1. 
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Int erac tion between osc illations in a plasma and the plasma itself or external 
f ields a ppli ed t o the plasma r esult in the energy exchange betw een oscillations 
of plasma a nd its other degrees of f reedom or the external field s [1;2 ,3l 

In the present work, we consider a plasma of hot ions and cold electrons 
"Tt >.>"'fi ), and the c urrent of velocity tl propagat e in the Z-direction perpendi-

cular to t he externa l magnetic fi eld H. ,\).. « u;.. J .:.J
He 

>? (.')1\-

Df[» L.JHi , /c",e/,;/J<z/2 / .« 1 and K "" [;Cl ' 'P ,Kz} . The 
nonlinear scatte ri ng of the electron-so"J nd osci llation on plasma ions is invest igated. 
Also the matr ix ele ments, wh ic h describes wave-wave interact ion in the plasma 
are obtained. The condition of instability of plasma wave is calcu lated . 

Consider that the relat ion (J 5) in re f. [I ], and under the conditions of the 
spil tting e lectron-sound waves on plasma ions such that: 

W __ = t:J - -" 
IC ' K -j(' 

(I) 

Wt.' ;,J, 
The condit ion T- ;= i! 
k' from (J) such that: 

cannot sat ified if l =I J< . In fact, we can find 

l 

x. 
1; 

Ll 
l-j. , 

(2) 

(3) 

The re lation (3) is gives the frequency of plasma oscillat ion due to scattering. 

The linea r growth rate ~L (it) in ref. [1], can be also obta ined und er the 
condition ([) , and by substituting from (3), we have: 

'6 (tJ ~ - J. ~ 1 
L - 7;( r (z-(£)' 

(4) 

where I C,f) e I -
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From relation (4) we see that if the current velocity it in the direction of 
wave length K this gives <4' fJ > 0 a nd this yields to IfL < 0 and stabilizat ion of 
waves becomes, and when the current velocity ~ is in opposite direction of 
K in this case co £) < 0 and KL > 0 ,which gives the instability of the plasma. 

To find the solution of the dispersion relation (12) in reI. [l], we shall consider 

(P) l' / ( 1 ) at = fit + At. + At -;-

In final form , we have by a n order of magnitude that: 

lP' (" ,IC.) ) ( ~) 
~ ,, ~ d) R~ T ""t lnf/ A" 
o t L I< 3r ' 

(5) 

(6) 

where <>';;> Co! V" ~ v~ ~ ~ , a re the matr ix element s descr ibes 
,.. k.J~' /(<rX'J~ 

wave-wave interaction of the plasma and: 

2 , 
lA 

Vt,K' v~ " ~ ~ • "·h 
}c- J< '" J(~ ,,/- Vir 15t I 

By substituting from (7) into (6) we have: 

(6) (01 

W ,, ) ~L Cri Rr 
e t 

wher e 1A'~ l t~ '1" 

,., 
+ A; 

, in t ens ity of osci llations .. a nd 

~ 

" e H. 
"MC 

Under the condition of strong nonl inear interact ion of waves 

we have from (&), that 

(7) 

(8 ) 

(9) 

Relation (9) represent the condition of instabi lity due to wave-wave interaction 
in the plasma. 
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The instabil it ies that ar ise in the interact ion of charged particle beams 
with a plasma (e lect ros tatic instability ) are of extremE' interes t [I ~ The stability 
of beam-plasma systems has been also s t udied by t he au thors in re fer e nces 
[2,3 ,4> 

In the present work , we consider a long itud inal one dimensional osciltat ions 
in a cold , magnet i zed plasma, wh ich is inhomogeneous in density and bounded 
In the direction of beam motIOn. 

From the continuit y equa t ion and the equation of motion o f the p lasma, 
we can f ind the pertur bed plasma de nsity takes the form: 

(I ) -! ' '0 r (,) ' ~ [::' 
"" r = - W 'dx L ")'\1' (x ), LV -<-."., et--

where Wc= ;:I~ is the Cyc lotron i re t:; Je ncy . 

] 

Let the de nsity and t he velOCIty of th e beam have the forms : AI. (I) l lJ (1) (,, ) """!: t' ~) (i) 
b=7Jh .,... "Yl h J nh <~ 7). j 1-10 '" Z; + lj, ( t) 

From the continuity equation and t he equation of mot ion of the beam, 

( I) 

'1'l\,= :~~e("'L / P2 Jh~ f j ;{4 2;-: c<- P-x" 
where f.J = ~ 

( I ) 

we have: 

, ~ 7r. l ;,l) 

SubstitutIng ~ l) and (2) into Poisson's equat Ion, we have an equation for 
the f ie ld as : 

(3 ) 
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IntroduCIng t he vanables: 

, (4) 

wher e 

Equatio n (4) IS reduced to: 

It ~c =0 
cl y f-,oJl P, c./ 

(») 

whele: k = Wh (1 - --(-) 
1.0'- W~ 

Let us so lve equat ion (5) In the case when the variatIOn of ~p IS Insigni fi­

ca nt wi thin t~e Int erval tha t IS Of. the order of one wave length [5]: lr~)<~ IItl. P I 
.!, [FJ6 ~ i~tf/'I-rVJ hIT) +G_"'1-ft-t: f~L~Af~ J (6) 

where : t ,t are Integration constants. q 

+ -
Sim ilarly, to work Ame Ln et al. [6], we ca n find the solutln of thE' field 

equat ion (5) at the resona nce pOint llke that; 

The amount of energ y absorbed by the plasma per umt tim e is det erm ined 
by t hE' expression: 
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whe re j is the de nsity of the elec tric curr e nt c r eated by plasma e lectrons. 

Using expression (4), ( 8 ) and (9) in the right hand side of express io n (ID) 
and integrating nea r the point ~.;:::" r (the integration over the rest of th e interval 
of variatio n of ~ yields a sma ll cr rection) we get: 

~ _ _ :t._ ~f :z, (Jf., ~ <>< • 'viE (11) 

S « ",," ) Ifi \.)1, 
\ ~ 

." (.) )'J' 
where Sb == "Y\b 1Ib .'W1 V 0 is the energy flux dens ity in the unperturbed 
bea~ ; \i- 1S the average .density of ~ I ectrostatic e ner.gy of the wave in th e interval 

5. ~ _00. ExpressIOn (11) omits the exponentlally sma ll Items , proportIOnal 
to the value . Obviously , expression (J I) can bE' considered as va lid provided: 

» 1 (12) 

Sh 
The power absorbed by the plasma will be determined by expr ession (11) . 

Thus , the beam , du e to _ the resonant inc rease of the fie ld in t he interval J3 ~O 
and the presence of s tatIC magnetic fi~ld, act as a mechanism respo nsib le for 
putting power into the plasma and not only fo r amplif icat ion of t he waves . 

From relation (12) , we see that : the amount of energy absorbed by the 
palsma per un it time S is much greater than the energy f lux censity in t he unper­
turbed beam ~ . ,in cont ra ry on the unmagnet ized p lasma in reference [6J 

h . 
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We investigate MHO sur face waves in stratified media and a 

possibility of their energy dissipation through the leaking 

mechanism, similarly to what was done earlier in the case of 

the high frequency electromagnetic domain /1/. 

The co ns ide red basic state consists of an one -component, 

perfectly conductive, compressible, stationary fluid being 

plecewise homogeneous. There are two discontinuity planes at 

x=O and ~ = a where the density p • the temperature T and the 
o 0 

magnetic field intensity Bo change their values: 

f 
,T ,8 = const., x <O 0:1. 0:1. 0:1. 

po,To,Bo= poz,T02 ,Boz = const., O(x(a 

03,T03 ,B03 = const., a(x 

region 1 

region 2 

region 3 

while the magnetic field II =(0,0,8 ) oriented along the 
o 0 

boundaries of the three reglons. 

All the quantities Po~' Toi. and Boi. (1=:1.,2,3) 

related through the boundary conditions of the 

c o ntinuity at x=O and x=a: 

P . (c~ + 
OJ J 

~ A ~) = p . (c~ + ~ A ~ ) 
2 J OJ-+:I. J+:I. Z J+:I. 

j=1,2 

ace mutually 

total pressure 

(2 ) 

where = ( RT ) :1./2 and 
c~ y o~ A=B !(/-lP . ):I./zare the sound speed 

~ 01,. 0 0 1,. 

and the Alfven speed respectively in the three regions. 

We start from standard set of linearized MHO equations for 

small perturbations about the considered basic state: 
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0, p R(PoT + pTo) 

a:s il·il 
~(il'l7)il ~(il.l7)il - 17( p + 

0 
+ + p 

0-'t 1'0 I' 0 I' 0 
0 0 

oil 
17 x (;1 x il ), l7.il 0 

-'t 
0 

~s the f l uid perturbations are assumed adiabatic, the 

energy balance equation takes the following form: 

op 
- + 
-'t 

;}.'Vp 
o 

2 {Jp .. = c ( -- + v.'Vp ) 
-'t 0 

Since all the basic state quantities depend on x only, the 

solutions for perturhatlons p, V, p, and B can be expressed in 

terms of Fourier - Laplace transforms f(x)exp(-iwt+ly+kz). 

The above set of equations now reduces to a single 

equation for the amplitude u(x) 

perturbation /2/: 

of the x - component velocity 

.dU} [ • • '] dx - PoCK) k A (x)-w u ° 
where: 

[k 2 A2 (x)_W2 ] [k 2 c 2 (xl_wZ ] 
2 2 222 

[c (x)+A (x»)[k Cl(K)-W ] 

c fx) , C2 ()() A2(xl 

c
2

(x)+A
2

( K) 

The equation (3 ) can now be analytically solved for 

three homogeneous regions. 

One mode that follows from (3 ) is evidently the 

Alfven • k 2. A2 . for which k 2A2 k 2A2 k 2A2 wave Co) , , , 2 • 3 • 
valled due to the requirement that the frequ e nc y d o e s 

chang e a c ross the boundaries at x =O and x =a . 

(3 ) 

the 

bulk 

is 

not 
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Th e other modes follow from solution of (3 ) when the 

relevant huundary condition is satisfied. Namely, having 

in te~ rate d the equa t i o n (3) a cross the discontinuit y one gets 

th a t the exp r e3s ion 

du 
dx (' ) 

does n o t ch a nge fr om one region to another. This boundary 

condition i s phys i ca lly equivalent to the continuity of the 

t otal pressure pe rturbation at x=O and x=a. 

Th e s olutions of equation (3) whi c h are finite at 

have the fol low i ng form! 

1 x I" 00 

Us.(X): C
i
ex p (1t

i
x) 

u
2
(x)= Czexp(OIt:zK) + C~ exp(-H:zx) 

u", {x)= C
3
ex p (-1oI: g x) 

where H: .= (m 2 .+ 1)1./2 
, 0' 

x ::S 0 

O<x:Sa (5 ) 

x > a 

The obtained solution vanishes as I x I -+ 00 if the 

coefficients H: are ['eal~ indicating a pure surface wave 1n 

that case. 

However, i f 1( becomes , imag i nary 

negative) the perturhations will have a 

( for mZ sufficiently 0' 
wave solution in the 

region 1 and, consequently , a surface wave that propagates 

along the boundary K=a will be partly converted to a bulk wave 

spreading with a constant amplitude throughout the halfspace 

K(O. The surface wave will thus be loosing its energy and its 

amplitude will be decreasing in time. 

The related dispersion equation 

solutions (5) and the requirement that 

across the boundaries, is : 

1 + c/ 
.9 

(1 _ 0 2 ) (1 _ O' ) 
:1.2 23 

1 + 

that follows from 

(' ) doe s not change 

(6 ) 
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where 

Poi. (k2A~ - (,})(m 2
.+ 12) :l/2 

O~ .= 
, OJ 

'J P . (k2A~ w
2

)(m
2

. + 12) :l/2 
o J J 0' 

i.=:l.Z; j=i.+:l 

The exponential term on the right-hand side of ( 6) 

represents the coupling effect of the two boundaries and will 

be considered as a small correction to the single boundary 

solution /3,4/. The effect of the second boundary thus results 

into a complex frequency shift l:J.w such th'at ll:J.w l ~ exp(-2;>t2a). 

The consequence of this is that related surface waves at the 

boundary x=a become weakly dispersive and attenuated. 

The phase velocity of surface waves, which follows from 

the dispersion relation (6), is within the interval: 

Part of these waves becomes 

criteria: 

+ ~ { 0, 

are satisfied. 

2 2 
;>t = m 

2 02 

leaky if the additional 

and 
2 2 

;>t = m + t > 0 
3 O ' 

To conclude, we show that it is, in principle, possible to 

have such a basic state configuration that allows surface waves 

on the boundary x=a to leak into space x{D from the boundary at 

x=O. This effect has to be taken into a c count when the energy 

transports by wave propagation 

considered. 

in structured media is 
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In mirror devices at fusion cond itions, theta pinches as well as in space 
plasmas t Tt"> Te..' At this condition, electron-acoustic mode appears. 
Davidson et al (I) and Davidson (2) explained tha t the anomalous tra nsport 
and fl ute formation in a rapidly pulsed theta pinch experiments are due 
to the lower hybrid dr ift ins tabilities. We have studied the electron acousti c 
a nd the lowe r hybrid drift dissipative instabilities under the conditions Wli < w(wfi: I 

k'L 1J 1;-i z< kl[ '-'te <u.J a.-r.ci CD < k.L 15h in a multi-ion 
species plasma. In addi tion we have obtained magnetosonic-drift dissipative 
instabi lity in multi as weJJ as single ion species plasmas . 

Theoretical Form ula t ion 
Consider a magnetic field applied in the z-direction. The basic equations 

used a re 

i'm. + 'no .• \T'V, + \i, . '\7""'0< =C (1) 
;)-t -

;g = ~ V'!' - !L Cv, X B,) - iJ~ \f (!if) (2.) 
()t f3(n~ 't ~ Ct.: 

." --,,--> ;;: + 'n oj \1. \/j + \j ' V-noj = L' 
(3) 

~ = -~ V ~\ - 15t· v( ;'J'.) - ?)j Vi 
8t"ffiJ J '] 

\12.1' = - l{7le (-n. - ,2 r(IJ ) 
d";:.I,'2... 

(s) 

In the frequency regi me conside red, the effec t ive ionic collisionai frequen ­
cies a re la rger than the ion ic cyclotron frequenc ies andc...t I 'l'-~ . <t.)<u...~Q,,' so the 
e lectrons a re conside red as magnetized whe reas the ions are unmagnetized. 

The e lectron sat isfy the drift approx imation and f rom the above eqns, we 
ge t 
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Solution of eqn. (6) gives the e lectron density as 

'L '-,1, 
'YI = -~(KX £. \7'l1.0 ') 4' + ;'I10'<kl<f_eTlv\.I<~'f 

e WB~ [Jr.0.:.ee csnLD 

The number density of the ions as 
2. _I 

'YI ' = 'Y)'j e ,,' (1 _ k~19tj __ ) 
J 'rrlj(W -I- l,'j)'-" W(W H 'j') 

(1\) 

From Poison's eqn ., eqn. (7) and (8) gives the dispersion relation as 

. -- "-
u':!'-K'I-)t + Kt W( T, + T2.) _ Wu/' _ 

'm., <-Lt e 

W.2..K~T, +TJLWl'1'101 "nl:l.+·T10 2.'hl I )+ l W ('llO{~V'l.T'll(; :Lml)',) -K'l.to01"T;. +11"J~J 
-no F,~ w"-c W -I- ,v,)( Wr ()),) - w K 1".:{m,T,-+'IT)1.1i )"'l('lrt ly,T1.+""'.j)~ij)} 

+ J<.~ ijT1.] 

( '1) 
""- 0 ) 

where w lt= is ion-drift frequency 

and 

For the dissip<;ltive, inhomogeneous case, the dispersion relation f or electron acoustic wave IS 
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The dispers ion re lation of the lower-h ybrid drift dissipative wave is obtained 
as 

rn:)1 lnJ'l... 

+ k'}..LT,+To)f1o ,~~,:m,)+ K~tf,+T,,)l 
Cl1f)o~!'"1!l... G'"\.. J 

C 12.) 
and the growth rate as 

y=_ . W~("i" 'I)'\) .. __ . I 

.< q [0, i:2. T k'(">fl ,T2.. "';LT, ~ T i<. "( T,+ T,.) ~l)o i-rn,.+'"'h-m,) + K;(T,+ T,,-~ ~ 
~I 'nl:l... "tnn,:),.(\ 'nO'ni'1 C\~ J 

Magnetosonic drift dissipati ve instabil it y can also be obtained fro~ 1 ~J. 
(12) under the iimitl(i" 0 and ~«~~as 

Max.Planck.lnslilu\ ie, Pla.mapl1'iS\~ 
6046 Garcl1ing bel Munch"l' 



1270 

and the growth rate as 

y-
~,,[p, Do.. + 

Results: Some typical calculations 

'l'1~.-v 10t1 emS -' ;.).,,:::. 'lo~G J m!/m~ 3600, ~'m;: 5-400.,1i,Nt3K6I, 
Y for elec tron acoustic drift dissipative instabili t y = 5 x IO~..s-t. 
Growth rate of the lower-hybrid 
of ionosphere with IlN 2 x J04cm-3, 

get "1=-( 1r?/k,L) $-' , 
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Recently,there has been considerable interest in the 
effects on plasma of an intense electromagnetic field which 
causes a relativist~c oscillation of the electron mas s . Non­
linear processes caused by relativistic effects were studied 
by Drake et al [Il,whose results show that the relativlstic 
electron motion can l ead to the forma tion of shock waves . 
Tsintsadz e and Tskhakaya [2J studied how the dependenc e of the 
electron mass on the amplitude of t h e pump field affects the 
propagation of electron-acoustic waves in a plasma with a 
negative dielect ric constant.They showed that if the RF 
pressure force exceeds t h e gas pressure the solitary wave 
is a compressional wave . 

Recently , Papuashvili e t al l3] stud i ed the interaction 
of a magnetized collisionless plasma with circularly polarized 
high-frequency wave,in whose field electrons can acquire 
relativistic velocities.Their results show that in the ultra­
relativistic case ther are new types of waves one of which 
may be called an "electron helicon". Also they show that the 
external magnetic field strongly affects the interaction . 

In the present paper we will study a circularly polarized 
RF wave interacting with a magnetized collisional plasma , in 
which the plasma electrons acquire relativistic velocities 
under the effect of such a wave . 

To formulate the basic equation , let us consider the case 
in which intense electromagnetic radiation is propagated along 
the constant magnetic field B(O,O,B o ) in a transpa rent plasma , 
and the wave length is much smaller t han the characteristic 
distance over which the plasma density changes appreciably . 
The system of equations that describe the motion of particle 
C«::l,e) and the field is 

'On~ + 
'ilt 

Jiv Ylq' "J'Gt 

VxE \ ~~ -c it 

e", E -t 

= 0 

VX!3 

V. E 

= .L 
c 

= 41f 2. ~n ... 
" E ~,,< e 
?F + C ~ '" '1" I{., 
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• 111 .", \j", I ( 1-
, )V 

L1d. /C' :< 
Lt) 

where ~ is the frequency of weak collision between electrons 
and ions . 

It is well known [4 ) that an intense RF electromagnetic 
wave , under the effect of its field the plasma electrons 
acquire relativistic velocities, may be purely transverse , 
if it is circularly po l arized. Therefore we shall be interested 
in studying the circularly polarized RF field propagating 
along a constant , un i form magnet i c field 8 0 • 

Analysing system (1) by assuming n( ~ ,~ ) :. no -t ~n.(~J\;-\ , 
where n o is the unperturbed density and d n is the perturbed 
d ensity caused by the pendromot i ve force (also , of course , a l l 
t he other hydrodynamic quantities should be e xpanded in the 
same wayl , and using the s ame method and approximation expanded 
in [3J , one can come to t he following equation which describes 
the plasma behavior in the field of RF Have 

~ .!.. 'dl. W c..J~ ( \ + ~ ryllo ) £1' 

V Et - c" ?t\. E:1'::; (.t(w~\+ \)\. _ W(, -\" '\ '3~ ) t2l 
where E -t = Ex + iE ) , w = {41fne iL- Im 1 ~ i s the e lectron 
langmuir frequency, an is a s l owly-varying density 
perturbation , W~ ={eB Im cl is the e l ectron cycltron 
frequency, W =(kZcZ/wr )wE is the electric helicon frequency , 
w ~ =eEt /me c anl1· 

Choosing a 

Pe.L w~ ( \+ y .. ) 
• 

L c. ' "'0' 
condition 

(w {,tV· _ w c )< + 
that 

~ d (,+ v') 

:;-L( IT v') 

it is easy from (3) , in the ultra-relativist ic case l v » \ ) 
to obtain the followi ng e xpression for the e l ectric helieon 

v = 
w 

providing that wc » (w~ _ ~ z)~ 
it is important to po i nt out here that the quantity 

(W ~ l+ ~t - W, ) as it is shown in [3) should not be less than 
w~ . This condition differs from the non-relativistic case , 

in which w can reach the value w~ . 
Thus ,using the above ment10ned notations and considering 

that all the hydrodynamic quantities and the field depend on l y 
on a single coordinate z , in addition to the time t , 
the following e q uation for the amplitude of t he electric 
helicon is obtained from Eqn. (2) 
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.t i w (~t + lTi :! ) ,,' '\- e' ::. ,,' '\- "'P '" I ~ 
t. (1 tI I.olE , \. "0 

t if "', ~P (~_ '- IEI . Eo ) E' ,,0 
tolEo 1"'1 0 Eo \ 6) 

where Vj:: kee lUll c..J~c. ('Et/mite.. 1..5 the initial amplitude 
of t he electromagnetic wave befor e the modulation and 

(IEI_ E".)/e. «~ 
I itf 

Expr ess ing El as E = ~~ ,where ~ and Y are real 
functions of z and t I to obta in from (6) the fol lowi ng set of 
e quations for 0. and t.p : 1-

- J W (11 + ~ .<t) CL + C· -a'~ _ CL C(. (?~) -t 
-at W 'Dt 'OIl 'Of 
• 

IClI - 0. 0 ) "'pW (~ 0. ;:: 0 (7) 
w£. "0 0. 0 

and 
R.tL 

Jw('CI<t t d~ ) ~ C-t ,<p 11 t- eta ?'If + 
-af '01: T 'il1: n ?It w 

L 

+r W< "'\> l ~" - :i 
\Q\ - <:1.. ) 0. ;:: 

~ t\ 0 lU) 
E. • 0.0 

Linearizing (7) and (B) together with the continuity 
equation and the e quation of ion mot ion I and seeking 
a solution of t he form ~ exp (iqz - i~t) , to obtain the 
dispersion relation for the electric helicon in a magnetized 
collisional plasma 

• w w ) I lQ. 

(-"-_U%'I-) t- i~ ",') (-",-_IT\'I- - 4w L C. ~-
l Eo 'Lw l"", } 

_c~' WpWl(..d:_.lQ,)"ScY~Hiw(..n...tfS'\.)~~. 
4w'L W£o j 5 '" l w~o w£. 

. ~ ( ~ - \ ~ R'l) _1-.. (9) 
mow w 'ttJ 

t I • r 
Substituting ~ ~..n:. "" \ "'6 where ..!\.. and "i are real 

v alues , and .1'\! » '6 ' into equation (9) to obtain the following 
equations governing J'l! and ""(: l 

~ I ')'" c''ll. Wtl<) J ' l l.) 11...~-i\ - 4d WE (.n-u.'j." 

= ~:t (CLtt)," C;tc'/It w') 
( ( 0) 



and J.. 

OL + ~ Wc wr '(_ 
~w(.oJ~o 

From ( 11 ) we can get 

• 
~ = _ -;) Wc "'" + !.. 

.,fw (.)2. - -t (",)'t. I.o,)li 
Eo E. 
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= Q 1). 1 ) 

Since ,it is necessary that D should be posi t~ve to get 
a modu l ation instability , then we shall consider on l y the 
positive sign (+) in equat ion (12) to describe and discuss 
the following two cases 
(i) The case in which 

~ l Wc "'r/ "'t) > t ~C'-( ~: )l '\.~ )( ~) WE 
\.!. 3 ) 

equation (12) s~mplif~es ~o 

h ~ 1- ('R'C'/...,') .... c. ( "'''{",i)( ~s)( "'~{W'W~) \1 4) 

As is clear from (14) ,in this case ~he growth rate 
does not depend on the collision frequency , in spite of t he 
fact that coll ision plays a significant role in the interaction. 
Also , it seems that the growth rate given by(14) is larger than 
that obtained in [5] . 
{ii) The case when 1. l 

(a/tc) < r (W-/"r) ( "E/u.) (t/Vr.)(""'/"'i) 
(15 ) 

equat ion (12) becomes : 

1'+ = t-(h/w) [b ("'·'/"'i)(V/W)('-/u,)w.t... (16) 
which shows the dependence of the growth rate on the 

collision fr equency . It is i mportant to note here that the 
condition ( 15 ) is an eas y condition to fulfill experimetally. 
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MAGNETIC RECONNECTION AND INSTABILITES IN COAX IAL DISCHARGE 

Intnx:luction : 

M.M. MasQud, H.M. Soliman, and T.A. EI- Khalafawy 
\ 

Plasma Physics and Accelerators De partment, 
Nuclear Research Centre, Cairo 137:59, Egypt. 

The interaction of plasma flow with magnetic field is the subjec t of 
extensive theoret ica l and experimental investigat ions carried out at present. 
This subjec t extended to deal with geophysical and astrophys icai plasmas[!]. 

In the most of exper imental electromagnetic driven plasma devices, 
the plasma flow possesses a considerable va lue of t rapped magnetic f ield, 
which depends on the ope rat iona l parameters of the plasma source{2]. . The 
trapped magnetic fi eld is due to the discharge current sheath, CS and reconnec­
tion diamagnetic effect which cause a disconnection of the magnetic field 
lines. 

Different models suggest that the rearrangement of the sheath ' s magne ti c 
topology is a source of e ne rgy re lease mechanism, leading to an effective 
plasma heati ng and particle accelerat ion to suprathe rmal e nergies [3]. Two 
types of e nergy release was proposed, flash energy re lease, and s low energy 
release . The f lash energy release occurs during the curre nt sheath formation, 
where the fo ll owing mechanisms occur, devel opment of tea r ing instability, 
heating of plasma sheath due to anomalous res istivity , and unifor med accele ra­
tion of plasma th roughou t the sheath. In s low energy release fo rmation of 
t rapped magnetic fie ld occurs and in these magnetic island, re laxation oscilla­
tions in T e and loca liza t ion of energy release in magnetic is land takes place. 

l~ a T- tube, a fas t energy wave packet pulse with velocity greater 
than 10 cm/s . , accompanied by the discharge c urrent disruption a nd sha rp 
electric fie ld was observed [4]. The destruction of the disrupted wave inc rease 
the plasma temperature and density . 

This paper will present results of a coaxial ring electrodes discharge 
on the study of the formation of precursor pulse and magnetic reconnec t ion. 

Expe rimental a rrangement: 

The exper iments were performed with a coax ia l discharge system figure 
(I) . The system consis ted of a solid elec tr ode of 1.8 cm diameter se t back 
from a ring electrode of 3.6 cm diameter by 8 cm , at the end of expansion 
cha mber 4 cm in d iamete r a nd 100 cm long. The electrodes were connected 
to a 10 K. Joule capacitor bank, with capiKi tance of 6 1. 7 }.IF, through a 
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pressurised field distortion spark gap. 
with rise time of 4.5 ~s. The test gas was 

The discharge c urrfnt was 
hydrogen at 2 x 10- torr. 

150 KA . 

Measurements were carried out by rniniature Rogovsky coi ls, magnetic 
probes, electric probes, diamagnetic loops, high speed camera , photomultipliers , 
and X-ray probe. !\'liniatuFe R ogovsky coil was used to measure the curren t 
distribution inside the discharge system . X-ray probe was inserted in the expan­
sion chamber to measu re the energetic electrons. 

Results and Discussion: 

Electric Pfobe results sh~wed that, the test gas was preionized t o a 
level = 2 x 10 1 pa rti cles Crn-. The preionization was due to the plasma 
radiation and charged particles emitted fr om the discharge region . The discharge 
current shea t h (J) was detected by the iminiature Rogovsky coi l , whil e the 
shock front was d~tected by its lu minousi t y, using 3 successive pinhole co!l imator 
and a photomultiplier. A separation of the piston (J front) fr om the shock 
front_

2
(light fron t ) was_Iobserved, figure (2) in the pr~ssu r e range between ~ 

x 10 torr and I x 10 torr . The J piston velG>city w~ of orde r of 6 x 10 
cm S- i and t he shock front velocity [vas 8 x 10 cm 5- at 10 cm from ring 
electrode. 

A p r ec~r so r effect was obse rved as a step pu lse propagating with ve locity 
4 x 107 c m 5- ahead of the shock fron t . The velOC Ity of the precursor re mained 
a lmos t constant but the shock s lowed down. The structure of the precursor 
pulse was determined by t he use of electr ic probe and it was found that the 
f ront of the pulse rose sharply ( < I }Js.) to a plateau. Also an igniti ng doub le 
e lectric probe working in t he breakdown region showed several Increases in 
the conductivity in the region o f the precursor pulse, figure (2). 

When a magnetic field with intensity vary ing from 6 - ID KG was applied 
thr oughout the expansion chamber parall el to the di rect ion of propagation, 
the shock front ve loci t y was increased. On t he other hand the precursor pulse 
a ppeared t o be unaffected by t hi s magnet ic field . The magnetiC fie ld measure­
ments showed a decrease of 10% of the magne ti c f ield intensity in t he precursor 
pulse region but the magnetic field lines were completely pushed out by the 
shock front. Such a precursor effects seem to have the same characte r istics 
as the soli tons. The pulse was sp lited somet imes into two or more pulses, 
have the same shape and st ructu re of the or igina l pulse . 

The precursor pulse was d istructed near the end of the expansion chamber 
and gave its energy to the working gas. The electric probe was used to measure 
the electron temperat ure and density. figure (3) showed a jump of te mperature 
at the shock [rant to a 5 eV and at the precursor distruction region by 20 
eV. The density meas~rements showed similar profile, with increase of dens ity 
-;:4 tImes r- (7 x 10 J particles cm-I) at the shock front and to peak value 

at the precursor region. 

MagnetiC field measurements showed a reve rsed field, was formed within 
the discharge region. The reversed field was acc ompanied by a sharp rise of 
electric field and energe t ic electrons, figure (4). 
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It has been thought that, the magne t ic fi eld lines we re disconnected , 
whe n the plasma sheath has diamagnetic proper t ies and it s tempera ture increases, 
this was f ollowed by magnetIC f ie ld reconnect ion be t ween its ends, and this 
will cause a sharp electric field due to t he fast change of magne t ic flux ~uring 
the reconnecti on process. The pla sma in that re gion will gain the energy 
of the magnetic flux , thr ough acce le ra t ion of its ions , a nd some of the sha rp 
deliver of e nergy , will be tr ans fe red to a solit ar y wa ves. 
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EXPERIMENTS ON DO UBLE LAYERS 

Cercek M. Jelic N. 
J. Ste/an In~W.ute, E./{ an/e1j Univel'5ity 0/ Ljltbljal1u, 

Jamova 39, 61000 Ljttbljana. Yugasiu lJiu 

1. EXPERIMENTAL SET-UP 

P 8 I 84 

A strong double layer (eV » kTe) generated in weak ly magnetized plasma with additional 
discharge was investigated. Experiments were performed in the Single Plasma Machine at "Jozef 
Stefall " Institute. Experimental conditions were similar to those of AmLersson [I J and Fujita et 
a1 [2J. The aparatus is shawl! in Figure 1. Plasma created by a hot t ungs ten filament cathode 

SOURC E REGION PLASMA REGION 

~ ,,~------------~ ~ ~/ - , 
VJl'----~--B;----- c ( ~ll ~r 

4;ld-c
;:----{ ,. :~~ 

Vd ~ )r P 
Figure 1: Schematic experimental device 

source flowed along weakly converging magnetic field lines into stainless steel tube region (lenght 
1.20111, diameter O.lSm) with homogenous magnet. ic field (E" :::; 70, 1O- 1 T). Plasma in the 
experimental region was separated frOIn the source region by a grid (G). Typically the SOlUce 
discharge current and voltage were 1d :::; 1 A and If,, == 30 V in order to obtain a highly stable 
discharge . The plasma in t.h e experiment. al region had a space potential V3 :::::: 0.5 If, a charged 
particle densit.y n == 2 . 1015 m - 3 and eledron and ion temperatlUes Te == 2 elf and Ti == 0.1 cV 
respectively. Plasma cohuml diameter was approximately 5 cm. Worldng pressure of argon gas 
was 'typicall y p == 4 . 10- 2 Pa . For these parameters t he eledrons were magnetized whereas t.he 
iOlls were umnagnetized . To produce a double layer st.ruchue a hmgsten anode plate (A) in the 
diameter of 1 0 1" 2 cm wns biased lip t.o 90 V. vVhen the plat.e bias was increased t.o sufficientJ.y 
high values above the ionization potential of t he argon gas (Vi"" == 15.8 cV), a region with a new 
plasma in front of I.he anode was generated . The new plasma was occupying a well defined bright 
region and was characterised by a space potentia l close to the anode potential. The transit-ioll 
region between two plasmas where the potential di ference is localised is known as a double layer . 

2_ EXPERIMENTAL RESULTS 

The current:·volt.age characterist.ics for two anode plates (d l =:= 2 cm, d2 == 1 cm}are shown ill 
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Figure 2. It resembles a characteristic of a plane Langmuire probe showing first an exponential 
increase of the current followed by the saturation region when the plate potential is higher than 
plasma potential. When the potential increases further above the ionization potential for argon 
a thin bright sheath forms in front of the anode. With increasing plate potential it grows up to 
the thickness of approximately 1 ~m (point B). Between the points Band D a region of negative 
resistance appears wh.ich is followed again by a steeper increase of current. In this region a new 
plasma is generated in front of the anode with a duble layer structure at the transition region to 
the (old) cathode plasma. The double layer moves further to the cathode side as the potential 
on the plate is increased. The potential difference between the anode and cathode plasma is not 

10 20 JO 40 50 60 

d, 
valvJ 

d, AI 
'00 --:;:.I B 

'50 O\! 
'" 1 .. (mA) oC 

1\ 
O,E 

Figure 2: Anode circuit current-voltage characteristic 

changed as the potential on the plate is increased. At the same time the double layer thicknees 
is slightly increasing. If the external resistance R is removed from the circuit, the current to the 
plate abruptly changes from B to C.When the potential is afterward decreasing , a hysteresys is 
observed (C - D - A). The electron and ion densities were measured axialy and radialy with 
cylindrical Langmuir probes (Figure 3). In the anode plasma three groups of electrons were 
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Figure 3: Plasma potent ial and electron densities profil es 
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I 
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observed(Figure 4). Two of them with approximately equal densities (ne I = n~ h = 1 . 1015 m - 3 ) 

having maxwellian velocity distributions were with highly diferent temperatures (kTel == 2 eV, 
kTe h == 10 eV). The third group was identifyed as a maxwelliall beam (kT~ I> == 2.5 e V) with drift 
velocity corresponding to the double layer potential. The density of the beam decreased to less 
than a three percent of the total electron density at the distance of a few milimeters from the 
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double layer. The thickness of the double layer in the axial direction is from 4 mm at t he point 
D to 6 mm at the point C and in radial directiOIl constantly about 2 mm. With the increasing 
Jenght of t he anode plasma the electron density is sli ghtly increasing but the temperature is 
slightly decreasing (up to approximately 7eV) . Low frequency plasma potential os citations 
(60 kll:; ) as well as anode current oscila tions are observed if the anode to plasma potential is 
positi ve . The amplit.udes of the relative current oscilations were I"",c/la = 0.3 "", 0.5. The 

k T .leV) 

, 
101------.... T h 

• 10 12 z (cm I 

Figure 4: Electron temperature profiles 

amplitude has periodical minima and maxima decaying exponentialy with increasing distance 
from the anode . 

3. DISCUSSION 

The observed hysteresis depends mainly all gas pressure and background plasma density. 
This phenomenon was described in [31 but the physi cal picture leading to such behaviour was 
not proposed . In this paper we shall use an extention of the simple model for the treshold for 
double layer formation first obtained by Torven and Andersson [41. They started from the idea 
that for the formation of a double layer of such a type the ion loss rate must be balanced by the 
ionization rate. Furthermore the ratio of particle fluxes is expressed by the Langmuir condition 

r ;/re :::: (me/mi)~. They supposed that the ions are produced by the ionisation of atoms with 
beam electrons. The basic approximation was that the density and energy spectra of the beam 
are not changed because the mean free path for any kind of collissions in such plasmas is too 
long. We can express their considerations in the way as follows. The continuity equation for the 
ion flux is: 

where r; is t he ion flux , neb-electron beam density and na-neutral atom density. Elec tron beam 
dist ribution flmction is approximated by Dirac a- function: 

, 
:z 2eVo i 

[,(v,) = 6(v, - (uw + ~) ) (2) 
71te 

where V eo is the electron velocity in the low potential p lasma and Vo is the double layer potential. 
Ionisation cross sec tion is (neglecting v~o ) approximated by : 

( ) _ (V - V.) - m,(, . ') q v~ - Qe Ion - ere 2 V~ - V,on (3 ) 
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where a ::::: 2.27 .1Q- 2t m 2j eV . Simple integration in veloci ty space gives: 

\7ri = aen<1r~(Vo - Vio,,) (4) 

If the problem is onedimensional with anode plasma lenght La the integration immediately gives: 

(5) 

Using Langmuir condition the balance equation becomes: 

(6) 

For the experimental values V" = 45 V , nu = 9.5.1018 m - 3 we calculate the cr itical dimension 
La = 6 mm what is in excelent agreement with experimental value for the critical dimension of 
the sheath corresponding the knee B on the discharge crnve. If t he anode voltage is not allowed 
to fall with increasing crnrent the B point is not stable and a jump into new anode plasma is 
observed. But orn experimental results in the anode plasma with developed (region D - E)double 
layer show that the bas ic pressumption of constant beam density does not hold. Instead of 
the beam only two maxwelli an populations were observed as in experiments of Lindberg [5]. 
Accordingly, we use again the balance equation (1), but choose electron distribut ion funct ion 
to be maxwellian. After integrations, neglecting t he low temperature ~ lec tron population in 
collissional integral and using Langmuir condition , we get: 

if; " eVi J. o:ena - (2kTe + Vion) exp ( - - -/ )LTh = (me/m;)2 
1r kTc ' 

(7) 

Using the experimental value Te" = 7 eV corres ponding to anode voltage Va = 45 V we calculated 
the critical distance for the double layer existence LTh = 3.5 cm what is about 1 cm less t han 
the experimental value. With decreasing potential the temperature Te h increases to 10eV giving 
shorter anode plasma in good agreement with experimental results. In our opinion the second 
critical point (D) corresponds to the critical dimension where the thermal ionisation is insufficient 
to maintain particle balance (for observed Te h ~ l OeV the plasma is about 1.5 cm long). On the 
other hand , the beam is allready thermalised too much at thi3 point and in the negative resistance 
region (D - B) so that the first model also can not be applied . A rigorous treatment in this 
region is planned. For more precisse quantitative analysis an energy balance equation should 
be included in the calculations. For this to per forme thermalisation processes near the double 
layer as well as inside them must be studied. The nonhomogenity of the relevant parameters 
makes t his problem extremly difficult. 
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PON DEROMOTIVE VERSUS FLUID RESPONSE 
IN A FUSION PLASMA 

* M.M. Skoric and M. Ko no 
The Baris Kidr;c Institute of Nuclear Sciences, P. O. Box 522, 

11001 Belgrade. Yugoslavia 
* Research Institute for Applied Mechanics, Kyushy University, 

Kasuga. 516. Japan 

Introduction 

It has been currently understood 1)-6) that the ponderomotive forces 

and the ponderomotive magnetization a,re campl ementary effects of the high 

frequency waves exerting the low frequency plasma motion.In this note these 
two are shown to be uniquely related to the ponderomotive potential which 
is simpl y expressed in terms of the linear susceptibi lity of a (possibly 
i nhomogeneous ) warm plasma. This work genera lized a recent study, by these 
authors, devoted to a case of a cold magnetized pla sma 5). Generally taken 
in a warm plasma. the temperature becomes perturbed under t he action of 
high-frequency fields. However, when the temperature i s given, such as in a 
fluid descripti on,we show that similar formalism i s applicable . 

Derivation 

Starting from a fluid equation 
-+ -++-+ -+-+-+-+-+ 

'tV +(V v)v (e /m )[E+v , 8/c - vp /m n 
ClaCl aCt Cl o.aa 

(1) 

-+ ++ -+ -+ 
we chose P = n [T 1+(T ,,-T )bb]. b = 80 /Bo and 1 is the unit dyad ic. and 

11 11 1lJ. 11 1lJ. 

tak i ng. a time average of Eq. (1) over the hi gh frequency mot i on, we get an 
equation for the l ow frequency dynamics up to the second order with respect 

to the high frequency (hf) osci llations: 
. -+ -+ -+-+ -+ -+ -+ ++ 

' tV +(v v)v = (e /m )[Eo+v ox8 0 / c] -VP /m N -«v v)v - (e /m c) v xB> 
110 (la (la 11 11 11 110 (l 11 a 11 11 11 (l 

2-+-+ 2 
- (1/2N m)P.ov« n. >/N ). «) 

where all the physical quantities have been splitted into high frequency 
(A) and low frequency (Ao) parts, and < ••• > indicates the time average ove r 
the high frequency motion: <A> = O. For the nonlinear terms associated with 
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the high frequency motion in Eq.(2). we need only the linear response to the 
electric field. 

Further. we i~troduce a vector potential A and a displacement of the 
fluid through 

E = -(1/e) atA and va = a tra: " a~ <a' 

where we have chosen th e radiation gauge. 
After i ntegrat i ng a linear h.f. equation of moti oni we get 

(3) 

- -- + + + 2+-
va = (e/ maeJ[-A+raxB ,] -(1 / ma)'[ (Pa,lNa ). (Na<a)] ' (4) 

Taking the curl of Eq. (4) leads to 
- - .... - -+ 

vxv +e B/ m e = .x(r xn); 
a a a a 

+ + 
( 5 ) 

From Eqs. (2). (4) and (5) 
equation of motion: 

see Refs. 4&5 we obtain for the s low part of the 

-+ +++ ++ -+ -+ + - 2+ --
atv +(v ,' )v = (e /m )E , +[v ,+<n V >/ N ]xO-(1 / 2) .[<v >+ n<V xr> 

(l D a a D a a a 0. a a a a 

-(P ,/N m H. r )2>] +(1 / 2N )nxQx(N v xr ). (6) 
a aa a a aa a 

In deriving Eq. (6) we have neglected the terms of order O(1/kL) where L is 
the scale length of theinhomogeneity: kL » 1. From Eq. (6) the low frequen­
cy dynami cs is self-cons; 5 tently detemi ned by the ponderomoti ve potent; a 1 

force 
Fp = -(1/2)v[<v 2>"",,<ii xr >-'(P / N m )< ("v r )2>] . 

a Cl a 0. 0 a a a 
(7) 

and the force involving the induced magnet ization current 
.,.. :t: -+ ..... __ 

FM = (1 / 2N )nx(lxM • where M = <N v xr >. (8 ) 
a a a aQQ 

The above ponderomotive force and the magnetization are uniquely determined 
by the ponderomotive potential defined as 

.'a) = (1 / 2) [<ii2>-Hl<v xr > - ("r / N m )«v r)2 >] . (9 ) 
a a a aD a a 

through the fo ll owing equations: 

F = -N -V. (a) and M = N 3 )a) (10) 
p a ' a a art 

The magnetization gives a solenoidal (transverse) current which is equiva­
lent to the stationary current as i s clear1y seen from the force! free condi-
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+ -q x M • 
a 
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( 11) 

Next, we show a generalized K - x theorem 6) on the basis of the fluid the­
ory. Multiplying Eq . (8) by v and taking a time average, we obtain5~6) 

a 

<v2> +n<v xr > - (T / m )« vr )2> : -(e /m c) <v·A>, (12) 
Cl (l a (la a a. a a 

Which relates the ponderomotive potential (9) on the left side, to the lin­
ear response v on the right side of (12). Therefore Eq. (12) can be regard­

a 
ed as a generalized version of the K - X theorem. 

Turning to the eikona l representation 

- .. - - i e ' A (x,t ) : ' lA (k.,w.)l J+c.c l , (13) 
p jPJJ ' 

Eq. (12) is readily reduced to the familiar expression in a homogeneous sis­
tem6) : 

. (a): (1 /8.Nama)Xpq(k,w) Ep(k, w)Eq*(k,w), (14) 

where Xpq ;s the li near warm plasma susceptibility. 

Equation (14) is a relation between the ponderomotive potential and the lin­
ear susceptibility, which ;s a fluid counterpart of the so called K-x theo ­
rem or iginall y derived with the aid of the Lie transformation for the Vlasov 
plasma. This relation i s powerul because it reduces the nonlinear ca l cu la ­
tion of the ponderomotive potential to the linear ca l cu l ation of the suscep­
tibility, which is usually a straightforward ta sk. 

Recently it was pointed out that the force associated with the magne! 
tization current can be used to stabilize a flute instability7). Another 
important aspect of the foregoing magnetization is that it may be linked to 

experimental evidences of low-frequency nonpotential fluctuation s in RF 

heated fusion plasmas. 
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A large amount of effort has been recently put into studies of plasma 
soliton stability problems using various analytical and numerical methods. 
As a rule, perturbed planar soliton appear to be unstable in two or three 

dimensiona l problems (e.g. NSE). Moreover, nonlinear stage of solitbn in­
stability often leads to a soliton collapse: a process of i ntens i ve field 
growth coupled to a rapid decrease of physical dimension. When the local e 
ized scale-length approachs the Debye scale, strong Landau damping plays a 
role of a dissipation. 

In this paper we perform a two dimensiqnal numerical investigation· of 

a nonlinear stability of a plane upper-hybrid solimn with respect to tran­
sverse perturbations . 

Basic equations 

Equations describing the nonlinear interaction of high-frequency, up­
per~hybr;d (UH) electron oscilations with low-frequency ion-sound motions 
are given in a dimensionless form 11-2 1 by 

(1) 

where . is the slowly varyi ng envel ope of the high frequency wave potential 
while n is the ion density perturbation. 

Above equations written in dimensionless 
3 M -1 t ~ - (- )w t 
2 m pe 

3/M 
r -+-{~ rdr 
- 2 m -

units 111: 

(2 ) 



4 m n + - (-)n ·n 
. 3 M 0 

while 0 has a form 
2 

_ 3 Wce(M) 
0 - 42m' 

wpe 
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are valid in a weakly magnetized plasma (wce2«wpe2), 

(3) 

In the nonli near regime of equations (1 -2) the only known stationary 
localized soluti on i s given in the form of a pl anar soliton ' 11- 21 propaga-

ting al ong the magnetic fie l d. 
Assuming two-dimens ional geometry with a magnetic fiel d al ong the 

x-axis and , , 
v == - x + - y; ax - ay-

a planar soliton takes a form 
. 2 

Es = :x ~ s = 12( 1-i)K sech K(x-vt)exp i [ (K2_ t)t + ¥l 
ns - IEs I2/(1 - V

2
), 

here v is the soliton velocity and K ;s the soliton strength . 

(4) 

(5 ) 

To investigate the s t ability on the background of the standing sol iton (v=O) 

we introduce the transverse perturbation 

6~ = . exp( i K2t)exp i(rt - k/), 6~ « ~s (6) 

where ~ ;s slowly varying on x and t. and ky i s the perturbation wavenumber, 
while r is the in stab ili ty growth rate. 

Numerical resu l ts 

The equations (1 - 2) are solved numerically in two dimensions by the 
spectral Fourier method with respect to the space coordinates, assuming pe­

riodic boundary conditions with periodicity lengths Land L . Nonlinear 
x . y 

tenns are computed'" by transformi ng back to the x-y space, Time integration 
is performed by using an expl ic it method \'1ith an accuracy of a second order 
in a t ime step . 
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~ spat ial resolution of 32x32 pOints and a time step 0. 001 has been 
used, with a regular check on the conservation of the plasmon number (N) 
and the Hamil tonian (H ) . 

The initial conditions for the soliton potential are given by the 
equation (4) and the initially perturbed ion density by 

n = ns(l + 2£ cos k;) , 

where £ ;s the perturbation parameter. 

(7) 

Runs with 0=0 agree with the results of 131, both, in its linear and 
developed (self simila r like) stage of the instability. Moreover, the spec­
t ral dependance of r agrees with the analytical and numerical results of 141. 

In order to investigate an influence of a week magnetic field on: the 
linear growth rate (r) and a developed (self- similar li ke) stage of instabi­
lities, we have chosen in all runs with a~O, the following parameters: 

K = 2, L = 6, L = 16 £ = 0.1 
Y Y 

These calculations shows that an increase of a magnetic field strength 
(070- 50) leads to an increase of the linear growth rate r, which is in an 
agreement with the analytical prediction of 151 . On fig . l. we plot the total 
wave energy IE( x,y)1 2 for a) 0=0, b) 0=30 in t=0 .3 and t=0.8 

In the developed stage of the in stability numerical results showagre­
ement with theoretical predictions of 121. Namely, during the time evolution,. 
t he transverse dimension of the localized structure' cha'ngesmore rapidly than 

the l ong itud i na 1 dimens i on. Therefore its pancake sh.ape becomes 1 ess asymme­

tic (fig . 2) . 
More detailed investigation is in progress. 

References 

111. LH. Kuznetsov, A.M.Rubenchi k, V.L Zakharov, Phys. Reports 142( 3), 
105 (1986) 

121. V. V. Krasnosel'skikh, V.!. Sotnikov, Fiz. Plazmy~, 872 (1977) 
13 1. N. R. Pereir., R.N. Sudan, Phys. Fluids gjl(6), 936 (1977) 
141. D. Anderson, A. 8ondeson, M. Li sak , J. Pla sma Physics ~(2) 2?9 (1979) 
151. H. L. Rowl and, Phys. Fluids g§(O, 190(1985) 



a) 

a) 

t =O.8 

Fig . 1 , 
F'ig.2. 

--- 6 =0 
_ 6ry) 

1 . toO 
2 . t=O.2 
3. t =O .4 
4 . bO.6 
5. t =O.8 

x 

x 

IEI' 
20 

16 

12 

8 

1290 

b) 

b) 

tooO.B 

3 

2 

IEI' 
20 x=Q 

" 5 , 

16 

12 , 
/ 

2 ------
8 

Ly/2 



1291 

UPPER-HYBRID SOLITARY VORTI CES 

U. de Ange 1 i s 

Department of Physics , University of Naples 

80125 Naples, Italy 

D . Jovanovi~ 

Inst.it.ut.e of Physic, P.O.Box 57 

11000 Belgrad~. Yugoslavia 

P. K. Shukl a 

P 8 I 95 

Inst.ilule of Theoretical Physics, Ruhr-Universily Bochum 

4630 Bochum. Fedel'al Republic of Germany 

Nonlinear theory of electrostatic uper-hybrid waves in 

magnetized pla~mas has bee n inspired by the success o f the 

theory of strong Langmuir tu rbul ence. In a st rictly 

one - dimensional ca~e, interaction of an upper-hybrid wave, 

propagating perpendicular l y to the ambient magnetic field 

with low frequency density perturbations in a weakly 

magnetized plasma, 10 
" Schrodinger equation

1
• 

« w can be described by a nonlinear 
P" 

Consequently, one may expect that 

small u e n~ity perturbations are parametrical ly unstable , 

satur at ing into NLS - type pancake salltons. It is well known 

that such solitons are unstable with respect t o small 

perurbations perpendicular to the direction of their 

propagation. Low frequency density perturbations i n 

magnetized plasmas are essentiall y two-dimensional in t h e 

nonlinear regime, due to the presence of the c o nvective 

nonlinearity which is of the Poisson - bracket type, and the 

e:.:isten c e of pancake solitons in such systems 

questionable. A dominating feature of the low freqUlilncy 

t.ur.bulence in magnetized plasmas is the exis tence of 

two-dimensional wortex structures , which may be associated 

with a large number of !:: u ch as convective 

cells , Alf'Jen w.3vec 3
, drift waves 4

, etc . 
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In thif: paper f;tud~' the qua~.:l - thL .. e dimen£iOllS} 

electroctatic turbulen ce of m~gneti2ed pla c mac, wh ich can be 

inter p rete d in te rms of the inte r action of upper -hy br id wave ~ 

wit h plJ£m d vor ti ces-, snd we show that a n~w type of vo r tices 

LecomeE possible i n the precr~ n~e of the pu mp . We .::lSEUrne a n 

electrostatic pump wave, pcop ."1 y.:lting (almost) peq.rendicularly 

to the homogeneous m~gnetlc fi e ld ~ 8 
:z (0 

i nh onlogeneouc , and LlI(.> pl.'l~ma density is given by 

wp.a k l y 

N + 
o 

dN }(crx . Re p recenti n g t h e h i gh-fre q ue n cy potel1ti dl i n th~~ form : 

'p (7,t) e 2 HO 

- iw t 
p. 

+ c . c . 

u} = lm°~Z ] l / 2, wi th 
pw rn ~ 

• 0 

t he amplitude 4>HO be ing 

- i <" t 
varY 1Ilg co mp ared to th e rapid n~cillationc e 

( 1 ) 

slow l y 

we can 

'.11"1 te th e fo llowin g 8ql l cltiun fC'f 1.. he t~vo lu ljon 

wav e ampl itude : 

o f t he p u mp 

2 

w)~ dN . 2 2 
-N' (x-

d 
+1' ) + J 'J ? 1.-

X .. L T~ 
o 

] 'V..L<PHO(t, t) } = 0 

(2 ) 

~ .:lnd n 
e L ta L 

Her e l o w fr"equency CO fflp011ent::: of "t he 

electron ve l ocity, ~e~p . 

th ermal vel oci ty . In 

.:l Gs u mptions of a wea kly 

dQn~i ty I an d 

t.he de L' iva ti o n 

V 
T . 

of 

magneti zed p ]~cm a, 

th e 

w 
p. 

a nd 

of purely electrostati c perturbations . low 
a 

frequenc }' 

scale we use the ctanda L""d dr i ft - wave scali.ng 

and assume cold , two - dimencional .:lnd l inear 

Then th e ion cont inu ity r eadil y y ield~ : 

d N 
x - + dj, n + 

.L 

while th Q par a llel electron momentum e q u ati on 

o 

11' the 

elect r on mas a l i mit yi elds ~ Bo1t2mann di~tributjon ; 

T 

I' 
. L 

o 

(3 ) 
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The low - freq u ency elect~on velocity is then equsl to zero: 

~ 
V 

. L 

T 

8 E:Zx'V.L (<PL+ tPP+ Nee 
o 0 

n ) 0 0 
.L 

Here ~L is the low - f re que ncy potential , and 

pondero mot!ve pot e nt ial: 

Subst itut ion o f (4 ) int o (5 ) gives t h e 

equstion4, drive n - by t h e ponderomotive force . 

(5 ) 

"'p is t he 

(6 ) 

Ha8egawa - Mima 

We seek a soluti o n traveli ng along th e y axis with the 

ve locity v , ~ =- v ~. We use the parametric ap prox imation, 
9 at gay 

a~sumi ng a long-wavelength pump (compared to the scale size 

the form 'il1/J = -it E +'Vb,p , 
HO Y 0 ( 1"0"'1 of the LF perturbati o n) i n 

«Eo = const.) . Then we can write </Jp = <Ppo+ otjJp, where : 

eE 2 
rpp o 0 . 0 

"'po 2 O"'p - -E- ay (01)+01> ) ( 7 ) 

2m w 0 
; p. 

a nd eg . (2 ) is simlified to: 

2 2 
O"'p 

( 9 
v v a2 

) 0
2 n 

To ,,' _ _ 9 
6 

, L 
(8 ) + 4 

1> po 
.,--2 l. 2 2 2 

W v Oy Qy 0 
p. To 

The LP equation (2) can be integrated o nce to give: 

T 
n ) + 6</> - B ux = F (0'" + N'e 
~L POP 

n + B v x) 
eL 0 9 o 

(9 ) 
T N T 

2 

d N '" whl'!re " >..2 -:- 0 • (Ho=l and u " ax eO N 
, 

T 2 ., 0 N e 
F is an arb itrar y 

0 • 
function . In the usu~l way, we adopt F to be a linear 

func tio n , whose der ivative F'(=const . ) has different values 

inside, and oul ~ide of an arbitrary circle in the x-y plane 

with the r.:ldim.: r ". Then, 
o 

using (B) , 

Golution in lhe form of a dipo l e vortex: 

(9) , we find the 

n case [ 0. I (A r) +(1 K (A r) +0. I (A r) +(J K ( 1\ r) - ar ] + (; 
~L ~ i ~ i i 1 2 1 2 2 t 2 5 

(10 ) 
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Here r (x2 
+ y2) 1/2 , e ~ arctg ~ I 1< a re Be~[; el x " 

., 
function ~ of t he fir~t order, and <D I£: a £:nl,:j 11 correct i on 

" du e to the presence of th e fifth, and h19her, cylindr' ical 

harmoni cs ; '" , (l (~= 1,2) are can!:tants of integration, .;.nd : , , 
, 

e<p po 1 
v 

3 A'+ " [ 1 +F'- ~ ( --1.+ )] , , ,,' , ,- -T--
v • T T. 

2 
eq,po v 

3 A2 A2 " [(1-F' ) _ 9_ F' ] , 2 ,," , ,- -T--
v • T To 

oN B eq,po 
, 

'" o 0 
(U+ Ffv ) 1 a. -T-- " g-

O 
, 

• mv 
[Ff +l+} r (1+0~L J 

" ( 1 1 ) 

All constan t G (" , , 
r=r 

o 
Finiteness at 

F' I 

r~oo cequireE> 

discontinuolJ E: at 
( + ) (+) 

01. =01 
, 2 

,-, 
(i -, 0, 

and F' ( + )= -~ 
v 

(superscripts ,-), ( +) carre !::pond £olt.l l.l. on~ 

for r < r g 
o ' and r > 

of in tegration , and the 

r 
o 

resp . ). Rema ining f lve 

cadiu~ of the vort ex core, 

be calculated i n terms o f th e group velo city v 
q 

n .=lnd .. -
r can 

o 
wh ic h 1 £: a 

and fre e parameter . We r equire continuit y of 

of t heir first and second derivatives, at I ~. C 

" 
whi ch yield~ 

six equations from whi ch we can find the ce Eix par~mAte r c . 

Solution presented here contai n s a new n onllnear 

which does not exist for the case CIf the n c,n- ell iVell 

-Mima equation. Furthermore, size ef the vortex i~ not ~ f r ee 

parameter, but it is dete rm Ined by the ch..ltocb~(icl.ics of 

the pump . Upper - hybrid vortices dre expe c t ed to 

structures , re pr esenting l h n fin.l l slage in t h e 

o f th e flute -ty pe elec t rost 3tic tuc bIJlcncL:! . Thl'!j' c .]n 

~ignificantly cont ribu te t o particl e l r ~Pl ~_:pu L in 

heated fucion plasma~ , cince p.)rticle c trap p e d , n such 

v o rt icec can be carried to large di~tdnc~s. 
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BINARY SHOCK WAVE FORMATION STRUCTURE IN HYDROGEN PLASMA 

A. A. Filyukov 

Keldysh Institute of Applied Mathematios 
USSR Academy of Sciences 

A stationary structure of plane shock wave .(SW) in two­
-temperature hydrogen plasma was studied in [1-~. An asympto­
tic stage of propagation of spherical SW in plasmas and gases 
was analized in connection with the theory of s trong explosi­
on (5-7.1. The SW were investigated in the astrophysical hyd­
rogen plasma [ a ) ,in the process of disassamble of l as er pel­
lets in rarefied atmo8phe~e 1 9,10] ,and also in computation 
modelling of this effect l1 2J. 

The results of numerical experiments given in this paper 
are dealt with new effects of a nonstationary structure of 
spherically synunetrica l SW propagating i n hydrogen and its 
plasma. As waB observed in computations the SW propagation 
has two distinct stages which may be characterized by differ­
ent l aws of propagation and qualitative structure properties. 
At the f irst stage of formation in the two-temperature hydro­
gen plasma a new phenomenon of emergency of secondary SVI was 
discovered. This SW is localized at the electron heat conduc ­
tivity wave front. According to the classical description [1] 
the elect ron flow front leaves far behind the hy.drodynarnical 
discontinuity which co incides with ion temperature jump. So 
at the formation stage the secondary SW propagates with the 
nonli near front of electron heat conductivity against the un­
disturbed background ahead of the primary SW as its forerun­
ner, forming in combination a binary nons t ationary SW struc­
ture. Once the double structure has been formed its fUrther 
evolution consists in the subsequent pursuit of the forerun­
ner by the primary wave. It is completed by their join in a 
single asymptotic SW . The moment of joining means the start 
point of the second asymptotic stage of the propagation. The 
prolongat i on of the first f ormation stage has an order of the 
characteristic relaxation time for the electron-ion tempera­
ture disruption. In the asymptotic SW the disruption ef tem­
peratures is no longer observed. 

The pursuit process as well as the joining of the pri ma­
ry and secondary SW rWl differently in the cases depending on 
the competition between the heat conductivity and electron­
-ion heat exchange . In the case of intensive heat conductivi­
ty the waves joining occurs so that the forerunner absorbs 
its primary SW , the last degrading step by step,and to the 
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Jo~ning moment its amplitude is considerably sma ller in compa 
rison with the forerunner. In the oPposite case, when the 
energy flow to the forerunner zone - is weaker than the rate of 
intercomponent exchange the primary SW is larger by amplitude 
than the forerunner at the last moment before joining . 

In the diagrams cited below the pursuit process and the 
joining of primary (0) and secondary (. ) sw are illustrated, 
where Ro denotes the joining radius. 

R 

• 
o 

• 
o 

• 
o 

o o - r!i ' !o, '.:, "! .~ / 

• - .; -: r:! 1:-J.b Y ,;'/ 

C.O{: C.O~ C.Ol> (LOB 0.10 

I , 
t,f/S 

o 

o 

'x 
, "A' , 1 i 
1,1- \ \! 

• F : 11 

o 

'.\: 

11 .• C.S :I .CI 1 2 :. . ~ 1.6 Le ~. O ~.:2 2·.~ 2.6 It".", 

The origin and growth of the secondary SW are due to the 
energy pumping from the electron to ion component . This pro­
cess is most intensive in hydrogen plasma in contrast to the 
heavier elements, for instance, nitrogen , that was taken for 
comparison in computational experiments . In nitrogen plasma 
the secondary SW does not emerge. The physical reasons of se ­
condary SVI localization are determined by rate of intercompo­
nent energy exchange which ·reaches its maximum value exactly 
at the front where the electron temperature sharply falls to 
the background level. Due to local energy stream from elect­
ron to ion component,gradients of ion temperature and press­
ure here arise and grow. In the presence of viscosity they 
are the final reason of the secondary SW formation . 

The primary (P),secondary (S) and asymptotic (A) SIV pos­
sess the distinct propagation scaling laws-power functions 
form- that determi.'1e the radius with time dependence : 

R = P ti; R = S-t j ; RA= A·ta ; 
p s 

One may establish with sufficient accuracy the relation: 

i + j = 2a 
that allows to express the propagation law for the asymptotic 
SW with the help of laws for P and S waves 

R
A

= vPs. t(i+j)/2; 
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In connection with this fact one may consider the stage of 
contemporary existence of two SW as a period of binary forma­
tion of asymptotic flow from two intermediate selfsimilar 
ones. The process as a whole is certainly not selfsimil ar, 
though each flow considered separately on certain time and 
spatial intervals has typical features of intermediate se l f­
similari ty [7] . 

Specifically, the asymptotic SW propagating through the 
hydrogen plasma has the time index a=2/5, corresponding to 
the solution for the adiabatic point explosion [5J. In the 
case when the ionizing SW propagation through neutral hydro­
gen was considered with ionization in the quasi-equilibrium 
Saha approximation taken into account, the selfsimilarity in­
dex decreases to a=1/3. The profiles of main gasdynamic char­
acteristics of the flow behind the ionizing SW (ISW) are 
maintained from the joining moment. They disagree with the 
Sedov-Taylor solution and essentially differ from the other 
limiting case described by Ryzhov-Taganov for the homothermal 
point explosion [ 6). The computed R(t) diagrams for plasma 
shock wave (PSW) and ISW are cited below. Comparison of the 
relative density distributions in the steady selfsimilar flow 
for Sedov-Taylor (1), Ryzhov-Taganov (2) s.olutions, as well 
as for case of ISW (3) is given below. 

'/', r--- ----- - - --" 
A,em 

4201 
'".,' 

' .5 

I 

0 . 5 0.57 ' .7 .j, , ____ ·'L· __ ---'_---'_ -'--"''-1'-'-' 1.' JI-"'I_' "_'_-.:t-.ll 
Disagreement in the velocity profile which changes its sign 
at r/R = 0 .57 in case (3) of ISW is most significant. It 
means the existence of selfsimilar expanding region where the 
velocities are directed to the symmetry center. In the flow 
(2) there is an analogous central region extending to the re­
lative radius r/R = 0.5 where the motion is absent, while 
in the solution (1) all velocities are positive. In connecti­
on with this it is interesting to notethat at joining moment 
the disassemble of the pellet matter terminates. The maintai­
ned profile of "frozen" in its matter temperature deminishes 
with the spread of central region. 
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As was shovm by direct numerical experiments vii th vari­
ous models of electron heat conductivity[111 the small value 
of conductivity coefficient or the introduction of definite 
limiting factor "f" for the electron heat conductivity have a 
great influence on the formation structure, and when the li­
miting factor has a value f = 0.1 the binary structure dis­
appears. The experimental data (9J confirm the existence of 
double structure in hydrogen and its absence in air in aCCor­
dance with the results of this paper. It allows us to consi­
der the above value of the limiting factor as its minimum rni­
nimorum. 

As was mentioned above, at t he asymptotic stage the heat 
conductivity is not essential, and lets us to compare the ion­
izing explosion with the Barenblatt-Sivashinsky solution (7] . 
The value of a = 0.)) means in terms of this solution the 
similarity of ionizing explosions with equal product of explo­
sion energy times the joining radius Ro. 
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LASER SIMULATION OF IMPACT OF PARTICLES AND FOIL ACCELERATION 

s . Borodziuk, "J. Kostecki. I J. Marczak 

Kaliski Institute of Plasma Physics and Laser Microfusion 
00- 908 Vlarsaw, PCLAND, P.D . Box 49 

The pape r presents experiments dealing with i nteraction of 
Nd:glass laser r adiation with plane Al f oils . Investigat ions 
contained laser simul ation of the pr ocess of collisions between 
macroparticles and target and the measurement of velocity of 
accelerated foils. 

Experi~ental system f or laser simulation of particles impact 
against the target consists of the Nd : glass l aser ( ~ = 1.06 urn, 
E~ ~ 20 J, ~l ~ 3 ns) , vacuum chamber (p = 5x10-3 N/m2 ) and of 
diagnostic apparatus: calori meters f or measurement of laser 
energy and angular distributions of scattered laser radi at ion, 
camera obscura for r egistration of hot plasma area, ion collec­
tors for registration the expansion of ions emitted from the 
plasma , fast streak camera fo r measur ement of plasma expansion 
velocity and foil acceleration (Borodziuk et al. 1984) . Al tar­
gets were 4-6 mm in diameter and 12-3000 #-l ID thick. 

In the conditions of the carried experiment the diameter of 
craters appearing in tar gets changed in the range from 200 to 
400 Mm and their depth h, in the range from 100 to 200 Mm de ­
pending on the laser parameters . 

The diamete~ of laser beam "focus, equal to the diameter of 
particle simulated by laser, \Va s about 100 j.1m. Both the di ame­
ter and the depth of craters increased with the laser pul se 
energy . At appr ox imati on by a power fu nction it was achieved 

"', = 186Et" 

v/hat i s thp. result similar to the dependence obtained in the 
papers (Zvliegenbaum et al . 1977; Burton 1983 ) 

"', = 254E ~.2? 

Volume of the cr aters \'Ias from 2x10-6 to 2x10- 5 cm3 . Mass of 
the matter thrown out of the crater was much gr eater than the 
mass o f the target material ionized by 'laser radiation determi­
ned from measurements done by ion collectors . 

Crater s had a shape close to a hemisphere with characteris­
tic banl< around the edge; the bank was probably created in r e­
sult of ra pid so lidification of l iquid effluent target material. 
The heiGht o f this bank changed in the r ange 0- 100 pm, in most 
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cases it Vias proportional to the la~er eY)e l~gy . 

'The s hap e of craters Made by.the foc :.l sed 1 uc::e r beam 1n our 
ezperi ment (Eostec1\.l et al. 1937) VIas similar to cr2ter::': made 
by fast macrQl)art icles (,Schneider 197~) ). r t ca~i'ir:ns the cor­
rectne .ss of s.i..rnulations carried out so far. ?,L.s. 1 sh oHs t~e 
vie"i of the tar;,;et surface after laser shot and its i ntersec ­
tien . 

a 

Figure 1. Vie ';] of 1 mm Al t2rr;et ~~urf3ce in vicinity (Cl) and 
intersection (b) of t h e crater (crate r diarnct e r 350 llm) • 

.:-',D cl(ward surface of the target of the thid;ne~;.s o f '\ mm VI8S 
not disturbed even at maximum energ ies of ~he laser. Ho':;r·' v9r, 
for t h i nne r tar.-re ts ':le obse rved a bulr;e or a v/renell of r.:ater_i a l 
and at last - t he re \"'a5 a h ole . 

Fo r 120 )Jm thick targe t it waG sta~. ed th2t eV·2n the energy 
of the order 0.5-1.0 J causes tearinr; of the tS r' ,:r,et bacl~'t1ard 
surface on the diam~ter of the orde r 150-250 pm (crater i s not 
perfo r Rted ), Vlh5.1e 911crr:y of 3-4 J c ,:H1~es creation of ho le :.~ Of 
the diameter about 200 pm (Fig. 2) . 

The 2' im 0 f ex;'erimental la~.;er simUlation of colli~,ions of 
superfa.:.;t ::I n rticlc ~:; ( e.g. cosmic dust) ':Iith r;olid tnrget<'i ( e.g. 
sh ield. of Q cos r.:.ic Drobe) was to find relation b:~t'."e c n the U3-
rnmeters o "f' the used las er and the ba~5i.c pa!'amet.0rs of V1r(ic-
] es a nd to de·ter:ninc scalin;; .l.av.l " fo r er'oters !,lade in result of 
la ser rad iati.') n intel~ac tion vIi th the tarr;et. 

The main idGa of l a.ser simu1atiofi of the 3t121y::.~p.d rr\)blcm i s 
the 9.s.surr."?tion that the effect 01' irr:;lli i ation the tareet by a 
l:?!. s,~r be n:;} , GuIse of wht ch has energy EL' time duration 'T L and 
focus :Ji a rr.e tc:r 0 L , i s similar as tl::; onc in the colli ~·~ ion o.f 
ta rE-e t 2n,1 r!3rt,icle of the diameLer' {ZIp, len?,th Lp (cy lindrical 
sy'm1etry) and Velocity vp ' under the:: ccmditlon that p r e<';$ures, 
,; i :::'8.': ;:l:"'..:..I rea c t ion time clre w-pal, respectively 
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c 

Figure 2. View of the back of the target ( 1 20 pm Al I. a - o. 56J , 
h - 2. 9 J. c - 4.4 J. 

PL = Pp 1 TL = 'rp , 0 L = 0 p • 

Such a t t i tude \>i'8S u sed, a mo ng o th er~ , in the papers (Pirri 19 77; 
Bibrinr, e t a l . 1933 ; Borodziul< et al. 198/+1 and also It was a 
basi s f o r the inte rpretation o f r esult s in thi s paper. Thus, 
the particle Velocity can be calculated as follows 

\'!her e 

Constants a and b are~ re r.pecti vely 
f o r the va ria nt " Al - AII!: a = ~1 .39x 105 cm/~, b = 1.34 
for t h e vari o.nt 111-AllI: a = 3 .07X106 cm/s, b = 1. 30 . 

The express ion on t he pressure p2D, re gn rdinr, l aser beam 
f,eometry, \'JOS a s suliled in t~e f o rm e i Yen by Harrach and Szoke 
(1982 I 

p2D(I';barl = ero·'11014 ·.i/cm 2 1/11 + (L,c/rLI s in"'I ' .4 

'.'lhere <X is the half- a nGle determining the beam conve r g ence ! and 
Lac ..... Cs "t" s (c si::; the sound velocity in the expandine plasma) . 

Having calculated the value v p , then the lene th Lp of the 
simulated particle ma y be obta ined from the follo\-dng dependcn-
co 

Velocities of simulated narticles, calculated in this way. 
are in the r ange 11 - 2)x10 6 cm/ !; ( " AI- Al") or (1 . 5- 3)X10 3 cm/£; 
\ " 1_ Al ll ) . On the basis of these values, considerin e the c r aters 
measured in the expe riment, it is possible to determine scaling 
laws for rel ative volume o f cra ters as a function of velocity 
of simulated partic l e s 
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\'ihe re Vk is the crater volume, and Vp is the particle-bullet 
volume. They are as fol lows 

K, = 1.14v,'.44 for "AI-AI" 1<2 = 1.02v;·21 fo r t!1_ Al". 

In case of "AI- AI " one should point out t hat there i s a good 
compatibility vlith the results obtained by Bibring et al. (1983). 

The laser radi ation pulse used in the experiment enables to 
achieve the veloc ity of simulated collisions II particl e -target ll 

in the range 2x106cm/s ( II AI_Al") or 3x106cm/s ( 1I1_Al" ) . To ob­
tain hieher velocities one should use more intens ive laser . 

Analysing the problem of interaction between superfast macro_ 
particles and metal t argets, it is possible to use the laser to 
accelerate a fragment of thin foil obtaining a real, not simu­
lated by lase~ bullet I the velocity of the order 10 6 _ 10'cm/s). 
The bullet obtained in su ch a 'vIay has the diameter equal to the 
diameter of the laser beam f ocus and the length equal to diffe­
rence in thicknesses o f the foil and the laser evaporated layer. 
Superfast shadowgraphy (\'Ii th the use of a streak camera) was 
used in investigation s of foil acce leration velocity. Maximum 
achieved and measured velocity was 2.2x10 6 cm/s for the 12 pm 
foil at the power density 3x1013 \~/ cm 2 • \,lhen ablatively accele­
rated foil has a proper thicknes s of the order of several /-lID it 
i s possible to obtain much higher velocities of collisions 
"particle-target" . Such investigations are actually carried out 
and their main aim is, apart f rom the above mentioned possibi­
lity of achieving higher ve l ocities of accelerated particles, 
to verify the method of laser simulation being the basis of 
this paper. 
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THE INVESTIGATION OF THE NONEQUILIBRIUM PROCESSES 
WITHIN THE LASER PRODUCED STREAMS. 

V.A.Gribkov, V.Ya.Nikulin 
P.N.Lebedev Phys.lnst., Moscow, USSR 

G.I.Zmievskaya 
M.V.Keldysh Inst.of Appl.MBth., Moscow, USSR 

Asbtract . 
The nonequilibrium processes taking place in 

the colliding l aser produced streams are investigated 
experimentally and numerically. 

Under the experimental investigations of the laser produ­

ced plasma /1,2/ the anomalous ion polarisability of the car­
bon ions have been discovered. For the plasma experiment the 

installation analogous to the discribed one in / ) /, have been 
used . The power flux density at the focus ing point have been 
within the limits (1~5).10131'1/cm2. The Nd-glass laser beam 
have been splitted into two beams with the energy of 30J each 
(pulse duration 12 ns). The focusing on every target have been 
performed on the Side, looking for the other target. These 
targets are the (CH2 )n particles, having the cubic shape of 
the 0 .2 mm size. They are hung up with the 1 mm distance bet­
ween them by means of very thin threads. In these experiments 
the method of the t wo wave -lengths interferometry have been 
used 131 (A1 =0.69 mJan,.I\ 2=0. 35 mkm), due to which the inter­
ferograms of both free expanding IDld colliding laser flares 
have been displayed for the moment of time 10 ns later the 
begining of the heating pulse. The plasma refractive index is: 

n-1=-4.49.10- 14 ,A2 Ne + 2-r.f ~ w,"6If (1) 
where c\ ~ - polarizabili ty of the ion (atom) in I" - state , 
wi th the charge number Z. 'rhe r esults of the two wavelength 
interferogram prosession is shown in Fig.1. It is clear, that 
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the electron (2) and, especially, the ion (1) polarizabilities 
at the collapse region are increased sharply in comparison 
with those for free expanding plasma (3,4) from one particle. 
The polarizability of the excited ions /1,4/ is very close to 

the electron one. Special estimations show us /2,)/ the reali­
zation of lithe freezing" of the ionization states and Te« Ti 

both for the free expanding and for the collapsing plasma 
streams. Anomalous high value of the ionic polarizability, 
recieved in the experiments of laser flare, collapse, gives 

us an evidence, that the considerable quantity of the ions is 
in the excited states,. The difference between the experimental 

ionic distribution function for the excited states and the 
equilibrium one can be resulted from the photorecombination 
and the inelastic collisions, including the charge-exchange 

20 -3 processes. I ndeed, under Te~1 eV, Z~10 and Niv10 cm the 

characteristic time of the photorecombination t"phr .... 10-9 s,i.e. 
smaller than ~ie-time of the existance of the cold electrons. 
Time of the radiation decay of the ionic levels with a high 
quantum number n: 't'd~n4.5/z4 can be of the order of 10-9~10-10 
s ·. As for the inelastic ion-ion collisions, the corresponding 
crosssection can be smaller than 10-19 in case of the keV ions. 
Consequently, under Ni~1020 cm-3 the characteristic excitation 

time will be 1; ex« 1 0-98. Especially it is necessary to note 
the possibility of the creation of the inverse population in 
this kind of plasma due to methastable levels /2/ because of 
the very low electron temperature. So, this plasma can be 
used as an active media for the X-ray lasers . It is clear, 
that the abovementioned proces ses can take place also under 
the cylindrical cumulation (pinch-effect) and in the plasma 
of the cumulative streams . 

For the investigation of the kinetics of the free strea­
ming and colliding laser produced plasma streams we applied 
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the numerical methods of the solutions of the Bolzmann kinetic 
equations, which described a space - time evolution of the one­
particle distribution function through the velocities and the 
nonequilibrium populated levels of the internal energy for the 

homogeneous expansion ( compression ) of the plasma /5/. It this 
way we have done the numerical procession of the stochastic 
differencial equation system / 6/, where the collisions are ref­
lected by the Markov jumps. The constancy of the expansion ve­
locity allows us to use the equations, stochastic analog of 

\ 
which permits the space - homogeneous model. The grounds of 

such approach are contained in / 7/ . 
So, during the time T in the media at first the process of 

the collisiona1 relaxation is modeled in the unit volume with 

the step ~t1' and then with the step ~ t2 the collisionless 

expansion with the velocity 'If:, is examined; ilt1 ,2E: [O,T] 
As an example of the model usage we analyse the ioniza­

tion-recombination processes and super-elastic collisions,and 
also the processes of the excitation of the internal ene r gy 
levels ( due to e-i collisions). We have analysed two variants 

o 
of the media - carbon plasma with Te=1 keY and T~=1 eV. At 
1st case the mixture has contained the multistriped ions at 
the ground state, and at the 2nd case-two excited levels of 
the CVI ions have been taken into consideration. At Fig.2a the 
deposit of the electron polarizability (1) is higher, than 
those from ions CV, CVI and Zo6(2). But from Fig.2b it is 
shown, that in the plasma with the cold electrons and the exci­
ted ions the ion polarizability (2) appears to be of 1~2 orders 
of magnitude higher than the electron one during all the time 
of the numerical experiment . 

Authors are gratefu l to A.A.Pyarnpuu, V.I.Shematovich, 
O. N .I<rokhin and M. Ya.Marov for the assistance and fruitful 

discussions . 
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