=R europhysics
) conference

abstracts

15th European Conference on

Controlled Fusion
and Plasma Heating

Dubrovnik, May 16—20, 1988

Editors: S. Pesi¢, J. Jacquinot

Contributed Papers

Part Il

Published bv ' . European Physical Society

= VOLUME
érEditqr: ~ Dr. J. Heiin, Petten ‘ 128
B Part 1l
_aing Edki!;qr;‘ G. Thomas, Geneva

[t




XV
FUSION
DUBROVNIK
1988

15th European Conference on

Controlled Fusion
and Plasma Heating

Dubrovnik, May 16—20, 1988

Editors: S. Pesié, J. Jacquinot

Contributed Papers

Part Il Max-Planck-Institut fiir Plasmaphysik

0 & JAU 159
Bibliothek

e
ES

=

e
2

PY—



j i

EUROPHYSICS CONFERENCE ABSTRACTS is published by the
European Physical Society, © 1988
Reproduction rights reserved

This volume is published under the copyright of the European Physical Society. We want to
inform the authors that the transfer of the copyright to EPS should not prevent an author to
publish an article in a journal quoting the original first publication or to use the same abstract
for another conference. This copyright is just to protect EPS against using the same material in
similar publications.




I1T1

Preface

The 15th European Conference on Controlled Fusion and Plasma Heating was organized by the
Boris Kidri¢ Institute of Nuclear 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 experimental and theoretical aspects of Plasma Confine-
ment and Plasma Heating. The programme, format and schedule of the meeting was determined
by the International Programme Committee, which was appointed by the Plasma Physics
Division Board of the EPS. The Procgramme Committee selected 19 invited and 24 oral con-
tributed papers.

This volume contains all accepted contributed papers received in due time by the Organizers.
It is published in the Europhysics Conference Abstracts Series and it follows the rules for
publication of the EPS. The 4—page extended abstracts were reproduced photographically using
the camera ready manuscripts submitted by the authors who are therefore responsible for the
quality of the presentation. Post-deadline papers are not included in this volume.

All invited papers will be published in a special issue of the journal "“Plasma Physics and Con-
trolled Fusion”. This journal may also publish rapidly an extended version of contributed
papers, following an accelerated refereeing procedure.

The Organizers would like to acknowledge the support of the Serbian Science Research Council
and the technical assistance of the Publishing Department of the Boris Kidri¢ Institute of
Nuclear Sciences. The Conference has been organized under the general sponsorship of the
Union of Yugoslav Societies of Mathematicians, Physicists and Astronomers, member of EPS.

April 1988 The Editors
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LH POWER ABSORPTION AND ENERGY CONFINEMENT DURING COMBINED LOWER HYBRID AND
NBI HEATING ON JT-60

F.X. S6ldner?!, K. Ushigusa, T. Imai, Y. Ikeda, K. Sakamoto, Y. Takase?
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'%*cm™?. Degradation of the LH heating rate at higher density may
be attributed to poor penetration of waves with low N, into the central
region according to the accessibility condition. The LH-generated supra-
thermal electron population diminishes with simultaneous NBI. Fast ion
tails with energies up to twice the beam injection energy are formed by
absorption of LH waves on the beam ions.

HEATING REGIME

The divertor tokamak JT-60 (R = 3.1 m, a = 0.9 m, Ip 2 3.2 MA,

Bt £ B.8 T) is equipped with high power additional heating systems /1/.
NBI (EO = 75 keV, P £ 20 MW) had been combined with LH current drive at
low density previously /2/. Improved current drive efficiency and an
improvement in the energy confinement were cobtained in this operation. The
latter is related to a modification of the current profile by LHCD /3/. In
this paper the extenslion 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 1/ng-dependence of mpycp and heating dominates. In all
these experiments LH waves are launched from three different grill antennae
with wave spectra at low N, (f,= 1.7/1.8, f, = 2 GHz). Most discharges are
performed in divertor configuration where the plasma density can be better
controlled.

The heating efficiency is given by the incremental energy confinement
time Ténc = AWD/AP, where AW, is the change in plasma stored energy upon
change in the total input power AP. In Fig. 1, TEHC versus injected LH-
power is shown for LH-heating of both Ohmic and NBI-heated target plasmas
in the density range ng = 2-3x10'%cm™?. In the case of LH heating into OH
plasmas, Ténc was determined in two ways: from flat-top pulses and from
slow LH-power ramps (the power range is denoted by the solid lines in Fig.
2). With ramps, the incremental energy confinement time can be determined
ine Awp/at

within only one discharge from: Flat-top and ramp values

AP /AL
agree well, The energy content W, is taken from diamagnetic measurements.
They are in good agreement with kinetic data. No systematic difference in

| on leave from Max-Planck-Institut fiir Plasmaphysik, Garching, FRG
2 on leave from Plasma Fusion Center, MIT, USA
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Ténc is seen for Ohmic and beam heated target plasmas. The slightly higher
values for TEnc at low power are probably due to the change of confinement
scaling from OH- to L-Mode scaling in this range. The same heating
efficiency is obtained for LH+NBI as for NBI alone at high power, with
tiNC - 50 ms. Therefore the heating is additive. The energy confinement
times are the same for NBI and NBI+LH and no synergetic effects on
confinement are seen in the range of medium densities (ﬁe < Ux10' %*em™ ).
The LH-heating efficiency depends strongly on density. This is shown

in Fig. 2 where LH is switched on during NBI, still within the rise time of
Ne and WH from NBI. The density increases from ~2x10'%*em™? to ~5x10'%cm™?
during tge LH-pulse. After start of the rf, the stored energy rises with a
steeper slope. At a density of ﬁe*“ 5x10‘30m_3, the heating from LH
saturates and at ng=4.5x10'%em™?, W% is nearly back at the level of NBI
alone. The density dependence of LH %eating in combination with NBI is
summarized in Fig. 3. The incremental confinement time due to additional LH
heating, TénLH = (AW/AP)1y is plotted versus ne for a large range of
plasma conditions. The strong decrease with increasing density can be
explained with degrading LH power penetration into the central plasma
reglon due to the accessibility limitation. The experimental points for

LH(“e) are well fitted with a curve giving the fraction of accessible
power inside half radius /4/. The same result was obtained also from power
balance calculations for LH heating on ASDEX /5/.

HEATING MECHANISM

Suprathermal electrons are generated by LH waves at low density as
seen from 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
Ng = 1.5x10" ®em™?. For the hard X-ray radiation this is shown in Fig. 1.
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 characteristie 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, N, 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 N, values due to reduced toroidal effects.
On the other hand, the formation of a suprathermal ion distribution with
combined LH+NBI operation might offer an attractive way to increase
considerably the fusion yield.
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LOWER HYBRID EXPERIMENTS AT 8 GHz IN FT
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C.P. 65 - 00044 - Frascati, Rome, Italy

INTRODUCTION

Lower Hybrid heating in FT Tokamak was extensively applied and studied in the
last few years at frequency of 2.45 GHz and RF power = 450 kW [1,2]. Good heating
results and sawtooth activity control were obtained [3] without a significant impurity
enhancement up to a density of 5x10!3 cm=3. In order to work at much higher densities
a new Lower 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 injected.

Four Varian VKX-7879A tubes, with 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. Each klystron feeds a column of a 4x4 grill
through a compact 1:4 power divider. As with previous 2.45 GHz grills, each waveguide
has its own ceramic window brazed at ~ 15 cm from the mouth, the inner dimensions
being 5%x35 mm. The whole structure can move radially 3 cm to optimize the coupling.
The 4-waveguide excitations were mainly phased as 00nn and 0nOn. The relative
spectra are shown in Fig. 1. Preliminary results were reported in Ref. [4,5].

Due to the loss in the transmission and to the system dimensions and
performance, the results reported hereafter were obtained up to a maximum RF power
coupled to the plasma of 220 kW.

TRANSMISSION AND COUPLING
Due to the narrow size of the waveguides it is impossible to insert any system of
guide conditioning. Thus, the only remaining way to condition 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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50 kW/cm? without any particular care. At
higher power levels some spikes on the re-
flected power signals appear, triggering the
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
2 Tl a sufficient to avoid the tripping of the system
o at the next power step, and so on. This be-
haviour indicates the need for grill condi-
tioning, at least at higher power density.

We have checked the coupling proper-
3 ties of the 8§ GHz LH radiofrequency over a
0 - wide range of plasma parameters for the two

DISTANCE (mm) phasi.ngs 00nn and O0n0Om. As shown in Fig. 2
Fig. 2: Net reflection coefficient vs the reflection values about of 15% are obtained
distance between plasma and grill for all the plasma conditions for appropria-
mouth, full dots for phasing 001 te values of the antenna to plasma edge dis-
tance.

In the best coupling conditions, Langmuir probes measurements indicate a
boundary density at the grill mouth, ranging from 0.2-1x10!3 cm™3 quite in agreement
. with the theoretical expectation [6] ny/ngyr = n?j, where ny 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 power density at the grill mouth has been 8.6 kW/cm?2.
This is due to a problem on the first column of the grill. As a consequence the power
distribution was not perfectly balanced on all the four columns and was limited for
safe and routine operations to a level of 220 kW coupled to the plasma.

REF (%)

40

10

EXPERIMENTAL RESULTS

The RF power was launched in FT with the two spectra of Fig. 1 corresponding
to a slower wave speed (by phasing 0n0n) and to a faster one (00mn). The plasma
parameters were By = 6-8 T, Ip = 300-500 kA, @i = 0.4-3.5%1014 cm™3,

The total fraction of the coupled RF power over the ohmic power did not
exceed 0.40. Clear effects due to RF were observed on electrical conductance, o,
and on the ECE signals up to n = 3.5x1014 cm™4, No fast neutral tails were detected.
The enhancements during the RF pulse of the conductance o and ECE signals were
increasing with RF power as reported in Fig. 3 for fi, = 1.2x10!4 cm™3.

In Fig. 4 we report the increase of ECE normalized to the fraction of the RF to
the OH power and in Fig. 5 the conductance enhancement, Ao, (also normalized) vs
the plasma density. The ECE singal continuously decreases as the density increases
while the normalized Ay, after an initial decrease, becames roughly constant with
density.

Two processes can be effective in explaining these results. As density
increases, collisionality reduces the tail of the electron distribution function.Another
effect related to the reduction of suprathermal tails at high densities, is due to the
dc electric field. This cannot freely accelerate electrons with V| = V,, = the Dreicer
critical velocity. The marginal condition for resonating electrons V., = V| = ¢/njyin,
where ny,,;, is found by the accessibility in the spectrum of Fig. 1, yields a value for
density A, = 8x10!3 cm™3. This seems to correspond to the different behavior of Av in
Fig. 5.

Therefore, we can assume with a wide margin of confidence that suprathermal
contributions to Av and Al, are negligible above n =1x1014 cm™3. The effects at high
density can be explained 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 expected with simple
power balance. It may be connected to a wide radial deposition of RF power since at
high densities only the slower excitation (0n0mn) was used.

Finally, the frequency spectrum of the signal collected by an external 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 also [5]. These effects are evident only in
discharges at relatively high density but with low current (I, < 400 kA) and low
temperaturc. In these discharges where secondary peaks or pump broadening alone
are present, the observed values of Ao (and of ECE enhancement at lower densities)
are much below the typical values shown in Figs 4,5. For high current discharges (I, >
500 kA, By = 8 T) where temperature due to ohmic power is higher, it is possible to
avoid secondary peaks and to reduce pump broadening (up to the present working
limit of 3.5x1014 cm3) 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/cm?2 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 [8,9]. FT results at 8 GHz indicate this density limit is higher than
3.5x1014 cm™3.

* As observed in FT at 2.45 GHz, secondary peaks and pump broadening may be
avoided by increasing the plasma current [1]. Also at 8 GHz, similar behavior is
observed even at the maximum density of 3.5x1014 cm™3, By comparison with the
2.45 GHz experiments with the same target plasma, the density threshold for
parametric decay instability appears to increase with frequency.
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LOWER HYBRID PARAMETRIC INSTABILITIES JN THE FT PLASMA

A. Cardinali, R. Cesario, I, Paoletti*

Associazioné EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati
C.P. 65, 0044 Frascati, Rome, Italy

1 INTRODUCTION

In the heating and current drive experiments in tokamaks with rf power near the
lower-hybrid frequency a typical activity of the probe rf signals is observed when the
plasma density reaches values high enough [1].

We are interested to search for the role of the parametric instabilities in
producing the observed spectra. Occurring mainly in the colder and outer regions of
the plasma, this phenomenon can modify the characteristics of the launched waves and
prevent the propagation towards the plasma centre.

In this paper we present the results of the study of the parametric instabilities
obtained by solving numerically the complete parametric dispersion relation, . 2
under consideration a wide range of frequencies where different channels of insta-
bilities could be involved.

2 PARAMETRIC DISPERSION RELATION AND DECAY INSTABILITIES

We consider the propagation, in a plasma magnetized by a static magnetic field
By, of a lower-hybrid pump wave (wy, kg) with finite extent which decays into a low
frequency mode (wy, ki) and two high frequency sidebands (w,%uwy, kitk,). The plasma is
assumed locally homogeneous, i.e. k) = | Vo/ul, V1711, where k| is the perpendicular (to
By) wavevector of the involved waves and n and T are the plasma density and
temperature.

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

3

1 . (1)
L:(m:,kll == g =
Ll(ul + Wy kl t kn) L{ml—-mu, kl— “)
where t(w, k) = 1 + yi(w, k) + y.(w, k) is the dielectric function and y,, y. are the linear

susceptibilities, y* are the upper and lower sideband coupling coefficients.

Whe have solved numerically the equation (1) with respect to the complex
frequency w; = wy + iy. For a given numerical calculation we have assumed one of
the plasma and rf parameters n,I', By, Pyy, kg, kg, k%, kyy, k1, as independent variable,
keeping fixed the others.

We have considered the FT plasma where the density and temperature profiles
are defined in Ref. [3].

The electric field amplitude is calculated in term of the injected rf power using
the WKBJ method [4].
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In this section we consider the absolute instability which is characterized by a
growth rate y > 0, keeping under consideration two ranges of frequencies wig <€ w, and
WR = Wei-

2a) Range w g € 0y In the range of very low frequencies, for a tokamak plasma with
T. = Tj, we expect that the ion sound waves are heavily damped on the particles, being
wir = ki Vihi <€ ky, Vipee The solution of Eq. (1) which gives parametric instabilities
driven by ion sound quasimodes for the case of FT plasma and a pump wave with
frequency wy/2n = 2.45 GHz, are described in Ref. [5].

2b) Range of mjg = lwg; | = 1,2,3, ... In this range we have found that the parametric
instabilities are mainly driven by ion cyclotron quasimodes being le(wy, ki)l > 1.

Figure la shows the behaviour of the growth rate vs the real part of the
frequency. The plasma parameters are related to the plasma border in the case of high
density regime: n = 1x1014 cm™3, T = 150 eV r/a = 0.9. The rf characteristics of the
pump wave are: ng, = 2, Ppp = 4 kW and 6~ = 90°. Figure 1b shows the growth rate vs
the real part of the frequency for the same parameters as Fig. la, but with ng, = 7. We
note the change of the shape of the peacks which becomes non monotonic.

10x1073

[h)

Fig. 1: a) A numerical solution of Eq.
(1) when k;, is varied in a broad
range of values where parametric
instabilities driven by ion cyclotron
— quasimodes are recovered. Here y/wg
is plotted vs wip/wp in a deuterium
plasma, By = 60 kG, n = 5x 1013 ¢m™3,
L T = 20 eV, ko clwp = 2, kyjc/wp = 7, 8
A k)% kot = 90°, Prp = 4 kW

5x107% |

0 oy 0.1
5% 1073

- b)
Fig. 1b) This numerical solution is v =
referred to the case of a pump with T |
kou c¢/wg = 8 and k”l c/wg = 13, n = o
8x 1013 ¢m™3 , T = 150 eV and the -
other parameters as Fig. la 0 N R R

0.10 0.20 Wik
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3 CONVECTIVE THRESHOLDS

The threshold for the onset of a parametric instability involving a pump of finite
extent is set by the propagation of the decay waves out the region of the pump wave
[7]. For an homogeneous plasma the spatial growth factor is:

B
A= I,UL =
Iv JH_I
where:
AT
w2 i x, (0 4x)
B=—|— Im | ——
k day :.n—mu E(mp k1)
. } l’!
e fok ' : ol T l cos () sen(!)
v —Yee = lw, —w = -
1L W 0 IR 2 ¢
3 oo | (=) Ky Kia
k
W
0=uarcly A I
k, |

k
" 0z

L, =L, —
(" 0 |
- l'()\
being Ly, the width of the antenna along the toroidal direction.
For parametric instabilities to be of some significance must be: A = 1.

3a) Case with: w;g € wg. The maximum amplification factor can be found by a
variation of the angle between the perpendicular wavevectors of the pump wave and
the lower sideband [8].

Figure 2 shows the behaviour of the convective thresholds vs the value of ky
c/wy for an angle value of §~ = 207, (5~ = £ k;~, ky,) we observe that for kyj c/w; = 10
the threshold is = | kW. The frequency of the pump wave is wy/2u = 2.45 GHz.

3b) Case with: w;g = lwe; 1 = 1,2,... . We have assumed & = 90° for maximizing the
homogeneous growth rates. The behaviour of the power threshold for the case 1 = 1 is
reported in Ref. [6]. In calculating the convective threshold for the instabilities driven
by ion cyclotron quasimodes with high harmonic number we have assumed the
parameters related to the solutions, as in Fig. 1b. The estimated power threshold is Py,
= 20 kW which is in a good agreement with the experimental ohservation on FT [6].

CONCLUSIONS

The result of the analysis is that parametric instabilities involving ion sound
quasimodes can occur at the border of FT plasma. The estimated convective thresholds
are in the range of the RF power used in the experiment. Moreover this instabilities
can be related to the observed spectral broadening of the launched wave.
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Fig. 2: Convective power threshold vs kjj c/wg for 6~ £ k=, ko = 20°, The plasma
parameters are: n = 5x 1013 em™, T, = T; = 20 eV. The parameters of the pump
wave are: wg/2n = 2.45 GHz, kyjc/wg = 2

As regards to the instabilities driven by ion cyclotron quasimodes with high

harmonic number | we have found a power threshold of = 10 kW for 1 = 10, assuming
for the pump wave ng = 7. This result can be related to the observation of the rf
spectra.

As regards to the rf spectra observed in FT in the LH experiment at the

frequency of 2.45 GHz, which shows many secondary peacks, our analysis shows that
this phenomenon can be related to parametric instabilities driven by ion cyclotron
quasimodes with high harmonic number, if a ny - broadening of the pump wave is
supposed to occur at the plasma border.

*
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INTERACTION OF THE LOWER HYBRID PUMP WAVE WITH FT EDGE PLASMA

R. Cesario, R. Mc Williams*, V. Pericoli Ridolfini
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C.P. 65 - 00044 - Frascati, Rome, Italy

INTRODUCTION

The phenomena involved in the interaction of the lower hybrid waves with the
edge plasma in FT, were studied during the heating experiment with the new 8 GHz
equipment [1l], to compare and 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 i =
0.3+3.6x1014 cm™3; current I, = 280+600 kA; toroidal field By = 6 and 8 T; coupled RF
power Pgpp = 100200 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.

Previous results with the 2.45 GHz system showed that the most interesting
effects occur either at low plasma density, n = 4x10!3 cm™3, where the RF waves
drive strong modifications in the edge plasma [6], or at high density i = 1.2x10'4 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 and scale with
the main plasma parameters, as do the edge plasma parameters.

The following remarks are divided according to the density regime studied.

LOW DENSITY EFFECTS

For the 8 GHz experiment no spectacular effects on the scrape-off plasma were
found like those described in [6] for 2.45 GHz, namely no density reduction of a factor ~
10 and no temperature increase of ~ 30 eV inside the RF grill radius. Onle a few shots
at very low density i = 3x10!3 cm3, showed a density decrease of about 20% + 30%
together with a small D, brightness drop, but no clear temperature increase was seen
within the experimental error bars. However, a systematic study of the conditions
required to observe these effects has not been conducted yet.

Both the 2.45 GHz and 8 GHz results can be accounted for in term of
ponderomotive effects and edge plasma heating due to lower hybrid electric field in
front of the RF grill [4]. The wave field raises the average electron kinetic energy by
an amount proportional to f2, where f is the wave frequency, causing a density
reduction of a Boltzmann factor ~ e™»/*, where a depends only on wave amplitude and
plasma temperature. Once formed, this perturbation spreads along the magnetic field
at roughly the sound speed [4], affecting a large part of the palsma surface. Model
predictions, shown in Fig. 1, agree satisfactorily with experiment.
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The importance of understanding and controlling the mechanism governing such
modifications lies in the effect that they have on recycling and possibly on the global
confinement properties [7].

HIGH DENSITY EFFECTS

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

The first is characterized by narrow pump spectral broadening, ~ 0.6 MHZ at -10
db for A ~ 2x10!4 cm™3, and large pump signal level (Fig. 2a) with noticeable change in
bulk plasma conductance. Figure 2b shows the relative change of the conductance
normalized to the ratio (RF power)/(ohmic power).

The second regime is characterized by a pump spectral width about three times
broader, much lower pump level (see Fig. 2c) and very little effects, if any, on the
main plasma.

Finally in the third regime the pump spectral width becomes very large (~ 6 MHz)

and the first satellite wave emerges from the noise [8]. Its frequency shift corresponds
to the ion cyclotron frequency evaluated at the outer plasma edge and it appears only
with large pump spectral broadening, just as for 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
shots turn out to be more than two times higher than 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 alteration of the wave properties (i.e. its spectral broade-
ning) is strictly correlated to the absence of effects on the main plasma, perhaps more
clearly than for the 2.45 GHz experiment. In fact, in the 2.45 GHz case the upper den-
sity threshold to heating, can be accounted for as due to a switching of the RF in-
teraction from electrons to ions, both predicted [10] and observed [11], which effi-
ciently depletes the pump power. For the 8 GHz experiment no such mechanism is
either expected or found (no fast neutral tails were produced), but no conductance in-
crease, or other bulk effect, is observed when the pump spectral width exceeds ~ 1.3
MHz at -10 db.




898

3
REGIME A ReLasma =-3 cm a)
B7=80kG | pumplau)
Af (-10dB) (MHz Pre = 200 kW
Ip = 400 kA
2 ,—“A B A — 10
A
& g — 107"
+{ - 107
i b—
—] 10*1
L 1
3 ]
, i 9 | |
0
Ao 1
o X PrelPon |- % REGIME A b)
100 =
=
g
-8 _ o5 B
- B x %
IO" | |
3
RpLasma =-1cm
By =80 kG REGIME B c)
Af(-10dB) (MHz] pg. =200 kW
Ip= 400 kA
I ’ lpumplau)
s @ pumplad
L)
. 1 =i 40™
pa— 10']
* g — 10™
| [ |
0 1 2 3 4

Fig. 2: a,b) regime A; ¢) regime B. « full pump spectral width at-10 db (MHz); A logarithm
of the pump power level; () relative conductance variation of the plasma upon application
of the 8 Gl1z power normalized to the ratio Pyp/Pgy, only for regime A. For regime B this
quantitly is zero within the experimental errors

The access to a particular regime can be controlled by adjusting some macro-
scopic plasma parameters. Current and density are already known to affect the wave
propagation properties [3]. The present data establish the importance of the horizontal
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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 (= 1 cm) together with
lower current and central temperature (about factor < 2) 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 [5] 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 between the input and output power and particles, which, in
turn determines the values of n, 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 tha
whole plasma.
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LOWER HYBRID ION HEATING IN FT-2 TOKAMAK
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We present here the investigation of lower hybrid (LH)
ion heating efficiency as a function of RF power level. The
experiments have been carried out on the FI-2 tokamak /1/,

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

BT = 2.3 0 Ip = 33 kA, ﬁe = 3.6x1013 cmHB, Te(O) = 450 eV, A
two waveguide grill installed on the lower field side of the
tokamak has been used to inject 254200 kW of LHRI* power with
the duration up to 8 ms at a frequency of fo = 925 MHz. 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 power. All changes shown in Fig.
1, increased with the increasing RF power.

The time sequence of the electron density profiles ne(r),
measured by the 2-mm interferometer, is shown in Fig.Z2.

The electron temperature profile Te(r), measured by the
second harmonic of the ECE, is presented in Fig.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)ﬂﬁ 3.1010

em™ and this value did not increase during RF pulse. The va=
lue of Zeff for both types of the discharge was £ 2.

Wthen TLH power has been injected into plasma, the bulk
ion heating and the fast ions tail generation with Tt > 600+
1000 eV have been observed. The time evolution of the Ti(O)

igs plotted in Fig.4. It can be seen, that a Ti has a week de-
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pendence on RF power level. At PRF = 25 kW the highest heating
rate # = 104 eV/kW.cm® has been obtained; at higher power
levels # decreased roughly inversely proportional to the RF
power. lon energy confinement time, deduced from the deriva=
tive dTi/dt, Fig.4, was 2,8 ms at Ppp = 30 kW, and 1.2 ms at
Ppp = 160 kW. The relaxation of T, after the end of RF pulse
occured with the characteristic time 27Ei 2 3 mg; it should
be noted that in the Ohmic discharge fﬁi ~ 3 mge 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 ny and the impurity density np~ SG/ne kept constant,
whereas n, increased, PFig.2, with the characteristic time of
4,5 ms, which is 2 times larger than the decrease time for n,
after the end of RPF 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 densgity plasma on JFT-2 /2/
and Versator /3/.

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

4,&"-’2{‘*332&3;?'?5 :'M/RF-'LWEL*WCX "‘53%:[’74:72 dV (1)
where WRF ig the absorpted RF power, Wei is the power input
from electrons to ions, ch is the charge exchange losses.
All the values are calculated for the cylinder with a radius
r and a length 27 R. For the evaluation of &;,, in RF dis= |
charge we used the value of @; 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 for PRF = 30 kW and WRF = 30 kW for
PRF = 160 kW. It should be marked that the estimation by the

relation:
%F +We/ 'WCK = g TZV/ZE(: (2) ‘
where V = 7.105 cm3 ig the plasma volume and Z;i is deduced

from the derivative dT;(0)/dt, results in Wpp = 17 kW for
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PRF = 30 kW and WRF = 62 kW for PRF = 160 kW. These values
are higher than those, obtained by (1), when for RI' discharge
we used the *£;.,4 from OH discharge. However the experimental
values of Z;d during RF heating are smaller. This discrepancy
could be explained by the enhancement of the ion 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 measure-
ments. The energy flux of the charge exchange neutrals with
the energy E = 1000 eV was ch = 3 kW for PRF = 30 kW and
W 2 6 kW for Ppp = 160 kW, The fast rise of the bolometric
signal on the first millisecond of the RF pulse and its Tast
decay after the turn off of the RF could be also associated
with the fast particles, /4/. This estimation shows, that the
fast particle losses are Wt = 6 kW for PRF = 30 kW and Wt =
12 kW for PRF = 160 kW. The excess of Wt over ch can be ex=
plained by the fact that the total energy flux on the wall
includes not only the neutrals, but the charged particles too.
And it should be taken into account that the power losses
with the fast ions is Z¢, /iy times higher, than ch ( gy 18
the charge exchange time and Zy is the confinement time for
banana or localy trapped ions). The ratio of Z,,/2y can amount
up to ten, Therefore the low value of RF power deposition in-
to the bulk ions could be explained by the energy losses
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, PT 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., In this paper we present some experimen-
tal data, which can be usefull for understanding the mecha=
nism of LH wave propagation and absorption in tokamak plas—
mase

In the FI-2 (R = 55 cm, a = 8 cm /2/) experiments des=
cribed below, the main plasma parameters were in the follow-—
ing ranges: Bp = 1.342.7 T, Ip = 20435 kA, Teo = 3004500 eV,
s 13 =3 . !

B, = (1+4.5).10 cm “, For LH ion heating an externally ba-
sed 2 waveguide grill has been used to inject the microwave
power P £ 200 kW at fo = 925 MHz with a good coupling (R £
10%)+ The ion temperature in OH and ILH regimes has been de-
duced from the charge exchange analysis. Perpenﬂicular ion
energy spectra with and without LHRF pulse are shown in Fig.
1« In this picture both bulk ion heating and fast ions tail
generation can be seen. In a dense plasma with ie = 4.5x1013
cm"3 and By = 2.7 T ion temperature increased from 180 up to
260 eV, when 80 kW of RF power was injected. Heating rate in
this case was # = 4.1013 eV/cmBkW. The same result has been
obtained for similar plasma parameters in Petula B experi-
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

=il R
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stochastic mechanism of ions acceleration in the field of the
strongly slowed wave. Nevertheless in some of our experiments
we saw effects that were not in agreement with this model.

In Fig.2 we display a plot of the central ion temperatu-—
re without RF and with 80 kW RF power; and the value of the
flux of fast neutrals with the energy E = 1875 eV versus Be
for BT = %57 leThe Jjump of the flux with E = 1875 T near
ﬁe = 2.10 cm can be seen. Such a jump is usually explain-
ed by the appearance of LTP in the plasma volume /4/. In our
conditions for Zeff = 2 and ﬁe = 2.4x‘lO13 cm-3 LTP appears in
the center of plasma column and the jump of I’ could be asso=-
ciated with the appearance of LTP in the center. However it
is not so: there is no jump of ’[‘io near"r'lE = 2.4x1013 cm-B,
hence the jump of F is not connected with 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, when there was no LTP.
For instance, at By = 1.3 T, n_ = 1.8x1013 cm"3, Ppp = 30 kW
we obtained bulk ion heating from 85 up to 160 eV, with the
haeting rate # = 4.1013 evfcmgkw, Mg.1. In these conditions
the maximum possible slowing factor of the eleclron plasma
waves excited by the grill is N, = 90 for Ny = 3« In the ex~
periments the generation of ions with minimum energy EB= 500
eV (viB = 3.5::107 cm/c) was observed. Taking into account the
accelerating condition Yy B vﬁh we can suppose that the waves

with ¥, = c/vph = /v, = 850 exist in the plasma. There is

no linear mechanism féﬁhsuch a strong slowing of LH waves in
plasma with the above mentioned parameters. The flux of neu-
trals with T = 1500 eV versus ﬁe is shown on Fig.3, the flu~
xes for the different magnetic fields are of the same value,
although they depend on Ee. So the jump of F(ﬁe) does not fol-
low the LH resonance curve £ (ne, B) = 0, Pig.4, even quali=

tatively and takes place on a line n, = const.,
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Thus, the fast ions generation depends only on the plas-
ma density. This allows us to make a conclﬁsion, that the wa-
ve process, responsible for the fast ions generation in its
turn depends only on n_e But exactly in the edge plasma the
perpendicular wave vector of the electron plasma wave depends
only on n_: k, = k,,\fne/nC s where n, is the critical density
for LH wave, k, is determined by grill. Estimations show,that
this condition is gafisfied when n, £ (1—2).1013 cm"j. So we
can suppose that some nonlinear processes , in particular pa-
rametric instabilities, stimulating the fast ions generation,
take place in the vicinity of n_ = (1-2).10"2 em™, where W,
1.5 Wy

Parametric instability studies have been done by the
high frequency probe, located near the grill, The generation
of the satellites, shifted for fci’ 2fci, E i (fci is the
ion ecyclotron frequency on r%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.3. Paramet—
ric spectra have been obtained also by the enhanced scatter-—
ing of 4 mm microwaves method, /5/. The extraordinary waves
have been launched from the inner side of the torus at the
crogs-section shifted from the grill pogition 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.

REFERENCES

1.Golant V.E.,Fedorov V.I., RF Plasma Heating in Toroidal
Plgsmas (in Russian), Moscow, Energoatomizdat, 1984, p.
116=141.,

2,Budnikov V.N. et al., Fiz.Plasmy (Sov.J.Plasma Fhys), 10,
1984, p.485~492.

3.Van Voutte D. et al., In: Heating in Toroidal Plasmas, Ro=-
me, 1, 1984, p.554=570.

4.Gladkovsky I.P., et al., Fiz.Plasmy (Sov.J.Plasma Phys.), 5
1978, p.512=518.

5e.Aleksandrov V.0, et al.,Voprosy atomnoy nauki i tekhniki,
ser.Termojaderny sintez (MWuclear PFusion) 1, 1986, p.30.




.dN

1

E

300

200

907

+1.3 7, 1.8°1072 em™2, 30 kW

109k 0 2.7 T, 4.5°10'° cm™>, 80 kW
10%}
10 L

i i [}

1
Fig.1
Tio,ev

| ]
3
H.
.c\
~ =
g
1
F(1875 eV), a.u.

PMig.5



908 P 8 E3 56

ION HEATING 1N THi TOKAMAK FT-1 AT FREQUENCIES (Wh<Qy
Yu.F.Baranov, V.V.Dyachenko, M.M.sarionov, L.S.Levin,
G.A. Serebreny.

A.F.Joffe Physical-Technical Institute, Academy of
Science of the USSH, Leningrad. ik

In experiments on Lower Hybrid Resonance Heating
(LHRH) most of the HF power goes to produce high energy
ions (nonthermal "tails"). Their behaviour is determined by 1
a drift in the tokamak magnetic field. Effective LHRH can ‘
be expected only when the losses of these ions are small.

In earlier experiments in the FT-1 Tokamak /1,2/ it was
shown that the behaviour of the energic ions depends on the
position of antennae relative to the direction of the toroi-
dal ion drift. The optimal position is at the bottom (or at
the top) of a discharge chamber, when the ion drift is di-
rected from the antenna into the plasma volume.

This paper is concerned with the determination of the
LHRH efficiency and some aspects of the ion energy distibu-
tion. The results were obtained mainly by the charge ex-
change (CX) analysis.

The tokamak FT-1 parameters were: K = 62 cm, a = 15 cm;
B<L1,2T; I = 45 kA; q(a) = 4.5; Be=(1-1.5)10%cm] 3,7 3.5;
the filling gas was hydrogen. A magnetron generatol
(W, = 360 MHz) was used to launch into the plasma a power
ol 30-50 kW in 10 ms pulses. The frequency () was lower than
LHR frequency at the discharge axis and the LHE surface was
localized near the peviphery at » = (0.7-0.8)a. Two rod an-
tennae were introduced into the chamber through coaxial in-
sulator. They partially embraced the plasma cclumn Trom the
top and from the bottom sides (Fig.1). A corrugated slow-
-wave structure was mounted inside the chamwber. Antennae
together with the structure excited in a plasma L-polarized
slow wave with N 2.

buring a HF pulse the density increase was 15-20%,
the increase of radiation logses zand SKR - 40-50%, so %
did not change significantly. bDuring the LHRER ihe ion dis-
tribution becomes noomaxwellian, so a thorough analysis of
CX data was nesessary to find the true value of Ti increase
in a bulk plasma.

The typical CX spectra for ohmic heating (OH) (3) and
the LHRil by the upper (2) and the lower (1) antennae are
shown in Ilig.2. The toroidsl diift was directed upward. The
intensity of high energy part of spectrum 1 is higher than
of spectrum 2. lioreover, the slope in the energy range 300-
-1200 eV changed, which may be due to the total temperatursa
increase from 140 to 220 eV. Spectrum 4 wae obtained 1 ms
after the termination of the LHKH pulse by the lower anten-
na, The nonmaxwellian part of the spectrum decayed during
that time. The slope oi the remaining part of the spectrum
shows T 180eV. Als=o remarkable is the erce=s of the par-
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ticles having E>1600 eV. 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, A Ti
ig about 15-20 eV.

In the_initial OH regime at Ti = 140 eV; Te(0) = 500 eV;
Ne= 1,3-10%cn® the power transfered to the ions is
Pei=17 kW; the ion energy confinement time is Zei = 3 ms.
The oscilloscope traces of CX fluxes (Fig.3) clearly show
the different time behaviour of "tail" (E = 2400 eV) and
thermal (E = 980 eV) ions. The former disappears practical-
ly instantly after the LHRH pulse termination; the latter
decay with T = 2 ms. The significant difference in time
constants between the high and low energy ions allows one
to determine the thermal part of an energy spectrum, 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 "tails" were absent in "longitudinal"
ion distributions, we carried out an experiment where the
0X atoms leaving the plasma at small angles to the magnetic
field were analysed, using the reflection of neutrals from
a moveable aluminium mirror located in the limiter "shadow".
'he CX spectra obtained in perpendicular (1) and longitudi-
nal (2) directions in the OH and the LHRH regimes are shown
in Fig.4. Unexpectedly, the perpendicular and longitudinal
czpectra 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.
Poth spectra consist of two components during the LHRH and
possess "tails" with the short lifetime.

Taking into account Zgy the ion isotropisation time
Tie=0,25 ms for 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
to the transverse ones and the ion velosity distribution
is apparently isotropic.

CX spectra of deuterium added in small amount (7%) to
the hydrogen were found to be similar to the hydrogen spec-
tra in having thermal and "tail" parts under the LHRH
(Fig.4). Thus the attempt to find comnditions under which
the observed spectra are thermal and undisrurbed during
the LHRH have failed. But the analysis of the time evolu-
tion of CX 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-
delled numerically. The transport coefficients for the OH
regime in FT-1 were used in the model. The calculated
Ti(0) evolution is shown in Fig.5 in the case of P = 40 kWw.
The heating is localized at the discharge axis (1) and at
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the radii of 7.5(2) ana 11 em (4). ‘iz Lo data are also
shown. Apparently, Ti rise would have been higher in the
cagse of the of the most affective central heating.

The dependence of A Ti during the LHRH at P = 40 kW on
the plasma mean density Te is shown in Fig.6. To find the
temperature, the energy range of 300-1200 eV was used as
previously. A Ti increases with the density. This seems to
be due to the collision frequency rise and fast ion termo-
lisation improvement. The heating efficiency at
fe = 1.5:108 cm?® is 7 = 4x 10? eV. cm™® kw”’. Fig.6 shows the
data on the optimally located lower antenna. Under the sa-
me conditions the upper antenna and previously used anten-
na mounted at the outer side of the chamber were much less
effective, 2<1-102 eV.cm? kW’ .

Thus, the experimental evidence shows that the appro-
priate localization of the antenna for the LHRH into ac-
count the direction of the toroidal drift can increase thec
heating efficiency, especially in a dense plasma at rela-
tively low generator frequency, when the LHR zone is near
the periphery. The effect of kinetic convection /3/ ap-
pears to make a contribution. Accelerated near the peri-
phery by the LH wave ions drift towards the plasma center,
where they lose their energy in collisions and become
trapped. Possibly, the traditional location of the LHRH
antennae (grills) on the outside torus wall in experiments
with dense plasma is not effective, because the accelera-
ted ions become toroidally or locally trapped near the pe-
riphery. They are later easely lost due to the CX or drift.
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HIGH EFFICIENCY KLYSTRONS FOR
LOWER HYBRID HEATING APPLICATIONS

E.W. McCune
Varian Associates, Inc.
611 Hansen Way
Palo Alto, CA 94303 USA

INTRODUCTION

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 efficiency®.

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 klystrons.®
This work utilized computer-aided design to optimize the beam and circuit interaction to provide
maximum output power. Klystrons designed in this manner have demonstrated 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 tubes. By
incorporating a decellerating electric field in the collector region, one can recover energy from the spent
clectron 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 re-
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
performance.®

DEPRESSED COLLECTOR DEVELOPMENT PROGRAM

Power consumption of the amplifier klystron is a particular concern 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.®

The Varian VKP-7555S five-cavity klystron was selected as the test vehicle for the multistage
depressed collector (MSDC) performance evaluation. This klystron provides 60 kW output power at the
television frequencies of 700 to 850 MHz. Figure 1 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 electric field for the electron
beam. The operating conditions for the electron beam are 24.5kV and 5 amperes. The collector elements
operate with evenly divided potentials with just over 6 kV between each electrode. Typical power supply
schematics are shown in Figure 2.

Measurements of current distribution to the collector elements were performed as a function of
rf drive power. The results are shown in Figure 3. For no 1f drive essentially all the beam current goes
lo electrode four, which is at a depressed potential of 0,75 limes beam voltage. As drive increases, I, drops
rapidly as I, increases, followed by I, then I. It is interesting to note that up to 10% of the current goes
to element 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 analysis. The measured performance compares closely with the previously
calculated values supporting the accuracy of our computer modeling technique. The power distribution
as a function of rf 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 heating 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 operating characteristics of this klystron design are listed in Table I. The basic
interactionefficiency is 55%, which is increased to 77% by the power recovery achieved by the depressed
collector.

The current distribution to the collector elements was detzrmined, 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 cvaluated and are listed in Table IIL.

The design analysis included evaluation of both electrical and mechanical characteristics to
assure an adequate design from all viewpoints. In particular, the hext dissipation capability was evaluated
to assure adequate thermal capability.
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TABLE I

DEPRESSED COLLECTOR KLYSTRON
DESIGN CALCULATED PERFORMANCE

CHARACTERISTICS
Frequency 20 GHz
Output Power 1000 kW
Gain 47 dB
Bandwidth 22 MHz
Efficiency 7 %
Beam Voltage 80 kV
Beam Current 226 A
Input Power 1300 kW
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TABLE II
POWER SUPPLY REQUIREMENTS
PARALLEL CONFIGURATION

Power Saturation No
Supply Output Drive
Number Voltage

1 80kV Current 831 04 A
Power 664.8 3.2kW

2 60kV Current  7.18 0.18 A
Power 430.8 10.8 kW

3 40kV Current 427 0.76 A
Power 170.8 304 kW

4 20kV Current 1.66 21.64 A
Power 332  432.8kW

TOTAL Current 2142 2262 A
Power 1299.6  477.2kW

CONCLUSION

Depressed collector technology holds promise for significant improvement of klystron effi-
ciency. Computer modeling suggests designs with a predicted efficiency improvement of 1.35; tube
performance data is slightly better at 1.38 (52% increased to 72%). To date, three UHF-TV klystrons of
this design have been constructed and evaluated. All have provided similar-performance. Using our
computer modeling codes, we have evaluated other designs and have determined that depressed collector
technology can be applied to high-power klystrons of the type used for plasma heating and similar
improvements in efficiency can be expected.
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THE SATURATION OF PURELY GROWING INSTABILITY DUE TO
PARAMETRIC EXCITATION OF CONVECTIVE CELLS IN PLASMA

P.X.Shukla
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 plaey & very impor-
tant role in the anomalous transport processes and particles
diffugion of megnetized plasmes [1,2] :

It is known that in the megnetized plasma subjected the RF-
pump wave a lower-hybrid waves can parametricelly excite pu-
rely growing insﬁpbilities by coupling with purely damped
convective cells LB « In the report the nonlinear mechanism
of purely growing convective cells instability stebilization
due to the scettering of charged particles by suprathermal
plasma fluctuations is presented. This process is described
by the effective collision frequency “y%{f that deter-
mines the efficiency of the RF power disgsipetion in the plas-
ma.

Consider, the electron—ion plasme immersed in the magnetic
field 6 = and subjected the influence of an R pump

a

wave field E(-{) Ea% cos ot with frequency OOQ
Tequency CL)[_H = u)P,_ (f + Ublﬂe/ﬂz)
( ék)x and SQ& ) are the Langmuir and gyrofrequency of

the plasme patricles of kind o ).
Ag it follows from [4] ,» We can represent the electric field

near the lower-hybrid

fluctuation spectral density in the form
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particles in the magnetized plesma in the ahsence of the
pump field. The nonlinesr dielectric permittivity EE (DJ} "f(")
is defined by the expression
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where E!"i (h)i' (L’c) F} ere the dielectric permittivities rela-
ted to the upter and lower side-bend respectively,

u)'k') = 7. +A°=0 1is the dispersion eguation for the
convectlve cells ( ;{e and ]f‘ are the electron and ion
plasme susceptibilities at the frequency !(,O, << Woe _ Yo
Ve are interested in electrostatic short-wavelength ( kS)L' ‘>>_L

?[ ig the ion Turmor radius) two-dimensionsl ( kZ =0)
perturbations. Since the ion gyroradius is longer than the
Debye length, collective effects due to the short-wavelength
modes should be taken into account. The expression for X:

and ;{tu in this case are given by Q/e‘" = i/kzpzo
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Mhe parametric coupling of the,lower-hybrid pump wave with
purely demped convective cell mode (3) is described by the
equetion

EE ("‘JJ#) = O (4)

From the dispersion equation (4) one can obtain the growth
rate eand the threshold of purely growing instebility. In par-
ticular, the threshold strength of the electric field rela-
ted to the excitation of such parametric instability is

o287, L

B = ez lre Wy, (5)

where Iﬁ is the lineer damping rate of the lower—hybrld

wave for the case '(;_: =} F ("‘L""—kz—;i% (3:) 2—&) {5]

It is easy to show that the intensity of the fluctuetions
increases infinitely in the instability threshold region

IT{’ s (i - Eo"z/E%:)-jat EO-—‘i- EH; « Vile show that allowance

for the edditionel wave damping due to charged perticle scat-
tering by suprethermal fluctuations leads to the stabilizati-
on of purely growing instebility. We introduce the effective
collision frequency as the properiy descriptive of charged
particle scettering by turbulent fluctuations of an electro-
static field in the plasma. In the assumption that the main
contribution to the collision integral is given by the term
sssociated with the paerticle turbulent diffusion in velocity
space we have the following equation for ‘V %{

]}4'{-___ Ameo_ 'Zc(_hg_}f(ot# w (S[SE"-};Z?’”Z( (6)

I erElin )? 4%

where <SE5E> "ig‘ is the spectral density of the turbulent
fluctuations in the plasme in the region above threshold
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( Eo > E’-H., ). The value of the correlator (SE SE'}u;}f can
be obtained from eq. (1), in which the eigen frequencies of
the plasme ere taken to be 03'ﬁ-()l# ( Cdu are the eigen
frequencies of the plasme in the absence of an pump field).
The direct celculation shows that the fluctuations associated
with the perametric excitation of the convective cells give
the mein contribution to the turbulent fluctuation speciral
density. Assuming the condition Ve#. > 5 kfc to be
fulfilled we obtain from the eq. (6)

E 2
]% y, == wI7 Z
f Eu
The expression (7) is held in the region

Vekpr B, 1 e W (&)
= - % 3 ‘ﬂéz Iﬂ
I Eu

(7

We mention that for typicel perameters of the hot plasma in
which the lower-hybrid waves are used for the RF plasma
heating the effective collision frequency which is defined
by (7) exceeds both the linear damping of the lower-hybrid
wave and the dissipation of the convective cell due to the
ion gyroviscosity.
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LOW-TYBRID WAVE PROPAGATION AFFECTED BY A RANDOM MEDIUM LARYER

PAN Chuan-Hong  QIU Xiao-Ming

Southwestern Institute of Physics, Leshan, Sichuan, China

ABSTBAET Making use of the stochastic model, we have studied the Low-hybrid wave
scattering by the density fluctuations in the edge-regions of Tokamak plasmas. The
dispersion relation under considerstion includes not only the [ExB,  convective
derivation term but also the electromagnetic correction term. The resulls show us that
the transmission coeffirient decreases, vhereas the reflection coeffirient increases

when the electromagnetic efect is takken inlo account.

1.BASIC EQUATIONS

The density fluctuations near the edge—plasma-region have been observed
experimentally in number of present day  Tokamaks, These fluctuations are generally
thought to be due to a host of micro- and macro-instibililies as well as various
stages of turbuience'. The effert of density-fluctuation on LH  (low-hybrid) wave
propagation has heen discussed in some papers. An important theoritical model
advanced by Morales and Lee' is called “nonlinear filamentation of low-hybrid cones”
In addition to this, a stochastic madel has been developed by Papanicoloau’, Morrison
and Grossmann' ot al. We usre this model in our present work to discuss the LH wave
scattering by the density fluctuation, Our model is similar to that of Grossmann' exrept
inctwling an eleciromagnetic rarrection term in this paper

We rconsider a slah geometry. In our model problem, we let the plasma be contained in
the region --=-x:1, density flurtuation laver C(scatlering layer) he located in (0<x<l,
vacunm region be assumed for L:x<-:, LH wave impinge the plasma at x=l. Besides, we also
assume that the plosma density is independent of 2z roordinete, magnetic field is
uniform and tangent lo z direction, density fluctuation is a stationary state, i.e

B:B-u%. n{ &y = +&€ ( x) ] ,2&>=ad § ad=g) (1)

where & (») =&8u-m, is the [luctuation quantity, which is considered to be a real
function with zero wean

In the etectrostatic timit, E--v @. The potential of the LH wave, @, obeys Poisson’s
taw ¥ - (g - @) =0. If we inlroduce an eleciromagnelic correclion term, the dispersion

relation hecomes
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V(g ve)+d=) (2)
where & is the dielectric tensor and the second teom on the left hand side denotes the
elertr;agnetit vorrection. Under the cold plasma approximation, e=ze (ﬁ*-;'g') +£.22+
ie, (1—§=—§2) . Besides, D= (W' ) T-g£,e,-¢%7, In the hybrid frequency range
(Qr>0>2Q) . e,slre' Q-6 fo'=l. e 20 (8Q) , ecl-w, 0o /o'=-0' 0
Where Q=eB (me), w'=<w’> (1+§) are the electron gyro-frequency and the electron
plasma frequency reapectively, <w’>=imne"m , £ =0 outside the scattering layer.
Substituting these retations into Eq. (2) and noting that ©-Q <<1, we oblain
VLO—A. vO+( 1+E) [ -( <0l 0?) vitD>] &=) (3)
with A=Mz. v &, N=<uisr (0Q), D= (i) (04009 [1+M0/Q] .Carrying out
the Fourier transform in both y and z directions, ®=u (x) exp [i (ky+kz) -iwt], leting
the inciden wave have unity amplitude and noting that the normalized refrective index
in the vacuum is p, we gain analytically the solutions of u(x) in both vacuum region
an quite plasma. In the scattering layer, function u(x) satifies
dlwdx? +k% {1+e E (x) tel(dE dx) +6p I+e A E(x) 7 ) u=l ( 4)
Where T=kk k‘nEsm:n;'-k',/', g£<D>/I"‘,, C=-Mk K, , J\ET{',/J{' ; EZELN
e represenls the extent of fluctuation and is ronsidered to be a small quantity, i.e.
E—e E(x), ECd—-0(1);
From the continuity of u and du dx at x=1 and the analytical form of the potential

invacuum region, we oblain a random differential equation
dRAL=ik;( 1+g) "V2pp ( 1-p%) +E ( 14Ag) /( 149) £ ( 1)
FEC/( 149) £ 1) 1 - (Rexpr ipko( 149) "1
+exp[ —mm( 1+g) 21 ) ¢ (5)
where R denotes the reflection coefficient & =d§&.dx. By leting p=1,9=0 and C=D, we
reproduce Papanicoloauw’s result' from Eq. (5) . Of cause, we can use Hashminskii’s thoery
fo solve Eg.(5) as same as doing in Ref.3. We here use a simple way instead of

Papanicoloau’s  method, to gel the reflaction coefficient Cor transmission coefficient).

2. CONCLUSION AND DISCUSSTON
Let r>p be the correlation length of fluctuation quantity &, and let us define t=x-t,

LEl-r.T."‘Er'ﬁ”G (1-g) . We find from Eq. (4) that the function uzu (t) satisfies
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dewdtake( 14% € ) u=d. ( 6)
If the dimensionless variable t is thought to be a timelike argument, the originaj
boundary value problem can be discussed as an initial value problem, In Eq.C11)
E(ty=0 (LhAg) /(L+g) 1 E( D)

{00 14g) 1} (dE by, (7)
is a mote general process, [f & (1) is assumed to be a Brownian process, we can prove
that E(t) salisfies all of the hypotheses given in Ref.3, EC1) is still a
Brownian process. Therefore, the precious theory developed by Morrison et al’,
ran be used to discuss Eq. (§). Comparing Eq.(11) with the basic equation given in Ref. 1,
we obtain the mean or expected value of the fronsmitted power, which takes the form

Lre<| Tz 4v 2e™( v 25) 1 § =dv {ve2 [ B+cosh( 2v3v) 1 2}
tanh? {+/ 2sinh( «5v) ~{ B+cosh( v3v) 1 "} +0( €9 . ( 8)
Ta get this result, Morrison el al. have assumed that no power-absorption takes place -
in scattering tayer, i.e. T'=1-R:!" This result can be illustrated as follows. We ran
see from Eig.1 that the trens-mitted wave power power derreases monolonirally with §
increasing. In  Eq (13D
S=Fuw( k) T(2k)y, B=( puHl) ( 2p) (9)
T(2ky is (one-half) the power speciral density of the generalized process E,Let the
two-point vcorrelation function of the original process &, pCAxI=<E(x+A0 - E(x),
be given by’
p(Ax) zexp[ -€%( Ax) ¢ ( 10)
with &,=l.r. We cap derive a relation
T aky = £ 1+ag) 2 1+g) 10K L vy ) T2k (1)
where I (2I} is (one-half) the power speciral density of process & .
Under the large angle scattering vondition K<< &% ., we can prove that
S=F( C.¢) S ( 12)
with
F(Cog) =0 1hgt 4c%K5( 1-00Kh) 5 (1K k)
- expl 4( ko€ 0) 2 koke) 2 149) 5 cexp( 2k%E %)
S=( eLr%k%-2) 1 2k) . (13)

¥here S is a dimensionless parameter defrned by Morrison et al. If we drop both the ExB
o i
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convective derivative term and the electromagnetic correction term (i.e, leting C=0
and g=0), 55

Equation (14) shows that in the strong scattering limit, K<<t , the parameter 5
gets larger when C#0 and cor g0. Otherwise, we have known from Fig.1 that the larger
the parameter S is, the smaller the transmitted power will be. In other words, more
power will be scattered when the LH wave propagates through the density fluctuation
region if the electromagnetic effect is taken into account, We also note that g=1-N,,
where N, is the parallel refrective index. In the typical Alcator € current-drive
experiment the initial value of N, is approximatoly 2-3, g~0.1-0.25, S increeses hy a
factor of 10% or more due to the electromagnetic correction. As a result, the
transmitted wave power decreases. However, in the Alcator C heating experiment N, may
he 3-5, in this case the increment of parameterg is less important, the eleciromagnetir
effect on LH wave  propagation is not considerable.

The conclussion is thal after introducing an elecliromagnelic rcorrection term

the transmitted wave power lowers, or more power will be scattered by the density

fluctuation layer.
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EFFECTS OF THE ALFVEN WAVE HEATING ON THE TCA
PLASMA STUDIED BY THE DYNAMICAL RESPONSE

B. Joye, J.B. Lister and J.-M, Moret

Centre de Recherche en Physique des Plasmas
Association Euratom - Confédération Suisse
EPFL - LAUSANNE (Switzerland)

Studies of the dynamical response of the plasma to modulated Alfvén Wave Heating (AWH) power
and to modulated gas puffing in ohmic conditions have been performed on TCA. In both cases, the
radial profile of the phase of the electron temperature response exhibits a low value inside the g=1
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
AWH is dominated by the influence of the density variation, with a peaked kinetic energy modulation
profile. This at least partly explains the previously reported high performances of the AWH results,
Introduction Dynamical plasma response has been extensively used on TCA as a powerful
and systematic approach 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 r.f. heating and in purely ohmic conditions.
TCA plasmas (a=0.18 m, R=0.61 m, B,=1.52 T) are heated by Alfvén Waves at 2.0 - 2.5
MHz launched by 8 phase-coherent antennae. Dynamical response measurements are
performed either by sinusoidally modulating the r.f. power or the gas valve between 50 and
500 Hz or by superimposing a 8 function. In the first case, a given signal y(t') is fitted in a
time window of 5 to 50 ms to the form : y(t') = Re(Y(1)) - cos(wt) + Im(Y (t)) - sin(wt) +
<y>(t) + d<y>/dt (t) - (t-t). This method has the same properties as a classical Fourier
transform but allows a good time resolution even with a non-integer number of cycles and
transient 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 [2]. The advantage of the latter technique is that the
frequency response can be determined in one shot and without using a specific waveform
excitation. Comparison of the two analyses gives excellent agreement.

Dynamical response of the electron temperature to AWH Profiles of the
normalised gain and of the phase of the soft X-ray response to a modulated r.f. power exhibit
two distinct 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 g=1 becomes slightly
convex. Therefore the outermost 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 thermal
insulation of the q=1 region, a property also observed on TFR during pellet injection [3].
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.

(a) (c)
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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.




926

At modulation frequencies much higher than the inverse local confinement time, the loca]
energy is related to the local power deposition by an integration, giving a phase of 90°. The
observed lowest phase however always tends towards 180° 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 Alfvén wave absorption has a sufficiently long
characteristic time constant to produce this delay.

Dynamical response of the electron ifemperature 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. 1(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
1, is decreased. The phase on the axis however is close to zero or even negative, showing that
n, 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 n, and P, the phase
profiles cannot be distinguished from each other even in absolute values ; both r.f. power and
gas valve modulation produce identical relative amplitudes proportional to In,| (Fig. 2). The
sawtooth period was previously found to be modulated out of phase by the r.f. power [1], a
feature that can also be reproduced by sinusoidal gas puffing.

I A
(A
20 o ]
100Hz 200Hz
af © o 130kA
& 2 Prf mod. o 4 130kA
' o<
0 i
T 1
0 005 0.10

[Fes)

Fig. 2 Relative modulation amplitude during both r.f. power and gas valve modulation
as a function of the density modulation amplitude.
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Discussion The present discussion addresses the consequences of the previous results to
the interpretation of AWH experiments and some considerations about the possible
mechanism underlying the observations. A rough estimation of the perturbed electron thermal
energy profile gives a peak to mean ration near 5 and in the r.f. case a volume integrated value
matching [P . This goes a long way to explain previously reported AWH 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 the density also explains the lack of sensitivity of the phase profile to the resonance layer
position. In the two previous cases, a temperature perturbation arising from edge cooling can
be discounted, as the source clearly originates inside or near q=1. Modifications of the
confinement properties are also excluded : any power dependence of the thermal conductivity
would give rise to a phase varying with the r.f. power amplitude, which was not the case in
the experiments. The evident link with the current profile via the q=1 radius and the
peakedness of the electron kinetic energy modulation amplitude 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 kinetic energy cannot be excluded : as experimental evidence, the
relative modulation amplitude of the Shafranov parameter B + 1,/2 is always smaller than the
central soft X-ray chord modulation.

Conclusion Dynamical analysis of the plasma response to r.f. power and gas valve
modulation have clearly shown that two perturbations can produce similar temperature
responses. This response is characterised by a central thermal source certainly linked to the
current profile and whose origin remains unknown. This presents an example of the difficulty
in interpreting a non-stationary heating experiment while the ohmic behaviour of the target
plasma is so badly understood.

Acknowledgement We would like to thank all the members of the TCA team. This work is
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SHAFRANOV PARAMETER LIMITS FOR OHMIC AND R.F. HEATED PLASMAS IN TCA
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An ohmic study is presented to define the experimental dependence of
the value of (B + 1;/2) derived from the Shafranov equation. The Alfvén
Wave Heating pulse causes an increase in both (B + li/2) and density, and
with R.F., the wvalue of (B + 1,/2) is significantly greater than the
ohmic scaling. However, the maximum R.F. values never exceed the maximum
achieved ohmic values. As this limit is approached, the m=2 actiwvity
increases, as in the ohmic case, and we show that this increase
correlates well with the increase in (B + 1,/2).

Results : This paper studies the increase in (f + li/2) measured during
Alfvén Wave Heating (f~2.5 MHz) on the TCA tokamak (R, a = 0.61, 0.18 m,
Bﬂ < 1.51 7T, 1. <€ 135 k&, DZ)' and compares the results with ohmically
heated discharges. When the R.F. pulse is applied, there is a significant
and rapid increase in the value of the Shafranov (B + 1,/2) calculated
from the vertical field and plasma current. The origins of this increase,
whether mainly B, mainly 1i/2 or both, are discussed in a companion paper
[1]. Figure 1 illustrates the changes in (§ + 1,/2) when different R.F.
power levels are applied, for a range of plasma currents and three
excitation conditions (driving predominantly n=4, n=1 and n=2 waves). The
increase in (f + 1,;/2) is largest for low plasma currents and most
effective for the n=4 modes. Since, under our standard conditions, the
n=4 resonance surfaces are in the outer part of the plasma, this result
is at first sight surprising. This whole issue is further complicated by
the substantial increase in density which occurs during the R.F. pulse.

In order to proceed further, we have studied the values of (f + 1,/2)
obtained in quasi-stationary ohmic discharges for three values of
toroidal field (0.78, 1.16, 1.51 T) and plasma currents from 40-135 kA.
The wide range of wvalues obtained, Fig. 2a, can be reduced to an
extremely good description of the density dependence by using the
quantity A -(Ip/130 kA) where A*=(B + 1;/2 - 0.7). The value 0.7 was
selected to give the least deviation in the data. This quantity does not
itself appear to have any absolute merit. However, we can redraw Fig. 2b
scaled by 1/B, in which A*'(Ip/l30 kA) * (1.51 T/B,) is a well defined




929

f&nction of 5;/8 , the Murakami parameter. That is to say the value of
A (H;) divided by the value of B at the Troyon limit is determined by
the fraction of the operational density range in ohmic conditions. The
selected value 0.7 chosen to generate A corresponds to the minimum value
of (B+ 1,/2) at high current (g =3), being roughly 1,/2 for a,=3. At
lower currents (B+ 1;/2 - 0.7) does not correspond to t, since the 1;/2
contribution is then larger (Fig. la).

When we look at non-stationary ohmic discharges, (B + li/2) can be
higher than predicted by the stationary scaling, for example during a
rapid density ramp-up. An example is shown as a dashed line trajectory in
Fig. Z2b.

At the higher levels of R.F. power, the discharge evolution follows
a much higher trajectory in the same plane and the maximum (B li/2)
values achieved were shown in Fig. 1. Figure 2 shows the same results
versus the plasma density and a certain alignment is already wvisible.
With some hindsight we replot the data on the A"« (I_/130 ka) : E; plane,
Fig. 4, with a typical trajectory shown as a dashed line. The R.F.
accessed region 1is way above the quasi-stationary ohmic scaling, and
exceeds the trajectory for hard gas-puffing. The different plasma
currents and excitation modes are now indistinguishable. The most
noticeable feature is that the maximum A*. (Ip/130 kA) does not exceed the
maximum ohmic wvalue, that is, the ohmic wvalue near the density limit
(ﬁ;~8x1019m'3}. At the lowest densities the effect of the R.F. is most
marked, that is, when the ohmic discharge is "weakest".

The data shown in Fig. 4 are those obtained in pulses which did not
disrupt. On trying to exceed this experimentally observed limit, a
disruption will ensue, characterised by a progressive increase in the
Bgy, (m=2) amplitude. This form of disruption is similar te the density
limit disruption, but at a lower density, one at which there would be no
significant m=2 activity in a quasi-stationary ohmic discharge. However,
when we consider A™:(I_/130 kA) as the determining parameter the
phenomenclogy of the two types of disruption is similar, Fig. 5. The
details of the excited spectrum are, however, important as already noted
[2], and can systematically alter the dependence of Fig. 5, but not by
very much. The observation that the disruptions are most likely to occur
near a mode threshold corresponds to the observation that the highest
point in the A*-(Ip/130 ka) : E; plane is also frequently close to a mode
threshold.

The power levels in Fig. 1 (a,b,c) are much lower than the available
R.F. power. It has always been considered that the n=2 excitation is
preferable in that much more R.F. power can be delivered than for n=1,
n=4. On reanalysing the highest power data, the trajectories 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 (f + li/2) had virtually saturated. In general, the longer
R.F. pulses with lower ramp-rates produced less marked increases in (f+
li/2), and tolerated a greater level of R.F. power.
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Discussion These results show that all the quasi-stationary ohmic data
can all be described by a simple law relating (P + li/Z) to the Troyon
limit and the Murakami factor for a given density. In this
parameterisation, the maximum achieved (B + 1,/2) is simply studied for
varying plasma conditions, and we find that, although we exceed the ohmic
conditions for low density plasmas, we do not exceed the maximum wvalue
for E;=Bx101 m3

function of both delivered

R.F. power and plasma current

for a) n=4 b) n=1 c) n=2
[B¢=1.51 T, £=2.5 MHz, D,].
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ABSTRACT: The application of Alfvén Wave Heating, (AWH), is accompanied by an electron density
(ne) rise and an increase in the ion temperature, (Ti), measured with a Neutral Particle Analyser (NPA).
A study was performed and a formula developed to model the T in non stationary ohmic discharges, to
determine if the Tj increase is simply due to ne. When compared with AWH discharges, the observed Ti
is consistently higher than predicted by the ohmic model, indicating an additional source due to the RF.,
Ti also reflected the evolution of the AW spectra and reaches a maximum at the onset of a new
continuum ie: when the resonant surfaces are in the outer half of the minor radius. Ti was investigated
with modulated RF power, and a modulated gas puff, measuring the phase and amplitudes of the Tj rise
relative to the perturbation, We conclude that the RF appears to have a direct effect on the Ti.

Introduction: The results described were obtained on the TCA tokamak (R, a = 0.61,
0.18m, Ip up to 170kA, Bg 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 TCA 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 details of the Alfvén Wave launching scheme are described in
detail by [3] and a resumé of its application to TCA has been given by [4]. To recall the
relevant features of this heating scheme, (IN,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 thermal velocity as the Alfvén wave speed.

The RF pulse produces a rapid increase in (B+1i/2), the soft X-ray flux, ne (see Fig 1b),
and the flux in the NPA channels. For certain plasma conditions, the Tj measured by the NPA
increases significantly [2].

Ohmic Study: The understanding of Tj 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 collisionality leads to a Tj increase. An early effort to estimate this
indirect heating term [5] suggested that the increase in Ti was greater than expected simply
from ne. The timescale of the ne increase makes a quasi-stationary analysis inadequate,
obliging us to consider terms depending on dne/dt and dTi/dt. The increase in Ti is observed
to saturate at both high Ip and ne. This saturation may be explained by the reduction in the
collisional 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/dt =3/2e(dTi/dt ne+Tidng/dt) = Pej-3/2eTi ne/Tej

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 Tej(ne) = C ne? was chosen to
reproduce the quasi-stationary form of Tj(ne). Fig. 1a) 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 RF heating pulse remains Maxwellian. The Tj increase is largest when the pre-RF Tj
was lowest, and rises linearly with RF power, and saturates with the large ne increase. For a
discharge with AWH, the Ti calculated the ohmic model, and the measured ne, differs from
the measured value, Fig.1b. Ti increases at the start of the RF pulse, instead of the decrease
which would be predicted by dWj /dt =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 anormaly factor which switched on during the RF 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 Tj is the result of these terms, we can not distinguish between these
possibilities. In conclusion, we see the presence of a term 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 Alfvén 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 Tj 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, Tj tends to increase. The RF power at which
ne rose sufficiently to cross the next Alfvén Wave threshold is marked by a vertical arrow. In
this example, above this critical power, the maximum achieved T; actually decreases. This
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shows that the increase in Tj can be a strong function of the position in the AW 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 Ti.

RF Modulation Discharges: The RF power was sinusoidally modulated at 100Hz and

the phase and amplitude response of ne and Tj investigated. The analysis considers the Tj
response as the sum of the change in the electron-ion collisional term, the ne modulation and a
postulated "direct” heating term, The magnitude of the direct term deduced from this analysis
was larger than the supplied RF power indicating that the model is quantitatively deficient.
Interestingly, the phase of the Ti response relative to the RF power was observed to slide
between two quasi-stationary values across the passage of a DAW, Fig. 3, which correlates
with the discontinuity observed with continuous RF heating. In a similar comparison to that
above, the response to a modulated gas puff was investigated. The modulation frequency was
limited to 30Hz by the relatively slow response of ne to the gas valve, but no phase slide,
similar to that with 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.

Conclusions: This paper investigates the reaction of the ion temperature to Alfvén 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 ne rise
was modelled by a time dependent ion loss term for an ohmic discharge with a gas puff
induced ne rise. 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 confirm the need for such a term, gives a value
with an unreasonably high magnitude. Since the ne rise with Alfvén 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 RF and gas puff. This could not explain the discontinuities in the T
behaviour coincident with strong spectral RF features like the DAW. We thus conclude that Tj
is in some way directly influenced by the RF, although we can not identify 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 TCA, 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 Alfvén wave experiments in the TCA tokamak show new evidence
of the importance of kinetic effects and the influence of plasma
conditions on the Alfvén wave. The R.F. magnetic field measured at the
plasma edge reflects unambigucusly the resonance of the kinetic wave
eigenmodes in the plasma centre. The measured values of the resonance
Q-factor of the principal eigenmcdes 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 certainly 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.

Observations of kinetic effects at the edge : In the kinetic description
of AWH, the surface compressional wave mode converts to the KAW in the
vicinity of the Alfvén Wave resonance layer (ARL). As the ARL moves

outwards, standing waves of increasing order are formed due to reflection
at the plasma centre. These standing waves, which occur for all (n,m)
modes, appear as a sequence of rescnances on the loading and edge plasma
wavefield at a higher density than the 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, cold and kinetic theory fields have been plotted in the
complex 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 DAW resonance peaks : An important discrepancy between
theory and experiment is the value of the gquality 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.

& comparison of the figures shows that the experimental Q is about
10 times lower 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 Alfvén 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 collision frequency due to MHD turbulence has been observed
to lead to lower than predicted Q's for magnetoacoustic waves [2].
Calculations using the kinetic code with 1000 times the electron-ion
collisionality revealed a negligible change in Q since the kinetic
damping mechanisms dominate for TCA conditions. Turbulence enhanced
electron-ion collisions do not therefore explain the low observed Q.

In toroidal geometry a DAW may couple to KAWs of several different
surfaces already present in the plasma. This coupding, 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 Kaw n, at the {2,0) resonant
layer increases by a factor of 5 during the passage of the (2,1) DAW.
These reveal that the power transfer is insufficient to explain the
observed Q. Until toroidal coupling is properly modelled, however, the
energy loss of the DAW cannot be determined unambiguoucly.

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 smearing of
the resonance curve. Changes of ~ 3 % in Eé and ~ 10 % in I_, required to
reduce Q enough, would be too large. Plasma current and density profile
wobulations are, therefore, most likely responsible for the low observed

Q.
Effect of R.F. power on the Alfvén Wave 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 Rpl
[3,41.

Further evidence for a drop in 1, 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 loading 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 eliminate the DAW is larger than measured. Numerical
calculations show that the DAW loading and coupling (R, ,./Q) are also
strong functions of the plasma current profile, increasing linearly with
1; as shown for the coupling in Fig. 3b for the (2,1) DAW over a wide
range of current profiles. Fig. 3b indicates that a flattening of the
current profile can cause the DAW coupling to become vanishingly small,
however, the interpretation is complicated by the presence of B in the
experimental A= (f + 1./2) measurement. The problem of current profile
modification is also treated in [5].

Conclusion : Results have been presented which show clear evidence that
certain effects of Alfvén waves cannot be explained by the simple
quiescent cold plasma MHD 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 Q. 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.
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Although 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 TCA tokamak at Lausanne and in the
PRETEXT tokamak at Austin. Although significant bulk heating is observ—
ed in these experiments, there is also evidence of a strong modificat—
ion of the edge plasma. In TCA it is observed [1] that the antenna
loading resistance decreases as the applied RF power increases and
there is a large, uncontrolled 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 heating in the TORTUS
tokamak. It is shown that the addition of shields acts to suppress 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 Ip ~ 20 kKA up to 20ms duration.
Two antennas were used, situated above and below the plasma at the same
toroidal location and phased to excite odd (mainly m = *1) modes. All
current carrying elements in the antennas were perpendicular to the
toroidal 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 surfaces for
low toroidal modes |n[ < 4, m = %]l were present simultaneously in the

plasma.

plasma

removable
Faraday shield™ |

antenna

vacuum vessel J l—] \

I_|
high voltage
feedthroughs “—“—"—"*‘

Fig.1l. Schematic diagram of one antenna

Figure 2 shows the effect on n, of applying RF power to the
unshielded antennas. The density rise during the RF pulse is often
sufficient to disrupt the plasma. The density rise is proportional to

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

The presence of the shields also results in a significant reduction
in the antenna’loading resistance, Rant’ defined as the increase in
series resistance of each antenna (above the vacuum resistance) due to
the plasma. Results are shown in Fig. 3. The value of Rant for
unshielded antennas decreases with increasing input power, as

observed in TCA. A much weaker dependence of Rant on input power is
observed with shielded antennas. The antenna loading arises from a

combination of the desired coupling to the bulk plasma and dissipation
in the plasma edge. The results in Fig. 3. suggest that a significant

fraction 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 experim-—

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 allowed to float
electrically with respect to the vacuum vessel and were observed to
charge negatively to about 1 kV, as expected if the ion saturation
current drawn during negative cycles balances the electron current

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 b, magnetic field

component. The array was inserted in a quartz tube su:rounding the
plasma poloidally at r = 11.2cm and location 180° toroidally from the
antennas. The poloidal variation of bg can be interpreted in terms of
direct excitation of shear waves, principally at the ends of the
antennas [2]. Although the bﬂ(a) 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.
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Fig.4. Poloidally averaged b, amplitude, normalised to the antenna
current, I , vs. I , for shielded (e) and unshielded (o)
ant ant
antennas.

[1] Collins G.A. et al, (1986) Phys. Fluids 29, 2260.
[2] Ballico M.J. et al, (1987) Proc. l4th Eur.Conf.CFPP,Madrid,11D,865.
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1,0n 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 MHD equations {1,2] in a linear
approximation show 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 [3,4] , the absorbed power distribution depends
upon the damping 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, & twodimensional programme for solving numeri-
cally Alfven plasme heating problems in tokamak devices (AL~
KITOR 5 ) has been developed. Maxwell equations descri-
bing propagetion,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 % =6
the currents having a surface density of: Jo =JZe c#®~X7-£)

Jg =l cIMEtVMP-w?) i5 found from the condition: «v < =0
The antenna is situated between the plasma(r =c ) and
the conducting wall (t=c ).

Ag it i8 known [3,4] ,plasma electromagnetic properties
are defined by the dielectric permeability tensor. Here,_ we
have used the local tensor approximation [3=5] for Te>> 7.,
values of the components being defined by the magnetic sur-~
face raedius., For the sake of simplicity, the surfaces have
been agsumed 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-amplitudes /£ ¥ /*for m= /0 harmonics (antennaM=1N=2)
for MHD and kinetic computations. The HF field in a local
regsonance is multimode. The coupling between neighbouring
local resonances can be greater in kinetic model due to the
kinetic Alfven wave propagation. If to decrease the frequen-
cy in such a way that the local resonance m:-fshould be absent,
the so=called " under~threshold "excitation of m=0 local re-
gonance would be expected. TFig.2 shows energy absorption on
m=0 ,w<lg, It follows from the theoretical and numerical
analysis that the coupling between the harmonics of the lo-~
cal resonance eigenfunction is defined by Lm:ts /En ~WG+M) %
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 Fig.3),resulting
in considerable angular and radial departures of the energy
absorption profilg% Fig.4) from that of the local MHD mode,

3¢ Conclusions:

a)In comparison with those of MHD the neighbouring lo-
cal resonances can be coupled due to & kinetic wave,its
damping length being greater than the distance between the
resonances,

b)Using HF currents in an antenna with a preferentio-
nal modeM=1, the local resonance m=(0 can be excited close
to the plasma centre and the power absorbed in this reso-
nance is maximum if the w1=7 is absent,

¢)Fourrier-analysig of HF fields has shown that at

Owgfﬁv'ﬁkﬂaj positions of toroidal local resonences do not
coincide wiht those of their cylindrical analogues, A I
field structure is multimodal with approximatly equal amp-
litudes of several harmonica( up to 5 in number ).
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1. Introduction

In this paper, we tackle wave propagation in a warm MHD plasma, with non-uniform magnetic
ficld. Earlier work in this area has concentrated on the Alfven resonance alone [1,2]. The novelty of
this approach is the simultaneous treatment of both the Alfven and one of the magnetosonic singulari-
ties. The extra singularity has been noted in the past, [3,4] but we are unaware of any consistent treat-
ment of both, We calculate reflection and absorption coefficients self-consisiently by modelling the
wave behaviour locally.

2. The magnetofluid model

Consider a one-fluid description of a perfectly conducting plasma with a scalar pressure. The

relevant fluid equations are [5]
Dp g0, 2U__ B w0, Lppneo, Lo B
= +pVeu=0, = Vp+(VxB)x o EtuxB=0, D!(ppY) 0, n Vx(uxB), V-B=0

where D/Di=0/dt+u-V denotes the advective derivative, and the dependent variables have the usual
meanings. These equations form a closed system, and so provide a complete mathematical description
of all the physical processes of the model. i

Restricting attention to small amplitude waves, it is sufficient to consider the linearised perturba-
tion problem, in which the static equilibrium is

ug=0, Eq=0, Vp=(VxB)xByHg, popo'=constant, (1)

The equations for the perturbed quantities may be combined self-consistently, yielding
Potl =V [¥p oV u+uy Vp g [V( V(1 xBo)) BB o/ VB o)< [ Vi< < B) V. 2

In this paper, we will consider a plasma in which the equilibrium field By is plane stratilied in the
z direction :
Bo=2%B (. (z H§B o, (z)=B (2 )[XcosB + §sin0]. 3)
The angle 0 is a constant, and so this is the simplest non-uniform ficld satisfying V-B, = 0.

This imposed variation now dictates the spatial structurc of the pressure and density parameters.
As a consequence, the spatial variations in the plasma are characterised by the functional dependence of
the fundamental velocities, ¢, and ¢;.

Using the algebraic manipulation system REDUCE [6], we may eliminate u, and u, in favour of
1, in order to arrive at an equation for u, :

Sy, "+ (o + l-qq—') u; "+ yq u,=0 (C3]
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where we have dropped the subscripts 0 and 1, and where the coefficients are defined as follows :
g =0k o ke e Joos?0, E=w?Vi-k2c c2e0s?0, =0kl cos?0
0= c2[2-Po'+k 20 (e 2-2)-2cHc0s?04 2k, 2o Foos’0),  e2=(pocd) 1(2po)
ke (0k.2e 2e Feos?0) (e Zsin®0+¢, 2k 2e 2 [02V Bsin®0—k Ze,2(c 2sin%0+¢, Y cos?0]
A=k2kZe 2e feos?0(c sin®0+c - w?(e sin0+c M 2¢ 2o Jsin0)]
When the equilibrium magnetic field is constant, then Fourier transforming in z yields
k2Ew—wg=0, which is simply the expected dispersion relation [5].

Returning to the full problem, with non-uniform B, and oblique wavevector ( k,#0 ), we must
tackle (4) in its full complexity. Note that there are four possible singularities in (4), namely the zeros
of v, & and ¢ . We will concentrate on the Alfven singularity y=0 and one of the roots of ¢, which
are close together for small 6.

3. A model comparison equation
In order to make progress in the analytical solution of this ODE, we will take the following form
for yand ¢ :
q=qoz, W =Wo(z-8), go=(¢)(02)g2 Wo= @YX (z)g2.
4

Nole that A may be written in the form A = —(a+bW), a = 2k 0’ csin®0, b = kXc +c)), and so
we incorporate this feature into our modelling, which will concentrate primarily on the effects of the
singularitics on the wave propertics of the model, all other terms being taken as constants. Thus (4)
becomes

Wolo(z =8 "+(o—(a+b Wz —8))z Ju"+yog oz (z—-8)u = 0, (5)
where we evaluate Vg, ¢o, @, b at z=58/2. Note that we have dropped the subscript z on the velocity.

It is most convenient to rescale the ODE so that the singularities are situated at the origin and the
point z=1. However, we must treat the special case of 8=0 separately, since in this case, §=0 and
there is only one singularity.

3.1. coincident roots : 6=0
Setting 8=0 in (5) yields the equation
zu” + A"+ Cou = 0. (6)

This equation is of standard form, and has solution
="Mk (2, x=4(1-2VBANCo p = 3(1-25), 1-25 = +(1-Ap).
Note that there is total reflection in this case, independent of the details of Ay, Cy and p.

3.2, separated singularities : 020

It is convenient in this situation to rescale the singularities in order that they occur at the origin
and unity. Thus we make a change of independent variable, 1=z/8, &#0, 10 arrive at

M=ty HA B Yy +C M- = 0, (©)]
A = Go-bwo)Ewo), B = (byob-a)(8Ewe), C = Bgo)Eo)s™

Note that the coelficients are now non-dimensional, and that the fundamental parameters of the problem
can be taken as

0, B=clck v=k2kDw? 6=k3, G =(1/Bo)0B)(dz). 8)
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4. Local solutions
We construct an approximate solution at the origin by retaining in the coefficients of the ODE
only those terms which are significant when n=0. The resulting equation and solution is
Mty =Bttg +CN2 =0, g =", py[2/34C 2. ©)

The solution at =1 may be approximated in a similar way, by first making the change of vari-
able {=n-1. The equation here, with its solution is then

C!l;; + (A +B )H + G CH =0, u 5 0-4-8) fil,',u_/._g)["!f C] (10)

For the overall picture in this analysis, we rcquire the behaviour of # for large 1. Taking the
leading terms in cach coefficient for large 1, we have

Nitpg+ Aty +CN2 = 0, wo=1"0 Ty a (2380 n¥2). (11)

At this stage we know both the local and global behaviour of the waves. However, belore any
physical interpretation of these forms can be made, we need 1o know A, B and C in terms of the fun-
damental plasma parameters (8). Note that these paramelers are not all independent, since there are
underlying assumptions about the propagation characteristics of the plasma.

In fact, we may use B=,jm, as an expansion parameter, and from Taylor expansion of ¢ and
W, we can identify eventually, omitting the details,

v = 1402 § = PeYG. (12)

Note that we have made the approximations pu=1-08% and g, =—1/B. Tn addition. we have used
av/dz =v(1+2P)G /B, of/dz=—(y2P)G . We may also calculate lo leading order,

A =-202, B =@% C =-6%7%p. (13)
where we have taken ¢, = -1/p.

Knowing all the coelficients as [unctions of the fundamental paramelers, we can now procede
with the interpretation of the local and asymptotic forms ug, 1, and ...

5. Boundary conditions and the reflection coefficient

Assuming G > 0, then the asymptotic solution u., demands oscillatory solutions for 1 < 0, and
evanescent solutions for 1 = 0. This scenario is equivalent to propagation [rom the low [licld side.

Since this is a physical wave problem, we require bounded evanescent behaviour for 1 = 0. Thus
the appropriale form of 1, must be

=" K0, C>0, m=%[1-A-B], ¥ =ICI*% (14)
Moreover, since g must be oscillatory for 1 < 0, we can lake
ug =172 [D HO e ™) + szf,(z’(lcm”z)] n<0, {=(14+B)¥3, %=21CI1"3 (15)

with D and D5 being constants 10 be determined.

Let the solutions 1wy be valid at the common point 7, € ]0,1[, so that an approximate overall
solution may be constructed by matching function and gradient at M. Hence, for a consistent descrip-
tion, we must have

woMe) =y (M), @ug/on)y, = @uy/an)y . (16)
However, we cannot apply (16) directly to (14) and (15) without first analytically continuing the forms
g and u; into the region 1 € 10,1[.

Again, omilting the details, the matching of the analytically continued solutions yields two lincar
algebraic cquations in D and D,. Inverting these yiclds an expression for the reflection coelficient :




951

IR1? = [4nJM—~ DY K, %F e %5 + KPF () ¥+ 3NN (K P 31 ko6 (18)
+ [3ﬁ:(xl'z)"pm K(T"zKllFm, Kl]T“c (1“1'1.:) + K.IZFM 12 ]

(42N VAN F (OF %G + FiF () K71+ 3NN F P K4 W W cosmmInZ(1-n. ) iy
+ BNFy F %t 2FFp 501100 (1-0,) + FiF ]
where
Fy =472 + K2+ 2n Kysin(Im), Fr =42 + K2, Fu()=n,"7 + K. 7,

and similarly for 7;("), where * denotes differentiation with respect to the relevant Bessel function argu-
ment, and =3/ — (3! - 2mn., W;=n{;K;"—1;'K;).

At first sight, (18) looks rather daunting, but close inspection reveals certain symmetries. Note for
instance that the role played by K2 in the numerator is taken by the function /7, in the denominator,

and also that the expression is evenly weighted in % and ;. The different Bessel function arguments at
zero and unily account for the extra term T, associated with every factor of ;.

Although no value of 1, has been specified at this stage, clearly 1. = % 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 formula can be taken to reveal limiting behaviour. Taking
Ko(z) = AT (W)(%2) ™Y, 1(z) = (%2)IT(1+v).
we may take the leading term expansion to be F; = C_x3¥+Cy,  Fn = D_x7?". where Cp, C= and
D_ are defined in terms of the appropriate Bessel expansions.
Consequently, we have

IR12 = (ggC W(EgC_+ £ Co¥d), 1Cau:1? = (€1 CoxEW(EgC—+ &1 Cokd, (19)
o= [1/4(9/81%m®) + 3/\8Im — (A(3V2 +2m)t+12], & =[14(m2-981%) - mt+12.

Note that we may lake K, = 3/2kg= |C 1% = 2x10"VnawVBOYBo where a is the tokamak
minor radius.

6. Discussion

Note that for =0, |C, | =0, in keeping with the general result of (6). At [irst glance, it would
appear that the results (19) imply very small absorption, but it should be kept in mind that (19) is
merely the small argument expansion of (18), the full and general reflection formula, If instead |C 1%
were large, for example if the wave frequency was of order of GHz rather than MHz, then the /; would
dominate over K, leading to very much smaller reflections and thercfore enhanced absorption.
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ALFVEN WAVE HEATING OF TOROIDAL PLASMAS
WITH NON-CIRCULAR CROSS SECTIONS

Satish Puri
MPI fiir Plasmaphysik, EURATOM Association, Garching bei Miinchen

Toroidal plasmas of non-circular cross sections display an enhanced coupling to
Alfvén waves. Antenna loading resistance increases with the plasma elongalion resulting
in typical antenna ) =~ 8 corresponding to V < 10VPEV and Iy < /P 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. Alfvén
wave heating offers an attractive alternative to the ICRF heating schemes, possessing
such important advantages as (i) lower antenna voltage, (i7) well defined absorption
process insensitive to the precise plasma composition, and (iii) relative freedom from
surface effects. Consequently, Alfvén waves are eminently suited for the heating of the
Stellerator, the Doublet, and the non-circular Tokamak plasmas.

1. INTRODUCTION

Coupling to Alfvén waves is primarily 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 for this behaviour is traced (2| to the improvement in the
conversion efficiency from the compressional to the torsional mode near the resonance
layer for larger values of w/w.;. The prospect of having to install up to sixteen antennas
around the torus circumference is, in any case, unavoidable for coupling approximately
100 MW of radiofrequency power to attain thermonuclear ignition.

The antenna loading is relatively insensitive to the remaining plasma and antenna
parameters [1], with the important exception of the radial location of the Alfvén reso-
nance layer. This 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 has to
be located at r4/r, > .67, where r4 is the radial location of the Alfvén resonance and
7p is the plasma radius. This limitation may constitute the most serious drawback of
otherwise promising features of Alfvén wave heating.

In this paper it is pointed out that the non-circular cross section plasma con-
figurations of practical thermonuclear interest promote significantly improved antenna
loading while simultaneously obviating the radial energy penetratior problem.
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2. ALFVEN WAVE PENETRATION INTO THE PLASMA CORE

PLASMA
/ AXIS \

\RESUNANT i
LAYER

Fig.1 Improved Alfvén wave penetration in a plasma of non-circular cross section.

In Refs.[1, 2] it was shown that the Alfvén waves can penetrate a cylindrical plasma
to a depth D. ~ r,/3 (Fig. 1) for n = 8. In the case of a plasma with an elliptical
cross section of elongation & = b/a (a and b are the semiminor and semimajor axis,
respectively), using r, = a\/<, one obtains D, ~ ay/e/3. The finite Bpot ~ 1 causes
an outward shift of the plasma axis by an amount A, = r,/4 and A, =~ 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 (e — D, — A.) = .25a, for an elongation € = 2. This implies the possibility of
depositing the wave energy near the plasma core, thereby removing a major hurdle in
the practical application of Alfvén wave healing to thermonuclear plasmas. Although
both € and B,o1 play comparable roles in improving the penetration depth, the full
benefit of f,,1 must await the appearance of hotter, denser plasmas.

Another effect capable of significant improvement in the penetration depth is the
outward shift in the cutoff position due to an increase in ¢/, and a lower effective value of
ny in plasmas of non-circular cross sections. The amount of this shift may be estimated

from Eq.(A8) of Ref.[2]

i 1 &N
amrio kit 1(5) "

where the two terms on the right originate from the gradient and the enhanced Hall
effect, respectively. Restoring the position of the cutoff by changing the frequency
would result in further increase in the penetration depth. Alternatively, the shift in the
cutoff might be utilized to enhance the antenna loading as described in Sec. 3.
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3. ENHANCED ANTENNA LOADING

For cylindrical plasmas it is possible to obtain ¢} == 17 under optimum conditions
[2]. In comparison with the ICRF case, the low frequency operation for the Alfvén wave
heating allows coupling at considerably lower voltages. As mentioned in the preceding
section, a further reduction in the antenna voltage is anticipated for plasmas of non-
circular cross sections. The shift in the cutoff position causes an increase in the value
of f (see Appendix A in Ref.[2]) by a factor ~ /(2 — &7 ') = 2 for £ = 2. This has an
effect equivalent to increasing the toroidal wave number n by a factor of V2 without
the attendant increase in the radial evanescence. The estimated antenna loading would
increase by a factor > 2 with a resultant @ = 8, corresponding to V4 < 10v/P kV and
Ir < VP kA, where P is the antenna input power in MW.

Further improvement in coupling is contributed by the decreased evanescence
due to the smaller effective value of n, in a non-circular cross section plasma. This
effect will become important in the case of the [uture requirements of recessed antenna
configurations. Compared to the ICRF case, Alfvén wave coupling is insensitive to the
antenna separation from the plasma due to the inherently large evanescent region.

4. EDGE AND IMPURITY HEATING

Presence of a longitudinal electric field component in the absence of Faraday
shielding would couple 1f energy to the torsional surface wave [3], capable 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 [2]. A
properly designed Faraday screen completely closed on its sides, precluding the leakage
of longitudinal electric fields, would eliminate this source of plasma surface heating.

Heavy ion impurity atoms could be accelerated to potentially damaging energies,
unless care is exercised in limiting the electric field in front of the Faraday shield to
E) < 71.1(Tpaz/A)Y? BgkV [m, where Trna.(eV) is the maximum admissible impurity
ion energy, A is the atomic number and By(7") is the toroidal magnetic field [4].

The longitudinal electric fields, shielded 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 full antenna voltages. Although a segmented
antenna construction will tend to limit the maximum energy gain, it would still be
necessary that the front of the Faraday screen allows no access to charged particles.
Such a condition might be obtained by using overlapping slanted vanes in the form of
a Venetian blind [4].

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

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




955

5. DISCUSSION

Alfvén wave heating has lacked credibility due to the poor radial penetration
limited to r/ry, > .67 [1,2]. We have endeavoured to resolve this problem in this paper.
Non-circular plasma configurations considerably enhance the penetration capabilities
of the Alfvén waves while simultaneously improving antenna loading.

The Alfvén wave heating of plasma electrons is unlikely to be a limitation in the
higher density plasmas, and the fact that the energy goes in the longitudinal velocity
component may prove to be ultimately beneficial. It appears increasingly unlikely that
even ICRF could be used for directly heating the majority ion species.

Alfvén 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 coupling is not
affected by the alpha particles and is immune to the precise plasma composition.

Sputtering due to the 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 working at low @ 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 Alfvén wave heating experiments have been performed in an extremely
unfavourable parameter range with n ~ 2 and without the benefit of a Faraday screen,
predictably accompanied by plasma production and density rise.

6. CONCLUSION

In the light of the arguments presented here, particularly regarding the possibility
of superior penetration in plasmas with non-circular cross-sections, we believe that there
is compelling evidence in support of a concerted effort in the experimental direction.
Alfvén wave heating may well turn out to be an important contender for the heating
of thermonuclear plasmas.
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Supplementary plasma heating by Alfvén waves (AWH) has been extensively
studied both theoretically and experimentally for small, low temperature
plasmas. However, only a few studies of AWH have been performed for
fusion plasmas. 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 in TCA to the
loading predicted for 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 and operating frequency is
presented for NET parameters with a typical operating scenario.

Introduction : In a hot plasma, AWH is effected by antenna excitation of
a fast magnetosonic wave which mode converts to the kinetic Alfvén wave
(KAW) at surfaces in the plasma where the Alfvén wave dispersion relation
is satisfied locally [2]

o) = [ntm/q(e12 B2/ (upie)) /R (1)

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

In this study the machine parameters of the NET DN configuration [3]
are modified to the cylindrical equivalent values; major radius (R)=5.18
m, minor radius (a)=2.17m, toroidal field (B,)=5.0T, plasma current
(I.)=10.8MA, burn temperature (T)=14keV (on axis) and electron density
(ne)=18x101§m'3 (on axis) with a 50:50 D/T fuel mixture.

Scaling of Antenna Loading in AWH : Scaling laws allow one to predict the

antenna loading at a fixed point in the spectrum (n, m, &€ and both
antenna and vessel geometry fixed in equation (1)) under a change in ®,
R, p or Bo‘
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Scaling laws are useful because:

a) Codes are restricted to simplified plasma, antenna and vessel
geometries.

b) Such laws give increased confidence in the loading predictions if the
validity of the plasma model has already been established
experimentally [2].

According to ideal MHD, the antenna loading at a fixed point in the
Alfvén spectrum increases linearly with the driving frequency and is
independent of the plasma density and magnetic field.

The antenna loading, Rp, normalised to ®, is plotted versus the
logarithm of the on axis density in Fig. la using ISMENE for the basic
NET dimensions. We have chosen e=0.67 and (n,m)=(-1,-1), (-2,-1), (-4,-1)
and (-8,-1). Satisfactory agreement is obtained for n=-1, -2, and -4 for
ng(0)>10 m™3. At low densities a discrepancy results from finite
frequency effects.

In ideal MHD, the antenna loading scales linearly with the major
radius at a fixed point in the spectrum provided that the plasma, antenna
and vessel geometries are held fixed. This law is checked by shrinking
and expanding the basic NET configuration with @, B, constant, ne~1/R ,
a~R and I_~ so that equation (1) remains invariant. This scaling law is
checked in Fig. 1b for |n|=1, 2, 4, 8 and |m|=1 and demonstrates that an
antenna loading obtained in, for example, ASDEX would lead to only a
~+10% error in predicting the NET loading.

An example of how scaling laws can be used to predict the loading is
shown in Fig. lc. The TCA experimental loading for n=2 excitation [2],
f=2.5 MHz, R=0.61 and B =1.51T is scaled to a NET equivalent loading with
f=0.5MHz, R=5.18 and Bo=5.0T. 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 somewhat worse due
to finite frequency effects.

Choice of Suitable Mode and Frequency : In NET there are 16 oblique and 8
radial access ports equispaced toroidally in each case with a 20cm
blanket into which the antenna has to be recessed [4]. In addition, we
restrict our discussion to unshielded [2], poloidal antennas 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
antennas due to the phase coherence of the wave launching. Consistent
with this, the number and the size of the available ports, we choose B8
low field side poloidal antennas with poloidal 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 |n|=1,2,4,8,16 and
|lm|=0,1,3 using the optimum phasing for each mode, and €=0.67. This
calculation shows that n=4, 8, m=1 and n=16, m=0 at f=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
500-1000m gives an r.m.s. antenna current of 10kA for S0MW 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 0.1m and.an equal recess
depth, has the same antenna loading for n=8, 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=8 and n=4 heating scenario is shown in Fig. 2c during the heating
and fuelling phase to ignition in NET [8]. N=8 with all antenna currents
in phase at f=2.16MHz begins the heating phase at p=3.GX10-7kg/m-3 (D/T)
with a change of frequency to 1.08MHz and n=4 at p=4.BX10_7kg/m_3. The
power deposition is approximately local (20% of the minor radius) and is
equally divided between the m/n>0 and the m/n<0 layers.

Conclusion : Calculations have been presented which demonstrate that the
scaling laws of ideal MHD can be used to predict antenna loadings in
large tokamaks from those obtained in small tokamaks. An [n|=4, 8, [m|=1
scenario has been discussed.
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PROPAGATION OF A MAGNETICALLY GUIDED ALFVEN BEAM TN THE EDGE PLASHA
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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 torsiomnal Alfven wave. In ICRF, the slow
wave 1is either the ion cyclotron or the ion-ion hybrid wave. All three
slow waves are observed [1] 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 effect 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 MHD 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 1is homogeneous in the =z direction but inhomogeneous in a
direction perpendicular to a steady uniform magnetic field, B = zB. If
the plasma resistivity and kinetic pressure are neglected, then low
frequency waves in the plasma can be described by the ideal MHD
equations E + v X B =0 and pdv/dt = j x B, and Maxwell's equations
Vxb= B, j and V x E = — db/dt where b is the wave magnetic field. For
small perturbations of the form £(r,f#)exp i(kzz - wt) it is easy to

show that the z component of b satisfies the relation

18 (rab 1 38 (1ab
-— -2 +- —|==2|4+b_=0 (1)
r dr| F ar r? 3¢ | F a4 #

where F = w’/VA2 - kz2 and VAQ = 52/#0p. The other components of b are

s B
B F or

rF 4a¢

2)

and by =

Solutions of (1) are normally found by Fourier analysis in the

direction, with 4/8f = 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 = 0. At the resonance surface, r = L bz is finite and contin-
uous, br o« fn(r — ro) and bﬂ o 1/(r—r°). At r = ro b is therefore

polarised in the resonance surface.

Equation (1) also admits non-singular solutions, provided that
abz/Br and abz/aa are both zero when F = 0. These solutions, which have
not previously been mnoticed, described magnetically guided torsional
Alfven waves which are decoupled from the compressional wave since
there is mno singular or resonance surface. The direction of b in a
guided mode follows from (2), which indicates that (b x Vbz)z = 0. The
wave magnetic field lines in the r,f plane are therefore perpendicular
to constant bz contours. Since the F = 0 surface forms a constant bz
contour when abz/ar = abz/ao = 0, the wave magnetic field lines cross

the F = 0 surface at right angles.

b 4

Conductin,
’ g g

r q wall

'1 N2

Centre of symmetry

of density discribucion

1 1
0 x

X —

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

Consider, for example, the wave field distribution shown in Fig. 1
where br = 0 for all r,f. Note that the r = 0 origin is located in a
region where the density gradient is finite. This example is chosen
since it represents, in the case of a homogeneous plasma, the wave
field generated by a current element in the =z direction. Current

elements perpendicular to B do not couple to the torsional wave, at
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least in ideal MHD. Since br =0, the first term in (1) is zero.

Equation (1) then has an exact analytical solution
b, = b, sin 4 (3)

F,r cosf
provided that F=- (4)

1- Fors cos 8
where bo and I-‘D are arbitrary constants. From (2), the variation of bﬂ
is given by

ik_b

by == Fzrﬁo (1 ~ F,xr? cosé) (5)
o

Suppose that the r = 0 origin is near the edge of the plasma, with
coordinates x = X,y = 0, as shown in Fig. 1. Since F =0 at § = % 90°
(ie at x = xo), Va must remain constant in the y direction at x = L
Hence

k, = w/vp(x,) (6)

and

(7)

—— [ g o Va2 (%, )F r cos @ ]

w2(l - For3 cos )
where p(xo) and vA(xo) are respectively the density and Alfven speed at
X=X This profile reduces to a linear ramp profile p = po(l - x/a)

Ao
that Fors < 1. The assumption For3 < 1 is satisfied for most condit—

if we set Fo = wz/(VAoza), v, 2= Bz/(popo), X =x + rcosf and assume
ions of interest and is always satisfied at sufficiently small r.
Consider typical tokamak parameters Vs ™ 5% 10% m/s, a~0.3m and
let w ~ 107 r/s. Then Fo ~ 13 m™® and For® €1 when r < 0.1 m. For
these parameters, b, « 1/r? from (5) and |bz/b6f ~Ept/k.. TFor
example, at r ~ 0.02 m, |bz/b3| ~ 0.005. Homogeneous plasma results are

recovered as a + = , in which case Fo <+ 0 and bz/ba =+ 0.

Since bﬂ varies as 1/r?, the wave is strongly localised near the
y=0, x = X, origin. The singularity at r = 0 can be avoided by
including the effects of finite resistivity or finite electron mass. At

large r, the field lines will not remain circular if they intersect a
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conducting wall boundary. However, this effect is not significant, for
two reasons. Firstly, the energy density in the wave field decreases as
1/r* away from the x = X origin, so the wave energy near the boundary
is insignificant (assuming that x, is not very close 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

Ex b w

[ ~x(bxbz) — ¥(bybz) + Z(bx? + by?) ]

Ho Hokz

When bz = 0, S is exactly parallel to the steady field. If the wave has
a small bz component, some energy will propagate across the steady
field lines. However, as shown above, b  / |bJ_| may be well below 0.01
for typical laboratory conditions and the energy flux across field
lines is then negligible. Furthermore, the direction of energy flow
across the steady field is parallel to b, , where b, = x by + ;'by. The
wave magnetic field lines in Fig. 1 therefore indicate the direction of
energy flow perpendicular to B. No energy escapes through surfaces
bounded by these 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 kx and ky
components but a unique kz component, A guided wave is therefore not
phase-mixed by the density gradient and does not locally satisfy the
dispersion relation w/kz - vA(x,y) at all points in the plasma cross—
section. Solutions for a parabolic density profile will require a

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

g
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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PLASMA TOROIDICITY EFFECTS ON ALFVEN RESONANCES

A,G,E1lfimov

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

1. Theoretical investigations on linearized MHD equations
/1/ have shown that singular solutions related 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
harmonics each of them giving rise to its own local resonan-
ces and absorbing the HF power.

In the present paper a theoretical analysis of eigenfunc-
tion is given and eigenvaluesa are found for local MHD and
kinetic Alfven resonance frequencies of a toroidal plasma
with concentric magnetic surfaces, The analysis has been done
within the frame of Maxwell equations where plasma properties
are defined by permability tensor within the local approxima-
tion /3,5/ for each of magnetic surfaces with the three direc-
tions specified (radial -r, parallel -3 and binormal =b).

Further the tensor components 89,; 812'“);2/(@:;: —_D_a) =856 and
855=&3=— &)Pae /_Q2 are used. For a ho‘bzplasma (CA<U_Te Vs
an spproximate value of &, ~(wW? W—E.—& is taken.

2. In order to analyze the behaviour of a short wavelength
(kinetik) Alfven wave in = toroidsl plasma at its generation
by an antenna structure with the given frequency L& and the
longitudinal wave number 7 s gne may use,a radial approxima-
tion of the geometric qoptlcs: Ee E%pi[_faq'z’+m)‘—_rlt].
Here the value ofl®I»"2 is calculated forZeach of magnetic
surfaces as an en'fenvdue of the,fgl]iovdngzequation:

J (R QEz) 2inh, IE, 23[ By A 2

2 [£ ], 0y, 22 -2 51855 ~ 42 [E,=0 ()
where b, =<nflz/R; R=Apecegé  ana %, %5 are poloidal and to-
roidal” projections of the B/B magnetic<field unit vector.

This equation is valid far from the local resonance neigbour-
hood.

3. In order to study local resonances one should refer to
the MHD limit /2/ when&—»c0 and£3-=0 ., In such a case
fields in the Z_=?,4 lg‘_cal regonancé neigbourhood have fol-
lowing singularities: By=Ey fn(2-2)0xpilnz-nt); Ef}% m[_(}.}--_}lf}_

FPields of such pattern suggest that the equatfon for eigen-
function in a local resonance coincides with Eq.(1) for&®=0.
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Since one has&=E 2 ZE osM B for the genersl case,
Eqe.(1) is identified as Hill type equation with periodic
coefficients, If periodic coefficlents are included _in the
equations with small parameters 2/Ro and &y /&« 1
then, uging the method of "astretched" parameters /6/ Egs. (1)
(with & =0) may be given as: — = .
= m+.5) e 2

Q2=ﬂ§(1+41+41+,..);Ez"‘if'E«.s ECT""( 57 c2)
Substituting Exp.(2) for the locsl resonance equation when
2|ng+m|#3 , S ~-a natu}'a)l number, one ocb'tains:
[, (RuRoQ fc)? ~ (meng)¥ET" =0, a=0; EP#0 . (o)
ig a local Alfven resonance condition for the meode m within
the cylindrical approximation: o) 2

€

[1%2 (m+ng)] E;’;".—.[«’-Ea'”’/ggo)[éga (ﬂo&?/chéfg)}’%(%ﬂ 3b)
ig the first correction to the eigenfunction Eo .

From the second approximation, one can find 4,, a toroi-
dal correction to the local frequency eigenvalue (32) at the

given magnetic su:-fa:e: [24,+3 (Zﬁp)zjfﬂafﬂ/f)i (’Liz/ﬁ,)zw‘-
(2 )2[52°(QOR01/C) +(nQ)-m % Mm% w4 mlmng)[35,(2,R, 9 /¢ Yetng®m?] (3¢)
Ko G(m+ng)3-1

3 2

Bqs. (3) become invalid if 4’/”7""”‘2)2': S

This violation follows from crosging of m and m%8 local re-
gonanced. Such a crossing for the case of § =1 was consider—
ed in Ref, (1) within the MHD spproximation., In thig case in
the continuum for the m mode a gap is formed at the crossing
position with m# 1., Similar gaps are formed in the continuum
form and m =m - M modes if the tensor component &, is
gtrongly modulated over the poloidal angle by the M> 1 mode:

&= Ep+R Ep S MO | Strong modulation is possible, €.8., due
to the cyclotron resonsnce for small additions (nz« n':) of
heavy impurities when () ~r I C0) = g K Wey -

For the case of such modulation at the crossing position
of the m and m, modes, the eigenvalue of the local reso=-
nence frequency 0? gets an addition: T

= Cr-ameng)p MM 82 4y
1 7~ RE&, (R, 9)° 2£, (L,£,9)% &7
This addition is twosigned which means that there is no local
regonance (or gap in continuum) for the following frequency
values: @l (/+A7) < < (1+47) « In the neighbourhood of
such a gap, the eigenfunction has an equal mixture of modes:
Etm) o EM) L Fy o ES™oxp cm@ + EM) exp i mge
Thus, the attempts to excite a local resonance at 2, will
lead to the genersation of them = m - M harmonics. For the
m, mode, there exists another locasl resonance (see Fig.1)
which ig close to the plasma surface ; this resonance is
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regponsible for the main energy absorption. In order to

avoid this situation, it is necessary to generate the m mo-
de local resonance alt the surfaces having weak poloidal modu-
lation of &, for the M>2(m+ng) mode.

4, For kinetie Alfven waves, eigenfunctions and eigen -
values can be found in a gimilar way (as described in Item 3),
To define them (&, (1-&*c¥E ) must be substituted for &, in
Expressions (3a - 3c¢) and (4)., Hence, it follows that the
eigenvalue 2 at the magnetic surface given will b2e -

22= (8,95 [cD)f1+a-Lingrmic/z R 2]} (5)
In this case, if the frequency is chosen such that it gets
into gap in the continuum for the m mode (i.e., when there
ig no local resonence), the correction value, A , is defined
by Exp.(4) and local radial wavenumber eigenvalue for a slow
(kinetie ) wave will be: p2_ 1 &s (&[5 )°

Hence, we may conclude that within the Alfven continuum gap
there exists a slow (kinetie) wave with a bimodal structure.
These modes have the same order of amplitudes: -2 ’

£, = /E-;,('"J%pf'm e + E'Jm')e/xpz'mfG)szggeafz“n}*-‘li].

5. In order to complete the analysis of Alfven HFF gene-
ration in a torus, one has to find fields in the neighbour-
hood of all the possible conversion surfaces (2324, ).
Here we shall presume that for neighbouring m % 1 modes we
have no crossings of local resonances., Within the neighbour-
hood of a conversion surgace we obtain an approximate from
Maxwell equations: : 2

ok, £a [hofd (R 360), 20 B L 10 )

3z* T & 2R aplz 26 {9 >0 1ce 3/ 7.
Here ¥/4,6) 1is an arbitrary function defined by the fields
of the neighbouring points (2“1 med ) and by that of an
excited HF circuit. i 5)

We expand solutions for Eg,(6) in eigenfunctions me/2,3/
of Eq.(1) at 22-= 0 for a set of local resonances cl}s%racte—
rized by the following values of 3 : Ez:' %‘ “?(2)‘5 (2,8)

On a given magnetic surface this system of functions
proves to be orthogonal one with the weight oI! n 2

ol = (R/g,) exp [2ing, ",Sd@/ﬁv‘gwfa)].
Then with the 'z/ko«'! smallness considered?in the conversion
surface neighbourhood lZAm' 2] << zAm’ the following equatior

will hold: 2
O_l__Pm+ €5 -_(.2.2 Ci'_g‘l (2-2,,) =@ (7)
de2 &, C2dZ A m

If the HF fields are generated by a HFF circulit with the mode
Mo dominating, the resonances at m = M %1 side hammonics
may be driven only for the case when the @, value differs
from zero, For the case when the kinetic wave damping depth
(I_e ) is greater than the distance between the neighbourhood
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local resonances located far enough from each other

3
(Lp> 12, Mg 2, >2, V€3/£,) a coupling between neighbouring
local resonances may be expected due to kinetic Alfven waves
from the main ( N,,a¥ and latersl modes ( M, *7 ),
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ON THE LOCAL POWER ABSORPTION OF HF WAVES
IN HOT INHOMOGENEOUS PLASMAS

M. Brambilla, T. Kriicken
Max-Planck Institute fiir Plasmaphysik, Garching bei Miinchen, W. Germany

1. - The power dissipated per unit volume by a plane wave propagating in a uniform
plasma is [1]:

—

W o,
Papa = o Eg - " - Fo (1)

where g" is the antihermitean part of the dielectric tensor. Pg,p, differs from {f . E)
by the divergence of a vector having the dimensions of a power flux. This kinetic
correction to the Poynting flux,

— [T BgH —
T—EEO'E'EQ (2)

is due to space dispersion. In a hot plasma the mean collisional free path of charged
particles typlcally exceeds the wa.ve]ength by a large factor: as a consequence the
h.f. current J is a nonlocal functlona.l of E, a fact reflected in the dependence of the
dielectric 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 appropriate 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 {f .
E) the irreversible part P,p, from the reversible kinetic flux divT. The necessity of
reverting to first principles to evaluate Py, has been recognised by McVey et al. [6]
(cfr. also [7]), who suggest to start from:

[_t o dt’ _Zae/dv [ dt"{Re [E ] "'}{Re[fn( ! g)]})t (3)

Here fg is the solution of the linearised Vlasov equation for species «; 7/, 7/ are the
characteristics of this equation, i.e. represent the unperturbed trajectory of a particle
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having velocity ¢ at point 7 at time ¢. The r.h. side is easily recognised to be the total
energy gained by all particles of species a up to time ¢, averaged over the fast time
scale w~1, It is assumed that the field has been adiabatically switched on, |E[> — 0
for t — —oco. In the case of a time harmonic wave, this means v = Imw > 0, v — 0+,
which leads to the correct prescription to handle the singularities due to resonant
particles on the r.h. side of (3). It should also be clear that to apply (3) one must
assume sufficient collisions to ensure that particle trapping by the wave negligible; this
is at the same time the condition for the validity of the linearised Vlasov equation.

2. - The result obtained in [6] by applying Eq. (3) to a plane-stratified plasma in
the small Larmor approximation can be generalised to all situations in which 7, ¥’

can be evaluated in the drift approximation. Under this quite unrestrictive condition
t
di e"f‘me{ / dt'e= " (1) (E"(r*') -a') :
—oo

Mo
tl
f_fn‘ciw(t—t") [(E(-au + % B(—W)) ‘;{'"] }

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

t
[ P2, dt' =
(4)

abe = /d”FMa(” 17g) hm 'TRe{ dife—"e" (1=t (E (7") -9 )
!ha

(5)

dt" fw(t—t") [E["") (-‘" itbg_f; % 6IOSFM¢:) ] }
£ 20ca

where b = B,/B,, Fyra is the Maxwell distribution, and 7, = 7'+ (if x z?) /Qeq i the
particle guiding center. The second term in the ¢” integral is easily recognised as the
one responsible for low frequency drift instabilities (w << 1;); in the ICR frequency
range it can be consistently neglected. An integration by parts then allows to recast
P2, in the form:

= 2
= fdv Faga(v? r,) lim —-‘—wj dre™T ( (7" - U—) ' (8)
Viho
Here the integrand is positive defined: in this approximation energy flows always from
the waves to the particles at each point of space. This result seems to contraddict recent
analysis of the generalised Plasma Dispersion Function in tokamak geometry [8], [9].
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The difficulty is easily removed by realising tha.t the locally negative contibutions to
(J - E) found by these Authors belong to divT rather than to P e
Although physically plausible, the above expression for P%, 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 PS5, and (Jo - E) is the divergence of a vector. Indeed it can be shown that
[10] .
(Jo - ) =P, + divT® (7

L 4 ! 2
[dv Fra(v?, 7 |—;w/ dretT {E(F") . e }’ (8)
0 o

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

B(7it) = [dy i By, p)emTrshs sconvtvainn - ©)

with

where k) = k _]_(W,k") has to satisfy the dispersion relation, but does not depend
on t = atan(ky/k;); parallel and perpendicular refer to the direction of the static
magnetic field. Eq. (6) then becomes:

A, = [dk" /;ik“ fdw j&w Re{e Ey

/ diFp1a(v?)expi [’”5” sin(¢ + ) — KoL sin(¢ + :p')]
. 29 w &
'}1'51-%) ? [; L= ffy = nﬂm - k”v” (V ( ) (k” l"’))) J

(2 s (7® F)

(10)

with
Fo . f nflea kivi | . kivy kivi
o J 1
"B = [Ezklv ( 0., ) + 1 Ey,J, ( o )] + v Ezdn ( .. (11)
Now it is not difficult to show that
~ 2’1 w w
hm ™ r = —
170w W=y —nllea — ko) | | w417 —n'lea — Ky

w — nflea — kyv) ,
276 (T 6 (k“ — k") 6,.,',"_1

(12)
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so that finally

co k 74 o
e = ——fdk" /w/m; Fita(v?) 2271'6 (M) Vi -E[* (13)

According to this equation, P, has two remarkable properties (not independent from
each other): a) it is constant along the static magnetic field; and b) it is the sum of
independent contributions from each partial wave. Both properties follow from the
fact that PS5, bears no memory of phase relations between partial waves. They can
easily be shown to hold also for the FLR wave equations in a plane-stratified plasma.

By contrast, (f . E) is generally a function of 2z, 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 B, 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
P5, and divT loses sharpness, as indicated by the existence of echo effects in weakly
collisional 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

|E (ks )|* — | Eol*8 (ky — kyo) 6 (% — o) (14)
It is straightforword to check that in this limit (13) reduces to (1), as it should.
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A GYROKINETIC DESCRIPTION OF CYCLOTRON RESONANCE ABSORPTION IN TOROIDAL
PLASMAS

R. 0. Dendy and C. N. Lashmore-Davies

Culham Laboratory, Abingdon, Oxon, 0X14 3DB. England
(EURATOM/UKAEA Fusion Association)

The resonance between plasma particles and electromagnetic waves whose
frequency coincides with the local cyclotron frequency is sensitive both to
the thermal motion of the particles and to the geometry of the magnetic
field. A systematic, self-consistent description of the effect of magnetic
field inhomogeneity on high-frequency rescnance is offered by gyrokinetic
theory. This is a development of the Vlasov equation in terms of variables
which reflect the underlying physics of charged particle motion in
inhomogenecus 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 function in the form

oF, s i
6f=%6¢a—°+2 <oy iAo ()
E

f==w

flere F, is the equilibrium distribution function €= v2/2, 6¢ 1is the
perturbed electrostatic potential, a is the gyroangle, and <>y denotes
the Fourier transform with respect to a. The evolution of <&i>l is
governed by the gyrokinetic eqguation [1-9]. which for our purposes is

: oF oF
<L >R<ﬁu>1=i‘1(m_2+£‘_3_°) (2)
g9 m Qe B du

Here p is the magnetic moment, and <Lg)!. is the lth harmonic component
of the Vlasov operator. In our case

D>y = STy D)+ vy Yy (3)

where e, is the direction of B,  is the local cyclotron Ffreguency, ~a

is the standard drift velocity due to magnetic field inhomogeneity, and
X = x+Vxe/Q (4)

relates the guiding centre position X to the particle position x.
Maxwell's equations are expressed with argument (x,t), so that it is
ultimately necessary to transform back from X to x. This is achieved by
considering quantities that vary as exp (ik.x), which are denoted by
subscript k. ik

Let us consider a specific equilibrium magnetic field,
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B =BT x/LB)_gz, (5)
define ﬂb - eBo/mc, and assume F, to be Maxwellian. We gonsider
electromagnetic perturbations, whose wavevector k = k, (e,cosg +

;;sing). Application of the gyrokinetic methods outlined above yields

2n g ot Wy <60 g iy
o 2l 2E L [a¢k— <Hgp> |+ %) (6)
k ok
£ wBe/2 = 2 1;0 Mg o=y
ik, oV -~k pV,) v :
B gm e XY y?x g By Vg 8 )3 gl v ) &t
v, -
1 Vo -i0 LIBNE , L6 i(-1NE
#ein 5“15[3 T ek V) )e + &0, (k oV ))e Jhen

Here V is the dimensionless velocity, Vo the thermﬂl velocity, p= VT/QD
is the Larmor radius at x = 0, s'S_AE = &"E“z + & (e cos0 + eys:..n@), and

Ly = Lglw- 2Ax))/ Wy (8)

The drift velocity vy plays a negligible role provided k, p<<1. By
multiplying &Ff, by V, and then integrating over all veiocxtles, we have
obtained an expression for the current density &J; associated with the
perturbation, in terms of 6¢k and M, . This gen®ralised expression

explicitly includes the inhoﬁggeneity of the magnetic field, through the
parameter LB and the variable Cl. It is clear from Eg.(6) that Cl

will appear in Qlk as the argument of the plasma dispersion function 2.
By substituting our expression for &J, into Maxwell's equations, which in
the Coulomb gauge take the form =

- “’2/02)53& = 4mdl /c - wkdf /o, (9)

we obtain dispersion relations for waves propagating through a plasma in
the plane perpendicular to the inhomogeneous magnetic field of Egq.(5).
Here, we consider two examples in the single mode, small 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 1
harmonics. Following the procedure outlined above, we first take the

divergence of Eg.(92) and substitute for Qlk' We set ky = 0, so that

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

.
B

2
BBy p[1+C,a Lk, p/2) ] (10)

|
0
H
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where is the species plasma frequency. For ions in a tokamak plasma,
wgi/QJ?‘_ »» 1. Consider first the homogeneous plasma limit of Eq.(10),
setting C2>> 1. This gives waves with w ¢ 2@, such that

Q. (w-22,)
2 = o HIAR) (11)
# 3 gt

Ti

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

1

k_p(1+ik_pC,) = i & Yo (12
1 B L e e
xp xp 2 3 ﬂI“B [1+C22(C_]2) )

when kxp << |C2| . This wave-particle resonance was first noted in [7]

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

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

A

e,with Eq.(9), and again substituting for 6_Jk from the expression derived

from Egs.(6) - (8), we obtain
2.2
2 ubg k4P
2.2 B "1
?f = w - o+ Bz (13)
Vo 4
. . - P mZ_
We take a perturbation expansion kl = k_lo + &, where c k]_o = and
w= QO Then Eq.(13) yields
2
1/2 u% v L
Imﬁk=ﬂ_.._#_.zgoakloexp (-¢3) (14)

By Egs.(5) and (8), {;1 = = QDx/VT. Substituting this in Eq.(14), we
obtain the optical depth

Ly (15)

2
v,
t=2 [ Im Sk(x)dx = fﬂﬁ_-rk

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 value, of
w-Q(x) is specified. The gyrokinetic approach has enabled us to examine a
new cyclotron resonant wave-particle damping process, related to that first
identified in [7]. We have calculated the absorption resulting from this
process for two classes of wave mode, both propagating perpendicular to the
magnetic field and into the gradient of magnetic field strength. First,
the ion Bernstein wave was considered, where the 2%=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 electron cyclotron rescnance) 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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1. Introduction

The next FEL operations in ECRH scenarios /1/ will be characterized 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 (PX 10 GW) concentrated in a very short time length (t}?ﬁSO nsec).
These features will lead to the possibility of the uprising of non. linear
effects, during a single shot, without achieving the steady state.

This paper is devoted to the study of the self-effects /2/ of the FEL
radiation, polarized in the OM and propagating in a direction almost
perpendicular to the external magnetic field. The unstable 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 are computed, showing that this non 1linear process will
strongly change the traditional view of the ECRH scenarios.

2. Formulation of the problem

We choose a model of homogeneous plasma, in the region x> .0, placed in a
uniform and constant magnetic field B = Be . This simple picture is allowed
since the self-focusing, has no resonant “Zharacter and it does not depend
on density and magnetic field gradients in the plasma.

We assume that the density has the form n =n_ + &n and that the
electric field of the OM under consideration can be represented in the form
E= e (e (r,t)exp(ild t-ik x)+c.c.]; the slowly varying in time and space
ampl%tude 8,(r t) and the relative density perturbation §n/n_ satisfy,
respectively, the equations: @

~ JE __DE JE O E wpe:Sn,
ibK 2L * Sk \3. d’aa 1no
p Jn 2 1Sn.

J Sn
Fizarnial W Pat ne — LM m w’- vilelts @

Here the following deflnltlons have been adopted:d =1-(J 270) k=dvl/%0/0.

E = 0 (1)

is the electron plasma frequency computed on n_, [(T +3T, )/M:]:L/2 is
thg longitudinal sound veloc;ty,f% is a spatial opera%or respon51ble for
the glllséonlesﬁ dagplng of the low frequency motion. Furthermore

b /a is the Laplace operator in the y,z-plane and =0
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or 1 depending on the magnitude of the non linear time scalelj; if
il i}}l magnetized ion-sound waves are excited and © =0; iffm_ i((l the
maximum response belongs to the usual ion-sound oscillations and =1,

The steady state analysis of the eqgs.(1),(2), which is not suitable 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 Scréddinger equation which
describes the self-focusing of +the incident r'adiat.ion2 gor'2 a,_, Gaussian

distribution at the plasma boundary, 8 (x=0,y,z)=Aexp(-y /L?—z /L,z_}, we can

def:;-ne a critica:;h power [Pcr=(c/4ﬂ }(Lz/Ly)(l +&,L§/Lg), where ﬁ =
Wpe e

wW* 4m (T +3T)
distance x, = kLyLZ/zﬁ,' (p/p_)

] above which the radiation will focus over a

1/2

. Referring to the parameters of the TMX

project /1/, i.e. f=W)/27=200 GHz, pulse duration T A 50 nsec, repetition
rate fRNS kHz, Pfﬁk pgése power PaZ8 GW, typical traﬁsverse spot dimension
h#® 4cm, T®x2.5x10" cm ~, T %21 kev, B¥7 T, we obtain P__* 0.13 GW and
x, ® 12 cm. The typical time of relaxation of the non linegg perturbation
can be estimated from the eq.(2) as T __~L /V_ %10 sec.; since
Q'/rel> T, during a single pulse the steadyrs%atezcannot be reached and
the“Self-Bffects have to be studied in a dynamical framework.

To simplify. the system (1),(2), we assume that the typical non linear
velocity VN b5 VS' that is, we neglect the second term in the eq.(2). It is
then convenient to pass to a reference frame which moves, with the group
velocity of the wave 1/¥, in the x direction:&’= x, T =t - ¥ x.
Furthermore, introducing the following dimensionless variables:

B2 Ylzs—rYs izl 9

2
c \2 eWee( 2P \* S Zc,:wPe )

P . } o e rL
EZ"(BP) &% 2w (Hmc?') i
we finally obta%'n the equations:

2

o*n V" L
== =YL 11", (4)

2Tt

Po and z  are the power and the size of the beam at the plasma boundary,
respectively. We will supplement the eqs.(3),(4) with the following
boundary and initial conditions: at the initial time T =0, there is no
density perturbation (n(r, o)=0, ) n/oT | (r,0)=0) and  the incident
radiation pattern in the plasma is determined only from the boundary
distribution £ (6"=0,y,z). We then assume that this distribution is kept
constant for T > 0.

3. Formation of the "focus"

We can describe the self-focusing of the radiation in the plasma, using
the so called "aberrationless approach"; we assume that the amplitude of
the electric field and the density perturbation can be written in the form:
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2
E :Eﬁ-exp (—-—%—1- b” ng —Lﬁ‘j,+l_)"‘) (5)

27..
l"‘—=:\""-c.'e)(|9 (—P_z.' "gz_ ' (6)
If we limit our analysis to the central part of the beam, we can expand the
expressions (5),(6) near the centre z=y=0; when the approximated
expressions for £ and n are substituted in the egs.(3), i we obtain a
set of ordinary differential equations for a, b, F=-n /f , G=-n_/g as

functions of @ and ¥ only. These equations have been numerlcally solved,
for § =0, with boundary conditions a(6’=0)=1, b(® =0)=1; the evolution of
the beam parameters shows the self-focusing of the radiation and the
formation of a singularity which moves towards the source; the time of
focus formation is 'C’Fﬁ 2.5 and it appears at G’on.zz.

4. Self similar structure of the perturbation

The 1linear analysis of the stability of a homogeneous spatial
distribution of the elctric field, with respect to a modulation of its
amplitude at the plasma boundary, has been performed in ref.3; it is shown
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, the
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:

AlL.3) Wk J../l""‘d'
E =—Z—0ex%p [ = ]
1 47 & wom
i N(n,?) 1 %

(7)

(8)

§=To-T-pb, =g )& =g 5 po = const. (9)

We see that both £ and n have a singularity atG':,-=(‘b’°—C)//¢L , moving

towards the source with the velocity 1/ =U_. To determine the spatial
structure of the self similar functions A" and N, we have solved the system
I3/

™A DA i
ag T D’YLl NA +A = 0 (10)

R
lDN aN N _ O°(AY)
6N+6 - 5+ 6 + =42 = .(11)
The eq. (11) has been integrated over characteristics, passing to the
variables: s —5' / 5’ 5 o
N(SK)———SdSSds" ¢ —%—(Afl ‘ (12)
s 7 (VK
where K = const. "labels" an arbitrary characteristic.
The full structure of the basic localized mode has been computed from
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eqs.(10),(12) using the method of the stabilizing multiplicator /4/. _The

resulting distributions A(? ﬂz) and N(§q1l) are shown in Fig. 1 for O =0.

Going back to the original dimensionleas variables, one sees that the

resulting asymptotic behaviour nec 1/z of the density perturbation

survives as a "trace", after the transit of the focus through each section
= const, and then relaxes slowly over characteristic sound times.

5. Conclusions

The present analysis has shown that the dynamical treatment of the
self-focusing of high power pulsed radiation leads to the formation of a
singularity in the amplitude of the electric field which locally depletes
the plasma density. From the aberrationless approach we can estimate that
the focus appears at x_A” 60 cm in a time t_ 4/ 10 nsec, that is well inside
the FEL pulse; f&en the focus moves towards the source with a (phase)
velocity U_AF 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 the effect of the
dynamical self-focusing.
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Fig.l Level lines of A (a) and N (b) in the 5—,71—plane, for & =0. The
values of the levels are indicated on the right.
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1. INTRODUCTION

Interest in Alfvén surface waves has been stimulated in recent years by experimen-
tal studies of the Alfvén wave heating scheme. This scheme relies on mode conversion
of the compressional Alfvén wave, generated by an external antenna, to the torsional
Alfvén wave, at a resonance surface inside the plasma. The only compressional wave
modes that propagate at sufficiently low frequencies are those poloidally asymmetric
(m # 0) modes known as surface waves. Surface waves are also relevant to the ion
cyclotron heating scheme, as they may be parasitically excited by antennas designed
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 Alfvén surface waves has been investigated theoretically in both
single-ion [3-8] and two-ion species [9-11] plasmas. All these studies assumed the
plasma to be separated from a conducting wall by an insulating or vacuum gap. Cross
and Murphy [12] 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
results are relevant to Alfvén wave heating of a plasma containing impurity species
and to ion cyclotron minority and mode conversion heating.

2, PLASMA MODEL

I consider a cylindrical plasma of uniform electron density n, and radius a, sur-
rounded concentrically by plasma of uniform electron density ny < n, and a conducting
wall at radius d. A uniform magnetic field B = By# exists in the region 0 < r < d. I
consider small amplitude perturbations varying as exp[i(k)z + m0 — wt)], and adopt
a cold plasma approximation, ignoring finite electron mass and displacement current,
but including the Hall term in Ohm’s law.

The wave b, component in each region of uniform density satisfies the equation

9%, 10b. m?
o Tror THL )b =0 M

where
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A= ﬂf ‘i.:l_g_ ﬂg 1-35. G= n? w_:l.}. ﬂg w_.g"'
i—ah e "(-ap e’ T @-0D) e " (1-0F) 2’

and ; = w/w.;, w is the wave frequency, we; = BoZje/m; is the cyclotron frequency
and w:j = n;(Z;)*/(mjeo) the plasma frequency of the ion species j of mass m;, charge
Zje and number density n;.

Dispersion relations were obtained by numerical integration of (1) from r = 0 to.
r = d, using appropriate boundary conditions at r = d and r = a. It is noted that when
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 limiting case
as the gap width approaches zero, in an analogous manner to the single-ion species
case discussed in [12].

3. RESULTS

Representative dispersion relations are shown in Figure 1 for parameters typical
of a small research tokamak, assuming d = 0.12 m, a/d = 0.8, ng = 1 x 10'° 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 np/n, 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 wave), CO1 (cut—off branch 1) and COZ2.
S and CO1 merge respectively with the locii of the Alfvén resonance and the ion-—
ion hybrid resonance in the edge plasma (also shown in the figure) as w — w.p and
w — weg 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 vacuum layer. This effect was examined in detail in [9].

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 CO2) 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 [12] 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 relation, 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 1.—Dispersion relations of the m = +1 and m = —1 compressional Alfvén
wave in a step density profile plasma (see inset) consisting of equal parts deuterium and
hydrogen with d = 0.12 m, a/d = 0.8, n, = 1 x 10'° m~3, and ny/n, = 0 (unbroken
lines) and 0.1 (dashed lines). The locii of the Alfvén (A) and ion-ion hybrid (I[H)
resonance frequencies at densities n, and 0.1n, 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’
jon-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 k| surface wave modes at w = w.g could be associated with the relatively high
impurity levels observed to be produced by antennas which excite a wave spectrum
centred around k) = 0 [13].

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 Alfvén wave heating.
This means that the alterations to the surface wave dispersion relation effected by the
presence of a finite density 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 Alfvén wave heating scheme. As the coupling efficiency of an antenna array to
the Alfvén 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 Alfvén wave heating calculations.
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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 dc electric field /1/. This model is based on a per-
turbation solution of the adjoint problem to the Fokker Planck equation and
includes the effects of a dc electric field and of a finite width of the
wave spectrum. The current drive efficiency IRF/PRF’ normalized to its

value (IRF/PRF)O at zero electric field, is then given by

L In((1 - X, )/(1 = X2))

n/n_ = = (1)

o i ~
(T Pap) X2 = X

= 2 i = = =
where x,’z a EN ul.zﬂlth o 12/(2+7), EN E/EDr' u vph/vth',EDr

2 The indices correspond to the

th”

of the wave phase velocity spectrum. The normalized

1/2
L

m Vi Vo/e and vy =n, e* InA/27 e§ m* v
limits vph1 and vph2
effieiency, equ. (1), is shown in Fig. 1 for various values of (X,/X,;)
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 X, is rather weak.

For the limiting situation of a very broad spectrum, X,/X; * =, equ. (1)

becomes nearly independent of X, and can be approximated as
n/n, == 1n |[1-Xa2|/X2 . (2)
In the opposite situation of a narrow spectrum with X, = X, = X we get
n/no = 1/(1-X}. (3)

In the ASDEX-experiments the plasma current Ip was feedback controlled. The

measured quantities are the net RF power P the line averaged electron

RF’
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,
’

Il‘
OH,RF
as a function of RF-power for different densities. From Thomson scattering

its value during applied RF-power. Their ratio is shown in Fig. 2

we obtained the variation of the central electron temperature Teo as a

" funetion of PRF and Ng shown in Fig. 3. Using a measured electron density

profile we determined the accessibility condition, N"a , to the central

ce
region of the plasma by means of a raytracing 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,

I =1 + 1 (4)

p Ind RF °
From our measurements the RF-driven current can be determined as
1.5
Ter = Tp U1y me/Ton,0n) * Te,re/Te,on) ) - (5)

The temperature correction in this equation takes care of the variation of
the Spitzer conductivity due to additional bulk electron heating by the RF-

power, which is obtained from Fig. 3. The quantity X, is calculated from

2 2
X; = EN Wy ™ 580 « w E/(N"acc ne) (6)
in the units V/m, 10'2 cm 3, with E = - M Iiy gp/27R and M = 80 uH for

ASDEX. For the current drive efficiency at zero electric field we use our

old experimental results of reference /2/

(IRF/PRF)O = aru-g/ng , (7)

where p describes the fraction of accessible power, g is the theoretical
dependence of the efficiency changing with N 5
n

ce
parameter good up to densities of ng = 1-10*?% em

, and a is a numerical fit

In Fig. 4 we show the resulting experimental current drive efficiencies.
For the determination of X, we took Z = 3. Comparing Figs. 1 and U we find
a reasonable agreement. We should, however, not forget that the above model
assumes homogeneous profiles for both current density and power abscrption,
complete power absorption by the fast electrons and that the central value

calculated for v is the right value to substitute for v

phace ph 2°
We may also compare our results in the form of the conversion efficiency

Pel/PRF as defined by N. Fisch and C. Karney, /3/, where for our situation
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B = =M1

el I

6H,RF RE" Taking the theoretical zero electric field efficiency

n, = Bluz-ui)/in(uz/uy) , (8)
where B = U/(Z+5), the conversion efficiency becomes

. 28, 1n|(1-X2)/(1-X,)]| (9)

Per . pIRF . g 1 =2
N g © a In(X./X,)

RF PRF

o

This is shown as the solid lines in Fig. 5 as a function X.’° =

1/2
Ups with up = Vph/VR and Vg = vth/(2 EN) . We have confirmed
that for the case of a localized spectrum, X,/X, = 1, and for Z = 1, equ.
(9) agrees very well with the numerical result of N. Fisch and C. Karney,
/3/, except for the factor 2B/a which is only eclose to, but not exactly
unity. We see from Fig. 5 that the conversion efficiency is significantly
degrated with increasing spectrum width X,/X,;.
In Fig. 5 we have also plotted PellPRF = -M IéH,RF IRF/PRF for our ex-
perimental points from Fig. 4. Taking Z = 3 these points fit to curves in

the range (Xz/xl)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 /2/. If we
include an absorption coefficient of = 0.5, as was done in the evaluation
of the PLT experiments, /4/, the points would fit to curves around

(xz/x,)1’2 = 4, which seems much more realistic.
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/3/ C. Karney, N. Fisch, Phys. Fluids 29, 180 (1986)
/4/ C. Karney, N. Fisch, F. Jobes, Phys.Rev. A 32, 2554 (1985)

Figures:
1. Normalized current drive efficiency as a function of electric field.

Normalized primary .current rate of change as function of the RF-power.

2
3. Central electron temprature with and without RF-current drive.
4 Experimental current drive efficiency.

5

Efficiency for conversion of RF-power into electromagnetic energy.
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EVALUATION OF THE CURRENT PROFILE IN L.H.C.D. TOKOMAKS

G. BRIFFOD. IRF-DRF - C.E.N.G. - 85 X GREﬁOBLE CEDEX (FRANCE)

I. LOOP VOLTAGE BEHAVIQUR AND SATURATION OF THE R.F. ABSORBED POWER
The current density driven by L.H. waves, j.., is related to the
R.F. absorbed power per unit volume, p,,., by the relation j . =m p
Averaging over the plasma, the total current can be expressed as :
Iop = Mg Poyo (1) with M. = 83.2/(5 + Z) n RN;  (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 m; takes the simplified form given by (2). As in
steady state L.H.C.D. tokomaks, P,, = cannot be easily measured, I, is
generally estimated from the drop of the loop voltage, AV, due to the
application of the R.F. power, P_..
¥, s R, I; V=R [L= 1] Ipp= I [1 - RV/RV,] ~ I, &V/V, (3)
As a consequence of (1) and (%). if the applied and absorbed
powers are proportional P, o P, I . and AV/Vp should scale linearly
with Pp.. This is not verified experimentally as it can be seen on
fig. 1 which shows the variation of AV/V, as a function of P, measured
on PLT [2] with a narrow wave spectrum (16.w.g.grill) and for the
operating conditions given on table I. The observed saturation of AV/V
corresponds to a continuous decrease of the current drive efficiency.
The ratio of the experimental efficiency Mgy, = Izp/Prr to the
theoretical 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.C. electric field, E = V/2m which gives rise to an additional
current [1]. But as P, increases, the ratio m,y,/n,, evem corrected by
the coupler directivity becomes much smaller than one whereas this
model predicts an efficiency improvement up to AM/VP= L.
One explanation to this efficiency loss proposed by J.M. RAX [3]

abs*

is based on the assumptions : (i) at low RF power, the absorbed and
i i Fig.l
PLT |PETULA | ASDEX |ALCATOR n#.‘.i --_-_—7—-0-_-_-'.#
F = e L'P)
a(10')| 1 1 0.6 a -
2 g B
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injected powers scale linearly P, =P, ; (ii) at high power Pove
goes towards a limiting value P+, corresponding to the maximum R.F.
power which can be absorbed by a given plasma. With these assumptions
the relations (1) and (2) become :

Pry Pr Pep al RF
abs = N B TURe o sl I, AV, am  m P
where P,. is the power launched by the coupler, @ the coupler
directivity and Py, = & Py the fraction of the R.F. power used to
drive the current. The fig. 3 shows the wvariation of the ratio
PRF[IP A.V/Vp]'1 as a function of Py, 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 P, [T, AM/Up]“ scales
linearly with P, for the U4 discharges as predicted by (6) ; (ii) the

g

I

=7 P (6)

RF

slope [n P+]-! is different for each discharge ; (iii) the loop voltage
AV/V, and P_.. the total E.C.E. radiated power exhibit the same linear
scaling for PETULA [7]. The plot of W P+ as a function of I,,shown on
fig. 4, fits very well with the scaling law m P+ = 1.2 I,.

II. GLOBAL AND LOCAL MODELISATION OF THE R.F. CURRENT
To drive a steady state current, I ., the injected wave has to
balance the power lost due to collisions, which can in a first estimate
be evaluated as Py = m < n,> c? Nz2 v vol. (8). Where < n.> is the
average resonant electron density, c/N¢ the phase velocity of the wave,
v the Coulomb collisions between the resonant electrons and the bulk
plasma, vol. the plasma volume. For AV/V, = 1, the plasma current, I,
is entirely sustained by the resonant electrons. For this condition,
< ng> can be deduced from I , = I, = e < ng>c Nz' 7 a® and P, writes
P, (W)= 3.2 1073 I,(A) n(10'3)NZ R(m) Log A (9)
In steady state L.H.C.D. discharges, the maximum R.F. current which is
driven is of the order of I,. As a consequence the value of P, given by
(9) can be considered to be close to the maximum R.F. power dissipated

Fig.3 Fig.4
PHF np*
v
3r Ip%r
P
PLT 500KA
2 ASDEX 300KA
§ /“aLcator 205ka
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ok N L . NS (.
0 01 02 03 0.4 0.5 06 0,7 0 00 02 03 04 05
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via the collisions and will be used in the following instead of P-+.
With this relation P+ = P, and using the FISCH's expression (2) for the
current drive efficiency, the R.F. current can be expressed as
1 P £ o B, (10)
= "[I = ‘|'| —
RF 0o F Ta o P + P,

K, is a fitting factor, m = K, 7, which in a first approximation
does not take into account explicitly the effect of the D.C. electric
field. In this relation the product K n.P, has the same plasma current
dependence as the experimental scaling law mP= = 1.2 I,. The equality
between the two expressions, Kom P, = 1.2 I,, gives the value of K, to
be used for the computation of I, (Ko = 2.4 for Z = 3). The variation
of I;r as a function of Pp, 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 Lip = IP AV/VP.

However for these U discharges the accessibility condition is
satisfied, Nacc(D) < < Ny>, 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 N, __(r) = Ny. The injected
R.F. power at a given radius and the R.F. current are then given by :

Pin
Py =Py =0t (1) Pyp- I PansdV (11)  Jge= oandP D (12)  Ige= I Jppds (13)

in these expressions o (r)P,. is the non accessible part of the wave
power sprectrum P(Ny), M, = My 2™ is the local FISCH's current drive
efficiency, p; = p* the power per unit volume dissipated by collisions
and K, the fitting factor which is assumed to be constant over the
radius (E = Cte). A schematic representation of the radial R.F. power
balance (11), displayed on fig.6, shows the main features of this model
(i) in the outer part of the plasma, n and p; are small whereas the
injected power is very high. p,, . and j,. saturate, jp. = K,n,p,4 (1i)
as the wave propagate, n, p, and o, increase and the R.F. current
saturation is progressively reduced (iii) beyond a given radius Py, is
smaller than p, and j,, becomes proportionnal to p, . The radial

Fig.5 Fig.6
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extension of the current, Ar = a - r,, is given by P;, = O in the
relation (11). In a first approximation, r, can be evaluated by :

r
0
Py 0 Py = og/(ng ) By = J; py, AV = 0 (14)

As the R.F. power level increases, r, goes to 0 and at high power,
PRF >-Pd. jRF saturates everywhere, and peaks at the plasma center as
seen on fig. 8. Using the approximate expression (104), and the
following assumptions p, = p*,ng= ng(o) [1 -r?/a?]¥, P(N,) = N, inside
the main lobe of the wave spectrum, yield the following relation for
the current density

Josia (8 P, (o 1 - r2/a?]¥*2

LT L N . [1 - r?/a?] as)
i* (o) Py <Ny>+MN,-[1+n/B?]' /2= [n/B?]1/2

where 2AN¢ is the wave spectrum width. The variation of Iw versus Pp.,
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. [6]. 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 BRIDGING THE n" SPECTRAL GAP
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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 suprathermal
electrons are allowed to diffuse towards the plasma core before slowing
down'. 1In fact,. because the absorption is based on the resonant inter-
action between the waves and the fast electrons the plasma is generally
transparent to the highest phase velocity waves which are launched. This
is usually referred to as the problem of the LH spectral gap.

If the wave is decomposed on the usual exp(- jwt + jné + jma)
harmonic cylindrical basis, the local wave vector is given by:

k (r) = (n+q—(mF)-)/R (1)
where q(r) is the cylindrical safety factor. Under the condition
ne »>» 1, where ¢ is the inverse aspect ratio of the. tokamak, ray-tracing
predicts a large increase in the poloidal mode number m which entails a
significant upshift of the wave vector k). However there are some

drawbacks in using the geometrical opties for waves which are propagating
over multiple passes through the plasma column. 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 we show how, due to toroidal effects, a stochastic instability
appears©, 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 random walk in m space3. 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 erucial parameters for profile control
experiments.




Resonant Toroidal Couplings

Our starting point is a modal analysis of the electric field E on a
cylindrical basis:

. ~ a - -

E(r,w) = 1,d,n 1mn W) Eygn(r) (2)

where 1,m,n are the radial, poloidal and toroidal mode numbers related by
the unperturbed cylindrical dispersion relation D(w,lymyn) = 0. Fig 1
shows such a dispersion curve (f = 3.7 GHz, n = const) for the electro-
static branch and typical JET parameters. Toroidal effects induce
couplings between the (1,m,n) modes and Maxwell equations can be written:
d_ oo s ) 1'm'n'
at A1on ) = 7 Juign Bipn () T3 1imen Vign 8 ipipe () (3)
where Vléﬁ'“' 's are matrix elements of the toroidal perturbation, ie
proportional to ¢ '™ ™| We are thus led to consider a system of coupled

oscillators.
10 N
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Fig 1: Dispersion Curve Fig 2: Resonant Couplings

Because the perturbation is stationary, toroidal couplings will be
resonant when they couple modes which lie on the unperturbed dispersicn
curve, ie which correspond to the same eigenfrequency (ml'm'n' = Wy oy
This will occur when the vector (Al = 1-1', Am = m-m') is tangent to the
dispersion curve, ie when the slope of the curve is rational:

( %% )y = %%—= rational number ()
Fig 2 displays this set of resonances. We expect the dynamiecs of

system (3) to be dominated by the resonant couplings and we are therefore

tempted to apply the random phase approximat;on and to write a master

equation for the wave energy U(m) « a1mn ¢+ @ypn With n = const and

1 = 1(yg,n,m):

du(m)_ )} P(m' =+ m) Ulm') =] P(m=+ m") U(m) (5)
dt m' m'
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If the transitions took place in a continuum of states, the transi-
tion probabilities P(m € m') would be proportional to IVlTE,n.la. So we
must find out how to compute the resonant matrix elements. A second
conceptual question also arises: under which conditions is the random
phase approximation justified and what is the connection between
p(m ¥ m') and VlTE.n. in the actual problem?

Wave Stochasticity and Criterion for Random Phase Approximation (RPA)

To make progress concerning these questions, we go back to the
standard ray-tracing and express it in terms of canonical ‘action-angle
variables of the eylindrical geometry, using the hamiltonian character of
ray equations. Poinecaré surface of section plots in the (¢,m) plane are
shown in Figs 3, 4 and 5 for various increasing inverse aspect ratios.

140
130
m
120]
N 0
0 N
] 100 200 300
i {deg.)
Fig 3: r = Ts surface of scction Fig 4: r = Py surface of section
(e = 0.015) (e = 0.05)

In Fig 3, € 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|Vi?z-n4 1/2

AM; o) and = i Amcoupling il [ s < r‘?s)
res
where w! contains second derivatives of the dispersion relation. A

successgﬁf check of this relation is shown in Fig 6 where we plotted the
island width vs e for various resonances and thus verified that V}Tg,n,
is proportional to e jm-m '. For large values of ¢, island overlapping
leads to global stochasticity as shown in Fig 4 (e = 5 x 107°) and in
Fig 5 (¢ = 0.3). In the stochastic regime, it can be argued that the
correlations are sufficiently weak to justify the use of the RPA in

system(3), thus leading to (5). P(m % m') may then be deduced from

QUEST-LADRAT ERAAY {?(m ¥ m'. Amcougling= Ypounce * Amisland)’ whion
means that the diffusion of m scales as
1mn Ay o1 and
Pin S o) = lv l “Tisland 7
1'm'nt Amcoupling

o
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To which extent the onset of global stochasticity is sufficient 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.

am patand)

|
|
i m=no oy 4

me-ngn | o

7T

2 7-,_ N — m=200 (1.3}
& Al - ma [LF |
B = 3 m=05 (2.1
1] 100 200 300 | H
ih(deg ) we i w w0
€
Fig 5: r = r_ surface of section Fig 6: Island Width Versus e
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Conclusion

We propose a global stochastic
description of lower hybrid wave
propagation and power deposition in
tokamaks. When the absorption rate
Y(m) of each unperturbed mode is
included as a sink in system(5) a
steady state solution can be found
in the presence of a source at m ~ 0.
Fig 7 shows that the absorbed power

1.8~

0.8

ource of
H. photons

LH Spectra! gap
i oLt

spectrum can be much broader and ki Maxweliian
even very distinet from the launched = | —\ = 7™ «ghsorption (3
spectrum when the so-called 0oL s == & "ggw-ﬂ
"spectral gap" has to be bridged by "

means of the stochastic diffusion.

Finally, each y¥(m) has a radial Fig 7: Thermal (...) and
distribution from which the total Non-thermal (—) abscrption

power deposition and driven current
profiles are calculated.
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CURRENT DRIVE BY IH WAVES WITH THE WIDE SPECTRUM
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ABSTRACT. The theory which is in agreement with the 2D-numeri-
cal calculations is presented for the case of current drive by
lower hybrid waves with the wide spectrum.

The theoretical study of a2 plasma current driven by the
travelling waves with u0<<tﬂBe (w is the wave frequency, “JBe
the electron gyrofrequency) in tokameks is often carried out
in assumption thet the wave spectrum is narrow Xy, = X <&KL 1,

x = oO/(k”ve), Vo = (Te/me)1/2, X, and X, are the limits of

the normelized phase velocities of excited waves. However the
condition Xy = Xy << 1 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=-
kinetic equation for the electron distribution function f£. It
mey be done in different ways. In so-called "one-dimensional
approach" £(v) is represented in the form f(¥) = £,(v,)f(vy)
where v, and v, are the perpendicular and longitudinal particle
velocities correspondingly, fM the Mexwellian function / 1 /.
In "quasi-one-dimensional approach" f£(v) = fy(v,)£,(vi, vy),

f, being function which depends on v; weakly J 2 J. In the
Green's function method £(¥) = f(¥)(1 + h(¥)) with h(¥) and
derivetive 8(£fyh)/8v; being small / 3, 1 /. It is cleer that
the last method is mot appliceble for the case of strong quasi-
lineer distortion of the electron distribution (DY >> pC, p°¥
is the gquasi-linear diffusion coefficient, Dc the collisional




1000

diffusion coefficient / 2 /) i.e. it is not spplicable to the
case which is characterized by the lergest two-dimensional
distortion of f(¥) even when the wave spectrum is narrow.

Quasi-one-~dimensional approach allows to investigate both
the regime with DYF>> DC ana D% << D°. Its results coinsides
with the results of one-dimensional theory in the case of
DQL.>> Dc thaet means that one-dimensional theory holds only
for this case. But quasi-one-dimensional theory is developed
for the narrow wave gpectrum 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 results of the numerical 2D calculetions is necessary,

C and the current is driven

At first assuming that DQL>> D
by IH waves with narrow gpecirum 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(xy, %), J = Jod(xy, 2) (1)
where

px;, ) = 1 = (3052 52) ~ R0gh gh
+ 350278 GO /an(xy/x)  for x, 2 3 (2)

(x1, Z) is obtained in Rei f 5 £y F 9 is power found with using
the rough expression for D (D ~x~)

.

L n O(m )

P = 2.2 10° ——7-_————
0 172 xev)

(Z + 2)e‘x§/91n(x2/x1) Wem™ (3 )

Nog = ne/TOEO, I, is the Coulomb logarithm, Z is the ion charge
state, JO is the current obtained without teking 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 efficiency:

0.77 Tgkev)

dJ =1

= el CHE MRS (&)
20

where

(x5 = =) iz 2)

= (5)
42 + 2)p(xy, xé)ln(x2/x1)

Let us compare the megnitude of 5 given by Eq.(5) with
that one obtained in 2D numerical calculations. As an example
we teke x; = 3, X, = 5, Z = 1. Then Eq.(5) yields 5 = 5.33.
Numericel calculations carried out in Ref./ 4 / results in

= 6.55. However, in those calculations the scattering
function in the eleciron collision term assumed to be
Maxwellian therefore the magnitude of » obtained in Ref./ 4 /
should be multiplied by j(x1, Z) whet yields n = 10. Thus,
one mey conclude that in the considered cese 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 T, which exceeds the bulk electron tempe-
rature / 6 /. Then

Z + 1 + T_L/Te

Fo ( 6)
(Z + 2)D, /T,

(x5 - %5)i(x;, 2)/T, 1
/. 4z + 1+ T, /T )p(xy, x,)In(x,/x)




Substituting in Eq.(6)

n, o 1+ TPy a3 X, ~ %
=5 75 6 = e (8)
e 1+ 24/3 + (1 + @) 1
we find p = 10.3. Thus Eq.(7) is in agreement with 2D result.
Let us proceed to regime with DQI'<< Dc. In this regime

f(x) is disturbed weakly. Therefore in the case of wide wave
gspectrum the number of electrons at the right hand side of the
regonant region is smell as compared with the corresponding
number near Xqe For this reason the current drive efficiency
is meinly determined by waves with x ~ Xqo It enables to use
expression obtained for the narrow spectrum assuming x = X3

2x2
n(x, 2) = —— (9)
Z+5x=x1
Two-dimensional numerical calculations are carried out for
b <« D% ana X, = xy = 1in Ref./ T /. They confirms what

is said. It becomes clear if one take into account that <x2>

introduced in Ref./ T / by means of expression

%2 %o
<x2> = j dxx°t (x)/J dxf, (x) ( 10)
M M
x X
1 1
is x? for the wide spectrum.
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NUMERICAL SIMULATION OF CURRENT DRIVE BY LOWER=
HYBRID WAVES IN T-~7 TOKAMAK

S.Ve.Neudatchin,G.V.Pereverzev
I.V.Kurchatov Institute of Atomic Energy,Moscow,USSR

An analysis of the experiments on current drive by lower hyb-
rid waves in T-7 tokamak /1-2/ is given in the paper.Specific
features of these experiments is in a comparatively-low plasma
density,high electron temperature and in the presence of a re-
gidual electric field.Under thege 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 heen done in
the following way.First,according to the generally-accepted te-
chnique /3}6/', a apectrum of a three-waveguide grill at the
plasma edge in the T-7 tokamak is celculated.This spectrum in-

cludes a noticeable fraction of effectively - decelerated waves
that provides an effective interaction of lower hybrid waves

with electrons and an almogt-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
abgsorption and the role of toroidal effects is insignificant.
Therefore we have used the wave energy transport equation in
the cylindrical approximation./?/ « Then, at given density and
temperature profiles and at a given loop voltage on each mag-
netic surface a one-dimensional kinetic equation is solved /8/
When the found function of electron distribution, f,, satisfi-
es the condition for the fan ingtability drive at some value

z * @
B 0-3’/ wWpe b'e:/'JF[b@llf)f.e & __&.,fe "
ey e I05=bay (#

Yel N 4 €y ;fL )
it is assumed that this 1nstab111ty limits the leng of a pla-
teau by the condition 0’;_,/ < U, (/,:w& /w/’g) The driven current
magnitude, jLH’ ig reduced,regpectively.

An example of LH-current density calculations, JLH(T) and its
modifications under the fan=instability effect are given in




1004

Fig.1-2. An electron distribution function at two points along
the radius at the T-T7 plasma parameters is given in Fig.l. The
digtribution function at the residual loop voltage correspon-
ding to the experiment, qfO.EV, neglecting the fan-instability
effect, is shown with a dashed line. Solid curves represent
shapes of distribution function at a stage of quagi-linear fan-
instability relaxation. One can see that the instability deve-
lopment considerably reduces the LH-current magnitude. A sghape
of the distribution function for a zero electric field (da-
shed-dotted line) 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 loop vo-
ltage. This dependence is illustrated in Fig.2. For a calcula-~
ted modification given here an increase in the loop voltage
from OV to 0.2V reduces the LH-current magnitude from 82 kA to
63kA. 2

The fan instability development can also change the linear
dependence of LH-current megnitude, Iy, on the deposited LH-
power, Ppy. From Fig.3 one can see that the fan-instability vi-
rtually limits Ipy at a certain level weakly-dependent on Vp and
on Prpe
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 Iy at AP=3T/4 (spectrum maximum at
NiT max=3-5) but it does not emerge at all at the symmetric
spectrum with AP=T" (NIT max = 5)- O, e

From the criterion (1) it follows that bé// /0&,,-4..

*

(:l“wée/wpe) , i.e. with a rise in BZ,()E'}?“X/KJE//
algo riges that makes the fan-instebility development difficult
The calculated values of -z-bf/‘?-z?{.l?- ve loop volta-

te, Y, at Tp)=2.5 (curves 2,2") and Tp(0)=4 keV under LiCRH and
IH (curve I) are given in Fig.5. The experimental data are
within a shadowed region. In this case, B,=2.3T (in comparison
with Byz=1.5T, Fig.1-3), 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-7 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 studies for the lower hybrid experiments in JET

A. Moreira, V. Bhatnagar *, J. P. Bizarro *, C. Gormezano *

S. Knowlton *, and J.T. Mendonga *

Centro de Electrodinamica - Instituto Superior Téenico
1096 Lishoa, Portugal
* JET Joint Undertaking, Abingdon, OX14 3FA, UK.

Abstract. Lower hybrid current drive for current profile control in JET experi-
ments will commence next year. A narrow spectrum of lower hybrid waves will be
excited by a phased waveguide array antenna with partially adjustable phasing.
The localization 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 tracing. In this study we have used the ray tracing
code developed in Brussels' which accurately models the D-shaped geometry of
the magnetic flux surfaces appropriate for JET. Our work includes a study of the
influence on the ray trajectories i) of the D-shape parameters, namely, ellipticity,
Shafranov shift and triangularity, for various discharge conditions for typical JET
parameters, and i7) poloidal extent of the antenna. Our results ) indicate that the
Shafranov shift strongly influences the ray trajectory and i) show that a bundle
of rays launched with the same initial n; over the poloidal extent of the grill face

will diverge after the closest approach to the plasma centre.

The main goal of the current profile control program on JET is to significantly
broaden the current drive profile so that high central temperatures can be main-
tained by eliminating the sawtooth instability. Among the methods currently in
progress aiming at such a goal is the lower hybrid current drive. The JET LHCD
system will couple up to 1I0MW RF power at 3.7 GHz through a 384 waveguide
array (32 per row). By proper phasing of the array, a narrow nj spectrum of
Any =~ 0.3 is launched, with the peak n| variable between 1.4 and 2.1. Previous
LHCD experiments and theoretical work have shown that the launched wave spec-
trum is modified within the plasma, with the result that wave propagation and
absorption are significantly different than that expected from a simple slab model
treatment of propagation. LH ray tracing codes in fully toroidal geometry are used
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to realistically model LH wave propagation'~*. Several toroidal ray tracing codes
for performing LH ray path calculations are in use at JET; the code used in this
study is the Brussels ray tracing code' modified for use in the lower hybrid range of
frequencies. The ray tracing results are in excellent agreement with those obtained
with the Bonoli-Englade code. The Brussels code models the plasma equilibrium
with analytic representations of the D-shaped JET magnetic geometry and ana-
lytic profiles corresponding to measured data. The D-shape parameters are the
ellipticity, the Shafranov shift of the magnetic axis and the triangularity. The
present study aims at assessing the influence of the D-shaped geometry on the ray

trajectories.

The density and temperature profiles were modelled as

Nulp) = (Nuo = W) X [1 = (21717 + N, (1)

L(0) = (oo ~ To) % [1 = ()% + T (2)

where ( ), and ( ). are values in the plasma centre and at the edge, respectively.
s refers to the different species (electrons, Deuterium. minor ion species). p labels
the minor radius in the equatorial plane of a flux surface, and a, is the plasma
minor radius on the outer mid-plane. The plasma current density profile is taken
as

io) = o % 1= ()28 (3)

ﬂl,

All the calculations shown in the following figures were obtained for a pure elec-
tron - Deuterium plasma with the following parameters: toroidal magnetic field
strength Br = 3.4 T, major radius R, = 2.96 m, minor radius a, = 1.19m total
plasma current I, = 3MA, N,, = Np, =4 x 10®m >, N,, = Np. =5 x 10" m™?,
Tio = Tpe = 10keV, T, = Tp. = 300eV, 3n. = 1, B3, = Brp = 2, ,U} =3. The
poloidal length of the antenna is approximately 0.8 m and a set of 5 rays of a given
value of nj is launched along the poloidal extent. Because the variations in ny
and poloidal wave number arise from poloidal asymmetries, waves launched from
different poloidal locations can be expected to undergo different trajectories. The
following figures represent poloidal projections of ray trajectories for rays start-

ing at different positions in the poloidal plane in front of the antenna. The rays
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are followed for their first pass through the plasma until they reach the plasma

boundary.

The influence of the Shafranov shift on the ray trajectories is shown in Figs.1-3.
We take nj = 1.8, ellipticity k£ = 1.5, triangularity 6 = 0.05, central shift A = 0.1 m
in Fig.1, A=0.2m in Fig.2 and A = 0.3m in Fig.3. We note that as A increases
the radial penetration of the lower hybrid waves becames poorer. Also, one can
observe that the rays starting with negative poloidal angle (below the mid-plane)
do not penetrate as well as those starting above the equatorial plane due to a
stronger down shift of the ny of the wave. For larger values of the Shafranov shift
(Figs. 2-3), waves launched from the bottom of the grill are predicted, for these
parameters, to undergo a radial reflection. This feature has also been observed
for a scan of the ellipticity, although the average radial penetration is not de-
graded with increasing ellipticity. The triangularity parameter is found to be the
least important shape parameter of all (only unrealistic values would imply large

variations of the ray paths).

The accessibility of the wave is improved with increasing ny. In Fig.4 the D-
shape parameters are the same as in Fig.1 but a different value of nj = 2 is taken.

The higher value of n leads to a deeper penetration in the plasma, as expected.

[n this initial study of LH ray tracing in a realistic model of the JET equilib-
rium, we have investigated the gross behavior of the plasma shape parameters on
the propagation of the lower hybrid waves. For values of n representative of the
launched n spectrum, we find that the waves do not propagate inside r/a, = 0.5
on their first pass suggesting that an off-axis RF current will indeed be generated
if the wave is absorbed. Among the D-shape parameters the Shafranov shift of the
magnetic flux surfaces seems to be the most influential. An increasing Shafranov

shift leads to reduced accessibility and reduced penetration.
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PROPAGATION AND ABSORPTION OF LH WAVES IN THE PRESENCE OF MHD
TURBULENCE

E. Barbato, A. Cardinali, F'. Romanelli

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 - Frascati, Rome, Italy

INTRODUCTION

In order to explain the results of the current drive (CD) [1,2]and heating
experiments in tokamaks [3] with lower hybrid (LH) waves in the framework of quasi-
linear theory, a broadening of the launched nj 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 ny 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 = 1 on wave propagation
is considered also.

n-UPSHIFT AND ABSORPTION

According to the analysis of Ref [5], beyond a boundary layer of thickness ry, the
parallel refractive index is given by

nr.0) = 1 () + Alr,0) (1)
with  f< El and

- = . 4

n I(r) =n, +( n'(rﬂ) - nw)q(ro]lq(r) +0@) (2)

where q is the safety factor, ¢ = a/ly is the inverse aspect ratio, np = ¢/w ng/Rg, and ng
the toroidal wave number.

At the first transit ij"(rp) is given by Eq. (27) of Ref [4]. It can be shown that, at
each edge reflection, fij(rg) changes by an amount 2eng/q(ry) X Cy(By), where By is the
poloidal angle at the kth reflection,while Cy(0y), which is given by Eq.(26) of Ref [5],
approximatively reads:
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04 q(0) |2

23 e 4g - (3)
Cp,) =3 I‘(2.’3) o h'3 e cos(B), + n/3)
vy = m:g(ﬂllwz
so that:
2¢en 5"3(3) 2
”"m- n”'"(r) P q . D cosl0, + u/3) )
alry) ,_.mv:;'ﬁ qla) .

We can say naively that, at each transit through the boundary layer, ij(rg) takes a
kick. The sign of the kick depends on 0y and the intensity relates essentially to g(a) and
to the peaking factor q(a)/q(0). If a net positive value fy(rg)-np) is built up through these
kicks, during one or more reflections, then (ﬁ|(r)-n|u) will benefit by the same incre-
ment (see Eq.2) amplified by the factor g(ry)/q(r). Furthermore, in order to have a posi-
tive non negligible kick, the poloidal angle must fall near the bottom of the cross
section.

An analysis, performed with a toroidal ray tracing code, qualitatively confirms
these results, even though the analytical calculation presented so far applies only
marginally to low density plasmas peculiar of CD experiments.

In Fig. la two rays are shown belonging to the same nyga) = 2; the difference
between these two rays is due to a difference in q(0) and a slight difference in n(0).
The other plasma parameters are fixed to the following values: a = 40 cm, Ry = 168
cm, By = 22 kG, g(a) = 3.5, T = 2.7 keV, which refers to the Asdex CD experiment at
1.3 Ghz where typically a current of 300 kA was driven by 350+400 kW of injected
power [1]. Figure 1b shows the corresponding nj; behaviour as a function of the radial
position of the ray. In both cases, after a bottom reflection ny suffers an upshift which
is larger at lower q(0).

T/ - ¢ b)
. _

o
~
~
‘-____\/\/
1
=
-

rla
Fig. 1 - a) Projection on the cross section of two rays belonging to the same ny(a) = 2. The
solid line refers to q(0) = 0.7, n(0) = 7x 1012 ¢m-3, the dashed line to g(0) = 1, n(0) = 8x 1012
em-3. b) Corresponding behaviour of njalong the rays. After a near bottom reflection both
rays show a n jupshift which is larger at lower q(0)
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An extensive analysis performed for the two cases q(0) = 1 and g(0) = 0.7 shows
that the whole launched spectrum (which is peaked around nj = 2 and extending up to a
value of 2.5) broadens, after many reflections, 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 transferred from
low ny to high nj. 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(0) = 1), does not provide the prescribed value (300 kA) of the driven current.

THE ROLE OF THE m = 1 ISLAND

When q(0) < 1, a magnetic island m = 1 can affect the wave propagation.

The ray tracing code has been extended to include MHD perturbations [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; ny 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 n 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 5x10!2 cm™3 and 1.7 keV
respectively, the launched ny is 3 and the other plasma parameters are the same of
Fig. 1, with q(0) = 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 nj variation induced by toroidal effects
when multiple passes are considered. It is found that the most important parameters in
determining the ny variations are the g(a) value and the peaking factor qla)/q(0).
Numerical calculations confirm these results.
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Fig. 3 - ny hehavim_jr along the t.::ajec- Fig. 4 - nj behaviour along the trajec-
tory when a m = 1 island of amplitude tory for the same parameters of Fig. 3

0.4 ais present butin absence of the island

It is shown that in presence of MHD turbulence nj upshifts if the ray goes through
the O-point. An appreciable enhancement of ny could take place if the ray met the
island at the O-point many times.
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ABSTRACT

We have developed a new kind of lower hybrid wave launching structure-
multijunction grill. In this new launcher the PF power is divided by means
of an E-plane of rectangle waveguid and the phase difference of adjacent
waveguides is obtained by a suitable length of the dielectric Teflon inser-
ted into corresponding waveguides. Lower hybrid current drive experiments
have been succesfully performed in HT-6M Tokamak with this multijunction
grill. A driven efficiency ngp up to 0.55 (10t %m~*.m.KA/KW) has been ob-
tained. The influence of LHCD on MHD behaviour of plasma has been clearly
observed too, though the RF power coupled to plasma is very low.

INTRUDUCTION

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.

Multimegawatt experiments have been considered for a few large devices.
The launchers used for three devices contain hundreds of waveguides, lead-
ing to very cumbersome RF' systems. In order to alleviate the constraints of
such launchers, it has been proposed to use a new type of grill-the multi-—
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
(N11) spectrum to be launched. Therefore the structure of this new grill 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 waveguides is
90°. This new type of grill was successfully used in LHCD experiments on
the HT-6M tokamak.

PRINCIPLE OF THE MULTIJUNCTION GRILL

As shown in Fig.l, a multijuction 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. It is well
known that, the distribution of electromagnetic field for Hj¢ mode in the
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rectangular waveguide is given by

o TRy jwt —az)
By =~ PREIE
a m (wt - 0az)
He = 3 ¢ g sin()e]
L we -
H, = -] ——z—-cos(1T x J( b )

Ex=Ez=Hy=0

It is easy to know, the inserted metallic walls, which is parallel to the
main waveguide wall,does not influence the former distribution of the field.
The transmitted power density is uniform along the direction of the WG nar-
row wall, therefore, the power divider has become very simple.

A two-dimensional numerical study of the theory of a multijunction
grill indicates: the wave reflections between the grill mouth and the E-
junction plane allow a self-adaptation when the travelling waves are exci-
ted with an adequate phasing between the secondary waveguides. This feature
is available for LHCD 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 section. Step transformers at
each end 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 suitable dielectric.

As shown in Fig.2, the phasing is obtained by a suitable length of the
dielectric inserted in the corresponding waveguides. The phasing in the in-
serted-dielectric section is given by

o/ Ao
A¢=[ Ef“(az_l]_x_g__Bson
"1-42)

where Ag is the WG wavelength in the vacuum, g, is the relative dielectric
constant. We have developed 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 the grill section have
been chosen as follows: the total outsize is 18862mm”, the inside sizes of
each secondary waveguide are a=184mm and b=13mm, the wall thickness d=2mm,
the period of the grill A=b+d=15mm. The Teflon has been chosen as inserted
dielectric for shifter, its permittivity ey=2 at F=915MHZ. The 90° phasing
is obtained by means of a suitable length (0, 1l.4cm, 22.8cm, 34.2cm) of
the Teflon inserted in the corresponding waveguides, the error of the pha-
sing dp < ¥ 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 + 10mm. Cal-
culation shows that in the case of A9 = 7 /2 a broad spectrum up to N;;=10
with a peak at Ny;=5 has been obtained.

LHCD EXPERIMENTS

LHCD experiments with a multijunction grill have been performed suc-
cessfully in the HT-6M tokamak. Its main parameters are the follows: major
radius R=65cm, minor radius r=20cm, toroid field By < 15KG and plasma cur-—
rent I? < 150KA. In this experiment they are By=6511KG, Ip=40=70KA and Ng=
226%1012em™ 4,

The lower hybrid RF system consists of a magnetron power source(F=915
MHZ,P=30kw, 1=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, the loop voltage Vi, decreases drastically,
while the plasma current Ip increases only slightly. The decrement of the
voltage AV, is proportional to Prf. The Fig.3 shows the changing singal of
VL, Ip and fig with RF power. The maximum RF-driven current I f=25KA estima-
ted from Ir¢=Ip MVJIVL have achieved in present experiments with P,g=10KW
at ﬁe=3.5X1012cm”3, B¢=11KG. The current drive efficiency defined by nCD=ﬁE
‘ReTpf/Pre(10* Tm~ %'m-KA/KW) is near 0.55.

Generally, the electron line average density Ne does not change with
RF power, but the perturbances are always observed during RF application.
The electron 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 osecillation
modes has been often observed, but they are strongly suppressed when RF is
turned on, despite the RT power coupled to plasma is only Ppg=10KW (Fig.4).

The saw-tooth oscillation in the plasma centre has obvious change at
LHCD, as shown in Fig.5, the oscillatory period becomes longer and its am-—
plitude is larger with more RF power.

FIGURE CAPTIONS

Fig.l. Schematic diagram of the principle of a multijunction grill

Fig.2. A four-junction grill antenna

Fig.3. Evolntion of loop voltage, plasma current and electron density.

Fig.4. m=2 and m=3 oscillation modes without (a) and with (b) RF

Fig.5. Lower hybrid wave influences the feature of the saw-tooth oscilla-
tion.
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ELECTRICAL FIELD EFFECT Ol ALFVEN DRIVING CURRENTS,

I.F.Potapenko (M.V.EKeldish Institute of Applied Mathe-
matics of AS, lMoscow, USSR), &.G.BElfimov, V.P.Sidorov
(I.H.Vekua Institute of Physics and Technology,Sukhumi,USSR).

1. 4 problem of driving current sustainment by means of
travelling waves is eggential in realizing a steady-state to-
kamak. Within the Alfven frequency range this problem has
been analyzed with electrical field effects disregarded by a
number of authors /1-3/. As it is known, electrical field
influence on a lower hybrid driving current ig fairly essen-
tiel /4/. In the present paper we have studied effects of a
quasistationary inductive electrical field (E=YX"&p, )pa—-
rallel to the constant magnetic field on electrmn distribu -
tion fuuction evolution the driving current being sustained
by a narrow packet of travelling Alfven waves with a phase
velocity Ug/y=Ca €1 . 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 D which differs from zero over the
region 1C4-Vz|<CiA/2 where A is the wave 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 /2,4/ for UE,(?/,; Ve/R' .

A drift-kinetic equation with a nonlinear integral of Lan-
dau (Fokker-Plank) electron-electron collisions has bheen
solved /5/, the equation being twodimensional in the veloecity
space:  3fe _ 2 @ e ) _eF fe 55

aF T\ 5 m Uz ol (1)

The electron-ion collision integral has been linearigzed
due to taking a liaxwell shape for the ion distribution
function.

It should be noted that in order to compute Eq.(1), wholly
conservative schemes have been uged which most adequately
igcpose the evolution of main macroscopic plasma characteris-—

LCSe

2. First, we shall consider electron behaviour in a field
of the Alfven wave packet with the quasistationary electrical
field absent ( J* =O§’. The quasilinear term effect upon the
electron distribution at the initial stage is most powerful
within the phase-space region Up~C, where D#0 . Then, diffu-
gion tekes place into other reg?ons of the gpace and a typical
distribution of a perturbed function (Sfe=F#y—1 ) evolves
which is defined by departure from the Maxwell function., Fig.1
shows the structure of these pertubation., Within the region
of Uz < Cy ; a characteristic drop in the distribution funec-
tion is observed which is due to the particle flow transported
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into the region of U;>C, as a result of the quasilinear
term effect. In other directions M= Uz /fu(=0%-1 whithin the
region of (Ul>C4 , a relative surplus of particles is also
observed due to a perpendicular collisional particle flow
emerging from the region ofVz>C,., 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
lasma slowly and forming a quasistationary driving current
see Fig.2a) during the period of several electron-ion col-
ligiong (= 3-5T;). Here, it should be taken into account
that fast particles become wholly maxwellized during longer
times T>>Te; » Due to this fact and also as a result of the
norming chosen, remains at a congiderable value for
( see Fig.1).

3. While considering the influence of an electrical field
which is smell in comparison with that of Dreiser (<1 )
upon the Alfven driving current, it should be borne in mind
(see Fig.1) that the electron distribution function is ini-
tially distorted by a quasilinear addend. Then, as it was
already mentioned in Item 2, the1f>l§.region becomes more
enriched with electrons in comparison with the Maxwell distri-
bution, In such a case, even a small electrical field ( ¥ =
0,005) more intensely influences these electrons due to,the
fact that they are cldse to the criticsl velocityVee =147
While in the beginning of simulteneous acting of the electri-~
cal field and the Alfven packet in Eq.(1).the total current
density is equal to the sum of currents (Js=jxtJg ) for
their separate action (see Fig.2), The nonlinear current
enhancement effect [6] (induced conductivity) is obsexrved at
the quasistationary stage. In this case, the total current
density exceeds (3z>Jdo*js ) the sum of currents for the terms
(D and E) separately acting. The induced conductivity effect
becomes stronger on increasing G, D and ¥ .

For the case of reversely directed field (¥< 0) at the
current rise stage, the total current denaity is equal to the
difference of the currents (4;=J,~Je ). Then,j, becomes
saturated, begins to decrease in size and even changes its
gign due to nonlinear enhancement in)g as a result of the
ilectron digtribution function distorted by the quasilinear

erm,

The driving current generation efficiency which is equal
to the ratio of the current to powerJ:/R. with no electrical
field present (¥~ = 0) ig in qualitative “agreement with the
results of Ref./1/ (see Fig.3a). With the electrical field
applied (4> 0), the driving current generation efficiency
grows for small and high values of phase velocities (UB«IEE
and Uy »VUr, ), and for small values of D it tends to reach
the current generation efficiency with a single electrical
field J/p = V4~ . For higher values of D , the total current
generation efficiency decreases, approaching to that of gene-
rated by the wave field only, remeining 1,4-1,6 times higher
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than the wave field generated one as a result of the induced
conductivity.

4, The induced conductivity effects may be used at the

current rise stage in tokamaks for saving volt-seconds effi-
ciently in an inductor and elongating the quasistationary
discharge stage.

The driving current reversal effect due to the reverse

electrical field should be taken into consideration while
developing concepts of inductor recharging for tokamaks if
recharging time is higher than 50-100

Ta
2.

3.

4.
5.
6.

0.0
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ALFVEN WAVE HEATING AND ITS EFFECT
ON THE TOKAMAK CURRENT PROFILE

T. Dudok de Wit, A. A. Howling, B. Joye and J. B. Lister

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
E.P.FL. LAUSANNE (Switzerland)

The aim of this paper is to interpret the effect of Alfvén Wave Heating (AWH) on the
current, density and temperature profiles of the TCA Tokamak plasma. AWH is accompanied
by significant increases in line-averaged density T, and (Bp+ i /2) [1], where (Bp+ ; /2) is
deduced from 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 (Bp+ 1 /2) does not depend sensitively on the exact major radius of the
plasma (determined by using different position feedback methods which controlled the-
magnetic axis or the outermost flux surface). We therefore have confidence in the accuracy of
the (By+ 1; /2) measurement.

In the absence of a reliable diamagnetic loop measurement for ﬁpem, the contributions of B,
and 1; must be separately evaluated and it is here that different interpretations may arise..in
what follows, we present the observations which support the hypothesis of current broﬁle’._(li)
changes and discuss how these conjectured changes might be induced by AWH. We then
compare this scenario with one in which increases in plasma energy (Bp) are presumed to
account for the increase in (Bp+ 1j /2), in order to determine whether Bp, lj, or a combination
of both are responsible for these changes.

Current Profile Changes, Strong evidence for the effect of AWH on the current profile
comes from the changes in amplitude of the Mirnov activity (associated with a modification of
the current density gradient near the q=2 surface) closely linked with the appearance of AW
thresholds in the plasma which can, in extreme cases, lead to spectral-related disruptions [2].
Further evidence includes changes in sawtooth frequency [3], and the phenomenon of
hysteresis in which the loading of the global resonances (or Discrete Alfvén Wave DAW) is
observed to depend on (Bp+ 1j /2) changes, while a 1-D kinetic code predicts that the DAW
loading does depend on 1; [4]. We have considered two schemes in which AWH could be
changing the current profile:
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Heating at the AW resonance surfaces. Firstly, it was proposed that the dissipation of
the Kinetic Alfvén Wave (KAW), excited at its AW resonance surface, may locally heat the
plasma hence causing a current profile modification. 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 (Bp+ 1; /2) tends to decrease instead of increase when
a new resonance layer appears near the centre of the plasma. RF power modulation
experiments demonstrate that there is in fact evidence for indirect AWH and that this energy is
deposited at the q=1 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 current by
electron Landau damping, the required asymmetry for driving a net current with a symmetric
antenna being due to the plasma gyrotropy. Parallel or anti-parallel current drive associated
with resonance surfaces near the edge would then strongly influence the ohmic current density
profile. This model was tested by separately driving travelling waves with toroidal mode
number n=+1 and n=-1. Direct antenna voltage measurements were used to estimate the ratio
of AW power in each direction. Using phase shift circuits in the individual AW. generator final
stages, a power ratio of better than 1000 was obtained for n=+/- 1 waves. The spectral purity
obtained was confirmed by the change in wavefields, the lifting of the degeneracy in the (n,m)
= (+1,+1) and (-1,-1) DAWs, and detailed observations of the density fluctuations due to the
KAW [6]. The macroscopic parameters of the plasma however were unaltered; the (Bp+1i/2)
trace.differed between the n=+1 and n=-1 cases only briefly after the appearance of the DAW
threshold, and even then by less than by 0.04. This result is comparable to the change in 1;
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 TCA) 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 (Bp+ I; /2) was performed on plasmas in different
conditions for which the following assumptions were made:

a) the plasma energy remains constant; or

b) the current profile remains unaltered.

The solid lines in Fig.1 represent an AWH discharge, the dashed lines refer to an ohmic
discharge and will be explained afterwards. An increase in (Bp+ Ij /2) is always observed at
the onset of the RF pulse. The range of values of By, 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 AWH-induced density
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rise (giving the upper Bp trace). The range of Py in the figure is therefore due to the 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 By unaltered.

Figure 1a) shows the range of values of 1; calculated from the (Bp+ 1j /2) trace and the
calculated Bp trace, ie assuming that no electron heating occurs. Note that an initial peaking in
the current profile is predicted.

Figure 1b) shows the range of values of T, (normalised to the initial ohmic value)
necessary to account for the measured (Bp+ lj /2) on the assumption that 1; does not change
from its ohmic value. A rise and fall of the electron temperature is always predicted.

These two figures thus represent the two possible extremes of current profile change with
no electron heating (Fig 1a) and electron heating with constant current density profile (Fig 1b).

The heavy dashed line in Fig 1b is a Thomson scattering measurement of T, on axis. We
note that the trend in T, is similar, although the observed temperature change is not sufficiently
large to explain the (Bp+ 1j /2) variation in terms of the fixed current profile model. It is clear

that only a compromise between the two extreme models can explain the (Bp+ 1j /2) and T,
measurements, ie simultaneous changes in both the electron temperature and the current profile
are necessary to account for the large increase in (ﬁp+ l; /2). If 1; were assumed not to change,
an astonishingly high AW. heating efficiency would be deduced.

In order to check that temperature and profile changes are not simply due to the AWH-
induced density rise, the parameters of an ohmic gas-puffing shot, with a similar initial density
rise, are superimposed with dashed lines. Small chaﬁges in l; or T, according to the model
used, also occur, but clearly the AWH causes significantly larger increases. This general
behaviour was consistently reproduced for a wide range of plasma currents.

Conclusions, AWH does not appear to be significantly influencing the current density
profile by direct heating associated with resonance surfaces, or by current drive by the Kinetic
Alfvén Wave. However, a comparison with gas-puffing shots (which can reproduce the initial
rate of density rise) indicates that AWH 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 (Bp+ lj /2) can be explained.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 the possible elimination of the AWH-induced density fise
[9], 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.
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

Abstract. Analitical and numerical analisis of CD by ICRF FMS
and IB waves in tokamak-reactor like INTOR in selfconsistent
"mul-tiloop antenna-plasma-FP equation-current"cylindrical plasma
model has been done.

The FMSW CD efficiency is}=nI(MA)R(m)/P(MW) 20.25-0.35 for
Cherenkov and TTMP mechanisms. The FMSW and IBW minority
&U:ﬂ%L}=H,He—3,alfas) CD efficiencies are small and not
interesting for reactor applications. The FMSW absorption by
o - particles is insignificant under conditionsayg%g@anda#nu%ﬁp
1. CD by FMS waves. The 5-loops antenna (¢f=7/2) located
outside ofthe 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
A A

= 5 .6,8"
f‘_‘f’ mav’e - (C(.) M;_Ln “)2 ‘f‘ﬂ

where (extension of 9 6 for cylindrical geometry)

~ A 2ES  9E
9549" thzhl2+2(vm)fe {(:"GWP_ a_rf)x

25 *BE‘P
L(r‘ﬁr rm)}“(_t fei~FeoF
—x 0B | EXQE, FE*3E

F ot e~ ard

and ﬁlelectrical field, ﬁk-Rayn (n=1,2,..) and
Pe = //a)ce § [ - 2-order differencial operator.
Here, as a first step, f=-1 was chosen (84, 18 gdUBM Un[eﬁ]l

The current profile induced by FMSW with £=106 MHz mbz%g is
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and for =40 MHz-on Fig. 18
shown on Fig.la'(R=4.9 m, 3=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; T,=40 keV, qﬂf3x16¥ﬁ3). The CD efficiencies (CDE)
are7%0.3 A/W/m®, CD profiles are center peacked. The dependeces
of Y'vs. plasma and antenna parameters are given in [1].
2. The FMSW absorption by XX-particles one can obtain by analising
the dispersion relation

2

€ (e
i 3”41522 623 +(€,,+H,?— €12 )é.;.f Sg nﬁéfé}f.,i‘)_f&_o
4 ha-"e” 653 na E -‘&”

where E and SE are permittivity tensor components, quantity ni

from §e and E is extended. So alfas/electrons Im k, ratio is

() Tedx®4p %xe)
Imk o « le
mki  2ng % Te T e}/o/%}_é

Imk® ™ he Y cxXe +8

2 2 : : a
where ¥ =W/k,V,, ,=0/k W, B=€ tn, -€5/(n} -€,), C= ?,e/ajzk ™ X = (143
Re Z(F p Z(r) plasma dispersion function. One can see that under
condltlonaVk v}l Im(kL)/Im(ke5¢1 [1]. Conseguently for FMSW with
high phase velocity (wV%?ﬁivm) ahﬁﬁ@sparticle absorption is small

and waves are absorbed at plasma center on electrons (w#mi).

The similar result has been obtained in [3] for frequenciescu«@i.
3. Minority FMS and IBW 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 chosen as
L 2 Y2

DY = By (w,0)exp(~(wcese ~u))uu?) fr “au
where u::(1-4)vu/vT,au=Av"/vT(prime—m1nority species). The ion
Bernstein (IB) wave ray tracing results show that significant
amount of wave energy by minority ions with ﬁ;(3—4)v;is absorbed
For FMSW the velocity range is greater: Wl={1—4)v;. The IBW Q-L
diffusion coefficient depends on vi and ki
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Dy, =% g (wsi/we)/( K/ 0

whﬁge} is T.Stix parameter (¥~IE+|2), Jp ~Bessel function (for FW
q}=<24>/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

for He-3 and~10 A.cm/W for H. These results are worser thanthat

obtained in [5]. It is due to fact that minority drift velocity

mr=8ﬁ,f(w.-vL)dw.is small: ﬂ#=(0.05—0.1)v;. The calculations

have shown that CDE 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 (Jé(k¢v* 4UL)=0). 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 IBW
is lower 4 A.-cm/W in plasma with He-3 and lower 7 A-cm/W for D
minority at g?:1-2 W/cms. Again these efficlencies are not
interesting for a reactor.

The analagous calculations for IBW interacting with d-particles
have given [1]:~20 A-cm/W at gévz W/em (for a reactor J=200-400
A/cmaare nesessary), again small CD efficiency.

Thus in ICR frequencies range (and lower) only FMS waves inte-
recting directly with electrons, having good penetration to plas-
ma center and negligible o-particles absorption, are main candidat

for noninductive current drive in reactor.
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Table 1

Minority n, T Vph/Vt <Prf> Jrf Vdr/Vt Jrf/Prf E=r/R

20 3 2
10, keV W/cm® A/cm A-cm/wW
FMSW s
: 1 30 2 0.4 1.38 3.45 0.1
Bt 1 30 3 0.1 0.176 1.76 0.1
nt 1 20 4 0.5 5.8 8.5 10 11.6 0
Table 2
IBW
He-3 1 40 2 2.2 2.47 1.37 10 1.12 0
He-3 1 40 2.5 2.2 3.71 2.010 1.7 0
He-3 1 40 4 2.2 7.16 4.0 10 3.25 0
He-3 1 40 1.5 2.2 1.52 0.84 10 0.69 0
He-3 1 20 3 3.3 1.53 1.4 0
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ELECTRON CYCLOTRON CURRENT DRIVE EXPERIMENTS
IN THE WT-3 TOKAMAK

H. Tanaka, K. Ogura, A. Ando(a), S. Ide, M. Iida, K. Iwa?uga,
A. Yamazaki, T. Itoh, M. Iwamasa, K. Hanada, M. Nakamura b ’
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 WP-21-3 and the WT-3415 tokamaks.
In this paper, we report experiments on the electron c¢yclotron current
drive at the second harmonic (2%, ECCD) in WT-3 (Rg = 65, a = 20 cm and
B (0) £1.75 T). The plasma current I, up to 25 kA is sustained or ramped
up by the 2%, 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 antiparallel to I,. The velocity distribution
function of the high energy tail electrons is asymmetric in +the toroidal
direction. The 2Qg EC wave is mainly absorbed by the tail and the 2Qg
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/2m
= 56 GH;, Pgg = 200 kW, T = 100 ms and TEgy 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 funetion of the high energy tail electrons, a Nal scintillator
has been installed to view the plasma through two 1lead apertures at an
angle O to the magnetic axis in the equatorial plane. The angle 6 is
changed from 0° to 90°. When the direction of Ip is inverted, the angle 6
is changed from 90° to 180°.

In Fig. 1, the typical waveforms of a 2Qg' ECCD plasma are shown (the
2Q. ECR layer is located at r(20Qg) = R(2Qg) - Ry = 6 cm). The target
plasma (line-averaged electron density @y = 2 X 1012 en-3, temperature Ty =
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 (48KkW,
75ms) is injected (full curves), a constant plasma current I, = 16 kA
continues to flow for 70 ms with loop voltage Vi, = 0. The strong emissions
of soft and hard x-ray Igx(2.5keV), Ipy(35keV) and microwave I (70GHz) from
the high energy tail electrons appears. Bulk electron temperatute 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 Pgg increases, the
Ale EC-driven current I, changes from ramp-down to flat-top, then +to
ramp-up (Fig. 2). Correspondingly Igy(1.7keV) emitted from the high
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energy tail electrons increases, while Igy(0.2keV) 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 2@, ECCD
plasma (Pgg = 65 kW, I, = 20 kA, ag = 2 x 1012 cn=3), Hard X-ray spectra
during ECCD in forward (6 = 20°), perpendicular (8 = 90°) and backward (6 =
117°) directions are shown in Fig. 3 (a). The ‘'equivalent temperatures'
are 90, 70 and 60 keV, 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. 3 (b) the hard x-ray spectrum measured in the OH plasma at @
= 90° is shown with that in the ECCD plasma. Hard x-ray up to 200 keV is
observed in the initial OH plasma, implying that the high energy tail
electrons are present. When Pgg is injected, photon count increases more
than five times and hard x-ray up to 400 keV appears. As shown in Fig. 4,
for low filling-gas pressure, p = (0.5 ~ 1.2) x 10-2 Pa, non thermal
emissions Ip(70GHz) and Ip,(35keV) appear in the OH plasma and flat-top
discharges are formed when Pgg is injected. For p > 1.4 X 102 Pa, these
emissions are weak and I, decreases with time even if Pgg is injected.
These results show that ghe presence of the high energy tail electrons in
the initial OH plasma is necessary for formation of the 20y ECCD plasma.

The flat-top or ramp-up discharges are obtained when the 20, ECR layer
is near the center of the vessel, r(20) = 0 ~ 10 cm. There is no
remarkable difference when the wave is injected in the opposite direction
(Fig. 5). Numerical calculations on 2Ry, EC absorption have been made
using a code which includes the Doppler and the relativistic effects of the
high energy tail electrons. The radial profiles are assumed as follows:
for the bulk electrons ngp(r) = ngpo(i-r/a?)®nb, T p(r) =T ao(1—r2/az}atb
and for the high energy tail electrons ngp(r) = ngpg 1-r2/a2? nh, Tgoh(r) =
Teho(1—r2/a2)“th 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 fop are used.

fen(py,p//) = AN exp(-uyy,-u//v//)

where y;2 =1 + (pﬁmec)z. Y/ 5=t /{pﬁ/mec)z. uy = mee?/Ty, w// =
mec2/T//F (py/>0), WBCE/T//B (pé/(O), assuming T//p = 90 keV, T//p = 60 keV
and Ty = 70 keV. Single-pass absorption at 2§, is rather weak (%0.35) 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 20 EC heating effect does not depend strongly on the
direction of waves.

In summary, when Pgg is injected into a plasma after the OH power is
turned off, the plasma current is sustained or ramped up by Pgc alone. The
angular dependence of hard x-ray spectra with respect to the magnetic field
indicates the anisotropic veloeity distribution of the high energy tail
electrons, whose forward parallel temperature is about 90 keV. The ray
tracing reveals that the wave is mainly absorbed by these high energy tail
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electrons. The 2Qe EC driven-current is generated by an asymmetric 2

heating of the high energy tail electrons existing in the initial OH
plasma.
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Fig. 1 The waveforms of a long flat-top ECCD discharge (full curves) and a
OH discharge without Pgy (dotted curves).

Fig. 2 (a) ramp-up, flat-top and ramp-down discharges for Pgg = (1) 100 kW,
(2? 57 k¥W and (3) 30 kW. (b) ramp-up rate AI?/At (o) and loop voltage Vi,

(o), (e) soft x-ray emission Igy(1.7keV) (o) and Igy(0.2keV) (o) as
functions of Pgg.
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Fig, 3 (a) Hard x-ray spectra in the 2Q, ECCD plasma, curve (1) O = 20°,

(2) 8 =90°, (3) 8 = 117°, and (b) those at 6 = 90° in (1) the OH plasma,
7(2} the 2Qe ECCD plasma.

Fig. 4 (a) AI,/At, (b) ECE I, (70 GHz) and (c) Ing(35keV) as functions of
filling-gas presaure.
Fi (a) Vp, (B) AI /At., (¢) Isx(0.2keV), (d) Isx(1.7keV) and (e)

% OGHz) as functions or B4(0) or the position of the 2Q, ECR layer

r%zﬂ 8olid circles are for EC injection antiparallel to Ip, open
clrcles for parallel one and crosses for the OH plasma.

Fig., 6 Results of the ray tracing at By(0) = 1.09 T. (a) The real part of
Ny, (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. Bornalici® and M. Pieruccini®

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 basis of the standard quasi-linear theory of the (relativistic)
wave-particle interaction one can write the absorbed power density and the corresponding
wa1ve-induced current density around the n-th harmonic of the electron cyclotron frequency
as

(P(M,J (M} = - 2xm2c [dy dpy, 1D Blye-oN| By o) G i1, La/me?} (1)

F o =d/9y+N,| 9/3p;; % is the response function (=(-eciv) B, G(); vaap? €2 Ina/(me®)); D
has to do with a scalar energy diffusion coefficient and to lowest order in the finite Larmor
radius effects is
D = (ec/2" nl)2 (nwg/w)? N—(mN [ 062" B2 [Egpl? (2)
g 8

with |Eeff|2 = [E,~IE +(m/nmc)Nl pT“ E l2 the external magnetic field being B,=B,

By performing the p” integration in (1) by means of the 8funcuon one, in
particular, obtains for the (normalized) current-drive (CD) efficiency Tl (J/{-engc))/
/(Pivn mc?)

T

A Sr_dv By o B0 b, G“‘”‘ﬁ=ﬁ.rf)
- T Zn
(ar (R B
%

(3)

[pJ_(v)]2 2.1- [p”(-)r)]2 and p”(y) (1/N”)(y noc/w) are the resonant perpendicular and
parallel momentum; the limits of the y-integration for the case of N” <1 are

= (1-N||2)‘1 {nwdo i[N”2(N”2-1+(nmcim)2)]”2], N”2-1+(nwclm)2 >0 (4)

In getting (3), the relativistic corrections in the wave polarization have been neglected,
i.e., Eg = Ey-iE +(m!nmc)(NJ_ IN“)(1 nog/w)E,, 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 explicilly the y-integration in (3), it is assumed that ,8 (f
~ (1) p-mc?/T, (»1), ie., the distribution function of the resonant

(current-carrying) electrons is a (relativistic) Maxwellian with an effective temperature
Th- 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.st kind of order equal to an integer plus
one-half and argument z=(uw/2)(y, - v.). On the other hand, with the response function in the
nonrelativistic limit, for which G=(2v2/(5+2))(y-1)%/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 T), i.e., gy, m = Ku(y+ - 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
v-integration in (3),

2
1

z= B (r-v)= BNML (4 L nag/e)? -1))172 (5)
2 TN N
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), o = ag
A A
J';dT (P12 e k(1) Jas Bi? et L 5, G(v))lr,,,:ﬁ"m
g 7.
2 2 _ gy
___.J.‘l = T‘ e‘”w-’” X —1 _ f\:" 98 (P[] G(y)) §“=ﬁlm e k(y=1) x
l"‘;Nu u’N” 7 =7
Rvg - v 2=(0/2) (v, - v.)»1 mve-v) z»1and  p(y. -1)»1
X x
iy, - 7136, 2z (v, - v1%6, 2z

Note that the asymptotic expression for the current for z»1 is subject to the further
condition p(y.-1)»1. The CD efficiency (3) corresponding to the asymptotic expressions

thus obtained is?

A= o B GO g, 1 1=y, [Ti:"; (- og/o) dG/dy+ Ny Gl,y  (6)
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with y. the minimum resonant energy defined in (4). Note that the "intrinsic efficiency" n =
a% {5“ G(y)), with ﬁ” and vy 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, consists in accounting for the constraints arising from the (relativistic)
resonance condition, namely, 6“ = (1/N”)(y-nmc/m) and the three variables N”, /o and
v=v. related by (4), so that (6) yields the CD efficiency as a function of only two
independent variables, e.g., ﬁ:ﬁ(y_, wc/w). Formally, the Fisch-type result (6) is simply
the ratio of the two integrands, i.e., the ratio between the spectral (with respect to v)
current density and the spectral 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 distribution function of the resonant electrons (hence, no temperature-dependence
appears in (6)).

For a given wc/e, one can make use of (4) to express N” (>0) as a function of y.,

le. N”2 = (y. -Nwg/w)2 (1.2- 1)1, and write (6) as

A -

Ny, oc/w) = [sgn(y - og/o)(y2 - 1)V2  dG/dy +|y__mcl_1m/|2 G(My=y (7)

(v2-1) -

From (7) it appears that for upshifted (w>w.) frequencies the CD efficiency is higher than
for downshifted frequencies (w<wg); in particular, for oc/w > vy (>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 this "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 N”2 < 1, the maximum of the
minimum resonant energy is y.= y.= w/wg, which occurs for 1 - Nuz = (mcim)z. The
corresponding maximum CD efficiency is

A= 0/0c>1) = imax = (0/0g)2 - 1172 (dGIY + L& G(1))yoqr, (8)

It has to be noted that the maximum value (8) is limited by the upper bound on the maximum
minimum resonant energy v= w/w, < 1.22 connected with the harmonic overlap with the

second harmonic.*
In conclusion, the asymplotic analysis presented here can be extended to account for
polarization as well 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
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"Rijnhuizen", Nieuwegein, The Netherlands

1. Introduction. Current drive by electron cyclotron (EC) waves is a possible candidate for
operating a steady state tokamak reactor. In this method [1], a net toroidal 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 efficient as a direct parallel heating [1], but in a
toroidal system electron trapping imposes a stringent limit to its efficiency [2]. This effect is particularly
important in the case of wave absorption at downshifted frequency (w < w,, , ® and w, 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 realistic
wave power levels, the time-dependent bounce-averaged quasilinear/Fokker-Planck equation [3] is solved by
means of a 2-D Fokker-Planck code [4]. The case of the extraordinary (x) mode absorbed at @ < w, 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 quasilinear 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 electron trapping.

2. Poloidal and power dependence of the current drive efficiency. The bounce-
averaged quasilinear/Fokker-Planck 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 interaction between
clectrons and EC waves in toroidal geometry are contained in the resonance condition

2 1/2
o) Ny i U0 (Bly) y w i :
A © 2 u_lﬂ 2 u“20 B(O) b = . ( )

where ¥ = (1+u2)/2, U is the electron momentum normalized to (mTy)L2, 1 = me/Ty; m, T, are the
electron mass and temperature, respectively, c is the speed of light, N is the parallel refractive index, B is the
tokamak magnetic field,  is the poloidal angle corresponding o the location of wave absorption, and uyg, u, g
are , respectively, the parallel and perpendicular components of u at the location ¥ = 0 (equatorial plane, at the
low-ficld side). Equation (1) states that for given values of ®/® and N; the wave is resonant with particles
having a larger (smaller) value of u)g (u; o) as ¥ moves from O to n (low-ficld side to high-field side).
Therefore, the current drive efficiency (which is proportional to uj ) should increase when the resonance moves
to the high-field side [2]. Moreover, the spread AN of the wave beam in Ny, determines a spread of the
resonance in momentum space, via Eq. (1), which yields

Auyyg o< ANy/layigl Aujg o upANy @

Thus, both Auyy and Au | g decrease for , increasing from 0 to 7. As shown in the following, this also affects
the current drive efficiency, especially for high wave power.

The following parameters are considered: R=225 cm, a=70 cm, B=By/[1+(r/R)cosy], By= 4.5 T,
n,(0)=5x10!3 cm-3, T,(0)=3 keV, w/2n=100 GHz, y = arsin N, = -45°, Ay = 7°, where a, R are the tokamak
radii, r is a radial coordinate in the poloidal plane, Ay is the spread of the wave beam in the toroidal direction.
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 0 /0= 1.2, Ny = -0.75 and AN; = 0.09. These local values are
kept constant in the following examples, but  is varied, in order to investigate the role of toroidal effects in the
resonance. Specifically, the cases y = 0, n/2, and & are considered and compared to the resulis obtained in the
homogemeous limit, for wave power Py = 1 MW and Py = 10 kW, respectively. The electron distribution
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function f at steady-state, for Py = 1 MW, is shown in Figs. 1, 2; [ is represented by the parallel distribution
£(wyp) = 2r Jdu, gu | of and the perpendicular temperature T (uyg) = (2nT/f)) Jdu, g(u .J_30 /2)f . Fig. 2 shows
that the perpendicular stretching of [ is strongly limited by the presence of trapped electrons; moreover, the
widths of the deformations in T, reflect the poloidal dependence of the resonance width [Eq. (2)].
Consequently, the parallel deformations of f are also affected (Fig. 1), as well as the current drive efficiency.
The latter is defined as 1 = J/(2xRP) (where J is the current density and P the absorbed wave power density); it
is shown for low and high wave power in table I. It results that: i) 1 is weakly power-dependent in the
homogeneous limit, but strongly power-dependent in toroidal geometry; ii) the poloidal dependence of 1 follows
that of uy for low wave power (i.e., 7| increases monotonically with %), but for high wave power it is affected
also by the behaviour of Auyg, Au, : 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 quasilincar and toroidal 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 poloidal location of wave absorption is rather ineffective for current drive optimization,

3. Combining 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 torcidal geometry, this point needs reconsideration, and it is now investigated
by adding to the quasilinear/Fokker-Planck equation a bounce-averaged term describing the parallel diffusion due
to LH waves [5]. The case % = n/2 of Sec. 2 is considered, for Py = 1 MW, but in the presence of a flat
parallel tail in the range 3.6 < g <7. Note that the resonant uy 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 clectrons (u)g =~
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 [S] only, its perpendicular energy does not increase significantly (Fig. 2), hence the negative
effects of electron trapping are minimized. Because of these two beneficial effects, the efficiency of the
additional current driven by the EC waves is much larger than in the absence of LH waves, i.e., =752 AW,
instead of 10.8 A/kW. This proves the effectiveness 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.
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Table I: n (AKkW)

Py (MW) homogencous | x=0 [x =n2 | x==

1072 50.3 275 | 335 34.5
1 37.9 58 [ 108 6.3
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Fig. 1: -In(fy) vs ulsign(uyg), for
the homogeneous (dashed line) and the

ity toroidal case (solid lines). Py =1 MW.
a)x=0
b) = m/2
c)yy =T.

-100 -49 0 50 100

12 T T T
(keV) !

Fig. 2 : Perpendicular temperature in
keV vs uy, for the homogeneous (dashed
line) and the toroidal case (solid lines).
Po = ]. Mw.

a)x=0

b) x =m/2

c)y=".
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Fig3d : -ln(f) vs uﬁosign(u.m),
with LH waves alone (dashed line)
and with the addition of EC waves,
for Pp = 1 MW (solid line). x =
/2.

Fig.4 : Perpendicular temperature
in keV vs uyg, with LH waves alone
(dashed line) and with the addition of
EC waves, for Py = 1 MW (solid
line), yx =m/2.
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PROPAGATION, ABSORPTION AND CURRENT GENERATION
BY EC WAVES IN THE LH CURRENT DRIVE REGIME

D. Farina, S. Finardi

Istituto di Fisica del Plasma, CNR
Associazione EURATOM-ENEA-CNR, Milano, Italy

Introduction

The interaction of electron cyclotron (EC) waves with a plasma
where the current is driven by lower 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 profile and control the MHD instabilities.
Moreover, it can be useful for the analysis of the emission spectra
(ECE) in a LHCD plasma. Previous analyses /1-2/ have been performed in
the down shifted resonance scheme, i.e., when the EC wave frequency &)
is lower than the classical electron cyclotron frequency = eB/mc,
along the EC ray trajectory. In this condition 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 full relativistic
dispersion relation has been solved to describe the resonant interaction
of electrons belonging to the suprathermal tail and to the thermal bulk.
The present analysis allows to investigate the transition between the
thermal resonant scheme (when tha classical resonance condition (W =§},
is verified inside the plasma) and the up shifted or the down shifted
resonance scheme (when ) = SL is verified at the periphery of the
plasma or outside).

Outline of the analysis

When the EC injected power is lower than the LH power, it is
possible to analyze the interaction of the EC waves with the plasma 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
momentum space due to the LH waves only. Following the 1D analysis
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performed by Fisch /3/, the electron distributien function reads:

%

f=20C fm(VL) exp —‘de w/{l + w3D(w)/(2 + Z))

&)
where w = V”/V s fm is a Maxwellian function and D is the LH quasi
linear diffusion cocefficient, which is non =zero in the LH resonant
region v_¢ v,<V,- 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 exhibits the main
features of the complete solution except for the wvalue 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 hermitian
part of the dielectric tensor has been reduced to an integral over only
one variable in momentum space, while for the anti hermitian part an
analytical expression has been given. The full dispersion relation has
been solved for frequency around the first cyclotron harmonic. Note
that, since the EC wave absorption for the first harmonic is neot 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 compenent of the refractive index N“) and on the
following plasma parameters: plasma density and temperature,
suprathermal electron density and location and width of the LH resonant
region in velocity space (v , v_). Following the experimental results on
LHCD /5/, we assume suprathermal plasma densities 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 = IZ/LL}>]J This effect is still more evident when
the EC power is injected into the plasma in the same direction of the LH
driven current (N” <. 0), the EC wave-plasma interaction taking place for
a very large range of magnetic field (or wave frequency) (Fig.l). when
the EC wave propagates in the opposite direction of +the current
(N > 0), the resonant absorption occurs in the same S /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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1,

maxima (Fig.2), the former for (1 - l‘wl'.zl')/a < Y<1l, 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 illustrated
in Fig.3, where the resonance curve T =Y+ N"v"/c is shown for
different values of the ratio Y in momentum space together with the
level curves of the distribution function. Significant modifications of
the real part of the refractive index are also found, affecting the
values of the resonance and cut-off frequencies.

The analysis has been applied to the injection of 140 GHz r.f.
power into the FTU tokamak. The total absorbed power and the power
absorbed by the tail are shown in Fig.3 for both OM and XM, for high
field side injection and a magnetic field at the plasma centre B°= 6T
(the classical resonance condition is verified at about half radius). In
this condition the EC wave resonates along its trajectory first with the
suprathermal electrons and then with the thermal bulk. Referring to the
previous observations about Figs.2,3 we note that, in general, the
mentioned separation of the absorbed power is meaningful only when
N" {3vl/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 the chosen electron population.
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Figure Captions

Fig.l: Imaginary part of the perpendicular refractive index N, for OM
and XM vs the ratio Y = SL/w for N = -0.4, w‘F/uJ‘= 0.5,
Te= 2 kev, v_/c = 0.2, v2/c = 0.7. The light curve correspond to
a Maxwellian plasma;

Fig.2: Same as in Fig.l but for N = 0.4;

Fig.3: Level curves of the distribution function and resonance curves
for different values of Y; a) N = -0.4, b) N = 0.4;

Fig.4: OM and XM total absorbed power and ngefaabsorbed by the tail Pt

vs N , for FTU (BO= 6T, ne= 1.2x10 cm , Te= 2 kev).
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CURRENT DRIVE IN TOKAMAK PLASMAS BY BEATING
OF HIGH FREQUENCY WAVES

J.A.Heikkinen, S.J.Karttunen and R.R.E.Salomaal

Technical Research Centre of Finland, Nuclear Engineering
Laboratory, P.0.B. 169, SF-00181 Helsinki, Finland

1. INTRODUCTION

Large amplitude longitudinal plasma waves (plasmons) can be
excited by beating of two intense electromagnetic (EM) waves
whose frequency difference equals to the plasma frequency uw,.
Beat-waves (BW) have several applications like plasma heating,
particle acceleration, diagnostics and current drive [1]. The
beat-wave current drive offers some advantages over other rf-
methods. High frequency EM pump waves (mku>> m?,ﬁ, where 2 is
the electron gyrofrequency) have good access into the plasma
which provides excellent possibilities to localize the gene-
ration region and to control the current profile. The phase
velocity of the beat-plasmon is close to the speed of light ¢
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 beat-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 there exist no pulsed
high power EM-sour=~s at wavelengths 50-200um, which would be
ideal for beat-wave rurrent drive in tokamak plasmas. However,
the progress in fiee 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 E, (k; ,w, )
and E;(k,,w,) propagate exactly along the external magnetic

field B,,.. If the pump frequencies are high (w, ,>>w,,®), the
coupled envelope equations for the electric fields are [2]

*
(9,+ cd,)E,= M(E E,,,- EE,_, ), (1)

- *
(8,4 Vo3 + 18 - i8|E|2)E = (w,/w, )M I EE,_,. (2)
v m
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Eq. (1) describes the behaviour of the EM pump modes (m = 1,0)
and their cascading to higher order modes (m = -1,+2,...), and
Eq.(2) determines the plasmon evolution. Egs. (1)-(2) are well
satisfied as long as |m| << wl/m The coupling coefficient is

M= g k/dm w, , where k=k, -k, ihe wave number of the plasmon
and g, and m, are the elementary char e and the electron mass,
respectively. The nonlinear term A|E|2 [4 = (V/3q,/4m cVw,)? ]

is the relativistic frequency shift [3], which saturates the
growth of the plasmon amplitude E, if the collisional damping
v,; and the linear detuning 8§ = [w,?- (w, - wo) 172(w; —w, ) are
small. The spatial derivative is neglected in Eq. (1) because
the group velocity of the plasmon is low [v = 3(v,/c)v, where
v, is the electron thermal velocity].

Equations (1)-(2) can be solved analytically in the limit of
small linear damping [2], which is the case in the multi-kev
tokamak plasma (v, ;<< W, ). The evolution of the EM-cascade is
given in terms of Bessel functions. The plasmon solution is
periodic (expressable with elliptic integrals) with a maximum

E,.x and a period t,,, [2]
Epax= (16v;vy/3c2)1/3m, w c/q,, (3)
Eper™ LT-0%(v vy /e )2/, =2, (4)
Vo= qelElﬂl/m w, o are the electron quiver velocities. Behind
tHe EM-pulde a pldsmon wake is formed (vy,<<c), which decays at
least as exp(-v,;t). If the collision frequency v,; is low,
the plasmon is absorbed by nonlinear wave—particle interact-

ions. These transfer the wave momentum to very fast electrons
(vpp=c) which is an optimal situation regarding current drive.

The optimum lenath ~f the EM-pulse is t,= t, , /2 so that E_ ,
is Jjust reached by the end of the pump pulse. To obtain plas-
mon amplitudes high ennugh, the intensity parameter IX? (I is
the pump intensity and A is the pump wavelength) must exceed
the wvalue 10'%Wcm ?pm?. The corresponding pulse length is in
the nanosecond range according to (4).

3. CURRENT GENERATION

The 1local current density can be easily obtained from the mo-
mentum conservation between the plasmon and plasma electrons

jmnx= qeeoklE|2/2mewp’ (5)
To find the total current, j,,, must be multiplied by the beam
area A and by a volume factor L/2nR, where L is the length of
the plasmon and R is the major radius (see Fig.l). The plasmon
length L is determined by the pump depletion [2], i.e.,

L = 2m,c?(w, /0,)2/q, |E]. L
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"In the presence of EM-cascading the depletion length L and
energy conversion from the pumps to the beat-plasmon are much
larger than in the pure three-wave case where the Manley-Rowe
relations predict a very weak conversion for w, /w,>> 1. Energy
conversion can be further increased by a proper detuning § so
that cascading towards lower frequencies is preferred [4].

At typical tokamak densities the depletion length (6) may vary
from several meters to a few centimeters with pump wavelengths
10-300um. For a given density, the wavelengths of the EM-waves
should be chosen such that the depletion length is comparable
with R. Then the beat-wave conversion is completed in a single
pass. Otherwise the EM pump pulses have to be circulated with
complicated mirror systems.

The fast electron current, generated by a single pulse, decays
at rate v, ., which is proportional to n,e-3/2, where € is the
fast electron energy. To sustain the current, the pulse repe-
tition rate must be of the order of v, ,. This fixes the avera-
ge pump power P = W v,., where W, is the pulse energy of the
EM pump. Total power need of the BW current drive is P/n where
nh is the efficiency of the EM-source (CO, laser or FEL).

4. PARAMEITR STUDIES AND DISCUSSION

The fasl electron energy € is a key parameter regarding the
feasibilily of the beat-wave current drive. In principle, a
fairly larue number of very energetic electrons are produced
by the beal-wnvns due to their high phase velocity and large
amplitude. The energy corresponding to the phase velocity is
in HMeV-range sn that an assumption of e=500keV is reasonable.
If it tuurns out that the fast electron energies remain well
below 500keV the powr' requirements to sustain the current are
substantially enhanced.

Some examples of current drive parameters are given in Table.
Problems with a CO, laser are the enormous power need for MA
currents and the long depletion length at X = 10um. Situation
is better at longer wavelengths. For A > 200um, however, the
current density remains fairly low, which leads to large bheam
diameters, if several MA currents are aimed at. Thus the use-
ful wavelength range lies around 100um.

The feasibility of the beat-wave current drive improves consi-
derably, if bootstrap amplification of the current occurs. The
amplification of a seed current may be as high as 10-20 [5].
Thus, beat-wave driven seed currents of a few hundred kA would
suffice. The power need in the FEL rase is reduced to few MW,
and in the CO, case to 20-50 MW. The beat-wave method applies
well to the bootstrap seeding, because the beat current can be
driven locally and its magnitude and diameter are easily vari-
ed to optimize the bootstrap amplification.
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Effect of Electron Spatial Diffusion on Current Drive

¥ i+
Y.Kishimoto, T.Takizuka, M.Yamagiwa, S.I.Itoh, and K.Itoh

Japan Atomic Energy Research Institute, Naka Fusion Research Establishment,
Naka, Ibaraki 311-01

4 Institute for Fusion Theory, Hiroshima University, Hiroshima 730

++ Plasma Physics Labolatory, Kyoto University, Uji, Kyoto 611, Japan

Introduction

Recently, RF current-drive is considered to be a method to controll the
radial shape of the plasma current density. In that case, the radiation
spectrum of the RF wave is one of the controllable parameters in the experi-
ment. However, the spatial profile of the driven current and the current-
drive efficiency are affected by the diffusion of electrons not only in the
velocity space but also in the real space. The local analysis shows that the
spatial loss of the tail electrons reduces the current-drive efficiency owing
to the suppression of the tail generation [Ref.l,2].

In this papaer, we extend the local analysis to the nonlocal one which
describes the spatial diffusion of the RF-induced tail electrons in the radial
direction. The radial profile of the driven current and the power partitions
are obtained by solving a Fokker-Planck equation which includes the omne

spatial dimension.

Basic Equation

We solve the electron Fokker-Planck equation which takes account of the
spatial diffusion of fast electrons,
9 af

of 2 B of
Ezzve +'vzf) ] + szgw av, + L(f,vz,x) + S(vz,x) (1)

5y ol [5.%
Fr “e(x)avz[nc(ve)

where ve(x)=ne(x)eqlnA/ZWE%mI/ZTe(x)3/2 the local electron collision frequency,
ve(x)=ff;f;j7a the local electron thermal velocity, D the collisional dif-
fusion coefficient [Ref.3], Dy the RF diffusion coefficient. L(f) expresses
the spatial diffusion of electron and S(vz,x) is the particle source term

which is determined so as to conserve the local plasma density.
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As for the mechanism of the spatial diffusion, we adopt the stochastic
magnetic field fluctuation model given by L(f)=(8/8x)sz5(Bf/Bx) in the slab

geometry. Here, Dg is the spatial diffusion coefficient expressed by

DV WReff<%2>, where RegfV TR { Ry : major radius ) is the auto-correlation
length of the magnetic field and %= %/BO is the amplitude of the magnetic
perturbation. The density and the temperature profiles in the collision
operator are chosen as ne(x)=(neo-ﬁe)(l-xz/az)+ﬁe and Te(x)=(Te0—fe)

exp(—3x2/a2)+§e, where n_ and fe are the density and temperature at the

e
plasma surface and a is the minor radius.

Equation (1) is solved in (x,v,)-plain for -a<x<a with the boundary
condition, f(x=ta,v,)=fy(x=ta,v;), which simulates the particle and momentum

sink at the plasma surface. Here, fM is the local Maxwellian distribution.

Numerical Results and Discussions

In the following calculation, we introduce the diffusion coefficient
normalized by the central quantities, i.e. 6w=Dvagoveo and 55=D5/a2veo.
We also choose the edge values as ﬁe=0.1ne0 and fe=0.1TEO.

Figures 1(a) and (b) illustrate the logarithmic contour plots of the
electron distribution function f(x,u=vz/ve) in the phase space at the steady
state for (a) Dg=10"6( B=1.4x10"%) and (b) Dg=10"*( B=1.4%10~4). The magnetic
fluctuation g is estimated by using the JFT-2M machine size with Tgp=lkeV.

In these calculation,ﬁw=0.4 is chosen for 3< u < 8 (D=0 for otherwise) and
ﬁw and ﬁs are taken to be spatially uniform. It is found in Fig.i(b) that
the tail electrons are transported towards the plasma boundary and hence the
population of the tail component increases.

The spatial profile of the power partition is shown in Figs.2(a) and (b)
corresponding to Fig.l ( P, i power absorbed from the RF wave, P, : power
transfered by the collisional process, Pj, : power transfered by the spatial
diffusion, Py : power supplied by the particle source term ). In the case
of small ﬁs’ the relation Pyv -P, is obtained in the steady state as seen
in Fig.2(a). With an increase of ﬁs: the absorbed power is partially removed
from the central region ( i.e. Py, becomes negative for Oué x/a 2 0.3 ). This

power is transfered to the off-center region ( i.e. Py, becomes positive for

0.3 £ x/a £ 1.0 ) through the spatial diffusion and deposited to the bulk
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plasma through the collisional power transfer where the relation PLN P ds
satisfied. Thus the nonlocal power deposition is observed during the

current-drive.

The current profiles are shown in Figs.3(a) and (b) corresponding to
Fig.l. The broadening of the current profile is seen in Fig.3(b) with an
increase of Bs although the total current and the global current-drive
efficiency do not change so much ( 3]§§= J(x)dx/ Py (x)dx = 0.97A.m/W for
D,~10"0(vig.3(a)) and T/Fy= 0.10A.m/W for D =10"*(Fig.3(b)) ).

‘ Figure 4 shows the dependence of the global current-drive efficiency
375@ on the spatial diffusion coefficient ﬁs for the different values of ﬁw'
It is found that the global efficieny remains almost constant value up to
around the critical value 65 = 2x10~4 although the current profile becomes
broader. Exceeding this critical value, the global efficiency rapidly
decreases because the tail component of the distribution escapes from the
plasma boundary. This effect of the spatial diffusion strongly depends on
the machine size through the dependence od Ssi a=2 for the given magnetic

fluctuation level.
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INTRODUCTION

The observation of substantial current drive from neutral beam
injection (NBI) in TFTR, JET and DIII-D has led to renewed interest in a
steady state, non-inductively driven tokamak. The discovery of apparently
considerable neoclassical (bootstrap) current in TFTR [1], makes a steady
state device even more attractive since the bootstrap portion of the
current could be obtained without additional power input. Motivated by
these results, we have developed a code, ACCOME, which self-consistently
computes the 2-D MHD equilibrium with the current driven by neutral beams,
bootstrap and the electric field. In this paper we first describe some
details of the code in the next section and in the subsequent section show
some applications to DIII-D and to a possible ITER design.

DESCRIPTION OF CALCULATION PROCEDURE

In order to obtain an MHD solution which is consistent with the driven
current, we must solve the Grad-Shavranov equation simultaneously with the
solution for the beam deposition of fast ions and the bootstrap current. A
direct simultaneous solution is impractical, however, since the deposition
of the neutral beam can only be computed for a known density distribution
which depends on the contours of poloidal flux. We thus choose to use an
iterative procedure. From the geometric properties of the desired solu-
tion, i.e., plasma elongation, &, triangularity, &, major radius, Ro' minor

radius, a, and plasma current, Ip, we set up a Solov'ev model equilibrium.
We assume thermal density and temperature profiles of the formn, T o« (1 -
¢)aj where the exponent oy may be different for temperature and density.

The deposition of the neutral beam on these flux surfaces and the fast ion
distribution function is computed as fully described in Ref. 2. Neutral
beams of elliptical cross section are assumed; deposition is computed with
a Monte Carlo technique. The fast ion distribution function is found with
the aid of the bounce-average eigenfunction analysis of Cordey [3]. The
eigenfunctions are obtained numerically, in contrast to Cordey [3], who
obtained an approximate analytic solution. The solution 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 distribution function. 1In addition, we compute the pressure

*Work performed under the auspices of the U.S. Departmernt 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 D-T plasma, the pressure from
the fast alpha particles. The partial cancelling current of the neo-
classical electrons is found on each flux surface from the results of Start
and Cordey [5].

The neoclassical bootstrap current is computed from the banana-plateau
expressions of Hinton and Hazeltine [6]. The multi-ion plasma is replaced
with a single jon of charge Zogsr

The above computations yield the flux-surface averaged current,
(jll B)/Bo, on each flux surface, where BO is the reference toroidal field

at the geometric major radius. The pressure function p(y) is also known.
Note that we assume isotropic pressures even though the fast-ion pressure
is clearly anisotropic. From these quantities and the old values of f = R

B, and <BZ> we can compute new values of the function ff' = “lo (f2 p! &
(Jll B>) / <32> and use it to solve the Grad-Shavranov equation, A*w =

20 (-2 _ 2 .y

REV(R™VY) = -p R%' - ff'.

A free boundary solution with appropriately placed poloidal coils is
obtained with the SELENE code described in [7]. Following this step, we
iterate through the computation of the currents and then the MHD until the
solution has converged. Typically 5-10 iterations are necessary to obtain
converged current profiles.

APPLICATIONS

We have applied this code to current drive by NBI in DIII-D [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 63° to the
centerline of the plasma and one at 46° 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 representative of the plasma: Teo = T1.0 = 2 keV, Mgy &
2.5 % 1019 m”a, and Z cc = 5. The density profile was taken as fairly flat

with a, = 0.5 and the temperature more peaked with ap = 1.0. Zeff was

assumed flat over the cross section. The power fraction of the beams in
full, 1/2- and 1/3-energy components was taken as 0.53, 0.30, and 0.17,
respectively. The power was split evenly between the two beam aimings.

The calculations were carried out in a mode which fixes the total
plasma current at 340 kA, computes the beam-driven and bootstrap current
and then adjusts the electric field to obtain sufficient additional Ohmic
current to reach the desired total current. Neoclassical resistivity is
assumed. The computed total current components were NB: 240 kA, BS: 51
kA and OH: 47 kA. It is probable that there is also a residual Ohmic
component in the experiment since the L/R time is somewhat Tonger than the
experimental duration.

As a second application, we considered current drive by neutral beams
and bootstrap in a projected ITER design. Parameters for this design as
well as some output from the current-drive calculations are collected in
Table I.
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Table I. Parameters for a projected ITER design.

Ro' m 4.0 a, m 1.4

£ 243 ] 0.25

By, 5.0 L, MA 14

Epeamt MeV 1.5,1.5,0.8 Regpr ™ 4.2, 4.6, 4.9
Pbeam' MW 15, 21, 8 IbS/Ip 0.40

<np>, 107073 0.7 KT, ke 17

a, 1.0 ar 0.5

T 1.5 Poth 0.55

As indicated in Table I, three NB injectors with different tangency
radii were used. The beam footprint had a total height of 1.4 m and a
total width of 0.6 m. The inner two beams had an energy of 1.5 MeV in
order to obtain sufficient penetration to the plasma core. The required
energy is determined by including the effect of multi-step ionization [9]
on the stopping cross sections. This process is predicted to enhance the
cross section by a factor of about 1.6 over the cross section for
jonization 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 is done
dynamically during the iterations, since the bootstrap current will vary as
the NB current changes. A plot of the toroidal current density in the z =
0 plane is shown in Fig. 1. We see some structure from the three beams. A

final plot in Fig. 2 shows the safety factor, qﬂ, vs. ¥. We see that g

remains above unity over the plasma cross section and rises to a value
above 3 near the edge. For this case, the current drive figure of merit,
N = <ne20> I &, / P for the neutral-beam-driven current alone is 0.58 A /

W-m“=. Including the extra current from bootstrap effects raises the figure
of merit to 0.96.
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PROFILES OF TOROIDAL PLASMA ROTATION

N C Hawkes!, M von Hellermann, A Boileau?, L Horton®, E Killne",
N J Peacock', J Ramette®, and D Stork.

JET Joint Undertaking, Abingdon, Oxon, UK. ! Culham Laboratory, Abingdon,
Oxon, UK. * NRS-ENERGIE, CP1020, Varennes, Quebec, Canada JO1 2PO.
® Fusion Energy Division, ORNL, Oak Ridge, Tennessee, USA. * Royal

Institute of Technology, S10044 Stockholm, Sweden. ® CEA Saclay, France.

INTRODUCTION

Strong toroidal rotation (w. £ 10°® rads sec” ') in Neutral Beam Heated
(NBH) discharges in JET has beenvpreviously 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) torocidal angular velocity
via Doppler shift determination. The
CXRS diagnostie [3] measures the Doppler
shifted light from excited C*' and 0°%
lons resulting from charge-exchange
collisions of the Neutral Beams with the
fully-stripped impurity ions in the

plasma. This diagnostic has 8 lines of X—ray NBI

sight across the plasma gilving a

toroidal rotation profile at points Fig.1: Schematic showing instru-
defined by the intersection of the ments on JET. NBI denotes the
chords and the neutral beams. In two banks of neutral beams,
addition an XUV diagnostic [4] was CX the 8 lines-of-sight of the
occasionally used to make measurements charge exchange diagnostic,

on the lower ionisation states of X-ray and XUV dencote the sight

nickel. lines of these two spectrometers,
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RESULTS

Figure 2 shows an example of the time history of the rotation
velocities derived from Doppler-shift measurements on the rotating C°*%
lons at different major radii. 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 profile shapes show little change in time indicating that the
velocity profile is established across the whole plasma radius rapidly (<
500 ms) after the start of injection. This is a similar timescale to the
acceleration of the plasma to equilibrium speed.

The contrast 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
correlation with the central NiXXVII Doppler-shift have shown that Ohmic
plasmas prior to NBH are normally rotating slowly (- 0.6 - 0.8 10* rads
sec”™ ') in the direction counter to the plasma current. ICRF can be seen to
increase the counter rotation. This is consistent with previous
observations L1] that ICRF slows down the NBH-induced plasma rotation
during combined heating discharges.

Figure U4(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 in figure 4(b)
show how the rotational profile develops through the pericd of the 'monster
sawtooth' (figure U4(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 L1] in L-mode discharges. The
rotational profile appears to broaden during the JET H-mode. If a para-
bolic function is fitted through these rotational profiles a ¥. value from
1 to 2 is normally obtained although the function is not a par%icularly
good fit. At present the position of peak rotation appears to be shifted
by - 10-15 em with respect to the electron temperature maximum determined
by the JET LIDAR Thempson scattering diagnostic LS]. The origin of the
shift is under investigation but does not affect relative profile shapes.

VISCOSITY
A calculation has been made of the viscosity profile using the CXRS

data and assuming that the momentum loss is governed by a diffusion type
equation

%% = = diy Fp + 53(r) = 0 (steady state) (1)
with T = = y grad p (2)
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where p(r) = mv(r) is the plasma momentum
X = diffusivity of momentum (viscosity)
S(r) = 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 Lé], 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 profiles
have been approximated by low order polynomials. The calculated viscosity
profile (x(r)) is shown in figure 5. Also shown as a sensitivity analysis
is the difference which a shift of ~ 10-15 cm in the veloccity profile would
bring to the y(r) calculation. y(r) decreases monotonically with radius
due to the momentum deposition profile being peaked near the axis and a
near linear fall of momentum with minor radius. The viscosity derived is
comparable to the diffusion coefficient of 1 m™? s7! assumed for impurities
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 seecs.

+# 13734
- SHOT # 14832 L ICRH i
3 ]
5 - z | ]
2 =
E
2 0
§ T Ni XXVII
g4f %
Ez- '8 0 4
" "o
3. ~ -05} 2
ot
% S Ni XXVI
5 o
[ = Q 0
556 54.0 53.5 54.0 54.5
-1
time{sec)
Time (s)
Fig.2: Time histories of the rota- Fig.3: Rotation seen with the X-ray
tional velocities at 3 different (NiXXVII) and XUV (NiXXVI)
radii in response to NB heating at instruments during RF heating.

the start of an H-mode discharge.
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i monster sawtooth as seen by the
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CONCLUSIONS

Rotation profiles of light elements from the CXRS diagnostic can now
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
diagnosties are capable of detecting differences in toroidal rotation
between ohmic and ICRF heating phases.

Using data from the CXRS diagnostic a viscosity profile has been derived.
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TRANSPORT STUDIES OF HIGH DENSITY OHMICALLY HEATED PLASMAS
AND HIGH POWER NEUTRAL BEAM HEATED PLASMAS ON JT-60
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Naka Fusion Research Establishment
Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken, Japan

1.Introduction

Particle and energy transport characteristics have been studied in
ohmic- and neutral beam-heated plasmas in JT-60., using the one-dimensional
transport code SCOOP/LIBRARY[1]. The experiments were carried out in hydrogen
plasmas with Rp=3.04m,a=0.8~0.9m,B;=4.5T,I,=1.0~2.0M4, and beam heating
power of 20MlY. Clean plasmas with effective charge number of Z.;=1~2 and
flat density profiles were obtained hoth for ohmic-heated, divertor and
limiter discharges. The confinement analysis on those plasmas shows that
the gross energy conflnement time becomes saturated with ~400ms at the
density of ne~4x10"“Ww> 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 10KeV were
obtained hydrogen beam heating of 20MWW onto a hydrogen plasma at
1.0~2.0MA,4.5T. The limiter operation and the low density m.=1.5%x10Ym™
(before heating) were required in order to obtain the hot ion mode.

2.0hmic-Heated Plasmas

Flat density profiles showing ne(g )/<ng> 1.1~1.2 were realized for
the electron density grater than 4x10"m™, in diverted plasmas. Although
peaked profiles like a parabolic shape were founded in limiter discharges
at the low densn:y less than 2x10%m73, 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
with no anomalous inward particle flux. The differences in cold neutral
energies i.e. [Ep=5eV for divertor discharges and FEp=30e¢V for limiter
discharges, could be responsible for the difference in density profiles at
the low density.

The central electron temperature rapidly decreases from ~3keV to
~2KeV as the density increases to around 2~3x10"w® and gradually
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decreases to 1.0~1.5KeV for Tez4x10"m™>. These low electron temperatures
bring on Z.si<1 in the data analysis with employing the trapped electron
correction factors [3] to the plasma resistivity ( Fig.1 ). 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 well as low Z.;r causes
relative low electron temperatures.

The confinement analysis shows that the gross energy confinement time
of the ohmically heated plasma becomes saturated with ~400ms at the density
of Te~dx10"n ™ and is weakly dependent on the plasma 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 diffusivity with enhancement
factor of 3 and the electron heat diffusivity x.=5x10'"/n.q. employing the
Spitzer resistivity, well reproduces the saturation and the profile of
electron temperatures over the wide density region ( m.=2~8x10' ) ( Fig.2
}. On the other hand, apart from the empirical transport, numerical
simulation based on the drift wave turbulence model has been studied. This
model results in the underestimation of the plasma temperature in the low
density because of too strong dependence of thermal conductivities on the
electron temperature, though the numerical results show %ood agreements with
experimental data in the medium density range { n.z2z4x10

3.Neutral Beam-Heated Plasmas

High ion temperatures above 10Ke¢V were obtained at I,=1.0~2.0MA and
Br=4.5T using hydrogen neutral beam heating of 20M{W onto a hydrogen
plasma. The limiter operation and the low density n.=1.5x10"%73 {before
heating) were required in order to obtain the hot ion mode. Figure 3 shows
the typical example of high T; discharge with I,=1.0M4 (shot no. E3962).
NBI heating of Z0Mly started at 6.55 sec and, at the end of the 0.5sec beam
pulse, the electron density increased from an initial value of T.=0. 8x10"
to 2.8x101%n3. The central ion temperature T.w measured by active beam probe
(4] increased from an initial value of ~3keV up to 11KeV. The measurements
of Doppler broadening of TiXXII line also shows the high ion temperature of
8KeV. Both measurements of ion temperatures are consistent with each
other, taking into account of the density profile of Titanium ions calculated
by the impurity transport code. Values of effective charge number Z.j; were
evaluated to be 4 to 7.

These high T; discharges have been studied steadily and unsteadily by
using the one dimensional transport code including the orbit-following Monte
Carlo NBI code. Steady state analysis of power balance [5) shows that the
high electron temperatures raised by the increased povwer deposition to
electrons due to high Z.;y is responsible for the high ion temperature,
together with the reduction of ion density. High electron temperature
reduces the equipartition loss in the ion power-. balance, Reasonable
agreements both of ion temperature and total stored energy between
calculations and experimental results are obtained. Time evolutional
simulations of ion temperature have also carried out by using the
experimental data of electron temperature and electron density. Figure 3
shows simulation results for Z.;=5.0, where oxygen is assumed to be the
impurity ion and Z.s is taken to be constant in time and space. In the

5 :
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initial phase of neutral beam injection, the reduction of ion density due
to high Z.;s 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 Z.ff, the increase of ion temperature is slow,
although the ion temperature in the steady state is almost same as in the
case of high Z.;;. In the quasi-steady state, the convection loss is dominant
in the ion power balance and the ion temperature is insensitive to Zgss for
fixed electron temperature. It was also found that the depletion of thermal
ion density due to NBI fast ions is important for the temporal evolution of
ion temperature in the low density plasma, especially in the initial phase
of NBI heating.
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Figure Captions

Fig.1 The resistive Z.f from Spitzer resistivity (a : ngfsp) and from the
neoclassical resistivity with trapping correction (b : ZEHNC) versus
the line averaged electron density.

Fig.2 The profiles of elecrtron temperature, ion temperature, electron
density and safety f'actor calculated by using the empirical electron
heat diffusivity %=5x10'""/n.q, the ion neoclassical heat diffusivity
with enhacementy factor of 3 and Spitzer resistivity. Open circles
show the electron temperatures measured by ThomAéJson scatt.ermg

Fig.3 Typical example of high T; discharges. and T; XX are ion
temperatures measured by the active beam. and the Doppler broadening
of T:XXII, respectively. and T« is the electron temperature at the
maghetic 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 electron density, and Z.s=5, which is
assumed to be constant in time and space. Neoclassical ion thermal
diffusivity with enhancement factor of 1 is used in the simulation.
We, Wi and Wy are calculated stored er-=rgies of electrons, thermal
ions and beam ions, respectively.




L]
ell

z

elf

Ip (MA)

T (hev)

1

068

ol
40 : - : T T T - e g i A
¢ ~253210" ¥ EIT21 1L5Ma1
® Hytrog 43¢ 30p (g0
?%: +a Hefm,e;l.] | ny <
1 . 53 * E
o .
oo o €, e ;as i 2
200 90091(% 3 . HE SR
@ @ @ n.a ke
' © P ol ‘;"o " aa . e ga :: o8
- 4 & wof~
[t o
00 L . L ; . o
e & A0 Bl - S e 7 a0 @ o)
b Tie l:lomm") R (m) !
3.0 T T T T T T Wt a0 T ~ 65110707
Hydrogen 45¢ 8O
Helium (] L
20} - & ™ b 15f &
S s
& C%. a ~ 25k
o om 8, o a & ¢
L & 1sf 20]
00 1 i 1 1 1 1 L F
00 20 40 60 80 os ook s S ]
Fie 1210"°n%) R om e
Fig. 1 Fig. 2
SHOT NO © E3962 Ly=50 (E3962)
2 i 5 T L} T T T
1.5 -<-: mognetic =
i 14 = it
1, 1i% fitting
1| 12
- 42 =
N | =
Py i S g S S SO P
I Bprty/2 40 0
1.5 4 = 12
r = Z 10
120 = -
10F oF = g
L Frm B e
P e M S B vl I p i =6
12 e - e 4
r ] =2
10 : | 0 ! ! ! Il !
B 7] S wokETT
N Tl'nnl TJ: 1 E 10 - § STy
6 7 — = 8f
! g il
4 ] =
L E -l. 4 -
G ] = gp—i2
P I R R S S TR S S . L
23 4 5 & 73 B 940 64 65 66 67 68 63 70
1 lsecl 1 (sec)
Fig. 3

Fig. 4




1069 P3G72

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 6rqg = 10 — 30 em. The neutral gas expands poloidally (and toroidally) to a
thickness of 807 = 1 - 2 cm before it is ionized. Thereafter, the plasma cloud expands
mainly along field lines with the acoustic speed, so that the length &;,, increases with
time. The cloud streches once around the torus (6;,, = 27 R) after a time interval
of about 0.1 msec. Thermal equilibration 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.

II. 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 n is defined as the step increase in the target electron content divided
by the pellet atom content. For ohmically-heated (OH) discharges, nog = 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-mode),
nyr = 50%. (n 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 H, light. Photodiode measurements (shown in Fig.3) and photographs
show ablation primarily 5 to 20 cm inside the separatrix, not in the scrape-off-layer, 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 10°cm?/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 time 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 temperature, 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
constant 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.

III. CANDIDATE LOSS MECHANISMS

An estimate of the initial ideal MHD perturbation produced by the cloud indicates a
global 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 the 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 10° 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

(1) Kaufmann, et al.,“Pellet Injection with Improved Confinement in ASDEX”, to
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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, 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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CURRENT DRIVE AND HEATING SYSTEMS BASED ON
HIGH-ENERGY (1- TO 3-MeV) NEGATIVE ION BEAMS*

W. R. Becraft,” M. A. Akerman, H. H. Haselton, B. D. Murphy, D. C. Lousteau,
P. M. Ryan, J. H. Whealton, G. E. MeMichael,* A. Schempp**

Oak Ridge National Laboratory, P.0O. Box Y, Oak Ridge, Tennessee 37831, U.S.A.

Next-generation fusion devices based on the tokamak confinement concept are
expected to emphasize steady-state operation. Such future reactors may include
designs like the International Thermonucisar Experimentai Reactor (ITER) and the
[nternational Tokamak Reactor (INTOR). 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 MeV. Preliminary physies calculations show that the core
current necessary for stability enhancement can best be achieved by beams with
energy ranging from 1 to 4+ MeV. Further study and experiments will better define
the optimum energy. Work under way at Oak Ridge National Laboratory (ORNL)
and at collaborating institutes in Canada and the Federal Republic of Germany is
defining a system, its elements, a configuration and operational scenarios deemed
appropriate for such devices as I[TER 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), funnels
(if needed) for beam combining, a plasma neutralizer, ion dumps for non-neutralized
particles, and the necessary auxiliary elements such as a vacuum system. The
system to be described isa 35-MW (11.6-A, 3-MeV) unit with a neutralized beam ~9 ecm
indiameter 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 given; this aspeet will be
treated in more detail in other papers.

The fusion concept being emphasized throughout the world as the leading
candidate for an eventual power reactor is the tokamak confinement scheme. The
tokamak devices built to date are pulsed devices. Maintenance of a plasma current
will be required for steady-state operation. The plasma current must be maintained
noninductively in that any inductive approach requires a varying magnetic field with
a limited swing. Both particle and wave approaches to noninductive current drive
have been studied and tested to small extents [I-4]. The expanding worldwide
research to achieve the required plasma current drive is focusing on neutral beams
as the most promising concept for the next generation of ignition 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 current that derives from experimental evidence and (2) the
ability of beams to penetrate to the plasma center and drive the required core
current.

Simple analysis of beam current drive penetration shows that beam energies of
>1 MeV will be required in tokamak configurations such as ITER with Rp = 4.5 m
and demonstration reactors with Rg ~ 6 m.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy,
under contract DE-AC05-840R1400 with Martin Marietta Energy Systems, Ine.
fConsultant, Grumman Space Systems, P.O. Box 3056, Oak Ridge, TN 37831.

tChalk River Nuclear Laboratories, Ontario, Canada KOJ 1JO.

**Institut fiir Angewandte Physik der Universtdt Frankfurt, D-6000 Frankfurt am
Main, Federal Republic of Germany.
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The main issue that has deterred consideration of high-energy (>1-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 characteristies that are near-scalable. RFQ
accelerators have been successfully operated under very challenging conditions. The
operation 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 sealing to the higher currents but much lower brightness plasmas and
lower current density beams acceptable for current drive systems can be done with
some confidence.

Design conecepts 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. I[n 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 eyclotron 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 accelerators
operating near their space-charge limits lends confidence to the predictions of rf
properties and accelerator efficiencies 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 eurrent 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 feasible from a cost payoff basis.

Several different forms of rf accelerators have been considered: in particular,
the MEQALAC, drift tube linear accelerators (linacs), and RFQs. Only the RFQ can
simultaneously provide continuous gentle bunching and strong focusing, It is an ideal
matehing device between a continuously operating ion scurce and the discrete beam
bunches needed for rf accelerators. [t 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. [t comprises
the negative ion source, a low-energy beam transport system to mateh 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
em) of the beam exiting the RFQ permits the maintenance of the neutralizing
plasma with an insignificant plasma generating rf energy (~400 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 the 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, small-
diameter beam and an easy interface with the tokamak.
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[t is apparent from a cursory study of this system that, in addition to relying only
on scaling of presently developed concepts, it has many attractive features for
tokamak application:

Very small diameter beam - Small tokamak ports
-~ Reduced volume near tokamak
- Reduced neutron backstireaming

Beam is bent before neutralizer - No neutron backstreaming to sensitive beam
components
- More machine interface flexibility

Low beam divergence - Canuse 10- to20-mdrifttubeafterneutralizer
(~1m-rad) - Can place key equipment farther from the
machine, behind shield
- Easier hands-on maintenance can result

The cost of the rf accelerated beam should be guite competitive with other rf
and beam concepts that may be considered for current drive.

The key issues to be addressed in pursuing the desired development of this system
include those related to the physies of 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 application of high-energy neutral beams for
current drive, plasma heating, and possibly alpha diagnosties.

The following summary statements are offered:

e A plasma current drive mechanism is required to extrapolate present
tokamak physies and technology into a reactor regime.

® Core plasma current drive is essential in achieving the required current
profile for stability.

o Available (credible) current drive options are limited.

® Preliminary scoping 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 tokamak and neutral beam parameters must be determined and
pursued.

® Related programs may be important; neutral beam heating, alpha particle
diagnosties, high-Z current drive, and experimental tests on confinement
devices (e.g., ATF).

It seems likely 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 1. High-energy rf accelerated beam module (9 MW): “basic building block.”
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FIRST EXPERIMENTAL RESULTS OF ENERGY RECOVERY ON THE TORE
NEUTRAL BEAM INJECTOR PROTOTYPE A

M.Fumelli, F.Jequier and J.Paméla

Association EURATOM-CEA, CEN Cadarache, 13108 St-Paul lez Durance, France

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 wview 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 unneutralized 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 &nergy recovery
of the unneutralized fraction of the beam. In a conventiocnal neutral beam
injector, these residual energetic ions are magnetically deflected and
dumped at full power on actively copled targets. In the "energy recovery"
scheme' , also called direct conversion®, these ions are electrostatically
decelerated and collected at low energy on a device ("recovery electrode')
whose potential Vr is near that of the ion source. This improves the
injector power efficiency and reduces heat load problems of ion dumps. Ve
present here the main features of the Tore Supra neutral injector prototype
and the first experimental results.

INJECTOR DESIGN - STEM ELECTRCDE PRINCIPLE

The design of the energy recovery system (ERS) was based on a computer
study’ . The whole injection line was conceived with constant care of the
specific problems of energy recovery. The principal elements are (fig. 1):

11_ Grounded source: the ion source is grounded1"4, the neutralizer
being held at the accelerating negative high wvoltage Vbeam. With this
disposition, the recovery electrode is near to ground potential (slightly
negative). This reduces problems arising with the collection of particles
resulting from ionization processes and simplifies the electrical circuit.

2) Neutralizer gas pumping: a chamber with baffles is placed at the end
of the neufralizer in order to reduce ionization in the suppressor reglon.

3) Suppressor electrodes (STEM): these electrodes are placed on beam
sides, at the entrance of the ion decelerating gap of the ERS. They are
negatively biased (Vs) with respect to the neutralizer, creating an
electrical 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 STEM (for Suppression and Trapping of
Electrons by Multi-plate device), conceived to trap electrostatically at
least 50% of these electrons. It is made of two electrically isolated sets
of copper plates mounted in alternation: this allows the application of &z
trapping potential between plates (Vp).

4) Narrow beam: in Fontenay-aux-roses’ ™, we have developed a very
narrow beam system (6.5 x 120 cm at the extraction plane) in view of the
energy recovery. This reason of this choice is that Vs varies roughly as the
4/3rd power of beam transverse dimension’, and therefore broad beams are not
suited for energy recovery.
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EXPERIMENTAL RESULTS:

This series of experiments was made with He, H and D beams of
characteristics up to 60 keV, 12 A and 0.5 s duration. The main 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 recovery ol
the residual ions, in agreement with the numerical calculations’ . As
expected from beam neutralization calculations, the recovered current
decreases when the neutralizer target thickness is increased (see figure 4).

2) the value of Vs required to stop neutralizer electrons is clearly
defined by the experiment as shown on figure 5. The measured suppression
tension (= -10 kV in the case of figure 5) is found to be in agreement with
the numerical calculations’.
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3) figure 6 demonstrates the efficiency of the secondary electron
trapping by application of the polarization Vp between suppressor plates. vy
being the secondary electron emission coefficient and e 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 (1-+y)/(l+ey).
y and € have been deduced from this type of measurements combined with
calorimetry on both sets of suppressor plates.

At 50 keV, we measured y = 6 + 1 in helium and y = 4 + 1.3 in hydrogen.
When a polarisation Vp ~ 0.25 Vs is applied, we measured € =~ 0.45 in heliun
and hydrogen at 50 keV (i.e. electron trapping efficiency above 50%).

4) We measured a very high collection efficiency (=90%) of the
unneutralized full energy beam particles. In this first experiment, half of
this gain was lost due to secondary electrons emitted from the suppressor.
An important fraction of these electrons is probably due to bombardment by
spurious energetic particles (direct ©beam interception, aberrated
trajectories). We will try to reduce this interception in the next
experiments (improvement of collimation in front of the STEM) and thereby
further increase the overall ERS efficiency.
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Figure 5: electron current in the Figure 6: the net suppressor current
forward direction decreases when the is plotted versus Vr for two series
(absolute) value of Vs raises, until of He beams at 50 keV, perveance
an electrostatic barrier is created matched. The first series (30 shots,
([vs| > 10 kV). This plot was open points) was made with a
recorded during a single 50 keV polarization Vp = 3 kV. The second
‘Helium shot, Vs being varied by series (18 shots, dark points) was
means of a capacitor. made without polarization (Vp = 0).
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INTRODUCTION

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 the separatrix.

Transport in a stochastic magnetic field has been investigated in a number of earlier
papers based on the quasilinear theory [3,4], resulting in the well known diffusion
coefficient 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 madel [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 Vi = —(V¢ x B)/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 v = 2),/Rg than that derived from quasilinear theory ( here
A, is the electron mean free path, R the torus major radius and g the safety factor). In
particular we find that inclusion of momentum conservation in like-particle 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<|im-nal < (72)"(5)"
rq v

Here m and n are the poloidal and toroidal winding numbers, and w and v the fluctu-
ation and collision frequency, respectively.
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We also present a self-consistent 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 field 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. Tt is found that the neoclassical perpen-
dicular ion current produces a toroidal rotation in the Co-direction, of approximately
Vi = —P'/en,By, where P' 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 b,, which we expand as

be =333 bumn(r)ezp(i(wt + mf — ng)). (1)

The particle flux perpendicular to the unperturbed flux surfaces is given by
T =<b, [ fud'o>, )

where < .. > represents a time-average over the magnetic surfaces, i.e. over @, ¢ and
t, and f is the total distribution function.

To find f we solve the drift kinetic equation for the electrons in the rotating system,
given by V. We use the cylindrical approximation, neglecting the B x VB drift,

af

af - q, -
b NF—(H =l
ot Fo BN m,(B ve) Oy

= Ve (2 — f) + ves(f2 — 1). (3)

The Maxwellian f:’;’ has the self-consistent values of density n,, drift 4, and tempera-
ture T, of the total (perturbed) distribution, i.e.

() ()]

Here p is the magnetic moment. We see that particle number, momentum and energy
are conserved in like-particle collisions [6]. For electron-ion collisions we conserve par-
ticles and energy, but momentum transfer is allowed, representing electron-ion friction.

The distribution function is expanded, f = f; + fi, with fy a Maxwellian in the un-
perturbed magnetic field and f; being represented by a series similar to that for b,,
eqn. (1). The resultant radial particle flux (eqn. (2)) has been calculated for resonant
modes, i.e those for which the parallel wave number ky = % = 0. It may be written
as
Aa Ve, th
L= 72R—qu4DM (P: - engqﬁ'(,) § (5)
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Here Djs has the form of a magnetic diffusion coefficient

Dy = Rq Z Z Z bw.m.nb;,m,nA(kﬂ)’ . (6)

where b* represents the complex conjugate and A(k)) 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 € = v,,ﬂ,k"/u << 1, we find

4 4
Uy in k)

A7 (k) =1+

?
viw?

from which one may deduce a resonance width

o[t < (2)"

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

m 2 ’
Q, =< b,.E./ ([v" — uu] + Z,U.B) (U” - u“) fdv >, (7)
we find that 5 -
5 e [
Qr = ~5 (R_q) ve,mneDME- (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, but causes the ion transport to vanish, even for kj = 0.

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 model proposed by Stringer [7],
in which we consider the above aniomalous electron transport arising from the braided
magnetic field, and neoclassical ions .

Equating the neoclassical ion flux [8] and the anomalous electron flux (eqn. 5), 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 '

!

P’
o+ VigBo —VieBs = ——-, (9)




(with V; ;4 the toroidal ion rotation velocity) and the toroidal momentum balance for
the whole fluid
minii Vs g = maw; foTi + My (10)

(with »; a phenomenological drag frequency to describe the momentum sink, M, a
momentum source and f, = Bg/By). The three unknowns ¢y, Viy and Vi can be
found from the ambipolar transport condition and these two equations.

The term with T'; occurs in a stochastic magnetic field, as transport is not locally
ambipolar and the component parallel to the field lines cannot contribute to the ;X B
forces. Thus T'; can be replaced by the parallel electron flux T', . As the ; x B force
is a large quantity, the electric field is restricted to the value

en gy — Pi ~ 0. (11)

M is typically too small to control the toroidal rotation, which thus follows purely
from radial momentum balance (9) and neoclassical rotation (10),

P T o(lnndy")
W E T B (12)

(where P = P, + P; 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 10* m/s may be estimated.
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LARGE AREA - 4 cm HOLLOW ANODE ION SQURCE

V. Miljevié
The Boris Kidrié Institute-Vinéa, The Institute for Atomic Physics,

P.0.B. 522, 11001 Belgrade, Yugoslavia

Neutral beam injection heating is a promising method of heating magné*
tically confined plasma /1,2/. Different types of both the positive and ne;_

gative ion sources for neutral beam applications have been developed /3,4/.1

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 discharge consisting of a hollow
anode dischargé (HAD), as the source of both the high energy electrons and
atomic hydrogen (predissociation method) /5-12/, and a standard reflex or
PIG discharge, as a plasma source, supplying ions to the extraction elec-

trodes /11,12/. 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 (IC). Axial
magnetic field is applied by MC1 and MC2 source coils. Thus, the PIG dis-—
charge chamber is enclosed by the hollow anodegEIange, cylindrical anode and

target cathode.

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 ceramic layer deposited by a plasma arc
thus making only inner surface of the anode aperture conductive. Details 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, enters 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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Fig.1. 4 cm hollow anode ion source: HS - heat sink, CC - concave
cathode, TI - teflon insulator, HA - hollow anode, MC1, MC2
- magnetic coils, CA - cylindrical anode, TC - target

cathode, EE - extraction electrode, SF - source flange.
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In the hollow anode discharge the concave cathode focuses 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 probability 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 electron beam (without additional acceleration) is obtained /8,9/.
The intensity and the energy of the electron beam depend on the hollow 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 ionization 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 aperture into the downstream discharge chamber
are constrained by the magnetic field and osscilate between hollow anode
and target cathode. In this way a filamentless 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 are formed into an ion beam by the extraction

electrode (EE).

Typical operating conditions of the hollow anode tandem ion source
are:

- hollow anode hydrogen discharge pressure is of the order of 10_1
mbar (typically 3-5-10"" mbar). In this case pressure in the vacuum chamber
is about 5-10_5 mbar. The pressure in the PIG discharge chamber has not been

measured.
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- hollow anode discharge current is I]_1 = 60-80 mA at UH = 258 W
- PIG discharge current is Ip = 200 mA at UH =280V
- magnetic field at the axis of the PIG cylindrical anode is about

B = 50-60 G.

For the above mentioned operating conditions a hydrogen ion beam exce-—

eding 10 mA at 1.5 kV is obtained. No ion beam optimization work has been

done

pole

with

so far.

In order to improve plasma characteristics it is planned to add multi-

line cusp confining field around the PIG chamber.

The hollow anode tandem ion source can produce high purity ion beam

good gas and power efficiency. As the pressure in the vacuum chamber

is low, for many applications of this source differential pumping is not

necessary.

Further work is in progress.

REFERENCES:

1/

12/

/3/
/4/

/5/
/6/
17/
/8/

/9/
/10/
11/
/12/

F.H.Coensgen, W.F.Cummins, G. Cormezano, B.G.Logan, A.W.Molvik, W.E.
Nexsen, T.C.Simonen, B.W.Stallard, and W.C.Turner, Phys.Rev.Lett.
37,143(1976).

L.D.Stewart, A.H.Boozer, H.P.Eubank, R.J.Goldston, D.L.Jasseby, D.R.
Mikkelsen, D.E.Post, B.Prichard, J.A.Schmidt, and C.E.Singer, in Proc.
of the See.Int.Symp. on the Production and Neutralization of Negative
Hydrogen Ions and Beams (Brookhaven National Laboratory, Upton, NY,
1980), p.321.

Y.Okumura, H.Horiiki, and K.Mizuhashi, Rev.Sci.Instrum. 55,1(1984).
L.R.York, R.K.Stevens,Jr., K.N.Leung, and K.W.Ehlers, Rev.Sci.Instrum.
55.681(1984).

V.Miljevié, Appl.Opt. 23,1598(1984).

V.Miljevié, Rev.Sci,Instrum. 55.931(1984).

V.Miljevié, IEEE Trans. on Nucl.Science, NS-32, No 5, 1757(1985).
V.Miljevié, XVIII ICPIG, Int.Conf. on Phen. in Ionized Gases,

Swansea, (1987), p.768.

V.Miljevié, J.Appl.Phys. to be published (1988).

V.Miljevié, unpublished.

W.L.Stirling, C.C.Tasai, and P.M.Ryan, Rev.Sci.Instrum. 48,533(1977).
C.C.Tasai, W.L.Stirling, and P.M.Ryan, Rev.Sci.Instrum. 48,651(1977).




1089 P7GT75
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ELECTRON ATTACHMENT
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and
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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 1is well recognized and the ion
sources for this purpose are quickly developing (1),(2).
Efficient production of hydrogen negative ions in volume
sources 1is achieved by dissociative electron attachment (DEA)
to wvibrationally 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 wvibrational 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 exceptionally 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
right angle by electron beam. Perpendicularyto the electron
beam directon the quadrupole mass filter is mounted +together
with a simple entrance ion optics. The negative ions created
by DEA in the interaction region are focused, filtered from
other negatively charged particles by quadrupole mass filter
and detected by an off-axis channel electron multiplier. The
stainless steel gas c¢cell used in this experiment 1is also
schematically shown in Fig. 1. The tungsten filament 1is
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
the filament and the grounded wall. The gas cell is shielded
by mu-metal 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.

QUADRUPOLE
T T S MASS ANALYSER
TN r::::ll
_FELECTRONS T0NS >
T = [ |l J
GUN CELUa-COOLING
< MAGNETIC

% SHIELD
——

\ H2

CATHODE  FILAMENT

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 vibrational states (at room temperature)
only the peak at about 4 eV appears resulting from DA to v=0
molecules. The narrow peak is obtained by appropriate tunning
of ion optics so 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 relative 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 heated to about 2700K
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and without discharge in the gas cell. The relative
vibrational state distribution for this case 1is nearly
Beltzmanian with vibrational temperature about 3000 K. This
high vibrational excitation is produced by recombination of R
atoms formed by thermo-dissociation on the hot filament and H
atoms adsorbed on the wall (8). This finding is very important
for modeling and developing negative ion sources. Recently, an
attempl to use this mechanism for creation of the pre-excited
hydrogen molecules in the volume ion source was reported (9).

HHp | ' ' '
~|v=7 6 5 !’\L 3 2 1 0
= T T T w T T T 1
2 &
- B
et < 1 II
o f\ & il |
o B o1 1 B
e AT I| 1
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1 1 e .‘.."'I‘"': \'—"': e
i 2 3 A
INCIDENT ELECTRON ENERGY (eV)
Figure 2.

The erxperiments performed with the discharge generated
between the filament and the cell wall showed relative
population increase predominantly for the lower vibrational
states when compared to the dicharge "off" case (but with
filament “on") {(10). Although +this finding can not be
peneralized to the discharges in the volume sources because of
different discharge conditions as well as because of the
extraction effects present in our experiment, it stimulates
further etforts for the stody of vibraticnal population
determination under the discharge conditions.

For spectra with almost pure vibrational excitation as
the one from Fieg. 2, the spectrum analysis is simple, but when
the rotational =states are appreciably excited as well,
appraopriate deconvolution is necessary in order to get correct
relative state populations.

The dependence of the 14 eV DA process on the vibrational
and rotational exajtation was studied as well. The
experimental 1y determined near threshold DEA creoss-section for
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w=1, 2, 3 state of hydrogen molecule is 3.6, 4.5 and <2 times
biger than that for v=0 state. This dependence is not so
spectacular as for the 4 eV process due to the longer life-
time of the negative ion state. The model analysis of these
results gave the information on the corresponding negative ion
curve for hydrogen and deuterium. The data on the 14 eV
pProcess are of importance for diagnostics of the low
vibrational states especially for deuterium as the cross-
sections for +the 4 eV process are very small for this
molecule.
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ELECTRODINAMIC ACCELERATORS USE FOR.- HIGH
TEMPERATDORE PLASMA PRODICTION
N.I.Archipov, A.M.Zhitlukhin, V.M.8afronov. V.V.Sidnev.
Yu.V.Skvorteov
T.V.Rurchatov Institute of Atomic Energy, Mascow,l5RR

Modern electrodynamic accelerators are able tp generate
plasma streame with a density of n =10PL lﬂlﬁcﬁw;. a tempera-
tureohf Te ~ 1002V, Ti ¢ 100Dev, a directed velocity of up to
V=10 em/s and =z total energy above W=100kJ. Such plasma so-
nrcas are interesting for thermonuklear research and might be
uncd for a hot plasma creation in open syetems. In this case
it is needed to slow doun plasma stream and to convert its ki-
netic energy into the thermal energy of the stationary plasma.

The possibility of the stream energy thermalization by me-
anz of the plasma collizion with the material target, the mag-
natic barrier and the counterstreaming plasma is stndied in
thiz work. It shonld be noted also that investigation of the
éulliﬁionleSﬂ vlasma streams with [1-1 has its own phveical
interest.

Fxperiments were carriad out at the ME-200 device consis-
tadl of two plasma guns with nulsed gas admiczaion (hydrogen,
denterium). Gunz are fed from twe 1150« F capacitor banke. The
aperating veltage N is varied from 15 to 30 kV. The discharge
current attaina a peak value in »6.53.:. On leaving the gun
Plasmn stream iz transported along 30 om diameter metallie 11-
ner with the longitudinal magnetic ficld up to B.-20 k0. 8o
the plosma gtrenms are isolated from the liner walls by the

magnoetic fie=ld.

A st of dia toola snch an Mach - Zehnder interfers-
meter, magna prabesn, pressurs dateonors . Thomaon soatter-

ing apparatus (0 R4S AN poantren nnd ¥ ray ebzotora, ca-
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lorimeters are used for plasma parameters measuring.

1. Interaction with the material target.

In this experiment the only regime is used (U,= 1EkV, B.=
7,2 kG). Targets (plastic, metal) are placed at a distance of
100 em from the gun muzzle. Parameters of the plasma stream
leading - edge are as follows: velocity of V= 3.8*10? cm/s,
density of :B*lD'a cmls, diameter of D=9cm, temperature of
'I'L+T'l =250 eV, T, /T, =0,1-0,2. Longitudinal magnetic field
is almost 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 formation. Shock front propogates up-
steam and causes relaxation of the kinetic stream energy
The plasma pressure behind the shock is of P= 8*10 eVkem
and corresponds to the stagnation pressure (taking into acco-
unt the plasma radial expansion and the magnetic energy inc-
rease). It confirms the complete thermalization of the plas-
ma directed energy. The "stationary" plasma life-time does
not exceed T':S—I;fs. Fast cooling is caused by the thermal
contact of plasma with the coil material target. This is the

principal shortcoming of such thermalization method.

2. Interaction with the magnetic barrier.

Magnetic barrier solenoid (50 em in length) is placed at
200 em from the gun and generates the mirror magnetic field
up to Bm =20kG. Plasma streams are transported in a longitudi-
nal magnetic field of B =6.4kG from the gun to the magnetic
barrier. Plasma stream parameters are the following:
n =(2-3)%10" cm® , V =(4-5)%10" cm/s, T = T+ T,=0.7keV, D =1icm,
total energy of W =36kJ, internal magnetic field Bi << Bo. At
the mirror ratio of k = Bm/Bo =3, (BmJ/SW';fvd/Z) the energy of

the plasma stream penetrating through the magnetic barrier
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does not exceed 50% of the total stream energy. Plasma is
partially reflected and thermaliﬁ?d_g? the mirror magnetic
field. Plasma with n =(3-3.5)%10 cm, T =1.3keV, D =1bcm is
produced in front of the barrier. The deuterium plasma is the
neutron source (N :109 neutrons per shot). The plasma life-ti-
me is of T =15 us.

There are two essential shortcomings of this thermaliza-
tion method. In the first place, a great magnetic field is
needed for effective energy relaxation. Secondly, magnetic
field penetrates rapidly 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
n =(1- 5)*10 cm3 , 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 -SOkV Bo =16kG, a plasma column
of 200 em in length with n —4*10 cﬁs » Ti =2-2.6keV, Te =200-
300eV, W :70kJ,jS~1 is produced. A maximum neutron yield
5%10 neutrons per shot is achieved.

Transverse 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 D1 redu-
ses more sharply than ~ 1/B. It is very likely that D) will
be significantly less Db at a greater magnetic field.

Plasma life-time is of T’:ZO-ZQ/!B and exceeds the
time of the longitudinal spread at the thermal velocity
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q;h: L/2V = %/45. It is explained by the effect of the

plasma stream tailes on the hot plasma expansion.

Conclusion.

The plasma stream interaction with the material target,
the magnetic mirror and the counterstreaming plasma is 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 freejpath calculated for di-
rected particle energy.ﬂL:5*10 €” /n and the ion colli-
sion time (I} in any case are much larger than a width
of shock front d < 20cm and its formation time ‘L =1-2

Mse. It confirms the collisionless turbulent nature of the
shock wave. It isn't known what plasma instability is res-
ponsible for the shock front formation. Additional experi-
ments are needed. Nevertheless the data obtained permit
to use powerfull electrodynamic accelerators for high tem-

perature plasma production.
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SCATTERING OF MILLIMETRE-SUBMILLIMETRE WAVES
FROM THE TORTUS TOKAMAK PLASMA

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 laser 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 [1] whose
dimensions and typical 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 laser is a fofmic acid wvapour laser, optically
pumped with a €0, laser, which delivers 10 mW at 433 pm. 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 the
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 [2], can deliver tens of watts of power
and is tunable over the frequency range 75 to 330 GHz (4 to 0.9 mm). It is
tuned by raising the magnetic field of the 12 T superconducting magnet.
One cavity resonance after another is excited, the adjacent strong cavity
resonances being approximately 10 GHz apart. The experimental arrangement
is shown in Fig. 2. The quasi-optical (Vlasov) antenna converts the
high—order waveguide modes into a well-collimated, linearly—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,
gaussian. After passing through the plasma, the signal is detected by a
diode detector.

A magnetic probe at the edge of the plasma picks up poloidal magnetic
field fluctuations.
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Fig. 1 Scattering experiment with the submillimetre laser.
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Fig. 2 Scattering experiment with the gyrotron.

MIRNOV OSCILLATIONS

In both the submillimetre laser and gyrotron experiments, the signals
from the detector and the magnetic probe are amplified with a broadband
amplifier. Data taken over a 2 ms 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 submillimetre 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 is launched into the plasma [3]. 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 perturbations of this wave.

The signal from the detector is amplified with a mnarrow-band
amplifier tuned to 5 MHz. The scattered signal is small and is revealed
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 (= 2wx/)) for far-forward
scattering are similar for the two sources. The requirement that the
centre of the scattered beam lies within the (l/e maximum intensity)
radius of the incident beam gives the condition on the perpendicular part,

kl' For the submillimetre laser where the radius at the waist is 4.2 mm,
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k must be less than 430 m_l.

In the case of the gyrotron, the radius of the beam at the mouth of
the waveguide 1is 13.2 mm and, if aperturing is ignored since the narrow
dimension of the tokamak,port is perpendicular to the scattering plane, k
must be less than 940 m = for all wavelengths. 1

For the Mirnov oscillation experiment k < 40 m = and the
is easily satisfied.

for the kinetic Alfven waves depends on all
parame%ers the frequency and toroidal wavenumber of the waves being
launched. Fig. 4 shggs k for a plasma with a parabolic density profile
{n, = 1x101%, 2x101° m "), & parabolic—squared temperature profile ( =
100 ev, Tmi = 20 ev), a uniform magnetic field (0.75 T) and a Have
frequency of 5 MHz, calculated according to the dispersion equation

2 2 2 2 2 2
k‘a =w -0 —w/k"

condition

the plasma

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. radia} position. The paramgter is n the toroidal mode number.
(a) n, = 1x101% m =, (b) ny = 2x1019 m
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A MICROWAVE REFLECTOMETER FOR THE TJ-II FLEXIBLE HELIAC

A. P. Navarro, E. Anabitarte , C. Alejaldre and F. Castején
Asociacién EURATOM / CIEMAT, 28040 Madrid, SPAIN

INTRODUCTION

Microwave reflectometers have demonstrated their capability to determine electron
density radial profiles in tokamaks (1, 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 art, sweeping times are in the order of 1
ms), it is possible to obtain several ng 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 ng reaches the cutoff
condition. This phase change is given by (4):

fﬂ T
A0 =dn— | Ve ar-3 [
where f is the incident wave frequency and € its propagation index in the plasma.

The radial position of the cutoff layer, r¢, is deduced from the measurement of

A®, and ng can be obtained from the fact that wave frequency (fp) equals the cutoff value
at this radial position:

- il f‘Z 2 ”
Q“fpe [2] O - mode fo"i(fce"' fce""”pe) [3] X-mode

where fpe and fce are the plasma and cyclotron frequencies, respectively.

f

In this paper microwave reflectometry in stellarator is studied in detail for the first
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 determine the antenna requirements.

Electron density fluctuation measurements with this technique in TJ-II kave been
also considered, deducing a model for data analysis and estimations for the achievable
spatial resolution and sensitivity.

TJ-II ne 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 B® and BZ are the magnetic field components and W the helical flux, for
vacuum. Fig.1 shows the TJ-II magnetic structure deduced with this model. Electron
density can be deduced by assuming it constant on flux surfaces:
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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 current in the
hard-core of the device, making difficult to
separate O 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 with the
direction of the transverse field, Fig. 2-b
presents the same magnitudes than 2-a fora
230 rotation. In this situation the
perpendicular field can be neglected

Using this set-up, the cutoff frequencies for the O 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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These results show that the standard instrumentation used in tokamak
reflectometry can be applied to TIJ-II, covering the full operational space of the device,

and the effect from cyclotron absorption is very localized.
Spatial resolution for these measurements have been calculated assuming it as the length

of the reflection layer, given by (4):
2/3
5

(2™

Results are presented in the Fig. 4 for the three
central densities considered ( 1012, 1013 and 1014
cm3) and parabolic profile. Resolution improves
with density gradients and, so with its central
value, and it is always better than 2 cm.

SPATIAL RESOLUTION

S

2

Fig4 ial resoluti

RESOLUTION( cm)
— L]

neo=10**14

.3 0
radius (rel. units)

ne FLUCTUATION ANALYSIS
Density fluctuations 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 perturbations of the type:
I—r
8n=Anexp[— )exp(—imt)

where Ay, Ts, As and @ 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,
determining location and relative amplitude.
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Fig.6.- Density fluctuation reconstruction from reflectometer signals.

RAY TRACING CALCULATION
The ray-tracing code or
RAYS67 has been <
used to follow a

single ray

propagating at 28

GHz into a plasma <k
characteristic of TJ-II A
and with central
density changing
from 0.9 to 2.0 x
1013 ecm-3.It is
shown that antenna
diameters of the
order of 5 cm. will
be able to pick-up the o
return signal for QA
central densities in
excess of 1.2x 1013 X
cm3
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0

|
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INVESTIGATIONS ON ECRH VIA 140 GHZ COLLECTIVE SCATTERING
IN A TOKAMAK PLASMA

U.Tartari and M.Lontano

Istituto di Fisica del Plasma, CNR-ENEA-EURATOM Association
Milano (Italy) #

1 — INTRODUCTION

Recent developments in gyrotron technology have made
available high—power, millimeter wavelength sources with
stable fregquency output and Llong pulse, narrow linewidth
capability. Besides opening the way to ECRH experiments at
high density and high magnetic field, these developments

enlarge the perspective for plasma diagnostics ' ¥ o=
Collective Thomson scattering (CTS) will be extensively
applicable to tokamaks both in ohmic and r.f. heated

conditions.

Within the wide class of plasma "perturbations" open to CTS
investigation, ECRH plays a preminent role. Basic effects
of ECW propagation and absorption, as collective
oscillations, may be directly verified by this technique.

Al though no definite theory of CTS in ECR heated plasmas is
available wup to now to support quantitative estimates,
signal levels due to conversion of an externally injected
extraordinary mode  (XM) into electron Bernstein modes
(driven BM: DBM), as predicted by full-wave theory, may be
reasonably expected to be strong, so allowing measurement
even in non optimized conditions. A similar experiment is
planned on Text /2/ with a 245 GHz laser source.

A second CTS feature is polentially of interest for ECRH
investigations. The spectral density function for CTS at
high frequency being S(r,k,W) = 1/|E(r,kﬁﬂ)z. where £ is
the dielectric function of the magnetized plasma [/3/, a
resonant feature is expected at the Llocal upper-hybrid
frequency Wyu(r) wheref(W,)2 0. This feature, which is due to
spontaneous Bernstein waves (SBM), is not specific of the
heated phase and then the associated scattered signal levels
and S/N may be estimated from scattering theory. By
numer ical simulations, the sensitivity of the SBM resonances
to ECRH-induced local variations of ng(density drop) and T,
(bul k heating), and to suprathermal tails has been
positively verified /4/. The effect of these Last may be
discriminated against local bulk heating by comparisvn with
ECE data. .

Preliminary feasibility evaluations of ECRH studies via CTS
are reported here with reference to the tokamak Thor II (Rg=
52 cm, a = 19 cm), where a 28 GHz (200 kW, 10 msec) ECRH
system is available and implementation of a 140 GHz (200 kW,
100 msec) gyrotron is being considered for the near future.
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Although not exclusive, CTS+ECRH experiments in small size,
low field (1 T) tokamaks are encouraged by reduced beam
spread and a favourable frequency condition (W /figa= 5)
leading to low cyclotron—-harmonic noise in the measure.

The following effects will be considered for measurement on
Thor II: (a) ECRH induced microturbulence; (b) 28 GHz
driven wave-activity (DBM); (c)h%&r) resonant feature (SBM).

2 — EXPERIMENTAL SET-UP

The XM at the cyclotron frequency (28 GHz) will be injected
from the high field side. The 140 GHz wave will be
top-launched and radial scanning will be ensured by a
rotating parabolic mirror. Several receivers are needed to
meet the different goals: (a) a homodyne detection chain 1o
provide down-conversion of the high-level microturbulent
spectrum before signal processing by a transient digitizer;
(b)) a first heterodyne chain, with automatic frequency
control, IF amplification and a spectrum analyzer, to detect
DBMs at 28 GHz; (c) a second heterodyne chain to detect the
low—-lLevel resonant SBMs . In contrast to (b), this last
chain must operate at maximum sensitivity and thus cryogenic
cooling will be used for the mixer and IF~-amplifier sections.
A set of local oscillators and IF amplifiers will be
required in (c) to cover the whole frequency range spanned
by the Wy,(r) resonance (AY ¥ 20 GHz) at 1 GHz sieps.

3 — SENSITIVITY AND NOISE
Either of the two scattering bands (lefi: L, right: RY,

determined by 1) the selection rules for k and W , and 2}
the phase velocity of the fluctuation waves, may be used in
principle for coherent detection. In the SBM case, if
isotropic emission is assumed, both scattering bands are
effeclively available. In the DBM case where the wave is
backward, in contrast, only the R band is compatible with

the scattering geomelry. The selected band is down-converted
in all cases to ensure the\%g( 10 GHz required for lLow-noise
amplification.

Plasma and system noise have been estimated for
representative Thor 11 plasma parameters compatible with XM
injection (ngs= 1.5x1010m » Tga= 200+400 eV, standard profiles,
and r = a/2 when required). The more critical case of SBM
detection in the L band has been considered for testing the
sensitivity achievable. For a EA= 7x10°K equivalent noise
contribution from the spectrum analyzer, G = 10°IF amplifier
gain, and C = 0.25 mixer conversion factor, a total noise
temperature at the input of3 the equivalent noise-free
receiving system of Tgg= 3.5x10°K is obtained at r = a/2.
Cyclotron harmonic noise at the corresponding local
upper-hybrid frequency,Wwu = 37 GHz, comes from 3rd harmonic.
Multiple retflections and polarization scrambling at the

walls have bgen taken into account in a slab model, with
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scrambling coefficients p = 0.15 (change) and q = 0.7
(conservation)., Only ordinary mode (OM) emission needs to be
considered since operation in 1this mode optimizes the

scattered signal and a single mode receiving antenna may be
used. Fig.1 shows that 3rd harmonic plasma noise is at most
comparable to system noise. For the representative point we
get T( j & 5x10 K. System—noise—-Llimited operation should
therefore be allowed in Thor II conditions.

The spectral density function integrated over Llinewidth,

S (k) =-3£E.j££t£:£&!t_
) d-z' +wpg/-().2- 4

where d. = 1/kA is the scatlerlng parameter, has been divided

by the number "of spectral resolution intervals (3 MHz)
included in the estimated resonance linewidth (~Ar30 MHz).
The Lsﬂﬂjlength of the scattering volume times collection
solid angle) factor in the relationship between scattered
power P and S /3/ is westimated from the coherent and
k-resolution conditions, conservatively lakingfa resolution
factor of 5. The S/N given in Fig.2 for three electron
temperatures is for P = 100 kW and is normalized H:Kﬂf 1

GHz and Tn = 10°K. The effective average S/N is of order 103
for AVig = 3 MHz and a LE™A (3.5+1.5)x103K total noise. Fig.3

shows that the average S/N is almost constant in the
temperature range of interest for Thor II and that it
strongly decreases with increasing electron temperature in

plasma-noise Llimited systems covering the same range of
plasma parameters.

4 - WAVE-VECTOR MATCHING

For CTS at large frequency off-sels the matched fluctuation
wave—-numbers and angles are frequency dependent (non—-Bragg
regime). Wave-numbers ranging up to 50 cm!in the L band and
up to 60 cm’t in the R band can be matched by varying the
scattering geometry. The corresponding angles between the
incident and the fluctuation wave-vector range from 30° to
60° (L band) and to 100° (R band) respectively. Inspection
of the dispersion relation relevant to BMs in perpendicular
propagation, on the other hand, shows that lLarger
wave—numbers (up to more than 100 em?') than those matched
by the scattering apparatus are displayed by the BMs.
Wave—-number matching in the SBM case is not a problem,
however, since k) coupling must be ensured near the local
upper—hybrid point <(vertical branch of the dispersion
relation), where a large range of low k values is crossed in
a short radial interval. In the DBM case in contrast k
matching in principle is possible only in a Limited region
near the 28 GHz upper-hybrid Layer. .Due to the relatively
high power levels at which mode conversion s expected,
however, monitoring of the DBM should not be too critical
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even with partial mismatching. Finally, matching to the
electrostatic component of the residual XM, if any, should
be not critical sinze wave-numbers here are lLow.

5 — CONCLUSIONS

Good S/N should be attainable in CTS+ECRH experiments on
Thor 11 due to the very low cyclotron harmonic plasma noise.
Criticality of wave-number matching for the DBMs does not

seem to preclude monitoring of these waves. Detailed
information on the ECRH absorption mechanisms, local plasma
parameters, suprathermal content, and on microturbolence

developped during ECRH should therefore be obtainable by CTS
at 140 GHz.
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where j,.; is the emissivity connected with the isotropic part 1(p) of the distribution, and A accounts

for the anisotropy. For the specific case in which f(p) is a relativislic Maxwellian, one obtains® (in the
limit of tenuous plasma)

32
alk) ¥
i XNE = S =5 woa 2 44372 45 24172 2 “ -1
hsot Mo = 4y (1+T(210} )sinZe (o= -1)77° (1-Bo") Z,°"o e Hrg-1),
o 2
A-Fo?172 4 T casol? 4 o2 2 o2 Ty o) (4)

whereas the anisotropy factor A is

A = erl{xq) + erf(x) . %= cosy, £ B, cosd
. CDE‘\{I; - [2(62-(-}12)]4!2

(5)

and
a(m)=(n2p)12 e Wik (1) p=me?/T; vo221+(2a/n)[1+(88/2p)sin?0] 13, Bzw/ug;

o e v (1-B2) he(1-B .23 gy 12
Bo=1 1/,¢O?‘.1[Iib0250 c080; Ng=® Yo(1-Po")i h=(1-Po=)"""/(2w) "7,
Zozzg 610l [14(1-2,2) V2] 22P, sin0/(1-f52) 12,
T(o)=-sgn{cose) [a+(1+a2)”2]=vT(x)'1; a=sin26/2@|cos0).

A different approximation 1o ji,, can be obtained by noting that, when the isotropic part of the

distribution is Maxwellian, Kirchhoff's law holds so that jjgo=N,2(02T/8n36%)eygpr, Where oge; is the
corresponding absorption coefficient. ojgo; can be evaluated by making use of the integral

representation (with no harmonic expansion) of the dielectric tensor (the second of Trubnikov's
formulae) and carrying out the relevant 1D-integration by the saddle point technique. One thus finds!

) i 2am I "

ilso[(x'o)"lo = ooyn M2 (1, 1;’1R - 2 cotg®e (sine/g)2’3) eF VR, (6)
where 5 ®

VR, = (x/sing) 13 {1 4+ 82106050 (5ing/y)2/3),  y=g@m/2p (»1)

20 sin@
which is appreciably simpler than (4) (the first (second) term in the curly brackels in (G) refers to
the X (O) mode).
For propagation perpendicular to the magnetic field, both (4) and (8) yield'

' g S 1 ™ 413
Jlsot(X.Ol(m,Qoo}llo = S w32y q, ) e (g™ -1+9/20% ") (7)

whereas the anisotropy factor (5) reduces to (coswo)'ﬂ.

Numerical analysis. The accuracy of approximations (4)-{6) has been lested by comparison with
the exact values. The frequency dependence of the (normalized) emissivity of the X-mode is shown in
Fig. 1a for a Maxwellian distribution, for a propagation angle ©=60° and varying temperature. The
exact spectrum (solid line) is shown together with the approximated resulls 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 approximation (4) is somewhat better than (6), the accuracy tending to
become worse at higher temperatures. For a more quantitative comparison we have evaluated the
error A of a chosen approximalion with respect to the exact value, i.e., A=(j;-)). j, denoting the

emissivity corresponding to either approximation (4) or (6). The relative error corresponding to Fig.
i1a is shown in Fig. 1b, from which, in pardicular, 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, approximation (6) is better than (4) in the frequency-range w/w.»7, the correspending
error being <20%; more generally, approximation (6) is adequate at frequencies that are the higher
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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 radiation propagating in the ordinary (o) mode (E Il 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 | B) is in progress., We report on both aspects of the
work in this paper.

THE MULTICHANNEL O-MODE REFLECTOMETER

The o-mode instrument, shown in Fig., 1, has 12 discrete frequencies
distributed over the 18-80 GHz band, enabling electron densities in the
range 0.4-8 x 109 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 has 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 reflectometer, a fringe counter which measures
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-!, On the time scale displayed no
general delay can be 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-MODE REFLECTOMETRY

Reflectometry using radiation propagating in the extraordinary mode
reflecting at the upper cut-off layer F,., has advantages for some
applications over reflectometry using the ordinary mode. The profiles of
F c(R) mean that the inner half of the density profile is often accessible.
Tge 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 reflectometers, 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 n,(R). While the present uncertainty in the determination
of B, is large (450%), 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 e-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 will then
be possible for the first time to correlate signals with closely spaced
input frequencies (AF 2 1 GHz), in order to study the radial localization
of the reflectometer measurements, as well as the radial correlation length
of density fluctuations.
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INTRODUCTION

The plasma electron parameters on JET are measured by three independent
diagnostics: LIDAR—Thomson scattering (T and ng), electron cyclotron emission (Tg)
and FIR interferometry (ng). 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 ng(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 Tg and ng spatial profiles on
large plasma devices, and has been applied for the first time at JET [1]. 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 2s intervals throughout the
lifetime of the discharge. The uncertainty in the LIDAR measurements is
predominantly statistical and results in an uncertainty in T 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 [2]. 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 paraliel 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 T, measurements with space and
time resolutions of 0.02 m and 10 ps respectively. Systematic errors dominate the ECE
measurements and lead tos 10% absolute uncertainty in Th.
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The JET far—infrared interferometer [3] measures the line—integrated electron
density along a number of chords through the plasma using the 195 ym radiation from
a DCN laser. In the measurements reported here, data from the six vertical chords has
been used. The time resolution of the instrument, 100 us, is determined by the fringe
modulation frequency (100 kHz) and the line—integrated density resolution,
% 5x 1017 m—2, is set by the minimum detectable phase shift (v .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 tor 10%.

Figure 1 shows the poloidal cross—section of JET, with the viewing directions of
the three diagnostics.

20 [

Figure 1: Schematic showing the
viewing  directions of the three
diagnostics in the JET poloidal
cross—section. The fine lines are the six

o vertical interferometer channels, the

€ thick line is the LIDAR sightline, and
5 the hatched zone the region of ECE
T s measurements.

1.0 [

1.5

2.0

1.5 2‘.0 25 3.0 35 4.0 4.5
Major Radius (m)
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 ng(R) is essentially localized. 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, 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 demsity 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. T - . ) : : w ,}H : : v .
\ H 'j_lﬂj | #13069
gl #14830
H-mode
2.0 3.0 4.0 2.0 ’ 3..0 4.,(1 2..0 3‘.0 ' d‘.O meler

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 ng, ECE Tg
measurements). (ii) Detection (and possibly correction) of measurements perturbed by
adverse plasma conditions. (iii) 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,
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[3] D Veron, in Workshop on Diagnostics for Fusion Reactor Conditions
Varenna 1982, EUR 835111 EN, Page 283 (Permagon, 1983).
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MEASUREMENTS OF DENSITY FLUCTUATIONS USING A HOMODYNE
SMALL ANGLE SCATTERING TECHNIQUE WITH A SIMPLIFIED WAVE
VECTOR SELECTION

O Kiirtel

University of Fribourg, Department of Physics,
Pérolles, 1700 Fribourg, Switzerland

1. Introduction

Small-angle CO2 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 determination of the wave vector K and the frequency o
of the fluctuation and therefore the determination of the spectral density function S(K,®).
Though the calculation of a dispersion relation is possible. The antenna theorem of
Siegman which requires an alignment of local oscillator and scattered signal beam within a
solid angle ©=>A2/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 this 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 optical lay-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 time
by the help of mirror M1 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 LO 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 CO2 laser beam
(Ao=10.6um, Pg=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=0.9cm. A spatial filter in front of the detector 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 (20°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 slitor a cylin-
drical lens 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
1.=3.1018m-3 and T=5eV, respectively. Previous measurements have shown strong turbu-
lences at the edge of the plasma (Philipona and Kiittel, 1988). The appearance of strong den-
sity fluctuations in the density gradient fi/n < 30% suggested the idea of drift instabilities.
Microturbulences are investigated for different magnetic fields Bg 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 Bg,
w(peak) ~ Bgl, in the investigated range 1-3kG. A single wave vector is associated with a
broad range of frequency Aw ~ o.
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 Ak = 2cm-1, The results obey quite
well to the "mixing-length" argument describing the scaling of the fluctuations: fi/n < 1/ke Lp
where Ly = (1/n » do/dr)-1 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 « Lp)-1.

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
profiles and density fluctuations on the ASDEX tokamak.

Density profiles 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 ~ 4x10"? em3to 4.5x10%cm™? 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. MHD 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 injected frequency and several harmonics Doppler shifted by the
frequency of the fluctuations and its multiples; both the localization of
the reflecting layer and the amplitude of the fluctuations will be
obtained from the measurements of a particular value of a phase shift
externally 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 plasma edge and the reflecting
layer must be taken into account /2, 3/; a theoretical model is under
development /1/, in order to interpretate reflectometric measurements of
the scattered energy £flux, which will exhibit the contribution of
different ranges of wave vectors along the propagation path.

Here, we describe the experimental set-up of the reflectometric
system, which is now in its early stage of comissioning, and make some
remarks on the expected measurements of density profiles on ASDEX.

2. Experimental apparatus

The reflectometric system for ASDEX includes three identical
reflectometers in the ranges 18 - 26.5 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 us- 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 in 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:
~ 8cm, S5cm and 3cm, respectively 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 on the
position of the switch A (Fig.2), suitable respectively for density
profile measurements and for fluctuations measurements. The
configurations can be changed during one shot.

(i) Density profile measurements

In this case, switch A is in the open position and arm 1 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 cocupler, 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 us 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
0 to 7 ) 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 in arm 1.

The measurements must be performed in times < 1 ms and f£fast,
electronically controlled broadband phase 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 (8 to 12.4 GHz), thus enabling the use of
standard broadband controlled phase shifters for the X-band (Fig.3); due




1129

to the balanced configuration phase/frequency deviations of the local
oscillator shall not produce phase errors. This solution can be extended
to density profile measurements.

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 discuss the validity and to test the numerical methods of
calculating density profiles from reflectometric 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 (SSldner, private
communication, IPP Garching, 1987)). By comparing the inhomogeneity
scale length with the -wavelength of the probing wave, one concludes that
the WKB approximation for the wave propagation seems to hold down until
close to the limiter (ne < 0.3x10'® cm™, so F < 16 GHz), so the total
phase delay @(F) can be easily analitically inverted for the case of the
O-mode in order to find the position of the reflecting layer .

For each frequency sweep, the acquisition system will store N values
of wave frequencies (Fi) 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, aiming to optimizing either
the accuracy of the result or the calculation time. Simonet (private
communication, 1987) has suggested two basic methods: an iteratif one,
based on the values @(F), the other using directly X(F) values. Those
methods were tested for several ASDEX profiles (as the one of Fig.4 (a)),
which gave the data for their numerical reconstruction. The results
suggest the convenience of wusing the direct methed, 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 wave frequency have been
theoretically evaluated from typical ASDEX profiles data, and the beat
frequencies (fB) for each reflectometer were therefore estimated. For
standard sweep times (~ 2 ms) , fB < 25 kHz, and therefore sampling rates
with period € 2 us will ensure measurements with good accuracy (5%);
considering sweep times as low as 100 us, the same accuracy will imply
sample periods of ~ 200 ns, corresponding to sampling rates of 5 MHz.
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SENSITIVITY OF TRANSIENT SYNCHROTRON RADIATION
TO TOKAMAK PLASMA PARAMETERS

Arnold H. Kritz! and Nathaniel J. Fisch}

f Department of Physics, Hunter College/CUNY, New York, NY 10021
! Princeton Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543

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 respomnse,
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 keV of parallel energy. This initial 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. 1a, the radiation is viewed at an angle of 12° with respect to the magnetic
field (i.e., # = 12°), while in Fig. 1b, the radiation is viewed at —12°. An object of
this work is to see, for example, whether by observing the radiation response only, we
could deduce this angle. To the extent that the radiation response depends sensifively
upon the viewing angle, we have hopes of uncovering this parameter. Deducing the
angle of observation informs on the direction of the magnetic field, or, equivalently,
the g-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 evident 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 considering the effects of noise, we assume
here, for simplicity, 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.

Figure 1. Transient O-mode radiation vs. w and 7; in a) # = 12° and in b) § = —12°.

Consider for example Fig. 2a. Suppose that all plasma parameters are known, but
we do not know the g-profile, i.e., we do not know 8. 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 # and ug given
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the noisy data as a function of § and uo. Here the noise is 30% of the maximum signal
and 1600 data points are used. Note that, despite the noise, the angle of observation
¢ is inferred to within a degree and the stimulus location is inferred to within 5%. By
inferred, we mean here that marginal probability of & 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
location of the stimulus is inferred about as well, and the angle of observation @, while
more uncertain, is still inferred to about a degree. In Fig. 3, we plot the marginal
probability of 8 versus @ for several levels of noise. Note that in the limit of infinite
noise the marginal probability becomes flat as a function of #, which is what we have
taken as our a priori probability.

Q a

Figure 2. Joint probability P(f, uo |data) when a) the noise level is 30% and b), 120%.

In Table 2, we take as unknown not only 8, but also the stimulus width in velocity
space and the ion charge state Z.g. 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 any one 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 5keV,
10 ¢cm~2 and 4 T, the background radiation in the perpendicular direction is approx-
imately 4 milliwatts/(unit solid angle-cm)® 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 10’s of milliseconds.
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Figure 3. Dependence of P(f) on noise level. Table 1.

The 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 difficult to distinguish the incremental radiation 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 uncertainties in plasma parameters. To the extent that the angle
is resolvable, information concerning the local value of ¢ becomes available.

In summary, we have proposed an invasive method for extracting 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 the 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-CHO3073.

! N. J. Fisch, Inverse Problem for Incremental Synchrotron Radiation, to appear in
Plasma Phys. and Controlled Nuclear Fusion, 1988.
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POLARIZATION CHANGE OF ELECTROMAGNETIC WAVES

PASSING THROUGH TOROIDAL SHEARED PLASMAS

A.Airoldi, A .Orefice, G.Ramponi

Istituto di Fisica del Plasma, Associazione Euratom-Enea-Cnr
Via Bassini 15, 20133 Milano (Italy)

The polarization change of an e.m. wave passing through a magnetized
plasma turns out to be of renewed interest because of the possibility, offered
by polarimetry measurements in the infrared range of frequencies, of
determining the current density profile in a tokamak plasma /1/. Because of
the magnetic shear, acting as a coupling parameter between the characteristic
modes in Maxwell equations, the fraction of energy in each mode is not a
constant, and a non-WKB treatment is necessary in order to describe the
evolution of the wave polarization.

In the present work we consider e.m. waves injected into a toroidal
inhomogeneous plasma with their wave vector k contained in a poloidal
plane ¢ = const. In our approximation the wave is assumed to remain
basically transversal all along its trajectory, with k pointing in the
propagation direction. The trajectory, in its turn, is assumed to be basically
straight, thus allowing to define a coordinate system (¢, k, a), with a =
@ x k, where E, = 0, being E the (real) wave electric ficld.

The (real) elcc}(ric vector of a plane wave shall describe, in general, an ellipse
which, in the plane ( ¢ ,a), takes the form

E = a, cosd + a,sind (D
E’ = a, cosd + a, sind
o
with 8 = - wt.

The plasma region crossed by such a wave is decomposed into clementary
slabs, such that in each slab the plasma may be assumed to be homogeneous.
Therefore entering each slab the wave splits into extraordinary (X) and
ordinary (O) waves, which recompose when they get out and evolve because
of the phase difference d® piled up in ds. This is seen to be described by a
first order differential equation of the form:

dajds = - (k_ -k ) U(s) (2)
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where a = (a, , a,, a, , a, ) are the coefficients which completely identify the
polarization ellipse all along the wave trajectory, kx and kD are the
wavenumbers of the “local” X and O modes, and U is a set /2/ of four
functions of the plasma parameters.

Solutions of eq. 2 are shown here for different plasma parameters.

35
30[
25

201

T T T 1
2.00 150  1.00 .50 00 -.50 -1.00 =150 -2.00
Z{m)

Fig.1 - Rotation angle AP (curve a) in degrees and percentual energy
contained in the X mode (curve b) along the vertical trajectory passing
in R = 3.08 m for a JET D-shaped equilibrium, case,corresponding to
B =22T,q(0) = .9,q(a) = 54, n(0} = 4x10 " cm’

In Fig. 1 the rotation angle AP for a wave which initially is linearly
polarized with E oscillating along the toroidal direction ( f = 0), and the
fraction of energy (in percent) contained in the X mode are shown along a
vertical trajectory at R = R _, in the case of a JET typical equilibrium and
A = 195 um. It is evident that, while the wave doesn’t rotate in this case
(the longitudinal component of the magnetic field is zero all along the
trajectory), there is a continous exchange of energy between the X and O
component of the wave.

In Fig.2 we plot both the rotation angle AP and the quantity P_ /P_, i.e. the
power which is transferred into the direction perpendicular to the fhitial one,
at various radial positions R, for the same parameters as in Fig.l. In the
case shown there is complete agreement between our results and those
obtained by the analytical expression of DeMarco-Segre /3/. A variation of
the q(0) value, i.e. of the current density profile near the center, induces a
variation of the AP profile, as shown in Fig. 3, where the slope of the AP
curve at the plasma center is plotted versus q(0). This fact confirms that it is
possible to get information about the q(r) profile, if the density profile is
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known with sufficient accuracy. Fig.3 refers to a JET-like circular
equilibrium case, which allows an analytical continuous dependence on q(0).

A L] L) T L] L} ¥ L] L] L) L] 1
1.80 2,00 2.20 2.40 2,60 2.£0 3.00 3.20 3.40 3.60 380 4.00 4.20
R(m)

Fig.2 - Rotation angle A in degrees (curve a) and percentual energy
transferred in perpendicular direction (curve b) for different radial
positions for the same equilibrium conditions of Fig.1.

In the case of different plasma parameters (FTU-like , i.e. n(0) = 5x10 "

B=17T, q(0) = 0.8, q(a) = 3.5) and for L = 195 p a sensible
dtffcrcnce exists between our rcsult‘; for AP and those predicted by the DMS
analytical expression, as shown in Fig.4. This fact is to be ascribed not only
to the total value of the phase difference A® , but also to the fact that, in
the case shown, the effect of the component of the magnetic field transverse
to the trajectory is not negligible with respect to that due to the longitudinal
one. In this case, in fact, the polarization change is not uniquely due to the
rotation angle, but also to the ellipticity change.

Work done under JET Contract JT6/9004
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Ton Cyclotron Emission Measurements On JET
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JET Joint Undertaking, Abingdon, Oxon OX14 3EA, United Kingdom
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Introduction

A JET ICRH antenna has been used in reception mode to monitor the time and
frequency-resolved ion cyclotron emission (ICE) from deuterium 6 MA ohmically heated
plasmas with antenna configuration in dipole phasing. The ICE spectrum is compared with a
computed thermal spectrum for harmonics from 1 to 5 . It shows the characteristic harmonically
related superthermal peaks'?. These observations reveal that the superthermal emission is
modulated in time and is correlated with inverted sawteeth and with the H-a signal located
near the plasma edge.

ICE Spectrum

The antenna was used to monitor the ICE from 10 MHz to 100 MHz. The signal is detected
using a spectrum analyser, which provides about six spectra per pulse. Previous experiments>*
made with the same equipement, 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 emission, and is
influenced by the fusion products of the D-D reactions .

To study the effects of these superthermal ions on the spectrum, we need to calculate the
thermal level. To compute this, we have used a code based on Black Body radiation®. In this
frequency range and ion temperature level ( typically 7, = 2 KeV for ohmic pulses), we have
hv/kT << 1, and can take the Rayleigh-Jeans law to get the thermal intensity. To take into
account that the waves, before being received by the antenna, may make many reflections
within the vacuum vessel, (in the optically thin limit), we include a slab model for these in the

code. We use the formula :

2.2

Ko,) = X 2k7 (1-e) (1)
8xc*

where N is the refractive index of the medium, defined by N ~ w,;/w;, and the subscript i
stands for the ion majority species, and tis the total optical depth for the plasma at frequency
w/2. We calculate 7 from the dielectric tensor for a cold plasma , including a small perturbation
to take into account that the plasma is warm®. We also include the effects of finite larmor radius
and non relativistics particles. Having solved the dispersion relation, we may use previous
results®” from ECE theory and calculate the optical depth. We also assume the ion
temperature profile and the ion density profile to be parabolic. We then compute tae thermal
emission from the first to the fifth ion cyclotron harmonic for the ion majority species. We do
not compute for harmonics greater than five, because these fall outside of our frequency range.

We calibrate the ICE signal by taking into account the coupling resistance of the antenna
over our frequency range. This gives us a function with which we obtain the ICE power in front
of the antenna
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We now compare this calculated Black Body emission with a ICE spectrum from a 6 MA
discharge with deuterium majority (figure 1).

-20

Fig. 1 : Comparison between the ICE
—a0|- spectriun and  the computed thermal
emission (By = 2.18 T'). The hached

region represents the thermal emission.
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It can be seen that the computed spectrum explains some of the underlying features of the
experimental spectrum. However, below a frequency around 40 MHz, the thermal emission is
not the main source of the emission. This is due to the weak absorption of the fundamental of
deuterium w = w,., below 21 MHz. It can also be seen that our computation reproduces the
ICE spectrum in the range 40-50 MHz, suggesting that the thermal spectrum of the bulk ions is
visible in this interval.

We know that the observed peaks are linked with the presence of fusion products of D-D
reactions’ i o "He, H* . The peaks A to F on figure 2 can be related to the cyclotron harmonics
60—

Fig. 2 : The peaks A to F are harmonics
ik of T'He,H* for a magnetic field of 2.1

Tesla. The ICE spectrum is simoothed by a
D gaussian to improve the signal-to-noise
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of the three particles. These are linked respectively by the following relations: peaks A to F are
the cyclotron harmonics 2 to 7 of T; peaks A, C, E are the cyclotron harmonics 1 to 3 of *He;
peaks B and E are the cyclotron harmonics 1 and 2 of H*. In order to obtain the
correspondence between them, we take the value 2.1 Tesla for the magnetic field. This means
that the emission which produces the peaks is near the plasma edge. The last observation
provides support to the interpretation” that the superthermal ICE is generated by fusion
products near the pickup antenna.
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Time Resolved Measurements.

We have observed the time-resolved emission of peak D with a sampling rate of 1 kHz. When
the 6 MA current flat top is reached, inverted sawteeth are observed on the ICE emission.
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—a signal. It is also well correlated (figure 4). The ICE signal can be to delayed with
respect to the soft X-Ray signal. The g = 1 surface is at radius R = 3.7 m. So the ICE signal
originates outside this surface. As the H-« emission originates from a region close to the
limiter, the correlation with the ICE signal indicates further that the ICE emission is coming
from the plasma edge. This localisation of the emission clearly must be taken into account in
future models of the ICE spectrum.
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Fig.3: Time-resolved soft X-Ray
(R =3.7m) and ICE signals are com-
pared, during the current flat top.

Fig. 4 . Time-resolved H, signal are
compared with ICE, during the current
flat top.
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Discussion and Conclusion.

Comparison between the ICE and the computed thermal emission spectrum reveals where
the superthermal component of the emission is dominant. The nenthermal emission peaks can
be interpretated in terms of the ion cyclotron harmonics of fusion products of the D-D reaction.
It is possible to match the observed and calculated ICE harmonics peaks if the field is taken to
be that value near the boundary (R = 4.2 m) of the plasma, suggesting that the origin of the
emission is near the plasma edge. Taking the time-resolved emission of one of these peaks, we
find the ICE signal shows inverted sawtceth. These two observations give support to the
interpretation that the superthermal emission originates from the plasma edge. near the pickup
antenna.

The coincidence of the inverted sawteeth of ICE and H-a 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
central part of the discharge, can make large orbit excursion 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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I INTRODUCTION

A new magnetic probe system, consisting of coils mounted
on a pneumatically driven manipulator, has been installed on
ASDEX. The manipulator may be scanned through a distance of
8 cm in the radial direction within 150 ms. This system then
possesses the capability of obtaining measurements of the
radial decay of broadband magnetic fluctuations at a single
poloidal location /1/. Other experiments have used coils
positioned at different poloidal locations and measured the
radial decay by plotting the fluctuation amplitude as a
function of the radial position of each coil /2,3/.Measurements
of magnetic fluctuation amplitude during L and H transitions
were previously made by coils located at a distance of 14 cm
from the separatrix /4/. The new coils may be moved to within
4 cm of the separatrix.

2. EXPERIMENT

The radial, poloidal and toroidal components of the
fluctuating magnetic field 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 splitter and a
set of 8 bandpass filters. This allows the RMS amplitude of the
probe signal at 8 frequencies in the range 30 kHz to 1 MHz to
be measured simultaneously.

The signal-to-noise ratio at distance of 4 cm from the
separatrix is greater than 20 dB up to a frequency of 1 MHz for
the radial and poleoidal components in Ohmic discharges. At low
frequencies the toroidal component is smaller than the poloidal
and radial components, while at higher frequencies they are of
comparable magnitude. In ASDEX, the measured poloidal field
contains a component generated by switching noise on the
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multipole and vertical field coils. Radial profiles of the
fluctuation amplitude of the radial component were therefore
studied.

The radial decay of broadband magnetic fluctuations was
measured by scanning the coils through a distance of 8 cm. The
probe starts 12 cm away from the separatrix, moves to within
4 cm of the separatrix and returns ( see Fig. 1 ). The closest
distance to the separatrix was determined by observed increases
in the hard z-ray flux, which resulted from runaway electron
collisions with the probe. Ohmically heated and neutral beam
heated plasmas with various values of magnetic field and plasma
current have been studied.

The poloidal mode number, m, has been inferred from the
radial decay of the magnetic fluctuation amplitude, since in a
current free region the amplitude decreases as r-(m+l) ip
cylindrical geometry /2,3/. This implicitly assumes that the
conducting wall is positioned at an infinite distance from the
plasma and that the toroidal wavelength is infinite ( k, = 0 ).
A plot of the logarithm of the amplitude versus the logarithm
of the minor radial positon was used to find m. The decay of
magnetic fluctuation amplitude in the presence of a conducting
wall at a finite distance from the plasma with k, # 0 has been
considered /5/. The expected radial decay for a single mode may
be expressed in terms of modified Bessel functions. With the
conducting wall on ASDEX at r = 61 cm and the separatrixz at
r = 40 cm, it was found that the m number was overestimated,
when the effect of the conducting wall and finite k, were
ignored.

Modes with the lowest m predominate when a number of modes
with different m are unstable, because of the strong dependence
of the radial decay on m. From these measurements of the radial
decay of broadband magnetic fluctuations, it is found that
m £ 8 on ASDEX. This value is consistent with those observed in
other experiments /1-3/.

3. THEORY

The identification of the plasma instability responsible
for the generation of broadband magnetic fluctuations and the
extent to which magnetic fluctuations cause anomalous electon
transport are important topics in fusion research. It has been
suggested that broadband magnetic fluctuations are due to
microtearing modes /2,6/. These modes are high m temperature
gradient driven tearing modes.

Calculations concerning the linear instability of
microtearing modes in ASDEX, show that modes with m £ 10 may be
unstable for typical discharge conditions /7/. In Ohmic
discharges the unstable modes are located 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
account in those experiments considering the scaling of the
inverse of confinement time, TE"I, with broadband magnetic
fluctuation amplitude /8/.

4, CONCLUSION

For ASDEX plasma parameters, experimental observations
and theoretical calculations suggest that the microtearing mode
remains as a candidate for the plasma instability which 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 broadband 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 amplitude of &b./dt is measured at

f = B2 kHz 1n an Ohmic discharge with B = 1.85 T and

lp = 320 kKA. The bandpass filter has Af/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 the amplitude versus the logarithm of the minor
radial position yields the poloidal mode number, m. The
presence of the conducting wall needs to be taken into account.
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VZRSATILE TECHNIQUE OF FINDING A LOCAL DYNAMIC
VALUE OF ELECTRON HEAT CONDUCTION COEFFICIENT,
TROM EXPERTIMENTAL DATA

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

P

A new versatile technique of finding}gP from experiments by
heat pulse propagation is proposed.The bagsis for a new techni-
que is a numerical solution to the heat conduction equaetion for
an electron temperature perturbation ?"e(r,t).l‘he equation is
solved for a piece of the radius,where the real experimental si-
@als,iexp(r,t),from the left-hand side point and from the
right-hand side one out of three succesgsive points of measuring
%’e(r,t) are taken as the left-hand side boundary and the right
hand side boundary conditions for "ﬁ;(r,t). The quantity%HP is
chogsen from the coincidence between the calculation and the ex-
periment at the intermediate point of measurjng?ﬂ,e(r,t).It is
shown that the technique is applicable to the finding of HP
from the heat wave due to sawtooth oscillaetions, on the one hand,
and due to EZCRH, on the other. In difference from other techni-
ques, this versatile technique determines %HP from a combined
heat wave due to on-axis HCRH under strong saw-teeth. An ins-
tantaneous determination offé{P just after a shot in tokamak
is possgible. e

Some analytical methods of findingﬁ are widely used for
tokamaks, but these methods depend on the way of producing a
perturbation in the electron temperature AT,e(r,t).Using the me-

HP Within the re-

thod [4), one can find an average value of .?Ce
gion between the saw-teeth oscillation radius, '2,,, and a point
of measuring qfe_(r,t).'I‘he method /1/ is applicable to local
ECRH.

Let us consider the transport equation, r'f)e(r,t), on the bhack-
ground of a stationary profile, Teo(rz_;) Designating 7z =/gp 1‘3‘;?

N/ K ~
Vo= Yoot Po ot ond snmming Ve fNe, &£ To /Te,
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i ih g R e
=4F§?IP%7%HP‘7EJ +q 5 Ye'tP= ﬁo“"% + Yo Pl Ple

In /2/ it has been shown that YH/= _)feof‘(dﬁ/&P/—e)'VEo
at Ye=Ye(vle), 7Ie&Vle. The calculation of ¥ (r,t)-evolution at
};e(pre) has been done, using the complete transport code
in the same paper/E/ . The calculation shows that the T (e, %)
evolution is diffusive ( eHP=const(t) ) at fer—ﬁ(V?é_)a.nd gi-
milar to that in TPIR/6/ . Therefore, finding Y™ by some,
"dynamic "technique, one can find the quantity ay?e/aPTcthat
is important for understanding a physical cause for anomalous
electron transport.

latd
o~ , the equation for Te can be written in the form:

Let us describe the proposed technique in detail.Let us have
T (r,t) measured at three successive points along the radius,
Vi » Tpy Ty located outside thﬁlzone, where the temperature
perturbation source acts (i.e. (8] =0). The points should be lo-
cated not far from each other, r/ag 0.1, that usually takes
place in the experiments (in JET there are forty points of mea-~
suring ’7\‘5,(1',1:) and 38 sets of three succegsive points, respecti-
vely).Let us solve iq.(1) in a range T4 L Ty, i.e. in the ra-
nge, the left-hand side boundary and the right-hand side bounda-
ry coincide with the left-hand side point and with the right-
hand side point of measuring r?I:,_(r,t). As we have already discus-
sed, let us consider the rfe(r,t) - propagation upon a gtationary
background. Therefore, an initial condition for ’EI\Z'Ie(r,t) is
%Je’(r,o)=0 at t=0 (t=0 is the start up of the source functioning,
'T’e,(r,t)). Let us assume the experimental signals, /,\'l‘lg_exp(r1,t)
and el‘éexl’(rj,t), to be the left-hand side and the right-hand si-
de boundary conditions for #q.(1). Presetting various values of
faHP=const (r,t) =:}‘, we calculate the behaviour of ?3’6_ end
(:f, r ,t) at an intermediate point, r, from the numerical solu-
tion to Eq.(1). The quantity :)CQHP is found from & minimum devia-
tion of the calculation for an intermediate point,m.l'h[_oft/@c(%e
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‘Lz:'t) 72,_ P('az)t':)/ 9/167 from the experiment. The value of
?%A obtained is almogt local,i.e. an average within the ran-
ge T4 £ i T3, (r1«:-r3)<< a. Moreover, any changes in}fa or in
heat sources or sinks on the left and on the right from the ra-
nge (r1-r ) w111 not affectly%' . One can also find a radial de-
pendence, Jf (r),e.g. searching within the class of solutions
?Cf?-g{ r™m n=0,1,2,3, finding ol,, for each n as described abo-
ve. Ag for a radial dependence, it is determined from the abso-
lute minimum of the quantltyf t/?émec{o/ Ze 2&7t) Eﬂk‘p(?z,i’)/h‘?
When one knows the error bars in the measurements of Te(r t)
it i3 easy to estimate the error bars in determination ofj%

Three points of measurlng'mkﬁr t) are not alwais present
in the experiment.Let us have only two points of measuring Te
r,t ,rq and r,. Then assuming the boundary condition to be on
the liner, r=a, instead of the right-hand side boundary conditi-
on,i.e.’ﬁ;(a,t)=0, one can solve Iq.(1) in the range r £ r<a.
Then one can determine feHP in the seme way as at three points of
measurement.

Let us verify the technique by some examples now. Let us de-—
termlnej%_ from a heat wave under saw-tooth oscillations.The
most complicated case is as follows: enhanced rate of Tg(r t) -
evolution in the vieinity to the zone r , when j@HP[7i =4-6.

Te (r,t) - evolution in T-10 is given in Figs. 1-2 /3/ . The
dashed line 2 corresponds to the calculation with a complete
transport code at YFe= fe(v‘-k)fﬂ/ when 3:04.(&)@/&\7@) wle,= =410 s
The rasult obtained by the proposed technique: ygﬂth10 cm- s =1
at At=3 ma (5- 9%10> at 10% error :Ln@,e (ret) 6. 4::103 at at=

1.5 ms (5.3-8x10%); 6x10% at At=0.75 ms (5-7x103). The dashed-
HP

=
6.4 x 103.0ne can gee that our technique allows one to choose a

time interval with the best "resolving power" of the method (with

dotted line 3 corresponds to our technique at A t=1.5 ms,

a minimal spreead :‘Ln)CeHP due to error bars of the measurements).
Now, let us consider the combined heat wave due to on-axis ECRH
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and strong saw-tooth oscillations.A "quasi—experimental“'E;(r,
t)-evolution at three points along the radius,determined from
the calculation by the complete transport code,/T/ is shown
in Fig.3.In the calculation by the transport code P RH.-1 mw,
T =3.5x10'3, 7 =340 kA, B,=3T, ¥, =2Fg" from the 1-IT scaling
law /5/ ,i.e. e/, fo(r) =5x10%:10x10%en®s™" 8t 11 emgrg
18 em, at t=0, and}f(r) =6.3-11x10° at t=10 ms. Using the pro-
posed technique,one ob’ca:.ns]& -Bx103 at the optimump t=8 ms
(YE =T 2-9x103 within the error bars %6 eV).One can see that
it is wvery close to the real values of}é (22)

The calculation by the proposed technique atJﬁEP—8x1O3cm a
and at At=8ms is given in Fig.3 with a dashed line.

Thus,the gerviceability of a new,versatile technique for fin-
ding the local value of)@?P from the experimental data is given
in the paper. The technique is applicable to an automatic exp-
regs-processing of experimental data immediately after the shot
in tokamak 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 (Dj). Theoretical
papers published so far do not describe sufficiently processes following strong sheck
waves [1, 21. 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

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
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Fig. 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
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density, plasma temperature and magnetic field inside the sheath. That is why the fine
synchronized system of optical diagnostics- was built, consisting of laser interferometry,
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 diagnostics 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 electrooptical system of
synchronization control (accuracy 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 momeni of
electrooptical 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 |-
: PULSE
DELAY i ms ELh50 LIRS GEHERATOR
JPF DEVICE |_
MAIN TRIGGER Do 0-SWITCH
PULSE TRIGGER
GENERATOR o
= ]| oschlBt
|__WAVEFORM RECORDERS |

] e [{= —| PULSE CUT-OUT
—i] RF_FILTERS T >

' ! DEVICE
ﬂHPE?E;ERS
I(t) 11¢83) H(t) dI/dt TT ' COMPENSATING
{_ PLASHA-FOCUS DEVICE ) " [FRARE SEPaRTION DELFT LINE
K2 K2 Qj:i) WG UNIT :
LASER-TRIGGERED
SPARK-GAP

Fig. 2. Scheme of diagnostic system synchronization.

The synchronization control 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 fall 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 splitters are matched in such way that the consecutive spots appear on the
Photocathoda surface every 2 ns. Because the exposure time in both the electrooptical
camera and the interferometer is 1 ns, recording one of the light 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).

Determination of the electron tem-

— perature distribution within the plasma
] sheath is a new element in comparison
oo S with measurements previously described

in papers [31, [4] and [5]. The basis
of the method used here is the
registration of plasma density profile
n,(r) simultaneously with the plasma
radiation intensity profile 3(r) for the
wavelength range in which the strong
line emission does not occure. The
window of AL = 60 A centered at
S i e i 5930 A was chosen by experimental
TIME JITTER [nsl investigation of time- and space-

resolved spectra of plasma radiation. In

Fig. 3. Spread of diagnostics timing. this window the continous radiation is

dominant (free-free and free-bound
transitions only).

Considering the electron density spatial distribution n_(r) and the plasma radiation
one 3r) we introduce the parameter nf/S as a function of radius r. Actual relation
between this parameter and the electron temperature of plasma T_ depends on the
type of radiation emitted. Total emission coefficient e, within the observed spectral
range is the sum of two terms:

N o a
s 8 8 8

NUMBER OF DISCHARGES

T

t

Etot = E¢r T Emn

The exact formula for e, . given in paper [6] may be in the temperature range of
interest (i.e. 1 ... 100 eV) quite well approximated as:

g 3.51
=n _—mm
et ® In T, - In 261

Hence, we can derive the value of electron temperature within the plasma sheath if
the values of e, , and n_ are known from experiment, using formula:

na
T, = 2.61 exp(3.51 2 )
Etot

Actually, we measure the value of intensity J3(r) instead of emission coefficient Eynts
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 system
transmission, camera sensitivity etc.). The constant factor should be determined from
additional measurement of the electron temperature at least in one point within
observed area, for example from the ratio of continous radiation intensities registered
by means of two cameras wieving different spectral windows.

"N

INTERFERDGRAM

ICC
PHOTOGRAPH

FARADAY
PICTURE

L 2 T 4
A M S T

;'ad!:ls t:m

Fig. 4. An example of experimental results. The plots are normalized relating to
their maxima (B__ = 12 T, n,__ = 2.210'"® ¢cm™3, 3 and n?/3F curves
are in arbitrary units).

The investigation presented 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 the 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 investigate a connection between the neutron
emission and the plasma sheath 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 sheath. Integral neutron yield registered in each discharge
allows to find its connections with above parameters. As an example are given the
plots on Fig. 4 showing the registered structure of plasma sheath.
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T70-DIMENSIOWAL OPTICAL TOMOGRAPHY OF IMPURITIZES
Id THE FT-2 TOKAWAK

B.V.suteev, "A.D.Lebedev,I.k.3akharov,S.P.Sivko,
A.l5.301ldatov,5.N.Ushakov

MeI.kalinin rolytechnical Institute, Leningrad, USSR
TA.F.Ioffe Institute of Physics and Technology, Leningzad

The imparities profiles information plays important role
in the considerations of transport phenomena in tokamaks.

Various experimental data being obtained so far on several
tokamaks such as J5T, FDX, a508{ prove that phenomena concer-
ning impurities behaviour (transport, entry mechanism and so
on) are essentially non one-dimensional in their nature /1,2,3/.

The large amount of unigue information on the iuwpurities
spatial profiles can be obtained from spectroscopical experi-
ments. This disgnostic enables us in principle to treat ion
species separatellv. llowever, the experiments used so far were
either cne-projectional or multy-projectional baut without ion
spacies separation.

This paper dezls with t-o-projectional tomography spectro-
scopical experiments on the PT-2 tokamak with selection of dif-
ferent ion species such as oxipen and carton in various stutes
of ionisation aswell as neutral hvdrogen.

The small FT-2 tokamak (the major radius R = 55 cm and the
limiter a = & c¢m; was operating in the regime with central chord
-3

average density N_= 2x10'7 cu?, toroidal mugnetic field By =

21 xGs, total plesma current Jr = 70 k4, electron and ion tem-—
peratures T, = 460 eV, L, = 14C eV.
Figure 1 precents the general design of collecting the im-

purities radiation. The spsctreal lines selection wuas performed
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by ineans of the :MUH-2 the grating monochromdtors. ine line Spa-
tial distribution profiles were obtained using slotted rota-
ting disks with a scan time of 1.5 ms.

Local emiseivity profiles were ottained using numerical re-
construction methods. The local distributions were constrained
to the class of functions

f(r,B)?fo(r)+f1(r)xcos(U}1f2(r}xsin(ﬂ)+f3(r)x605(25),
where (r,B) denotes polar coordinstes anl fi(r) were represen-—
ted with polvnoms of even powers of r.

The profiles reconstructed can be subdivided into the three
classes approximatelv. The first class presents profiles with
near uniform emission distribution in one narrow ring located
on the peripherv of the discharge (see Fig.2). Such tvpes of
profiles were observed usually for ion species in suffitiently
high ionisation states (CV,OV). The second class has the stroag
asyvummetry in one or both projections. Such distributions were
typical for periphersl ious lines (ci111,01%,0%1%y, 4nd finariy,
the third class presents profiles consisted of both uniform
distributed narrow ring and sharp peak located on the inner
side of the plasma column. These are typical for Oiv ions and
H3 (see Pig.3%).

The strong asymmetry in the peripheral ions emissivity can
be explained in the terma of the additional localized source
of impurities that can appear on the periphery of the dischar-
ge wien the plasma column kisses the wall.

T e angular symmetry of the profiles typical for ion spe-
ciesy in the high jonisation states speaks of the transport phe-
nomesa important.role in the formation of such distributions.

The third class profiles can take place due to either the
closenens of the different chemical elements spectral lines
(Like e’ for 01V e.g.) or some MARFE-1ike instability.

The experimental setup enabled us to consider the time evo-
lution of the emissivityr profiles. In the number of cases we
observed its transformation that can be interpreted as source
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displacement (see Fig.4). The angular motion of such type was
ag far as 90" sometimes.

The research being performed telle us that the second pro-
jection in the tomography presenks the better posaibility to
interpret data obtained in the simple cases especially.

Finally we’d like to mention the difficulties encountered
in the third class profiles reconstruction . The formal proce-
dure described sbove leads sometimes to appearance of the ar-
tifitial peculiarities in the central part of the discharge
that seem to have nothing to do with the rerum natura. Its
presence means that the functional class used in the reconst-
ruction algorithm is not quite adequate to the phvsical sub-
ject. To avoid these difficulties one should use either alter-
native functional classes or additional projections.
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THE APPLICABILITY OF RUTHERFORD SCATTERING FOR Ti-MEASUREMENTS
AT MEDIUM- AND LARGE-SIZED EXPERTMENTS

E.P. Barbian, A.A.E. van Blokland, A.J.H. Donné and H.W. van der Ven

Association Euratom-FOM, FOM-Instituut voor Plasmafysica, Rijnhuizen,
P.0. Box 1207, 3430 BE Nieuwegein, The Netherlands

Introduction

Fast and mono-energetic helium atoms (20-30 keV) are transmitted
through the core of the plasma and become elastically scattered by un-
shielded Coulomb interaction with the nuclei of randomly moving plasma
ions. The conservation of momentum and energy at single encounters deter-
mine the energy distribution of the scattered fast neutrals when observed
at small scattering angles (~ 7%y

The method can be considered to be especially useful for observation
of the bulk distribution of the ions. No special pre-assumption concerning
a maxwellian-shaped distribution has to be used and 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 on the detector within a
desired time-interval which defines the time resolution.

Application of the method

The Rutherford scattering diagnostic has been applied at the T-4 tokamak
in 1978 [1], using an 8 keV He-beam of 10 A/m? and in a pilot experiment
at the JFT-2 tokamak [2]. Earlier development on the diagnostic has also
been performed at the Rijnhuizen laboratory [3] leading to the use of a
high-resolution time-of-flight analyser for the observation of slowing-
down spectra of neutral heating beams in ASDEX [4]. Recently, a scattering
diagnostic was put into operation 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 influence of plasma impurities on
the measurement and results were taken for parameter optimization for
application of Rutherford scattering at TEXTOR. A joint project between
FOM Rijnhuizen and KFA Julich (FRG) has been started in 1987 to implement
the diagnostic at the TEXTOR tokamak.

The general applicability of the beam-scattering diagnestic 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 values for large fusion devices.
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Fig. 1. The scattering experiment at
qgriaﬁon scattering  TEXTOR (liner diameter = 100 cm) is

angle composed of the vertically positioned
ion source for up to 30 keV and 50 mA
analyser helium beam, a gas neutralizer cel

(efficiency =~ 40%) and a time-of-
flight single particle analyser at a
scattering angle «, to be chosen
between 3° and 8°. The image shows
scattering in the poloidal plane. By
turning the analyser by 90°, 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:
f - | 64 channels, 1000 counts per sample

Time resolution ;2 ms
Continuance v Bl g
neutralizer Spatial resolution: 2 cm (radial) and
20 em (vertical)
5 ! - ion source Data processing : CAMAC technique_ and
- local VAX-station
beam displacement Expected Tj-values: 0.5 to 5 keV

Instrumental error: 20 eV equivalent.

The oxetical consideration

For probing species with energies Ej >> T; and small-angle scattering
which implies small impact parameters (b < 0.05 a,, a, 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 90 is giﬁfn by

” 72 72 _[E_Eb(l-T sin?f]
8°(E) _ N e T
FEs0 - CETENINY 5 () i X TR T sin’e ). w

with #, the scattering angle; v, the mass ratio of beam and plasma particles;
E,, the beam energy (eV); E, the energy of a detected neutral particle
(eV); J, the equivalent neutral beam intensity (A m~Z%); np, the local ion
density in the scattering volume (m~3); V, the scattering volume (m®);
Zp,Zb, the nuclear-charge numbers of plasma and beam particles; n(Eh), the
energy-dependent attenuation of the beam in the plasma; and CG(Ep), 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 (kg? m® ¢-% s-%).

The ion temperature value can be deduced from the width of the nearly
gaussian-shaped distribution using

A Epge = 4(1n2) sind (vExTy) " (2)




For calculating the
distribution one takes
into account the energy-
dependent attenuation of
the beam n(Ep) and a com-
peting electron loss C(Ep)
process at the instant of
the scattering. The sur-
vival probability  C(Ep)
for the scattered neutral
is well above B80% for
encounters of energetic
helium atoms with protons
and ogly 2% £or scattering
on €% or 0% [7]. Despite
the square dependence on
the nuclear charge number
Zp in Eq. (1), the super-
imposed contribution from
impurities (Fig. 2) for
standard parameters of
TEXTOR (Ep, = 5 keV/amu)
are very small.

The contribution of
impurities in the case of
JT-60, however, is quite
appearing. The relatively
higher beam energy (47.5
keV/amu) 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 an unfavourable
loss of 75% has to be
taken intoe account. For
JT-60 parameters and an 8%
oxygen component which
corresponds with reported
Zoff 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% O, the calcula-
tions were extended to 75 and 100
keV/amu, keeping Tj; at 1.9 keV and o
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 compared to the 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
also small at low beam energies (<
10 keV/amu) and due to a higher
yield this is a comfortable situa-
tion. High Tj-values (> 10 keV)
necessitate the use of much higher
beam energies. No limitations from
the impurity component appear to
limit the potentiality of the beam
diagnostic for application at large
fusion devices.
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APPLICATIONS OF RESONANT MULTIPHOTON IONIZATION OF
ATOMS TO FUSION PLASMA RESEARCH

F. L. Tabares

Association EURATOM/CIEMAT, 20040 MADRID, SPAIN

INTRODUCTION

Although Resonant Multiphoton lonization (RMPI) techniques have been
extensively used ,under different names, in many fields of physics and chemistry! and
it has been successfully used in weakly ionized plasmas for Hp,H and metastable Hp
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 (LIF) , 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 to determine the mechanism responsible for their ejection.
The continuous character of the flow of 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 alternative* .In any case velocity 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 saturation 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 of 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 Jul/pulse
XeCl laser and a ratio 1:1 between the power used to pump the dye laser and that of the
lonizing beam, so that a modest 50 uJul/pulse UV radiation is obtained after frecuency
doubling ,still high enough to saturate the resonant transition (S=150 for Be,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 LIF 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 nanoseconds ) and crossing the excimer at the beginning of
the pulse, thus obtaining a continuous LIF sighal. 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 should not be difficult

MODEL CALCULATION

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 constanis are the same as in Ref 6 . No contribution to the refilling of
the hole due to CX 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 sputtered particles is assumed.

As it can be seen in Fig 1a, discrimination belween sputtering (Thompson
model ) and thermal distributions should be obvious even in a short time after the
ionizing pulse (t=0). A factor of two in the binding energy will be also distinguishable
after several tens of nanosecond. Fig 1b shows the velocity distributions for these two
cases (Eb= 3.32 eV and 1.66 eV respeclively) 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 sampling laser intensity Is
required and good signal to noise ratio is expected in one single plasma discharge.

RAMPI-TOF EXPERIMENT

The proposed experiment consist on crossing wo laser beams (the ionizing
and probing ones) in the scaltering volume and to record the time evolution of the LIF
signal after complele ionization has taken place. After the detection volume has been
depleled of neutral atoms by the RMPI process an spatial hole in terms of neutral
density is formed. As the spultered atoms start to fill it, the density in the observation
volume will continuously increase and therefore the LIF 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 scallering volume with dimension parallel to the travelling direction | the
densily after a given time after ionization is given by :

" 00
n(1)=n(0)x U.i[ f(v) vdv +J f(v)dv (1)
0 "

where n(f)stands for the densily of neutrals before Ionization takes place.

The accurancy of the velocity distribution obtained with method will be
limited by that of the scallering volume dimensions and ils resolution by the
dimensions themselves and the minimum sampling interval,ullimately limited by the
lifelime of the excited level,providing that ionization takes place in a large extend
during the ionizing pulse.

The most appealing way to carry out the experiment would be by using the
same experimental set-up as for LIF detection. This in many instances consists of a dye
laser pumped by an excimer one,lypically XeCl at 308 nm, so that one has a 4.03 eV
high power photon source readily available . This photon energy combined with that of
the pumping photon is able to bring all the neutral atoms to the ionization continuum
in most of the melals typically monitored in limiter experiments. Table 1 shows some
of them:

TABLE 1
ATOM EXCITATION,nm (eV) IONIZATION(eV)
Fe(l) 302.0 (4.11) 3.79
Cr(l) 425.4 (2.92) 3.85
Ti(l) 293.3 (4.23) 2,61

Be(l) 234.9 (5.28) 4.04
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Fig.1a: Calculated time evolution of Fig.1b: Convoluted velécily
the LIF signal dislributions
OTHER EXPERIMENTS

The good spatial and temporal resolution of laser diagnostics could be used
in the RMPI experimenls to probe the plasma edge. Although no detailed calculations
have been performed yel,the screening properlies of the plasma edge could,in
principle , be tested withoul perlurbing other plasma paramelers in combination
wilh neutral atlomic beam diagnostics,among others.
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Introduction

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 configuration and the very high
time resolution (up to 50 ms) it was possible to investigate different
instabilities up to 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 limited.

Experimental arrangement

TEXTOR is a tokamak D] with a major radius of 175 cm and a minor
radius of typically 46 cm. The TEXTOR limiter system consists of three
poloidal limiters movable along the minor radius within 45-55 cm, located
in the same poloidal cross-section and covering about 30 % of the minor
circumference (Fig. 1). 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 maximum toroidal magnetic field of 2.6 T. The typical opera-
ting conditions are: 340 KA and 5T, the flat top of the plasma current
about 1 s, peak demsity 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. We have used a 16 mm HYCAM camera with
rotating prism, moving film, highest speed of 18 000 frame/s and maximum
streak resolution of 150 mus/cm. After some additions to the camera, it was
possible to make high spéed 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-densito-—
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 termination
take place at the inner side. During the current ramp-up phase a very fast
rotation of bright, island shaped areas in the wall region is observed. The
plasma light emission (H,) comes from the limiter region and very strong
pulsations of the plasma light emission exist during the additional heating,
From these photographs we have evaluated the Hy—emission profiles at diffe-
rent limiters (see Fig. 3) which are in anti-phase with the temperature
oscillations of the sawtooth instability with a frequency of 14-15.7 ms.
During typical disruption discharges, many consecutive plasma-wall contacts,
occuring mainly at the inner side, were observed. During the contacts, very
strong Hy-radiation, arizing predominantly from the inner wall region was
observed; however, between the contacts this radiation spread over almost
the entire plasma volume. From these photographs it is seen that very strong
and irregular pulsation of the Hy-radiation exists.

The oblique lines on the streak photographs shown in Fig. 4 arize due
to the rotation of the bright island shaped areas mentioned above. From the
slope of these lines, the poloidal rotation velocity of the plasma and the
corresponding frequency (see Fig. 5) are evaluated. From figure 5 one can
see a very strong fluctuation of the plasma poloidal rotation velocity du—
ring the current ramp-up phase, followed by the plateau of about 0.9 km/s
after the plasma position control system has been switched on, and again a
small increase.

In order to make a theoretical comparison one can use the foliowing
formula [2 for the poloidal rotation velocity of the different species of

the plasma:
an ang
- ar _ 4 3r _4 ar
Vo, =- eb#{( 420 4 k) }

where all quantities_have the standard notation. For measured temperature
gradients on TEXTOR [3 4] AT/ar = -10 eV/cm and for hydrogen plasma one
gets:

v =]0-75 kn/s, K = 2.3 F}
oy 1.05 km/s, K = 3.1 |2
which is in a very good agreement with the measured value of (0.9 % 0.1)km/s.
The measured value agrees very well with new calculations [6 .
From the streak photographs we have also evaluated an oscillation of

= 1.86 KHz during the plateau of the poloidal rotation of the plasma as
well as an oscillation of \)2 = 0.92 KHz, 180 ms after 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 0 306.5 Hz. The ratio Q = 6.08 is
approximately equal to the value of q = ; 94 for the measureé I {r) profiles
at r = 48.8 cm.

Using streak photographs we have determined the direction of the
plasma poloidal rotation. The plasma rotates in the same direction as the
poloidal magnetic field: it is cotnterclockwise in the poloidal cross-section
shown in Fig. 1.
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Conclusions
From the camera measurements on the tokamak TEXTOR we have drawn the

following conclusions:

1. According to the relation jH o~ (0), n, (0) and our measurements

it follows:

1.1. sawtooth instability is poloidally symmetric,

1.2. symmetric and synchronized within t<€0.5 ms, and

1.3. its period is 14-15.7 ms.

2. m = 6 mode was observed during the current ramp-up phase:

2.1. plasma poloidal rotation velocity (0.9 km/s) has been measured
during the current ramp-up phase (m = 6 mode),

2.2. plasma poloidal rotation frequency (306.5 Hz) has been measured (it
agrees with m = 6 mode rotating at v = 0.9 km/s), and

2.3. measured values are in a very good agreement with other measurements
and theoretical predictions for typical TEXTOR Te-gradients.

3. Two high frequency instabilities have been measured:

3.1. fluctuation of 1.86 KHz for a time of almost 70 ms after the plasma
position control system has been switched on, and

3.2, fluctuation of 0.92 KHz, 180 ms 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.Kurchaetov Institute of Atomic Energy,Moscow,USSR

The energy distribution of electrons emitted from a tara
get radieted by X-rays from hot plasma allows one to determi-
ne the plasma electron temperature Te[i] , and to study the be-
havior of impurities [2] .

The thermal X-ray continuum [3]

I.(E)~ e,t;a/ £7S%) (1)

is converted 1nto a photoemission spectrum

1(8)=Z fle) [ /6) @

where
.:é—e—f—é—, (3)
V) =B T 6/ REe) )

E;? - is the energy of photcns,fé is the energy of photoelec-
trons, E} is the binding energy in the ith atomic shell,
j@;ﬂf;;) is the conversion efficiency of the target in photo-
electron spectrometer (PhiS), Z}/ng) is the photoionization
crogs-section in the ¢ th shell, JQ(ZE) igs the effective pho-
toelectron penetration range, B is constant. Substituting

(1),(3) and (4) into (2) we get
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where

Bl 7 )<BRE ¢ expl~£: /%) (6)
is the factor repre;enting conversion of the X-ray continuum
into the photoelectron one. From (5) one can see that plasma
temperature Te can be defermined from the slope of photoelec-

tron spectrum as well as from X-ray continuum (1). Indeed,

2 e i
Texp = _['é?é &fe/é;)/_—.—/l%— "‘%—;5" 4‘5/&,752/.

Hence T = Te' it

exp
/%f bn B/ Ee, 7’)/<< (8)

The calculations according to hqs.(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[h1] + The
continuum measurements by the five channel PhiS are presented.
The foils made of carbon, silver, bismuth 150-4003 thick,were
used as targets.

Photoelectron spectra from a carbonic target obtained on
the T-13 tokamak [q] in the regime with the following para-
meters: plasmae current 30 kA, plasma density 10'130m-3, minor
radius 6,5 cm, major radius 41 cm, discharge duration 20 ms,
are shown in Fig.l. The spectra were registered for 8=10 shots

in the facility. The spectrum 1 is measured in the time inte-

rval from the 11-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
g-th ms. The values of Te obtained coincide with the data fo-
und by filter method and by Spitzer's plasma conductivity re-
lation.

A photoelectron spectrum from a bismuth target obtained
in the OGRA-4 mirror trap/ 5] with a magnetic field of base-
ball configuretion and with a maximal plasma density '5.10120:5'3
produced with a gyrotron (100 kW) and by neutral beam injec-—
tion (300 kW) is shown in Fig.2. The spectra measurements we-
re performed during 20 ms after injection for 10-15 shots in
the facility. From the photoelectron spectrum given in Fig.2
one can gee 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 (PHA) é&s-
tem['3] , PhES has no loading limitations. Therefore, for the
same time interval under operating conditions of a TFTR-like
facility one can register 1O4~-105 times greater number of pho-
tons than in PHA 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 keV
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 [1], 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 effective 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 ©
(with A the wavelength, 2d the lattice constant, ® 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 mo-
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 ¥ 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 source are described in [4].

TFor the first measurements LiF (220) erystals (2d = 0.2848 nm) were used allowing the
wavelength range from 0.113 nm to about 0.203 nm to be covered with most of the
hydrogen- and helium-like transitions of medium-Z impurities (like Ni). For the longer
wavelengths of the oxygen lines KAP(001) 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 transitions
are peaked around the plasma center.

An example of the detector count rate for the helium-like resonance line (w) of nickel
1s% 18, — 1s2p ' P taken at 2 Hz scan frequency is plotted in Fig. 2. The peaks just
follow the time dependence of the line intensity (as obtained from the high-resolution
X-ray spectrometer KX1 at JET, dotted line). Examples of the relative intensity
distributions of the hydrogen-like nickel line Ly a (1528 1/2—2p2P1/2) 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 - R,) from the plasma center R,, plotted in Fig. 4 (solid lines).

The radial profiles of these two nickel lines were also simulated using the impurity
transport code [5|with the actual radial distributions of electron temperature T, and
density n. as well as the atomic physics and transport data input. These simulated
emission coefficient radial distributions are added into Fig. 4 as dotted lines. The
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 ROTATING SXR PROFILES

Hermann Krause, Manfred Kornherr, ASDEX Team, NI Team
—-+  IPP Garching, EURATOM Association, Fed. Rep. of Germany

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 sum of all modes then is the SXR profile in high
poloidal resolution. The nonperfect periodicity of the plasma rotation results in Fourier
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 plasmas 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=0
and the M=1 poloidal harmonics can be reconstructed.

If plasma rotation is used a virtually unlimited poloidal 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 time. This could, in
practice, only be determined from inspection of the signals in ca.ses 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=1 mode. For a time interval of 1.6 ms 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 fo given by the
inverse 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=1 poloidal harmonic, the other lines
by the poloidal harmonics M=2,3,4,..., M=0 is centered at small frequencies. Fourier
analysis has thus isolated the individual poloidal harmonics from each other.

For tomographic inversion 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 Af,, and A, which have to
be found by a best-fit to the measurements.

I L M

€(r,8,t) = Z Z (Afem - Pem(r) - cos(m® — 2mi fot)

i=—TI =0 m=0 (1)

+ Ay Pem(r) - 5in(m® — 2?rifot))

L * . (m — g)l . pm-2e-22
pemlr) = (1 =122 3 1.1!-((m:c2£—a)r)-'(z—:)! @

a=0

The determination of the coefficients splits naturally into separate best-fit problems,
one for each discrete frequency since an observed Fourier amplitude at the discrete
frequency ¢ - fo can only be caused by poloidal harmonics which rotate at ¢ - fp and
—i-fo (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 necessary 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 the 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=0 and 7 kHz to 15kHz for M=1. The
poloidal resolution is thus chosen fo be the same as can be achieved with codes that do
not utilise plasma rotation. Obviously poloidal structures are considerably smoothed
out. Fig. 4 then gives a reconstruction based on M=0 to M=8 with suitable windows
defined. Here poloidal resclution 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=1 poloidal harmonic
and smaller contributions of M=2 to M=5 are visible. A reconstruction with suitable
windows defined based on M=0 to M=5 is given in fig. 6.

[1] R. S. Granetz et al., Nucl. Fusion, 25, p.727, (1985)
(2] P. Smeulders, IPP-Report 2/252 1983 and Nucl. Fusion 23, p. 529 (1983).
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COLLECTIVE THOMSON SCATTERING FOR ALPHA PARTICLES DIAGNOSTICS IN
TOKAMAKS

F.P. Orsitto, P. Buratti

Associazione EURATOM-ENEA sulla Fusione, Centro 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 a; b) the angle ¢
between the K, scattering wavevector and the plane perpendicular to the magnetic
field.

The parameters a and ¢ must be optimized in order to have a scattering form
factor dominated by alpha particles and unaffected by magnetic field effects.

In this paper we examine the effects 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 expressions 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 electrons. 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 COs (Mg = 10.6x10-6 m) sources and numerical examples are
given for the conditions expected for D-T operation on JET.

2. THE FORM FACTOR FOR THE MAGNETIZED 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, a); these are
expressed as series of lines spaced by respective cyclotron frequencies w.. The width
of each line is given by the Doppler broadening along the momentum K, wj = Kgvj [1].
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
roll-off. As we will see, examining the electronic polarizability He, the angle ¢
must be:

sin ¢ = vulvl.he

ii) the Salpeter parameter a is decided following the constraint that the ratio between
the alpha signal and the electron background R,; 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 R, as function of
a and ¢.
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2.1 - Electron polarizability He

The electron polarizability He is a sum on harmonics of the electron cyclotron
frequencies. Because this spacing is so large in respect to all the frequencies we are
interested in (w < wee) it is possible to evaluate He using only the n = 0 harmonic [1].

In this paper we are interested to the alpha feature which is regulated by the
ratio between the electron polarizability He and the plasma dielectric function ¢ = 1
- He - Hi - Ha. We want the electron respons He uniform in the range of the alpha
feature, i.e. w ~ w, ~ K; vq. By an inspection of He [1] we conclude that in order to
maintain He ~ - a2 ~ constant, we must choose the geometry in such a way that:

sing » vu.v'\rLhe (1)
In the limit opposit to (1) we have that He ~ 1, so the electron polarizability is
depressed by a factor a™2.

2.2 - The ion polarizability Hi

It is well known that the ions are weakly magnetized: in fact the parameter ¢ =
wei/w; (where w; is the thermal ion bandwidth), which measure the ion magnetization, is
much less than 1.

We know that the polarizability is made by a sum of lines spaced by the ion

cyclotron frequency (w.), whose width is ~ w; sin ¢. So the condition 1 > ~ sin ¢ > &
guarantee that the feature characteristics of the presence of the magnetic field will
disappear.
: We can assume that the magnetic field 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 |Hel? and in lel2.

2.3. - The ratio between the alpha and electron feature

One of the main points in the design of an alpha particles collective scattering
experiment is the determination of the ratio of the electron to the alpha feature by an
appropriate choice of the a and ¢ parameters. If we suppose that the alpha particles
are thermalized at a temperature T,, the ratio R, is given by [L.3]:

—(wlw !2
a

— oY
X"(y] =e ln(y]

af _xg : )
i 2 ne :
-1 > x..((Kste} )e ."u)UElan.

n

X = 2
e mesmnp

a good approximation for the electron distribution function (in the denominator) is to
use the n = 0 harmonic because w, € wy, s0 we obtain to the leading order in a and
taking the ions unmagnetized (i.e. sin ¢ » )t

nn Vlhu
R (w~w)~27a" — —— sin¢
of a n v
e a
The value of R,¢ is regulated by the product a? sin ¢, so the condition Ry > = 2
implies that:
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n v
atsing =074 — — (2)

n v
a the

Now we evaluate the right hand side of (2) in the two regimes hypotesized as
relevant for the JET in the D-T phase: the hot ions (HI) and the H regimes [2]. The
plasma parameters are as follows:

3 3

HI:T, = 10 keV, ne=2x10‘3cm‘, n, =10"em”

H T =10keV, n =10"em™® n =2x10"em™

3

Using a value of v, ~ 1.3x109 cm/s we obtain:

3.2 HI

u"sinq: =

81.4 H
with sin ¢ ® 0.22 = v/vipe (0> 13°) and a > 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 of 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 (¢ € w,/w,) where the electronic roll-off is
operating and the electronic polarizability is depressed by a factor of a2, The
resonance is then enhanced because the electron response decrease in the roll-off
region; and we find that only for ¢ < wy/5w, (i.e. <€ 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 SCATTERED SIGNAL AND SIGNAL TO NOISE RATIO

The mean scattered powers (Pg) per unit frequency at a given K, on the alpha
particles spectrum w, ~ K; v, is given by:

P, =2nn LOPP o, W/Hz 3

where Py is the incident power (Watt) on the area transverse to the beam. The factor
LQ 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 (w() is constrained to amount at several fluctuation
wavelength, in order to obtain a spectrum well resolved. Furthermore the ¢ellection
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solid angle is determined by the nature of the coherent detection [4], i.e. © = A\2Z/nw,2,
This means that the value of L{ must be of the order:

2w
LQ =

0. 352

Y ?\(/nwo = 2A0/[mcq591’2]

where 0 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 candidate for such experiments: the CO; laser and the gyrotron [7]; here we give
some analysis on COy laser.

The CO; laser source was previously studied [5] as a candidate for the alpha
particle experiment. Looking at R,¢ value we observe that (for COjy laser) the
geometry must be chosen which minimize the a 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 ¢ ~ 90° (i.e. k
= kl) and in the two regime considered, the scattering angle is 0 = 0.44° 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 nominal power which is neaded in order to obtain a
predetection signal to noise ratio (Py/NEP) of 1, when a NEP ~ 3x10-19 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 ny ~ 10%, we evaluate the power
neaded in the order of gigawatts, ~ 2.6 GW for HI, and 13 GW for H. The time
pulsewidth of the COs laser of 1.5 microseconds is easily obtained with standard
methods, but lasers of pulsedwidth of 5 ps and 10 ps have been realized long time ago
[6]. It turns out that, for JET hot ion mode, a laser with energy of ~4 kJ in 1.5_ps could
give a §/N ~ 20 postdetection signal to noise ratio (S/N = [P,/(P,+NEP)] VBt) on a 1 GHz
channel (the total bandwidth is ~ 9 GHz), if a NEP ~ 3x10-19 W/Hz uniform on this
bandwidth and an heterodyne efficiency of 10% is assumed. The scattering angle
should be 0.44°, at ayy ~ 1.34; the waist into the plasma must be ~ 0.7 cm and LQO ~ 1.35
1074 cm.
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CURRENT PROFILE DETERMINATION VIA POLARIMETRY
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INTRODUCTION

Measurement of the current profile in tokamak devices is of great importance 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 tokamak demonstrated the possibility of measuring the local poloidal field using upper hybrid layer har-
monic generation(!), Forrest et al., on the DITE tokamak, performed a q profile measurement using Thomson
scattering techniques®. Recently using a Li beam and tunable dye laser, West et al. have performed q measure-
ments on TEXT®. 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 timet),

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 CIT. It is also important to the MTX
device itself especially during current drive experiments. It is therefore intended to investigate the possiblitiy of
measuring both the Faraday rotation and elliptization 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
CIT.

PROPOSED POLARIMETRY SYSTEM

The proposed multichannel interferometry/polarimetry 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 sact_:ion.
The two beams are combined and detected using a linear array of corner cube GaAs Schottky barrier diode
mixers®. The wires of the beam splitting polarizers are oriented at 45° to the incident beams.
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Figure 1 Schematic of the multichannel far-infrared interferometry/polarimetry system.




1188

The transmitted beam through the plasma suffers changes in its polarization state through Faraday rotation ¥,
and elliptization €,. These are given by(®

= %—m“(s;fsl) m
g= Is3l/(14V1-53) 2

where 51, 5; and 53 are the Stokes parameters whose evolution for an electromagnetic wave propagating in the z.

direction is given by

£ G )i ®)
where

0@) = L, @
and @ is the wave frequency, [y and |1, are the refractive indices of the slow and fast waves and -.;c, is the polariza-

tion vector of the fast wave.

If we assume that w is much larger than both the electron plasma frequency, Wy, and cyclotron frequency (.,
the Faraday rotation angle ‘¥, reduces to the familiar expression()

W, = 1.5x10-2002 I Ne(2)Bpy(z)dz (5)

where ¥ is in units of degrees, wavelength X in jtm, electron density n. in cm™ and poloidal field component paral-
lel to the probing beam By, in kG. As for the ellipticity €, it scales with A5 when the incident beam is launched per-
pendicular to the toroidal field with either O-mode or X-mode. However, it should be noted that as wp, w,
approach @ these simple wavelength scalings are no longer satisfied.

In our detection scheme, the polarization change due to the plasma yields two mixer output signals whose
amplitude ratio is given by

A ’ 1+82—(1-g2)sin2¥,
R= Tre i (iedsin2¥, =cot (‘1‘P+T) when gpe1 (6)
In addition, there is a phase difference between equivalent detectors given by
Ap=tan™! [s,,tan(‘?,,nn'd)] —tan™! [spmn(‘}‘,,—mm] ()]

This assumes an ideal wire polarizer, In principle, therefore, measurement of the amplitude ratio and phase differ-
ence, allow us to independently evaluate the Faraday rotation ¥, and ellipticity €,. It should be noted that the
amplitude ratio is very insensitive to ellipticity compared to the scheme discussed in Ref. 4. However, the required

accuracy of the measurement of R is greater due to the dependence on ( ‘Pw%‘)’

LABORATORY TESTS

We have tested the principle of the proposed polarimetry/interferometry system in the laboratory. First, the
amplitude 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 rotatior. angle of
the polarizer. In Fig. 2 (a), the experimental results of the amplitude ratio are plotted versus polarizer rotation angle
together with the theoretical prediction of eq. (6) with g;=0. The measured rotation angles inverted from the
amplitude ratio are also plotted in Fig. 2(b), which agree with theory 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
to the electromagnetic wave. The experimental results are shown in Fig. 3 where phase difference A is plotted as a
function of the quartz rotation angle and compared with theoretical prediction. The results show excellent agree-
ment between theory and experiment.
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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=0.
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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 g-value in a low density
(ne~1x10"*cm?) and low current (250 kA) plasma and compare it with the previous experimental results of West et
al.®) In Fig. 4, calculations of the rotation angle and ellipticity are shown for wavelength of 1.22 mm, assuming par-
abolic profiles for electron density and current density with ne = 1x10%%em, I, = 250 kA and B,= 15 kG.

For other plasma discharge conditions, it is intended to optimize the Faraday rotation by altering the laser
operating wavelength. For example, at n. = 5x10Pcm?, I, = 400kA and B, = 28 kG, the rotation angle ‘¥, and ellip-
ticity €p are ¥, ~ 10° and g, ~ 0.035 for A = 496 um. Operation at A = 1.22 mm would produce excessive elliptiza-
tion. If this:initial central q measurement is successful, then the polarimetry system would be extended to 29 chan-
nels (1.5 cm channel spacing) to improve the inversion 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 that in TEXT even though we use a 185um laser. Clearly, a combination
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 Calculation results of Faraday rotation angle and elliptization at the wavelength of X = 185 pm in the MTX
tokamak.

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 density, high field plasmas 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 discussed.

CONCLUSION

The feasibility of polarimetry measurements on both TEXT and MTX has been examined. A nine channel
system will be installed on TEXT to measure 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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ION TEMPERATURE DETERMINATION FROM NEUTRON RATE
DURING NEUTRAL INJECTION IN ASDEX

K. Hibner, R. Bétzner
Institut fiir Angewandte Physik, Universitit Heidelberg, D-6900 Heidelberg

B. Bomba, H. Rapp, W. Herrmann, H. Murmann, A. Eberhagen, H.-U. Fahrbach,
O. Gehre, R. Preis, H. Rohr, K.-H. Steuer, O. Vollmer
Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, D-8046 Garching

Neutron rate measurements are very often used to determine the ion temperature in
ohmic discharges. We have developed software (NR code) which extends this methed to
neutral beam injection heating (D° in D plasma) by introducing a model for neutron
production by fast lons. 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.

Relaxation time model
The local neutron rate in a plasma is simply given by

Qup = NN <ovd,p = n_ng ” o pfalv) filvy) dv dv, . (4]

Ngr far fpe Yoo v are, respectively, the densities, distribution functions, and velocltles
o? the two reactlng ion species, o_ is the corresponding cross-section, and <ov>_
the reactivity of this process. For the distribution function we use the following ansatz

nf = nyfy + nfy + nf, + ngfy, (2)
where the index 0 denotes the background plasma, and the indices 1, 2, and 3 the
deuterons injected with full (45 keV), half, and one-third energy, respectively. For the

ASDEX plasma parameters we can use a Maxwellian for f,. We have to distinguish
the fol!owing contributions to the neutron rate in the case of D° injection in D plasma

QDD = 5 n0<ov>00 +oynf <<Jv>1| +ouyn 2(cw)22 +oig n3<cv>33
gy KOV24, +Nghp KOV, + NNz <OV2 5 (3)
*0yp NN KOV 5 + Oy Ny NgCO0VD 5 + Bigg NaNg{OVDsg

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 o taking
into account possible injection in opposite directions.

As we shall see, for the ASDEX plasma the main contributions are diie 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
distribution function for the fast deuterons, which is simply calculated from the classu:al
relaxation of the particle energy W:

dW/dt = - W/t )
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where 1,,, Is the energy relaxation time. The resulting distribution functions are
N,D(r) nt
e, 12 L8 (5)
W,
Here n is the electron density, Ny are the numbers of deuterons injected per second, and
D,(r) their deposition profile. The energy relaxation parameter nt,, is a function of only
the electron temperature and the energy itself.

n W) =

Interpretation of neutron rate

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 with the
geometric data of the plasma, the electron density and temperature profiles n(r) and
To(r), the profile Z_c.(r), the deposition profile D(r) of the injected deuterons, and the
plasma deuteron density and temperature profiles ny(r) and T(r). 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 np, and protons n,, are related by

Zo - Zeer _Mp My
—"Z'—x-'_.—":'""--—n*1+ﬁ-g , (6)

where Z_ Is the charge of the dominant impurity. In a deuterium plasma without protons,
np, could therefore be determined from Z_c., and thus the ion temperature Ty from the
measured neutron rate Qpp. If there is any information about the shape of the ion
temperauture profile, the neutron emission profile Dyy(r) can also be deduced. For
plasmas with a mixture of protons and deuterons, as with H® injection in D plasma, one
of the two parameters Ty, and ny/n,, can always be calculated from the neutron rate if
the other is known.

Structure of the NR software

To take 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
Z _¢¢(r) measurement from visible bremsstrahlung which is now availiable at ASDEX,

IMEASURED PLASMA| [

PARAMETER | ———y
__,77#,774\% [IST/7LoT .. S { Tis1/PL0T

EXPERIMENT \ ¥ |MI
SPECIFIC | \ INPUT DATA |
! = NR— £ NR—CODE - g I
I i I S NR—CODE NR—-COD :cALcumnoN
SPECIFIC 1 DATA INTERMEDIATE FINAL
BT a——— | FILES CALCULATIONS CALCULATIONS

T g OUTPUT
! %
| UST/PLOT | UST/PLOT |
ALTERNATE { —
[ === ===

Fig.1: Software scheme
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Secondly, the reactivities and the distribution functions are determined in INTERMEDIATE
CALCULATIONS and the input data for FREYA code calculation of the deposltlon proflle
D(r) are prepared. In the FINAL CALCULATIONS one of the parameters Q

np can always be calculated, the other two being taken as ALTERNATE IRB’UT& 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 all 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 particular, more sophisticated distribution
functions, even for the target plasma. Last but not least, the flexibility of the software
allows us to treat, besides D° injection, not only ohmic discharges but also H® injection
in deuterium plasmas and ICR and LH heating. For most of these cases the hydrogen
content of the plasma is the main problem.

DY injection in deuterium plasma

As an example of the treatment of D injection in deuterium plasma, 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 with a relatively low ion temperature of about 2.0 keV (#16910,
injection: 3.1 MW, 1.1 - 1.5 sec). Figure 2 shows for both discharges the time development
of the neutron rate Q and the central electron temperature, as well as the time-
dependent central deuteron temperature calculated from Q. Table 1 gives for discharge
#17061 for some times the components Qu,, Q. Qpp (the indices correspond to those

in equation 3) and the ratio T/T_, calculated for a content of 10% protons.

0[40* n/s] Ty T, (kev] 010 n/s] Tp T, [keV]
1.50 4.0 1.0 p. gy T T 2.0
A =~ e
- 7~ - >~ = —‘5 i
L Ty -
0.75 0.5 411.0
#16910 a
N . N 0.0 1 A s L 0.0
0.9 1.2 1.3 1.4 0 01.2 1.3 1.4
ts] t(s]
Fig. 2: Neutron rate (Q), electron (T_) and deuteron (T) temperatures
The dominant neutron production Is due to TABLE 1
the full energy beam reactions with the target time Qoo Qo Qe Tp/Te
plasma Q,. The half-energy beam (Qy,) [sec] [10'3neutron5/sec]
contrlbutes about 10% of Qg At the beginn?ng 115 0.036 4.41 035 1.30
of the injection this is apprecnably higher than ;55 572" 105 1.03 1.20
the thermonuclear production Qg,. But during 1'25 2'0? 12'9 1’29 1'10
injection the temperatures increase. causing 1'30 2'32 8.31 0'91 ‘1 '20
an increase in the beam-target reactions 1'35 1'1 4 7.36 0'33 1'35
(owing to T, and Tp) as well as in Qpy. At 135  '3g 660 068 1.20
the maximum of tﬁe neutron rate Q,, is - - - - -

about twice Qq,. The scatter in the results for Tp/T, reflects the uncertainty of the
temperature determlnation.
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Table 2 gives the different particle densities n, = nf dW on the plasma axis. They are
of the same order for all components of the beam, l)ut about one order of magnitude
smaller for the beams than for the target plasma.

Table 2 Deuteron densities on axis at maximum neutron production
Mo i £ 3

#7061 4.16 0.64 0.45 0.16 10'3 deuterons/cm3
#16910 3.37 0.45 017 0.12 10" deuterons/cm3
Table 3 gives for discharge #16910 at 1.3 sec Table 3

all components of eq. 3, for injection of the neutron rate [neutrons/sec]
total power in one direction and for the unidirectional inj. balanced inj.
hypothetical case of balanced injection with Q 7 99x1 0! 7.99x10"
half the power in each beam. Here, owing to QOO 4.39x10'13 4.39x1013
the low ion temperature the thermonuclear o 3.71x1012 3.71x1012
production is of the same order as the Q2 7.39x10M 7 39x1 0!
production by the one-third energy beam Q03 7.35x%107 1.44x10M1
component, which itself amounts to only 1.5% Q” 1.47x108 8.20x1010
of the beam production. The production by 12 1.86x108 2.94x100
reactions between the beam particles clearly o 7 18x105 3.19x1010
shows a dependence on the relative velocity, ng 6.42x10% 8.54x10%

as is to be expected. But owing to the small
densities in the beams compared with the
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.

7.39x10% 2.12x109

HO injection in deuterium plasma

As an example of the treatment of H® injection in deuterium plasma we consider the
discharge #21502 (1.35 MW, 1.0 - 3.0 sec). In this case we have only the thermonuclear
production Q4. Figure 4 shows the measured neutron rate and the ratio ny/ny, from
CX measurements, Figure 5 gives the deuteron temperature calculated with our software
and, for comparision, the electron temperature from ECE measurements. Here again we
find T/T, # 1.2. The decrease in the neutron rate is caused by the small decrease in
the ion temperature.

a[10* n/s D/H TpT, [kevl
1.50 T T : . 2.0 2.0 T T T T
21502 i T |

M

0.75 1.0f et -
B #21502 1

0.00 . . L i 0.0 0.0 . . : s

1.15 t[s] 2.35 1.15 tis] 2.35
Fig. 4. Neutron rate and n/n Fig. 5: lon and electron temperature

for discharge #21502 for discharge #21502
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SEPARATE MEASUREMENT OF PARTICLE AND RADIATION LOSSES BY USING
TIME-OF-FLIGHT TYPE NEUTRAL PARTICLE ENERGY ANALYZER

F.Tsuboi. S.Adachi, K.Hattori, M.Ichimura, M.Inutake, T.Kondoh, A.Mase,
Y .Nakashima, N.Yamaguchi, K.Yatsu and S.Miyoshi

Plasma Research Center, University of Tsukuba,
Tsukuba, Ibaraki 305, Japan

ABSTRACT

The method which can measure the energy losses due to
charge-exchange neutrals and radiations separately is presented. The
reduction of the radiation loss after ECR discharge cleaning in the
tandem mirror GAMMA 10 is clearly observed.

INTRODUCTION
In order to study and improve the plasma confinement, it is very
important to clarify the main energy-loss-channel from the confined
plasma. A bolometric method has been widely used in many plasma
confinement devices to measure the total energy flux emitted from the
plasma. It is easy to omit the particle flux, but difficult to separate
the radiation flux from the particle flux. completely. A new method for
the separation of the energy losses due to neutral particles and
radiations by using the difference of their time-of-flights has been
developed'!” . The ratio of the particle loss to the radiation loss from
the same plasma volume Lo the same solid angle is easily obtained by
this method. The absolute values of each loss power could be evaluated
by taking account of the total loss power measured by the conventional
bolometer. This new method is applied for evaluating the effect of the
ECR discharge cleaning (ECR-DC) on the tandem mirror GAMMA 100 . The
ratios of the particle loss ;
to the radiation loss before 2 5m ’
and after ECR-DC are B 4 1
measured and the significant
reduction of the radiation
loss after ECR-DC is clearly
observed.

—

plasmal
EXPERIMENTAL APPARATUS
Figure 1 shovws a
schematic drawing of the
time-of-flight type neutral
particle energy analyzer

system, TOF. which consists e o
of a chopper sysltem, a
flight tube and a Daly type Fig.1 The schematic draving

detector. Hydrogen atoms, of TOF system
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Fig.2 The experimental arrangement
in the central cell of GAMMA 10

H? and photons are emitted from the plasma and chopped by a rotating
disk with slits and travel 3.5m in the flight tube. Due to the
difference of their time-of-flights. the signals of the neutrals and
photons can be detected separately. The time resolution of this system
is a few microseconds. The energy distribution of particles is
estimated from their time-of-flight profile. The energy distribution of
photons is estimated by use of several filters which have different
energy windows for the transmission of photons.

GAMMA 10 is an axisymmetrized tandem mirror with thermal barriers.
In the central cell, ions are heated by ICRF. In the present
experiment, the ion cyclotron resonance layers exist near the central
cell midplane. TOF system and the bolometer are set near the ICRF
antenna as shown in Fig.2. The wall conditioning of the central cell
had been done only by the pulsed discharges (< B0msec) with the density
of 8 »x 10 em™ in every 12 min. Recently a steady state ECR discharge
cleaning with lower density of 2 =« 10" em™ has been applied for 30
hours'™ . The effects of FCR DC appear clearly in the delector
signals.

RESULTS AND DISCUSSION

Figure 3(a) shows the typical detector signals before ECR-DC with
no filters in the flight pass. When a slit opens. the signal of photons
from the plasma is detected immediately and then signals of particles
appear with Lhe delay time determined by their time-of-flights. There
are 24 slits of 0.02cm width and 1.0cm length at 7.5 cm radius on the
chopper disc which rotates at the rate of about 40000 rev min. Then the
signals of photons and particles are obtained in every 100psec. By
dividing the time-of-flight spectrum of particles into every 1.6pusec, we
can estimate the energy distribution by taking account of the secondary
emission coefficient of the copper target as shown in Fig.4(a). On
the other hand. the energy distribution of photons is obtained by
changing filters which can transmit photons in different energy ranges.
By considering the transmission coefficient and the photo-electric yield




1197

of the copper'” ) we can obtain the energy distribution of photons as
shown in Fig.5'a!. The radiation is strong in the VUV region as
indicated in ithe figure. From the visible spectroscopic measurement. it
is expected thal the strong line emissions due to light impurities, C
and 0. lie in Lthis region. This system has no sensitivity for photons

with energy less than 10eV due to the abrupt reduction of the
photo -electric yield. By using the bolometer with LiF window which

transmits the photons in the energy region lower than 12 eV, we
conlirmed the radiatlon in this enerzy region has less contribution to
the total power loss from the plasma. The ratio of the particle loss to

the radiation loss calculated from Fig.4(a) and Fig.5(a) becomes about
18
The typical detector signals obtained after ECR-DC is shown in

Fig.3(b). when the plasma density is almost the same as the density
before ECR-DC. It is clearly observed that the peak heightof the photon
signal becomes remarkably small compared with that of particle

signals. Figures 4(b) and 5(b) are the energy distribution of particles
and photons after ECR-DC, respectively. The total loss power measured
by the bolometer is almost the same in both cases before and after
ECR-DC. Then, the ordinates of Figs.4(b) and 5.b) are normalized as the
values of the total loss power calculated from the both energy
distributions before and after ECR-DC become equal. The ratio of the
particle loss to the radiation loss after ECR-DC becomes about 75. It
can be calculated from Figs.5(a) and 5(b) that the radiation loss is
reduced to about 1,6 after ECR-DC. This fact agrees qualitatively with
the reduction of the line

intensities of the light K_"'-]-QQH5—) .

impurities measured by the icles
spectroscopic measurement. photons part

SUIMMARY

The new method has been
developed for evaluating the
energy losses due to neutral
particles and radiations =l l
separately by using the e IR AT
differences of their
time-of -flights. The
effects of ECR discharge
cleaning in the tandem
mirror GAMMA 10 are studied
by this method. It is
clearly observed that the
energy loss due to
radiations is reduced to i | I
about 1,/6 after ECR-DC. 0 2

t(ps)

O O A

Fig.3 The typical signals before
(a) and after (b) ECR-DC
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INVESTIGATION OF SIOWING-DOWN AND THERMALIZED ALPHA PARTICIES BY
CHARGE EXCHANGE RECOMBINATTION SPECTROSCOPY — A FEASIBILITY STUDY

Manfred von Hellermann, Hugh Summers, Alain Boileau *)

JET Joint Undertaking, Abingdon UK
%) INRS Energie, Varennes, Canada

Motivated by the expectation of achieving significant alpha particle
production in ‘the approaching fusion cornditions of JET, JT60 and TFTR
tokamaks, a range of alpha particle diagnostics have been under study in
recent years [1]. One class is based on exploiting the charge exchange
reaction through use of appropriate diagnostic or heating neutral beams.
Single charge transfer with the associated excitation of recombination
radiation can be used as a spectroscopic method for the measurement of
alpha particle density and velocity distribution function. The charge
capture and subsequent cascading and redistribution gives emission in
the HeIl n=4-3 (4686 A) line which can be transferred either by quartz
fibres or by a mirror relay system to remote spectroscopic equipment
beyond the biological shield.

For significant charge exchange the relative velocity of alpha particle
and of injected neutral ( hydrogen or deuterium) must be within a band
of approximately 100 keV/amu which is defined by the fall of the
effective charge exchange rate at higher relative velocities.

Visible charge exchange recombination spectroscopy of thermal ionized
plasma particles, including helium, using the neutral heating beams is
well established on JET [2]. The study presented here investigates the
scope of information which may be achieved using the existing heating
beam capability with upgrading to =140 keV at 0.7MWatt per beam on
slowing-down alpha particles wi ies XT, < E 1 ga< 35 MeV.
Clearly the study must also be concerned with the &xRrs specelggl features
associated with the background thermal helium at relatively higher ion
temperatures than achieved at present and the merging of the cooling and
thermal helium velocity distribution function.

For future JET operation with input powers up to 40 Mwatts of Chmic and
auxiliary heating it is expected to achieve, in particular during hot-
ion modes [3] with low to moderate electron densities , alpha particle
power levels of approximately 5 MWatts. For slowing down times in the
order of 1 to 2 sec and assumed main alpha particle production within
a volume of roughly 50 1, We may e)%ci_::;alpha particle densities in the
plasma centre between 10" 'm ~ and 10" m ~.

For the gecmetry of the JET heating beams and the CXRS multichord
viewing line system ( cf. [4]) we can calculate from a known energy
dependence of the effective excitation rate ( Fig.l) and a slowing-down
velocity distribution function (Fig.2) the expected recambination
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spectra. An example of a theoretical spectrum consisting of the
superposition of the contributions of thermalized and slowing-down alpha
particles as well as the continuum background radiation is shown in
Fig.3. The absclute photon fluxes are based on the extrapolated neutral
beam data and an attenuation code used for the present low-Z impurity
density calculations [2]. The spectrum representing the slowing-down
alphas covers a spectral width in the order of 150A. The shape and
Doppler shift depend on slowing-down parameters as well as the
observation geometry and neutral beam energy.

The detection limit of the highest alpha particle energies contributing
to the observed spectrum is demonstrated in a semilogarithmic plot
(Fig.3b) where the continum level and its associated noise level
correspond to the actual observed levels of the current CXRS system. 1In
order to discriminate the broad low-level slowing-down spectrum from the
background contimum level two alternatives are being considered. One
is active beam modulation and the other is the use of an additional
passive viewing 1line which does not intersect the beams. The latter
provides a similtaneously measured background spectrum.

Fig.4 shows an example of 2 a JET spectra gained during NB
injection in a deuterium 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 spectrometer and one 2-dim detection system. The residual of
the subtraction is the CX Doppler broadened spectrum ( representing in
this example the plasma centre ion temperature of 4.3 keV) and the rms
noise level of the continmum. A remaining small cold constituent,
presenting approximately 10% of the total intensity, is supposed to be
due to a non perfect toroidal symmetry in plasma boundary emmission.

Conclusion

A measurement of an alpha particle density radial profile in the
cuoted density range appears to be feasible. The reconstruction of a
velocity distribution function in the energy range below 0.5 MeV in
the plasma centre should be possible using either a passive viewing
line for a similataneous background subtraction or alternatively an
active beam modulation technique. In the forthcoming JET dperation
period with combined NB and ICRH heating the high energy tails of
helium minority velocity distribution function will be investigated.

[1] Workshop on Alpha Particle Diagostics, JET 1986, TFIR 1987
[2] A.Boileau et al. ,JET Report JET-P(87)44

[3] G.F. Cordey et al. ,JET Report JET-P(86)38

[4] see S.Corti et al, this conference
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2
LINEAR AND NONLINEAR COUPLED ALFVEN-VARMA MODES IN
INHOMOGENEOUS PLASMAS

)

P. K. Shukla and L. Stenflo”

Fakult&dt fiir Physik und Astronomie
Ruhr-Universitdt Bochum
D-4630 Bochum, F. R. Germany

a) Department of Plasma Physics
Umed University, Sweden

More than two decades ago, Varma [1] discovered a low-
frequency (compared to the ion gyrofrequency) flute-like elect-
rostatic ion drift mode that can be driven unstabie due to the
magnetic field gradient in nonuniform plasmas. The Varma mode
is derived on the basis of hydrodynamic equations including an
equation of state in the form of the conservation of the mag-
netic moment of the two-dimensional ion fluid [2] . This new
mode seems to have been observed in many laboratory experime-
nts [3] . It has been suggested that the Varma mode can accou-
nt for catastrophic plasma losses in mirror devices.

In view of the growing importance 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
nonuniform magnetized plasmas. In this paper, we have achieved
this goal by incorporating the electromagnetic effects in
Varma's theory. It has been found that the Varma mode is linea-
rly goupled with the Alfven wave. The instability of coupled
Alfven-Varma modes is analyzed. Linearly unstable coupled
Alfven-Varma modes attain finite amplitude and start interact-
ing nonlinearily. In order to describe such an interaction,
we have derived a set of nonlinear coupled eguations. It is
shown that nonlinearly coupled Alfvén-Varma modes self-organize
in the form of dipolar vortices. Condition under which the
latter arise is given.

Consider a weakly inhomogeneous electron-ion plasma immer-
sed in an external magnetic field B _z. The density and magnet-
ic field gradients are assumed to be along the x axis. We are
concerned with the instability of this equilibrium against low-
frequency (compared to the ion-gyrofrequency O3 =q.B /m.)
electromagnetic perturbations in a plasma relevant to mirror
reactors in which T. >> T,. This situation arises during the
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neutral beam injection experiments. We consider two-dimensional
ion and three-dimensional electron motions. Then, in the guid-
ing cen*er approximation (viz., q:<< Ww.; ), the appropriate
expressions for the perpendicular components of the ion and
electron velocities are .

= B ™ () +V V) E 4+ 2 Bax VB

Vyy= Y% + o=\ %7 t q:B;

i _._J_,vx(n;ﬂ:$5 , (1)
and a;ﬂi qi‘
> -
T}e; = Ug + Vez BL/ Bo , W2
ghere and m, are the charge and mass of the ions,'? =

Q
E X gOI/BE o (=P.1 /niB ) is the ion magnetic moment, B e
is the parallel electTon vefocity, and the electric and magne-
tie fields are given by

E =—V¢ —-—é—-;a.tA“)
and
EL = VA X2,

where ¢ is the scalar potential and A is the parallel compo-—
nent of the vector potential. The perpendicular component of
the vector potential is set to be zero. This ammounts to
neglecting the compressional magnetic field perturbations and
is consistent with the low- @ (me/mi << [ << 1) appro-
ximation.

Inserting (1) and (2) into the ion continuity, the conser-
vation of the charge density under the quasi-neutral approxi-
mation (n.=n _=n), the ion energy equation, and the parallel
component of Ohm's law, we obtain letting n=n0(x) + n, (o =i

i!
no) and M; = #io(x) L (#q<< Byg):

M 1 2 i 4 - =
de( o — 55 %®) + 3 Bxvd vlnne-bB)+ 00 B o,

2 4 2
VG ), (WP 4 WA=, o
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dy My + (Mie/B,) Vb x%.-VBe=0, (5)
JQ Ay + dzd =0 . Ll

In deriving (4), we have made use of the parallel component of
Ampere's law

-4
Vey = @HMom) oAy

l"urthermor H-a -ﬁ XV B /G Be , dp * ('5 + ¥ )V,
=9, %L /B ) . and v, is the AEfven speed. E
A
Negleeting the nonlinear terms, we can Fourier transform
(3)-(6). We then find four linear algebraic equations, the
combination of which leads to the dispersion relation

2 (7)

KaUa Btn/rg) -1 1 wWywe; kyAp
1= or ) T Tw-w, | @-w, R

wherexg=dxlnEo(x), Hp =d_ 1n no(x), w, =ky np /u;,/q;_s_h,,\l'py-

Two comments are in order. First, for k_=0, Eq. (7) is
identical to Varma's dispersion relation in %he high density
regime. Secondly, in the absence of the magnetic field gradient,
Eq. (7) yields w = * k v, , which is the dispersion relation
of Alfvén waves. Clearly, lelectromagnetic effects cause a
coupling between the Alfven and Varmas modes. It can easily be
shown that when w = Wy R kzv , Eq. (7) admits an instabi-
lity supported primarily by the magnetic field gradient. The
growth rate of that instability is

1/3
Tm 0 = (we 0y ky*s/Re) - (8)

We now present a particular class of nonlinear solutions
to (3)-(6). We assume that all functions depend on the variabl
es x and £ =y + a z - ut, where a and u are constants. It car
then be shown that in the new stationary frame, combination o:
(3)-(6)yielAds a nonlinear partial differential equation
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M Wei A
Ot [uu-cM) -.__—-1__B + %p-— “n) ¢

+ (1_“%)?3]:..0, (9) |

where I a's - (1.1]30)d1 (3143‘33 "as‘b dx ) and M = v Fa.

Equation (9) is satisfied by the ansatz
2
e, d RN (10)
provided that the constants C1 and C_, are related by
Cq A
chi( Ay o2y, (o
4+ Xpg=— Un +(i_—SA(C+ ")‘—'-0. (1)
@wu\ 1-M B =) (G uB,
The dipolar vortex solutions of (10) can be constructed in the

usual manner. In the outer region, we have CE=O and the locali-
zation requires that

Mwei[n— np = *8/(1-m)) /ula=m) (1~ «vast) >0,

To summarize, we have investigated linear and nonlinear
properties of coupled Alfven-Varma modes in an 1nhomogeneous
magnetic field. It is found that the coupled Alfven-Varma modes
can be driven unstable by the gradient of the external magnetic
field in an inhomogeneous plasma. Furthermore, it has been
shown that nonlinearly interacting Alfven-Varma modes self- orga-
nize in the form of dipolar vortices. The latter may decide
anomalous transport properties of mirror reactors.

This research was supported by the Deutsche Forschungs-
gemeinschaft through the Sonderforschungsbereich 162 "Plasma-
physik Bochum/Jilich" Teilprojekt L5.
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NUMERICAL SIMULATION OF THE EVOLUTION OF FLUTE VORTICES

V.P.Pavlenko, V.I.Petviashvili, V.B.Taranov

Institute for Nuclear Research hcademy of Sciences of
the Ukrainian SSR, Kiev, U.S.S.R.

In a nonuniform magnetized plasma the buoyént force
can arise if there is en unfavorable curvature of the mag-
netic field lines. The plasme convection which is similar
to the convection of a fluid in the gravitational field is
coused 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 slong the
external magnetic field - so called flute modes 1. The main
nonlinear effect essociated with the development of the
flute instability is the "twisting" of these "tongues" by
the external magnetic field. It can be expected as the
qualitative analysis shows that the evolution of flute in-
stability will be terminsted in a random set of locelized
two dimensional vortices. The further investigetion of pro-
perties of the flute instebility 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

2

we use the equations obtained in . In dimensionless veri-

ableg with normalizing on space ( K, ) and temporal (K. (/)
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scales of vortex ( { is the velocity of vortex) the eque-

tions have the form
o 2
=¥ 6;6+ ((4—;09% (ﬂ—v'?'é)_—_ 55
= J(%b B) + adivI(v$ r)

(2)
9f+57;(¢ ,-,) J(n, Cﬁ)

e
Y82 98 3E 4. »

9_ ? 367 2X
qs__ Ko C C:L‘l) i Ka‘z: U 2 Ml )
By alwsv™)

here j (a

n
RIX
39

Qr* y UV, Bare velocities of the diamagnetic and grevi-

tational drifts correspondingly, {1, is ion cyclotron
frequency, EE*{is the characteristical scale of the plasma
nonuniformity. The equations (1),(2) have been solved by
the Lax -~ Wendroff method /alternsting directions/ on the
64 x 64 grid with periodic boundary conditions. To invert
the Laplace operator we 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-
grels of motion

L:Jndwj, ;9 =jv*qéa/”0/7

(3)
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I :j{(vig)Q— (//+e()02}dxa§

The equations (1),(2) have the stationary solution in the

form of dipole vortex of flute type 2:

%(7,{):[64—/&)%__ L(kz) l‘_’.c,_g,{g T &
h=d

The perameters K end 7, obey the dispersion relation

for the dipole vortex

Ty (k2) __k Ki(z)
& (K?,) k1 (70)

We have considered the following initial conditions:
a) the shepe of the dipole vortex type which is close
to the stationary solution (4);

b) the solitary monopole vortex;

¢) two dimensional periodic system of vortices in the
form of the standing wave. The temporal evolution of these
perturbations is considered in o << 4/ limit. The obtained

results are as 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
-{ :_5:5‘. We nole that in our scales the inverce increment
of the linear flute instability in this case is ¥=),~ 4;

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 emplitude with inc-
rement of the linear flute instability. In the finsl stege
at the time f:: 3 the long wavelength structure of the
dipole vortex type has been observed;

¢) the temporal evolution of the initial perturbation
in the form of the stending 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 ('é 245)
have been observed. These harmonics are increasing with
increment close to the linear flute instability increment.

So, in the limit ol «7 we can conclude that in all cases
congidered the linear stage of the flute instability is suc-
ceded by the nonlinear one and the increase of perturbat-

ions of the potential and density continued.
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ELECTROSTATIC ION CYCLOTRON WAVES
IN A STEADY-STATE TOROIDAL PLASMA

A.Fasoli, M.Fontanesi, A.Galassi, C.Longari, E.Sindoni
Dipartimento di Fisica dell’Universita degli Studi di Milano
Via Celoria 16, 20133 Milano, ITALY

Introduction

THORELLOis a steady-state toroidal plasma suitable for basic collisionless plasma physics
researches [1]. 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 by operating high density
cleaning discharges. The toroidal field magnet consists of four bunches of 14 coils each;
the maximum steady-state toroidal magnetic field on the axis is about 2 kG. The plasma
is produced in different neutral gases (Hz, He, Ar, Ne) by hot filament 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 and temperature are reported versus neutral gas pressure and filament
current respectively. Profiles of T, and n, are shown in fig.4.
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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 analysis of electrostatic
dispersion equation [2] in the range of ion cyclotron frequency for transverse propagation,
i.e. for values of k) in the range
0; Q;
— k" < —
U, Vi,

(2.1)

shows the existence of two different 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 NIBW 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 180° apart,

installed at the plasma center. The size of the
two blades and their distance is selected to oLt J

varantee a k spectrum peaked near 1em™1! " . R,
g Il 5P P : Fig.5: NIBW dispersion curves (dotted

in order to satisfy condition (2.1) for our dis- lines represcnt imaginary parts of the
charge parameters. A fraction of the signal is branches).

used as reference in a mixer (LO port).

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 the 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 distance
from antenna drives the z—channel. By probe scanning of the experimental region we
obtain an interferometric 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 wavelenghts are obtained by measuring the
distance between a maximum and a minimum of the sinusoidal trace, for any operating
frequency [4].

Backward modes and high—frequency (> 20;) forward modes exhibit perpendicular
wavenumber too large to be excited by electrostatic plane antennas and to be observed
by finite spatial resolution detection system. Due to this 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 k. An analyti-
cal method applied to the integral of normal modes pointed out that plasma dynamics,
via the dispersion relation ki (kj), can favour the detection of particular k| modes at a
distance from antenna much greater than one wavelenght. The k) values of interest corre-
spond to stationary points of the function Rek, (k), while the antenna spectrum and the
exponential coefficient containing I'mk, act as weights on different terms.

The agreement between experimental data and theoretical curves, generated by this model
for an ion temperature of 0.1eV (n, =2 x 10%m ™3, T, = 1eV), is shown in fig.7.
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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.
* %k ¥
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ELECTROSTATIC DISPERSION RELATION
IN THE ION CYCLOTRON REGIME

A.Fasoli, A.Galassi, C.Longari
Dipartimento di Fisica dell’Universita degli Studi di Milano (ITALY)

C.Maroli, V.Petrillo
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The classic electrostatic dispersion relation has been analysed in the ion cyclotron
regime for low density and low temperature magnetized plasmas, in connection with
experiments on small size toroidal devices, aimed to produce and detect longitudinal
waves in this range of frequency!l'[2],

The dispersion relation has the following form:
wd
ki+kﬁ+z?’g[1+z,3(x,,z,,a,)] =0 (1)
3
where k is the wave vector, z, = 75:’"7", Az = %5-5'-, 0y = 7-2-1“""7“ and {l.s, wps and
Vg = \/::c are respectively the cyclotron and the plasma frequencies and the thermal
velocity of the species o.
The function B is defined as:
+oo
B(A\ z,a) = z e, ())Z(z - na)
n=—co
Since we are considering a boundary value problem, the dispersion relation is solved to
give the complex values of k as functions of real w and k) for fixed values of the other
parameters.
The range of frequency considered is in the neighbourhood of the ion eyclotron

frequency and its first harmonics. A hydrogen plasma is considered; the plasma density
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ranges from 10° to 10''¢m~23 and temperatures of the order of a few eV are assumed
for both electrons and ions. Oblique propagation is investigated, kj being varied from
102 to lem™1.

In fig.1, a plot of the numerical solution of equation (1) is shown, with emphasis
on those 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 the imaginary
part of k.

Both real and imaginary parts of the perpendicular component of the forward wave
vector present slight oscillations with period é—:— superimposed on a roughly linear in-
crease with w. The backward branches are described with more details in Fig.2. Between
the n** and the (n+ 1)"" harmonic, only one substantially real backward mode exists,
which becomes strongly damped in going towards w = n{l,;.

For w ~ n{l.;, the Bernstein wave converts into a virtual mode (|Imk | =~ Rek ),
while for w > (n + 1)Q,; it becomes evanescent (Rek; < Imk,).

As regards the possibility of conversion between the forward and the backward
branches, the present analysis provides results different from those obtained in ref. [3].
In fact, as can be seen in Fig.1, the coincidence of the roots does not exactly occur.
Nevertheless, in a certain range of frequency (for instance, around w =2 1.5{); in the
first harmonic region) the real parts of k| for the two modes approach one another in
correspondence to relatively low values of Imk . In this condition, a partial transfor-
mation of the forward wave into the backward one may, therefore, take place. This
convergence of the two roots appears to be more pronounced between {1.; and 2(1,; and
for increasing electron temperatures. As regards the role of the electron component
of the gas, agreement with ref. [3] has 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; > |Imk,|, and X; > 1, the Bessel
functions can be represented by the asymptotic expressions I, (A) ~ 7%[1 +0(3)], s0

that, near each harmonic

w loqw

ko~ [ 21rk| v

P Z(% — nay)t

In particular, the approximate value of k| at w = nfl,; can be obtained:

Inz

= e) = _if
Fugummma) =t Zvnku

which is in good agreement with the numerical data, especially when n > 2.
For the flat, strongly damped part of the Bernstein branches at the left of each
harmonic w = nfl.;, Rek; < [Imk, |, so A; = x — 1€ with € > x. In this condition,
e)u 1 —A;—i(n+;—)1r 1
——[1+0(— ——[14+0(—
W ‘_[ TN+ — == , [1+o(3)l

and therefore the dispersion relation can be simplified in the form

In(Ai) e

nu‘
tan(2e — —) (w,,. 2[ 20’:*"6;]

from which an estimate of € for the various virtual waves can be deduced.

It can be noted that the difference between the imaginary parts € of A; for two
contiguous virtual roots is roughly %, so that, for instance, in the range of frequencies
w < (g4, nine strongly damped waves of this type exist.in addition to those two virtual

roots represented in Fig.2.
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EICI PROPERTIES AS A FUNCTION OF THE
CURRENT CHANNEL DIAMETER

Eldridge van Niekerk and Peter Krumm

Plasma Physics Research Institute, Dept. of Physics,
University of Natal, Durban 4001, South Africa.

INTRODUCTION

The electrostatic ion cyclotron instability (EICI), first observed by D’Angelo and
Motley [1] in a Q-machine plasma, was theoretically explained by Drummond and
Rosenbluth [2] 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 < 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 varying 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 p; < D < 30p;. 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 (Af ~ 15%) at large button diameters which has
not been reported previously. Alternative mechanisms for the destabilization of EIC-
waves have been suggested [5], [6] in order to account for obsevations not covered by
the Drummond - Rosenbluth theory. We believe that the frequency shift observed in
our experiments 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.
Ton cyclotron waves were destabilized by drawing an electron current to the endplate
of a potassium plasma column of diameter 6 cm, length 1 m, density n, = 10° ~ 100
em™3, T, = T; = 0.2¢V, 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 EIC-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 feeding the button signal g,(t) (see fig. 1) into a digi-
tal oscilloscope /microcomputer system. For radial amplitude and phase measurements
the signal g;(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 button 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 10p;. 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 m 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 increasing 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 = A/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 al [6] does allow for higher fre-
quencies to be driven by a perpendicular electric field, E,. Fig. 4, which shows that
for a given button diameter the frequency jump depends on the button bias (threshold
for E) may give credence to this interpretation. For the smaller button diameters
the peak amplitude for the m = 1 mode was found to correspond to k,p; = 1.1, in
agreement with the Drummond- Rosenbluth theory which predicts a maximum growth
rate for k, p; ~ 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 wel] supported by radial potential profile measurements) this wave could
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well be driven by a perpendicular electric field, E, .

CONCLUSION

We have observed a significant frequency jump (Af ~ 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 (Ej). The
higher frequency mode cannot be explained along these lines but may be understood
as the perpendicular electric field mode (E,) described by Ganguli et al [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 EURATOMN-CEA sur la Fusion, CEN de CADARACHE,
13108 Saint-Paul-lez-Durance Cedex (France)

In order to understand guiding center diffusion across a straight
magnetic field in presence of perpendicular electrostatic turbulence,
several numerical studies have been performed previously, either 1) with

few ' or 1ii) with many electrostatic waves ?, with reasonable agreement

with theory *. For such non-autonomous Hamiltonian systems in two
dimensions, the physical space is also the phase space.

An observed feature 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
mechanism responsible for the onset of chaos in a restricted number of
waves, and on the conditions for the existence of a threshold.

We consider an electrostatic potential including three plane waves in
two dimensions. The drift motion of the guiding centers 1is governed by

. c - -
x = — EAB . Explicitly the equation of motion reads:
52
. 3 —
¥ . ’ L
= - a. cos L (x,y,t) (1)

i B _ d
y i=1 k:

where ilfx.y,t) H kf x + kf y-owt+ 93.

Let us consider the variables £, and Lz, corresponding to the dominant
waves, as two independent variables. Expressing x and y in terms of il and
{2 and t, normalizing the time to the frequency w of the waves (Tt =
wt, with w = wEw =W 3) , leads to the following equations of motiom in
these phase wvariables, wvalid for a specific orientation of the three

wave-vectors:
L,=-1-¢, cosi +e cos {EI- £2+ ) (2)

£, =-14e tos§ +€ cos (E-E+7), (3)
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Here, e, are the normalized amplitudes of the different waves, including

also a dependence on the orthogonality of pairs of wave-vectors.

The equations (2) and (3) can be derived from the £following
Hamiltonian in which the variables El and iz are canonically conjugated:

AE,E 1) =E -F +e sink +e sinf +e sin(E -E +=7 )(
4)

In the case of two electrostatic waves, the Hamiltonian (4) in which
we set 8L = 0, is obviously an exact invariant of motion, and therefore the
motion 1is completely integrable. Two fundamentally different cases are
found according to the values of the normalized amplitudes e and e, with
respect to 1.

It is clear, from the equations of motion (2) and (3) with e, =0,
that no stationary singular point can exist if e, ¢ 1, and e, < 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, = 0) appears as a generalization of the

celebrated Kepler equation® of astronomy to two variables.

The salient feature (for large amplitudes with e 2 1 and e, ? 1) 4ia
the appearance of stationary points (elliptic or hyperbolic points), which
obviously correspond to stationary phases of the waves and thus to
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.’.

Numerical simulations have been performed, using the surface of
section method, to solve Egs.(2) and (3) with arbitrary amplitudes, in
order to study the influence of the third wave.

First of all, let us consider the case e =e, < 1, in search of the
amplitude of the third wave necessary to lead to large scale
stochastization of the trajectories. For N 0.9, in Fig. 1 we show
the solutions of the equations of motion in which the third perturbation
wave has an amplitude e, = 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 Egs. (2) and (3)
takes the form of a straight line Ez = El +  (mod. 2T) when e =e =Ze
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for any value of e_. This curve plays a role similar 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
(el e, = 02, e = 0.18 ) insuring a non-stochastic motion. We observe the
existence of ascending and descending "boulevards" 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 (E1 =0, Ez = T) when e, = e, connecting the straight
line with the S-shaped curve: this seems to be the mechanism responsible
for the beginning of the filling of the 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 center system in two electrostatic waves is completely integrable,
invariant curves in phase space are topologically different according to
the values of the amplitudes with respect to one. For amplitudes less than
one, an exact analytical solution has been obtained ®. 1In three
electrostatic waves, chaos appears for a lower value of the perturbation e,
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™® spectrum with many waves, as studied in Ref. 2, one can
conjecture that the threshold for large-scale stochasticity would actually
vanish in the 1limit of a continuum spectrum. This can be understood from
the fact that for each couple e =e, one almost always find a perturbation
of equal or larger value of e, (wvhich depends on the amplitude of the third

wave and on the orthogonality of the wave-vectors).
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NEGATIVE ENERGY WAVES IN THE FRAMEWORK
OF VLASOV-MAXWELL THEORY

Dieter Pfirsch

Max-Planck-Institut fuer Plasmaphysik
EURATOM Associaton, D-8046 Garching

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/

5 o i)
k- vk- a7

>0 (1)

holds for some # and Z and for some directions k /5/. This generalizes a result recently
obtained by Morrison for homogeneous isotropic plasmas /2/. Here f,SO)(E, 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 question is to what degree it is necessary to localize the perturbations. For a homo-
geneous plasma with By = 0 no localization is necessary. For general inhomogeneous
systems with By # 0 the localization needed should be similar to that for general homo-
geneous magnetized plasmas, which are therefore investigated in this paper. B(© and A(©)
are taken as

B® = (0,0, B®) , A® = (0, B®z,0). (2)

For B(® = 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

A =9 (3)

is also chosen for 5(°) # 0 , which, however, might no longer correspond to the minimum
of E(3) and therefore overestinate the necessary localization.

With egs. (2) and (3) the second-order wave energy becomes
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2

(1) (a)
fds 43y f(D) {’61'" - wy_aF" &l +
duy

E® = Z

_ [/aFs” ars?) aF\”
v [(? - wyﬁ;— e,) v - a7 + conj. compl. ]
1 2
+ m—ﬂ_/tia:lz E(a) (4]

w, = e,B0/(m,e),

é: is the unit vector in the x-direction ,

E(3) is the complex amplitude of the electric field perturbation and

i) = Fle )(:c, v,t) is a generating function for the perturbation of the particle positions
and velocities (in eq.(4) |Fs (’)|2 is chosen ~ §(v.) which is possible because of 759 =

(w2 + v}, va))
1 aF® 1 [aF® £y
) _ L 9% Ao — _ L (9T v oz
v m, o5 ' ¥ - ( oz o, e’)' (%)

The electric field energy can be made equal to zero, being a bilinear expression of phase
space integrals involving linearly the functions F.Sa), without influencing the particle con-
tributions to E(®) . With

F(") ~ b B%

relation (4) becomes

E® 3 @'z 7.9 e
=vz mv[d [—F ke Tk —oo+
aFL)
+iwy by fI0 Flor 5
a y
. z f(°) (a) BF(')‘ af(O) (’) — aF( 8)«
+“"""’( a5 Boy  owy ® g ) F
BF( 2) (2
2 (o) [9Fv
w10 |22, ©)

V is a large periodicity volume. [E| — > oo again yields the general condition (1). On the
other hand

- aFy" 2
k| B® a:,, =0 , v a—%/f,(,m(u:, vs) duy > 0 (7)
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allows E(?) < 0 without any restriction on || .

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, &,0)

B 3 70 (s) * e RY
=V d°v F k . 8
Z / ( v avv v “y avy ) ( )
From eq. (8) it follows that
i aFs”
0
dvy v (9)
is necessary for E(2) < 0 . Minimization of E(?) under the constraint
arFy” |
v (0) -
Z im,, [ dvwy fy au,, (10)
with a Lagrange parameter % — 1 yields for the minimum of E(2)
1
@ =1,
E 3 (11)
This is negative for 0 < A < 1 . With the dimensionless quantities
By = —L, ARk, uwl = Ak, = A, (12)
Uth v
the corresponding Hermitian eigenvalue problem is
5 ‘3f @ 4 2 (;@oR? Y _
Ay F o+ 8'3 o avy =0. (13)
Negative E(2) are associated with
A
P, = T >4A>0. (14)

The smallest k£ and therefore the least localization corresponds to the smallest eigenvalue
. 188

A > 0 requires that f,_(,O) have a minimum with respect to 9, = /92 + 62 . The minimum
wave vector is then qualitatively given by

k2 S T (e ) (15)
min Tou AD Y, foen — fos
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fire% : the maximum of f.(,o) , frin . its relative minimum in Ad, ,
Ady : distance between the maximum and the minimum of fl(,o) .
?y : velocity somewhere between the maximum and the minimum of f,gu) .
A numerical solution of the eigenvalue problem (13), (10) was obtained for
- v - i 1 -1 =2 Pl 14302
i, vs) = (21,,)3/2/_3‘ g (hmafpy™ B (e—%"‘— - o s'?"ju-) )
<l , @#>x1i. (18)

f,_(,o) has a minimum with respect to v for @f > 1. At the same time the system is linearly
stable for

g=pc | %55<1. (17)
« and ¢ were chosen in the range
05<a<09 , 0.1<e<09. (18)
For this range the numerically obtained values for

km{nr;l = VAmin

can be approximated by

F +1
I . L.
min'g 1.1 2 Hmaz (F — 1) (19)
with
Lo _Inap _ _
Hmaz = 3 Yy maz — B -1 ) o= fmr:xffmln:
fmez = frsol(v: maz? ‘D,) yfmin = f&c){m vz) .

Equation (19) agrees with the general relation (15). In the unstable parameter regime
kminrg is not much larger than 1, in the stable regime it is between 10 and 60, but there
is no relation to the Debye length. The corresponding negative energy waves therefore do
not necessarily contradict the range of validity of the Vlasov equation.

/1/ P.J. Morrison, S. Eliezer, Phys. Rev. A, 33, 4205 (1986)
/2 P.J. Morrison, Z.Naturforsch. 42a, 1115 (1987)
P.J. Morrison, M. Kotschenreuther Institute for Fusion Studies, Report IFSR 280 '
(1988), Austin, TX, USA
/3/ D. Pfirsch, Z.Naturforsch. 39a, 1, (1984)
/4/ D. Pfirsch, P.J. Morrison, Phys.Rev. A, 32, 1714 (1985)
/5/ P.J. Morrison, D. Pfirsch, Institute for Fusion Studies, Report IFSR 313
(1988), Austin, TX, USA, to be submitted to Phys. Rev. A
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HONLINEAR GEHERATION OF LARGE-SCALE MAGNETIC FIELDS IN PLASMAS

A.G.Sitenko, P.P.Sosenko

Institute for Theoretical Physics, Academy of Science of
the Ulkrainian SSR, Kiev (USSR)

Recent laser plasma studies [1-4] have revealed a new
plasma eigeniode, nanmely, magnetic electron oscillations,which
nay result in magnetic field generation and in variation of
transport coefficients. Linear generation mechanisms were in-"
vestigated in [z ﬁ], while the importance of nonlinear effect
Wwas stressed in ES,G], where the reduced nonlinear equations
for the uwagnetic electron mode were derived.

In the present paper the nonlinear wmechanism of large-
scale magnetic field zeneration via the double cascade of
nagnetic electron oscillations is established within the
context of the peneralized model [5,6]. This phencmenon result
in the formation of zonal electron flows. The decay
instability increment is calculated.

The systeu of model equations for the nonlinear magnetic
electron waves may be derived from the equations of state and
transport equations for electrons and ions [5,6], and it uay
be cast into the fora

(1-d78) Bogee ZUExVd? AB-<ZVBxVd2 AB> - %Evlnnon

470n
o

) =0, (1)

vtB2 <B? >}+-;°Vpth{n +n,

3 € Vv-E «VBeaVp %V3- <2V 3
3 ——— x - Lz¥Vpx +
Ltph'ﬁﬁen n Vs XV 32z D *V3 {z D; B>
o (o]
+cyn1)?oéﬁsx3nl 20 (2)
(af-c2a)n =-(e,/4men  1<(1/2)B% +d* v
(VBxZ) (VBxZ)> =0 , (3)

' - s 2 s : .
where B=BZ is a mnagnetic field vector, directed along z-axes,
and transverse nmotions in thz plane (x,y) are considered,




1234

p,, is a pressure of perturbation, bracikets denote averazing
oVer the period wmapnetic oscillations, n, is a low Iragoency
percurbation of the lon density due te tie ponderomotive Fforce

T .

effect. @,ih,ii and T are tueg charge, the mass,

;_.

unperturbed density and temperature of electrons, dsc/l ,
is a lizght velocity, £ is a plasua “requency. c, and Jf
are the charge and the wass of ions, c¢_ is an iofi-zound”

S

elocity, vy=5/3.

Let us consider weaizly nonlinear wave wotions of iniinite
plasias. Then a closed nonlinear equation for the space-tine
Fourier transfora B, of the magnetic field (k=F,) can be
easily derived frou“(1)-(2):

(1,;,)3

eliz)B, + z

1%2=0

where
elk)=1=-9*/(w? (1+d%?)), (3)

=& az§_1n(T_/nl-1
a, ,1nno, And D/no L

(it 18 assuued that plasua is Iinhowmogsneous alons the x-axes),

1

u{i,2)3132 [ic/8renouli+d?i?)1E- txgﬁ(dz(k:—kt)—

C 116 r d £ - -
(.-B/UJ)(_;-I/‘JJ‘] o 2 n*y i <oy
(2he braclkets uean that couaponznt of oscillati-
ons is excluded),
4 > > (+ - ) Gl e -
d i L ol (I ¢ TN _
: 2,3 B.B.= e = 203 (5 [ D -
012,38, BB reqry s R s oer T
i (DRSSP s 1y
Q o

=B, <B_B_>-<B,B_B.>)=(e./ele_(ly, w1 =

1 273 1=2T3 ) i g g “JJ

2 -1 - &

ot &= O O | (et 5Tt % &

5 2 3 =

((Y=1)a_iz_ /U-ak T

ny

The unperturbe tabloy
aa_< 0,and iq.

':'.‘ :'BHLI‘CGUC.’I'ICJ

_“/ pl*®
= EL; noalinecar interzction coglliciznt istad 4a (&)
yaunetry properties (which rofflect tie conasrvation
and the mowsatun o the uaves)warich oy be cast
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into the convinient forna:

. - T

U % )=y (i, -2)-w n (k,-1)=

v, 2) =0 e, -2 -0, ;-11=0, (9)

where W =(1+d?i?)w, (10)

and wo=(1+d?k*)0 . (11)
We study the stability of a wonochromatic puwnp wave with

frequency mo, jave vsctor “0 and amplitude B . The para-

metric instability dispersion equation which follows fronm (4):

]Euf‘{a'-.{l:n,l:L-i:n)+a(-l:n,’::-22:,,,L{n)

1 Ve O }:0
ell) t-:(.-.—r_..o) ] {1.29
al1,2,3)=u(1,2,3)=-2u(1.2+3)n(2,3)/e(2+3),

yields the result [6] for the decay instability increaeat .
if the decay of a umnagnetic electron wave into another aagnetic
electron wave and and an ion-souad wave is considered:

B 2 -*.‘- ylf
= cO (3. YR/
‘YD (G ]Uq p 1 Tgv— 1+2(2 ..0‘..) /.—._)
i . 3 ;'I_‘ ok &
(('\{—1)an:.y—ux.oyJ/(A, /Taa ), % = % -% (13)

(dimensionless variables have been introduced: dik-+i, da=+a,

dasr a_).
n n
Let us consider the decay of & aagnetic clectroa wave
into two unagnetic clectron wvaves. In .Jl:cl, 4 case Bq.(12)
yields the following expression for the instability iancreaent
) :
E A
w2 | a0i (®~1ef) (ed-®) VIrdf + V1ak? {{f T ai)t
) i p . < 2 a E
Ghyn_ad? (1ade® ) (1482) +ki S 2
i G s
(1T /{7 e 428 ) 1 2 a ke )/ (kg-u)" b, (14)
where the syauetry sropertiss (9) were used.
Eg.(14) yields the instzbillty condition:
-2 _ o2y (.2 _ .2 >0 15
{k _.0),"0 k%) >o _ (13

i.e.tne pwip wave has an interuecdiate valuc of i, and the do-
uble cascade of nmagnetic electron wavaes bto larpge and snall va-
lues of % talies place. It is natural to consider this process
as z @echanisi of nonlinear generation oi' large scale snetie
fields in nlasumas. The instability condition {(15) caa b2 rodu-
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ced to the form: k (k -k >0

e y( oy y) (16]

i.e.the instability results in the decrease of the wave vectop

projection k_ and the formation of structures, strongly pro-

longated aloﬁg the direction perpendicular to that of the in-

homogeneity. This implies the creaticn of zonal electron floyws
We assume that k~ko~k_ for definiteness.Then,it follows

from{13) and (14):

372

¥2 /vE ~(mi/m)1/2k5(1+a;/k6)/(1+k=) (17)

Therefore,the nonlinear mechanism of magnetic electron waves

double cascade is dominant if k > 1 (18)
or Af k<< | mi/m}‘/zianlz (19)
If (mi/m)1’2(an)= << K << 1 (20)

the nonlinear mechanism of ion-sound waves generation is domi-
nant.
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FINITE LARMOR RADIUS EFFECTS ON PARTICLE
DIFFUSION IN A TURBULENT PLASMA

F.R. Hansen , G. Knorr! , J.P. Lynov , H.L. Pécseli and J. Juul Rasmussen

Association EURATOM-Risg National Laboratory, DK-4000 Roskilde, Denmark

Abstract

A new representation of a finite Larmor radius plasma is proposed , which permits
the transition r;, — co 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 r}. 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.

‘We 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 deseription.

2. Basic equations

Our finite Larmor radius equations have the following form, in which all densities are
guiding center densities.

University of Towa, lowa, U.S.A.
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an; s

-57}+V-(n,-v)=0 (1)

%-}-V-(n,v):O (2)

V2¢=”(—ﬁ3_ne) (3)
v=-—Véxe,, vV=Gxv, i=Gxn; (4)

A constant, homogeneous magnetic field in the z-direction is assumed.

The electrons move with the zero Larmor radius drift, whereas the ions move with
a drift velocity, which is averaged over their finite Larmor radius. In the Poisson
equation (3) the electron particle density coincides with the guiding center density,
whereas the ion particle density is obtained 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 E x B drift velocity, v.

The numerical scheme is based on a spectral method [1] 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 operations in (4) become simple multiplications, and the Fourier
transform of G for a Maxwellian ion velocity distribution is found to be
1

9(k) = exp(—7rLk?) ()
where rp, 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 ¥ and 71; in (4).

We note that the form of g(k) in (5) allows the transition r, — oo without being
mathematically ill-posed. The consequences of this transition in Eqs. (1)-(4) are
physically reasonable.

3. Numerical results

A numerical 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 1, and as initial conditions the electron and
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T= 1.2 T=1.6 T=2.0
]
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Figure 1: Positions of 500 test particles in a two-dimensional, electrostatic, turbulent
plasma. The test particles trace the positions of ion guiding centers with ry,/L = 0.05;
where L is the side length of the computational box.

ion guiding center densities were excited according to the spectrum

if k< 167
otherwise

I:’
| nie(k) |= { (()zrr)=+k=

with random phases in the interval 0—27 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(r) = (2re?)Lexp(—r?/(20?)). The initial value of o 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 rp, = 0.05.

At every time step, the two-dimensional standard variation, o, of the electron and
ion test particles was determined. Figure 2(a) shows the temporal evolution of o;
(solid line) and o, (dashed line) corresponding to the example shown in Fig. 1. For
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Figure 2: Temporal evolution of o; (solid lines) and o, (dashed lines) for : (a) r/L =
0.05, and (b) r, = 0. Note that o, = ¢; in case (b).

comparison we show in fig. 2(b) the evolution of o, ;(t) for similar initial conditions
but with 77, = 0. Note that in this case the electron and ion guiding centers 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 dre implementing our numerical code on an Amdahl VP1100 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

Bo Lefinert and Jan Scheffel
Dept. of Plasma Physics and Fusion Research
The Royal Institute of Technology, 5-100 44 Stockfiolm, Sweden

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 Larmor
Radius (LLR) effect for magnetically confined plasmas. Just as the particle self-electric field
becomes insufficient in limiting the particle excursions for Large Debye Distances (LDD), a
large Larmor 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 longitudinal electron oscillations of a homogeneous plasma, being initially
disturbed at r=0. Quasi-neutrality is assumed. The ions are immobile with density 7, Small
perturbations are assumed, so that a linearization becomes possible[1]. We then have f{(x,t,w) =
fo(w) + fi(x,t,w), where index ';' denotes perturbed quantity. The equations to be solved are

the Vlasov and Poisson equations
of, of;, e _ 9dfy

?+w§_ﬁ 1$=0 (I)
aE] e =
- -E;-[“fl dw (2)

We will here study two types of initially perturbed distribution functions: (i) f;(x,0,w) =
exp( -wzluozjcas( o) and (ii) f(x,0,w)=exp( -wzluaz) exp(-02x2), with a thermal velocity Up=
(kTIm,)!? . 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 B=0dj, where A, is the Debye distance. When
Fourier transformed in space, we note that Flcos(ax)] ~ 8(k-c) and Flexp(-o2x2)] ~
L’xp(—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;
folw) = (noluo\/?r} exp(-wzlugzj. In the following mo--uol\'ﬂLD denotes plasma frequency.
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‘We Fourier transform in space, but refrain from the traditional Laplace transformation in
time [2], hereby avoiding the problem with poles in the associated integral. We eliminate the
electric field, consequently solving the integro-differential equation (denoting d/dt = * )

2img W ("
g/(k,tw) + ikwg(k,tw) = - \l,_we U;J' efict,w)dw 3)
where
[ —ikx
g(k,l,w)=ﬁf fi(x,t,w)e T dx (@)

From (3) it can be seen that the R.H. term can be neglected as f—eo (free-streaming) and that
the second term on the L.H. side becomes small as f—0 (fluid case). There is a subtlety with
the case J—e<; even though the collective term becomes small for a given time as S—eo, one
can always find a sufficiently long time for a given 3 when it becomes important [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,t) has been computed,
we perform an inverse transformation to obtain f;(x,;,w). However we are more interested in
the density perturbation rny(x,t) = /] fi(x,t,w)dw, which we plot in the Figs. The spatiat scale is
given as a factor 4 times A=2n/, the time scale by a factor y times 1/aj,.

Analytical, exact special cases are used for testing the code; in the free-streming limit
(f3—e<, moderate times) exact analytic solutions are obtainable for both the non-localized and
localized density perturbation. For the initial perturbation f;(x,0,w) =b f(w) cos ox we find the
free-streaming solutions f(x,t,w)=bfp(w)cosa(x-wt) and n;(x,t)=bcosox exp(-ﬁzwoerIZ).
Already at f=1.5 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 f;(x,0,w)=bfp(w) exp(-02x2) the exact free-streaming solutions become
Fy(xtw)=bfp(w)exp(-02(x-wt)?) and ny(x,t)=b ny(1+2P 0,7 2)" 112 exp (-02x%I(1+2f w2 2)).
Numerical runs give very good agreement. We will also compare our results with conventional,
asymptotic Landau analysis.

Landau[4] performed 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(r + ox), where the wavenumber ¢ was assumed real, whereas @ 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 @ -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 terms for small /3 yields that
the collective term, containing the electric field, becomes comparable to the free-streaming term
after a time ¢,.=[3/a),. This is an estimate of the time required for normal mode analysis to apply.
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We note that this time increases with 3. For the real (oscillatory) part of the eigenfrequency
we have, classically @2 = @,?(1+3/)!"2. Damping of the perturbations corresponds to the

imaginary part;

® %1 2.2 L. L
Im(a;;)= EEC W 2 =0.14Ee 28? (5)

which is the expression obtained by Landau for small £. For 0.5 the Jackson[5] solution
(numerical one-pole) must be used for the normal modes. In the region B>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(ict) 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 f20.5 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 kr; 0.5, in agreement with the intuitive picture that when
rg/A21/4 the perturbation structure cannot be fully upheld (r is the Larmor radius). Secondly,
the Landau one-pole solution for small £ is valid only for <0.5, whereas Jackson's arbitrary ,
one-pole solution, is valid for larger B after longer times, see Fig.5. Thirdly, the time it takes
the plasma to find these normal modes is approximately given by t.=f/w, for not too large 3.
For >1 the initial damping has nearly died out when this occurs, see Fig.6 for f=1. The exact
free-streaming solutions show that more of the @-spectrum has to be included in a valid normal
mode analysis.
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DISTRIBUTION FUNCTIONS OF CHARGED PARTICLES
IN A TIME-DEPENDENT MAGNETIC FIELD NEAR THE CHARGED SURFACE

V.A. Kotelnikov, F.,A. Nikoleev, T.A. Gurina

Mogcow 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
trangverge 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
catalitice.

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
gpace with corresponding initial and boundary conditiona:

Dt D fu Vi ohe Vz ol
=+ Vi = —Fﬂ-,ﬂ— +(—rl+%Ep+£ﬁ-uBV.)ﬁi+

A PRVE: Ve

PR depy)Bho 0, w10
E=-7o - 4128 il
B=rot A, 2L

A\? + _’L d.ILV (i) = - 497 Z q’* s‘ {:.,('t,l'", B,Vr.va)d.Vrd;(a g (4 )
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In this case when Coulomb's ?alibration div 3\ = {
we obtain the following equationsg':

s - 2B
E.=-3%, E=-+31-45732, (5)
A =45 2 GuNa(tr,0). (6)
The initisl conditions:
;q‘unult‘:o: 0, 7))
3/2 1 " 2
- m.a) . Mo [(Vit Voo 05 0)*+ ( Vo= Vi Sin B)
-F'Lt:u n"’(EK'lic v exp{— - 2k Tu( Vo0l (8)

The boundary conditions:

{lm 'Fd = 0, l‘P

r— R;

=%, bim@w-0. (9)

F=Ko s

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 ), ( 5 - 9 ) a discrete versi-
on of transference method of initial distribution functions
along Vlasov's equations characterisgigs with simultaneus
recalculation of electric self-field=—-.

For that the limited support of the distribution func-
tions is used:

supp fu = {(r0,V,Vo): re[Ro,Re], Bel0,5), Vo€ Ve Vi 00SH,
Vinai~ Voo 005 8], Vy € [-Vimaet Voo SiNB , Vimayt Veu Sin 81 }.
The quantity KRe is the conditional boundary of the
excited region and Vmex 19 the boundary of the cutting

"tail" of Mexwell distribution. The solving of the problem

wag conducted with the help of partial on velocities Debye
gcales:

Me= (Tt 49e2n,)"2 MY = (2kTa/mo )" Me= My /M,
Me=xkTi/e, M.=n., Mg= cm:/eM, .
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Let the magnetic induction be build up in a manner

B=Bo(41—exp ¥t) , where Be 1is the moderate magnetic
field ( RE<R.< R{ , RP,Rt - Larmor's radius of the partic-
les). Then at velocities Ve = (0 - 5) Mi the relaxation of
the distribution functions of _ions (DFI) is determined by
the presence of external flow’, 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 a _result of our calculations it has been obtained
that, if B > 0, we got deformation of DFE in the velocity
space at r = Re in the direction of Vo< 0. It can be explai-
ned by the fact that electrons with Vg > O 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 =1,0-M¢
for the case Bo=0,005-Mg, o=-6-Mg, Ro=3:M., ¥"=-5-M_%,
Te/Ti =1, me/my =5:10™* , Voo = 0. For electron densities
which are moments by the corresponding distribution function
the oscillato 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
perameters for this problem - Rgy, Yoy Ros; Veo o
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A NEW REPRESENTATION OF THE RELATIVISTIC DIELECTRIC TENSOR
FOR A MAGNETIZED PLASHA '

M. Bornatici and G. Chiozzi
Physies Department, University of Ferrara, Ferrara, Italy

A representation of the dielectric tensor which does not involve the
sum over harmonics is obtained. The novel form can be expressed in terms of-
either a product of two Bessel functions whose orders are functions of
momentum, or an integral over the range (0,7/2) of combinations of 50,1.2
with cosine functions.

Introduction.The standard form of the (relativistic) dielectric tensor
E:i.j’ relevant to electron cyclotron interaction in a magnetized plasma,
involves both a double integral over the momentum variables, e.g., =] and
By and an infinite sum over harmonics of terms each of which contains the

product of two Bessel functions whose argument is a function of p It More

specifically, in the reference frame in which B_= :ng and §=k1;5+kl|;. one
has’

2 [-=]
- P @
£33 ° 515+2'E I Idplf dp, [5" F(py 0y 264,05,* o UCE, DT 5(p 5By &)
o —00

where F(p_t,p")spl(afﬂ/apn )—p"(afn/apl), with f°=fn(pl,p”) the (dyrotropic)
equilibrium distribution (fdp f,=1), and U(E,)=2f /8p +(N,/¥mc)F(p .py).
The tensor Ti:j is given by an infinite sum over cyclotron harmonics of a
quantity which contains a singular factor multiplying a dyadic tensor,

namely,
(n),,(n) X
i \7i (VJ. )
: Y H-T
n

with X(n)zgiﬂ).;:z_p"Jn, the perpendicular (to B,) component being

s ME ECW—N,,p,,/m) ()
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n & P Bl iy
VE )“_:pl[ﬁ(an/b)'{-lin]:(pl/z)[(§+1I)Jn‘l+(§"1}[)‘]n+1], the 1later repre-
sentation referring to a frame of reference in which the wave electric

field perpendicular to B, is §l=(l/f2_)(Ex+iEy,Ex—iEy). In this reference
frame, to be referred to as the "circular frame", the dyadic in (2) is
real. Furthermore, JnEJn(b), Jr'lidJn/db, with bE(m/mc)Nl(pl/mc).

The infinite number of singularities in p-space arising from the
factor (p-n)"' in (2) and connected with the relativistic resonance
condition V—N"p“/mc—nmo/m:U is dealt with by performing the integration
along the causal contour which amounts to assuming that N has a small
(negative) imagdinary part (@ is taken real) so that, using the Plemelj
formula, [.u(\f,p“)—n]":P(l/(#—n))—inﬁ(;&—n}, P indicating the Cauchy
principal wvalue. It follows that one can write Tij:Th,jj+iTa,ij‘
respectively the Hermitian and anti-Hermitian part, so that, in particular,
the anti-Hermitian part of the dielectric tensor (1) is

E -er’[w
a,ij

whose salient characteristic is the infinite sum over cyclotron harmonics.

Representation without expansion in harmonics. The tensor Tij and,
hence, the dielectric tensor Eij can be expressed in forms whose Hermitian

Jdpldp uce )E v vy vn ey /mo-no /0 (2

parts do not involve the (infinite) sum over harmonics, thus being possibly
more advantageous than (2).

A.Two Bessel functions representation of T].J.. The summation of the

harmonic series appearing in (2) can be performed by means of the summation

rule?
L]
(b)J (b)
n+p n+l i _ ¥
n=-c
With (4), the tensor (2) reduces to
[ p p D
4 i ]
7 Y71y 3 Ymd1 i Il
TR Py Py By
1357 s 2 J,u+1‘]1—;: = Jp—l‘]l—p 7‘/'2—'- J—p‘]y-i &Y
- 3 2y 3 - E'Z‘J J
/3 Houtl A el P MM
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the matrix appearing in (5) being (real and) symmetric. The main features
of the form (5) of the tensor Tij 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 wu ( =(m/wc)(*i—N”p”/mc) ) that appears in the denominator
sin(mx). Using (5) into the double integral over the momentum variables in
(1) makes it convenient to chose # as one of the integration variables,

instead of P, or py, and split the range of the corresponding integral into

symmetric intervals around each singular point s=n (n integer), with the
result that

a n+l/2 n+1/2

£Qu) £(m) f) .
J sin(mu) ~ E J sin(mp) E [PI d'q Sinemy (- Em) L
—o0 n=- n-1/2 n n-1,

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(mu). Thus, from (B) one recovers the standard harmonic
expansion (3) for Ea,ij and, hence, no real advantage is obtained by using
(5) rather than (2). As for the Hermitian part of Eij instead, for every
singular point n the m-integration in (B) is over a finite range instead of
being an infinite integral as in the standard harmonic expansion (2). This

fact turns out to be advantageous for the numerical evaluation of e at

h,ij
high temperatures and high frequencies?’" (We note that the (2,3)-element
( the (1,3)-element) obtained by Weiss® (Tamor") in the expression
corresponding to (5) does not appear to be correct).
B.Integral representation of Tij' Each element of matrix (§) can be

expressed in integral form with a single Bessel function by using the
relation®
/2

Ju(z)‘]h("‘):% qu) Juﬂczfzcosqa)cos[(»-x}cp] , Re(u+r)>-1 (7

o
Applying (7) to (5) yields the symmetric form
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2Ly cosa +13¢1 2130 [2ud] - 215 cosi(2 +1)4]
ms2| Z Yo® # e /2 {9 s
2p = P
Tij: - é—m Jd¢ 7 JZC_OS(Zﬁlq’) 5 JUEOS[Z(,lf-l)(t’] . t23 (8)
! By By
= 3 cos[(2u+1)¢] oy - ELJUCOS[Z;@]

with tZSE—(pH/Jf){(ZM/b)JDcos(2M¢)—chos[(2M+1)¢ﬂ}; the argument of JD,1,2
being 2bcos$ = Z(N/UC)Nl(pl/mc)cos¢ (A representation similar to (8) has
been obtained also by Shi et al.” ). The salient characteristic of (8) is
the ¢-integral over the (0,7/2)-range of combinations of JO,l,Z with
cosine functions. As for (5) the poles connected with sin(7u)=0 contribute
an anti-Hermitian part to the dielectric tensor. More specifically, for
Nﬁ<1 one has
o /2 p, ) _
Ea,_,ij“‘”[ap] E(_l)n jdcp dp, = [VU(fa)tij]#:n (9
n a o

where tij is the integrand of the ¢-integration in 8),

1 1
A=[(1-N3)(p2-p3)1 “2/(me)? and p,=[(ne /w)?/(1-N3)-1]1 “?mc.
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INTRODUCTION
Electron cyclotron emission (ECE) is an important diagnostic tool for the study of hot plasmas.
ECE can be used not only to measure the electron temperature [1] but also to obtain information
about non-thermal characteristics of the electron distribution function [2]. One such a non-
thermal characteristic is a loss-cone anisotropy. Loss-cone anisotropy can give rise to unstable
growth of electro-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 electron temperatures, also the dispersion properties of the extraordinary (X-) mode
around the fundamental electron cyclotron resonance are changed due to loss-cone anisotropy
[5, 6]. For propagauuon perpendicular to the magnetic field, these changes depend on the
parameter & which is defined by o=(w / [0} )2 L [6], where | is an inverse temperature
parameter defined by t=me ¢ fI' and all other quantities have their usual meaning. For 8 » 1
and & « 1 the wave dispersion is well described by the cold-plasma limit and the tenuous-plasma
limit, respectively [1]. In the intermediate regime (1] of order 1) wave dispersion is significantly
modified. In this regime a (near) resonance or a (near) cut-off can occur for frequencies below
the fundamental electron cyclotron harmonic. 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
-harmonic X-mode are analyzed for perpendicular propagation. The emissivity, T] 1> is calculated
for two types of distribution functions having a loss-cone anisotropy in the parameter regime
for which the dispersion properties were discussed previously in Refs. [6] and [7]. These
distribution functions are a relativistic Dory-Guest-Harris type distribution function
(subsequently referred to as DGH distribution) and modified relativistic Maxwellian distribution
having a loss-cone with rounded edges (subsequently referred to as LC distribution). The DGH
distribution is defined by

€F) = Cn) py oW )

where P = p /mec is the normalized momentum, y= \) 1+ p is the relativistic mass factor,
the normalization Cj(p )= pitl [4 ¢ 2 1 K”g( 1 )]-1, j is the loss-cone index (j = 0
corresponds to the reIauvnsnc Maxwellian), and Ky, is the modified Bessel function of order v.
For the LC distribution the definition
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f(P) = C(IL, Yigger D -y
(p) (“' Wioss ) W1 - Wioss ¢ (2)
l1+e D
“Vloss -1
with C(JL WieeD) = 94 T Ko(p) |1+ D 1n !
1 = Wioss

e D +1

as given in Ref, [8] is used. Here yy =py/p is the cosine of the pitch angle, ., =cos 0.,
where 0, is the loss-cone angle, and D is the width of the loss-cone edges. The limit D = ()
corresponds to the sharp edged loss-cone, and D = 0 and 0,,,, = 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

i om

1 E d’p #. _ no
T A — fi le«j I 8|y — Np) - — 3
n e g T8l I = (p)le-j, (Y Iibil m) 3)
n

where N_ is the ray-refractive index, wj is the plasma frequency, o is the wave frequency, N
the refracﬂve index, s is the power ﬂux in the waves normalized to | E %, E being the electric
field of the waves, e is the polarization vector of the electric field, and j, is dcfmcd by

% n e i = W
Jn E[ p*J (b) ; 1pLI(b) pnln(b)], bEm_N/pJ.: @
(
J,(b) being the Bessel function of order n. In writing Eq. (3) we have used the identity
| 2 Al
INZ
sl = SN2 )
4 cosP Ags

where A'is the determinant of the hermitian part of the dispersion tensor, A is the trace of the
adjoint of A', and [ is the angle between s and the wavevector. This way, the relation of 1 to s
is shown explicitly. The emissivity of the X-mode around the fundamental harmonic, N7, is
then obtained from Eq. (3) by evaluating only the n=1 term. The Bessel functions were
approximated by their first term from the series expansion, J,(b) = b™ / 2" n!. This means that
only lowest order finite Larmor radius effects were retained.

The results are prescntcd in terms of a normalized emissivity, nt , defined by

% n]_ OJP ©, m,

e Gy B 6)
: cos[i‘n@N2 0 8 nc

This normalized emissivity is the more relevant qmnuty, because in the equation of radiative
transfer the emissivity occurs in the combination Tll / N , while the equation of radiative
transfer is to be integrated along the direction of energy propagation to obtain the intensity of
radiation emitted by the plasma.
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RESULTS AND DISCUSSION

It is noted that the calculations of the polarization vector and of the normalized power flux
ocurring 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 DGH distribution, using the analytical
expressions of [5]. Referring to the DGH 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 DGH distribution are presented in Fig. la. This figure gives the
normalized emissivity of thc fundamental harmonic X-mode for a DGH distribution with
electron density ( @ 8 /® ) =0,1, loss-cone index j = 1, and temperatures T = 10 15.; 20,
30., and 50. keV. In Flg 1b M7 is given for a LC distribution with (0, /@ ) = 0.1, loss-
cone angle 0y, = 60°, width of the loss-cone edges D = 0.1, and tcmpcratures T = 10,15,
22., 33., and 50. keV. C]early the results for the both types of distribution functions are vcry
similar. The most striking feature in these figures are the sharp peaks at T = 20. and 30. keV for
the DGH distribution and at T = 22. and 33. keV 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 discussed 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 normalized
power flux in the direction parallel to the wave vector, cos B | s |, goes to zero. Consequently,
the emissivity at those frequencies becomes large, as the normalized emissivity is inversely
proportional to cos B s (cf. Egs. (3) and (6)). This is illustrated in Fig. 2 giving the
corresponding behaviour of cos B | s I. It is noted that in case of a resonance it is the normalized
power flux itself that goes to zero. In case of a cut-off, on the other hand, the normalized 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 result is due to the fact that, for the cases considered here, when the real part of
the wave vector has a cut-off the imaginary part of the wave vector is very large (see Ref. [6]).
This causes the direction of energy propagation to become perpendicular to both the wave
vector and the magnetic field.

Physically, these results can be interpreted by considering that as the energy flux in the
waves goes to zero, the interaction time between the waves and the electrons will increase
dramatically, which may give rise to the observed increase in the emissivity.

FIGURE CAPTIONS

Fig. 1 The normalized cmlfswuy, 1]1 , of the fundamental harmonic X-mode for a DGH distribution (a) with
electron density ( ©, / @, )" =0.1, loss-cone index j = 1, and temperatures T = 10., 15., 20, 30., and 50. keV,
and for a LC distribution (b) with the same density, loss-cone angle 8y, = 60°, width of the loss-cone edges
D =0.1, and temperatures T = 10., 15., 22., 33., and 50. keV.

Fig. 2 The normalized encrgy (lux in the direction parallel to the wave vector, cos Bl s |, of the fundamental har-
monic X-mode for both types of distribution functions (DGH (a), LC (b)) with the same parameters as in Fig. 1.
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WAVE-WAVE INTERACTION OF HOT COLLISIONLESS PLASMA

W.H. Amein and B.F. Mohamed

Plasma Physics and Accelerators Dept., Atomic Energy Authority,
Nuclear Research Centre, Cairo, Egypt.

Interaction between oscillations in a plasma and the plasma itself or external
fields applied to the plasma result in the energy exchange between oscillations
of plasma and its other degrees of freedom or the external fields [1,2,3]

In the present work, we consider a plasma of hot ions and cold electrons
( Ti>T ), and the current of velocity j{ propagate in the Z-direction perpendi-

cular to the external magnetic field {§, , @w lf.}. S W P e

-

D,'E' = LJH[;/C"GE/E}‘KZ/Z,«‘I and KE le . ’XZ} . The
nonlinear scattering of the electron-sound oscillation on plasma ions is investigated.
Also the matrix elements, which describes wave-wave interaction in the plasma
are obtained. The condition of instability of plasma wave is calculated.

Consider that the relation (15) in ref. [1], and under the conditions of the
splitting electron-sound waves on plasma ions such that:

C:.JE: = CL!E»_I(A\ ¥ fa A ’ “J,c-’ = ‘L/JE‘ + & (1)
The condition —Eﬂ = —R‘L‘
J('ér from (1) such that:

cannot satified if K‘i K . In fact, we can find

K, | < x = ..A-' u Me
! ZI ’ Kz, f; u_ri \,/ ™, 2)
. = — E ;I (3)
K z{z—,/.?)

The relation (3) is gives the frequency of plasma oscillation due to scattering.

The linear growth rate EL () in ref. [1], can be also obtained under the
condition (1), and by substituting from (3), we have:

o 1 Ko -
b B =~4/F 2 & [2a-p) sgreoet]

where ’Cd}el . W N '—1:
2 'rc(z—ﬁ)v ™
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-
From relatiorL(Al) we see that if the current velocity W in the direction of
wave length K this gives cwe>p and this yields to & <¢ and stabilization of
waves becomes, and when the current velocity W is in opposite direction of
K in this case cdp< o and sz > (0 , which gives the instability of the plasma.

To find the solution of the dispersion relation (12) in ref. [1], we shall consider

(2] (] 2)
Az = P + Ay + My + - (5)
In final form, we have by an order of magnitude that:
(0] () 2
= -~ () é! ' )
2t L k & k
where e¢ o< )/ o are the matrix elements describes
k ZJK\ Vk-lf \) k\\ e

wave-wave interaction of the plasma and:

F
Ve Voo o~ BT%B:&_‘ @)
kKRR R we Vi A
By substituting from (7) into (6) we have:
(e 2 2 2
(8] (o] {ay /_l_,, e, U (8)
= H
Me =2 § @ AL + Ay TELUE
2t K Bg ™ T
LY 4 2
where ’ AII ~ g , intensity of oscillations, and

2 “”i =
= & ; n _ eH.
T (11 w,;: ) W = ™e

(o]

Under the condition of strong nonlinear interaction of waves

Af ~ Jf
we have from (8), that

e}?" ~ L Vi-‘- (9)
i Ay

Relation (9) represent the condition of instability due to wave-wave interaction
in the plasma.
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HEATING OF THE PLASMA BY INCIDENT ELECTRON BEAM

N.G. Zaki and W.H. Amein
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The instabilities that arise in the interaction of charged particle beams
with a plasma (electrostatic instability) are of extreme interest [l The stability
of beam-plasma systems has been also studied by the authors in references
2,341

In the present work, we consider a longitudinal one dimensional oscillations
in a cold, magnetized plasma, which is inhomogeneous in density and bounded
in the direction of beam motion.

From the continuity equation and the equation of motion of the plasma,
we can find the perturbed plasma density takes the form:

i g O e E
“P =To ax ["n? ey w‘tmkix. R ] (1)

where LJ—- _e—H-“— i1s the Cyclotron ireciency.
mc

Let the density and the velocity of the beam have the Iorms
/l/ (o) ll) .n( (o2 | _’ (<)
WA Y Wy J 1,55 +z£m

From the continuity equation and the equation of motion of the beam, we have:

) 'n”)g 4.')5;?_ j /I v N 'f-'ﬁl/’

Y i D . )dz dEx @

b= 'MV(-)"- € z 0{1 ’?)(a d )

where
ﬂ S ?f"")

Subsntutlngb(l) and (2) into Poisson's equation, we have an equation for
the field as:

¢+ 2N (PEI+ w

- (3)

I/m
where: w #(zf"(ﬂbgv ’-Dﬂl,' . ’l"J . P -I::’
b=NX an 4 g 9 ’U;, b LA
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Introducing the variables:

L
&E_VMLT)IJ ’ Ei"g_wkté) -
where ﬁ ':E — z:j:'_

Equation (4) IS reduced to:

Higd _i_rql__’f"_é =0 ()

wheret ‘ §,4 = :’jf (i[i :}3{‘ )

Let us solve equation (5) in the case when the variation of ﬁﬁ is insignifi-
cant within the interval that is of the order of one wavelength [5]. __ (,\ /"’{Fl

W ﬁ’*{a oup (< HEfE )+ Eongl | U 5}

where: , are integration constants.

Similarly, to work Amein et al. [6], we can find the solutin of the field
equation (5) at the resonance point like that:

o fa7 AR ) + B H"”@W)} o
where: =E f+{)§,c{ J(’/\ gﬂt
;L L «1 5 - &t

Yis the CO“ISIOF\ frequency of the electrons pld:ma with other particles.
In case of the asymptotic solution of equation d 7{

c‘on“atan[t\“ﬁ ;L‘i?)?q_%&:—r gJEEf__)_
‘m
e TG A I
and Z (O<"‘T /\,1)
a iy i-—}q ‘r%,} (9)

The amount of energy absorbed by the plasma per unit time is determined
by the expression:

S = Jx(JE "+ E)= 42 fz InpE" o

2
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where j 1s the density of the electric current created by plasma electrons.

Using expression (4), (8) and,(9) in the right hand side of expression (10)
and integrating near the point E-f (the integration over the rest of the interval
of variation of & yields a small c?rrection) we get:

S _"3 ENAY 3
D *"*"9“‘5:(”1—@ W, )

b
=) A,

where Sb - ’nb’v; o bb Z s the energy flux density in the unperturbed

beam; W.is the average density of electrostatic energy of the wave in the interval

g -wo. Expression (11) omits the exponentially small items, proportional

the value. Obviously, expression (l1) can be considered as valid provided:

S > i (12)

The power absorbed by the plasma will be determined by expression (l1).
Thus, the beam, due to the resonant increase of the field in the interval 3 20
and the presence of static magnetic field, act as a mechanism responsible for
putting power into the plasma and not only for amplification of the waves.

to

From relation (12), we see that: the amount of energy absorbed by the
palsma per unittime i1s much greater than the energy flux censity in the unper-
turbed beam S , in contrary on the unmagnetized plasma in reference [6]
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LEAKAGE OF MHD SURFACE WAVES IN STRATIFIED MEDIA
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We investigate MHD surface waves in stratified media and a
possibility of their energy dissipation through the 1leaking
mechanism, similarly to what was done earlier in the case of
the high fregquency electromagnetic domain /1/.

The considered basic state consists of an one-component,
perfectly conductive, compressible, stationary fluid being
piecewise homogeneous. There are two discontinuity planes at
x¥x=0 and x=a where the density po. the temperature T0 and the
magnetic field intensity B° change their values:

2. .,T ;B = conets; m<0 region 1
o1 o ol

i i

po,TO,BO= P T ,Bozz const., 0<{x<a region 2

o2 oz

,To ,Boaz const., a<x

= region 3

o3
while the magnetic field B =(0,0,B°) is oriented along the
o
boundaries of the three regions.
All the guantities o , T  and B , (i=1,2,3) are mutually
oL oL oL
related through the boundary conditions of the +total pressure
continuity at x=0 and x=a:

) 3:1,2 (2)

2 ¥ oaky 2 P

F@j(cj * 3 Aj) - poﬁltcj+1 2y

where e, ={¥RT Jijz and A =B /(pM p_)ljzare the sound speed
L ou L oL o oL

and the Alfven speed respectively in the three regions.
We start from standard set of linearized MHD equations for

small perturbations about the considered basic state:
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B, . Wp T) = 0, p = R(p T + pT )
at (=]

> BB
e e vp+ 2+ Lot + Ld.0)8
ot o #o © po =
-‘ﬁ=v:«($xﬁ), v.B =0
a't (=]

As the fluid perturbations are assumed adiabatic, the
energy balance equation takes the following form:
% + 3.Vp = cz( oo + 3.Vp )
at = ot °

Since all the basic state quantities depend on x only, the

solutions for perturbations p, v, p, and B can be expressed in
terms of Fourier-Laplace transforms f(x)exp(-iwt+dy+kz).

The above set of equations now reduces to a =single
equation for the amplitude u(x) of the x-component velocity

perturbation /2/:

e, (x) [K*A% (x)-w*] |
g—x— = — ~ 'g—:-} » po(x)[kzhz(x)-mz:]u =0 (3)
mo(x)+£

where:
I

wEix} = (k2a%(x)-0*1 [k*c?(x)-0?] ) < Py
: [c®(x)+A% (x) 1 [k%e] (x)-0®) '

_ _c®(x) A%(x)

cz[x)+Az(x)

The equation (3) can now be analytically =solved for the
three homogeneous regions.
One mode that follows from (3) 1is evidently +the bulk

A% for which k2% - k%?® - k'A% s
2 2 3 3

i i 474

Alfven wave w® = k°

valied due to the reguirement that the frequency does not

change across the boundaries at x=0 and x=a.
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The other modes follow from =solution of (3) when the
relevant boundary condition is =satisfied. Namely, having
intearated the eguation (3) across the discontinuity one gets
that the expression
du

g (4)

el M‘.\[}qﬂz,“‘)--ma]

1)+ d

does not change from one region +to another. This boundary
condition is physically equivalent to +the continuity of the
total pressure perturbation at x=0 and x=a.

The solutions of equation (3) which are finite at |x|+ o

have the following form:

ul(x)= Clexp(xix) =0
= ' - =
uz(x) Czexp(nzx) + Cz exp( nzx) 0D < %.5a (b)
u (x)= Cexp(-x x) ¥ > a
where m:(m2,+ f)”q
L oL .
The obtained =solution wvanishes as lzg] =+ o if the

coefficients xL are real, indicating a pure surface wave in
that case.

However, if x, becomes imaginary (for mz1 sufficiently
negative) the perturbations will have a wave solution 1in the
region 1 and, consequently, a surface wave that propagates
along the boundary x=a will be partly converted to a bulk wave
spreading with a constant amplitude throughout the halfspace
¥<0. The surface wave will thus be loosing its energy and its
amplitude will be decreasing in time.

The related dispersion egquation that follows from
gsolutions (6) and the requirement that (4) does not change
across the boundaries, is:

2

2
(1 - )1 -qQ.)

za’'
1+ QES = o exp(-znza) (6)
1
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where

2 2 2 2 2z . 1/2
= pot(k AL - w )(m°j+ 7)) _ N
ni.j= 2,2 2 2 2 . 1-/2 L G Sl

poj(k Aj - W )(m°L+ £7)

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 =s=ingle boundary
solution /3,4/. The effect of the second boundary thus results
into a complex freguency shift Aw such that [Aw| = exp(-22a).
The consegquence 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 interwval:

w
min(Az,Aa) < i < max(Az,ha).

Part of these waves becomes leaky 1if the additional

criteria:
uz= mz G < 0, aez= ne o L > 0 and u2= nZ + tz > 0
1 od 2 oz E] o3

are satisfied.

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 %<0 from the boundary at
x=0. This effect has to be taken into account when the energy
transports by wave propagation in structured media is

considered.
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ELECTRON ACOUSTIC AND LOWER HYBRID DRIFT DISSIPATIVE
INSTABILITIES IN MULTI-ION SPECIES PLASMAS
S. Guha and Mridul Bose

Department of Physics
Ravishankar University,
Raipur 492 010 (M.P.) India

Introduction

In mirror devices at fusion conditions, theta pinches as well as in space
plasmas, T{> T, . At this condition, electron-acoustic mode appears.
Davidson et al (1) and Davidson (2) explained that the anomalous transport
and flute formation in a rapidly pulsed theta pinch experiments are due
to the lower hybrid drift instabilities. We have studied the electron acoustic
and the lower hybnd drift dissipative instabilities under the conditions W € (<MW
kzL{-L L Ky VUpe (O amal @2 < K Vil in a multi-ion
species plasma. In addition we have obtained magnetosonic-drift dissipative
instability in multi as well as single ion species plasmas.

Theoretical Formulation
Consider a magnetic field applied in the z-direction. The basic equations

used are

;?.pe + Moe V'.V.g < ve'v'ﬂoe =c (D
2oy~ e (VaB)-w VR @
nt 'mn,_ =

3
aiﬂ = ﬂojv \/ + \—/‘}'V'ﬁuj =0 ( )

= - wej V() -V @)

i9€

oV;
ot ,
Vb= -"Li’ne (e ~ Z"ﬂ!) (s)

._l'.L

L8[

In the frequency regime consndered, the effective ionic collisional frequen-
cies are larger than the ionic cyclotron frequencies andwysts, {W<ug,, so the
electrons are considered as magnetized whereas the ions are unmagnetized.
The electron satisfy the drift approximation and from the above egns, we

get
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Solution of egn. (6) gives the electron density as

o gt [ # .
’ne = -_u—f_@;q(?x 9.‘ Vﬂug) (_F‘ 4" 'é—:;%z'; qu)“"qe;?w(’g_’<z 4\ (?)

The number density of the ions as

m. — MNejek <i-— klw’&fl __r) (‘6)
J ;i (w+ 1Y) "‘-’(U’J“‘j‘)

From Poison's eqn., eqn. (7) and (8) gives the dispersion relation as

T g 2 T
w‘?—Kq—/\?— s K« _(T{+ Tl) — LT M o
¢ ("OC L Q

e
WOKHT 1) [wu.('ﬂmma.'*' Moz T )4' {w (M 0f '”):.’?a.'i"nclmfpl) "kl@"m_'t;-"' ﬂ"'?:r')]

a, Emﬂnlw"‘(w D WD) ~to kl{m(—’m(ﬁﬁ Wy T+ w3 Tt "’“a%:f'j}

+KITT]
=P )
’ s 9
h W' = 0—--—--»-::1---—(.]_|+ Ii) Ky is ion-drift f nc ( )
= on- requency
where eBD —Lx_ q
d g
= )\D = (/\m +Apy)

For the dissépative, inhomogeneous case, the dispersion relation for electron
acoustic wave Is

% T

=

LA E,T) Ko aa Te
[Kz( n:l alyJ .’Eill_i,ll m,ma_-__,_mo (qwal'l'ﬂ_-l-mo{i",)

L (9 T a9 T) | aom W% | (45)
K* (T, + Ta) (T +T2)
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and the growth rate whenﬁl,})"/ turns out to be
n
kz\J TT (mi W la -1—%71)')2'1; \)

T . T, KED Vs |
2T 0) A[COBEII) - 9 mim, P, 7,

; 8/
+'r’o'2Tt)+ C}_____WTT:L] 5 (1‘1)

T -i-'TD_) )

The dispersion relation of the lower-hybrid drift dissipative wave is obtained
as

- 1 93 o) 8 =
X T, T,

n K"*(T,-i—ﬁ_)@ofmn:fnop_ml ) 3 k‘,f‘ (Tn"”Ta.)]
B, T T, Q.
(12)
and the growth rate as
Y . 0 (D+7,)
'QQ[L) i (m' D'fmj:r') Kl(Tﬁ_ 9‘—"‘61 01 5+ W\,)+K (T"'T.:.]?

=), Ty T, L% T8 |

Magnetosonic drift dissipative instability can also be obtained frorg eqn.
(12) under the limitl(iw and &Ky, as

ol [ o9, 4 R K (T AT
(KL Ln+ Ki ]-tt) P, Ty
U:

KJ'.L( T +To_) (%F“;ﬁ' k] ]
fﬂannrmz(kf— U{:L K_L BtL)
=
(14)

[rlax PlunL!\ {nsti L.:. itiv Flasmap ;,.ﬁ.f
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and the growth rate as

ly_- tﬂ*($ +)-/',_)

"2“[“’ Bt B (Tt )+ K (Ti+ ) moamﬂ-mmjj

O, VY, AW,
(15)
Results: Some typical calculntlons

i N'JoHcmg Ry 22 10 G, mlwﬁéco,“%/mr\’ ‘5400']';»151(&

'V for electron acoustic drift dissipative 1nstab111ty = 5 »x 10 kgs

i L
Growth rate of the lower-hybrid drift dissipative lnstablllty ior E-region
of ionosphere with nNZ x 10%m™, B~ 0.3 G, P~ 10 s, and e‘»ﬂc we

gt Y=(10° /KoL) &~
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MODULATION INSTABILITY OF ELECTRON HELICON
IN A MAGNETIZED COLLISIONAL PLASMA

M.Y. EL ASHRY * & N.A. PAPUASHVILI **

* Faculty of Science,Suez Canal University,Ismailia,Egypt .
** Tnstitute of Physics,Academy of Science of the Georgian
SSR , Tbilisi , USSR .

Recently,there has been considerable interest in the
effects on plasma of an intense electromagnetic field which
causes a relativistic oscillation of the electron mass. Non-—
linear processes caused by relativistic effects were studied
by Drake et al [l],whose results show that the relativistic
electron motion can lead to the formation of shock waves
Tsintsadze and Tskhakaya [2] studied how the dependence of the
electron mass on the amplitude of the pump field affects the
propagation of electron-acoustic waves in a plasma with a
negative dielectric constant.They showed that if the RF
pressure force exceeds the gas pressure the solitary wave
is a compressional wave .

Recently,Papuashvili et al [3] studied 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(0,0,B,) in a transparent plasma,
and the wave length is much smaller than the characteristic
distance over which the plasma density changes appreciably.
The system of equations that describe the motion of particle

o(={,e) and the field is :

P = P = T ye
%}?"'U;‘ﬁ::E"‘E-" %ﬂ(l);xB,—-SPq
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e = mou U/ (1 U&ICZ)Q (L)

where S 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 polarized.Therefore we shall be interested
in studying the circularly polarized RF field propagating
along a constant,uniform magnetic field B, .

Analysing system (1) by assuming n(z,t) = "o + an (%),
where n, is the unperturbed density and §n is the perturbed
density caused by the pendromotive force (also,of course, all
the other hydrodynamic quantities should be expanded in the
same way),and using the same method and approximation expanded
in [3], one can come to the following equation which describes
the plasma behavior in the field of RF wave

L
e 4P L s (e th) &
E, - % =< €, = ,
VE T & o ¢t G(Wiaot- Wex 13 fave) (2)
where E, = Ey + iE , w = (4Wne“/m )% is the electron

langmuir frequency, §n is a slowly-varying density
perturbation , we =(eB /m c) is the electron cycltron
frequency , w =(k’c®/wgy )w. is the electric helicon frequency,

3
wg =eE,/mgc  and
i £ we (V4 9Y)
y = e = 3)

m,, C* (@ 0" = w )y §3 e 0t)

Choosing a condition that

(g m % r...\c)l > & (\-\-9") (&)

it is easy from (3),in the ultra-relativistic case (V>>{ )
to obtain the following expression for the electric helicon

“J& = 4“’; e S = wc_
¥y = 2 — SR
- w
providing that we >> (w2 - §%)%

it is important to point out here that the quantity

(w{l+vt - We ) as it is shown in [3] should not be less than
Wg . This condition differs from the non-relativistic case ,
in which w can reach the value wg .

Thus ,using the above mentioned notations and considering
that all the hydrodynamic quantities and the field depend only
on a single coordinate z , in addition to the time t ,
the following equation for the amplitude of the electric
helicon is obtained from Egn. (2) :
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where VJ: kC fm 1 = Q!E‘/m.tf- 15 the initial amplitude
of the electromagnetic wave before the modulation and

(er-€)/e « L. ;

Expressing E' as E = @& ,where @ and ¥ are real
functions of 2z and t , to obtain from (6) the following set of
equations for o and ¢

_.m(ﬂ v ke ?"):a. 5 28 _ CLc:.(%_f)l

W gt 28
:
w =
.__.__Pw (_S_I'L - vai = o ad =0 (7)
wep no a’O
L z
Jw(W R 2a) a2 2 34 97
(o 57)+ 5t 72 T "%am t
We al -
¥ g w" SV\ _ ‘ ‘ Q.a) B s o )
wE, e =

Linearizing (7) and (8) together with the continuity
equation and the equation of ion motion , and seeking
a solution of the form a exp (igz - iat) , to obtain the
dispersion relation for the electric helicon in a magnetized
collisional plasma

(_n,, \T\%) ‘“‘JL c qy —

x L T \ X luﬂ ”
-E—} —“3%}( 1) R i)
. ecan (q’ 18"1)‘“)

d

Substltutlng W +\¥ where.nand ¥ are real
values, and.n! >>% 1nto equation (9) to obtain the following
equations governlng..n. and Y

Y(=-91) - o e }(n*-u:‘fh

4 w* hJE

- e (ea] (i)

(9)

(10)
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Y acp ) EC‘L(M L\ ¢
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From (11) we can get [ :

2 LA 4
A z L% N
3’:-5- __ffi_q-l.{ii_iiiit.+ % EEE.(EEEX&LX%)ak (12)
Qwwd T A ot T W M Aw A
Since,it is necessary that Y should be positive to get
a modulation instability , then we shall consider only the
positive sign (+) in equation (12) to describe and discuss

the following two cases
(i) The case in which (L
— W
) l&) L i3y

we wk /Y ttim [%t
§ (e wg) > RC T‘if)-J
equation (12) simplifies to

Ye = & (Kefur) 9c (m"/’“a‘)(c?s)(w;/"-’t“’;) \14)

As is clear from (14),in this case the growth rate
does not depend on the collision frequency,in spite of the
fact that collision plays a significant role in the interaction.
Also,it seems that the growth rate given by(l4) is larger than
that obtained in [5].
(ii) The case when

t3 L
(5796) < & (Oefap) (%) (D) (Mothoc)
equation (12) becomes :
Vs = 3\: (kt’u) [ $ (_mu[.,“. )(‘\.L/U)(clws)w‘;]v» ciich
which shows the dependence of the growth rate on the

collision frequency. It is important to note here that the
condition {15) is an easy condition to fulfill experimetally.

(15)
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MAGNETIC RECONNECTION AND INSTABILITES IN COAXIAL DISCHARGE
M.M. Masoud, H.M. Soliman, and T.A. El-Khalafawy

Plasma Physics and Accelerators Department,
Nuclear Research Centre, Cairo 13759, Egypt.

Introduction :

The interaction of plasma flow with magnetic field is the subject of
extensive theoretical and experimental investigations carried out at present.
This subject extended to deal with geophysical and astrophysical plasmasll].

In the most of experimental electromagnetic driven plasma devices,
the plasma flow possesses a considerable value of trapped magnetic field,
which depends on the operational parameters of the plasma source[2]. . The
trapped magnetic field 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 magnetic
topology is a source of energy release mechanism, leading to an effective
plasma heating and particle acceleration to suprathermal energies [3l. Two
types of energy release was proposed, flash energy release, and slow energy
release. The flash energy release occurs during the current sheath formation,
where the following mechanisms occur, development of tearing instability,
heating of plasma sheath due to anomalous resistivity, and uniformed accelera-
tion of plasma throughout the sheath. In slow energy release formation of
trapped magnetic field occurs and in these magnetic island, relaxation oscilla-
tions in Te and localization of energy release in magnetic island takes place.

Ip a T-tube, a fast energy wave packet pulse with velocity greater
than 10° cm/s., accompanied by the discharge current disruption and sharp
electric field was observed [#]. The destruction of the disrupted wave increase
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 reconnection.

Experimental arrangement :

The experiments were performed with a coaxial discharge system figure
(1). The system consisted of a solid electrode of 1.8 cm diameter set back
from a ring electrode of 3.6 cm diameter by & cm, at the end of expansion
chamber 4% c¢m in diameter and 100 cm long. The electrodes were connected
to a 10 K. Joule capacitor bank, with capacitance of 61.7 pF, through a




1276

pressurised field distortion spark gap. The discharge current was 150 KA,
with rise time of 4.5 ps. The test gas was hydrogen at 2 x 107% torr.

Measurements were carried out by miniature Rogovsky colls, magnetic
probes, electric probes, diamagnetic loops, high speed camera, photomultipliers,
and X-ray probe. Miniature Rogovsky coil was used to measure the current
distribution inside the discharge system. X-ray probe was inserted in the expan-
sion chamber to measure the energetic electrons.

Results and Discussion :

Electric lpgobe results sh%wed that, the test gas was preionized to a
level = 2 x 10 particles Cm™". The preionization was due to the plasma
radiation and charged particles emitted from the discharge region. The discharge
current sheath (J ) was detected by the iminiature Rogovsky coil, while the
shock front was detected by its luminousity, using 3 successive pinhole collimator
and a photomultiplier. A separation of the piston (I front) from the shock
front _(light front) was observed, figure (2) in the pressure range between 2
x 107% torr and | x 107" torr. The J_ piston velocity was of order of 6 x 10

cm ST and the shock front velocity was & x 100 cm S at 10 cm from ring
electrode.

7A preCLllrSOI“ effect was observed as a step pulse prepagating with velocity
4 x 10" ¢m S7° ahead of the sheck front. The velocity of the precursor remained
almost constant but the shock slowed down. The structure of the precursor
pulse was determined by the use of electric probe and it was found that the
front of the pulse rose sharply ( €1 us.) to a plateau. Also an igniting double
electric probe working in the breakdown region showed several increases in
the conductivity in the region of the precursor pulse, figure (2).

When a magnetic field with intensity varying from 6 - 10 KG was applied
throughout the expansion chamber parallel to the direction of propagation,
the shock front velocity was increased. On the other hand the precursor pulse
appeared to be unaffected by this magnetic field. The magnetic field measure-
ments showed a decrease of 10% of the magnetic. field intensity in the 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 characteristics
as the solitons, The pulse was splited sometimes into two or more pulses,
have the same shape and structure of the original pulse.

The precursor pulse was distructed near the end of the expansion chamber
and gave its energy to the working gas. The electric probe was used to measure
the electron temperature and density, figure (3) showed a jump of temperature
at the shock front to a 5 eV and at the precursor distruction region by 20
eV. The density meangements showed similar profile, with increase of density
x4 times ~ (7 x 107 particles cm™) at the shock front and to peak value
at the precursor region.

Magnetic field measurements showed a reversed field, was formed within
the discharge region. The reversed field was accompanied by a sharp rise of
electric field and energetic electrons, figure (4).
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It has been thought that, the magnetic field lines were disconnected,

when the plasma sheath has diamagnetic properties and its temperature increases,
this was followed by magnetic field reconnection between its ends, and this
will cause a sharp electric field due to the fast change of magnetic flux during
the reconnection process. The plasma in that region will gain the energy
of the magnetic flux, through acceleration of its ions, and some of the sharp
deliver of energy, will be transfered to a solitary waves.
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EXPERIMENTS ON DOUBLE LAYERS

Cercek M. Jeli¢ N.

J. Stefan Institute, E.Kardelj Untversity of Ljubljana,
Jamova 39, 61000 Ljubljana, Yugoslavia

1. EXPERIMENTAL SET-UP

A strong double layer (e} > kT.) generated in weakly magnetized plasma with additional
discharge was investigated. Experiments were performed in the Single Plasma Machine at " Jozef
Stelan” Institute. Experimental conditions were similar to those of Andersson [1] and Fujita et
al [2]. The aparatus is shown in Figure 1. Plasina created by a hot tungsten filament cathode

SOURCE REGION PLASMA REGION

Figure 1: Schematic experimental device

source flowed along weakly converging magnetic field lines into stainless steel tube region (lenght
1.20 m, diameter 0.18 m) with homogenous magnetic field (B, = 70 - 10~*T'). Plasma in the
experimental region was separated from the source region by a grid (G). Typically the source
discharge current and voltage were Iy = 1 A and Vy = 30V in order to obtain a highly stable
discharge. The plasma in the experimental region had a space potential V, ~ 0.5V, a charged
particle density n = 2 - 10'®m~? and electron and ion temperatures 7. = 2¢V and T; = 0.1V
respectively. Plasma column diameter was approximately 5 ern. Working pressure of argon gas
was typically p = 4 - 10~% Pa. For these parameters the electrons were magnetized whereas the
ions were unmagnetized. To produce a double layer structure a tungsten anode plate (A) in the
diameter of 1 or 2 cm was biased up to 90 V. When the plate bias was increased to sufficiently
high values above the ionization potential of the argon gas (Vie, = 15.8 €V), a region with a new
plasma in front of the anode was generated. The new plasma was occupying a well defined bright
region and was characterised by a space potential close to the anode potential. The transition
region hetween two plasmas where the potential diference is localised is known as a double layer.

2. EXPERIMENTAL RESULTS

The current-voltage characteristics for two anode plates (dy = 2 e¢m, dz = 1 em)are shown in

L
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Figure 2. It resembles a characteristic of a plane Langmuire probe showing first an exponentia]
increase of the current followed by the saturation region when the plate potential is higher thap
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 B and D a region of negative
resistance appears which 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 30 40 50 60
\ T T T T T T vaiv)
50
100
150 |- |
|
200 !
lalma] o¢
bE
\

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 ancde plasma three groups of electrons were

?E Vel V] ne10% [m™)
.;—3 i Ny +Np +Np
- '-——

22 -

L

e

1 Ve
= I |

[ ] 10 12 z[cm]

Figure 3: Plasma potential and electron densities profiles

observed(Figure 4). Two of them with approximately equal densities (n,! = n.* = 1-10'® m~3)
having maxwellian velocity distributions were with highly diferent temperatures (kT.' =~ 2eV/,
kT." ~ 10eV). The third group was identifyed as a maxwellian beam (kT.? ~ 2.5 eV) 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




1281

double layer. The thickness of the double layer in the axial direction is from 4 mm at the point
D to 6mm at the point (' and in radial direction constantly about 2mm. With the increasing
lenght of the anode plasma the electron density is slightly increasing but the temperature is
slightly decreasing (up to approximately 7e}’). Low frequency plasma potential oscilations
(60 kH z) as well as anode current oscilations are observed if the anode to plasma potential is
positive. The amplitudes of the relative current oscilations were I,°*/I, = 0.3 ~ 0.5. The

kTelev]

| | 1 | | | | -
2 4 6 8 10 12 z[em)

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 on gas pressure and background plasma density.
This phenomenon was described in [3] but the physical 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 [4]. 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
LfTe = (mc/m;)%. 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:

vI; = ﬂnﬂebffc(ue)g(vtl"-edv’ (1)

where T'; is the ion flux, n.,-electron beam density and n,-neutral atom density. Electron beam
distribution function is approximated by Dirac §-function:

1
2eV, .2

fe("-'e) = 6(”:‘ i (t’m2 + ) ) (2)

M,

where v, is the electron velocity in the low potential plasma and V,, is the double layer potential.
Ionisation cross section is (neglecting v,,) approximated by :

Me

2 (v527v=_0“2) (3)

o(ve) = ae(V = Vien) = ae
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where a == 2.27-10~%*'m?/eV. Simple integration in velocity space gives:

VT = aenglo (Vo — Vion) (4)
If the problem is onedimensional with anode plasma lenght L, the integration immediately gives:
T; = aen,Ie (Vo — Vion) La (5)

Using Langmuir condition the balance equation becomes:
aena(Vy — Vion)La = (me/m;)¥ (6)

For the experimental values V, = 45V, n, = 9.5- 10 m~3 we calculate the critical dimension
L, = 6 mm what is in excelent agreement with experimental value for the critical dimension of
the sheath corresponding the knee B on the discharge curve, If the anode voltage is not allowed
to fall with increasing current the B point is not stable and a jump inte new anode plasma is
observed. But our experimental results in the anode plasma with developed (region D — E)double
layer show that the basic pressumption of constant beam density does not hold. Instead of
the beam only two maxwellian populations were observed as in experiments of Lindberg [5].
Accordingly, we use again the balance equation (1), but choose electron distribution function
to be maxwellian. After integrations, neglecting the low temperature electron population in
collissional integral and using Langmuir condition, we get:

8 eV;
aen, ‘/7{2LT h.p Vion) €xp (— VT, ——

Using the experimental value T,» = 7 eV corresponding to anode voltage V,, = 45V we caleulated
the critical distance for the double layer existence Ly, = 3.5 cm what is about 1 ¢m less than
the experimental value. With decreasing potential the temperature T." 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 T." ~ 10eV’ the plasma is about 1.5 cm long). On the
other hand, the beam is allready thermalised too much at this 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 performe thermalisation processes near the double
layer as well as inside them must be studied. The nonhomogenity of the relevant parameters
makes this problem extremly difficult.

)Lrh = (mefmi)? (7)
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PONDEROMOTIVE VERSUS FLUID RESPONSE
IN A FUSION PLASMA
M.M. Skori¢ and M. Kono
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11001 Belgrade, Yugoslavia
= Research Institute for Applied Mechanics, Kyushy University,
Kasuga, 516, Japan

Introduction

It has been currently understood 1)-6)

and the ponderomotive magnetization are complementary effects of the high

that the ponderomotive forces

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 simply expressed in terms of the linear susceptibility of a (possibly
inhomogeneous) warm plasma. This work generalized a recent study, by these
authors, devoted to a case of a cold magnetized plasma 5). Generally taken
in a warm plasma, the temperature becomes perturbed under the action of
high-frequency fields. However, when the temperature is given, such as in a

fluid description,we show that similar formalism is applicable.
Derivation
Starting from a fluid equation
- —>+)+ B e i > -
v Hv VIV, = (ea/mu)[E+vaB/c - WP /mon (1)

we chose $a= nu[Tai1+(Tu"—Tul)E§], b = By/By and 1 is the unit dyadic, and

taking a time average of Eq. (1) over the high frequency motion, we get an

equation for the low frequency dynamics up to the second order with respect
to the high frequency (hf) oscillations:

- + > + - — e B . .
atvan+(vauv)vau = (ea/ma)[Eﬂ+vanBu/c]—vPﬁO/maNa-<(vuv)vﬂ-(eu/mac)vaxB>
2 i Fy o~ S
~(172NFm)P_v(<h BN ), te)

where all the physical quantities have been splitted into high frequency
(A) and low frequency (A,) parts, and <---> indicates the time average over
the high frequency motion: <A> = 0. 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 ihtroduce a vector potential A and a displacement of the
fluid through

= ~ = -»=2
E = -(1/c)atA and v = a,r = 3; o (3)

where we have chosen the radiation gauge.
After integrating a linear h.f. equation of motion; we get

- " L = =¥ 2 e -
v, = (e /m c)[-A+r xBy]-(1/m )V[(P_ /N “)V(N £ )], (4)
Taking the curl of Eq. (4) leads to

N = > > - >
Vxv +e B/m ¢ = vx(r xa); where o = e B,/m c. (5)
From Egs. (2), (4) and (5) see Refs. 445 we obtain for the slow part of the
equation of motion:

* > > -+ &> >~ 2 ~
atvuu+(¢;u$)3au = (eu/ma)Eo+[van+<nuvu>/Na]xn-(1/2)V[<va >4 ﬁcvuxr>
~(B o /N )<(F ) BTH(1/2N X (N ¥ xF ). (6)

In deriving Eq. (6) we have neglected the terms of order 0(1/kL) where L is
the scale length of theinhomogeneity: kL >> 1. From Eq. (6) the low frequen-
cy dynamics is self-consistently determined by the ponderomotive potential
force

. ~ 2 = 3> =~ (2
Ry = -(1/2)3[«:u >+§<vaxru>-(?qu/Numu)<(v r)>], (7)
and the force involving the induced magnetization current

B ( 2 + =% > -+ n = 2
Fy = (1/2N )axvxM , where M = <N v xr >. (8)
The above ponderomotive force and the magnetization are uniquely determined
by the ponderomotive potential defined as

; <9 5 5
@‘g‘) = (1/2)[<va>+§<vuxru> - (_Isuo/Numuk(V r')2>], (9)
through the following equations:

= (a) - 3 ()
T—‘p NFo'®, and M, =N 2=@ (10)
The magnetization gives a solenoidal (transverse) current which is equiva-
lent to the stationary current as is clearly seen from the forcefree condi-
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tion in Eq. (6):

- -~

+ <AV >=VXxM. (11)
s s § o
6)

-+
o oo

jsﬂ)e N

Next, we show a generalized K - y theorem
ory. Multiplying Eq. (8) by Va and taking a time average, we obtain

on the basis of the f1ujd)the—
5-6

<ﬁ§> +ﬁ¥vaxﬁa> -(Ta/ma)<(3fa)2> = -(eu/mac)<ﬁéﬂ>, (12)

Which relates the ponderomotive potential (9) on the left side, to the lin-
gar response Vu on the right side of (12). Therefore Eq. (12) can be regard-
ed as a generalized version of the K - yx theorem.

Turning to the eikonal representation

s (13)

= i 164
= . gl s Jic.
Ap(x,t) §1Ap(kJ mJ)T Jtc.c
Eg. (12) is readily reduced to the familiar expression in a homogeneous sis-
tem

(a)_ AR s e |
o'\ (1/B"Namu)qu(k’m)Ep(k’m)Eq (k,uw), (14)

where qu is the linear warm plasma susceptibility.

Equation (14) is a relation between the ponderomotive potential and the Tin-
ear susceptibility, which is a fluid counterpart of the so called K-x theo-
rem originally derived with the aid of the Lie transformation for the Vlasov
plasma. This relation is powerul because it reduces the nonlinear calcula-
tion of the ponderomotive potential to the linear calculation of the suscep-
tibility, which is usually a straightforward task.

Recently it was pointed out that the force associated with the magne*
tization current can be used to stabilize a flute instabi]ity7). Another
important aspect of the foregoing magnetization is that it may be linked to
experimental evidences of low-frequency nonpotential fluctuations in RF
heated fusion plasmas.
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A NUMERICAL STUDY OF A STABILITY OF
UPPER-HYBRID SOLITONS

HadZzievski Lj., Skoric¢ M. M.

The Boris KidriC¢ Institute of Nuclear Science
P.0.B.522,11001 Belgrade Yugoslavia

Introduction

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
dimensional problems (e.g. NSE). Moreover, nonlinear stage of soliton in-
stability often leads to a soliton collapse: a process of intensive field
growth coupled to a rapid decrease of physical dimension. When the local-
ized scale-length approachs the Debye scale, strong Landau damping plays a
role of a dissipation.

In this paper we perform a two dimensional numerical investigation of
a nonlinear stability of a plane upper-hybrid soliton with respect to tran-
sverse perturbations.

Basic equations

Equations describing the nonlinear interaction of high-frequency, up-
per-hybrid (UH) electron oscilations with low-frequency ion-sound motions
are given in a dimensionless form |1-2| by

vz(wt + v8y)- uvfw = v(nvy) (1)
2 B i
Ngg = N £ v°|w|c,

where ¢ is the slowly varying envelope of the high frequency wave potential
while n is the ion density perturbation.
Above equations written in dimensionless units [1]:

3 /M -1 3/M
t>3 Bl t pz/%rdﬁ (2)




1288

+_"}_E +1§ .
0> 2@n,en v > (8)/T2., (3)

while o has a form
w,
3 CE()
“pe
i : 2
are valid in a weakly magnetized plasma (“ce <<mpe2).

In the nonlinear regime of equations (1-2) the only known stationary
Tocalized solution is given in the form of a planar soliton |1-2| propaga-
ting along the magnetic field.

Assuming two-dimensional geometry with a magnetic field along the
x-axis and

L

3 9
v 3_ T.y Vj_ Byl’

il
{1}

a planar soliton takes a form

Sy = V2(1-v )K sech K(x-vt)exp 1[(K - a—)t + ?—I (4)

ES X

1

R

-IESIZ/(1-VZ), (5)

here v is the soliton velocity and K is the soliton strength.
To investigate the stability on the background of the standing soliton (v=0)
we introduce the transverse perturbation

S¢ = ¢exp(iK2t)exp i(rt —kvy), 8 << b (6)
where ¢ is slowly varying on x and t, and ky is the perturbation wavenumber,

while T is the instability growth rate.

Numerical results

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 L and L . Nonlinear
terms are computed-by transforming back to the x-y space T1me integration
is performed by using an explicit method with an accuracy of a second order
in a time step.
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A spatial 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 Hamiltonian (H).

The initial conditions for the soliton potential are given by the
equation (4) and the initially perturbed ion density by

n= “5(1 + 2e cos kyy} ’ (7)

where e is the perturbation parameter.

Runs with o=0 agree with the results of |3|, both, in its Tinear and
developed (self similar like) stage of the instability. Moreover, the spec-
tral dependance of I' agrees with the analytical and numerical results of|4].

In order to investigate an influence of a week magnetic field on: the
linear growth rate (r) and a developed (self-similar 1ike) stage of instabi-
lities, we have chosen in all runs with o=0, the following parameters:

K=2, Ly =6, Ly =16 e = 0.1

These calculations shows that an increase of a magnetic field strength
(0+0-50) leads to an increase of the linear growth rate r, which is in an
agreement with the analytical prediction of |5|. On fig.1. we plot the total
wave energy |E(x,y)|% for a) o=0, b) ¢=30 in t=0.3 and t=0.8

In the developed stage of the instability numerical results show agre-
ement with theoretical predictions of |2|. Namely, during the time evolution,
the transverse dimension of the localized structure changesmore rapidly than
the longitudinal dimension. Therefore its pancake shape becomes less asymme-
tic (fig. 2).

More detailed investigation is in progress.
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UPPER-HYBRID SOLITARY VORTICES

U. de Angelis
Department of Physicse, University of Naples
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Nonlinear theory of electrostatic uper-hybrid waves in
magnetized plasmas has been inspired by the success of the
theory of strong Langmuir turbulence. In a strictly
one~dimensional case, interaction of an upper-hybrid wave,
propagating perpendicularly to the ambhient magnetic field
with low freguency density perturbations in a weakly
magnetized plasma, |Qa| <« wpa can be described by a nonlinear
Schrodinger equation‘. Conzequently, one may expect that
emall density perturbations are parametrically unstable,
saturating into NLS-type pancake =solitons. It is well known
that s=such =olitons are unstable with respect to small
perurbations perpendicular to the direction of their
propagation. Low frequency density perturbations in
magnetized plasmas are essentially +two-dimensional in the
nonlinear regime, due +to the presence of the convective
nonlinearity whiech is of the Poisson-bracket type, and the
existence of pancake solitons in such systems 1
guestionable. A dominating feature of +the 1low fregquency
turbulence in magnetized plasmas 1is the existence of
two-dimensional wortex structures, which may be associated

) . i 2
with a large number of linear modes”, guch as convective

3 , 4
cells, Alfven wavesg , drift waves , etc.
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In thig paper we =study the gJguazi-three dimensional
electrostatic turbulence of magnetized plasmas, which can he
interpreted in terms of the interaction of upper-hybrid waves
with plasma vortices, and we show that a new type of vorticesg
becomes possible in the presence of the pump. We assume an

electrostatic pump wave, propagating (almost) perpendicularly

to the homogensous magnhetic ficld 323‘ . Plagma i= waeakly
i Ly
inhomogencous, and the plasma density is given by N(x)-= N0+
xgg « Represzenting the high-freguency potential in the form:
1 = “iw t
2 pe :
¢H = ¢H0(L,t) =] * Braithe (1)
2,.1s/2

e

whore w = u_ , with the amplitude ¢ being =slowly
Pe f_o HO

= -iw t

varying compared to the rapid cscillations e L , we can

wrile the following eguation foc the evolution of the pump

wave amplitude:

2
b "
VL{[ Zimpo[ g€+3eLVlJ— Qz— —%i{xg;+neL)+3v:QVir]Vi¢un(?,t)} = )
(2)
Here 3 , and n are low frequency components of the
el al.
electron velocity, resp. density, and vTG ig the elaectron
thermal velocity. In the derivation of (2) we usead
assumptions of a weakly magnetized plasma, |Qe| “« wpg 2 and
of purely electrostatic perturbations. On the low fregquency
scale we use the standard drift-wave scaling %f = JeLV 7
;LV & QL and assume cold, two-dimensgional and linear ions.
Then the ion continuity readily yields:
= o
[ 3+ o Cooue)v 1L sy + nyr (10 )vie, 1 - o
o Ql (3)
while the parallel electron momentum eguation in the zero
electron mass limit vields a Boltzmann diwstribution:
it
¢L+¢?+ Naﬁ nqL =8 (4]

o
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The low-freguency =lectron velocity i= then egual to zero:

T
Y _ 1 s e _
val_. = B— ZXV_L(¢L+¢P+ ﬁ'_e neL) = 0 (5)
o o]
Here ¢L ig the low-frequency potential, and ¢P iz the

ponderomotive potential:

e - 2
P = | Titgo P )
Zm w

&« pe

(6)

Substitution of (4) into (6) gives the Hasegawa-Mima
equation‘, driven- by the ponderomotive force.

We seek a solution traveling along the y axis with the
locity v 2— ==V 2—
i ¥V o Vg Oy
agssuming a long-wavelength pump (compared to the scale size

of the LF perturbation) in the form V¢Ho: -gyE0+V6¢ , (| VS|

. We use the parametric approximation,

& E°= const.). Then we can write ¢P: ¢PO+6¢}, where:

2
eE
= i . . *
I i ; ke & Vg e UBEESE | A2
2m W . o
= pe
and eg. (2) is =imlified to:
z 2 =
vTe 4 Vq az U¢P 32 neL
9 v, + 4 _ — =6 — (8)
2 2 2 @ 2 N
W v ay PO ay o
Pre Te

The LF egquation (2) can be integrated once to give:

T T
2.2 = e B - °
(ATVL—iJGu¢P+ N_e neL) + &¢ - B ux r E&¢P+ Ve n_ + Bovgx)
- 9
dN 5 2 NoTe w? e
o = B o . pL i = . ;
whore u = o TEw 7 KT S [lt s ], and F is an arbitrary
oo N e Q
Qo L
function. In the usuval way, we adopt F to be a linear

function, whose derivative F’(=const.) has different values
ingide, and outside of an arbitrary circle in the x-y plane
with the radius £, - Then, using (8), (9), we find the

sgsolution in the form of a dipole vortex:

n = cos@ [ aiIi(Alr)+ﬁ1K1(Air)+ale(Azr)+ﬁ2Ki(Azr)—ar ] + 0

(10)
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Lu Y
ere 3 = 3 GuE
H @:+ y J arctg 5 IL, K1 are Bausel
functions of the first order, and @5 iz a small correction
due to the presence of the fifth, and higher, cylindriecal

harmonics; aL, BL(L=1,2) are conctants of integration, and:

v e
2 z 1 ¢ g 3 PO
A1+Az_—z[1+F-x(_Z+5T ]]
v =
T Te
2
v eg
_ » 9 " 1 PO s
Ai - At [(1 =¥ ) o2 2 F i ]
M Te e R
eN B =T -4 W
o o . i 3 PO o o LBt
@ g [ ] [F il fpeer ] B AT g [1QT]
9 v (11)
All constants (ai, A r 61’ ﬁz, £ are discontinuous at
r=r . Finiteness at r-ow reguires aiﬂza;ﬂr ﬁ g ﬁ;ﬂ- 0,
and F* ‘%= —gﬁ (superscripts «», ¢ correspond to sulutions

for r < r, ;T and r 3 o resp.). Remaining five conztants

of integration, and the radius of the vortex core, £ , can
be calculated in terms of the group velocity v'1 % wﬁich ig a
free parameter. We require continuity of naL aﬁd 6¢P " and
of their first and second derivatives, at €er . which yields
six equations from which we can find these six parameters.

Solution presented here containg a new nonlinear nmode,
which does not exist for the case of the non-driwven Hacegawa
-Mima eguation. Furthermore, =ize cf the vortex iu not a free
parameter, but it is determined by the characterictics of
the pump. Upper-hybrid vorticeg are expected to be stable
structures, representing the final slage in  the Jdevelopment
of the flute-type electrostatic turbulence. Thuy can
significantly contribute to the particle Lranspuort in RF
heated fusion plasmas, since particles trapped in such
vortices can be carried to large distances.
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BINARY SHOCK WAVE FORMATTION STRUCTURE IN HYDROGEN PLASMA

A A Filyukov

Keldysh Institute of Applied Mathematiocs
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A stetionary structure of plane shock wave (SW) in two-
-temperature hydrogen plasma was studied in [1-4). An aesympto-
tic stage of propagation of gpherical SW in plasmas and gases
was analized in connection with the theory of strong explosi-
on {5-7]. The SW were investigated in the astrophysical hyd-
rogen plasma [8] ,in the process of disassamble of laser pel-
lets in rarefied atmosphere 9,10] ,and also in computation
modelling of this effect [12].

The results of numerical experiments given in this paper
are dealt with new effects of a nonstationary structure of
spherically symmetrical SW propagating in hydrogen and its
plasma. As was observed in computations the SW propagation
has two distinct stages which may be characterized by differ-
ent laws of propagation and qualitative structure properties.
At the first stage of formation in the two-temperature hydro-
gen plasma a new phenomenon of emergency of secondary SW was
discovered. This SW is localized at the electron heat conduc-
tivity wave front. According to the classical description[1]
the electron flow front leaves far behind the hydrodynamical
discontinuity which coincides with ion temperature jump. So
at the formation stage the secondary SW propagates with the
nonlinear front of electron heat conductivity against the un-
disturbed background shead of the primary SW as its forerun-
ner, forming in combination a binary nonstationaxry 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 Jjoining means the start
point of the second asymptotic stage of the propagation. The
prolongation of the first formation stage has an order of the
characteristic relaxation time for the electron-ion tempera-—
ture disruption. In the asymptotic SW the disruption cf tem-~
peratures is no longer observed.

The pursuit process as well as the joining of the prima-
ry and secondary SW run 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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Joining moment its emplitude is considerably smaller in compa
rison with the forerunner. In the oppogite case, when the
energy flow to the forerunner zone-is weasker 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 bhelow the pursuit process and the
joining of primary (o) and secondary (e) SW are illustrated,
where RO denotes the joining radius.

| o
o ° Q/""’! i
e 10-g .

syt A
0.5 0B 1.0 12 L4 46 1.8 2.0 22 24 2.6 Rem

The origin and growth of the secondary SW are due to the
energy pumping from the electron to ion component. This pro-
cess 1s 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 SW locaelizetion 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) SW pos-
gess the distinct propagation scaling laws-power functions
form- that determine the radius with time dependence:

Ry= P ity Ra=st%; Rg= at®
One may establish with sufficient accuracy the relation:
i+ J= 28 -
that allows to express the propagation law for the asymptotic

SW with the help of laws for T and &5 waves
R, = Vs £(3+3)/2,

2.0 0.02 .G C.06 5.0 0.0
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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 selfsimilar,
though each flow considered separately on certain time and
spatial intervals has typical features of intermediate self-
similarity [7].

Specifically, the asymptotic SW propagating through the
hydrogen plasma hes the time index a=2/5, corresponding to
the solution for the adiabatic point explosion [5]. In the
case when the ionizing SW propagation through neutral hydro-
gen was considered with ionization in the quasi-equilibrium
Seha 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 plasms
ghock 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) solutions, as well
as for case of ISW (3) is given below.

v/v“ H,cm %

) ? Mﬂj-‘. .
- ;
. *):‘( 105 )

@ —F
sl VIS ‘_)‘-_._-r"':/'j‘—: P “‘_-
/ 3 PSW._. —- ’://.:/' ‘

Wl 3 05 /

,ﬂ/rf o i

0. x 10
2her =¥ o I ! e g g 4

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 shown by direct numerical experiments with vari-
ous models of electron heat conductivity [11] the small value
of conductivity coefficient or the introduction of definite
limiting factor "f" for the electron heat conductivity have g
great influence on the formation structure, and when the 1i-
miting factor has a value f = 0.1 the binary structure dis-
appears. The experimental data {9] 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 mi-
nimoxrum,

Ag was mentioned above, at the asymptotic stage the heat
conductivity is not egsential, and lets us to compare the ion-
izing explosion with the Barenblatt-Sivashinsky solution [7].
The value of & = 0.33 means in terms of this solution the
gimilarity 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, J. Marczak

Kaliski Institute of Plasma Physics and Laser Microfusion
00-908 Warsaw, POLAND, P.0O. Box 49

The paper presents experiments dealing with interaction of
Nd:glass laser radiation with plane Al foils. Investigations
contained laser simulation of the process of collisions between
macroparticles and target and the measurement of velocity of
accelerated foils.

Experimental system for laser simulation of particles impact
against the target consists of the Nd:glass laser (A = 1.06 um,
E, € 20 J, 7, = 3 ns), vacuum chamber (p = 5%1073 N/m2) and of
diagnostic apparatus: calorimeters for measurement of laser
energy and angular distributions of scattered laser radiation,
camera obscura for registration of hot plasma area, ion collec-
tors for registration the expansion of ions emitted from the
plasma, fast streak camera for measurement of plasma expansion
velocity and foil acceleration (Borodziuk et al. 1984). Al tar-
gets were 4-6 mm in diameter and 12-3000 um thick.

In the conditions of the carried experiment the diameter of
craters appearing in targets changed in the range from 200 to
400 pm and their depth h, in the range from 100 to 200 pm de-
pending on the laser parameters .

The diameter of laser beam focus, equal to the diameter of
particle simulated by laser, was about 100 um. Both the diame-
ter and the depth of craters increased with the laser pulse
energy. At aprroximation by a power function it was achieved

@, = 186E 025

what is the result similar to the dependence obtained in the
papers (Zwiegenbaum et al. 1977; Burton 1983)

@, = 254E 0%

Volume of the craters was from 2¥10 °to 2X105cm®. Mass of
the matter thrown out of the crater was much greater than the
mass of the target material ionized by laser radiation determi-
ned from measurements done by ion collectors.

Craters had a shape close to a hemisphere with characteris-
tic bank arcund the edge; the bank was probably created in re-
sult of rapid solidification of liquid effluent target material.
The height of this bank changed in the range 0-100 pm, in most
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cases it was pronortional to the laser energ

The shape of craters made by .the focused la=zer beam in our
experiment (Rostecki et al. 1837) was similar to craters made
by fast macrovparticles (5Schneider 1979). It confirms the cor-
rectness of simulaticns carried cut so far. ¢fig. 1 shows the
view of the tarset surface affer laser shot and its intersec-
tion.

3

Figure 1. View of 1 mm Al target surface in vicinity (
intersectinn (b) of the crater (crater diameter %50 um

— D
W
]
Q.

Dackward surface of the target of the thickness of 1 mm was
not disturbed even at maximum energies of the laser. Howaver,
for thirner tarrets w= observed a bulge or a wrench of material
and at last - there was a hole.

ror 120 pm thick target it was stated that even the energy
of the order 0.5=1.0 J causes tearing of the target bachward
surface on the diameter of the order 150-250 um (crater is nct
nerforated), while esnerey of 3-4 J causes creation of holes of
the diamester about 200 pm (Fig. 2).

The z2im of exrerimental laser simulation of collisions of
superfast warticles (e.g. cosmic dust) with solid targets (e.g.
shield of a cosmic probe) was to find relalion botween the pa-
rameters of the used laser and the basic parameters of partic-
les and to determine scaling laws for craters made in result of
laser radiation interaction with the target.

The main idea of laser simulation of the analysed problem is
the assumntion that the effect of irradiation the target by a
laser beam, nulse of which has enerpgy #,, time durationT ond
focus diameter @ . is similar as the one in the collislon of
target and narticle of the diameier @,, length L, (cylindrical
svmmetry ) and veloeity v, , under the condition that pressures,
sizes and reactiosn time are equal, respectively
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igure 2. View of the back of the target (120 pm Al). a - 0.56J,
h-2.9J., ¢ = 4.4 J, |
|

pL"""Pp ’TL=Tp r P =0,

Such attitude was used, among others, in the papers (Pirri 1977
Bibring et al., 193%; Borodziuk et al. 1984) and also it was a
basis for the interpretation of results in this paper. Thus,
the particle velocity can be calculated as follows

4172 |
vy = A% - (af2pM1 + o, /o1
where

AZ (100/g, 0101 + Jo 7o 1920 + [(a/2b)(1 + Vo Tor 1™

Constants a and b are, resnectively

5.39%10% em/s, b = 1.34

5,07x10% cm/s, b = 1.30.

The expression on the pressure p?0, regarding laser beam
! p )2

reometry, was assumed in the form given by Harrach and $Szoke
(1882)

for the variant "Al-Al": a
for the variant "1-Al1l": a

iwon
non

p20(kibar] = 81%7 (10" W/em21/11 + (L. /r) sinec™

where « is the half-angle determiningz the beam convergence, and
Lac~e s (cg is the sound velocity in the expanding plasma).,
Having calculated the value v,, then the length L, of the
simulated particle may be obtained from the following dependen-
ce
p T = Qprvp.

Velocities of simulated particles, calculated in this way,
are in the range (1-2)x10% cm/s ("A1-A1") or (1.5-3)1%103 cm/s
{"1-A1"). On the basis of these values, considering the craters
measured in the experiment, it is possible to determine scaling
laws for relative volume of craters as a function of velocity
of simulated particles .o

K = Vk/Vb
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where V, is the crater volume, and V, is the particle-bullet
volume. They are as follows

Ky = 1.14v]44  for "A1-81" ; K, = 1.02v)?" for "1-Alv,

In case of "Al-Al" one should point out that there is a good
compatibility with the results obtained by Bibring et al. (1983)

The laser radiation pulse used in the experiment enables +to
achieve the velocity of simulated collisions "particle-target"
in the range 2xX10%cm/s ("A1-A1") or 3X10%cm/s ("1-A1"). To ob-
tain higher velocities one should use more intensive laser.

Analysing the problem of interaction between superfast macro-
particles and metal targets, it is possible to use the laser to
accelerate a fragment of thin foil obtaining a real, not simu-
lated by laser, bullet (the velocity of the corder 106~ 107cm/s).
The bullet obtained in such a way has the diameter equal to the
diameter of the laser beam focus and the length equal to diffe-
rence in thicknesses of the foil and the laser evaporated layer.
Superfast shadowgraphy (with the use of a streak camera) was
used in investigations of foil acceleration velocity. Maximum
achieved and measured velocity was 2.2X106cm/s for the 12 um
foil at the power density 3%10"™W/cm?. When ablatively accele-
rated foil has a proper thickness of the order of several um it
is possible to obtain much higher velocities of collisions
"particle-target". Such investigations are actually carried out
and their main aim is, apart from the above mentioned possibi-
1ity of achieving higher velocities 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.Inst., Moscow, USSR

G.I.Zmievskaya
M.V.Keldysh Inst.of Appl.Math., Moscow, USSR

Asbtract.

The nonequilibrium processes taking place in
the colliding laser 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 /3/, have been
used. The power flux density at the focusing point have been
within the limits (1+5).1013W/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 gide, looking for the other target. These
targets are the (GH2)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 two wave-lengths interferometry have been
used /3/ (.A1 =0.69 mkm, A ,=0.35 mkm), due to which the inter-
ferograms of both free expanding and 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‘14A2me+21-LZN & Z (1)
where C\ - polarizability of the ion (atom) in L - state
with the charge number Z. The results 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 /2,3/ the reali-

zation of "the freezing" of the ionization states and T, & T,
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 collepse, gives

us an evidance, 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
egquilibrium one can be resulted from the photorecombination
and the inelastic collisions, including the charge-exchange
processes. Indeed, under T ~1 eV, Z~10 and Niv1020 cm™> the
characteristic time of the photorecombination @;h£r10_9 S,l.€s
smaller than Trie-time of the existance of the cold electrons.
Time of the radiation decay of the ionic levels with a high
quantum number n:'Ch*’n4'5/Z4 can be of the order of 10—991640
s« As for the inelastic ion-ion collisions, the corresponding
crosssection can be smaller than 10"191n case of the keV ions.
Consequently, under Nifv1020 c
time will be (Uez:<< 10-98. 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

m™> the characteristic excitation

used as an active media for the X-ray lasers. It is clear,
that the abovementioned processes 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/.

S0, during the time T in the media at first the process of
the collisional relaxation is modeled in the unit volume with
the step At,, and then with the step At2 the collisionless
expansion with the velocity U-a is examined; At.l’z&[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 energy
levels (due to e-i collisions). We have analysed two variants
of the media - carbon plasma with T;=1 keV and Tg=1 eVe. At
1St case the mixture has contained the multistriped ions at
the ground state, and at the 2nd
the CVI ions have been taken into consideration. At Fig.Ea the

case-two excited levels of

deposit of the electron polarizability (1) is higher, than
those from ions CV, CVI and Z=6(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 grateful to A.A.Pyarnpuu, V.I.Shematovich,
O.N.Krokhin and M.Ya.Marov for the assistance and fruitful
discussions.
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